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Foreword

We live in a world of rapidly increasing information. The journalists and
academicians often speak about this in a negative sense – utilizing the word
“overload.”

Many readers understand the overload phenomena and its impact on their
daily life and work. Few of us can master the rapidly increasing data of the
Information Age.

The Googles of the universe have aided us greatly in dealing with infor-
mation overload.

It is divided into the pre- and post-computer age and has been expedited
greatly by electronic searching and indexing. The Google world is attempting
to ameliorate unmet need-indexing and electronic availability of the world’s
book collections.

In spite of all of these electronic advances and aids, we remain indebted to
the rare scholar – in this case the late Pierre Agache – for his seminal
contributions in the previous edition of this book.

Professor Agache was a dedicated, thoughtful, and disciplined scholar –
making the previous edition one of the most valuable reference textbooks for
anybody working in the dermatologic space, including the skin, hair, nails, and
their other organ involvements.

This edition builds upon the work of Pierre’s work.
We have in this edition – the current edition – a technology that Pierre did

not have available.
The Springer organization has arranged so that this book will be updated –

almost on a daily basis –when needed. The reader is now able to get updates in
both electronic and print-on-demand versions.

We greatly appreciate the creativity and assistance of Dr. S. Klemp for
making this available. We also thank the Springer team for their skilled
assistance in their editorial process.

Your editors appreciate corrections and suggestions and can be readily
reached by email and telephone.

Howard I. Maibach
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Preface

Measuring the Skin: A New Look in Dermatology

Measuring the skin succeeds now to looking at the skin or inspecting the skin.
Many clinicians limited their diagnosis in dermatology on the only descrip-

tion of skin signs and skin lesions. The fundamental functions of the skin were
not considered except through the aspect of the skin. For example, loss of
barrier function was deducted of the dryness pattern of the skin. The develop-
ment of cosmetology with new active ingredients which are enable to modify
the skin physiology by targeting cell and their nucleus functions, has led the
biometrologists to create the new instrumental devices to accurately assess the
imperceptible modifications of the skin.

Since the skin is an organ which can be easily analyzed by looking,
touching and smelling to evaluate some of its patterns such as roughness/
smoothness, dryness/moisture, Stiffness/sagging, elasticity, extensibility,
resistance, radiance/dullness, temperature and etc., it is now appreciated to
be able to assess quantitative measurements, to visualize through the skin and
inthe skin different structures such as dermis, vessels, appendages, etc.

The real development of methods to measure the skin took place during the
1970s. Indeed, in the last fifty years, the knowledge on the skin physiology and
anatomy has been significantly developed in such a manner we are not able to
imagine correctly the problems existed many years ago.

Up to these last years, histology remained the gold standard for morpho-
logical investigation of the skin, although biopsy may alter the original
morphology. Advances in ultra-sound and optics provide nowadays a true
in vivo analysis of the skin with precise and accurate signification, leading to
the non-invasive optical biopsies. These progresses have many clinical appli-
cations in different fields of the medicine such as cancer diagnosis.

Thus a new semiology was born, requiring to be familiar with new patterns
and signs. Healthy images at different anatomic sites as well as pathological
data regularly appear in the field of biometrology, and need to be known by
young researchers and dermatologists.

The data and images given by new technologies could be now available for
the practitioners and physiologists which were reserved only to engineers and
researchers in the past,. These methods give the possibility of repetitive
histometric measurements of the same skin site.
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Inflammatory diseases, blistering dermatosis and skin tumors are easily
explored using new sophisticated methods, and the treatment effects can be
evaluated. Since biometrology permits to follow the effects of such active
principles, it is necessary to enter in the field of cutaneous pharmacology.

Another domain which interests the pharmacists, cosmeticians, doctors,
researchers and also the people is skin aging. Indeed, skin appearance is
changing with age, not only in terms of wrinkles and loss of elasticity, but
also in terms of its moisture and radiance. Biometrological assessment allows
to determine the mechanisms between intrinsic and extrinsic factors which are
involved in skin aging process. The quality of the barrier function of the skin is
assessed by numerous methods more and more sophisticated, allowing to have
knowledges on the skin hydration in different levels. Further, new technolo-
gies such as RAMAN method helps to determine the qualitative and quanti-
tative constitution of the skin; The non-invasive imaging technologies
significantly improve the diagnosis and also clinical management of skin
conditions while giving the dermatologist and closely related specialists, the
new ways for assessing and exploring the skin in its unknown and invisible
parts.

The aim of this new edition of Measuring the skin is to provide the doctor,
the researcher, the cosmetician and all person who is involved in assessing the
skin, with the tools and their usefulness to characterize the skin. In none of
other field of medicine does such a book exist. Indeed, due to it superficial
location and simple approach the skin is the target of every measure, every
device, and all of its function have been explored. When written for the first
time by Prof. Pierre Agache and myself in 2004, we didn’t imagine at that time
that a new edition will bring so many new information, and disclose so new
fields of investigation.

This book has vocation to be the professional basic book of each of you,
who wants to know how to characterize such skin property, and wants to know
more on new skin physiology developments. In memory of my mentor, I am
proud to follow him in this skin specialty he contributed to create and to
develop.

Philippe Humbert
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Introduction

Ferial Fanian

Readers of the previous edition of this book have relied on it to aid them in
measuring all parameters of the skin through the appreciable work of Pierre
Agache and Philippe Humbert. After the heart-rending death of Pierre Agache
in 2003, the first edition was published on 2004 by Springer which was a
modified complete translation of the french version edited by him and
published in 2000 by Lavoisier (Physiologie de la peau et explorations
fonctionnelles cutanées).

Unfortunately the second version was delayed according to several admin-
istrative reasons till I have been asked on 2011 to start this big project.
Although it was a noticeable major job, it was my great honnor to work with
the well known authors and also the two great editors, Howard Maibach and
Philippe Humbert who always made me the fruitful suggestions and were my
enthusiastic supporter through out this long project.

I would like to appreciate all of the respected authors and editors and also all
of my friends and colleagues which are named in acknowledgment.

I would like to express my special thanks to Doctor Aude Agache, the
esteemed daughter of Professor Agache who did kindly help the team to carry
out all administrative steps successfully.

At the end, I would like to dedicate this work to my mother and father,
Saeideh Bashirazami and Mohamadali Fanian, which are my first and perma-
nent encouraging teachers to study more and more, to my dear Professors,
Yahya Dowlati and Alireza Firooz who gave me the scientific view and
motivated me always to go on even in the hard moments, and finally to my
husband, Massoud Salari, who was always at my side cheering me up and
supporting me through the happy and unhappy moments and also my son,
Sepanta Salari, who understood patiently my busy time during this hard project.

Procedure

The table of the contents was modified in order to add the most updated
technologies in skin physiology, biometrologie, biophysics, imaging and
clinical scoring. The authors have been selected according to the most recent
published articles in each field.
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Comparing to the first edition with 84 chapters and 784 pages, this new
edition contain 160 chapters and 1652 pages which can cover the most of the
researchers’ needs in this domain.

Fortunately, this volume has been selected to become part of the Springer-
Reference portfolio, which now comprises over 400 major reference works
and almost 500,000 entries/chapters online. This means it will not only be a
static printed book, but it will have a “living” update version online which is
very important for this book because of its gadget like nature.

Contents

In the first section, we have considered an anatomic approach for the chapter
titles : you will start with the surface of the skin and then you will go deeper by
leafing the pages. Then you would discover the different measuring techniques
according to the functional approach : Mechanical, Photoprotection and sen-
sory function of the skin. Furtherly, you will find the standard scoring scales
(which will be more completed for the next edition) and the book finishes with
skin maps.

We have kept most of the precious chapters of Pierre Agache whose
scientific value still remain intact even after 10 years.

All of the reader’s precious comments are welcome.
On behalf of the editors, I would like to invite all of the researchers who are

interested to introduce the new methods in the global domain of “Measuring
the Skin”, to contact the editors.

xiv Introduction
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1 A Few Figures About the Skin

Area: 1.8 m2

Average thickness: 1.2 mm
Average volume: 3.5 dm3 = 0.035 m3

Weight with blood: 4.7 kg
Weight without blood: 4.2 kg
Ratio area/thickness = 150,000

The skin participates in many physiological and
pathological events and processes of the human
organism, owing to its large area of contact with
the internal milieu, but also to its volume and vari-
ety of tissues. The cutaneous expression of internal
diseases is frequent, varied, and often specific.

2 Skin Structure

The general structure of the skin is a stratified tissue
whose four layers are, from the top to the bottom,
the stratum corneum (8–20 μm thick, could go up to
1.5 mm on palms and soles), the viable epidermis
(30–80 μm), the dermis (1–2 mm), and the hypo-
dermis or subcutis (0.1 to several cm) (Fig. 1). Each
of these layers has its own physiology, functions,
and evolution along life.

2.1 Annexes

The skin is a heterogeneous organ (dead tissue,
epithelium, connective tissue, muscles, etc.), and
furthermore it harbors four types of independent
mini-organs, also called skin appendages:

– The nails, growing at a speed of 3 mm/month
on hands and 1–1.5 mm/month on feet, with

this speed decreasing with age (Scher and
Daniel 2007)

– The pilosebaceous follicles and hair: between
90,000 and 130,000 on the scalp, with a termi-
nal hair diameter of 40–120 μm, depending of
the phototype; 60–100 hair fall per day, and
they grow at a speed of 0.35–0.44 mm/day,
(1 cm/month, 12 cm/year) (Blume-Peytavi
2008; Guichard et al. 2013)

– The eccrine sweat glands (three millions)
– The apocrine sweat glands (armpit, perineum)

2.2 Variations

Topographical variations in its structure and
functions are considerable: the scalp, the skin of
the face, the dorsal skin of the hands and feet, the

Fig. 1 A vertical section of the plantar skin. dr reticular
dermis. ds superficial dermis. e viable epidermis,
h hypodermis and adipose tissue, sc stratum corneum.
Stars coiled part of sweat glands (both secretory segment
and lower duct). Arrows sweat ducts. Note the large skin
thickness (1.8 mm, in other sites it would be close to
1 mm), the absence of pilosebaceous follicles, the large
thickness of the stratum corneum, and the great number of
sweat glands. In vivo dimensions were about 15 % larger.
Bar = 200 μm (From Degos and Civatte 1977)
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palms and soles, the armpits, and the perineum
have their own anatomy, functions, and reactivity
(Tagami 2008; Sandby-Møller et al. 2003; Waller
and Maibach 2006).

To briefly give some examples, in usual tem-
perature and hygrometric atmosphere conditions
(20–22 �C, 40–60 %), skin sebum excretion could
vary from 0 (arms, legs, etc.) to more than 200 μg/
cm2 (greasy subjects forehead), and hydration
index could go from 10 (dry skin on the legs) to
100 (well-hydrated skin on the forehead, without
unity).

Aging (intrinsic or extrinsic) is obviously
modifying skin structure (Lévêque and Agache
1993):

– Hydration presents maximum values between
20 and 40 and then regresses.

– Elasticity is the mechanical property that better
reflects skin aging: it decreases and becomes
oriented with age, is sun exposure dependent,
and more important on women, and its values
decrease from head to feet.

– Skin microrelief, roughness, and wrinkles are
not involving on the whole body in the same
manner, again depending on topology (gravity,
expressions, etc.) or environmental factors
(sun, tobacco, etc.), along life (Guinot
et al. 2006);

– Microcirculation: capillary density, structured
at the beginning even if variable in density in
different body areas (mean of 60–70/mm2),
could worse until a disorganized (orientation),
heterogeneous (size, shape of the capillaries)
network, characterized by a density of 30/mm2

or less.

The skin characteristics are also function of sex
and ethnicity of the subject; it could even be
dependent on the side of the face (Mac-Mary
et al. 2010) or environmental factors (season,
weather, etc.) (Fanian et al. 2013).

Due to these important variations, parame-
ters previously cited appear in publications in
comparison before and after a treatment, rather
than compared to “normal” or “pathologic”
values.

3 Skin Functions

3.1 Specific

– Self-maintenance and self-repair (but there is
no repair of appendages)

– Mechanical protection: resistance to frontal
and tangential shocks, attenuation of external
pressures, body external shape maintenance
through reversible deformations, adhesion of
the palms and soles to objects in the hand and
on the ground

– Chemical barrier: limitation of foreign sub-
stances penetration, prevention of water and
endogenous fluid loss

– Protection against ultraviolet rays
– Protection against environmental pathogenic

microorganisms
– Social and psychological function through the

physical aspect and mimic

3.2 Exerted in Cooperation
with Other Organs

– Sensory function: tactile senses, perception
of temperature and pain and even of light
(popliteal region) (Campbell andMurphy 1998)

– Body temperature control: especially regula-
tion of heat gains and losses

– Immune function: the skin is the first line of
information and defense in the process of
immunity, especially “delayed immunity”

– Ossification: synthesis of provitamin D (vita-
min D is responsible for the intestinal absorp-
tion of calcium)

– Sexual function: conversion of testosterone
into more active dihydrotestosterone
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In experimental sciences, measuring phenomena is
a key point, since it is through the quantitative
evaluation of an effect related to a given cause that
the law of phenomena can be founded. (Bernard
1984)

1 The Relevance
of Measurements

Metrology is the science of measurement, of eval-
uation of its requirements, limitations, and inter-
pretations. The primary reason for using
metrology in cutaneous noninvasive investiga-
tions is its role as a major source of progress, not
only because impressions are replaced by objec-
tive facts and qualitative descriptions by quantita-
tive assessments, but also because new situations
are unveiled. Even the simplest phenomenon
becomes complex when measured; one starts
from one fact and then discovers its possible com-
ponents and variations, which induces new
hypotheses and opens a pathway for new knowl-
edge. Physics in the past could only progress
through the development of measurement
methods. The remarkable advances in human
physiology during the nineteenth century, which
preceded modern medicine and allowed it to pro-
gress, came about because of a double process of
discovery and quantification. Skin metrology pro-
vides many examples. The measurement of
sebum secretion with a view to correcting the
removal of lipid from the surface quickly showed
that the measured phenomenon was not the one
expected, but rather the partial emptying of a
follicular reservoir, the existence of which had
previously been ignored. The measurement of
epidermal turnover in psoriasis provided a leap
forward in understanding the disease.

Biological phenomena are changeable and dif-
ficult to quantify. At first glance, observation may
prevail over measurement, but the notion of
dimension is required to investigate a structure
and the magnitude of change. The pathologist
must decide whether, in the visualized skin sec-
tion, the tissue components are modified in
dimension and number by a pathological process.
Furthermore, normal characteristics vary
depending on the anatomical site, which has not
yet been quantified; consequently, the pathologist
remains unable to reach a conclusion unless major
changes are seen. When the noninvasive anatom-
ical or functional investigations are quantitative,
they provide a measure with low subjectivity. The
clinician evaluating a new medication would like
to rapidly and accurately assess treatment effi-
cacy; this goal can be reached only by quantifica-
tion of clinical symptoms. Accordingly, it is
necessary to know whether the measure is accu-
rate (degree of precision and variability) and if it
truly reflects the targeted phenomenon.

Numerical results of blood sample examina-
tions is standard practice. It is likely to be the
same for most clinical symptoms in the years to
come. This is possible today in the detection and
substantiation of subtle changes (e.g., aging
(Escoffier et al. 1989; Larnier et al. 1994)) or the
effect of a therapy on a chronic disease such as
scleroderma (Humbert et al. 1993). The last decade
of progress in molecular genetics has emphasized
the considerable benefit that the collection of data
provided by everyday medical practice might gen-
erate, and in years to come practitioners will cer-
tainly be involved in collecting and processing this
data. Such information requires classification, sub-
stantiation, and treatment using statistical parame-
ters. A few nondermatological specialties also
utilize skin measurements, e.g., in physiology
(endocrinology, body temperature regulation,
immunology, etc.), where the skin is an effector
organ readily examined noninvasively because of
its accessibility. It is also the case for cosmetology
research, where innocuousness and efficacy
criteria may become visually unattainable because
of their subtlety, and require instrumental measure-
ments for assessment.
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2 Types of Measurements

Before choosing an appropriate evaluation
method, it is necessary to look at the nature of
the data. If they relate to individuals or categories,
hence with no possibility of converting them into
numbers, the evaluation mandates a nominal
scale. If the data can be translated into numbers,
but on a scale where intervals are unknown or
uneven, they can only be ranked. Finally, if the
variation is measured on a continuous scale with
even intervals, then the traditional evaluation is
used: the so-called parametric evaluation (Siegel
1956).

2.1 Nominal Scale

This is the only means of measuring categories,
facts or states, named by a word or an expression,
and not put into numbers, for example, aggrava-
tion, desquamation, over 60-year-old subjects,
etc. The nominal scale uses a number or the per-
centage of a total. If the measured category is part
of a series, it can be replaced by a number for
easier presentation, but without ranking.

A percentage should be presented with its
uncertainty margins, thus its standard deviation
(SD). The latter is calculated by the formula
SD = [p(1 � p)/n]1/2, where p is the percentage
(from 0 to 1) and n the total number of data. The
confidence interval for an occurrence by chance of
less than 5 % is that between two standard devia-
tions on each side of p. Tables of 5 % confidence
intervals can be found in statistics textbooks. A
close evaluation can be obtained using an abacus
(Fig. 1).

2.2 Ordinal Scale

The ordinal scale provides only a ranking. This
type of scale should be selected for two reasons:
either the data are part of a discontinuous series,
thus one cannot apply a number to them, or they
come from a continuous series, but on an unknown
scale on which it is not known if the distances

between the measured objects are equal or propor-
tional: only the rank is identified. For instance,
nonexistent, slight, good, and very good improve-
ments can be rated 0, 1, 2, 3, knowing that 3 does
not mean that the improvement was 3 times better
than 1. To describe series of this type, the adequate
parameters are the median and the extreme values.
Graduated scales should be avoided (especially
when the series is made up of averages) because
they may be mistakenly used for parametric mea-
surements instead of being more accurately applied
to ranking measurements. This type of classifica-
tion is particularly indicated in psychosensorial
evaluations in which the phenomenon under
study varies discontinuously, or continuously but
with unknown intervals.

2.3 Interval Scale

Interval scales are most commonly used in eval-
uation for numbers in a continuous series. Units
may be changed if the scale is the same (e.g.,
temperature in the same series can be converted
from Celsius into Fahrenheit degrees and vice
versa). If the data have a gaussian (or normal)
distribution, they can be described by the mean
and its standard error (i.e., the standard deviation
of the mean); otherwise the adequate parameters
are the median and the extreme values. If it is
previously known that the studied parameter has
a gaussian distribution, one can surmise that the
means of samples equal to or greater than 30 are
also normally distributed. In a comparative eval-
uation, it is often possible that each subject is its
own reference; this avoids the interindividual
source of variation (important in biology) and
makes it possible to use statistical tests for
matched pairs.

2.3.1 Opposition Method
The opposition method, also called the zero
method, is used to obtain a higher degree of pre-
cision than a direct measurement. The rationale is
to measure only the difference between the
unknown quantity and another very close and
already precisely known value. The measure of
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the difference can be more precise because it deals
with a much smaller quantity. Consequently its
precision, related to the initial value to be mea-
sured, becomes more accurate. For instance, to
weigh sebum laid on a glass slide, the slide is
placed on one pan of a pair of scales and a stan-
dard mass of a similar weight known with great
precision (e.g., a glass slide without sebum) is
placed on the other. Then a weight is added on
the lighter side to make up the difference and this
difference is then measured. The International
Bureau of Weights and Measures has scales
designed for this type of differential weighing.

2.3.2 Psychosensorial Evaluations
For the psychosensorial evaluations in which the
studied phenomenon is believed to vary in a con-
tinuous and uniform way (equal intervals), a
nongraduated linear scale is used for each mea-
surement. Generally this measurement consists of
a 10-cm-long horizontal line, with zero on the left
end and ten on the right; the measurement is
indicated by a small vertical stroke. Graduated
scales are less suitable because they tend to distort
the scoring by favoring values close to the gradu-
ations, with the operator influenced by the value
indicated. However, operators should be well
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aware of the scale extremes (zero and ten), which
sets the limits of the measure; consequently its
variability is lessened. Another way to decrease
variability is to replace the absolute measurement
by a comparative measurement: the objects to be
compared are placed next to each other so that they
are perceived almost simultaneously; the nearer
they are in time and space, the more accurate the
measurement is. Operator training is also important.

3 Selecting the Suitable Unit

The units can be either arbitrary (e.g., millimeters
on the linear scales used for psychosensorial
measures), or arbitrarily linked to international
physical units (e.g., skin blood flow measured in
volts by the Doppler), or absolute (e.g., skin
blood flow measured by the epicutaneous xenon
clearance in milliliters per minute per 100 g soft
tissue). Physical units are always better than
arbitrary units, and absolute units are preferred
to those of other associated physical phenomena
(e.g., measuring stratum corneum water deple-
tion in milliliters per square centimeter per hour,
as compared to decreased electrical impedance).
Creating dermatological or biological units
should be avoided when it is possible to use
internationally approved units so that skin struc-
ture and properties remain within the physics of
all other materials for easier comparison and the
opportunity to use the laws of physics and chem-
istry for interpretation, thus considerably in-
creasing the benefit of the measurements, also
necessary for scientific progress.

We recommend measurements in units of the
Système International d’Unités (SI), also called
the MKSA system, the four fundamental units of
which are the meter (m), the kilogram (kg), the
second (s) and the ampere (A). Skin area is
commonlymeasured in square centimeters, its thick-
ness in millimeters, etc. For the derived units, the
conversion between the centimeter-gram-second
(CGS) system, MKSA, or other systems is often
a source of error. See conversion tables in
▶Chap. 160, “Correspondence Between Interna-
tional System Units (MKSA) and CGS Units.”

4 Data Presentation

Facedwith a variation or a distribution, the first step
to prepare is a graphic representation: a curve or a
histogram. The eye appreciates at once a series of
features necessary for the interpretation and the
processing of the information, for example, the
gaussian or nongaussian characteristic of a distribu-
tion, the linear or nonlinear character of a relation,
and the absolute level of a measure.Misunderstand-
ings often stem from skipping this step.

When studying a histogram, the first question is
“Does it fit a well-known distribution?” because
the processing and interpretation of the data is then
easier. A gaussian distribution, bell-shaped and
symmetrical, means that data are independent of
each other and that the distribution most probably
results only from their summation. A distribution
with two peaks may correspond to two
interpenetrated gaussian curves. To rapidly check
if a distribution is gaussian, the use of gaussometric
graph paper (or gaussologarithmic if the abscissa is
in logarithms) is suitable: it provides a quick cal-
culation of the adjustment to this type of distribu-
tion. An asymmetrical histogram may indicate a
binomial distribution. A substantial asymmetry
suggests a Poisson distribution (a particular case
of binomial distribution). An asymmetrical distri-
bution can sometimes be transformed into a gauss-
ian one by using the logarithm of the data.

Showing a variation through a mathematical
function (of time or any other parameter) indicates
major progress in data interpretation, if the vari-
able has an anatomical or functional meaning.
This makes it possible to use the function in
other situations, sometimes to generalize its use,
with further progress in knowledge. However, a
purely descriptive mathematical model (i.e., when
variables are devoid of biological meaning) is of
minimal interest. The linear function speaks for
itself and is one of the most profitable functions
through the calculation of the slope and intercepts
with the axes. It can be deduced from an exponen-
tial function by taking the logarithm of the data,
and from any other function by replacing x on the
x-axis with a power of x (e.g., for y = a + b/x, 1/x
is put on the x-axis).

2 Measurements of the Human Skin: Why and How? 9
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5 Precision of Measures

In a common parametric measurement, the
highest level of accuracy is desirable, even if
ultimately the decimals are rounded for conve-
nience. Only the significant figures must be men-
tioned. Sampling uncertainty should always be
mentioned, together with the observed variation.

5.1 Calculation of the Maximum
Experimental Error
in Measurements

To predict the maximum possible error in a mea-
sure of combined quantities from the separate
measure of each quantity, the standard rules are:

– The absolute error Δy on a sum y = u + v is
the sum of the errors on each component
Δy = Δu + Δv.

– The absolute errorΔy on a difference y = u �
v is the sum of the errors on each component
Δy = Δu + Δv.

– The absolute error Δy on a product y = uv
corresponds to the formula Δy = uΔv + vΔu.
The relative error Δy/y = Δu/u + Δv/v.

– The absolute error Δy on a quotient y = u/v
corresponds to the formula Δy = (uΔv +
vΔu)/v2. The relative error Δy/y = Δu/
u + Δv/v.

Note that these errors (Δu, Δv, etc.) are exper-
imental errors on crude data and have no relation
to statistical errors which are dealt with in the
following paragraphs.

5.2 Variation in a Gaussian
Distribution

In a gaussian distribution, the mean (m) must be
presented with its uncertainty limits (i.e., either stan-
dard deviation and number of data, or standard error
of the mean). The standard deviation (SD) must be
mentioned with the number of observations
(n) because the confidence interval it indicates

(95 % confidence interval ranges between two stan-
dard deviations on each side of m) differs with the
number of measurements. The standard error could
either be mentioned (SD divided by the square root
of the number of observations), as in the error bars of
a graph of means. If the data are logarithmic, the
mean must be geometrical (nth root of the product of
n data). In the case of a percentage, both the SD and
the number of data should be mentioned.

5.3 Variation in an Atypical
Distribution

If the histogram does not show a gaussian distri-
bution, it should be described using the median
instead of the mean, i.e., the value under and
above which 50 % of the observations are found.
The variability around this value is indicated in
the quartiles, which are the values under which
25 %, 50 %, and 75 % of the observations are
made. One can also mention the centiles
(or percentiles), the 80th centile being the value
under which 80 % of the data are found.

The constant search for precision must not be
sterilizing. An isolatedmean, a separate percentage,
a graph with no mention of variation are only indi-
cators, but are always preferable to the text alone.

6 Comparative Measurements

One purpose of a measurement is to compare the
obtained value to others, to ascertain whether the
observed difference is true, or rather to calculate
the probability that it might originate from chance
alone. The methods chosen vary according to the
type of measurement.

6.1 Comparison of an Isolated
Value (x) to a Gaussian Series
of More than 30 Numbers

Its distance to the mean of the series determines
the probability for the value x to belong to this
reference population by chance alone. For a
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distance of 1 SD, the probability is 15.9 %, for
two SDs 2.3 %, and for three SDs 0.13 %. The
exact probability is the total area (=1) under the
Gauss curve minus the part of that area beyond x
on the x-axis. It can be found in gaussian curve
tables, where it has to be divided by 2 since the
value of x is located on one side of the mean
(one-tailed test).

6.2 Comparisons of Two Series
of Measurements

6.2.1 Gaussian Series or Series Larger
than 30

Use the test of comparison of variances (statistics
manuals: F tables), followed by the usual para-
metric tests of comparison of means.

Series with Variances (s2) Not Significantly
Different
– Independent samples na and nb are �30; use

the formula:

� ¼ ma �mbð Þ= sa
2=na þ sb

2=nb
� �0, 5

with degree of freedom dfð Þ ¼ na þ nb � 2

– Independent samples na and nb are <30; use
the formula:

t ¼ ma �mbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

na
þ 1

nb

� �
s2a na � 1ð Þ þ s2b nb � 1ð Þ

na þ nb � 2

s

with df ¼ na þ nb � 2

– Matched samples: the calculation ismade on the
paired differences (n pairs): use the formula:

t or�ð Þ ¼ m:n0:5=s, where

df ¼ n� 1 and

m ¼ the mean of differences:

The parameter (distance to the mean, calculated in
standard deviation) is the same for the three situ-

ations, but it is called � or t depending on the size
of each sample (30 or <30, respectively).

Serieswith SignificantlyDifferent Variances (s2)
The same formulas are used but the number of
degrees of freedom used to refer to the probability
table must bemodified according to the formula of
Welch’s G test,

1

ddl
¼ 1

na � 1

s2a
nas2

� �
þ 1

nb � 1

s2b
nbs2

� �

the global variance s2, calculated by the equation:
s2 = s2a/na + s2b/nb

The threshold value of parameter t depends on
the risk α and the one-tailed or two-tailed charac-
ter of the hypothesis to be checked.

6.2.2 Nongaussian Series
Nonparametric tests should be used, for example:

– Comparison of two nominal-type series: χ2 test
– Comparison of two independent ordinal-type

series: Mann and Whitney test
– Comparison of twomatched ordinal-type series:

Wilcoxon’s matched pairs signed-ranks tests
– Comparison of two independent interval-type

series: randomization test for two independent
samples (Siegel 1956)

– Comparison of twomatched interval-type series:
randomization test for matched pairs (Siegel
1956) (the most powerful nonparametric test)

6.3 Simultaneous Comparison
of Several Sets
of Measurements

• Gaussian series: one-way variance analysis
(ANOVA)

• Nongaussian series:
– Nominal type series: #χ2 test
– Independent ordinal- or interval-type series:

Kruskal-Wallis variance analysis (Siegel
1956)

– Matched ordinal- or interval-type series:
Friedman’s variance analysis (Siegel 1956)
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7 Minimizing the Number
of Measurements

7.1 Sequential Analysis

When observing the sequential chance occurrence
of two types of events in order to know if one type
is more probable than the other, intuitively one
feels the most probable is the one that happens
more often. Indeed, when the difference in occur-
rences increases, at one point it becomes statisti-
cally significant at the 5 % probability level
(or any level chosen in advance). On a graph
showing the sequence of events, each one marked
by an oblique dash in a specific direction (e.g.,
upward for one series, downward for the other), a
broken line is obtained, the global direction of
which leans toward the direction of the most
probable event. The limits the line would cross
when the difference is significant can then be
drawn on each side of the central line. As soon
as this happens, the experiment can be stopped
(Fig. 2) (Whitehead 1997).

These limits can be computed using mathe-
matic formulas which can be found in the book
of Armitage et al. signalled at the end of this
chapter.

7.2 Taguchi Designs

Taguchi designs are the most widely used exper-
imental plans aimed at reaching the desired result
with a minimum of experiments Taguchi and Wu
(1980). For example, for the study of the effect of
three parameters, each having two possibilities, it
is possible to carry out four experiments instead
of eight corresponding to the possible combina-
tions. Among the categories of plans, the main
types are:

– Designs with two parameters, each having two
modes (L4 designs)

– Designs with three to five parameters, each
having two modes (L8 designs)

– Designs for parameters with three modes
(L9 designs)

– Designs allowing the combination of one
parameter with two modes with parameters
with three modes (L18 designs)

– Crossed designs, i.e., combining controlled
parameters (as in the above designs) with
so-called external parameters that are not
under control.

8 Good Measuring Practice

Any measurement, especially in biology, has a
degree of uncertainty, due to the nature of the
measured phenomenon, as well as the measuring
device and the operator. The reliability of a mea-
surement can only be obtained if these last two
factors are under control.

Equipment on the market must comply with
technical standards. However, with time, perfor-
mance may weaken, due to climatic, magnetic or
other factors; we recommend placing the equip-
ment on a test bench at regular intervals (for
instance every year) in order to check the accuracy
of its technical performance. For example, when a
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x x x

x
x
x x x x x

x
x x x x

x x
x

Compound B

Compound A

Fig. 2 Sequential trial. In the first patient, compound A
was more effective than compound B, thus the first vertical
box above the black one was checked. In the second
patient, compound B was more effective than
compound A, thus the next horizontal box was checked.
In this example, the exit lies between the two wings of the
grid, indicating no significant difference in effectiveness
between the two compounds. Significance would be indi-
cated by an exit at the exterior side of the wings
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device uses several pressures, are the displayed
pressures correct? Does a cast meant to last sev-
eral years lose its shape with time? It may be wise
to check the device completely every year by
measuring the equivalent skin standard. For
example, the reliability of an ultrasound imaging
device is checked by measuring the thickness of
the layers of a stratified material. These methods
are rarely used but should become common prac-
tice. Indeed, it is difficult to find standard mate-
rials that are reliable over prolonged periods.
Manufacturers should assist users on this matter.

Most errors are caused by the operator and not
the equipment. They tend to occur if the operator
does not systematically ask: Have I read thor-
oughly and understood the instruction manual?
Have I followed the recommendations? It is not
possible to be a good operator instantly; patience,
a critical mind, and experience are necessary.

The second question is related to the conditions
in which the measurement is taken. Environmental
conditions: temperature and relative humidity of
the room must always be noted. Other conditions
are specific to the type of measurement (e.g., for
thermography). Physiological conditions related
to the subject should be respected: minimum of
15 min acclimation to the room temperature, rest,
relaxation (made easier when the test is noninva-
sive), thermal comfort, absence of sweating. A
third question arises when subjects are their own
controls: is the test site appropriate? Symmetry is
no guarantee (Treffel et al. 1994), neither is prox-
imity (Panisset et al. 1992). The random permuta-
tion of control and active sites obviates this
problem. Finally a mandatory procedure is to
always write down the date and hour, the environ-
mental conditions, and an identification mark of
the tested subjects, including the control subjects.
Good practice in metrology implies that a manual
or computerized logbook be kept with each device.

A rational catalog of possible errors sources is
(Serup 1994):

1. Study design (strategic error)
2. The measuring device (technical error)
3. The use of the device (performance error)
4. Measuring conditions (inadequate laboratory

facilities)

5. Selection and preconditioning of test subject
(subject-related error)

6. Data acquisition, storing, and handling (data
error)

7. Reporting and publication policies (explana-
tory mistake)

Even when these rules are observed, it is useful
to know the results obtained by others. It often
happens that the values given by a device in a
laboratory group are not exactly the same as those
given by similar equipment in another group.
When new equipment is implemented, the oper-
ating team should check the reliability of their
measurements on the same subjects, and know
the variation coefficient (standard deviation/
mean) of the measured parameters in a sample of
at least 30 people. This is also essential in order to
forecast the number of subjects (belonging to the
tested sample) that will have to be recruited in
comparative studies using this method.

For two independent samples, this number is
given by the formula:

N � 2 � α þ � β
� �

s=Δ
	 
2

where � α is the accepted limit probability for
considering as true a difference Δ that does not
exist (risk α): usually one takes � α = 1.96 for a
�5 % risk of error. And � β is the risk of ignoring
a real difference Δ (risk β): usually the chosen
figure is: � β = 1.28 for a �10 % risk of error.

If the samples are matched (i.e., if subjects are
their own controls) the formula is:

N � � α þ � β
� �

s=Δ
	 
2

Misinterpretation is forgivable. Mistakes are often
made because of ignorance of what is actually
measured. Upon obtaining results, the operator
must ask the following two questions:

1. Beyond the object that is officially measured,
what is the real phenomenon, e.g., the so-called
sebum excretion rate? Possible answers are:
– The follicular reservoir excretion rate
– The sebaceous gland secretion rate

2 Measurements of the Human Skin: Why and How? 13



– The absorbing paper absorption rate
– The stratum disjunctum absorption rate

or what is the measuring method rationale,
e.g., skin thickness measurement by ultra-
sound. The possible answer is the time for the
ultrasound to go forward and backward
divided by its assumed constant speed.

2. What is the measurement unit and why? For
example, the cutaneous blood flow is mea-
sured in volts by the Doppler because an
absolute calibration of the device has not
been possible. A bias in the measurement
technique may also alter the interpretation. It
can be caused by subject and/or operator sub-
jectivity or biased sample selection. The for-
mer problem is circumvented by using a
single- or double-blind protocol, the latter by
randomization of the sample or the sites so as
to cancel unknown physiological variation
(always use an algorithm-generated list of
random numbers).

9 Conclusion

The following procedure should be followed by
the operator:

1. Ascertain the reliability and accuracy of the
equipment.

2. Meticulously follow all the manufacturer’s
instructions for using the equipment.

3. Set up the laboratory so that the material and
physiological conditions of a precise measure-
ment are routinely ensured.

4. Systematically record the above-mentioned
elements on a specific logbook.

5. Determine the variance of the equipment’s
measures, preferably before the method is
used routinely.
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1 Introduction

Cognizance of time and its influence on the recur-
ring behavioral patterns of plants and animals
dates back many centuries (reviewed by Reinberg
and Smolensky 1983; Moser et al. 2006; Halberg
et al. 2001). The study of the rhythmic time-based
relationships found in biological systems has been
coined chronobiology – the science of investigat-
ing and objectively quantifying phenomena and
mechanisms of the biological time structure,
including the rhythmic manifestations of life
(American Association for Medical Chronobiol-
ogy and Chronotherapeutics, www.aamcc.net/
glossary.htm). Chronobiological rhythms have a
profound influence on organisms by providing the
temporal structure for biological processes. To
“tell time,” most living organisms use timekeep-
ing mechanisms known as “biological clocks.”
These “clocks” coordinate our physiological and
behavioral functions, thereby optimizing the
adaptations to and interactions with our environ-
ment. In the last decades, hundreds of different
clocks/cycles have been identified sparking
renewed interest in chronobiology. In addition,
the awareness of the implications of chronobio-
logical effects has increased, and it is now
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recognized that these have true mechanistic and
therapeutic implications (e.g., chronotherapy;
reviewed by Kaur et al. 2013; Librodo
et al. 2012). A short description of typical chro-
nobiological rhythms is depicted in Fig. 1.

While the underlying science of biological
oscillators is intricate and complex and therefore
not entirely understood, our master clocks are
most likely set according to the world’s most
reliable timekeeper: the sun. The circadian
rhythm, the daily cycle, is probably the most
pronounced and therefore the best researched.
Light is assumed to be the most important zeitge-
ber, the external stimuli which entrain the rhythms
and govern the synchronization of the circadian
rhythm. Circadian timekeeping systems in mam-
mals are organized into a complex hierarchical
network of oscillators with the suprachiasmatic
nucleus (SCN) of the hypothalamus acting as the
principal pacemaker. The SCN receives light sig-
nals from specialized cells in the retina, the retinal
ganglion cells, which entrain the SCN to light-
dark cycles via glutaminergic innervation and/or
photoreceptive systems based on melanopsin.
This in turn triggers circadian rhythms, e.g., via

the release of the hormone melatonin or adreno-
corticotropic hormone (ACTH; Berson
et al. 2002; Hastings et al. 2003; Luboshitzky
2000), which influences the peripheral clocks
ubiquitously found in human cells. Although the
exact functions are not yet well elucidated, it is
reasonable to assume that the peripheral clocks are
then responsible for the physiological fine-tuning
leading to optimized responses to environmental
and internal occurrences and processes. Biologi-
cal periodicities can also be governed by other
environmental cues, e.g., by the lunar cycle, but
also by daily social rhythms, e.g., work. Interest-
ingly, if left undisturbed, the “free-running” circa-
dian rhythm in humans is approximately 25 h
(possibly reflecting lunar influences as secondary
synchronizers as this time period corresponds to
the orbit time of the moon and with it, the tidal
peaks that occur every 12 h and 25 min). One
aspect that should not be forgotten is that life itself
is a biological rhythm. Malfunctions of the bio-
logical clocks can lead to various disorders,
including hypertension, sleep, psychosomatic dis-
orders, and a number of chronobiological rhythms
most likely out of phase in the elderly population

Endogenous clocks
e.g. clock genes

Diurnal/Nocturnal:
Day or night rhythms

Circadian:
Approx. 24 h rhythms

Circalunar:
Approx. 30 days

Circaannual/seasonal:
Approx. 1 year rhythms

Lifespan dependent rhythms:
Birth, childhood, puberty,
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(Mishima et al. 2000; Pagani et al. 2011; Chang
and Guarente 2013).

Skin is the interphase of the body and its envi-
ronment. As such, it plays a critical role in the
adaptation of processes to maintain the body’s
homeostasis. Although seasonal variations and
phases inherent to life also play a role (e.g.,
reviewed by Mehling and Fluhr 2006), in the
following, an overview will be given on chrono-
biological effects found in the skin with the main
focus being on circadian rhythms (in this context
including ultradian rhythms, etc.) and skin clocks.

2 Functional Chronobiological
Rhythms of the Skin

Among the initial systematic and comprehensive
studies actually focusing on the natural “healthy,”
chronobiological effects found in the skin func-
tion were the studies conducted by Yosipovitch
et al. (1998) and Le Fur et al. (2001). Yosipovitch
et al. conducted a study comparing the rhythmic-
ity of the skin surface parameters: skin pH, skin
surface moisture, skin barrier function (via
transepidermal water loss, TEWL), and skin tem-
perature. Measurements were conducted at four
different locations (forehead, forearm, upper
back, and shin) on seven women and nine men
at 2-h intervals over a period of 24 h under well-
controlled conditions. Discernible rhythms for
TEWL, temperature, and pH were observed at
most sites. Using TEWL as a measure of skin
barrier function, the skin barrier showed an
improved status in the morning which decreased
toward the evening. This was not correlated with
an increase in skin temperature, although skin
temperature was also elevated at night. No signif-
icant differences were observed for skin hydration
although capacitance was slightly higher around
4 p.m. In a later study, Yosipovitch et al. (2004)
also investigated the effects of cortisone treatment
of irritated and nonirritated skin on the circadian
rhythms of blood flow, skin temperature, and
TEWL. Blood flow exhibited circadian and
ultradian rhythms with a significant correlation
found to skin temperature but not TEWL. Blood

flow was highest in the late afternoon/early eve-
ning and before onset of sleep and lowest in the
morning.

Le Fur et al. (2001) studied time-dependent
rhythms of the face and volar forearm skin over
a time span of 48 h every 4 h under standardized
environmental conditions. In addition to the skin
parameters reported by Yosipovitch et al., sebum
secretion was also measured. Salivary cortisol
levels as surrogate markers for plasma cortisol
were assessed to ensure that the volunteers were
synchronized. In general, these results corrobo-
rated those found by Yosipovitch et al. Circadian
rhythms were detected for sebum excretion (face),
transepidermal water loss (face and forearm), skin
temperature (forearm), pH (face), and capacitance
(forearm). In addition, ultradian rhythms with
periods of 8 h were found for sebum excretion,
of 8 and 12 h for transepidermal water loss (face
and forearm), and of 12 h for skin temperature
(forearm). Skin pH was highest in the morning,
sebum secretion peaked around midday, skin tem-
perature of the forearm (but not face) was lowest
around midday and exhibited two peaks at 4:00
p.m. and 4:00 a.m., and skin barrier function
(cheek) as assessed by TEWL was lowest at 8:00
a.m. and 4:00 p.m.

Denda and Tsuchiya (2000) investigated the
recovery of the skin barrier function (via TEWL
measurements) of the volar forearm skin at vari-
ous time points in the course of a day (30 h). Skin
surface temperature peaked at 2:00–3:00 a.m. and
remained slightly elevated throughout the morn-
ing. Following skin barrier disruption via tape
stripping, recovery rates assessed via TEWL and
measured 1 h after tape stripping exhibited time-
dependent effects with decreased recovery rates
found between 20:00 and 23:00 h in comparison
to measurements made at other time points. Dur-
ing this time, there was no significant correlation
to skin temperature. The basal TEWL values were
observed at about 03:00 h (33.6 �C and 0.30 mg/
cm2/h) indicating that the time-dependent differ-
ences in cutaneous barrier repair are independent
of changes in skin temperature.

“Out-of-sync” clocks have also been impli-
cated in atopic dermatitis, psoriasis, contact
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hypersensitivity, and skin cancer (Wood and
Hrushesky 1996; Gelfant et al. 1982; Li
et al. 2013; Takita et al. 2013; Gaddameedhi
et al. 2011; Cermakian et al. 2013; Muñoz-
Hoyos et al. 2007). Cutaneous immune responses
to allergens differ throughout the day, e.g.,
Reinberg et al. (1965) observed that there is a
circadian variation to the reactivity to skin tests.
Zak-Nejmark et al. (2006) et al. studied skin reac-
tivity of healthy and atopic individuals to hista-
mine and observed that healthy individuals have
the lowest reactivity at night. In contrast atopic
individuals exhibit the highest reactivity at night.
Histamine binding to lymphocytes and neutro-
phils also displayed variations between day and
night. As atopics tend to suffer more from itching
at night and asthma is also increased at night, this
may have implications for chronotherapeutic
approaches. Circadian processes may play a role
in the exacerbation of skin cancer. Mice exhibited
a fivefold increase of invasive squamous cell car-
cinoma when irradiated with UVB at 4:00
a.m. than at 4:00 p.m. Low-dose UVB has been
reported to downregulate clock genes and to alter
their expression, thereby modulating circadian
rhythms (Kawara et al. 2002). Maintaining the
proper balance between light and dark and the
resulting beneficial (e.g., vitamin D production)
or damaging effects (e.g., photodamage) of UV
(reviewed by Desotelle et al. 2012) may have a
pronounced impact on cellular functioning and
susceptibility to skin cancer. Downregulation of
clock genes has been observed in skin tumor
biopsies indicating a possible role in protective
role in cutaneous tumorigenesis (Lengyel
et al. 2013), possibly attributable to aberrant cel-
lular responses to DNA damage, including repair,
checkpoints, and apoptosis. Clock genes play a
role in hair cycling, beard hair follicles have
endogenous clocks lined to PER1 and PER3,
and clock gene dysfunction may play a role in
age-related alopecia (Watanabe et al. 2012;
Geyfman and Andersen 2010). These are but a
few examples of chronobiological rhythms
playing a role in cutaneous processes.

Differences in the circadian rhythms of skin
function have been observed. These may be attrib-
utable to the time intervals used to assess the

parameters. In some studies, parameters were
measured every 2 h, in others every 4 h, etc.
Depending on the sampling time, and the circa-
dian rhythms exhibited by the organism, ultradian
rhythms can be identified or certain circadian
rhythms being missed. Other parameters, such as
ambient temperature and humidity as well as sea-
son, may also lead to masking of the natural bio-
rhythms or to different entrainments. Gender (e.g.,
menstrual cycle of women), age (children tend to
have longer sleep phases, whereas aged people
most likely have defective clocks), etc., may also
play a role.

3 Cutaneous Clocks

Although circadian rhythms are entrained by the
external time cues that are primarily governed by
the solar day, circadian oscillations are also gen-
erated at the cellular level and occur in most cells
of the body. These molecular clocks are not
always directly linked to the cues given by the
SCN, and cell autonomous clockworks can be
found. These may be linked to physiological and
metabolic processes that are not directly associ-
ated with the solar day, e.g., metabolic processes
linked to food uptake or temperature variations as
potential zeitgeber. The orchestration of the oscil-
lations is governed by an intricate network of
transcriptional and translational feedback loops.
Among the most prominent examples are the pos-
itive transcriptional regulator genes Clock (Circa-
dian Locomotor Output Cycles Kaput) and Bmal1
(brain and muscle aryl hydrocarbon receptor
nuclear translocator-like protein-1) which drive
the expression of the target genes such as the
Period (Per) 1–3 genes and the genes
Cryptochrome (Cry) 1 and 2. Autoregulatory neg-
ative feedback loops occur via the formation of
PER/CRY protein complexes which in turn block
the transcription factor CLOCK/BMAL1 and
thereby inhibit their own transcription. How
does this occur? The positive arm of the regula-
tory feedback loop is formed by the heterodimer
CLOCK/BMAL1 which binds to the E-box
sequences of targets genes such as Per, Cry,
ROR (retinoid-related orphan receptor), and
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REV-ERB (orphan nuclear receptor), thereby stim-
ulating their transcription. The gene products,
CRY and PER, can then form heterodimers
which subsequently function as repressive tran-
scription factors by inhibiting CLOCK/BMAL1
induced transcription, thereby forming the nega-
tive arm of the regulatory feedback loop. Further
“oscillation” is achieved in that the expression of
Bmal1 is regulated by the nuclear receptor tran-
scription factors ROR and REV-ERB. ROR
upregulates and REV-ERB downregulates the
expression of Bmal1 by binding to the RORE
element present in the upstream region of the
Bmal1 gene (Fig. 2). In addition, TIM (timeless
protein) can control PER stabilization in the cyto-
plasm by binding to specific domains in order to
coregulate their subcellular localization and to
protect PER from degradation or to activate the

repression of CLOCK/BMAL1 function
(Sukumaran et al. 2010). Cellular clockworks
such as these are also found in the skin, and it is
estimated that up to 10 % of the genes exhibit a
circadian rhythmic expression (Desotelle
et al. 2012).

Expression of the human clock genes, Clock,
Tim, Per1, Cry1, and Bmal1, is found in both the
oral mucosa and skin and is typically aligned
with the circadian profiles controlled by the
SCN. The patterns are strongly correlated with
the expression patterns found in mice suggesting
that the skin itself may be an additional pace-
maker in circadian rhythms (Bjarnason
et al. 2001). The expression of the genes Per1,
Cry1, and Bmal1 peaks in the morning, late
afternoon, and at night. In addition, the expres-
sion of the cell cycle proteins of the mucosa
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Fig. 2 Example of feedback mechanisms regulating
cellular rhythms. In the cytoplasm, Clock and Bmal1
associate as a heterodimer before their translocation to
the nucleus where they are able to bind to the E-box
sequences of target genes such as PER, CRY, ROR and
REV ERB in order to stimulate their transcription. CRY
and PER are transcription factors which form the negative
regulatory loop. They are able to heterodimerize in the

cytoplasm before their translocation in the nucleus where
they are able to inhibit the action of CLOCK/BMAL1
complex. Moreover, the nuclear receptor transcription fac-
tors ROR and REV-ERB have opposite control on Bmal1
gene. In turn ROR up-regulates and REV-ERB down reg-
ulates the expression of Bmal1 by binding to the RORE
element present in the upstream region of the Bmal1 gene
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coincides with the expression of some clock
genes, e.g., with Per1 expression occurring at
the same time as the G1 phase, indicating an
interaction of the gene products. Cultured
human skin cells, e.g., keratinocytes and fibro-
blasts, as well as the keratinocyte cell line HaCaT
and the melanoma A375 have been shown to
exhibit expression of the circadian clock genes
Clock and Per1 (Zanello et al. 2000). HaCaTs
have robust circadian expression patterns which
correlate well with those found in vivo as does
the murine fibroblast cell line NIH3T3. In a
recent study, Spörl et al. (2011) investigated the
effects of temperature cycles on the rhythmicity
of the cutaneous clocks. As Yosipovitch
et al. (1998) already reported for human skin,
temperature is an effective zeitgeber for the cel-
lular clocks, e.g., Per2 (both primary
keratinocytes and cultured cell lines), thereby
linking them to the physiological influences
given by environmental cues. Rhythmic PER2
expression has also been described by Tanioka
et al. (2009) who observed an essential role of
this protein in generating circadian oscillations in
the peripheral clocks. Temperature can even be
used to entrain the cells. Interestingly, a circadian
transcription of Insig2a was also observed. This
gene is pivotal for cholesterol homeostasis and
with it for keratinocyte differentiation, cornified
envelope development, and skin barrier function.
If there is a cholesterol deficiency, sterol regula-
tory element binding proteins (SREBPs) are
released and activate de novo synthesis of cho-
lesterol (e.g., via Hmgcr) or enhance its uptake
(e.g., via Ldl receptor gene products), whereby
both genes also intriguingly exhibit circadian
rhythms. The same group recently employed
genome-wide transcriptional profiling in which
whole genome microarrays were used to charac-
terize gene expression profiles in human suction
blister epidermis during the course of a day
(Spörl et al. 2012). Over 300 genes exhibited
diurnal daytime-dependent expression, many of
which were also found in vitro. Among these,
Kr€uppel-like factor 9 (Krf9) exhibited a profound
circadian rhythms which was cortisol dependent
and linked to keratinocyte differentiation and
proliferation.

The proliferation HaCaT cells has also been
reported to be influenced by melatonin – the
secretion of which has a pronounced circadian
rhythm itself (Hipler et al. 2003; Fischer
et al. 1999). Clock gene expression in HaCaT
cells is modulated by low-dose UVB irradiation
(Kawara et al. 2002) suggesting that expression
in circadian clock genes in keratinocytes is
influenced by solar irradiation via melatonin-
independent mechanisms. These studies give
further indication that skin processes follow
chronobiological patterns and exposure of the
skin to UV irradiation and/or light may possibly
be involved in the circadian rhythm regulation
via modulation of clock gene expression. The
observation that skin cancer is also controlled
by circadian rhythms, e.g., as nucleotide excision
repair genes follows circadian patterns
(Gaddameedhi et al. 2011; Sancar et al. 2010),
further points to the important role chronobio-
logical processes have on organisms.

4 Conclusions

The skin barrier function is essential in protecting
the body against water loss, pathogens, and xeno-
biotics. The studies described above suggest that
skin has a pronounced circadian rhythm. An inter-
pretation of the observed time-dependent patterns
is that they are suggestive of skin adapting to
boost its protective functions during the day to
ward off environmental threats; during evening
and night processes are then directed at regenera-
tion. As skin seems to be more reactive and per-
meable toward late afternoon and evening, these
effects can possibly be used to optimize delivery
and efficacy of both cosmetic and medical actives.
Clocks are found on the cellular/molecular level
in cells throughout the body indicating a profound
importance for the fine-tuning needed to maintain
the body’s homeostasis when adapting multitude
of different environmental and cellular cues. The
concepts of chronopharmaceutics and chrono-
cosmetics are not just obscure imaginings – they
have a justified role in designing more efficacious
and targeted approaches to pharmaceutical and
skin care regimens.
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The skin surface is an ecosystem: its ground is the
desquamating uppermost stratum corneum (the
stratum disjunctum) and the living part is the
resident bacterial and mycotic flora, continuously
proliferating in a complex environment made of
lipids of sebaceous and epidermal origin, desmo-
somal and intercellular enzymatic protein degra-
dation, transepidermal water, and sweat. The part
played by physicochemical phenomena (surface
tension, electrochemistry) is considerable. This
ecosystem constantly regenerates and remains sta-
ble in spite of the daily sloughing out of one
stratum disjunctum layer, i.e., about a third of
the ecosystem thickness. Its part in the skin phys-
iology is essential and subject of lots of works in
the last years, involving experts in dermatology,
microbiology, immunology, and molecular and
genomic fields.

1 Skin Relief

The relief of the skin surface (also referred to as
microrelief, microtopography, skin surface tex-
ture, skin roughness) varies according to the ana-
tomic site and their own characteristics. It is
formed by the association of the furrows, the
follicular orifices or sweat pores, and the slightly
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protruding corneocytes (Fig. 1). On most sites, the
main furrows, called primary lines (Wolf 1940;
Hanusova 1938; Tring and Murgatroyd 1974), are
70–200 μm deep and follow two directions at least
and delimit plateaus of variable shapes according
to the area (Chinn and Dobson 1964; Sarkany and
Caron 1965). The follicular orifices are located at
the junction of these furrows, whereas the eccrine
sweat pores (Figs. 2 and 3) are preferentially on
the plateaus (Johnson et al. 1970) or in more
superficial furrows, called secondary lines, and
20–70 μm deep. The third type of furrows roughly
separates groups of corneocytes and is inconstant.

This network of furrows is present at birth
(Tchernoff 1985) and its depth increases with age
until puberty (Makki et al. 1984). In adults, it is less
deep in women (Makki et al. 1984). On the face,
small wrinkles (depth 0.2–1 mm) and deeper wrin-
kles (depth >1 mm) appear with age. On other
zones, the deepest furrows increase, the small fur-
rows disappear, and the skin surface becomes
distended (Makki et al. 1984; Corcuff et al. 1983;
Zahouani andVargiolu 2004). Themain function of
the furrows is mechanical. By (partly) smoothing
out they allow the extension of the skin surface and
the epidermis. Their anatomical distribution

Fig. 1 Volar forearm skin
surface. Thick arrow: first-
order furrow. Middle-sized
arrow: second-order
furrow. Small arrows: third-
order furrows. In between
furrows are easily
recognized the bumps made
by corneocytes (corneocyte
pavement). Scanning
electron micrograph
(Courtesy of Dr Boleslav
Turek)

Fig. 2 Volar forearm skin
surface. Sweat duct orifices
are seen on some plateaus.
Scanning electron
micrograph (Courtesy of Dr
Boleslav Turek)
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reflects at each site the direction of the mechanical
constraints sustained by the skin. On the volar
forearm, the resistance to this smoothing action
represents approximately 50 % of the resistance
of the whole skin to stretching (Panisset
et al. 1993). The furrows also act as channels for
the sebum and sweat flowing and retention. They
preferentially trap and keep the substances applied
on the skin: they are possibly preferential sites of
percutaneous absorption.

On the palms and soles, the furrows draw
curvy shapes which form the dermatoglyphs.
The plateaus are replaced by concentric ridges
on top of which sweat pores are located at regular
intervals (Fig. 4). This type of relief seems specif-
ically adapted to the need to adhere to the ground
and objects. This is achieved by three factors: the
dermatoglyphic drawing, the constant moisturiz-
ing of the crests by a slow although continuous
sweat secretion which considerably increases the
friction coefficient (Highley et al. 1977), and
finally the sudden sweat secretion of the palms
and soles in the event of a psychological stress
(psychogenic sweating). This function was crucial
for primitive humans who lived naked in the
savanna. For a probably similar reason, the
palms and soles have no pilosebaceous follicles:
the sebum, like any fatty substance, and the
hairs reduce the friction coefficient (Elkhyat
et al. 2014).

2 Microbiology of the Skin
Surface

Onemajor aspect of the skin surface ecology is the
presence of a resident bacterial (more than 1010

bacteria living on our skin), mycotic (and proba-
bly viral) flora; its presence and normal behavior
are essential to ensure a healthy skin (Kloos
1981). Numerous researches focus on understand-
ing the role of these microbes in human health and

Fig. 3 Sweat duct orifice. Scanning electron micrograph
of a Silflo replica. X 2000. (Laboratory of Skin Biophysics,
Besançon)

Fig. 4 Finger pad skin
surface.
Orthophtaldialdehyde-dyed
sweat orifices are located on
the concentric ridges
(Laboratory of Skin
Biophysics, Besançon)
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diseases; this field of research received support
from institutions such as US National Institutes
of Health that initiated in 2007 the Human
Microbiome Project (HMP, www.hmpdacc.org)
and use now advanced and high-level technolo-
gies, like metagenomic sequencing for genetic
characterization of skin microbiota (Schloss
2014) or molecular gene profiling to identify the
species or phylotypes (Dekio et al. 2005).

2.1 Skin Flora Behavior

Research over the last years has provided data on
the nature and the taxonomy of the resident
species (Table 1). Most of these microorganisms
live in colonies adhering to the squames, mainly
in the furrows of the skin surface, in the
pilosebaceous infundibula, and inside the stra-
tum disjunctum.

The permanently resident character of the typ-
ical skin flora (micrococci, P. acnes, aerobic
corynebacteria, Pityrosporum) implies its contin-
uous proliferation in situ, regulated by the nutri-
ents found in the area (especially lipids),
humidity, pH, and probably other factors such as
temperature, partial oxygen and carbon dioxide
pressure, and exposure to ultraviolet rays. The
bacterial spectrum depends primarily on local fac-
tors. For example, the density (number of micro-
organisms per surface unit) is almost constant. It
reproduces itself quickly after scratching, bathing,
or washing and even after disinfection (Johnston
et al. 1987). A bath a day or no washing for
3 weeks will not make any difference (Hartmann
1990).

The temporarily resident character (transient
flora) applies to potentially pathogenic (S. aureus,
C. minutissimum, Gram-negative bacteria (Pro-
teus, Klebsiella, Pseudomonas aeruginosa,
Escherichia coli), non-lipophilic yeast (levure)
(C. albicans), dermatophytes) microorganisms.
They either come from the environment or invade
the skin from adjacent areas (nasal vestibules, rec-
tum). They do not proliferate, except if local or
immune conditions are favorable. Accordingly
their preferred location is in folds (armpits,

Table 1 Bacteria found on healthy skin

1. Gram+ cocci

They produce a catalase which differentiates them from
streptococci. There are two main genera:

Staphylococci, able to ferment glucose under
anaerobic conditions. They include mainly S. albus
(coagulase negative) with its 9 species: the main species
are S. epidermidis, S. hominis, and S. saccharolyticus,
distinguished by their phenotype and their DNA (Kloos
1981). They are ubiquitous, i.e., found almost everywhere
on the integument

S. aureus (coagulase +) is sometimes found steadily
on healthy skin, especially in nasal vestibules (nasal
carriage). It belongs to the transient resident flora

Micrococci (strictly aerobic) have 8 species,
distinguished by their phenotype, their possible genetic
transformation, and partly by their DNA (Kloos 1981;
Marples 1981). They are ubiquitous

2. Aerobic corynebacteria (Tring and Murgatroyd 1974;
Pitcher and Jackman 1981)

These are club-shaped sticks, are Gram+, and do not
produce spores. Cultures under UV light emit a coral
fluorescence. They are also characterized by the presence
of arabinose and corynemycolic acid in their wall. On the
skin some are responsible for a sour pungent smell. There
are two categories:

Non-lipophilic in vitro (perineum, axilla):

C. minutissimum

C. xerosis

Brevibacterium epidermidis (responsible for the
unpleasant foot odor due to the production of CH3SH)

Lipophilic in vitro:

C. lipophilicus (toe webs, perineum, axilla)

C. jeikeium (also called Corynebacterium JK) and
C. urealyticum (also called Corynebacterium D2) are part
of the transient resident flora

3. Propionibacteria

These are anaerobic corynebacteria in vitro. They are
lipophilic as well as lipolytic and are found on the
seborrheic areas and in the pilosebaceous follicles

P. acnes = C. parvum (immune enhancer)

P. granulosum

P. avidum (proteolytic)

4.Gram-negative bacteria (Somerville and Noble 1970)

Acinetobacter calcoaceticus (axilla, toe webs)

The transient resident flora includes Pseudomonas,
Proteus, and Klebsiella: located in the axilla, nostrils,
groin, perineum, and toe webs

5. Yeasts

Pityrosporon (P. ovale = P. orbiculare = Malassezia
furfur), lipophilic and lipolytic, is abundant on seborrheic
areas

(continued)
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perineum, between toes), and they are found in
some individuals only and in diseased skin. They
are generally few in number (“S. aureus carriage”
applies if density is over 106 bacteria/cm2). In some
cases, the skin transient flora comes from the envi-
ronment (contamination in hospital wards, sinks);
for example, Gram-negative bacilli are abundant in
vases and flower pots; group B streptococci may be
of pharyngeal or rectal origin.

The neonate skin is colonized through vaginal
contact, and then within the next 3 days following
birth, the flora diversifies (S. epidermidis espe-
cially appears), due to the transition from an aque-
ous and sterile environment of the womb to a
gaseous one, characterized by constant microbial
interactions and bacterial colonization (Capone
et al. 2011). Infant and young children skin har-
bors mainly micrococci, white staphylococci,
corynebacteria, frequently Gram-negative bacte-
ria, streptococci (during the period of
hyposeborrhea between the ages of 6 months
and 6 years), and S. aureus (colonization of the
nasal vestibule), these proportions evolving over
the first years; early microbial colonization is
important for the development of skin barrier
and immune functions and widely for the systemic
immune system. In older people there is a global
flora decrease, especially of propionibacteria.

2.2 Topographical Variations

The major importance of the environment in the
proliferation of microorganisms is shown from
topographical variations. Even among healthy
individuals, differences in location and quantity
of microbes have been described (ethnicity, skin
pH, age, BMI); these fluctuations are not being yet
fully explained, even if diet, hygiene,

environment, host physiology, genetics, and
early microbial exposure are implicated
(Schommer and Gallo 2013; Grice and Segre
2011; Grice et al. 2008). Thanks to genomic and
molecular recent approaches, relying on sequence
analysis of the 16S ribosomal RNA gene (present
in all bacteria and archaea), it seems that not
dominant but low-abundance organism’s compo-
sition could allow to better differentiate each indi-
vidual (Schloss 2014).

The skin is confronted to an important diver-
sity of parameters that could influence its surface
characteristics; furthermore and depending on the
body site, a wide variety of cell types can be
encountered (Sanford and Gallo 2013).

Three types of habitat for microbes are distin-
guished. The fatty habitat (scalp, face, shoulders,
thorax) is marked by the importance of the sebum
secretion, triglycerides being necessary to the
development of propionibacteria and Pityro-
sporum. Thus the density in P. acnes varies in
parallel with the “sebum excretion rate” changes
with age or isotretinoin treatment (Leyden
et al. 1991). The sebaceous lipids inhibit Strepto-
coccus pyogenes and hydrophilic species (Tables 3
and 4); thus, surprisingly, occlusion on the scalp
does not alter the flora nor increase the bacterial
density (Leyden et al. 1991). The humid habitat
applies to the body creases where the transcutane-
ous water loss cannot be evacuated and the easier
corneocyte degradation facilitates supply of pro-
tein, which is the selective nutrient of dermato-
phytes. The other hairless sites correspond to the
dry habitat, where dryness is responsible for a low
bacterial density. To these three habitats should be
added the nostrils (nasal vestibule) which play an
important role in the skin colonization.

The distribution of themain species on the main
body sites is presented in Tables 2, 3, and 4.
This is only an outline, since differences can be
found on quite close sites and depend on skin
thickness, folds, density of hair follicles, and
glands. For example, inside the sebaceous follicle,
Pityrosporum are found at the ostium, white
staphylococci at the supra-infundibulum level,
and anaerobic propionibacteria (P. acnes) in the
infra-infundibulum.

Table 1 (continued)

Non-lipophilic yeasts of rectal origin (Candida,
Rhodotorula, Torulopsis, Cryptococcus) belong to the
transient resident flora of the perineum

6. Dermatophytes, transiently resident, come from the
environment : Trichophyton rubrum, T. interdigitale,
Epidermophyton floccosum, Microsporon
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2.3 Proliferation

Continuous proliferation is mandatory for the res-
ident flora because of the stratum corneum desqua-
mation which daily removes approximately one
cell layer. The stratum disjunctum, daily preserved
through the decay of one stratum compactum layer,
and especially the pilosebaceous infundibula con-
stitute the reservoir.

The main growth factors are the available
nutrients, humidity, and heat. This explains the
high microbiological density increases (Tables 3
and 4). A 24-h occlusion increases by 1,000 the
bacterial density: an increased number of staphy-
lococci and micrococci appear first and then
non-lipophilic diphtheroids and Gram-negative
bacilli. Moisture is essential for the development
of C. albicans. In the tropical jungle environment,
non-lipophilic corynebacteria and Gram-negative
bacilli proliferate. However seasons have little
effect in temperate countries. For premature
babies, the high relative humidity and temperature
of incubators imply a risk of proliferation of
P. aeruginosa on the umbilical stump.

Unfavorable or selection factors are also pre-
sent. The sweat, through its lactic acid, inhibits
some colonies of micrococci and staphylococci.
P. acnes (and acne) proliferates through a small
increase of the skin surface pH (from 5.5 to 6.0),
but staphylococci do not (Korting and Schmid
1995). A pH �5.0 inhibits Brevibacterium
epidermidis (Korting and Schmid 1995). There
are specific substrates for each bacterial adhesin
(e.g., S. aureus adheres to fibronectin and fibrino-
gen by teichoic acid and protein A).

Some bacteria inhibit the proliferation of exog-
enous microorganisms (bacterial interference).
Pityrosporum (by production of phenylethyl alco-
hol) and aerobic corynebacteria inhibit most of the
Gram-negative bacteria. S. epidermidis inhibits
S. pyogenes and some colonies of micrococci.
The eradication of the resident flora favors the
prolonged life of S. aureus, however without any
effect on Candida albicans, S. pyogenes, and
P. aeruginosa. Dermatophytes produce penicillin
and streptomycin (hence the selection of resistant

Table 2 Topographical variations of the skin flora

1. Oily habitat (seborrheic)

Scalp: Pityrosporum > propionibacteria (P. acnes >
P. granulosum > P. avidum) > white staphylococci
(S. epidermidis, S. hominis)

Other areas : propionibacteria > Pityrosporum >
white staphylococci

2. Wet habitat

Axilla: aerobic corynebacteria, P. avidum >
P. granulosum, P. acnes, white staphylococci
(S. epidermidis, S. hominis), Acinetobacter calcoaceticus
(Chinn 1964), � S. aureus, Gram-negative bacilli

Groin: aerobic corynebacteria, P. avidum, white
staphylococci � Gram-negative bacilli

Perineum: white staphylococci � S. aureus, Gram-
negative bacilli, group B streptococci

Interdigital: P. avidum, aerobic corynebacteria,
Acinetobacter calcoaceticus (Johnston et al. 1987), �
Gram-negative bacilli, C. minutissimum

3. Dry habitat

Upper limbs: white staphylococci (S. epidermidis,
S. hominis, S. haemolyticus), lipophilic corynebacteria

Lower limbs: white staphylococci

Hands (impossible to sterilize): white staphylococci�
S. aureus (in dermatologists), corynebacteria of the JK
group (in oncologists), Gram-negative bacilli, candidas

4. Nasal vestibules:

P. avidum, Staphylococcus epidermidis, aerobic
corynebacteria� S. aureus (20 % of permanent carriers),
Gram-negative bacilli

Table 3 Skin flora regional variations (bold typed: site typical figures)

Scalp (Ref. Leyden et al. 1991) Forehead without P Limb extremities with P Upper Lower

Total number/cm2a 1 106 1,2 106 4,4 106 1,7 103 4,4 103

Cocci % 23.1 18.1 7.2 93.1 87.8

Lipophilic C % 2.3 0.9 0.02 3.9 5.0

Non-lipophilic C % 0 0.1 0 0 7.1

Propionibacteria % 27.5 6.1 83.5 3.0 0.01

Pityrosporum % 46.7 73.9 9.2 0 0

P Pityriasis capitis
aGeometric mean
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cocci). Bacteria of the Brevibacterium genus
inhibit the dermatophytes (by production of
methanethiol).

What is the effect of skin cleansing (Brandberg
and Andersson 1981)? Absence of washing, even
for a week, does not increase the total number of
microorganisms. Excess washing has little or no
effect either. A shower causes a local and transient
reduction in microbial count on denser areas and
an increase in density on the lower ones, probably
through colony breaking and dispersion. Washing
with an antiseptic can induce an apparently total
disappearance of the flora, but it does not last. One
possible mechanism of this resistance is the for-
mation of bacterial clusters covered by a
protecting film (biofilm). Testing the efficacy of
washings, antiseptics, and disinfectants has been
addressed recently by Kramer (1999).

2.4 Role of Skin Flora?

– The resident skin flora plays a fundamental
part as a barrier against colonization by patho-
genic or harmful species. This effect is
enhanced by the physiological desquamation:
squamous conditions favor the carriage of
pathogenic bacteria. Microorganisms may
also have a role in the immune system by
educating the billions of T cells found in the
skin (Grice and Segre 2011) or helping protect
against allergy or inflammation (Fyhrquist
et al. 2014).

– Propionibacteria transform the sebum triglyc-
erides into free fatty acids – one of the charac-
teristics of the physicochemical environment
of the skin surface. They contribute to its acid-
ity and its low surface energy.

– Propionibacterium acnes is an immunity
enhancer. In the 1970s, under the name Cory-
nebacterium parvum, it has been used to
improve the late hypersensitivity in melanoma
patients. It is possible that this effect be exerted
through percutaneous absorption of some bac-
terial products which modulate the cytokine
production by skin viable tissues.

2.5 Pathology

Abnormal high or low rates, absence, deregula-
tions, or presence of new resident species in skin
flora could have pathological consequences not
only on the skin but also widely on the whole
organism.

“Dysbiosis” is the dedicated term for an imbal-
ance of microorganisms and exists in much
pathology, but it is not clear whether and in
which proportions this phenomenon is a cause or
a consequence of the concerned disease
(Schommer and Gallo 2013; Grice and Segre
2011; Grice et al. 2008), more so because of
complex and dynamic interaction networks
between microorganisms and host.

In this context and in a more or less accurate
and well-known way, diseases related to

Table 4 Skin flora regional variations (bold typed: site typical figures)

Axilla (Ref. Leyden et al. 1991)
Toe webs

Perineum Normal With DphytOdorless With odor

Total number/cm2a 4,8 103 1,3 106 4,3 107 1,4 107 2,9 107

Cocci (cfu/cm2) 86.6 25.7 14.2 22.7 12.9

Lipophilic C % 10.9 54.7 58.0 75.1 78.1

Non-lipophilic C % 0.3 16.9 26.4 2.1 8.8

Propionibacteria % 1.1 2.4 0 0 0

Gram-negative bacilli % 1.1 0.3 7.7 0.05 0.06

Candidas % 0 0 0.06 0.02 0.02

Dermatophytes (prevalence %) 0 0 0 0 84.6

Dphyt dermatophytes
aGeometric mean
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microorganism ecosystem dysfunction have been
described (Zeeuwen et al. 2013):

– In atopic dermatitis, flares are associated with
colonization and infection by S. aureus but also
with defects in some epidermal functions as
well as environmental factors.

– In seborrheic dermatitis (“dandruff” on the
scalp), the presumptive target of fungicides
that are efficient against the pathology is
Malassezia spp. (that is however also found
in healthy skin) and M. restricta and
M. globosa for dandruff.

– No microorganisms have been directly linked
to chronic plaque psoriasis, especially given
that genetic factors are known to be implied;
however, potential differences have been
detected in the microbiome between psoriatic
and normal skin (diversity and staphylococcus
(Fry et al. 2014a, b)), probably due to a break-
down – not yet identified – in the immune
tolerance to the skin microbiome.

– Acne inflammatory disorder is associated with
damage caused by P. acnes bacterium (one of
the lipophilic microorganisms that are
increased at puberty) in the pilosebaceous
unit, and it appears that pathological follicles
contain P. acnes, Staphylococcus epidermidis,
and Corynebacterium (P. acnes only in healthy
follicles) (Murillo and Raoult 2013).

– A mite named Demodex, existing on healthy
skin, is significantly increased on the skin of
papulopustular rosacea patients. Demodex
could take an advantage of microbiome eco-
system shift due to genetic but also immune
and age variations and express some antigen
inducing the inflammatory immune response
(Yuan et al. 2014; Lacey et al. 2007).

– S. epidermis is usually commensal but in some
cases uses the indwelling medical devices to
cause nosocomial infection and disease.

– Infections in chronic wounds could also be
due to commensal microorganisms (species
implicated not being well identified), taking
the opportunity to invade the skin
presenting defects in its barrier function
and participating in healing difficulties
(Canesso et al. 2014).

– Current works are also studying the role of
microbiome in sensitive skin syndrome, herpes
viruses, or specific areas like scalp microbiome
(alopecia areata, seborrheic dermatitis dan-
druff, pediculosis capitis).

Thus, a better knowledge of skin microbiome
and interactions with many other factors is still
necessary to understand and identify the skin dis-
orders associated with an imbalance and to adapt
new diagnostic or therapeutic approaches, includ-
ing manipulation of skin microbes. For in vitro
research, skin substitute will have to take into
account microbiome of the tissue it claims to
replace, as well as antiaging medicine is interested
in understanding the role of microbiome in sag-
ging or wrinkle development.

3 Chemicophysical Status

3.1 pH

The skin surface acidity, discovered by Heuss in
1892, was later highlighted by Schade andMarch-
ionini (1928) who underlined its protection fea-
ture and called it the “acidic mantle.” By the way,
it controls the resident flora to a great extent and
prevents the skin colonization by pathogenic spe-
cies (Marchionini and Hausknecht 1938; Korting
et al. 1987). It may also favor corneodesmosome
decay and desquamation because the stratum
corneum hydrolases have an optimal pH of 5.6
(Öhman and Vahlquist 1993). The value of the
skin pH is between 4.2 and 6.1 and its distribution
between these values is Gaussian, except on the
forehead (Braun-Falco and Korting 1986;
Zlotogorski 1987). Findings related to difference
with gender are contradictory (Zlotogorski 1987;
Dikstein and Zlotogorski 1989; Elhers et al.
2001). Diurnal variation was advocated, with a
peak about midday (Yosipovitch et al. 1998), but
it may be related to climatic influence (Elhers et al.
2001) (see Annex 4, circadian rhythms).

There are “physiological holes in the acidic
mantle” (Marchionini and Hausknecht 1938),
where the pH is closer to 7. These sites are the
axilla, perineum, interdigital areas, toe webs, and
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legs. Even on the uncovered body most of which
are acidic, local pH differences contribute to the
existence of a particular flora. On the forehead, it is
slightly lower than on the cheeks (Zlotogorski
1987; Dikstein and Zlotogorski 1989). In a cross-
over comparative study on the effect of the
prolonged use of alkaline soaps and acidic deter-
gents on the forehead pH and flora, Korting
et al. (1987) and Schmid and Korting (1995)
showed that a small increase in pH (from 5.5 to
6.0) activated the proliferation of P. acnes without
changing that of staphylococci and at the same time
exacerbated acne. Inversely, a similar pH decrease
would improve acne significantly (p <0.00001).

The origin of the skin acidity depends on the
content in free fatty acids of the surface ecosystem
(Ansari 2014). Any cleansing of the skin, even
with a soap with a higher acidity than the skin,
increases the pH (Korting et al. 1987; Gfatter
et al. 1997). Stratum corneum stripping is associ-
ated with a steep pH rise (Öhman and Vahlquist
1998). In newborn babies, the skin pH lies
between 6 and 7 and the skin surface free fatty
acid content is lower than in adults (Braun-Falco
and Korting 1986; Gfatter et al. 1997; Behrendt
and Green 1958; Beare et al. 1960). On day 1 pH
was found higher than in adults in all body sites
(soles, back, abdomen, palms, forearm, forehead):
mean 7.1 � 0.17 versus 5.7 � 0.16, respectively
(n = 44). By the second day the pH decreased
although keeping statistically different from adult
values (Beare et al. 1960). The latter was attained
only by the fourth day of life. Can sweat
(pH between 4.0 and 6.8) be responsible in part
for the surface acidity? It seemingly has no influ-
ence on the basal level; the sites with higher pH
are those of continuous sweating.

On the buccal mucosae, pH is usually close to
7, with a maximum on the hard palate (see
▶Chap. 156, “Main Skin Biological Constants”)
(Yosipovitch et al. 2000).

3.2 Skin Surface Tension

The formation of droplets, or conversely the
spreading of a liquid over a surface, depends on
liquid-solid interfacial energies (Fig. 5). When the
droplet remains stable, its contact angle θ obeys
Young’s equation: Γsv ¼ Γsl þ Γvl cosθ , where
Γsv, Γsl, and Γvl are respectively the interfacial
energies solid-vapor, solid-liquid, and vapor-
liquid. Generally the vapor element is the air and
is not mentioned, hence the simplified formula Γs

¼ Γsl þ Γl cosθ, where Γs is the surface energy of
the solid, Γl the surface tension of the liquids, and
Γsl the interfacial energy solid-liquid. When Γs <
Γl + Γsl, no droplet is formed, but the liquid
spreads out over the solid, up to making (theoret-
ically) a single molecular layer. In this case, it is
considered that cosθ = 1. The hydrophobicity or
hydrophilicity of a surface is mainly connected to
the interfacial energy Γsl.

The overall skin surface is hydrophobic. As
such, a water droplet placed on the volar forearm
(wettability of the skin test (Elkhyat et al. 2014))
persists over 15 min. This property, long known
(Jacobi 1949), is characterized by a low surface
wetting critical tension (i.e., the maximal surface
tension of a liquid still able to completely spread
out over that surface) 27.5 � 2.4 dyn/cm on the
volar forearm (water has a surface tension of
72.8 dyn/cm and olive oil 32 dyn/cm) (Elkhyat
et al. 1996). In that respect, the skin surface is

Fig. 5 A theoretical profile of a drop at equilibrium on a
solid surface. Vectors are those of interfacial energy. By
definition, the contact angle is always inside the drop. 3sv,

3sl, and 3vl are the solid-vapor, solid-liquid, and vapor-
liquid interfacial energies, respectively
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similar to plastic substances. Its surface free
energy on the forearm is 38.7� 6.4 mJ/m2, some-
what higher than that of plastic substances, with
an apolar component of 35.6� 5.8 mJ/m2, a basic
polar component of 4.2 � 3.0 mJ/m2, and an
acidic polar component of 0.8 � 0.7 mJ/m2. The
skin surface, from an electrochemical viewpoint,
is therefore mainly monopolar basic (Mavon
et al. 1997).

On seborrheic areas the skin surface is less
hydrophobic, its wetting critical tension being
beyond 50 dyn/cm. This higher value is related to
the high amount of sebum; a cleansing of the fore-
head with ether reduces it to 29 dyn/cm (Elkhyat
et al. 1996). Similarly, on the forehead the surface
free energy (42.5 � 3.9 mJ/m2) is higher than on
the forearm because of the greater part of basic
polar component (28.3 mJ/m2) in turn linked to
the high amount of free fatty acids in the sebum
(Mavon et al. 1997). Degreasing and dehydrating
the forehead with ether decrease both the surface
free energy and the basic polar component.

The skin hydrophobia contributes to its low
permeability. Thus the sweat has enough time to
evaporate and so play its role in thermoregulation.
In profuse sweating, the sweat in excess drips
down but does not form an emulsion with the
sebum. Even in more stable and prolonged condi-
tions, and in vitro, no sebum-sweat emulsion
could be shown, although the surface tensions of
both liquids are close (less than 2 dyn/cm apart),
and the interfacial tension is only 1.1 dyn/cm
(Mavon 1997).

Finally surface tension, because of the enor-
mous forces it generates, has a major role in the
adherence of microorganisms to their support
(corneocytes, hairs), in the spontaneous sebaceous
excretion, and in skin surface regreasing after
cleansing (▶Chap. 13, “Sebaceous Physiology”).

4 Social and Cultural Function

Although it has often been overlooked in publica-
tions because of its “non-organic” nature, the
social and cultural function of the skin is consid-
erable. It involves ethnic, racial, age-related, and

“apparent health” considerations and influences
the psyche of each individual. It participates in
self-consciousness and in the image which is
projected toward the others. This function relies
on the skin relief, optical properties, color, and
mechanical properties. Desquamation on dry skin
is much more visible than on oily skin. The stra-
tum corneum translucency softens an irregular
surface relief or small wrinkles (Creidi
et al. 1994), hence the higher reliability of instru-
mental measurements of this relief. In the same
way, to reduce wrinkle visibility, an oily cosmetic
is better than an opaque makeup. The translucence
of the whole stratum corneum also contributes to a
better visibility of the underlying bloodstream and
favors a radiant complexion. Furthermore, the
variations in the mechanical behavior of the stra-
tum corneum depend on the hydration of its super-
ficial layers; in this area, microfractures due to
very dry conditions generate an unpleasant tight
feeling in healthy subjects and pruritus in atopic
subjects.
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1 Introduction

The color of the skin is a commonly used param-
eter to assess different aspects and conditions of
the skin. It depends mainly on its pigment content,
on the spectrum of the illuminating light, and on
the quality of the cutaneous surface. When light
impinges on the skin, a few percents are directly
reflected by the surface (specular reflection)
whereas entering photons are either absorbed or
scattered by different molecules and structures
present in the cutaneous layers. The pigments of
the skin, also called chromophores, are mainly
represented by melanin in the epidermis and by
hemoglobin in the dermis. Other molecules such
as bilirubin, amino acids, nucleic acids, porphy-
rins, and carotenoids (endogenously produced)
may participate at different levels to the absorbing
and reflecting process of the light. The pigmenta-
tion of the skin is related to the melanin amount in
the keratinocytes. The various contents of melanin
in the keratinocytes produce the wide spectrum of
human skin color found in the different human
races. Two classes of melanins are found in
humans: the eumelanins which are brown to
black pigments and the phaeomelanins which are
yellow to reddish-brown (Fitzpatrick et al. 1979).
Melanin absorbs in a decreasing manner from
ultraviolet (UV) (highest absorption) to visible
light domain. On the other hand, hemoglobin in
the dermal microvasculature contributes to the
overall skin color with a red dominant for oxy-
genated hemoglobin and bluish red for reduced
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hemoglobin. Here again, the hemoglobin contri-
bution to the skin color depends on the melanin
amount in the keratinocytes which acts as a neu-
tral filter; it is readily visible in fair-skinned peo-
ple, and practically not observable in deeply
melanized skin (Stamatas et al. 2008; Diffey and
Robson 1992).

The need for assessment of the skin color and
pigmentation extends from the dermatocos-
metology domain (including sunscreens, skin
pigmenting or depigmenting products, antiaging
agents, and makeup evaluations) to the clinical
dermatology for the characterization of the vari-
ous types of skin pigmented lesions. Although the
human eye is able to distinguish between hun-
dreds of colors, the results of visual assessment
remain subjective and qualitative with a poor
reproducibility in time.

Since the last decades, several objective
methods and technologies have been developed
(Taylor et al. 2006; Takiwaki et al. 1994; Fullerton
et al. 1996) to measure skin color and some were
proposed as commercially available devices. Two
main types of skin color investigation systems are
coexisting. One is based on different approaches
of analysis of reflected light by the skin which
gives only spectral information. The second is
based on the skin imaging technologies which
offers, besides the color and spectral aspects, spa-
tial information taking into account, for example,
the lesion borders or heterogeneity on a large skin
area (e.g., the whole face). The first and oldest
type of systems is based on the spectrophotomet-
ric analysis of the reflected light by the skin, the
illuminating light being either a continuous spec-
trum (white light) (Andersen and Bjerring 1990;
Lock-Andersen et al. 1998a) or single bands spe-
cific of absorption of melanin and hemoglobin
(Lock-Andersen et al. 1997; Feather et al. 1988).
The reflectance tristimulus CIE colorimetry
(Weatherall and Coombs 1992; Piérard 1998)
allows expressing the color of the skin in a three-
dimensional space. These objective methods are
easy to use but have the inconvenience to produce
color information only on small areas
(0.5–1 cm2). They are very useful in skin pharma-
cology where only the information on skin

erythema and pigmentation intensities are needed
on small test surfaces.

With the progress of the optical instrumenta-
tion, of the digital imaging techniques, and the
development of dedicated image analysis
processing, the spatial component of the skin
color can be integrated in the measurement
(Alghamdi et al. 2012; Liu et al. 2012). Recent
development of dermoscopy has been shown to
improve the diagnostic accuracy of pigmented
skin lesions (Celebi et al. 2009). Some of these
techniques, such as the multispectral imaging tak-
ing into account the combination of spectral and
spatial information, aim to determine the severity
of skin pathologies. Finally, thanks to the
improvement of digital image processing technol-
ogy and to the high quality of the available video
camera, techniques of epiluminescence micros-
copy such as dermoscopy and reflectance confo-
cal microscopy (RCM) (Smith andMacNeil 2011)
represent very promising tools allowing the der-
matologist to perform a very accurate noninvasive
diagnosis of pigmented skin lesions.

2 Visual Assessment of Skin Color
and Pigmentation

The eye is the first diagnostic tool for the derma-
tologist. Color perception is the result of radiant
electromagnetic radiations in the “visible” wave-
length range 400–700 nm collected by the eye and
interpreted by the brain. Thus, color perception
includes physical and psychophysiological
aspects. The human eye is known to have a high
power of discrimination between colors including
shades and hues (Wassermann 1971; Bornstein
1968). The evaluation of skin pigmentation by
visual examination depends not only on the sub-
jective perception of colors by the observer but
also on the nature of the illuminant and on the
geometric position of the observer relative to the
skin surface. Moreover, visual memory
concerning colors is not stable in time making
repetitive evaluations not reliable.

Various scales and indexes have been devel-
oped to reduce potential interobserver variability
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and enable more objective assessment of skin
pigmentation. For example, in the case of
melasma, the severity index of melasma MASI
(Kimbrough-Green et al. 1994) is calculated on
the basis of area (A) of involvement, darkness
(D) of melasma, and homogeneity (H) of the
hyperpigmentation.

Using a standardized environment and grading
skin color with either standard color references
such as Munsell standards or very precise rating
scales or color charts (Taylor et al. 2006; de Rigal
et al. 2007) may lead to reliable visual color
assessments.

3 Reflectance Tristimulus CIE
Colorimetry

Colorimetry tristimulus system is based on the
following two principles: the first is that each
color can be matched by a suitable mixture of
three selected light radiations; the second is that
if two colors are matched by three radiations, the
mixture of these two colors is found additive by
suitable optical means. In 1931, the “Commission
Internationale de l’Eclairage (CIE)” standardized
the color mixture characteristics of an “average
observer” and developed a standard framework
for a color specification. The standard observer
is represented by functions which were deter-
mined from data obtained from series of observers
matching the color at each wavelength from
400 to 700 nm with appropriate mixtures from
three primary light sources. In this system, each
color is defined with a set of three tristimulus
primary values (X: red content, Y: green content,
Z: blue content). The drawback of the CIE 1931
color system is that equal distances in the chro-
maticity diagram do not represent equal differ-
ences in color as perceived by the human eye.
This was corrected in the CIE 1976 L* a* b*
color system which more closely represents the
human eye sensitivity to color. The L*, a*, b*
coordinates are also calculated from the X, Y,
and Z tristimulus primary values. In the L*a*b*
color space, L* is the lightness ranging from
0 (black) to 100 (white), a* is the balance between

red (positive values) and green (negative values)
and b* is the balance between yellow (positive
values) and blue (negative values).

Based on the accumulation of numerous mea-
surements of skin color using colorimetry
(Chardon et al. 1993; Chardon et al. 1991) have
shown that all the different types of basal skin
color (stable state) for a selected body site (the
back, for example) are located inside a vertical
arched volume in the L*a*b* color space (Fig. 1).
In this volume, the points of color are distributed
from top to bottom as a function of the natural
melanic pigmentation intensity with the
nonmelanized skin (albino) at the top and very
dark skin at the bottom. The points constitute the
melanization axis which structure the volume
along its longer axis and are distributed in its
section as a function of the hue and chroma
afforded by the natural skin pigment mixing (mel-
anin, hemoglobin, carotenoids, etc.). Figure 1
indicates also that the direction of color changes
in the volume depends of the skin pigment
involved in the reaction related to the skin color
variation. For example, following an UVA irradi-
ation, the induced Immediate Pigment Darkening
(IPD) does not follow the melanization axis but a
different direction due to the fact that IPD is the
bluish coloration generated by photo-oxidized
melanins already present in the skin. This bluish
color is expressed by a decrease of the b* compo-
nent. On the other hand, the induction of an ery-
thema translates the skin color point outside the
melanization axis toward the colorimetric coordi-
nate of hemoglobin (L*�45, a*�45, b*�18).

Since the Caucasian skin has a yellow/orange
aspect, the constitutional pigmentation is well
described in the L* versus b* plane. Thus, sectors
of skin color categories have been delineated
(Chardon et al. 1991) to correspond roughly to
the skin phototypes (Fitzpatrick 1988). The
sectors are delimited by radii originating from
L*= 50 and b*= 0 and constitute defined angles
with the b* axis. Therefore, a subject can be
characterized by the so-called individual typology
angle (ITA�) which is calculated by

ITA� ¼ Arctangent L� � 50ð Þ=b�ð Þ � 180=Π
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The values proposed for the angles of skin cate-
gory boundaries were

Very light skin > 55� > Light skin >

41� > Intermediate skin > 28� > Tanned
skin > 10�.

It has been shown (Masson et al. 1992) that the
use of ITA allows to determine the range of ultravi-
olet doses needed to induce a minimal erythema
(Minimal Erythema Dose determination without
prior irradiation).
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Colorimetry has been extensively used to
assess the process of UV-induced hyperpig-
mentation (Park et al. 1999), skin typology (Roh
et al. 2001), and photoprotection factors
(Andreassi et al. 1990; Ferguson et al. 1996;
Chardon et al. 1988; Moyal et al. 2000). Figure 2
illustrates the depigmenting treatment effect mea-
sured by the ITA angle on skin UV-induced pig-
mentation (4-day exposure with dose range
0.75–1.5 MED).

4 Reflectance
Spectrophotometry

4.1 Reflectance Spectroscopy

The scanning reflectance spectroscopy (Andersen
and Bjerring 1990; Stamatas et al. 2004) analyzes
the spectrum of light reflected by the skin, typi-
cally between 400 and 700 nm, and allows to
measure skin color in order to obtain information
on skin chromophore content. The optical proper-
ties of the skin are determined by the spectral
absorption, reflection, and scattering of the light
as it strikes and penetrates the different cutaneous
structures. The scanning reflectance spectrome-
ters are built to measure the diffuse reflectance
of the light, i.e., the part of the light which is
modified by the absorption, reflection, and scat-
tering processes inside the skin, and which is
re-emitted from the skin. This technique is also

called diffuse reflectance spectroscopy or DRS
(Stamatas et al. 2004). The instrumental setup
consists of: a light source such as a xenon short
arc lamp or a tungsten halogen lamp, a measuring
head which is an integrating sphere, an optical
system (monochromator or equivalent) to decom-
pose and analyze the light re-emitted by the skin,
and a photodetector to measure the light intensity
in the different bands of wavelength. A system of
optical guides (bundles of optical fibers) conducts
the light from the source to the skin and from the
skin to the monochromator and the photodetector.
In some handheld instruments (e.g., Minolta
2600d, Osaka, Japan), the distance between the
light source and the skin surface is shorter (about
10 cm) and the reflected light is diffracted by a
dual beam monochromator and measured by a
photodiode array.

Different skin modeling simulations have been
used to analyze spectral data (Häggblad
et al. 2010; Meglinski and Matcher 2003). For
example, the reflectance spectra of the human
skin in visible and near-infrared (NIR) spectral
region have been calculated using the Monte
Carlo technique (Wang et al. 1995), and the spec-
ular and internal reflection on the medium surface
is taken into account. Skin is represented as a
complex inhomogeneous multilayered highly
scattering and absorbing medium. The model
takes into account variations in spatial distribution
of blood, index of blood oxygen saturation, vol-
ume fraction of water, and chromophore content.
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An example of skin DRS reflectance spectra
(presented as absorption spectra) is illustrated in
Fig. 3. On this figure, compared to the normal skin
spectrum, the differences of a heavy pigmented
skin lesion (lentigo) spectrum and a deeply
vascularized lesion (raised red spot) are clearly
observable. The amounts of melanin, oxy-Hb,
and deoxy-Hb can be calculated from the DRS
spectra using different models and algorithms.
Pigmentation and erythema indexes can be also
derived from these calculations. Figure 4 shows
the melanin concentration obtained from reflec-
tance spectra obtained in the same study as Fig. 2
using a tristimulus spectrophotometer (Konica
Minolta CM 700d).

Wallace et al. (2000) aimed to document the
optical reflectance (range 320–1100 nm) charac-
teristics of pigmented skin lesions in order to
evaluate their potential for improving the differ-
ential diagnosis of malignant melanoma from
benign pigmented skin lesions. Characteristic dif-
ferences in spectra from benign and malignant
lesions were studied and showed significant dif-
ferences between lesion groups classified by his-
tology. This simple objective technique appeared
to perform as well as the expert dermatologist and

could improve the diagnostic accuracy of nonspe-
cialists such as trainees and GPs.
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4.2 Narrow-Band Reflectance
Spectroscopy

The reflectance spectrophotometers are known to
be expensive, cumbersome, and not well adapted
for the routine clinical uses. Since the spectropho-
tometric measurements result often in the analysis
of some specific narrow bands or peaks of spectra
corresponding to the absorption bands of the main
chromophores of the skin, the use of simpler and
cheaper devices based on narrow-band analysis
was developed.

The Mexameter MX16
®

(Courage-Khazaka,
Elelectronik, Köln, Germany) is equipped with
16 light-emitting diodes (LED) arranged circu-
larly and emitting at 568 nm (green), 660 nm
(red), and 880 nm (infrared). The positions of
emitter and receiver guarantee that only diffuse
and scattered light is measured. As the quantity of
emitted light is defined, the quantity of light
absorbed by the skin can be calculated. The sys-
tem is based on the principles described by Diffey
and coworkers (1984). The melanin index (mx) is
measured at two wavelengths (660 and 880 nm).
These wavelengths have been chosen in order to
achieve different absorption rates by the melanin
pigments. For the erythema index (ex), two dif-
ferent wavelengths are used to measure the
absorption capacity of the skin. One of these
wavelengths corresponds to the spectral absorp-
tion peak of hemoglobin (568 nm) and the other
wavelength (660 nm) has been chosen to avoid
other color influences (e.g., bilirubin). The mea-
suring area is 5 mm in diameter (0.2 cm2). Other
types of narrow-band spectrophotometers such as
the DermaSpectrometer (Cortex Technology,
Hadsund Denmark) are based on two LEDs
whose bands are centered in the green (568 nm)
and in the red (655 nm). The erythema index is
also calculated from the ratio of red to green
reflected light intensities. The melanin index is
obtained from the inverse of reflected light
intensity.

Several studies (Clarys et al. 2000; Tian
et al. 2011) have been performed to compare
narrow-band spectrophotometers to tristimulus
colorimeter. The results showed both kinds of
instruments are able to detect very small changes

in skin color. The correlation between the instru-
ments were found to be moderately good between
L* and the melanin indexes and good between a*
and the erythema indexes. A recent study
performed on scars (Van der Wal et al. 2013)
showed that the Mexameter, the Colorimeter,
and the DSL II colorimeter provided reliable
color data on normal skin and scars.

Various type applications of assessment of the
cutaneous pigmentation by narrow-band spectro-
photometers were performed including, for exam-
ple, UV-induced pigmentation (Lim et al. 2008;
Seitz and Withmore 1988), efficacy of depig-
menting agent (Yoshimura et al. 2001; Hurley
et al. 2002), and protection of vitiligo (Gniadecka
et al. 1996; Park et al. 2006). Skin typology
(Hermanns et al. 2001; Lock-Andersen
et al. 1998b) and epidemiology (Lock-Andersen
et al. 1998c) produced numerous subjects of
works. In the retrospective skin cancer
case–control studies, there are major difficulties
to estimate sun exposure during lifetime of sub-
jects because no suitable objective measurements
are available.

5 Dermoscopy and Skin Imaging
Systems

Dermoscopy (dermatoscopy, epiluminescence
microscopy, incident light microscopy, skin sur-
face microscopy) has become one of the major
in vivo noninvasive diagnostic techniques used
in the diagnosis of melanoma and other
pigmented skin lesions (Celebi et al. 2009; Park
et al. 2006). With the progress of both handheld
optics and digital imaging techniques, recent
development of dermoscopy has been shown to
improve the diagnostic accuracy of pigmented
skin lesions.

The technical setup consists of a magnifying
optical system (surface microscope, stereomi-
croscope, handheld scope) allowing magnifica-
tion of the lesion image. The lesion is covered
with an immersion oil or any kind of liquid
including water and alcohol in order to eliminate
surface reflections of the illuminating light. This
makes the stratum corneum translucent,
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enabling the visualization of pigmented struc-
tures of the epidermis and of the dermal-
epidermal junction and superficial papillary der-
mis which are impossible to observe with the
naked eye. The vessels of the superficial vascu-
lar plexus can be also observed.

Various diagnostic systems have been pro-
posed for assessing dermoscopic images. All sys-
tems take into account local and global features.
For example, in the ABCD system used for the
melanoma diagnosis, the investigator has to score
asymmetry (A), borders (B), colors (C), and num-
ber of different dermoscopic structures (D). For all
the diagnostic systems, the color aspect of the
pigmentation of the lesion is crucial, including
number of different colors, aspect of pigment
networks, distribution of pigments, and shape
margin of pigmented areas.

However, the use of dermoscopy is limited to
experienced and trained dermatologists who show
no more than 85 % of skin lesion detection rate.
Since the last decade, numerous computerized
image analysis models have been proposed in
order to maximize the diagnostic accuracy, in
particular in the field of lesion border detection
(Celebi et al. 2009; Abbas et al. 2013; Garnavi
et al. 2011), color quantification (Lee et al. 2012;
Shakya et al. 2012), and pattern classification
(Abbas et al. 2012).

Finally, the classical photography technique
performed in Wood’s light is also a useful
method to visualize skin pigmentation (Fulton
1997; Garcia and Fulton 1996; Asawanonda and
Taylor 1999). This technique is based on the
filtering of the light emitted by the flash using
UVA band pass filter. The hyperpigmented skin
areas such as solar lentigos appear darker on the
black-and-white image compared to “normal
skin” due to the fact that melanin absorbs
heavily in the UVA domain. On the other hand,
depigmented lesions such as vitiligo macules are
displayed as white areas on the skin (Paraskevas
et al. 2005). Here again, the processing of that
kind of images by dedicated gray levels analysis
software could increase the objective quantifica-
tion level of this technique.

6 Reflectance Confocal
Microscopy: A New Tool
to Measure Skin Color?

Reflectance confocal microscopy (RCM) is a
recent skin imaging technique that allows in vivo,
noninvasive, real-time, and almost histological
visualization of the skin (Hofmann-Wellenhoff
et al. 2012). Confocal microscopy is a technique
that enables virtual optical sections through an
object of interest. Confocal microscopy was first
used in biology to visualize cellular organelles, and
it was adapted recently for clinical practice, espe-
cially in dermatology. Reflectance means that the
images are obtained by reflection of a laser by
endogenous molecules. Since melanin is the stron-
gest contrast agent in the skin, RCM is particularly
suitable to investigate skin pigmentation. Paradox-
ically melanized structures look very bright on
RCM images, a feature that can be easily seen on
RCM sections of the dermal-epidermal junction,
where bright (pigmented) keratinocytes surround
dark (nonpigmented) dermal papilla (Fig. 5). Inter-
estingly, based on morphological criteria, RCM
can discriminate between the different pigment
cell populations in the skin (Busam et al. 2001).
The interest of RCM for the diagnosis of
pigmented lesions, especially pigmented tumors,
has largely been reported (Kang et al. 2010a).
RCM is also interesting for the evaluation of pig-
mentation disorders such as vitiligo (Kang
et al. 2010b, and Fig. 6) or melasma (Kang
et al. 2010c). Regarding normal pigmentation, it
was reported recently that RCMmay help to quan-
tify variations of skin pigmentation (Lagarrigue
et al. 2012). One of the objectives of this work
was to identify RCM parameters able to quantify
in vivo epidermis pigmentation potentially appli-
cable in clinical studies. The study included
111 healthy female volunteers with phototypes
I–VI. The authors proposed an index called “pap-
illary contrast” and defined as the difference in
brightness between the cellular ring around the
papilla zone and the central dermal papilla zone.
The mean papillary contrast (PC) was estimated
according to the following function (Figs. 5 and 6):
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PC ¼
X

B_ring � B_center
� �

Nb_pap

where PC, papillary contrast; B_ring, brightness of
the ring papilla; B_center, brightness of the central
dermal papilla; and Nb_pap, number of papillae.

PC measured at the dermoepidermal junction
appeared to be a reliable marker of epidermis
pigmentation and showed a strong correlation
with skin pigmentation assessed clinically using
the Fitzpatrick's classification. However, addi-
tional studies comparing RCM with established
methods of skin color measurement such as col-
orimetry are needed in the future to confirm the
interest of this approach. Another limitation worth

considering is the price of the RCM device
�100,000 euros, though it can be used for other
purposes. Despite these limitations, RCM repre-
sents a significant advance in the field of pigment
measurement since it might allow a quantification
of melanin along with a morphological identifica-
tion of melanized cells.

7 Spectral Imaging and Image
Processing

Spectral imaging is the integration of spectros-
copy with spatial measurement thus it extends
the image into spectroscopy by allowing

Fig. 6 RCM evaluation of pigmentation in vitiligo. Con-
focal images (500 � 500 μm) at the dermal epidermal
showing increasing brightness of peri-papillar cells in

vitiligo lesion (a), perilesional skin (b), and distant normal
skin (c). Scale bar: 125 μm. DP dermal papilla. Abdomen
skin, non-exposed (Adapted from: Kang et al. (2010b))

Fig. 5 RCMevaluation of normal pigmentation. Confocal
images (500 � 500 μm) at the dermal epidermal junction
presenting differences in the brightness of peri-papillar

cells between skin phototypes II (a), III (b), and V (c).
Scale bar: 125 μm. DP dermal papilla. Abdomen skin,
non-exposed. Coll. P. Bahadoran
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measurement of the spectrum at each point of the
image. As described before (see Sect. 5), spectros-
copy yielded quantitative information and
extended understanding of skin pigmentation.
Images give morphological information such as
lesion texture, borders, area. Spectral imaging of
skin surface is then a way to extract both of these
two crucial aspects of pigmented lesions.

The information captured by spectral imaging
is similar to that acquired by the clinician. So
spectral imaging provides global and sufficiently
rich information to support diagnosis. In addition,
this information is quantitative, objective, and
reproducible. The spectral information is more
detailed than information provided by human
eye or contained in color images.

The human eye, like the dermatoscope (see
Sect. 5), only has the capacity to capture in three
spectral bands with its sensors for red, green, and
blue (RGB). Multispectral imaging (MSI) can
capture spectral information in wavelengths from
several tens up to one hundred for Hyperspectral
Imaging (HIS). The high definition of the skin
spectral response which can be out of the visible
light range offers a new possibility for identifying
and quantitatively characterizing a cutaneous
lesion leading to a more precise and robust
diagnosis.

Even if different types of spectral imaging
measurement are used, most of them imply a
sequential capture.

Spectral imaging methods can be divided into
four different methods. The wavelength-scan
methods using preferentially variable filters mea-
sure the images one wavelength at a time. The
spatial-scan methods using either a grating or a
prism measure the whole spectrum at a time line
by line. Time-scan methods are based on measur-
ing interference of light. Interference is obtained
using a Michelson system or other interferometer.
At the end of the acquisition, the data is
transformed to the actual spectral image by the
Fourier transform. The fourth method measures
the whole spectral image simultaneously, but
compromises on spectral and spatial resolution.
It consists of separating the CDD (charged
coupled device) digital camera surface into sev-
eral blocks, each of them capturing different

wavelengths (Garini et al. 2006). The selection
of the most appropriate method depends on the
capture constraints (e.g., time, sample movement,
resolution need). The larger the number of wave-
lengths or the higher the spatial resolution, the
longer will be the capture.

Multispectral technology has been applied to
dermatology mainly for noninvasive diagnosis of
melanomas. It has also been proposed for analysis
of bruised skin (Randeberg et al. 2006), vascular
lesions, (Kuzmina et al. 2010), acne vulgaris
(Fujii et al. 2008), and various pigmented lesions
including melasma, (Prigent et al. 2012), naevi,
and pigmented skin cancers (Diebele et al. 2012a).

For noninvasive melanoma diagnosis, band
selection in spectral imaging has been tested.

Some authors have used a predefined set of
bands (Dhawan et al. 2009; Kuzmina et al. 2010;
Diebele et al. 2012b; Elbaum et al. 2001). How-
ever, these sets differ among publications
(Elbaum) and could be debatable as they are
based on the spectral information supposed (mel-
anin and hemoglobin absorption spectra) and not
actually contained in the spectral image capture
without taking into account the global information
provided by multispectral technology. Other
authors have applied methods and algorithms
derived from the image processing field (Garini
et al. 2006).

The synthesis of multispectral information
consists in reducing the quantity of data while
keeping all pertinent information. The most favor-
able approach will be based on the analysis of the
spectral information contained in each skin lesion
capture. The proposed method consists of identi-
fying the most relevant features allowing the
description of the captured data.

The features can be estimated as a linear com-
bination of the different wavelengths that can be
assimilated to a “spectral print.”

The most currently used method is the inde-
pendent component analysis (ICA) introduced in
computerized skin analyses by Tsumura
et al. (1999). The aim was to isolate the spectral
components linked to melanin and hemoglobin
chromophores using ICA. The principle was to
obtain the spatially independent spectral compo-
nents of the image expecting that some of these
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independent features would correspond to certain
molecules present in the skin.

Melanin and hemoglobin, the two principal
chromophores involved in skin spectrum, are
independently distributed. Tsumara et al. proved
that the two features obtained by ICA correspond
to these two skin chromophores representing the
healthy skin spectral print.

ICA is commonly implemented to multispec-
tral imaging seeking specific characterization of
skin pigmented pathology, for example, for
melasma diagnosis (Prigent et al. 2012).

A high number of different approaches have
been proposed in the literature: implementation of
statistical method based on Blind Source Separa-
tion (BSS) as Non-Negative Matrice factorization
(NMF) to quantified melanin and hemoglobin
(Galeano et al. 2012), band selection based on
on machine learning algorithms Support Vector
Machine (SVM) (Quinzán et al. 2013), geometric
method.

Although further investigation is expected,
multispectral imaging is an effective tool for cap-
turing the information useful in dermatology.

8 Conclusion

Skin color and pigmentation can be assessed
using a wide variety of techniques. The choice
depends on the objectives of the investigator.
Two main families of methods can be identified:
the first is related to the measure of skin color and
pigmentation as a whole, i.e., as it can be needed
in clinical pharmacology, for example, where only
the information on skin erythema or pigmentation
intensities are needed on small test surfaces. The
associated technologies are based on different
approaches of analysis of reflected light by the
skin and gives only spectral information. The
second family concerns the diagnostic assess-
ments of pigmented skin lesion in which the accu-
rate measurement of hue and chroma of the
substructures of the pigmented lesion are very
important with integration of morphological com-
ponents in the assessments. In that sense,
dermoscopy has been shown to improve the diag-
nostic accuracy of pigmented skin lesions and

some other techniques such as the multispectral
imaging, taking into account the combination of
spectral and spatial information, are still in devel-
opment. Finally, thanks to the improvement of
digital image processing technology and to the
high quality of the available optics, techniques
of epiluminescence microscopy such as
dermoscopy and reflectance confocal microscopy
represent very promising tools allowing the der-
matologist to perform a very accurate noninvasive
diagnosis of pigmented skin lesions.
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The color of human skin is determined by its
melanin content, its oxy- and deoxy-hemoglobin
contents, and the amount of endogenous or exog-
enous pigments such as bilirubin and carotene
(Andreassi et al. 1999). The measurement of skin
color is of the utmost importance for many
researchers and clinicians involved in dermato-
logic as well as cosmetic fields. The noninvasive
measurement of epidermal melanin content is nec-
essary for in vivo studies that implicate skin depig-
mentation and repigmentation. Skin erythema
values are considered as an index of inflammation
and dermal vascularity/vasodilatation and are uti-
lized in the evaluation of therapeutic outcome in
several dermatologic treatments. The first quantita-
tive evaluation of skin color was accomplished in
1939 by Edwards and Duntley, who obtained col-
orimetric data specific for different types of skin
pigmentation (Edwards and Duntley 1939). Other
authors subsequently utilized similar instruments
to evaluate the skin color of different ethnic groups.
In the 80s, the calorimetric technology evolved
greatly and sophisticated instruments suitable for
dermatologic use became available (Andreassi
et al. 1999).
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It is important to note that although the in vitro
color measurement can be reliably done by sev-
eral colorimetric devices, the quantification of
skin color “evolution” in vivo appears to be
more complex, as in vivo fluctuations in erythema
can affect melanin values and vice versa (Baquie
and Kasraee 2014). Knowing that melanin
absorbs light in a large range of wavelengths
(including green, red, and near-infrared light),
the confusion over the discrimination between
melanin and erythema can easily occur by color-
imetric devices.

To discriminate melanin from skin erythema,
different technologies have been developed with a
variable level of reliability. Some colorimeters are
based on scanning reflectance spectrophotometry
(Andreassi et al. 1999), and others rely on tristim-
ulus (i.e., three specific wavelengths) colorimetry,
such as Chromameter (Minolta) (Andreassi
et al. 1999), or narrow-band simple reflectance
colorimetry, such as Mexameter (Courage-
Khazaka, Germany) (Andreassi et al. 1999;
Baquie and Kasraee 2014).

In order to understand the different color mea-
surement technologies, it is essential to know the
different existing color models.

1 The RGB Color Space

The name of the model comes from the initials of
the three additive primary colors, red, green, and
blue. This is an additive color model in which red,
green, and blue lights are added together in vari-
ous ways to produce a broad array of colors.
Today, the main purpose of the RGB model is
the representation and display of images in elec-
tronic devices such as computers. It has also been
used in conventional photography. Before the
electronic age, the RGB color model already had
a robust theory behind it, based on human percep-
tion of colors (International Color Consortium
2006).

RGB is a device-dependent color model, that
is, different devices reproduce or detect a given
RGB value differently, since the color elements
and their response to the individual R, G, and B
levels might differ from one manufacturer to

another, or even in the same, device over time.
Thus, RGB values do not define the same color
across different devices (International Color Con-
sortium 2006).

2 The CMYK Model

This is a subtractive color model in contrast to the
additive RGB color model.

This model works by partially or entirely
masking colors on a lighter, usually white, back-
ground and is the model used in color printing.
The colors are cyan (C), magenta (M), yellow (Y),
and key (K; black). The CMYKmodel is a device-
dependent model (International Color Consortium
2006).

3 CIE-L*a*b* (CIELAB)

This is the most complete color space specified by
the International Commission of Illumination
(French Commission Internationale de
l'éclairage). It describes all the colors visible to
the human eye and was created to serve as a
device-independent model to be used as a refer-
ence (International Color Consortium 2006).

The three coordinates of CIELAB represent
the lightness of the color (L*= 0 yields black and
L* = 100 indicates diffuse white), its position
between red/magenta and green (a*, negative
values indicate green while positive values indi-
cate magenta), and its position between yellow
and blue (b*, negative values indicate blue and
positive values indicate yellow) (Andreassi
et al. 1999; International Color Consortium
2006).

4 CIE XYZ

The CIE XYZ color space encompasses all color
sensations that an average person can experience.
It serves as a standard reference against which
many other color spaces are defined. The human
eye has three kinds of cone cells, which sense
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light, with spectral sensitivity peaks in short (S,
420–440 nm), middle (M, 530–540 nm), and
long (L, 560–580 nm) wavelengths. These cone
cells underlie human color perception under
medium- and high-brightness conditions. The
CIE model capitalizes on this fact by defining Y
as luminance. Z is quasi-equal to blue stimula-
tion, or the S cone response, and X is a mix
(a linear combination) of cone response curves
chosen to be nonnegative. The XYZ tristimulus
values are thus analogous to, but not equal to, the
LMS cone responses of the human eye
(Andreassi et al. 1999; International Color Con-
sortium 2006).

5 The Basis of Skin Colorimetry

The basis of investigation of optical properties of
an object is recording the intensity of light which is
reflected from its surface at many narrow-band
wavelength(s) throughout the spectra of visible
light (400–700 nm), namely, the reflectance spec-
trophotometry (Takiwaki 1998). The CIE-L*a*b*
values are most commonly used for the quantifi-
cation of skin color (Weatherall and Coombs
1992). There are several other formulas that are
proposed and used by other authors (Dawson
et al. 1980; Kollias and Baqer 1985; Feather
et al. 1989; Andersen and Bjerring 1990) for the
conversion of reflectance data into different indi-
ces that show relative amounts of epidermal mel-
anin pigment as well as oxy- and deoxy-Hb in the
superficial vascular plexus of the dermis (Takiwaki
1998). These indices are read according to the
Dawson’s theory, by calculating the reflectance
or absorbance values of the skin measured at sev-
eral wavelengths that are determined in order to
enable the abstraction of information about the
quantity of the targeted chromophore (Takiwaki
1998). In practical use, a reflectance spectrometer
is expensive and cumbersome, as it necessitates
the connection to a computer. Several portable
opto-electronic instruments have thus been
designed and become widely available (Serup
and Agner 1990; Westerhof 1995; Takiwaki and
Serup 1995; Feather et al. 1988; Pearse et al. 1990;
Kopola et al. 1993).

6 Chromameter®

Chromameter (Minolta, Osaka, Japan) is a tri-
stimulus colorimetric instrument based on scan-
ning reflectance spectrophotometry. It contains a
xenon lamp as the light source, photodetectors, a
microcomputer, and colored filters that match the
CIE colorimetric standard observer curves
(Westerhof 1995). Color values in accordance
with the CIE color systems (L*a*b, or XYZ)
are calculated automatically with these instru-
ments. To obtain data, the probe head is placed
onto the skin and the shutter button is pushed
gently. The results (L*a*b, XYZ or melanin
index in more recent chromameters) are instantly
displayed on the screen (Takiwaki 1998).

Chromameter has the following disadvantages:

– Skin color is easily influenced by pressure on
the skin and orthostatic position of the device
(Takiwaki et al. 1994; Queille-Roussel
et al. 1991; Takiwaki and Serup 1994). To
avoid the influences of differences in the man-
ner of measurement, standardized guidelines
for skin color measurement with these instru-
ments have been proposed by Fullerton
et al. (1996).

– The color of an object smaller than the opening
of the probe head (8–11 mm) cannot be mea-
sured exactly (Takiwaki 1998).

– The evaluation of the pattern or distribution of
skin color in a test area is not possible
(Takiwaki 1998). The values obtained by
chromameter indicate an average of the total
test area. These problems may be solved by
computer-assisted image analysis of digitized
color pictures of an object (Takiwaki 1998).
However, as the color of an object depends
on the illumination and the characteristics of
the device used to record the image such as a
CCD (charge coupled devices), the color
values obtained with software for image anal-
ysis are not absolute but should be considered
as relative data, which are comparable only
with those obtained using the same system
and under the same situations (Takiwaki 1998).

– To the best of our knowledge, there are no data
available at present to show whether or not the
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melanin values obtained by chromameter can
be falsely affected by changes in the levels of
skin erythema and vice versa.

7 Derma-Spectrphotometer®

Derma-Spectrophotometer (DSM; Cortex Tech-
nology, Denmark) is a narrow-band skin colorim-
eter with a high intensity white LED as the light
source. DSM can display skin color in L*a*b,
RGB, CMYK, and XYZ color models and can
also display melanin and erythema values. For
ease of operation, the probe is equipped with a
guiding light that illuminates the target prior to
reading. The effect of pressure on color measure-
ments is minimal due to the probe head design.
However, as an important disadvantage, the envi-
ronmental light can affect the measurements. It is
not known whether changes in erythema can
falsely affect melanin values measured by
Derma-Spectrophotometer and vice versa. The
device is more ergonomic than chromameter.

8 Mexameter® (Courage-
Khazaka, Germany)

This narrow-band simple reflectance colorimeter
analyzes an area of 20 mm2, that is, a disk of 5 mm
in diameter. The device contains 16 diodes posi-
tioned at the periphery of the photodetector
(Baquie and Kasraee 2014). Diodes emit at
568, 660 and 880 nm, which respectively corre-
spond to green, red, and infrared light.
Photodetection of the reflected light after emis-
sions in the green and red allows computing cuta-
neous hemoglobin content (i.e., erythema value
with arbitrary units), while analysis of reflected
light from wavelengths in the red and near-
infrared provides values of skin melanin content
(i.e., melanin value also with arbitrary units).
L*a*b, RGB, or CMYK values are not displayed
(Baquie and Kasraee 2014).

The color measurement is automatically
performed when the probe head is placed on the
skin surface and removed. A vertical and gentle
movement is necessary to reassure a correct

measurement (Baquie and Kasraee 2014). The
disadvantages of Mexameter include the
followings:

– Measurements can be affected by environmen-
tal light. Color measurements should therefore
be done in a dark place.

– If the probe is not vertically placed on the skin
surface or removed too rapidly, measurement
accuracy can be affected.

– Measurements are affected by the pressure
applied by the probe to the skin (Baquie and
Kasraee 2014).

– A recent extensive study on Mexameter sensi-
tivity and specificity confirmed that changes in
skin erythema levels can falsely affect melanin
values and vice versa (Baquie and Kasraee
2014).

A few clinical studies have compared the tri-
stimulus and narrow-band colorimetric devices.
Shriver and Parra found a strong correlation
between the melanin index (MI) and L* value
and concluded that both types of devices provide
accurate measurements of skin and hair color in
persons of European, Asian, and African-
American ancestry (Shriver and Parra 2000).

In a comparison of the tristimulus chromameter
and the narrow-band spectrophotometers and the
Mexameter and the Derma-Spectrophotometer for
the evaluation of various skin color changes (ery-
thema, irritation, blanching, artificial, and UV tan-
ning), it was found that the sensitivity and
reproducibility of all devices were acceptable. The
Mexameter showed the weakest sensitivity, but the
day-to-day repeatability of melanin measurements
was better for the narrow-band spectrophotometers
(Clarys et al. 2000).

9 Dermacatch®

Dermacatch is a new colorimetric device recently
developed by the Swiss company Colorix.
Dermacatch is a visible-spectrum reflectance col-
orimeter that is made of a diode emitting in the
“full visible light spectrum” (Baquie and Kasraee
2014). The photodetector measures the globally
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reflected light to compute erythema as well as
melanin values (with arbitrary units that differ
from the Mexameter’s units). The measured area
covers a disk of 5.5 mm in diameter, that is,
24 mm2.

An extensive in vitro and in vivo study, involv-
ing 18,000 measurements aimed at comparing the
reproducibility, sensitivity, and specificity of
Dermacatch versus Mexameter, showed that
Dermacatch values were significantly more repro-
ducible than Mexameter (Baquie and Kasraee
2014). Dermacatch was also shown to be more
sensitive and specific than Mexameter in measur-
ing melanin and erythema values in vivo (Baquie
and Kasraee 2014). Changes in erythema levels
did not affect melanin values and vice versa, that
is, unlike Mexameter, Dermacatch could precisely
discriminate the two parameters (Baquie and
Kasraee 2014). It is claimed that the environmen-
tal light does not affect Dermacatch measure-
ments; this, however, was not evaluated in the
above-mentioned study. Disadvantages of
Dermacatch are the followings:

– Measurement data are only displayed on the
screen and cannot be printed out or automati-
cally transferred to the computer.

– The color of an object smaller than the opening
of the device (D: 5 mm) cannot be measured.

Recently bought by “Delfin technology”, this
device has been recently upgraded and commer-
cialized to “SkinColorCatch”.

10 Conclusion

Skin colorimetry remains a complex subject.
Although the in vitro measurement of color
(e.g., in color charts) by most colorimeters pro-
vides reproducible and reliable results, color
measurement in biologic materials such as skin,
in which parameters such as pigmentation, skin
roughness, and especially skin erythema can
readily change, is much more complicated. Tak-
ing into account that changes in each parameter
can significantly, and falsely, affect the values

obtained for other parameters, one should note
that data obtained for skin color “evolution” in
two different time points should be interpreted
with considerable caution. New, more specific
colorimeters that permit a more precise discrim-
ination between melanin and erythema might
help to resolve this problem.
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1 Introduction

Defining skin color and monitoring its modulation
under the influence of varying types of stimuli
(such as drug or light test/treatment, exposure to
irritants) is a highly indicative method in dermato-
cosmetic research as well as in day-to-day prac-
tice. However, quantification of skin color evolu-
tion appears to be complex, as in vivo fluctuations
in erythema can affect melanin values and vice
versa. Knowing that melanin absorbs light in a
large range of wavelengths (including green, red,
and near-infrared light), the confusion over the
discrimination between melanin and erythema
(i.e., redness of hemoglobin) can easily occur by
colorimetric devices.

To discriminate melanin from skin erythema,
different technologies have been developed with a
variable level of reliability; some colorimeters are
based on scanning reflectance spectrophotometry
(Bjerring 1995; Anderson and Bjerring 1995;
Wilhem and Maibach 1995; Clarys et al. 2000;
Biniek et al. 2012), others rely on tristimulus (i.e.,
three specific wavelengths) colorimetry (such as
Chromameter®, Minolta) (Clarys et al. 2000;
Westerhof et al. 1986; Seitz and Whitmore 1988;
Queille-Roussel et al. 1991; Chan and Li Wan Po
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1993; Waring et al. 1993; Westerhof 1995;
Takiwaki and Serup 1995; Elsner 1995; Rubegni
et al. 2002) or narrow-band simple reflectance
colorimetry, e.g., Mexameter® (Courage-
Khazaka) (Clarys et al. 2000; Farr and Diffey
1984, 1985; Diffey et al. 1984; Diffey and Farr
1991; Takiwaki et al. 1994; Anderson 1995; Ery-
thema Meter 1999; DermaSpectrometer 1999;
Mexameter MX 16 1999; Courage W,
Khazaka G, 1999, Calculation of the melanin
value and erythema value for the Mexameter,
personal communication; Gabard et al. 1993;
Draaijers et al. 2004). Recently, has been released
a new colorimeter, Dermacatch® (Colorix), which
uses the entire visible-spectrum reflectance. It is
claimed to better discriminate between melanin
and erythema. To evaluate its potential,
Dermacatch® was compared with Mexameter®,
one of the mostly used colorimeters in dermato-
logical research. Sensitivity, specificity, and
reproducibility of the respective erythema/mela-
nin values of the two devices were first evaluated
on standardized color charts. Then, the parameters
were also analyzed on human volunteers before
and after targeted exposure to different UVB
doses and/or modulation of cutaneous erythema
(through the application of topical vasodilator and
vasoconstrictor agents).

2 Material and Methods

2.1 Instruments

2.1.1 Mexameter® M X16 (Courage-
Khazaka, Germany)

This narrow-band simple reflectance colorimeter
analyzes an area of 20 mm2, that is, a disk of
5 mm in diameter. The device contains 16 diodes
positioned at the periphery of the photodetector.
Diodes emit at 568, 660, and 880 nm, which
respectively correspond to green, red, and infra-
red light. Photodetection of the reflected light
after emissions in the green and red allows com-
puting cutaneous hemoglobin content (i.e., ery-
thema value with arbitrary units), while analysis
of reflected light from wavelengths in the red

and near-infrared provides values of skin mela-
nin content (i.e., melanin value also with arbi-
trary units).

2.1.2 Dermacatch® (Colorix,
Switzerland)

The visible-spectrum reflectance colorimeter is
made of a diode emitting in the full visible spec-
trum. The photodetector measures the globally
reflected light to compute erythema as well as mel-
anin values (with arbitrary units that differ from the
Mexameter’s units). The measured area covers a
disk of 5.5 mm in diameter, that is, 24 mm2.

2.2 In Vitro Measurements

The two colorimeters were tested on 67 colors of
the wildly used Natural Colour System (NCS)
color chart from the Scandinavian Colour Institute
(Stockholm, Sweden). The selected colors cov-
ered notably the grey (i.e., from white to black),
pink (i.e., from light pink to dark pink), red (i.e.,
from light red to dark red), beige (i.e., from light
beige to dark beige), and brown (i.e., from light
brown to dark brown) scales: NCS S 0300-N,
NCS S 0500-N, NCS S 1000-N, NCS S 8000-N,
NCS S 8500-N, NCS S 9000-N, NCS S 4000-N,
NCS S 4500-N, NCS S 5000-N, NCS S 0505-
Y20R, NCS S 1005-Y20R, NCS S 2005-Y20R,
NCS S 3005-Y20R, NCS S 4005-Y20R, NCS S
5005-Y20R, NCS S 6005-Y20R, NCS S 7005-
Y20R, NCS S 8005-Y20R, NCS S 8505-Y20R,
NCS S 0505-Y50R, NCS S 1005-Y50R, NCS S
2005-Y50R, NCS S 3005-Y50R, NCS S 4005-
Y50R, NCS S 5005-Y50R, NCS S 6005-Y50R,
NCS S 7005-Y50R, NCS S 8005-Y50R, NCS S
0505-Y80R, NCS S 1005-Y80R, NCS S 2005-
Y80R, NCS S 3005-Y80R, NCS S 4005-Y80R,
NCS S 5005-Y80R, NCS S 6005-Y80R, NCS S
7005-Y80R, NCS S 8005-Y80R, NCS S 8505-
Y80R, NCS S 3560-Y30R, NCS S 4550-Y30R,
NCS S 3560-Y40R, NCS S 4550-Y40R, NCS S
3560-Y50R, NCS S 4550-Y50R, NCS S 3560-
Y60R, NCS S 4550-Y60R, NCS S 3560-Y70R,
NCS S 4550-Y70R, NCS S 0580-Y80R, NCS S
1080-Y80R, NCS S 0585-Y80R, NCS S 1085-
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Y80R, NCS S 0580-Y90R, NCS S 1080-Y90R,
NCS S 1085-Y90R, NCS S 1080-R, NCS S 6010-
Y90R, NCS S 2565-R80B, NCS S 2565-G, NCS
S 2070-G70Y, NCS S 0520-G80Y, NCS S 0530-
G80Y, NCS S 0540-G80Y, NCS S 0550-G80Y,
NCS S 0560-G80Y, NCS S 0570-G80Y, NCS S
0575-G90Y). On each color square, ten measures
were collected with both colorimeters.

2.3 In Vivo Measurements

2.3.1 Analysis of Different Fitzpatrick
Skin Colors

In vivo tests were performed on three groups of
volunteers with, respectively, phototype II, III,
and IV to validate the reliability of both devices.
The analyzed area consisted of the proximal volar
arm that was unexposed to UV light; ten measures
were collected with both colorimeters.

2.3.2 Analysis of Cutaneous Erythema
and Pigmentation

Twelve male volunteers of Fitzpatrick skin type
III were recruited with an average age of 23.
Approval from the local ethics committee as
well as informed consent from the volunteers
was collected prior to any experiment. Exclusion
criteria were any sign, prior or during the experi-
ment, of photosensitivity (e.g., drug-induced pho-
tosensitivity, diseases such as solar urticaria or
auto-immune diseases), allergies to agents used
during the tests, infection or inflammation of the
skin, involvement in additional clinical test in
parallel or within the preceding 3 months, or
exposure to ultraviolet irradiation or intensive
sunlight within 4 weeks before or during this
study. All experiments were performed in the
same room under controlled ambient conditions
(temperature at 23 �C and relative humidity at
40 %). While each volunteer was acclimatized
for 15 min prior testing, the skin area of interest
was thoroughly cleansed with a neutral lotion and
then rehydrated with an open application of
Excipial cream (Spirig laboratories, Switzerland).
For each time point and condition, measurements
with both colorimeters were collected ten times on

each specific skin area of interest. In parallel,
images were taken with a dermatoscope
(Handyscope, Fotofinder) at each site for expert
visual assessment.

2.3.3 Erythema Induction
on the Forearms

For each of the 12 volunteers, a skin area of 40 mm
in diameter was treated on the volar aspect of each
forearm with 5 mM methyl nicotinate cream
(MNC) for 30 s under occlusion at 3 mg/cm2.
MNC cream was prepared through dissolution of
methyl nicotinate (Sigma-Aldrich) in ethanol 70�

following the dispersion of the solution in Excipial
cream to obtain a final concentration of 5 mM
MNC. Two control areas, selected on each volar
forearm, were similarly treatedwith Excipial cream
alone. No skin site was closer than 40 mm to the
antecubital fossa or to the wrist. After the exposure
time of 30 s, excess of the cream was removed.
Measurements were collected before treatment
(i.e., 0 min) as well as after 5 and 10 min. At each
time point, 10 measurements were performed on
each area with each colorimeter.

2.3.4 UVB Exposure on the Back
On each side of the volunteer’s back at the level of
vertebra L1, three squares of 20 mm in width were
exposed to UVB at 450, 600, and 750 mJ/cm2,
respectively, through a unique treatment by
Excimer Laser (Xtrac, Photomedex). Measure-
ments by Dermacatch as well as Mexameter
were done before treatment (i.e., day 0) as well
as after 2, 7, and 14 days. For each treated area, a
contiguous unexposed skin area was considered
as the respective control site.

2.3.5 Erythema Reduction on the Back
Seven days after UVB exposure, one of the two
skin areas exposed at 750 mJ/cm2 as well as its
contiguous unexposed site was treated with a
dermocorticoid (0.05 % clobetasol propionate,
Dermovate cream) at 3 mg/cm2 for 18 h under
occlusion. After the exposure time, excess of the
cream was removed. Measurements were col-
lected before treatment (i.e., 0 h) as well as after
18 h of exposure.
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2.3.6 Erythema Induction on the Back
Fourteen days after UVB exposure, one side of the
back was treated with 5 mM MNC for 30 s under
occlusion at 3 mg/cm2. UVB-exposed as well as
contiguous unexposed skin areas were similarly
treated. Measurements were collected before
treatment (i.e., 0 min) and after 10 min. The rest
of the protocol was identical to the experiment of
erythema induction on the forearms.

2.4 Calculation and Statistics

Coefficient of determination (R2) was considered
in the case of the in vitro analysis when visually
assuming that the darkening and reddening of the
standard colors gradually increased and remained
constant, respectively.

Correlation ratio (CR) to compare the values of
the two colorimeters relied on the Pearson
correlation.

Coefficient of variation (CV) was calculated
as follows: (Mean value after treatment – Mean
value before treatment)/Mean value before
treatment � 100. Mean values corresponded
to the average of the 10 repetitive measures
from the same specific skin area at the same
time point.

Multiple ANOVA analysis with Bonferroni
correction was used to define the significance of
the changes between conditions and time points.

3 Results

3.1 In Vitro Experiments

To define the reliability of the two colorimeters,
initial tests were performed on an international
standard, the NCS color chart. Colors of the
chart were selected to visually show a gradual
increase in darkness and a constant redness.
When analyzing any type of colors, erythema
values of Dermacatch remained constant, while
those of Mexameter significantly fluctuated
(Fig. 1a, c, and e). Regarding melanin values,
Dermacatch values increased in a similar propor-
tion to visual perception, while the increase of the

Mexameter values was not consistent (Fig. 1b, d,
and f). Therefore, the limited range of sensitivity
of Mexameter triggered a weak correlation
between the two devices (Table 1). However, the
repeatability of values was high for both colorim-
eters (standard deviation values–SD–of Table 1)
and was below the official SD mentioned by the
providers (i.e., +/�10 arbitrary units of the value
for both devices).

3.2 In Vivo Experiments

3.2.1 Analysis of Different Fitzpatrick
Skin Colors

Contrary to the in vitro results that showed a
poor specificity of Mexameter, the in vivo
values of the two colorimeters provided a sim-
ilar pattern of the three examined Fitzpatrick
skin phototypes (i.e., type II, III, and IV) and
were consistent with visual perception. How-
ever, the reproducibility of the data was slightly
weaker with Mexameter even though the SD
was below the official value (Fig. 2 and
Table 2).

3.2.2 Erythema Induction
on the Forearms

To determine if an increase in erythema was
detectable by the colorimeters, forearms were
treated with topical 5 mM MNC, a vasodilator.
MNC was known to only induce a transient
increase in redness; therefore, melanin values
were expected to remain constant before and
after MNC application, despite the homogenous
increase in skin erythema. After 5 min of expo-
sure, skin redness increased and reached a pla-
teau according to both colorimeters and
dermatoscopic evaluations. Noteworthy,
Mexameter falsely measured a significant
decrease in pigmentation that was inversely pro-
portional to the increase in cutaneous redness.
Thus, the melanin measurement with Mexameter
appeared to be biased by the induced erythema
modulation. In parallel, analysis of data from
Dermacatch showed that its melanin values
were not affected by this specific induced skin
erythema (Fig. 3 and Table 3).
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3.2.3 UVB Exposure on the Back
According to visual perception through
dermatoscopic images, skin erythema reached its
maximum at day 2 following the UVB exposure

on the volunteer’s back and then gradually
decreased. Moreover, the intensity of erythema
seemed to be proportional to the applied UVB
dose. Interestingly, both devices showed the
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Fig. 1 Comparison of melanin and erythema values of the
two colorimeters on the NCS color chart. Examples of
erythema values (a, c, e) and melanin value (b, d, f) on
colors ranging from white on the left side of the graph to

black on the right side (a, b), light red to dark red (c, d),
and light beige to dark beige (e, f). Mexameter values are
depicted as a dashed line and Dermacatch values as solid
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same pattern for erythema values, and this pattern
was proportional to the applied dose of UVB.

In the case of melanin quantification, visual
assessment considered an increase in pigmenta-
tion up to day 7, which appeared to be a plateau

up to day 14. Dermacatch detected a slight
increase in melanin values already at day
2, while Mexameter showed a false but signifi-
cant decrease in melanin values at the same time
point for the conditions at 600 and 750 mJ/cm2

Table 1 In vitro reliability of melanin and erythema values of both colorimeters

Melanin values Erythema values

Dermacatch Mexameter Dermacatch Mexameter

SD 0 2.7 0 2

R2 0.949 0.259 0.891 0.105

CR 0.112 �0.135

SD standard deviation, R2 coefficient of determination, CR correlation ratio
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Fig. 2 Analysis of different Fitzpatrick skin colors. Erythema (a–b) and melanin values (c–d) from three groups of
volunteers with phototype II, III, and IV, respectively, were provided by Dermacatch (a, c) and Mexameter (b, d)

Table 2 In vivo reliability of both colorimeters on different phototypes

Melanin values Erythema values

Dermacatch Mexameter Dermacatch Mexameter

SD 2.1 4.1 1.8 8.4

CR 1 1

SD standard deviation, CR correlation ratio
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of UVB. Some melanin values of Mexameter
were thus consistently and significantly biased
by the increase in skin erythema (Fig. 4 and
Table 4).

3.2.4 Erythema Reduction on the Back
The following experiment consisted in analyzing
the impact of a redness reduction on the melanin
values. Seven days after UVB exposure, when the
UVB-treated skin areas were already hyper-
pigmented but still erythematous, an
UVB-exposed (i.e., 750 mJ/cm2) as well as an

unexposed portion of the back was treated with
the vasoconstrictor Dermovate cream. After the
exposure time of 18 h, skin erythema was slightly
reduced according to both devices, which was
confirmed by dermatoscopic images. The rate of
erythema decrease measured by the two colorim-
eters was significantly similar regardless of the
prior exposure of the skin to 0 or 750 mJ/cm2 of
UVB. Noteworthy, it appeared that Mexameter
erroneously detected a significant reduction of
pigmentation on the skin that had been previ-
ously exposed to UVB. However, such
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Fig. 3 Erythema induction on the forearms. Erythema (a–b) and melanin values (c–d) were provided by Dermacatch (a,
c) and Mexameter (b, d) after a vasodilatation treatment of the forearm

Table 3 In vivo reliability of both colorimeters after erythema induction on forearms

Melanin values Erythema values

Dermacatch Mexameter Dermacatch Mexameter

Time (minutes) 5 10 5 10 5 10 5 10

CV �0.37 �0.13 �23.5 �26.5 6.1 5.6 33.2 28.3

SD 3.3 5.5 3.4 3.2

CR 0.70 1.0

CV coefficient of variation, SD standard deviation, CR correlation ratio
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pigmentation reduction was not significant in the
case of the skin not exposed to UVB. Finally,
reproducibility of Mexameter values was found
to be lower than that of Dermacatch (Fig. 5 and
Table 5).

3.2.5 Erythema Induction on the Back
To further evaluate the false influence of skin
erythema on melanin values, the UVB-exposed
areas of the back as well as the adjacent
unexposed regions of the back were treated with
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Fig. 4 UVB exposure on the back. Erythema (a–b) and melanin values (c–d) were collected by Mexameter (a, c) and
Dermacatch (b, d) after a treatment of increasing doses of UVB (450, 600, and 750 mJ/cm2) on the back

Table 4 In vivo reliability of both colorimeters after UVB exposure on the back

mJ/cm2

Melanin values Erythema values

Dermacatcha Mexametera Dermacatcha Mexametera

CV 750
600
450
0

2.3/10.5/8.8
2.6/8.6/7.1
1.1/5.4/4.4
�0.5/0.7/0.1

�23.3/29.9/28.5
�12.9/28.9/27.2
�4.0/21.4/20.6
2.8/5.4/4.4

9.6/7.9/7.2
7.2/5.3/5.4
7.0/3.1/3.3
�2.4/0.1/0.7

89.0/42.7/31.2
63.2/20.6/15.6
40.9/9.5/7.2
�2.4/0.1/0.7

SD 4.7 8.5 3.1 14.6

CR 750
600
450
0

1
1
1
0.4

1
1
1
0.1

CV coefficient of variation, SD standard deviation, CR correlation ratio
aThe 3 CV values, respectively, correspond to the conditions at 2, 7 and 14 days compared to day 0
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the vasodilator MNC on the 14th day following
the UVB exposure. As confirmed by
dermatoscopic images, melanin values remained
constant before and after MNC application,
despite the homogenous increase in skin ery-
thema. Results fromMexameter showed that mel-
anin values were significantly affected by the

increased erythema. The incorrect diminution in
pigmentation was inversely proportional to the
degree of pigmentation of the tested area. In the
case of Dermacatch, the increase in skin erythema
did not affect melanin values. The latter remained
constant before and after erythema induction
regardless of the pigmentation status of the
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Fig. 5 Erythema reduction
on the back. Erythema
(a–b) and melanin values
(c–d) were collected by
Mexameter (a, c) and
Dermacatch (b, d) after a
vasoconstriction treatment
on the back

Table 5 In vivo reliability of both colorimeters after erythema reduction on the back

mJ/cm2

Melanin values Erythema values

Dermacatch Mexameter Dermacatch Mexameter

CV 750
0

�1.5
�1.2

�5.0
�5.2

�1.4
�1.6

�12.0
�18.5

SD 5.1 8.1 3.2 12.5

CR 1.0
1.0

0.9
0.9

CV coefficient of variation, SD standard deviation, CR correlation ratio
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studied area. Moreover, when quantified by
Dermacatch, it appeared that the rate of erythema
increase was significantly identical (based on the
provider’s criteria of the SD: � 10 units) between
the skin areas previously exposed to 0, 450, 600 or
750 mJ/cm2 of UVB (increase of 20 units �
5 units). Regarding Mexameter, some of its ery-
thema values did not show a significantly similar
rate of erythema increase (increase of 109 units �
19 units when the provider’s SD corresponded to
� 10 units). Finally, taken together Mexameter
values showed a SD above the officially accepted
value, which indicated a limited reproducibility of
the device. In the same circumstances,
Dermacatch SD was always below the limit
defined by the providers (Fig. 6 and Table 6).

4 Discussion

Due to a partial overlap in wavelengths, color-
imetric measurements of melanin can be falsely
biased by a fluctuation in skin erythema and
vice versa. Thus, an optimal skin colorimeter
needs to be able to precisely discriminate
between cutaneous melanin and erythema. The
present study compared the new colorimeter
Dermacatch with the reference device
Mexameter in regard to (i) sensitivity to ery-
thema and melanin detection as well as
(ii) specificity of detecting changes in erythema
or melanin, and (iii) reproducibility of melanin/
erythema measurements.
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Fig. 6 Erythema induction on the back. Erythema (a–b) and melanin values (c–d) were provided by Mexameter (a, c)
and Dermacatch (b, d) after a vasodilatation treatment of the back (exposed or not to the different doses of UVB)
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In vitro evaluations showed a high level of
reproducibility of both devices, which was in
accordance with the technical data from the pro-
viders. However, the narrow-band technology of
Mexameter showed a limited reliability especially
in quantifying the darkening of the colors (e.g.,
from light pink to dark pink or light beige to dark
beige).

In vivo, both colorimeters could reliably dis-
tinguish the different skin phototypes to the same
extent. Moreover, a specific modulation in skin
erythema, regardless of the pigmentation status,
showed that Mexameter and Dermacatch ery-
thema values were in accordance with visual per-
ception. However, in the case of Mexameter, the
rate of erythema increase after MNC treatment
appeared to be erroneously influenced by its pig-
mentation status. In addition, Mexameter’s mela-
nin values were falsely affected by the erythema
induction in all the three sets of experiments (i.e.,
vasodilatation of the normal skin, UVB exposure,
and vasodilatation of the UVB-treated
hyperpigmented skin). Mexameter showed signif-
icantly lower melanin values each time that the
skin erythema was increased, and such a false
decrease in melanin values was inversely propor-
tional to the pigmentation level of the tested area.
On the contrary, Dermacatch could reliably dis-
criminate between skin erythema and melanin
without any cross contamination.

Finally, the fact that Mexameter was at least
two times less reproducible than Dermacatch
increased the risk of a potential confusion over

the detection of erythema or melanin fluctuations
when using Mexameter.

Taken together, the analysis of more than
18,000 measurements performed in the present
study showed that the sensitivity of both colorim-
eters was high. However, Dermacatch appeared to
be a more reproducible device as well as a more
specific colorimeter to discriminate pigmentation
from cutaneous erythema.
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1 Introduction

The traditional approach treated the skin in the
same way for at least 50 years. The skin is a
protective membrane, a carpet that puts us in
contact with the universe and provides informa-
tion on possible attacks. All components of the
skin are now clearly identified. The skin is made
of palisade epidermal cells in ranks to better
ensure our protection, below with a thick dermis
to strengthen defenses (Fig. 1). But the dynamic
aspects of the skin have been totally neglected.

As a plastic surgeon, I’ve always been very
intrigued by simple phenomena, but still not
very well explained and summarized under the
term of ELASTICITY, SUPPLENESS, PLIABIL-
ITY, and FLEXIBILITY. How do all these ele-
ments adapt and link on each other during the
movement, how does the skin move? (Fig. 2).

The skin, indeed, outside the traumatic event,
always returns to its original state
extemporaneously.
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2 Materials and Methods

We will discuss from video observations realized
during surgical procedures, under tourniquet. In
order to clarify the comment, we will refer to the
traditional anatomical layers distribution (Fig. 3).

This study is done using a video endoscope and
borescope contact magnifying, respectively,
25 and 80 times Karl Storz camera Image One
connected to a fiber optic Tricam 221,030 and
associated with a cold light source Xenon Nova
201,315 (Fig. 4). The sequences were recorded
with a video recorder KIPRO AJA HDV 10 E.

For in vitro studies made by Prof. JP Delage
(INSERM), the skin fragments were fixed by
immersion in a 10 % solution of formaldehyde
for 5 days and then rinsed in the water for 5 days.
Then they were subjected to maceration (NaOH)
using the technique described by Passerieux
et al. (2006). They were macerated in 5 N NaOH
solution at 18� for 5 days and then rinsed in the
water again for 5 days. This technique allows the
maintenance of the main collagen (Type 1). The
preparation is then frozen, dehydrated, and
pigmented at the gold and examined under a
Philips electron microscope.

The classic description is that there is a thin
epidermis consisting of cornified and stratified
thick epithelium cells. The dermis is more
fibrous and houses glands, blood vessels, folli-
cles, and nerve endings or specialized sensory
receptors.

Fig. 1 Diagram of the skin as it is proposed in classical
histological books

Fig. 2 (a–d)When we lift up the skin, we feel a little resistance to traction but the skin does not tear, and then, when we let
go, it returns to its initial position, as if from memory (a, b, c, d)
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Aside from acting as a barrier to dehydration,
infection, and physical damage, the skin has a
major role in metabolism, sensation, and thermo-
regulation. But even if the cutaneous constitution
is perfectly well defined, the following question
remains: how does the skin move?

How do all these elements adapt and link on
each other during movement?

3 Surface of the Epidermis

3.1 The Diversity of the Forms

The first observation which leads us to the main
feature which is the skin morphology is varied
(Fig. 5).

It is fascinating to see that the surface of the
epidermis has many forms, and all of them come
from the same basic polyhedric pattern.

The color can be very varied too. Skin color
also exhibits many different tones: from white to
very dark; the skin comes in many gradations.

But the diversity doesn’t only concern color
and pilosity. In the same person, depending on the
anatomical zones, we can notice that these
pseudopolyhedric forms can change into squares,
into parallel cylinder ridges reminding us of
sandhills, or into diamond-shaped pannels that
look like waves.

These forms can glow with youth or sag with
age, wrinkle with the weather, or get thinner when
people have lost weight.

We can see changes due to the person’s activity,
like in the palm of a heavy worker or the arch of the
foot of a jogger, and inner intrinsic influences like
dermatosis digging deep lines, nevus coloring
pigmenting the surface, or stretch marks, fractures
of the dermis that occur during pregnancy.

3.2 Polyhedrons with Different
Shapes

The skin is varied but always remains woven by
this polyhedric drawing framework, irregular,
fundamental, simple, and yet rarely described in
the literature (Fig. 6a, b).

Therefore, questions should be asked:

Why is the skin surface made of polyhedron
shapes?

Why isn’t the cutaneous surface perfectly smooth?

The epidermis, the most superficial layer, is a
surface printed with these small, changing polyhe-
drons, all of them irregular and different, limited to
three, four, orfive sides, each side about 500μ length,
with lines about 50 μwide between the polyhedrons.

Not one polyhedron looks like its neighbor,
and its distribution is very irregular.

Fig. 4 Subcutaneous endoscopic exploration with a fiber
optic and cold light

Fig. 3 Use of endoscope during surgery
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Fig. 6 (a, b) X3 Irregular polyhedrons at the skin surface. Each polyhedron is made of smaller polyhedrons which adjusts
to its neighbour inside the bigger one

Fig. 5 (a-f) Differents shapes of the skin surfaces X2. (a) Shoulder skin surface (b) Palm of the hand (c) Pulp finger (d)
Abdomen. Strecht marks (e) Thigh skin surface (f) Foot plantar surface
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3.3 Complex Mosaic Pattern of
Irregular Polyhedrons

These polyhedrons move in the three-dimensional
space, and during their movements, we can notice
changes even on their surface.

When the skin stretches and creases during
everyday activities, these small polyhedrons
move; their shape and aspect change, and when
the forces are removed, they return to their initial
state.

All the moments of our everyday lives induce
these unperceivable yet unnoticed changes. Yet on
closer observation, we do see those lines of force
which change from vertical to horizontal and then
blur out to appear again according to the strength
of the pressure exerted.

These lines of force have got a physical reality.
This diversity becomes more impressive as we
draw the operating microscope closer, but then,
it becomes more difficult to photograph and visu-
alize because the depth of field is reduced, and the
patient’s fine movements from breathing and pul-
sations at rest are amplified.

Nevertheless, with careful study, we can see
these changes, through video capture, especially
by high magnification and filming in slow motion.

First, let’s see the movement magnified ten
times (Fig. 7a–d).

The polyhedrons are directed to the right. Let’s
press on the left, and they all move rapidly, appar-
ently in a disordered manner; their forms change
and the lines of force move to the left.

The response to the constraint, to the physical
force applied, is obvious. The gymnastics agility
of the polyhedrons, the apparent mechanical fac-
ulty ability to change forms and orientations,
needs further investigation.

The shape of polyhedrons changes under
the mechanical constraint. Lines of force are
subject to stress.

The next sequence will clarify these move-
ments, by drawing the microscope closer with
25 times magnifying power (Fig. 8a–d).

At rest, let’s examine polyhedrons A, B, C,
and D.

Let’s pull downward lightly on the framework
without changing the depth of field of the camera.

Fig. 7 (a-d) The response to the constraint, to the physical force applied, is obvious. The gymnastics agility of the
polyhedrons, the apparent mechanical faculty ability to change forms and orientations
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The elements B, C, and D are moving down-
ward. The separation lines are only stretched.

But A remains rather static.
Then, as the traction exerted becomes stronger,

new lines of force, E, F, and H, emerge, oriented in
the direction of constraint, passing through existing
structures. Then, as the traction becomes stronger,
new lines appear colored in pink even slightly mod-
ifying the initial structural lines. Increasing con-
straint creates new lines here in green. The
distance from A to C has increased by 15 %.

So we see stretching in the direction of the
applied force with successive appearance of new
lines of force added to the original ones, which
look different and change the general shape.

3.4 Polyhedrons Are Fractalized

Moreover, inside each polyhedron, we can observe
other subunits with varied dimensions and forms,
which remain inactive until the tension overwhelms
the fibers and give rise to their final shape (Fig. 9).

We get the impression that there is a dynamic
environment which has a higher organization with
structural latent solutions. It is certainly a

fractalization that makes the dispersion of the force
easier.We are reminded of the phenomenonwe have
described in the sliding tissue around tendons.

These dynamic comportments based on fractal
organization are a very fascinating phenomenon
and can be easily observed in heavily exposed
skin, like the skin of the palm, where the wrinkles
are particularly visible.

Inside these polyhedrons, measuring 500 μ on
each side, we can observe sub-polyhedrons of
50 μ, substructures, perfectly individualized on

Fig. 8 (a-d) X3. Between a rest situation (a) and a local constraint to the right, polyhedrons shapes are changing and new
lines are appearing

Fig. 9 Moreover, inside each polyhedron , we can observe
other subunits with varied dimensions and forms, Polyhe-
drons are fractalized
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the mechanical morphology and mechanical
behavior, because each small polyhedron adjusts
to its neighbor inside the bigger one.

Finally, these sequences show that, although
these polyhedrons stretch and are transformed,
their ridges move very little. We can already
assume there are anchor points with the depth of
the epidermis.

The hypothesis that each apex could be
reinforced by fibrils like a pillar or a column is
wrong, but one can get the impression that the
shape of the epidermis depends on elements
existing deep inside.

There is an intimate fibrillar morphodynamic
architecture in the epidermis. This epidermis
architecture is linked with and depends on ele-
ments existing deep inside.

Our epidermis is not like an even tile but like a
chaotic mosaic.

So the cutaneous architecture is not inert; it is
living under constraint.

4 The Cutting of the Epidermis
and Dermis

4.1 The Skin Is Under Tissular
Tension

This tissue tension is also obvious when we cut
the skin, either the dermis or the aponeurosis
(Fig. 10). There is an intrinsic, pre-existing con-
straint tissue tension as revealed by observation.

The edges of the skin spontaneously draw apart
a few millimeters as soon as the surgeon makes an
incision.

We are going to continue the exploration but
this time using a contact endoscope.

This is an endoscope magnifying 25 times with
simultaneous recording. An analysis of the
sequences will be done at the same time, in order
to keep the impressions of the moment intact.

Cutting through the epidermis and a part of the
dermis enables us to confirm our early hypothesis
and observations from the very beginning. We can
find deep inside the dermis the fibrils which
undoubtedly with their biomechanism infiltrate
the extracellular matrix of the dermis. They pen-
etrate it (Fig. 11).

Fibrils penetrate the dermis, and they exert
a morphological influence on the shape of the
skin surface of the epidermis.

But let’s focus on our investigation. How do
these microfibrils coming from the depth of the
subcutaneous tissue turn into irregular polyhe-
drons at the surface of the skin?

The transverse cross section of the epidermis
gives us a different impression with a view
according to the lines of relief on the surface.

Sometimes they look like roman tiles
(Fig. 12). Sometimes there are no lines of strain,
but we can notice immediately as an obvious
marker the limit between the epidermis and the
dermis, at the level of the basement membrane,
and the small vertical papillary vessels
(Fig. 13a, b).

The epidermis is homogeneous, from its bot-
tom to its surface, and the stratum corneum, its last
element, also participates in its dynamic behavior
which is global.

Fig. 10 (a-b) Tissue tension is also obvious when we cut
the skin, either the dermis or the aponevrosis

Fig. 11 Deep inside the dermis, the fibrils undoubtedly,
with their biomechanism infiltrate the extracellular matrix
of the dermis
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So the epidermis moves, but in addition, if we
look closer, we can observe at the center of the
epidermis a slightly convex network which curves
downward as if attracted by something.

Thus, our original observations on the surface
may have been confirmed by cutting the skin.

The form of the epidermic surface is dictated
deep inside, by tethers whose direction is random,
but which is nearly vertical in this particular case.

Fibrils cross the lamina densa and the stra-
tum basale and shape the epidermis and its
surface. This physical link between the dermis
and epidermis is evident with video. Moreover
in this continuity, there is a slight time lag on
the papillary crest line. The interrelationships
are more complex than expected (Fig. 14a, b).

We have been able to identify these
intraepidermic fibrous tethers.

So there are different axes which cross the
epidermis, split it, and, by intersecting in space,
make movement possible.

4.1.1 Back Home
But before going further, let’s recapitulate.

The surface of the skin is made of polyhedrons
fractalized into smaller units (Fig. 15).

Eachpolyhedronhasgot a shapedetermined,deep
inside, by tethers whose organization is irregular,
without visible order, but which tends to be vertical.

The epidermis is formed of a network of fibrils
where the cells are situated in attractivity comfort-
ably within these pseudopillars (Fig. 16a, b).

Fig. 13 Inter-polyhedrons grooves are in correspondence
with converging lines deep to the dermis. Observation of
the surface and of the cross-section (X50) of the epidermis

highlights the harmonious relationship that exists between
the cellular structures and the structures linking the furrows
of the epidermis and the dermis

Fig. 12 The transverse cross section of the epidermis
gives us a different impression with a view according to
the lines of relief on the surface. Sometimes they look like
roman tiles
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At this level, everything is mobile, under ten-
sion, without disruption but without any blood
vessels.

We will find the vascularization in the dermis.

5 Junction Between
the Epidermis and Dermis

The dermis is not easy to film because with the
tourniquet on, it is white and inexpressive
(Fig. 17). And after reperfusion, it is entirely red
and highly bleeding.

Cutting through the epidermis and a part of
the dermis allows us to confirm our initial
observations and the hypothesis that deep
inside, microfibrils penetrate and infiltrate the
matrix of the dermis where they exert a mor-
phological influence on the shape of the der-
mis. How do these microfibrils, rooted as they
are in the depths of the subcutaneous tissue,
give rise to irregular polyhedrons at the surface
of the skin?

In certain cross sections of the epidermis and
dermis, you can see obviously the fibers which
pass through the dermis, the basement membrane,
and the epidermis and extend into the furrows
between the epidermal polyhedrons. The dermis
and the epidermis are shaped by these fibers
(Fig. 18a–c).

Fibrils cross the lamina densa and the stratum
basale and shape the epidermis and its surface.
This physical link between dermis and epidermis
is evident with video.

Bleeding occurs at the level called papillary
dermis.

This zone is full of vessels which seem to end
in small vertical loops, but which, in fact, form a
real network under the epidermis (Fig. 19a, b).

The notion of papillary crests can thus be
explained. At the surface of the dermis, it seems
that the papillary vessels and their multifibrillar
texture bump against the Malpighian layer and
push it a little.

Fig. 15 The surface of the skin is made of polyhedrons
fractalised into smaller units

Fig. 14 (a, b) Fibrils cross the lamina densa, the stratum basale and shape the epidermis and its surface. This physical link
between dermis and epidermis is evident with a video

8 The Architectural Behavior of the Skin 75



The distribution of the papillary crests is irreg-
ular and occasionally in relation with the surface
of the epidermis above (Fig. 20a, b).

What is the most surprising is that this vascular
network coming from the dermis is moving with the
depth of the epidermis, perfusing the undersurface.

Actually, if we watch these sequences care-
fully, we can see movements between the dermis
and the epidermis.

Moreover in this continuity, there is a slight
time lag between the papillary crest line and the
surface of the epidermis. The interrelationships

are more complex than expected. This is amazing,
particularly when one takes into account the
notion of a real tissue continuity, and if you
focus now on the red spot, you can see the epider-
mis moving with the dermis with about half a
second’s delay (Fig. 21).

These crests papillae can be visible if the epi-
dermic surface is rough, but they can sometimes
be less prominent. There is a difference in mobil-
ity between the top of the papillary crest and the
bottom inside the dermis (Fig. 22a–c).

6 The Dermis

So these framing fibers which model the shape of
the epidermis also shape the surface of the dermis.

The same print with polyhedrons and lines will
be observed, but it won’t be an exact replica
because the repartition of the axial fibers is irreg-
ular in the space (Fig. 23a, b).

The lines imprinted on the surface of the dermis
as well as the epidermis also show close relation-
ships with structures deeper than the dermis.

Thanks to the work of JP Delage, working with
INSERM, after performing cross sections on the
surface of the dermis every millimeter, we can
reveal that these print ridges disappear when
they are over 2 mm deep.

Fig. 16 (a, b) X50 Diagram explaining the fibrillar network of the epidermis framing the skin surface (a), linked with the
dermis and embedding the epithelial cells (b)

Fig. 17 The dermis is not easy to film because with the
tourniquet on, it is white and inexpressive
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Beyond this depth, it seems that the extracel-
lular matrix takes a different form (Fig. 24a, b).
The mechanism structure of the medium central
part of the dermis is difficult to explore since the
structures are imbricated. Fibril repartition of

collagen and elastin, which looks very chaotic,
plays a leading part.

Yet other sections of the dermis also show the
presence of tissue axes, apparently less scattered
(Fig. 25a, b).

Fig. 18 (a) X25, (b, c) X20. Dermis cross section with evidence of the continuity of these fibers irregular in shapes and
distributions

Fig. 19 (a, b) Papillary dermis. This zone is full of vessels which seem to end in small vertical loops arborizing (a), but
which, in fact, form a real network under the epidermis perfusing the undersurface (b)
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These more axial fibrils could be the continuity
of these microfibrillar and microvacuolar systems,
which rise from the hypodermis and climb up to
the dermis.

Sometimes, fibers are gathered in looking like
balls or a basket-weave formation.

This suppleness, this mobility and possibility
to recover the initial form, this fibrillar mecha-
nism, obeys to the same rules as those observed

in the tendon gliding system and simultaneously
nests in its framing network epidermic cells, fibro-
blasts, all cellular constituents in this network thus
linked all together.

We perceive a world of great mobility. What
impresses us most is the general suppleness of the
epidermis and the dermis, which can be folded
and manipulated with no stratification and no
separation in total tissular continuity and in this

Fig. 20 (a, b) At the surface of the dermis, it seems that the papillary vessels and their multifibrillar texture bump against
the Malpighian layer. (b) Diagram of the papillary zone

Fig. 21 (a, b, c) if you focus now on the red spot, you can see the epidermis moving with the dermis with about half a
second’s delay
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Fig. 22 (a, b, c) Cross section of the dermisn in vivo. This vascular network coming from the dermis is moving with the
depth of the epidermis

Fig. 23 (a) Dermis surface framed as the epidermis surface In vitro ( Delage preparation) X25 (b) In Vivo after trauma
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interwoven maze where nerves and vessels could
all exist (Fig. 26).

Then, the sequences showing the choreogra-
phy of the polyhedrons, their connection to the
depth of the dermis and agility, make sense.

7 The Hypodermis

Once the dermis and epidermis have been crossed,
the connection to the hypodermis happens simply.

Again, there are no stratified and separate
layers of the tissue between the reticular dermis
and hypodermis layers. Fat lobules under tension
rapidly bulge out between the superficial veins
and emerge between the sectioned edges of the
reticular dermis (Fig. 27).

The fat lobules are inlaid in the reticular dermis
in total physical continuity through the fibrillar
continuous network (Fig. 28).

Greater mobility of structures within the hypo-
dermis is evident. The fat lobules are situated

Fig. 24 (a, b) Cross sections on the surface of the dermis,
every millimetre, we can reveal that these prints ridges
disappear when they are over 2 mm deep

Fig. 25 (a, b) The mechanism structure of the medium central part of the dermis is difficult to explore since the structures
are imbricated. (a) Diagram (b) in vivo cross section

Fig. 26 Diagram. Dense and irregular fibrillar organisa-
tion of the dermis linking epidermis and hypodermis
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between the blood vessels, below the dermis
(Fig. 29), and look like little olive-shaped bal-
loons, with widely variable dimensions ranging
from approximately 100 μ to 1 cm in diameter.
Their height varies from several millimeters to
several centimeters. Although the size of the lob-
ules varies considerably, they have a consistently
smooth appearance and rounded shape (Fig. 30).

These lobules, containing millions of adipo-
cytes, flatten, dilate, turn, and twist within the
spaces that contain them, without separating or
dissociating from each other. Fatty lobules display

great mobility and tend to slip from the grip of the
surgical forceps.

The fibrils that leave the dermis are continuous
with those that enter the lobules – there is total
fibrillar continuity. Fibrils are found between the
lobules (Fig. 31a, b). They ensure mobility
between them, penetrating them and merging
with the intercellular structures.

They extend toward the superficial fascia. This
influences the functional and morphological prop-
erties of the fatty tissue.

In this way the fibrils contribute to, and help to
determine, the form of the lobules, framing the
cells within them (Fig. 32).

The mobility of the adipocytes within the lob-
ule during externally applied movement is fasci-
nating. There is complete and total harmony
between the cells.

Fig. 28 The fatty lobules are Inlaid in the reticular dermis
in total physical continuity through the fibrillar continuous
network. There are not separated layers

Fig. 29 Fibrillar and vascular continuity between the
reticulous dermis and the hypodermis is total X10Fig. 27 Fat lobules under tension rapidly bulge out

between the superficial veins and emerge between the
sectioned edges of the reticular dermis

Fig. 30 Fatty lobules are of very different dimensions and
shapes X15
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The adipocytes are not all exactly of the same
color. Adipose tissue can be white in certain areas
in some patients (Fig. 33). It also displays differ-
ent shades of yellow, from pale yellow to bright
buttercup, to tawny. From our study of tissue

samples under the scanning electron microscope,
it would seem that the brown cells are in fact
immature multifunctional cells with big nuclei,
which are also capable of producing collagen.
We are only at the dawn of our understanding of
this cellular diversity.

Situated within the hypodermis and continuous
with the fibrillar system extending from the dermis,
we find the superficial fascia. Very often, it is diffi-
cult to distinguish the superficial fascia from the
hypodermis or to separate them surgically. The
superficial fascia can be described as a fibrillar rein-
forcement and a densification of the fibrillar net-
work, but it should not be thought of as a sheet
separated from other structures. Some authors, a
long time ago, have observed this continuity and
have taken a more nuanced view of the concept of
separate tissue layerswithin thebody(Richet 1877).

Tissue continuity with adjacent structures is
total. Its role could be to maintain stability of
form by holding the rest of the hypodermis
under tension. Cutting into this tissue leads to a
marked widening of the gap formed by incision of
the dermis.

Then what are the relationships with the
subcutaneous area (Fig. 34)?

Relations with the subcutaneous have already
been described in previous reports. The skin
covers the slip system that we called the
Multifibrillar Collagenic and Microvacuolar
Absorbing System (MCVAS), namely, fibrillar
system, encompassing microvacuoles and
thanks to fibrillar and water movements can to

Fig. 32 Fibers penetrate the fatty lobules, helping to the
adipocytes arrangements X60

Fig. 33 Fatty lobules even close to each other can be with
different colors X45

Fig. 31 (a, b) Fibers frame completely the shape of the fatty lobule. (b) Tissular continuum is total X45
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ensure the damped structural mobility without
discontinuity in transmission of information and
energy.

7.1 The MCVAS

We can say that these polyhedric forms of the
cutaneous surface mirror the multifibrillar
microvacuolar organization underneath, that the
fibrillar continuity toward the surface thus shaped

by the deep structures completely builds the archi-
tecture of the dermis and the epidermis.

7.2 A Pattern Emerges (Fig. 35) (2, 3)

The cell belongs to this system; it is in this system,
from the DNA nucleic helix to the cytoskeleton
including the links to the integrins and neighbor-
ing cells directly or through this fascinating tissue.

Everything is in continuity; everything is
connected; everything moves to fit; everything
moves and always comes back to its previous
position; everything moves and can be replaced;
everything moves within the tissue continuity.

Therefore, the form can be described and
interpreted.

Now, let’s stitch suture the skin back but let’s
keep in mind that, from now on, nothing will be
accounted for without considering this fractal and
dispersed pattern tissue organization that can be
found in lots of other fields all around us and
which introduces the fact that mobility and adapt-
ability in biology do not depend on order and
proportionality.

Fig. 35 The skin is part of the globality of the living matter and cannot and must not be regarded as a separated surface
layer. We have to rethink the traditional layered vision

Fig. 34 Evidence of tissular and fibrillar physical conti-
nuity between, the hypodermis and the subcutaneous area

8 The Architectural Behavior of the Skin 83



8 Conclusions

Skin is actually the area with the outside world
report of a living matter. It is its component pro-
tection and its area information and exchange.

It is part of the globality of the living matter
and cannot and must not be regarded as a sepa-
rated surface layer.
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1 Introduction

The interactions of light with human skin are
controlled by the intrinsic optical properties of
this remarkable biological surface. In the case of
visible light, these interactions result in attributes,
such as hue and glossiness, that characterize its
appearance. From a tissue optics perspective, it is
difficult to find a material more complex than
human skin, which explains the wide range of
variations in skin appearance observed in the
world population.

Light impinging on the skin surface can be
reflected back to the environment or transmitted
to its internal layers. The amount of reflected light
is associated with the probability of reflection,
which, in turn, depends on the local refractive
index differences and the angle of incidence of
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the incoming light with respect to surface normal
vector. The larger the angle of incidence and the
local refractive index of the skin surface, the
higher the probability of light being reflected.

Once light is transmitted into the skin tissues, it
can be further attenuated by their constituents
such as cells, fibers, and organelles. The mecha-
nisms of light attenuation, namely, scattering and
absorption, alter the spatial and spectral profiles of
the light traveling within the various skin layers.
Eventually, a portion of the traversing light may
be propagated back to the environment.

In this chapter, we examine the optical proper-
ties of healthy human skin from a first-principles
point of view. We focus on the main light-
attenuation structures, or agents, acting within
the cutaneous tissues. These agents can be loosely
divided into two groups, namely, scatterers and
absorbers. In the next sections, we review the
roles of these agents with respect to their spatial
and spectral action domains and discuss their
interplay through light sieve and detour effects.
We also concisely describe the roles of key light-
emission (fluorescence) agents found in the skin
tissues. The chapter closes with an overview of
practical challenges related to the advance of
research on skin optical properties.

2 Scattering Agents

The three main types of scattering occurring
within the skin layers are reflective-refractive
scattering, Mie scattering, and Rayleigh scattering
(Baranoski and Krishnaswamy 2010). The occur-
rence of these forms of scattering is associated
with different tissue constituents. The reflective-
refractive scattering, or geometrical scattering, is
largely controlled by the refractive index differ-
ences between large structures (e.g., cells) and the
surrounding medium. For the most part, this type
of scattering can be described using ray or geo-
metrical optics. The Mie and Rayleigh scattering
occurring within the skin tissues have been asso-
ciated with the presence of small-scale light-scat-
tering agents such as collagen fibers (Jacques
1996). In these types of scattering, the agents

have dimensions on the same order of magnitude
of the wavelength of the impinging light, or
smaller in the case of Rayleigh scattering
(McCartney 1976). The mathematical description
of these forms of scattering is usually more
involving, and it takes into account wave optics
phenomena to determine the attenuation of the
propagated light. In the case of Rayleigh scatter-
ing, shorter wavelengths are preferably attenu-
ated, i.e., the light attenuation is inversely
proportional to the fourth power of the wave-
length of light (McCartney 1976).

The dry mass of the most superficial part of the
skin, the horny layer or stratum corneum, is dom-
inated by the presence of keratin (Swanbeck
1959). Keratin is a protein produced by the
keratinocyte cells located in the epidermis (van
de Graaff 1995). This process, known as keratini-
zation, starts in the lower epidermal layers. Upon
its completion, the keratinocytes have migrated to
the stratum corneum, where they become dead
cells, termed corneocytes, filled with keratin
fibrils. Since the keratin fibrils are birefringent,
i.e., their refractive index depends on the polari-
zation and direction of propagation of the imping-
ing light (Feynman et al. 1964), the skin surface
can also present some degree (�20 %) of birefrin-
gence (Swanbeck 1959). In addition, the internal
orientation of these fibrils within the corneocytes
can asymmetrically affect the propagation of light
by these cells (Swanbeck 1959).

The light reflected on the skin surface may be
further spatially perturbed by the presence of
microrelief structures and mesostructures (e.g.,
wrinkles) (Magnenat-Thalmann et al. 2002;
Sandoz et al. 2004; Sohaib et al. 2013). The
rougher the skin surface, the closer the distribu-
tion of the reflected light resembles that of a
perfect Lambertian reflector. In addition, the pres-
ence of these structures can result in some adja-
cent points on the skin surface being blocked from
the impinging light (shadowing effect) and others
being blocked from view (masking effect). It is
also worth noting that the presence of lipids,
including native oily sebum, may reduce the
apparent roughness of the skin surface and
increase its glossiness.
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Below the stratum corneum, we find the epi-
dermal tissues: stratum lucidum, a thin clear layer
found only in the epidermis of the palms and soles
(van de Graaff 1995), stratum granulosum, stra-
tum spinosum, and stratum basale, the deepest
epidermal layer. Scattering measurements by
Bruls and van der Leun (1984) on Caucasian
skin specimens resulted in a forward scattering
behavior being observed for the stratum corneum
and the epidermis of these specimens (Fig. 1).
Although the portion of light going from one
layer to another may be affected by the internal
arrangement of the cells and their refractive index
differences, one has also to take into account the
scattering caused by other structures such as the

melanosomes. These membranous organelles are
packed with melanin, the most important
photoprotective pigment present in human skin
(Kollias et al. 1991). Accordingly, it is directly
associated with the level of pigmentation of an
individual (e.g., lightly, moderately, and heavily
pigmented). Typically, the volume fraction of the
epidermis occupied by melanosomes varies from
1.3% for lightly pigmented specimens to 43% (for
darkly pigmented specimens) (Jacques 1996), with
the melanin content of the melanosomes varying
from 17.9 % to 72.3 % (Kollias et al. 1991).

The melanosomes, like other relatively small
biological structures (Latimer 1984), can cause
small angular deviations in the direction of light

Fig. 1 Cumulative
fractions of ultraviolet and
visible light scattered by
stratum corneum and
epidermis samples of
Caucasian subjects. (a)
Stratum corneum. (b)
Epidermis. Scattering data
was measured by Bruls and
van der Leun (1984)
considering perpendicular
irradiation and assuming
azimuthal symmetry with
respect to distribution of the
scattered light
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propagation, which are associated with wave
optics phenomena. It has been observed
(Chedekel 1995) that as their size decreases from
approximately 300 nm to a degraded particle
form, known as melanin dust (Kollias
et al. 1991), they go from a predominantly for-
ward scattering to a more symmetrical scattering
behavior. It is worth mentioning that some amount
of melanin dust may be also present in the stratum
corneum (Kollias and Baqer 1986), notably fol-
lowing physiological changes in the skin pigmen-
tation due to exposure to ultraviolet radiation
(Kollias 1995).

The skin melanosomes are usually found in the
long filaments of the melanocyte cells and within
the keratinocyte cells (Toda et al. 1972). Although
these organelles are predominantly located in the
stratum basale (Olson et al. 1973), under different
stimuli, notably exposure to ultraviolet radiation
(UVR), they can migrate to the upper layers
(Kochevar et al. 2008) as part of a process of
induced pigmentation commonly known as tan-
ning (Lin and Fisher 2007). Besides an increase in
the biosynthesis of melanin (melanogenesis
(Chedekel 1995)), the tanning process may also
result in a temporary thickening of the skin tissues
(Lopez et al. 2004).

Below the epidermis, one finds another skin
layer with different histological characteristics,
namely, the dermis. The boundary between these
layers is characterized by the presence of interdig-
itations of the dermis, known as dermal papillae,
into the epidermis. The roughness of this
epidermis-dermis interface is typically greater
than the skin-air roughness (Federici et al. 1999).
Due to the high-roughness condition of this inter-
face, it has a significant impact in the scattering
profile of light traveling between these layers.

The dermis can be further subdivided into two
structurally distinct layers: the papillary dermis
and the reticular dermis. These layers are essen-
tially composed of irregular connective tissue
with nerves, lymphatic vessels, and blood vessels,
the larger ones occurring in the reticular dermis.
This connective tissue, in turn, is mostly formed
by collagen fibrils organized into fibers. Collagen
is a protein molecule that makes up about 70 % of
the dry weight of the dermis, and it is also

birefringent (Anderson and Parrish 1982).
Besides the collagen fibers, reticulum and elastin
fibers can also be found in the dermis. Although
these structures are believed to be responsible for
Mie and Rayleigh scattering occurring within the
dermis, the sources of these types of scattering,
especially for Rayleigh scattering, have not yet
been clearly identified.

Since the papillary dermis is characterized by
the presence of small-scale collagen fibers and
fibrils, while the thicker and more fibrous reticular
dermis is characterized by the presence of large-
scale collagen fibers, the working hypothesis is
that Rayleigh scattering is more likely to be
caused by the papillary structures (Jacques
1996). Despite open questions regarding the
sources of these types of scattering in the dermal
layers, their compound effect is the deeper pene-
tration of longer wavelengths into the dermal
layers (Anderson and Parrish 1981). Moreover,
although scattering measurements by Jacques
et al. (Jacques et al. 1987) on isolated dermis
samples of Caucasian individuals revealed a
forward-directed light traversing these samples
(Fig. 2), it has also been observed that after a
number of interactions, collimated light traveling
within this tissue quickly becomes diffuse.

Eventually, the light traversing the dermis may
reach the hypodermis. This adipose tissue consists
mostly of fat cells that contain a number of smooth
droplets of lipids whose size is large than that of
typical tissue scatterers (Bashkatov et al. 2005).
Nonetheless, light remission by large cellular
structures in the hypodermis can further contrib-
ute for increasing the scattering of light within the
dermis.

3 Absorption Agents

Once light is transmitted to the skin tissues, it is
also attenuated by different absorbers present in
these tissues. The amount of light absorbed in a
given skin layer with respect to the spectral
domains of interest, notably ultraviolet (100 to
�380 nm), visible (�380 to�780 nm), and infra-
red (�780 to 3,000 nm) (CIE 2011; McCluney
1994), depends on the quantity, distribution, and

88 G.V.G. Baranoski and T.F. Chen



light extinction (absorption) spectra of the
absorbers present in that layer. Although the
occurrence of most absorbers found in human
skin cannot be narrowed to a single layer, the
absorption profile of each layer is usually associ-
atedwith the presence of a specific set of absorbers.
For example, in the stratum corneum, the absorp-
tion of light is mainly connected to the presence of
keratin (Kölmel et al. 1990), uranic acid (Olivarius
et al. 1997; Young 1997), and beta-carotene (Lee
et al. 1975). Both keratin and uranic acid are char-
acterized by a strong absorption behavior in the

ultraviolet domain (Fig. 3), while beta-carotene is
characterized by a more pronounced absorption
behavior in the visible domain (Fig. 4).

In the epidermal layers, the absorption of light
is mainly associated with the presence of two
classes of melanin: eumelanin and pheomelanin
(Chedekel 1995; Thody et al. 1991). These pig-
ments are the main absorbers acting in the ultra-
violet and visible domains (Chedekel 1995) and
have a strong impact on the color of the skin
surface (Alaluf et al. 2002c; Thody et al. 1991).
Both are characterized by a relative broad
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absorption spectrum (Fig. 4), with higher values
for shorter wavelengths. Although, as mentioned
earlier, melanin may be also found in the stratum
corneum in the form of granules (“dust”) under
normal conditions (Kollias 1995; Kollias
et al. 1991), the melanin absorption level is pri-
marily associated with the amount of this pigment
found in the epidermal layers (Jacques 1996).

The epidermal melanin pigmentation can be
classified into two types: constitutive (determined
by genetic factors) and facultative (induced to
external stimuli, particularly UVR) (Anderson
and Parrish 1982). The ratio between the volumet-
ric concentration of pheomelanin and eumelanin
present in human skin varies from an individual to
another (Kollias and Baqer 1986; Parsad

et al. 2003). The volumetric concentrations of
eumelanin and pheomelanin, in turn, depend on
the concentrations of these pigments in the mela-
nosomes, which vary for different skin phototypes
(Alaluf et al. 2002b; Hennessy et al. 2005).

Besides the melanins, the absorption profile of
the epidermal layers with respect to shorter wave-
lengths may be also affected by the presence of
beta-carotene (Alaluf et al. 2002a), keratin formed
during the keratinization process (van de Graaff
1995), andDNA found in the epidermal cells (Suth-
erland and Griffin 1981; Young 1997). However,
while the contribution of beta-carotene to light
absorption is more significant in the visible domain,
the contributions of keratin andDNA are practically
exclusive to the ultraviolet domain (Fig. 3).
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The volume fraction of blood in human tissue
can vary from �0.2 % to�7 % (Flewelling 1995;
Jacques 1996). In blood-perfused tissues, such as
the dermis and hypodermis, spectral responses in
the ultraviolet and visible domains are associated
with variations in the concentration of blood-
borne pigments, notably hemoglobin. Most of
the oxygen carried by blood is reversibly bound
to hemoglobin molecules stored in the erythro-
cytes (red blood cells). The oxygenated and deox-
ygenated states of hemoglobin correspond to its
two functional forms, namely, oxyhemoglobin
(O2Hb) and deoxyhemoglobin (HHb), which
tend to have a more pronounced effect on the
absorption profile of human skin within the visible
domain (Fig. 4).

An increase in the volume fraction of blood in
the dermal tissues accentuates the influence of
blood-borne pigments on the spectral responses
of human skin. Such spectral variations may result
from erythema, a condition in which a dilation of
the dermal blood vessels caused by external stim-
uli induces a “redness” appearance around the
stimulus site (Baranoski and Krishnaswamy
2010). Although different types of stimuli (e.g.,
mechanical, chemical, electrical, thermal) can
trigger erythema, it has been most extensively
investigated as an acute response to UVR (Diffey
1980).

In addition to the functional forms of hemoglo-
bin, dysfunctional forms of hemoglobin that do
not bind oxygen reversibly can also be present in
the erythrocytes, namely, carboxyhemoglobin
(COHb), methemoglobin (MetHb), and
sulfhemoglobin (SHb) (Baranoski et al. 2012).
Similar to their functional counterparts, the dys-
functional hemoglobins can contribute to the
absorption of light within the visible domain
(Fig. 4), albeit at a lower level. Normally, only
small traces (<2 %) of COHb and MetHb are
found in human blood (Cunnington et al. 2004;
Haymond et al. 2005; Yarynovska and Bilyi
2006), while SHb is absent (Gharahbaghian
et al. 2009; Yarynovska and Bilyi 2006). However,
certain pathological conditions are associated with
the presence of excessive amounts of dysfunctional
hemoglobins in the bloodstream. In these cases,
one of the symptoms is a “bluish” skin color (cya-
nosis), which is more apparent in the body extrem-
ities of individuals with a relatively low level of
melanin pigmentation (Gopalacharand et al. 2005;
Haymond et al. 2005).

Besides the different forms of hemoglobin,
other blood-borne pigments, such as bilirubin
(Rolinsky et al. 2001; Saidi 1992) and caroten-
oids, such as beta-carotene, alpha-carotene, lutein,
zeaxanthin, and lycopene (Alaluf et al. 2002a;
Sthal and Sies 2004), can also contribute to light

Fig. 5 Absorbers of light in human skin acting primarily
in the infrared domains. (a) Specific absorption coefficient
of water (Palmer and Williams 1974; Pope and Fry 1997).

(b) Specific absorption coefficient of lipids (Altshuler
et al. 2003; Prahl 2004; van Veen et al. 2004)
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absorption in the dermal layers, especially in the
visible domain (Fig. 4). Bilirubin is a pigment
derived from the degradation of hemoglobin dur-
ing the normal and abnormal destruction of red
blood cells, and it is normally filtered out of the
blood by the liver (Baranoski et al. 2012). If this
organ is not working properly, an excessive quan-
tity of this substance may be present in the blood-
stream, resulting in a “yellowness” in the skin, a
condition known as jaundice or hyperbilir-
ubinemia (Rolinsky et al. 2001; Saidi 1992).
Excessive amounts of carotenoids may also give
the skin a “yellowness” appearance (Sthal and Sies
2004). Among the carotenoids found in human skin,
beta-carotene and lycopene occur in larger quanti-
ties. They have similar absorption spectra, with a
slight shift toward the red end of the light spectrum
in the case of lycopene (Darvin et al. 2005).

In the infrared domain, the absorption of light
in the skin layers is controlled by the presence of
lipids (Williams et al. 1988) and water (Jacquez
et al. 1955b). Both materials are characterized by
broad absorption spectra in this domain (Fig. 3).
Reflectance measurements by Jacquez
et al. (1955a, b) illustrate the different skin spec-
tral signatures that can be detected in the ultravi-
olet, visible, and infrared domains (Fig. 6). They
depict some of the main spectral features of the
skin surface. For example, one can observe that a
low level of melanin pigmentation tends to make

the characteristic “omega” shape around 500 nm
(caused by the presence of oxyhemoglobin) more
prominent. In addition, one can observe spectral
features in the infrared domain that are directly
associated with the bands of absorption maxima
of lipids and water in that domain.

4 Detour and Sieve Effects

Although the spectral responses of human skin
can be analyzed with respect to the different con-
tributions of its scattering and absorption agents,
such responses are in fact the result of their com-
bined actions. For example, the skin spectral
responses in the visible domain are largely deter-
mined by how much light is absorbed by melanin
and hemoglobin. In their native state, these pig-
ments are usually found in organelles (melano-
somes) and cells (erythrocytes), respectively,
which also scatter light. In addition, when light
traverses a turbid medium such as human skin,
refractive index differences between these struc-
tures and the surrounding materials may cause
multiple external and internal reflections that
increase the light optical path length. This phe-
nomenon, referred to as detour effect (Fukshansky
1981; Rabinowitch 1951), increases the probabil-
ity of the traversing light to interact with the
pigment of interest. Conversely, light traversing
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Fig. 6 Reflectance spectra of lightly pigmented and darkly pigmented skin specimensmeasured by Jacquez et al. (1955a, b)
considering an angle of incidence equal to 16.75�
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a turbid medium may not encounter a pigment-
containing structure, a phenomenon referred to as
sieve effect (Fukshansky 1981; Rabinowitch
1951).

While the detour effect increases the proba-
bility of light absorption by the pigment of inter-
est (notably in bands of absorption minima
(Butler 1964)), the sieve effect reduces the prob-
ability of light absorption (notably in bands of
absorption maxima (Latimer and Eubanks
1962)) in comparison with a homogenous solu-
tion with equal concentration of this pigment
(Lovell et al. 1999; Pittman 1986). The net result
of these two effects depends on several factors
such as the distribution and volume fraction of
the pigment-containing structures in the medium
and the pigment concentration within these struc-
tures (Fukshansky 1981; Kramer et al. 1951;
Pittman 1986; Rabinowitch 1951). For example,
the sieve effect tends to dominate in whole blood
samples with a low hematocrit (cellular volume
fraction), while the detour effect tends to domi-
nate in samples with a high hematocrit (Lovell
et al. 1999; Pittman 1986; Yim et al. 2012). In the
case of human skin, sieve and detour effects are
more prominently associated with the presence
of the melanosomes. For this reason, in the
remainder of this section, we briefly review the
main factors affecting their size, shape, and dis-
tribution within the cutaneous tissues.

Under normal physiological conditions, the
size, shape, and distribution of the melanosomes
depend on the biophysical characteristics of the
skin specimen. While darkly pigmented individ-
uals present larger, longer, wider, and denser
melanosomes (Olson et al. 1973; Szabó
et al. 1969) individually dispersed (Hawk and
Parrish 1982; Szabó et al. 1969; Toda
et al. 1972), lightly pigmented individuals present
smaller melanosomes (Olson et al. 1973; Szabó
et al. 1969) that appear in groups, or aggregates,
surrounded by a membrane-bound vesicle (Hawk
and Parrish 1982; Szabó et al. 1969; Toda
et al. 1972). A mixture of single and aggregate
complexes of melanosomes may also be found in
moderately pigmented individuals (Hawk and
Parrish 1982; Olson et al. 1973). Observations
by Olson et al. (1973) indicate that the presence

of melanosome complexes is inversely propor-
tional to the size of individual melanosomes.

Differences in the size and shape of skin mela-
nosomes have been also associated with the class of
melanin present in these organelles (Liu et al. 2005).
Liu et al. (2005) have observed that eumelanin-
containing melanosomes (eumelanosomes) found
in black hair can usually have a shape of an oblate
ellipsoid, while pheomelanin-containing melano-
somes (pheomelanosomes) found in red hair can
have a shape of an ellipsoid or closer to a perfect
sphere, and they are generally smaller than those
isolated from black hair. Experiments by Alaluf
et al. (2001) involving heavily pigmented skin spec-
imens have resulted in the same observation for skin
pheomelanosomes, with their sphericity (given in
terms of their long-to-short axis) ranging from 1.0
(perfectly spherical) to 6.0 (oblate, rod-shaped).

5 Fluorescence Agents

When electromagnetic radiation propagating at a
certain wavelength is absorbed by a material, it
may excite the orbital electrons of the atoms or
molecules of this material to a higher quantum
state. Upon return of these electrons to their
ground state, they emit photons of light at another
(usually longer) wavelength (Hunter and Harold
1987). This process, known as fluorescence, has a
timescale of approximately 10�8 s or shorter
(ANSI 1986). Endogenous materials that produce
fluorescence upon excitation are called
fluorophores. The key fluorescence properties of
a fluorophore are its excitation and emission spec-
tra, and the maxima of these spectra give the
excitation-emission pair that characterizes that
fluorophore (Kollias et al. 1998).

Within the human skin, we find mainly
ultraviolet-induced fluorescence agents. These
fluorophores include reduced nicotinamide adenine
dinucleotide (NADH), keratin, collagen, elastin,
aromatic amino acids (tryptophan and tyrosine),
flavins, and porphyrins (Na et al. 2000, 2001;
Sinichkin et al. 1998). The occurrence of fluores-
cence in human skin is associated with the main
fluorophores present in its layers, namely, keratin
(stratum corneum and epidermis), NADH
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(epidermis), and collagen (dermis). Experiments by
Ehlers et al. (2006) show that the fluorescence
observed in the epidermal layers, notably in the
stratum spinosum and stratum basale, has a slower
decay characteristic than the keratinous stratum
corneum and the collagen-rich dermis. Ehlers
et al. (2006) have attributed this behavior to the
presence of living cells in the former two skin
layers.

Collagen is considered to be the main
fluorophore contributing to the ultraviolet-
induced autofluorescence of human skin
(Sinichkin et al. 1998), with an excitation-
emission maxima lower than excitation-emission
maxima of keratin and NADH (Gilles et al. 2000;
Na et al. 2000). Accordingly, the skin ultraviolet-
induced autofluorescence is more pronounced
within the dermal tissues (Anderson and Parrish
1982). It is worth noting that although melanin is a
relatively low quantum yield fluorophore in the
ultraviolet domain, experiments by Huang
et al. (2006) indicate that natural melanins can
exhibit significant fluorescence emission under
near-infrared light excitation.

6 Challenges and Perspectives

Despite the importance of human skin and the
advances in measurement technology, the current
understanding of the optical properties of human
skin is far from complete. Arguably the main
obstacle is the lack of reliable and openly avail-
able measured data. For instance, the most useful
measured dataset with respect to the scattering
profile of the epidermis was obtained by Bruls
and van der Leun (1984) in 1984 for specimens
with similar biophysical characteristics (Cauca-
sians) and considering a small set of illumination
conditions. Since then, as examined by Baranoski
et al. (2004, 2005), it has been often unduly gen-
eralized to represent the scattering of these tissues
for skin specimens with different pigmentation
levels and under a wide range of illumination
conditions. Similar observations apply to the scat-
tering of the dermis samples measured by Jacques
et al. (1987).

Other significant examples of data barriers
include the absorption spectra of the different
absorbers present in the human skin. These
datasets are obtained under in vitro conditions.
Hence, they are bound to present significant qual-
itative and quantitative differences with respect to
their in vivo counterparts. These differences are
related not only to sieve and detour effects
outlined earlier but also to experimental con-
straints such as the use of solvents during the
preparation of dilute solutions of these absorbers
for spectrophotometric measurements (Sardar
et al. 2001). These procedures may alter the size
and optical properties of the absorbing particles
(Riesz et al. 2006). Currently, the chemical struc-
ture of key pigments, such as melanin, is still
object of investigation, which makes the whole
process of measuring their absorbing spectra even
more difficult. In addition, the available measured
absorption spectra for several absorbers found in
the skin tissues are usually limited to specific
spectral domains. Other examples of data scarcity
include the refractive indices of different tissue
constituents, which, when available, are usually
provided as a single value measured at a specific
wavelength.

Investigations of skin fluorescence are also
impaired by data availability issues. For example,
there are many fluorophores in human skin whose
excitation-emission and quantum efficiency spec-
tra are still object of investigation. This type of
data is difficult to obtain since the fluorescence
signal can be masked by the absorption of light by
pigments such as melanin and hemoglobin
(Na et al. 2001; Sinichkin et al. 1998). Moreover,
fluorescence measurements may be further dis-
turbed by environmental and physiological
changes that may alter the molecular structure of
the fluorophores and their spatial distribution
(Na et al. 2000; Sinichkin et al. 1998).

In the last decades, a large body of work based
on computer simulations have attempted to
advance the current understanding of the optical
properties of skin surfaces (Baranoski and
Krishnaswamy 2010; Tuchin 2007). However,
these simulations themselves are often limited by
the scarcity of measured data to characterize the
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scattering and absorption of different skin speci-
mens. Furthermore, in order to be used in a pre-
dictive manner, these simulations need to be
evaluated, which, in turn, requires comparisons
of modeled data with measured data. Besides
being also scarce, these datasets (e.g., reflectance
and BRDF curves) rarely include characterization
information (e.g., thickness, refractive indices) for
the specimens employed in the measurements,
which further impairs the proper evaluation of
the simulations. It is important to note that the
measurement of these specimens characterization
parameters also involves sizable hurdles, not only
under in vivo conditions (e.g., differences in water
content from physiological levels to environmen-
tal levels (Chan et al. 2007)) but also under in vitro
conditions (e.g., crystallization from freezing the
tissue (Schaaf et al. 2010)).

Although one should not dismiss the contribu-
tions of computer simulations to the current
understanding of skin optical properties, such
computational efforts can lead to more substantial
advances in skin tissue optics if paired with actual
measured data. Hence, we believe that it is essen-
tial to strengthen the experimental basis in this
area by enhancing quantitatively and qualitatively
the measurement and dissemination of fundamen-
tal biophysical data associated with the optical
properties of the skin tissues.
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1 Introduction

The human skin is the largest organ of the human
body. It protects the underlying tissues and plays
an important role as a frontline defense system
against invading pathogens and external environ-
mental factors. It is colonized by a unique and
complex microbial ecosystem, including bacteria,
fungi, and bacteriophages, some of which could
become pathogenic under certain conditions. The
skin microbiome is very complex. Hundreds of
different microbial species reside on the whole
surface of the skin. Its composition and distribu-
tion are uniquely different from the flora of other
organs. There are always differences among dif-
ferent people and different areas of the skin on the
same person. Recent 16S rRNA-based methods
revealed the similar situations.

Skin flora are usually nonpathogenic. They are
not harmful to their host and offer benefits. The
benefits bacteria can offer include preventing tran-
sient pathogenic microorganisms from colonizing
the skin surface, either by competing for nutrients,
secreting chemicals against them, or stimulating
the skin’s immune system. The microbial compo-
sition and distribution of the human skin
microbiota have been associated with multiple
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skin diseases, including atopic dermatitis (AD),
acne vulgaris (AV), psoriasis vulgaris (PV), rosa-
cea, dandruff, seborrheic dermatitis, etc.

2 The Skin Flora

The human skin flora, more properly referred to as
the skin microbiome, are the microorganisms
which reside on the whole human skin. Most of
studies have been upon those that reside upon the
2 m2 of human skin (cf. the human microbiome).
Many of them are bacteria of which there are
around 1,000 species from 19 phyla upon the
human skin. The total number of bacteria on an
average human has been estimated at one trillion.
Most are found in the superficial layers of the
epidermis and the upper parts of hair follicles.

Staphylococcus epidermidis and other
coagulase-negative staphylococci were used to
have been regarded as the primary bacterial colo-
nizers of the human skin (Grice and Segre 2011).
Other microorganisms that are generally regarded
as skin colonizers include coryneforms of the
phylum Actinobacteria, for example, the genera
Corynebacterium, Propionibacterium, and
Brevibacterium and the genus Micrococcus.
Gram-negative bacteria, with the exception of
some Acinetobacter spp., are generally not iso-
lated from the skin, but are thought to arise in
cultures owing to contamination from the other
organs, such as the gastrointestinal tract (Roth and
James 1988). Non-bacterial microorganisms have
also been isolated from the skin. The most com-
monly isolated fungal species are Malassezia
spp., which are especially prevalent in sebaceous
areas. The Demodex mites, such as Demodex
folliculorum, Demodex brevis, etc., are regarded
as part of the normal skin flora. The living of
Demodex mites depended on the amount of
sebum. They are much more prevalent following
puberty and reside at sebaceous areas of the face.
Demodex mites may also feed on epithelial cells
lining the pilosebaceous unit or even on other
microorganisms (such as Propionibacterium
acnes) that inhabit the same space. The role of
commensal viruses has not been published, and
investigations are limited by the available

molecular and microbiological means to identify
and characterize viruses. Historically, culture-
based approaches have been the standard for char-
acterizing microbial diversity. It is now evident
that only a minority of bacteria are able to thrive in
isolation (Dunbar et al. 2002). Furthermore, hair
follicles and sebaceous glands are the typical
anoxic environments where some of anaerobic
microorganisms reside.

2.1 Healthy Skin

The skin represents an interesting human habitat
in which lifestyle and environmental factors shape
the microbial community of different specific
body sites. No taxa are ubiquitously present in
every subject and body site, although targeted
studies reveal that specific body sites are generally
dominated by certain defining taxa.

The human skin is mainly comprised of
Actinobacteria, Proteobacteria, and Firmicutes,
some studies finding that more than 90 % of the
microbiota of the forearm belonged to these phyla
(Gao et al. 2007). The volar forearms of different
subjects were found to only share 2 % of species-
level operational taxonomic units (OTUs) (Gao
et al. 2007), whereas the hands share 13 % of
OTUs (Fierer et al. 2008). Estimates of species-
level OTUs for skin sites include 246 for the volar
forearm (Gao et al. 2007), more than 150 for the
palms, and 113 for the inner elbow (Fierer
et al. 2008). More than 50 % of sequences
obtained from arm skin sites belong to Propioni-
bacterium, Corynebacterium, Staphylococcus,
Streptococcus, and Lactobacillus species (Grice
et al. 2008).

2.2 Special Area Skin

The skin microbial community also plays an
important role in the formation of body odor in,
for instance, the vulva, axillae, etc. Few
molecular-based researches were done on the axil-
lary microbiome. Callewaert et al. (2013) detected
the axillary microbiome of a group of 53 healthy
subjects. A profound view was obtained of the
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interpersonal, intrapersonal, and temporal diver-
sity of the human axillary microbiota. Denaturing
gradient gel electrophoresis and next generation
sequencing on 16S rRNA gene region were com-
bined and used as extent to each other. Two impor-
tant clusters were characterized, where
Staphylococcus and Corynebacterium species
were the abundant species. Females predomi-
nantly clustered within the Staphylococcus cluster
(87 %, n = 17), whereas males clustered more in
the Corynebacterium cluster (39 %, n = 36). The
axillary microbiota was unique to each individual.
Left-right asymmetry occurred in about half of the
human population.

The inter- and intraindividual differences in
bacterial flora on the vulvar skin are known to
exist. Aly et al. (1979) used a cultivation method
to show that microbial counts are higher on the
vulvar skin than on the forearm skin and that
S. aureus normally inhabits the vulvar area.
Brown et al. (2007) detected bacteria, such as
S. epidermidis, S. aureus, P. acnes, Lactobacillus
spp., Prevotella spp., etc., identified on the vulvar
skin using the 16S rRNA gene-based clone library
method. The number of total bacteria and the
predominant species, such as S. epidermidis and
Lactobacillus spp., were higher in the labia than
those at other sites. There were only 60 % of
subjects with S. aureus detected. Prevotella spp.
were more predominant in the labial skin than in
the vaginal skin (Mikamo et al. 1998). The species
of the genus Lactobacillus are predominant in the
labia minora of Japanese women, identified using
the 16S rRNA gene-based clone library method
(Shiraishi et al. 2011). Prevotella spp. were
detected in the labia and groin of 95% of Japanese
subjects by another study (Miyamoto et al. 2013),
so it is indicated that Prevotella spp. play a key
role in vulvar skin conditions.

3 Skin Diseases

3.1 Atopic Dermatitis

Atopic dermatitis (AD) is a common,multifactorial,
fluctuating, chronic inflammatory skin disease with
a genetic predisposition. AD is often associated

with atopic conditions such as asthma and
IgE-mediated food allergy, which can be triggered
by different allergens and various environmental
factors. The relevance of the colonization of the
skin with bacteria, such as S. aureus, and fungi,
such as Malassezia furfur, Pityrosporum
orbiculare, and Candida albicans, to AD has been
controversial over the past few decades. Children
with AD often have infective exacerbations which
are treated with antibiotics and/or antiseptics.

The most common infective cause is S. aureus
with a trend toward antibiotic resistance. S. aureus
is one of the important microorganisms of normal
skin flora. Bacterial skin flora of patients with AD
differ from that of healthy people.

AD skin provides a favorable environment for
colonization and proliferation of S. aureus. Skin
colonization with S. aureus is more in the lesional
skin than in nonlesional skin and is minimal in the
skin of healthy children. All of these published
data have shown that there are significant differ-
ences between S. aureus in the lesional skin and
nonlesional skin (P < 0.01) (see Table 1).

Haslund et al. (2009) confirmed the important
role of colonization with S. aureus as an aggra-
vating factor in AD, as there was a significant
correlation between the severity of AD and
S. aureus skin colonization. The results of their
study were in agreement with other results (see
Table 2).

Several studies demonstrated that the coloni-
zation of the skin with superantigen-producing
Staphylococcus aureus is associated with
increased severity of AD. It has been shown that
AD may be aggravated by the direct biological

Table 1 The colonization of S. aureus in AD skin (%)

Reference
Lesional
skin

Nonlesional
skin

Miyamoto
et al. (2013)

65.0 30.0

Gomes et al. (2011) 57.0 43.0

Al-saimary
et al. (2005)

69.7 30.3

Pezesk et al. (2007) 42.5 57.5

Hon et al. (2005) 48.5 51.5

Matsui et al. (2005) 86.0 14.0

Guzik et al. (2005) 100.0 0
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action of bacteria or their products or by an immu-
nological reaction to bacterial antigens or
superantigens.

The studies (Hill 2011; Gomes et al. 2011;
Pezesk et al. 2007; Guzik et al. 2005) had shown
association between lesional skin S. aureus colo-
nization rates with increasing age. The coloniza-
tion rate in this study was 41.4 % (12 out of 29) in
the youngest group, 81.8 % (18 out of 22) in the
second group (>2–12 years), and 100 % (9 out of
9) in the third group (>12 years).

Malassezia species are confirmed to be
involved in the development of skin lesions in
AD; sometimes the response of adult AD to anti-
inflammatory treatments is poor. Takahata
et al. (2007) collected scale samples from skin
lesions of 58 patients with AD in the head and
neck regions (28 males and 30 females; 31 chil-
dren and 27 adults), and fungal DNA was
extracted from the samples directly. The number
and identities of theMalassezia species were ana-
lyzed with high accuracy using a polymerase
chain reaction-based culture-independent method.
The in vivo level of anti-Malassezia IgE antibody
was also assayed. The results had shown that
Malassezia restricta was the predominant species
in the children with AD, while both M. restricta
and M. globosa predominated in the adults. The
increased sensitization in terms of anti-
Malassezia-specific IgE responses in the sera to
both M. globosa and M. restricta from adults was
comparable to that from children. There are some
differences of the cutaneous Malassezia flora
between adults and children with AD.

AD skin lesions are characterized by a Th-2
cell-mediated response to environmental antigens
(Baker 2006). The increasing prevalence and
severity of atopic diseases including AD over the
last three decades have been attributed to

decreased exposure to microorganisms during
early life, which may result in an altered Th-1/
Th-2 balance and/or reduced T cell regulation of
the immune response. The patients with AD
exhibit defects in innate and acquired immune
responses resulting in a heightened susceptibility
to bacterial, fungal, and other microorganism col-
onization, most notably colonization by S. aureus.
Toxins produced by S. aureus exacerbate disease
activity by both the induction of toxin-specific IgE
and the activation of various cell types including
Th-2 cells, eosinophils, and keratinocytes. Aller-
gens expressed by theMalassezia furfur have also
been implicated in disease pathogenesis in some
of AD patients. Microorganisms play an influen-
tial role in AD pathogenesis, interacting with dis-
ease susceptibility genes to cause initiation and
activation of disease activity.

The relevance of specific IgE antibodies for
AD is still under discussion. Several experimental
studies focus on a link between allergens and AD
by IgE-independent mechanisms (Isolauri and
Turjanmaa 1996). There is increasing evidence
of a relationship between microorganisms and
the deviation of immune responses. A high corre-
lation between a positive patch test with milk and
delayed-onset reactions due to milk provocation
tests in children was found, while milk-specific
IgE antibodies were relevant only for immediate-
type reactions. Some clinical studies had shown
that the IgE-mediated sensitization to P. ovale for
the prediction of a therapeutic effect of ketocona-
zole in the treatment of AD using patch tests with
P. ovale may be more useful. Positive patch test
reactions to P. orbiculare have been demonstrated
in atopic patients (Lindner et al. 2000). In the case
of positive patch test results with food and mite
allergens, patients may find relief by avoiding
allergen exposure. The treatment of children
with AD with specific probiotic bacteria strains
reduces the eczema severity.

Allen et al. (2008) found that some clinical
features are the special features of AD, such as
miliaria of AD, which causes the itching, the most
common symptom of this dermatitis, which
occurred in areas of sweating, even in areas
where patients did not realize they perspired.
The epidemiological study results found that

Table 2 The relationship between severity of AD and
skin colonization (%)

Severity
Gomes
et al. (2011)

Haslund
et al. (2009)

Mild 46.0 48.0

Moderate 73.0 52.0

Severe 100.0 77.5
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sweating was a significant factor in exacerbating
eczema. Miliaria arises from blockage of the
eccrine sweat ducts. The material causes the
blockage of duct. It is the film-like materials,
which contain film-producing S. epidermidis,
extracellular polysaccharide substance, and
filaggrin-deficient stratum corneum. So the sweat-
ing and sweat retention are the important informa-
tion of flare factors (Mowad et al. 1995). The
subclinical miliaria provoked by film-producing
S. epidermidis as part of a “double-hit” phenom-
enon (Serra et al. 1997) fits well in the pathogen-
esis of AD.

The microbiology of AD skin is dealt with the
causes, mechanism, treatment, and prevention.
This is the new insight to help us research and
formulate the treatment strategy for AD.

3.2 Acne Vulgaris

Acne vulgaris (AV) is the most common, multi-
factorial, chronic inflammatory follicle disorder
affecting much more individuals all over the
world. It is a global disease that has no predilec-
tion for a specific race or gender. More than 60 %
of the population suffers from AVat some point in
their life. Four basic mechanisms contributing to
acne are hormones, increased sebum production,
changes inside hair follicles, and bacteria. The
most commonly cited theory regarding the patho-
genesis of acne states that increased sebum pro-
duction leads to alterations in the lipid
composition of hair follicles (Cunliffe 2002).
Then P. acnes is a species of bacteria that impli-
cated frequently and acts as the key player of the
acnegenic microbes (Bruggemann et al. 2004).
P acne is not only eliciting inflammatory lesion
response but also the important pathogenesis of
whole mechanism of disease. P. acnes can be
recovered from skin surface as well as follicles
on both normal and acne skin (Bruggemann
et al. 2004). There is also no correlation between
the number of P. acnes within a lesion and the
clinical features of acne, both the types of lesion
and severity of disease. But P. acnes is able to
metabolize triglycerides into free fatty acids and
glycerol, which is an immunological stimulant

and/or a cytotoxic agent that leads to breakage in
the follicular epithelium (Higaki et al. 2000).
Other proposed P. acnes virulence factors include
enzymes that are involved in adherence and colo-
nization of the follicle (Cunliffe 2002). Another
bacterial species detected frequently from
pilosebaceous units and acne lesions are
S. epidermidis and Propionibacterium species
(P. granulosum). They are often significantly less
abundant than P. acnes in acne lesions, but its
abundance appears to correlate with clinical
severity of acne. In addition to bacterial species,
another microbial group is the fungal genus
Malassezia, which has been implicated in the
pathogenesis of seborrheic dermatitis and dan-
druff (Ro and Dawson 2005); their link to acne
remains far more speculative.

3.3 Psoriasis Vulgaris

Psoriasis vulgaris (PV) is a common, chronic,
relapsing/remitting, immune-mediated skin dis-
ease characterized by red, scaly patches, papules,
and plaques, which usually itch. The skin lesions
seen in psoriasis may vary in severity from minor
localized patches to complete body coverage. The
prevalence of psoriasis is around 2–4 % of the
general population. The clinical characteristics are
red, scaly patches on the skin. The manifestation
of psoriasis includes hyperkeratosis, hyperproli-
feration of keratinocytes, infiltration of the skin by
immune cells, and angiogenesis. The most com-
monly affected skin areas are elbows and knees.

Several bacterial species, including S. aureus
and Streptococcus pyogenes, have been suggested
to play a role in the pathogenesis of psoriasis.
Fungi, includingM. furfur and Candida albicans,
have also been linked with the development of
psoriatic skin lesions and play a role in the path-
ogenesis of PV.

The overall bacterial diversity of the
microbiota in the psoriatic lesions is greater than
in normal skin samples. There are significant dif-
ferences in the distribution of the three major
bacterial phyla in the human skin biota:
Actinobacteria, Firmicutes, and Proteobacteria.
Firmicutes are overrepresented in the lesion
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whereas the other two are underrepresented. The
distribution of dominant bacterial phylum in
lesional skin and nonlesional skin of patient with
PV (%) is shown in Table 3.

3.4 Others

The genus Malassezia (Pityrosporum), recog-
nized as a member of microbiological flora of
the human skin, has been recently revised to
include Malassezia species. The pityriasis
versicolor (PV) is one of the common skin dis-
eases caused by the Malassezia infection. The
results of Salah’s (Salah et al. 2005) study had
shown Malassezia globosa was the predominant
species in lesional skin of PV (65 %). It was
isolated alone in 47 % of cases and associated in
18 % with M. furfur (13 %) or M. sympodialis
(5 %). In the healthy skin, M. globosa was found
alone in 7.77 % and associated in 15.54 % with
M. furfur (4.44 %), M. sympodialis (4.44 %),
M. restricta (3.33 %), and M. slooffiae (1.11 %).
M. globosa presents the main species implicated
in the pathogenicity of PV and M. furfur as the
second agent of importance.

The vulvar skin is the special area of female.
The bacterial population of vulvar skin is charac-
terized by a high density of microorganisms that
are related to flora of the vagina and urethra, such
as Lactobacillus spp., or are common on other
areas of the skin, such as Staphylococcus
epidermidis and Staphylococcus aureus.
Miyamoto et al. (2013) studied the vulvar skin
of healthy Japanese women and understood
microbes of the stratum corneum. A total of
40 subjects were quantified. The detection ratio
and number of skin bacteria at the three test sites,
labia and groin, mons pubis, and inner thigh,

were taken. The labia and groin had significantly
(>10-fold) more bacteria than the other sites.
Lactobacillus spp. and S. epidermidis were the
predominant species at all sites, followed by
S. aureus. Propionibacterium acnes was present
in almost all subjects but was less abundant than
S. aureus, which was present in about 50 % of
subjects. Prevotella spp. were detected in the labia
and groin in almost all subjects but not in other
sites.

Gardnerella vaginalis is one of the common
skin diseases at the genital area. Myhre
et al. (2002) took the samples from 278 (99 boys
and 179 girls) out of 3,773 children, with a mean
age of 5.63 years (range, 5.13–6.73), and found
that at least one bacterial species was isolated
from the genitals of 59 (33.9 %) girls. Most iso-
lates (39 out of 99) were bacteria representing skin
flora (staphylococci and coryneform organisms),
with viridans streptococci and related organisms
as the second most common group of isolates
(31 out of 99). S. anginosus was the single most
frequent bacterial species identified (17 isolates).
Streptococcus pyogenes was isolated from the
genitals of two girls, Streptococcus pneumoniae
from one girl, and Haemophilus influenzae from
eight girls. G. vaginalis was not isolated from the
genitals in any girl, but the organism was isolated
from the anal canal in three children. The results
had shown that a large number of different aerobic
organisms from children were identified from the
genital area. G. vaginalis was rare and only iso-
lated from the anal canal.

The skin flora is influenced by some system
diseases (Arun and Palit 2003). Mean colony-
forming units were 160.6, forearm, and 229.4,
sternum (P < 0.000). In logistic regression anal-
ysis, patients in the medical intensive care unit
were significantly more likely to have high counts
on the arm (odds ratio, 2.48; 95 % confidence
interval, 1.34–4.43; P = 0.004), and blacks were
significantly more likely to have higher counts on
the sternum when compared with other ethnic
groups (odds ratio, 1.92; confidence interval,
1.18–3.11; P = 0.009). No differences were
noted between inpatients or outpatients in preva-
lence of methicillin-sensitive Staphylococcus
aureus, but inpatients were more likely to carry

Table 3 Distribution of dominant bacterial phylum in
patient with PV (%) (Gao et al. 2008)

Bacteria
Nonlesional
skin

Psoriatic lesional
skin

Actinobacteria 47.6 37.3

Firmicutes 39.0 46.2

Propionibacterium 21.9 11.4
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methicillin-resistant Staphylococcus aureus (arm,
P = 0.007; sternum, P = 0.02). Outpatients had a
higher prevalence of micrococci and gram-
negative bacteria at both skin sites (all P < 0.01)
and yeast at the sternal site (P = 0.007). This
comparison provides data to differentiate between
effects of hospitalization and effects of chronic
illness on skin flora.

4 Skin Flora Influence by Skin
Surface pH

The acidic pH of the horny layer, measurable on
the skin surface, has long been regarded as a result
of exocrine secretion of the skin glands (Rippke
et al. 2002). The “acid mantle” was thought to
regulate the bacterial skin flora and to be sensitive
primarily to skin-cleansing procedures. The pH of
the deeper layers of the stratum corneum changes,
as well as on the influence of physiological and
pathological factors. The central role for the acidic
milieu as a regulating factor in stratum corneum
homeostasis is now emerging. This has relevance
to the integrity of the barrier function, from nor-
mal maturation of the stratum corneum lipids to
desquamation. Changes in the pH and the organic
factors influencing it appear to play a role, not
only in the pathogenesis, prevention, and treat-
ment of irritant contact dermatitis but also of
atopic dermatitis and ichthyosis and in wound
healing. On the basis of these findings, a broader
concept, exceeding the superficial “acid mantle”
theory, has been formulated.

Microbiology of skin surface deals with skin
health care and skin disease treatment and preven-
tion. So healthy skin, abnormal skin and skin
diseases, and the skin microbiome and its diver-
sity all are being the hot topics of dermatology.
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1 Introduction

The microorganisms, such as bacteria, fungi, etc.,
on the skin have been identified mostly by culture
based on the sampling methods. The composition
and distribution of the microorganisms on the skin
were not extensively described until culture-
independent molecular methods have been used
now. The main techniques in sampling the skin
microorganisms include impression methods,
swabbing methods, and washing methods and
punch biopsy. Both swabbing and taping are sim-
ple, quick, and noninvasive. Other two methods
are scraping and punch biopsy which are applied
under certain situation. Scraping usually com-
prises significant amount of skin cells. Punch
biopsy is invasive, and it can cover all layers of
the skin microbiota. There are two kinds of spe-
cific sampling techniques for follicle of the skin.
Each category included several techniques. For
example, the impression methods included con-
tact plates, pads, sellotape stripping, etc. The
washing methods included the detergent scrub
technique and the sterile bag technique. About
these three different sampling techniques, such
as swabbing, scraping, and punch biopsy, the
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results were shown that there was no difference of
detection at all depths of the skin (Grice
et al. 2008). There are special methods for follic-
ular sampling methods. They are comedone
extractor and cyanoacrylate glue.

2 Methods of Sampling

There are several sampling methods for microor-
ganism of skin surface (Tiffany and Michael
2014). How to choose the method for applying it
is depending on the numbers and types of bacteria
(Grice et al. 2009).

For all surface sampling methods, adequate
time must be needed after sample collection to
allow the bacterial flora to reestablish before a
further sample can be taken from the same site.
Another way is sampling bacteria from adjacent
sites or from identical sites on the right and
left side.

2.1 Impression Methods

2.1.1 Contact Plates
The contact plates are specialized Petri dishes that
are filled with different appropriate culture media
until the agar surface is slightly concaved. The
different bacteria should be under different culture
conditions in suitable media. The common culture
medium is fresh blood agar.

The contact plates are pressed firmly onto the
skin to remove surface bacteria. One study was
used to sample the medial surface of the forearm
and midsternum because they are representative
of the “dry” areas of the skin surface that are
readily accessible and in contact with the environ-
ment (Larson et al. 2000). These are also frequent
sites of intravenous (IV) catheterization (arm) or
surgery (sternum). Generally the dominant arm
was sampled, but in inpatients, attempts were
made to avoid obtaining cultures near IV sites.
When a mediastinal incision was present, the
upper back was sampled rather than the sternum.

It is limited to one recovery medium. The
facilitated colony counting is mainly a method to

assess the results of this test. It only gives the
estimation of the number of the microcolonies.
The number of colonies (colony-forming units,
CFU) is counted with a grid printed or glued on
its base. It is not a quantitative way because there
is no dispersal step to break down aggregates of
cells into smaller colony-forming units.

However, these have severe limitations and
should only be used if a specific organism is
being sought or if low numbers of bacteria
(�10 cm2) are expected and they can all be cul-
tured on the same medium. The method is suitable
for isolating S. aureus from suspected infected
eczema.

It is easy and quick to use on intact and broken
skin. The method of contact plates can be
employed for routine patient sampling. But it is
not quantitative. Since these colonies are not dis-
sociated, the density of CFUs obtained does not
correspond to the density of bacteria on the skin.

2.1.2 Pads
The velvet pads are used to remove bacteria from
the skin surface. The main advantage of it is that
the sufficient microorganisms are removed to seri-
ally inoculate a number of different culture media.
The method is very inefficient too, and only a
small proportion of microorganisms are success-
fully transferred from the pad to the medium.
Since mechanical rinsing could improve bacterial
recoveries, the pads are no longer used directly to
inoculate culture media. The quantitative estimate
of bacterial numbers could be obtained.

2.1.3 Tape Stripping
Tape stripping is a common method for skin
microbiological study since it could sample not
only skin surface but also aerobic bacteria residing
in the upper part of the epidermis. Mostly all areas
of the skin contain numerous pilosebaceous folli-
cles. Some microorganisms are pulled out from
the upper portion of each duct so that the numbers
of bacteria may not decline in subsequent strips, as
they do in areas with few pilosebaceous units. The
tape strips are inverted onto the surface of the
culture medium. If the tape is removed, not all
microorganisms are transferred to the culture
media successfully. The combination of tape
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stripping and contact plates is often used for skin
sampling. The tape is used to remove successive
sheets of epidermal cells, and the contact plates
are used to remove the exposed bacteria.

2.2 Swabbing Methods

The swabbing methods included dry swabs and
moist swabs. The dry swabs are associated with
poor recoveries of viable organisms. The moist
swabs are among the most versatile of skin sam-
pling techniques. Normally the swab, fixed to an
applicator, is soaked in phosphate buffer saline
containing 2 % Tween 80 and 0.3 % lecithin or
Williamson-Kligman washing fluid. A template
delimiting the sampling area is put on the skin.
The swab is vigorously rubbed inside the tem-
plate. Then the buffer is inoculated to appropriate
culture media. The number of colonies in each
culture can be counted. If CFU density is too
high, it makes counting impossible, and serial
dilutions are done before inoculation. The sensi-
tivity limit is 4 CFUs per template. The accurate
quantitative results cannot be obtained by the
swabbing methods.

There is no doubt that moist swabbing is the
method of choice for skin surface sampling. It
remains the most commonly used method for rou-
tine sampling of patients with diseases, infections,
or wounds of the skin. It can detect the unknown
pathogen of the above skin disease. They are
semiquantitative. But the method can be used
when few microorganisms are present or when
the swabbed area can be accurately defined and
the bacteria of interest are known to reside super-
ficially. In other words, it inoculates several cul-
ture media with a single swab and thus makes it
possible to detect the entire range of skin flora
present, and finally bacterial counting is possible
since the original colonies have been dissociated
by shaking in the buffer and flora collection has
been improved by the friction. Usually skin swabs
could be collected both from skin lesions and
non-lesional areas from patients with skin diseases
(e.g., AD) and also from healthy control skin
(Petry et al. 2014). Two skin swabs were taken
from each patient for culture and sensitivity, one

from the worst area of atopic dermatitis and the
other from non-lesional skin. Also 15 skin swabs
were taken from the skin of healthy children.
Specific swabs for this method exist in various
materials, such as polyvinyl alcohol foam, cotton,
rayon, calcium alginate, etc. And they are com-
mercially available. There are severe limitations,
and for seeking the specific microorganism or the
lower numbers of bacteria (�10 cm2), they can be
cultured on the samemedium. They depend on the
types of swab used, and the procedures are used to
transfer microorganisms to the culturemedia. Sev-
eral recovery media can be inoculated immedi-
ately, both in the clinic or laboratory. All types
should be moistened by phosphate-buffered
saline. The area of the sample site can be standard-
ized by holding a template onto the skin surface.
The swabs rub the studied area of skin surface
firmly and repeatedly for several seconds to ensure
adequate removal of microorganisms. For semi-
quantitative work, the swabs transfer to 1 ml of
half-strength wash fluid and decimally diluted in
the same. A fixed volume (usually 100 ml) of each
dilution and the undiluted sample is then plated
onto one or more suitable recovery media and
spread with a sterile glass spreader. The correct
use of swabs is the best or only possible methods
of skin sampling. They are used for routine clini-
cal or research sampling from any sites, e.g., the
back, chest, forehead, shoulders, etc. The inocu-
lum is put on the suitable medium for culture.

For research the swabbing techniques can be
standardized, whether in intertriginous areas or on
damaged skin whichever is interesting. It can be
an identification of components of the aerobic
skin flora of premature neonates.

2.3 Washing Method

2.3.1 The Detergent Scrub Technique
The detergent scrub technique is the most widely
used for research purposes since this method
could be standardized, quantitative, reproducible,
and efficient (i.e., removes over 95 % of the aero-
bic bacteria present at the sample site). Several
modifications and adaptations have appeared in
different studies. A metal ring is held firmly
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against the skin surface and the procedures are
standardized, including the wash fluid, the
amount, the time of rubbing, the collection of
wash fluid, etc. There are several features of the
scrub wash technique that are worthy of further
comment. The wash fluid contains a mild deter-
gent in order to facilitate dispersal of clumps of
bacteria. Various modifications ford the survival
of different skin bacteria in wash fluid with incon-
clusive results. It is best for individual investiga-
tors to estimate for themselves the survival time in
wash fluid of those organisms of special interest to
them. The sample site is chosen because the
subungual space harbors large numbers of bacteria
and is one of the most difficult sites to disinfect.
Several recovery media can be employed.

The detergent scrub technique is more efficient
in terms of number of microorganisms recovered
or in reproducibility. For research purposes, and
when quantitative data are required, the detergent
scrub technique should be chosen. The major lim-
itation of this technique is that it is fairly aggres-
sive and cannot be used on sensitive or damaged
skin, although several groups have used it to sam-
ple bacteria from eczema lesions. It is suitable for
determining the proportion of the resident staph-
ylococcal flora resistant to an antibiotic.

3 Follicular Sampling Methods

Until now, many researchers are still interested in
the pathogenesis of pilosebaceous follicle for the
living organisms. The methods that will be
described below can be used to sample
noninflamed lesions only and are not suitable for
use with normal follicles or inflamed lesions.

3.1 Comedone Extractor

Open comedones are removed nontraumatically
using a comedone extractor. It is the best method
of sampling intrafollicular bacteria.
Microcomedones are more common, but it is not
easier than rapidly polymerizing cyanoacrylate
glue. Both open comedones and microcomedones

can be obtained noninvasively. This method for
damaged follicles is not similar as the method for
normal follicles. The standard procedure is as
follows. The first step is sterilizing the skin sur-
face with an isopropanol swab. Then the entire
comedone is removed by the extractor. It is trans-
ferred by a sterile needle into a preweighed
microcentrifuge. The amount of wash fluid is
pipetted into the tube and the bacteria are dis-
persed from the comedone with the micro tissue
grinder. The fluid according to the different
treating procedure is then plated onto one or
more selective or nonselective media as required.
Bacteria can be counted and expressed as CFU per
milligram wet weight of comedonal material. The
detection limit is 4 CFU/comedo. However, it
should be ensured that the whole of the comedone
is removed from the skin because the distribution
of bacteria in follicular ducts varies with depth.
The density and composition of the microflora at
the face could be tested. It is simple and quick
procedure. It can study microflora of a single
pilosebaceous unit. It can inoculate several recov-
ery media.

3.1.1 Cyanoacrylate Glue
Rapidly polymerizing cyanoacrylate glue is used
to remove thin sheets of stratum corneum. It could
be quickly realized that follicular plugs are
extracted from pilosebaceous follicles as the glue
being pulled away from the skin surface. This
method is very easy. It is not used for normal
follicles. One drop of the glue is spread over an
area of the skin and left to polymerize for 1 min.
The second step is pressed on this glass slide over
for 1 min and then the slide is slowly removed
from the skin. It is then applied on top of the area
of the skin and spread uniformly by inverting a
glass slide over it and pressing down firmly. After
several minutes, the slide is removed from the
surface of the skin with the adherent sheet of
both adhesive and follicular casts, which represent
the contents of microcomedones and consist of a
mixture of corneocytes, sebum, and microbes.
The more standardized procedure uses a sterile
glass sampler of known surface area instead of a
slide and a sterile Teflon ring to delineate the
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target area, which is extracted twice with glue. It
can inoculate several recovery media.

Normal pilosebaceous follicles cannot be
studied by either of these two methods, but only
microdissected follicles from biopsies. It can
collect the entire comedo or cyst because the
flora of the follicular duct varies according to
depth. It can count or analyze several samples
because the flora can be very different from one
follicle to another.

One commercial kit, such as Exolift®, included
a patented dermal tape and cyanoacrylate glue. It
is easier to use than glass slides or samplers, but is
much more expensive. Whichever procedure is
followed, only follicular bacteria will be enumer-
ated since surface organisms are sequestered
between the glue and the thin sheet of stratum
corneum. The main problems with the use of
cyanoacrylate glue are the high frequency of
incomplete takes, when the glue fails to polymer-
ize properly over part of the sample site, and the
uncertainty of removing entire follicular casts. For
obvious reasons, the method should not be used
near the eyes.

3.1.2 Impact Factors
There are some important factors in determining
the choice of sampling method, location of bac-
teria, type of the skin, type of bacteria, choice of
sample site, efficacy of technique, reason for
sampling, etc. The different growth media are
suitable for recovery of resident skin bacteria
and primary pathogens. For example, the brain
heart infusion or reinforced clostridial agar
containing 6 mg/l furazolidone is suitable for
Propionibacteria; heated blood agar for coagu-
lase-negative staphylococci; mannitol salt agar
and cysteine lactose electrolyte deficient (CLED)
medium for S. aureus; fresh blood agar containing
0.2 % w/v glucose, 0.3 % w/v yeast extract, 0.2 %
v/v Tween 80, and 6 mg/l furazolidone for aero-
bic coryneforms; and fresh blood agar containing
0.0002 % crystal violet or 7.5 mg/l nalidixic acid
and 17 units/ml polymyxin B for group A beta-
hemolytic streptococci. Antibiotic sensitivity test
can be done according to the Clinical and Labo-
ratory Standards Institute (CLSI, 2011), using

vancomycin, erythromycin, gentamicin, penicil-
lin, ampicillin, fusidic acid, and flucloxacillin
antibiotics (r1).

3.1.3 Application of New Techniques
Recently the molecular characterizations of the
human surface skin microorganisms based on
16S ribosomal RNA analysis have been carried
out on a large scale (Gao et al. 2007). For the
fungi, such as yeast, the specific techniques of
culture are used and the 18S ribosomal DNA
analysis has been done. Molecular analyzing was
used for some studies, not only qualitative but also
quantitative. The polymerase chain reaction-
restriction fragment length polymorphism method
(PCR-RFLP) of Malassezia species, a part of the
skin microflora of neonates, was applied. The
results supported that neonates acquire
Malassezia flora through direct contact with their
mothers or hospital personnel (Mourelatos
et al. 2007a). For quantitative analysis of
Malassezia, the real-time polymerase chain reac-
tion (PCR) assay could be used also (Mourelatos
et al. 2007b). The dominant operational taxo-
nomic units (OTUs) conducted often are captured
by all these methods although the rare OTUs are
different. Commensal bacteria play a crucial role
in the development of the immune system in
humans (Zomorodain et al. 2008).

The objectives of the evaluation of skin sur-
face flora are to study the pathogenic flora
carriage in patients, the effects of antibiotics
and antiseptics on skin flora, the efficiency of
skin disinfection methods, and the physiology
of resident skin flora under different environ-
mental conditions. So understanding the
methods of evaluation, knowing its impact fac-
tors, and applying new techniques are the goals
of achieving the aims.
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1 Core Messages

• Skin surface is characterized by acidic pH
• The acidic milieu is important for sustaining

skin physiology namely epidermal barrier
homeostasis, stratum corneum integrity and
antimicrobial defence

• Among variety of methods for skin surface
acidity investigation, the flat glass electrode
remains the gold standard and most practical
for in vivo measurement of cutaneous pH

• Subject-, instrument- and environment-related
variables influence skin surface acidity
measurements
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2 Introduction

The skin separates the inner part of our body
against the potentially harmful environment.
The skin barrier protects the human body against
many external stressors namely physical stress
(mechanical, thermal, UV radiation e.g.,), chem-
ical stress (tensides, prolonged water exposure,
solvents e.g.,) and environmental conditions
(Elias and Choi 2005). The concept of acid man-
tle of the skin was introduced more than 80 years
ago by Schade and Marchionini (1928). Today
there is a growing body of evidence that the
acidic nature of the outermost skin layers is a
key factor in regulating epidermal barrier
homeostasis, stratum corneum (SC) integrity
and cohesion, as well as antimicrobial defence
(Schade andMarchionini 1928; Fluhr et al. 2010;
Fluhr and Elias 2002).

The striving for quantification and qualifica-
tion dates since the ancient societies. Nowadays
a demand for standardizing and unifying evalua-
tion procedures in biomedical research is widely
accepted. Different non-invasive methods for the
in vivo investigation of the skin surface acidity
have been developed in the past decades
(Darlenski et al. 2009). Here we summarize the
different measurement techniques for skin pH and
we discuss the potential factors that influence pH
measurements.

3 Role of Skin Surface Acidity
for Epidermal Functions

The acidic pH of SC is essential for the formation of
intact skin barrier. Although basal permeability bar-
rier function is competent at birth (Behne
et al. 2002), skin surface pH is neutral at birth
both in humans and in various animal models
(Fluhr et al. 2004a; Hardman et al. 1998; Visscher
et al. 2000). Following acute barrier disruption by
either tape stripping or acetone treatment, barrier
recovery was markedly delayed in the newborn rats
(Fluhr et al. 2004a). Further animal studies
excluded a variety of exogenous and endogenous
mechanisms previously thought to be implicated in

post-natal SC acidification (Fluhr et al. 2004b). The
results proved the central role for two endogenous
mechanisms, the secretory phosholipase A2 path-
way and sodium-proton exchanger, in the genera-
tion of the postnatal acid mantle. The functional
consequences of neutral pH of SC included abnor-
mal permeability homeostasis and defects in SC
integrity, attributed respectively to the reduced
beta glucocerebrosidase (β-Gluc Cer’ase) and
increased serine proteases activity directly after
birth (Fluhr et al. 2004a). Exogenous acidification
of SC normalized barrier recovery kinetics and
improved SC integrity (Fluhr et al. 2004a).

SC acidity is essential for the epidermal barrier
recovery, the latter being delayed at a neutral pH, due
to disturbance in processing secreted extracellular
SC lipids, while lipid secretion remains unimpaired
(Mauro et al. 1998). The impairment of the barrier
homeostasis was attributed to the acidic pH optima
of the key lipid-processing enzymes, i.e., β-Gluc-
Cer’ase and acidic sphingomyelinase. Rising of the
pH resulted in perturbations of lipid processing and
in an impairment of the barrier homeostasis. Later it
was shown that prolonged increase of pH leads to
degradation of these enzymes by sustained serine
proteases activity (Hachemet al. 2005). Itwas further
demonstrated that prolonged increase of pH not only
delays barrier recovery, but also increases basal
transepidermal water loss (TEWL) (Hachem
et al. 2005). It has been proposed that an acidic pH
directly impacts lipid-lipid interactions in the SC
extracellular lamellar bilayers (Bouwstra et al. 1999).

The acidity of the skin surface is also involved in
the regulation of the corneocyte desquamation,
respectively SC integrity and cohesion. The main
enzymes, regulating the integrity/cohesion, kalli-
krein 5 (previously known as SC trypsin-like
enzyme, SCTE) and kallikrein 7 (previously
known as SC chymotrypsin-like enzyme, SCCE)
exhibit normal-to-alkaline pH optima (Komatsu
et al. 2005; Egelrud 2000). A superbase-induced
elevation in SC pH resulted in reversible increase of
the activity of these enzymes (Hachem et al. 2003).
Moreover, these changes are followed by degrada-
tion of desmoglein 1 and reduction of the
corneodesmosome-density, thus stimulating the
process of desquamation (Hachem et al. 2003).
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Acidification of skin surface results in improved
lipid processing and inhibition of the degradation
of corneodesmosomes (Hachem et al. 2010)

The acidic buffer system of the skin is essential
for performing an unspecific antimicrobial protec-
tion as well as the regulation of the innate immu-
nity (Drake et al. 2008). Elevation of the pH
values is beneficial for growing pathogens on the
skin surface, such as Staphylococcus aureus and
Candida albicans, while normal flora predomi-
nantly grow best at acidic environment (Korting
et al. 1990; Schmid-Wendtner and Korting 2006).
The absence of an acidic SC at birth has been
associated with an increased risk of bacterial and
yeast infections in neonates (Leyden and Kligman
1978). The clinical importance of these findings is
reflected in the pathophysiology of diaper derma-
titis. The incomplete acidification of the SC,
together with the ammonia-induced alkalization
activates stool enzymes (trypsin, lipase), causing
irritation and further perturbation of the skin bar-
rier. Additional data on the role of skin surface
acidity for antimicrobial protection can be found
in the chapter on skin surface acidity of this book.

4 Measuring Methods

A variety of measuring methods for investigating
skin surface acidity exist. The pioneering studies
were performed by gas chain bell electrode
(Schade and Marchionini 1928). Nowadays the
most widely used devices are based on flat glass
electrode (Fig. 1).

4.1 Flat Glass Electrode

Different companies have developed planar
electrodes specialized for skin measurement.
Any commercialized pH meter device fitted
with a planar electrode can be used for the mea-
surement of skin surface pH (Ehlers
et al. 2001a). The contact site between the elec-
trode and the skin covers an area of approxi-
mately 10 mm in diameter, and its use is
considered as non-invasive. The flat glass

electrode measurements are widely used and
considered as simple, non-cumbersome, and
reproducible (Darlenski et al. 2009). The follow-
ing practical consideration should be taken into
account when performing the measurement:

– The electrode face (membrane) should not be
brought into contact with hard objects. During
short intervals between measurements, the elec-
trode (or rather the electrode face) is best
immersed in a KCl solution or in distilled water.

– Any kind of contamination of the electrode
(e.g., by lipids or proteins) should be avoided
or eliminated.

– Regular devise calibration is advised.
– Before application to the skin, the electrode

must be dipped into distilled water to moisten
the surface. Then, the flat electrode top is
placed on the skin with slight pressure during
the measurement.

– Excessive pressure on the probe should be
avoided.

– Ambient temperature and sweating may affect
the pHmeasurements. It is desirable to perform

Fig. 1 Measurement of skin surface pH with flat glass
electrode device Skin-pH-meter PH 905 (Courage and
Khazaka electronic GmbH, Germany)
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measurements under controlled conditions
(e.g., 20–22 �C) and the relative humidity
between 40 % and 60 %.

– Volunteers should be relaxed and acclimatized
to the measuring environment for 15–20 min.

– No cosmetic residue or excessive sebum should
be left on the surface of the skin. In both cases,
gentle dry wiping is advised for the removal.
Cleaning must be avoided as it will greatly
affect pH measurements (even pure water).

– A minimum period of 3–6 h should be awaited
between the personal hygiene procedures of
the subject and the measurements.

4.2 pH-sensitive Dyes

Certain dyes have a color that changes according
to pH, e.g., bromthymol blue and carboxy-
SNARF-1 marking (Wagner et al. 2003). Limita-
tion include that pH spectra of some dyes are not
adjusted to the acidic nature of SC as well as
potential in vivo toxicity. Values obtained by flat
glass electrode assessment were concordant with
the ones estimated by fluorescent dye marking
(Wagner et al. 2003).

4.3 Experimental Methods

Two-photon fluorescence lifetime imaging
(FLIM) assess SC acidity by using fluorophore
20,70-bis-(2-carboxyethyl)-5-(and- 6)-carboxyfluo-
rescein with a pH-dependent lifetime in the range
of the expected values within SC (Hanson
et al. 2002). It was shown that SC pH increases
with depth. The authors hypothesized that the acid
mantle results from the presence of aqueous acidic
pockets within the lipid-rich extracellular matrix of
SC (Hanson et al. 2002).

In vivo Raman confocal microscopy offers
the possibility to measure quantitatively constit-
uents within the depth of SC (Fluhr et al. 2010,
2012; Darlenski et al. 2009). Early studies
showed that this method can detect urocanic

acid isomers within the epidermis (Caspers
et al. 2001). As discussed in detail in former
chapters of this book, the histidine-to-urocanic
acid pathway is one of the endogenous mecha-
nisms for skin surface acidification. Lactic acid
can be monitored by Raman spectroscopy
in vivo and certain differences between new-
borns and adults exist in the profile of lactate
(Fluhr et al. 2012). A pseudo-pH measurement
is possible with in-vivo Raman micro-
sprectroscopy.

5 Variables Influencing
the Measurement

A wide number of variables influence the skin
pH measurement and should be taken into
account e.g., anatomical site, age, gender, race
and circadian rhythms (Fluhr and Elias 2002;
Darlenski et al. 2009; Darlenski and Fluhr
2012).

5.1 Age

Skin surface pH changes over age with the neo-
natal period being the most dynamic. We have
shown that even in full-term neonates surface pH
is around 6.5 and decreases within the first days
after birth (Fluhr et al. 2012). This is in accor-
dance with other publications (Schmid-Wendtner
and Korting 2006; Ali and Yosipovitch 2013;
Yosipovitch et al. 1998). A schematic overview
on skin surface acidity differences within
selected age groups (infants vs. adults) is
presented in Fig. 2 (adapted from (Fluhr
et al. 2012)). Acidification progresses throughout
the first months, independently from the baby’s
birth weight. Being stable throughout the greater
period of the lifespan, in elderly an increase in
skin surface pH is observed. Subjects over
80 years of age have half a unit higher SC pH
on both, the forehead and the cheek, than in
younger adults (Zlotogorski 1987). A positive

116 R. Darlenski and J.W. Fluhr



correlation between age and pH was reported by
other groups (i.e., higher pH at older age)
(Thune et al. 1988).

5.2 Gender

No gender differences were noticed at the fore-
head and the cheek in a controlled study
(Zlotogorski 1987). Other groups found higher
values on the volar forearm of females
(Yosipovitch et al. 1993a, b; Ehlers et al. 2001b).
It is tempting to hypothesize that pH is under sex
hormone regulation.

5.3 Race

Data on racial variances in skin surface acidity
is controversial. The majority of studies show
lower pH values in darker skin subjects at least
in the upper parts of the SC (Berardesca
et al. 1998; Gunathilake et al. 2009). Lower
pH was associated with enhanced epidermal
barrier function and higher SC integrity, linked
to increased lamellar body density and epider-
mal lipid content (Gunathilake et al. 2009).

5.4 Circadian Rhythm

Diurnal variation in skin surface pH has been
documented. Yosipovitch et al. reported SC pH
maxima between 2.00 and 4.00 p.m.
(Yosipovitch et al. 1998). Lowest pH values
were witnessed around 4.00 a.m. with a plateau
during daytime (Le Fur et al. 2001). A control
under glucocorticoid hormones can be
assumed.

5.5 Anatomical Site

Higher pH values at the intertriginous areas
(axillae and inguinal region) were noted in
1938 and named “physiological gaps” in the
acid mantle (Marchionini and Hausknecht
1938). Since then a lot of studies were
performed on the anatomical variations in
skin surface acidity. We have recently
published a full body mapping of skin surface
pH (Fig. 3) (Kleesz et al. 2012). No difference
between the left and right arm was detected
(Ehlers et al. 2001a; Treffel et al. 1994).

The role of other external factors such as skin
cleansing, application of cosmetics and
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concomitant skin disease has been discussed in
detail in the chapter, devoted on skin surface acid-
ity formation, of this book.

6 Conclusion

Measuring skin surface pH is possible in vivo by
non-invasive and reproducible methods. Different
variables influence pH values and should be taken
into consideration prior to initiating skin physiol-
ogy studies. Novel techniques such as Raman
confocal microscopy should be challenged in a
multicenter way in order to be introduced rou-
tinely in practice.
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1 Sebaceous Glands
and Sebocytes

The sebaceous gland is a holocrine system made
of multiacini. Palms and soles are the only parts of
the skin which do not have sebaceous glands.
Sebaceous gland development is related to epider-
mis and hair follicles (Benfenati and Brillanti
1939; Montagna 1974; Thody and Shuster 1989;
Deplewski and Rosenfield 2000).

2 Embryology

Byweek 13–15 of fetal development, it is possible
to distinguish a gland arising from a hair follicle in
a cephalocaudal direction. At 17 weeks, the gland
has started making lipids and lipid droplets can be
seen in the center of the gland (Fujita et al. 1972;
Sato et al. 1977). The acini of the gland will attach
to the common excretory duct; this duct begins as
a cord composed of sebum-containing cells which
will eventually rupture, forming the first
pilosebaceous canal. The new acini will then
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originate from the peripheral parts of the canal
(Tosti 1974). Not all the acini in a unit are in the
same stage of differentiation (Serri and Huber
1963).

3 Histology

In sebaceous glands, the most external layer is the
basal layer and includes mitotically active small,
flattened, or cuboidal cells comprising about 40 %
of the gland. This layer is called the peripheral
zone. The next layer is the maturation zone which
also comprises about 40 % of the gland. Here,
cells are larger and contain lipid droplets. Toward
the center, there is the necrosis zone which com-
prises about 20 % of the gland. Its cells have
stopped dividing and there is lipid accumulation;
cells lose their subcellular structures, and when
they reach to the duct, they are at their terminal
differentiation so they rupture and release their
content into the duct. The mechanism of lysis
and rupture may include release of lysosomal
enzymes. Desmosomes and tight junctions attach
sebocytes to their surroundings. It takes about
21–25 days for sebocytes to renew (transit time)
(Plewig and Christophers 1974). This transit time
for the sebum which is in the canal is 14 h
(Downing and Strauss 1982). The gland is
surrounded by trabeculae of collagen-rich connec-
tive tissue. Those glands that are not associated
with hair follicles are called free sebaceous
glands. They include Meibomian (eyelids),
Montgomery’s (nipples), Tyson’s (genitals), and
ceruminous (ears) glands and Fordyce spots (oral
epithelia) which secrete their contents directly to
skin surface. Most of the sebaceous glands in
humans are associated with hair follicles
(Schneider and Paus 2010).

The most common ways of identifying
sebocytes are using lipophilic dyes Oil Red O,
Sudan IV, and Nile Red and also using
immunostaining against lipid-associated proteins
such as perilipin and adipophilin. They can also be
detected using staining for fatty acid synthase,
keratin 7, or other markers (Schneider and Paus
2010).

4 Physiology

A few hours after birth, sebum secretion increases
and reaches a peak during the first week (Agache
et al. 1980; Henderson et al. 2000). In humans,
sebum is a major component of the vernix
caseosa. In fetal and neonatal periods, sebum
development is regulated by various factors
including maternal androgens, steroid synthesis,
growth factors, cell adhesion molecules, extracel-
lular matrix proteins, intracellular signaling mol-
ecules, other hormones, cytokines, enzymes, and
retinoids (Deplewski and Rosenfield 2000;
Niemann et al. 2003). There is a correlation
between maternal and neonatal sebum excretion
rates which will be lost in the following weeks
after the birth. The sebum level per unit of skin is
in the same range as adults and the sequence of
sebaceous transformation is identical to postnatal
life. It seems that maternal hormones play an
important role on glands. Androgens stimulate
sebum secretion before birth (Agache
et al. 1980; Henderson et al. 2000). After a slow
reduction in the rate of sebum excretion, another
increase happens with adrenarche (about the age
of 9 years) and continues until the age of 17 years
when it reaches adult range (Pochi et al. 1977).
Contrary to the cycling growth of hair follicles,
sebaceous gland growth is continuous. But in
mice it has been shown that there are functional
fluctuations such as changes in sebocyte apoptosis
and also changes in the volume of sebaceous
glands. These fluctuations are dependent upon
hair cycle (Lindner et al. 1997).

The number of glands remains approximately
constant throughout life, though their size
increases as one ages (Fenske and Lober 1986;
Zouboulis and Boschnakow 2001). The quality
of glands is the same in normal adults and prepu-
bertal and hypogonadal males, but the glands are
bigger in normal adults (Serri and Huber 1963). It
takes more than a week for sebocytes to synthesize
and secrete sebum. As one gets older, sebaceous
gland turnover will be slower (Plewig and
Kligman 1978). Therefore, facial sebaceous
glands undergo hyperplasia in older ages. There
are some cofactors for sebaceous gland
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hyperplasia such as immune suppression, ultravi-
olet radiation, and overexpression of aging-
associated gene Smad7 and parathormone-related
protein. On the other hand, c-Myc overexpression
is associated with enhancement in sebum produc-
tion. There are also differences between males and
females in terms of their circulating levels of GH,
IGF-1, 17β-estradiol, progesterone, DHEA, and
testosterone (Makrantonaki et al. 2006; Zouboulis
and Makrantonaki 2006). In women, sebum level
tends to decrease after menopause. In males, no
significant change occurs until the eighth decade
(Zouboulis and Boschnakow 2001).

Sebocytes are components of sebaceous glands
which synthesize and store lipid (Hong
et al. 2008). Two of the signals for sebocyte devel-
opment are β-catenin and lymphoid enhancer fac-
tor-1 (Lef-1). Stem cell progeny chooses the
lineage according to the level of β-catenin
(Niemann et al. 2003; Takda et al. 2006). Low
levels stimulate epidermis and sebaceous gland
formation, while high levels make the stem cell
go toward making hair follicles. There are intra-
cellular signaling molecules which control lineage
differentiation. Examples of these molecules are
transcription factor 3 (Tcf3), Lef-1, Indian hedge-
hog (IHH), and sonic hedgehog (SHH). SHH is
needed for terminal hair lineage differentiation
(Fuchs et al. 2001; Merrill et al. 2001; Nicolaides
1974; Niemann et al. 2002). IHH along with other
molecules is involved in the development of
sebocytes (Allen et al. 2003).

Sebaceous glands have different functions;
they produce sebum, regulate cutaneous steroid
synthesis and local androgen synthesis, interact
with neuropeptides, synthesize certain lipids hav-
ing antimicrobial effects, and have anti-
inflammatory and pro-inflammatory effects
(Zouboulis et al. 2002, 2003; Zouboulis 2000,
2001; Fritsch et al. 2001; Thiboutot et al. 2003;
Wille and Kidonieus 2003a; Böhm et al. 2002). In
humans, sebum contributes to maintain a func-
tional epidermal barrier. Other exact roles of
sebum in humans (such as protection against
UV-B radiation and being a source of antioxidants
especially vitamin E, anti- and pro-inflammatory
substances, and antimicrobial peptides and

pheromones) remain to be completely understood
(Proksch et al. 2008; Zouboulis et al. 2008; Smith
and Thiboutot 2008). There is some evidence
suggesting that dietary factors may alter the out-
put of sebocytes. Increased amount of fat or car-
bohydrate in the diet may increase sebum
production, while decreased caloric intake might
have the reverse effect. Variations in carbohy-
drates might also affect sebum composition
(Llewellyn 1967; MacDonald 1964, 1967;
Downing et al. 1972; Pochi et al. 1970).

5 Sebocytes Versus Adipocytes

The similarities of these two cells are as follows:
large amounts of lipid accumulation, similar types
of receptors, and partially similar enzymes
involved in lipid production (Smith and Thiboutot
2008). The differences are as follows: lipid pro-
duction, composition, and secretion differ in
them. Besides, their origins are different: hair
follicle keratinocytes for sebocytes and mesen-
chymal cells for adipocytes (Schneider and Paus
2010; Schneider et al. 2009).

6 What Is Sebum?

In mammals, sebaceous glands produce a mixture
of relatively nonpolar lipids. It acts as a heat
insulation layer and also a hydrophobic protection
against overwetting. In manymammals sebaceous
glands produce and deliver pheromones. In furry
mammals it is also used for thermoregulation. It
has different ingredients and functions in different
species (Montagna 1974; Nikkari 1974; Pochi
1982; Wheatley 1956; Thody and Shuster 1989).
For instance, sebaceous gland secretions of ham-
ster skin lack squalene and wax esters found in
human skin sebum (Ito et al. 1998). Sebum den-
sity at 4 �C (gcm�3) is 0.90� 0.01 and its freezing
point is between 15 �C and 17 �C (Burton 1970).
Melting point of free fatty acids and triglycerides
is between 20 �C and 30 �C (D€unner 1946).
Sebum surface tension (mN m�1 or dyne/cm) is
24.9 � 2.6 between 26.5 and 31.0 �C. The sebum
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viscosity 0 (poise) is 0.552 at 38 �C and 0.664 at
36 �C (Butcher and Coonin 1949) and about 0.5 at
30 �C (at about 30 �C some components become
viscous and the sebum viscosity increases irregu-
larly) (Burton 1970).

Human sebum is a mixture of sebaceous lipids
and cell debris. It is made of wax esters (made
from fatty acids and fatty alcohols), glycerides,
squalene (an intermediate in cholesterol synthesis
made through fusion of two molecules of farnesyl
pyrophosphate by squalene synthase), choles-
terol, cholesterol esters, and free fatty acids
(Pappas et al. 2002). Their contribution to
human sebum is as follows: triglycerides, diglyc-
erides, and free fatty acids 57 %, wax esters
26–30 %, squalene 12–20 %, cholesterol esters
3–6 %, and cholesterol 1.5–2.5 %. This differs
significantly from epidermal lipid components
which are as follows: glycerides 30–35 %, free
fatty acids 8–16 %, wax esters and squalene 0 %,
cholesterol esters 15–20 %, and cholesterol
20–25 % (Schneider and Paus 2010; Smith and
Thiboutot 2008; Picardo et al. 2009).

Squalene and some of the fatty acids are solely
made by sebaceous glands (Pappas et al. 2002). In
the human body, squalene and wax esters are only
found in sebocytes (Schneider and Paus 2010). In
vitro synthesis of squalene, wax esters, and cho-
lesterol esters is less than their in vivo synthesis.
However, this can be enhanced by using
arachidonic acid (AA) and linoleic acid
(LA) (Sanders et al. 1994; Zouboulis
et al. 1998). Squalene may be a marker of
sebocytes’ terminal differentiation (Zouboulis
et al. 1998). The squalene is a linear intermediate
in the cholesterol synthesis pathway. It is not
converted into lanosterol and this stops the com-
pletion of cholesterol synthesis and leads to accu-
mulation of squalene; the reasons which might
explain this are not crystal clear; however the
possibilities may be overexpression or increased
activity of the enzyme squalene synthase or
decreased level or activity of other enzymes in
the cholesterol synthesis pathway (Smith and
Thiboutot 2008).

β-Oxidation of LA is a sebocyte-specific pro-
cess and is related to the level of sebocyte differ-
entiation (Pappas et al. 2002). Branched-chain

fatty acids and lipids which are desaturated in a
particular way are unique characteristics of
sebum. The enzyme which catalyzes the
sebocyte-specific desaturation is called Δ6
desaturase (fatty acid desaturase-2). This enzyme
is mainly found in sebocytes which are differen-
tiated. These cells are found in the suprabasal
layers of sebaceous glands. Therefore, this
enzyme can be regarded as a functional marker
for activity and differentiation of sebocytes
(Ge et al. 2003).

Palmitoleic (sapienic) and sebaleic acids are
predominant fatty acids and are unique in
humans (Nicolaides 1974; Pappas et al. 2002;
Ge et al. 2003; Stewart et al. 1986a). Δ6
desaturase converts palmitic acid (16:0) to
sapienic acid (16:1, Δ6). Sapienic acid repre-
sents about 25 % of total fatty acids. Sapienic
acid can be further elongated by a 2-carbon unit
and its further unsaturation produces sebaleic
acid (18:0, Δ5,8). The ratio between Δ6 and Δ9
unsaturated fatty acids is suggested as an index
for sebocyte maturation and their associated met-
abolic processes (Ge et al. 2003; Zheng
et al. 1999). Palmitoleic acid has antibacterial
activity against gram-positive bacteria like
P. acnes (Wille and Kidonieus 2003b). Animal
studies have suggested a new role for the
sebocytes associated with the ability to secrete
antibacterial proteins and sterol regulation
(Nagai et al. 2005).

Sebum is abundant on the head, face, neck,
shoulders, back, and anterior thorax except
breasts. Around female nipples there are large
sebaceous glands. On external genitalia, the
amount of sebum is less and other areas have
very few sebum. Palms and soles do not have
any sebum (Emanuel 1938). Sebum lipid compo-
sition changes with age or the activity of the
glands (Nikkari 1974; Ramasastry et al. 1970;
Stewart and Downing 1985; Jacobson
et al. 1985). There are differences in proliferation
of sebaceous glands in different locations regard-
ing their response to androgens, and this is due to
their different sensitivities to androgen effects
(Akamatsu et al. 1992).

The amount of surface sebum is expressed as
casual level (CL) which is the amount of sebum
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per unit of skin surface area (Agache 2004; Kim
et al. 2006). Skin is classified into three different
skin types in terms of individuals’ subjective
feelings being oily, normal, and dry. However,
it has been proposed that people usually regard
their skins drier than what is objectively mea-
sured on their facial skin. Therefore, simple
subjective classification of skin type is not a
useful method of classification (Youn
et al. 2002). The maximum amount of CL is
on the forehead (having usual values between
100 and 200 μg/cm2 in adults with normal
sebum secretion) and on the scalp.
Hyposeborrhea is defined as CL less than
50 μg/cm2 and hyperseborrhea is CL of more
than 500 μg/cm2 which is due to both more
sebum production and higher density of seba-
ceous glands (Greene et al. 1970; Pierard 1987).

CL shows daily fluctuations: at night, there is a
6–7 % reduction which returns to the previous
level in the morning (Mavon 1997). There are
also seasonal fluctuations with about 30 % higher
CLs at the beginning of the summer compared to
autumn (Constans et al. 1985). This is not due to
the increase in the number of secreting sebaceous
glands (Piérard-Franchimont et al. 1990). Tem-
perature also affects CL: at an external tempera-
ture of 40 �C, the sebum is very fluid and the CL
and re-fatting rates are high, while at 10 �C, the
sebum is solid and the CL is very low (D€unner
1946). Most of the sebum will probably undergo
cutaneous absorption, with part of its components
(especially squalene) being used by keratinocytes
(Blanc et al. 1989).

7 Immortalized Sebocyte
Lineages

SZ95 sebocytes are human sebaceous gland cell
lines used for research involving the sebaceous
gland. They are immortalized cell lines of
sebocytes which can be cloned and have major
characteristics of normal human sebocytes and
can subsequently undergo apoptosis (Wróbel
et al. 2003; Zouboulis 1992; Zouboulis
et al. 1991, 1999). CCAAT/enhancer-binding pro-
tein transcription factors, galectin-12, resistin, and

sterol regulatory element-binding protein
1 (SREBP1) are lipogenic factors which have
been found in SZ95 sebocytes (Harrison
et al. 2007). Another lineage of immortalized
sebocytes is called SEB-1. They also have char-
acteristic proteins of human sebaceous glands.
Their cytoplasm can induce Oil Red O-positive
lipid droplets (Thiboutot et al. 2003). E6E7 is
another immortalized sebocyte lineage. Like the
SZ95 lineage, E6E7 expresses k7 and involucrin
and they respond to chemicals in a similar way
(Lo Celso et al. 2008).

8 Sebocyte Receptors

Peptide hormones and neurotransmitter receptors
are CRH receptors 1 and 2, melanocortin 1 (regu-
lates inflammation) and 5 (marker of differentia-
tion) receptors, μ-opiate receptors (bind
β-endorphin and stimulate lipogenesis), VPAC
receptors (bind vasoactive intestinal peptide),
neuropeptide Y (NY) receptors (cytokine synthe-
sis), calcitonin gene-related peptide (CGRP)
(localized with substance P), cannabinoid recep-
tors 1 and 2 (sebocyte differentiation), histamine-
1 receptor (squalene synthesis regulation),
insulin-like growth factor (ILGF)-1 receptor
(lipid accumulation in sebocytes), and growth
hormone (GH) receptors (increased differentia-
tion and increased DHT effect on lipogenesis)
(Zouboulis et al. 2002; Böhm et al. 2002, 2004;
Deplewski and Rosenfield 1999; Dobrosi
et al. 2008; Krause et al. 2007; Makrantonaki
et al. 2004; Pelle et al. 2008; Seiffert et al. 2000;
St€ander et al. 2005; Zhang et al. 2006).

Nuclear receptors (bind a hormone-specific
hormone response element) include androgen
receptors (increased proliferation) and other
types of receptors. Androgen receptors have
been found in sebaceous glands, eccrine glands,
and hair follicle mesenchymal cells. In human
skin, these receptors have been found with highest
density on sebaceous glands. Both basal and dif-
ferentiating sebocytes have androgen receptors
and this shows that androgens play a role in
sebocyte proliferation regulation and also in lipo-
genesis. Other nuclear receptors include
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progesterone receptors (nuclei of basal
sebocytes), estrogen receptors α (basal and early
differentiated sebocytes) and β (basal and partially
differentiated sebocytes) (increased polar lipids),
retinoic acid receptors (RARs) α and γ (prolifera-
tion regulation), retinoid X receptor (possibly reg-
ulates lipogenesis), vitamin D receptor
(proliferation regulation and cell cycle regulation,
lipid content regulation, IL-6 and IL-8 secretion
modulation), PPARs (increase lipogenesis and
PGE2 release, increase cyclooxygenase-2 synthe-
sis and IL-6 secretion), and liver X receptors
(increase lipogenesis, decrease proliferation,
decrease cyclooxygenase-2 and nitric oxide
synthase) (Hong et al. 2008; Bla€uer et al. 1991;
Choudhry et al. 1992; Liang et al. 1993;
Akamatsu et al. 1993; Alestas et al. 2006; Fimmel
et al. 2007; Kim et al. 2001; Makrantonaki and
Zouboulis 2007; Pelletier and Ren 2004;
Reichrath et al. 1997, 2000; Russell et al. 2007;
Schmuth et al. 2005; Schuler et al. 2005; Thornton
et al. 2003, 2006; Tsukada et al. 2000; Zouboulis
et al. 2007).

The vanilloid receptor is present in sebocytes
which are differentiating and its ligand (capsaicin)
decreases differentiation (Tóth et al. 2005).

9 Hormones and Sebaceous
Glands

Sebocytes produce hormones including
corticotropin-releasing hormone (CRH), andro-
gens, estrogens, atRA, cortisol, vitamin D3, and
eicosanoids (prostaglandins (PGs), prostacyclins,
leukotrienes (LTs), and derivatives of AA)
(Zouboulis 2000, 2005; Zouboulis et al. 2008).
The skin has a corticotropin-releasing hormone
(CRH)/proopiomelanocortin (POMC) system
which can deal with signals with the potential to
damage cells (Solminski et al. 2000). Nerves in
the dermis and different cutaneous cells including
sebocytes synthesize and release CRH in response
to pro-inflammatory cytokines. CRH has recep-
tors in sebocytes and when these receptors are
activated, they lead to regulation of nonpolar
lipids and expression of 3β-hydroxysteroid dehy-
drogenase-Δ (Deplewski and Rosenfield 2000)

isomerase (Zouboulis et al. 2002). CRH stimu-
lates the secretion of α-melanocyte-stimulating
hormone, and this in turn reduces interleukin
(IL)-8 synthesis in sebocytes in vitro (Böhm
et al. 2002). In sebocytes, CRH directly
upregulates conversion of dehydroepiandroster-
one (DHEA) into testosterone using the enzyme
3β-Δ (Deplewski and Rosenfield 2000)-
hydroxysteroid dehydrogenase (3β-HSD). Also,
synthesis of neutral lipids and IL-6 and IL-8 is
stimulated with CRH (Fritsch et al. 2001;
Zouboulis et al. 2002; Krause et al. 2007). Differ-
ent hormones including testosterone, estrogen,
growth hormone, and others regulate expression
of the abovementioned receptors. Adrenocortico-
tropic hormone induces cortisol secretion (Stew-
art et al. 1986b). All enzymes which are needed to
transform cholesterol to steroids and adrenal pre-
cursors including dehydroepiandrosterone
(DHEA) sulfate and DHEA are found in the skin
(Zouboulis 2000; Thiboutot et al. 2003). Testos-
terone gets converted into 5α-dihydrotestosterone
(DHT) using the enzyme 5α-reductase. The type I
of this enzyme is the predominant type in seba-
ceous glands, sweat glands, and the epidermis.
The highest activity is found on the sebaceous
glands of the face and scalp (Luu-The
et al. 1994; Thiboutot et al. 1995; Chen
et al. 1998).

Animal studies have suggested that for termi-
nal differentiation of sebocytes, DHT and perox-
isome proliferator-activated receptor (PPAR)
ligands should both be present (Rosenfield
et al. 1998). PPARs in human sebocytes have a
regulatory role on different lipid metabolic genes
in sebocytes, mitochondria, peroxisomes, and
microsomes (Fritsch et al. 2001; Zouboulis
et al. 1998; Chen et al. 2003; Brun et al. 1996).
Glucocorticoids can affect sebaceous glands.
Patients suffering from adrenal insufficiency
have reduced amounts of sebum secretion.
Decreased levels of androgens might be an expla-
nation for the mechanism of glucocorticoid action
(Pochi et al. 1963; Goolamali et al. 1974). Estro-
gens show inhibitory effects on sebaceous activ-
ity, possibly through their inhibitory role on
gonadotropin secretion or enhancement of bind-
ing between testosterone and its binding globulin
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(Montagna 1974; Zouboulis and Boschnakow
2001; Zouboulis 2000; Strauss et al. 1962; Guy
et al. 1996). Cortisol, estrogen, and atRA
decrease differentiation while increasing prolifer-
ation and decreasing intracellular accumulation
of neutral lipids (Wróbel et al. 2003; Harrison
et al. 2007; Chen et al. 2006). Prolactin can affect
sebaceous glands indirectly through its effect on
increasing adrenal androgen production
(Glickman et al. 1982). In the logarithmic phase
of cell growth and differentiation, vitamin D3 is
antiproliferative in SZ95 sebocytes. Also, in ham-
sters, it decreases lipogenesis (Sato et al. 2001;
Schreiner et al. 2003). Lipogenesis can be regu-
lated by all-trans retinoic acid and androgens in
sebocytes of both hamsters and humans. Fibro-
blast growth factor (FGF), transforming growth
factor (TGF)-α, and epidermal growth factor
(EGF) have shown to be mitogenic in sebocytes
of hamsters. TGF-α and FGF act as anti-lipogenic
agents (Zouboulis et al. 1999; Sato et al. 2001;
Akimoto et al. 2002). Inflammatory signals can
be induced by eicosanoids in human sebocytes
(Alestas et al. 2006). In patients with acne, nerves
around sebaceous glands express substance P,
though in acinar peripheral regions,
undifferentiated sebocytes produce substance P
inactivator neutral endopeptidase (Makrantonaki
et al. 2004). Also in these patients, UV-induced
fluorescence on the face has been reported to be
correlated with casual sebum level. Distribution
of fluorescence changes as age of onset differs
and as the patient ages. The number and distribu-
tion of acne lesions are associated with amount
and distribution of UV fluorescence (Choi
et al. 2012).
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1 Utility

Many conditions can affect the function of seba-
ceous glands, so assessment of sebaceous func-
tion can be useful for evaluation of the
pathogenesis of skin diseases, diagnosis of some
diseases (such as hypoandrogenic syndromes),
efficacy of skin and hair care products, and med-
ical treatments.

2 What Can Be Assessed?

2.1 The Composition of Skin
Surface Lipid (SSL)

The composition of the secreted sebum is an indi-
vidual characteristic and depends on the person’s
age, his/her hormonal system, and function of body
region (Wójcik et al. 2011). The SSL is composed of
lipids originated from sebum and also lipids with
epidermal origin (keratinocyte intercellular spaces).
Lipids produced by the epidermal cells are an insig-
nificant fraction of the total extractable surface lipid
on areas rich in sebaceous glands. Lipids of epider-
mal origin fill the spaces between the cells, like
mortar or cement. The sebaceous lipids are primarily
nonpolar lipids as triglycerides, wax esters, and squa-
lene, while epidermal lipids are a mixture of
ceramides, free fatty acids, and cholesterol (Pappas
2009).

The sebaceous lipid mixture is highly complex
and consists of triacylglycerols, diacylglycerols,
and free fatty acids, which together account for
50–60 % of its composition. SSL also contains
20–30%wax esters (WE), 10–16% squalene, and
2–4 % cholesterol esters (Picardo et al. 2009). It is
believed that free fatty acids which are present on
the skin surface appear as a result of partial hydro-
lysis of triglyceride (Downing et al. 1969). Also
the relative composition of sebum depends on the

sampling method used. In particular, if the major
components of sebum, triglycerides, are sampled
before or after their modification by bacteria
(which hydrolyze them to free fatty acids and
glycerol) (Pappas 2009).

2.2 The Quantity of Sebum
Excretion

2.2.1 Sebum Casual Level
The natural skin lipids spread as a nonuniform thin
layer on the skin surface. This spontaneous layer is
known as the “casual level” of skin surface lipids,
expressed in μg/cm2 (Rode et al. 2000a). It ranges
from 100 to 700 μg/cm2 on the forehead of normal
adults. It is a static parameter, expressing the
amount of SSLs present on an untreated skin sur-
face (Clarys and Barel 1995). Sebaceous glands are
scattered all over the body except for palms, soles,
and the dorsum of the feet (Smith and Thiboutot
2007). The greatest number of the glands and the
amount of sebum is on the face (T-zone, especially
the forehead), back, and chest, and it may range
from 400 to 900 glands/cm2 (Thody and Shuster
1989). The number of active sebaceous glands and
the amount of sebum per unit skin surface area
(casual level) are different in different people, but
the shape and distribution in a human body seem to
remain constant during the life; however, their size
changes – it grows with age (Pierard 1986;
Zouboulis and Boschnakow 2001).

2.2.2 The Refatting Rate
Because of this thin layer of lipids, dirt and cell
debris may stick to the skin. This contamina-
tion makes real-value sebum excretion mea-
surements almost impossible. The dirt, cell
debris, and droplets of excessive lipid can be
removed from the skin surface with solvents.
By removing the surface lipids, the skin is
degreased or defatted, creating an opportunity
for a real impression of the rate of sebum
excretion. Refatting time is the time from
defatting until casual level is reached. Washing
gently with a detergent solution and then
performing three wipes with alcohol is optimal
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for degreasing the forehead, nose, and chin.
For the cheek and upper back, it is sufficient
to use a mild soap. Casual level is reached after
2 h in all seborrheic areas, irrespective of level
of oiliness (Rode et al. 2000a).

2.2.3 The Secretion Rate
Measuring sebum secretion is the focus of con-
stant attention of dermatologists, cosmetologists,
and pharmacists as well as after cosmetic pro-
ducers. We can do it with various methods
which were already used in the past. Measurement
of sebum excretion rate (SER) is tedious and time-
consuming. It is now possible to measure SER 1 h
after degreasing with a 70% ethanol solution. The
skin surface lipids (SSL) collected during this
time have similar composition to those collected
for up to 7 h. A qualitative and quantitative study
of sebaceous excretion showed that the refatting
kinetics obeyed the same mathematical law, inde-
pendent of the subjects’ individual SER (Saint-
Leger and Cohen 1985).

2.2.4 The Sebum Replacement Time
The time required to recover CL after cleaning the
sebum from the skin surface is called sebum
replacement time. It is a time taking measurement
and so difficult to manage which makes it less
frequently used (Agache 2004).

2.2.5 The Density of Sebum-Rich
Reservoirs

The number of spots over a plastic film is related
to the density of sebum which exists in rich fol-
licular reservoirs.

2.2.6 The Instant Sebum Delivery
This parameter presents the unpremeditated secre-
tion of sebum from follicular reservoirs. It can be
obtained using Sebufix tape on the skin surface for
a few seconds.

2.2.7 The Follicular Excretion Rate
This measurement has been presented to estimate
the delivery rate of sebum from follicular
reservoirs.

2.3 Glandular Parameters

Glandular parameters include density, distribu-
tion, and level of activity of active sebaceous
glands (Agache 2004).

3 Methods for Collecting Sebum

Various methods have been developed for
collecting the SSL on the human skin, and
although these were used in the past, these are
still practical and operative.

3.1 Solvents

The technique is based on the solubility of the
SSLs in solvents. For the measurement of SSL
of hairless skin, it can be collected by scrubbing
the skin surface with a degreased cotton pad, a
polyurethane sponge, or a swab and then extracted
with a solvent.

The cup method should be used for assessment
of the amount of SSL per unit surface area (CL).
In this method a hollow cylinder made of metal,
glass, or plastic is placed on the skin. Then an
exact amount of a solvent is poured into a cylinder
and is collected after 1 or 2 min. Finally, the
solvent is evaporated and the lipids weighted.
Also the amount of the sebum collected through
this method can be evaluated by high-
performance thin-layer chromatography or densi-
tometry (Piérard et al. 2000).

For collecting SSL from hairy skin, the best
method is to rinse the hair with a solvent (e.g.,
ether). For separating the hairs and squames, it is
filtered by usingWhatman paper and then evaporated.

Unfortunately, in this method there is no con-
trol of the amount of sebum collected from follic-
ular reservoirs which may have an influence on
the results. On the other hand, the application of
these solvents can alter the physiology and struc-
ture of the stratum corneum (SC); hence, this
method is no longer recommended for assessing
the amount of SSLs (Piérard et al. 2000).

The solvents most commonly used in stud-
ies are shown in Table 1. It seems the most
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convenient and the best option is ether (Agache
2004).

3.2 Absorbent Paper Pads

One of the most widely used methods for mea-
surement of sebum secretion rate is the cigarette
paper which was introduced by Strauss and Pochi
and improved by Cunliffe and Shuster (1969).
This method has been applied for measuring
sebum secretion rate and sebum glandular param-
eters (Agache 2004). The absorbent capacity of
papers differs, and it is necessary to check that the
saturation point will not be reached and the paper
absorbs the different components equally.

For this purpose, the paper can be checked by
using artificial sebum (Agache 2004; Blanc and
Agache 1980). Artificial sebum has been used for
studies on properties of the skin and hair. One
study showed that a mixture of 17 % fatty acid,
44.7 % triglyceride, 25 % wax monoester (jojoba
oil), and 12.4 % squalene is very similar to human
sebum. It is stable on exposure to the atmosphere
at 32 �C for at least 48 h, and it is also stable on
storage at 4 or �20 �C, either dry or in chloro-
form/methanol solution for at least 6 months. This
synthetic sebum could be useful in studies on
cosmetic properties of the skin surface or hair,
on penetration of chemicals into the skin, or in
development of standardized tests of laundry
detergent performance (Wertz 2009).

The skin is first cleansed to remove surface
lipids. A previously extracted cigarette paper is
then placed against the skin and held in place
with an ace bandage. After a 3-h collection
period, the cigarette paper is removed. Lipids

are extracted from the paper using ethyl ether
and quantified either by weighing or by quanti-
tative thin-layer chromatographic analysis
(Sisalli et al. 2006; Downing et al. 1982).
When samples are extracted for quantitative
analysis, an internal standard (e.g., methyl
nervonate) can be added to the extraction sol-
vent (Clarys and Barel 1995).

A combined method for cigarette absorbent
paper is interposing the paper between the skin
and a UV-light video camera (Visioscan VC 98, C
+K Electronic, Cologne, Germany). After defined
collecting time (45 s or more), pictures of the lipid
droplets are analyzed by computerized image
analysis.

3.3 Bentonite Gel

Bentonite has been used to adsorb sebum. Ben-
tonite gel is a water suspension of 15.5 %
bentonite clay and 0.2 % carboxymethyl cellu-
lose (Collison et al. 1987; Jacobsen
et al. 1985a). After washing the skin with
soap and water and swabbing with an
ethanol-soaked gauze pad, a thin layer of ben-
tonite gel is applied to the skin. In initial stud-
ies, two 1.8-mm diameter circular disks of
Dacron mesh were pressed into the bentonite,
and these were covered with additional benton-
ite. At 3-h interval thereafter, the Dacron disks
and adhering bentonite were replaced and sam-
pling continued for 24 h. The amount of sebum
adsorbed per disk over 3 h decreases steadily
for about the first 12 h, after which the rate of
sebum secretion becomes constant. The excess
sebum secreted during the initial 12 h of

Table 1 Solvents for collecting SSL and their features

Solvents Features

Ether (diethyl ether) The most convenient, widely used, moderately polar

Ether-ethanol mixture Extracts nearly all known lipids

Ethanol (EtOH) Well tolerated

Petroleum ether Leaves the polar group of free fatty acids and water

Hexane Leaves the polar group of free fatty acids and water

Acetone Difficult solving of waxes

Carbon tetrachloride –

Methanol-chloroform mixture Too aggressive for in vivo studies, produces epidermal damage
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collection is interpreted as a reflection of a
follicular reservoir. Only after this reservoir is
depleted is the sustainable sebum secretion rate
measurable (Harris et al. 1983).

This sustainable secretion rate is equal to the
rate of synthesis in the glands. In later studies,
bentonite was applied to the skin, and a rectangu-
lar piece of Dacron mesh large enough to cover
most of the skin was pressed into the gel and
covered with additional bentonite. After 7 h, the
Dacron mesh on the forehead was replaced, and
after another 7 h (to deplete the reservoir), the
rectangular Dacron was replaced with two circular
disks of Dacron for a final 3-h collection period,
reflecting the sustainable rate of sebum secretion.
The lipids were extracted from the bentonite into
ethyl ether and analyzed by quantitative thin-layer
chromatography. In a variant on this method, the
final collection period after depletion of the follic-
ular reservoir was extended to 9 h, and the
extracted sebum was quantified gravimetrically
(Harris et al. 1983).

The bentonite clay method seems to be sensi-
tive to collect sebum in very low sebum condi-
tions, but its major drawback is the fact that it
takes at least 12 h for collecting the SSLs, making
it the most cumbersome and time-consuming
method (Stewart and Downing 1985).

3.4 Frosted Glass

Schaefer and Kuhn-Bussius demonstrated that
sebum secretion could be measured by
collecting it on a slide of frosted glass which
was applied for 30 s on the skin and measuring
the transparency. As sebum is adsorbed on the
rough surface, it spreads and fills the micro-
scopic pockets. This smoothes the surface and
will result in less light scattering when the plate
is illuminated with a beam of light. The relation-
ship between the amount of adsorbed lipid and
light transmission was quantified and shown to
be nonlinear. Subsequently, several instruments
based on this principle have become commer-
cially available. The first of this is the Lipometer
introduced by L’Oreal (Aulnay-sous-Bois,
France). More recently, the Sebumeter has been

made by Courage + Khazaka Electronic (Koln,
Germany). These instruments allow measure-
ment of the amount of sebum on the skin surface
or the sebum secretion rate, which can be made
easily within a few minutes. The important
advantage of this method is that it bears no risk
of uneven retrieval of the components. However,
calibration can be difficult, and unless the seba-
ceous reservoir has been depleted, this will be
the least accurate means for measuring sebum
secretion rates (Saint-Leger et al. 1979). This
method has been suggested for use in specific
temperature and humidity. Also the surface of
the glass must be cleaned and degreased before
using. The skin surface temperature must be at
least 30 �C because in lower temperatures some
sebum components become semisolid and
induce a change in optical density (Wójcik
et al. 2011; Saint-Leger et al. 1979). This
method is time-saving and highly reproducible
and needs no trained scientific staff compared
with previous techniques.

3.5 Plastic Film

3.5.1 Sebutape
The Sebutape# (CuDerm Corp., Dallas, Texas)
consists of a hydrophobic polymeric white film
(Kligman et al. 1986) and is used to measure the
sebum secretion (Dobrev 2007; Clarys and Barel
1996) and evaluate the distribution of skin pores
(Pierard 1986; Nordstrom et al. 1986). There are
innumerable, tiny air cavities, and the surface is
coated with a lipid-porous adhesive which
enables the tape to be sealed to the skin during
the period of collection. The film absorbs the
sebum originating from the follicular openings.
As sebum reaches the skin surface, it is rapidly
absorbed into the film. As the air within the
microcavities is displaced by sebum, the lipid-
filled cavities become transparent to light.
The output from each follicle forms a sharply
defined spot; the size corresponds to the volume
of the droplet. Sebum absorption by Sebutape is
slow and perhaps incomplete because of the
barrier of the glue (Saint-Leger and Cohen
1985).
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First, the skin surface is ordinarily prepared
by soap and water washing to remove debris
and lipids. For greater accuracy, complete
defatting can be obtained by wiping with a
gauze pad soaked in hexane. The film is placed
on the forehead for 1–3 h and then a computer
image analysis is conducted. In the places
where the sebaceous secretion has been
absorbed, the film becomes transparent.
Thanks to the placing of the film on the dark
background, we can receive the pore patterns.
These patterns can be assigned to one of five
categories, referring to images provided by the
manufacturer: prepubertal, pubertal, acne,
mature, or senescent (Clarys and Barel 1995).
Lipids which are examined with this method
can be also extracted and then analyzed with
thin-layer chromatography (Sisalli et al. 2006;
Nordstrom et al. 1986).

The self-adhesive application of the Sebutape
omits the difficult procedures encountered in the
cigarette paper method and the former extraction
methods. Moreover, the area under investigation
is covered during the procedure, resulting in a
more standardized collection. Compared with the
cigarette paper technique, the Sebutape requires a
shorter collection time, as most of the parameters
can be determined after 1 h of collection and also,
most of the evaluation methods described can be
carried out on the same Sebutape: kinetic color
measurement during the collection period, image
analysis after the collection period, and quantita-
tive and qualitative analysis after extraction of the
lipids from the tape.

3.5.2 Sebufix F16
The Sebufix instrument is also commonly used.
Here, like in the Sebutape, we use a polymer film
to measure the activity of the sebaceous glands.
The film is image analyzed with a UV-light video
camera (Visioscan® VC 98, C + K Electronic,
Cologne) device (Dobrev 2007). The Sebufix is
thus very similar to the Sebutape; the only differ-
ence is the fact that in the case of the Sebutape, the
film is placed on the selected area for 1–3 h and in
the other for 30 s (Clarys and Barel 1996). There-
fore, the Sebufix allows for measuring sebum
secretion within a shorter period of time.

The method is not really quantitative because
the relation between the surface of a spot and the
quantity of sebum it contains is not known and
several spots can rapidly coalesce. Accordingly, it
cannot measure the CL, but it may provide an
estimate of the refatting rate. It can display the
distribution of the active sebaceous gland and the
individual refatting rate of each gland (Saint-
Leger and Cohen 1985).

3.5.3 Sebumeter SM 810
This device facilitates objective measurement of
sebum from the skin surface areas and can be used
to determine the level of sebum on the skin surface
or the rate of its secretion (Knaggs et al. 1999;
Tagami 2003; Schaefer and Kuhn-Bussius 1970;
Bergler-Czop and Brzezińska-Wcisło 2010; Biro
et al. 2003). It cannot, however, determine the
state of the sebaceous glands (Son et al. 2008).
In order to gather sebum secretion, the film is
pressed to the skin or hairy skin or other areas of
the body for 30 s. Then the film with the sebum
gathered is subjected to a photometric analysis
and gives the sebum index. The Sebumeter is a
simple device, easy to operate, which can be used
to make an objective classification of dry, normal,
or oily skin (Nouveau-Richard et al. 2007; Youn
et al. 2005; Kim et al. 2006) as well as to evaluate
“the biological age” of the skin (Jacobsen
et al. 1985b;Marrakchi andMaibach 2007; Firooz
et al. 2012).

Nevertheless, one study has shown that a
statistically significant difference was present
between the oily and dry skin types. However,
there were no statistical differences between
oily and normal, and normal and dry skin
types. So subjective skin type does not match
the amount of sebum secreted. Thus, this sim-
ple and subjective classification is of very lim-
ited use and it should be reevaluated by using
an objective and standardized measuring tool
(Yong et al. 2002).

Compared with Lipometer® (L’Oreal, Aulnay-
sous-Bois, France), the Sebumeter is more user-
friendly and there is no need to clean the probe at
each assessment. Thanks to its integrity, reproduc-
ibility, commercial availability, easy handling and
operating, short measuring time, and numerical
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values, the Sebumeter is now used in most of the
sebum evaluation studies (Ambroisine et al. 2007;
Lee et al. 2006; Cheng et al. 2007, 2009; Stinco
et al. 2007; Akhtar et al. 2010).

3.5.4 Sebumeter SM 815(Cassette)
The measurement is based on grease-spot pho-
tometry. The Sebumeter cassette contains a mat
synthetic tape, 0.1 mm thick. A special tape
becomes transparent in contact with the sebum
on the skin surface. For sebum determination,
the measuring head of the cassette is inserted
into the aperture of the device, where the trans-
parency is measured by a light source sending
light through the tape which is reflected by a
little mirror behind the tape. A photocell mea-
sures the transparency. The light transmission
represents the sebum content on the surface of
the measuring area and is displayed in units from
0 to 350. The measuring time of 30 s is con-
trolled by a clock set in the device. The measur-
ing head of the cassette exposes a 64 mm2

measuring section of the tape. For a measure-
ment, the tape is moved forward by a trigger at
the side of the cassette to expose a new section of
tape. The used tape is rewound inside the cas-
sette. The accuracy of this tool is about �5 %. It
would be the best choice for assessment of SSLs
on hairy skin and scalp skin.

3.5.5 Applications of Sebumeter
1. To objectively classify skin type as dry, nor-

mal, or oily (Firooz et al. 2007; Davari
et al. 2008; Seirafi et al. 2009; Davoudi
et al. 2010)

2. To study the effectiveness of hair and skin
cosmetic products

3. To study sebaceous gland activity in different
diseases

4. To assess the effectiveness of different kinds of
treatment on skin diseases

3.6 Skin Surface Cast

This absorbing material is a mixture of plaster of
Paris and water which gives a smooth paste. After
degreasing of the skin surface by a solvent, it is

spread over the skin and after 20 min will become
solid. It is easily evaluated using a staining prod-
uct. Osmic acid is a good material which has been
used for this purpose (Sarkany and Gaylarde
1968).

4 Global Assessment of the SSL
Casual Level

The casual level is a static parameter, expressing
the amount of thin layer of SSLs when the skin
surface remains untouched for several hours. The
basis of global assessment of the SSL casual level
is to sample the SSL on the skin surface in its
spontaneous phase, at least 5 h after defatting and
at least 24 h after application of a cosmetic prod-
uct (Kligman 1963). If

Two methods have been defined for measure-
ment of casual level.

4.1 Gravimetric Method

In case of sampling the sebum with solvent, the
latter is evaporated under a nitrogen flow and the
remaining sebum will be weighed. To ensure reli-
able outcomes, strict situation and precision are
needed:

1. Sensitivity of scale: up to 0.01 mg
2. Clean field: protected from drafts
3. Field: placed on a special table or concrete base

or a stone
4. Reduction of static electricity: by using alumi-

num containers
5. Stability: thermal stability and reduced relative

humidity in the room and inside of the scale
(where it is controlled by silica gel)

If the skin surface sebum is collected with filter
paper, the initial and original method, which
includes immersing the paper in a solvent for
several hours, is used to extract lipids. Then the
solvent is evaporated and the remaining lipid
weighed. All the precision steps must be followed
as above and also any contact with fingers must be
avoided (Saint-Leger and Cohen 1985).
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4.2 Photometric Method

All materials used for sampling the SSL (glass
slide, Sebutape, Sebufix F16, Sebumeter tape)
have a different sampling modulus, so they can
collect only a part of the SSL. Their modulus
depends on three main factors:

1. Capacity of the material for absorbing
2. The available area on the sensor
3. Skin surface lipid viscosity

Two factors influencing on the absorbing
capacity of the material and the available area
on the sensor include roughness and cleanliness
of the slide. The main factor which influences on
the SSL viscosity is temperature. It seems that
repeated sampling on the same area avoids the
feature bias in measurements.

5 Refatting Rate

5.1 Free Refatting Rate

The level of skin surface sebum 1 h after
degreasing is called free refatting rate or sebum
replacement rate. When the skin surface lipids are
removed, the time which is needed to recover the
entirety of sebum is about 3–4 h, although the half
of it reforms in 30 min. But for this purpose, the
initial rate which can be assessed during the first
hour is applied as the free refatting rate (Agache
2004; Pie’rard-Franchimont et al. 2010).

5.2 Sebum Excretion Rate (SER)

Sebum excretion rate (SER) is a dynamic
parameter expressing the speed of production
of sebum in μg/cm2/min. This rate is an indica-
tor and quantifier of the activity of the seba-
ceous glands (Rode et al. 2000b). The duration
of the definitive collection period is important
because SER in the first hour after degreasing
the skin is equal to the free refatting rate, and
then it progressively decreases over the first
hours to become stable after 9 h. SER of the
first hour sampling usually ranges from 0.5 to
2.5 μg/cm2/min on the forehead (Pie’rard-
Franchimont et al. 2010). The measurement of
SER can be done with filter paper, clay gel,
Sebutape, and Sebumeter.

6 Density and Activity
of Sebaceous Glands

6.1 Osmic Acid (OsO4) Staining

The main factor of this method is that when OsO4

is encountered with unsaturated fatty acids, it is
reduced to osmium which shows a black color on
the field. In these kinds of studies, first sebum is
sampled by using an absorbent paper and then it is
placed in a flask containing wool and a few drops
of OsO4. The follicular ostia, where the sebum is
stored, are presented as black spots. The evalua-
tion is achieved using densitometry or computer-
ized image analysis (Lademann et al. 2001).

Table 2 The different parameters of sebaceous glands activity and the available methods for their assessment

Sebaceous gland
parameter

Methods of assessment

Solvents
Absorbent
pads

Bentonite
clay Sebutape Sebumeter Lipometer Sebufix

Casual level ✓ ✓ ✓

Sebum excretion rate ✓ ✓ ✓ ✓

Refatting rate

Instant sebum
delivery

✓ ✓

Follicular excretion
rate

✓ ✓

Glandular parameter ✓ ✓
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6.2 Sebufix F16 and Sebutape

In this method, the sebum-loaded film is exam-
ined through the light. The available evaluation
techniques for this purpose include densitometry,
computerized image analysis, photometry, and
colorimetry. Densitometry is the simple way to
achieve the global quantification of transplant
spots and is expressed in arbitrary units. All
parameters related to glandular production such
as the measurement of cumulated stained areas,
the number of spots per cm2, the average of the
spots, and the distribution of the sebum spots
versus their size are provided by computerized
image analysis (Serup 1991).

The different parameters of sebaceous gland
activity and the available methods for their assess-
ment are summarized in Table 2.
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1 Introduction

The presence of an adequate amount of water is an
essential prerequisite for the maintenance of the
normal structure and function of the stratum
corneum. It has been known since many years
that the electrical properties of the skin are related
to the water content of the stratum corneum. Mea-
surement of the total electrical resistance (imped-
ance) of the skin to an alternating current of
frequency F is the most widely used method for
assessing the hydration state of the skin surface.
The total impedance (Z) depends on two compo-
nents, a resistance R and a capacitance C, as
explained by a simple theoretical model where
the skin is submitted to an electrical alternating
circuit with a resistance in parallel with a capacitor
(Lévêque and de Rigal 1983; Bernengo and de
Rigal 2000; Tagami 2006; Barel and Clarys 2006;
Gabard et al. 2006). As pointed out by many
authors, the complex electrical impedance prop-
erties of the horny layer are dependent on the
water content of this layer but also on a variety
of other factors (ions, proteins, natural
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moisturizing factors, etc.). Many physical factors
may play a role in impedance measurements:
design of the oscillating electronic circuit and
frequency of the electrical current, geometry of
applied electrode on the skin (micrometer or mil-
limeter distance between the electrodes), measur-
ing depth of the electrical field in the skin, direct
galvanic contact or not with the skin surface,
pressure of application of the electrode, etc.

Comparative studies about the measuring
capabilities of the various electrical methods
have been published (Gabard et al. 2006; Clarys
et al. 1999, 2012; Fluhr et al. 1999; Xia
et al. 2009).

It is the aim of the present chapter to give an
overview of the available commercial instruments
but equally to discuss some recently developed
devices used for the assessment of skin surface
hydration.

2 Commercial Electrical
Instruments

2.1 Corneometer CM 825

The principles and characteristics of this capaci-
tance-based instrument manufactured by
Courage-Khazaka have been published by several
research groups (Barel and Clarys 2006; Gabard
et al. 2006; Clarys et al. 1999, 2012; Fluhr
et al. 1999; Xia et al. 2009; Corneometer CM
825, 2013; Heinrich et al. 2003). The instrument
has a flat measuring probe with an interdigitating
grid of gold-covered electrodes. During the mea-
surement there is no direct galvanic contact of the
electrode surface with the skin since the interdig-
itating grid is covered with a low dielectric vitri-
fied material. The pressure of application of the
measuring probe is lower than 1 N as assured by a
spring system triggering the capacitance measure-
ments. The frequency shifts from 0.95 MHz for a
hydrated medium to 1.15 MHz for a dry medium.
The variable total capacitance of the skin surface
is converted in arbitrary units (a.u.) of skin

hydration ranging from 20 (very dry) to
120 (well-hydrated) units. Skin penetration depth
of the electrical current is about 45 mm.

2.2 DermaLab Moisture Unit

The instrument is based on skin conductance mea-
surements and is manufactured by Cortex Tech-
nology (Gabard et al. 2006; Fluhr et al. 1999;
DermaLab conductance instrument 2013), operat-
ing at a single frequency of 100 MHz and deliv-
ering impedance units between 0 and 10,000 μS.
There are two moisture probes available: a classi-
cal flat-faced electrode for normal skin surface
and a pin probe featuring eight pin electrodes for
very dry and scaly skin and for scalp measure-
ments. There is galvanic contact between the elec-
trodes and the skin surface. A spring system
assures a constant pressure of application of the
probe on the skin surface (0.9 N) and triggers the
measurement of impedance.

2.3 Moisture Meter

These more recent instruments are manufactured
by Delfin Technologies. The technical description
of these instruments and their use has been
published (Alanen et al. 2004; Moisture Meter
2013). There are three types of instruments: the
classical model Moisture Meter D operating at a
frequency of 300 MHz, a compact and wireless
model of MoistureMeter D (same frequency), and
the new Moisture Meter SC, operating at
1.3 MHz. The Moisture Meter D instrument can
be equipped with four different probes with dif-
ferent diameters of the measuring head. As a
consequence measuring depths between 0.5 and
5.0 mm are obtained. Both versions of the Mois-
ture Meter D deliver hydration data expressed as
relative dielectric constant units. The Moisture
Meter SC, fully portable and with wireless data
transfer capabilities, is also equipped with a vari-
able application force system ranging from 0 to
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1.81 N. The measuring depth is 2 mm. This instru-
ment delivers arbitrary dielectric constant data
which are converted in water content (in percent).

2.4 Nova Dermal Phase Meter

These instruments are manufactured by Nova
Technology Corporation, and technical descrip-
tions of the system have been published (Gabard
et al. 2006; Clarys et al. 1999; Fluhr et al. 1999;
Nova DPM 9003 2013). The instruments measure
impedance of the skin at preselected frequencies
up to 1 MHz. The final readout is given in arbi-
trary DPM units. Different sizes of measuring
probes are available: DPM 9103 external diameter
of electrode 8.76 mm, DPM 9105 diameter
5.08 mm, and DPM9107 diameter 3.81 mm. Con-
stant pressure of application is assured by means
of a sensor switch spring system. Recently a hand-
held portable apparatus (Penguin) has been devel-
oped with a wireless transmission system of data.
This model delivers also data concerning skin
surface temperature and force of application of
the probe.

2.5 Skicon 200 EX

This instrument is commercialized by ISB Com-
pany (Tagami 2006; Gabard et al. 2006; Clarys
et al. 2012; O’Goshi and Serup 2007; co.jp,
skicon 200 EX 2013). Technical descriptions of
the most recent apparatus (Skicon 200 EX) have
been published (co.jp, skicon 200 EX 2013). The
Skicon 200 EX measures the impedance
expressed in micro-siemens (μS) units, at a single
frequency of 3.5 MHz. The measuring head con-
sists of concentric interdigitating gold-covered
electrodes with a gap of 200 mm between the
electrodes. There is direct galvanic contact
between the electrodes and the skin. Pressure
application of the electrode on the skin surface is
constant using a spring system (0.5 N) (Clarys
et al. 2012).

3 Recently Developed Devices

Other more sophisticated experimental devices
for measuring hydration and image hydration of
the skin have been recently developed.

3.1 Opto-thermal Transient
Emission Radiometry (OTTER)

This novel experimental infrared remote-sensing
technology developed by Imhof et al. (1984) mea-
sures in vivo the opto-thermal emission at a wave-
length of 13.1 mm. From the opto-thermal decay
curves, a water distribution profile in the stratum
corneum can be determined in vivo. However this
rather expensive instrument has not been
commercialized.

3.2 Skin Capacitance Imaging
Systems

A nonoptical skin surface imaging system, based
on the fingerprint-sensing technology, has been
developed by the L’Oréal research group: skin
capacitance imaging (SCI) (Lévêque and
Querleux 2003). The sensor is composed of an
array of capacitance microsensors. SCI images are
acquired, and the capacitance values are
transformed into a range of 256 gray levels to
compose a nonoptical image. The mean gray
level of the image represents the average skin
surface hydration correlating well with the aver-
age capacitance values given by the Corneometer
(Xhauflaire-Uhoda and Piérard 2009). This device
remains experimental and is not commercially
available.

Aqualmarger, a contact imaging instrument
using silicon fingerprint sensors, has been recently
developed by Biox Systems. The device with
256 � 300 capacitance-sensing pixels (5 μm res-
olution) has shown potentials for skin hydration
imaging and skin surface microrelief measure-
ments (Xiao et al. 2011).
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Finally the Moisture Map MM 100 instrument
developed by Courage-Khazaka became recently
commercially available (Moisture Map MM
100 2014). This instrument is a device featuring
a capacitance sensor based on the recording fin-
gerprint technology (patent of L’Oréal on skin
chip (Lévêque and Querleux 2003)). The image
of the Moisture Map sensor of the skin surface
represents graphical information on the mean sur-
face hydration distribution and also the micro-
topography of the surface.

3.3 Confocal Raman Spectroscopy

Raman instruments are becoming commercially
available, and in the typical in vivo Raman spectra
obtained, the respective contributions of keratins
and water can be discriminated (Caspers
et al. 1998). As a consequence the percentage of
water in the skin in function of depth can be
determined from Raman spectra (Van Der Pol
and Caspers 2009). Unfortunately these Raman
spectroscopy instruments are rather expensive
and not used for routine measurements.

4 Conclusions

Taking into account the comparative perfor-
mances and the high degree of correlation
between the instruments, the possibilities of
in vitro calibration, the range of sensitivity, the
depth of measurement, and the low coefficient of
intra-person variability, it can be concluded in this
chapter that the Corneometer, DermaLab, Mois-
tureMeter, Nova Dermal PhaseMeter, and Skicon
are validated electrical instruments for assessing
the hydration state of the horny layer. The recently
developed but not always commercially available
instruments allow the determination of additional
stratum corneum properties.

Acknowledgments The authors are grateful to
Dr. Bernard Gabard for his contribution to this chapter.

References

Alanen E, Nuutinen J, Nicklén K, Lahtinen T,
et al. Measurement of hydration in the stratum corneum
with the Moisture Meter and comparison with the
Corneometer. Skin Res Technol. 2004;10:32–7.

Barel AO, Clarys P. Measurement of epidermal capaci-
tance. In: Serup J, Jemec GB, Grove GL, editors.
Handbook of non-invasive methods and the skin.
Boca Raton: CRC Press; 2006. p. 337–44.

Bernengo JC, de Rigal J. Techniques physiques de mesure
de l’hydratation du Stratum Corneum. In: Agache P,
editor. Physiologie de la peau et explorations
fonctionelles cutanée. Cachau: Editions Médicales
Internationales; 2000. p. 117–62.

Caspers PJ, Lucassen GW, Wolthuis R, et al. In vitro and
in vivo Raman spectroscopy of human skin.
Biospetroscopy. 1998;4:S31–9.

Clarys P, Barel AO, Gabard B. Non invasive electrical
measurements for the evaluation of the hydration state
of the skin: comparison between the capacitance
method (Corneometer), the conductance method
(Skicon) and capacitive reactance method (Nova).
Skin Res Technol. 1999;5:14–20.

Clarys P, Clijsen R, Taeymans J, Barel AO. Hydration
measurements of the stratum corneum: comparison
between the capacitance method (digital version of
the Corneometer CM 825) and the impedance method
(Skicon 200EX). Skin Res Technol. 2012;18:316–23.

co.jp, skicon 200 EX. 2013. www.ibs-hamamatsu.
I.B.S. Co Ltd, Shizuoka-Ken.

Corneometer CM 825, 11. 2013. www.courage-khazaka.
com. Courage-Khazaka, Cologne.

DermaLab conductance instrument. 2013. www.cortex.dk.
Cortex Technology, Hadsund.

Fluhr JW, Gloor M, Lazzereni SL, Kleesz P,
et al. Comparative study of five instruments measuring
stratum corneum hydration (Corneometer CM 820 and
CM 825, Skicon 200, Nova DPM 9003DermaLab) Part
II. In vivo. Skin Skin Res Technol. 1999;5:171–8.

Gabard B, Clarys P, Barel AO. Comparison of commercial
electrical measurement instruments for assessing the
hydration state of the stratum corneum. In: Serup J,
Jemec GB, Grove GL, editors. Handbook of
non-invasive methods and the skin. Boca Raton: CRC
Press; 2006. p. 351–8.

Heinrich U, Koop U, Leneveu-Duchemin MC,
Osterrieder K, et al. Multicenter comparison of skin
hydration in terms of physical, physiological, and prod-
uct dependent parameters by the capacitive method
(Corneometer CM 825). Int J Cosmet Sci.
2003;25:45–53.

Imhof RE, Birch DJ, Thornley FR, Gilchrist JT, et al. Opto-
thermal transient emission radiometry. J Phys Sci
Instrum. 1984;17:521–5.

Lévêque JL, de Rigal J. Impedance methods for studying
skin moisturization. J Soc Cosmet Chem.
1983;34:419–28.

146 P. Clarys and A.O. Barel

http://www.ibs-hamamatsu
http://www.courage-khazaka.com
http://www.courage-khazaka.com
http://www.cortex.dk


Lévêque JL, Querleux B. Skin Chip®, a new tool for
investigating the skin surface in vivo. Skin Res
Technol. 2003;9:313–47.

Moisture Map MM 100. 2014. www.courage-khazaka.de.
Moisture meter. 2013. www.delfintech.com. Delfin Tech-

nologies, Stamford.
Nova DPM 9003. 2013. www.novatechcorp.com. Nova

technologies, Portsmouth.
O’Goshi KI, Serup J. Skin conductance: validation of the

Skicon 200 EX compared to the original Skicon 100.
Skin Res Technol. 2007;13:13–8.

Tagami H. Epidermal hydration: measurement of high
frequency electrical conductance. In: Serup J, Jemec
GB, Grove GL, editors. Handbook of non-invasive
methods and the skin. Boca Raton: CRC Press; 2006.
p. 329–36.

Van Der Pol A, Caspers PJ. Confocal Raman spectroscopy for
in vivo skin hydrationmeasurement. In: Barel AO, PayeM,
Maibach HI, editors. Handbook of cosmetic science and
technology. New York: Informa; 2009. p. 151–64.

Xhauflaire-Uhoda E, Piérard GE. Skin capacitance imag-
ing. In: Barel AO, Paye M, Maibach HI, editors. Hand-
book of cosmetic science and technology. New York:
Informa; 2009. p. 141–9.

Xia P, Cortea LI, Singh H, Zeng X. In vivo hydration – a
comparison study of different measuring techniques.
2009. www.skin-forum.eu/posters.

Xiao P, Singh Hn Ou X, Caparnagiu AR, Kramer G,
Imhof RE. In-vivo solvent penetration measurement
using contact imaging and skin stripping. SCC Annual
Scientific Meeting & Technology Showcase,
New York. 2011.

15 Measurement of Skin Surface Hydration 147

http://www.courage-khazaka.de
http://www.delfintech.com
http://www.novatechcorp.com
http://www.skin-forum.eu/posters


Infant Skin Hydration 16
Marty O. Visscher

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

2 Fetal Skin Development . . . . . . . . . . . . . . . . . . . . . . 150

3 Full-Term Infant Skin Hydration . . . . . . . . . . . 150
3.1 Birth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
3.2 Vernix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
3.3 Adaptation and Time . . . . . . . . . . . . . . . . . . . . . . . . . . 151

4 Premature Infant Skin Hydration . . . . . . . . . . 153
4.1 Relevance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.2 Birth, Effects of Gestational Age, and

Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5 Infants, Atopy, and Hydration . . . . . . . . . . . . . . 155

6 Factors Influencing Infant Skin
Hydration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.1 Water Exposure: Bathing . . . . . . . . . . . . . . . . . . . . . . 156
6.2 Diapers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
6.3 Effect of Humidity: Premature Infants . . . . . . . . 157

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Keywords
Infant • Neonate • Premature • Skin barrier •
Stratum corneum •Hydration • Transepidermal
water loss • Innate immunity

1 Introduction

Optimum hydration is critical for stratum
corneum (SC) function (Blank 1952; Gloor
et al. 1998). Among the multiple functions
affected by SC water content are desquamation,
restoration of barrier integrity after wounding,
acid mantle formation, microbial colonization,
tactile discrimination, infection control,
immunosurveillance, and protection against ultra-
violet light and environmental irritants (Rawlings
and Leyden 2009). Optimum hydration may be
defined as the amount of SC water that achieves
flexibility (biomechanics) while facilitating termi-
nal differentiation, programmed cell death, and
orderly corneocyte incorporation into the lower
SC with balanced pH-dependent desquamation
of the outer SC. Overhydration can cause macer-
ation, disruption of the intercellular lipid bilayers,
desmosomal degradation with creation of amor-
phous regions, corneocyte swelling, enhanced
molecular transport, and increased permeability
(Warner et al. 1999, 2003; Zimmerer
et al. 1986), as well as irritation, inflammation,
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and urticaria (Halkier-Sorensen et al. 1995;
Hurkmans et al. 1985; Kligman 1996; Medeiros
1996; Rustemeyer and Frosch 1996; Willis 1973).
Low hydration can cause dryness/scaling, aber-
rant desquamation via reduced enzyme activity,
cracking, reduced flexibility, tightness, and
itching. On balance, the SC water-handling prop-
erties must be sufficiently robust to respond to
local, potentially disruptive forces, e.g., friction,
heat, humidity, bathing, and topical product appli-
cations (Visscher et al. 2002). This chapter
explores infant skin hydration for healthy full-
term infants and premature babies and considers
the factors that impact hydration after birth.

2 Fetal Skin Development

Water concentration varies throughout the SC
(Warner et al. 1988) with lower hydration in the
outermost layers, increasing with depth and
decreasing at the lowest levels (Bouwstra
et al. 2003). In vivo measurements with Raman
spectroscopy indicate normal skin to be 25–30 %
water, while hydrated SC is 45 % and dry skin
ranging from 10 % to 15 % (Boncheva
et al. 2009).

In contrast, the human fetus is immersed in a
high-water environment of amniotic fluid during
development. Epidermal cornification begins to
occur around 23 weeks from head to toe and
dorsal-ventral (25 week, abdomen) over the fetus
and occurs in a programmatic fashion from head
(initially, week 23) to toe and dorsal-ventral (week
25, abdomen) across the fetus, presumably under
hormonal control (Hoath et al. 2006; Hardman
et al. 1998). This is in contrast to skin cultures
where cornification does not occur when the epi-
dermis is covered with water and requiring dry
conditions for SC formation (Supp et al. 1999).
Vernix caseosa, a mixture of sebaceous gland
secretions, lanugo, and desquamated epithelial
cells, appears about the time of fetal cornification.
It extrudes onto the epidermis through the hair
shaft, spreads over the surface (Hardman

et al. 1998), and, presumably, protects the epider-
mis from exposure to amniotic fluid via formation
of a hydrophobic layer (Youssef et al. 2001).
Although the mechanism is yet unknown, vernix
may create a sufficiently dry environment for
cornification.

3 Full-Term Infant Skin Hydration

3.1 Birth

Within minutes to hours after birth, full-term
infant skin hydration varies with body site
(chest, back, forehead), time under the radiant
warmer, and the presence of vernix (Visscher
et al. 1999a, 2005). Despite prolonged expo-
sure to water during gestation, low skin hydra-
tion is consistently observed in full-term
neonates within the first day after birth
(Visscher et al. 1999b, 2000, 2005; Fluhr
et al. 2012). In 30 healthy full-term infants,
hydration decreased markedly in the first day
and then increased during the first 2 weeks,
unlike the mother’s skin where hydration was
relatively constant (Fig. 1). Water-binding abil-
ity also increased during the first 14 days.
Water-handling properties of the upper inner
thigh and buttocks were evaluated in 19 healthy
full-term infants at birth (day 3 or 7) and
months 1, 3, 6, 9, and 12. SC hydration for
the thigh increased over the first month was
relatively constant over 12 months and was
lower than their mothers’ values (Minami-
Hori et al. 2014). Water holding capacity of
thigh SC was higher for infants versus
mothers, decreased during the first month and
then remained constant.

These changes suggest that the SC is undergo-
ing adaptive changes to the drier environment
(Visscher et al. 2000). Abrupt humidity reduction
in hairless mice increased DNA synthesis,
decreased total free amino acids, and reduced
filaggrin immunoreactivity, due to decreased epi-
dermal keratohyalin granules induced by high
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humidity and produced dry skin (Visscher
et al. 1999b; Denda et al. 1998; Katagiri
et al. 2003; Scott and Harding 1986). Low hydra-
tion may indicate an underdeveloped SC due to
lack of transglutaminase activity (Rawlings and
Matts 2005). However, this is unlikely since very
low transepidermal water loss (TEWL) is consis-
tently observed full-term newborn skin indicating
a well-functioning epidermal barrier (Fluhr
et al. 2012; Hammarlund et al. 1979; Ludriksone
et al. 2014).

3.2 Vernix

Vernix covers newborn skin at birth and contains
80 %water. It is sometimes removed immediately
after birth. Its potential hydrating effects were
evaluated in parallel groups of full-term infants.
Vernix was wiped off at delivery in one group and
left on and allowed to rub in for another. The
vernix-treated skin had significantly higher skin
hydration at 4 h and 24 h after birth (p < 0.05)
(Fig. 2a; Visscher et al. 2005). Skin pH values
were lower in the vernix-treated group suggesting
that vernix assists in acid mantle development

(Fig. 2b; Visscher et al. 2005). Visual erythema
was lower immediately after birth for the vernix
group and dryness tended to be lower ( p = 0.10).

3.3 Adaptation and Time

The full-term infant skin was significantly drier
than the skin of older infants (1, 2, and 6 months)
and the mothers (Nikolovski et al. 2008). Low SC
hydration and dryness during the immediate post-
natal period may result from several interacting
factors including a lack of water-binding natural
moisturizing factor (NMF) in the upper SC, via
extraction into the amniotic fluid in utero (soaking
effect) (Visscher et al. 2002; Robinson
et al. 2010a) and/or to delayed or impaired
filaggrin proteolysis at high humidity (Scott and
Harding 1986). About 40 % of NMF consists of
free amino acids (FAA) that result from proteoly-
sis of filaggrin. FAA levels were measured for
high-performance liquid chromatography analy-
sis of the surface SC collected from the skin
surface of newborn infants. The levels were
extremely low at birth (in the absence of vernix),
increased over the first month but remained mark-
edly lower than typical adult levels (Fig. 3a;

Fig. 1 Full-term skin
hydration over the first
month. In 30 healthy full-
term infants, hydration
decreased markedly in the
first day and then increased
during the first 2 weeks,
unlike the mother’s skin
where hydration was
relatively constant
(Adapted from Visscher
et al. 2000)
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Visscher et al. 2011). Vernix contains FAAs, and
the relative amounts of histidine and glutamic acid
were higher than expected from filaggrin proteoly-
sis alone, indicating that vernix may contain other
sources of soluble amino acids. Vernix-treated skin
had significantly higher FAA levels 24 h after birth
compared to skin with vernix removed, paralleling
the higher skin hydration (Fig. 3b; Visscher
et al. 2011). The higher FAAs in the vernix-treated
skin are attributed to the vernix rather than to pro-
teolysis of filaggrin in the upper stratum corneum
secondary to a reduction in ambient humidity
(Scott and Harding 1986).

To further examine the cause of low hydration,
levels of FAAwere measured across ten layers of
neonatal foreskin and adult volar forearm skin.

Neonatal foreskin was used as an in vitro control
for newborn skin because FAA levels could be
determined as a function of SC depth. FAAs were
significantly lower across ten layers of neonatal
foreskin compared to adult volar forearm skin.
The arginine/citrulline ratio is relatively high in
filaggrin, i.e., 8:1 (McKinley-Grant et al. 1989).
To facilitate proteolysis to FAA, the filaggrin argi-
nine residues must be deaminated to citrulline to
allow separation from the intracorneocyte matrix
(Chavanas et al. 2006; Kamata et al. 2009).
Despite the depth in the tissue, citrulline levels
were diminished relative to adults, and the ratio of
arginine to citrulline was higher in foreskin. This
suggests that filaggrin proteolysis to form FAA
had not occurred in the uppermost layers of fore-
skin SC and, perhaps, that the newborn infant is
not yet producing water-binding amino acids to
hydrate the SC.

Additional information about SC hydration
has been determined among infants aged
3–12 months and compared with adults using
Raman confocal microspectroscopy. Water
levels were higher in infants to a depth of
26 μm versus the same depth in adults, with
the greatest difference at a depth of 10–14 μm
(Nikolovski et al. 2008). Compared with
adults, SC NMF levels were lower in infants
in the outer 12 μm. Water content (mass per-
cent) measured by Raman confocal microspec-
troscopy was lower throughout the SC for full-
term newborns aged 1–15 days than older
infants and adults. The level in the SC of
60 % water saturation was deeper for the youn-
gest infants (Fluhr et al. 2012). One explana-
tion of the lower levels in infants is that
sphingomyelinase and B-glucocerebrosidase
are not able to function under the conditions
of acidity and hydration, resulting in an SC
lipid matrix that is not fully competent due to
the absence of specific hydrophobic compo-
nents. An examination of NMF levels at an
SC depth of 1–2 μm by attenuated total reflec-
tance Fourier transform infrared spectroscopy
showed no significant differences from birth to
12 months in a cohort of healthy full-term
infants for either the upper inner thigh or the
buttocks (Minami-Hori et al. 2014).

Fig. 2 (a, b) Effect of vernix on infant skin hydration.
At birth, vernix was allowed to remain on the skin in one
group of healthy newborns and removed from the other.
The vernix-treated skin had significantly higher skin
hydration at 4 h and 24 h after birth ( p < 0.05) (a). Skin
pH values were lower in the vernix-treated group
suggesting that vernix assists in acid mantle development
( p < 0.05) (b). From Visscher et al. 2005
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4 Premature Infant Skin
Hydration

4.1 Relevance

Premature infants are at increased risk for infection, a
leading cause of mortality, due to an underdeveloped
epidermal barrier with few cornified layers (Evans
and Rutter 1986; Cartlidge 2000). Reduction in mor-
tality is a global health priority. Implementation of
evidence-based strategies for catheter insertion and
maintenance of very premature infants significantly
reduced infections, but to a lesser extent than
expected (Kaplan et al. 2011). Poor skin integrity
may be a predisposing factor for sepsis.

4.2 Birth, Effects of Gestational
Age, and Adaptation

At 23 weeks GA, TEWL values can be as high as
75 g/m2/h, and skin hydration is high as the SC is

nearly absent (Sedin et al. 1983). By week 26, a
few cornified layers have formed (TEWL of
~45 g/m2/h), corresponding to a wounded skin
surface (Evans and Rutter 1986; Cartlidge 2000).
At 29 weeks, TEWL is 17 g/m2/h and markedly
higher than values of 5–6 g/m2/h observed in full
terms. To investigate the rate of SC maturation,
hydration and TEWL were measured daily, over
periods of up to 67 days, in ten very premature
infants ranging from 23 to 32 weeks GA (most
were <26–27 weeks) (Kalia et al. 1998) using
low-frequency impedance spectroscopy to mea-
sure hydration (Fig. 4). Skin impedance was low
in premature infants, indicating high levels of SC
hydration and gradually decreased over time, i.e.,
~70 days (Emery et al. 1991). Impedance values
increased with increasing gestation. There was
variability in the rate of change in hydration and
TEWL, as shown for infants of 23 weeks’ (Fig. 4a,
b) and 26 weeks’ GA (Fig. 4c, d), respectively.
The time to reach normal (full-term) hydration
(skin impedance of 200) was longer for the youn-
ger infant with increasing SC hydration and

Fig. 3 (a, b) Free amino
acid levels in infant skin.
The free amino acid (FAA)
component of natural
moisturizing factor was
measured from surface
SC collected from newborn
infants. The levels were
extremely low at birth
(in the absence of vernix),
increased over the first
month, but remained
markedly lower than typical
adult levels (a). *Indicates
all groups different from
each other ( p < 0.05).
Vernix-treated skin had
significantly higher FAA
levels 24 h after birth
compared to skin with
vernix removed, paralleling
the higher skin hydration
(b). *Indicates higher for
a vernix-treated skin
( p < 0.05). #Indicates
lower for a vernix-treated
skin ( p < 0.05) (Figure 3b
reprinted with permission
from John Wiley and Sons)
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decreasing TEWL over time. The profile differed
for the 26-week infant as “normal” levels occurred
more quickly. The time to complete SC matura-
tion may be as long as 9 weeks postnatal age
(Kalia et al. 1998; Harpin and Rutter 1983;
Agren et al. 1998; Nonato et al. 2000).

SC hydration was inversely related to gesta-
tional age among 40 premature and full-term neo-
nates (Okah et al. 1995). Skin hydration was
measured daily from days 2–7 and then weekly
for 7 weeks in 48 premature infants of
30–37 weeks GA (mean 34.4). Overall, hydration
was constant over the period and higher for the
abdomen and buttocks versus the leg and forehead

(Kanti et al. 2014). SC hydration was significantly
higher for the most premature subgroup, aged
30.3–33.7 weeks, but decreased over time versus
the older groups which were 34.0–34.8 and
35–36.7 weeks GA. Skin hydration for the leg
increased over time for infants 35–36.7 weeks.

One day after birth, SC hydration was signifi-
cantly higher for infants <30 weeks gestational
age than infants >30 weeks due to high amounts
of water passing through the skin. Hydration
values did not differ for infants 32–24 weeks GA
versus full-term neonates (�37 weeks GA).
Hydration values on day 5 were significantly
lower than on day 1 for infants less than

Fig. 4 (a, b, c, d) Stratum corneum maturation in prema-
ture infants. Hydration and TEWL were measured daily in
ten very premature infants ranging from 23 to 32 weeks
GA. Skin impedance was low in premature infants, indi-
cating high SC hydration, and gradually decreased over
time. There was variability in the rate of change in hydra-
tion and TEWL, as shown for infants of 23 weeks (a, b)

and 26 weeks GA (c, d), respectively. The time to reach
normal (full-term) hydration (skin impedance of 200) was
longer for the younger infant with increasing SC hydration
and decreasing TEWL over time. The profile differed for
the 26-week infant as “normal” levels occurred more
quickly (Adapted from Kalia et al. 1998)
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26 weeks GA, and environmental conditions
(isolettes) were constant throughout the period
(Fig. 5). This finding suggests that SC maturation
is rapid for very premature infants once they are
exposed to a dry environment (Harpin and Rutter
1983; Okah et al. 1995) (Agren et al. 2006). Very
premature infants frequently exhibit an abnormal
desquamation several weeks after birth, indicative
of a hyperproliferative SC (Okah et al. 1995;
Bodak and Bodemer 2002; Visscher et al. 2009).
Humidity affects filaggrin proteolysis to form
NMF which, in term, hydrates the skin (Rawlings
et al. 1994). NMF levels are likely to be quite low
under the conditions of rapid skin development
for premature infants in low-humidity settings,
based on results of newborn animal studies
(Scott and Harding 1986).

5 Infants, Atopy, and Hydration

Atopic dermatitis is characterized by a
compromised barrier, reduced ceramides andmuta-
tions of the filaggrin gene, and increased barrier

permeability (Imokawa et al. 1991; Ponyai
et al. 2008; Weidinger et al. 2006). Uninvolved
atopic skin exhibits subclinical inflammation,
reduced hydration, increased TEWL, and increased
SC turnover (Tagami et al. 2006). The skin hydra-
tion of uninvolved, non-lesional skin on the cheek,
chest, back, forearm, and leg of infants<12months
of age was significantly lower than comparable
sites in a cohort of nonatopic infants of the same
age (Matsumoto et al. 2007). Decreased hydration
was also found in older cohorts and infants
between 1–2 years and 2–4 years, versus their
nonatopic counterparts.

6 Factors Influencing Infant Skin
Hydration

Some of the “environmental” factors that impact
infant SC hydration have been described above as
the infant transitions from a wet environment dur-
ing gestation to relatively drier surroundings after
birth. Routine activities of daily living, such
as water exposure (bathing), clothing (diapering),

Fig. 5 Stratum corneum hydration in premature infants.
One day after birth, SC hydration was significantly higher
for infants <30 weeks gestational age than infants
>30 weeks due to high amounts of water passing through
the skin. Hydration values did not differ for infants

32–24 weeks GA versus full-term neonates (�37 weeks
GA). Hydration values on day 5 were significantly lower
than on day 1 for infants less than 26 weeks GA, and
environmental conditions (isolettes) were constant
throughout the period (Adapted from Okah et al. 1995)
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and application of topical materials are expected
to impact infant SC hydration as they do in adults.

6.1 Water Exposure: Bathing

With bathing, infant SC transitions from dry to
wet and back to a dry environment, somewhat
analogous to the transition from aqueous in utero
conditions to much drier conditions at birth. Bath-
ing in water for 10 min significantly decreased
hydration, measured as the rate of moisture accu-
mulation, friction, visual erythema, and visual
dryness 15 min later (Visscher et al. 2002). The
time of recovery to prebath hydration levels was
not determined. Similarly, SC hydration
decreased in adults who soaked for 10 min, and
reductions in hydration persisted for more than 4 h
(Visscher et al. 2003). Subsequent studies indi-
cated that the reduction in SC hydration was asso-
ciated with decreases in NMF measured in the
upper SC (Robinson et al. 2010a, b). While the
impact of water exposure on infant NMF has not
been reported, similar findings are anticipated.

Fifty-seven healthy full-term newborns were
either bathed with water or wiped with a water-
soaked cloth twice weekly from days 7–28 weeks.
SC hydration was higher on the abdomen and
forehead for the bathing group than the water-
wiped group, although SC hydration levels were
lower than for older infants and adults (Garcia
Bartels et al. 2009). However, it was not possible
to determine whether the increases were due to
adaptation or to the water exposure from each
method. Healthy newborns (n = 307) were
enrolled within 48 h of birth in a randomized
trial to compare a cleanser versus water alone at
least twice per week for 4 weeks. SC hydration did
not differ for the two products over the study
period (Lavender et al. 2013). The effects of bath-
ing twice weekly with two liquid cleansers and
water along were determined among three parallel
groups of infants (n = 180 total) aged 1 day to
<12 months. SC hydration increased versus base-
line for the cleansers versus water after 1 week but

returned to baseline levels at week two, with no
evidence of dryness, erythema, or edema (Dizon
et al. 2010). Infants and young children (n = 125),
aged 1–36 months, used a liquid baby wash or a
baby shampoo at least three times weekly or a baby
lotion (and bathing) once daily over 4 weeks. Both
the baby wash and baby lotion resulted in signifi-
cantly increased SC hydration at weeks 1 and
4 (Coret et al. 2014). The increase was attributed
to the skin care products although there was no
untreated control to eliminate factors that could
have increased hydration.

6.2 Diapers

SC hydration of diapered and non-diapered skin
sites did not differ at birth (Visscher et al. 2000).
Measurements were made 15 min after removing
the diaper to avoid confounding effects of surface
water. Diapered skin hydration increased signifi-
cantly over the first two postnatal weeks and was
higher than non-diapered skin on day 7, but the
sites were not different by day 28. Diapered skin
hydration increased from day 2–28 among
44 healthy newborns with values higher on the
buttocks versus the leg (Garcia Bartels
et al. 2012). Among 3–6-month-old infants, skin
hydration was lower for diapered versus
non-diapered skin 15 min after diaper removal,
suggesting that the site difference continues over
time (Visscher et al. 2002). Diaper SC hydration
increased during the first month of life and then
remained constant through the first year among
19 infants (Minami-Hori et al. 2014). The water
holding capacity followed a similar pattern,
diminishing in month one.

Disposable diaper technology has progressed
significantly since it was first introduced, particu-
larly with the development of water-vapor-perme-
able outer covers that reduce skin hydration and in
diaper humidity (Counts et al. 2014). The severity
of diaper dermatitis has decreased as a result of
these advances (Odio and Friedlander 2000;
Runeman 2008).
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6.3 Effect of Humidity: Premature
Infants

Groups of hairless mice were kept at high (90 %
RH) and low (10 % RH) humidity for 5 days
following acclimation at 40–50 %
RH. Epidermal DNA synthesis increased, begin-
ning 12 h after exposure to low humidity, but did
not change at high humidity, even though TEWL
values were comparable. SC hydration was sig-
nificantly lower for the low-humidity group,
suggesting that the decrease in SC hydration
caused an increase in DNA synthesis (Sato
et al. 1998). The effect of environmental humidity
on skin barrier development in 22 premature
infants aged 23–27 weeks was determined by
varying the incubator humidity after 7 days at
85 % relative humidity (RH). Infants were then
exposed to either 75 % or 50 % RH until day 28.
Barrier integrity, measured as TEWL, decreased
significantly from about 62 g/m2/h at birth to
about 33 g/m2/h on day 7. The decrease at day
28 was significantly more pronounced at 50 %
RH with a mean TEWL of 13 g/m2/h versus
22 g/m2/h at 70 %. Although SC hydration was
not measured, values would likely be reduced,
given the findings from the animal study. The
influence of decreasing humidity at birth on
filaggrin was determined using a newborn rat
model (Scott and Harding 1986). Proteolysis
occurred immediately after birth, and filaggrin
was found in the lower stratum corneum only
(Scott and Harding 1986). Proteolysis depended
on the humidity at birth and was observed at
ranges of 80–95 % RH, but not at 100 % RH.

References

Agren J, Sjors G, Sedin G. Transepidermal water loss in
infants born at 24 and 25 weeks of gestation. Acta
Paediatr. 1998;87:1185–90.

Agren J, Sjors G, Sedin G. Ambient humidity influences
the rate of skin barrier maturation in extremely preterm
infants. J Pediatr. 2006;148:613–7.

Blank IH. Factors which influence the water content of the
stratum corneum. J Invest Dermatol. 1952;18:433–40.

Bodak N, Bodemer C. Cutaneous hydration of the prema-
ture and new born. Ann Dermatol Venereol.
2002;129:143–6.

Boncheva M, de Sterke J, Caspers PJ, Puppels GJ. Depth
profiling of stratum corneum hydration in vivo: a com-
parison between conductance and confocal raman spec-
troscopic measurements. ExpDermatol. 2009;18:870–6.

Bouwstra JA, de Graaff A, Gooris GS, Nijsse J, Wiechers
JW, van Aelst AC. Water distribution and related mor-
phology in human stratum corneum at different hydra-
tion levels. J Invest Dermatol. 2003;120:750–8.

Cartlidge P. The epidermal barrier. Semin Neonatol.
2000;5:273–80.

Chavanas S, Mechin MC, Nachat R, Adoue V, Coudane F,
Serre G, Simon M. Peptidylarginine deiminases and
deimination in biology and pathology: relevance to
skin homeostasis. J Dermatol Sci. 2006;44:63–72.

Coret CD, Suero MB, Tierney NK. Tolerance of natural
baby skin-care products on healthy, full-term infants
and toddlers. Clin Cosmet Invest Dermatol.
2014;7:51–8.

Counts JL, Helmes CT, Kenneally D, Otts DR. Modern
disposable diaper construction: innovations in perfor-
mance help maintain healthy diapered skin. Clin
Pediatr (Phila). 2014;53:10S–3.

Denda M, Sato J, Masuda Y, Tsuchiya T, Koyama J,
Kuramoto M, Elias PM, Feingold KR. Exposure to a
dry environment enhances epidermal permeability bar-
rier function. J Invest Dermatol. 1998;111:858–63.

Dizon MV, Galzote C, Estanislao R, Mathew N, Sarkar
R. Tolerance of baby cleansers in infants: a randomized
controlled trial. Indian Pediatr. 2010;47:959–63.

Emery MM, Hebert AA, Aguirre Vila-Coro A, Prager
TC. The relationship between skin maturation and elec-
trical skin impedance. J Dermatol Sci. 1991;2:336–40.

Evans NJ, Rutter N. Development of the epidermis in the
newborn. Biol Neonate. 1986;49:74–80.

Fluhr JW, Darlenski R, Lachmann N, Baudouin C,
Msika P, De Belilovsky C, Hachem JP. Infant epider-
mal skin physiology: adaptation after birth. Br J
Dermatol. 2012;166:483–90.

Garcia Bartels N, Mleczko A, Schink T, Proquitte H,
Wauer RR, Blume-Peytavi U. Influence of bathing or
washing on skin barrier function in newborns during
the first four weeks of life. Skin Pharmacol Physiol.
2009;22:248–57.

Garcia Bartels N, Massoudy L, Scheufele R, Dietz E,
Proquitte H, Wauer R, Bertin C, Serrano J, Blume-
Peytavi U. Standardized diaper care regimen: a pro-
spective, randomized pilot study on skin barrier func-
tion and epidermal il-1alpha in newborns. Pediatr
Dermatol. 2012;29:270–6.

Gloor M, Bettinger J, Gehring W. Modification of stratum
corneum quality by glycerin-containing external
ointments. Hautarzt. 1998;49:6–9.

Halkier-Sorensen L, Petersen BH, Thestrup-Pedersen
K. Epidemiology of occupational skin diseases in

16 Infant Skin Hydration 157



Denmark: notification, recognition and compensation.
In: Van der Valk PGM,Maibach HI, editors. The irritant
contact dermatitis syndrome. Boca Raton FL: CRC
Press; 1995. p. 23–52.

Hammarlund K, Nilsson GE, Oberg PA, Sedin
G. Transepidermal water loss in newborn infants.
II. Relation to activity and body temperature. Acta
Paediatr Scand. 1979;68:371–6.

Hardman MJ, Sisi P, Banbury DN, Byrne C. Patterned
acquisition of skin barrier function during develop-
ment. Development. 1998;125:1541–52.

Harpin VA, Rutter N. Barrier properties of the newborn
infant's skin. J Pediatr. 1983;102:419–25.

Hoath SB, Pickens WL, Visscher MO. The biology of
vernix caseosa. Int J Cosmet Sci. 2006;28:319–33.

Hurkmans JF, Bodde HE, Van Driel LM, Van Doorne H,
Junginger HE. Skin irritation caused by transdermal
drug delivery systems during long-term (5 days) appli-
cation. Br J Dermatol. 1985;112:461–7.

Imokawa G, Abe A, Jin K, Higaki Y, Kawashima M,
Hidano A. Decreased level of ceramides in
stratum corneum of atopic dermatitis: an etiologic fac-
tor in atopic dry skin? J Invest Dermatol. 1991;
96:523–6.

Kalia YN, Nonato LB, Lund CH, Guy RH. Development
of skin barrier function in premature infants. J Invest
Dermatol. 1998;111:320–6.

Kamata Y, Taniguchi A, Yamamoto M, Nomura J,
Ishihara K, Takahara H, Hibino T, Takeda A. Neutral
cysteine protease bleomycin hydrolase is essential for
the breakdown of deaminated filaggrin into amino
acids. J Biol Chem. 2009;284:12829–36.

Kanti V, Bonzel A, Stroux A, Proquitte H, Buhrer C,
Blume-Peytavi U, Bartels NG. Postnatal maturation of
skin barrier function in premature infants. Skin
Pharmacol Physiol. 2014;27:234–41.

Kaplan HC, Lannon C, Walsh MC, Donovan EF. Ohio
statewide quality-improvement collaborative to reduce
late-onset sepsis in preterm infants. Pediatrics.
2011;127:427–35.

Katagiri C, Sato J, Nomura J, Denda M. Changes in envi-
ronmental humidity affect the water-holding property
of the stratum corneum and its free amino acid content,
and the expression of filaggrin in the epidermis of
hairless mice. J Dermatol Sci. 2003;31:29–35.

Kligman AM. Hydration injury to human skin. In: van der
Valk PMH, editor. The irritant contact dermatitis syn-
drome. Boca Rotan: CRC Press; 1996. p. 187–94.

Lavender T, Bedwell C, Roberts SA, Hart A, Turner MA,
Carter LA, CorkMJ. Randomized, controlled trial eval-
uating a baby wash product on skin barrier function in
healthy, term neonates. J Obstet Gynecol Neonatal
Nurs. 2013;42:203–14.

Ludriksone L, Garcia Bartels N, Kanti V, Blume-Peytavi U,
Kottner J. Skin barrier function in infancy: a systematic
review. Arch Dermatol Res. 2014;306:591–9.

Matsumoto T, Yuasa H, Kai R, Ueda H, Ogura S, Honda
Y. Skin capacitance in normal and atopic infants, and

effects of moisturizers on atopic skin. J Dermatol.
2007;34:447–50.

McKinley-Grant LJ, Idler WW, Bernstein IA, Parry DA,
Cannizzaro L, Croce CM, Huebner K, Lessin SR,
Steinert PM. Characterization of a cdna clone encoding
human filaggrin and localization of the gene to chro-
mosome region 1q21. Proc Natl Acad Sci U S
A. 1989;86:4848–52.

Medeiros Jr M. Aquagenic urticaria. J Investig Allergol
Clin Immunol. 1996;6:63–4.

Minami-Hori M, HonmaM, Fujii M, NomuraW, Kanno K,
Hayashi T, Nakamura E, Nagaya K, Miyauchi Y,
Fujimura T, Hotta M, Takagi Y, Kitahara T,
Takema Y, Iizuka H. Developmental alterations of
physical properties and components of neonatal-
infantile stratum corneum of upper thighs and diaper-
covered buttocks during the 1st year of life. J Dermatol
Sci. 2014;73:67–73.

Nikolovski J, Stamatas GN, Kollias N, Wiegand
BC. Barrier function and water-holding and transport
properties of infant stratum corneum are different from
adult and continue to develop through the first year of
life. J Invest Dermatol. 2008;128:1728–36.

Nonato LB, Lund CH, Kalia YN, Guy RH. Transepidermal
water loss in 24 and 25 weeks gestational age infants.
Acta Paediatr. 2000;89:747–8.

Odio M, Friedlander SF. Diaper dermatitis and advances in
diaper technology. Curr Opin Pediatr. 2000;12:342–6.

Okah FA, Wickett RR, Pickens WL, Hoath SB. Surface
electrical capacitance as a noninvasive bedside measure
of epidermal barrier maturation in the newborn infant.
Pediatrics. 1995;96:688–92.

Ponyai G, Hidvegi B, Nemeth I, Sas A, Temesvari E,
Karpati S. Contact and aeroallergens in adulthood
atopic dermatitis. J Eur Acad Dermatol Venereol.
2008;22:1346–55.

Rawlings AV, Leyden JJ. Skin moisturization. 2nd ed.
New York: Informa Healthcare USA, Inc; 2009.

Rawlings AV, Matts PJ. Stratum corneum moisturization at
the molecular level: an update in relation to the dry skin
cycle. J Invest Dermatol. 2005;124:1099–110.

Rawlings AV, Scott IR, Harding CR, Bowser PA. Stratum
corneum moisturization at the molecular level. J Invest
Dermatol. 1994;103:731–41.

Robinson M, Visscher M, LaRuffa A, Wickett R. Natural
moisturizing factors (nmf) in the stratum corneum
(sc) 1: effects of lipid extraction and soaking. J Cosmet
Sci. 2010a;62:13–22.

Robinson M, Visscher M, LaRuffa A, Wickett R. Natural
moisturizing factors (nmf) in the stratum corneum
(sc) 2: regeneration of nmf over time after soaking. J
Cosmet Sci. 2010b;62:23–9.

Runeman B. Skin interaction with absorbent hygiene prod-
ucts. Clin Dermatol. 2008;26:45–51.

Rustemeyer T, Frosch PJ. Occupational skin diseases in
dental laboratory technicians. (i). Clinical picture and
causative factors. Contact Dermatitis.
1996;34:125–33.

158 M.O. Visscher



Sato J, Denda M, Ashida Y, Koyama J. Loss of water
from the stratum corneum induces epidermal DNA
synthesis in hairless mice. Arch Dermatol Res.
1998;290:634–7.

Scott IR, Harding CR. Filaggrin breakdown to water bind-
ing compounds during development of the rat stratum
corneum is controlled by the water activity of the envi-
ronment. Dev Biol. 1986;115:84–92.

Sedin G, Hammarlund K, Stromberg B. Transepidermal
water loss in full-term and pre-term infants. Acta
Paediatr Scand Suppl. 1983;305:27–31.

Supp AP, Wickett RR, Swope VB, Harriger MD, Hoath
SB, Boyce ST. Incubation of cultured skin substitutes
in reduced humidity promotes cornification in vitro and
stable engraftment in athymic mice. Wound Repair
Regen. 1999;7:226–37.

Tagami H, Kobayashi H, O'Goshi K, Kikuchi K. Atopic
xerosis: employment of noninvasive biophysical
instrumentation for the functional analyses of the
mildly abnormal stratum corneum and for the efficacy
assessment of skin care products. J Cosmet Dermatol.
2006;5:140–9.

Visscher M, Maganti S, Munson KA, Bare DE, Hoath
SB. Early adaptation of human skin following birth: a
biophysical assessment. Skin Res Technol.
1999;5:213–20.

Visscher MO, Chatterjee R, Munson KA, Pickens WL,
Hoath SB. Changes in diapered and nondiapered infant
skin over the first month of life. Pediatr Dermatol.
2000;17:45–51.

Visscher MO, Chatterjee REJ, LaRuffa AA, Hoath
SB. Biomedical assessment and instrumental evalua-
tion of healthy infant skin. Pediatr Dermatol. 2002;19
(6):473–81.

Visscher MO, Tolia GT, Wickett RR, Hoath SB. Effect of
soaking and natural moisturizing factor on stratum
corneum water-handling properties. J Cosmet Sci.
2003;54:289–300.

Visscher MO, Narendran V, Pickens WL, LaRuffa AA,
Meinzen-Derr J, Allen K, Hoath SB. Vernix caseosa
in neonatal adaptation. J Perinatol. 2005;25:440–6.

Visscher MO, DeCastro MV, Combs L, Perkins L,Winer J,
Schwegman N, Burkhart C, Bondurant P. Effect of
chlorhexidine gluconate on the skin integrity at picc
line sites. J Perinatol. 2009;29:802–7.

Visscher MO, Utturkar R, Pickens WL, LaRuffa AA,
Robinson M, Wickett RR, Narendran V, Hoath
SB. Neonatal skin maturation - vernix caseosa and free
amino acids. Pediatr Dermatol. 2011;28(2):122–32.

Warner RR, Myers MC, Taylor DA. Electron probe analy-
sis of human skin: determination of the water concen-
tration profile. J Invest Dermatol. 1988;90:218–24.

Warner RR, Boissy YL, Lilly NA, Spears MJ, McKillop K,
Marshall JL, Stone KJ. Water disrupts stratum corneum
lipid lamellae: damage is similar to surfactants. J Invest
Dermatol. 1999;113:960–6.

Warner RR, Stone KJ, Boissy YL. Hydration disrupts
human stratum corneum ultrastructure. J Invest
Dermatol. 2003;120:275–84.

Weidinger S, Illig T, Baurecht H, Irvine AD, Rodriguez E,
Diaz-Lacava A, Klopp N, Wagenpfeil S, Zhao Y,
Liao H, Lee SP, Palmer CN, Jenneck C, Maintz L,
Hagemann T, Behrendt H, Ring J, Nothen MM,
McLean WH, Novak N. Loss-of-function variations
within the filaggrin gene predispose for atopic derma-
titis with allergic sensitizations. J Allergy Clin
Immunol. 2006;118:214–9.

Willis I. The effects of prolonged water exposure on human
skin. J Invest Dermatol. 1973;60:166–71.

Youssef W, Wickett RR, Hoath SB. Surface free energy
characterization of vernix caseosa. Potential role in
waterproofing the newborn infant. Skin Res Technol.
2001;7:10–7.

Zimmerer RE, Lawson KD, Calvert CJ. The effects of
wearing diapers on skin. Pediatr Dermatol.
1986;3:95–101.

16 Infant Skin Hydration 159



Measurement of Skin Radiance 17
Adeline Jeudy, Vanessa Ecarnot, and Philippe Humbert

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

2 Color . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
2.1 Assessment of Skin Microcirculation . . . . . . . . . 163
2.2 Assessment of Skin Color . . . . . . . . . . . . . . . . . . . . . 164

3 Reflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
3.1 Assessment of the Skin Ability to Reflect

the Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

4 Relief . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
4.1 Fringes Projection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
4.2 VisioScan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5 MultiFactors Assessments . . . . . . . . . . . . . . . . . . . 170
5.1 Photography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.2 Clinical Scoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

Keywords
Skin radiance •Color • Texture • Photography •
Clinical scoring

1 Introduction

Radiance, as an optical parameter defined by
physics, can be measured in terms of the amount
of light that is emitted from a particular object,
such as light source. If we apply this definition to
skin radiance, then when the skin reflects more
incident light should look more radiant. However,
skin radiance is more complex, is a psychophys-
ical parameter, is the mirror of general health, both
physical and psychological, and involves more
than simply the quantity of light that is reflected
from the skin (Matsubara et al. 2012; Petitjean
et al. 2007a).

A gray skin, a “blotchy complexion,” may
reflect bad looks because of great fatigue, weari-
ness, hormonal status, emotional states (sadness,
stress, etc.), illness (dysfunction of vital organs
such as the liver), nutrition deficiency or excess,
tobacco, alcohol, pollution, seasons, etc. (Purdue
and Hunt 1986; Middleton 1968; Monfrecola
et al. 1998; Koh et al. 2002; Besné et al. 2003).

Inversely “peachy-colored skin” reflects a
smooth, pink, and velvety skin with good health
status. The complexion plays essential psycholog-
ical and social roles (Petitjean 2006).
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Many articles showed that the perception of
aging is highly influenced by the skin tone unifor-
mity (Nkengne et al. 2008; Puccetti et al. 2011;
Fink and Matts 2008; Matts et al. 2007; Fink
et al. 2012).

According to the literature, no precise defini-
tion and quantifiable description exist for skin
radiance. It is difficult to list all constituting
parameters and their relative proportions; they
involve quite complicated surface and internal
qualities of the skin (Jeudy et al. 2014).

When the light meets the skin surface, a
small quantity (about 5 % (Takiwaki
et al. 1997)) is reflected directly, while the
major part penetrates to the different layers of
the skin. The specular light gives its luminous
aspect, whereas the back-scattered light
(Fig. 1) gives the complexion (peachy-color).
In other words, specular reflection explains the
glow (depending on the nature and state of the
surface of the skin), absorption phenomena
explain its hue (depending on the skin’s chro-
mophore content), whereas diffusion phenom-
ena define its saturation (depending mostly on
the collagen content).

The skin radiance seems to be a balanced mix-
ture of (Petitjean 2006):

– Color, which is mostly influenced itself by the
skin microcirculation and inner skin structures

– Light reflection

– More globally of texture of the skin surface

Therefore, the related studies imply the quan-
tification of each mentioned components.

2 Color

The skin color mainly depends on the melanin as
well as the hemoglobin concentrations and their
distributions; they absorb the light and affect sub-
surface reflection (Kim et al. 2015).

The melanin (brown) absorbs all wavelengths,
but this absorption decreases considerably from
purple to red, which makes the melanin look like a
mixture of gray (global absorption) and yellow
(significant absorption of blue light).

Hemoglobin looks red because it absorbs
selectively the green light and therefore
retrodiffuses a light where this complementary
color is missing.

The importance of the distribution of color was
observed by Matts et al. (2007), who found that in
female skin, melanin evenness had a stronger
effect on perceived age, health, and attractiveness
than hemoglobin. Similarly, Fink et al. (2012)
found that hemoglobin distribution in males was
associated more strongly with health and attrac-
tiveness perception, whereas the evenness of mel-
anized features was a stronger marker for age
perception.

Fig. 1 Optical pathways in
the skin (The layer is so thin
in the stratum corneum and
the epidermis that its
contribution to remittance
other than specular is
minimal over the entire
visible and near-infrared
regions (Anderson and
Parrish 1981))
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The hemoglobin plays an important role in the
skin radiance, which is usually perceived as
“pink” skin. An indirect way to assess the radi-
ance is to study consequently the skin
microcirculation.

2.1 Assessment of Skin
Microcirculation

The hemoglobin transports the oxygen inside the
red globules: if oxygen is not enough, the face
will be gray and dull. If the microcirculation is
effectively stimulated, the light will more easily
reflect the red blood cells at the source of the skin
color.

The skin microcirculation is therefore an
important factor of the dull complexion:

– Under stress, catecholamines are delivered in
the skin, inducing vasoconstriction (and thus
produce skin pallor) (Purdue and Hunt 1986;
Sainthillier et al. 2002; Altemus et al. 2001).

– With tiredness (lack of sleep and/or intensive
activity), the body reacts by sending more
blood to vital organs and the cutaneous micro-
circulation is “sluggish” (Besné et al. 2003).

– With pollution and smoking, the microvessels
lose their colors (grayish aspect of the skin)
(Monfrecola et al. 1998; Koh et al. 2002;

Besné et al. 2003; Petitjean et al. 2006; Raitio
et al. 2004).

– With aging, papillar capillary loops disappear,
inducing a loss in dermal nutritional vessel
density and surface area for exchange
(Li et al. 2006a).

Among the existing available techniques,
capillaroscopy and videocapillaroscopy (Video
Microscope Moritex Serie MS500, Perimed)
allow direct visualization of the capillary network
in vivo.

This optical device is made of a microscopic
lens, a beam guide, and a CCD camera (Fig. 2).

The method used is based on the use of
epiluminescence video microscopy. This device
uses a halogen lamp as a light source. The light is
conveyed to the target optical fiber. The incident
light is generally lateral to increase the contrast,
and on cold light.

The video microscope is connected to a com-
puter with an operating system for the implemen-
tation of digital accurate quantitative
measurements and a picture archiving.

Exploration is carried out directly on the skin
after depositing a drop of oil to enhance skin
transparency. An optical magnifying system is
used to visualize its vascular network. Different
levels of magnification can be used to assess the
surface of the microvasculature structure as well

Caméra CCD

Objectif
microscope

Peau

Fig. 2 Videocapillaroscopy device

17 Measurement of Skin Radiance 163



as its color (Fig. 3) (Humbert et al. 2005;
Sainthillier et al. 2005).

With this assay system, you can access various
parameters such as capillary diameters, lengths,
surfaces, density, and intercapillary space.

Various magnifications are available: The
lenses of�200,�100, and�50 enable to explore
of microcirculatory network for areas of
1–20 mm2. The images are color coded and use
RGB system (three layers red, green, and blue)
and a resolution of 528 � 720 pixels.

The main advantage of this technique is its
interactivity. The result of the capture and quality
of the image can be checked immediately. Han-
dling is easy thanks to the use of a computer,
which is directly connected to the videocapil-
laroscope, and the whole data acquisition process
is digitized.

2.2 Assessment of Skin Color

The most logical way to assess skin complexion is
to study directly its color. In 2006, Taylor
et al. described the different techniques available
(Taylor et al. 2006). Among them, reflectance
spectroscopy, chromameters, and narrowband
reflectometers should be the most frequently
used one. The latter are dedicated to the assess-
ment of erythema or pigmentation (by measuring

more specifically the skin chromophores)
(Agache 2004a, b).

The color variations of the skin surface can be
measured by reflectance spectroscopy (spectroco-
lorimeter (CM2600D, Konica Minolta Sensing)
or chromameter (CR400, Konica Minolta Sens-
ing). These devices have sensitivities
corresponding to those of the human eyes, but
the measurements are performed in standardized
conditions using the same light source. The Inter-
national Commission of Illumination (Commis-
sion Internationale de l’Eclairage) (CIE) has
defined the spectral characteristics of several
types of typical illuminants (the D65 corresponds
to average daylight and is usually used as the
reference) (Precise color communication 1998):

2.2.1 Chromameter CR 200 (Minolta)
With this instrument, the skin surface is illumi-
nated by a pulsed xenon arc lamp. The light
reflected perpendicular to the surface is collected
for a tristimulus color analysis at 450, 560, and
600 nm, using the L*a*b* color system, as deter-
mined by the CIE (Robertson 1990). The L*
parameter expresses color brightness (varying
between a value of 100 for a white surface and
0 for a black surface).

The a* parameter represents changes along a
red/green axis with changes from +60 for a red
surface to �60 for a green surface. The b*

Fig. 3 (a) (1.73 mm2) magnification of �200 allows to quantify the vascularization network of the skin, whereas
(b) (28 mm2) a magnification of �50 allows to quantify the skin redness
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parameter changes from +60 for a yellow surface
to �60 for a blue surface (Fig. 4).

The probe is applied on the skin surface
simply by weight (651 g). With the standard
equipment, the skin surface under the probe
application is 1.77 cm2 (diameter of 1.5 cm).
The pressure of application on the skin is
rather high, 368 g/cm2. The instrument is cal-
ibrated using a white calibration plate (Clarys
et al. 2000).

The skin radiance can therefore be described
by a* which corresponds to the redness and L*
which defines the luminosity.

However, additional information can be
extracted, in order to qualify the skin color
heterogeneity:

Color difference metric DeltaE ¼
L1 � L2ð Þ2 þ a1 � a2ð Þ2 þ b1 � b2ð Þ2

h i1=2

(Haeghen et al. 2000)

and/or vividness:

– Chroma ¼ a�ð Þ2 þ b�ð Þ2
� �1=2

(Precise

color communication 1998)

which are key factors in the problematics of dull
complexion.

2.2.2 Mexameter M X16 (Courage-
Khazaka)

The Mexameter (Courage & Khazaka MX18)
measures the amount of melanin and hemoglobin
in the skin.

In this instrument, 16 light emitting diodes
circularly arranged emit light at three defined
wavelengths 568 nm (green), 660 nm (red), and
880 (infrared). A photodetector measures the
light reflected by the skin. The principle is
based on the measurement of absorbed and
reflected light at green and red wavelengths for
hemoglobin and at red and near-infrared wave-
lengths for melanin. A melanin index is com-
puted from the intensity of the absorbed and the
reflected light at 660 and 880 nm, respectively.
An erythema index is computed from the inten-
sity of the absorbed and the reflected light at
568 and 660 nm, respectively.

The skin measuring area is 5 mm in diameter
(surface 0.20 cm2). The probe is applied on the
skin surface with constant pressure using a spring:
pressure of application on the skin is 91 g/cm2

(Clarys et al. 2000).
The skin radiance can be described by ery-

thema index, which corresponds to the redness.

2.2.3 Derma-Spectrometer (Cortex
Technology)

This instrument’s light emitting diodes emit light
at two defined wavelengths: 568 nm (green) and
655 nm (red). A photodetector measures the light
reflected by the skin. It measures the absorbed and
reflected light at green wavelengths for hemoglo-
bin and at red wavelengths for melanin. Amelanin
index and an erythema index are computed from
the intensity of the absorbed and the reflected light
at 568 and 655 nm, respectively. The skin mea-
suring area is 6 mm in diameter (surface
0.28 cm2). The probe is applied on the skin sur-
face, simply by weight (640 g). The pressure of
application on the skin is 158 g/cm2. This instru-
ment is calibrated using a black and white calibra-
tion plate (Clarys et al. 2000).

As Mexameter, the skin radiance can be
described by erythema index which corresponds
to the redness.

Fig. 4 L*a*b* color system
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3 Reflection

The optical appearance of the skin such as radi-
ance, glow, and shine can be quantified by deter-
mining the light-reflection profile of the skin.
Understanding the optical-reflection characteris-
tics by means of objective measurements is the
first step in investigating these aspects of facial
appearance.

The reflection of light from the skin is com-
plicated by its multilayer structure. The stratum
corneum, the outermost layer of the epidermis, is
optically translucent and reflects partially inci-
dent light while allowing most of it to penetrate
to deeper layers of the skin. As a result, the
reflection from the skin is a mixture of specular
surface reflection and diffuses subsurface reflec-
tion. It is therefore necessary to separate the
surface and subsurface reflections from the skin
to achieve a concept of the fundamental optical
characteristics associated with its appearance
(Matsubara 2012).

3.1 Assessment of the Skin Ability
to Reflect the Light

The assessment of the light reflexion provides
direct information on the skin radiance. It is gen-
erally admitted that radiant skin tends to act as a
mirror, that is, to reflect rays in a specular manner,
and dull skin tends to diffuse light more (Petitjean
et al. 2007b).

3.1.1 Glossymeter
Courage and Khazaka had developed the
Glossymeter to assess the quantity of specular
and diffuse light reflected by the skin.

In the probe head containing parallel white
light is created by the LEDs. Light is sent out at
0� and reflected by mirrors to 60� to the skin
surface.

Part of the light is directly reflected in the same
angle, so the angle of incidence is equal to the
angle of reflection, and the other part of the light is
absorbed by the surface and then scattered and
reflected diffusely.

The Skin-Glossymeter GL 200 measures both
the portion of directly reflected light, mirrored
from the surface, which is related to the gloss
and the scattered portion from the surface.

Two separate measurement channels measure
the direct reflected light (again guided by a mirror
in the same angle, i.e., at 120�) and the diffuse
reflected (scattered) light degrees.

The scattered/diffuse reflected light is mea-
sured at 90� (completely vertically above the mea-
sured surface) under the assumption that light is
scattered in the same way over all degrees.

The Skin-Glossymeter GL 200 is designed to
assess the gloss of the skin surface. Skin, however,
does vary not only in structure and brightness but
also in color. With the DSC (Diffuse Scattering
Correction), these facts are taken into account and
the diffuse reflection light portion detected in the
gloss measurement channel is eliminated, thus
allowing to compare gloss measurements of dif-
ferent skin types.

3.1.2 SkinGlossMeter
The SkinGlossMeter is developed by Delfin
Technology for measuring the specularly
reflecting light from skin. In the SkinGlossMeter,
the light beam reflects back at the same angle as it
contacts the measured surface. This device does
not measure scattered light.

As a light source, the instrument has a built-in
635 nm red semiconductor diode laser (superior
reflective capabilities from the skin). The laser’s
spot size diameter at the surface level is 50 μm.

3.1.3 Brillanometer
Gillon et al. have also developed a specific
contactless device (brillanometry) (Gillon
et al. 2002). This device is for determination of
both specular and diffuse light reflections contin-
uously in numerous directions; it allows measure-
ment of the skin gloss.

For skin optical measurements, an incident
polarized-light beam is sent on the skin surface
to be analyzed according to one direction, and the
reflected beam is simultaneously measured in the
same direction (Fig. 5). A small proportion of the
light is reflected at the stratum corneum/air
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interface, due to specular reflectance, which keeps
the same polarization as incident light; this man-
ifestation gives shining skin radiance if well mois-
turized and tightened.

On the contrary, diffuse reflected light is
depolarized. This optical property allows separat-
ing both components of the light (specular and
diffuse light reflections).

3.1.4 GonioLux
Recently, the Orion concept developed
GonioLux, a device that measurement of light
intensities re-emitted in all directions of space.

Parameters are expressed as a volume or quantity
of re-emitted light in different directions of space:

– Spec.Vol. = Specular reflection
– Diff.Vol. = Diffused light (specular diffusion

and back-scattered light after its absorption by
the skin – relationship with the skin relief or
iridescence)

– Left or right Aniso.Vol. = Anisotropy of all
reflections (for 2 directions = Left and right)

– Tot.Vol. = total quantity of light re-emitted by
the surface

Results can be expressed as a ratio of these
different parameters.

3.1.5 Translucymeter
Optical measurement of subsurface reflection can
be acquired using translucymetre (TLS850,

Diastron Ltd, Andover, Hampshire, UK). TLS
850 is a contact translucency device in which
light source has direct contact with the skin
(Fig. 6). So it can measure only subsurface reflec-
tions (Kim et al. 2015).

A narrow beam from a RGB LED source illu-
minates the skin. Measurements can be performed
using the “one color” mode of the LED, that is,
either red, green, or blue.

Translucent materials like skin scatter light
within deeper layers of the skin and a propor-
tion of the scattered light are reflected back to
the probe. The back-scattered light from the
skin is collected by the fiber optic flathead
(FOP).

The decrease in skin surface scattering
increases light penetration into the deeper skin
layers, resulting in an increase in skin
transparency.

This collected light can be displayed in light
levels on a PC depending on the distance of the
sample illumination point.

The translucency value is composed of three
parameters as follows: (Kim et al. 2015)

• The K value represents the amount of light
detected by the probe as close to the light
source as possible.

• The ALPHAvalue represents the rate of atten-
uation of the light level moving away from the
source. A high ALPHA represents a rapid
attenuation of light intensity.

Mainly diffuse reflected light
measurement

Incident light
Diffuse reflected light
Specular reflected light
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Mainly specular reflected light
measurement

Fig. 5 Presentation of the
two components of skin
reflected light
measurement. Variation of
optical head positioning in
numerous directions (Gillon
et al. 2002)
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• The AREAvalue represents the total amount of
light scattered into the material.

4 Relief

This is in agreement with Fink and Matts
(2008), who showed in 2008 that the surface
topography cues had a significant influence on
facial age perception and that the absence of
facial discoloration is a key indicator of health,
two attributes that are probably most influential
in the evaluation of human facial
attractiveness.

The relief of the skin produces different
image contrasts depending on the brightness
level of the surface (the same relief appears
more easily in the case of a bright surface).
When the skin surface is irregular, it absorbs
light with difficulty and reflects it in many direc-
tions. This is particularly typical of dry and scaly
skin (Jeudy et al. 2014).

Radiant skin is usually considered as smooth
and homogeneous, without imperfections.
Although innate, the microtopography of the
skin is affected by the environment as well as
aging and undergoes changes in quantity, depth,
and direction (Pierard et al. 2004; Li
et al. 2006b).

Profilometry (mechanical, transparency, or
optical), initially developed for microtechniques,
has been applied for many years to study the skin

relief (Lagarde et al. 2001; Nardin et al. 2002; Lee
et al. 2008; Makki et al. 1979).

4.1 Fringes Projection

One of the most up-to-date methods for the 3D
evaluation of skin topography in real time is the
digital fringe projection method. This method
consists of a projector unit used for a digital pro-
jection of a striped pattern in a defined angle onto
the skin in vivo and a camera used as a recording
unit combined with a processing analysis unit
(Fig. 7).

By analysis of the distortions of the striped
pattern, it is possible to reconstruct the 3D struc-
ture of the skin precisely in an objective and
reproducible manner (Luebberding et al. 2014).

Interestingly this in vivo technique allows to
study the skin imperfections via the assessment of
the volume and depth of the wrinkles and in
particular the roughness and heterogeneity of the
microrelief (dilated pores, comedones, fine wrin-
kles, etc.) (Fig. 8).

Currently, two such devices are available on
the market: PRIMOS® (GFMesstechnik GmbH,
Berlin, Germany) and DermaTOP®

(Breukmann, Teltow, Germany). The main dif-
ference between them is in how the fringe pat-
terns are produced: the PRIMOS® uses
micromirrors with different PRIMOS® models
available according to sampling sizes, while

Fig. 6 Principle of tanslucymeter
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DermaTOP® uses a template for the shadow
projection and offers the option of measuring
different sized areas using the same device. Sim-
ilar performances are reported by both systems
(Tchvialeva et al. 2010).

4.2 VisioScan

Skin microrelief parameters can be evaluated by
VisioScan (Courage and Khazaka). This device
uses a special high-resolution video camera that

uses ultraviolet A light (proven to present no
hazard to normal human skin) for uniform illumi-
nation of the skin and has been developed spe-
cially to study the skin surface directly, with SELS
(Surface Evaluation of the Living Skin) software
(Fig. 9).

The resulting images show the structure of
the skin and the level of dryness, and the gray-
level distribution of the image (in 256 grey
levels) is used to evaluate the following skin
microrelief parameters: maximum wrinkle
depth (Rt), surface evaluation (SE) of skin

Fig. 8 3-D reconstructions obtained from the cheek (20 � 20 mm area), allowing to detect dilated pores (a), or from
hemi-face (60 � 80 mm area) (b) allowing to quantify the roughness/heterogeneity of its relief (Jeudy et al. 2014)

Projector

Triangulation
angle

Camera

Fig. 7 Principle of fringe projection
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roughness (SEr), skin smoothness (SEsm; pro-
portional to width and format of the wrinkles),
and the number and width of the wrinkles (SEw)
(Mercurio et al. 2013).

5 MultiFactors Assessments

5.1 Photography

Once calibrated and standardized, photography
offers many applications to study skin complex-
ion. It appears more appropriate to study texture
or color heterogeneity than glowing aspect
because of the influence of the light. The image
can be easily disturbed by brightness induced
by the flashlight or by the environment. The
nature as well as the positioning of the light
source and the posture of the subject are of
major importance and must be taken into consid-
eration to avoid visual artifacts (Raitio
et al. 2004; Haeghen et al. 2000; Tanaka
et al. 2008; Baret et al. 2006).

5.1.1 Polarized Photography
Polarized light photography provides more infor-
mation than usual in terms of heterogeneity of
structure.

For the measurement of skin-color or relief
features, imaging systems equipped with two
polarizing filters are widely used; the planes of
polarization of the filters are oriented perpen-
dicular or parallel to one another, and one

filter is located in front of the source of illumi-
nation and the other is located front of the cam-
era lens.

With the cross-polarized-light photography
technique, the surface-reflection component from
the skin, known as specular reflection, is removed,
and only the subsurface reflection component
from the skin is captured in the resulting image
revealing the complexion (skin redness or pale-
ness, color heterogeneity, etc.) (Fig. 10).

With the parallel polarized-light photography
technique, the specular reflections are included in
captured images, and in this case, details of the
surface are enhanced (wrinkles, shininess, scal-
ing) (Fig. 10) (Matsubara 2012).

With parallel polarization (C), only the
reflected polarized lights pass (revealing the shin-
iness and relief of the skin (Photograph D)).

Imperfections, which can be revealed by par-
allel polarization in photography, can be directly
assessed thanks to profilometry.

5.1.2 SAMBA (Bossa Nova
Technologies)

The application of systems of polarization of the
light currently used in photographs has given the
opportunity to Bossa Nova Technologies (Los
Angeles, CA, USA), to develop a system called
SAMBA a few years ago (McMullen and
Jachowicz 2003). This whole-face image-cap-
ture-and-analysis system was used to measure
the surface and subsurface reflections from
the skin.

Fig. 9 Visio Scan and example of a resulting image
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This system consists of two illumination
units, a high-resolution digital camera and a
head-positioning stand (Fig. 11). Each illumina-
tion unit is equipped with a linear polarizing
filter. The digital camera is also equipped with a
liquid–crystal polarizer that can electrically flip
its polarization angle from a direction that is
parallel to the plane of polarization of the polar-
izing filters on the illumination units to one that is
at 90� to it (crossed orientation) (Matsubara
2012).

The frequency of the flip is 4 Hz, and therefore,
facial images for the two polarization states can be

White light
source

Polarizer

Polarized
light

Regular
reflectance

White light
source

Polarizer

Polarized
light

Regular
reflectance

Camera

Absorption
/ melanin

Absorption
/ melanin

Polarizer

Back Scattered
light

Camera

Polarizer

Back Scattered
light

Statum corneum

Epidermis

Dermis

Statum corneum

Epidermis
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/ haemoglobin

Absorption
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a

c

b

d

Fig. 10 Simplified schema of the principle of polarized-light photography. (a) With cross-polarization, only the back-
scattered light reached the lens (revealing the complexion (Photograph (b))

Polarizer (A)

Face positioning
stand

Subject

Polarizer (A)

Digital camera equipped with
liquid crystal polarizer (B)

illumination illumination

Fig. 11 Diagram of the SAMBA face-imaging system
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captured in very rapid succession. The facial posi-
tion and angle in the parallel (P) and crossed
(C) polarization images is therefore identical,
and the corresponding pixels in the two images
can be compared with one another by image
processing to extract the surface-reflection com-
ponent (Matsubara 2012).

5.1.3 VISIA (Canfield Imaging Systems)
The VISIA Complexion Analysis System
(Canfield Imaging Systems, Fairfield, NJ,
Fig. 12) generates a series of photographs using
standard, ultraviolet, and cross-polarized lighting.

The system also analyzes the photographs to
quantify the skin complaint and count the number
of lesions, such a brown spots or dilated pores.
VISIA uses standard flash lighting to identify
spots, rhytides, texture, and pore.

Ultraviolet lighting is used to generate an ultra-
violet spot image and a porphyrin image. The
ultraviolet lighting takes advantage of the selec-
tive absorption of ultraviolet light by epidermal

melanin in comparison with deeper melanin
(Goldsberry et al. 2014).

5.2 Clinical Scoring

In 2006, Baret et al. organized a round table
meeting with women (Baret et al. 2006). As a
result of these exchanges, many items (including
the skin grain, brightness, and color) were
selected and studied in volunteers of different
age groups from image analysis of video data of
their face. Experts performed clinical scoring and
then divided the volunteers in two groups: the
young one, whose radiance was considered more
dependent on skin luminosity and color (“rosy
color”), and the old one, who was mainly char-
acterized by irregular skin surface aspects and
color variations.

These definitions corroborate the idea that radi-
ance is multifactorial and naturally include an
important subjective part.

Fig. 12 VISIA complexion analysis system
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As previously mentioned for photography, it is
of great importance to perform the scoring in
controlled conditions. The subjects have to be
seated between “daylight” lamps and to wear
white clothes as well as a white paper cap to
avoid any influence from extrinsic colors and to
stay at rest in a temperature-controlled room
(Musnier et al. 2004).

In 2004, Musnier et al. organized a brainstorm-
ing session with several beauticians to develop a
model of sensory evaluation of the skin radiance
(Musnier et al. 2004). One hundred volunteers

were also interviewed to self-appraise their com-
plexion. The synthesis of the data allowed to
determine four skin coloring descriptors and to
construct a model “C.L.B.T.,” based on the visual
perception of skin color (C), luminosity (L),
brightness (B), and transparency (T). Recently,
this score was adapted to the Asian skin (Périn
et al. 2007).

The “red-pink,” “beige,” “olive,” and “light-
pink” skin hues were determined to describe the
various complexions’ coloring. Skin hues are due
to chromophores found within the skin in the form

DESCRIPTORS SKIN
EVALUATIONANTICIPATED OPTIMUM

Absence of red (unless the product contains an
active ingredient to promote cutaneous micro-

circulation)

Medium beige (unless the product is a make-up
foundation)

Absence of olive

Optimal pinkness

Optimal luminosity

Optimal brightness

Optimal transparency

0% 100%
% of saturation

0% 100%
% of saturation

0% 100%
% of saturation

0% 100%
% of saturation

Ref 0
Minimum

Ref 10
Maximum

Ref 0
Minimum

Ref 10
Maximum

Ref 0
Minimum

Ref 10
Maximum

More transparent
skin

More uniform and
regular skin

More luminous
skin

Pinker complexion

Red Pink

Beige

Olive

Light pink

Luminosity

Brightness

Transparency

Less sallow
complexion

+/– clear
complexion

+/– red skin

Fig. 13 C.L.B.T. parameters defining the complexion
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of melanin (brown and yellow hues), bilirubin
(yellow hue), or hemoglobin (bluish red hue).
The perceived color depends largely on both the
concentration of the various pigments and their
distribution throughout the skin’s thickness.

The visual evaluation of skin coloring by
trained assessors is undertaken with the help of
structured visual color scales presenting the spec-
trum of the four main facial hues (red-pink/beige/
olive/light-pink). Each hue is saturated at 100 %
and its color gradations were shown. The results
are expressed in terms of color saturation
percentages.

Skin luminosity was defined as the intensity of
the light areas reflected on the salient areas of the
face, while skin brightness was the combined uni-
formity of skin coloring and skin texture, and skin
transparency was the possibility of seeing the ves-
sels beneath the skin. Figure 13 presents the inter-
pretations attributed to the different descriptors
after the application of a cosmetic product designed
to improve “complexion radiance.”

The visual evaluation of luminosity, bright-
ness, and transparency (the LBT descriptors) is
made using visual analogical scales that range
from “no luminosity/brightness/transparency”
(limit 0) to “maximum luminosity/brightness/
transparency” (limit 10) (Musnier et al. 2004).

Clinical scoring offers the possibility to evalu-
ate the different parameters implicated in the skin
radiance.

6 Conclusion

Finally, no instrument can quantify today the skin
radiance globally, but there are devices which
allow to assess its different components.

With contrast to the color, the glow remains
difficult to quantify. The development of simula-
tion systems would perhaps be one solution
(Minami et al. 2007). Many terms are usually
employed to characterize the skin radiance: shin-
iness, brightness, glow, glare, gloss, etc. Shini-
ness, brightness, and gloss refer to the reflection
of light to something and are more frequently used

to characterize seborrheic skin or to assess the
effect of makeup on lips. Glare seems to evoke a
shine with a dazzling light, whereas the glow
associates an intense color with a slight shine.
The glowing aspect of the skin has thus to be
differentiated from its brightness, which is the
characteristic of greasy skin and is inaesthetic. If
gloss is what women expect for their hair, glow is
a better representation of radiant skin. All these
notions show a real need to define the skin radi-
ance more accurately (Jeudy et al. 2014).

The assessment of skin radiance implies the
study of the geometry of the light reflection as
well as the interaction between the light (interaction
with surface-relief/glow) and the color (interaction
within the skin/complexion) (Petitjean 2006).
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1 Introduction

Although the skin is smooth, its surface is not
even. Its relief is a succession of peaks and hol-
lows organized in a relatively uniform pattern of
deep and wide primary furrows (20–200 μm) and
of finer andmore superficial transversal secondary
furrows (30–70 μm). Tertiary and quaternary lines
are also observed but they can be studied only
with high-resolution systems. The structure of
microdepressions or microrelief forms the sides
of more or less triangle-shaped plateaus on most
of the body surface, except on the palms and soles
(Fig. 1). This network has two roles: it gives the
skin a protective mechanical stretching ability in
the direction of the constraints the skin sustains
and it is also useful for the evacuation and reten-
tion of sebum and sweat and to capture substances
applied to the skin (Agache 2000; Agache and
Humbert 2004; Bazin and Lévêque 2011).

The skin of the face has its own specificities: in
addition to its microrelief, a locally more marked
relief pattern is visible. It consists of a macrorelief
made of fine wrinkles (depth between 0.2 and
1 mm) and wrinkles (>1 mm) which appear and
develop with aging, more notably on the forehead
(glabella wrinkle), the crow’s foot area, and later
on the cheeks. These wrinkles are the result of
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structure alterations in the epidermis, the dermis,
and the hypodermis (Bazin and Lévêque 2011;
Zahouani and Vargiolu 2000; Piérard et al. 2004).

Both types of relief are neither measured nor
quantified with similar procedures because of
their different scales (from several microns to a
few millimeters, i.e., up to a factor 100). Further-
more their exploration requires different
approaches which must take into account their
localization and the resolution necessary to
measure them.

The assessment of both micro- and macrorelief
is described below for use in clinical research and
the description is centered on an accurate and
polyvalent technique to perform measurements
both in vitro (on replicas) and in vivo: optical
profilometry by fringe projection.

2 Profilometry and Fringe
Projection

The techniques available to assess a surface and
carry out its 3D reconstruction can be listed in five
main groups: optical systems (by detection of
reflected light, depending on depth and angle of
relief), mechanical systems, laser profilometry,
optical systems by transmission, and optical
profilometry by fringe projection (Lagarde
et al. 2001; Stout et al. 2000).

Interestingly, 2D imaging allows to measure
the relief indirectly (it is called pseudo relief).

The principle (either by camera or by photogra-
phy) is to detect the contrast formed by the wrin-
kle and the adjacent skin. Generally the wrinkle
appears dark inside a lighter area, and the intensity
of the contrast corresponds to the depth and
marked appearance of the wrinkle (Rosa Pena
Ferreira et al. 2010; Russ 2007).

Mechanical profilometry was the first method
developed and is based on a tactile detector able to
measure a 2D profile or a 3D surface. It is mechan-
ically connected to an inductive sensor which
transforms the relief variations into an analogue
signal.

Laser profilometry, based on dynamic
focalisation or (simple or double) triangulation,
uses the movement of a mobile lens or a spotlight
reflected on a sensor to measure the height at each
point of a sample surface.

Profilometry by transmission measures the
variation of intensity of light shining through
a replica. Applying the Beer-Lambert law, the
absorption of light is linked to the transpar-
ency and therefore the thickness of the
replica.

These systems are very different in terms of
acquisition speed (from a few seconds to several
minutes with mechanical systems), accuracy, and
easiness of use. Laser profilometry and fringe
projection profilometry are the only methods that
can be used on the skin in vivo.

Profilometry by fringe projection is based on
the principle of interferometry. It was originally

Fig. 1 Surface of
cheekbone. Thick arrows:
primary furrows. Thin
arrows: secondary furrows
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devised in the microtechnics industry and its
application to the study of the skin was developed
in the 1980s. From the 2000s, compact systems
with specifically designed sensors and software
were developed to study the skin relief. It became
therefore possible to reduce the acquisition time,
to remove or add some stages of processing and
filtering while improving sensitivity.

The principle of fringe projection is to project
structured light, i.e., a network of fringes, onto the
investigated surface (Marsaut 2004). Fringes are
deformed (modulated) by the relief. Several
acquisitions with different phases of the projected
network are recorded by a camera; after
processing by a dedicated software, the tridimen-
sional profile of the studied area is reconstructed
within a few seconds (Takeda et al. 1982;
Srinivasan et al. 1984; Hayashi et al. 1989). Two
systems with CE certification are currently avail-
able: DermaTop Blue (Eotech in France) and
Primos (GFM in Germany). Repeatability, repro-
ducibility, and sensitivity of other very similar
devices (Microtop) have already been shown
(Lagarde et al. 2001).

The DermaTop device consists of a LED pro-
jector for the fringes and a CCD camera (Fig. 2).
Three sets of objectives can be adapted to the
system: an objective of great accuracy dedicated
to the characterization of microrelief in vitro, an
intermediary objective specifically designed to
study facial wrinkles, and a wide-field objective
for larger measurement areas of the nasogenian

folds, the lips, or the cheeks. A fair compromise
must be found between the size of the investigated
area (which increases) and the precision of the
measurement (which decreases) in relation to
these objectives. Most examples and images
presented in this chapter are issued from this
device and illustrate the possibilities offered by
various objectives in relation to the investigations.

Although data acquisition by fringe projec-
tion is fast (a few thousandths of second),
processing and 3D reconstruction are com-
plex. The whole procedure involves several
steps: all the raw data of each subject
(in absolute coordinates) are loaded, solved
(by calculating the deformation of fringes
from the sensor’s parameters), and straight-
ened while taking into account the global
shape of the area. The surfaces are then reg-
istered (in relation to the first measure, i.e., at
T0) by using the surface itself or fixed ana-
tomical marks (in wide-field imaging). A
region of interest is defined (of variable size
but always smaller than the exploration field),
then filtered, and finally projected onto a ref-
erence plan. This final projection constitutes
what is called 3D topography and is the basis
for calculation (micro- and macrorelief). The
topography defined vertically and horizontally
(by lateral resolution determined according to
the sensor used) is expressed by a matrix
where each point corresponds to a single
height (scale in z).

Fig. 2 Measurement of the
cheekbone in vivo with
Eotech system. The blue
light covers the site where
fringes are projected (left
side of the subject’s face).
The sensor consists of a
fringe projector (black) and
a CCD camera (green) and
is attached to a table where
its position and the subject’s
position can be reproduced.
Measurements are
performed in a dark room to
limit the influence of
external light
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3 Microrelief and Roughness

A rough surface is defined by its asperities and
irregularities, uneven to the touch. Inversely a
surface is deemed soft if its contact is pleasant
because of its smoothness. Roughness is therefore
linked to both sensorial and functional criteria: for
example, a surface roughness accounts for its
sensitivity to wear and tear or its adherence or
sliding properties (Zani 2003).

Originally roughness is defined in two dimen-
sions only. Standardmeasuring instruments devel-
oped from mechanical profilometry are contact
systems composed of a mobile unit and a sensor
that scans the sample according to predetermined
direction and length. From the acquisition of
a profile, various mathematical formulas are
applied to extract parameters. It is difficult to
apprehend roughness because it is a statistical
parameter with a variety of possible definitions:
means of heights of peaks, height of the highest
peaks, wider amplitude between the height of
a peak and the depth of a furrow, mean distance
between several peaks, etc. No definition is actu-
ally more relevant than another and everything
therefore depends on the intended application.

Paradoxically there is no standard to character-
ize surface states (roughness calculated directly in
three dimensions on a surface). Calculation
methods developed for profiles can however be
adapted to surfaces by the addition of a supple-
mentary dimension.

Based on our experience in this field, we have
selected two robust and sensitive parameters: Sa
and St. They are well-known, easy to calculate,
and complementary because they allow for local-
ized and global reading of the measured surface.

• Sa (in μm): arithmetic mean of the deviations
of the surface to the mean plane

• St (in μm): dynamics= amplitude= difference
in height between the highest peak and the
lowest hollow of the surface

St is used to assess the quality of the calculated
surface quickly and globally. Important variations
of this parameter usually express acquisitions with
noise, with the presence of aberrant points. Sa is a

parameter sensitive enough to detect a change in
microrelief, even of low amplitude (between 5 and
10 μm). Of course, other parameters exist and
have been used successfully in the study of the
skin surface (Zahouani et al. 1985; Mignot
et al. 1987; Mignot 1986; Makki et al. 1979,
1984).

The distribution/orientation of the furrows can
also be calculated under the form of a compass
rose. The density of orientation in a determined
angle corresponds to the number of elements of
the furrows having this orientation. With this
method it is possible to quantify the rate of anisot-
ropy of the relief which is defined in the interval
0–100 % (0 % expresses the anisotropy rate of a
perfectly isotropic surface and 100 % of a per-
fectly anisotropic surface) (Zahouani and
Vargiolu 2004; Zahouani et al. 1998; Lagarde
et al. 2005).

4 Wrinkles and Macrorelief

In terms of topography a volume combines two
complementary quantities: negative quantity
located in depth (absence of matter) and posi-
tive quantity located in height (presence of
matter). The separation plane between both
quantities corresponds to the mean plane.

Mathematical measurement of the volume of a
wrinkle consists therefore in the assessment of the
negative matter located under the mean plan, by
integrating the three dimensions of the image, i.e.,
height, width, and depth (in mm):

Volume ¼ height� width� depth:

Several methods are available to calculate the
volume of a wrinkle. These approaches all use
the mean plane and quantify the volume located
beneath it (Sainthillier et al. 2009). They are how-
ever different in the way they define the calcula-
tion zone and are therefore more or less adapted in
relation to the nature of the relief.

The calculated parameters are usually linked to
the morphology of the wrinkle (its surface, vol-
ume, mean depth, etc.). Other more elaborated
parameters can be defined to quantify the slope
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of the wrinkle, its splay, and its fragmentation.
However, the relevance of these parameters
depends on their application to surfaces free of
any perturbation, noise, or artifacts.

On the forehead (Fig. 3), the relief is usually
flat and not very marked but covers a large sur-
face, with one or two horizontal wrinkles fre-
quently discontinued at their centre. The top of
the glabella is sometimes visible on the most
marked foreheads. In the assessment of this area,
the calculation of the global volume will be pre-
ferred, taking into account all the wrinkles and

fine wrinkles. This method is reliable only if the
surface has absolutely no artifacts (they would
distort the calculation).

On the crow’s foot wrinkles (Fig. 4), the relief
is more irregular and localized, with one or several
independent wrinkles spreading like a fan from
the eye canthus. Unlike evaluation on the fore-
head, the assessments of the crow’s foot wrinkles
are aimed at characterizing and following up a
selected and clearly identified wrinkle, free of
any artifact. A region of interest is defined in the
shape of a polygon around the studied wrinkle or

Fig. 3 In vivo acquisitions before/after treatment (top/
bottom) on the forehead (30 � 20 mm). The top end of
the glabella is visible in the lower part of the images. A few
non measured points appear in the lower left corner. The

calculated volume varies from 28.4 to 23.7 mm3. The
decrease is the result of the evolution of both horizontal
wrinkles which become narrow and discontinued. The
maximal depth varies from 0.95 to 0.79 mm
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part of wrinkle. This polygon defines a binary
mask inside which the volume is calculated. The
polygonal shape is preferred to a rectangle in
order to follow the curves of the wrinkle more
accurately. Its geometrical characteristics and its
position can be saved and applied to other surfaces
in a perfectly comparable way at different times of
measurement.

To quantify its volume, a relief is usually fil-
tered (median filtering, Fourier transform, etc.),
and a cutoff threshold may also be determined.

The aim of the filtering process is to separate
the shape and the relief of the wrinkle from its
intrinsic (micro)roughness. It is then possible to
analyze separately both sets of data and to deter-
mine on which item the investigational ingredient
or treatment is active.

Other areas such as the lips or nasogenian folds
can be studied (Goldman et al. 2009). In this type
of assessment, the main objective is not the mea-
surement of the volume in itself but rather the
comparison of shapes, by subtracting surfaces, by
measuring local roughness, or by drawing profiles.

A complete acquisition of the lips can be made
with a wide-field objective (Fig. 5). Imaging of
this area is rather easy from the front but the
repeatability of the measures can be an issue
because the lips are naturally more or less
contracted at the time of acquisition. Points
which are not measured appear in the brightest

areas or at the junction between the upper lip or
the lower lip. It is possible to isolate an area of
interest on one of the lips and to calculate rough-
ness parameters locally (Sa and St). It is also
possible to draw vertical profiles regularly spaced
on the whole surface and to compare their curva-
ture radius during the various acquisitions.

The wide-field objective can also be used to
quantify the depth or width of nasogenian folds
(Fig. 6). This type of measurement is a very
interesting tool in the follow-up of the effects of
a filler or an injection on the relief of the area. The
acquisition is performed from a three fourth view
of the area of the face under the eye. Its morphol-
ogy is characterized by profiles drawn in a fan
shape from the cheek and crossing the nasogenian
fold (e.g., in relation to the quantity of injected
product or the dermatologist’s gesture).

Other facial sites can also be studied such as
eye bags or jaw ptosis but experience on this
type of assessment is currently not sufficient. A
multisensor system (two sensors – fringes +
CCD camera – placed at 45� around the sub-
ject) dedicated to 3D measurements of the
whole face is available (AEVA, Eotech)
(Fig. 7). It is used to measure facial ptosis or
the curve of the breasts.

Besides the assessment of features of the face,
fringe projection is also an interesting technique
in the study of cellulite. The sensor is placed on an

Fig. 4 In vivo acquisitions of crow’s foot wrinkles (20 �
20 mm). Top: original image taken by the camera. Bottom:
3D topography. Two fine and discontinued wrinkles are
visible. The region of interest has been defined at a distance

from the eye canthus (the eyes were open during the
acquisition process) and does not take into account the
hair on the right and the eyebrows at the top of the
image. The calculated volume is 7.7 mm3 in this example
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adjustable tripod. Measurements are performed
on the thigh and the volume of the dimples is
analyzed. For obvious reasons the exact localiza-
tion of the tested area (especially its height) and
the position of the subject are essential for the
quality and repeatability of this type of
measurement.

5 Acquisition from Replicas

The technique of replicas is a simple process to
reproduce a surface and is also a practical means
to study it independently from its support

(Lagarde et al. 2001). Replicas are made with
silicon polymer (Silflo®, Monaderm, Monaco)
which polymerizes at room temperature in contact
with a specific catalyzer. It is harmless for the skin
and mucosa. The product flows in the hollow parts
of the skin, follows its relief perfectly, and within
a few minutes becomes a negative cast
reproducing the relief of the skin very finely.

Replicas can bemadedirectly on the skin (Fig. 8)
or with a rigid support (Cuderm, Dallas, USA)
of standard size which delimitates the cast site.
Silflo® is then applied with a syringe or a spatula.

Replicas must be made by trained staff to
reduce the risk of having artifacts such as holes

Fig. 5 Top: In vivo acquisition of lips (with camera tex-
ture) with wide field objective (80 � 60 mm). A few non
measured points are visible in the lower part of the image,
on the right and on the left. A small wound is visible on the

lower lip. Bottom: a 20� 5 mm region of interest has been
extracted from the centre of the lower lip. Its microrelief is
clearly visible, as well as the wound
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Fig. 6 In vivo acquisition of nasogenian fold with wide
field objective lens (80 � 60 mm). On the left, image of the
right side of the face, taken by the camera. On the right, in
the corresponding 3D reconstructed image, non measured
areas are visible (nostrils, lashes, lips folds) and appear like
transparent tears (these points are not taken into account in
calculation). These areas are located in dark zones that
cannot be solved by the system. The section in white on

the camera view has been drawn manually from the cheek.
From this section it is possible to determine locally the depth
of the fold which gets wider very progressively in a gradual
slope toward the upper lip (bottom graph). It is therefore
more difficult to calculate its width. In this type of approach
the coordinates of the section must be saved for future
applications on the same site on the various topographies
of the subject (for example before and after injection)

Fig. 7 Acquisition of the whole face with AEVA system.
The final 3D reconstruction (bottom) results from the com-
bination of 2 acquisitions of the right and left sides
(2 images at the top). Side acquisitions are made one after
the other, with the subject staying perfectly still. To ensure

a global reconstruction of quality, both views must have
overlapping zones to facilitate registration. The resolution
of the periphery of the face is poor (especially the ears, hair,
chin). Interpolation has been carried out on the eyebrows
and the eyes
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or bubbles. It is also necessary to check the sub-
ject’s movements when the replica is produced. In
theory, replicas can be made on any site on the
body as long as the surface is relatively flat and
without artifacts, but on the face the presence of
many artifacts (hairs, vellus, pores, etc.) makes
microrelief analysis rather difficult.

The accurate localization of the tested sites is
essential to ensure that the same area is measured
at each time of assessment according to the plan in
the study protocol.

Microrelief is characterized using an objective
with a high degree of precision, and the size of the
region of interest is therefore reduced (10 �
10 mm). The replica is positioned on a flat surface
under the sensor (its orientation is not relevant).

Replicas made with the help of a support require,
during computer processing, the application of an
occlusion mask adapted to its shape (either round
or rectangular). During the calculation of the
topography, this binary mask delimitates automat-
ically the inside of the cast excluding the edges.

Replicas are used not only to study microrelief
(Fig. 9) but also to cast the wrinkles of the face,
such as crow’s feet (Fig. 10) or glabella (Fujimura
et al. 2007; Takema et al. 1997). To compare the
evolution of wrinkles or fine wrinkles over a
period of time, measurements must be
superimposed with accuracy. In this process
called registration (also found in acquisitions
in vivo), the various acquisitions are compared
and then aligned, with the first acquisition

Fig. 8 Preparation of replica (1) A few drops of catalyser
are added to Silflo® and the mixture is homogenized
immediately before application. (2) Silflo® is spread on
the skin with a spatula. (3) After a few minutes wait, the

replica is gently removed. The negative relief of the sub-
ject’s glabella (a very fine wrinkle in this example) is
visible on the replica (4)
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(T0) being used as a reference. Registration is a
delicate automated process (if acquisition is of
poor quality, its alignment and the alignment of
the following acquisitions are perturbed or even
impossible). Analysis may then become complex
and difficult when the number of acquisitions
increases (>5).

The assessment of relief from replicas is
interesting because it gives the opportunity to
carry out cost-effective multicentric studies
(devices for 3D imaging and analysis are
expensive). If the replicas are of good quality,
they can be digitized in very high resolution
since there is no movement during acquisition.
Their fair color accentuates the contrast of
fringes and optimizes 3D reconstruction.
Another advantage is the possibility to store
them for future analysis.

6 In Vivo Acquisition

The possibility to assess wrinkles in vivo is one of
the main advantages of fringe projection because
it is a fast matricial measurement without contact
that can be performed directly on the skin.

In vivo measurements are not as easy as they
seem and require strict acquisition conditions.
They must take into account slight movements
of the subject (shaking, breathing) as well as
dark or too bright areas of the skin where the
contrast of fringes is lost. Therefore the 3D sensor
is systematically associated with a positioning
table where the subject can be in a reproducible
and stable position although it may be uncomfort-
able (Fig. 2). A ball joint fixed on a rail supports
the sensor which can rotate around the subject for
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Fig. 9 Examples of microrelief from replicas of the fore-
arm of an old subject (left) and a young subject (right). Top:
Camera images of the replicas. Bottom: Corresponding
topographic images (10 � 10 mm) defined at the centre
of the replica. The altitude of the surfaces has been
inversed for illustrative purposes. However the roughness

parameters (Sa and St) are mathematically symmetrical.
The microdepressionary network is clearly visible: coarse
and anisotropic (left), or regular and isotropic (right). (Left:
Sa = 22.1/St = 253.8 μm; right: Sa = = 14.4 /St =
178.3 μm)

186 J.-M. Sainthillier et al.



full face, three fourth view, or profile
measurements.

The subject is asked to fix a point and keep
their eyes open for measurement of crow’s foot
wrinkles or eyes closed for measurement of fore-
head wrinkles. The procedure takes place in a dark
room to ensure that the contrast of fringes is not
perturbed by light.

In vivo measurements are also limited by the
morphology of the studied site and by the depth of
field which depends on the lateral resolution of the
selected objective (from 6 to 40 mm). Possibilities
of evaluation will be restricted on areas with
important differences of levels (the eye, nose,
etc.). This accounts partly for the fact that the

use of a high-precision objective associated with
low depth of field is not possible in vivo.

Noises present in in vivo acquisitions are mate-
rialized by aberrant or not measured points. They
create breaches and more or less large distortions.
Noises cannot always be detected during acquisi-
tion; they become really visible only when topog-
raphy is processed. Adapted filtering (median
filtering with large kernel) and filling by interpo-
lation can compensate these perturbations to a
certain extent.

The characterization of macrorelief in vivo
opens very interesting perspectives in clinical
evaluation. Associated with a positioning system
(table or tripod), it is a reliable and polyvalent
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Fig. 10 Replicas of crow’s foot wrinkles. Top: topogra-
phy (15 � 10 mm) from the central part of the replica.
Bottom: the same topography after inversion of altitudes. A

few non measured points are visible at the start of the
central wrinkle on the left. The calculated volume is
5.36 mm3
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measurement. Unlike replicas, several acquisi-
tions can be carried out if a problem arises, on
sites where it is not possible to make replicas (lips,
for instance). Its main drawback however is that
3D acquisition in vivo generates more noises and
requires more complex computer processing.

7 Conclusion

Fringe projection is a technique without contact to
obtain accurate measurements of surfaces and it is
therefore well adapted to the skin and its con-
straints. Added to the possibility to adapt the size
of the measurement field to the studied object, it is
a very interesting tool in clinical evaluation.
Fringe projection is however not without draw-
backs and restrictions. Like all methods of 3D
digitization, it is still expensive and needs techni-
cal, practical, and computing competence.

3D digitization requires rigorous acquisition
procedures to fix and document as exactly as
possible the context in which the measurement is
performed. The subjects are at the heart of the
acquisition process by their position, attitude, pos-
ture, or expression which can strongly influence
measurements.
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Additional Information on Relief
Analysis

Digital Surf, http://www.digitalsurf.fr/en/dsvisitefr.html.
SPIP™, Image Metrology Software for Microscopy. http://

www.imagemet.com/

Other Profilometry Techniques Not
Mentioned in This Article

Stereoscopic photography
Quantificare: http://www.quantificare.com/index.php?q=

LifeViz_EsthetiqueFR

The 3D LifeWiz system is made of a compact camera. It is
based on stereovision which gives perception of depth.
Two systems are available: a global system for large
visualisation of the neck and face and a more accurate
system for localised visualisation of wrinkles or scars.

Image processing by projected shadow
http://www.monaderm.com/Appareil_scientifique.php?appa

reil=quantirides
http://www.monaderm.com/Appareil_scientifique.php?appa

reil=quantiline
Quantirides and Quantilines systems have been developed

to analyze, quantify and characterize wrinkles and
microrelief from Silflo® replicas. The negative print
of wrinkles is placed under oblique light (35�) which
generates projected shadows behind each wrinkle.
Acquisition of this image and its shadows is performed
via high resolution digital camera. The image is then
analyzed with dedicated software.

Profilometry by contact
http://www.altimet.fr/fr/index.htm
This company develops a range of equipment (Altisurf) for

the metrology of surfaces, more specifically devised for
the microtechnics industry (tests on varnishes, charac-
terization of ink deposits, textile textures. . .) and
nanotechnics industry (materials and substrates, corro-
sion, adhesive. . .)
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1 Introduction

Water changes the properties of human keratin
fibers existing in the skin, hair, and nails (Barba
et al. 2010). Examples are the sorption of water by
stratum corneum, the spreading of water and
lipidic liquids which influences skin absorption,
thermal loss, as well as transcutaneous pressure of
water vapor, carbon dioxide, and oxygen (Agache
et al. 2004). The production of a sweat/sebum
emulsion can also be influenced by these interac-
tions as well as the behavior and effect of topical
drugs or cosmetics on the skin (Agache
et al. 2004).

Frequent washing increases brittleness of the
nail (Uyttendaele et al. 2003), and chronic wet-
ting and drying of nails may cause lamellar dys-
trophy (onychoschizia) (van de Kerkhof
et al. 2005). Brittle nails affect about 20 % of
the population, and women are affected twice as
frequently as men (Lubach et al. 1986). Hydro-
phobicity of soft tissue surfaces in the human
body, including those of the human oral cavity,
has been described for decades as playing an
important role in many biological processes,
like cellular adhesion (Barba et al. 2010), contact
inhibition, elasticity (Agache et al. 2004), tissue

membranes functions, intracellular structures
(Uyttendaele et al. 2003), and adhesion of in-
fectious microorganisms (van de Kerkhof
et al. 2005). Generally, tissues with absorption/
exchange functions or, indeed, lubrication tend
to be more hydrophilic. On the other hand, tis-
sues requiring protection against pathogenic
microorganisms or acids tend to be hydrophobic
(Lubach et al. 1986).

From a fundamental point of view, wetting
is an important phenomenon, because of its
diverse applicability in everyday life. Friction
and lubrication are intimately coupled to
wettability.

In this chapter, we will first treat human skin
wettability by showing effects of some treat-
ments and applications on wettability parame-
ters. Secondly, the skin friction coefficient will
be studied through the effect of the surfaces
hydrophobic/hydrophilic balance (Ho/Hi).

2 Human Skin Wettability

Wetting refers to the contact between a solid sur-
face and a liquid; it depends on intermolecular
interactions. The degree of surface wetting is eval-
uated through the measurement of contact angle.
The wetting of the surface is the best, if it has the
minimum contact angle (θ). When θ = 0�, the
surface wets completely; the opposite corresponds
to θ = 180� (dewetting), and the partial wetting
refers to θ ranging from 0 to 180� (Fig. 1).

q = 0° q = 180° 0°< q < 180°

θ

Fig. 1 Solid wettability: θ = 0�: total wetting, θ = 180�: non wetting = dewetting, 0� θ 180�: partial wetting, 0� < θ
< 180�: partial wetting

192 A. Elkhyat et al.



2.1 Theory

2.1.1 Contact Angle and Superficial
Energy (Fig. 2)

Young’s equation (Eq. 1) (Young 1805) relates
the surface tension between the liquid vapor
(γLV), the solid vapor (γSV), and the solid-liquid
(γSL) and the free surface energy by contact angle
(θ). The general form of this equation for the
solid-liquid-air system is

γLV cos θ ¼ γSV � γSL � πe (1)

where πe (external pressure) = 0 for low energy
solids (Fowkes 1964).

2.1.2 Critical Surface Tension (gc)
and Hydrophobic/Hydrophilic
Balance (Ho/Hi)

Critical Surface Tension
γc (Fig. 3): The definition of γc is based on an
empirical relationship between the cosine of the
contact angle and the surface tension of a series of
homologous liquid (Eq. 2) (Zisman 1964)

cos θ ¼ 1� b γliquid � γc
� �

(2)

where γliquid, liquid surface tension (mJ/m2). Note
that a reduction of γc means an increase in the
surface hydrophobia.

Hydrophobic/Hydrophilic Balance (Ho/Hi)
For decades, the surface hydrophobicity has been
reported to play an important role in many biolog-
ical processes, such as cellular adhesion, contact
inhibition, elasticity, functionality of tissue mem-
branes, functioning of intracellular structures, and
adhesion of infectious microorganisms (Norris
et al. 1999).

The skin hydrophobia balance (Ho/Hi) is
quantified by a relationship between γc and the
water surface tension (Eq. 3) (Elkhyat
et al. 2001)

Hi ¼ γc=γH2O (3)

where Hi is surface hydrophilia and Ho is surface
hydrophobia.

This parameter is expressed by the ratio of its
critical surface tension γc to the water surface
tension γH2O normalized by the latter.

Vapor

Liquid

Solid

γSL

γLV

γSVθ

Fig. 2 Equilibrium of a
liquid drop on a solid
surface: contact angle and
surface energy

cosθ = 1 θ = 0

0

x

x

x

x

γc γliquid (mJ/m2)

Fig. 3 Critical surface tension γc: total wetting condition
(γliquid γc)
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Free Surface Energy FSE (γs)
Free skin energy is a topical parameter that deter-
mines most of the surface properties such as
adsorption, wetting, adhesion, etc. The γs of the
solids cannot be directly measured, because of the
very weak mobility of the molecular atoms. It is
necessary to resort to indirect methods such as
study of the interactions between a solid and a
liquid. The γs is derived from the measurement of
the contact angle of pure liquids, with known
surface tension parameters.

Several approaches are mentioned in the liter-
ature; the two most commonly used for the skin
are described below:

Geometric mean approach (Owens and Wendt
1969): The γs proportional to the
intermolecular energy is the sum of the disper-
sion component γsd and the polar component γsp.

Acid-base approach (Van Oss et al. 1988; Good
and Van Oss 1992): The γs can be expressed as
the sum of Lifshitz-van der Waals γs

LW and

acid-base γsAB components γs ¼ γLWs þ γABs .
The acid-base components can be expressed

as γABs ¼ 2 γþs :γ�s
� �1=2

; the γþs and γ�s compo-
nents indicate, respectively, the electron-
acceptor and the electron-donor components.

2.2 Contact Angle Measuring

For the visualization and the measurement of the
contact angle, we developed a tool especially
designed for the wettability in vivo measurements
(Fig. 4). This tool is based on the use of a mirror
directed at a 45� angle to the skin (profile drop
method).

A drop of test liquid is deposited on the skin
surface using a microsyringe and inflated up to
a final drop volume of 5 μl. The advancing
contact angle of test liquids corresponds to
the maximum value of the contact angle when
the drop is inflated without moving the
contact line.

The drop’s image is recorded using a video
camera (CDD-Iris, Sony, France) connected to a
computer and mounted on a microscope (Wild
Heerbrugg M650, Switzerland), with a magnifi-
cation of �16, fitted with a slanted mirror. After
visualization and storage of the drop profile, the
contact angle is measured using a program which
can determine θ from the tangents of both sides of
the drop. The influence of roughness and skin
temperature on the contact angle is treated in the
literature (Wenzel 1936; Neumann and Good
1979; Mavon et al. 1997). The temperature effects
on the liquid in contact with the skin are mini-
mized with the nature of the deposit (advancing
contact angle) and with shortening the time of
deposit (15–20 s).

In order to allow every researcher to be able to
assess the skin wettability, a new device has just
been developed which stands for drop shape anal-
ysis (Fig. 5). With this measuring procedure, a
drop of liquid (mostly water) dribbled on the
inner side of the lower arm. According to the
wettability of the sample surface, the drop will
take on a form depending on the surface tension.
In order to interpret this form into a conclusive

Fig. 4 Contact angle visualization and measurement: tool
rests on the use of a mirror directed 45� to the skin “Profile
drop method”
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value for measurements, the drop’s contact angle
is determined.

This device has three basic components: (1) A
black and white camera with a telecentric measur-
ing lens adjustable with a small linear axes portal.
(2) An arm rest with adjustable settling angle. The
angle is set to position the lower arm on which the
measurement is performed as horizontal as possi-
ble. This setting prevents the drop to run or disin-
tegrate, and both sides of the contact angles are the
same on each side of the drop if the contact area is
positioned horizontally. (3) Software: The soft-
ware allows the adjustment of the arm in a hori-
zontal position, the calculation of the drop angle,
and saving of pictures and data.

2.3 Data Analyses

2.3.1 Water Contact Angle uw
Water is an important factor for normal skin func-
tion. When the water content decreases, the skin
becomes dry, itchy, and uncomfortable. The
spreading degree of a water drop on the skin
surface is an indication of its hydrophobic
(Ho) or hydrophilic (Hi) properties.

Skin: Water spreads differently on skin. On the
volar forearm, a poor site in sebum, water forms a
semi hydrophobic contact angle (θw = 80��91�)
(Mavon et al. 1997; Elkhyat et al. 2004a, b; Schott
1971). On the forehead, rich site in sebum, water
spreads over (θw = 57��73�) (Afifi et al. 2006;

Fotoh et al. 2007; Mavon et al. 1998). A study of
ten different sites (Afifi et al. 2006) was confirmed
that the skin with poor sebaceous lipids is a hydro-
phobic surface (θw = 91��102�). On the rich
sebaceous zones, the skin becomes hydrophilic
(θw = 60��85�) (Fig. 6). Fotoh et al. (Fotoh
et al. 2007) showed that the forehead skin wetta-
bility is significantly different ( p< 0.05) between
Black people (Africans or Caribbeans) (θw= 71�)
and Mixed races (African or Caribbean) (θw =
67�) and Caucasians (θw = 67�). The water con-
tact angle θw was recently measured on the fore-
head of 60 children (aged 7–11), and the results
showed a θw = 87� higher than adults indicating
the skin is more hydrophobic than adults. Note
that the sebum level measured on these children
was particularly low (17 μg/cm2) (Lodge 2007;
Mac-Mary et al. 2012a).

Nail: The in vivo evaluation of the nails shows
that human nail is a hydrophilic surface with a
θw = 65� (Fig. 7). No significant difference has
been found between different ethnicities (France,
China, Iran, Morocco) or different sexes (Elkhyat
et al. 2010).

2.3.2 Critical Surface Energy gc

and Hydrophobic/Hydrophilic
Balance (Ho/Hi)

The skin hydrophobia increases by decreasing γc.
Just like θw, the critical surface tension (γc) values
show that in the presence of sebum, the skin is less
hydrophobic. On the forearm, γc is about

Fig. 5 Human skin
wettability measurement:
forearm rest with the new
device
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26–27.5 mJ/m2 (Rosemberg et al. 1973; El-Shimi
and Goddard 1973; Ginn et al. 1968; Adamson
et al. 1968; Elkhyat et al. 1996), and on the fore-
head, as a rich site in sebum, γc increases
(33.2 mJ/m2) indicating an increasing of skin

wettability. According to Eq. 3, the percentage
of hydrophobia Ho of the forearm is between
62 % and 64 %, while the presence of sebum on
the forehead reduces the skin hydrophobia to
54 %.

2.3.3 Surface Free Energy (gs)
The surface wettability increases with increasing
γs.

The γs value of the skin at the forearm is
approximately 38.5 mJ/m2 (Elkhyat et al. 2001;
Mavon et al. 1997), while on the forehead, it
ranges between 42 and 46 mJ/m2 according to
the skin type (oily, normal, dry skin) (Mavon
et al. 1998). The use of the acid-base approach
shows that the forehead (sebum-rich area) is a
strongly monopolar basic surface (γs� = 26 mJ/
m2) and that the forearm (sebum-poor area) is a

Fig. 6 Human skin wettability: effect of sebum on hydrophobic/hydrophilic balance

Fig. 7 Nail: hydrophilic surface with water contact angle
= 65�
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weakly basic surface (γs� = 4 mJ/m2) (Mavon
et al. 1998). The γs increasing on the forearm is
noticed by the increasing of the apolar component
γsLW (+10 mJ/m2).

2.4 Effects of Some Treatments
(Table 1)

The skin hydrophobia increases with the increase
of θw and γc and decrease of γs (Elkhyat
et al. 2001; Mavon et al. 1998).

2.4.1 Degreasing and Washing
Skin: Degreasing with organic solvents or wash-
ing with soap and water increases considerably
the skin hydrophobia. This effect is observed by
increasing the water contact angle θw (+10–15�)
while reducing the free surface energy γs and the
critical surface energy γc (Mavon et al. 1998). The
initial skin hydrophilia of the forehead was found
2 h later after degreasing, time required for the
reconstitution of the sebum current level (Mavon
et al. 1998).

Nail: The degreasing of the nails with organic
solvents also increases its hydrophobia (θw =
+25�) (Fig. 8) (Elkhyat et al. 2010).

Hair: Virgin hair shows a mean thickness of
1.1 nm. The outermost layer of virgin hair
surface is primarily made of a fatty acid called
18-methyleicosanoic acid (18-MEA), which
strongly contributes to the hydrophobicity (θw
= 103�) and lubricity of virgin hairs (Lodge
2007). Due to its hydrophobicity, the virgin
hair surface is lacking of any water film, and
therefore, the water film thickness measured on
the surface is very low. Damaged hair, how-
ever, is slightly hydrophilic due to the removal
of the fatty acid layer during damaging process
(θW = 50��80�) (Lodge 2007).

2.4.2 Application of Moisturizers
(Cream, Thermal Water)

Our skin needs an adequate daily fluid intake to
replenish the water stock in the dermis (dehy-
dration will induce the loss of skin elasticity and
increasing the skin folds). On the other hand, the
skin should renew the hydrolipidic film essential
for the appearance and also for the barrier func-
tion of the epidermis. Applying a moisturizer on
the face of 60 children for 1 week showed a
significant decrease in θw angle (�10�) indicat-
ing an increase in skin hydration (+15 arbitrary
unit) (Mac-Mary et al. 2012a, b).

Table 1 Human skin wettability

Volar forearm Forehead

No treated Degreasing “ether” No treated
Degreasing
“ether”

θw 80� (Wenzel 1936); 84� (Neumann and
Good 1979)

92� (Neumann and
Good 1979);101�

(Fowkes 1964)

57–73� (Elkhyat
et al. 2004b); 60�

(Elkhyat et al. 2004a)

84�

(Fowkes
1964)

88� (Fowkes 1964); 91� (Mavon
et al. 1997)

67–71� (Schott
1893–1895)

γc 26 (Afifi et al. 2006); 26.8 (Fotoh C
et al. 2007)

21.6 (Mac-Mary
et al. 2012a)

33.2 22.4

27 (Mavon et al. 1998); 27.5 (Lodge 2007;
Mac-Mary et al. 2012a) 30.6 (Neumann
and Good 1979)

Ho 62 % (Elkhyat et al. 2001) 70 % (Elkhyat
et al. 2001)

54 % 69 %

γs 38.5 (Fowkes 1964; Elkhyat et al. 2001) 32.4 (Fowkes 1964) 42–46 (Elkhyat
et al. 2004b)

34.5
(Fowkes
1964)

θw: Water contact angle, Ho: Surface hydrophobicity; γc: Critical surface tension (in mJ/m2); γs: Surface free energy
(in mJ/m2)
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The effect of moisturizers is also noticed by
increasing the critical surface energy (γc) and free
surface energy γs. The application of thermal
water reduces the skin hydrophobia by reducing
the θw (�10�). This effect disappears 30 min after
application (Elkhyat et al. 2004a).

2.4.3 Other Applications
Nutritional supplement provides comprehensive
care of the skin envelope of the healthy individual
and well-being as well. The effect of a nutritional
supplement on the dryness in postmenopausal
women has been shown with decreasing the con-
tact angle which was initially hydrophobic
(Humbert et al. 2005). The presence of mucus
layer makes the surface of the pork tongue signif-
icantly more hydrophilic (more wettable). This
effect is noted by decreasing the angle θw (�27�)
and increasing the energy γs (+11 mJ/m2) (Ranc
et al. 2006).

2.5 Discussion

The skin wettability study shows clearly the role
of hydrolipidic layer on the skin hydrophobia.
The suppression or the alteration of this layer
increases the skin hydrophobia. This capacity of
the cutaneous lipids to increase skin wettability
was attributed to the free fatty acids, especially
to those existing in the sebum. By increasing
the amount of squalene and paraffin in sebum,
skin wetting was found to be increased (Gloor
et al. 1973).

The in vivo quantification of physicochemical
parameters of wetting nails has a potential value in
the field of researches. The practical interest of
drug penetration through transungual barrier func-
tion places these studies increasingly at the center
of attention. The choice of intermediate films,
including antifungals and varnishes, depends on
the knowledge of these parameters.

3 Human Skin Friction Coefficient

The frictional behavior of the skin in contact
with different materials plays a critical role in
the sensory perception of them. The friction is
extremely important in our perception of cos-
metic application such as antiaging cream and
moisturizers (Gee et al. 2005). The consumer
exposure of the wide majority of cosmetic prod-
ucts is limited to dermal contact. While touching
an object, a contact happens between our skin
and the object; then the tribological properties of
such a contact influence how an object is per-
ceived. Sensory perception is an important factor
in the decision-making process of consumers
(Bongaerts et al. 2007).

The friction coefficient is the measurement of
the level of sliding between two surfaces. The
initial force to start the slide is called the “dynamic
friction coefficient,” while the force necessary to
continue this is called the “kinetic friction coeffi-
cient.” A high friction coefficient represents a
weak slide, while a low friction coefficient indi-
cates a good slide.

The review of the published literature on the
skin friction shows a wide range of measured
values of μ (Table 2). These differences indicate
that the assessment of the friction coefficient of
the skin is a highly complex problem. It involves
skin elasticity, skin anisotropy, micro-topography,
anisotropy of the skin relief leading to variation in
testing conditions, and individual differences in
measuring techniques. This last point can divide
the test apparatus into two types of designs: one
called incorporate linear motion, wherein a probe
is pressed onto the surface and dragged across the
skin in a straight line, and the other design is
rotational and consists of a probe pressed onto

Fig. 8 Nail: degreasing effects: contact angle improve-
ment (90�)
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and rotated against the skin surface. The friction
coefficient does not vary significantly with gender
but varies considerably among the anatomical
sites of the body (Cua et al. 1990; Elsner
et al. 1990; Sivamani et al. 2003a); the age effect
was also measured (Asserin et al. 2000; Elsner
et al. 1990; Sivamani et al. 2003a). The friction
coefficient is influenced by load (Asserin
et al. 2000; Sivamani et al. 2003a; Koudine

et al. 2000; Ramalho et al. 2007); however, it is
increased due to water application (El-Shimi
1977; Asserin et al. 2000; Sivamani
et al. 2003b). On the other hand, the application
of petrolatum and glycerine on the forearm and on
the hand decreases the friction coefficient imme-
diately, and this effect lasts for at least 1 h after
application (Ramalho et al. 2007). The application
of isopropyl alcohol (Sivamani et al. 2003a) and

Table 2 Human skin friction coefficient (m) – literature data

Author Sliding material
Motion of
test μ Ref

Comaish
et al.

Teflon(1) nylon(2)

polyethylene (3) wood(4)
Linear 0.2(1)–0.45(2)–0.3(3)–0.4(4)

forearm
Comaish and
Bottoms (1971)

Kenins Different wool fabrics Linear 0.32–0.48: dry skin Kenins (1994)

0.48–1.23: wet skin (forearm,
finger)

El-Shimi Steel (rougha, smoothb) Rotational 0.2–0.4a El-Shimi (1977)

0.3–0.6b (volar forearm)

Highley
et al.

Nylon Rotational 0.19–0.28 (volar forearm) Highley
et al. (1977)

Cua et al. Teflon Rotational 0.34 (forehead) Cua et al. (1990)

0.26 (volar forearm)

0.21 (palm), 0.12 (abdomen)

0.25 (upper back)

Asserin
et al.

Ruby Linear 0.7 (volar forearm) Asserin et al. (2000)

Elkhyat
et al.

Teflon(1) Linear 0.18(1)–0.42(2)–0.74(3) (volar
forearm)

Elkhyat
et al. (2004b)Steel(2)

Glass(3)

Elsner
et al.

Teflon Rotational 0.48 (volar forearm) Elsner et al. (1990)

0.66 (vulva)

Sivamani
et al.

Steel Linear 0.56 (normal skin: dorsal finger) Sivamani
et al. (2003a)0.50 (isopropyl alcohol

exposure: dorsal finger)

0.2 (normal skin in vitro)

0.3 (water exposed skin in vitro)

Sivamani
et al.

Steel Linear 0.4–0.6 (volar forearm) Sivamani
et al. (2003b)

Derler
et al.

Textile sample Linear 0.27–0.7 (finger) Derler et al. (2007)

Egawa
et al.

Finger print 0.4 (volar forearm) Egawa et al. (2002)

Lodén
et al.

Steel Rotational 0.55 (dorsum of the hand) Lodén et al. (1992)

1.1 (lower back)

0.65 (volar forearm) respectively
in atopic skin

0.4 – 0.65 – 0.55

Fotoh
et al.

Steel Linear 0.7–0.9 forehead Fotoh C
et al. (2007)
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washing with soap (Egawa et al. 2002) will dry the
skin and decrease its friction coefficient. The fin-
ger has a friction coefficient (μ) ranged from 0.27
to 0.70 and varying among individuals due to
different states of skin hydration (Derler
et al. 2007). Recently, our group (Fotoh
et al. 2007) showed a significant difference ( p <

0.05) of μmeasured on the forehead depending on
the ethnic affiliation. In 2004 (Elkhyat
et al. 2004b), we showed the influence of the
hydrophobic and hydrophilic characteristics of
sliding and slider surfaces on μ. In this study, the
wettability parameters for six surfaces (volar fore-
arm, Teflon, silicone impression material [Silflo],
vinyl polysiloxane impression material resin,
steel, and glass) were measured, and their influ-
ences were compared to the friction coefficient μ.

The tribometer was developed and validated
(Elkhyat et al. 2004b; Fotoh et al. 2007; Ranc
et al. 2006; Asserin et al. 2000) to characterize
the friction properties between skin in vivo and
different sliding surfaces. A sliding ball of 10 mm
diameter was pressed on the ventral forearm with
a constant normal load (FN) of 0.1 N and then
moved at a constant velocity of 0.5 mms�1. In
order to maintain surfaces as flat as possible, a
short sliding distance of 10–15 mm was selected.

In this study, we showed that if the skin is
rubbed against a hydrophobic surface such as
Teflon, the friction coefficient (μ) is lower than
when rubbed against a hydrophilic surface such as
glass or steel: so the hydrophobic surfaces have
the lowest friction coefficient.

4 Discussion

Frictional properties of human skin depend not
only on the skin itself including its texture, sup-
pleness, smoothness, and its dryness or oiliness
(Lodén et al. 1992) but also on its interaction with
external surfaces and the outside environment
(Zhang and Mak 1999).

In this chapter, we saw the role of the skin
hydrophobia in the skin friction coefficient. The
largest hydrophobicity of the abdomen explains
its lowest friction coefficient compared to the

forehead measured by Cua et al. (1990). Water
application decreases the skin hydrophobia and
consequently increases its friction coefficient
measured by Egawa et al. (2002) and Sivamani
et al. (2003b). The decrease of μ after degreasing
(isopropyl alcohol) (Sivamani et al. 2003a) or
after washing with soap and water (Egawa
et al. 2002) is quite normal; indeed, these treat-
ments increase the skin hydrophobia (Table 1),
while the increased skin hydrophobia with aging
or in atopic skins leads to low μ as reported in the
literature (Asserin et al. 2000; Lodén et al. 1992).

The role of the surface lipids was speculated as
one possible factor contributing to the frictional
properties of the skin, and the correlation between
μ and the skin lipid content was evaluated: Cua
et al. (1995) showed that the skin lipid content
plays a role in the frictional properties of the skin.
Moreover, in the skin, the friction resistance
depends on hydrophilic and lipophilic elements
present on the cutaneous surface. Fotoh
et al. (2007) assumed that the hydrophilic/hydro-
phobic balance of the cutaneous hydrolipidic film
is different between the different ethnic groups
studied. Black women could have a decreased
skin friction coefficient as well as an increased
cutaneous hydrophobicity comparatively to
Mixed-race and Caucasian women.

5 General Conclusion

The exploitation of these parameters should allow
to classify the different types of the skin according
to their affinity with water, which is of major
importance in biology as in cosmetology. These
data should also be possible to guide the cosmetic
formulation to discriminate the emulsions which
cannot spread properly on the skin. Investigation
of skin frictional properties is relevant to several
research areas, such as skin physiology, skin care
products, textile industry, human friction-
dependent activities, and skin friction-induced
injuries (Zhang and Mak 1999). Friction of skin
forms an integral part of tactile perception and
plays an important role in the objective evaluation
of consumer-perceptible skin attributes (Wolfram
1983).
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6 Conclusion

In cosmetic researches, the structure and the phys-
icochemical properties of the skin, the nail, and
the hair are of great interest. Studies of physico-
chemical parameters of wetting the skin bring a
new look at the interactions between the formula-
tions and keratin (or skin).

Up to now, these parameters are known as a
fundamental tool to orient better the formulations.
An average of evaluating certain activities or med-
icated cosmetics and knowledge of the physico-
chemical parameters of wetting the skin surface
can provide useful information in the field of
hygiene, cosmetics, and topical medications.

To date, the study of bio-tribological properties
of human skin has attracted much attention, which
is attributed to its importance in human daily life.
A good understanding of skin friction is generally
believed to have not only the potential benefits for
the performance of conducting tasks but also the
prevention of pain and discomfort (for instance, a
good understanding of the mechanism between
skin and various materials could help in avoiding
the chance of getting blisters on the foot) (Liu
et al. 2013).
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1 Measurement of Skin Friction
Coefficient

The skin friction coefficient represents the skin
resistance against the movement of an object on
the skin surface. The coefficient of friction (μ) is
calculated as the ratio of the friction force over the
normal load. The normal load and friction force
are expressed in newtons (N), and the coefficient
of friction is dimensionless μ = Ffriction/Fnormal

(Naz et al. 2014). Many devices, including a tri-
axial quartz force plate (Kistler, Winterthur, Swit-
zerland) (Derler et al. 2007; Gerhardt et al. 2008),
Revolt SkinTribometer (Veijgen et al. 2013a, b),
Frictiometer® FR 770 (Courage-Khazaka,
Cologne, Germany) (Zhu et al. 2011; Neto
et al. 2013), and Measurement Technologies
Skin Friction Meter (Aca-Derm Inc., California,
USA) (Zhang andMak 1999), are available for the
measurement of skin friction coefficients. The
principle and methods of these devices are similar.
For Courage-Khazaka Frictiometer® FR 770, the
flat tip of the probe is made of Teflon. The tip
surface area contacting the skin is 2 cm2. The
normal force level is 0.7 N and rotation speed is
255RPM. During measurement, the Frictiometer®

FR 770 probe is connected to anMPA5 unit which
is linked to a computer. The skin friction
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coefficient will be displayed on a computer mon-
itor upon placing the probe on the surface of the
skin. The unit for skin friction coefficient is arbi-
trary unit (au).

2 Factors That Influence Skin
Friction Coefficient

2.1 External Determinants of Skin
Friction Coefficient

2.1.1 Material
As stated above, the skin friction coefficient repre-
sents resistance of the skin against the movement of
an object on the surface of the skin. Thus, the type of
material in contact with the skin can affect the skin
friction coefficient. For instance, among bamboo
viscose, polytetrafluoroethylene, and cotton/polyes-
ter (50%/50%), cotton/polyester yielded the highest
friction coefficient (0.43� 0.04 for cotton/polyester;
0.38 � 0.04 for bamboo viscose; 0.30 � 0.04 for
polytetrafluoroethylene) when sliding on the inner
forearm at the normal load of 14.6 � 1.3 N
(Gerhardt et al. 2009). The skin friction coefficient
on the fingertip pad is lower for aluminum in com-
parisonwith rubber hoses (0.6 for aluminum and 0.9
for hoses), especially at a lower level of normal force
(Seo and Armstrong 2009). Among aluminum,
nylon, silicone, cotton, and pelite, silicone induced
the highest skin friction coefficient (Zhang andMak
1999). The skin friction coefficient is positively
correlated with the surface energy of the material
against the skin (Veijgen et al. 2013b). The skin
friction coefficient is also different between sheet
and knitted materials (Comaish and Bottoms 1971).

2.1.2 Temperature
Regarding the impact of ambient temperature on
skin friction coefficients, the results are controver-
sial. Both static and dynamic skin friction coeffi-
cients were positively correlated with ambient
temperature (Veijgen et al. 2013a, b). In contrast,
another study demonstrated that skin friction coef-
ficients on the porcine skin were higher at room
temperature than that at 45 �C (Hills et al. 1994).
Nevertheless, these evidences suggest that the

ambient temperature can affect skin friction coef-
ficients. Hence, it is necessary to maintain a con-
sistent ambient temperature when measuring skin
friction coefficients.

2.1.3 Normal Force
Several studies showed that the normal force had a
negative impact on skin friction coefficient (Veijgen
et al. 2013b; Seo and Armstrong 2009; Koudine
et al. 2000; Bobjer et al. 1993; Sivamani
et al. 2003). For example, when the normal force
levels ranged from 1 to 1,000 g, both dynamic and
static skin friction coefficients on the abdomen
decreased as normal force increased (Comaish and
Bottoms 1971). Another study demonstrated a sharp
reduction in the static skin friction coefficient in the
forearm when the normal force levels were increased
from 10 to 100 mN, while the dynamic skin friction
coefficient only slightly declined (Koudine
et al. 2000). Further reduction of the normal force
levels from 200 to 800 mN only induced a minimum
reduction in both the static and dynamic skin friction
coefficients (Koudine et al. 2000). Seo et al. (Seo and
Armstrong 2009) reported that the skin friction coef-
ficient on the fingertip pad in contact with aluminum
was 0.6� 0.4 at the normal force level of 1.6� 0.7N,
while skin friction coefficient was 0.4 � 0.3 at the
normal force level of 10.8 � 1.3 N. But a further
increase in the normal force level to 19.6� 1.9 N did
not cause an additional reduction in the skin friction
coefficient (0.4 � 0.2). A negative correlation of the
skin friction coefficients with the normal force was
also demonstrated on various body sites (Zhang and
Mak 1999).

2.1.4 Contact Surface Area
The surface of the skin in contact with the material
can also affect the skin friction coefficient. Gen-
erally, the skin friction coefficient in the normal
skin increases as the contact area increases
(Comaish and Bottoms 1971; Bobjer et al. 1993;
Warman and Ennos 2009). But following topical
treatment of the skin with either paraffin oil or
lard, skin friction coefficient was negatively cor-
related with contact area (Bobjer et al. 1993). In
addition, the type of material in contact with the
skin influences the relationship between the skin
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friction coefficient and the contact area. For exam-
ple, the skin friction coefficient was positively
correlated with the contact surface area when in
contact with polythene, whereas the skin friction
coefficient did not vary with the contact surface
area when in contact with wool (Comaish and
Bottoms 1971).

2.2 Internal Determinants of Skin
Friction Coefficient

2.2.1 Age
The association of the skin friction coefficient
with age is inconclusive. Although studies
showed that both dynamic and static skin friction
coefficients varied significantly with ages
(Veijgen et al. 2013a, b), no differences in the
skin friction coefficients between young and
aged subjects have also been demonstrated (Cua

et al. 1990, 1995; Elsner et al. 1990). Our studies
demonstrated that the skin friction coefficients in
both males and females changed over their life-
times, particularly in females (Fig. 1; Zhu
et al. 2011). As shown in Fig. 1a, skin friction
coefficient on both the canthus and the dorsal
hand of females gradually increased before
the age 40 years and then declined over life-
time, while on the forehead, skin friction
coefficient positively correlated with age
(Fig. 1a, R2 = 0.03506, p <0.001). In males,
skin friction coefficient on the forehead and
canthus did not change dramatically over the
lifetime (Fig. 1b). But skin friction coeffi-
cient on the dorsal hand of males increased
from age 0 to 40 and remained unchanged
thereafter. Collectively, these data suggest
that the association of the skin friction coef-
ficient with age is body site and gender
dependent.

Fig. 1 Skin friction
coefficient varies with age
and body sites (this figure is
modified from previous
publication (Zhu
et al. 2011)). (a) In females;
(b) In males. Significant
differences between body
sites are shown in the
figures. N = 300 for males
and N = 333 for females
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2.2.2 Body Sites
It is generally accepted that the skin friction coef-
ficient varies with body sites although some study
showed no significant variation among body sites
(Zhang and Mak 1999). On the upper limbs, both
static and dynamic skin friction coefficients vary
significantly among the midventral forearm, mid-
dorsal forearm, index finger pad, and dorsal hand
(Veijgen et al. 2013b). Both static and dynamic
skin friction coefficients are higher on the index
finger pad than on the dorsal forearm (Veijgen
et al. 2013a). Our study showed that the canthus
displayed a higher skin friction coefficient than
the forehead (Fig. 1). The skin friction coefficients
were lower on the forehead than on the dorsal
hand (Fig. 1). But another study demonstrated
that the forehead exhibited the highest skin fric-
tion coefficient (Fig. 2). Skin friction coefficients
also vary among fingers (Warman and Ennos
2009). The variation of skin friction coefficient
with body site is gender dependent (Fig. 1a
vs. Fig. 1b).

2.2.3 Gender
The gender differences in skin biophysical prop-
erties including skin friction coefficient have
been well documented (Zhu et al. 2011; Cua
et al. 1990; Man et al. 2009; Choi et al. 2007;
Marrakchi and Maibach 2007), although some
studies showed no gender differences in skin
friction coefficient on various body sites
(Gerhardt et al. 2008; Veijgen et al. 2013a; Cua

et al. 1990, 1995). Our recent study in a large
Chinese population showed that there were
differences in skin friction coefficients between
males and females (Fig. 3). The gender differ-
ences in skin friction coefficients are age and
body site dependent. For example, on the fore-
head, there was no difference in skin friction
coefficient between males and females (Fig. 3a).
In contrast, on the canthus and the dorsal hand,
skin friction coefficients in females significantly
differed from males (Fig. 3b, 3c). The biggest
differences between males and females occurred
at 31–60 years old on the canthus (Fig. 3b) and at
20–30 years old on the dorsal hand (Fig. 3c).
Skin friction coefficients on the dorsal hand of
males aged 0–10 years were significantly higher
than those in females (Fig. 3c). Thus, the
discrepant results from different studies could
be in part due to the differences in subject ages
and body sites.

2.2.4 Stratum Corneum Hydration
The impact of stratum corneum hydration on skin
friction coefficients has been extensively studied.
Skin friction coefficients in both males and
females were linearly correlated with skin stratum
corneum hydration. Moisturization of the skin
induced a more dramatic increase in the skin fric-
tion coefficient in females than in males (Gerhardt
et al. 2008), suggesting that the influence of skin
hydration on skin friction varies with gender. The
impact of moisturizers on skin friction coefficient

Fig. 2 Variation of skin
friction coefficient with
body sites (this figure is
modified from previous
publication (Cua
et al. 1995)). N = 29
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varies with their properties. For example, skin
friction coefficient increased immediately after
the addition of water to the skin and returned to
normal level within 10–15 min (Sivamani
et al. 2003; Highley et al. 1977; Nacht
et al. 1981). Skin friction coefficients were raised
up to twofold following topical application of
moisturizers (creams) and remained elevated for
up to 4 h (Sivamani et al. 2003). Mineral oil,

petrolatum, and glycerin could cause an initial
reduction in the skin friction coefficient, followed
by a marked increase (Highley et al. 1977; Nacht
et al. 1981). The relationship between skin friction
coefficient and skin hydration varies with gender
and body sites. One study showed that skin fric-
tion coefficients were positively correlated with
skin hydration on the forehead and dorsal fore-
arm, but not on the abdomen, upper back, and

Fig. 3 Comparison of skin
friction coefficient between
females and males (this
figure is modified from
previous publication (Zhu
et al. 2011)). (a) Depicts the
differences between males
and females on the
forehead, (b) on the
canthus, and (c) on the
dorsal hand. Significant
differences are shown in the
figure
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postauricular area (Cua et al. 1990). Our study has
demonstrated that the skin friction coefficients on
the forehead were positively correlated with skin
hydration in males, but not in females (Fig. 4a
vs. Fig. 4d). In contrast, on the canthus, skin
friction coefficients were positively correlated
with skin hydration in females, but not in males
(Fig. 4b vs. Fig. 4e). In subjects with atopic der-
matitis, the correlation of skin friction coefficients

with skin hydration was only found on the volar
forearm and lower back, but not on the dorsal
hand (Lodén et al. 1992).

2.3 Other Determinants

Besides the external and internal factors described
above, there are many other determinants that can

Fig. 4 Correlation of skin friction coefficient with stratum
corneum hydration. (a, b, and c) represent the correlation
of skin friction coefficient with stratum corneum hydration

in females, while (d–f) are in males. Statistical signifi-
cances are shown in the figures
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affect the skin friction coefficient. Studies have
shown that air humidity can positively impact
both static and dynamic skin friction coefficients
(Veijgen et al. 2013a), while skin temperature,
hair on the skin, and evening measurement have
a negative effect on the skin friction coefficients
(Veijgen et al. 2013a, b). Regarding the relation-
ship of epidermal permeability barrier function
measured by transepidermal water loss (TEWL)
to skin friction coefficients, studies showed that
TEWL levels were associated with skin friction
coefficients on the thigh and the palm in normal
subjects (Cua et al. 1990) and on the lower back in
atopic subjects (Lodén et al. 1992). Topical appli-
cation of 10 % sebum decreased static skin fric-
tion coefficient between the skin and polythene,
but increased static skin friction coefficient
between the skin and wool (Comaish and Bottoms
1971). In normal human, skin friction coefficient
between the skin and Teflon (polytetra-
fluoroethylene-based product) was linearly corre-
lated with skin surface sebum content (Cua
et al. 1995). Sweat could increase the skin friction
coefficient, too (Bobjer et al. 1993). In females,
the skin friction coefficient on the forearm was
significantly higher in premenopause than post-
menopause (Elsner et al. 1990). Additionally, the
movement speed of the object on the skin was
positively correlated with skin friction coefficient
(Zhang and Mak 1999).

3 Summary

Skin friction coefficients can easily be measured.
Since there are many internal and external factors
that can affect the value of skin friction coeffi-
cient, a consistent environment and measurement
device would be required in order to obtain com-
parable results. Age, gender, body site, and skin
condition should be considered in the interpreta-
tion and comparison of the results.
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1 Introduction

Dermoscopy, also known as epiluminescence
microscopy (ELM) or dermatoscopy, is the non-
invasive examination of the skin with a device that
permits improved visualization of surface and
subsurface structures enabling the clinician to rec-
ognize morphologic features that are not per-
ceived by naked eye examination (Argenziano
et al. 1999, 2002). With the ability to visualize a
new dimension of colors and microstructures, the
dermatoscope increases the clinician’s sensitivity
and specificity when differentiating benign from
malignant skin lesions and recently has been
shown to improve the recognition of a growing
number of skin diseases in general dermatology
(Argenziano et al. 2009). ELM also forms a link
between macroscopic clinical observation and
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microscopic dermatopathology allowing the clini-
cian to increase their confidence in clinical judg-
ment (Argenziano et al. 2003). Dermoscopy
maximizes early detection while minimizing the
unnecessary excision of benign skin tumors prov-
ing that this modality can be used to both lower
unnecessary healthcare expenditures and more
importantly decrease mortality of melanoma
(Alexandrescu 2009).

2 Tools

The dermatoscope is a handheld monocular opti-
cal system that enables magnification (10�) of the
skin surface with the aid of an illumination sys-
tem, either polarized or nonpolarized. Polarized
devices allow for unobstructed viewing of vascu-
lar and chrysalis structures and do not require the
use of immersion fluid such as mineral oil, alco-
hol, or water. Nonpolarized devices require
immersion fluid and provide better viewing of
pseudocysts, blue-gray dots, and blue-white veil/
structures. Most current commercially available
devices utilize LED illumination and provide the
ability to switch between polarized and
nonpolarized viewing (Argenziano et al. 2002;
Wang et al. 2008; Liebman et al. 2012). Digital
dermoscopy is the process of attaching a
dermatoscope to a digital camera system that
allows for easy photographic documentation,
high-definition capture of lesions for enlarged
view on a computer screen, and storage for patient
follow-up (Argenziano et al. 2009, 2003; Soyer
et al. 2012, 2001; Salerni et al. 2012; Niederkorn
et al. 2011). Videodermoscopy aids in monitoring
high-risk patients who present with a plethora of
pigmented skin lesions that need to be followed
up regularly and is also useful in the examination
of hair disorders. Skin lesions can be magnified up
to 120�, and mole mapping software allows for
organized quantification and localization of
lesions (Ross et al. 2006a). Both digital
dermoscopy and videodermoscopy can take
advantage of the ability to consult a second opin-
ion via teledermatology (Malvehy and Puig

2002). Dermoscopy is also useful in aiding reflec-
tance confocal microscopy (RCM) as the struc-
tures viewed in dermoscopy allow for
determining mapping location in RCM, both
with correlating histopathologic features (Bassoli
et al. 2010).

3 Colors

Dermoscopy allows for in-vivo evaluation of
colors of the epidermis, dermal-epidermal junc-
tion, and papillary dermis that are not easily
viewed with traditional naked eye examination.
Colors play a key role in the evaluation of skin
lesions as the color perceived by the viewer is
relative to the location of melanin (chromophore)
and other pigment in the skin. Black correlates to
melanin located in the stratum corneum and the
upper epidermis, light to dark brown in the epi-
dermis, gray to gray-blue in the papillary dermis,
and steel-blue in the reticular dermis. Blue color
represents melanin deposition deeper in the skin
layers. Red color is associated with an increased
number or dilation of blood vessels, trauma, or
neovascularization. White color is a result of
regression or scarring (Braun et al. 2005; Reisfeld
2000).

4 Structures

The use of dermoscopy permits the visualization
of a variety of structures that aid the clinician in
assessing both melanocytic and non-melanocytic
lesions (Soyer et al. 2001, 2012). They include the
presence or absence of pigment network, local
features, and vascular structures (Stolz
et al. 2002; Menzies et al. 2003; Braun
et al. 2005; Reisfeld 2000; Malvehy et al. 2007;
Ferrara et al. 2002; Haliasos et al. 2010). The six
most common morphologic types of vascular
structures include comma vessels, dotted vessels,
linear-irregular vessels, hairpin vessels, glomeru-
lar vessels, and arborizing vessels (Table 1)
(Zalaudek et al. 2010a, b).
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4.1 Melanocytic Lesions (Criteria)

4.1.1 Pigment Network
Pigment network is made up of pigmented net-
work lines and hypopigmented holes, which cor-
respond to the presence or absence of melanotic
pigment in the cells of the basal layer of the
epidermis. Network lines correlate histologically
to rete ridges that are thick and contain an abun-
dance of melanin. Network holes correlate histo-
logically to the suprapapillary plate that is thinner
and contains less melanin deposition. The
pigmented network can be typical or atypical
(Johr 2002). The network may not be visible if
the rete ridges are short or less pigmented. Areas
devoid of any network type corresponding to the
flattening of rete ridges are called structureless
areas.

The pigment network can be observed individ-
ually or in combination of the any of the following
patterns: reticular pattern, globular pattern, homo-
geneous pattern, and starburst pattern. Reticular
pattern is the most common global pattern found
in melanocytic lesions. It appears as a grid of line
segments, honeycomb-like, and in different
shades of black, brown, or gray. Globular pattern
consists of variously sized, round to oval struc-
tures. Homogeneous pattern is characterized by

diffuse, uniform, structureless color filling most of
the lesions. Starburst pattern is characterized by
the presence of pigmented streaks and/or dots and
globules in a radial arrangement at the periphery
of a melanocytic lesion (Soyer et al. 2012; Braun
et al. 2005; Johr 2002; Argenziano et al. 1998,
2011a).

4.1.2 Broadened Network
Broadened network is defined as localized pig-
ment network in which the line segments are
thickened and irregular (Johr 2002).

4.1.3 Atypical Pigment Network
Atypical pigment network is described as black,
brown, or gray thickened and irregular line seg-
ments anywhere in the lesion. In melanoma it
typically presents as a sharp cutoff or demarcation
of the pigment network at the periphery of the
lesion. The term “atypical” network has been
recently defined as the presence of different type
of network within a given lesion (Soyer
et al. 2012; Johr 2002; Argenziano et al. 1998,
2011a).

4.1.4 Dots
Dots are defined as small, round structures less
than 0.1 mm in diameter which may be black,

Table 1 List of the main vascular pattern as seen in dermoscopy

Vessel type (new
terminology) Description Diagnostic significance

Comma vessels (linear
curved)

Coarse vessels that are slightly curved, barely
branching, and variable in both size and caliber

Mainly in melanocytic nevi,
especially dermal nevi

Dotted vessels (dots) Tiny red dots densely aligned next to each other Spitz nevi, sometimes in
seborrheic keratosis, rarely in
thin AHM

Linear irregular vessels
(linear straight; linear
serpentine)

Linear, irregularly shaped, sized, and distributed red
structures

Pyogenic granuloma and
melanoma

Hairpin vessels (linear
looped)

Vascular loops sometimes twisted and bending, usually
surrounded by a whitish halo when seen in keratinizing
tumors

Common in seborrheic
keratosis and melanoma

Glomerular vessels (linear
coiled)

Tortuous capillaries often distributed in clusters
mimicking the glomerular apparatus of the kidney

Bowen disease;
intraepidermal carcinoma

Arborizing vessels Stem vessels of large diameter branching irregularly
into fine terminal capillaries. Vessel color is bright red

Frequently in BCC

Crown vessels (linear
serpentine)

Groups of orderly bending, scarcely branching vessels
located along the border of the lesion

Sebaceous hyperplasia
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light or dark brown, gray, or blue-gray (Stolz
et al. 2002; Menzies et al. 2003; Malvehy
et al. 2007). Black dots originate from pigment
accumulation in the stratum corneum and the
upper epidermis. Brown dots correspond to focal
melanin accumulations at the dermo-epidermal
junction. Blue-gray dots, also known as granules,
dust-like dots, or “peppering,” are caused by accu-
mulation of loose melanin or fine melanin parti-
cles in melanophages or free in the deep papillary
or reticular dermis (Ferrara et al. 2002; Zalaudek
et al. 2009; Soyer et al. 2000; Stoecker
et al. 2011).

4.1.5 Globules
Globules are defined as symmetrical, round to
oval, well-demarcated structures that may be
black, brown, blue, or red. They are larger than
dots and correspond histologically to nests of
pigmented benign or malignant melanocytes,
clumps of melanin, and/or melanophages situated
usually in the lower epidermis, at the dermal-
epidermal junction, or the papillary dermis (Stolz
et al. 2002; Menzies et al. 2003; Braun et al. 2005;
Reisfeld 2000; Malvehy et al. 2007; Ferrara
et al. 2002; Zalaudek et al. 2009; Soyer
et al. 2000). In benign lesions they have relatively
homogenous size and shape with even distribu-
tion and generally central localization. In compar-
ison, malignant lesions present with globules of
varying size and shape with asymmetric periph-
eral localization (Stoecker et al. 2011; Kittler
et al. 2000).

4.1.6 Streaks
Streaks are defined as dark linear structures of
variable thickness found at the periphery of a
lesion (Stolz et al. 2002; Braun et al. 2005;
Malvehy et al. 2007). Histologically they repre-
sent linear, heavily pigmented, junctional nests of
atypical melanocytes (Ferrara et al. 2002; Soyer
et al. 2000). Streaks can be found in both benign
and malignant melanocytic lesions. They are spe-
cific for melanoma notably when they are
unevenly distributed at the periphery of a lesion.
Symmetrical arrangement of streaks around the
entire lesion periphery is commonly found in

Spitz nevi but can also be seen rarely in melano-
mas (Argenziano et al. 1999b).

4.1.7 Pseudopods/Radial Streaming
Pseudopods, also known as radial streaming, are
defined as radially oriented or bulbous, fingerlike
projections of pigment at the periphery of a lesion.
They are either connected to the pigment network
or directly connected to the tumor body (Soyer
et al. 2012; Malvehy et al. 2007; Johr 2002). They
correspond to intraepidermal or junctional conflu-
ent radial nests of melanocytes. Asymmetric pseu-
dopod arrangement is one of the most specific
features of superficial spreading melanoma
subtype (Menzies 2001).

4.1.8 Blotches
Blotches, also known as black lamella, are defined
as large concentrations of melanin pigment that
obscure the visualization of other dermoscopic
features of a given lesion. Blotches with irregular
borders, sharp demarcation, and peripheral
arrangement in a melanocytic lesion are very sug-
gestive of a melanoma (Soyer et al. 2012;
Malvehy et al. 2007; Massi et al. 2001a).

4.1.9 Blue-White Veil/Structures
Blue-white veil/structures is defined as an irregu-
lar, indistinct, confluent blue pigmentation with an
overlying white, ground-glass haze that does not
occupy the entire lesion (Soyer et al. 2012; Men-
zies et al. 2003; Braun et al. 2005; Reisfeld 2000;
Malvehy et al. 2007; Argenziano et al. 2011b). It
corresponds histopathologically to an aggregation
of heavily pigmented cells or melanin in the der-
mis in combination with compact orthokeratosis
(Massi et al. 2001b).

4.1.10 Regression
Regression is defined as a white scar-like depig-
mentation, lighter than the surrounding skin, or
peppering (Braun et al. 2005; Malvehy
et al. 2007). Histologically regression correlates
to fibrosis, loss of pigmentation, and numerous
melanophages in the papillary dermis (Ferrara
et al. 2002). Regression is commonly found in
melanoma, but also nevi can show a variable
amount of regression although a different
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distribution of regression and the variably associ-
ation with white color helps in differentiating
between the two entities (Zalaudek et al. 2004).

4.1.11 Atypical Vascular Pattern
An atypical vascular pattern is described as linear-
irregular and/or dotted red vessels that are not
seen in areas of regression. Moreover, the pres-
ence of polymorphous vessels is referred as atyp-
ical vascular pattern, and this can be found in
malignant lesions either melanoma or squamous
cell carcinoma. (Zalaudek et al. 2010a, b).

5 Special Site

5.1 Acral Lesions

Melanocytic acral lesions have specific patterns
because of the presence of particular anatomic
structures inherent to these locations on the
palms and soles. The four main patterns of acral
lesions are parallel furrow, lattice-like, fibrillar,
and parallel ridge (Soyer et al. 2012; Malvehy
et al. 2007). The parallel furrow presents with
multiple parallel linear pigmentation in the sulci,
or furrows, of glabrous skin. The lattice-like pat-
tern presents with linear pigmentation that follow
and cross the sulci, demonstrating a rectangular
network of brownish lines punctuated by several
whitish dots, similar in appearance to a string of
pearls. The fibrillar pattern is characterized by
numerous short and thin brown lines that are
parallely arranged and run oblique to the ridges
and furrows. The parallel ridge pattern, pathogno-
monic for acral melanoma, presents as pigmented
bands on the ridges that are broader than the
whitish lines in between. In addition to the four
main patterns, a combination of globular,
nontypical, transition, and globulostreak-like pat-
terns can be observed less frequently (Kokgil
et al. 2012; Miyazaki et al. 2005).

5.2 Facial Lesions

Melanocytic facial lesions present with difficult
evaluation for naked eye examination and benefit

from the use of dermoscopy. Because of the spe-
cific anatomy of facial skin characterized by
numerous folliculo-sebaceous units and an
effaced epidermis, lesions on facial skin reveal
specific dermoscopic features (Soyer
et al. 2012). Benign lesions typically present
with pigmented follicles and pseudonetwork that
is light brown to dark brown in color with sym-
metrical arrangement and absence of gray color
that usually typify lentigo maligna, although it can
be found also in non-melanocytic lesions. Specific
melanoma criteria include annular-granular struc-
tures, asymmetrically pigmented follicles, rhom-
boidal structures, and gray pseudonetwork (Stante
et al. 2005).

5.3 Non-melanocytic Lesions
(Criteria)

5.3.1 Blue-Gray Ovoidal Structures
Blue-gray ovoidal structures are round to oval and
often irregular in shape. Color ranges from
brownish-gray to blue-gray (Soyer et al. 2012;
Braun et al. 2005). They correlate histopatholog-
ically to heavily pigmented, solid aggregations of
basaloid cells in the papillary dermis of superficial
or nodular basal cell carcinoma, especially when
found in the absence of melanocytic lesion
criteria. This feature can also be found in
melanocytic lesions (Ferrara et al. 2002).

5.3.2 Arborizing Vessels
Arborizing vessels are thickened, in-focus,
branched red vessels that are highly specific for
basal cell carcinoma. Typically, the caliber of the
vessels decreases regularly from the origin toward
the branching, arborizing thinner vessels (Soyer
et al. 2012; Zalaudek et al. 2010a, b).

5.3.3 Milia-Like Cysts
Milia-like cysts are white or yellowish round
structures that histologically represent
intraepidermal horn globules or horn pseudocysts.
Multiple milia-like cysts are a common finding in
seborrheic keratosis. They can be observed in
dermal nevi and melanoma, but usually they are
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fewer in number (Soyer et al. 2012; Braun
et al. 2005).

5.3.4 Comedo-Like Openings
Comedo-like openings are irregularly shaped,
sharply well-circumscribed structures that can be
brownish-yellow or brown-black that correlate
histopathologically to keratin plugs within dilated
follicular openings. They are commonly found in
seborrheic keratoses (Braun et al. 2005; Ferrara
et al. 2002).

5.3.5 Red Lacunae
Red lacunae are well-demarcated, round to oval
structures that can be red, red-blue, dark-red,
white, or black. They correlate histopathologi-
cally to dilated vascular spaces located in the
upper dermis. Lacunae are commonly found in
hemangiomas and angiokeratomas (Soyer
et al. 2012; Braun et al. 2005).

5.3.6 Central White Patch
The central white patch is a well-circumscribed,
round to oval, white area usually in the center of a
firm lesion. It is highly diagnostic of
dermatofibroma although it can be found in a
wide range of lesions (Ferrara et al. 2002;
Zaballos et al. 2008).

5.4 Diagnostic Algorithms

Since the inception and popularization of
dermoscopy in clinical practice, many authors
have published various methods to perform orga-
nized differential diagnosis of pigmented skin
lesions. The most commonly used algorithms
will be discussed below.

5.4.1 Pattern Analysis
Pattern Analysis is based on a two-step process,
first to recognize whether a lesion is melanocytic
or non-melanocytic and second to evaluate the
lesion for specific criteria. This method requires
much experience and hence led to the develop-
ment of other methods that require less training

and experience to diagnose skin lesions (Braun
et al. 2005; Johr 2002).

5.4.2 ABCD Rule of Dermatoscopy
The ABCD rule of dermatoscopy was developed
in an effort to simplify the process of lesion anal-
ysis. Four criteria are used for diagnosing mela-
noma, asymmetry (A), borders (B), colors (C),
and different structural components (D). It is a
semiquantitative, mathematical approach that
awards points for the criteria identified in a lesion
and a formula to determine a total dermatoscopy
score (TDS) that is suggestive of diagnosis of
benign, high-risk, or high diagnostic sensitivity
for a melanoma (Johr 2002; Argenziano
et al. 1998). To determine the asymmetry
(A) score, the lesion is visually divided into two
90� right-angle axes and assigned a score ranging
from 0 to 2. A lesion that is completely symmet-
rical in shape, color, and structure receives a score
of 0. A lesion that is asymmetric in one axis is
given a score of 1 and a lesion that is asymmetric
in both axes is given a score of 2. The weight
factor for asymmetry is 1.3 and subscores range
from 0 to 2.6. To determine border (B) score, the
lesion is visually divided into eight pie-shaped
segments, and then the number of segments that
contain an abrupt cutoff at the margins or the
peripheral pigment pattern is noted, and each seg-
ment with an abrupt cutoff is given a score of
1. The weight factor for border score is 0.1 and
subscores range from 0 to 0.8. Colors
(C) evaluated include white, red, light brown,
dark brown, black, and blue gray. It should be
noted that white should only be counted if it is
lighter than the surrounding skin and not confused
with hypopigmentation. Each color is assigned
one point, a weight factor of 0.5, and subscores
range from 0.5 to 3.0. Different structural compo-
nents (D) include pigment network, structureless
areas, dots, globules, and streaks. Structureless or
homogeneous areas should be greater than 10 %
of the lesion, and branched streaks and dots are
only counted when more than two are clearly
seen. Each component is assigned one point, a
weight factor of 0.5, and subscores range from
0.5 to 2.5. TDS is calculated by multiplying the
total points in each category by their weight
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factors: (A� 1.3) + (B� 0.1) + (C� 0.5) + (D�
0.5)= TDS. ATDS score<4.75 is suggestive of a
benign lesion, 4.8–5.45 suggestive of suspicious
for melanoma, and >5.45 highly suspicious for
melanoma (Stolz et al. 1994).

5.4.3 Menzies Scoring Method
TheMenzies method scores 11 different criteria as
either present or absent which aims to reduce the
intra and interobserver errors seen when criteria
are graded numerically. The method has two cat-
egories: negative and positive features, with two
and nine features, respectively, for each category.
For melanoma diagnosis both of the negative fea-
tures must not be found, and in addition at least
one positive feature must be present. Negative
features include point and axial symmetry of pig-
mentation and presence of a single color. Positive
features include blue-white veil, multiple brown
dots, peripheral black dots and globules, radial
streaming and pseudopods, scar-like depigmenta-
tion (regression), multiple colors (five or six),
multiple blue/gray dots, and broadened network.
It should be noted that peripheral dots and glob-
ules must be black, and pseudopods/radial stream-
ing should not be scored if they are regularly
symmetrically arranged around the lesion periph-
ery. Colors to be scored include black, tan, dark
brown, red, gray, and blue.White is not counted as
a color (Menzies et al. 1996, 2003; Johr 2002;
Argenziano et al. 2011a).

5.4.4 7-Point Checklist
The 7-Point checklist is a newer method described
by Argenziano and colleagues to analyze lesions
that has fewer criteria than pattern analysis and is
less complicated than the ABCD rule of
dermatoscopy. It works on a point system that is
divided into major and minor criteria found in a
skin lesion. Major criteria receive two points each,
and minor criteria receive one point each. Major
criteria include atypical pigment network, blue-
whitish veil, and an atypical vascular pattern.
Minor criteria include irregular streaks, irregular
pigmentation, irregular dots/globules, and regres-
sion structures. Irregular pigmentation is defined
as black, brown, or gray featureless areas with

irregular shape and/or distribution. A total score
of 3 or greater has a 95% sensitivity of being a
melanoma, and excision is recommended. This
system is limited to aiding melanoma diagnosis
and does not include criteria that aid in differenti-
ating pigmented skin lesions that are
non-melanocytic, such as seborrheic keratosis or
basal cell carcinoma (Johr 2002; Argenziano
et al. 1998). Under the revised 7-Point algorithm
proposed by Argenziano and colleagues in 2011,
excision is recommended if the total score is
greater than 1 (Argenziano et al. 2011a).

5.4.5 3-Point Checklist
The 3-Point checklist is a recently proposed
method that improves the diagnostic accuracy
when screening for melanoma in nonexperts and
encourages clinicians in specialties other than
dermatology to use dermoscopy in general prac-
tice. The checklist is based on a simplified
dermoscopic pattern analysis and consists of
three criteria: asymmetry, atypical pigment net-
work, and blue-white structures (Soyer
et al. 2012). The definition of asymmetry is of
color and structure in one or two perpendicular
axes, and an atypical network is defined as pig-
ment network with irregular holes and thick lines.
The 3-Point checklist enables a clinician to have a
sensitivity and specificity result comparable with
the other algorithms that require much more train-
ing. In the original study the sensitivity of some of
the nonexperts reached up to 96.3 %, and statisti-
cal analysis showed that the presence of any two
of these criteria indicates a high likelihood of
melanoma (Soyer et al. 2004; Zalaudek
et al. 2006).

6 Applications

6.1 Skin Cancer

6.1.1 Melanoma
Melanoma-specific dermoscopic criteria include
atypical network, irregular streaks, irregular
dots/globules, irregular blotches, and blue-white
structures. Specifically an atypical network with
sharp cutoff at the lesion periphery, irregular dots
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and globules that are unevenly distributed, irreg-
ular blotches that are well demarcated with irreg-
ular borders at the periphery of the lesion, and
blue-white structures that either encompass the
majority of the lesion or present with asymmetri-
cal organization are all very suggestive of mela-
noma diagnosis (Soyer et al. 2012). Other
dermoscopic criteria found in melanoma include
crystalline structures (fine shiny white streaks vis-
ible under polarized light dermoscopy), atypical
vascular structures, and negative pigment network
(hypopigmented lines make up the grid and dark
areas fill up the holes) (Haliasos et al. 2010;
Balagula et al. 2012).

6.1.2 Lentigo Maligna
Lentigo maligna presents with specific
dermoscopic features due to the presence of spe-
cific anatomy of the facial skin (Soyer et al. 2012).
These criteria are not found in non-facial melano-
mas: annular-granular structures, asymmetrically
pigmented follicles, rhomboidal structures, and
gray pseudonetwork. Annular-granular structures
are multiple brown or blue-gray dots surrounding
the follicular adnexa with an annular-granular
appearance. Asymmetrically pigmented follicles
are gray circles/rings of pigmentation distributed
asymmetrically around follicular adnexa. Some-
times, the gray circles may contain an inner gray
dot or circle. Rhomboid structures are thickened
areas of pigmentation surrounding the follicles
with a rhomboidal appearance (a rhomboid is a
parallelogram with unequal angles and sides).
Gray pseudonetwork is gray pigmentation sur-
rounding the follicular ostia formed by the con-
fluence of annular-granular structures. Early
lentigo maligna can be challenging and may
reveal as the only clue to the presence of gray
color predominantly surrounding the follicles.
For this reason, any flat lesion arising on the face
and presenting gray color should be carefully
analyzed and either biopsied or monitored. It is
imperative not to perform any treatment before
obtaining a clear-cut diagnosis (Stante
et al. 2005).

6.1.3 Basal Cell Carcinoma
Basal cell carcinoma dermoscopic features
include arborizing vessels (telangiectasias),
blue-gray blotches or ovoid nests, multiple
blue-gray globules, leaf-like areas, spoke-wheel
areas, and ulceration or multiple erosion (Soyer
et al. 2012; Braun et al. 2005; Tiodorovic-
Zivkovic et al. 2010; Sanchez-Martin
et al. 2012).

6.1.4 Squamous Cell Carcinoma
Squamous cell carcinoma dermoscopic features
include glomerular vessels, hairpin vessels,
linear-irregular vessels, targetoid hair follicles,
white structureless areas, a central mass of
keratin, and ulceration (Soyer et al. 2012;
Zalaudek et al. 2012; Rosendahl et al. 2012)
(Fig. 1).

6.1.5 Merkel Cell Carcinoma
This rare aggressive cutaneous tumor usually
presents as a nonspecific pink to red nodule,
and due to its absence of characteristic clinical
features, diagnosis is often delayed. Although
there are no specific dermoscopic patterns for
MCC, recent studies have shown that the major-
ity of lesions present with a dermoscopic poly-
morphic vascular pattern composed of milky-red
clods/areas in association with one or more addi-
tional vascular structures suggestive of malig-
nancy such as arborizing, linear-irregular,
dotted, and glomerular vessels (Dalle
et al. 2012; Harting et al. 2012).

6.2 Melanocytic Lesions

6.2.1 Spitz/Reed Nevi
Spitz/Reed nevi present dermoscopically with a
globular, starburst, or homogenous pattern before
the lesion begins to involute. Lesions may present
with central black homogeneous pigment network
or blue-white structures (Argenziano et al. 1999a;
Soyer et al. 2012). The globular pattern presents
with numerous globules of various shape and size
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that are evenly distributed with color varying from
light to dark brown, black, and blue. The starburst
pattern presents with symmetrically arranged
streaks and/or pseudopods at the lesion periphery.
Differential diagnosis includes malignant mela-
noma, which in comparison may present with
asymmetrical arrangement of pseudopods and/or
streaks (Braun et al. 2005; Ferrara et al. 2002).

6.2.2 Clark Nevi
Cark nevi have an infinite variety of dermoscopic
presentations and benefit from computer-aided
digital dermoscopy, which provides rapid and
exact digitized recording of skin lesions so that
minor structural changes can be sensitively mon-
itored and followed over time. In patients who
present with many atypical nevi, the use of
dermoscopy allows for the detection of the ugly
duckling sign, a nevus or nevi that stand out from
the rest of the patients’ lesions, and helps guide
the clinician to biopsy appropriate lesions for

histopathologic analysis (Soyer et al. 2012;
Argenziano et al. 2011c). In patients with multiple
nevi, the application of the comparative approach
can result in a better management of the patient
and less surgical excisions of benign lesions. The
comparative approach is the evaluation of all nevi
in a given patient and the comparison between
them in order to grade the ugliest ones (Roesch
et al. 2006).

6.2.3 Congenital Nevi
Congenital nevi are defined as lesions that origi-
nate in utero. They typically present with reticular
pattern which are commonly found on the lower
extremities and the globular pattern which occurs
more frequently on the head, neck, and torso. The
size of these lesions permits to distinguish them as
small (<1.5 cm), medium (1.5–19.9 cm), and
large (>20 cm). Small- and medium-sized con-
genital nevi are fairly homogeneous in appear-
ance, whereas large congenital nevi are often

Fig. 1 Malignant tumors.
(a) Melanoma;
dermoscopic features:
asymmetry, atypical
network, irregular streaks,
irregular dots/globules,
irregular blotches, blue-
white structures, sharply
demarcated border. (b)
Lentigo maligna;
dermoscopic features:
annular-granular structures,
asymmetrically pigmented
follicles, rhomboidal
structures, gray
pseudonetwork. (c) Basal
cell carcinoma;
dermoscopic features:
clearly defined thick caliber
arborizing vessels. (d)
Squamous cell carcinoma;
dermoscopic features:
glomerular vessels, linear-
irregular vessels, white
structureless areas, a central
mass of keratin
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heterogeneous, having multiple uniform islands
of color and an irregular topography (Haliasos
et al. 2010; Changchien et al. 2007).

6.2.4 Ink Spot Lentigo
Ink spot lentigo has a characteristic dermoscopic
pattern. It presents as a bizarre-looking pigment
network that is usually black in color, sharply
demarcated, and in the absence of other criteria
(Soyer et al. 2012).

6.2.5 Dermal Nevi
Dermal nevi dermoscopic features include papil-
lomatous comedo-like openings and comma-like
vessels. Manual compressibility and easy move-
ment from side to side are clinical and
dermoscopic features in favor of benign nature
(Soyer et al. 2012).

6.2.6 Blue Nevi
Blue nevi dermoscopic features include a global
pattern characterized by homogeneous pigmenta-
tion that is blue, blue-gray, blue-brown, or blue-
black in the absence of pigment network (Soyer
et al. 2012). Whitish scar-like depigmentation,
which correlates histopathologically to fibrosis,
can also be found (Ferrara et al. 2002). Differen-
tial diagnosis include nodular melanoma, cutane-
ous melanoma metastasis, pigmented BCC, Spitz/
Reed nevi, hemangioma, dermatofibroma, and
dermal nevus (Di Cesare et al. 2012; Ferrara
et al. 2007).

6.3 Non-melanocytic Lesions
and Others

6.3.1 Seborrheic Keratosis
Seborrheic keratosis dermoscopic specific fea-
tures include milia-like cysts, comedo-like open-
ings, and brown pseudonetwork (Soyer
et al. 2012; Braun et al. 2005).

6.3.2 Actinic Keratosis
Actinic keratosis nonspecific criteria/patterns
include red or brown pseudonetwork on a

background of sun-damaged skin (Soyer
et al. 2012; Zalaudek et al. 2012).

6.3.3 Keratoacanthoma
Keratoacanthoma nonspecific criteria/patterns
include central keratotic plug, diffuse whitish
coloration surrounding polymorphous vessels,
and red to black streaks that represent hemor-
rhage (Soyer et al. 2012; Rosendahl
et al. 2012).

6.3.4 Hemangioma
Hemangioma dermoscopic features include red
lacunae that are in close proximity, without the
presence of melanocytic lesion criteria (Ghibaudo
et al. 2009).

6.3.5 Angiokeratoma
Angiokeratoma common dermoscopic findings
include dark or red lacunae, whitish veil, and
peripheral erythema with a hemorrhagic crust
(Kim et al. 2012; Zaballos et al. 2007).

6.3.6 Pyogenic Granuloma
Pyogenic granuloma dermoscopic features
include reddish homogeneous area, white
collarette, white rail lines, and vascular struc-
tures such as red lacunae and telangiectasias.
Unfortunately dermoscopy does not substitute
histologic examination in this common benign,
vascular lesion due to its difficult differentiation
from amelanotic melanoma (Zaballos
et al. 2010).

6.3.7 Dermatofibroma
Dermatofibromas have a wide range of presen-
tation, but the most common dermoscopic spe-
cific pattern is a central white patch surrounded
by a light pigmentation or delicate pigment
network (Soyer et al. 2012; Zaballos
et al. 2008).

6.3.8 Lichen Planus-Like Keratosis
(LPLK)

Dermoscopic features of LPLK include diffuse
and localized granular pattern composed of mul-
tiple blue-gray dots (regression), areas of uniform
tan pigmentation, absence of brown globules, and
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areas of pigmented lesions such as seborrheic
keratosis or solar lentigo. LPLK differential diag-
noses include erythematous type mimicking an
actinic keratosis, the papulo-keratotic type simu-
lating a seborrheic keratosis, and the plaque-like
type with clinical features of Bowen’s disease or
pagetoid basal cell carcinoma. The prominent
regression structures may make it indistinguish-
able from lentigo maligna although the distinction
between the two is not always reliable on a
clinical-dermoscopic basis (Bugatti and Filosa
2007; Panizzon and Skaria 1990; Zaballos
et al. 2005, 2006; Crotty and Menzies 2004)
(Fig. 2).

6.3.9 Kaposi Sarcoma
Kaposi sarcoma dermoscopic features include
bluish-reddish coloration, “rainbow pattern,” and
scaly surface. The patient’s history is an important
factor when considering such vascular-appearing
lesions (Bugatti and Filosa 2007; Hu et al. 2009).

6.3.10 Eccrine Poroma
Eccrine poroma dermoscopic features include
polymorphous irregular vessels, creamy-red

areas, and multiple red lacunes. The polymorphic
vascular pattern can be composed of irregular
linear vessels, glomerular vessels, hairpin vessels,
and newly described arborizing vessels combin-
ing with small circular endings with flowery
appearance (Altamura et al. 2005; Aviles-
Izquierdo et al. 2009; Aydingoz 2009).

6.3.11 Trichoscopy
Clinical diagnosis of hair and scalp disorders is
not always straightforward, and traditionally a
scalp biopsy is warranted in certain conditions
that are deemed difficult to assess with the naked
eye. Dermoscopy, particularly videodermoscopy,
has been shown to improve the evaluation of these
disorders and allows for the easy visualization of
hair shafts of different types, hair follicles, cuta-
neous microvessels, and abnormalities of scalp
color and structure (Ross et al. 2006a, b; Rudnicka
et al. 2011; Mathew 2012).

6.3.12 Alopecia Areata
Alopecia areata trichoscopy features include yel-
low dots, black dots, micro-exclamation mark
hairs, tapered hairs, upright regrowing hairs,

Fig. 2 Benign lesions. (a)
Benign nevus; dermoscopic
features: symmetrical/
typical reticular network,
central black lamella. (b)
Seborrheic keratosis;
dermoscopic features:
milia-like cysts, comedo-
like openings, brown
pseudonetwork, hairpin
vessels. (c)
Dermatofibroma;
dermoscopic features:
central white patch, dotted
vessels. (d) Lichen planus-
like keratosis; dermoscopic
features: diffuse granular
pattern composed of
multiple blue-gray dots
(regression), areas of
uniform tan pigmentation,
absence of brown globules
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pigtail regrowing hairs, vellus hairs, and broken
hairs. Yellow dots are predominant in long-lasting
alopecia and are characterized by distention of the
affected follicular infundibulum with keratinous
material and sebum. Black dots and micro-
exclamation mark hairs are markers of high dis-
ease activity (Ross et al. 2006b; Kowalska-
Oledzka et al. 2012).

6.3.13 Cicatricial Alopecia
Cicatricial alopecia trichoscopy features include
white and milky-red areas lacking follicular open-
ings (Rakowska et al. 2012).

6.3.14 Androgenic Alopecia
Trichoscopy features include predominance of
abnormalities in the frontal area, compared to the
occipital area, which include increase proportion
of thin and vellus hairs, hair shaft thickness het-
erogeneity, perifollicular discoloration (hyperpig-
mentation), and presence of a variable number of
yellow dots (Rudnicka et al. 2011).

6.3.15 Tinea Capitis
Tinea capitis trichoscopy features include cork-
screw hairs, comma hairs, and recently zigzag-
shaped hairs with transverse structure gaps (Ross
et al. 2006b).

6.3.16 Trichotillomania
Trichotillomania trichoscopy features include
decreased hair density, short vellus hairs, broken
hairs with different shaft lengths, coiled hairs,
sparse yellow dots, and no exclamation mark
hairs. Specifically in the differentiation of patchy
alopecia, the absence of exclamation mark hairs
suggests a diagnosis of trichotillomania (Ross
et al. 2006b; Mathew 2012).

6.4 Inflammatory and Infectious
Diseases

Dermoscopy is a useful tool in diagnosing inflam-
matory skin disorders and infectious diseases
where unusual presentations precipitate difficult
differentiation. Particularly the improved

visualization of vessels and color variegations
and other structures that are difficult to recognize
with the naked eye allow for improved clinical
judgment. Dermoscopy can also be applied to
entomology, termed entomodermoscopy, where
such a modality can magnify structures not easily
visible with the naked eye (Lallas et al. 2012a,
2013; Zalaudek and Argenziano 2006; Tschandl
et al. 2009).

6.4.1 Discoid Lupus Erythematosus
Discoid lupus erythematosus represents the most
common subtype of cutaneous lupus
erythematosus, and the use of dermoscopy aids
in the differential diagnosis of other scarring alo-
pecia etiologies. The most commonly found
dermoscopic criteria are perifollicular whitish
halo, follicular keratotic plugs, and telangiecta-
sias. In scalp lesions, follicular red dots are spe-
cific for active lupus erythematosus (Lallas
et al. 2013; Tosti et al. 2009).

6.4.2 Lichen Planus
Lichen planus presents with the pathognomonic
pattern of white-crossing lines (Wickham striae)
surrounded by dotted or linear vessels (Lallas
et al. 2012a; Zalaudek and Argenziano 2006;
Tiodorovic-Zivkovic et al. 2012).

6.4.3 Reticulohistiocytosis
Reticulohistiocytosis dermoscopic features
include homogeneous pattern with various shades
of yellow (setting-sun pattern), brown reticular
structures, and central white scar-like patches
and streaks. The most commonly found pattern
is the homogeneous sun-setting pattern with var-
ious shades of yellow in combination with brown
reticular structures. Dermoscopic differential
diagnosis includes dermatofibroma (Kacar
et al. 2010).

6.4.4 Granuloma Faciale
Granuloma faciale is a rare benign form of chronic
leukocytoclastic vasculitis that can have serious
cosmetic implications due to difficult treatment.
While there are no specific criteria for this disease,
dermoscopic features include focused elongated
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vessels (telangiectasias) associated with a translu-
cent white-gray background intermingled with
whitish streaks (Caldarola et al. 2011).

6.4.5 Psoriasis
Psoriasis, especially when it presents with isolated
lesions, renders diagnostic challenge when differ-
entiating other dermatoses, namely, seborrheic
dermatitis. Dermoscopic patterns of psoriasis
include red dots or globules arranged in a homo-
geneous, regular, or ringlike fashion, twisted red
loops, glomerular vessels, and an association with
diffuse white scales (Ross et al. 2006a, b; Lallas
et al. 2012a; Zalaudek and Argenziano 2006;
Vázquez-López et al. 2007; Kim et al. 2011).

6.4.6 Seborrheic Dermatitis
Seborrheic dermatitis dermoscopic features
include arborizing vessels, atypical red vessels
with the absence of red dots and globules, and
featureless areas devoid of any particular vascular
patterns (Ross et al. 2006b; Lallas et al. 2012a;
Kim et al. 2011).

6.4.7 Pityriasis Rosea
Pityriasis rosea dermoscopic features include yel-
lowish background, structureless center, dotted
vessels, and peripheral scales (collarette scaling)
(Lallas et al. 2012a; Chuh 2001).

6.4.8 Lupus Vulgaris
Lupus vulgaris dermoscopic features include
orange to golden pigmentation with sharply
circumscribed linear telangiectases and white,
net-like lines (Tschandl et al. 2009; Brasiello
et al. 2009).

6.4.9 Mycosis Fungoides
Mycosis fungoides dermoscopic features include
short, linear vessels, orange-yellowish patchy
areas, and a characteristic vascular pattern com-
posed of a dotted and a short, curved linear vessel.
Differential diagnosis includes chronic dermatitis,
where dermoscopy shows the absence of orange-
yellowish patchy areas and instead the presence of
white or yellow surface scales (Lallas
et al. 2012b).

6.4.10 Molluscum Contagiosum
Molluscum contagiosum may present as a single or
several small, inflamed difficult to diagnose lesions.
Dermoscopic features that may aid in its diagnosis
are presence of orifices, vessel subtypes (crown,
radial, and punctiform), and the newly described
vascular flower pattern (Tschandl et al. 2009;
Ianhez et al. 2011; Vázquez-López et al. 2004).

6.4.11 Tinea Nigra
Tinea nigra dermoscopic features include fine
light brown in part clustered lines suggestive of
a reticular pattern. Differential diagnosis includes
acral melanoma (Ross et al. 2006a; Tschandl
et al. 2009).

6.4.12 Tunga Penetrans
Tunga penetrans dermoscopic features include a
white to light brown nodule with a black pore
surrounded in a targetoid fashion by a brown
ring. The central pore corresponds to the posterior
part of the exoskeleton of the sand fly (Tschandl
et al. 2009).

6.4.13 Trichomycosis Palmellina
Trichomycosis palmellina dermoscopic features
include yellowish translucent granuloma-like
crusts that are found around the hair shaft. Differ-
ential diagnoses include lice infestation and
deodorant debris or scales on axillary or pubic
hair (Tschandl et al. 2009).

6.4.14 Furuncular Myiasis
Furuncular myiasis, caused by D. hominis, is a
disease inherent to South America that has a diffi-
cult clinical differential diagnosis of boils, epider-
moid cysts, and abscesses (Tschandl et al. 2009).
Dermoscopy can help to confirm the suspected
diagnosis in such lesions by providing clearer visu-
alization of the parasite. Dermoscopic features
include visualization of the posterior segment of
the larva with its breathing spiracles looking like
birds feet, seen in the center of a creamy-white
body surrounded by black dots shaped as a thorn
crown, which represents small spines in a circular
row (Abraham et al. 2011; Llamas-Velasco
et al. 2010; Bakos and Bakos 2007).
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6.4.15 Scabies
Scabies dermoscopic features include small,
dark, triangular structures and a subtle linear
segment that can be seen below the base of the
triangle. In combination both structures resemble
a jet with contrail. The triangular structure cor-
responds to the pigmented anterior section of the
mite (Tschandl et al. 2009; Argenziano
et al. 1997).

6.4.16 Ticks
Dermoscopy provides a convenient magnification
and allows for confirmation of the diagnosis in
cases of a doubtable situation due to the small size
of ticks. It is also useful to find out whether the
tick has been completely removed from the skin,
specifically to assess whether the tick has lost its
hypostomes (Tschandl et al. 2009; Oiso
et al. 2010).

6.4.17 Nits and Pseudonits
Vital nits are seen dermoscopically as brown,
ovoid structures with a convex end. Empty or
hatched nits are translucent with a planar end.
Pseudonits are visualized dermoscopically as
white bizarrely shaped, amorphous structures
that may represent peripilar keratin casts due to
dandruff (Zalaudek and Argenziano 2012).

6.4.18 Viral Warts
Dermoscopic features of plantar warts include red
or black dots on a white-yellow base detected in
the dermis that correspond to capillary loops in the
papillary dermis that supply the wart (Tschandl
et al. 2009; Lee et al. 2009).

7 Conclusion

Dermoscopy, also called dermatoscopy, opened a
new era for dermatologists and general practitioners
actively working in skin oncology aiming to diag-
nose theoretically all melanomas and trying to
avoid the surgical excisions of nevi looking as
melanoma. Several publications, over 2,000 in the
last 20 years, discovered the morphologic universe

of skin tumors, defining the specific dermoscopic
features that help to correctly identify them while
reaching a high diagnostic accuracy. Dermoscopy
has also found its application in inflammatory skin
diseases and infectious diseases, demonstrating that
all histologic substrates render a specific
dermoscopic pattern. Future directions imply the
combination of dermoscopy with devices that may
offer a deeper evaluation of skin architecture, and in
this scenario, confocal microscopy may represent
the perfect link between dermoscopy and histopa-
thology (Longo et al. 2012).
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1 Introduction

Digital photography offers interesting opportuni-
ties to dermatologists involved in aesthetic derma-
tology: low cost, flexibility, easiness and
speediness of use, and possibility of computerized
record keeping (Ali 2002; Becker 1999). A con-
siderable number of applications have been devel-
oped to meet the needs of users and to automatize
the most frequently used functions (image
cropping or renaming, conversion into a different
format, inclusion in a database, etc.), and most of
these applications are free. The digital environ-
ment of photography has never been so
performing and ergonomic.

However, a digital camera, regardless of its
capacities, remains a camera with its own limits
and constraints. Users should not ignore the basic
rules of photography: exposure, aperture, shutter
speed, and depth of field. These notions have
always been and are still essential.

2 Fundamentals

In a digital camera (DC), as opposed to a classic
camera (Daniel 2000), the film is replaced by a
CCD (charge-coupled device) sensor composed
of a multitude of photo sites (4–10 μm) sensitive
to light (Bouillot 2005). These sites or photode-
tectors convert the photons that they receive into
electrons by photoelectric effect, and these elec-
trons will accumulate like in a basin. The number
of electrons stored in each photo site is propor-
tional to the intensity of light received. All detec-
tors deliver an electric tension which can be
converted and analyzed by the electronics and
the software of the device. The CCD sensor is at
the heart of the DC; its manufacturing quality and
electronics determine the quality of the photo-
graph which depends on the number of photo
sites, therefore on the available points or pixels.

Current devices have more than 10 million pixels,
and cameras with 16 million pixels are now com-
mercially available (Canon Eos Mark II has a
24 � 36 mm CMOS sensor of 21 million pixels
and achieves 5,616 � 3,744 pixel images). Pho-
tographs taken with such a resolution are of great
definition, as beautiful on the panoramic monitor
of a computer as on a large paper print (140 �
120 cm minimum).

This CCD sensor can be fit into three main
types of casing corresponding to three categories
of DC: compact, bridge, and reflex. Compact
cameras were originally entry-level digital cam-
eras, but this is not the case any longer. As its
name obviously reveals, it is made of a thin and
light box (some models are waterproof and shock-
proof) including a built-in motorized objective
lens, and sometimes a �4 to �7 zoom lens. It is
usually preset and automated so that the user has
almost nothing to do to take a satisfactory photo-
graph (Canon Powershot, Panasonic Lumix,
Nikon Coolpix).

In a bridge camera with electronic view-
finder, an LCD (liquid crystal display) screen
is fit behind the ocular like on a video camera
(it is called digital back). The viewfinder is
therefore not optical and is cheaper to manufac-
ture than the actual reflex finder. A more pow-
erful zoom lens (�30) is attached to the camera
body which often includes a stabilized optical
system. Like a compact camera, this type of DC
can record a video or even a high-definition film
(Fujifilm FinePix, Olympus SP100, Pentax
X90). Finally, in a reflex camera, the image
formed by the objective is sent back toward
the viewfinder and its ocular system. The
image seen in the finder and by the CCD sensor
is therefore the same. The body of this type of
camera is usually larger and more cumbersome,
but all its objectives and flashes are inter-
changeable, and any framing or angle is there-
fore possible. Reflex cameras are beyond any
doubt the preferred option to take photographs
on a professional level (Canon Eos, Nikon,
Sony Alpha). Their technological superiority
over the other categories of DC in terms of
sensitivity, color reproduction, and reactivity is
unquestionable.
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3 Settings and Basics
of Photography

Basic principles are similar in digital photography
and in film photography for the process before the
CCD sensor (Bouillot 2003). The following opti-
cal and photographical notions are presented in
the specific context of photography of the skin in
medical practice.

3.1 Light and Exposure

To take a good photograph, one condition is
crucial: the right amount of light is necessary,
no more no less (Sainthillier et al. 2009, 2012).
In this context, exposure is defined as the expo-
sure to light of the sensitive surface that will
record the image. It corresponds therefore to
the amount of light transmitted to the CCD sen-
sor or to the film. If there is too much light, the
photograph is “burnt” or overexposed; details
disappear and are replaced by white saturated
surfaces. If there is not enough light, the photo-
graph is too dark or underexposed; details disap-
pear in black zones. In both cases and in spite
of the possibilities given by photo editing
software programs, missing information is defin-
itively lost.

3.2 Shutter Speed

The shutter is an electronic system designed to
control the time of exposure, i.e., the period dur-
ing which the light penetrates the camera and
reaches the sensor. It may be compared to an
opaque curtain which makes the chamber where
the CCD is located completely dark. When the
photograph is taken, the shutter opens (lifts up) for
a certain time to let in an amount of light through
the aperture of the diaphragm. The shutter speed is
composed of seconds and fractions of seconds.
High shutter speeds (above 1/250 = 1/250th of
second) are interesting for photographs of moving
subjects. In static photography, the speed is usu-
ally set up at 1/60. To avoid a blurry image,
settings under 1/60 are not recommended

(or the camera should be placed on a tripod to
ensure stabilization).

3.3 Aperture of Diaphragm
and Objective Lens

The lens of the device uses a diaphragm to dose
the light entering the camera body. The aperture
is between f/1 (wide aperture) and f/32 (small
aperture). The letter f designates the quotient
resulting from the division of the focal length
by the aperture diameter of the diaphragm. For a
given shutter speed, the amount of light pene-
trating the camera is multiplied by 2 when dia-
phragm settings are higher. A large aperture will
let more light in, but it will also reduce the depth
of field, i.e., the space between the foreground
and the background where the photograph
remains clear (Taheri et al. 2013). This can
have a perturbing effect on the face, for example,
because of its relief. If the focus is on the cheek-
bone, the nose and the forehead are blurry. A
small aperture gives a large depth of field, but
the flow of light reaching the CCD sensor is
lower (Fig. 1).

The larger the aperture, the more luminous the
viewfinder, and therefore, the more the lens can be
used in difficult conditions, in poor light, or associ-
ated to higher shutter speeds.Manual and autofocus
are also facilitated. The optical quality of a lens is
globally based on itsmaximal aperture: 50mm f/1.8

Fig. 1 In this extreme example (F/4, 1/60, ISO 400), the
effect of the wide aperture on the depth of field is visible.
The lips are clear, but most of the image in the background
is blurred (not retouched image)
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is common (130 €), 50 mm f/1.2 is excellent
(600 €), and 50 mm f/1 is superior (3,000 €).

Shutter speed and aperture are therefore
closely associated. It is possible to maintain the
same quality of global exposure by using various
combinations of aperture and speed. This is called
the law of reciprocity. For one photographed
scene, there are several possible combinations to
achieve the adequate exposure of the sensor. It is
therefore possible to let the light in for a long time
(e.g., 1/30) with a small aperture (f/11 for
instance) or let the light in for a very short time
(1/500) with a large aperture (f/2.8). In both cases,
the CCD sensor will receive exactly the same
amount of light; exposure is the same.

3.4 Focal Length and Zoom

The focal length expressed in millimeters desig-
nates the distance separating the photosensitive
surface of the sensor from the optical center of
the lens. The focal length of the lens allows to
frame the photographed subject more or less accu-
rately and is broadly defined according to three
categories:

• Wide angles (28–35 mm), i.e., short lengths,
tend to distort perspective with an angle of
vision that is more important than the human
eye angle of vision.

• Standard focal lengths (38–70 mm) are close to
the angle of vision of the human eye and are the
most widely used.

• Long focal lengths (80–200 mm) and
teleobjectives with very long focal lengths
(over 200 mm).

A zoom lens or lens with variable focal length
is able to vary the focal length within specific
limits and therefore to reframe the image without
changing position and without altering resolution.

Some cameras have a function called “digital
zoom.” It is in fact a software program; it
increases the size of the digital image, not the
actual image, through an interpolation method.
This zoom lens is not relevant for photography
in aesthestic dermatology and must be avoided.

3.5 Focus

In most cameras, it is an autofocus system triggered
by gently pressing the push button. To get optimal
focus, the contrast must be sufficient (it is difficult to
operate the autofocus on a very homogeneous skin
surface) or lighting must be adequate. In autofocus
mode, detection points will not be found if the skin is
not sufficiently exposed to light. In addition, the
autofocus can be released and the focus can be
activated manually in some circumstances.

3.6 Lighting and Flashlights

As indicated previously, light is the fundamental
element in photography. In aesthetic dermatology,
lightingmust be sufficient to ensure adequate sharp-
ness, without flattening the relief or erasing imper-
fections and without creating shadows on the face
(Meneguini 2001). It also has to be constant in
between camera shots to ensure that comparison
before and after treatment is possible, for example.

A flash is a source of artificial light synchro-
nized with the shutter and has a powerful but very
short duration of lighting. Its power theoretically
protects the DC from the influence of the changing
character of ambient light. Its range is 0.5–3 m
approximately. The built-in flash unit is usually
not sufficient, and an additional flash unit can
generally be mounted on an accessory shoe on
top of the camera body. The additional flash unit
is either more powerful (Canon Speedlite range)
or not synchronized. Circular, annular, or twin
flashes (Canon MT-24EX or METZ Mecablitz)
are also very interesting. They ensure powerful,
diffuse, and homogeneous lighting.

For entry-level models, it is also possible to
adapt a flash diffuser (Delamax). It is a more or
less rigid and transparent white case that is placed
on top of the flash unit. Reflecting kits (Lumiquest
Soft Screen) are also available at reasonable prices.

3.7 ISO Sensitivity

Photography requires light and a photosensitive
surface. In traditional photography, this surface
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is a film; in digital photography, it is an elec-
tronic sensor. The sensitivity of the support can
be changed to adapt it to various lighting
conditions.

The ISO speed (International Standards Orga-
nisation) replaces the old measuring systems
(DIN, ASA) and identifies the sensitivity of a
support. In normal conditions of daylight, the
standard is set at 100 ISO. The higher the ISO
speed (200, 400, 800, etc.), the more sensitive the
support is to light, but the more the texture of the
image is visible. A key point to remember is that
the quality of the image is inversely proportional
to the sensitivity of the sensor.

3.8 Polarization Filters

Some polarization filters are of interest to derma-
tologists because they break down the reflection
of the light on the skin according to its diffuse or

specular component (brightness) (Bargo and
Kollias 2010; Matsubara 2011). These filters are
fixed on the flash units and on the lenses (HOYA
circular filters). Depending on the orientation of
the filter, parallel or cross polarization is obtained
(Fig. 2).

• Parallel polarized light reveals and accentuates
the skin irregularities and microrelief. Bright-
ness and contrast are increased, whereas color-
imetric data are lost. This type of lighting is
used in the study of acne or to follow up scars
or lesions that become more visible (Rizoca
and Kligman 2001).

• In contrast, cross polarized light accentuates
the color and saturation of the skin. Reflection
and brightness of the skin are completely elim-
inated. This type of polarization is very useful
in studies on vascular pathologies such as rosa-
cea (Miyamoto et al. 2002) or on the effects of
a whitening product.

Fig. 2 Photographs (details) in normal light (top), parallel
polarized light (centre) and cross polarized light (bottom). In
light, reflection is eliminated and vascularization is revealed.

In contrast, parallel polarization light accentuates reflection
and brightness and gives the skin a metallic aspect
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3.9 Reflection of UV Light

This type of lighting derives from Wood’s work
based on radiations found at the beginning and at
the end of the visible spectrum (<450 nm)
(Lucchina et al. 1996; Draelos et al. 2008). The
flash unit produces UV-A without harming the
volunteer. The resulting image provides visual
evidence of the trace left by UVexposure. Several
systems are commercially available (Canfield®,
Faraghan®). They operate with a DC set at max-
imum sensitivity (1600 ISO) in order to detect the
very limited part of visible light emitted by the
flash unit. This explains why these images are
usually very dark (Fig. 3).

3.10 LCD Monitor

Color rendering by a DC depends mostly on the
monitor used to visualize the photograph. LCD
flat screens have now completely replaced pre-
vious cathode ray screens. The screens are now

very reactive with remanence under 5 ms, they
are luminous, but they still present restricted
angles of vision. Only panoramic screens
are currently available (the ratio height/width,
i.e., the format of the screen, is 16/9 or 16/10).
A wide screen is recommended (24 or 26 in.),
in 16/10, equipped with High-Definition Multi-
media Interface (HDMI), allowing for an entirely
digital audio/video interface (this implies to have
also a graphic card with this interface). Asus,
LG, and Iiyama provide very good quality mon-
itors, and high-end screens can be found at Eizo
(colorEdge) and NEC (SpectraView).

Calibration probes (Spyder3Pro of
DataColor, i1Display LT of X-Rite) are used to
ensure correct settings and adequate color ren-
dering on a monitor. These probes of small size
are fixed to the screen with suction pads and are
directed by a software program that displays a
series of known colors on the screen. The probe
reads these colors and corrects the display devi-
ations with a calibration profile or ICC (Interna-
tional Color Consortium) profile. This digital file

Fig. 3 Photographs in cross polarized light (left) and in
UV light (right) taken with Visia1 (Canfield) system. UV
light reveals spots which are barely or not visible in normal
light. UV photography is difficult to use because of its

sensitivity to environmental conditions. Images must be
taken while lighting is neutralized (either in total darkness
or in an integrated system like in this example). A piece of
garment or a jewel may perturb the image contrast
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describes how the screen reproduces colors; it is
directly controlled by the operating system. The
ICC profile can characterize a monitor, a scanner,
or a printer.

Color rendering in video projection is more
complex (Delmas 2005). Depending on the
quality of the projector, the rendering of some
colors (especially magenta) may be surprising.
The same difficulties arise when images are
printed. The quality of printer and paper has a
considerable influence on color reproduction.

3.11 Integrated Devices or “Lighting
Boxes”

In recent years, we have seen the arrival of inte-
grated photographic systems to study the face,
composed of the most recent camera inserted
into a “box” with a lighting system, a support to
maintain the chin and the forehead and a software
program for image capture. The volunteer places
his/her face inside the device (which is similar to
an integration sphere) where it is lit in homoge-
neous and reproducible conditions. The aim of
these systems (Visioface®, Courage et Khazaka;
Visia, Canfield®) is to obtain data for diagnostic
purposes easily and speedily. They are of
interest to dermatologists because they are com-
prehensive systems to take standardized photo-
graphs (Fig. 4).

4 Use of Digital Photography
in Clinical Practice

The DC is set in “automatic mode,” usually indi-
cated on the mode control scroll wheel by a specific
color. It calculates the aperture and shutter speed in
relation to light exposure determined by a built-in
exposure meter to find the ideal conditions. These
constants are displayed in real time on the control
monitor of the camera and in the viewfinder.

– If ambient light is adequate, the shutter speed
will be between 1/60 and 1/125, the
corresponding aperture of the diaphragm
being f/5.6 and f/2.8, respectively. This is the

best compromise to take a photograph with
satisfactory exposure. The settings are then
adjusted automatically by the autofocus sys-
tem, and the photograph is of good quality.

– If ambient light is low, the shutter speed is
automatically set between 1/15 and 1/30 with
identical apertures (f/5.6 and f/2.8). The risk of
motion blur is in this case very high, and it is
likely that the autofocus will not stabilize dur-
ing settings.

What are the options?

• First solution: use manual settings and increase
sensitivity (ISO) of the CCD sensor (e.g., set at
ISO 200 instead of 100). Adjusting settings
manually can also allow the user to take pho-
tographs with a shutter priority, by fixing the
speed at 1/60 as a precaution to avoid motion
blur. The camera will select the maximal
adapted aperture to ensure correct exposure.
The depth of field may then be seriously
compromised.

Fig. 4 Example of integrated system “light box”
(Visioface1, C&K). This independent comprehensive
system consists of a box fitted with a camera, white light
LEOs, chin and forehead rests to position the face, and
image capture software. Homogeneous illumination is
given by mirrors (visible inside the box) which distribute
the light evenly on the face
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• Second solution: add or increase the power of
the flash unit (increase of power can be adjusted
on high-end flash units). It is however essential
to not overexpose the central part of the photo-
graph. This option is rarely appropriate.

• Third solution: to mount the DC on a tripod
(Manfrotto type). All DCs have an accessory
shoe to fix or remove them very quickly. It is
then possible to increase the shutter speed
without risk and let the light in for a longer
period of time.

• Fourth solution: to increase the lighting of the
room, either with additional neon lights or
studio flashlights (Multiblitz Profilux). This is
an ideal choice for the intensive practice of
photography in a clinical environment because
it ensures identical lighting for each photo-
graphic shot, thus reproducibility.

5 Computer Management
of Images

Before addressing this subject, it may be useful to
review a few fundamentals of digital photography
(Russ 2007; Gonzalez and Woods 2008). Basic
rules of photography are of considerable impor-
tance in the treatments and corrections that will be
carried out on the images at a later stage.

5.1 Coding and Color

A pixel is the smallest element constituting an
image. It has a coded value which defines its
color (chrominance) and its intensity (luminance).
This code is quantified on a number of bits which
is the smallest unit that can be processed by a
computer: 8 bits = 1 octet. The amount of data
on each pixel depends on the number of bits on
which coding or quantification is performed.

For example, coding on 1 bit (0 or 1) defines
only two possible colors for each pixel, without
any tone, which corresponds to a black and white
image. 8-bit coding is equivalent to 28 different
intensities per pixel, i.e., 256 colors or levels of
gray per pixel. 24-bit coding corresponds to pre-
sent standards which attribute to each pixel three
primary color components (red, green, blue, or

RGB coding), coded individually on 28 bits, giv-
ing a total of 224, equivalent to 16.7 million
colors. In practice, the number of restituted colors
depends on the quality of the screen and the
graphic card. 32-bit coding has been available
for a few years, but it requires computers at the
highest end of the market.

5.2 White Balance

A new concept appears with the use of artificial
lighting: color temperature. Each type of light
includes a specific dominant color feature:
rather orange for indoor lights (tungsten), blu-
ish for daylight, whitish under overcast sky, or
greenish under neon lights. Default automatic
setting of color temperature for each photo-
graph is done by the DC by trying to assess
the lighting conditions; it is the auto white
balance. If the adjustment is unsuitable,
white, or neutral gray, look yellow or blue. It
is possible to select the source of light in
advance, so that it corrects the tone of the
image. For these settings, a predetermined
white balance adapted to the context of the
shot is selected: incandescent light (halogen
bulb), fluorescent tubes, sun (daylight), cloudy
sky, and shadows. Reflex DCs can define a
“personalized” white balance. For this adjust-
ment, a white sheet (or a calibration gray card
such as Kodak R27) is placed at the center of
the scene. The camera is then set to adjust its
balance from this photograph; these settings
are saved in its internal memory.

5.3 Definition and Resolution

Definition and resolution are often confounded,
but they refer to different features of an image.
Definition expresses the number of pixels or
elementary points of an image in height (lines)
and in width (columns). It is calculated by
multiplying the number of lines and columns.
An image of 3,000 lines and 4,000 columns
has a definition of 12 million pixels.

Resolution defines the fineness of display or
reproduction of the details of the image and
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expresses the number of pixels that compose it by
unit of length. Depending on the system of mea-
surement used (either metric or customary), reso-
lution is expressed in points per centimeter (ppc)
and points per inch (ppp or dpi), respectively. One
inch is equivalent to 2.54 cm; it is therefore easy to
go from one system to the other. As a rule, the
larger the number of pixels in a measurement unit,
the higher the resolution. 300 ppp resolution pro-
vides a level of details much higher than 72 ppp
resolution.

It is possible to adjust specifically the qual-
ity of image of a DC with internal settings
(usually three levels of quality: fine, normal,
and basic) that reduce the definition of the
image gradually. This function was useful in
the past when memory cards were very expen-
sive and their capacity limited (high-definition
images are very large and require a lot of space
in cards). However, the latest flash cards (Com-
pact Flash or SDHC Cards [Secure Digital
High Capacity] of 16 or 32 Go) are affordable
and can store several thousands high-definition
photographs easily.

5.4 Main Image Formats

Among all the formats available in a DC, three are
specifically designed for photography: JPEG,
TIFF, and RAW. They are very different and
require specific procedures.

JPEG (Joint Photographic Expert Group) for-
mat is the most widely used in DCs. Only reflex
cameras and a few high-end compact cameras
offer other saving formats. Its huge success lies
mainly on its excellent compromise between stor-
age size and image quality (the size of a
noncompressed image is often divided by 10, or
even more). JPEG has a lossy compression mode
(i.e., with loss of data, which accounts for the
efficacy of its compression algorithm) based on
the perception properties of the eye and whose
rate can be set by the user. The higher the rate or
inversely the lower the quality of compression, the
more important is the loss of data, hence the
degradation of the captured image. Loss of data
is mainly visible in variations of tones, on con-
tours, but does not alter the rendering of the

variations of light. This degradation is cumulative
(at each saving of the same JPEG file). Working
on a JPEG file is therefore not recommended; it
should be converted first into a format file of
larger size, without altering data (TIFF files).

The TIFF (Tagged Image File Format) is an
earlier graphic format which tends to disappear. It
is able to store large size images (over 4 Go after
compression) without impairing quality. It is inde-
pendent from the operating system – which is an
asset – and it can be found in PC, Mac, and Unix
systems.

The RAW format is used in reflex cameras and
high-end compact cameras (Canon PowerShot).
Before creating the definitive file, the DC pro-
cesses raw data issued from the sensor in order
to correct some parameters such as the white
balance. Then the data are converted into standard
formats (TIFF or JPEG) and saved. In the RAW
format, such preliminary treatments do not exist:
the device creates a file with the raw data directly
issued from the sensor. The captured photograph
does not undergo any processing and has no
compression-induced artifacts unlike with the
JPEG format. In counterpart, this format has not
really been standardized by the manufacturers
(each newDCmodel induces a slight modification
of the format and imposes an updating system),
and it requires postproduction work with dedi-
cated software (Adobe Lightroom, Photoshop
CS6, or free software DC Raw). Finally, a RAW
image has clearly a larger size than its copy in
JPEG format.

As a reference, the size of a 3,504� 2,336 image
is approximately 2.23 Mo in JPEG (in fine mode),
23.4 Mo in TIFF, and 6.8 Mo in RAW.

EXIF (Exchangeable Image File Format) is a
specification of file format incorporating metadata
(data on data) for images in JPEG and TIFF for-
mats. Metadata are tags embedded in the image
file. They record the date and hour of the photo-
graphic shot, the settings (brand and model of DC,
aperture, shutter, sensitivity, etc.), as well as GPS
data if the camera has a geolocation system
(Fig. 5). The latest image editing programs recog-
nize these EXIF data and store them when the file
is modified. It is directly accessible under Win-
dows (XP, 7, or 8) in the menu “Properties of the
image file” in the tab “Summary” and under Mac
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OS X in the menu “Read data.” These data are
very useful to find lost photographic settings or to
fix them manually when they are deemed satisfac-
tory. They can be used as criteria to find photo-
graphs taken with specific settings (e.g., all the
images taken with f/5.6 aperture).

5.5 Software Programs

Many dedicated software programs are available
and adapted to the photographers’ requirements.
The following selection (Table 1) presents the
leading freewares or inexpensive tools available
in both Windows and Mac environments.

5.6 How to Rename and Identify
Images

The names of all the files saved in the memory
card of the DC are not very explicit. The root

or prefix of the names is always invariant
(DSC, IMG, IMAGE, etc., depending on the
manufacturers). It is followed by a four-digit
incremental order number and an extension
(e.g., JPEG). It is therefore necessary to
rename without delay the images according
to the photographed area of the body, the sub-
ject’s name, or pathology. This process can
rarely be automated because of the variety of
data that the user wants to highlight. It is
possible to use FastStone Photo Resizer that
has advanced functions to rename quickly and
automatically a set of images. It can define all
types of fields and rules to create prefixes or
suffixes indexed on the number of selected
files.

Once the images have been renamed satisfac-
torily, it is recommended to take time to add
comments or key words, with the help of tools
such as XnView or ThumbsPlus. The additional
information is included in the image or the asso-
ciated database.

Fig. 5 Example of EXIF
data. The list includes the
name of the manufacturer,
the DC model, the date of
creation, and the
photographic settings
(aperture, shutter,
sensitivity). These data are
helpful to adjust settings
and find the best
implementation in terms of
equipment and environment
to ensure optimal
conditions of photography
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5.7 How to Visualize and Load
Images

Intuitive and simultaneous visualization of sev-
eral images is absolutely essential when their
number is important. One must be able to
quickly compare several photographs, select
the best images, erase the blurry or missed
shots, and remove doubles. To navigate easily
among large numbers of images, recent soft-
ware programs offer a visualization mode
through tags similar to the miniatures used
under Windows, i.e., shortcuts represented by
small icons generated by and linked to original
photographs. These icons can be manipulated,
moved, or displayed in large numbers on con-
tacts sheets. Most programs, such as IrfanView,
ThumbsPlus, FastStone Image Viewer, Picasa
(Windows), I photo, and Aperture (Mac OS X),
also highlight with a color-coding system the
files where images are stored. It is then easy to
localize data quickly on the hard drive.

Another interesting ability of these programs
is the possibility of a quick multicriteria
research in a large database (ThumbsPlus man-
ages databases of tens of thousands images).
However, the efficacy of this type of research
is based on the correct tagging of the images at
the time of saving with a clear definition of key
words. It is also possible to select images by
similarity, by instructing the software program
to find all the images resembling a reference
image more or less exactly (a similarity thresh-
old is defined).

Finally, these programs include simultaneous
visualization of several images (FastStone
Image Viewer is particularly efficient at this
level). Before/after images can be synchronized
and displayed side by side on the computer
screen. All the moves inside an image (e.g.,
reframing or zooming ) are instantly reproduced
on the second image. The comparison of sev-
eral images is therefore considerably facilitated
(Fig. 6).

Table 1 List of a few major software programs for the management of digital images and morphing (update in June
2013). Trial versions of all these programs are available

Software Editor Website Functions Price

ThumbsPlus 9.0 Cerious Software
Inc

www.cerious.com Visualization,
localization and
organization

99 USD

FastStone Image
Viewer 4.8

FastStone Soft www.faststone.org Advanced visualization
and organization

Freeware

FastStone Photo
Resizer 3.1

FastStone Soft www.faststone.org Processing and
conversion

Freeware

XNView 2.03 XnSoft www.xnview.com Visualization,
Processing and
conversion

Freeware

Picasa 3.9 Google picasa.google.com Visualization, creation
of online albums

Freeware

IrfanView 4.35 Irfan Skiljan www.irfanview.com Visualization and
conversion

Freeware

Photoshop CS6 Adobe www.adobe.com Creation, retouch and
management

900 Euros

Photoshop Element 11 Adobe www.adobe.com Creation, retouch and
management

80 Euros

GIMP 2.8 The GIMP Team www.gimp.org Creation, retouch and
management

Freeware

PhotoFiltre 10.7.3 Antonio Da Cruz www.photofiltregraphic.com Creation, retouch and
management

Freeware

FantaMorph 5 Abrosoft www.fantamorph.com Morphing 30 Euros

Popims Animator 4.01 Popims www.popims.com Morphing Freeware
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5.8 How to Crop and Reframe
Images

In view of their maximal definition, images from a
DC cannot be used directly in good conditions. For
example, the size of a slightly compressed 6 million
pixel image in JPEG file format is 2.3 Mo.

The abovementioned systems are able to crop a
series of images easily (for instance, all the images
stored in a file) by batch processing (automated
treatment) where the desired size or reduction
percentage is indicated. Images can also be
reframed by eliminating their edges systemati-
cally. Cropped or reframed images do not erase
original images which remain available for
future use.

Photographs used in PowerPoint presentations
can be cropped in a definition not exceeding
800 � 600 pixels (even 640 � 480 pixels), quite
sufficient for a computer monitor or a video pro-
jector. The presentation will be smooth even if it is
used with a basic laptop.

In contrast, maximal definition is
recommended for images used to illustrate articles
since printing is usually carried out in high reso-
lution. To obtain satisfactory printing results, the

resolution of the document must be approximately
600 points per inch (dpi). With a size of printed
image of 10 cm in width, it corresponds therefore
to a definition in column of the image of at least
2,500 pixels. Publishers also prefer to work with
noncompressed images.

Other treatments can be automated by batch
processing, such as global modification of con-
trast, increase of luminosity, conversion into
levels of gray or another format (JPEG to TIFF,
for instance), rotation, addition of a text or a logo
inside the image, etc.

5.9 Photo Editing Software

Besides these very specific tools, more ambitious
software programs can operate the complete cen-
tralized management of images. These creation
and retouch programs have filters to correct and
improve photographs.

For 20 years, Adobe Photoshop has been the
imaging and retouch program par excellence and
the most widely used by photographers. It is a
complex program (in particular in the manage-
ment of layers), powerful to work on, retouch, or

Fig. 6 Example of synchronization (with ThumbsPlus) between 3 photographs. All the operations (zooming, move-
ments) on an image are reproduced on the other images, thus ensuring optimum comparison
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export images with a complete and accurate con-
trol on compression and the possibility to import
and process RAW format files. An affordable
version of this exceptional software is available
to the general public (Photoshop Elements).

Freewares and comprehensive programs have
also been available for a few years (GIMP and
PhotoFiltre). They are continuously improved and
perfected, and their users form a very active com-
munity on the Internet (online assistance, tips,
advice, etc.).

6 Practice of Photography
in Aesthetic Dermatology

In the field of aesthetic medicine, photography
must satisfy two requirements: to be as close as
possible to reality and to be comparative, i.e., to
ensure that photographing is reproducible
(Canfield 2002; Halpern et al. 2003; Galdino
et al. 2001).

Alterations on the surface of the epidermis
(erythrosis, rosacea, pigmented spots, atrophy) are
sometimes not very spectacular. Photography must
neither enhance them by accentuating them with
cross lighting, nor diminish them with flashlight.

To assess the improvement induced by a treat-
ment on the surface of the epidermis (such as chem-
ical peel, laser rejuvenation), images must be
comparative. It is therefore crucial that the tech-
nique ensures the reproducible character of the
shots which must be performed in similar rigorous
conditions.

How to ensure reproducibility?

– The subject/patient must have a neutral
appearance.
The object of the photograph is the skin. All

useless elements must be removed: neck-
lace, earrings, scarf, etc. If the photograph
is taken in a wider field, clothes must be
covered with neutral material.

Anything that is likely to hide the lesions must
be removed, especially makeup. Makeup
should be removed at least 10 mn before
the photograph is taken, or ideally no
makeup should be applied on the day.

Even a basic skincare cream can cause alter-
ation of the reflection of the light on the
skin. Hair often hides or covers part of the
forehead or sides of the face: it must be
pulled back.

The face must show no expression: the subject
must refrain from smiling which empha-
sizes expression wrinkles, in particular
near the eyes.

The eyes must fix a point on a wall (either a
clearly visible mark or a mirror). The sub-
jects may also be asked to close their eyes
quickly before the photograph is taken.
Some authors recommend that the eyes be
closed briefly to relax expression lines on
the face (Tsukahara et al. 2009).

Photographs must be taken in controlled envi-
ronmental conditions: they depend of
course on the availability of each clinic.
Ideally a room or part of a roomwith neutral
walls and no visible object should be dedi-
cated to photography.

To obtain comparative shots, all the photo-
graphs of a series (before/after) must be taken in
the same conditions.

• The patient must be advised not to change
his/her appearance between shots. After aes-
thetic treatment, one may be tempted to modify
other features such as hair color, new haircut,
etc. It is not always easy to convince the sub-
ject to refrain from changing until the compar-
ative photograph has been taken. It is however
a primary requirement because the objective
judgment of improvement can be influenced
by alterations.

• Constancy of angle of shot: the same protocol
must be followed to take each photograph. The
DCmust always be placed at the same distance
from the subject to have the same focus. Ideally
it should be possible to move around the sub-
ject seated in a predetermined place in the
room. The subject must always look in the
same direction. The various angles of shot
can be marked on the floor to ensure
reproducibility.
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• Height must be adjustable so that the axis of the
objective lens is horizontal, using a tripod or an
adjustable stool.

• Stable lighting conditions: an artificial source
of light (flash unit or light projector) ensures
that the operation takes place in the same con-
ditions and facilitates reproducibility.

• Reproducibility of colors: color stability in
reflex DCs is generally very good as long as
the device is not changed during the proto-
col. Colors can be corrected after the pho-
tograph has been taken if a color chart
has been placed in the scene (Mini
Colorchecker color chart, X-Rite). The ref-
erence colors of the chart are then available
to document and guide future corrections of
colors (Grana et al. 2005; Vander Haeghen
et al. 2001).

It is essential to do preliminary tests with the
equipment and to determine the optimal settings.
Once adequate settings are identified, it is
important to respect them. EXIF data associated
to the photographs will be loaded to document
imaging. These data will help the operator to
refine settings and to set up the best possible
working conditions in terms of equipment and
environment.

7 Digital Photography
in Dermatology

Digital photography provides the opportunity to
set up easily an iconographic database of the main
techniques used by dermatologists in their prac-
tice. The before/after photographs will be easily
accessible and available to the dermatologist. It is
recommended to anonymize them by adding a
black strip on the patient’s eyes or by
blurring them.

A dermatologist with intense aesthetic prac-
tice can have a database of samples
(in PowerPoint format) to show technical ges-
tures to the patients prior to treatment: wrinkle
filling, chemical peel, resurfacing, etc., and the
expected results. These images can be put on line
very easily (with Picasa in particular), or a

dedicated website can be created. In this hypoth-
esis, ethic regulations set by the medical author-
ities have to be respected.

Morphed images give the patient an idea of
the results after treatment. Morphed images are
produced with special effects used to create ani-
mated images that transform gradually and natu-
rally an initial image into a final image.
Professional software programs, such as Mirror
Aesthetic Simulation, calculate a deformation of
the image from the initial photograph, simulating
the results after surgical treatment. This process
is used mainly in plastic surgery. It is also inter-
esting in aesthetic dermatology, for example, it
can help illustrate changes in color to simulate
postlaser erythema so that the patient is aware of
the treatment side effects. Softwares such as
Fantamorph or Popims Animator are easily
accessible to dermatologists interested in this
technique.

Although very attractive, these methods must
not hide some negative effects. It is easy to make
idealized simulations on the screen and to
propose to the patients changes that will be
difficult to achieve. The patients may be very
disappointed.

Finally, it is essential to mention the existence
of photographic scales (Bazin and Doublet 2007)
which list in a book the criteria of cutaneous
aging of female or male (Caucasian) faces.
They are used to rate an area of the face with
accuracy: glabella wrinkle, crow’s foot wrinkles,
wrinkles under the eyes, etc. The scales can also
be used altogether to assess global aging of the
face.

8 Conclusion

Digital photography does not simply imply a
change of camera; it is a total change in the man-
agement of imaging, and it requires efficient mas-
tering of information technology.

With this technique, working habits must
be modified. One must keep in mind that
digital photographs are saved and stored in a
PC or laptop. They can be displayed on a
monitor, projected, or printed with a color
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printer or in a scientific article. However, in
daily practice, digital imaging is used on the
computer screen.

Computer science is not 100 % reliable, and it
is essential to save data regularly. The widespread
use of USB flash drives and external hard disks
simplifies this process which was fastidious not so
long ago. It is crucial that original photographs
must be saved simultaneously on a high capacity
hard drive and on CD-ROM or DVD.

The flexibility of the system, its reproducibil-
ity, and the possibility to classify and save images
and to display several images on one screen to
compare them make digital photography an ideal
tool in aesthetic dermatology.
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Additional Information

Adobe TV: http://tv.adobe.com/fr/
Christophe Métairie Photographie: http://www.cmp-color.fr
Elephorm: http://www.elephorm.com
FOCUS Numérique: http://www.focus-numerique.com
Video2Brain: http://www.video2brain.com/
Volker Gilbert Photographie: http://www.volkergilbertphoto.

com
X-RITE Photo: http://www.xritephoto.com
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1 Under the Surface

Stratum corneum (SC) is the final product of the
terminal differentiation of epidermal
keratinocytes. It is elaborated on purpose and
fulfills essential roles in terms of protection of
the organism’s living tissues. These functions
encompass barrier functions against penetration
of foreign molecules and pathogens, significant
limitation of the transepidermal water loss, filtra-
tion of approximately 70 % of the deleterious
UVB radiation, and mechanical resilience to
other physical and chemical aggressions. Thanks
to the continuous mitotic activity of the mother
tissue, the epidermis, SC is continuously renewed.
The cornified keratinocytes, corneocytes, are pro-
gressively shed from the skin surface, and their
loss is adequately compensated through the kera-
tinization of the most superficial living cells from
the underlying stratum granulosum. This highly
coordinated process ensures maintenance of the
SC barrier and its adaptation to the environmental
changes.
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2 Formation of the SC: Process
of Cornification

Formation of the SC is a very rapid and, thus,
very interactive process. Transformation of the
most superficial living keratinocytes in the stra-
tum granulosum into the cornified cells takes
only 1–1.5 days (Baker and Blair 1968). During
this short period, the granular layer cell mas-
sively releases its secretory contents into the
apical intercellular space and efficiently
degrades all its cytoplasmic organelles, begin-
ning with the nucleus and mitochondria. The
process is initiated and regulated by changes in
the extracellular calcium gradient (Menon
et al. 1994; Elias et al. 2002) and is mediated
by caspase 14 (Eckhart et al. 2000; Denecker
et al. 2008). Structural and bioactive proteins,
hydrolytic enzymes, enzyme inhibitors, and
lipids synthesized in the granular layer are all
delivered into the extracellular space via the
complex vesiculo-tubular system originating in
the trans-Golgi: the so-called lamellar granules
(Serre et al. 1991; Rassner et al. 1999; Ishida-
Yamamoto et al. 2005). Within the SC, all these
elements self-organize at the molecular level and
perform their respective roles in a manner no
more dependent on the cellular activity but
largely influenced by the physical and chemical
factors, e.g., temperature, humidity/hydration,
and pH (Bouwstra et al. 2003a; Haftek
et al. 1998; Rawlings and Harding 2004). Upon
the process of cornification, important changes
occur within the cytosol. Degradation of organ-
elles is paralleled by dispersion of the
keratohyalin granules containing profilaggrin.
Dephosphorylation of profilaggrin is the first
step permitting its processing to filaggrin, the
protein involved in aggregation of intermediate
filaments of keratin and consolidation of the
corneocyte interior into a relatively homoge-
neous composite structure (Harding and Scott
1983; Markova et al. 1993). Later in the process,
the arginine residues of filaggrin shall be
converted to citrulline, and this loss of charge
shall lead to the protein dissociation from kera-
tins and its further degradation to amino acids
(Kamata et al. 2009; Méchin et al. 2010). These

hydrophilic final products of filaggrin
processing largely influence water holding
capacity of the SC and contribute to its acid
pH. Histidine, one of the major components of
filaggrin, is converted to urocanic acid, the latter
being involved in protection against UV radia-
tion (de Fine Olivarius et al. 1996; Mildner
et al. 2010). At the keratinocyte periphery, var-
ious proteins become cross-linked by the cell
membrane-bound transglutaminases, essentially
TG1, TG3, and TG5, to form a cornified enve-
lope (Kalinin et al. 2002; Candi et al. 2005).
Several cytosolic proteins, including filaggrin
and hornerin, are thus integrated into the highly
insoluble peripheral structure principally com-
posed of involucrin, loricrin, and small proline-
rich proteins (Michel et al. 1988; Haftek
et al. 1991; Steinert and Marekov 1999; Simon
et al. 1996; Henry et al. 2011). Simultaneously,
the plasma membrane phospholipids become
replaced by the lamellar granule-derived
sphingolipids (ceramides) (Elias et al. 2000).
These latter molecules become also cross-linked
by TG1 to the nascent cornified envelopes
(Nemes et al. 1999). Thus, formed lipid enve-
lopes constitute a matrix for alignment of the
extracellular lipids and for formation of the
intercorneocyte lipid bilayers (Wertz
et al. 1989; Marekov and Steinert 1998).
Together, the cornified cellular bricks and the
self-organized lipid mortar form an efficient per-
meability barrier at the top of the skin (Elias
2006).

3 Structure of the SC

Cornified keratinocytes have the form of polyg-
onal flat tiles. They are strikingly thinner than
the underlying nucleated cells (1–2 μm thick)
and about two times wider than the stratum
spinosum keratinocytes (30–35 μm in diame-
ter). This significant change in proportions
comes with extensive cell overlapping and con-
volution of the lateral cell walls. In this setting,
extracellular lipids structured in lamellae and
filling intercorneocyte spaces are the principal
factors limiting SC permeation either way:
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outside in and inside out (Elias and Menon
1991). X-ray diffraction studies allow overall
appreciation of the lipid lamellar phases present
in the SC and indicate that SC lipids are orga-
nized in bilayers presenting two major period-
icities (12–13 nm and 5–6 nm spacing between
the polar head groups of lipid molecules within
the bilayers). These studies reveal also the lat-
eral packing pattern of molecules within the
bilayer sheets (Bouwstra et al. 2003b). Long
periodicity phase and orthorhombic lateral
packing are predominant in normal SC, whereas
a switch to the short periodicity phase and
hexagonal lateral arrangement characterize
functional states with increased SC permeabil-
ity. Recently, ultrastructural studies of vitrified
skin sections, in which the molecular arrange-
ment has been preserved by ultra-rapid freezing
of the tissue, have led to slightly different con-
clusions (Iwai et al. 2012; see also ▶Chap. 33,
“Cyanoacrylate Method”). Using this morpho-
logical approach, the authors propose that SC
lipids are organized in homogeneous phases
with 10–12 nm spacing of the repeating unit,
corresponding to the length of a fully extended
ceramide molecule. In the proposed model, one
ceramide molecule would be associated with one
fatty acid and one cholesterol molecule, consis-
tent with our knowledge about the equimolar
proportions between these major components of
the SC lipid matrix (Bouwstra et al. 2003b). The
spliced arrangement of ceramides would confer
to the lipid bilayers more suppleness, compatible
with the everyday physical requirements. How-
ever, the model does not integrate the variable
length and nature of the hydrophobic carbon
chains belonging to the different lipid species
found in the SC. Also, it admits no space for
water molecules within the SC extracellular
spaces. Yet, water is necessary for functioning
of the non-lipid components in the SC and nota-
bly those involved in the processing and
rearrangement of the intercellular matrix. Lipid
bilayers can be visualized with conventional
electron microscopy using highly oxidizing
reagents, such as osmium and ruthenium tetrox-
ides. Although this classical approach induces
notable artifacts related to the chemical fixation,

dehydration with solvents, and tissue contrasting
methods, the structural modifications are repro-
ducible and well defined. Using this technique, it
is possible to observe hydrophilic “faults” in the
semicrystalline structure of the intercorneocyte
spaces (Haftek et al. 1998). Such hydrophilic
lacunae increase in size and change emplacement
upon SC hydration obtained with simple occlu-
sion (Fig. 1). They also swell after SC treatment
with agents disorganizing lamellar lipids and
thus constitute the primary permeation pathways.
Extensive exposure to water makes SC more
voluminous, as corneocytes absorb and retain
humidity. Water binding capacity varies with
the SC depth and depends largely on the pres-
ence of the so-called natural moisturizing factor
resulting from the processing of filaggrin to free
amino acids. As a consequence, three zones
showing different compactness and hydration
may be distinguished (Bouwstra et al. 2003a;
Richter et al. 2004). Cohesion within the SC is
provided by corneodesmosomes, which are struc-
turally modified desmosomes having incorpo-
rated corneodesmosin (Serre et al. 1991; Haftek
et al. 2006). Lipids, initially proposed to partic-
ipate in the SC cohesion, do not show adhesive
proprieties and rather behave as a spacer (Chap-
man et al. 1991). In the lower portion of SC,
called SC compactum, corneodesmosomes are
distributed all around the cells. In this highly
cohesive part, the intercorneocyte spaces
are almost entirely filled with lamellar lipids,
and, therefore, this is where the permeability
barrier is mainly located. Subsequently,
corneodesmosomes attaching the stacked consec-
utive corneocyte layers are progressively
degraded by serine proteases, principally kalli-
kreins 5 and 7 (Voegli and Rawlings 2012).
This introduces horizontal dissociation in the
upper portion of SC, therefrom named SC
disjunctum (Fig. 2). Interestingly, lateral connec-
tions between the corneocytes do persist also at
this level. As a result, the so-called “basket-
weave” pattern of the SC is frequently observed
in standard histological skin samples, after tissue
delipidation during dehydration procedures. It
can be further enhanced by the application of
permeabilizing agents, which facilitate mobility
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of the endogenous intercellular enzymes (Fig. 3).
Better resistance of the lateral corneodesmo-
somes has long been unexplained, since these
structures do not differ biochemically and
mechanically from the junctions situated between
the successive corneocyte layers. Recent visuali-
zation of the tight junction remnants cross-linked
to the corneocyte envelopes and situated in the
lateral portions of the cells solves the
puzzle (Haftek et al. 2011). Indeed, lateral
corneodesmosomes appear to be less accessible
to the catabolic enzymes because of the presence
of tight junction – like fusion spots between the
cell envelopes at this localization.

4 Desquamation

Transition from the SC compactum to disjunctum
indicates the beginning of the desquamation pro-
cess. Proteolytic enzymes and their natural inhib-
itors secreted into the intercellular spaces interact

Fig. 1 Ultrastructure of intercorneocyte spaces in the SC
compactum upon mild hydration. Normal human skin
explants were examined with transmission electron
microscopy using post-fixation with either osmium tetrox-
ide (a, c) or with ruthenium tetroxide (b, d). Nonoccluded
skin samples (a, b) showed rather narrow intercellular
spaces containing focally hydrophilic (electron-dense)
inclusions (arrowheads). Upon hydration, obtained by
6-h occlusion (c, d), the hydrophilic lacunae swelled,
split the intercellular lipid lamellae, and were often

encountered next to corneodesmosomes (arrows). This
illustrates how the SC hydration results in the focal
increase of the extracellular hydrophilic compartment,
likely containing protein components issued from the
lamellar granule extrusion, and facilitates interaction
between these elements and the corneodesmosome sub-
strate proteins. Bars = 100 nm (Micrographs adapted
from Haftek et al. 1998, with permission from Microscopy
Research and Techniques, John Wiley and Sons)

Fig. 2 Ultrastructure of normal human SC at the interface
between SC compactum and SC disjunctum.
Corneodesmosomes (small arrows) that join SC
compactum cells (C3–C5) are numerous and distributed
both between the lateral cell-cell contacts and between the
successive cell layers. The latter localization is the primary
target of proteolytic enzymes resulting in virtual disappear-
ance of the interlayer corneodesmosomes (big arrows) and
creation of the SC disjunctum (C6–7). Bar = 200 nm
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with their respective substrates in a manner
depending on the structural constraints, i.e.,
mobility within the hydrophobic intercellular
matrix, shape of the extracellular space, and pres-
ence of tight junction-derived fusion points
between cell envelopes, and on the physicochem-
ical operating conditions, i.e., pH, hydration, and
temperature. It has been proposed that self-
organization of the lipids in continuous multilay-
ered sheets could contribute to the lateral displace-
ment of intercellular hydrophilic lacunae
containing hydrolytic enzymes toward the immo-
bile corneodesmosome structures, the latter
representing enzyme substrates (Haftek
et al. 1998). Corneodesmosomes attaching suc-
cessive cell layers are cleaved first. Corneocytes
remain in layers attached at the cell periphery to
the neighboring cells. This situation persists up to
the SC surface, where individual cells chip off due
to the mechanical stress brought by drying and
abrasion (Haftek et al. 1997). In normal human
skin, the desquamation rate is approximately one
cell layer in 21 h (Hoath and Leahy 2002), so that

an adult loses about 2.5 million corneocytes every
day.

5 Maintenance of the SC
Homeostasis

Thickness of the SC varies between the anatomi-
cal sites from 5 to 20 corneocyte layers: an aver-
age of 16 layers (Grove and Kligman 1983). It
takes in average 14 days to a corneocyte to evolve
through the normal SC and to desquame at its
surface (Johannesson and Hammar 1978).
Because changes in the shedding rate influence
the SC barrier quality, they constitute signals to
the living layers, and notably to the proliferative
compartment, to adapt accordingly (Proksch
et al. 1993). This interactivity is necessary to
maintain the epidermal homeostasis, and thus ade-
quate barrier function, in changing environmental
conditions.

In physiological conditions, thickening of the
SC may be observed during the winter period and

Fig. 3 Normal human SC dissociation induced by
exposure to propylene glycol spares the lateral
corneodesmosomes. The entire SC undergoes disjunctum-
like transformation after 6-h topical application of the per-
meation agent, producing so-called basket-weave pattern
(inset). Corneocytes maintain their lateral attachment, but
lose corneodesmosomes providing interlayer contact

(arrowheads). Intact lateral corneodesmosomes (arrows)
are sealed within the portions of fused cornified lipid enve-
lopes. Such intercorneocyte fusions have been demonstrated
to correspond to cross-linked tight junction – like structures
issued from the underlying living epidermal layers. Bars =
500 nm
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is related to a slowdown in corneodesmosome
degradation (Simon et al. 2001). A similar mech-
anism could also be evoked in the case of
age-related skin dryness. Compensatory thicken-
ing of the palmar or plantar SC is constantly
observed upon recurrent mechanical stimulation
leading to the occurrence of calluses.

Skin pathology abounds in the manifestations
involving SC appearance and function. They may
involve SC overproduction, retention, or prema-
ture shedding. Excessive retention of otherwise
normally keratinized SC is called hyperkeratosis,
e.g., accumulation of cholesterol sulfate – a pow-
erful inhibitor of serine proteases in SC – occurs in
recessive X-linked ichthyosis. In this case, deficit
in steroid sulfatase leads to improper degradation
of corneodesmosomes and SC retention
(Zettersten et al. 1998; see Oji et al. 2010a for a
recent consensus overview of inherited defects of
keratinization). Parakeratosis, a situation where
non-degraded nuclei stay in the SC, results from
imperfect keratinization and is most often due to
epidermal hyperproliferation and inflammation. A
typical example of such condition is psoriasis,
where skin inflammatory reaction induces the epi-
dermal response with prominent parakeratotic
scale production and proinflammatory cytokine
secretion, thus entertaining the disease’s vicious
circle (Krengel et al. 1998). Among the ichthyoses
(non-bullous), congenital ichthyosiform
erythroderma is also characterized by the presence
of parakeratotic SC. Mutations of the
transglutaminase-1 gene have been demonstrated
in one of its clinical subsets (Huber et al. 1995).
Here, leaky corneocytes and imperfectly orga-
nized SC promote reactive inflammation, epider-
mal hyperproliferation, and compensatory
overproduction of the SC, still invalid but thicker.
A localized loss of the SC (Kanitakis et al. 2010)
or its diffuse shedding (Komatsu et al. 2006) con-
stitutes another family of the anomalies of
keratinization.

Epidermal response to the impaired barrier
function of any origin is, most often, a compensa-
tory increase in the SC thickness. Several and
various causes are related to the structural fragility
and/or increased permeability of the SC compo-
nents. Here are some examples:

In various hereditary conditions, problems of
epidermal differentiation may result from a defi-
cient expression of one of the cell-cell junction
proteins that is insufficiently compensated by sim-
ilar members of the same family. Palmo-plantar
keratoderma in Vohvinkel syndrome is linked to a
deficient intercellular communication due to a
particular mutation in the gene coding for
connexin 26 (Maestrini et al. 1999), whereas
erythrokeratodermia variabilis is caused by muta-
tions in the genes of connexins 31 or 30.3 (Rich-
ard et al. 2003). The clinical manifestation of this
ailment is thickening of the epidermis (acanthosis)
with hyperkeratosis.

In the Ichthyosis, Hypotrychosis and Scleros-
ing Cholangitis (IHSC) syndrome, claudin-1 –
deficient epidermis develops leaky tight junctions
(Hadj-Rabia et al. 2004). In this case, ichthyosis
appears to be due to the compensatory
overexpression of tight junction -like structures
in the SC (Haftek et al. 2013).

Mutations in genes coding for epidermal dif-
ferentiation – associated keratins (K10, K1, K2e)
lead to the mechanical fragility of the upper layers
of keratinocytes in keratinopathic ichthyoses
(epidermolytic types). Collapse of the
keratinocyte cytoskeletons may provoke forma-
tion of superficial blisters; however, the typical
tissue response is hyperkeratosis (Oji
et al. 2010a; Osawa et al. 2011). In the Netherton’s
syndrome, it is the loss of intercorneocyte cohe-
sion that underlies the appearance of festooned
inflammatory and desquamating skin lesions. Pre-
mature corneodesmosome breakdown observed
in this disease is caused by the absence of serine
protease inhibitor LEKTI-1 encoded by Spink
5 gene (Chavanas et al. 2000). Clinical manifes-
tations of peeling skin disease, provoked by the
absence of corneodesmosin, concern exclusively
the interface between the stratum granulosum and
SC (Oji et al. 2010b). Cell-cell junctions lacking
corneodesmosin are still present in the patients’
SC and are protected by overexpressed tight junc-
tion – derived structures (Haftek et al. 2012). The
resulting SC is quite resistant and functional.
However, it can be easily peeled off as a whole
sheet because the underlying desmosomes at the
top of the living layers are fragile: not yet
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consolidated by cross-linking to the cornified
envelopes and not reinforced by the deficient
corneodesmosin.

Permeability of the SC is largely dependent
on its lipid content. Insufficient delivery of
the intercellular lipids occurs in the skin of har-
lequin ichthyosis patients with a mutated
ABCA12 lipid transporter gene (Akiyama
et al. 2005). Retention of the lamellar granules
results also in abnormally low levels of the extra-
cellular proteolytic enzymes and, thus, decreased
desquamation. Extensive hyperkeratosis occurs
already in utero and, if the baby survives,
evolves towards ichthyotic erythroderma (Haftek
et al. 1996).

Imperfect lamellar lipid composition and, thus,
deficient SC barrier function are encountered in
patients with various dyslipidemias of dietary or
metabolic origin (Elias et al. 2011). These clinical
situations are also associated with abnormal
keratinization.

Permeable cornified envelopes constitute
another important factor influencing SC barrier
function. Apart the previously mentioned case of
transglutaminase 1 deficiency leading to
non-bullous congenital ichthyotic erythroderma,
mutations of genes coding various envelope com-
ponents may result in a similar or related pheno-
type. Well-known examples include filaggrin
mutations causing ichthyosis vulgaris and under-
lying some forms of atopic dermatitis (McLean
and Irvine 2012) and Vohwinkel syndromic
ichthyosis due to mutations in the loricrin gene
(Schmuth et al. 2004).

6 Conclusion

SC formation is controlled by the underlying via-
ble epidermal layers. Once secreted into the SC
intercellular spaces, various components self-
organize and interact in a highly ordered manner,
in order to preserve the unique and functional
architecture. Environmental conditions and path-
ological situations influence the structure and
function of SC, resulting in compensatory
responses. They lead, in vast majority of the
cases, to the buildup of the SC barrier.
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1 Introduction

The basic function of skin is to constitute a water-
proof barrier between the body and the environ-
ment. In human, like in other land-living higher
vertebrates, this barrier is essentially composed of
uniquely organized lipids situated in the skin’s
horny layer.

The lack of knowledge about the molecular
organization of the horny layer’s lipid material
has limited our understanding of the skin both in
healthy and disease states. However, a recent
breakthrough has come from the use of very
high magnification cryo-electron microscopy of
vitreous skin section (CEMOVIS) combined
with electron microscopy (EM) simulation. This
has allowed for molecular structure determination
of the lipid material directly in situ and in its near
native state (Iwai et al. 2012). The lipid material is
organized in an arrangement not previously
described in a biological system – stacked bilayers
of fully extended ceramides with cholesterol mol-
ecules associated with the ceramide sphingoid
moiety (Iwai et al. 2012).
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Below follows a brief account of current
knowledge about the molecular organization of
the horny layer’s lipid material.

2 Brief History of Skin Barrier
Research

Ever since it became clear that the skin’s barrier
function essentially is located to the epidermis
(Homolle 1853; Duriau 1856), the molecular
structure and function of the skin barrier have
intrigued researchers (Fig. 1).

By sandpapering the skin surface, Winsor
and Burch (1944) showed in the 1940s that
the skin’s barrier actually resides in the epider-
mal horny layer. In the 1950s–1960s, Berenson
and Burch (Burch and Berenson 1951) and
Onken and Moyer (1963) showed that horny
layer impermeability essentially was a function
of its lipid content. Brody (1966) then man-
aged to locate the horny layer lipids to the
extracellular space.

The first electron microscopy visualizations of
the lipid material’s stacked lamellar morphology
came with Breathnach et al. (1973) and Elias and
Friend (1975) in the early 1970s.

In the 1980s, the lipid material’s basic compo-
sition was determined. A heterogeneous mixture
of saturated, long-chain ceramides, free fatty
acids, and cholesterol in a roughly 1:1:1 molar
ratio (Wertz and Downing 1983; Wertz
et al. 1987, 2003). Another important step was
the introduction of ruthenium tetroxide staining,
which revealed the lipid material’s characteristic
broad:narrow:broad electron lucent band staining
pattern (Madison et al. 1987).

Soon afterwards, using small-angle X-ray dif-
fraction on isolated horny layer, White
et al. (1988), Garson et al. (1991), and Bouwstra
et al. (1991) reported the presence of one shorter
(ca 4.5 nm) and one longer (ca 6.5 nm) diffraction
peak related to lipids. Also, McIntosh 2003)
observed an asymmetric distribution of choles-
terol molecules within model systems composed
of extracted horny layer lipids.

In the early 1990s, the importance of the lipid
material’s phase state for its barrier properties

began to be stressed (Forslind 1994). In 2001,
Norlén proposed that the lipid material exists as
a single and coherent gel phase (Norlén 2001),
which was later supported by the experimental
work of Iwai et al. (2012).

In 2012, Iwai et al. showed that the horny
layer’s lipid material is organized as stacked
bilayers of fully extended ceramides with cho-
lesterol molecules associated with the ceramide
sphingoid moiety (Figs. 2 and 3; Iwai et al.
2012).

3 Skin Lipid Composition
and Phase State

The most characteristic features of the lipid com-
position (Wertz et al. 2003) are (i) extensive com-
positional heterogeneity with broad, but
invariable, chain length distributions (20–32C;
peaking at 24C) in the ceramide fatty acid and
free fatty acid fractions, (ii) almost complete dom-
inance of saturated very long hydrocarbon chains
(C20:0–C32:0), and (iii) large relative amounts of
cholesterol (about 30 mol%).

These are the same as the factors that typically
stabilize lipid gel phases. It was therefore pro-
posed that the horny layer’s lipid material exists
as a single and coherent gel phase (Norlén 2001).
The viscous gel-like behavior of the lipid material
was recently demonstrated experimentally by its
remarkable malleability in situ (Fig. 4; Iwai
et al. 2012).

4 Molecular Structure
Determination Directly In Situ

Cryo-electron microscopy of vitreous tissue sec-
tion (CEMOVIS) yields high-resolution images
of the horny layer’s lipid material in situ and in
its near native state. When combined with molec-
ular modeling and electron microscopy
(EM) simulation, CEMOVIS has proved to be
remarkably effective in identifying the molecular
organization of the horny layer lipids (Iwai
et al. 2012).
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The CEMOVIS-based structure determination
procedure involves four stages (Norlén
et al. 2013): cryo-electron microscopy of vitre-
ous skin section (CEMOVIS) to yield high-
resolution (�1 nm) images of the lipid material
(Fig. 5), construction of candidate molecular
models for the lipid material (Fig. 6), simulation
of electron micrographs resulting from the pro-
posed molecular models (Fig. 6), and confronta-
tion of the simulated micrographs with those
observed experimentally to identify a molecular

organization that is consistent with the observed
CEMOVIS data (Fig. 7).

For a detailed description of the experimental
procedure, see Norlén et al. (2013).

5 Skin Lipid Structure

The lipid organization that emerged from the
high-resolution CEMOVIS data analysis of the
horny layer’s lipid material is a bilayer

Fig. 2 Molecular
arrangement of the skin
barrier. The horny layer’s
lipid material is organized
as stacked bilayers of fully
extended ceramides with
cholesterol molecules
associated with the
ceramide sphingoid moiety
(Iwai et al. 2012). Green
spheres represent hydrogen
and carbon atoms in
ceramides, cholesterol, and
free fatty acids. Red spheres
represent oxygen atoms
(Adapted from Norlén
(2013), with permission)

Fig. 3 Schematic drawing of skin. Left part: schematic
cellular-scale drawing of epidermis. Midpart: molecular-
scale drawing of the lamellar lipid material occupying the
space between the cells of the horny layer. Right part:
atomic model of the lipid material’s repeating unit,

composed of two mirrored subunits, each composed of
one fully extended ceramide (CER) molecule, one choles-
terol (CHOL) molecule, and one free fatty acid (FFA)
molecule (Adapted from Norlén (2012), with permission)
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structure of fully extended (splayed chain)
ceramides with the sphingoid moieties interfac-
ing. Both cholesterol and the free fatty acid are
distributed selectively: cholesterol at the cer-
amide sphingoid end and the free fatty acid at
the ceramide fatty acid end (Iwai et al. 2012;
Figs. 2 and 3).

6 Skin Lipid Function

A stacked, fully extended (splayed chain) cer-
amide bilayer arrangement (Figs. 2 and 3) with
high cholesterol content (�30 mol%) and a
highly heterogeneous but characteristic, lipid
composition of saturated, long-chain ceramides
and free fatty acids may represent an ideal

barrier material for skin. This is because it
may be largely impermeable to water as well
as to both hydrophilic and lipophilic sub-
stances, because of its condensed chain packing
and its alternating lipophilic (alkyl chain) and
hydrophilic (headgroup) regions. Likewise, it
may be resistant to both hydration and dehy-
dration because of its lack of exchangeable
water between lipid leaflets. It may also be
resistant towards other kinds of environmental
stress, such as temperature and pressure
changes, because of its heterogeneous lipid
composition and high cholesterol content,
which stabilize gel-like chain packing and
thereby prevent both lateral domain formation
and induction of “pores” or nonlamellar mor-
phologies. Further, this bilayer arrangement

Fig. 4 The horny layer’s lipid material is, despite its
crystalline-like character, malleable. The horny layer’s
extracellular lipid material is folded locally. The folding
decreases on hydration and increases on dehydration. Low
magnification CEMOVIS micrographs of the horny layer
after hydration in vivo (a), at normal in vivo conditions (b),

and after hydration in vivo followed by dehydration
ex vivo (c). The lower panel illustrates the folded pattern
of the extracellular space. Image side lengths: 5 μm
(Adapted from Iwai et al. (2012) (online supplementary
material), with permission)
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may account for horny layer cell cohesion with-
out advocating specialized intercellular adhe-
sion structures such as desmosomes. The
absence of desmosomes in the horny layer
(above the fourth to fifth layers) may hence
allow for sliding of horny layer cells to accom-
modate skin bending. Finally, as the interaction
between the individual layers of the lipid mate-
rial involves only hydrocarbons, the layers may
be relatively free to slide with respect to one
another, making the lipid material pliable. The
fully extended ceramide bilayer arrangement,
with high cholesterol content and heteroge-
neous saturated long-chain lipid composition,
may thus meet the barrier needs of skin by
being simultaneously impermeable and robust
(Iwai et al. 2012).

7 Future Perspective

The elucidation of the basic molecular organiza-
tion of the skin lipids is a first step towards
building a complete molecular model for the
stratum corneum that also includes the
corneocytes. Outstanding questions in this
respect are the nature of the molecular-level
structure of the corneocyte keratin filament net-
work and the interfacial corneocyte cell enve-
lope. The potential application and further
development of the combined approach of
cryo-electron microscopy coupled with simula-
tion is presently explored to elucidate the molec-
ular organization of these remaining stratum
corneum key components (Norlén et al. 2013;
Figs. 8, 9, and 10).

Fig. 5 The CEMOVIS intensity pattern of the horny
layer’s extracellular lipid material consists of folded
stacked layers. (a) Medium magnification CEMOVIS
micrograph of the interface between two cells in the
midpart of the horny layer. Note that in CEMOVIS the
tissue is unstained and that the pixel intensity is directly
related to the local electron density of the sample. The
stacked lamellar pattern represents the extracellular lipid
material. Dark ~10 nm dots represent keratin intermediate
filaments filling out the intracellular space. (b) High-
magnification CEMOVIS micrograph of the extracellular
space in the midpart of the horny layer. The averaged
intensity profile of the lipid material was obtained by

fuzzy distance-based image analysis. The red stars in (b)
represent the manually chosen start and end points for
fuzzy distance based path growing. (c) The red line repre-
sents the traced out path. Stacked lines mark extracted
intensity profiles. (d) Enlarged area of the central part of
(b). (e) Reversed averaged pixel intensity profile obtained
from the extracted area in (c). Peaks in (e) correspond to
dark bands and valleys to lucent bands in (d). Black arrows
in (b) denote electron lucent narrow bands at the center of
the 6.5 nm bands. Section thickness ~50 nm (a–d). Scale
bar (a): 100 nm. Pixel size in (a–d): 6.02 Å (Adapted from
Iwai et al. (2012), with permission)
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Fig. 6 Electron microscopy simulation of the horny
layer’s extracellular lipid material. (a) High-
magnification CEMOVIS micrograph of the extracellular
space in the midpart of the horny layer. (b) Corresponding
averaged intensity profile obtained by fuzzy distance-
based path growing. (c) Schematic 2D illustration of
ceramides (tetracosanylphytosphingosine (C24:0)) in
fully extended conformation with cholesterol associated
with the ceramide sphingoid part and free fatty acids
(lignoceric acid (C24:0)) associated with the ceramide

fatty acid part. (d) Atomic 3D model of the repeating unit
composed of two mirrored subunits, each composed of one
fully extended ceramide molecule, one cholesterol mole-
cule, and one free fatty acid molecule. (e) Calculated
electron scattering potential of one model subunit. (f) Cal-
culated electron scattering potential 3D maps of the top-
most layer out of 20 superimposed layers used to generate
the simulated electron micrograph (g). Defocus (a, g):
�2.5 μm. Pixel size in (a, g): 3.31 Å (Adapted from Iwai
et al. (2012), with permission)
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Model Simulation
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Fig. 7 Electron microscopy simulation of alternating
fully extended ceramides with selective localization of cho-
lesterol to the ceramide sphingoid part accurately
accounts for the observed CEMOVIS intensity patterns
as well as for the interference pattern changes observed in
sequential CEMOVIS micrograph defocus-series
obtained at very high magnification (�1.88 Å pixel size).
(a–c) High-magnificationCEMOVISmicrographs (first expo-
sition images) of the extracellular space in the midpart of the
horny layer obtained at�0.5 μm (a),�2 μm (b), and�5 μm
(c) defocus. At very low defocuses (�0.5 μm), (a) CEMOVIS
intensity patterns can only be observed at very high magnifi-
cation (�1.88 Å pixel size). At very high defocuses (�5 μm),
(c) image resolution is low but still allows for resolution of the
~11 nm repeating unit. The slightly larger lamellar repeat
distance in (b) (~12 nm) compared to (a) and (c) (~11 nm)
may be due to more pronounced compression of the vitreous
skin section during cryo-sectioning along the lamellar plane in
(b) compared to (a) and (c). (d–f) represents corresponding
atomic 3D model (cf. Fig. 3 right part; Fig. 6d) electron
microscopy simulation images recorded at �0.5 μm (d),
�2 μm (e) and �5 μm (f) defocus. (g–i) Sequential
CEMOVIS micrograph defocus-series obtained at very high

magnification (1.88 Å pixel size). Note the fine changes in
interference patterns caused by gradually increasing the micro-
scope’s defocus during repeated image acquisition at a fixed
position. Due to electron beam damage after repeated electron
exposure, the image contrast is lower in micrographs (h–i)
compared to micrograph (g), which was acquired first. In
micrograph (i) some shrinkage can be observed. This is prob-
ably due to mass loss during repeated electron exposure. Also,
the curvature of the lamellar pattern is slightly increased in
micrographs (h–i) compared tomicrograph (g), which likewise
may be caused by nonhomogeneousmass loss during repeated
electron exposure. (j–l) represents corresponding atomic 3D
model (cf. Fig. 3 right part; Fig. 6d) electron microscopy
simulation images recorded at �1 μm (j), �2 μm (k), and
�3 μm (l) defocus. It is shown that the atomic 3D model in
Fig. 5 accurately accounts not only for themajor features of the
CEMOVIS micrographs (a–f) but also for the interference
intensity pattern changes observed upon varying the micro-
scope’s defocus during image acquisition at very high magni-
fication (g–l). Pixel size in (c, f): 3.31 Å, in (b, e): 6.02 Å, and
in (a, d and g–l): 1.88 Å (Adapted from Iwai et al. (2012), with
permission)
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8 Summary

The skin barrier is essentially constituted by a
uniquely organized lipid material situated
between the cells of the horny layer of skin. This
lipid material is organized as stacked bilayers of
fully extended ceramides.

The physical state of the skin’s lipid material is
gel like.

The skin’s lipid material is responsible for both
the skin barrier’s low permeability and its
robustness towards environmental stress.
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1 Introduction

The epidermis is the continuous stratified squa-
mous epithelium covering the skin. Both the phys-
iologic cohesion and exfoliation are balanced
functions of the stratum corneum (SC) integrity
(Mohammed et al. 2011). Corneocyte desquama-
tion is a complex multistep process that is globally
related to the long-term keratinocyte renewal, but
disconnected from the epidermal maturation
(Piérard et al. 2000; Chu and Kollias 2011;
Ishida-Yamamoto et al. 2011; Lin et al. 2012). By
a matter of fact, the imperceptibly corneocyte cast-
ing off from the skin surface can be properly
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appreciated only after considering the whole phys-
iology of keratinocytes. In addition, it is essential
to consider themolecular structures involved in the
regular corneocyte adhesion and cohesion in order
to perceive the intercellular binding defects present
in the rough/dry skin condition, xerosis, and
ichthyoses. Indeed, the SC is not simply an assem-
bly of dead cells, but it represents a dynamic and
metabolically interactive tissue.

Cell surface glycoproteins, specialized
intercellular junctions such as (corneo)-
desmosomes, focal adherens contacts, tight junc-
tions, gap junctions, and keratinosomes play major
roles in keratinocyte communications and adhe-
sion (Haftek et al. 2011; Igawa et al. 2011). Des-
mosomes represent specific cell membrane
contacts between adjacent keratinocytes forming
well-circumscribed symmetrical intercellular junc-
tions exhibiting specific ultrastructural features.
They correspond to electron-dense plaques
apposed along the cell membrane. They are com-
posed of three parallel bands. The inner fibrillar
band is the area where intracellular keratin fila-
ments loop. Traversing filaments extend between
intermediate filaments and globular structures
located in the cell membrane. The intercellular
space encased between the desmosomal plaques
is about 30 nm thick and is centered by a dense line.

Plaque components were identified as
desmoplakin I in simple epithelia, desmoplakin
II in squamous epithelia, desmoplakin III or
plakoglobin, desmoplakin IV in stratified epithe-
lia, and desmocalmin which is a calmodulin-
binding protein and D1 antigen. Desmoplakins
are related to the cadherin family. Desmoglein
and desmocollins I and II are transmembrane gly-
coproteins present in the intercellular area inside
desmosomes.

The number of desmosomes globally increases
with the maturation of the stratum spinosum. Dur-
ing the upward migration of keratinocytes, desmo-
somes are subject to endocytosis and are degraded
inside the cells. Formation of new desmosomes
probably occurs where cells are pushed in close
contact to each other. During epidermal cornifica-
tion in humans, desmosomal structures become
asymmetrical. At the level of the first layer of

corneocytes, plasma membrane thickening occurs
in areas outside desmosomes. In upper layers, the
characteristic trilaminar structure of desmosomes
is altered into an electron-dense plug referred to
as corneodesmosome. Strength of corneocyte
attachment correlates with the number and distri-
bution of corneodesmosomes. These structures are
evenly distributed in the deep SC compactum and
only present to corneocyte edges in the
uppermost SC disjunctum. Intercorneocyte adhe-
sion has a tongue-and-groove appearance with
corneodesmosomes riveting corneocyte periph-
eries into a lipped groove on adjoining cells.

2 Disorders of Cornification
and of Intercorneocyte
Cohesion

As described above, the molecular structure of the
normal SC is complex. Therefore, a broad scope
of defects commonly underlies a variety of scaling
disorders. Changes in the SC cohesion and
renewal are then commonly uneven, and clumps
of corneocytes are released from the skin surface
instead of the normal single cell shedding. This
phenomenon is defined as scaliness.

The epidermal turnover time (ETT) of the epi-
dermis is the amount of time for the self-renewal of
the whole keratinocyte population. It applies for
the transit time of cells in the whole epidermis or in
the SC alone. ETT represents the time needed for a
given cell to pass from the basal layer to the outer
surface of the skin. It represents about 52–75 days
in the normal epidermis. ETT is typically reduced
in most hyperproliferative conditions. The SC
turnover time is about 2 weeks. It is evaluated by
the dansyl chloride (DC) (Takahashi et al. 1987;
Piérard 1992) or dihydroxyacetone (DHA)
(Piérard and Piérard-Franchimont 1993; Uhoda
et al. 2004) tests. In regular proliferative condi-
tions, a xerotic SC is produced at a normal rate, but
fails to desquamate due to persistent corneocyte
cohesion. The relationship between disorders of
cornification and hyperproliferative disorders
encompasses two distinct conditions. In the first
group, scaling commonly results from the flooding
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of the SC with immature or incompletely mature
cells (parakeratotic cells). In the second group, any
altered barrier function drives epidermal hyperpro-
liferation and in some instances tissue hyperplasia.
The most common conditions where abnormal
desquamation occurs are known to the layman as
dandruff (12) and the so-called dry skin (Piérard
1989).

A key aspect of the orthokeratotic xerosis
resides in a relative lack of the intracellular natural
moisturizing factor (NMF) which maintains the
corneocyte hydration as they move toward the
skin surface. The osmotically active NMF results
from the degradation of filaggrin. It represents the
primary moisturization process of the SC. It fails
due to interindividual variations, old age, and
various other factors. Another unrelated reason
for orthokeratotic xerosis is a defect in the break-
down of corneodesmosomes. Such process is nor-
mally due to enzymatic action released by
keratinosomes (Egelrud and Lundstrom 1991).
Changes in epidermal lipids, especially in
ceramides and cholesterol sulfate, are commonly
linked to changes in protease activity or access to
corneodesmosomes. Failure to degrade
corneodesmosomes correctly is a fundamental
factor in many or most skin conditions where
flaking occurs.

3 Treatments Affecting
Desquamation

Retinoids are important regulators of terminal dif-
ferentiation of the epidermis (Piérard-
Franchimont et al. 1998; Kim et al. 2011). They
are used as potent drugs to treat a series of hyper-
keratotic disorders. The so-called keratolytics
such as the a- and b-hydroxy acids are in fact
desquamating agents probably acting on
corneodesmosomal proteins, but leaving keratin
molecules intact (Piérard-Franchimont et al. 1998;
Lévêque et al. 1995). Both the emollients and
moisturizers modify in an indirect way the
corneocyte-to-corneocyte adhesion. Both cause a
buildup of water in the SC. They lead to greater
flexibility and extensibility of the SC.

4 Methods for Determining
the Desquamation Rate

Various methods for evaluating the cohesion and
exfoliation of the SC have been designed over the
past decades (Roberts and Marks 1980; Piérard
1996; Piérard et al. 1992). They are associated
with possible specific drawbacks in the sampling
procedure and/or in the quantification process.

4.1 Quasi-Passive Collection
Methods

Dandruff is probably the only skin condition
allowing the collection of desquamating products
in a really passive way (Piérard et al. 2006). A
specific adhesive-coated disk (ACD) (D-Squame,
CuDerm Corp., Dallas, TX, USA, or Corneodisc,
C+K Electronic, Cologne, Germany) is applied
under moderate pressure and for a few seconds
on the target area of the scalp. On removal, dan-
druff remains stuck to the ACD. After deposition
onto a dedicated background, the material is ready
for the assessment. A crude method compares the
aspect of the samples using a visual grading ref-
erence card. Such data are only provided on an
ordinal scale. Another procedure relies on record-
ing the specular light reflectance of the samples
using adequate Charge coupled advice (CCD)
cameras such as the Visiopor® PP34 (C+K Elec-
tronic). Image analysis provides quantitative data
(Piérard-Franchimont et al. 2011). Still another
procedure uses a staining step of the squames by
a toluidine blue-basic fuchsin stain followed by
the global assessment of the color. The chroma C
value is used in reflectance colorimetry (Piérard
et al.. 2006, 2015).

In other circumstances, when the spontaneous
desquamation is not accessible by direct sam-
pling, visualization of corneocytes remaining in
the SC after a defined period of time is possible.
The procedure begins by staining the SC with the
fluorescent DC or the self-tanning DHA dye. Two
ways of assessment are possible. The first assess-
ment means consists of in vivo fluoro- or photo-
metric measurements performed at regular
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intervals. A kinetics of the dye fading can be
performed (Takahashi et al. 1987; Uhoda
et al. 2004). The procedure is affected by external
factors altering desquamation, such as the
mechanical effects of clothing, toiletries (Paye
et al. 1994), and social contacts. The second
assessment means consists of collecting the super-
ficial part of the SC after a defined period of time
(about 10 days). The harvesting methods are ACD
and the cyanoacrylate skin surface stripping
(CSSS). The material is examined under a fluo-
rescence or white light microscope (Piérard 1992;
Piérard and Piérard-Franchimont 1993; Piérard et
al. 2014). Image analysis allows the quantification
and localization of the stained and unstained
corneocytes.

Still another cumbersome approach is the older
chamber technique collecting all shedding
corneocytes and squames from a defined skin
area for a given time (Corcuff et al. 1987). A
nonionic surfactant added in the chamber some-
what interferes with the natural spontaneous pro-
cess of desquamation.

4.2 Mechanically Forced Collection
Methods

The procedure of forced desquamation results
from the application of some forces overcoming
the intercorneocyte binding forces. This is
achieved by rubbing or scratching the SC or fol-
lowing application of some adhesive-coated mate-
rial. Early methods used various mechanical
scrubbing devices. The access to such approaches
was limited to a few laboratories. Tape strippings
were not frequently used because the binding
strength of the adhesive to the SC was heteroge-
neous between tapes.

Currently, the most common method for
assessing scaliness and desquamation relies on
controlled squamometry involving the commer-
cially available ACD (Piérard et al. 1992; Paye
et al. 1999; Shimizu and Maibach 1999; Piérard-
Franchimont et al. 2000). The application pres-
sure must be controlled by a dynamometer. It

usually ranges between 10 and 25 kPa. The set
time of ACD application must be defined. It is
commonly limited to 5, 10, or 30 s, but possibly
extended to 60 s when some effects of the
transepidermal water loss are scrutinized. The
assessments are similar to the abovementioned
procedures in dandruff assessments. A high-
resolution fluorescent visualization of
corneocytes is provided by the combination of
complimentary dyes (Guz et al. 2009).

Corneocyte quantification is possible using
densitometry and spectroscopymethods (Schwarz
et al. 2012). A gravimetric approach is also pos-
sible by carefully weighing the ACD before and
immediately after sampling. This procedure
requires much expertise to avoid any desiccation
effect.

CSSS can be used for descriptive reports about
the topography of hyperkeratosis in order to show
the uneven pattern of scaliness over the skin sur-
face (Piérard-Franchimont and Piérard 1985).
Such evaluation is possibly combined to the
recording of the skin capacitance mapping/imag-
ing (SCMI) (Bazin et al. 2010).
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1 Introduction

Tape stripping is a technique which is widely used
for investigating skin absorption of topically
applied products. Adhesive tapes are repeatedly
applied to the same skin area treated with a cos-
metic or pharmaceutical product to remove thin
layers of stratum corneum (SC). The amount, of,
for example, a pharmacologically active ingredi-
ent (API), can be determined directly by
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spectroscopic methods (e.g., by performing
Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) on the tapes
or on the stripped skin surface) or after extracting
the tape strips with a suitable solvent which dis-
solves the API.

Tape stripping is particularly useful for evalu-
ating topical bioavailability of locally acting drugs
for which systemic levels (in the blood or urine)
are either not measurable or, except for estimating
systemic side effects, have little meaning for their
actual pharmacological efficacy. The data that is
obtained is either reported as cumulative amount
of API absorbed into the SC after a certain time
(by summing up the amount of API extracted from
all tapes, Fig. 1a) or as API concentration versus
SC depth profiles (Fig. 1b). In order to determine
API concentration at a certain SC depth, the
amount of SC on each tape strip must be known.
This amount is necessary to first of all determine
the relative position within the SC and to calculate
the volume of SC removed by the tape and thus
determine the API concentration in this SC
volume.

By performing tape stripping after different
incubation times, the dermatopharmacokinetics
(DPK) can be evaluated. This includes the maxi-
mum concentration (cmax), the time of maximum
concentration (tmax), and the area under the SC

concentration versus time curve (Fig. 1b). The
tape stripping method has great potential as an
alternative method for testing bioequivalence
(BE) of topically applied generics in comparison
to a reference product. Unfortunately, an FDA
draft guideline recommending tape stripping for
this purpose was withdrawn in 2002, after issues
arose due to poorly defined experimental stan-
dardization. Currently, tape stripping is only
recommended by the FDA for BE testing of drug
classes which target the SC, such as antifungals
(Narkar 2010). Furthermore for corticosteroids
the in vivo skin blanching or vasoconstriction
assay is recommended by the FDA for demon-
strating BE, while any other topical generics have
to be evaluated clinically.

In an effort to reestablish acceptance of tape
stripping as a method for BE testing which is not
limited to certain drug classes, standardization
of the procedure is imperative. In this regard,
methods to quantify the amount of SC removed
by each tape strip have become the focus of
research. Especially in the older literature, it is
commonly assumed that one tape strip uni-
formly removes a single layer of corneocytes.
Assuming a total SC thickness of, for example,
20 μm in humans, with each layer having a
thickness of ca. 1 μm, this leads to the conclu-
sion that a total number of 20 tapes will remove

Fig. 1 Example: skin absorption of an API with MW
300 Da, XlogP3, finite dose 15 mg/15 μl in aqueous
medium applied to an area of 1.767 cm2 full thickness
human skin in a Franz diffusion cell with acceptor volume
of 3.5 ml; the data were simulated with DSkin Software
Version 1.2.2, Scientific Consilience, Saarbr€ucken,

Germany. (a) Cumulative amount of API penetrated into
the SC after a certain time; (b) API concentration versus
SC depth profiles (black solid line 15 min, black dotted line
30 min, black short-dashed line 1 h, black dash-dotted line
6 h, black long-dashed line 24 h)
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the SC down to the viable epidermis. Meanwhile
it is widely accepted that these assumptions may
be misleading. First of all the SC thickness
clearly differs between individuals and body
regions and may also be influenced by the
applied formulation. The most important param-
eter influencing tape stripping is inter-
corneocyte cohesion. Corneocyte cohesion
decreases from the inside to the outside of the
SC and is minimal in the stratum disjunctum
which is ready to being desquamated. Conse-
quently, usually the first two tapes remove con-
siderably larger portions of SC than later tapes,
while the last tapes usually remove very little
amount of SC. Corneocyte cohesion further
depends on skin hydration and is less in dry
skin. Also, the stickiness of different adhesive
tapes varies and will influence the amount of SC
removed. In the event, for example, the number
of tapes required to reach a certain depth within
the SC or the total number of tapes to remove the
SC quantitatively may differ between persons,
test groups, and body sites. Thus it is necessary
to employ a method to accurately determine the
amount of SC on each tape strip. NIR densitom-
etry is aptly suited for this purpose.

2 Near-Infrared (NIR)
Densitometry for Standardizing
Tape Stripping

NIR densitometry relies on measuring pseudo-
absorption in the infrared range generated by a
partially transparent obstacle obstructing the light
path. For this purpose a circular infrared beam
(wavelength 850 nm, 13 mm diameter) is directed
onto a photodiode. A sample holder which takes
up the tape strips is inserted into the beam path,
and the intensity reduction in comparison to a
blank reference tape (i.e., a tape strip which had
not been in contact with the skin surface) is mea-
sured. Assuming homogeneous removal of the SC
and thus homogeneous coverage density of the SC
across the tape area, the corrected NIR pseudo-
absorption ((abs. 850 nm) – (abs. 850 nm blank))
in % can be related to the average amount of SC
removed per area (wtSC/A):

wtSC=A ¼ abs: 850 nmð Þ � abs: 850 nm blankð Þð Þ=a
(1)

In Eq. 1 a is a constant obtained from linear
regression analysis of the corrected NIR pseudo-
absorption versus the amount of SC per area mea-
sured, for example, by protein quantification
(Voegeli et al. 2007; Klang et al. 2011; Franzen
et al. 2012). The constant may depend on the
species and body region which is used, as well
as on the adhesive tape brand. It has to be deter-
mined for the specific requirements of the exper-
iment. SC from human or animal skin can be
obtained for this purpose by trypsinization
followed by freeze drying or desiccation
(Kligman and Christophers 1963; Hansen
et al. 2008). A calibration curve of accurately
weighed amounts of dry SC is prepared, the pro-
tein is extracted by combined treatment with alka-
line solution and shear stress, and the solution is
neutralized and buffered if necessary. Tissue
debris is removed by centrifugation, and the pro-
tein content in the so-prepared standards is deter-
mined by a custom protein quantification kit with
adequate sensitivity. For further instructions see
also the following references: Hahn et al. (2010)
and Franzen et al. (2012). It should be kept in
mind that if a protein assay is used as a reference
method to compare against the NIR densitometry,
this assay needs to be calibrated with SC protein
from the same species that is later used in the
experiments. This is necessary as the reaction
efficiency of many assays strongly depends on
the protein used (Klang et al. 2011). For example,
our experience shows that 1 g of bovine serum
albumin (BSA) corresponds to 4.27 g of human
SC but only 1.84 g of SC from pig ears when
analyzed under identical conditions (micro-BCA
assay, see also Franzen et al. (2012)).

NIR densitometry has considerable advantages
over other established methods which quantify the
amount of SC removed by tape stripping, such as
through quantifying the amount of protein on each
tape, through gravimetric or other optical methods
(Dreher et al. 1998, 2005; Weigmann et al. 1999;
Jacobi et al. 2005). Voegeli et al. could demon-
strate that NIR densitometry is robust with respect
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to factors such as gender, age, body site, pH, and
skin hydration (Voegeli et al. 2007). Most impor-
tantly, the result is available without delay, and
tape and API are not destroyed by the measure-
ment so that they are available for further analysis.

Thus the amount of SC and the amount of API can
be determined on exactly the same tape strip.

To obtain the SC thickness lSC on each tape,
both sides of Eq. 1 are divided by protein
density ρSC. A reasonable estimate would be
ρSC = 1 g/cm3 (Hansen et al. 2009):

lSC μm½ � ¼ wtSC=A=ρSC
¼ abs: 850 nmð Þ � abs: 850 nm blankð Þð Þ=a’ (2)

For tape stripping of pig ear skin in vitro, Franzen
et al. determined a value of a’ = 23.9 μm�1. They
found no significant differences between
D-Squame tape and tesafilm kristall-klar which
can both be used with this constant (Franzen
et al. 2012). In the literature only this value for
pig ear skin in vitro is available. No values for
human skin in vitro or in vivo have been
published although several publications report
correlations between NIR densitometry and pro-
tein quantification data; however in all cases,
other proteins than SC protein were used for the
calibration so that a’ cannot easily be calculated.

Figure 2 and Table 1 show NIR pseudo-
absorption data obtained for tape stripping of
fresh and frozen human skin in vitro (Fig. 2a)
and human skin in vivo (Fig. 2b) correlated with
the respective SC weight per area data

determined by a micro-protein assay. A linear
regression analysis was performed, and the
results are presented in Table 1. Tape stripping
in vitro was performed on excised abdominal
skin from three female Caucasian donors under-
going abdominal reduction surgery which was
either used “fresh” on the day of surgery or after
storing “frozen” at �26 �C for not longer than
3 months, taking care that the skin underwent no
repeated freeze-thaw cycles. Tape stripping
in vivo was performed on the inner forearm of
two volunteers who had signed informed con-
sent forms. Ethical agreement by the ethical
committee of “Arztekammer des Saarlandes”
was available. The tape stripping, NIR densi-
tometry, and protein quantification procedures
that were used have already been described by
Franzen et al. (2012). Tape stripping was

Fig. 2 (a) In vitro, human skin, filled circle/solid line =
frozen skin, linear regression analysis: n = 344, slope =
0.159, r2 = 0.340. Open circle/dotted line = fresh skin,
linear regression analysis: n = 52, slope = 0.152,

r2 = 0.619. Overall fit, n = 396, linear regression analy-
sis: n = 52, slope = 0.158, r2 = 0.387. (b) In vivo,
human skin; linear regression analysis: n = 110, slope =
0.145, r2 = 0.612
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continued until the lower limit of quantification
of the NIR densitometry was reached which
indicates the complete removal of the SC
(Hahn et al. 2010; Franzen et al. 2012).

The data in Fig. 2/Table 1 indicate that the
constant a’ obviously depends on species. It is
higher for pig ear skin than human skin. Between
a’ for human skin in vitro and in vivo, there is only
a small difference; differences between frozen and
fresh skin in vitro are marginal. A higher value of
a’ indicates a steeper slope of the graph in Fig. 2,
i.e., a lower SC mass per area generates a higher
NIR pseudo-absorption. This difference is at least
partially due to the different reaction efficiencies
of human and porcine SC extract in the protein
assay, as already mentioned. To check the accu-
racy of the obtained results for a’ for both species,
in a following section a’ will be used to calculate
the total SC thickness, and the results will be
compared to a reference value determined by his-
tological analysis.

3 Influence of Storage Time

For human skin the data in Fig. 2 shows that for
the in vitro data storage over some limited time in
the freezer at �26 �C considerably increases var-
iability (compare r2 = 0.340 and 0.619 for frozen
and fresh skin in vitro, although a’ is not
influenced). The general recommendation based
on this data is that NIR densitometry is suitable for
analyzing the SC amount on tape strips obtained
in vivo in human volunteers and in vitro only on
fresh, non-frozen skin. This is different from
excised pig ears in vitro where Franzen
et al. reported that storage over 3 months
(at 4 �C for up to 24 h and at �21 �C for up to
3 months) did not significantly influence the
results (Franzen et al. 2012).

4 In Situ Determination of Total
Stratum Corneum Thickness

It has now been established that NIR densitom-
etry accurately determines the thickness of SC
removed by each tape (Hahn et al. 2010), as
well as the number of tapes required to remove
the SC quantitatively (for in vitro human SC
and stripping with tesafilm kristall-klar, the
efficiency was 97 %; for excised pig ear skin
with the same tape, the efficiency was 83 %;
with D-Squame tape, it was 92 %) (Voegeli
et al. 2007; Hahn et al. 2010; Klang
et al. 2011; Franzen et al. 2012). Consequently,
by continuing tape stripping down to the viable
epidermis and by calculating the cumulative
amount of SC removed, the result should
equal the total SC thickness lSC-tot:

lsc�tot ¼
X1

n¼1

lSC�n (3)

Franzen et al. have demonstrated for tape strip-
ping on excised pig ears that the total SC
thickness can indeed be accurately determined
based on Eq. 3 (Franzen et al. 2012). For eight
different pig ears, they found no significant
differences between the average thickness
determined by NIR densitometry and the com-
mon histological method based on skin biop-
sies (Franzen et al. 2012). The data is
reproduced in Table 2 and augmented by a
value for fresh human skin in vitro. There
were no significant differences between the
NIR- and histology-based values for fresh
human skin. It was interesting to observe that
although the total SC thickness was very sim-
ilar between human abdominal and pig ear
skin, it took ca. 50 or even more tape strips
to quantitatively remove the porcine SC, while
ca. 20 tapes sufficed for human SC (tesafilm
kristall-klar or D-Squame in both cases). This
demonstrates once again the greater cohesion
of porcine SC which had already been men-
tioned by, e.g., Klang et al. (2011).

Compared to histology NIR densitometry is
quicker and averages the SC thickness over a

Table 1 Conversion factor a’ for different species, appli-
cable to D-Squame tape and tesafilm kristall-klar

a’ (μm�1)

Pig ear skin in vitro 23.9

Human skin in vitro 15.8

Human skin in vivo 14.5
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larger area (1.327 cm2). In contrast the histologi-
cal method requires an enormous amount of
repeat measurements based on light microscopy
images of cryosections from different skin biop-
sies to get a reasonable average of the total SC
thickness, as the thickness varies visibly over a
stretch of SC (Fig. 3).

In summary, NIR densitometry is a nonde-
structive, quick, and reliable method which can
be a valuable alternative for determining the

amount of SC on tape strips and the total SC
thickness in situ.
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1 Introduction: The Tape
Stripping Method

The tape stripping method, where SC proteins are
removed from the skin surface by means of stan-
dardized adhesive tapes, is a well-established
method to obtain skin penetration data. The com-
mon experimental setup involves in vivo tape
stripping on human forearm skin after application
of a penetrant of interest. The parameters of appli-
cation, such as the amount of formulation per cm2,
the location of the treated area, and the application
time, have to be defined precisely. In this fashion,
the skin penetration potential of penetrants such as
drugs from newly developed vehicles can be
evaluated.

The nature of the adhesive tapes employed for
such experiments has to be defined as well. In
order to ensure constant adhesive power of the
tapes and better comparability between experi-
ments, it is recommended to use a constant tape
brand, e.g., Tesa®, D-Squame®, or Corneofix®, in
all studies. The experimenter should be aware of
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his role in ensuring constant application time and
pressure as well as a rapid tape removal.

Having removed the adhesive tapes from the
skin, the latter must be analyzed for two aspects.
Firstly, the amount of penetrated drug has to be
determined for each individual tape. In order to
obtain an accurate penetration profile of an
applied drug, it is not sufficient to merely correlate
the recovered drug amounts to the tape number.
So, secondly, the exact amount of SC thickness,
i.e., the mass of corneocytes removed with each
tape, has to be determined and correlated to the
amount of drug recovered from the respective
tape. By analyzing both drug content and amount
of corneocyte aggregates on each tape, the accurate
penetration depth of applied drugs can be deter-
mined (Weigmann et al. 1999).

For the quantification of SC proteins in vivo,
different analytical methods have been proposed,
such as differential weighing (Bommannan
et al. 1996; Kalia et al. 1996, 2000; Weigmann
et al. 2003; Marttin et al. 1996; Herkenne
et al. 2006), microscopic techniques (Lindemann
et al. 2003), and protein assays (Dreher
et al. 1998, 2005). These techniques are compar-
atively time-consuming and may exhibit draw-
backs in terms of accuracy, e.g., the gravimetric
analysis is affected by residual moisture on the
tapes. Recently, a new imaging method based on
the analysis of pixel grayscale values and distri-
bution has been introduced for quantification of
SC proteins (Russell and Guy 2012). This tech-
nique is more accurate than differential weighing
and has an acceptable signal-to-noise ratio.

A different approach is optical spectroscopy in
the visible range, where the pseudo-absorption of
the SC proteins serves to indirectly quantify the
mass of corneocytes on the tapes (Weigmann
et al. 1999, 2003). The pseudo-absorption is com-
posed of reflection, scattering, and diffraction of
the light by corneocytes and is not disturbed by the
presence of other skin components (Weigmann
et al. 1999, 2003, 2005, 2009; Lademann
et al. 2009). The only drawback of this well-
established method is the need for manual prepa-
ration of the sample tapes in order to analyze them
with a specifically modified UV/Vis spectropho-
tometer with a larger measurement area.

Following these strategies developed by
Lademann and co-workers, the use of IR-D repre-
sents a rapid and convenient approach to determine
the optical pseudo-absorption of the proteins
(Voegeli et al. 2007). In the past years, this tech-
nique has been found to be both practical and
accurate for quantification of human corneocytes
during tape stripping experiments on the human
skin in vivo (Voegeli et al. 2007) and in vitro (Hahn
et al. 2010). A particular advantage of IR-D is its
nondestructive nature: after analysis of the tapes,
the latter can be further analyzed, e.g., for their
drug content. Recently, the technique of IR-D has
been validated against gravimetric analysis for SC
quantification of the human skin in vivo (Moham-
med et al. 2012). Likewise, recent studies validat-
ing IR-D against the well-established method of
UV/Vis spectroscopy were conducted by our
group for both the human skin in vivo and porcine
skin in vitro (Schwarz et al. 2012).

In summary, the discussed techniques for SC
quantification have been mostly employed for the
human skin in vivo or sometimes in vitro. Since
the use of the human skin is not always an option
due to legislative and organizational issues, efforts
have been made to establish an in vitro substitute
model for tape stripping experiments using the
porcine ear (Schwarz et al. 2012; Klang
et al. 2011, 2012). Porcine ear skin is generally
accepted as a suitable in vitro substitute for the
human skin (Herkenne et al. 2006) and particu-
larly so regarding in vitro tape stripping (Sekkat
et al. 2002; Jacobi et al. 2007). Porcine ears can be
obtained from local farmers or slaughterhouses
after clarifying that removal of the ears prior to
sanitation processes such as high steam cleaning
is essential.

2 Particularities of the Porcine
Skin in Tape Stripping
Experiments

Porcine ear skin requires preparation before
starting tape stripping experiments. Firstly, it
must be clarified whether fresh, refrigerated, or
defrosted ears will be employed. Although differ-
ences have been shown to be small or negligible
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for both the human skin in vitro (Hahn et al. 2010)
and porcine skin in vitro (Klang et al. 2011;
Franzen et al. 2012), it is recommended to choose
one of the above options to obtain maximum
reproducibility and comparability between
results. In case of porcine ear skin, higher amounts
of SC remained after tape stripping up to the
IR-densitometric detection limit after 3 months
of storage when compared to fresh porcine ear
skin, i.e., the cohesion between the lower layers
of corneocytes appeared to be increased. As a
result, the calculated SC thickness might be sys-
tematically underestimated. Since the remaining
SC, however, is frequently located within wrin-
kles, no errors in the calculated SC thickness will
occur in such cases (Franzen et al. 2012).

For both fresh and defrosted ears, the subse-
quent preparation steps include cleaning of the
ears, freeing them from hair, and confirming the
intactness of the skin barrier function, e.g., by
measuring the transepidermal water loss (Klang
et al. 2011; Sekkat et al. 2002).

General aspects to keep in mind for in vitro
tape stripping include exact marking of the strip-
ping area, constant intensity and duration of pres-
sure application, constant velocity of tape removal
(Weigmann et al. 2003; Breternitz et al. 2007), and
reduction of the influence of wrinkles by
stretching and fixing of the ears and applying
pressure with a rolling movement (Lademann
et al. 2009; Breternitz et al. 2007; Dickel
et al. 2010). Further aspects to be considered are
the role of skin-cleaning procedures (Schwarz
et al. 2012) and the possible interaction between
the tapes and the applied formulations (Klang
et al. 2012; Nagelreiter et al. 2013). For in vitro
tape stripping, higher pressure may be required to
obtain reproducible amounts of SC proteins
(Hahn et al. 2010; Klang et al. 2011; Wagner
et al. 2000).

When conducting the tape stripping process,
porcine skin shows a different corneocyte distri-
bution on the adhesive tapes than the human skin
(Fig. 1). This is due to structural differences: the
porcine skin cells throughout the epidermis are
organized in polygonal clusters or columns that
are separated by “canyons” (Carrer et al. 2008).
These structures cause a distinct pattern of large

corneocyte aggregates and intercluster regions
that can be observed particularly on the first adhe-
sive tapes removed from the skin surface. No such
patterns are observed during tape stripping on the
human skin.

The intercluster regions of porcine skin, which
start as wrinkles on the skin surface, will exhibit
lower corneocyte density on the tapes throughout
the tape stripping process. Since the first few tapes
generally exhibit the highest protein density due
to the lower cohesion between corneocytes within
the upper layers, comparatively inhomogeneous
protein coverage of the tapes is obtained. As the
tape stripping process proceeds, more homoge-
neous protein coverage is observed.

The type of tape plays a role in this context as
well. Higher adhesive power will lead to a more
irregular pattern of protein removal due to overall
higher corneocyte content of the tapes. Conse-
quently, D-Squame® tapes showed a more irregular
protein removal due to their higher adhesive power
than Corneofix® tapes, which was reflected in a
lower coefficient of determination R2 in our studies
(R2 = 0.812 for Corneofix®, R2 = 0.732 for
D-Squame® (Klang et al. 2011)). In independent
studies using porcine ear skin, only slightly different
values were obtained when comparing D-Squame®

(R2 = 0.761) and tesafilm® kristall-klar
(R2 = 0.704) (Franzen et al. 2012). In case of the
human skin in vitro, better correlations were gener-
ally found using D-Squame® when compared to
tesafilm® kristall-klar (Hahn et al. 2010).

Due to the canyon-like structures and the
resulting inhomogeneous protein coverage of the
tapes, it is all the more important to follow an
exact working protocol including a highly repro-
ducible way of pressure application and tape
removal. Keeping these aspects in mind, accurate
data can nevertheless be obtained with tape strip-
ping on porcine skin and subsequent analysis of
the pseudo-absorption, e.g., by UV/VIS spectros-
copy (Weigmann et al. 2009). Despite the poten-
tial role of the “canyons” as shunt pathways
through the epidermis, nearly identical penetra-
tion behavior was found for different sunscreens
after tape stripping of the human skin in vivo and
porcine skin in vitro (Weigmann et al. 2009). In
general, a slightly higher permeability for porcine
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skin has been reported (Singh et al. 2002; Godin
and Touitou 2007), which may however also be
related to the larger dimension of porcine hair
follicles (Weigmann et al. 2009). Despite certain
challenges regarding tape stripping on porcine
skin, representative results can be obtained when
keeping to an accurate working protocol. For

in vitro experiments, porcine ear skin might be
even more suitable than excised human skin since
the porcine ear remains intact and the skin is still
stretched out on the cartilage when the experiment
is started; thus, contraction of elastic fibers and the
resulting decrease of follicular penetration are
avoided (Patzelt et al. 2008).

3 IR-Densitometry
for the Quantification
of Porcine Stratum Corneum
Proteins

The IR-densitometer SquameScan™ 850A
(Heiland electronic GmbH, Germany) was
shown to be an efficient tool for quantification of
SC proteins not only for the human skin in vivo
(Voegeli et al. 2007) and in vitro (Hahn
et al. 2010) but also for excised porcine ear skin
(Klang et al. 2011; Franzen et al. 2012).

The device is used to determine the decrease in
light intensity of a circular infrared laser beam at a
wavelength of 850 nm (Fig. 2). This so-called
pseudo-absorption value is then corrected against
the pseudo-absorption measured for a blank adhe-
sive tape within the same sample holder. The
resulting pseudo-absorption value in % has then
to be converted into the corresponding amount of
protein per tape in μg/cm2. This amount of SC
proteins can furthermore be converted into the SC
thickness removed with each tape.

To achieve these goals, validation of the IR
densitometer for the quantification of porcine SC
proteins was performed as follows: having
conducted a set of tape stripping experiments,
the amount of SC proteins on the tapes was sub-
sequently determined by both IR-densitometry
and the Micro BCA™ protein assay. The latter is
a colorimetric assay based on the formation of a
chelate complex that can be quantified by UV/Vis
spectroscopy at λ = 550 nm. Methodological
details can be found in the literature (Voegeli
et al. 2007; Franzen et al. 2012). In order to
calculate the SC mass removed with each tape,
an estimated calibration curve based on the use of
bovine serum albumin for calibration of the

Fig. 1 Adhesive films removed from the skin surface of
the human skin (a) and porcine ear skin (b) in the course of
a tape stripping experiment. The shown adhesive tapes
represent the respective first tapes to be removed from the
skin surface, hence the large amount of adherent
corneocytes (Figure 1a reprinted from Klang et al. (2011),
Copyright # 2011, Karger Publishers)
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protein assay was proposed (Klang et al. 2011).
Taking into account the higher reaction efficiency
of bovine serum albumin when compared to
extracted porcine SC (Franzen et al. 2012), a
more accurate calibration is obtained. The subse-
quent linear regression analysis between protein
mass per tape and pseudo-absorption was
performed for different standardized tape brands.
Figure 3 shows the overall linear regression taking
into account all tapes irrespective of obviously
inhomogeneous protein coverage and tape brand.
The resulting coefficient of determination R2 of
0.729 is only slightly lower than that obtained
when evaluating the samples of the two tape
brands separately (Corneofix® with R2 = 0.812
and D-Squame® with R2 = 0.732 (Klang
et al. 2011)) and is in good agreement with
data from other working groups (D-Squame®

with R2 = 0.761, tesafilm® kristall-klar with
R2 = 0.704 (Franzen et al. 2012)).

In order to facilitate protein quantification by
IR-D, a more restrictive evaluation was applied
(Weigmann et al. 2003; Klang et al. 2011). Indi-
vidual calibration curves for each experiment
were calculated and extrapolated to the total SC
depth, as represented by additional zero values.
Taking into account all individual curves, a mean
factor of proportionality k = 0.224 was obtained.

The mass of SC proteins (m) on a normalized tape
area of 1 cm2 can be calculated using this value
after IR-densitometric analysis of the respective
pseudo-absorption at 850 nm (Acorr, after correc-
tion against a blank tape) by using the equation

m¼ Acorr

0:224
inμg=cm2
� �

: (1)

The obtained corneocyte mass on each tape can
then be transformed into the corresponding SC
thickness assuming a mean protein density (ρsc)
of 1 g/cm3 within the tissue (Sekkat et al. 2002). In
accordance with the proposition of Franzen
et al. (2012), this can be expressed as

tsc ¼ Acorr

0:224 � ρsc
¼ Acorr

22:4
in μmð Þ: (2)

The accuracy of the proposed calculations and
the resulting factor of proportionality k can be
visualized by correlating the SC thickness deter-
mined by the two methods, i.e., the protein assay
and IR-D, against the respective tape number
(Klang et al. 2011). For Corneofix® tapes, the
calculated SC thickness is highly comparable for
the two methods (Fig. 4). In case of D-Squame®

Fig. 2 The IR-densitometer SquameScan™ 850A
(Heiland electronic GmbH, Germany) for analysis of SC
proteins on adhesive tapes. The sample holders provide

space for a blank adhesive tape for correction against the
background, followed by the sample tapes
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Fig. 3 Linear regression analysis of SC protein samples
after sequential tape stripping on porcine ear skin (n =
480, all samples included irrespective of tape brand). For
two types of adhesive film, Corneofix® and DSquame®,
12 experiments were, respectively, conducted during each

of which 20 adhesive films were removed (n = 240 for
each type of adhesive tape). The protein content of each
tape was determined by IR-D at 850 nm and with theMicro
BCA™ protein assay; the resulting data were plotted
against each other

Fig. 4 Calculated SC depth reached after removal of
20 sequential Corneofix® adhesive tapes. The SC depth
as determined after analysis of the tapes with the Micro
BCA™ protein assay, taking into account a correction
factor for bovine serum albumin versus SC protein

(Franzen et al. 2012), is indicated by black squares. The
corresponding values obtained after indirect protein quan-
tification by IR-D at 850 nm using the proposed conversion
factor of 0.224 are indicated by white circles. Values are
means � SD of n = 12 experiments
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tapes, which possess higher adhesive power, a
slight discrepancy between the values indicates
that inhomogeneous protein coverage occurs
more frequently.

The total SC thickness of the employed por-
cine skin in vitro can likewise be determined
using IR-D. To this end, quantitative tape
stripping experiments are performed until the
detection limit of the IR densitometer is reached
(Klang et al. 2011; Franzen et al. 2012). By
summarizing the calculated amounts of SC on
each tape, the entire thickness of removed SC
can be calculated. Histological studies showed
that the SC thickness as obtained by IR-D is
highly comparable to that observed under the
microscope (Franzen et al. 2012). The calcula-
tions of Franzen and colleagues and the above-
presented equations deliver highly comparable
results in terms of protein content per tape and
corresponding SC thickness. Slightly different
values in numerical outcome are obtained, but
do not reach statistical significance ( p> 0.05 for
representative data sets); the method of IR-D has
thus been validated in independent studies of
different laboratories.

As opposed to the human skin, porcine
corneocytes are removed in large clusters, which
may lead to a more frequent occurrence of the
stack effect and thus skewed IR-densitometric
values of SC mass (Weigmann et al. 2003). Like-
wise, the relative amount of SC remaining after
tape stripping was found to be higher for porcine
skin in vitro than for the human skin in vitro
(Franzen et al. 2012). Since the majority of the
remaining corneocytes was however located
within wrinkles, it can generally be assumed that
the calculated SC thickness is sufficiently
accurate.

In summary, IR-D is thus a convenient and
nondestructive method for quantification of por-
cine SC proteins in tape stripping experiments
using porcine ear skin. Despite the particularities
of porcine SC when compared to its human coun-
terpart, reproducible results can be obtained if a
strict working protocol is maintained throughout
all experiments.
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Abbreviations
CI Confidence interval
CLSM Confocal laser scanning microscopy
PT Patch test
Q1 25th Percentile
Q3 75th Percentile
SC Stratum corneum
SD Standard deviation
SL Stratum lucidum
SPT Strip patch test

1 Introduction

The epidermis consists of the physical, biochem-
ical, and immunological barriers. The stratum
corneum (SC) with its outermost layers serves as
the principal physical barrier primarily against
percutaneous penetration of various substances
(Berrutti et al. 2000; Proksch et al. 2008; Zhang
and Monteiro-Riviere 2008).

In 1939, Wolf (1939) introduced the tape-
stripping method, whereby successive layers of
the SC are removed by repeated strippings with
adhesive cellophane tape, thus enabling to study
morphologic details of human SC cells. In 1953,
Spier and Natzel (1953) were the first to use this
technique prior to patch testing, thus thinning the
SC of the test area by mechanical reduction of
corneocyte layers. Since then, the so-called strip
patch test (SPT) is used as a modification of con-
ventional patch testing (PT) to increase the bio-
availability of test substances in the deeper
epidermal cell layers, with the aim of lowering
the minimum triggering level for positive test reac-
tions in sensitized patients (Dickel et al. 2009b;
Fernandes et al. 2007; Frosch et al. 1988; Oldhoff
et al. 2004; Spier and Sixt 1955).

We proposed a first standardized protocol for
performing uniformly the SPT (Dickel et al. 2004)
and subsequently proved a significant increase of

test sensitivity of SPT versus PT (Dickel et al.
2009a). It is still an open question, however,
whether the considerable interindividual variation
of tape strips for the SPT as derived from our
protocol (Dickel et al. 2008) results in an
interindividual similarity, i.e., reproducibility, of
SC reduction. The latter would make SPT reac-
tions comparable and further qualify the SPT pro-
cedure for practical use. Here, we report a clinical
study which is aimed to investigate the variability
and inter-rater agreement of our standardized SC
reduction by the use of in vivo confocal laser
scanning microscopy (CLSM).

2 Materials and Methods

This prospective, investigator-blinded clinical
study was approved by the ethics committee of
the Medical Faculty of Ruhr University Bochum
(registration no. 2881, date of vote 2009-03-03).
Procedures were explained in detail to all subjects,
who signed informed consent forms prior to par-
ticipation. The study was performed in September
2009 at the Department of Dermatology and
Allergology, Ruhr University Bochum, Germany.
Subjects received a small allowance for their vol-
untary study participation.

2.1 Study Population

For inclusion, subjects had to be at least 18 years
old and had to have clinically normal skin on the
back. Exclusion criteria were pregnancy and
lactation.

2.2 Tape Stripping

Tape stripping was performed according to our
formerly proposed protocol for performing
the SPT (Dickel et al. 2004). Tape strips were
carried out with a 3M™ Blenderm™ surgical
tape (3M™ Medica, 3M Deutschland GmbH,
Neuss, Germany; metric 25 mm � 4.5 m; CE
no. 0493–BSI 0086–class I; batch no. 201407,
exp. date 2014-07-01); any body hair was
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removed before with a 3M™ clipper. In deroga-
tion from the original protocol, patch test sub-
stances were not applied.

All subjects were tested on one randomly
chosen side of the back by rater 1 (A.G.;
Fig. 1a). Three test areas were randomly marked
with A, B, and G receiving the following treat-
ments: B = no tape strips (baseline value of SC
thickness measurement), G = strips down to the
stratum lucidum (SL: reference value for calcu-
lating tape strips for the SPT), and A = calcu-
lated tape strips for the SPT (formula: tape strips
down to the SL � 11/26 (Dickel et al. 2004);
target value of SC thickness measurement). Ran-
domization of test side and test areas was
conducted according to a randomization list in
the total of 75 subjects (supervised by O.K.). A
subgroup of 18 subjects was additionally tested
on the contralateral side of the back by rater
2 (H.D.) in a blinded manner (Fig. 1b). The
three test areas receiving the same treatments
were mirrored.

2.3 In Vivo Confocal Laser Scanning
Microscopy

Confocal images of all test areas were obtained
noninvasively using a VivaScope® 1500 (Lucid®

Inc., Rochester, NY, USA) with VivaScan® Version
7 software. The technique applied with a laser

wavelength of 830 nm gave confocal images with
a lateral resolution of 0.5 μm and the ability to
section SC to papillary dermis (penetration depth
of imaging) in 0.94 μm vertical layers. For each test
area, a stack consisting of such 140 vertical layers
was captured. Quantitative image analysis was then
performed with the public domain, Java-based
image processing program ImageJ (National Insti-
tutes of Health, USA). For SC thickness measure-
ments, vertical sections were reconstructed from the
native stacks (Fig. 2a). The appearance of the
densely packed keratin bundles in the SC reflecting
thewhite rooflight produced by the CLSMwas used
to calculate SC thickness (Lucid® Inc. 2005). This
reflection makes the SC appear more bright, while
the other cell layers of the epidermis and papillary
dermis appear darker. Per vertical section the mean
out of five measured points put at random was
defined as the SC thickness of the corresponding
test area (performed by T.G.; Fig. 2a, b).

By using CLSM, we avoided biopsies from
each of the test areas on the one hand and artifacts
in SC thickness measurements in vitro by histo-
logical preparation on the other hand.

2.4 Blinding

Rater 2 was blinded with respect to (i) the number
of tape strips performed in the test areas A and G
and (ii) the skin reactions in these test areas treated

Fig. 1 Randomly chosen assembly of test areas on the
back of one subject for rater 1 (a) and rater 2 (b) with no
tape strips (B, B0), tape strips down to the stratum lucidum

(G, G0), and calculated tape strips (tape strips down to the
stratum lucidum � 11/26) for the SPT (A, A0)
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accordingly by rater 1; the latter is depicted in
Fig. 1b. The physician performing SC thickness
measurements was blinded with respect to the
kind of treatment of the respective test area.

2.5 Statistical Analysis

For sample size calculation, we assumed the
values of SC reduction (relative to baseline before
tape stripping) being normally distributed with a
mean μ of 50 % (Frosch et al. 1988; Spier and Sixt
1955) and a standard deviation σ of 5%.According
to the 2σ-rule, this would mean that roughly 95 %
of all relative SC reduction values would lie
between 40 % and 60 %. We defined a length of
20 % points for this 4σ-interval as indicating clin-
ical similarity of SC reduction across subjects, i.e.,
good reproducibility of our proposed protocol for
performing the SPT (Dickel et al. 2004). As σ is the
central parameter for this 4σ-interval, we planned
this study based on a 95 % confidence interval
(CI) for σ. By using a small simulation program
(SAS code is available from O.K. on request), we
found that 60 subjects would be enough to ensure

that the length of this CI would not be larger than
two units σ with an 80 % probability.

For descriptive purposes we report categor-
ical variables as absolute (relative) frequencies
and continuous variable as median (min-max,
Q1, Q3). For the variable of central interest of
the SC reduction (in %), we additionally give a
histogram and report its standard deviation s
together with the corresponding 4s-interval. All
statistics are given with the respective 95 %
CIs. As a sensitivity analysis, we also calcu-
lated the 4s-interval from a nonparametric
bootstrap experiment (Haukoos and Lewis
2005) not using the assumption of normally
distributed SC reduction values. We addition-
ally checked (by Pearson correlation and dif-
ferences in means) if subjects’ age, sex, and
Fitzpatrick skin phototype change the observed
SC reduction of rater 1.

To assess inter-rater agreement, we drew a
Bland-Altman plot (Bland and Altman 1986). This
is defined as a scatterplot plotting, for all subjects,
rater difference against the mean value of raters.
Good agreement is indicated by (1) a random scatter
of points in the plot and (2) most of the points
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Fig. 2 Reconstructed vertical section (low-pass filter:
Gaussian blur with σ = 3) of an in vivo confocal image
stack of a test area (a). The white rooflights represent the
stratum corneum (SC). Plotted in the image are the five
measured points (blue) for calculating the mean of SC

thickness. An exemplary intensity curve of the third mea-
suring point is displayed (b); SC thickness is the distance
between maximum and minimum of the first derivative of
the function to the curve
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lying within the limits of agreement (mean rater
difference � 2 standard deviations (SD) of rater
differences). Statistical analyses were conducted
with SAS® (SAS Institute, Cary,NC,USA), version
9.2.

3 Results

Demographic and clinical characteristics of the
75 subjects tape stripped by rater 1 are summa-
rized in Table 1. The complete distribution of
relative SC reduction values is given in Fig. 3.
As can be seen from the fitted normal density
curve (μ = 31.3 % and σ = 4.4 %), the values
can safely be assumed as normally distributed.
The estimated standard deviation s of 4.4 %
(95 % CI, 3.8 %; 5.2 %) results in a 4s-interval
from 22.5 % to 40.0 % with a length of 17.5 %
(95 % CI, 15.1 %; 20.9 %). We therefore conclude
that 95 % of all SC reduction values lie within an
interval of length 17.5 % (95 % CI, 15.1 %;
20.9 %). As can be seen, the upper bound of the
confidence is slightly larger than our prespecified
critical value of clinical similarity of SC reduction
of 20 %. The 4s-interval from the bootstrap exper-
iment had a length of 19.3 % (95 % CI, 14.0 %;
20.5 %).

SC reduction by rater 1 was statistically signif-
icant but not clinically relevant changed by
Fitzpatrick skin phototype (P = 0.04, F-test)
because the subject with Fitzpatrick skin
phototype V showed an outlying SC reduction
value of 19.4 % (data not shown). However, no
difference was seen for age (Pearson correlation
�0.16 (95 % CI, �0.38; 0.07), P = 0.16) or sex
(difference in means 0.5 % (95 % CI, �1.6 %;
2.5 %), P = 0.66, t-test).

Clinical characteristics of the subgroup of
18 subjects tape stripped independently by
rater 1 and 2 are summarized in Table 2. In
Fig. 4 we give the Bland-Altman plot to assess
agreement in the subgroup of subjects that
were rated by the two independent raters. We
observe good agreement between the two
raters, indicated by a decent random scatter of
points and only a single value lying outside the
limits of agreement.

4 Discussion

In the present study, our proposed SPT protocol
(Dickel et al. 2004) proved to be reproducible
with respect to different patients or users. In
daily clinical routine, we can therefore expect to
receive a uniform SC reduction of approximately
30 % by this SPT protocol without any accessory
equipment except for the 3M™ Blenderm™ sur-
gical tape. Our in vivo SC thickness measure-
ments on the upper back in the range from 10.0
to 19.0 μmwith a median SC thickness of 13.0 μm
(Table 1) coincide well with the literature
reporting a range from 10.0 to 20.0 μm (Breternitz
et al. 2007; Pirot et al. 1997; Scheuplein and
Blank 1971) and a mean SC thickness of
11.0 μm and 9.4 μm, respectively (Holbrook and
Odland 1974; Sandby-Møller et al. 2003).

Our results demonstrate further that the num-
ber of tape strippings performed for the SPT needs

Table 1 Demographic and clinical subject characteristics
(N = 75; rater 1)

Characteristic Value

Age (years), median (min-max, Q1,
Q3)

25 (18–59,
23, 29)

Sex, n (%)

Female 42 (56.0)

Male 33 (44.0)

Fitzpatrick skin phototype, n (%)

I 4 (5.3)

II 26 (34.7)

III 35 (46.7)

IV 9 (12.0)

V 1 (1.3)

VI 0 (0.0)

Tape strips down to the SL, median
(min-max, Q1, Q3)

38 (14–75,
30, 46)

Tape strips for the SPT,* median
(min-max, Q1, Q3)

16 (6–32, 13, 19)

SC thickness (μm), median (min-max, Q1, Q3)

Before tape stripping 13.0 (10.0–19.0,
11.6, 14.3)

After tape stripping 8.8 (6.9–12.8,
8.1, 9.6)

SC reduction (%), median
(min-max, Q1, Q3)

31.6 (19.3–39.8,
28.6, 34.6)

Q1 25th percentile, Q3 75th percentile, SL stratum
lucidum, SPT strip patch test; * = tape strips down to the
SL � 11/26, SC stratum corneum
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to be individualized (Table 1 and 2) (Dickel
et al. 2008; Dickel et al. 2009a) and that a fixed,
patient-independent number of tape strips for the
SPT (cf. Lachapelle and Maibach 2009) is not
appropriate. While a certain number of tape strip-
pings may be sufficient to enhance absorption and
permeability in one individual, it may be insuffi-
cient in another mainly due to interindividual
differences in the SC structure (Berrutti
et al. 2000; Jacobi et al. 2003; Weigmann
et al. 2005). Thus, the variability in the amount

of corneocyte layers removed between individual
patients seems to be satisfactorily considered by
our SPT protocol.

Although tape stripping increases considerably
the absorption and penetration of applied sub-
stances to the skin (Choi et al. 2003), the reported
effect is substantially dependent on the extent of
SC removal (Kezic and Nielsen 2009). In pigskin
it could be demonstrated that the outermost four or
five corneocyte layers contain 40 % of the lipid
and constitute most of the barrier function limiting
cutaneous water loss and absorption or penetra-
tion of substances (Berrutti et al. 2000). Trans-
ferred to the human skin by assuming
approximately 16 corneocyte layers of equal
thickness on the back of Caucasian skin
(Holbrook and Odland 1974; Rawlings 2006),
reducing the SC by 30 % would hypothetically
result in removing the same number of outermost
corneocyte layers. However, our observed SC
reduction value of 31 % by the SPT protocol
(Fig. 3) contrasts with previous reports. To date,
a fixed, patient-independent number of tape strips
for the SPT – between 9 and 15 depending on
source – was claimed to reduce the SC at about
50 % (Frosch et al. 1988; M€uller 1980; Spier and
Sixt 1955), but systematic investigations on this
are not published yet. By drawing an analogy to
biopharmaceutical data, Jacobi et al. (2005)
described an equation of nonlinear correlation
for estimating the relative amount of SC removed
by sequential tape strips. For mathematical deduc-
tion, they studied the amount of SC removed by
each tape strip in 11 subjects on the flexor
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Fig. 3 Histogram for the
stratum corneum
(SC) reduction (in %) in the
total of subjects (N = 75)
by rater 1. Given is also
fitted normal density curve
with parameters μ = 31.3
and σ = 4.4

Table 2 Clinical subject characteristics of subgroup
(n = 18; rater 1 and 2)

Characteristic Value

Tape strips down to the SL, median (min-max, Q1, Q3)

Rater 1 28 (15–49, 26, 31)

Rater 2 29 (22–45, 27, 37)

Tape strips for the SPT,* median (min-max, Q1, Q3)

Rater 1 12 (6–21, 11, 13)

Rater 2 12 (9–19, 11, 16)

SC thickness (μm), median (min-max, Q1, Q3)

Before tape stripping

Rater 1 13.2 (10.7–19.0, 12.0, 14.3)

Rater 2 12.3 (10.7–16.9, 11.8, 12.8)

After tape stripping

Rater 1 9.0 (7.5–11.5, 8.4, 9.6)

Rater 2 8.6 (7.9–10.3, 8.1, 9.0)

SC reduction (%), median (min-max, Q1, Q3)

Rater 1 31.5 (24.6–39.8, 29.7, 34.6)

Rater 2 31.0 (26.2–38.9, 27.3, 32.8)

Q1 25th percentile, Q3 75th percentile, SL stratum
lucidum, SPT strip patch test; * = tape strips down to the
SL � 11/26, SC stratum corneum
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forearms by pseudoabsorption using a UV/Vis
spectrometer. According to their equation, a SC
reduction of 31 % and 50 %, respectively, would
be achieved by 8 and 14 tape strips. However, a
direct transferability to our results is somewhat
hampered most likely because of a differently
chosen skin site and type of adhesive tape
(Weigmann et al. 2005).

We understand that our SPT protocol (Dickel
et al. 2004) may serve as a clinically useful guide
for a uniform SPT procedure, not aiming at a
general guideline for the tape-stripping procedure
(Breternitz et al. 2007; Lindemann et al. 2003;
Löffler et al. 2004). When SPT is employed
according to our protocol, three crucial factors
remain for improved standardization: (1) the
exact pressure applied to the tape strip prior to
stripping (default: “gently pressed downward by
fingertips” Dickel et al. 2004), (2) the exact con-
tact time of the tape strip to the skin (default:
“2 seconds” Dickel et al. 2004), and (3) the
exact tape strip removal rate (default: “one quick
movement” Dickel et al. 2004; Breternitz
et al. 2007; Choi et al. 2003; Lademann
et al. 2009; Löffler et al. 2004). Achieving these
factors, one might expect that the SC reduction
values would lie closer together, i.e., within a
smaller range than the found 22.5 % to 40.0 %
in this study. However, we have to consider that
the more technical demands are specified, the less

frequently the SPT may be used in daily clinical
routine (Lachapelle and Maibach 2009).

While it is the main objective of the SPT to
reduce the SC penetration-limiting layer by
defined and reproducible tape stripping prior to
patch testing, there seems to be additional effects
with at least partially overlapping pathophysiol-
ogy which may explain the presence of contact
dermatitis in patients with negative PT (Dickel
et al. 2008). It is well known that in allergic
contact dermatitis inflammation is a basic prereq-
uisite for the adaptive immune system to respond
(Bianchi and Manfredi 2009; Grabbe and
Schwarz 1998; Martin and Jakob 2008). On the
one side, repeated tape stripping itself is capable
of evoking a mild and transient inflammation of
the skin, thus leading to an immediate release of
pro-inflammatory cytokines and chemokines and
subsequently the accumulation of antigen-specific
cells at the site of inflammation (Fluhr et al. 2008;
Holzmann et al. 2004; Nickoloff and Naidu 1994;
Onoue et al. 2009). The SPT might be therefore
additionally understood as a combined diagnostic
tool applying test substances with an irritant
which gives the “danger signal” (Friedmann
2007) and hence maximizes the chance of the
immune system to respond, i.e., augments allergic
responses to the test substances. On the other side,
enhanced penetration of a test substance into the
living epidermis may increase the degree of skin
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Fig. 4 Bland-Altman plot for measuring agreement
between rater 1 and 2 in the subgroup of subjects
(n = 18). Given is also a cubic polynomial fit for the data
(black line) and lines indicating the mean difference of

stratum corneum (SC) reductions (mean = 1.21 %)
together with the limits of agreement (mean difference of
SC reduction � 2 SD (SD = 4.18 %), gray lines). SD
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trauma by the test substance itself and thus
increase the production of localized immunologi-
cal trauma signals initiating an allergic response to
the test substance (Basketter et al. 2008). How-
ever, parts of these defined multistage processes
need to be further scrutinized.

In the present study, our proposed SPT proto-
col (Dickel et al. 2004) showed a good reproduc-
ibility with a SC reduction of 31 % and a good
inter-rater agreement yielding a clinically ade-
quate standardization. Uniformly performing the
SPT is thus realizable in clinical practice with
minimal effort and appears safe for clinical use
because it is inexpensive and minimally invasive.
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1 Introduction

The determination of stratum corneum
(SC) water content has now become a wide-
spread if not systematic practice in the assess-
ment of cosmetics efficacy. It is also of
importance in dermatology, allergology, and
occupational medicine. The results are of special
interest due to the multiple effects of hydration,
in particular:

– On the suppleness of the stratum corneum and,
hence, of all the skin

– On the decrease in the barrier function of the
stratum corneum and, hence, on the modifica-
tion of the physiology of cutaneous absorption

– On the activation of enzymatic processes in the
intercorneocytic spaces and, hence, on the pro-
cess of desquamation

– On the acceleration of bacterial proliferation in
the stratum disjunctum and, hence, on the
modification of the ecosystem of the skin
surface

Numerous methods are available, and a con-
siderable number of studies have been under-
taken to find a simple, practical, and, above all,
direct method. The difficulty resides precisely
in the latter point. This chapter is a presenta-
tion of the methods currently available, in
order to assist in selecting a technique, but
also a presentation of some methods still con-
fined to research laboratories, with the aim of
showing the impressive range of possibilities
and inciting development of devices that we
would like to see appear on the market. This
chapter exclusively addresses the determina-
tion of the water content of the stratum
corneum.

1.1 Physicochemical Aspects
of Stratum Corneum Water
Content

The influence of the water content of the stratum
corneum (SC) on its mechanical properties has
long been known. In 1952, Blank (1952)
described the changes in plasticity and flexibility
of the SC related to its ability to retain exogenous
water. In addition, the barrier property of the SC
against transdermal water loss and the influence of
water content on the cutaneous permeation of
exogenous molecules are of primary importance
in physiology and pharmacology.

1.1.1 State of the Water in the Stratum
Corneum

In the SC, water exists in two thermodynamically
very different states, mainly evidenced by thermal
methods (differential scanning calorimetry
(DSC), thermogravimetry):

– Free water, which can be frozen very close to
0 �C, in which numerous ionized and
nonionized molecules are dissolved (metal
salts, amino acids, urea)

– Bound water, which cannot be frozen at 0 �C
but at much lower temperatures, in interaction
with the proteins and lipids of the SC, and
which accounts for 20–30 % of the total vol-
ume of water contained in the water-saturated
layer (e.g., Walkley (1972), Inoue et al. (1986))

Bound water has mainly been studied by ther-
mal methods (DSC, thermogravimetry) and by
various vibration-based techniques (IR spectros-
copy, NMR) (Hansen and Yellin 1972; Barry
1987). These two authors have shown that very
strongly bound water (up to 7 % by weight) exists.
The remainder is moderately strongly bound. The
binding energies (15 and 18 kcal/mol, respec-
tively) determined by Lévéque et al. (1987a) are
of the same order as those of the hydrogen bonds
between proteins and water known as “structural”
bonds. Water-lipid interactions have been pointed
out: modifications in structure occur in the
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organization of the lipids of the SCwhen the water
content increases. Water is mainly confined to the
polar regions, for which it has a great affinity (ion
dipole interactions). The insertion of water
between these regions induces a decrease in the
attractive forces of aliphatic chains and hence
greater lipid fluidity (Barry 1987; Golden
et al. 1986). The same mechanism is reported to
underlie the increase in the cutaneous penetration
(Behl and Barret 1981) of numerous drugs and
vehicles (organic molecules).

1.1.2 Water Content Gradient
The water content of the SC is not uniformly dis-
tributed through its thickness: the more superficial
layers are in equilibrium with the ambient water
content, while the deeper layers exchange their free
water with the epidermis and are close to satura-
tion. It is not easy to demonstrate the gradient
in vivo, but Warner et al. (1988) have confirmed
it in skin biopsy specimens using electronic dif-
fraction. In their results, water concentrations falls
off regularly from 70 % at stratum granulosum
level to 25 % superficially, which means that the
water is entirely present in bound form even for
moderately high water content values.

In vivo, Salter et al. (1992) attempted to study
skin moisturization through nuclear magnetic reso-
nance (NMR). Querleux et al. (1994) with the same
technique confirmed the existence of a water

gradient in the SC of the plantar area and observed
the modifications induced by a hydrating cream
or a detergent (see ▶Chap. 44, “In Vivo Magnetic
Resonance Imaging of the Skin”). Recent develop-
ments in confocal Raman spectroscopy (Caspers
et al. 2001) have asserted the existence of this
gradient and have enabled its quantification
through a direct measure of the water content
of the SC layers. More details are presented in
Sect. 6.4.

1.1.3 Water Uptake by the Stratum
Corneum

An isothermal SC water absorption curve is given
in Fig. 1. This curve was plotted by pooling the
results obtained by Blank (1952) with those of
Lévéque et al. (1992). When the water content
units are standardized, the results match perfectly.
It is clearly shown that water content varies little
between 30 % and 60 % relative humidity (RH),
then increases considerably. The value extrapolated
to 100%RH is, according to Blank et al. (1984), of
the order of 0.8 g/cm3 (weight of water expressed
relative to the total volume), i.e., a weight of water
that is about threefold superior to that of the
SC. Under those conditions, the thickness of the
SC is also three times greater than that of the dry
SC (Blank et al. 1984). In practice, the mass of
water rarely exceeds that of the dry weight, equiv-
alent to about 99 % relative humidity.

Fig. 1 Plot of the water absorption by the Stratum
Corneum as a function of the relative humidity of the
ambient air. Cv is expressed as the weight of water per
volume of hydrated SC, while α is the ratio of the weight of

water to the weight of dry SC. The Cv value extrapolated to
saturation is about 0.8 g/cm3, i.e., α = 3 g/g (Blank
et al. 1984)
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1.1.4 Dermatological and Cosmetic
Aspects

For a physicist or a chemist in charge of devel-
oping tests and methods to evaluate skin
moisturization, this concept is mainly expressed
in terms of the variation in the water content of
the SC (most frequently measured by the varia-
tions in physical properties). For the dermatolo-
gist or cosmetics expert, cutaneous hydration is
frequently a psychosensory phenomenon: a well
moisturized skin is soft, smooth and, in other
words, “in good condition.” In contrast, a “dry
skin” has special characteristics (desquamation,
white and scaly plaques, irritation). It has been
stated that this type of skin frequently lacks water
(de Rigal et al. 1993) but that opinion remains
controversial. Apart from the special unattractive
appearance, dry skin has characteristics which, in
an extreme form, may induce dermatological
problems. The SC of a dry skin is twofold less
flexible or deformable (Fig. 2) than that of a
normal skin (Lévéque et al. 1987b). Repeatedly
stressed during movements, the SC will tend to

“fracture” constituting an open portal for infec-
tious phenomena. On the legs, this is one of the
characteristics of “scaly” skin, in which the mar-
gins of hard and smooth plaques are frequently
surrounded by a red border, reflecting inflamma-
tion (de Rigal et al. 1993). A study of the varia-
tion in corneocyte size depending on the degree
of dryness had previously pointed out the inflam-
matory characteristic of dry skin (Lévéque
et al. 1987b).

The common concept of “dry skin” cannot,
however, be considered equivalent to dehydration
since it covers several states of miscellaneous
etiologies the pathogenesis of which is not always
clear. Such states may be induced by various
agents (sun, surfactants), be of natural origin
(aging), or result from climatic conditions (winter
xerosis). It is, however, difficult to characterize
these skin types in a rational manner (Piérard
1997). Each of the states, deriving from different
mechanisms, has specific histological or biochem-
ical characteristics (e.g., composition of the SC),
although the clinical presentations may be the
same. Some such states are indeed accompanied
by dehydration of the SC.

Since Irvin Blank’s work (Blank 1952) in the
1950s, it is now fully accepted that water plays
a preponderant role in the physical properties of
the SC. More recently, in the case of dry skin
due to retention, corneosomes (the main agents
responsible for the cohesion of corneocytes) are
disturbed, as are the structures of the
intercorneocyte lipid bilayers. In contrast to
what is observed in moisturized skin, the
corneosomes undergo less enzymatic degrada-
tion and thus remain present in high numbers in
the more superficial layers of the SC (Piérard
1997). Since these results, several teams have
demonstrated that hydration is an important fac-
tor in the mechanism of SC desquamation
and that a proper water content promotes enzy-
matic function and regulates desquamation in
isolated cells. The role of moisturizing agents
(glycerol, urea, lactic acid, etc.) has been dem-
onstrated and their beneficial influence clearly
shown (Koyama et al. 1996; Rawling et al.
1992, 1995).
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Fig. 2 Relationship between extensibility and clinical dry
skin score (After Lévéque et al. (1987b))
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1.2 Presentation of the Methods
Developed to Determine
the Water Content of the SC

The early physical methods were based on the
consequences of the presence of water in tissues.
It is well known that a wet tissue is more supple
(more deformable) and conducts electricity and
heat better. Indirect methodologies were thus ini-
tially developed (measurement of electrical or
thermal conductivity and mechanical measure-
ments). However, the main disadvantage of
those methods stays in the complexity of the rela-
tionship between the variation in water content
and the changes in the measured physical prop-
erty. In most cases, other factors are obviously
involved in this relationship, in particular all the
problems related to the contact between electrodes
and skin and the influence of relief and mechani-
cal properties on electrical and thermal properties
(increased suppleness of the SC induces improved
contact). Direct methods such as thermal analysis
of the SC by DSC are not concerned by such
questions and offer monitoring of the energy tran-
sitions of water molecules in the
SC. Unfortunately, these techniques cannot be
applied in vivo in humans.

This presentation will begin with thermal tech-
niques, followed by techniques based on

mechanical properties of the skin. Electrical mea-
surements will take a major place, since they form
the most popular group of techniques to evaluate
skin hydration. Very clever methods combining
optics and heat, so-called photothermal and
photoacoustics will then be presented.

Techniques targeting directly the water mole-
cule, and suitable for use in vivo, are still in
development:

They concern essentially spectroscopy (near
and middle infrared, Raman scattering) and will
be exposed at the end of the chapter.

2 Thermal Techniques

2.1 Measurement of the Thermal
Conductivity of the SC

2.1.1 Principle
The general law which governs the transport of
energy or matter under the action of a potential F
(thermal, mechanical, electrical, or chemical)
states that the flux Φ of the quantity transported
(heat, quantity of movement, electrical charge,
number of molecules) is proportional and oppo-
site to the gradient of the potential which creates
the movement ∇F :

Φ ¼ �k � ∇F bold characters represent three-dimensional vectorsð Þ (1)

In the case of heat transport, Φ is the directional
flow of heat (W/m2) and ∇F is replaced by the
temperature gradient ∇T present in the medium.
The constant k is then the thermal conductivity,
expressed in W/m/�.

A complex medium like the skin may be con-
sidered as a set of parallel thermal conductors.
Hence, its average thermal conductivity is equal

to the sum of the products of the elementary
conductivities by the relative volume of each
component, divided by the total volume. For the
SC, two components are distinguished: free water
k ¼ 0:6 W=m=�ð Þ and the bound water-protein-
lipid set k ¼ 0:18 W=m=�ð Þ. The overall thermal
conductivity may then be approximated by
Poppendieck et al. (1966):

k W=m=�ð Þ ¼ Fraction of free water per unit volume � 0:6
þ Fraction of the set protein þ lipids þ bound waterð Þ per unit volume � 0:18
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Note that the fraction of free water per unit vol-
ume is identical to the free water content,
expressed in g/cm3. The latter can thus be calcu-
lated from the determination of thermal conduc-
tivity, k, if the second fraction per unit volume is
known.

Thermal conductivity determinations on
human skin have become a well-established prac-
tice since Lefevre (1901) conducted the first
experiment in 1901. The first transducers for cuta-
neous use became available much more recently
(Challoner 1975; Hensel and Brandt 1977). They
functioned by dissipating a constant heating
power and measuring the resulting heating effect.
This “isocaloric”mode has several disadvantages,
in particular the nonlinearity of the response
which is, moreover, very slow. Since then, the
principle of transducers operating in isothermal
mode has been definitively adopted. The trans-
ducer maintains the tissue at a constant heat rela-
tive to the baseline temperature. The power
dissipated by the transducer to maintain that
heating effect is proportional to the thermal con-
ductivity of the tissue. A continuous feedback
loop permanently regulates heating with great
precision. Thanks to this control loop, a rapid
response time can be reached (time constant of
about 0.1 s). (Note that the time constant is the
time required for the phenomenon to fall to 37 %
of its initial value).

2.1.2 Continuous-Heating Method:
Hematron®

The continuous-heating method provides perma-
nent monitoring of the variations in the thermal
conductivity of the skin, but the corresponding
probes must use two temperature transducers in

order to measure the temperature difference
between the heated and unheated medium at all
times. Moreover, the determination of the water
content of the SC requires using a special probe
generating very superficial “microthermal” flux
lines that do not reach the vascularized layer of
the skin. The measurement probe shown in Fig. 3
is rectangular, and the two cavities are open so as
to prevent occlusion of the skin and to ensure
enhanced thermal insulation between the mea-
surement and reference transducers. The flux
lines are on the surface of the skin, particularly
since their density falls off with the sqare of the
depth considered.

2.1.3 Pulse-Heating Method
The probe is much simplified since it is merely a
thermistor, which both generates the heat and
determines temperature (Dittmar et al. 1988).
The measurement is based on a two-phase cycle:

1. Passive phase of duration 24 s, during which
the temperature of the skin at rest is determined

2. Active phase of duration 6 s, during which the
temperature of the probe is stabilized at +6 �C
above the previous value by a proportional,
integral, and derivative regulator (PID)

The heating power necessary to maintain the
temperature difference depends on the water con-
tent of the superficial layers (SC and living epi-
dermis) but also on microcirculation in the dermis
because of the propagation of the heat field in the
skin. The power falls off very quickly with time,
reaching a value that is almost constant (asymp-
totic PSS) after 2 s. In a homogeneous material, the
power obeys a law of the type:

Heating element and measuring area Reference area

Microfield EPIDERMIS

Fig. 3 Example of a
thermal probe used to
determine the superficial
thermal conductivity of the
skin: the Hematron of
A. Dittmar (1988) has been
marketed by the
DERMSCAN company
(France). Dimensions of the
heating element: 1 mm �
15 mm
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P ¼ β=
ffiffi
t

p þ PSS (2)

the plot of which is shown in Fig. 4, in which the

time scale is in 1=
ffiffi
t

p
. The asymptotic power, PSS,

depends on the thermal conductivity of the
medium and the thermal characteristics of the
probe. Given P and t, PSS may be determined by
Eq. 2, by extrapolating to infinite time. In addi-
tion, calibration with various homogeneous mate-
rials (gels containing variable amounts of glycol,
petrolatum, polystyrene foam) has confirmed the
linear relationship below (Eq. 3), between 1/PSS
and 1/k, as indicated by the theory:

1=PSS mW�1
� � ¼ 0:11 þ 0:014

� 1=k m:�:W�1
� �

(3)

Given that relationship, the determination of k
only requires determination of PSS by extrapola-
tion from the linear regression conducted on the
experimental plot.

Figure 4 is an example obtained on the skin. It
will be observed that the heating power does not
obey the function (1) over the entire time interval.
Power has to be adjusted by two functions of type
(1), equivalent to two different β and PSS. The
value of PSS for zone 1 of the graph enables
calculation of the thermal conductivity of the
superficial layer while that of zone 2 is related to
the deeper layers and microcirculation. Figure 5
shows a typical result obtained with the device
described above, used to determine the hydration
of the skin on the forearm before and after appli-
cation of an occlusion patch for 4 h. The increase

in thermal conductivity reflects a marked variation
in hydration (40–72 % of water volume relative to
total volume). During the study, the authors
showed that the occlusive patch did not markedly
modify the cutaneous microcirculation (PSS2 of
Fig. 4).

2.2 Determination of Thermal
Effusivity

The water content of the SC may also be deter-
mined using the thermal effusivity, e, whose
square is equal to the product of the thermal con-
ductivity, k, the thermal capacity per unit volume,
c, and the density, ρ, e2 ¼ k:ρ:c

� �
. (The thermal

capacity per unit volume of a body is the quantity
of heat necessary to raise the temperature of a unit
volume of the body from 24.5 to 25.5 �C. Thermal
capacity is expressed in cal.m�3.�C�1 or in
J.m�3.�C�1.) Thermal effusivity characterizes
the aptitude of a medium to exchange heat with
another medium. In the case of the water content
of the SC, free water acts, in the same direction, on
k and c, and hence the effusivity is particularly
sensitive to water content.

In 1958, Hendler (Hendler et al. 1958)
conducted in Hardy team initial determinations
of skin effusivity using the method of
photothermal radiometry described further in this
chapter (§ 5.1). Balageas (1986) worked on the
skin and modeled the heat transfers between the
various layers. He demonstrated the feasibility of
determining hydration by that method, with or
without contact, which is of particular interest. A
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∞

Fig. 4 The power
dissipated by the probe
on the skin of the cheek.
Zone 1 corresponds to
the stratum corneum:
Pss1 = 5.8 mW, i.e.,
k = 0.25 W/m/� (After
Arnaud et al. (1994)
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review of the various methods used by that team
was published in 1990 (Balageas 1991).

2.3 Differential Scanning
Calorimetry (DSC)

Differential scanning calorimetry (DSC) remains
the reference method for characterizing the type of
water contained in the SC since it enables direct
measurement of the energies of interaction and
phase changes of the various constituents of the
SC. The method is therefore highly appropriate
for the determination of the free and bound water
contents of SC samples. Combined with physico-
chemical methods (cutaneous permeation) and
structural methods (electron microscopy), DSC
has also elucidated the influence of hydration on
the molecular organization of the SC and
explained the water retention and chemical barrier
mechanisms cited above.

As indicated in Fig. 6, an SC sample (10 mg) is
placed in one of the holders of the measurement
chamber, while the reference holder contains a
weight of distilled water with a thermal capacity
as close as possible to that of the reference. The
temperature of the measurement holder is then
slowly and linearly increased (e.g., 1 �C/min) and
the temperature difference, ΔT between the two
chambers, is permanently measured by the ther-
mocouples T. For as long as no energy absorption
occurs in the SC, the quantity of heat required to
heat the two chambers is identical (at least theo-
retically, because in practice a slight disequilib-
rium may occur) and hence ΔT is nil. However,
if heat absorption occurs, this will no longer be the
case. After calibrating the instrument, the electrical
output signal of the apparatus (proportional toΔT)
can be directly related to the heat energy absorbed.
The temperature at which heat absorption occurs
and the intensity of that absorption are highly
influenced by the water content of the

t = 0 t = 4 h

0,6
100

0,5

k. (W/m/° ) % water (volumic)

occlusion

occlusion
referencereference 50

0

0,4

0,3

0,2

Fig. 5 The water content
of the skin of the forearm
pre- and post-occlusion for
4 h (% water = 100 � k �
18) / 0.42) (After Dittmar
(1988))

d (ΔT)
dt

Temperature
regulation

E

REF

T

SAM

G
Fig. 6 Principle of
differential scanning
calorimetry
T thermocouples, G voltage
amplifier, E isolated
chamber
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SC. Determination of the transition temperatures
and heat energy absorbed is thus a means of mea-
suring the water content of the SC sample. In
modern systems, ΔT is permanently nil since
energy is supplied in an amount equal to that
absorbed at all times. A DSC thermogram
(Fig. 7) thus shows the instantly supplied power
(negative) or, in the present case, the absorbed
power (positive) related to the transition phenom-
enon observed. The area under each of the peaks is
equivalent to the enthalpy of the corresponding
transition. (Note that the variation in enthalpy, at
constant pressure and in absence of work
exchanges, as in the present case, is equivalent to
the variation in the internal energy of the system.)

2.3.1 Application to Skin
Figure 7 shows an example of a thermogram
obtained on human SC containing 25 % (w/w) of
water. Each peak reflects a transition phenomenon
directly related to the conformation of the SC:

– Peak 1: This peak is not systematically observed,
even on healthy SC. If a sample is rendered
lipid-free using an organic solvent, the peak
disappears. The peak is therefore considered
due to the melting of sebaceous lipids located
at the surface of the skin (Golden et al. 1986).

– Peak 2: This peak reflects the melting of intra-
cellular lipids (Golden et al. 1986). It is con-
sidered to reflect melting of the hydrophobic
chains inserted into the lipid bilayers, similar to
membranes (Barry 1987; Goodman and Barry
1989).

– Peak 3: This peak is very sensitive to hydra-
tion. Its transition temperature decreases, as
does the area, when the water content of the
SC increases (Golden et al. 1986, 1987). This
peak is not easy to interpret, and one hypothe-
sis is that it is associated with the changes
induced by heat (thermal transition) in the
lipid-protein complex between the intercellular
lipids and corneocyte membrane (Golden
et al. 1986, 1987; Khan and Kellaway 1989).

– Peak 4: This peak is considered, by many
authors, to be due to thermal denaturation of
intracellular keratin (α-keratin transformed
into β-keratin). The denaturation is irreversible
and observed even with lipid-free SC (Barry
1987; Golden et al. 1986; Knutson et al. 1985;
Christensen et al. 1977).

The Table 1, after Goodman and Barry (1989),
displays the variations in the transition
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Fig. 7 Thermogram of
human SC with 25 % (w/w)
water content (After
Goodman and Barry
(1989))

Table 1 Variations in the transition temperatures of each
of the peaks for several SC water contents (After Goodman
and Barry (1989))

Transition temperature (�C)
Water
content Peak 1 Peak 2 Peak 3 Peak 4

Dry 42 � 1 77 � 1 91 � 22 not
measured

10–20 % 41 � 3 73 � 1 86 � 2 113 � 5

30–40 % 39 � 3 72 � 1 85 � 2 99 � 3

50–60 % 37 � 2 71 � 1 83 � 1 98 � 5

>60 % 38 � 2 70 � 1 83 � 2 95 � 2
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temperatures of each of the peaks for several SC
water contents.

The decrease in the temperatures of the peak
apices (transition temperatures) when hydration
increases is accompanied by a decrease in the
corresponding areas under the curve (enthalpies).
Hydration introduces a change in the structure of
the SC, which is located in the polar regions of the
lipids (peaks 1, 2, and 3) and the intracellular
keratin molecules (peak 4) (Barry 1987; Golden
et al. 1986; Goodman and Barry 1989; van Duzec
1975). The greater fluidity of intercellular lipids is
also considered to facilitate the transcutaneous
absorption of polar or nonpolar drugs (Behl and
Barret 1981). The position and enthalpy of peak
3 may be an indicator of the SC water content.

However, use of DSC around the freezing tem-
perature of free water is a preferable technique,
since it directly determines the weight of the free
water contained in the sample. The sample is
taken out after equilibration at ambient humidity
(in general by stripping), then frozen as rapidly as
possibly to keep the water in the sample. Figure 8
shows the thermograms obtained at about 0 �C for
SC samples with different water contents: at 18 %
no transition occurs, but at 33 % a small peak
becomes visible. The peak continues to grow
with higher water contents. The latent heat of
melting of ice at atmospheric pressure is 80 cal/g
(332 J/g) at 0 �C. Determining the transition
enthalpy at about 0 �C enables direct calculation
of the free water content of the sample. A further
30 % of bound water (not freezable) must be
added to yield the total hydration of the SC. For

water contents of less than 30 %, the method
cannot be used directly, since Walkey (1972) has
shown that the water of the SC was then mainly in
bound form (in fact, the relationship between total
water and bound water is linear, with an almost
constant shift of 5 % by weight).

Differential scanning calorimetry thus enables
the state of the water in the SC to be studied in
thermodynamic terms. While not feasible in vivo,
the method is readily used on ex vivo SC, i.e.,
immediately after stripping. Moreover, the
method has the considerable advantage of
avoiding complex and uncertain calibration (as is
required, for example, with optical or electrical
methods). Numerous systems are available com-
mercially (Perkin-Elmer, etc.) for other industrial
uses but may be directly used on SC samples.

3 Methods Based on Mechanical
Properties

The mechanical properties of the skin reflect the
behavior of its constituents, their organization,
and their respective modifications. In conse-
quence, mechanical methods of measurement
enable rapid and simple determination of the var-
iations in SC water content. The methods cur-
rently used are noninvasive and allow successive
determinations on a given site in order to monitor
the kinetics of a treatment and its carry-over
effects.

The methods developed in the last 20 years
may be divided into two main categories:

–20°

64%

1 mW

33%
18%

–10° 10° 20°0°
Température (∞C)

Fig. 8 Thermograms of
skin with different water
contents showing only
freezable water. Bound
water is not visible since it
does not undergo a phase
change at about 0 �C (After
Walkey (1972))
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– Those using deformation perpendicular to the
plane of the skin (indentation, suction,
levarometry, ballistometry)

– Those applying deformation in the plane of the
skin (uniaxial extensibility, torsion, vibration,
gas bearing electrodynamometer)

The latter methods are advantageous in that
they measure the properties of the most superficial
tissues, independent of the deep (adipose) tissues,
providing the geometric dimensions of the assay
and the imposed deformations are small
(Vlashloom 1967; Christensen et al. 1977).

In recent years, methods based on the propaga-
tion of sound waves in tissues have emerged.
Determination of the attenuation coefficients of
the ultrasound waves leads to the intrinsic mechan-
ical characteristics of the material under test by
means of calculation and modeling (Bamber and
Tristam 1990). These methods have encountered
some success with respect to bulky organs like the
liver but, for the time being, are not widespread and
not routinely used on the skin.

3.1 Deformation in the Plane
of the Skin

3.1.1 Torsion Method: Twistometer® or
Dermal Torque Meter®

The first studies with this type of apparatus were
conducted by Vlasbloom (1967). The system
developed at that time had no ring to limit the
geometry of the measurement zone. Following
numerous improvements, a system was later
marketed under the proprietary name of “Dermal
Torque Meter” by the Diastron company (Ando-
ver, Surrey, UK). The stress is applied in the plane
of the skin using a disk stuck onto it (double-sided
adhesive). An angular displacement transducer
measures the resultant deformation (it is in fact a
method based on the measure of creep or defor-
mation under a constant applied torque). A con-
centric guard ring (stuck also onto the skin)
restricts the zone subject to the stress. The geom-
etry and a few simplifying approximations enable
calculation and generation of Young’s modulus
for the tissue under study (Agache et al. 1980).

Figure 9 shows the apparatus, and Fig. 10 displays
the profile of the skin response curve.

The response diagrams are modeled by an
equation of the following type:

U tð Þ ¼ Ue þ UV 1� Exp �t=cð Þð Þ þ A � tm (4)

On the response, the profile of which is the same
no matter the method, several parameters may be
determined:

– Ue: immediate extensibility
– Ur: immediate recovery
– UV: viscous deformation amplitude
– Ur/Ue: elasticity

On the basis of these parameters, the coeffi-
cients of Burger’s rheological model, combining a
Maxwell and a Kelvin-Voigt model in series as
shown on Fig. 11 (the simplest for modeling the
skin (Pichon et al. 1990)), can be calculated:

K0 ¼ C=Ue K1 ¼ C=Uv

η0 ¼ C=A η1 ¼ τ:K1 ¼ τ:C=Uv

A / D
Converter

Current
source

Micro-
Processor

OUTPUT
1 < W < 5

(mm)

G D

C

M

Fig. 9 Diagram of the Twistometer (After Lévéque and de
Rigal (1985)) M torque motor, C angular displacement
transducer, G guard ring, W gap width
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where C is the value of the torque applied, K0 and
K1 are the stiffness parameters and η0 and η1 are
the viscosity parameters.

The value of m in Eq. 4 varies, depending on
the author. Pichon et al. (1990) studied the
recorded deformation using the finite element
method (De Rigal 1996) and confirmed a value
of m ¼ 1=3. In the same publication, the hydra-
tion phenomenon is shown to be measured mainly
by the variations in parameter Ue (or K0) and, to a
lesser extent, K1 and η1. The latter parameter, η0,
is more clearly related to deeper structures (super-
ficial dermis) (De Rigal 1996), as was to be clearly
shown subsequently. Some authors use a value of
m equal to 1 (Salter et al. 1992). Other rheologi-
cal, and non-rheological, models have also been
put forward (Salter 1993).

In 1985, Lévéque and de Rigal (1985) showed
that the contribution of the SC to the

measurement was of the order of 60–80 % for a
gap width of 1 mm (Fig. 12a). The contribution
decreased when this width increased (20 % for a
width of 5 mm). The “immediate” moisturizing
efficacy of a cosmetic formulation is shown in
Fig. 12b. Figure 13 shows an example of the
long-term effect of treatment. References Aubert
et al. (1985a) and Randall Wicket et al. (1997)
cite probative examples of the possibilities of the
method with regard to evidencing short- and
long-term moisturizing effects. It is clear that
the apparatus measures deformations and that
the parameters thus determined depend on any
variations in the thickness of the stratum
corneum. In the event of repeated determinations
over several weeks or, more definitely, in the
event of exposure to the sun, those variations
must be taken into account in the interpretation.
Moreover, caution is required in using

Torque
mN.m

9

0 30 (s)

Ue

θ′

′

Uv

Uf

Ur

time

time

Fig. 10 General profile of
the response curves of skin
to stress and the main
extensibility parameters
determined from these
curves (After Lévéque and
de Rigal (1985))

Maxwell model

Ko

K1

Kelvin-Voigt model

η1

ho(t) =lo t
n

DAMPER

SPRING

Fig. 11 Skin mechanical model for torsion measurements
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dimensionless quantities: the ratio between two
deformations obviously eliminates the depen-
dency on thickness, which is true for some of

them (e.g., Ue/Ur), while others remain time-
dependent, such as Uf/Ue and UV/Ue (through
the exponential term).
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Fig. 12 (a) Influence of the geometry of the skin area
under stress on the contribution of the stratum corneum
to the determination (After Lévéque and de Rigal (1985)).

w gap width. (b) Variation in the moisturizing efficacy of
an emulsion following a single application (After Aubert
et al. (1985a))
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Fig. 13 Comparison of the
moisturizing efficacy of
three emulsions (same
vehicle), treatment for
3 weeks and carry-over for
1 week, on the legs of
15 people per group. It will
be observed that only the
emulsion containing
glycerol had a carry-over
effect (After Levêque and
de Rigal (1985))

29 Physical Methods to Measure Stratum Corneum Water Content In Vivo 311



3.1.2 Uniaxial Extension
Several authors have addressed this uniaxial
extension method (Wijn 1980; Gunner et al.
1979). Two pads are stuck to the surface of the
skin at a distance that varies as a function of the
skin area subject to the stress. Either a force is
generated by an electromagnet and the induced
displacement measured as a function of time (the
principle is identical to that of the Twistometer) or
the displacement is imposed by a motor and the
force recorded (relaxation phenomenon). These
methods, while potentially interesting, have been
little used in the study of hydration phenomena. In
addition, they have the disadvantage of being
sensitive to the orientation of the axis of the stress
relative to the natural tension lines of the skin
(Langer’s lines) and that the area submitted to
stress is not well defined.

3.1.3 Gas Bearing
Electrodynamometer®

A little used but potentially very promising method
has been developed by Christensen et al. (1977)
and Hargens (1981), and used in cosmetic applica-
tions by Mass et al. (1983) and Cooper
et al. (1985). The apparatus consists in the gas
bearing electrodynamometer. It measures
the displacement (3–4 mm) of a sensor stuck to
the skin using a small disk and 2-sided adhesive.
The sensor is alternately actuated by a sinusoidal
electromagnetic field (1–2 Hz) generating a force

of less than 10�3 N (Fig. 14). An oscilloscope
displays the skin response (force-displacement
plot) which is in the form of a hysteresis loop,
characteristic of viscoelastic materials. The loop
figure is used to calculate the following parameters:

– The slope of the main axis of the loop (or DSR,
dynamic spring rate), comparable to Young’s
modulus

– The ratio between loop opening and displace-
ment, or loss angle (for a purely elastic mate-
rial, that angle is equal to 0)

The authors (Christensen et al. 1977, Hargens
1981) showed that the more the skin is hydrated,
the more the angle of loss increases and the more
the hysteresis loop is inclined on the displacement
axis (same force but greater displacement)
(Fig. 15). The effect of various formulations
containing moisturizing active substances has
been clearly shown (Schade 1912). According to
the designers, this method has the major advan-
tage of making it possible to record immediately
after formulation application and thus studying
the immediate moisturizing effects (in the very
first few minutes).

3.1.4 Determination by Acoustic Wave
Propagation

The principle is described in detail in reference
(Potts et al. 1980). Broadly speaking, a vibrating

Wire in
contact

Observation microscope

Dynamometer Source at 1 Hz

specimen

Signal
processing

oscilloscope

LVDT

Fig. 14 Diagram of the gas
bearing electrodynamometer
(After Christensen et al.
1977). LVDT linear variable
differential transformer
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source is placed on the zone under study and two
vibration transducers in the axis of propagation
determine the propagation velocity of the wave
and the amplitude of the vibrations. The propaga-
tion velocity and damping coefficient are studied
over a frequency band from 8 to 1016 Hz. The
same authors (Potts and Buras 1985) showed that
those parameters have a minimum for a frequency,
Fmin, whose values are 400 and 700 Hz for
hydrated and dry skin, respectively. It should be
noted that the Fmin value increases with age,
reflecting the dryness of the skin in the elderly.

This method does not seem to have undergone
marked development in cosmetic or dermatologi-
cal applications. It should be taken again into
consideration for a new development with modern
technologies.

3.2 Stress Perpendicular
to the Plane of the Skin

Several methods stressing the skin perpendicular
to its plane have been developed. The first studies
were carried out by Grahame (1970). The best
known and most widely used instrument is the

Cutometer® which belongs to the suction group.
Other methods include indentation, levarometry,
and ballistometry.

3.2.1 Suction: Dermaflex®, Cutometer®

The Cutometer is by far the most widely used
of this type of apparatus and is the only appa-
ratus enabling determination of the mechani-
cal properties of the SC using a probe of
diameter 2 mm. The record profile is the
same as that recorded using the Twistometer,
and the parameters measured are identified
using the same symbols.

3.2.2 Indentation or Levarometry
Since Schade’s work (Schade 1912), several
authors (review in Aframian and Dikstein
(1995a)) have developed levarometric methods
(traction perpendicular to the plane of the skin).
The authors having attempted to determine hydra-
tion by indentation are equally numerous
(Aframian and Dikstein 1995b). However, no
moisturizing effect has been demonstrated even
with very low pressures (Dikstein and Hartzshtark
1983) because the SC is very rigid and transmits
stress to tissues with much lower stiffness.
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Fig. 15 Profile of the traction elongation curves obtained with the GBE, for water ( figure on left) and an emulsion
( figure on right). Note the differences in kinetics and efficacy (After Christensen et al. (1977))
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3.2.3 Ballistometry
The principle of this system was developed by
Tosti and is described in detail in reference
(Tosti et al. 1977). The initial developments
date back to the 1930s when an apparatus
intended for ophthalmology, to determine ocu-
lar pressure, was used. That apparatus has no
application in the determination of moisturizing
effects.

3.3 Comparison of Method
Sensitivities

Among the numerous mechanical methods, and
apart from the problems related to the interpreta-
tion of the results, it is important to determine
which method is the most pertinent or the most
sensitive in order to quantify the moisturizing
properties of cosmetic formulations. Several
authors have studied the correlations, relative to
moisturizing efficacy, of the various methods.
Wickett’s study (Wickett et al. 1996) showed
that the parameters determined by the
Twistometer or Dermal Torque Meter are more
sensitive to hydration than those measured with
the Cutometer. The sensitivity to variations in
water content of the parameters determined with
the Cutometer was compared to that of the deter-
minations using the Dermal Phase Impedance
Meter (NOVA) (Murray and Wickett 1996). This
study showed that several parameters may vary
under the influence of the water content of the SC,
but no general rule could be given. Several rea-
sons can be suggested:

– The absence of correlation between parameters
assumed to measure the same effects may be
due to different depths of investigation.

– The differences in sensitivity of the
Cutometer parameters to water content may
be due to effects of treatment with different
formulations, since Aubert et al. (1985b) did
show that some formulations respond more
from a mechanical point of view, while
others respond more from a dielectric point
of view.

Various comparative studies have pointed out
the difficulty to interpret the results of mechanical
determinations in terms of water content and
showed that the protocol and/or formulation
(vehicle) of the moisturizing active substances
can markedly affect the validity of the
determinations.

4 Methods Based on Electrical
Measurements

4.1 Definitions

As is the case for heat energy transport, electrical
energy transport obeys the Eq. 1 but here the
function, F, is the electric potential and ∇F the
electric field. The flux, Φ, is the flux of the elec-
trical charges. The constant k becomes the elec-
trical conductivity, σ.

The relationship of Eq. 1, in its electrical form,
leads, in an homogeneous conductor, to Ohm’s
classic law:

I ¼ G : V (5)

where I is the current, V the potential difference,
G the conductance of the conductor through
which the current is running and R its resistance.
R ¼ 1=G. G or R are the magnitudes measured in
practice with our instruments. They enable the
electrical conductivity, σ, to be determined. The
latter is strongly dependent on the water content of
the skin.

For an homogeneous conductor, G ¼ a . σ
where a is a purely geometric factor of the
medium measured. The conductance (or its recip-
rocal, the resistance) thus depends on the electri-
cal conductivity but also the geometry of the
conductor. This is the main problem encountered
in interpreting the determinations on skin since it
is difficult to accurately determine the geometry of
the “conductor” in the skin. Moreover, since the
skin is far to be homogeneous, σ will also depend
on the path of the field lines in the “conductor.”

Conductivity determinations on skin are rarely
carried out using DC current since phenomena of
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charge accumulation at the electrodes (polariza-
tion) and migration of ions and molecules (elec-
trophoresis) occur. Moreover, the determination
of potential differences using direct current is
subject to interference from galvanic effects. It is
therefore necessary to use alternating potentials
and currents to obtain usable cutaneous conduc-
tivity determinations.

Let us see what happens to Eq. 5 (Ohm’s law) if
a sinusoidal alternating potential difference of
frequency f and pulsation ω ¼ 2πf is applied to a
slab of conducting material such as skin.

V ¼ V0 sin ω:tð Þ

The corresponding current flowing through the
slab will generally not be in phase with the poten-
tial difference and will thus be expressed as
follows:

I ¼ I0 sin ω:t þ ϕð Þ

ϕ is known as the phase shift or, more improperly,
the “phase” of the potential relative to the current.

To take into account the phase shift, we must
use the concept of admittance Y (and its reciprocal
named impedance Z), Eq. 5 becoming:

I ωð Þ ¼ Y ωð Þ:V ωð Þ

The admittance Y depends on frequency and
consists in a conductive term G (in phase with the
potential) and a capacitive term C (90� phase
shift), frequently known, respectively, as real
and imaginary terms, with reference to the com-
plex notation used to handle admittances and
impedances. Measuring Y at a given frequency
requires the determination of the ratio I0/V0 called
its modulus |Y| and that of its phase ϕ. From these
two values, G and C can be computed using an
electrical model.

Let’s take a simple example of a circuit
consisting of a conductance G and capacitance C
in parallel (this circuit is the simplest to be pro-
posed to reflect the electrical behavior of the skin
(Schwan 1957), although very imperfect). The Y
modulus is given by:

Yj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2 þ C:ωð Þ2

q
(6)

and the phase shift ϕ between Vand I is such that:
tg ϕ ¼ C:ω=G ¼ R:C:ω. To simplify the expla-
nation of the conductive and capacitive terms, it
should be remembered that the first is proportional
to σ (G = a.σ, a being a geometric factor), hence
to the number and mobility of the free charges in
the medium, while the second depends on its
polarizability measured by its dielectric constant
ε (C = a.ε). (Note that a perfect dielectric is an
insulator of electrical DC current). A dielectric is
characterized by its relative dielectric constant, ε.
In vacuum, ε = 1. For air, ε = 1. For distilled
water, ε = 80.) In consequence, we frequently
separate the current circulating in a complex
medium such as the skin into conduction current
(term in phase with the potential difference) and
out-of-phase current (term in quadrature).

4.2 Dielectric Properties of the Skin

Schwan (1957) was the first to show that living
tissues and, in particular, the skin have, like all
materials, domains of dielectric relaxation. In
other words, the dielectric constant and hence
the material’s property to polarize decrease for
given frequencies of the applied alternating cur-
rent. Three relaxation domains have been
identified:

– Relaxation α at low frequencies (0.1–1000 Hz)
mainly related to the stratum corneum since
they almost entirely disappear following
stripping

– Relaxation β between 100 kHz and 500 MHz
related to the polarizability (permanent and
induced) of macromolecules and the water
associated with them (“structural” water)

– Relaxation γ at hyperfrequencies (3–30 GHz)
reflecting vibration of water molecules that are
free, to some extent, in the tissue

These relaxation mechanisms are far from
being fully elucidated despite numerous modeling
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attempts: in addition to the structural complexity
of the layers of the skin, our knowledge of the
local electric field and the elementary currents
induced by that field is imperfect. If we restrict
ourselves to the problem of the water content of
the SC, there are at least two possible effects of
water content on its electrical properties:

– An increase in conductivity, σ, due to the ions
dissolved in extra- and intracellular water

– An increase in the dielectric constant, ε, due
either to a change in the structure of the lipid
and protein layers (plasticizing effects (Barry
1987)) or an increase in the free water content

The methods used to measure the water content
of the SC thus attempt to exploit those three
effects, depending on the frequency used and the
quantity measured (G, C or complex admittance
Y). An excellent review of the various electrical
methods applied to the determination of cutane-
ous hydration was published in 1983 by Lévéque
and de Rigal (1983). Since that date, a rather high
number of instruments have been launched on the
market, each manufacturer claiming to offer the
best. To get a more precise idea on these devices
from an experimental point of view, many authors
have published comparison studies. As a good
introduction, we suggest the work of Fluhr
et al. (1999) in which five instruments based on
electric measurements (among the most popular)
are tested and compared.

4.3 Low-Frequency Instruments

The frequency range of the relaxation α, mainly
being due to the SC, may seem the most appro-
priate for determination of water content. How-
ever, electrode polarization phenomena are very
important: the electrode-skin contact may be con-
sidered (as a first approximation) as a capacitor in
series with the impedance to be determined. The
influence will be all the stronger, the lower the
frequency. As an indication, with an electrode
capacitance of 1 μF/cm2 (usual value), an elec-
trode of area 1 cm2 will have a complex imped-
ance of modulus Zj j ¼ 1600Ω at 100 Hz. This

impedance will be in series with the skin and will
modify both the determination of the modulus and
the phase of the signal.

Several solutions have been suggested to over-
come that difficulty:

– A conducting gel containing a mixture of poly-
ethylene glycol and saline, in adequate propor-
tions to define a given relative humidity (RH).
Clar et al. (1975) were thus able to demonstrate,
on the forearm, the efficacy of several moistur-
izing creams using a measurement electrode of
diameter 1.7 cmfilledwith the gel. The reference
electrode was a large-area silver/silver chloride
electrode placed on the same arm. Their results
show that the conductance G and capacitance C
both increase when the water content of the skin
increases. This is logical since both the conduc-
tivity (because of dissolved ions) and the dielec-
tric constant (due to the high dielectric constant
of free water) increase.

By way of an example, the conductance and
capacitance of the skin of the forearm nearly
double when the ambient relative humidity
(RH) increases from 66 to 86 %, and this
remains valid over the frequency range from
10 Hz to 10 kHz (relaxation α). Figure 16
shows the relaxation for the two relative
humidity levels defined above.

– Electrodes which undergo little polarization
(e.g., a combined Ag/AgCl electrode) and
have a small area (<1 cm2) are used. Once
again, the density of the current flowing through
the skin must remain low (<1 μA/cm2) to min-
imize the electrolytic effects at the electrodes
and the electrophoretic effect in the skin. Kalia
et al. (1996) have studied the relaxation of arm
skin bymeasuring the modulus and the phase of
the impedance of a small surface of the skin,
from 1 to 1000 Hz, before and after several
stripping procedures.

– A four electrode assembly can be used. In this
case, two electrodes of relatively large area
supply the current to the medium, while two
thin electrodes measure the potential difference
at the terminals, under a very high impedance,
on part of the medium in which the electric
field is uniform. The polarization of the voltage
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electrodes has then no importance with respect
to the determination. This principle has long
been used for determinations on solutions
(Ferris 1963; Bernengo and Hanss 1976) but
is more difficult to use on the skin in vivo.
Campbell et al. (1977) have succeeded in
obtaining results which appeared promising.

– Several investigators decided to work with
electrodes applied dry to the skin, a solution
which presents the obvious advantage of
enabling fast determination in equilibrium
with the ambient relative humidity. In that
case, the impedance of the contact at the
electrode-skin interface is very sensitive to
the pressure exerted on the electrode, and it is
necessary to exert a slight, controlled overpres-
sure to obtain reproducible results. As an illus-
tration, Dikstein and Bercovici (1985) worked

with gold-coated electrodes specially designed
to apply constant pressure and obtained good
results on water content by determining capac-
itance at 16 Hz.

Serban et al. (1983) used an innovative elec-
trode (Serban et al. 1981) consisting of a grid
closing a chamber in which a slight negative pres-
sure was maintained in order to ensure that the
electrode was applied to the skin with constant
pressure (this electrode is marketed by Bor-Tru
Inc., W. Redding, CT, USA). The reference elec-
trode was an aluminum foil placed under the
tongue. The capacitance of the skin under the
electrode was measured, using an impedance
meter, at 100 Hz. The values ranged from 0.5 to
25 nF, depending on the area and degree of hydra-
tion. Figure 17 shows the sensitivity of the
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Fig. 16 Variations in
conductance G and
capacitance C at low
frequency for two relative
humidity levels solid line
RH = 66 %, dotted line
RH = 86 %
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Fig. 17 Example of
low-frequency capacitance
determination (100 Hz)
using the method by Serban
et al. (1983). CU and CT are
the capacitances measured
on the skin pre- and post-
occlusion using a film of
liquid paraffin (Water
diffusion index,
WDI = CT/CU – 1)
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method, at occlusion, on two skin types subjec-
tively rated dry and normal. The plot clearly
shows that a stable capacitance value is obtained
after 10 min of occlusion. This value is taken as
the reference for maximum water content in order
to calculate a “water diffusion index” (WDI) as
follows:

WDI ¼ C10 � C0ð Þ=C0

The index was well correlated with the subjective
evaluation of skin dryness and with ambient rela-
tive humidity, after sufficiently long equilibration.

4.4 High-Frequency Instruments

Over the β relaxation frequency range, the elec-
trode polarization interferes much less with the
measurements than at low frequencies. Similarly,
the ionic conductivity of any interfacial fluid or
the variation in electrolyte concentration in the SC
tends to be negligible at high frequencies. The
investigator must nonetheless be conscious that
the measurements are also related to the deep
layers of the skin (the water content of which is
fixed and high). Almost all commercially avail-
able instruments for determining cutaneous
hydration operate at high frequency and are
based on the following principle (Fig. 18):

A sinusoidal current generator I (ω) is
connected to the measurement electrodes (gener-
ally concentric) either directly or through a
matching coaxial cable. The external electrode
acts as a guard ring to prevent dispersion of the
flux lines (compulsory at high frequencies). A

selective AC voltmeter tuned on the frequency
of the generator or an instrument fulfilling that
function such as a synchronous detector is used
for measuring the amplitude and phase of the
potential difference across the electrode terminals.

Although both admittance terms may be deter-
mined, only conductance G is generally used.
Barel et al. (1991) have rigorously compared the
respective advantages of conductance and capac-
itance determination in the evaluation of the water
content of the SC. Tagami (1995), on the basis of
in vivo and in vitro studies, reached the conclu-
sion that, except for certain particularly thick areas
of the SC, conductance provided a better feature
of the water content of the SC than capacitance
and yielded more reproducible results. It is none-
theless true that the calibration of a conductance
determination in terms of the water content of the
SC is highly delicate and will depend on the
electrode-skin contact, the thickness of the SC,
and the electrical properties of the deeper tissues.

4.4.1 Main Achievements
Lévéque and de Rigal (1983) have designed a
portable instrument based on the principle
described above and known as the Dermodiag®.
The instrument uses a 10 MHz generator and
determines the conductance between two concen-
tric electrodes of external diameter 10 mm and
interelectrode gap of about 1–4 mm. A constant
pressure on the skin is ensured by a spring system.
The instrument is routinely used in L’Oréal
research laboratories to evaluate the action of
moisturizing products and, more generally, the
water content of the SC but is not commercially
available.

Fig. 18 Schematics of a
concentric two electrodes
high frequency device
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Based on the same principle but fitted with a set
of six variable diameter rings and a
multifrequency generator, the SCIM® developed
by S. Ollmar (Copenhagen, Denmark) (Emtestam
and Ollmar 1993) is marketed by its designer. The
apparatus uses a set of gaps to evaluate the impact
of deeper tissues on the impedance determination
of superficial layers and better elucidate the tra-
jectory of the flux lines. A computer program uses
five determinations at different gaps and different
frequencies (between 1 kHz and 1 MHz) to calcu-
late the water content of the epidermis and super-
ficial dermis. In its current state, the instrument is
not suitable for determining the water content of
the SC since the range of impedances for which it
has been designed is not compatible with the
impedances of the dry SC (even in equilibrium
with normal ambient relative humidity). The
determinations are made by moisturizing the
skin as much as possible using a compress soaked
in normal saline, before positioning the apparatus,
procedure which particularly addresses the
changes in deep water contents observed in the
course of irritant or inflammatory processes. The
principle could nonetheless be advantageously
applied to the determination of superficial water
content.

Since 1980, Tagami et al. (1980) have been
using a device developed byMasuda et al. (1980)
to determine the amplitude and phase of the
admittance of the skin at 3.5 MHz. Measurement
electrode coupling is ensured by a matching cir-
cuit followed by a coaxial cable, thus providing
great flexibility in use. The electrodes are

concentric and have diameters from 1 to 4 mm.
However, a 2-mm central electrode may also be
used to enhance sensitivity. When the electrodes
are applied to the skin, an initial fast rise in
conductance and capacitance values is observed,
followed by a slow drift due to the
transepidermal water loss. Contact is thus
maintained for a minimum time of 3 s to carry
out the determination.

The apparatus, marketed under the proprietary
name Skicon-200® by IBS Ltd. (Japan), has been
thoroughly tested by Moseley et al. (1985) and
calibration conducted on models consisting in SC
placed on water-saturated filter paper (Tagami
1995). The authors admit that, since the determi-
nation is conducted on a small area, marked geo-
graphic variability is observed even between
neighboring sites, due, for instance, to the density
of the sweat glands and variations in SC thickness.
As was the case with the previously considered
instruments, a pressure control system is pro-
vided. A set of results is given indicatively in
Fig. 19. The figure shows the time course of
cutaneous conductance, as a function of the num-
ber of stripping procedures, on a healthy adult
forearm. Numerous other results concerning the
relationship between water content and
transepidermal water loss in healthy and patho-
logical skin are also available (Tagami 1988,
1995; Tagami and Yoshikuni 1985; Horii
et al. 1989). A new concentric ring probe has
been recently launched under the reference
200EX® announced to present a much smaller
depth of measurement.
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Fig. 19 Conductance of
the skin after stripping
showing the resultant
increase in water content
determined with the Skicon-
200 (After Tagami (1988)).
(a) 34-year-old woman,
(b) 58-year-old man
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An apparatus based on a very similar principle
to that used in the previous device, and measuring
high-frequency conductance changes, is
manufactured by Nova Technologies, Gloucester
(UK): the Nova DPM 9003®.

Martinsen et al. (1993) have presented a
3-electrode measurement system. The skin is
included in the negative feedback loop of an oper-
ational amplifier. Since this circuit achieves a vir-
tual ground, a unipolar determination is carried
out, irrespective of electrode impedances, at least
in theory. The current crossing the measurement
electrode is determined by a current-tension con-
verter, and since the alternating potential is
imposed by a voltage generator, the admittance
thus determined is exactly related to the volume of
skin under the electrode. A frequency of 100 kHz
was selected as a good compromise between elec-
trode polarization and high capacitance leakages
that occur at high frequency. The authors show
that significant variations in admittance are mea-
sured with progressive moisturization of the skin
but also report electrode-related reproducibility
problems. While the 3-electrode system is based
on an elegant principle, it is not certain that it
contributes any marked improvement compared
to existing high-frequency instruments.

The Corneometer® CM 825 from Courage and
Khazaka (Cologne, Germany) has been described
in detail by Barel and Clarys (1995) and has also
been tested by Moseley et al. (1985) and
Blichman and Serup (1988). The capacitance var-
iations of the electrode-skin assembly
C0 þ Cskinð Þ are measured by the displacement
of the resonance frequency of the oscillating cir-
cuit connected to the oscillator. If the conductance
G in parallel with the capacitance C is low, the
oscillation frequency of an oscillating circuit
containing an inductance L and a capacitance C
in parallel is given by:

f0 ¼ 1= 2π:
ffiffiffiffiffiffiffiffi
L:C

p� �
where C ¼ C0 þ Cskin

(7)

The early models of this type operated between
75 kHz empty and 40 kHz when moisturization is
at a maximum, equivalent to a 3.5-fold variation

in capacitance C. Since the dielectric constant of
the SC ranges from 8 (dry SC) to 80 (pure water),
the capacitance of the skin should also vary in the
same ratio, if the determination only addresses the
SC and not the deeper tissues. New models are
supposed to operate at higher frequencies around
1 MHz.

The electrodes are innovative. They are comb
shaped interdigitated on a grid, as shown in the
Fig. 21 below, and gold coated. The electrodes are
not in ohmic contact with the skin, since they are
coated with a thin layer of vitrified insulating
material (thickness 20 μ) with a low dielectric
constant. The dimensions of the network are as
follows: line width 50 μ, between-line space 75 μ,
and size of the active part 7 � 7 mm. Former
probes versions were analogic, while a digital
version is now proposed, announced to be more
stable (in frequency and amplitude). The comb
shape has been kept unchanged.

An example of results obtained with this
instrument on the forearm skin at several RH is
given on Fig. 20. The correlation between read-
ings and ambient humidity is quite satisfactory.

Since knowledge of the penetration depth of
the electric field is essential for the interpretation
of the results obtained by this method, layers of
polyester film were inserted between the elec-
trodes and the skin (Barel and Clarys 1995).
This approach showed that the measurement
depth was up to 100 μm, but the contribution of
the total capacitance of a layer at that depth did not
exceed one tenth of what it would have been at the
surface. On the basis of these results, it is clear that
the influence of the epidermis on the determina-
tion can be neglected. We may also suspect that
the low water content values obtained in “dry
skin” phenomenon and in other states of abnormal
rugosity of the skin are only due to the persistence
of imperfect contact with the skin surface.
According to computations based on recent pub-
lications dealing with open comb capacitance
modeling (Starzyk 2008), the presence of a layer
of air of a few μm thickness under the sensor
should not, theoretically, influence the measure-
ments. These publications, together with well-
known methods such as finite elements approach,
might be used to better investigate the electric
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field strength inside the skin, considered as a
multilayer dielectrics.

To conclude this chapter, let us have a look on
Clarys et al. publication (Clarys et al. 2012).
Recently, the authors have extensively compared
two modern instruments: the Corneometer
CM825® (C & K), which measures a capacitance,
and the Skicon-200EX® (IDS), measuring a con-
ductance. Due to their different principle, the
devices calibration is very different: the value
recorded on a filter patch saturated with a physio-
logical solution is set to 120 arbitrary units
(Corneometer), while a standard precision resistor
is proposed for the Skicon. In vitro penetration
depth evaluations led to values about 45 μm for
the Corneometer and 20 μm for the Skicon.

In vivo hydration measurements were carried
out on healthy male and female volunteers
n ¼ 20ð Þ varying from 20 to 71 years of age.
Several skin sites were examined to get hydration
values from very dry to well hydrated. Correla-
tions between the instruments were all highly
significant (all P < 0.001). The mean intraperson

variability, calculated over the total range of
hydration measurements, is improved in the new
version of both instruments, with a coefficient of
variation (CV) figure around 7 % for the
Corneometer and 10 % for the Skicon. The
authors conclude that both devices are reliable
and able to measure skin hydration, though
presenting specificities: capacitance measure-
ments being more sensitive on dry skins and con-
ductance better suited for high hydration levels.

4.5 Hyperfrequency Measurements

Water is a polar liquid, in other words, composed
of molecules bearing a permanent electric charge
and, in consequence, oriented under the action of
an external electric field. The relaxation frequency
of this phenomenon is centered on 18 GHz at
20 �C and thus can be observed at
hyperfrequencies. The water molecules bound to
proteins relax at lower frequencies of the order of
the GHz or even lower (according to the nature of
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Fig. 20 Relationship
between the corneometer
reading and ambient
relative humidity
determined on the forearm
at 22 C. Values obtained on
15 subjects aged 18–30
years. Correlation
coefficient r = 0.98 (After
Barel and Clarys (1995))

Fig. 21 Comb interdigi-
tated electrodes for surface
dielectric measurements
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bound water, as already mentioned at the begin-
ning of this chapter). Schwan (1957) was the first
to carry out dielectric measurements on skin at
hyperfrequencies with coaxial lines supplied by a
klystron (A klystron is a very high-frequency
generator (>1 GHz)). The γ relaxation described
by this author being obviously related to water, it
seemed obvious to try and exploit that phenome-
non to determine the water content of the SC,
particularly since hyperfrequencies propagate
essentially at the surface of conductors (“skin”
effect).

The development, in the 1970s, of coaxial
cable testing, lead to the production of
hyperfrequency equipment operating with pulses
in the time domain (measure over time of the
response to a pulse, time domain reflectometry,
TDR). This technique opened the way for a new
type of studies on living tissues, which were then
directly placed at the end of the coaxial
measurement line.

Moreover, as the theoretical studies
progressed, the method proved to ensure concom-
itant monitoring of the relaxation of bound water
and free water. The complexity of the required
hyperfrequency instrumentation and the difficult
interpretation of the results have not allowed a
widespread use of these determinations on skin,
despite the considerable potential. Following a
doctoral dissertation on the subject (Djeldjellani
1989), investigations on skin water content were
conducted by the L’Oréal research laboratories
(Diakate et al. 1994). The major difficulty in the
technique is associated with the applicator which
ensures the transition between the coaxial line
carrying the electromagnetic field and the skin.
A “ground plane” antenna was developed
(Djeldjellani 1989), but we consider that the
future of the technique resides in the use of
“strip lines” which can be placed in direct contact
with the skin.

Using conventional instrumentation
employing 1-GHz sinusoidal waves, Jacques
(1979) determined the water content of the SC
using an innovative interdigitated applicator
which ensures extremely superficial flux lines
(penetration depth: 3 μm). A linear relationship
between the conduction current due to the free

charges of the dielectric medium and the water
content of the most superficial part of the SC was
thus established. Hyperfrequency techniques,
although very promising, have not yet been exten-
sively used in dermatological and cosmetic
metrology.

5 Photothermal
and Photoacoustic Techniques

These techniques are based on the conversion of
light energy into heat energy in the skin. This heat
energy can then be directly detected by IR radi-
ometry or be converted into pressure variations in
an adiabatic chamber. The incident energy may be
modulated periodically at a frequency, f (fre-
quency mode or CW), or delivered in pulses (tem-
poral or pulse mode). The collected signal will
depend on the optical properties (absorption, dif-
fusion) and thermal properties (diffusivity,
effusivity) of the skin.

5.1 Pulse Radiometry

The principle is simple: a powerful pulse source
(flashlight or laser) is targeted on a small surface
area and the transient increase in temperature that
occurs during beam absorption is monitored by
infrared radiometry. The wavelength of the source
depends on the application. This wavelength must
match one absorption band of the tissue to ensure
that optimal heat transfer takes place (Fig. 22).

Balageas et al. (1986) in their studies used a
ruby laser emitting in the red range, a pulse dura-
tion of 350 μs, and an energy of 0.2 J/cm2. They
blackened the skin with carbon black to ensure the
required heat transfer (of the order of 20 �C).
Detection was conducted using an HgCdTe ele-
ment cooled with liquid nitrogen and sensitive
over the range 7� 12 μ . The temperature was
monitored from 2 ms to 100 s after the light
pulse. In a thermally uniform medium, the tem-
perature variation, ΔT, due to the energy Q
impinging on a unit area of the medium falls off
as a function of time in accordance with the fol-
lowing relationship:
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ΔT ¼ Q= e:
ffiffiffi
π

p
:

ffiffi
t

p� �
(8)

e (t) is the medium effusivity (cf. Sect. 2.2)
If the medium is not homogeneous (as is the

case with the SC), e (t) may be calculated at any
time during the return to thermal equilibrium. For
short times (<0.1 s), the measured effusivity is
that of the SC (of the order of 1000 J/m2/s1/2/K).
Since the square of the effusivity is proportional to
the product of the thermal conductivity and the
thermal capacity (cf. Sect. 2.1.5), the effusivity is
very sensitive to the quantity of free water and,
moreover, a contact-free measurement of water
content is perfectly feasible. The authors observed
that effusivity is not constant over time from 2 ms
to 100 ms (as might have been expected with a
homogeneous layer model (Stolwijk and Hardy
1965)) but regularly increased. The authors
deduced that there is a variation in the thermal
properties of the SC from the surface to its deep
boundary. This variation may be explained by the
gradient in water content. The free water concen-
tration gradient in the SC may therefore be
explored.

A related photothermal approach known as
optothermal transient emission radiometry
(OTTER) has been developed by Imhof
et al. (1990). The authors used a cryogenic detec-
tor identical to that used above but their source
was a Yag-Neodyme laser, 1.06 μ, delivering very
short pulses (15 ns) with a repetition frequency of
20 Hz and fit with a harmonic generator so that the
working wavelength be divided by 2, 3, or 4. The
area illuminated by an optical fiber has a diameter
of 6 mm, while the infrared beam is collected by
an ellipsoidal mirror with a high numerical

aperture focused on the detector. The signals
received by the detector at each laser pulse are
accumulated in a digital memory in order to
enhance the signal/noise ratio. Filters are used to
restrict the optical pass band of the detector so as
to characterize (at least by a few points) the emis-
sion spectrum of the skin. In the study presented in
Imhof et al. (1990), a wavelength of 355 nm was
used and the temperature profiles were determined
over a very short time, less than 10 ms. Under
those conditions, only the SC is concerned by the
thermal signal, as expected. Contact-free SC
water content studies were conducted by the
same team (Bindra et al. 1994) using this method.
Currently, the method is among the most promis-
ing, although the instrumentation required is com-
plex and expensive.

Using this technique, the Imhof team (Guo
et al. 2001) has published results concerning the
water content of SC samples, in terms of free and
bound water (interacting with keratin). These sam-
ples were of the same kind as for Levèque
et al. study (Lévéque et al. 1987a), i.e., normal,
delipidized, and delipidized + water rinsed SC. A
tunable laser source allowed to investigate water
absorption around the 2.94 μ band, while the light
emission is recorded at 13 μ. The authors observed
that the absorption band of bound water at low
humidity was neatly shifted towards high wave-
lengths, and was also narrower, compared to the
bulk water band. The position of the peak envelope
was shifted of about 30 nm downwards when the
relative humidity rises from 3 % to 100 %. This
shift showed a plateau between 10% and 40% RH
on delipidized samples, while the decay was regu-
lar on normal SC. These results are in accordance

Fig. 22 Principle of pulsed
photothermal measure-
ments with infra-red
detection
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with previous data (Lévéque et al. 1987a) and show
the powerful potentialities of OTTER techniques.

Recently, the same authors’ team compared its
OTTER technique with four popular instruments
devoted to skin hydration measurements:
Corneometer (C & K), NOVA DPM (DermLab),
Moisture Checker (Scalar), and Fingerprint sensor
(Fujitsu FBS200) (Xiao et al. 2010). Except for
the last one, they all rely on some kind of imped-
ance (capacitance or conductance) determination.
OTTER showed a repeatability at least as good as
the others, and a good correlation was found
between the whole set of measurements, regard-
ing several hydration conditions, from dry to wet
skin.

5.2 Photoacoustic Spectrometry

The absorption of a light beam by the skin results
in a localized temperature increase. The
photoacoustic effect consists in transforming
those temperature variations into gas pressure
variations and the latter into an acoustic signal.
The studies on skin were essentially carried out
with an amplitude-modulated light beam at low
frequency. We shall therefore restrict ourselves to
this approach, which is more appropriate to the
thickness of the SC, although techniques using
pulsed rather than modulated light exposures
have been developed (Patel and Tam 1981).

The theory of the photoacoustic effect is
rather complex (e.g., Rosencwaig and Gersho
1976). Two aspects have to be looked for: From
an optical point of view, the diffusion and
absorption properties of the skin (absorption
spectrum, optical penetration depth μ0) are
essential. Obviously, when working with the
SC, UV radiation is preferable because it is par-
ticularly absorbed by that layer. Moreover, the
technique is frequently used since Rosencwaig
and Pines early wors (1977) to study sunscreens.
On the other hand, the production of thermal
waves is bound to the thermal diffusion length
μT, inside the skin layers, which is an important
factor to determine the depth at which the signal
detected at the surface is generated. It is given by
the relationship:

μT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α= π:fð Þ

p
(9)

in which α is the thermal diffusivity and f the
frequency of light beammodulation. For example,
if the thermal diffusivity of the tissue is taken to be
equal to that of pure water, μT is equal to 6.8 μm
at 1000 Hz while μT ¼ 215μm at 1 Hz. It is thus
clear that rather high frequencies are to be used for
the SC and very low frequencies for studies of
intracutaneous penetration (Bernengo et al. 1998).

The main limitation in the method in “in vivo”
determinations is that the surface of the skin to be
studied must be placed in a closed chamber to
ensure adiabatic conversion of heat waves to
sound waves and detection of the latter using a
microphone. The measurements require a rela-
tively long integration time due to the weakness
of the electrical signal from the microphone.
Hence, an increase in water content due to occlu-
sion is inevitable.

The measuring cell has to be carefully
designed to enable strong illumination of the
skin and to feed the weak acoustic signal to the
detection microphone. Several open models have
been designed for in vivo work. Figure 23 shows
three different cells that have been successfully
used. Though synchronous detection is used, the
signal at low frequency is greatly disturbed in vivo
by body sounds (heart beat, muscles, blood circu-
lation). For that reason, differential cells have
been developed (Poulet and Chambron 1982;
Guy and Bemengo 1986) with an at least tenfold
improvement in the signal/noise ratio compared to
the simple chamber cell.

Since the first UV spectra of the skin in vitro
published by Pines and Cunningham (1981),
numerous researchers have conducted studies of
SC water content in vitro and in vivo (Campbell
et al. 1979; Poulet and Chambron 1983; Giese and
Kolmel 1983; Poulet 1985). Simon et al. in 1981
(Simon et al. 1981), working with the absorption
band of water at 1.9 μm, determined the water
content profile of the SC in vivo. While the free
water contents obtained in this study were not
accurate, since the bilayer model used at this
time was not suitable (as showed later by Poulet
(1985)), the concept nonetheless remains seduc-
tive. More recently, Takamoto et al. (1994)
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developed a very small volume (40 μL) resonance
cell matched on 2.2 kHz . After optimizing the
device, they obtained a fivefold gain in sensitivity
compared to a conventional open cell. This gain
led them to markedly lower the integration time,
therefore reducing the passive hydration by occlu-
sion and the dose of UV radiation received by the
skin. Working with hairless mice, the authors
were able to measure the variations in the
photoacoustic signal induced by percutaneous
absorption of an ointment (1 % IDM in PEG).
Their results relate to the very superficial layers
of the SC, since they were generated using a
doubled argon laser at a wavelength of 257 nm,
absorbed in the first few microns of the SC. The
authors argue that the use of their device on man is
problem-free since the energy received by the skin
is low, less than 40 mJ for the study described
above.

Lastly, it should be noted that some signal
processing techniques used by photoacoustic sci-
entists working on plastic and ceramic materials
have been borrowed by researchers in the skin
field: Baesso et al. (1994a) conducted phase mea-
surements on the photoacoustic signal with a
modulation frequency from 18 Hz to 62 Hz. The
authors confirmed the SC diffusivity values
obtained through photothermal determinations.
The same authors studied the penetration of prod-
ucts into the skin using Fourier transform
photoacoustic spectroscopy (Baesso et al.
1994b), thus adopting a pulsed technique that is

in widespread use for powders and sintered mate-
rials (Patel et al. 1981).

Rompe et al. (2005) in 2005 have studied SC
properties through photoacoustic technique, using
a powerful xenon lamp and a monochromator in
the range 240–400 nm. Frequency modulation
was 17 and 70 Hz. They claimed a thermal diffu-
sion length of 15 μ at the latter frequency and
displayed a set of PA spectra of SC, showing
clearly the influence of hydration on the spectral
shape.

6 Optical Techniques in the Near
and Middle Infrared

These optical methods target directly the water
molecule, insofar as they quantify the amplitude
variations of the reflected light inside and outside
the absorbance peaks of that molecule. While
calibration can be easily carried out in vitro, the
transposition in vivo is not easy, and it is therefore
frequently not possible to directly quantify water
content. For the methods using the near IR (as for
nearly all others), the calibration relationships
determined in vitro (usually on multilayer phan-
toms) do not obviously apply in vivo since the
light penetration conditions cannot be exactly
compared and present a much higher variability
(skin localization, SC thickness, molecular
absorbers such as melanin, etc.). The influence
of the surface state of the skin (diffusion, variation
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Fig. 23 Three types of cell used for photoacoustic mea-
surements on skin. (a) direct illumination through the cell
by Simon et al. (1981) (b) resonant cell by Takamoto et al.

(1994) (c) low-frequency differential cell by Guy and
Bernengo (1986) S: output of the electrical signal from
the microphone, M
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in refractive index, etc.) may be very strong and
lead to tricky interpretations of the results in terms
of variation in water content.

6.1 Attenuated Total Reflection
(ATR) Infrared Spectroscopy

Used both in the intermediate IR field
(by chemists) and in the near-IR (NIR) range,
ATR methods rely on the phenomena of multiple
attenuated reflection to enhance determination
sensitivity (Gloor et al. 1981a). The principle is
shown on Fig. 24:

The optically perfect surface of a zinc or ger-
manium selenide crystal (transparent in the IR) is
applied to the skin. The incident beam is propa-
gated by multiple reflections within the crystal.
Following each reflection by the surface of the
crystal in contact with the skin, a part of the energy
is absorbed by the skin because of the evanescent
wave phenomenon, related to the electromagnetic
nature of light. When the beam leaves the crystal,
the skin’s absorption spectrum is recorded by an
appropriate IR detector (thermal or semiconduc-
tors). Because of the submicronic penetration of
evanescent waves, this method has the major
advantage of only analyzing the first micron of
SC thickness or even less. Schneider and Hansen
(1997) have confirmed that the choice of crystal
and angle of incidence enable analysis of the skin at
depths ranging from 0.3 to 0.9 μ, i.e., of the order
of the thickness of 1–2 layers of corneocytes. In
consequence, the measures are strongly dependent
on variations in ambient air humidity and therefore
require rigorous equilibrium of the patients in lab-
oratory ambient air. In addition, such measure-
ments are also strongly dependent on the
thickness of the sebum film (or residual cosmetic
cream) on the skin surface. Some results suppos-
edly related to SC had in fact to be partly or even
totally attributed by such film effects.

In the homogeneous medium external to the
prism, of refractive index n2 (here the SC), the
wave theory of light shows that the intensity of
the evanescent wave decays exponentially from
the surface of the prism (index n1). The depth of
penetration z (defined as the value for which the
light intensity is divided by e ¼ 2:7 ) is propor-
tional to the wavelength, λ, and inversely propor-
tional to a term including the sine of the angle of
incidence. It depends on the refractive index n2 of
the SC and, hence, on its water content.

As an example, the values of z in a totally
hydrated SC of index 1.33 are given below, for
the four angles available on the Skin Analyzer
(which description follows):

Angle 40� 45� 52� 60�

Depth z 0.3 λ 0.18 λ 0.14 λ 0.11 λ

It should be carefully noted that the parameter z
does not define an abrupt penetration limit and
that a noteworthy quantity of energy is absorbed
at deeper levels. Those levels nonetheless remain
much smaller than the thickness of the SC.

Several methods of quantifying water content
on the basis of the ATR spectral data have been
applied. They mainly refer to the middle IR
absorption bands, though near IR can also be
successfully used.

Middle IR techniques:

– The ratio between the absorbances of the
amide I and II bands (6.06 and 6.45 μm, i.e.,
1649 and 1540 cm�1). This is a measurement
of the water content (Gloor et al. 1980, 1981a),
since the 6.06 μm band interferes with the
6.1 μm water band, the 6.45 μm band being
independent.

– Measurement of the area of the water absor-
bance peak at 4.76 μm (2100 cm�1) (Potts
et al. 1985; Potts 1985) on the basis of calibra-
tion conducted in vitro, without using an inter-
nal standard.

Fig. 24 The attenuated
total reflexion (ATR)
applicator
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– Measurement of the absorbance at 8.94 μm
(1118 cm�1) and 9.65 μm (1036 cm�1)
(Comaish 1968).

Near IR experiment:

– The ratio between the absorbances at two
wavelengths, 1.95 and 1.8 μm. The peak at
1.95 is specific of water (Koelmel and Mercer
1980), which does not absorb at the reference
wavelength of 1.8 μm (Comaish 1968).

In order to enhance the resolution and quality
of the results, the spectral determinations were
analyzed using a Fourier transform IR spectrom-
eter (Klimisch and Chandrag 1986). An ATR
adapter is commercially available under the pro-
prietary name Skin Analyzer from Perkin-Elmer,
France. Three total reflection prisms providing
different angles of incidence (between 40� and
60�) and hence different penetration depths are
supplied. Zinc selenide is the most widely used
prism material. The surface of the prism in contact
with the skin is horizontal, and outside of the
apparatus, so that the forearm can be layed on
it. Zn-Se crystals mounted at the end of an optical
fiber are now commercially available and allow
measurements everywhere on the body, even
on lips.

Unfortunately, the spectral acquisition duration,
which is relatively long, induces a marked occlu-
sion, which affects the measurements. Moreover,
application of a cosmetic formulation, enhancing
the quality of skin contact with the sensor, is liable
to induce an artefactual increase in water content.
The opposite effect occurs following serial treat-
ment with surfactants. The influence of
posttreatment modifications of the skin refractive
index has not been evaluated, particularly in the
presence of oil residues. It is true that the influence
of the latter two sources of artifacts may be reduced
by data processing methods (use of a ratio or an
absorbance difference between two wavelengths,
one being taken as the reference). Several authors
have studied the influence of cosmetic formula-
tions using this technique (Gloor et al. 1981b;
Wirchrowski et al. 1985).

6.2 Near Infrared Spectroscopy
(0.7–2.3 m)

We are dealing in this chapter with direct reflec-
tion near infrared spectroscopy, as opposed to
multiple reflexion ATR spectroscopy. This tech-
nique is employed in the analysis of the composi-
tion of materials and in the food industry for many
years (Norris and Hart 1965). The method has
been applied on skin to determine SC water
content (Walling and Dabney 1989; Martin
1993) and cutaneous lipid content. It has a certain
number of advantages compared to middle IR
spectrophotometry:

– Greater sensitivity to water molecules, the
absorbance peaks being well defined and rather
isolated.

– Providing the signal is specifically processed,
it is possible to extract information on bound
and free water from the spectra.

– The analysis of surface diffusion enables char-
acterization of the squamous conditions of the
skin (in principle).

– The measurement time is sufficiently short for
occlusion phenomena not to occur and for the
water content to remain undisturbed.

In contrast, the technique has a marked disad-
vantage on ATR, related to variations in wave
penetration into the skin. The volume under ana-
lyze varies with the wavelength in a complex
manner, as is the photon path inside the skin
multiple layers. Multiple scattering and
nonradiative energy loss (absorption) occur
simultaneously, and numerous models have been
studied to work out quantitatively the light pene-
tration in tissues (see for example (Kenji Iino
et al. 2003)). As a rule, while scattering decreases
when λ increases (whatever scattering model is
considered), the mean absorption increases (with-
out even considering lipid or water peaks). Skin
transparency shows a maximum around 1.2 μm, at
which the subcutaneous lipid peak is clearly vis-
ible, while it disappears at higher wavelengths.

In order to optimize exploitation of all the infor-
mation contained in near IR spectra, manymethods
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of calculation have been developed. The simplest
method consists in determining the ratio of
reflected intensities or the difference between
absorbances at two wavelengths selected as a func-
tion of the problem under study. In principle, the
absorbance at the characteristic wavelength of the
constituent is weighted by the absorbance at a
wavelength at which the constituent does not
absorb. An example is given for water in reference
(de Rigal et al. 1993). With regard to the correction
of the effects related to surface scattering, the mul-
tiple scattering correction (MSC) method makes it
possible to recalculate an ideal spectrum (Isaksson
and Mass 1988; Osborne and Fearn 1986; Geladi
and MacDougall 1985). Other methods based on
multivariate analysis or multiple regression are
applied to spectral study, in which first or second
derivatives calculus delivers enhanced information
(Maes and Martens 1988). Methods based on par-
tial least square (PLS) regression seem to be
increasingly used. Those methods limit the infor-
mation loss induced by a necessarily limited selec-
tion of wavelengths, when modeling the
phenomenon under study (Wold et al. 1998). The
various data processing methods were applied and
compared in a single moisturizing efficacy study
(Martin 1992).

Several basic research studies on the character-
ization of dry skin and the efficacy of moisturizing
formulations have been published. They attempt
to answer one frequently raised question,

particularly by Kligman: “Is dry skin dry?”
(de Rigal et al. 1993; Walling and Dabney
1989). A convincing study was carried out by de
Rigal et al. (1993) using the Infra-Analyzer
500 from the Bran & Lubbe Company. The ana-
lyzer was modified in order to take “in vivo”
determinations on all body areas. Its modification
is shown in Fig. 25. The modified device, while
maintaining basic performances and an integra-
tion sphere, made acquisition and processing of
data in real time possible, which was not yet the
case elsewhere (Wirchrowski et al. 1985). Work-
ing with isolated SC maintained under increasing
controlled humidity conditions, the absorbance at
1.94 μm, expressed relative to that of a reference
at 1.1 μm, was shown to be linearly correlated
with water content. These results confirm those
in reference (Walling and Dabney 1989),
expressed as the absorbance at 1.94 μm, relative
to a reference at 1.85 μm, although the data were
acquired and processed by two different
equipments.

Typical spectra recorded on the skin in vitro are
shown in Fig. 26. The absorbance of the dermis
alone is greater than that of the whole skin. This is
due both to the increase in the analyzed volume
(related to the greater penetration of the IR radia-
tion), the absence of the less hydrated layer, and a
reduced surface scattering. However, all the spec-
tra show the peaks characteristic of water at 1.94
and 1.45 μm.

Internal
integration

sphere

Measure
beam

Detectors

External
Integration

sphere

Optical
fibers

Chopper

Reference
beam

SKIN

Fig. 25 Schematic
representation of the
modifications made to the
Infra-Analyzer 500 (After
de Rigal et al. (1993))
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The study of skin hydration was carried out on
the legs of a population of 159 women, following
a clinical analysis of the skin condition using the
following criteria: parchment-like, rugosity, pres-
ence of squamae, presence of scales (“snake
skin”), and irritation (subclinical inflammation).
Each of the criteria was scored 1 to 5 and the
scores summed. The spectra obtained on Fig. 27
are related to the mean score, and the correlation
with the set of clinical data is given on Fig. 28a. It

is clear that the absorbance decreases when the
dry skin condition becomes increasingly severe.
This work also showed that the conductance
method employed in parallel was not correlated
with IR for high scores, since it appeared to satu-
rate (Fig. 28b). This fact confirms and illustrates
what has been frequently emphasized in this chap-
ter: the artefactual influence of contact impedance
when using dielectric methods (cf. Lévéque and
de Rigal 1983).
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Fig. 26 Near-infrared absorbance spectra of the whole skin, epidermis, and dermis (After de Rigal et al. (1993))
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Fig. 27 Near-IR spectra of the skin at various dry skin scores. Intermediate scores are not shown. Each spectrum is a
mean of the individual spectra for the same score (After de Rigal et al. (1993))
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In the same study, the efficacy of the five daily
cosmetic treatments over a duration of 4 weeks has
been sought for. The comparison between the clin-
ical dry skin score and conductance and IR mea-
surements illustrates their complementarity and
evidences the difficulties of interpretation encoun-
tered with contact methods. The near-infrared
analysis indubitably yields the classification that
is the closest to reality in physical terms of water

content, while the impedance determination was
disturbed by the presence of squamae or scales.

Near-infrared spectroscopy affords also the
possibility, after calibration, of predicting dry
skin score, as shown by Walling and Dabney
(1989). The conclusion of those two studies is
that near-infrared spectroscopy is undoubtedly
the reference method for skin moisturization
measurements.
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Fig. 28 (a) Linear correlation between near-IR absor-
bance (determined at 1936 nm) and overall clinical score
for dry skin (After de Rigal et al. (1993)). (b) Relation

between overall dry skin score and conductance. The
correlation coefficients are for the entire data set
(de Rigal et al. 1993)
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More recently, similar studies have been car-
ried out with modern equipments (Kilpatrick-
Liverman et al. 2006): A NIR5000 spectrometer
(Cary/Agilent) equipped with a fiber optics probe
(“Smartprobe”) attachment delivered IR spectra,
while conductivity measurements were completed
using the Skicon 200 (lBS), which measures con-
ductance at a frequency of 3.5 MHz. Clinical
scores were performed either. Comparable NIR,
Skicon, and visual dryness results were obtained
for most of the experiments. However, the NIR
was more effective to detect skin water content
variations as a function of external humidity
changes. As a matter of fact, the authors observed
a direct correlation between the NIR readings and
the relative humidity percentage (RH) unlike what
was observed for the Skicon measurements. This
last point confirms what was already noticed
(Lévéque and de Rigal 1983; Rawling et al. 1992).

6.2.1 Near-Infrared Spectroscopic
Imaging

Instruments have been designed to image the skin
at NIR wavelengths. Apart from the well-known
capillary observation, imaging devices working at
1450 nm or 1950 nm have appeared on the market
and are now used to get images of water into the
SC. Several groups are specialized on this subject.
See for instance Wichrowski et al. (1995), Attas
et al. (2001), and Zhang et al. (2005). Though skin
hydration seems to be efficiently measured
through that technique, it seems more adapted to
precise molecular imaging of hemoglobin, lipids,
and proteins in deeper skin layers.

6.3 Near-Infrared Ratiometry at
Two Wavelengths

The analysis of near-infrared spectra of skin
shows clearly the presence of two water absorp-
tion bands around 1450 and 1950 nm. Devices
measuring simultaneously the reflectance at one
wavelength outside and one inside absorption
bands have been build and offered on the market.
They have become recently light and affordable,
due to the apparition of IR emitting diodes and
detectors at the convenient wavelengths. Though

very simple on the principle, care has to be taken
to interpret the results on skin, since the two
wavelengths penetration is very different if one
is absorbed and the other is not. The same remark
applies for the optical path of an outgoing ray. To
get accurate measurements, a complex
modelisation has to be carried out to take into
account this optical path difference.

Random Monte Carlo-based calculations are
widely used for this purpose (Kenji Iino
et al. 2003), but practical application to skin relies
on the knowledge of parameters which are all but
well determined.

It appears liable in the first approach to bypass
this question as long as variations on the same
skin area are recorded, the technique being reli-
able and easy to perform. Nevertheless should
beam penetration always be kept on mind.

Small devices have been widely marketed for
the packaging and food industries, and chinese
manufacturers have designed pen-sized skin
moisturization measuring instruments
(Konmision SC069 and other models). After a
long validation period, a ratiometric NIR device
working at 1950 and 1450 nm should be soon on
the market (Non Invasive Technologies, Paris).
These two wavelengths were selected because
the penetration depths have been found (through
computation and in vitro measurements) about
identical, hence discarding the abovementioned
drawback.

6.4 Confocal Raman
Microspectroscopy

Raman spectroscopy is a vibrational spectros-
copy, similar to IR spectroscopy but based on
inelastic light scattering rather than absorption of
light. It is out of this chapter’s scope to expose the
theory of Raman effect, which can be found in
many textbooks. Let us recall that, in contrary to
Rayleigh scattering, the scattered beam contains a
small fraction at wavelengths longer than that of
the incident light. This withdrawn energy has
been gained by molecules to excite vibrations
and depends on the structure, the interactions,
and the chemical environment of these molecules.
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As for IR spectra, Raman spectra are labeled in
wave numbers (usually cm�1), i.e., the reciprocal
of the corresponding IR absorption wavelength.

This scale is generalized because it is linear in
energy: higher the wavenumber, higher is the
vibrational energy involved in the wavelength
shift.

Confocal Raman microspectroscopy brings the
potential of Raman analysis to the field of confo-
cal microscopy, its main feature being the aptitude
to record Raman spectra of very thin optical slices.
Casper and coworkers have pioneered the adapta-
tion of the technique to skin observation (Caspers
et al. 2001). Several instruments (more or less
dedicated to dermo-cosmetology) are now on the
market: River Diagnostics (3510 model), B&W
tek (i-Raman model), and Horiba (LabRam-inv
model).

Major applications of the technique in Derma-
tology are found in the characterization of intrin-
sic or extrinsic skin molecules under normal or
pathological situations. For instance, Chrit
et al. (2005) designed a very efficient and practical
microprobe for “in vivo” chemical analysis.
Recently, Zhao et al. (2010) compared melanin
and protein spectra of normal skin and benign and
malign diseases in the range 600–1700 cm�1,
pointing out the potentialities of Raman micros-
copy for skin disease diagnostic.

As long as SC hydration is concerned, the
water band around 3400 cm�1 (O-H stretching)
is generally compared to a protein peak around
2920 cm�1 (C-H3 stretching). The excitation
wavelength is in near IR, at 671, 730, or 850 nm,
in order to minimize spurious fluorescence emis-
sion. At these wavelengths, the resolution in depth
is about 5 μm. Since averaging is compulsory to
make signal getting out of noise, exposure times
might be rather long (1 min or more for Casper
study (Caspers et al. 2001)), but the quality of
modern equipments have shortened the measure-
ment duration down to seconds.

The first water profiles published by Casper
et al. on several locations of the arm (volar fore-
arm, thenar) (Caspers et al. 2001) have been
reproduced on Fig. 29, together with the Raman
spectra from which they were computed. Ordi-
nates have been directly labeled in %water

weight/100 g of wet tissue, after conversion
from the ratio of the two peak areas (I3350–3550)/
(I2910–2965).

These striking results have been later con-
firmed by other works, such as Chrit
et al. (2005), already mentioned, working on a
HORIBA microspectroscopic instrument, and
Nakagawa et al. (2010) on a River Diagnostics
model 3510. This latter publication shows SC
water profiles obtained in a very short time
(1–5 s), with a depth resolution of 2 μm, which
emphasize the quality of the results obtained
through the Raman microscopy technique.

Though optical coherence spectroscopy
(Knuttel and Boehlau-Godau 2000) and nuclear
magnetic resonance (Querleux et al. 1994) did
show promising potentialities to give images of
water inside SC, confocal Raman scattering
appears as one of the best techniques to measure
in depth the water content with a rather good
resolution (2 μm). Since the acquisition times
have been drastically lowered, its major drawback
has to be found in the complexity and cost of the
equipment. The assignation of bands might not be
obvious, mainly on noisy spectra, but dedicated
softwares and peak libraries are helpful in such
conditions. These last years, manufacturers made
efforts to deliver on the market portable and light
Raman instruments (palm-hand devices), fiber
coupled to an applicator (B & W tek). Such
devices are macroscopic, and can only deliver an
average SC water content, but offer plenty of
capabilities to follow chemical events inside the
skin.

7 Conclusion

To bring a conclusion to this long chapter, we
hope to have shown the importance of the techni-
cal resources committed by public and private
laboratories in an attempt to quantify the water
content of the Stratum Corneum. The importance
of those resources is justified by the considerable
importance of this determination in dermatology
and cosmetics.

Table 2 shows a summary of the main charac-
teristics of the methods presented in this chapter,
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in order to facilitate a selection by potential users.
Many of them make use of equipment that is
difficult to use for nonphysicists and which is, in
addition, very expensive, making marketing them
as integrated systems a poor profitability proposi-
tion, both for the manufacturer and the user. The
thermal and optical methods warrant detailed dis-
cussion since they have given us precise determi-
nations and thus act as references for the
calibration of devices which are more simple
with regard to their principles (but not with regard

to result interpretation). The latter devices (mainly
mechanical and electrical), which are essentially
those marketed, supply reproducible and exploit-
able indications, if the user remains permanently
aware of the variability of the physical and phys-
icochemical parameters of the skin, as a function
of site, age, environment and even, for
moisturization, the subject’s emotional status.
The user must also bear in mind the physical
properties of the various products and emulsions
applied to the skin before or during moisturization
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tests and particularly since they can themselves
modify the signal detected by the sensor in addi-
tion to the required effect on the skin.

Finally, we would like to emphasize that only
close cooperation between physicists, physico-
chemists, and biologists of the skin (including, of
course, cosmetics specialists and dermatologists)
was able to increase our basic knowledge and
understanding of such a complex material as living
skin and to allow the development of the very
sophisticated methods described in this chapter.
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1 Introduction

The surface of normal healthy skin is covered by
an extremely thin and soft, but highly efficient,
barrier membrane, i.e., the stratum corneum (SC),
so that any substance from the environment with a
molecular weight greater than 500 Da can hardly
penetrate through it. Thus, even a small molecule
such as water cannot easily penetrate it from the
underlying wet, viable epidermis to the surround-
ing dry environment. Therefore, we can evaluate
the barrier function of the SC in vivo instrumen-
tally by measuring the amount of water evaporat-
ing from the skin surface as transepidermal water
loss (TEWL) in a cool and dry environmental
condition where no sweating takes place. In such
a way, we can demonstrate that, clinically, even
the merely pruritic dry skin surface found in
atopic dermatitis (AD), i.e., atopic xerosis,
shows slight but significantly higher TEWL than
the normal skin of healthy individuals (Watanabe
et al. 1991).

Moreover, the SC of a healthy skin surface
maintains soft and smooth properties by binding
water efficiently. In contrast, the SC produced in
pathologic skin cannot effectively bind water,
producing a dry, scaly skin surface due to the
decrease in the SC hydration state, as noted in
atopic xerosis or ichthyosis vulgaris. In such
patients, even large protein molecules such as
environmental allergens can penetrate into viable
cutaneous tissue through finely cracked areas of
the SC and induce hypersensitivity reactions. We
can evaluate this hydration state of the superficial
part of the SC that is under direct environmental
influence by conducting instrumental measure-
ments of the high-frequency conductance or
capacitance of the skin in vivo (Tagami
et al. 1980).

The SC is produced by the epidermis whose
keratinocytes slowly differentiate into flat
corneocytes, which overlap and tightly bind to
each other with their corneodesmosomes to con-
struct an extremely thin and flexible, but efficient,
membranous barrier covering the normal skin.

Although it is only 15 μm thick at most portions
of our body surface, the SC of healthy skin
enables us to live even in a very dry atmosphere.
To construct an SC equipped with such an effi-
cient barrier function, the narrow spaces between
each overlapped, flattened corneocyte are tightly
packed with unique intercellular lipids that are
produced and excreted by the most differentiated
keratinocytes present in the uppermost portion of
the epidermis, the stratum granulosum. These
lipids, which are uniquely composed of
ceramides, cholesterol, and fatty acids, not only
provide the SC an efficient barrier function but
also exert a water-holding capacity to maintain the
soft and flexible properties of the SC with the
so-called natural moisturizing factor (NMF),
which is mainly composed of amino acids derived
from filaggrin after intracellular enzymatic prote-
olysis within the corneocytes, in addition to
sweat-derived lactate and urea and sebum secreted
from sebaceous glands of the adult face and scalp
skin. Thus, the thin membranous SC covering
healthy skin remains soft and smooth to the
touch, in contrast to the rough and dry pathologic
SC that is produced under diseased conditions.
Because the latter is unable to bind water effi-
ciently, firm, but fragile, dry SC is produced,
which is clinically observable as a scaly, finely
fissured skin surface even under normal ambient
environmental conditions.

The hydration state of the SC is determined in a
dynamic equilibrium between the water supply to
the SC from the underlying wet epidermis and its
loss from the skin surface, which is dependent on
the ability of the SC to absorb water and to retain
it. The water is supplied to the SC not only from
the underlying living skin tissues but also from the
outside, such as the atmospheric moisture, sweat,
bath, shower, and topically applied hydrating
agents.

As mentioned above, the water-binding capac-
ity of the SC depends mainly on the presence of
highly hygroscopic molecules, NMF, as well as
polar lipids such as the ceramides present in the
intercellular spaces (Yamamura and Tezuka 1989)
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and even structural proteins. A small amount of
water supplied from the outer layers of the SC also
contributes to the maintenance of its flexibility as
well as to facilitating the enzymatic reactions that
drive the maturation of the SC (Rawlings
et al. 1994; Rawlings and Harding 2004). The
dynamic hydration tests of the SC described
below give us much more information about the
physiological or pathological properties of the SC
than the simple, routinely conducted instrumental
evaluations.

In this chapter, we describe three representa-
tive in vivo functional tests of the SC, i.e., SC
dynamic hydration tests, the sorption-desorption
test (SDT), moisture accumulation test (MAT),
and plastic occlusion stress test (POST), to obtain
detailed information noninvasively about the
functional properties of the SC.

2 Stratum Corneum Hydration

2.1 Endogenous Hydration

The SC is the extremely thin and soft biological
barrier membrane that protects the body from
desiccation as well as from the invasion of various
external, injurious agents. The deepest layer of the
SC contacts with the wet living epidermal tissue,
whereas the outermost layer of the SC is directly
exposed to the dry environment. Thus, the SC
constitutes a thin, but vital, membranous structure
covering the whole body surface as a water per-
meation barrier, together with the tight junction of
the granular layer of the epidermis. Moreover,
there exists a decreasing water gradient from the
deeper SC layers (70 %) toward the outermost SC
ones (30 %) (Warner et al. 1988; Caspers
et al. 2001; Egawa and Tagami 2008) in this
extremely thin membranous structure. A steep
water gradient is present from the superficial to a
mid part of the SC, followed by a rather gradual
gradient ranging from the mid to the deep part of
the SC, as clearly demonstrable by in vivo Raman
spectroscopy (Egawa and Kajikawa 2009).

The water within the SC exists as bound water
and free water. The former is either tightly bound
primary water or weakly bound secondary water.
The secondary bound water, whose amount
depends on the amounts of NMFs and extracellu-
lar polar lipids (Yamamura and Tezuka 1989), is
decreased in the pathologic SC such as found in
various dermatitic skin lesions or in clinically
non-inflamed dry skin such as ichthyosis and
senile xerosis, whereas the primary water does
not show any great change even in pathologic,
scaly skin (Takenouchi et al. 1986). The water
present in the intercellular spaces is attracted
toward the skin surface, due to the lower humidity
of the atmosphere compared to that of the living
skin tissue, where it is continuously evaporated
from the skin surface as TEWL. Thus, the
so-called TEWL consists of the water diffusing
through the SC from the viable epidermis (true
TEWL) and that lost from the physiological dehy-
dration of corneocytes. Water from these two
sources permeates the intercellular spaces of the
SC that are also the routes for percutaneous
absorption of various small molecular substances
from the environment (Agache and Black 2004).

When the water evaporation is inhibited for a
long period of time by covering the skin with an
occlusive film, excessive water accumulates in the
SC. If more than 50 % w/w hydration occurs, the
corneocytes are observed to swell with the water
behaving like bulk liquid water, i.e., free water. In
the case of a hydration level of>300 %w/w, even
extracellular pools of water become observable,
making the SC fragile, and clinically noted as
maceration.

2.2 Exogenous Hydration

When water contacts the skin surface, it so
quickly permeates through the intercellular
spaces of the SC and later crosses the cell mem-
branes to swell the corneocytes, depending on
the length of contact time (Tagami et al. 1980).
Even with a short external water application, the
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water content in the superficial part of the SC is
increased rapidly, while that observed in the mid
and lower part of the SC occurs more slowly
(Egawa and Kajikawa 2009). This quick water
uptake into the SC is thought to be the result of
three physical phenomena, i.e., the first one is
simple adhesion via surface tension forces, the
second is diffusion (Fick’s law) due to the lower
water content of the cells and hydrophilic
domains of the intercellular spaces, whereas
the third one is absorbed possibly by an osmotic
process via the semipermeable corneocyte cell
wall due to the presence of intracellular NMF
(van’t Hoff’s law). In this way, the water pene-
trates into the corneocytes, eventually causing
their swelling. The resultant cell distension and
intensity of the osmotic pressure may alter the
property of the cell membranes, which accounts
for the partial loss of small molecular NMF that
takes place after prolonged water immersion.
According to van’t Hoff’s law, the osmotic pres-
sure, p, can be shown as p= RTC, where R is the
perfect gas constant, T the absolute temperature,
and C the concentration of hygroscopic sub-
stances, i.e., their number per unit volume is
independent of their size or nature. Osmotic
pressure increases considerably in the
suprabasal portion of the SC where filaggrin
disintegrates enzymatically into numerous mol-
ecules of NMF, releasing its strongly bound
water. At the superficial SC layers, this pressure
is much less since the NMF concentration is
decreased (Agache and Black 2004).

When the applied exogenous water is removed,
a drying process takes place rapidly at first and then
more slowly afterward. This desorption is called
skin surface water loss (SSWL), which is, however,
different from TEWL (true TEWL). Both SSWL
and TEWL can be measured by evaporimetry.

2.3 Instruments to Measure
the Hydration State of the SC

As mentioned above, the hydration state of the
SC, especially the hydration state of the skin
surface, can be evaluated noninvasively by

measuring the components of high-frequency
impedance, i.e., conductance or capacitance, by
simply applying the electrodes to the skin sur-
face (Tagami et al. 1980). These instruments can
also be employed in SC dynamic hydration tests.
The skin surface hygrometers Skicon 200 EX
(IBS Ltd., Hamamatsu, Japan) and Nova DPM
9003 (NOVA Technology Corporation, USA)
are available for measurement of the high-
frequency conductance. By contrast,
Corneometer CM 825 (Courage and Khazaka,
Köln, Germany) measures the high-frequency
capacitance of the skin. Usually, the recordings
of conductance or capacitance with these
devices are made within 3 s to avoid the accu-
mulation of evaporating water from the skin
surface beneath the electrodes.

Since these instruments measure the skin
hydration based on their own unique parameters,
it is difficult to compare data inter-instrumentally.
They also cannot provide the depth profile of
water in the SC. However, as shown by
Hashimoto-Kumasaka et al. (1993), the conduc-
tance measurement is more suitable for the evalu-
ation of the hydration change taking place in the
superficial portion of the SC, while the capaci-
tance measurements assess the hydration state
including much deeper portions of the
SC. Namely, the former is more sensitive for
assessing the hydration changes caused by the
application of moisturizers or to conduct a water
sorption-desorption test, whereas the latter is
suited for evaluating even dry pathologic SC,
such as a scaly skin surface (Fig. 1). Thus, in a
simulation model of in vivo SC, the high-
frequency conductance device shows a much
closer correlation with the hydration state of the
surface SC (r = 0.99) than the capacitance device
(r = 0.79), suggesting that the former can more
accurately assess the hydration dynamics of the
superficial portion of the normal healthy SC, par-
ticularly that due to the accumulation of easily
releasable secondary bound water (Hashimoto-
Kumasaka et al. 1991). These characteristics can
also be shown more clearly by comparing the
obtained values after serial tape stripping of the
SC (Hashimoto-Kumasaka et al. 1993) (Fig. 2).
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3 Stratum Corneum Dynamic
Hydration Tests

3.1 Sorption-Desorption Test

The sorption-desorption test (SDT), a synonym of
water sorption-desorption test, was originally pro-
posed by Tagami et al. (1982) as a simple and
practical method to assess the functional

properties of the skin surface, i.e., the uppermost
portion of the SC, in vivo in a short period of time.
The test procedure consists of electromea-
surements before and after the application of a
droplet of water on the skin surface for 10 s to
obtain data on the hygroscopic property of the
skin surface and later serial measurements at inter-
vals of 30 s for 2 min to evaluate the water-
holding capacity of the skin surface (Tagami
et al. 1982). The time course of water desorption
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assessed by high-frequency conductance approx-
imates the exponential curve, W = Wmax�e�λt,
since the measured values can be plotted in a
straight line on a semilogarithmic graph. λ indi-
cates desorption rate constant (Tagami and
Yoshikuni 1985).

3.2 Test Procedure Originally
Described by Tagami et al.

The original authors utilized a high-frequency
electric current of 3.5 MHz with a skin surface
hygrometer that measures high-frequency con-
ductance, Skicon, to follow the changes in the
hydration state of the SC. First, a test area at
least 1 cm in diameter is marked on the skin
surface and the conductance value is measured
with Skicon to obtain a prehydration level. Then,
a drop of distilled water is placed over the test area
for 10 s. Immediately after blotting the site with a
pad of gauze or tissue paper, the measurement is
made and repeated at intervals of 30 s for 2 min.
Instead of distilled water, saline or PBS can also
be used since the results are not greatly affected by
the presence of electrolytes but only by the exog-
enous supply of water in vivo. They showed that
the longer the water application time, the higher
the hygroscopicity and water-holding capacity.
Thus, they utilized 10 s for the water application
time for the practical reason finishing this whole
procedure in 2 min.

3.3 Normal Skin Water Kinetics

Under usual ambient conditions, normal skin
surface shows a high rise in conductance just
after the application of water, which is followed
by a rapid falloff within 30 s, and thereafter by a
gradual return to the prehydration levels within
2 min. By performing SDT before and after serial
tape stripping, it is clearly demonstrable that a
deeper portion of the SC is more hygroscopic
than the superficial part (Tagami et al. 1982)
(Fig. 3). Interestingly, the SDT with an in vivo

simulation model by using a sheet of SC showed
that the lowermost surface of the SC, which con-
sists of only newly formed immature SC, exhibits
much less water-holding capacity than the upper
surface, because of the lower concentrations of
NMF in the freshly produced corneocytes than
those covering the skin surface (Hashimoto-
Kumasaka et al. 1991). The finding that the larg-
est amount of free amino acids is in the
midportion indicates that the midportion has the
greatest water-holding capacity (Hashimoto-
Kumasaka et al. 1991). Therefore, by introducing
a procedure of partial stripping of the SC before
SDT, we can evaluate the functional properties at
various levels of the midportion of the SC.

3.4 Modified Procedure of SDT
and Definition of Functional
Parameters

Modified procedures using other instruments
and/or with longer water application time have
been reported after the initial proposal of SDT
by Tagami et al. (1982). Instead of skin hygrom-
eter, Skicon, other measuring instruments such as
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face and that repeated 3 min after adhesive tape stripping of
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Corneometer (Agache et al. 2001; Pellacani and
Seidenari 2001) or Nova DPM (Treffel and
Gabard 1995) have been used to assess the hydra-
tion state of the SC.

The water application time of 10 s can also be
elongated, which, however, requires a much lon-
ger follow-up time. Agache et al. (2001) reported
such a modified methodology in which water was
applied for 60 s then removed with soft paper
towel. Thereafter, skin capacitance and TEWL
were measured together there by employing
Corneometer CM 820 and Evaporimeter EP1,
respectively, after every 90 s up to 630 s. The
areas under the TEWL-versus-time curve provide
the absolute amounts of residual absorbed water.
They were similarly bi-exponential, i.e., an initial
rapid then a subsequent slower curve in the
decrease kinetics measured with both instruments.
The Corneometer values were found to change
monoexponentially, reflecting the influence of
the water content that is present even in the deeper
portion of the SC.

The WHC, which is defined as the area under
the curve (AUC) plotted by capacitance measure-
ments, can be calculated by assuming that the
prehydration value is equal to 0. The difference
between the capacitance value measured immedi-
ately after water removal and that of the
prehydration state can be defined as the water-
sorption capacity (hygroscopicity) (Pellacani and
Seidenari 2001).

3.5 SDT on Various Skin Conditions

3.5.1 Scaly Skin
The SDT can be performed on pathologically scaly
skin due to various inflammatory dermatoses such
as psoriasis, eczematous dermatitis, tinea corporis,
and pityriasis alba, all of which demonstrated lower
hygroscopicity and WHC values than those mea-
sured on the adjacent normal skin areas (Fig. 4)
(Tagami et al. 1982; Urano-Suehisa and Tagami
1985). It is also possible to increase the sensitivity
of the probe by using anMCC probe (Measurement
Technologies Cincinnati, USA), whose skin-

attaching portion is studded with 8 needle-like elec-
trodes instead of an ordinary flat surface for the
measurement of dry skin (Sasai et al. 1996). The
sensitivity of the probe from the manufacturer (IBS
Ltd., Hamamatsu, Japan) can also be increasedwith
Skicon 200 EX as compared with Skicon 200.

3.5.2 Hypertrophic Scars and Keloids
Unique functional changes are found in the clini-
cally smooth skin surfaces of hypertrophic scars
and keloids. They show elevated values in both
TEWL and high-frequency conductance com-
pared to those obtained at the skin surface of
mature atrophic scars (Suetake et al. 1996).
These unique functional changes are much more
clearly demonstrable with SDT, which shows both
elevated hygroscopicity and WHC in fresh scar
lesions, distinct from what is ordinarily observed
in chronically inflamed lesions. These functional
characteristics of hypertrophic scars have been
noted to gradually return to those of normal skin
levels when the scar characteristics later change
into those of mature, flat, atrophic scars.

3.5.3 Functional Changes After
Repeated Applications of Topical
Steroids or Calcineurin Inhibitor

The SDT can detect even slight functional SC
abnormalities of the skin, even when the static
functional parameters do not show much change.
It is known that repeated topical applications of
high-potency glucocorticoid such as clobetasol
propionate for a few weeks on normal skin pro-
duce not only a decreased barrier function that is
demonstrable as enhanced TEWL but also a
decreased hydration state of the SC (Kolbe
et al. 2001). Topical ointment containing 0.12 %
betamethasone-17-valerate, which is a less potent
steroid than clobetasol propionate, did not induce
these functional changes in TEWL or the hydra-
tion state in the normal skin surface even after
twice-daily applications for 3 weeks. In this
case, however, a decrease in both hygroscopicity
and in WHC on the skin treated with this potent
steroid ointment was clearly revealed by the SDT.
In contrast, no such changes were observed on the
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skin after such repeated applications with either
petrolatum or a calcineurin inhibitor, tacrolimus
ointment for 3 weeks (Kikuchi and Tagami 2002).

3.5.4 The Skin Changes After Topical
Application of Skin Moisturizers

Topical application of skin moisturizers obviously
affects the hydration state of the SC, especially on
its outer surface, immediately after their applica-
tion. Such induced differences in the dynamic
hydration state can be observed at certain periods
of time after starting the application of various
kinds of emollients by conducting the SDT.
After 15 min acclimatization in an environmental
chamber whose room temperature and relative
humidity are maintained at 21 � 1 �C and 50 �
3 %, respectively, baseline measurements of the
hydration state of the SC at the test area on the
lower leg were performed with Skicon 200 EX
(IBS Ltd., Hamamatsu, Japan). Then petrolatum,

Hirudoid® Soft Ointment (W/O), and Hirudoid®

Lotion (O/W) were applied on each test area. Both
Hirudoid® Soft Ointment and Hirudoid® Lotion
are popularly prescribed moisturizers in Japan that
contain a heparinoid substance and glycerol as the
main humectants. Two hours after the application
of these moisturizers, the SDT was conducted
with a slight modification of the original method
described by Tagami et al. (1982). Namely,
instead of applying a droplet of distilled water
on the skin surface, cotton soaked with distilled
water was applied on the skin surface for 10 s to
avoid spilling of the water from the test area. The
obtained hygroscopicity was highest on the area
treated with Hirudoid® Lotion (O/W), followed
by treated with Hirudoid® Soft Ointment (W/O),
whereas it was lowest after the application of
petrolatum. Judging from the most gradual loga-
rithmic decay curve of water desorption, theWHC
after the application of Hirudoid® Soft Ointment
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(W/O) was found to be superior, although
Hirudoid® Lotion was better than the other mois-
turizers considering the largest AUC due to its
immediate effect (Fig. 5a, b). In contrast, it was
difficult to find any increase in high-frequency
conductance just after the application of oily lubri-
cants such as petrolatum because they exert an
occlusive effect at first that lowers the obtained
hydration values just after the application.

3.5.5 Differences Among Different
Anatomical Locations

Using the SDT, differences in the hydration func-
tions of the SC were compared between the skin
of the flexor forearm, flexor lower leg, and hyper-
keratotic heel skin with fissures, after 15 min
acclimatization in an environmental chamber
whose room temperature and relative humidity
were maintained at 21 � 1 �C and 50 � 3 %,
respectively. The value of TEWL was highest on
the heel, followed by the forearm, then the leg
(29.5, 3.4, and 1.5 gm�2h�1, respectively). Base-
line high-frequency conductance values on the
heel, the forearm, and the leg were 7, 21, and

45 μS, respectively. Hygroscopicity was lowest
on the heel and its WHC was also lowest, thus
reflecting the uniquely firm skin surface charac-
teristics of the plantar skin (Fig. 6a, b).

3.6 Moisture Accumulation Test
(MAT)

As described above, the electrical parameters
commonly used for evaluation of the hydration
state of the SC, i.e., high-frequency conductance
and capacitance, are usually obtained several sec-
onds after application of the electrode to the skin
surface in order to avoid the influence of accumu-
lating water between the electrode and the skin
surface that is induced by prolonging the electrode
application time. In contrast, the MAT is devised
to measure the pattern of this increase in the water
content taking place in the upper portion of the SC
due to the occlusive application of the electrodes.

Van Neste (1990) described the procedure of
the MAT as follows. The Corneometer probe is
applied continuously to the skin surface with

Fig. 5 The SDTon the skin after the application of various
topical lubricants. Hygroscopicity was the highest after the
application of Hirudoid® Lotion (O/W) (a), whereas the

water-holding capacity (WHC) was better after the appli-
cation of Hirudoid® Soft Ointment (W/O) (b)
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moderate pressure. The obtained values of capac-
itance are then recorded every 3 s for up to 45 s. It
initially increases rapidly, then more slowly after-
ward. Thus, the water accumulation velocity
(WAV) is observed as a biphasic slope of increase
in capacitance, consisting of an initial steep one
that is followed by a gradual decrease afterward.
This probably reflects the rapid hydrating process
of the intercellular spaces of the corneocytes
induced by the interruption of TEWL (initial
phase), subsequently followed by the cellular
hydration of the SC. The latter may arise from
osmotic hydration, simple diffusion, or both.
Thus, it is useful to assess these two parameters
separately (Agache and Black 2004).

This MAT can also be performed using
conductance-measuring instruments, i.e.,
Skicon or Nova DPM. Instead of those mea-
surements at every 3 s up to 45 s as reported by
van Neste, the hydration value can be read
every 30 s for up to 3 (Treffel and Gabard
1995) or 5 min (Pellacani and Seidenari
2001), as modified by other researchers
according to their respective purposes. The
WAV during the first 30 s is calculated from
the obtained readings (the reading made at 30 s
– baseline value)/30, and the water accumula-
tion (WA) is represented by the area under the
curve (AUC) between the values of the base-
line and those at the end of the measurements.

3.7 MAT Conducted Under Various
Skin Conditions

The MAT and the abovementioned SDT clearly
show differences in the dynamic parameters of the
SC hydration function after the application of
moisturizers or after irritation with sodium lauryl
sulfate (SLS). The WAV was shown to be higher
after the application of cream W/O than after that
of cream O/W (Treffel and Gabard 1995).

3.7.1 Differences Among Anatomical
Locations

We conducted the MAT on the skin of the flexor
lower leg with or without partial tape stripping
and on the hyperkeratotic heel by measuring the
high-frequency conductance with Skicon 200 EX
every 30 s up to 3 min in an environmental cham-
ber whose room temperature and relative humid-
ity were maintained at 21 � 1 �C and 50 � 3 %,
respectively. The obtained values of TEWL on the
flexor leg, heel, and 15 times’ tape-stripped leg
skin were 2.1, 18.9, and 16.8 gm�2h�1, respec-
tively. The WA and the WAV were remarkably
high on the skin after partial tape stripping as
compared to those of the untreated heel or the
leg skin (Fig. 7a). Moreover, the WA and the
WAV were higher on the leg than on the heel
(Fig. 7b), clearly indicating the poor water-
holding capacity of the plantar SC despite the

Fig. 6 The SDT on the skin of volar forearm, flexor lower leg, and hyperkeratotic heel associated with fissures. The
hygroscopicity (a) as well as the WHC (b) on the heel was lowest among the test areas
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fact that its TEWL level was higher than that of
the leg. This probably reflects the unique func-
tional properties of the plantar SC, which is
extremely thick as compared to the SC of other
body locations (Ya-Xian et al. 1999). It is neces-
sary to be firm enough to support the body weight
without causing any damage to the underlying
living skin tissues. In addition, it is also necessary
for the plantar SC to maintain a certain level of
flexibility, which can be attained with an adequate
hydration state, in order to avoid painful cracking
in such extremely thick SC. Therefore, the water
barrier function of the plantar SC does not need to
be so efficient as compared to that of the SC of
other body locations, because of its rather massive
water supply from the underlying wet epidermal
tissue, helping the thick planter to maintain a
certain level of flexibility.

3.7.2 After the Application of Skin
Moisturizers

We also assessed the hydration state of the SC
with the MAT after the application of various
moisturizers. The same moisturizers employed in
the SDT section were applied on the test areas of
the lower legs. Two hours after the application of
the moisturizers, the MATwas conducted together
with measurement of the high-frequency

conductance by Skicon 200 EX in the same envi-
ronment as described above. The WA on the skin
after the application of Hirudoid® Lotion (O/W)
was the highest, but those after the application of
Hirudoid® Soft Ointment or that of petrolatum
were not higher than that of the non-treated con-
trol, indicating that the medium consisting of
lotion has greater water-binding ability than
W/O cream or petrolatum (Fig. 8).

3.8 Plastic Occlusion Stress Test
(POST)

The POST involves measurement of the skin sur-
face water loss (SSWL) by evaporimetry on a
previously occluded skin site for an abnormally
long period of time. It was first proposed by
Berardesca and Maibach in 1988 (Berardesca
and Maibach 1988, 1990). After abnormally
long occlusion of the skin surface with an imper-
meable plastic film, the SC becomes overhydrated
due to the permeation of water from the viable
skin tissue. As described previously, with more
than 50%w/w hydration, the corneocytes become
swollen where the accumulated water behaves
like bulk liquid water. At hydration levels of
>300 % w/w, extracellular pools of water become

Fig. 7 The moisture accumulation test (MAT) on the skin
of the flexor lower leg, with or without serial tape stripping,
and a hyperkeratotic heel showing fissures. The water
accumulation velocity (WAV) and the water accumulation

(WA) were much higher on the skin after partial tape
stripping of the SC (a). The WAVand WAwere higher on
the flexor leg than on the heel (b)
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observable morphologically. Thus, SSWL is
highest immediately after removal of the occlu-
sion due to the excessive water evaporation from
the SC. Then, the SSWL decreases together with
water vaporization from the SC.

The practical procedure of the POST is as
follows: first, an initial SSWL value (so-called
TEWL) is measured on the test site with
evaporimetry using Evaporimeter EP1 (SeroMed
AB, Stockholm, Sweden), Tewameter (Courage
and Khazaka, Köln, Germany), or DermaLab
(Cortex Technologies, Denmark). Then, the test
site is occluded with a water-impermeable film for
24 h. Immediately after removal of the film, the
visible excess water on the skin surface is quickly
wiped off with tissue paper and the SSWL is
monitored every minute (or every 5 min) for
25–30 min (Berardesca and Maibach 1990).

The obtained SSWL decay curve appears to be
bi-exponential, which can be easily quantified
through logarithmic transformation. The second
slope that appears after 10 min is subtracted from
the overall log curve, allowing the initial decay
curve to be obtained (0–9 min). The parameters

obtained are the slope and the y-intercept of the
SSWL/time log regression lines. The slopes
(SSWL decrease rate constant) are expressed as
a percentage of the SSWL decrease per unit time.
The intercept of the initial slope is the log of the
initial SSWL (it should not to be mistaken for the
total desorbed water). This parameter is of less
value than the SSWL rate constant (Agache and
Black 2004).

The POST may also be performed using
impedance meters, but in this case the measure-
ment would be that of SC hydration and not that
of SSWL.

3.9 POST Conducted in Various Skin
Conditions

The POSTwas utilized to demonstrate non-visible
skin damage such as that produced by a 3-day
open application of 7 % sodium lauryl sulfate
(SLS). SSWL decay curves are reported to show
significant differences between control and
SLS-treated skin (Berardesca and Maibach
1990). By performing the POST on the skin
where different types of skin damage were elicited
by tape stripping, lipid extraction, or skin surface
biopsy, different parameters could be obtained as
compared to non-treated control skin (Rosado
et al. 2005). Furthermore, there was also a signif-
icant difference in the parameters obtained from
the wrist and the volar forearm (Rosado
et al. 2005), indicating the unique functional char-
acteristics of the SC covering an area frequently
placed under flexion and extension.

4 Discussion

The three representative in vivo tests, the SDT,
MAT, and POST, described above demonstrate
the dynamic hydration changes, induced either
exogenously or endogenously in the SC, using
different artificial hydration procedures. These
hydration changes are followed by instrumental
measurements. The SDTemploys only exogenous
water applied on the skin surface, whereas the
MAT and the POST utilize water endogenously

Fig. 8 The MAT conducted on the skin after the applica-
tion of various moisturizers. The WA on the skin after
Hirudoid® Lotion application was the highest among
these topical agents
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accumulated by preventing water evaporation
from the skin surface. When such excessive
water accumulation is induced in the SC experi-
mentally, it first quickly permeates into the
intercellular spaces and thereafter even into the
corneocytes where the water exists as secondary
bound water and, much later, even as free water in
the SC. Thus, the dynamic hydration of the SC
depends on the ability of water-binding sub-
stances such as NMF as well as the function of
the intercellular lipids. Namely, these tests can
evaluate the ability of the SC to absorb water
quickly and to hold it as long as possible. These
dynamic changes in the hydration state of the SC
are monitored by measuring the components of
high-frequency impedance, i.e., conductance or
capacitance, by simply applying an electrode to
the skin surface of the test area. High-frequency
conductance measured with the skin surface
hygrometer, Skicon, most closely reflects the
changes in the amount of water in the uppermost
portion of the SC. Thus, this instrument appears to
be the most practical and useful for conducting the
SC dynamic hydration tests for evaluating the
hydrating properties of the skin surface. The
POST is rather time-consuming and complicated
as compared to the SDT or the MAT, because the
overhydration induced by the long-time occlusion
may produce even structural damage in the SC
such as maceration.

From a practical point of view, the SDT and
MAT appear to be superior to the POST because
of the ease of use even at outpatient clinics or at
the bedside. Additionally, they can be finished
within 5 min, whereas the latter requires a more
than 24 h occlusion procedure before conducting
the instrumental measurements.

5 Conclusion

The SDT and MAT conducted using high-
frequency conductance may be the most practical
and useful tests for assessing the dynamic hydra-
tion in the SC. By conducting these tests, we can
demonstrate even slight changes in the SC mois-
turizing function, as observed in various skin con-
ditions, as well as those changes occurring in the

skin surface induced by the application of various
skin care products and topical pharmacological
agents. Despite various modifications proposed
for conducting these tests as well as for evaluating
the obtained functional parameters, further inves-
tigations are needed to standardize these practical
tests to characterize further the local differences in
the body surface, which will provide us better
information for producing new skin care products
appropriate to each body site.
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1 Introduction

Stratum corneum (SC) is the outmost skin layer,
which is about 15–20 layers and about 20 μm in
thickness. Stratum corneum is dry outside and wet
inside; there must be a water concentration gradi-
ent. The water exists in stratum corneum also in
different status, i.e., free water and bound water.
The water content in stratum corneum plays a key
role in skin’s barrier function as well as skin’s
cosmetic properties. However, to measure the
water content within stratum corneum, especially
the water distribution and/or status of water, is
very difficult. Optothermal transient emission
radiometry (OTTER) (Imhof et al. 1984, 1994,
1995) is an infrared remote sensing technology
that can be used for such measurements. OTTER
is a form of photothermal radiometry (PTR) or
optothermal radiometry (OTR), which can be
used for different purposes depending on the
laser sources used and detection wavelengths
selected. By using Nd:YAG laser (532 nm) or
tunable OPO laser (400–590 nm) with broadband
detection wavelength (5–13 μm), OTTER can be
used for measuring skin pigments, e.g., melanin
and hemoglobin, and epidermal thickness (Bindra
et al. 1994a; Xiao et al. 1999, 2001a; Xiao and
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Imhof 1999a). By using Er:YAG laser (2.94 μm)
with 13.1 μm detection wavelength, OTTER can
be used for measuring stratum corneum hydration,
i.e., water concentration (Bindra et al. 1994b),
stratum corneum surface hydration and hydration
gradient (Xiao and Imhof 1996, 1998), stratum
corneum thickness (Xiao and Imhof 1997; Xiao
et al. 2007), water diffusion within stratum
corneum (Xiao and Imhof 1999b), and stratum
corneum hydration depth profiles, as well as top-
ically applied solvent concentration depth profiles
(Xiao et al. 2001b, 2012a). OTTER can also be
used for skin damage assessment (Bindra
et al. 1996) and nail water content measurements
(Xiao et al. 2009, 2011). By using a tunable OPO
laser near 3 μm wavelength, OTTER can be used
for studying stratum corneum water binding
energy (Guo et al. 1999). Combined with
transepidermal water loss (TEWL) measure-
ments, OTTER can also be used for studying
stratum corneum water diffusion coefficient, the
status of water, and stratum corneum water-
holding capability (Xiao et al. 2007, 2012b). By
using Er:YAG laser (2.94 μm) with 9.5 μm detec-
tion wavelength, OTTER can also be used for
topically applied solvent penetration measure-
ments through the skin or nail (Xiao et al. 2001a,
2009, 2011).

2 Experimental Apparatus
and Procedures

2.1 Apparatus

The water distribution within stratum corneum
measurements was performed on traditional
OTTER apparatus (see Fig. 1), which uses a
pulsed laser (Q-switched Er:YAG, 2.94 μmwave-
length, 100 ns pulse duration, 5 Hz repetition rate,
3–4 mJ/pulse, �1 mm diameter laser spot size) as
heat source to heat up the sample and a fast infra-
red detector (mercury cadmium telluride, or
MCT) to pick up the consequent blackbody radi-
ation increase from the sample surface.

By analyzing the shape of the signal, we can
get information on the optical properties, thermal

properties, and layered structure of the sample.
Depending on the detection wavelength, the
OTTER signals can either reflect the water con-
centration information in the skin (13.1 μm wave-
length) or solvent concentration information
within the skin (9.5 μm wavelength). With the
detection depth less than 20 μm, OTTER is the
only technology that can confine measurements
within the stratum corneum.

2.2 Samples and Experimental
Procedures

All the optothermal measurements were
performed in an air condition-controlled standard
laboratory environment (21 � 1 �C and 40 � 5 %
relative humidity). For the in vivo measurements,
skin sites of healthy volunteers were chosen. The
volunteers were acclimatized for 20 min, and each
skin site was wiped clean with EtOH/water (95%)
solution, prior to measurements.

3 Results and Discussions

3.1 In Vitro Skin Immersive
Hydration

Skin immersive hydrationwas performed on a piece
of skin sample from the sole of a volunteer’s foot. It
was fully hydrated by soaking in water overnight.
Figure 2 shows the drying curves of the sample in
the laboratory ambient environment (Xiao and
Imhof 1999b). We can divide the drying process
into three periods, A to B, B to C, and C to D. In the
first period, the skin surface hydration, i.e., surface
water content, is decreasing rapidlywhile the hydra-
tion gradient remains close to zero. The low hydra-
tion gradient indicates that the skin sample is and
remains uniformly hydrated, and only surface
water, i.e. free water, is lost during this period. In
the second period, the skin sample begins to lose
near-surface water, i.e., bound water, causing the
surface hydration to decrease rapidly. This also
causes the hydration gradient to increase rapidly,
as a diffusion gradient is established close to the
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surface. This gradient peaks sharply during this
period, as the diffusion region spreads inward
from the surface. In the last period, steady

conditions of water loss from the surface and diffu-
sion of water within the whole of the sample are
established. Surface hydration and hydration gradi-
ents are decreasing slowly during this period, as the
sample approaches equilibriumwith themoisture in
the surrounding air.

3.2 In Vivo Volar Forearm Stratum
Corneum Thickness Map

By combining the stratum corneum surface
hydration and hydration gradient information,
it is possible to calculate an estimated stratum
corneum thickness. Figure 3 shows the stratum
corneum thickness map of the volar forearm of
a healthy male volunteer aged 20–30 (Xiao and
Imhof 1997). The results show that stratum
corneum is relatively thin and uniform for
most part of the volar forearm; it thickens
rapidly near the wrist. Such information could
be very useful for transdermal drug delivery
studies.

Fig. 1 Schematic diagram
of optothermal transient
emission radiometry
(OTTER)

Fig. 2 Surface hydration (solid squares) and hydration
gradient (open squares) measured on excised SC during a
drying experiment
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3.3 In Vivo Different Skin Site
Measurements

Figure 4 shows the measurement results of differ-
ent skin sites of four healthy volunteers, both male
and female, aged 20–40. Figure 4a shows the
stratum corneum surface hydration and hydration
gradient results.

The results show that the stratum corneum
surface hydration is high on the face, and low
on the palm and finger, while, the hydration
gradient is high on the arm and low on the
palm and finger. Figure 4b shows the stratum
corneum thickness results, which shows that it
is thicker on the palm and finger and thinner
on the arm. By combining the stratum
corneum surface hydration and hydration gra-
dient results (Fig. 4a) and TEWL results
(Fig. 4c), we can also calculate the stratum
corneum water diffusion coefficients of the
different skin sites using Fick’s first law (see
Fig. 4d). The arm has lowest water diffusion
coefficient and the palm has highest water
diffusion coefficient. Water diffusion coeffi-
cient is also very useful for understanding
the skin properties as well as in transdermal
drug delivery studies.

3.4 In Vivo Stratum Corneum
Hydration Depth Profiles

By analyzing the OTTER signal using segmented-
least squares fitting, it is also possible to perform
depth profiling of stratum corneum hydration,
or topically applied solvent (Xiao et al. 2001b).
Figure 5a shows the results of depth profiles at
different skin sites, plus the nail and hair.

The results show that the face and forearm have
the highest water hydration and hydration gradi-
ent, while the nail and hair have much lower
hydration and hydration gradient. The curved
structure of hair water hydration depth profile is
likely to reflect the layered structure of the hair
which holds different amounts of water. Figure 5b
shows the stratum corneum hydration depth pro-
files on a volar forearm skin site during tape strip-
ping using Scotch 3M tape. Each tape removes
about 1 μm thickness of the stratum corneum. As
tape strip number increases, the stratum corneum
hydration depth profile also increases.

By scanning the skin surface, it is also possible
to create a 3Dhydration depth profilemap. Figure 6
shows a 3D stratum corneum hydration depth pro-
files of a skin area from the wrist to the palm of a
healthy male volunteer aged 20–30 (Pascut

Fig. 3 Map of in vivo
stratum corneum thickness
of the left forearm
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et al. 2003). The results show that from the wrist
toward the palm, stratum corneum is getting dryer
and thicker.

4 Conclusions

The results show that OTTER is a promising
technology that can be used for stratum
corneum hydration measurements, stratum

corneum surface hydration and hydration gra-
dient measurements, stratum corneum thick-
ness measurements, stratum corneum
hydration depth profiling, and topically applied
solvent penetration depth profiling. By com-
bining with TEWL measurements, it is also
possible to measure stratum corneum water
diffusion coefficient and stratum corneum
water-holding capabilities.

Fig. 5 (a) The stratum corneum hydration depth profiles of different skin sites (from top to bottom): the face, forearm,
hand, finger, nail, and hair; (b) The stratum corneum hydration depth profiles during tape stripping
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1 Introduction

The human stratum corneum (SC) is composed of
keratin-enriched corneocytes embedded in a lipid-
enriched intercellular matrix homing specific pro-
teases and glycosidases. The SC represents a
water-tight barrier controlling the internal aque-
ous balance of the body. It normally consists of
about 20 tightly stacked layers of corneocytes that
are renewed on a regular basis. This process is
regulated by the progressive inconspicuous shed-
ding of single corneocytes at the skin surface.
Regional variations exist in the SC structure, and
the palmoplantar epidermis strongly differs from
all other body surfaces.
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2 Sampling Procedure

Cyanoacrylate skin surface stripping (CSSS), for-
merly named skin surface biopsy, was designed
when high-bond clear glues became available
(Marks and Dawber 1971; Agache et al. 1972).
Using a polyethylene slide as the sampling
support was a further decisive step in the
development of this technique (Lachapelle
et al. 1977). At the dawn of the 1980s, CSSS
entered the diagnostic world of
dermatopathology (Piérard-Franchimont and
Piérard 1985, 1987). The material is currently
available as the 3S-Biokit (Courage +Khazaka
Electronic, Cologne, Germany) (Piérard
et al. 2014).

CSSS relies on collecting a thin layer from
the outermost part of the healthy or diseased
SC. Its thickness is uniform when collected
from normal skin. This material is examined
under the microscope looking for the presence
of serum, parakeratosis, bacteria, fungi, para-
sites, neoplastic cells, and any other unusual
structures. To perform a CSSS, a drop of cya-
noacrylate is deposited off-center onto the
polyester slide so as to leave an area free of
glue for further handling in the laboratory and
sampling identification. The part of the slide
coated with cyanoacrylate is applied firmly to
the skin and held in place for about 15–30 s.
Harvesting the upper portion of the SC is
obtained following a gentle traction exerted in
parallel to the skin surface while the polyester
slide is gently lifted up.

CSSS is conveniently collected from any
glabrous area of the body, with two provisos.
First, sampling from a hairy area is typically
painful because of the hair tearing off, and the
sampling quality is inadequate owing to the
partial contact of the glue with the SC. It is
therefore useful to shave these skin areas
before harvesting a CSSS. Second, intracorneal
cohesion on the palms and soles is such that it
is difficult to collect a uniform continuous
sheet of corneocytes. However, on these sites,

sampling is commonly easier in conditions
when the SC texture is compromised.

3 Microrelief Network
of the Normal Stratum
Corneum

Clinical examination of the normal skin surface
commonly reveals the ordered network of
microdepressions corresponding to first- and
second-order lines (Piérard-Franchimont and
Piérard 1987). Each pattern of line orientation is
typical for each specific part of the body, but
varies in appearance from one location to another.
A correlation exists between the pattern of pri-
mary lines of the skin and grooves in the lattice-
work papillary relief at the dermoepidermal
interface (Piérard et al. 1974). The skin of youn-
gers is characterized by the patterned intersections
between the primary and secondary lines creating
regular polyhedric plateaus. With aging, such a
network alters its shape, aligning itself preferen-
tially along major skin tension lines (Piérard-
Franchimont and Piérard 1987; Makki
et al. 1979). This process ends with the innate
microrelief network disappearing among another
configuration of wrinkles (Piérard-Franchimont
and Piérard 1987). It is therefore possible to assess
the texture of the superficial dermis indirectly on
CSSS (Piérard-Franchimont and Piérard 1987).
As a result, the skin microtopography, the dermal
aging, as well as corticosteroid-induced atrophy,
sclerosis, striae distensae, and many other
changes in the connective tissue are conveniently
assessed noninvasively on CSSS (Piérard-
Franchimont and Piérard 1987). Such a
microtopographic assessment is possibly
highlighted using computerized image analysis
(Arrese et al. 2004; Corcuff et al. 1989).

CSSS also collects some cornified material
present in the pilosebaceous follicles at their open-
ings (acrotrichium) at the skin surface. It is there-
fore possible to assess both the follicular density
per surface area and the presence of any follicular
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hyperkeratosis (Kerosis), comedones, trichostasis
spinulosa, sebum, and some intrafollicular bacte-
ria and mites (Mills and Kligman 1983; Piérard
1987; Groh et al. 1992; Pagnoni et al. 1994;
Piérard et al. 1995; Uhoda et al. 2003a; Gerber
et al. 2011).

4 CSSS Structural Changes
of the Stratum Corneum

Noninfectious erythemato-squamous disorders
conveniently assessed by CSSS include
xeroses, as well as various spongiotic and
parakeratotic dermatoses. Xeroses correspond
to various forms of orthokeratotic and
parakeratotic hyperkeratosis. This condition
encompasses the presentation commonly
referred to as “dry skin.” This is similar to
ichthyoses although at a different level of
severity (Piérard-Franchimont and Piérard
1984, 1985, 1987; Franchimont 1980; Piérard
1996). Spongiotic conditions encompass super-
ficial inflammatory reactions resulting in
spongiosis and microvesiculation. Allergic
contact dermatitis, atopic dermatitis, and pity-
riasis rosea belong to this group. Parakeratotic
dermatoses commonly correspond to
eczematids (ids) and stable psoriasis. Sebor-
rheic dermatitis comes within this category
when Pityrosporum yeasts are rare.

Contrasting with the uniformity of a normal SC
in young people, xerosis is usually variable over the
SC. A motley collection of corneocytes is respon-
sible for a skin surface harshness. Parakeratotic
corneocytes commonly keep tight intercellular con-
nection. They form clumps and flakes.

Some structural changes alter the shape of
individual corneocytes. Some environmental var-
iations (temperature, moisture, dew point, etc.)
influence the cohesion of the upmost SC. The
effect of some chemicals (acids, bases, surfac-
tants, penetration enhancers, etc.) significantly
alters the protein composition of the corneocyte
membrane or the nature of the intercellular lipids.

Many of the above-mentioned changes are dis-
cernible on CSSS using morphological or molec-
ular techniques.

5 CSSS in Clinical Pharmacology
Related to Epithelial Renewal

Some pharmacological agents and cosmetics
attempt at improving the epidermal renewal
rate. In fact, the keratinocyte proliferation is
retarded in certain xeroses and during most
aging types. Thus, it is wise to assess noninva-
sively the SC renewal in order to support any
relevant therapeutic efficacy (Piérard 1996).
One of these procedures involves application of
dansyl chloride (DC) as a fluorescent dye to the
skin (Takahashi et al. 1986; Piérard 1992). The
progressive desquamation of the SC is responsi-
ble for a fluorescence decrease in proportion to
the increased epidermal renewal by the test prod-
uct. Harvesting a CSSS on the tenth day of this
test reveals the area of renewed SC under a fluo-
rescence microscope (Piérard 1992). The extent
of persisting DC fluorescent areas is conve-
niently quantified by photodensitometry and
morphometric analyses. The relationship
between the DC fluorescence fading and the
keratinocyte renewal depends on the experimen-
tal design. For instance, surfactants remove DC
from the SC (Paye et al. 1994).

Due to the induction of contact dermatitis
induced by DC, dihydroxyacetone (DHA) was
introduced as a substitute (Piérard and Piérard-
Franchimont 1993; Uhoda et al. 2004).

The various aspects of the acrotrichium help in
making objective evaluations of comedogenesis
induction and, conversely, some comedolytic
effect of dedicated cosmetic products (Piérard
et al. 1995; Mills and Kligman 1982a, b). The
same samples, observed under fluorescence
microscopy, possibly reveal the accumulation of
certain anti-acne drugs, such as fluorescent tetra-
cyclines, or again the presence of intrafollicular
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fluorescent porphyrins focally secreted by bacte-
ria of the genus Propionibacterium acnes.

6 Corneosurfametry
and Corneoxenometry

CSSS is the substrate used for the
corneosurfametry (CSM) bioassay predicting the
irritant potential of cleansing products, such as
surfactants present in personal care and household
detergents (Piérard et al. 1994; Goffin et al. 1997;
Henry et al. 1997; Uhoda et al. 2003b; Xhauflaire-
Uhoda et al. 2006). Corneoxenometry (CXM) is a
variant bioassay suitable for various other xenobi-
otics (Goffin et al. 2000; Xhauflaire-Uhoda
et al. 2008a, b). The samples are sprinkled with a
dilute solution of the test product (soap, shampoo,
washing-up liquid, etc.). After a 2-h contact time,
samples are stained with a toluidine blue-basic
fuchsin solution. The intensity of the color is pro-
portional to the degradation of the corneocyte wall
(proteins and lipids) induced by the surfactant.
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Different methods have been used for the collec-
tion of stratum corneum for lipid analysis, all with
different advantages and disadvantages (Table 1).
We used the cyanoacrylate method, because of its
simplicity and ability to produce low
intraindividual differences (Jungersted
et al. 2010).

The area of interest (the forearm) is wiped with
acetone to eliminate contamination from surface
lipids. A rinsed glass slide with a droplet of
LiquiBand® (MedLogic, Plymouth, UK) cyano-
acrylate glue is placed in one end, and held unto
the skin for 1 min, and then slowly removed
(Fig. 1). Hereby, a sample of the SC is attached
to the glass slide, and the sample is then kept
frozen until further analysis with high-
performance thin-layer chromatography
(HPTLC).

1 Critical Approach/Limitations

One concern could be that if the acetone used
would change the lipid profile, however in a
study on mouse skin, it has been shown that the
SC lipids are not affected by the wiping with
acetone (Rissmann et al. 2009).

The cyanoacrylate method does not give infor-
mation on how deep into the stratum corneum the
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sample is obtained. The importance of this was
investigated in a study where the cyanoacrylate
method was compared to a method, where most of
the SC was scraped off using a scalpel, and com-
parable results were achieved (Jungersted
et al. 2010). The same is evident for the ceramide
distribution at different depths of SC (Jungersted
et al. 2010; Weerheim and Ponec 2001; Norlén

et al. 1999). One should also note that compared
to other methods used, it is fast and easy to handle,
which is an important aspect when used in vivo on
humans in an experimental setting (Jungersted
et al. 2010).

Since all the samples from AD patients were
taken from non-lesional skin, one could argue on
the relevance of examining lesional skin as well.

Table 1 SC collection methods

Method Procedure Advantages Disadvantages

Biopsy Punch or skin biopsies obtained
from excess of skin from patients
undergoing cosmetic surgery

Large amounts of
SC

Risk of contamination from other
lipids of epidermis when separating
SC from rest of biopsy

Tape stripping Tape stripping followed by analysis
of SC attached to tape

Easily performed;
no contamination
from other layers
of SC

Amount of SC obtained is limited;
contamination from tape material

Cyanoacrylate
stripping

Drop of cyanoacrylate resin on glass
slide, pressed onto skin and then
removed

Easily performed;
no contamination
from other layers
of SC

Amount of SC obtained is limited

Organic
solvents

Extraction chamber with organic
solvents placed directly on skin,
solvent stirred and then collected
using pipette

Extracted lipids
ready for further
analysis

Method is inconvenient; measures
have to be taken to avoid inhaling
organic solvent; impossible to
estimate from how deep in SC lipids
are obtained

Azerbaijani
scrub

Scrubbing of skin with moist crepe
mitten

Simply
performed;
produces large
amounts of SC

Must include large areas of skin to
obtain enough SC, therefore method
cannot be applied on localized
anatomical sites; risk of
contamination from surface lipids

Mechanically
removed by
scraping

Scraping of skin with scalpel Large amounts of
SC

Time-consuming

Reprint from Jungersted et al. (2010) (see article for references)

Fig. 1 Photo of the
cyanoacrylate method
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However, before interpreting data of SC lipids
from lesional skin, one would need to address
confounding aspects, such as the difference in
precise location of the lesion, as well as the
unknown effect of superinfection and the degree
and age of the lesion, which are why non-lesional
skin was chosen.
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1 Key Messages

• The stratum corneum layer has a net contribu-
tion to the skin’s mechanical properties.

• The different constituents of SC (i.e., lipids,
NMF, etc.) have a key role in maintaining
these mechanical properties.

• In particular lipids seem to prevent the
plastification of SC in presence of water. The
absence of lipids and NMF rigidify the SC
structure.

• SC flexibility would mainly be related to
corneocyte connections and the macromolecu-
lar mobility and plasticization of intercellular
spaces.

• Moisturizers can work efficiently by par exam-
ple creating mechanically resistant surface
films on the surfaces.

• The SC contributes to the friction properties of
skin, in particular at low pressures.

• Lipids contribute to maintain the intrinsic fric-
tion of SC. Its absence diminishes the friction
coefficient.

• The presence of water and humidity increases
the friction of SC by its plastifying effect.

• Moisturizer’s action on friction is dependent
on the absence or presence of thin films at the
surface of SC either decreasing or increasing it,
respectively.
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2 Importance of the Stratum
Corneum and Skin Physical
Properties

The stratum corneum (SC) participates in the
functional properties of the skin (Elias 2005). It
protects our body from harsh environmental fac-
tors and mechanical insults. In the meantime, its
ability to distort and its softness are responsible
for the comfort of the skin. Most of the cosmetic
treatments try to improve or repair the intrinsic
properties of skin with SC as a prime target which
eventually reflects in enhanced mechanical and
tribological behavior.

3 The Structure of SC

The stratum corneum could be considered as a
composite material mainly made of corneocytes
embedded in intercellular cement containing
lipids, water-soluble materials, and proteogly-
cans. Corneocytes are linked by glycoprotein
junctions called corneodesmosomes. They form
the elemental bricks of the brick/mortar pattern
proposed to describe stratum corneum structure.
Corneocytes are produced from living epidermal
cells, the keratinocytes which undergo consider-
able structural and biochemical and mechanical
changes eventually leading to fully keratinized,
hard corneocytes (Elias 2005; Agache and
Varchon 2004). Cell membrane and structure dra-
matically change along the process to ultimately
take the well-known penta- or hexagonal flat
shape ca. 200 nm thick and 40 μm wide.

4 Mechanical Properties

The influence of SC layer on the overall mechanical
properties of the skin is recognized (Agache and
Varchon 2004; Batisse et al. 2002). The stratum
corneum can be isolated from skin and its robust-
ness allows it to be tested using common mechan-
ical traction tests. So, stress relaxation tests can
been performed on human SC (Park and Baddiel
1972a, b; Wildnauer et al. 1970; Koutroupi and
Barbenel 1990; Druot et al. 1985; Rochefort

et al. 1986). A typical stress-strain (load-elonga-
tion) curve for human SC conditioned in water at
25 �C for one hour reveals three distinct regions
separated by inflections at approximately 25% and
125 % elongation. Using pure shear specimen
geometry, SC showed nonlinear load-elongation
behavior and stress relaxation, although the exten-
sibility and rate of stress relaxation was consider-
ably lower than that shown by other soft connective
tissues (Koutroupi and Barbenel 1990). Rheologi-
cal models have also been used to explain the
results of tensile tests at constant strain rate (Druot
et al. 1985). Finally, several mechanical instru-
ments are used to measure the elastic modulus E
and the effect of water or cosmetic ingredients as a
function of application time (Lévêque et al. 1987;
Takahashi et al. 1984, 1985; Rasseneur et al. 1982).

Ultrastructural changes in the SC were exam-
ined by Rawlings et al. (1995) using electron
microscopy. The lipid layers progressively
become disorganized soon after 5 % extension
unlike desmosomes that resist until just before
fracture of the tissue. Lévêque et al. (2002) com-
bined transmission electron microscopy and
X-ray diffraction. At 60 % extension, and
although the detachment of lipid layers from one
of the adjacent corneocytes was observed, X-ray
analysis data showed that intercellular lipid orga-
nization kept unaltered.

Other experiments have explored the mechan-
ical properties in the direction normal to the skin
surface by fracture techniques. They allowed, for
example, the fracture surface energy between two
layers of SC (delamination energy) to be assessed.
It has been estimated to be 3.6 kJ/m2 which is
comparable to that of tougher synthetic polymers
(Koutroupi and Barbenel 1990). Delamination
energy seems to be governed by cohesive proper-
ties of the intercellular boundaries of SC
(Wu et al. 2002, 2006a, b) as it decreases when
temperature and hydration level increase. On the
other hand, it increases when lipids are extracted
due to the interaction between remaining compo-
nents that are less affected by hydration. Finally it
is believed that delamination energy is not
strongly correlated with expected corneosome
cohesive contribution (Chapman et al. 1991; Wu
et al. 2006b).
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The SC stiffness in the direction normal to the
skin surface is much lower than that reported
in-plane. The mechanisms involved in this hetero-
geneousness may be related to additional SC
microstructure (Wu et al. 2006b). Keratin inter-
mediate filaments (IF) are linked to
corneodesmosomes that build a bridge through
the intercellular space to connect adjacent cells.
The structural orientation and possible alignment
of these keratin fibers, still controversial, might
have a strong impact on mechanical anisotropy.
Corneodesmosomes may facilitate the transmis-
sion of tensile forces between cells leading to
greater stiffness and higher fracture energy
observed in the in-plane orientation
(Wu et al. 2002).

Another approach, reported (Richter
et al. 2001) is based on the physical isolation of
the individual components. Corneocyte is likely
to be the most studied component. Although
several studies have looked into the ultrastruc-
ture of corneocytes using optical and electron
microscopes, few give insights into mechanical
properties. Much work done in this field used
“indirect” observations based on morphological
changes of isolated corneocytes as a function of
RH, for example. Richter et al. (2001) investi-
gated and quantified the swelling of corneocytes
in water using atomic force microscopy (AFM).
They mainly observed change in thickness with
no significant lateral alteration. A more direct
approach was resorted to by Lévêque
et al. (1988). The authors recorded the force
needed to elongate isolated corneocytes
immersed in water using a micro-handling tech-
nique. The calculated Young’s elastic modulus
was E ~ 4.5 � 108 Pa although it was considered
by the authors to be underestimated due to tech-
nical difficulties. Other teams like Yuan and
Verma (2006) used atomic force microscope
(AFM) together with a Triboscope nanoindenter
and a nano-DMA (Hysitron, Minneapolis, MN,
USA) to measure viscoelastic moduli (E0 and E00)
at the microscale. Measurements were made on
isolated dry and wet stratum corneum at varying
depths. Elastic moduli values obtained with a
pure elastic model were of the order of 100 and
10 MPa for dry and wet SC, respectively. Tan δ

increased from approximately 0.1–0.25. An
apparent modulus variation with indentation
depth was noticed. The origin of this behavior
is not understood.

In our laboratories, we have focused on mea-
suring mechanical properties of the stratum
corneum at a submicron length scale in order to
investigate the effect of SC components, humid-
ity, and cosmetic treatments.

Here we report nanoindentation tests (Pavan
et al. 2005; Potter et al. 2007) at controlled tem-
perature and humidity that were performed with
an MTS Nanoindenter XP using the continuous
stiffness measurement method to assess SC
viscoelastoplastic properties. The method
consisted in superimposing a small shifting oscil-
lation at a given frequency (a = 5 nm) during the
indentation test. The frequency of added harmonic
vibration was 32 Hz. The device was placed
within a climatic chamber. Reduced Young’s
modulus and loss factor as a function of penetra-
tion depth were continuously recorded by simul-
taneous measurement of normal load and contact
stiffness.

4.1 Influence of Humidity

The flexibility of the stratum corneum depends on
its water content (Wildnauer et al. 1970; Druot
et al. 1985; Lévêque et al. 1987; Takahashi
et al. 1984). The effect of relative humidity on
elastic modulus over the range 30–100 % is
reflected, for example, by E value changing from
2 GPa at 30 %RH to 3 MPa at 100 % RH (Park
and Baddiel 1972a).

Lévêque et al. studied water-keratin interac-
tions in human SC (Lévêque et al. 1987). They
recorded elastic modulus of human SC as well as
water content and water interaction energy at var-
ious rates of relative humidity (RH). The impor-
tant changes in the elastic modulus at RH lower
than 60 % would be related to the condensation of
a single layer of water molecules on active hydro-
philic sites with a high interaction energy
suggesting that the binding state of water mole-
cules with keratin is an important factor in skin
mechanics.
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In our experiments SC was used at 25 %, 50 %,
and 70 % RH rates and then immersed in distilled
water. The results are reported in Fig. 1.

Reduced Young’s modulus was found to
decrease and loss factor increased with increasing
HR rate. Our hypothesis is that loss factor (tan δ)
is closely related to macromolecular mobility and
viscosity of lipid intercellular spaces.

A gradient of mechanical properties according
to indentation plastic depth was noticed.

4.2 Influence of Lipids

Lipids are key SC structural elements which can
be easily extracted. Intercellular lipids appear to
play an important role in protecting the
hydrosoluble substances (Park and Baddiel
1972a, b; Lévêque et al. 1987). It has however
been fully recognized now that corneodesmosome
complexes are key components in tissue cohesion
and desquamation process (a role usually assigned
to lipids).

The precise relationship between lipids and
stratum corneum elasticity remains controversial.
According to Middleton (1968), lipid removal has
no consistent effect on SC extensibility, while
Park and Baddiel (1972a, b) stated it did not

influence SC elastic properties. In contrast,
Leveque et al. (1987) suggested that lipids slightly
contributed to plasticization of the stratum
corneum.

Our results (Fig. 1) bring out:

• The role of intercellular lipids: At 70 % RH,
loss factor is slightly higher with lipid-
extracted SC than with untreated stratum
corneum. In the former, water would easily
reach hydrophilic intercellular spaces and
plastification would be more significant. Vis-
cosity of intercellular macromolecules
(corneodesmosomes or other proteoglycans)
is increased.

• The role of NMF: At 70 % RH, if in addition to
lipids, NMF and other soluble intra- and extra-
cellular proteins are extracted, the SC becomes
stiffer and less dissipative. Water diffusion
toward intracellular keratin sites is most likely
restricted.

• The role of corneodesmosomes: At 15 and 70 %
RH, the elastic modulus of the “corneocyte” film
is much higher than that of natural stratum
corneum. Loss factor is much smaller.
“Corneocyte” film is stiffer. Macromolecular
mobility of the junctions between constitutive
elements (corneocytes) is very difficult.
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These results demonstrate the importance of
intercellular spaces in mechanical behavior of
the stratum corneum. SC flexibility would mainly
be related to corneocyte connections and the mac-
romolecular mobility and plasticization of these
junctions (Fig. 2).

4.3 Effect of Moisturizers

The effect of a cosmetic agent has been tradition-
ally studied through the influence on stress-strain
curve of a traction experiment. For example, the
softening effect of emollients on stratum corneum
is clearly seen and bigger than that of water
alone (Rochefort et al. 1986). Water is unable to
durably soften the stratum corneum whereas
emollients are able to act in vitro, where the
large pool of water in the deeper tissue layers is
missing.

Takahashi et al. (1984, 1985) assessed the
change in skin-softening effect of moisturizers
and hydroxy acids with time following topical
application thereby distinguishing the influence
of typical formula components.

In our experiments we studied the effects of
glycerol and a polymer (Aristoflex LNC). Loss
factor values at 1 μm depth are reported in
Fig. 3. After applying the moisturizing polymer,
SC elastic modulus is reduced and loss factor is
increased. This well-known plasticizing effect is
induced by an increase in water retention within
the stratum corneum.

The surface mechanical properties can also be
measured. The mechanical values are reported at
100 nm depth (Fig. 8). The surface modulus was
decreased after applying glycerol or urea solution.
Amphiphilic polymer Aristoflex LNC increased
the surface modulus as a result of surface polymer
film formation.

With the nanoindentation technique, it is pos-
sible to measure both mass and surface mechani-
cal properties of the stratum corneum. It allows us
to investigate the effect of humidity or moistur-
izers and to identify the role of the various SC
components.

The proposed hypothesis is that softness and
flexibility of the stratum corneum are mainly
related to corneocyte connections and to the vis-
cosity and macromolecular mobility of
intercellular space components. The strong effect
of urea treatment on loss factor value supports this
hypothesis. Further studies using specific treat-
ments and different RH rates have to be conducted
to substantiate this hypothesis.

The results contribute also to distinguishing
the way different types of moisturizer work:
hydrating effect of glycerol, plasticizing effect of
urea associated with a strong interaction with pro-
tein components, and a new moisturizing mecha-
nism by surface structuration with an amphiphilic
polymer.

5 Friction Properties

To better understand the skin surface behavior and
particularly the contribution of stratum corneum
to general physical behavior of the skin, research
based on tribological methods was developed.
Needless to say, tribological data alone cannot
explain the sensorial properties of the skin, but
they can emphasize relevant physical parameters
which allow skin condition and behavior to be
more clearly described and understood. Together
with other physical methods, tribology can help
build a table of physical parameters useful to
explore and decipher skin biophysics. As shown
in the previous section, local experimental
approaches involving instruments like tribometers
and indenters are helpful to analyze skin, in vitro
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and/or in vivo, to optimize critical parameters, and
to advance reliable explanations.

While morphological deformation of the whole
skin has been discussed in many papers as being at
the origin of the observed friction in vivo (John-
son et al. 1993; Adams et al. 1999, 2007; Derler
and Gerhardt 2012), it is worth noticing that few
studies have been devoted to tribological proper-
ties of the stratum corneum itself (Johnson
et al. 1993; Adams et al. 2007; Pailler-Mattei
et al. 2007b).

To check whether skin physical properties
change in relation to external conditions, sci-
entists have performed in vivo experiments
varying normal force (Fn), tangential force
(Ft), and other physical parameters and analyz-
ing friction coefficient (μ). Comaish and Bot-
tom (1971) already noticed the problems
associated with measure reproducibility when
the load was not controlled. Much work has
been done to describe the tribological proper-
ties of the skin (Gitis and Sivamani 2004;
Johnson et al. 1993; Adams et al. 1999, 2007;
Pailler-Mattei et al. 2007b; Comaish and Bot-
toms 1971; Sivamani and Maibach 2006;
Sivamani et al. 2003a, b).

Friction force is known to follow Amonton’s
law in many systems. This basic law states that
friction is simply linearly proportional to the
applied load:

F ¼ μL (1)

From classical tribology (Bowden and Tabor
1954), friction force is known to have two con-
tributing factors: an adhesion related term Fadh

and another one related to deformation Fdef. The
adhesion term is linked to the surface energy (i.e.,
electrostatic, van der Waals, capillary forces) and
to the contact area (Adams et al. 2007):

F ¼ Fs þ Fd (2)

In general the deformation part can be ignored
in non-dissipative contact as it may happen in
elastic surfaces or low loads. The interfacial com-
ponent is then mostly controlled by adhesion phe-
nomena and is defined as:

Fs ¼ τA (3)

where A is the area of contact and τ the interfacial
shear strength.

A general observation is the complexity of
measurements and data interpretation. The differ-
ences originate from the complexity of the sub-
strate, the explored zone, the geometry of the
probe used, and the variety of experimental con-
ditions (applied force, temperature, etc.).

In general we observe that friction coefficient
depends on:
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• Hygrometry (increase with it)
• Anatomical site
• Use of emollients and creams
• Applied load

In relation to the load, it is clear that Amonton’s
law (F = μFn) is not always followed by skin
friction. Derler et al. (2007) found that friction
coefficient μ measured at the finger surface as a
function of load (Fn ~ 0.2–15 N) was constant
ca. (0.3–0.4) for dried skin. For hydrated skin,
the friction coefficient was higher (~0.6) and
decreased with load presumably due to adhesion.
Fn decreases, just as Young’s modulus. Conse-
quently, the Amonton’s law was not applicable
to such surfaces (flexible).

Skin viscoelasticity can be in part responsible
for the deviations from Amonton’s law
(Comaish and Bottoms 1971). El-Shimi
et al. (1977) found that friction coefficient
decreased with load (Fn ~ 0.25–1.8 N), while it
became constant (μ = 0.5) at higher forces
(>7 N) also attributing this decrease to the vis-
coelastic properties of the skin, entailing the
nonlinear deformation. Wolfram et al. (1983)
suggested that at small forces (0.1–0.9 N), μ
increased with Fn due to adhesion and softening
of skin. Dowson et al. (1997) also suggested that
adhesion influenced friction coefficient by
increasing the surface of contact, adhesion
increases, and μ value as well. It is likely that
adhesion and surface deformation due to the
applied force together influence friction coeffi-
cient value (μ) and the Amonton’s law illegibil-
ity for such specific case is related to skin
viscoelasticity.

Skin has a complex multilayer structure. Most
of in vivo studies try to understand the sensorial
perception in conditions where skin deformation
is important. But when the charge is minimized,
the influence of the deeper layers of skin is also
minimized and the deformation term Fd decreases
as the dissipative or viscoelastic contribution
decreases (Bowden and Tabor 1954). In these
conditions the SC characteristics and effect are
maximized and may control the delicate texture
observed at the surface of the skin. It is worth

mentioning that most of in vivo studies are done
with applied loads from 0.5 to 15 N.

Consequently, to understand the intrinsic prop-
erties of the stratum corneum (SC), several ques-
tions might be asked, such as:

• Does the physico-chemistry of SC play a key
role in skin health and appearance?

• Does SC contribute to the general physical
behavior of the skin tissue?

• How the tribological parameters are influenced
by a cosmetic product?

• Do the interactions between water/moisturizer
and SC influence consumer perception?

As we have previously mentioned, few studies
have focused on the tribology of the stratum
corneum ex vivo, isolated from the other layers.
The advantage of isolating SC is the considerable
potential for finding correlations with the derma-
tological efficacy of a treatment or product on this
outermost layer of skin, before clinical studies.

It is worth mentioning here the work by Pailler-
Mattei et al. (2007b) who used tape stripping to
analyze the effect of SC ex vivo. By stripping
successive layers of forearm skin in vivo, the
authors did not observe much effect on friction
behavior but an increase in adhesion. They con-
cluded that there is not much effect on the bulk
skin properties. In parallel, using an XP
Nanoindenter (MTS) and a spherical diamond
indenter of ~7 μm radius, they made some first
measurements on isolated stratum corneum at low
loads (0.1–1.0 mN) and at ~1 μm/s speed. After a
transition zone (first 100 μm move), they mea-
sured a surprisingly high friction coefficient
(~20), then decreasing to ~2 after sliding for
500 μm. These values are much higher than what
is known for skin in vivo.

It is most likely that a steady state was not
achieved in these experiments. In addition using
a nanoindenter on SC makes the approach less
direct than with a tribometer.

To assess specific answers with a view to
explain the physical behavior of SC and the influ-
ence of SC surface topology, several aspects will
be described: a short description of tribological
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parameters that enhance sensorial behavior, the
effect of hydration, the role of intracellular lipids
in SC physical integrity, and the effect of cosmetic
ingredients on SC tribological properties. These
effects are illustrated with some examples of
experiment carried out in our laboratories.

5.1 Friction Properties of SC In Vitro

We used a nanotribometer from #CSM Instru-
ments (Neuchâtel, Switzerland). A brief descrip-
tion of the device is shown in Fig. 4.

• Module: can change the tribometer from the
straight mode to the circular mode.

• Post: it is a 12 mm diameter metallic disk on
which we glue the substrate. In straight mode,
its goes back and forth with an amplitude L.

• Substrate: fixed to the post to measure its
friction factor. Here the substrate is stratum
corneum, the upper layer of the skin from
samples from abdominal plastic surgery.

• Bead: 1 mm in diameter, can be in steel, glass,
and polymer. We chose stainless steel.

• Cantilever: it acts as a finite spring modulus
and maintains the bead at one end.

• Mirrors: they are perpendicular to each other
and linked to the cantilever. Their angle varies
when the cantilever moves.

• Optical fibers: they send a light signal on the
mirrors and detect variations of the reflected
light signal, thanks to the mirrors’ deflection
when the cantilever moves.

Here are the characteristics of the cantilever
used (Table 1):

We have focused on small normal loads Fn
(2–20 mN) where few data is reported in the
literature. It is important to note that for the con-
sumer perception, the in vivo pressure can be
between 5 and 10 kPa. For the 1 mm radius sphere
of our tribometer, we have estimated it to be in the
same range (6.4 kPa at 10 mN load).

We used isolated human stratum corneum
whose thickness was 10–15 μm. Special care
was taken on using clean samples. The stratum
corneum was stuck with double glue line adhesive
tape on 2 cm radius disks on the post. Finally, the
experiments were performed at ambient tempera-
ture (25–30 �C) and controlled fixed humidity.
Fig. 5 shows an example of the friction coefficient
µ raw traces during each subsequent back and
forth sliding cycle. Negative values represent an
opposite sliding direction. It is worth noticing the
friction behavior reproducibility after up to the 5
cycles used in these experiments.

Friction coefficient on the nude stratum
corneum was measured on two or three positions,
in order to have baseline value. Figure 5 shows an

Fig. 4 Nanotribometer
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example of the friction coefficient μ raw traces
during each subsequent back and forth sliding
cycle. Negative values represent an opposite slid-
ing direction. It is worth noticing the friction
behavior reproducibility after up to the 5 cycles
used in these experiments.

Several other materials were measured for
comparison. It is of interest to notice that, in the
same type of experiment, the SC friction coeffi-
cient is in the same range (0.2–0.4) as that mea-
sured for elastomeric silicone surfaces (See Fig. 6).
As expected, Teflon showed a lower value.

Friction coefficient of human SC (see Fig. 7)
did not change much according to load thus
approaching an Amonton’s behavior (friction
force proportional to load) although we found a

tendency to decrease at higher loads (~50mN). As
mentioned previously we have maintained in our
trials 10 mN load as being close to in vivo
applications.

In addition other experiments (not shown)
have been done including a rubberlike layer
below the stratum corneum. No alteration was
observed in the results which confirm that the
experimental conditions are appropriate for test-
ing the stratum corneum without any concern
about possible effect of the substrate
underneath.

These results are of interest when compared
with data reported in the literature for skin. In
general, as discussed previously, the friction coef-
ficient tends to decrease with load in in vivo exper-
iment on skin (Wolfram 1983; Koudine
et al. 2000). On the other hand, El-Shimi
et al. (1977) observed an increase in the range of
0.2–1.8 N. In contrast, in our experiments, it seems
that the stratum corneum deformations have not
been big enough for this effect to be observed. It
is most likely that the use of low loads and the
mechanical properties of the stratum corneum itself
make it more stable in terms of friction coefficient.

Another observation is that the traces observed
at low loads are much richer in their shape, a
phenomenon like stick-slip is enhanced, and the
variability of friction coefficient during sliding is
not stochastic. The traces are more sensible to the
topography and micro relief of the stratum
corneum. It is in these low load conditions
where skin texture is most influencing sensorial
touch, as suggested by some authors (Gitis and
Sivamani 2004).

5.2 Influence of Humidity

Several experiments have been carried out at dif-
ferent humidity levels (25 %, 50 %, and 80 %).

In general we can observe an increase in fric-
tion coefficient with humidity level. The differ-
ence is more notable at 80 % where we observe a
higher influence of load. If we add a water layer on
the stratum corneum (by applying a drop, ~100 %
relative humidity), there is a clear increase in
friction coefficient (Fig. 8).

Table 1 Tribomechanical parameters used in the friction
tests

Cantilever

Bead characteristics

Bead diameter (mm) 1

Material Stainless steel (other
materials possible)

Normal force Fn

Theoretical force
range (mN)

2 – 150

Used force range
(mN)

2 – 100

Force sensitivity
(mN)

About 0.1*

Force feedback Yes

Horizontal speed Vx

Theoretical speed
range (μm/s)

10 – 10,000

Used speed range
(μm/s)

50 – 1000

Speed sensitivity
(μm/s)

?

Vertical speed Vz (μm/s)

Vertical speed range
(μm/s)

Tunable

Indenter displacement L (mm)

Maximum of
amplitude (mm)

0.67

Displacement
sensitivity (mm)

About � 10�3 *

Cyclic mode

Max cycles numbers Up to 100

*Experimentally Measured
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It is most likely that in these conditions, the
changes in mechanical properties (reduced mod-
ulus and increasing dissipation) seen in the previ-
ous section play an important role through altering
the properties of the stratum corneum and through

an increased influence of deformation on friction.
In addition, the presence of a water layer further
increases adhesion due to capillary forces. Both
effects could be at the origin of the observed
increase.
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Fig. 5 Aspect of friction traces obtained on human stratum corneum during different back and forth sliding cycles (the
red sinusoidal curve represents the mouvement of the slider). Notice the reproducibility of traces after each cycle
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5.3 Influence of Lipids

As discussed in the section on mechanical prop-
erties, the lipids form a barrier whose effect is
clearly seen when they are removed. Water is
lost faster and the stratum becomes less
hydrated.

Our first experiments (Fig. 9) show that friction
coefficient is indeed smaller when lipids are
extracted from the stratum corneum. To our
knowledge these measurements have been
performed for the first time. We believe that the
absence of lipids and the dryness of the stratum in
such conditions diminish the influence of the
deformation term on friction properties therefore
decreasing friction coefficient.

5.4 Influence of Moisturizers

We deposited a cosmetic formulation containing a
polymer of interest and glycerol (always the same
amount of formulation). We measured it at differ-
ent time points over 2 h post drying (2, 5, 10, 15,
20, 30, 60, and 120 min). Between two measure-
ments, the bead was cleaned, to remove the for-
mulation deposit.

5.4.1 Tested Formulas
Glycerol (7 %), or a polymer (Artistoflex LNC),
was added to simplex formulation (placebo)
belonging to moisturizer technology and
containing Arlacel® (mannide monooleate) and
Myrij® fatty alcohol, which is a neutral
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formulation from a sensory point of view. We
compared the properties of both formulas versus
simplex formulation on isolated human stratum
corneum, prepared from skin samples from
abdominal plastic surgery.

In cosmetics, glycerol is often used as a mois-
turizing agent, solvent, and lubricant. Aristoflex
LNC is a brush polymer with a PolyAMPS
(2-acryloylamido-2-methylpropane-sulphonic
acid) backbone, where polyethylene glycol (PEG)
and polyethylene (PE) have been grafted
(Fig. 10).

The friction measurements were performed
according to the following conditions:

• Normal force: Fn = 20 mN
• Friction speed: Vx = 400 μm/s

• Measurement length: L = 670 μm
• Number of cycles: 1

Each formula was studied many times over a
2 h drying. Measurements were done before for-
mula application (t = 0) and at different time
points up to 120 min after application.

The results were compared with those from
untreated stratum corneum. Figure 11 shows fric-
tion coefficient modulations after normalization
with the stratum corneum friction coefficient:

Δμd %ð Þ ¼ 100
μd formulað Þ � μd SCð Þ

μd SCð Þ

Observations
– The placebo lowers μd.
– Aristoflex LNC increases μd.
– Glycerol lowers μd more than placebo.

We can thus rank the different formulas as
follows:

μd glycerolð Þ < μd placeboð Þ < μd SCð Þ
< μd Aristoflexð Þ

Once again we observe a completely different
pattern with film-forming polymers.

0 5 10 15 20
0,0

0,1

0,2

0,3

μ

Fn (mN)

Fig. 9 Friction coefficient
observed for stratum
corneum before (squares)
and after (circles) lipid
extraction. Measurement
conditions HR = 45 %, Fn
= 2, 5, 10, 20 mN

Fig. 10 Diagram showing the structure of copolymer
Aristoflex LNC (Clariant)
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Glycerol slightly decreases the friction coeffi-
cient of placebo formula that penetrates well into
the stratum corneum. The decrease in friction
coefficient can be related to the effect of glycerol
still present at the surface with placebo
formulation.

The polymer, which acts more as an occlusive
moisturizer, hardens during the first 2–3 h follow-
ing application but then softens slightly as seen in
the mechanical tests. The higher friction is most
likely related to the increase in effective viscosity
of the film. Further penetration of the polymer film
in the upper layers of SC makes film thinner,
reducing its contribution in terms of viscous drag
to the coefficient of friction.

6 Conclusion

We have reviewed recent knowledge on the
mechanical and tribological properties of the out-
ermost surface of the skin, the stratum corneum.
While SC contribution in skin is considered to be
important, few studies have allowed its role
in vivo to be quantified.

New tests are now available that can help us to
explore these properties in vitro. In particular we
have shown the complex mechanical and frictional
behavior of the stratum corneum can now be
studied using nanoindentation technique and
nano-tribometers. By selectively removing certain

stratum corneum components (i.e., lipids), we can
have more insight about their physical role. Finally
some examples are given on the effect of glycerol
and a common polymer on moisturizing formula-
tions, emphasizing the important role of the absence
or presence of thin coating films at the skin surface.

Further studies are needed to explore the prop-
erties of this outermost layer of the skin, espe-
cially to understand the effect of topography on
skin friction particularly in those conditions where
the deformations are minimized in vivo and where
surface texture prevails. The effect of surface
properties is not negligible and has been explored
in other areas like packaging or textiles (Shao
et al. 2010). Such experiments bring about the
importance not only of roughness but also of
spatial ordering of the surface pattern in the sen-
sory perception.
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The differentiation process of sebocyte, the most
active lipid-producing cell in the human beings,
results in formation of sebum. As the sebum leaves
from the sebocytes, it contains triglycerides, squa-
lene, wax esters, and small amount of cholesterol
esters. The bacterial enzymes along the follicular
canal partially hydrolyzed the triglycerides of the
sebum during the passage through follicular canal,
so that the sebum content reaching the skin surface
contained about 15–40 % free fatty acids, with the
unsaturated fatty acid being more irritating than the
saturated fatty acid. The sebum mixed with the
deranged lamellar lipids from the keratinizing epi-
thelium and formed the skin surface lipid film
(SSLF) as it arrived at the skin surface. SSLF is a
mixture of large amount of sebum combined with
small portion of epidermal lipids. Occasionally,
detached corneocytes are also present as demon-
strated from the ultrastructural observations made
by ruthenium tetroxide staining (Fig. 1). Our obser-
vation also demonstrated presence of sebum
between the layers of desquamating corneocytes
from the outermost several layers of the stratum
corneum (SC) (Sheu et al. 1999). Previous infrared
spectroscopic study demonstrated greater quantities
and more disordered lipids in the outer layer of SC,
an observation that is consistent with our morpho-
logical observation. These observations suggest a
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possible interaction of SSLFwith the corneocytes in
the outermost layers of the SC (Bommannan
et al. 1990).

1 Effects of Sebum on Epidermal
Barrier Function and Stratum
Corneum Lipid Morphology

The effects of sebum on skin barrier function have
not been thoroughly investigated. Several in vitro
studies suggested that sebum has negative effects
on the skin permeability barrier. Functional study
by electron diffraction demonstrated that human
SC lipids were arranged in an orthorhombic pack-
ing pattern (crystalline phase). Upon mixing with
sebaceous lipids, the presence of the hexagonal
lattice (gel phase) increased (Pilgram et al. 2001).
Therefore, the interaction between lipids from
sebocytes with human SC lipids increased the
fluidity of SC lipids, and it might also increase
the SC permeability. Squire et al. demonstrated
that sebum increases the permeability of the skin.
They suggested that the damage to corny layer by
the unsaturated fatty acid such as C16:1△6 may
be involved in the process (Squier et al. 1994).

The orderly structure of SC lipids is disrupted
resulting in the change of drug permeability
through the corneum layer when unsaturated
fatty acid interacts with the corneum layer
(Aungst et al. 1986). As shown in Fig. 2, sebum
supplement on the human forearm in vivo pro-
duced a significant shift (3.8 � 0.8 cm�1,
p < 0.001) of CH2 asymmetric stretching fre-
quency in the attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectra of the SC
in comparison to the untreated site. Additionally,
sebum removal from the forehead in vivo
decreased the frequency of the CH2 asymmetric
stretching (1.2 � 0.6 cm�1, p = 0.001). As dem-
onstrated in Fig. 2b, the results of the CH2 sym-
metric stretching frequency shift paralleled that of
CH2 asymmetric stretching frequencies
( p < 0.001) (Tsai et al. 2012). These frequencies
have been demonstrated to correlate with the SC
water permeability. More specifically, a shift to
higher frequency in this region reflected an
increased number of gauche conformers of the
CH2 groups along the alkyl chain, and these
events resulted in more disorderly arrangement
of SC lipid and increased membrane fluidity
(Potts and Francoeur 1990). Taken together,

Fig. 1 Interaction of sebum with corneocytes. a Nile red
staining of human forehead skin. Discrete irregularly
stained particles and plaques are noted in the uppermost
several layers of stratum corneum (arrowheads). In con-
trast, regular linear yellow-gold fluorescence (arrows)
through the intercellular membrane regions of the stratum
corneum is noted. b Using ruthenium tetroxide stain to

observe the stratum corneum lipid structure under the
electronic microscope. Note that the amorphous lipid gran-
ules (*) were observed in the skin surface lipid film (SSLF)
and within the intercellular space of the uppermost several
layers of the stratum corneum (SC1-SC5). Deranged lipid
lamellae (arrows) within the SSLF are observed
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these results indicated that sebum per se has a
detrimental effect on the structural and functional
properties of skin barrier (Guo et al. 2015).

2 In Vivo Drug Permeation
Protocol and Data Analysis

As shown in Fig. 3, by applying an aqueous gel
containing 15 % bentonite clay and 0.2 %
carboxymethyl cellulose to one side of each sub-
ject’s forehead for 10 min and then washed with
water, the sebum removal from the subject was
achieved (Downing et al. 1982). On the other
hand, sebum supplementation was achieved by
treating the subject’s forearm with 1 μl/cm2

sebum (0.56 � 0.04 mg/μl total lipids) for 1 h,
and the unabsorbed sebum on the skin surface was
removed using Kimwipes® at the end of the appli-
cation period. After sebum removal or sebum

supplementation as described above, saturated
aqueous solutions of CP (4-cyanophenol) and
CM (cimetidine) were applied to the skin of the
forearm for 15 min and 5 h, respectively. For
forehead, CM was applied for 0.5 h, using a
patch. The skin surface was gently cleaned and
dried with gauze pad after the indicated treatment
period. Subsequently, repetitive adhesive-tape
stripping for up to 10–15 times over 2–3 min
was performed to quickly and progressively
remove SC. The amount of CP and CM contained
in the tape strips were determined with either
ATR-FTIR spectroscopy or high-performance liq-
uid chromatography. A balance with sensitivity of
10 μg was used to determine the mass of SC on
each tape strip. Drug concentration (C(x)) was
then expressed as a function of depth into the SC
(Tsai et al. 2003).

The human SC thickness (L) during the in vivo
studies was estimated by the two-point analysis in
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accordance with the equation described by Pirot
et al. (1998):

L ¼ x � TEWLx= TEWLx � TEWL0ð Þ (1)

where x represents the cumulative SC thickness
removed by all the tape stripping, TEWL0

(TWEL: transepidermal water loss) represents
the average initial TEWL measured, and TEWLx

represents the average value of TEWL measured
when xμm of SC have been removed.

With the SC thickness estimated from the
equations described above, the data were then
fitted into the following equation according to
the Fick’s second law of diffusion:

C xð Þ ¼ KCveh 1� x

L

n o
�
X1
n¼1

2

nπ
KCveh

� sin
nπx

L

� �
exp

�Dn2π2t

L2

� �
(2)

under the following boundary and initial condi-
tions: (1) C = C0 = KCveh, at x = 0, t ≧ 0;
(2) C = 0, at x = L, t ≧ 0; (3) C = 0, at 0 <

x< L, t = 0, whereC0 is the drug concentration at
the skin surface (i.e., x = 0), D is the drug’s
diffusivity, and K is the SC/water partition coeffi-
cient of the drug, to yield values of K and D. The

drug permeability (P = KD/L ) into the SC was
then deduced (Pirot et al. 1997).

3 Effects of Sebum on Drug
Transport Across Human SC

The concentration profiles of CM in the SC on the
subject No. 7’s forehead were demonstrated in
Fig. 4a. Figure 4b demonstrated the CM profile
for the untreated and sebum-treated forearm from
subject No. 8 after 5-h exposures to CM solution.
The CP profiles for the forearm of subject
No. 7 after 15-min exposure to CP solution are
shown in Fig. 4c. The SC transport parameters K,
D, and P of CM and CP for the nine subjects on
the forehead with and without sebum removal,
and on the forearm with and without sebum sup-
plementation, are summarized in Table 1. Sebum
content of the forehead reduced from
159.7 � 36.7 to 6.5 � 5.2 μg/cm2 after the
sebum removal process. Sebum content of the
forearm increased from 1.0 � 1.2 to
140.9 � 33.4 μg/cm2 after human sebum supple-
mentation derived from washing the subjects’ hair
with alcohol.

These results demonstrated that in high sebum-
containing areas including forehead, the SC per-
meability of CM (PCM), a hydrophilic molecule,

Fig. 3 Drug application
scheme. CM cimetidine, CP
4-cyanophenol
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may be four times higher than that for the forearm
(39.2 � 13.6 versus 10.3 � 5.5 � 10�5 cm/h).
In addition, the SC diffusivity 0f CM (DCM) of
the foreheadmay be eightfold of that in the forearm
(61.7 � 15.5 vs. 7.3 � 3.4 � 10�9 cm2/h). On
the other hand, the drug partition into the SC
(KCM) of the forehead was only 43 % of the fore-
arm (7.6 � 1.4 vs. 17.6 � 5.1). The differences in
KCM, DCM, and PCM between forehead and fore-
arms were statistically significant (p < 0.001).
The variations in SC permeability of CM between
the forehead and forearm may be contributed by
differences in thermodynamic and kinetic compo-
nents. In support of our finding, similar results
were previously shown for the regional variation
of PCM of other skin sites (Tsai et al. 2003). In
murine skin model, chronic application of sebum
induced structural changes in the SC (Guo

et al. 2015), which could account for the eightfold
differences inDCM between the two untreated sites.
Taken together, these results suggest that in clinical
situations such as seborrheic dermatitis, a condition
that involves excess sebum secretion and barrier
disruption, the permeability barrier to hydrophilic
molecules might be further aggravated.

As a result of sebum removal from the forehead,
the partition KCM increased 1.39-fold (9.8 � 1.8
vs. 7.6 � 1.4), and DCM decreased 0.61-fold in
comparison to the untreated site (37.9 � 14.3
vs. 61.7 � 15.5 � 10�9 cm2/h). Subsequently,
PCM was decreased to 0.78-fold of control
(30.8 � 13.4 vs. 39.2 � 13.6 � 10�5 cm/h). In
the group which receive sebum supplementation to
the forearm, DCM increased 3.52-fold (23.7 � 8.3
vs. 7.3 � 3.4 � 10�9 cm2/h) while the KCM

remained unchanged, such that PCM at the
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forearm supplemented with sebum was 3.25-
fold of that of the control (34.2 � 11.3
vs. 10.3 � 5.5 � 10�5 cm/h). The permeability of
CP (PCP) was almost constant regardless of sebum
supplementation to the forearm, which was the
result of a 0.67-fold decrease in KCP (15.4 � 3.2
vs. 23.0 � 2.9) and a 1.46-fold increase in DCP

(8.5 � 2.6 vs. 5.8 � 2.2 � 10�7 cm2/h). All the
transport parameters between the untreated and
treated subject at the same site were significantly
different (p < 0.05) for the same drug except for
the KSC/W of CM and PCP on the forearm. These
results demonstrated that the magnitude of decrease
in DCM for the forehead by sebum removal (0.78-
fold) to be less than themagnitude of increase for the
forearm by sebum supplementation (3.52-fold). It is
also likely that the presence of sebum in the fore-
head or forearm increased the diffusion of lipophilic
and hydrophilic molecules, while the effect on par-
tition is dependent on sites and drugs selected.
These results were in accordance with previous
report from Valiveti et al. (2008) and Valiveti and
Lu (2007) using artificial sebum. More specifically,
they suggested that there is no correlation between
log Ksebum versus log KSC for compounds with
different chemical structures, and maximal flux
observed through sebum was found to be higher
than their corresponding skin fluxes for a homolo-
gous series of 4-hydroxybenzoic acid esters.

Finally, the observed CH2 stretching frequency
shift resulting from sebum treatment as

demonstrated in Fig. 2 also reflected the alter-
ations of SC permeability on CM. Therefore, the
increased SC permeability of hydrophilic drug
and altered barrier function of SC was achieved
by sebum supplementation through disordering
the structures of the intercellular lipid molecules.

4 Conclusions

For the first time in vivo, the effect of sebum on
drug transport across human SC was demon-
strated. For hydrophilic molecules, such as CM,
the SC permeability on the forehead may be as
much as four times the permeability on the fore-
arm. Sebum supplement on the forearm, while has
little effect on CP, increased the SC permeability
of CM more than threefold. The SC permeability
of the CM has a small but significant alteration
(�22 %) after removal of sebum from the fore-
head. Although the sebum supplementation in
both the forehead and forearm increased the dif-
fusion of both lipophilic and hydrophilic mole-
cules, the effect of sebum supplementation on
partition is site and drug dependent. The alteration
of SC permeability by sebum supplementation to
hydrophilic drug may be attributable to the barrier
function changes of SC induced by disordering
structures of the intercellular lipid molecules. It is
likely that removing the sebum from the face will
reduce the absorption of hydrophilic compounds

Table 1 Effects of sebum treatment on SC transport parameters of cimetidine and 4-cyanophenol for the forehead and
forearm (n = 9)

Site Forehead Forearm

Parameter Untreated Sebum removal Untreated Sebum supplement

Cimetidine

Sebum content (μg/cm2) 159.7 �36.7 6.5 �5.2 1.0 �1.2 140.9 �33.4

KSC/W 7.6 �1.4 9.8 �1.8 17.6 �5.1 17.7 �2.4

DCM (�109 cm2/h) 61.7 �15.5 37.9 �14.3 7.3 �3.4 23.7 �8.3

PCM (�105 cm/h) 39.2 �13.6 30.8 �13.4 10.3 �5.5 34.2 �11.3

4-cyanophenol

Sebum content (μg/cm2) 1.5 �2.1 140.7 �36.9

KSC/W 23.0 �2.9 15.4 �3.2

DCP (�107 cm2/h) 5.8 �2.2 8.5 �2.6

PCP (�103 cm/h) 11.3 �4.9 11.0 �4.0
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contained in the formulations that were topically
applied.
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This chapter describes the epidermis, formerly
called the Malpighi’s layer. As the skin’s outer
layer, the epidermis provides the barrier func-
tion protecting mammals from environmental
influences such as physical, chemical, or ther-
mal stress and also against dehydration. The
epidermis is a multilayered epithelium
consisting of the interfollicular epidermis and
associated hair follicles, sebaceous glands, and
eccrine sweat glands. Although keratinocytes
are the main epidermal cell type (95 % of the
total cells), other cells are found in mammalian
epidermis, such as melanocytes and Merkel
and Langerhans cells. Merkel cells are neuro-
endocrine cells responsible for the touch sen-
sory function of the skin. Melanocytes are
specialized pigment cells producing melanin
granules, which are transferred to keratinocytes
for their protection against UV-induced DNA
damage. Langerhans cells are epidermal den-
dritic cells involved in the adaptive immune

P. Rousselle (*)
Tissue Biology and Therapeutic Engineering Unit, Institute
of Protein Biology and Chemistry, UMR 5305 – CNRS,
University of Lyon, Lyon, France
e-mail: patricia.rousselle@ibcp.fr

E. Gentilhomme
French Army Health Research Department, La tronche,
France
e-mail: edgargentilhomme@crssa.net

Y. Neveux
Livernon, France
e-mail: yves.neveux@free.fr

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_36

397

mailto:patricia.rousselle@ibcp.fr
mailto:edgargentilhomme@crssa.net
mailto:yves.neveux@free.fr


response, playing a critical role in the barrier
function of the skin. The epidermis itself is
divided into five layers which are, from the
inner to the outer most, the stratum
germinativum (basal), stratum spinosum (spi-
nous), stratum granulosum (granular), stratum
lucidum (only found in thickened areas of the
epidermis), and the stratum corneum
(cornified). The epidermis consists in approxi-
mately ten layers of keratinocytes piled up from
the basal layer to the cornified layer. In contrast
with the stratum corneum that features a horizon-
tal plane, the basal layer juxtaposes the dermis
with the dermal-epidermal junction in a corru-
gated outline manner, alternating in-depth epider-
mal cones and dermal expansions named
“papillas” (Fig. 1). The thickness of the viable
epidermis lies from 75 to 150 μm according to
anatomical site to reach 0.8 mm on the palms of
the hands and 1.4 mm on the soles of the feet. Its
metabolism seems close to 0.4 ml min�1/100 g
tissue (Krueger et al. 1994) (resting muscle,
<0.2; muscle on exercise, 13–15; brain, 3–4
(Holtz 1996)).

Its fundamental and first known function is to
generate the stratum corneum, the dead but vital
barrier that separates our body from the environ-
ment. It is accomplished through its perpetual
renewal from the division of basal cells and kera-
tinization of uppermost layers: the total turnover
takes about 15 days, the same as that of the stra-
tum corneum. Other fundamental functions are
extracellular matrix component production;
hormone secretion; cytokine production ruling
angiogenesis and vasomotricity in the papillary
dermis; homing and maturation of cells
responsible for the immune barrier (Aubin 2004)
protection against ultraviolet light and homing
of melanocytes (▶Chap. 101, “Skin
Photoprotection Function”); participation to the
skin neurosensorial function and homing of
Merkel cells (see dedicated chapters); participa-
tion in the skin mechanical protective function,
thanks to its cellular abundant keratin filaments
(see the dedicated chapter); and finally the
capacity of self-repair (see the ▶Chap. 47, “Skin
Wound Healing Assessment”).

1 Epidermal Proliferation
and Differentiation

The epidermis is continuously renewed by the
proliferation of stem cells and the differentiation
of their progeny, which undergo terminal differen-
tiation as they leave the basal layer and move
upward toward the surface, where they die and
slough off. As for most epithelial tissues, prolifer-
ation and differentiation occur in two juxtaposed
compartments, represented by the basal layer and
the numerous suprabasal layers. The keratinocyte
population can be divided into at least three func-
tional types, keratinocyte stem cells, transit ampli-
fying cells, and postmitotic differentiating cells.
Stem cells, responsible for tissue renewal, have a
highmitotic potential but are rarely dividing. They
give birth to transit amplifying cells, which after a
finite number of division, are committed to differ-
entiate. By this way, a high output of differentiated
cells can be issued from a small number of infre-
quently solicited stem cells. The growth fraction

Fig. 1 Dermis and epidermis. Dermal papillae with a
basal layer and numerous suprabasal differentiated layers.
Resin semithin section. Toluidin blue staining. Objective
�100
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of human epidermis has been estimated to 10 % of
stem cells and 50 % of transit amplifying cells
versus 40 % of differentiated cells (Heenen and
Galand 1997). On the basis of their morphological
and functional characteristics, the proliferating
cells have also been described as clonogenic
keratinocytes: holoclones, meroclones, and
paraclones (Barrandon and Green 1987). Located
in the basal layer and in the bulge of hair follicles,
stem cells can be characterized by their size
(Barrandon and Green 1985), their high adhesive
properties (Kaur and Li 2000), their high level of
β1 integrin (Zhu et al. 1999), their expression of
keratin K19 (Michel et al. 1996), and their high
content in cytoplasmic β-catenin (Zhu and Watt
1999). Their spatial distribution in the basal layer
is not randomly disposed, showing clusters of
stem cells from which migrate transit amplifying
cells (Jensen et al. 1999). Generation of differen-
tiated progeny from stem cell is regulated by inter-
nal mechanisms such as transcription factors and
by external controls in the cellular microenviron-
ment such as secreted mediators, cellular interac-
tions, integrins, or other elements (Watt and
Hogan 2000). In this system, β1 integrin is partic-
ularly involved and induce, depending on the sig-
naling pathway involved, either cellular adhesion
or differentiation (Levy et al. 2000). Decrease of
adhesion related to modifications of integrins
(Kaur and Li 2000) and reduction in mitogen-
activated protein (MAP) kinase activation (Zhu
et al. 1999) induce this cellular exit from the
stem cell compartment. After a finite number of
divisions, the transit amplifying cells undergo an
irreversible multistage process of differentiation.
Keratinocytes committed to the differentiation
program downregulate integrins to become less
adhesive, move to the suprabasal compartment,
and continue their upward movement until they
are terminally differentiated and shed off. This
produces several layers of keratinocytes, at differ-
ent stages of differentiation that can be identified
by the expression of keratins. Basal keratinocytes
express keratins K5, K14, and K15, whereas dif-
ferentiating keratinocytes express keratins K1 and
K10. Integrins β1 and hemidesmosomal compo-
nents (integrin α6β4 and BP180) decrease by

transcriptional decrease of mRNA and by a post-
translational mechanism of ineffective subunits.
Some intracellular organelles disappear (mito-
chondria, nucleus, etc.) when other elements
(keratohyalin granules, filaggrin, etc.) appear,
leading to the future horny layer cells. During
this cellular differentiation, modifications of
receptors’ expression are observed, either decreas-
ing (receptors for TGFβ1, PDGF A, etc.) or
increasing (receptors for acid FGF, basic FGF,
PDGFβr, IL-1ra, etc.). Modulation of transmem-
brane ion transport is also noted with upregulation
of sodium channels (Brouard et al. 1999;
Deliconstantinos et al. 1995; Eming et al. 1998;
Fenjves et al. 1989; Heenen and Galand 1997;
Holick 1988; Insogna et al. 1988; Jensen
et al. 1999; Kaplan et al. 1988; Katz and Taichman
1994, 1999; Kaur and Li 2000; Krueger
et al. 1994; Kupper 1990; Levy et al. 2000;
Malaviya et al. 1996; Martinez et al. 1997;
Maruyama et al. 1995; Mazereeuw Hautier
et al. 2000; Michel et al. 1996; Nathan and Sporn
1991; Oda et al. 1999).

2 Epidermal Secretions

Beside a function of protective barrier, epidermis
has also a secretory activity (Boyce 1994), esti-
mated in vitro to a rate of 0,67 μg protein/h/106

cells (Katz and Taichman 1994).

2.1 Cytocrine Secretion

Non-lesional epidermis is in a low steady state of
secretion and keratinocytes seem quiescent. After
endogenous or exogenous (physical, chemical,
biological, or immunological) stimulation, the
keratinocyte is “activated” and secretes various
peptides. These peptides are represented by cyto-
kines (IL-1α, IL-1β, IL-6), tumor necrosis factor
(TNFα), growth factors (GMCSF, GCSF, MCSF,
TGFα, acid and basic FGF, KGF, PDGF A,
PDGF B, NGF), chemokines (IL-8, IFNγ-IL10,
huGRO of G-X-C family, or MCAF of G-C fam-
ily), or suppressor factors/anticytokines (TGFβ, K
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LIF, Contra IL-1) (Stoof et al. 1994). Cytokines
are small protein hormones primarily secreted
by immune cells and are important mediators
of host defense, post-injury repair, cell growth,
and maturation. This secretion shows particular
characteristics (Kupper 1990), such as the
release of secondary cytokines after stimulation
by primary cytokines. The activated keratinocyte
is modulated through the action of specific
receptors present on the cell membrane (IL-1
receptors, IFNγ receptors, etc.) and induced by
stimulation. Species of activated keratinocytes
and secretion types would differ depending on
the nature of the signal. All these pleiotropic or
specific peptides act by autocrine or paracrine
mechanisms (Schröder 1995). Their action must
be evaluated, considering numerous mechanisms
of amplifying or inhibitory regulation (Nathan
and Sporn 1991) such as action of anticytokines,
direct antagonism between several cytokines
(Reinartz et al. 1996), or specific action of the
cytokine on the same keratinocyte (Maruyama
et al. 1995). Structural proteins (heparin, decorin,
etc.) or cellular environment such as interaction
with fibroblastic cells (Boxman et al. 1996) or
with a structure like the skin immune system
(Bos and Kapsenberg 1993) modulates the effect
of these factors (Figs. 2, 3, and 4).

Other proteins secreted by the epidermis are
regularly identified. Katz and Taichman (Katz and
Taichman 1999) listed a catalogue of twenty pro-
teins released by keratinocytes in culture,
suggesting new physiological functions to be
identified. These proteins may induce various cel-
lular responses. Among these, the phospholipase
A2 was suggested to play a role in the mainte-
nance of tissue integrity (Mazereeuw Hautier
et al. 2000) and regeneration (Rys-Sikora
et al. 2000). The multifunctional peptide
adrenomedullin is involved in epithelial homeo-
stasis or even in epidermal protection (Martinez
et al. 1997). Many proteins, such as proteases
(Katz and Taichman 1999) or antileukopro-
teinases (Wiedow et al. 1998), have been shown
to be involved in matrix remodeling.
Keratinocytes produce the basement membrane
laminin 332 and modulate fibroblast behavior
through the secretion of β1G-H3 (Katz and
Taichman 1999).

2.2 Endocrine Secretion

In normal conditions, epidermis can also be a
source of circulating compounds that have effects
at distant sites in the body. The role of epidermis

Fig. 2 Stratum basale
protrusions into the dermis.
Thick keratin filaments
bundles separate into small
bundles which attach to
hemidesmosomes at cell
periphery (Small arrow
head). Large arrowheads
point at dermis reticulum
fibers that are attached to
the basement membrane
perpendicularly. Fixation
by glutaraldehyde and
osmic acid. Uranyl acetate
and lead citrate staining. �
29,000
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in vitamin D synthesis has been early shown
(Holick 1988). Keratinocytes also release
chemicals like triiodothyronine (Kaplan
et al. 1988) or parathyroid hormone-related pro-
teins (Insogna et al. 1988; Jensen et al. 1999;
Kaplan et al. 1988; Katz and Taichman 1994,
1999; Kaur and Li 2000; Krueger et al. 1994;
Kupper 1990; Levy et al. 2000; Malaviya
et al. 1996; Martinez et al. 1997; Maruyama
et al. 1995; Mazereeuw Hautier et al. 2000;
Michel et al. 1996; Nathan and Sporn 1991; Oda
et al. 1999; Reinartz et al. 1996; Rys-Sikora
et al. 2000; Schauer et al. 1994; Shimizu
et al. 1997; Schröder 1995; Stoof et al. 1994;
Watt and Hogan 2000; Wiedow et al. 1998;
Wysolmerski and Stewart 1998), endothelin, and
the C3 complement component. Neuropeptides
such as substance P (Bae et al. 1999) and neuro-
hormones such as proopiomelanocortin and
derived peptides αMSH and ACTH (Schauer
et al. 1994) are produced by epidermal cells. The
generation of nitric oxide (Deliconstantinos
et al. 1995; Eming et al. 1998; Fenjves
et al. 1989; Heenen and Galand 1997; Holick
1988; Insogna et al. 1988; Jensen et al. 1999;
Kaplan et al. 1988; Katz and Taichman 1994,
1999; Kaur and Li 2000; Krueger et al. 1994;

Kupper 1990; Levy et al. 2000; Malaviya
et al. 1996; Martinez et al. 1997; Maruyama
et al. 1995; Mazereeuw Hautier et al. 2000;
Michel et al. 1996; Nathan and Sporn 1991; Oda
et al. 1999; Reinartz et al. 1996; Rys-Sikora
et al. 2000; Schauer et al. 1994; Shimizu
et al. 1997) or histamine (Malaviya et al. 1996)
has been also confirmed, showing the role of
stimulated epidermis in inflammatory reactions.
The systemic distribution of naturally produced
protein has been found even after epidermal trans-
plantation, as proved for apolipoprotein E
(Fenjves et al. 1989). These results may permit
the use of keratinocytes for gene therapy (Eming
et al. 1998; Fenjves et al. 1989; Heenen and
Galand 1997; Holick 1988; Insogna et al. 1988;
Jensen et al. 1999; Kaplan et al. 1988; Katz and
Taichman 1994; Katz and Taichman 1999; Kaur
and Li 2000; Krueger et al. 1994).

Keratinocytes can synthesize acetylcholine
and its receptors and thereby generate an auto-
crine system, which has been shown to regulate
cell motility. Besides, the epidermis has the ability
to generate catecholamine mediators including
epinephrine. These catecholamines can activate
adrenergic receptors present on keratinocytes to
modulate their migratory behavior.

Fig. 3 Stratum spinosum.
Section though the
periphery of a keratinocyte.
Fixation by glutaraldehyde
and osmic acid. Uranyl
acetate and lead citrate
staining. � 25,000
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2.3 Other Roles

A fine balance between cell proliferation
and differentiation maintains the barrier
function of the epidermis. In quiescent tissue,
homeostasis is regulated by both autocrine and
paracrine secretions. After stimulation, these
secretions are amplified, and the epidermis acts
as a transducer, transforming exogenous stimu-
lations into specific immune or inflammatory
responses.

Human keratinocytes play an important role
in the innate immune response and produce sev-
eral antibacterial peptides that are important for
both homeostatic and wound healing purposes.
Human keratinocytes are known to produce four

such peptides: human beta defensin 1 (hBD-1),
hBD-2, hBD-3, and hCAP-18 (as well as its
biologic active proteolytic product LL-37)
(Harder et al. 1997; Nizet et al. 2001). hCAP-
18 is a member of the cathelicidin family of
antimicrobials. Both hCAP-18 and LL-37 are
expressed and released in response to an inflam-
matory stimulus (Ong et al. 2002). The
cathelicidin hCAP-18 is normally processed
and stored in the lamellar bodies of the
keratinocytes and may be released as a result of
injury or exposure to microbial components.
After secretion, hCAP-18 is processed into
LL-37 and various other peptides, which are
important in killing the skin pathogens
S. aureus and C. albicans. They might have a

Fig. 4 Stratum
granulosum: section
through the boundary
between two keratinocytes.
K keratinosomes (Odland’s
bodies). KH keratohyalin.
M mitochondria, thick
arrow tonofilaments
bundle, thin arrow single
tonofilament. As in the
whole epidermis,
desmosomes bind cells at
their tonofilaments bundles.
Phosphate buffered
glutaraldehyde and osmium
after fixation. Uranyl
acetate and lead citrate
staining. � 30,000
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major role in epithelium protection during
wound healing (Dorschner et al. 2001) and pso-
riasis (Ong et al. 2002). In atopic dermatitis, the
heavy carriage of S. aureus and the increased
sensitivity to herpes and M. contagiosum infec-
tion may be related to a lower expression of both
peptides, due to the production of IL-4 and IL-13
cytokines by Th2-T4 lymphocytes (Ong
et al. 2002). Epidermis is also active by an inten-
sive release of other peptides during wound
healing. Beta-defensin-2 and LL-37 are
upregulated in the epidermis of wounded
human skin within 24 h of wounding, reaching
highest levels at 48 h post-wounding and
returning to basal levels when the wound is
re-epithelialized.

Glossary

ACTH Adrenocorticotrophic hormone
Autocrine Peptides (cytokine, extracellular

matrix components, epidermal proteins etc.)
are released but bind immediately to receptors
and act on the cell that produced them.

Contra IL-1 Contra interleukin 1
Endocrine Peptides, synthesized by the

keratinocytes, enter the circulation and induce
specific biologic responses in distant target
tissues.

Exocrine Release of secretion toward the exter-
nal part of the body. Glandular epithelia (seba-
ceous and sweat) of the skin are specialized for
this function.

FGF Fibroblast growth factor. Either acid FGF
or basic FGF

GCSF Granulocyte colony-stimulating factor
GMCSF Granulocyte-/macrophage-stimulating

factor
Homeostasis Maintenance of the organism’s

physiological parameters at their normal value
huGRO Human growth factor
IL Interleukin: IL-1α, interleukin 1α; IL-1β,

interleukin 1 β; IL-1ra, interleukin 1 receptor
antagonist; IL-6, interleukin 6

IFNγ-IP10 Interferon gamma-induced protein
Juxtacrine Peptides are released and will act on

cells in contact with the producing cell.

KGF Keratinocyte growth factor
K LIF Keratinocyte-derived lymphocyte inhibi-

tory factor
MCAF Monocyte chemotactic and activating

factor
MCSF Macrophage colony-stimulating factor
MSH Melanocyte-stimulating hormone
NGF Nerve growth factor
Paracrine Peptides are released by a cell and

will act on cells immediately surrounding the
producing cell.

PDGF Platelet-derived growth factor
TGFα Transforming growth factor alpha
TGFβ1 Transforming growth factor beta1
TNFα Tumor necrosis factor alpha
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The epidermis is characterized by its capacity to
maintain homeostasis through a balanced equilib-
rium between proliferation and differentiation. It
may also respond by a rapid and temporary ampli-
fication of cell turnover when a sudden tissue
renewal is needed in wounds. Study and control
of mechanisms involved in this response are of
great interest.
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chosen experimental models (Dover 1994;
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1 Epidermal Proliferation

Proliferating keratinocytes display specific mor-
phological characteristics, at both nuclear and
cytoplasmic levels.

1.1 Nuclear Proliferation Markers

Proliferation-specific markers are numerous and
the most frequently used will be listed below.
Static data such as relative length of cell cycle
phases, or dynamic measurements such as cell
cycle kinetics, can be obtained with these markers
(Figs. 1, 2, 3, 4, and 5).

1.1.1 Static Methods

Methods with Prior Incubation
While nucleotides like adenine and guanine are
incorporated into both DNA and RNA, thymi-
dine is incorporated only in DNA. Incubation
of a tissue or a biopsy with radiolabeled thy-
midine diluted in culture medium highlights
the cellular fraction engaged in DNA synthesis
during the incubation period. The development
of anti 5-bromo-2-deoxyuridine (BrdU) anti-
body has provided an excellent thymidine ana-
logue for a similar use. If both tritiated
thymidine and BrdU are specifically incorpo-
rated during the cellular S-phase, the use of
BrdU is easier to perform. However, experi-
mental conditions influence the cellular
responses to this labeling. The use of occlusive

dressing enhances in vivo cutaneous penetra-
tion of BrdU. Labeling may be increased when
endogenous synthesis of thymidine
monophosphate is previously blocked (Wolff
and Gnas 1989). Variable marker’s distribution
to the central cells of the biopsy, a possible
toxicity induced by a prolonged incubation
(Dover 1994), and different rates of incorpora-
tion into DNA (Hume and Saffhill 1986) must
be also considered during the experimentation
(Tables 1, 2, 3, 4, and 5).

Methods Without Prior Incubation
Unlike the precedent methods, these markers
can be analyzed directly without pretreatment
of samples. The proliferating cell nuclear anti-
gen (PCNA) is a 36 kDa protein, cofactor of the
DNA polymerase-δ necessary to the DNA repli-
cation (Celis et al. 1987). Expressed at low level
in quiescent cells, PCNA is most abundant in
late G1-phase and during the S-phase (Stewart
and Dell’Orco 1992). The proportion of PCNA-
positive cells exceeds that of tritiated thymidine-
positive (Galand and Degraef 1989) or BrdU-
positive cells (Jones et al. 1993) because some
cells in the G0-phase are also weakly labeled. In
a quiescent epidermis, the expression of PCNA
is limited to rare cells in the basal layer
(Furukawa et al. 1992), while in vitro, its expres-
sion is modulated by the culture conditions
(Miyagawa et al. 1989). Its expression is
enhanced by EGF (Jaskulski et al. 1988) and
inhibited by rapamycin (Javier et al. 1997).

Ki67 is a nuclear protein expressed in cycling
cells (G1-, S-, G2-, and M-phase) and absent in

Fig. 1 Epidermal biopsy
on dermal equivalent.
Progressive epithelial
outgrowth by synergetic
mechanisms of
keratinocytes migration and
proliferation. Inverted
microscopy. Magnification
�100
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quiescent cells in G0-phase (Knaggs et al. 1994).
Even if the nuclear labeling is restricted to prolif-
erating cells of the basal layer, the index obtained
with Ki67 is similar to that given by PCNA and
exceeds the value obtained with BrdU. To allow
antigen retrieval, labeling of paraffin-embedded
tissue slices by immunohistochemistry requires a
pretreatment prior to incubation with the antibody
(Szekeres and de Giacomoni 1994); however,
direct immunostaining is also possible on frozen
tissue sections.

Histone genes are tightly coupled to the repli-
cative stages of the cell cycle. The messenger
RNAs (mRNAs) encoding these proteins are syn-
thesized during the replication of DNA and are
rapidly destabilized at the end of the S-phase of
the cycle. Histone mRNAs may be detected by a
classical in situ hybridization method. Unlike
PCNA or Ki67, labeling with histone mRNAs is
strictly similar to the value obtained with BrdU
(Smith et al. 1995).

1.1.2 Dynamic Methods
Sequential labeling with two proliferation
markers specific for the S-phase (tritiated

thymidine and BrdU or BrdU and IodoUdR)
enables to discriminate the different populations
entering this phase. The measure of the different
cellular fractions provides dynamic parameters
such as the S-phase duration and total cell cycle
times (Hyatt and Beebe 1992; Yanik et al. 1992).
By this double-label technique, the determination
of the cell cycle times may be correlated with the
localization of a cytokine (Miller et al. 1992) or
the measurement of the DNA content (Lin and
Allison 1993; Van Erp et al. 1996).

1.2 Cytoplasmic Proliferation
Markers

The transition from basal cell to corneocyte is a
complex process that requires the simultaneous
activation and inactivation of a wide variety of
proteins and genes. In order for differentiation to
produce a normal epidermal surface, these genes
must be expressed at the correct time and location.
The members of the keratin family are expressed

Fig. 3 In vitro epidermal differentiation. Expression of
keratohyalin granules in the upper epidermis and
profilaggrin in desquamating cells. Antiprofilaggrin anti-
body revealed by immunofluorescence. Magnification
�200

Fig. 2 Epidermal differentiation. In vivo human skin.
Filaggrin in upper granular layers. Anti-filaggrin antibody
revealed by immunoperoxidase. Magnification �1000
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in a tightly regulated manner. The cytokeratins are
a family of over 30 proteins that are assembled to
form the intermediate filaments in epithelial cells.
Based on sequence homology and expression pat-
tern, the keratins can be divided into acidic and
neutral-basic families. Keratins are expressed in
pairs to assure the presence of a neutral-basic and
acidic partner to permit filament assembly. Some
data suggests that, reciprocally, some of these
keratins influence cell proliferation and differen-
tiation (Paramio et al. 1999). In quiescent epider-
mis, basal proliferative keratinocytes express
cytokeratins K5 and K14. During hyperproli-
ferative cellular responses in culture or during
wound healing, keratinocytes express keratins
K6, K16, and K17. Labeling of keratins alone or
coupled with the measure of DNA content may be
used to characterize epidermal proliferation
(Mommers et al. 2000).

2 Cellular Differentiation

Biochemical and morphological modifications are
observed during epidermal differentiation, lead-
ing to the appearance of specific cellular organ-
elles, used as differentiation markers. The most
frequently used are the keratins, the histidine-rich
proteins (filaggrin/keratohyalin granules), the
transglutaminases, and the cornified envelope pre-
cursors such as involucrin, loricrin, and small
proline-rich proteins (Lee et al. 1999; Seishima
et al. 1999). Numerous antibodies have been
developed against these proteins during the recent
years, enabling us to evaluate the degree of epi-
dermal maturation.

When they differentiate, keratinocytes switch
off keratins K5 and K14 and start K1 and K10
expression (Moll et al. 1982) in suprabasal layers.

Fig. 5 In vivo epidermal
differentiation. Detection of
suprabasal cytokeratins by
immunofluorescence
(antiKL1 antibody). The
subepidermal orange line
highlights the dermo-
epidermal junction. The
basal epidermal layer is
located in the non-labeled
zone between this orange
line and the fluorescent of
KL1 cytokeratins.
Magnification �100

Fig. 4 In vitro epidermal
differentiation. Expression
of keratohyalin granules in
superficial layers.
Transmission electronic
microscopy. Magnification
�6000
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Keratins K2, K11, and K9 are also present in
cornified epidermis.

Histidine-rich proteins aggregate with keratin
filaments in cornified layers and represent an
important source of amino acids necessary to the
stratum corneum hydric balance. Profilaggrin, the
precursor of filaggrin, is expressed in some
populations of keratohyalin granules of
suprabasal layers and is converted to filaggrin,
which packages the keratin filaments into fibrils.

Profilaggrin, filaggrin, and keratohyalin granules
are indistinctly revealed by the same immunolog-
ical labeling. Keratohyalin granules and filaggrin
represent excellent markers of terminal differenti-
ation, since their expression is noted from the
granular layer (Bernerd and Asselineau 1997;
Gerritsen et al. 1997) and is absent in
nonkeratinized epidermis. Their expression
in vitro is considered as a proof of a differentiated
culture (Jansson et al. 1996).

Table 2 Compared proliferative indexes between human skin in vivo and in vitro cultured keratinocytes. References
correspond to authors cited in the text. The type of proliferation index used is specified before each result

In vivo human skin
In vitro normal human
keratinocytes

In vitro transfected
keratinocytes Ref.

PCNAa

Rare basal
keratinocytes
Ki67a

Nearly all the basal
cells

PCNAa

I: 15–30 %
Ki67a

I: 40–60 %

� Furukawa
et al. (1992)

PCNA:
Undetectable

PCNA:
0,05 mM Ca++: 20–30 %
1,1 mM Ca++: 10 %

PCNA:
SV40: 40 %

Miyagawa
et al. (1989)

PCNA proliferating cell nuclear antigen
aI = fraction of positive cells reported to 500 or more cells counted at 400 magnification, with three separate counts for
each determination

Table 1 Proliferation indexes given by different authors. References correspond to authors cited in the text. The type of
proliferation index used is specified before each result

Healthy skin
Active
psoriasis Acne Irritation Neoplasm Ref.

BrdU: 5–6 %a

Histone
mRNAs:
5–6 %a

Ki67: 46 %b

� � Histone mRNAs:
4 � healthy skin
Ki67: 2 � healthy skin

� Stewart and
Dell’Orco (1992)

Ki67c

Interfollicular
skin: 5 %
Follicles: 11 %

� Ki67c

Interfollicular: 25 %
Follicles: 17 %

� � Knaggs
et al. (1994)

PCNA:
Undetectable

PCNA:
I: 10 %

� � � Miyagawa
et al. (1989)

BrdUd

Indice:
1,7–2,4 %

BrdUd

I: 12,6 %
� � BrdUd

I: 8–9,5 %
Van Erp
et al. (1996)

PCNA proliferating cell nuclear antigen, BrdU bromodeoxyuridine
aLabeling limited to the basal layer. Suprabasal epidermis is not labeled
bLabeling noted in the basal and the three first suprabasal layers
a, bI = number of positive cells/ total number of basal and suprabasal cells X 100 %
cI = number of positive cells/total number of basal cells � 100 %
dIncubation with BrdU for 1–24 h prior to labeling. Index = fraction of positive cells reported to 1000 cells in the basal
layer of healthy skin or in the basal and the two first suprabasal layers of psoriatic skin

37 Markers of Epidermal Proliferation and Differentiation 411



Involucrin and loricrin are envelope precursor
proteins that are expressed in the epidermal
suprabasal layers. These proteins are cross-linked
to form the cornified envelope by the enzyme
transglutaminase which catalyzes the formation
of inter-protein ε-(γ-glutamyl)lysine bonds.
These transglutaminases are membrane-
associated proteins, expressed in upper spinous
and granular layers of the epidermis (Kim
et al. 1995). Involucrin, rich in glutamine content,
is the major cornified envelope precursor protein.
Increasing calcium concentration stimulates the
promoter activity of the gene encoding for
involucrin (Ng et al. 2000; Tu et al. 1999). The
expression of involucrin begins in high spinous
and granular layers of the epidermis, distant from
the proliferative layers. During wound healing,
this expression may be found in all the suprabasal
layers (Jansson et al. 1996; Mansbridge and
Knapp 1987). In cellular culture or in psoriasis,
involucrin is also expressed by S-phase
keratinocytes (Dover and Watt 1987). Due to its
expression in nonkeratinized corneal epithelium,

involucrin is considered as an intermediate differ-
entiation marker. Small proline-rich (SPR) pro-
teins are synthesized sequentially after
involucrin during differentiation (Ishida
et al. 1997). Other cornified envelope precursors
may be used, cornifin expressed in spinous or
granular layers and loricrin in corneocytes
(Bernerd and Asselineau 1997).

Epidermal homeostasis is maintained through
a fine balance between cellular proliferation and
differentiation. In normal epidermis, many factors
(Schoop et al. 1999; Tu et al. 1999) control this
cellular transition occurring in specific compart-
ments. These signals include the activation of an
extracellular Ca2+ receptor mechanism, the
increase in cell-cell adhesions, and the detach-
ment from the substratum. During wound healing,
under the action of exogenous factors, this control
may be less strictly determined, inducing defects
in the balance between proliferation and differen-
tiation. Specific markers allow to study each
event, of which dysfunction may induce a patho-
logical status.

Table 3 Published values of different cell cycle parameters for in vivo human skin (normal or diseased skin) and ex vivo
cultures

Ts Tm Tc Tt [ADN] Ref.

Healthy skin 5,3 à 10,3 1,5 50 à 282 154 à 641 � Dover (1994)

Psoriasis 6 à 16 1 163 à 326 308 à 457 � Dover (1994)

Organ culture 11,5 1,5 59 � � Dover (1994)

Mammary carcinoma
(MCa-11)

� � � � 10–12 pg
(a)
15–18 pg
(b)
21–24 pg
(c)

Lin and Allison
(1993)

Ts, DNA synthesis time (corresponding to S-phase duration); Tm: mitosis time; Tc, cycling time; Tt, transit time for a
keratinocyte to migrate from the basal to the horny layers. Ts, Tm, Tc, and Tt values are given in hours
[DNA]: DNA content at the middle of S-phase. DNA content is expressed in picograms. (a) Mean DNA content in G0-/
G1-phase cells. (b) Mean DNA content in middle S-phase cells. (c) Mean DNA content in G2-/M-phase cells
References correspond to authors cited in the text. Each value is the highest given by the authors

Table 4 Values of keratinocyte cell cycle parameters (Van Erp et al. 1996). Cell suspensions are studied by flow
cytometry. Ts, S-phase duration; TG1, G1-phase duration; TG2/M, G2-/M-phase duration; Tc, cell cycle duration.
Durations are given in hours

% G0 cells % cycle cells % S-phase cells % suprabasal cells Ds D(G1) D(G2/M) Dc

30 % 10 % 3,5 % 59,6 % +/� 4 9,7 h 7,6 h 11 h 28 h
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Annex

There are many suppliers of antibodies, and the
number of available antibodies (immunohistology,
cytometry, etc.) regularly increases. Some suppliers
seek worldwide for a specific product if wanted by
the customer.

Ask for the technical bulletin of each product.
This indicates the recommended method (histol-
ogy, electrophoresis, cytometry, etc.) and condi-
tions of use (fixation, congelation, treatment, etc.).
Dilutions are just indicative and must be evaluated
for each tissue and protocol.

Immunohistological studies are performed
according to standard methodologies, with or
without amplification or treatment. Many kits are
actually available.

Some addresses of suppliers or distributors are
given below. This list is far from being complete.

Biomedical Technologies, Inc., 378 Page
Street. Stoughton. MA 02072 USA

Phone: 617-344-9942
Biosource International (Tagoimmunologicals�)

820 Flynn Road Camarillo CA 93012 USA
Phone: 1-805-987-0086
Dako Corporation. 6392 Via Real. Carpinteria

CA 93013 USA
Phone: 1-805-566-6655
Pierce P.O Box 117. Rockford Illinois 61105

USA
Phone: 1-800-842-5007
Roche Diagnostics Corporation. 9115 Hague

Road. P.O Box 50414. Indianapolis IN 46250-
0414 USA

Phone: 800-428-5433

Table 5 Main epidermal proliferation and differentiation markers. Specific localization and meanings

Marker Localization Signification Technical conditions

BrdU Basal layer
First suprabasal layer
Nuclear labeling

Proliferative cell
S-Phase

C, Pa, Pna

Histone mRNAs Basal layer
First suprabasal layer
Cytoplasmic labeling

Proliferative cell
S-Phase

Paa

PCNA Basal layer
Nuclear labeling

Proliferative cell
S- and G1-phase

Pa, Pn, IB, Cya

Ki67 Basal layer
First three suprabasal layers

Cycling cell
G1-, S-, G2-, M-phase

C, Pa, IB, Ag, Cya

Cytokeratins
K6, K16, K17.

Cytoplasmic labeling Cellular proliferation
(fast “turnover”)

Ca

Cytokeratins
K5, K14

Basal layer
Cytoplasmic labeling

Non-differentiated cells C, Pa, Aga

Cytokeratin K19 Basal layers Stem cell C, Pa, Aga

Cytokeratins
K1, K10, K2, K11

Suprabasal layers
Cytoplasmic labeling

Epidermal differentiation Ca

Involucrin Upper spinous layers
Granular layer
Cytoplasmic labeling

Intermediate differentiation C, Paa

Cornifin Spinous layer
Granular layer

Epidermal differentiation C

Transglutaminases Granular layers
Membrane labeling

Epidermal differentiation C, IBa

Profilaggrin
(KHG)

Granular layer and upper
Cytoplasmic labeling

Terminal differentiation C, Paa

Loricrin Horny layer Terminal differentiation C
aCommercially available to this day. Possible use of these antibodies in C, cryosections; P, paraffin; Cy, cytometry; IB,
immunoblot; Ag, treatment prior to label (heating, digestion, unmasking solution, etc.); NP, nuclear permeabilization
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Sigma P.O Box 14508 St Louis Missouri
63178 USA

Phone: 800-325-3010
Southern Biotechnology Associates, Inc., P.O

Box 26221. Birmingham. Alabama 35260 USA
Phone: 205-945-1774
Zymed Laboratories, Inc., 458 Carlton Court.

South San Francisco CA 940 80–2012 USA
Phone: 800- 874–4494
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1 Introduction

Reflectance confocal microscopy (RCM) is a new
noninvasive tool that enables the analysis of skin
morphology at nearly histologic resolution
(Rajadhyaksha et al. 1995, 1999; Gonzalez
et al. 2001). Among the plethora of noninvasive
tools applied in the clinical field for skin cancer
diagnosis, RCM has emerged as a unique method
for its capability to visualize the skin tissue with a
resolution that is comparable to conventional his-
topathology. It allows a horizontal scanning of the
imaged tissue with the great advantage of explor-
ing a larger field of view compared to vertical
sectioning obtained with conventional histopa-
thology. Additionally, the horizontal plane offers
a perfect overlap with clinical and dermoscopic
image, and this is crucial to obtain a correct
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diagnosis rendered by putting together all lesion’s
aspects. In this chapter we aim to report the main
confocal applications in clinical practice.

1.1 Instruments

Currently, there are basically two types of confo-
cal microscopes commercially available, which
are fundamentally distinct in their approach: one
is a full-scale microscope constituted by a large
scanning head and the other is a handheld device.

The former confocal microscope (VivaScope®

1500, Lucid Inc., Rochester NY, USA) contains a
probe (the head of the microscope) that is attached
to the skin by using a disposable plastic window
that is in turn taped to a metal ring. A confocal
microscope consists of a point source of light,
condenser, objective lenses, and a point detector
(Rajadhyaksha et al. 1995, 1999). The pinhole
collects light emanating only from the in-focus
plane. The mechanism of bright contrast in reflec-
tance confocal microscopy is backscattering. In
gray-scale confocal images, structures that appear
bright (white) have components with high refrac-
tive index compared with their surroundings and
are similar in size to the wavelength of light.
Backscattering is primarily governed by the struc-
tures’ refractive index compared to surrounding
medium. Highly reflective skin components
include melanin, collagen, and keratin. The con-
focal scanning produces high-resolution black
and white horizontal images (0.5 � 0.5 mm)
with a lateral resolution of 1.0 μm and axial reso-
lution of 3–5 μm. A sequence of full-resolution
individual images at a given depth is acquired and
“stitched” together to create a mosaic ranging in
size from 2 � 2 to 8 � 8 mm. A vertical
VivaStack® can be imaged. It consists of single
high-resolution images acquired from the top skin
surface up to 200 μm, corresponding to the papil-
lary dermis, to obtain a sort of “optic biopsy.”

The handheld RCM has been recently intro-
duced on the market (VivaScope® 3000). This
version is a smaller, flexible device that is quite
useful in difficult to access areas (skin folds, ears).
Unlike the 1500 version, it has a manual control
for laser power on the probe, imaging depth, and

capture, but it does not allow scanning of a large
field of view needed, for example, to analyze the
architecture of tumors. However, it is a promising
tool that found its application in surgical
pre-mapping or when multiple site imaging is
requested.

2 Confocal Criteria
for Melanocytic Lesions

2.1 Melanocytic Tumors

The major issue in skin oncology is to detect all
tumors while reducing the number of unnecessary
biopsies of benign lesions. To accomplish this
goal, several instruments are being applied in
clinical practice although the current gold stan-
dard relies on the combination of clinical inspec-
tion and dermoscopy. Dermoscopy is a
noninvasive and cost-effective technique that has
proven to be an essential tool in skin oncology
(Argenziano et al. 2006, 2012) and general der-
matology (Zalaudek et al. 2006) since it allows to
check all lesions in a given patients in few
minutes. RCM is currently considered a second-
level examination in clinical practice with specific
application in challenging cases or in special
instances. In addition to dermoscopy, RCM is
capable of delivering single-cell resolution in a
few minutes at the patient’s bedside (Pellacani
et al. 2005a, 2007; Guitera et al. 2010).

2.2 Melanocytic Tumors

2.2.1 Nevi
Different patterns of melanocytic proliferation can
be easily and reliably detected upon RCM
(Pellacani et al. 2009a). Junctional nevi show a
predominance of single-cell proliferation at DEJ
that results in the presence of single small bright
polygonal cells outlining the dermal papillae, gen-
erating the so-called ringed pattern on RCM
(Pellacani et al. 2005b; Fig. 1). Some junctional
nevi also display few nests located at the tip of the
cristae, and this aspect shows up as a “meshwork”
pattern on RCM that is made by the junctional
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enlargement between the papillae (Fig. 2). In these
lesions, the presence of cytologic atypia is uncom-
mon. Intradermal nevi reveal the presence of the
so-called “clod” pattern where several nests fulfill
completely the dermal compartment. Nests into
the dermis can show up as compact dense or as
“dense&sparse” nests (Pellacani et al. 2005c, d)
where the aggregates are large and made by large
roundish cells outlined by epidermal strands
(Fig. 3).

Moreover, a combination of meshwork pattern
+ ringed or clod + meshwork + ringed can be
found (Fig. 4). Usually the presence of clod pat-
tern is apparent in the center of the lesion
corresponding to the clinical palpable area and to
the presence of variable sized dermal nests.

RCM is particularly useful in discriminating
these lesions from melanoma since dermoscopy
can be not enough specific, thus leading to the
overlooking of these nevi.

This nevus type with combination of more than
one RCM pattern is comprised also of the
so-called atypical or dysplastic nevi. These nevi
represent a puzzling picture that is shared by both
RCM and histopathology. Upon RCM, it is possi-
ble to detect some morphologic aspects (Pellacani
et al. 2012) such as bridging of the nests or the
presence of atypical cells, but it is not always
feasible to draw a line between a severe dysplastic
nevus and an incipient melanoma. This challenge

relies on the clinician’s ability to “read” the con-
focal image or on his or her belief in the existence
of a precursor lesion. The same scenario is present
also in dermatopathology and accounts for the low
interobserver agreement found when analyzing
these kinds of pigmented lesions (Shoo
et al. 2010; Weyers 2012).

Spitz/Reed nevi are a family of lesions that
vary in terms of clinical-dermoscopic aspect, his-
tologic features, and biologic attitudes. Confocal
microscopy allows the analysis of the superficial
dermis, and, thus, the exploration of the deeper
part is not possible, hampering the evaluation of
some relevant aspects such as maturation
(Pellacani et al. 2004, 2009b).

Although the confocal features of Spitz nevi
are partially characteristic, they remain in most
cases, indistinguishable from melanoma. A good
correlation was found for some histopathologic
aspects and RCM features (Fig. 4), some of
which are considered characteristic of Spitz nevi,
such as sharp lateral demarcation and the presence
of spindled cells. Other correlates that are not very
specific include pagetoid infiltration, junctional
and dermal nests, parakeratosis, trans-epidermal
melanin elimination, and inflammatory infiltrate
rich in melanophages. The frequent presence of
features suggestive of malignancy in Spitz nevi,
such as pagetoid and atypical cells, non-edged
papillae, and dishomogeneous nests, and the

Fig. 1 Junctional nevi:
they can show a ringed
pattern showing bright rings
surrounding hyporefractive
dermal papillae or a
meshwork pattern due to the
presence of enlarging
junctional nests (arrows)
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impossibility to explore the deeper parts of a given
lesion hamper a reliable diagnosis with RCM.

Blue nevi appear as a consequence of dermal
proliferation of melanocytes. Since the RCM
allows the visualization only of the upper der-
mis, these nevi do not represent the best candi-
date for confocal imaging. However, a few case
reports describe the presence of spindled/den-
dritic melanocytes as a confocal clue that may
be useful for the diagnosis of blue nevi (Puig
et al. 2012).

2.2.2 Melanoma
Currently, melanoma (MM) is thought to be not a
single entity but a family of diseases that includes
distinct subtypes typified by peculiar morphologic
and biologic aspects (Langley et al. 2001;
Zalaudek et al. 2008; Segura et al. 2008; Longo
et al. 2011). RCM diagnosis is based on major and
minor criteria that have been extensively identi-
fied and tested for diagnostic accuracy (Pellacani
et al. 2005a; Segura et al. 2009). To sum up, the
most relevant criteria include the presence of

Fig. 2 Intradermal nevi are
characterized by the
presence of an overall clod
pattern constituted by dense
and sparse nests

Fig. 3 Nevus showing a
complex pattern with clod
pattern in the center of the
lesion (blue square) and
ringed ones at the periphery
(purple square)
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pagetoid spread, cytologic atypia at the DEJ,
nonspecific architecture (non-edged papillae)
(Fig. 5), melanocytes infiltrating dermal papillae,
and atypical nesting including several nest type in
particular sheetlike structures and cerebriform
nests (Fig. 6). Pagetoid spread is one of the most
striking criteria (Pellacani et al. 2005e; Longo
et al. 2007), and it refers to the presence of mela-
nocytes, round or dendritic shaped, arranged as
single cells or small nests, within the epidermis.
The presence of cytologic atypia is defined by the
occurrence of atypical melanocytes at the DEJ.
When evaluating the architecture, MMs typically
show the absence of either a “regular” ringed
clods or meshwork pattern as usually seen in
nevi. Instead, they display an obvious interruption
of the architecture with the onset of the so-called
non-edged papillae (Pellacani et al. 2005b) when
the contour of the papillae is not readily detect-
able, and it is often associated to the presence of
atypical cells. In MMs, the junctional and dermal
nesting is usually typified by the presence of atyp-
ical melanocytes and different degree of
discohesion within the nests (dense&sparse nests
and sheetlike structures).

2.2.3 Melanoma Subtypes
In superficial spreading melanomas (SSM),
pagetoid spread is a hallmark, and it is character-
ized by the presence of variably shaped bright
melanocytes with focal or widespread distribu-
tion. Pagetoid spread is also commonly observed

in lentigo maligna type (Tannous et al. 2002;
Guitera et al. 2010), especially around the hair
follicles. Conversely, pagetoid cells are quite
rare in “pure” nodular melanoma, whereas ulcer-
ation is a common finding at the epidermal level
(Segura et al. 2008).

RCM highlights different shapes of melano-
cytes scattered throughout the epidermis at vari-
ous levels in melanoma. Pagetoid cells usually
have a round shape with bright granular cyto-
plasm and hyporefractive nucleus but can display
a dendritic shape with a barely visible body and
variably long branching terminal structures. A
clear-cut distinction between dendritic-shaped
melanocytes and Langerhans cells has not yet
been established (Hashemi et al. 2012).

In MMs, especially in superficial spreading
and lentigo maligna, the DEJ is characterized by
ringed and/or meshwork architecture with large
and bright pleomorphic (“atypical”) cells in early
MMs (Pellacani et al. 2005a). The cells can show
the tendency to form nests that can still be com-
pact or can be loosely arranged, depending on
tumor progression. In early lesions it is a common
finding to observe alteration or abrupt interruption
of the normal DEJ architecture due to flattening of
rete ridges resulting in irregularly shaped and not
well-defined papillae (non-edged papillae)
(Pellacani et al. 2005b) or disappearance of der-
mal papillae substituted by strands of atypical
cells. In advanced stage of SSM, the massive
tumor proliferation occupies the entire junction

Fig. 4 A typical Spitz/
Reed nevus showing a sharp
lateral demarcation with
large peripheral nests
(arrows)
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and can push up into the epidermal layers as loose
aggregates of bright, large, and pleomorphic
melanocytes. In nodular melanomas, RCM
shows the presence of so-called “cerebriform”
nests (Pellacani et al. 2005c, d) that consist of
small and hyporefractive cells forming a large
tumor mass separated by dark thin fissures and
bright collagen septae.

Lesions with regression represent an important
indication for RCM. When we deal with lesions
that are exclusively characterized by bluish to
grayish granules, the differential diagnosis
includes lichenoid keratosis or a regressive

melanoma. RCM is a powerful tool since it per-
mits to discriminate between the former, showing
only a florid inflammatory infiltrate, and the latter
constituted by atypical melanocytes.

3 Malignant Non-melanoma Skin
Tumors

Non-melanocytic tumors include basal cell carci-
noma (BCC), actinic keratosis (AK), and squa-
mous cell carcinoma (SCC), just to include the
most common tumors.

Fig. 5 Confocal criteria for
melanoma diagnosis: large
pagetoid cells with
branching structures
(arrows) and cytologic
atypia typified by the
presence of atypical
melanocytes (arrows)
outlining non-edged
papillae

Fig. 6 Confocal criteria for
melanoma diagnosis:
atypical melanocytes
infiltrating non-edged
dermal papilla (arrows) and
atypical nesting with
loosely aggregates of large
and bizarre-shaped
melanocytes (arrows)
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3.1 Basal Cell Carcinoma

Themain confocal features of BCC list the presence
of tightly packed aggregates with peripheral
palisading and lobulated shape (González and
Tannous 2002; Ulrich et al. 2011; Nori et al. 2004;
Agero et al. 2006), epidermal polarization, and the
presence of blood vessels (Fig. 7). Basaloid aggre-
gates are outlined by dark spaces that correspond to
mucin and often are surrounded by a prominent
vascularity. Histopathologically, the aggregates cor-
respond to the basaloid islands. Interestingly, RCM
highlights very well the presence of dendritic mela-
nocytes entrapped within the basaloid islands
observable in heavily pigmented BCC. RCM is
particularly useful in pink flat BCCs not showing
all dermoscopic criteria and in heavily pigmented
BCCs that simulate MM.

3.2 Actinic Keratosis and Squamous
Cell Carcinoma

AK and SCC display the presence of variable KC
atypia. At the stratum corneum, superficial disrup-
tion with single detached keratinocytes seen as
bright, polygonal cells of high reflectance can be
observed (Aghassi et al. 2000; Ulrich et al. 2007).

Furthermore, nucleated, highly reflective cells with
dark center and sharp demarcation appear within
the stratum corneum corresponding to
parakeratosis. Atypical honeycomb pattern and
architectural disarray of variable degree are seen at
the level of the stratum granulosum and stratum
spinosum corresponding to different degrees of
keratinocyte dysplasia on histopathological exam.
In SCC an atypical honeycomb or disarranged pat-
tern of the spinous-granular layer is found along
with round nucleated cells corresponding to pleo-
morphic keratinocytes (Fig. 8). Round blood ves-
sels traversing through the dermal papillae
perpendicular to the skin surface and scale crust
appearing as brightly reflective amorphous islands
on the surface of the skin are common findings in
SCC (Rishpon et al. 2009). In cases with marked
hyperkeratosis or abundant scale covering the entire
lesion, in-depth imaging is limited by the keratin
scattering, limiting exploration of the DEJ, which is
fundamental for complete diagnosis.

4 Inflammatory Skin Diseases

Inflammatory skin diseases include spongiotic
dermatitis, psoriasiform diseases, diseases with
interface involvement, and pigmentary

Fig. 7 Basal cell
carcinoma showing solid
and well-outlined basaloid
islands (asterisks) and
peripheral palisading
(arrows)
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non-tumoral skin disorders (i.e., vitiligo,
melasma).

The main feature of spongiotic dermatitis on
RCM is the presence of inter- or intracellular
spongiosis. This corresponds to an increased
intercellular brightness due to inter- or intracel-
lular fluid accumulation that leads to the appear-
ance of a regular honeycombed morphology
(González et al. 1999; Astner et al. 2005).
When spongiosis is more pronounced, it is pos-
sible to detect vesicle formation that appears as
well-demarcated, dark hollow spaces between
granular and spinous layer KCs. Commonly,
exocytosis is associated with spongiosis,
whereby the inflammatory cells are seen on
RCM as bright, round highly refractive struc-
tures of about 8–10 μm, interspersed between
keratinocytes. Inflammatory cells may also be
observed to various extents in a perifollicular,
perivascular, or interstitial dermal distribution.

Psoriasiform disease is distinguished by the
presence of an increased number of non-rimmed
papillae at the dermo-epidermal junction, resulting
in a junctional profile similar to that of normal skin
but with papillae surrounded by faint rings of basal
KCs, instead of the typical bright rings (Gonzalez
et al. 1999). Interestingly, S-shaped blood vessels

are seen within the papillae, and they resemble the
pattern observed in SCC in situ.

The hallmark in interface dermatitis is the
inflammatory involvement of the dermo-
epidermal junction. The inflammatory cells tend
to obscure the junction profile and the dermal
papillae with a more diffuse involvement in lichen
planus and a focal distribution in lupus
erythematosus (Moscarella et al. 2012). In the
latter, the presence of inflammatory infiltrate can
be seen in proximity of the adnexa that usually
appear dilated (larger than 80–100 μm) and filled
by highly refractive material in the lumen (hyper-
keratotic infundibula).

Among the acquired pigmented disorders,
RCM has been used to study vitiligo. Vitiligo
lesional skin shows disappearance of the normal
brightness at the dermo-epidermal junction where
the edged papillae appear as a remnant of the
pre-existing papillary ring (Ardigo et al. 2007).

5 Infectious Diseases

RCMhas been applied in some infectious diseases
although studies based on large cases are still
lacking. Superficial mycosis can be easily

Fig. 8 Squamous cell
carcinoma reveals the
presence of atypical
honeycombed pattern with
variably shaped
keratinocytes and S-shaped
vessels (arrow)
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detected by RCM since it has a high-level resolu-
tion for the upper epidermis. Dermatophyte
hyphae appear as bright linear branching struc-
tures within the epidermis with an excellent cor-
relation with the ones seen upon light microscopy
(Markus et al. 2001). With the same high resolu-
tion, it is possible to detect the presence of
Demodex folliculorum within the hair follicles
(Longo et al. 2012a). Demodex usually show up
as multiple roundish well-outlined structures
corresponding to the head-down mites living in
the hair follicles. Sarcoptes scabiei is readily
observed using RCM, including its feces and
eggs within the burrow (Longo et al. 2005).

6 Monitoring of Nonsurgical
Therapies

Due to its noninvasiveness and high resolution,
RCM is a suitable candidate for treatment moni-
toring. Its role has been investigated for monitor-
ing treatment efficacy of imiquimod in AK
(Ulrich et al. 2010). RCM was able to visualize
the inflammatory response induced by imiquimod
and photodynamic therapy (Longo et al. 2012b) in
clinically visible as well as in subclinical lesions
within the cancerization field. Another study eval-
uated the efficacy of cryotherapy for superficial
BCC (Ahlgrimm-Siess et al. 2009), showing early
cell necrosis at the basal layer and within the
superficial dermis 5 h after application of liquid
nitrogen indicating effective cryotherapy. In this
regard, RCMmay allow the immediate evaluation
of treatment efficacy after cryotherapy and may
indicate if a second cryotherapy session is needed.
RCM has also been employed in lentigo maligna
treated with imiquimod (Nadiminti et al. 2010).
RCM has also found application for the efficacy
assessment of laser therapy for solar lentigines,
vascular lesions, skin rejuvenation (Longo
et al. 2013), and acne scars demonstrating the
skin changes occurring after treatment and in
long-term follow-up. The possibility to closely
monitor the morphologic changes over time and
gain new insight into the mechanism of action of
laser devices could be useful in understanding
side effects.

7 Conclusions

The introduction of RCM in clinical practice
opened for the first time the possibility to obtain
a histologic view of the skin in a noninvasive
way with the main advantage of being painless,
not scarring, and repeatable over time. The pos-
sibility to monitor lesions over time implies the
opportunity to gain new insight into nevus
development, melanoma biology, and therapy
monitoring. However, the correct interpretation
of RCM images requires an adequate training
and of the main histopathologic aspects of each
particular lesion.
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1 Introduction

Reflectance confocal microscopy is
established as a valuable tool for in vivo non-
invasive diagnosis of skin tumors and other
skin conditions. The same technique can be
used also for microscopic imaging of freshly
excised tissue. After application of fluorescent
dyes and by using lasers with different wave-
lengths for excitation, a staining of nuclei is
possible in the fluorescence mode. The gray-
scale images in the reflectance and the fluo-
rescence mode can be combined and
converted digitally into pseudo-color images
looking like an H&E (hematoxylin/eosin)
staining. Ex vivo confocal microscopy is a
promising tool for rapid pathology of fresh
tissue, especially for Mohs micrographic sur-
gery of basal cell carcinoma.

2 Technique

The ex vivo confocal microscopy device
VivaScope 2500 (Mavig, Germany) is a
multiwave system. Three lasers with different
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wavelengths at 488 nm, 658 nm, and 830 nm are
installed. The laser at 830 nm is used for reflec-
tance imaging. The first two lasers at 488 nm and
658 nm are combined with filters for elimination
of the reflection, allowing only the fluorescence at
longer wavelength to pass through. The fresh
tissue is placed on a glass slide above the lens
system and fixed by another plate to ensure a flat
surface. The surface is scanned by imaging single
square spots of 750 μm � 750 μm, composed to
maps of up to 12 mm � 12 mm by lateral scan-
ning, which takes some minutes.

3 Fluorescent Dyes

The first step of fresh tissue preparation is the
application of 10 % acetic acid for 60 s to increase
the contrast (“acetowhitening”). After rinsing
with buffer solution, fluorescent dyes can be
applied.

At 488 nm, acridine orange and sodium
fluorescein are dyes, which are excited by illu-
mination, leading to fluorescence at longer
wavelength.

At 658 nm, methylene blue, toluidine blue,
patent blue, and nile blue can be used for fluores-
cent staining.

The concentrations of the dyes are crucial to
achieve optimal results. If the concentration is
too low, the fluorescence signal is weak. If it is
too high, quenching may occur, resulting in
dark images. The effect of photo bleaching
should also be considered, especially when
using methylene blue. To avoid bleaching, the
measurement time and scanning should be fast.
Some dyes like nile blue are susceptible to
changes of the pH value which might lead to
a shift of the excitation and emission
wavelength.

Our recommendations regarding the concen-
trations of the different dyes are:

– Acridine orange 0.6 mM, 1.2 mg/ml
– Sodium fluorescein 0.2–0.4 %
– Patent blue V 0.25 mg/ml (<6.25 mg/ml)
– Methylene blue 2 mg/ml
– Nile blue 0.2 mg/ml in 70 % ethanol

In our experience, the fluorescence dyes acri-
dine orange and nile blue provide the best and
most stable results.

4 Digital Staining

In the reflectance mode, collagen fibers and cyto-
plasm are the main sources of contrast, whereas in
the fluorescence mode, the collagen is nearly
invisible and the nuclei are stained strongly. By
combining both images and by digital transforma-
tion of the grayscale into pseudo-colors, the
images mimic the conventional H&E (hematoxy-
lin/eosin) staining of histology (Bini et al. 2011).
This may further facilitate the detection of small
strands of epithelium within connective tissue and
increase the sensitivity and specificity of ex vivo
confocal microscopy.

5 Results

Confocal microscopy is meanwhile well
established for the noninvasive in vivo imaging
in dermatology, but just as long it has been suc-
cessfully applied to image freshly excised tissue

Fig. 1 Ex vivo confocal microscopy of normal skin in the
reflectance mode. The epidermis (E), the dermis (D),
glands and hair follicles (F), and subcutaneous fat (S) are
displayed
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ex vivo. The first studies were performed using
the reflectance mode. The normal skin architec-
ture and basal cell carcinomas are clearly visible
(Figs. 1 and 2). Typical histologic features were
described, corresponding to conventional histol-
ogy (Gareau et al. 2009b). Also squamous cell
carcinomas were imaged and showed characteris-
tic features like densely packed atypical nuclei
(Horn et al. 2007). However, the contrast of

reflectance confocal microscopy especially for
detection of small residues of fibrotic basal cell
carcinomas with dense, bright stroma was limited
(Chung et al. 2004). Confocal and light micros-
copy findings were consistent in 84.6 % (Kaeb
et al. 2009). The sensitivity to detect basal cell
carcinomas in tissue margins was limited to
73.7 % resp. 80 % depending on the technique
(Ziefle et al. 2010).

Fig. 2 Ex vivo confocal image of a basal cell carcinoma in the reflectance mode (left) compared to corresponding
histology of the same tumor (right). The appearance of the small tumor nests is similar

Fig. 3 Sweat gland with surrounding connective tissue in
the reflectance mode (left) and fluorescence mode (right)
after staining with patent blue. The dye stains the nuclei,

whereas the connective tissue is left unstained (right), but
shows a bright signal in the reflectance mode (left)
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The development of multiwave systems for
fluorescence confocal microscopy enhanced
the diagnostic capability for examination of
freshly excised tissue (Bennàssar et al. 2013a).
The first step was to develop and evaluate
staining protocols of fluorescent dyes. Several
different dyes were investigated. Acridine orange
was the most commonly used fluorescent dye,
which gave stable and reproducible results
(Gareau et al. 2008). Fluorescence confocal
microscopy is demonstrated to be advantageous
to the reflectance mode because epithelium shows
more contrast to the stroma after fluorescence
staining of the nuclei (Fig. 3). Therefore, it is
easier to detect small tumors within a fibrotic
connective tissue. This led to a high sensitivity
of 96.6 % and specificity of 89.2 % in basal cell
carcinomas (Gareau et al. 2009a; Karen
et al. 2009).

Fluorescence confocal microscopy is not
only used for diagnosing skin tumors but also
for rapid surgical pathology because the
staining and imaging take only a few minutes
compared to fresh frozen tissue microscopy
(Gareau et al. 2008). Case reports demonstrated
its feasibility for bedside pathology (Bennàssar
et al. 2012; Longo et al. 2013). Especially for
histologic examination of tumor margins, the
so-called Mohs micrographic surgery, ex vivo
fluorescence confocal microscopy has demon-
strated its value. The sensitivity for detection of
basal cell carcinoma residues in the borders is
88 % and the specificity 99 % (Bennàssar
et al. 2013b). Digital staining may further facil-
itate the interpretation of the confocal images
(Fig. 4) (Bini et al. 2011; Gareau et al. 2012).
First studies in general pathology demonstrated
that the technique could also be used for

Fig. 4 Basal cell carcinoma in the reflectance mode (a), in
the fluorescence mode after staining with acridine orange
(b) and after combination of both images and digital
staining (c). The latter image simulates the H&E staining

of conventional histology. The tumor is easily detectable.
Digital staining software by Dan Gareau and Milind
Rajadhyaksha, Memorial Sloan-Kettering Cancer Center,
New York
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microscopy of other tissues than the skin like the
breast, colon, and thyroid gland (Ragazzi
et al. 2013).

The VivaScope 2500 is further improved.
In the latest upgrade, the optical lens system
is optimized for better image matching,
and the measuring field is enlarged up to
20 mm � 20 mm.

6 Conclusion

Fluorescence confocal microscopy is a fast and
reliable method for diagnosis of skin tumors and
other pathologies in freshly excised tissue. It may
represent an alternative to frozen sections for
rapid surgical pathology and is of special interest
for Mohs micrographic surgery to investigate
tumor margins of basal cell carcinomas.
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1 Introduction

Oxygen is an essential fuel and also a poison for
living organisms. On the one hand, it can violently
oxidize vital macromolecules (e.g., proteins and
nucleic acids), and on the other hand, some of
these macromolecules are specially designed to
capture, transport, and use oxygen in many cas-
cades of chemical reactions. These paradoxal
properties have led, through adaptive evolution,
organisms to develop strategies to precisely con-
trol and adapt the absorption of oxygen from the
environment. Mammals mainly use their lungs
through breathing and have developed their inter-
facial surface to meet their body’s requirements in
oxygen. The second interfacial surface of body in
direct contact with environmental oxygen is
human skin. Very naturally, an intimate relation
emerged between the skin and oxygen homeo-
stasis. And although the skin cannot anymore be
considered as a “breathing organ” in humans, it
has deep implications in oxygen supply
management.

Nowadays, medical attention has been driven
toward body supply in oxygen due to its wide
impact on various physiopathological processes
such as wound healing, skin aging, and immune
reactions. Beyond hyperbaric oxygen therapy,
innovative formulation technologies are being
developed to enable oxygen delivery in a handy
and efficient manner.

2 General Aspects on Oxygen
and Skin

2.1 Physicochemistry of Oxygen

Atomic oxygen is a highly electronegative che-
mical element (symbol “O”; atomic number, 8)
that forms compounds with most elements in
often highly exothermic reactions. It is the most

abundant element on earth surface. Furthermore,
it represents 62 % (m/m) of the human body.
Under normal conditions of temperature and pres-
sure, atomic oxygen binds to form a diatomic
colorless, odorless gas called oxygen (O2). Oxy-
gen is a small molecule with a molecular weight of
31.999 g/mol that exhibits a pressure and reverse-
temperature-dependent solubility in water (i.e.,
8.3 mg/L at 25 �C under atmospheric pressure).

2.2 Oxygen Physiology

Oxygen acts toward the human body at the same
time (i) as a major metabolic substrate for cellu-
lar chemistry and (ii) as a signal in multiple
metabolic pathways with a remnant effect after
return to normal oxygen levels (Ladizinsky and
Roe 2010).

Many essential physiological reactions require
the presence of oxygen. Most importantly, oxygen
is the terminal electron acceptor in mitochondrial
respiration and it also plays a central role in many
other metabolic processes. For instance, oxygen is
required (i) for the production of nitric oxide by
NO synthases, (ii) for the hydroxylation of the
collagen, and (iii) for cholesterol synthesis.

Furthermore, oxygen levels are monitored at
different points within the human body (e.g., the
carotid, liver, and kidney) to induce homeostatic
response to hypoxia (i.e., differential vasocon-
striction/dilatation, erythropoietin, and red blood
cell production). In case of acute environmental
hypoxia, concomitant pulmonary vasoconstric-
tion and systemic vasodilatation occur to ensure
correct oxygenation of vital organs. Surprisingly,
unlike the rest of systemic vasculature, skin vas-
culature undergoes vasoconstriction in response
to acute environmental hypoxia. If hypoxia is
prolonged, a hypoxia-inducible transcription
factor (HIF)-mediated response progressively
restores the cutaneous blood flow in the skin,
leading to liver and kidney hypoxia and subse-
quent erythropoietin synthesis to enhance blood’s
oxygen-carrying capacity. Thus, the skin is the
central actor of a bimodal response to acute/
chronic environmental hypoxia in mammals
(Boutin et al. 2008; Semenza 2008).
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Eventually, oxygen supply is intimately intri-
cate in skin aging processes as a cause (i.e.,
production of reactive oxygen species or ROS)
and a potential treatment for a variety of skin
discomforts; therefore, the development of oxy-
gen therapies is a major interest of cosmetic
companies with important economic and sanitary
outcomes (Asadamongkol and Zhang 2014).

2.3 Oxygen Supply

Oxygen supply to human body’s organs and tis-
sues is mainly ensured by pulmonary absorption.
In the lungs, gaseous oxygen needs to become
dissolved in a fluid state to cross alveolar mem-
brane. Once dissolved, oxygen diffuses within the
body from areas of high concentration to areas of
low concentration. Hemoglobin within red blood
cells acts as a reservoir ensuring that plasmatic
dissolved oxygen level is sufficiently maintained
to ensure delivery to organs and tissues via capil-
lary perfusion (Ladizinsky and Roe 2010).

Although transcutaneous absorption of oxygen
is now known to occur in human, the ratio of the
absorption surface between the skin and lungs
(1–2 m2 and 70 m2, respectively) limits its impact
as a source of systemic oxygenation. Overall,
apart in premature infants, atmospheric oxygen
transported through the human skin contributes
in a negligible way (i.e., 2 %) to body oxygenation
(Roe et al. 2010). As dermal vasculature does not
cross its basal membrane, the epidermis can be
considered as a physiologically hypoxic tissue
where anaerobic glycolysis is likely to be impor-
tant to sustain its high metabolic activity due to
constant renewal (Boutin et al. 2008; Straseski
et al. 2009). Moreover, due to its highly organized
structure, skin barrier function further limits the
extent of transcutaneous absorption of oxygen.
However, considering local skin oxygen supply,
transcutaneous absorption is (i) a physiologically
relevant oxygen source down to the superficial
dermis and (ii) the major source of oxygen for
the outermost layers of unperfused epidermis
(Ladizinsky and Roe 2010).

In human, skin’s partial pressure in oxygen
levels (pO2) is highly correlated to the

physiopathological state of the skin (Reading
et al. 2013). For instance, wound repair outcome
may be estimated regarding local oxygen tension.
Non-hypoxic wounds (i.e., pO2 >30 mmHg) will
heal rapidly with no complications such as infec-
tion oppositely to hypoxic wounds (i.e., pO2

between 13 and 30 mmHg). When pO2 drops
under 13 mmHg, basal metabolic activity cannot
be sustained which leads to gangrenization (Roe
et al. 2010).

2.4 Oxygen Skin Permeability

Due to its small molecular size, permeation of
oxygen through the skin is likely to occur mas-
sively through porous structures such as skin
appendages (e.g., eccrine glands). Permeation of
oxygen through nonporous regions of the skin
could also follow the transcellular pathway via
transmembrane proteins such as aquaporins that
exhibit gas transport capacities (Roe et al. 2010;
Wang and Tajkhorshid 2007). Data is scarce on
oxygen skin permeability but suggests it relies
mostly on passive physicochemical-mediated
transport and not active cellular mechanisms (Roe
et al. 2010). Oxygen delivery from a saturated
aqueous vehicle was assessed ex vivo using porcine
skin. Exogenous (i.e., via the stratum corneum)
and endogenous (i.e., via the dermis) administra-
tions were simulated and revealed a higher perme-
ation for endogenous delivery and a better skin
penetration supposedly due to reservoir effect of
stratum corneum lipid matrix with exogenous
administration. However, some studies suggest
tape stripping of the epidermis leads to enhanced
oxygen penetration into the skin from an aqueous
formulation (Ladizinsky and Roe 2010; Atrux-
Tallau et al. 2009). Therefore, it is not clear if
skin stratified structure and more specifically the
stratum corneum can be considered as a major
barrier to transcutaneous penetration of oxygen.
Overall, oxygen absorption in the epidermis from
the environment can be described using a Fickian
model where a pO2 gradient governs oxygen pen-
etration. This theoretically enables local therapeu-
tic approaches based on topical application of
oxygen-loaded formulations (Reading et al. 2013).
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3 Compounding Strategies
for Oxygen

3.1 Gaseous Formulations
of Oxygen

Oxygen therapy in the context of wound healing
should be able to deliver sufficient oxygen to
reach pO2 found in healthy well-perfused tissues
(i.e., >30 mmHg). Hyperbaric oxygen therapy is
known to have significant impact on wound
healing processes as long as blood perfusion is
effective in the targeted tissue. Concerning the
skin, hyperbaric oxygen therapy raises subcutane-
ous oxygen tension for several hours after return
to normobaric conditions (Ladizinsky and Roe
2010). However, gaseous formulations of oxygen
require that gaseous oxygen overcomes the
gas/liquid phase boundary before it becomes bio-
available (Roe et al. 2010). Furthermore, high-
pressure gaseous oxygen administration is limited
as it will mechanically cause microvascular occlu-
sion at administration site (Reading et al. 2013).

3.2 Liquid Formulations of Oxygen

3.2.1 Aqueous Formulations
As oxygen is bioavailable if dissolved in a fluid
state, liquid formulations of oxygen might provide
better biopharmaceutical capacity to deliver oxy-
gen to the skin. Dissolved oxygen applied topically
shows (i) faster rate and (ii) deeper depth of pene-
tration in human skin than gaseous oxygen formu-
lations applied topically (Roe et al. 2010).

Water shows higher penetration capacities
through the skin than molecular oxygen and is
capable of retaining up to 50 mg of oxygen per
liter using simple enriching techniques. There-
fore, water may be an interesting and inexpensive
vehicle for a liquid formulation of oxygen. Fur-
thermore, an aqueous-based formulation is likely
to be supplemented with a large variety of com-
pounds meant to support wound healing process
in addition to oxygen (Reading et al. 2013).

Recent reports have shown the absorption of
oxygen through the plantar surface of the foot and
palmar surface of the hand, when immersed in

water that contains high levels of dissolved
oxygen. Moreover, age and patient’s condition
(e.g., diabetes) influence oxygen absorption
and/or retention (Reading et al. 2013).

3.2.2 Fluorocarbons
Fluorocarbons are inert synthetic linear of cyclic
hydrocarbons ranging from C8 to C10, wherein
all or part of the hydrogen atoms have been
replaced by fluorine or bromine. They exhibit
low molecular weights (i.e., 450–500 Da) and
are immiscible with both hydrophobic and aque-
ous solutions. They are used in industry as a
refrigerant and propellant in aerosol canisters but
also show a high capacity to dissolve and release
oxygen and carbon dioxide. With their oxygen-
carrying capacity being 50 times greater than that
of water, fluorocarbons feature a better liquid
vehicle than water for oxygen transport through
the skin (Isaacs et al. 2011). Although nearly
twice as dense, most have a similar kinematic
viscosity as water.

The solubilization and release of oxygen by
fluorocarbon are a physical entirely passive pro-
cess, unlike the bonding and release of oxygen
from hemoglobin in the blood. The amount of
dissolved gas is (i) proportional to the partial
pressure of the gas in the liquid which is in equi-
librium, (ii) inversely proportional to the molecu-
lar weight of the fluorocarbons, and (iii) directly
related to the number of fluorine atoms present.
Physicochemical properties of selected fluorocar-
bons are given in Table 1 (Kaisers et al. 2003).

Linear fluorocarbons are better oxygen car-
riers. They are biologically and chemically inert
and non-metabolized, and, being volatile, they are
excreted through the lungs within a week. How-
ever, they accumulate in the reticuloendothelial
system where their long-term effects are not yet
established (Krafft 2001).

A major drawback consists in their immiscibil-
ity to water. Therefore, they must be administered
either (i) as an emulsion, to be carried in the
vasculature, or (ii) as a dispersion of fine particles
of 0.1–0.2 mm in suspension in isotonic saline
electrolyte. To obtain stable emulsions at ambient
temperature, emulsifiers are necessary. Emulsi-
fiers commonly used, such as egg yolk
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phospholipids, provide stable emulsions and can
be sterilized without degradation. The ability to
transport oxygen of these emulsions is dependent
on the concentration of fluorocarbon. The emul-
sions that contain 45–60 % of fluorocarbon (w/v)
seem optimal to transport oxygen, but their high
viscosity limits the concentrations used.

3.3 Colloidal Formulations

3.3.1 Micro- and Nanosponges
Nanosponge and microsponge delivery systems
were originally developed for topical delivery of
drugs. This controlled release technology for

topical agents consist of nano- or microporous
beads loaded with active agent obtained by
cross-linking of cyclodextrin. The average diam-
eter of a nanosponge is below one micrometer,
whereas for microsponges it ranges from 10 to
25 μm. These vehicles are designed to deliver
efficiently a pharmaceutical active ingredient at
minimum dose and to enhance stability.
Nanosponge formulations might be potential gas
delivery systems showing the ability to store and
to release oxygen slowly over time. Furthermore,
nanosponges exhibit high loading capacity for
other gases (e.g., carbon dioxide and methylcy-
clopropene) (Cavalli et al. 2010; Patel and Oswal
2012).

Table 1 Physicochemical properties of selected PFCs

FC-77 FC-75 FC-3280 Rimar 101 Perfluorodecalin Perflubron

Chemical
formula

50/50 mix of
two isomers of
C8F16O

40/40/20 mix of
two isomers of
C8F16O and
C8F18

C8F18 C8F16o C10F18 C8F17Br

Molecular
weight
(Daltons)

Approx. 416 Approx. 420 438 416 462 499

Boiling point
(�C)

97 102 102 101 142 143

Density at
25 �C
(g ml�1)

1.78 1.78 1.76 1.77 1.95 1.93

Kinematic
viscosity at
25 �C (Pa.s)

0.80 0.82 0.80 0.82 2.90 1.1

Vapor
pressure at
37 �C
(mmHg)

85 63 Approx. 51 64 14 11

Surface
tension at
25 �C (dyne.
cm�1)

15 15 15 15 15 18

Oxygen
solubility at
25 �C (ml gas
per 100 ml
PFC)

50 52 Approx. 48 52 49 53

Carbon
dioxide
solubility at
25 �C (ml gas
per 100 ml
PFC)

198 160 Approx.
176

160 140 210
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3.3.2 Micro- and Nanobubbles
Microbubbles and nanobubbles are spherical
gas-filled low-density structures with a mean
diameter of 1–8 μm and >1 μm, respectively.
They comprise a spherical cavity containing gas
(e.g., oxygen) and gas-loading agents such as
fluorocarbons. They are stabilized by a lipidic or
polymeric coating. When introduced in an
oxygen-deprived environment, oxygen-
containing fluorocarbon microbubble will deflate,
liberating their oxygen content. Subsequently, if
the environment is reoxygenated, microbubbles
will reload oxygen and recover a spherical
shape. This property has important medical appli-
cations, for instance, in the development of syn-
thetic blood substitutes. Furthermore, micro- and
nanobubbles respond to ultrasonic stimulation by
liberating their gaseous content, enabling to
develop ultrasonic-driven targeting therapeutic
strategies (Unger et al. 2004). For instance, gene
transfection in reconstructed human skin was
achieved by ultrasonic-enhanced microbubble
delivery (Yang et al. 2005), and micro-/
nanobubbles are presented as ultrasound-targeting
oxygen delivery systems as adjuvant to antibiotics
in anaerobic infections. Furthermore, many med-
ical conditions, such as diabetes, burns, bedsores,
and wounds, are possible fields of application of
oxygen-filled micro-/nanobubbles besides other
oxygenation approaches (Cavalli et al. 2009).

4 Clinical Applications

4.1 Interest of Oxygen Therapies

Numerous diseases are caused by tissular ische-
mia or hypoxia. Under some conditions, the
HIF-mediated homeostatic response is not suffi-
cient, and the use of hyperbaric oxygen therapy is
required. Hyperbaric oxygen therapy has been
shown to enhance bone, muscle, and skin healing,
particularly in conditions of ischemia and low
oxygen tension. In the skin, it is proved that
hyperbaric oxygen has positive treatment effect
on promoting wound healing of, e.g., chronic
ulcers and diabetic foot (Thackham et al. 2008;
Eskes et al. 2010). Moreover, hyperbaric oxygen

increases levels of growth factors, such as vascu-
lar endothelial growth factor, and stimulates
vasculogenic stem cell mobilization from the
bone marrow in response to oxidative stress.

The goal of an oxygen therapy for wound care is
to transfer sufficient oxygen to interstitial tissues to
maintain a concentration above 30 mmHg found in
healthy, well-perfused tissues. Oxygen concentra-
tion is paramount to the proliferation and differen-
tiation of a variety of cell types. Various
mechanisms have been proposed to explain posi-
tive effects of oxygen therapies on injured tissues.
Indeed, high levels of oxygen stimulate the prolif-
eration of fibroblasts and endothelial cells, differ-
entiation and migration of keratinocytes, and
angiogenesis and decrease edema in the periwound
skin, through a vasoconstrictive effect. The func-
tioning of several enzymes needed for the correct
synthesis of collagen requires oxygen as a cofactor
(Zgonis et al. 2005). Furthermore, hyperoxia facil-
itates the elimination of anaerobic bacteria by leu-
kocytes through activation of the oxygen-
dependent peroxidase system and promotes the
production of ROS that attack bacterial structures
(Fife et al. 2002).

4.2 Drawback of Oxygen Therapies

The use of oxygen therapy in hypoxic conditions
is promising; however, abusive use poses risks,
notably oxidative stress. This is especially true in
the context of widespread oxygen therapies for
cosmetic and esthetic means.

One potential danger is that ROS produced
from oxygen are highly reactive and therefore
exhibit potent toxicity, which often occurs under
hyperbaric conditions. When oxygen exposure
overpowers the tolerance of tissues, further expo-
sure may eventually result in toxicity or oxidative
injury. Oxygen toxicity occurs after extended
periods of hyperbaric oxygen exposure and/or at
high pressure.

It has also been reported that hyperbaric oxygen
therapy increases the production of ROSwithin the
tissue (Matsunami et al. 2009), thereby mobilizing
cellular antioxidant responses (Godman et al.
2010). ROS can oxidize proteins and lipids and
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react with DNA to cause single-strand breaks and
base modifications. This process imparts a number
of molecular changes to skin tissue and an over-
whelming of cellular protective responses,
ultimately leading to increased levels of cell death
(Pustisek and Situm 2012).

4.3 Topical Oxygen Delivery
Strategies

As we have seen, different formulations exist that
enable oxygen loading and dermal application in
chronic wounds and to address the lack of oxygen
due to low perfusion in certain skin diseases. As
oxygen was found to better penetrate skin layers
from exogenous supply than from endogenous
supply, local topical delivery of oxygen appears
a rational approach to enhance pO2 in the skin
(Atrux-Tallau et al. 2009).

Gas formulations are readily developed and
available such as hyperbaric oxygen therapy;
however, they remain inconvenient in terms of
administration (Table 2). Liquid formulations in
aqueous media or enhanced loading capacity
media such as fluorocarbons appear handier, but
drawbacks in compounding and delivery control
have led to develop more complex formulations
with targeting and controlled release characteris-
tics. Colloidal formulations able to entrap
oxygen show promising aptitudes and best meet
these criteria. Other strategies such as incorpora-
tion of a vasodilating agent (e.g., nicotinate
esters) may be interestingly combined to oxygen
delivery systems to improve skin oxygen content
by exogenous and endogenous supply (Krzic
et al. 2001).

5 Conclusion

The perceived health and physiologic functioning
of the skin depend on adequate oxygen availabi-
lity, both oxygen present in the body and oxygen
contributed by the external environment. The
capacity of the skin to absorb oxygen from air
has often been overlooked but can account for
up to 2 % of the total oxygen consumed by the
body and is especially important to the epidermis.

Formulations have been developed to over-
come skin hypoxia. Complex colloidal formula-
tions are not yet used at their full potential in the
skin care area, however in rapid progress. Never-
theless, vigilance is required about frequent and or
abusive use as high amounts of oxygen can cause
oxidative stress resulting in the exact opposite of
therapeutically expected effect.
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The dermis (also called the cutis) is by far the
thickest skin layer and amounts to about 7 % of
the body weight. Its connective tissue is special
because of its structure and because it holds many
independent small organs, the hairs, and the sweat
glands, together called skin appendages. Like
other connective tissues, the dermis appears at
first as a mesh of interconnected collagen fibers,
elastic fibers and an interstitial ground substance
rich in proteins and glycosaminoglycans (GAGs)
(Fig. 1). Most of the collagen is formed by the
assembly at regular intervals of strong fibrils
(thickness: 20–100 nm) (Breathnagh 1971)
(Fig. 2) separated by proteoglycans, arranged in
interconnected bundles forming a network with-
out detectable free extremities. The elastic fibers
have a fibrillar skeleton composed of fibrillin
(type 1 and 2) (thickness: 1.0–1.3 nm) and other
fibrillar proteins (fibulin, microfibril-associated
fibrillar protein, MAFP), at the center of which
an amorphous substance, elastin, is deposited.
They are interwoven with collagen fibers
(Fig. 3). The fibrillar collagens and the elastic
fibers are embedded in a viscous gel (so-called
ground substance) made of nonfibrillar collagens,

This chapter was originally published under the
ISBN 978-3-540-01771-4 with the following book title
Measuring the Skin. The content has not been changed.

Pierre Agache: deceased.

P. Agache (*)
Department of Dermatology, University Hospital of
Besançon, Besançon, France
e-mail: aude.agache@free.fr;
ferial.fanian@chu-besancon.fr;
ferial.fanian@cert-besancon.com

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_164

443

mailto:aude.agache@free.fr
mailto:ferial.�fanian@chu-�besancon.�fr
mailto:ferial.�fanian@cert-�besancon.com


proteoglycans (association of proteins and glycos-
aminoglycans), and microfibril-associated glyco-
proteins (MAGP) (Pope 1998). All these
components of the dermis are synthesized by the
fibrocytes (also called fibroblasts, although they
are mature cells) that are abundant in young tissue
but rare in older ones. Finally, a substantial
amount of water is retained because of the high
hygroscopic power of the MAGP. Microscope or
ultrasound examination reveals two types of der-
mal connective tissue depending on the structure
and location: the papillary/subpapillary and
adventitial dermis, 20–100 μmwide, and the retic-
ular dermis (or chorion) 10–20 times thicker.

1 Subpapillary and Adventitial
Dermis

1.1 Structure

The subpapillary (subepidermal) or adventitial
(around the pilosebaceous or sudoral appendages)
dermis holds a thin fibrillar network mainly com-
posed of type I and III collagen, type VII collagen,
thin elastic fibers (type 2 fibrillin) and fibrillin
2 without elastin (oxytalan fibers) (Pope 1998). In
the deeper part of the subepidermal dermis, collagen
and elastic fibers are horizontally oriented, whereas
in the upper part they are mostly vertical and con-
nect the horizontal network to the dermoepidermal
junction. This type of dermis looks clear under
optical microscope because the ground substance
(MAFP, MAGP) and the water it retains constitute
the major part of its volume. Cohesion to epidermis
is ensured by a basal membrane (a mesh of collagen
IV, fibronectin, other fibrillar proteins, and globular
collagens) connected to the epidermal keratinocytes
by hemidesmosomes and to the collagen network
by anchoring fibers (collagen VII) and a ramifica-
tion of oxytalan fibers (see▶Chap. 36, “Epidermal
Physiology,” Fig. 2).

1.2 Function

The papillary/adventitial dermis functions are
numerous:

1. It ensures the nutrition of the overlying layers of
epithelium and their hormonal and paracrine
exchanges thanks to the numerous vessels (arte-
rioles, venules, blood and lymphatic capillaries)
that it contains. As such, its thickness varies in
relation to the activity of the overlying epithe-
lium layers, and it must be regenerated before
the healing of a wound begins. However, in this
case, the papillary dermis reconstituted from
inflammatory granulation tissue is generally
more fibrous than normal, with few elastic
fibers, and the dermoepidermal junction is
devoid of papillary relief.

2. It partly controls percutaneous absorption thanks
to its blood and lymphatic vessels. The lower the

Fig. 1 Vertical section of the subpapillary and mid-dermis
(optical microscope). Collagen bundles are colored in pink
and elastic fibers in violet. Orcein.�600 (Courtesy of Prof.
Laurent, Department of Dermatology, University of
Besançon, France)

Fig. 2 Collagen fiber (transmission electron microscope).
Note the transverse striation at every 60 nm, which is due to
a gap in the relative positioning of the fibrils. Bar = 0.1 μm
(Courtesy of Prof. Laurent, Department of Dermatology,
University of Besançon, France)
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blood or lymph flow, the slower the decrease in
the permeant concentration in the epidermis
intercellular spaces; this process may explain the
lower percutaneous absorption in the aged, in
spite of the reduced thickness of the epidermis.

3. It has an architectural function: the collagen,
fibrillin, and elastic fiber framework contributes
to the protection of vessels and cells against
mechanical aggressions (the reticular dermis
fulfills this function more efficiently). The elas-
tic fiber network ensures full recovery of shape
after deformation. Elaunin fibers (elastic fibers
with very little elastin) may be responsible for
the maintenance of the dermoepidermal papil-
lary relief; they disappear during actinic aging.
Both synthesis and degradation of collagen,
elastin, and fundamental substance by
fibrocytes are possible, but what triggers the
production of proteolytic enzymes is mainly
inflammatory cells. It contains most of the
nerve endings responsible for the tactile func-
tion of the hair (see ▶Chaps. 76, “Scalp Seba-
ceous Function Assessment,” and ▶ 99, “Skin
Tensile Strength in Scleroderma”).

4. In addition, adventitial/subepidermal dermis con-
tains inflammation inducers, among them type C
and Aδ nerve fibers providing proinflammatory
neuropeptides, and (for the most part
perivascularly located) mast cells, which are a
source of potentially highly inflammatory

substances. Accordingly, this type of dermis is
mainly responsible for the strong reactivity of
the skin. Around sweat gland secretory coils,
abundant cholinergic nerves provide the acetyl-
choline responsible for sweat secretion when
excited.

5. The papillary dermis contributes, together with
the epidermis, to the immunological function
of the skin by ensuring the transit of the immu-
nocompetent cells (Langerhans cells, lympho-
cytes) toward the lymph nodes, directly or
through its lymphatic vessels. Dendrocytes
(Riley 1974), lymphocytes, and histiocytes
also play a part in the SALT (skin-associated
lymphoid tissue), which is of paramount
importance in delayed hypersensitivity phe-
nomena. Mast cells are also a major step in
immediate hypersensitivity reactions.

6. An important quota of macrophages and his-
tiocytes aid the dermis to remove the barely
soluble waste of cellular or metabolic origin
(e.g., extravasated red blood cells).

2 Reticular Dermis

The reticular dermis is very different, over 500 μm
thick and subdivided sometimes into mid-dermis
and deeper dermis. Under the optical microscope,

Fig. 3 Reticular dermis (transmission electron micro-
scope). Two fibrocytes are seen in the center. Their cyto-
plasm (C) is rich in cistemae. N nucleus, F collagen fibrils
perpendicularly oriented. E elastic fibers containing both

elastin and fibrillin. Some collagen fibrils seem to stick to
fibrocytes, others to elastic fibers (arrows). Bar = 1 μm
(Courtesy of Prof. Laurent, Department of Dermatology,
University of Besançon, France)
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only a thick mesh of collagen bundles orientated
in all directions in a plane parallel to the surface is
detected. Vessel sections are rare. In most anatom-
ical areas, they are only transfer arterioles and
venules. In the palms and soles, numerous
arteriolovenular shunts can also be found, which
are involved in the thermal regulation of the
extremities. The mid-dermis contains the
pilosebaceous appendages (downy or vellus
hairs) and the deep dermis contains the coiled
part of the sweat glands and their excretory
ducts. Apart from these epithelial structures
(surrounded by adventitial dermis), there are few
cells, almost only fibrocytes. The collagen bun-
dles of the reticular dermis are formed by type
1 collagen (Fig. 2) coated withMAGP andMAFP,
which maintain the fibers separated from one
another (Scott 1992) and contribute to the water
binding onto their surface, thus making the tissue
swell. Scanning electron microscopy shows that
these bundles appear curved and stretched in the
direction of the highest tension of the skin as a
result of thick elastic fibers (Piérard and Lapière
1987) (Fig. 4). They are made of type 1 fibrillin
and elastin. The deep dermis is a little more dense
than the mid-dermis but has a similar structure.

The reticular dermis function is mainly
mechanical. It forms a solid structure, although
distensible (up to about 25 %) as well as com-
pressible, and protects the adnexal epithelia
against mechanical aggressions. Because of its
elasticity, it is responsible for the maintenance of
the tissue shape and architecture. A partial failure
of this function is found in hypertrophic scars,
keloids, and stretch marks (striae gravidarum,
striae distensae). Finally, the permanent tension
of the reticular dermis, due to the traction exerted
by elastic fibers, generates the folding of
nonelastic overlying structures (viable epidermis

and stratum corneum). This is the origin of the
skin surface relief, which appears first at the
deeper level of subpapillary dermis.
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1 Introduction

Clinical examination of skin pathology by inspec-
tion and palpation delivers crucial hints to deter-
mine the correct dermatological diagnosis. When
examining tumorous or inflammatory diseases –
apart from the involved skin area – the registration
of in-depth expansion of the process is a further
important clinical parameter. Sonography is an
interesting tool to collect this missing
information.

It has already conquered many specialities in
medicine. Until 1975 ultrasound transducers with
a center frequency and bandwidth of maximal
7.5 MHz were available. Attempts to evaluate
inflammatory and tumorous processes in the skin
using 1,5–5 MHz transducers delivered very
unsatisfactory results (Rukinava and Mohar
1979). The pioneers Alexander and Miller
(1979) were the first scientists measuring skin
thickness using 15 MHz pulsed ultrasound.

Subsequently in the 1980s and 1990s specific
15 – 20 MHz ultrasound imaging systems were
developed.

Figure 1 visualizes the number of Medline pub-
lications focusing on different noninvasive skin
imaging methods over the past 30 years.
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Sonography is the oldest method to look at skin
layers beneath the skin surface and was widely
introduced to clinical dermatology in the 1990s.
As the above chart (Fig. 1) displays, scientific
research focused on epiluminescence microscopy
ten years ago. The latter delivers additional infor-
mation allowing one to differentiate betweenmalig-
nant and benign pigmented skin tumors, wherefore
it was highly targeted by researchers during this
period of time. Recent research deals with “subsur-
face” methods – e.g., confocal laser scanning
microscopy and multiphoton microscopy – as they
enable the evaluation of skin diseases and tumors at
a cellular level, thus reducing skin biopsies. Many
of these new exciting methods are presented else-
where in this book.

During the past 25 years, 25 MHz sonography
of the skin has become an accepted noninvasive
imaging method in dermatology. Clinical applica-
tions are the preoperative determination of the
extension of skin tumors (Hoffmann
et al. 1992b; Fornage et al. 1993; Gropper
et al. 1993; Harland et al. 1993; El Gammal
et al. 1993; Gupta et al. 1996a; Desai
et al. 2007), the monitoring of inflammatory
lesions (Di Nardo et al. 1992; Stiller et al. 1994;
Vaillant et al. 1994; Hoffmann et al. 1995; Gupta
et al. 1996b) and sclerotic processes (Cole
et al. 1981; Serup 1984; Myers et al. 1986;
Akesson et al. 1986; Hoffmann et al. 1992a;
Lévy et al. 1993; Ihn et al. 1995), and the objec-
tive judgment of skin tests, such as patch test
reactions (Serup and Staberg 1987; Seidenari
and di Nardo 1992; Seidenari 1995) and tubercu-
lin test reaction (Beck et al. 1986), to name just
a few.

Sonograms of the normal skin show, at their
upper border, a thin, very echorich line, the

so-called skin entry echo. Beneath, a broad,
echorich band with scattered reflexes is seen,
which corresponds to the dermis (Fig. 2). The
subcutaneous fatty tissue is echolucent and tra-
versed by obliquely oriented echorich connective
tissue septae. As the epidermis is echopoor it
cannot be visualized, and certainly structures
within the epidermis cannot be differentiated
(El Gammal et al. 1993; Fornage et al. 1993) due
to the lack of resolution of transducers with center
frequencies below 20 MHz.

To investigate the epidermis, the resolution
must be improved. The axial resolution is mainly
influenced by the bandwidth (Fig. 3). The lateral
resolution is proportional to the center frequency
and indirectly proportional to the focal length
(El Gammal et al. 1993, 1995, 1999, 2007). By
raising the center frequency and in consequence
the bandwidth of the ultrasound transducer, the
resolution increases.

At the same time signal penetration depth into
the skin is reduced (Fig. 4); a burden one has to
accept in order to receive more detailed
sonograms.

The 100 MHz transducer technology was
modified in such a way that skin structures up to
2 mm depth can be visualized (Paßmann
et al. 1989; Ermert et al. 1997; El Gammal
et al. 1999) at a very high resolution (Fig. 2 inset).

Considering that dermatology includes all
structures from the skin surface to the muscle
fascia, lower frequencies are necessary to study
deep skin structures.

Today 10–18 MHz sonography is used to eval-
uate the peripheral lymph nodes of patients with
skin tumors (Beyer et al. 1982; Brockmann
et al. 1985; Blum and Dill-M€uller 1998, 1999;
Dill-M€uller and Maschke 2007).
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Fig. 1 Medline publications on noninvasive skin imaging methods. MRI magnetic resonance imaging, OCT optical
coherence tomography, CLSM confocal laser scanning microscopy
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Since 1995 “Sonography of the skin and sub-
cutis (including the peripheral lymph nodes)” is
part of the educational curriculum for dermatol-
ogists in Germany, a testimony that this method
has become a routine diagnostic tool in
dermatology.

2 Methods and Patients

To study the subcutis, an Esaote MyLaB60 ultra-
sound unit equipped with a 9–18MHz linear array
applicator was used. Ultrasound gel was used as
coupling medium.

Examination of the dermis, epidermis, and
stratum corneum was done with an experimental
ultrasound imaging unit which can be operated
with different transducers ranging from 20 to
250 MHz. Technical details have been published
elsewhere (Ermert et al. 1997; Paßmann
et al. 1989; El Gammal et al. 1995, 1999; Vogt
et al. 2001; for transducer details see El Gammal
et al. 2007).

A highly focused 100 MHz ceramic transducer
(with a short depth in the focus zone of only
400 μm) with an excellent lateral resolution
(Fig. 5b) was utilized. In order to obtain sharp
sonograms not only from a stripe of 400 μm, but
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Fig. 3 Physical parameters
influencing the axial and
lateral resolution. The axial
resolution is mainly
influenced by the
bandwidth of the
transducer, the lateral
resolution by the geometry
of the transducer in the
focus zone. The near and far
field of the transducer bear
multiple artifacts

Fig. 2 Comparison of 15 MHz and 100 MHz sonography
(inset). At 15 MHz the dermis is an ill-defined line at the
upper part of sonogram due to insufficient resolution; at
100 MHz structures within the dermis are visualized (e.g.,

obliquely oriented hair follicles). D dermis, S subcutis,MF
muscle fascia,Mmusculus rectus abdominis. The distance
between two neighboring lines (right border of 15 MHz
picture) is 5 mm
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from a wider part of the skin, we developed a
mechanical focusing procedure, called
Brightness/Depth-Scan (B/D-Scan; Fig. 5c). The
principle of this method is to compose the sono-
gram of several 400 μmwide image stripes, which

are recorded one after the other, each in the focus
zone of the transducer (Ermert et al. 1997;
Paßmann et al. 1989). After the uppermost stripe
is recorded by lateral movement of the transducer
over the selected area, the transducer is moved
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Fig. 5 (a) Usually long-focused transducer is used in
mechanical scanners. The focal zone is defined by the
focal width Fw and focal depth Fd. (b) To improve lateral
resolution (Fw), we used a short-focused transducer. The

focal depthFd is reduced to 400 μm.Fw= 30 μm. (c) B/D-
Scan. The final sonogram is composed of several 400 μm
wide image stripes, which are recorded one after the other,
each in the focus zone of the transducer
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vertically 400 μm toward the skin surface before
the next image stripe is recorded. To eliminate
movement artifacts between adjacent stripes, the
overlapping parts (near field and far field) are used
for adjustment by the computer program, which
puts together the final image.

Before we put the image stripes together,
every single stripe was processed in two steps.
First, the internal echoes of the 100 MHz trans-
ducer were eliminated. The oscillation curves of
all neighboring A-scans of the image were aver-
aged, and the mean oscillation curve was then
subtracted from every single A-scan. Secondly,
the A-scans were demodulated. The envelope
curve was determined by two complex fast Fou-
rier transformations for every A-scan. This pro-
cedure provides optimal results, but does not
allow to promptly view the recorded data. For
this purpose a fast method of demodulation
consisting of a digital rectification of the high-
frequency A-scan combined with a
non-recursive digital filter of the order of ten
was additionally implemented. This linear-
phase filter has a passband cutoff frequency of
150 MHz.

2.1 Patients and Volunteers

All volunteers and patients gave informed consent
for all examinations.

Healthy Palmar Skin: ten right-handed volun-
teers with healthy skin (five men and five women,
age 29–76, mean 56.4) were investigated. The
index fingertip of the left hand was occluded for
30 min with an emulsion using a Finn chamber.

Healthy Glabrous Skin: Sonograms were taken
from volunteers with healthy skin (age 20–32,
mean 24.1) on the abdomen about 3 cm lateral
the umbilicus (n = 8), the upper back over the
scapula (n = 11), the dorsal forearm (n = 9), and
the calf (n = 14). Sonograms of the volar wrist at
the transition from palmar to glabrous skin were
recorded (n > 4).

Psoriasis Vulgaris and Lichen Planus:
35 untreated, infiltrated, and slightly scaly psori-
atic lesions on the extremities of 18 patients with
chronic plaque-type psoriasis vulgaris and ten

lichen planus papules of six patients were inves-
tigated. Sonograms were taken in the center and
the margin of the lesions and in the surrounding
normal skin.

Skin Tumors: Sonograms were taken from skin
tumors (basal cell carcinoma, malignant mela-
noma, seborrheic keratosis, nevocellular nevi)
and normal adjacent or contralateral skin. Then
the tumors were excised for histology (see below).
Only skin tumors with a poor subtumoral infiltrate
in histology were included in our study: a total of
27 superficial basal cell carcinomas, 13 malignant
melanomas, 16 nevocellular nevi, and 11 sebor-
rheic keratoses were evaluated using statistical
methods.

2.2 Image Processing
and Statistical Evaluation

Image analysis was performed using the program
AnalySIS® (Soft Imaging Software GmbH,
M€unster, Germany). Structures of interest within
the sonographic image (e.g., entry echo or
echopoor band) were manually delimited by a
polygon, using a position cursor. The mean diam-
eter in y-axis (average length of all A-scans in the
polygon) and the mean gray level of the polygon
area (value between 0 (black) and 255 (white))
were calculated.

In every sonogram all structures of interest
(thickness of the skin entry echo, echodensity of
the skin entry echo, echodensity of the echopoor
tumor area, echodensity of the subtumoral region)
were measured in the skin tumor region and in the
adjacent or contralateral normal skin. Values were
calculated as an index (% of the normal skin).

Finally, the U-test (Mann-Whitney-Wilcoxon)
for unpaired observations was used to compare
the parameters mentioned above. P-values of
<0.05 were considered significant.

2.3 Correlation with Histology

From 79 patients (psoriasis plaques: n= 11, lichen
planus papules: n = 6, basal cell carcinoma: n =
27, malignant melanoma: n = 13, nevocellular
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nevi: n= 16, seborrheic keratoses: n= 6) a biopsy
was taken after sonography. In order to obtain
exactly correlating sonographic and histological
images, a 10 mm long line was painted on the skin
in the plane of the B-scan. After local anesthesia
of the area, the skin was cut along this line down
to the subcutis. Then a spindle-shaped excision
was performed with this cut in the center. The two
halves of the tissue spindle were separated and
their central cutting planes placed on cardboard, to
prevent distortion of the tissue during formalin
fixation.

In all histological sections, the thickness of the
epidermis (from the stratum granulosum to the
lowest points of the rete pegs) and the thickness
of the inflammatory infiltrate (from the uppermost
parts of the dermal papillae downward) were mea-
sured. Furthermore it was checked whether there
is a significant correlation between the thickness
measurements in sonographic images and the
corresponding histologic sections by using linear
regression analysis.

3 Results

3.1 Normal Glabrous Skin

Sonograms of normal skin show at their upper
border a thin, very echorich line, the so-called
skin entry echo. The skin entry echo emerges
due to an impedance jump at the intersection
between the water (water is used as the coupling
medium) and the waterpoor stratum corneum. The
thin stratum corneum of glabrous skin obviously
cannot be differentiated in 100 MHz sonograms.
There is a tiny echopoor band (EPB) between the
entry echo and the dermal reflexes. Below, a
broad, echorich band with scattered reflexes is
seen, which corresponds to the dermis (Fig. 6).
The subcutaneous fatty tissue is echolucent with
obliquely oriented echorich connective tissue
septae.

The reticular dermis is visible as an echorich
zone with densely scattered, confluent echo
reflexes. It is sharply demarcated from the very
echopoor subcutaneous fat. Within the dermis,

hair follicle complexes are visible as homoge-
neous echopoor structures (Fig. 6). To find out
which structures of the hair follicle complex can
be visualized sonographically, “noninvasive”
three-dimensional reconstructions were
performed. The principles of three-dimensional
reconstruction have extensively been discussed
elsewhere (El Gammal et al. 1992, 1993). In
Fig. 7a the sonograms of the left column are
oriented perpendicular to the sonograms of the
right column. The upper left sonogram shows a
sharply delineated trifoliate echopoor structure at
the dermis-subcutis interface. The middle left
sonogram shows the hair follicle canal. The
lower left sonogram exhibits an ill-defined struc-
ture in the dermis corresponding to the lobular
structure of the sebaceous gland. The three-
dimensional reconstruction (Fig. 7b) exhibits
that the hair canal has an angle of 30� to the skin
surface. The lobular structure of the sebaceous
gland can be visualized. Using three-dimensional
reconstructions, anagen follicles can be differen-
tiated from telogen follicles (El Gammal
et al. 1992).

3.2 Normal Palmar Skin

In 100 MHz sonograms of palmar skin, an
echorich entry echo is seen at the upper border
(Fig. 8). Where the dermatoglyphics are crossly
cut (which is mostly the case), the entry echo is
wavy; in parts with longitudinally cut dermato-
glyphics, it appears as a straight line. Below the
entry echo, there is an echopoor band, which will
be referred to as EPB 1 (echopoor band 1) in the
following. Next comes an echorich line, which
runs parallel to the entry echo but is less intense
(Figs. 8, 9, and 10). El Gammal et al. (1999) were
able to show that the EPB 1 truly represents the
stratum corneum by removing (tape stripping) and
swelling (occlusion with petrolatum) of the horny
layer.

Below the EPB 1, a second echopoor band is
seen, which will be referred to as EPB 2 (echopoor
band 2). Neither removal nor swelling of the
horny layer changes its thickness significantly
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(El Gammal et al. 1999). The EPB 2 is separated
from the EPB 1 by an echorich line. This line
represents the interface between the waterpoor
stratum corneum and the moist, living part of the
epidermis. The lower border of the EPB 2 is
defined by the scattered reflexes of the dermis
(Figs. 8 and 9). This border is too straight to
correspond to the undulating dermo-epidermal
junction; it rather represents the interface between
the papillary and reticular dermis.

In the EPB 1, twisted, echorich, about 100 μm
wide structures are seen, which cross the EPB
1 vertically. The distance between the two of

them is 800–950 μm or a multiple. Each of them
ends in a small dip on top of a dermatoglyphic
crest (Fig. 9). These structures represent eccrine
sweat gland ducts. In the EPB 2 they are rarely
visible; in the echorich dermis, they cannot be
detected either.

Figure 10 shows the transition from palmar to
glabrous skin on the wrist: The upper and lower
border of the EPB 1 (skin entry echo and echorich
line below) merge into one echorich line in gla-
brous skin, so that the EPB 1 disappears. The thin
stratum corneum of glabrous skin cannot be dif-
ferentiated in 100 MHz sonograms. The EPB

Fig. 6 Hair follicles are
represented as echopoor
structures in the echorich
dermis. (a) Thigh; *
longitudinal section of hair
follicles; Inset: correlating
histology. (b) Thigh; * cross
sections of hair follicles.
E Skin entry echo,
D dermis, S subcutaneous
fatty tissue, CT connective
tissue septae in the subcutis,
H hair (cross sectioned).
Distance between two
graduation marks= 100 μm
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2 remains as the only echopoor band between the
entry echo and the dermal reflexes. While the
thickness of the entry echo is similar to the one
in palmar skin, the echopoor band (EPB) of gla-
brous skin is markedly thinner than on the palms.

On the lower extremities, it is thicker than on the
trunk (El Gammal et al. 1999).

Concurrent with the sudden appearance of
EPB 1, when moving from glabrous to ridged
skin (palmar and plantar), the echogenicity of the

Fig. 7 (continued)
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dermis is reduced compared to the glabrous skin.
This can be explained by the strong absorption of
the ultrasound energy in the upper layers of the
stratum corneum.

3.3 Inflammatory Skin Diseases

Psoriasis vulgaris: Compared to normal skin,
lesions of psoriasis vulgaris exhibit distinct alter-
ations of the upper dermis.

At the border of a psoriatic lesion, the echopoor
band (EPB) of normal skin widens into a broad
echopoor band. The thickness of this band corre-
lates very well with the thickness of the acanthotic
epidermis plus the dermis with the inflammatory
infiltrate in the corresponding histology (r =
0,94). No significant correlation was observed
between the thickness of the echopoor band and
the epidermis respectively the infiltrated dermis

alone (El Gammal et al. 1999). The lower, quite
straight border of EPB 2 is defined by the
scattered reflexes of the dermis.

Furthermore, compared to normal skin distinct
alterations of the entry echo are observed in pso-
riasis lesions. In untreated scaly plaques, several
parallel, echorich lines are seen directly below the
entry echo. They melt with the entry echo into an
echorich band, which is significantly thicker than
the entry echo in normal skin (111 � 16 μm, n =
35, p < 0,001) and has a much more irregular
surface.

The following observations show that the
described band with varying echodensities repre-
sents the hyperkeratotic horny layer: After the
application of petrolatum under occlusion for
60 min on a hyperkeratotic psoriatic plaque, the
thickness of the echopoor band (EPB) increases,
and its echodensity markedly decreases. Repeated
tape stripping of the scaly surface results in a
gradual decrease of the thickness of the echorich

Fig. 7 Serial sections (a) and three-dimensional recon-
struction of the hair follicle complex on the calf of a
23-year-old woman at 50 MHz. Voxel cube of 3,2 mm
(thickness) � 6 � 6 mm. Sections were taken at 50 μm
intervals. (a) The sonograms of the left column are perpen-
dicular to the sonograms of the right. Left upper sonogram:
sharply delimited trifoliate echopoor structure at the
dermis-subcutis interface. Left middle sonogram: hair fol-
licle canal. Left lower sonogram: ill-defined lobular struc-
ture of the sebaceous gland. Right sonograms: longitudinal

section of the hair follicle. Note that the hair is slightly
bent. (b) Three-dimensional reconstruction. The hair is
oriented 30� to the skin surface. The hair can be seen in
the middle of the hair canal (line reconstruction) and is
invisible where it is more obliquely oriented (echo reflexes
do not return to the transducer). The hair becomes visible
again when it is oriented parallel to the skin surface. Red=
lobular structure of the sebaceous gland. Distance between
two graduation marks = 100 μm (with permission from
El Gammal et al. 1992)
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band. When the scales are removed entirely, only
a single echorich line remains.

In conclusion, the horny layer is echorich in
untreated scaly psoriatic plaques; after treatment
with petrolatum, its echodensity decreases. Fur-
thermore the acanthotic epidermis and the dermis
with the inflammatory infiltrate are represented as
one single echopoor band (El Gammal et al. 1999,
2007).

Lichen planus: In lichen planus papules, the
echopoor band (EPB) of normal glabrous skin
focally widens into a spindle-shaped echopoor
area. The maximal thickness of this band corre-
lates well with the maximal thickness of the
acanthotic epidermis and the dermal inflammatory

infiltrate in the corresponding histology (r =
0,86). Thick lichen planus papules (Fig. 11)
often exhibit an echopoor line (EPB 1) beneath
the skin entry echo (El Gammal et al. 1999).

3.4 Skin Tumors

To study whether the improved resolution at
100 MHz has an impact on visualization of skin
tumor details, thin basal cell carcinoma were eval-
uated using image analysis. The correlation of
sonograms and histology reveals that the tumor
parenchyma and stroma seen histologically as
separate structures (inset, Fig. 12) are summed

Fig. 8 Palmar side of the
left index finger of a
30-year-old woman (distal
phalanx) before (c) and after
(d) 30 min occlusion of an
emulsion. W water
(coupling medium), E entry
echo, EPB 1 echopoor band
1, EPB 2 echopoor band
2, D dermis. Distance
between two graduation
marks = 100 μm. Insets:
photos of the finger before
and after occlusion
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up to a uniform spindle-shaped echopoor area in
the upper dermis in sonograms (Fig. 12). Tumor
parenchyma and stroma are represented as one
single echopoor area.

We further studied thin skin tumors (basal cell
carcinoma, malignant melanoma, seborrheic kera-
tosis, nevocellular nevi) using sonography and
histology. Sonograms were evaluated by compar-
ing the skin tumor region with the adjacent or
contralateral normal skin (% change of the normal
skin). Most parameters were not significant
(Table 1). In seborrheic keratosis, the thickness of
the skin entry echo was significantly increased.
Furthermore in seborrheic keratosis, the mean

echo intensity of the subtumoral region correlated
with the thickness of the skin entry echo (r= 0.92).

In all tumors, the echodensity of the echopoor
tumor region (Table 2a) did not vary in a statisti-
cally significant way, save seborrheic keratosis
versus nevocellular nevus ( p = 0.05). The
echodensity of the subtumoral area was signifi-
cantly ( p < 0.01) different for all tumors
(Table 2b), save for malignant melanoma versus
nevocellular nevus ( p < 0.05).

It can be concluded that differentiation
between skin tumors is not possible by studying
the echodensity of the echopoor tumor region. On
the other hand, the echodensity of the subtumoral

Fig. 9 Palmar side of the
right index finger of a
39-year-old man at high
magnification. W water
(coupling medium), E entry
echo, D dermis, arrows
sweat gland duct orifices.
Distance between two
gradation marks = 100 μm.
Inset: epiluminescence
microscopic picture of the
left index finger. On the
crests of the
dermatoglyphics, white
points in a row are seen,
which represent sweat gland
ducts

Fig. 10 At the transition
from glabrous to the palmar
skin, a second echorich line
separates the EPB 1 (upper
echopoor band) from the
EPB 2 (lower echopoor
band). The wrist of a
33-year-old woman. E skin
entry echo,G glabrous skin,
R ridged (palmar) skin,
D dermis, S subcutis.
Distance between two
graduation marks= 100 μm

42 Evaluation of the Cutis by High-Resolution Sonography 457



Fig. 11 Lichen planus papule on the thigh of a 65-year-
old woman. In the middle of papule, an echopoor line (*) is
seen between the skin entry echo and the echorich line
beneath. Corresponding histology (inset) exhibits that this
region has a significant hyperkeratosis. The histology

exhibits furthermore that the EPB 2 corresponds to the
str. Malpighii and the inflammatory infiltrate in the upper
dermis. EPB 2 echopoor band 2, D dermis. Distance
between two graduation marks = 100 μm

Fig. 12 Basal cell
carcinoma on the back of a
78-year-old woman.
Corresponding histology
(inset) reveals that tumor
parenchyma and stroma
(together 912 μm thick) are
summed up to a spindle-
shaped echopoor area
(maximal thickness
770 μm) in the upper dermis
of the sonogram. Distance
between two graduation
marks = 100 μm

Table 1 Statistical analysis of different regions of interest in pigmented skin tumors

NCN MM SebK Bas

Skin entry
echo

Thickness n.s. n.s. p = 0.02 n.s.

Mean echo intensity of the
neighboring normal epidermis [%]

n.s. n.s. n.s. n.s.

Echopoor
tumor area

Mean echo intensity of the
neighboring normal dermis [%]

33 % � 9 % 16 % � 6 % 13 % � 6 % 25 % � 9 %

Subtumoral
Region

Mean echo intensity of the
neighboring normal dermis [%]

71 %� 23 % 50%� 15 % 25 % � 3 % 86%� 24 %

n.s nonsignificant, NCN nevocellular nevus, MM malignant melanoma, SebK seborrheic keratosis, Bas basal cell
carcinoma
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(normal) dermis gives an indirect hint about the
absorption characteristics of the tumor region:
these findings suggest that the absorption of
echo reflexes is significantly different for all
examined pigmented skin tumors, save malig-
nant melanoma versus nevocellular nevus.

4 Discussion

Dermatology deals with all skin structures from
the skin surface to the muscle fascia. Therefore
imaging tools to look beneath the skin are
required. Sonography is a particularly interesting
method, because it is noninvasive and harmless
(no radiation) and can be repeated if necessary.

7,5–15 MHz sonography has become a com-
mon tool to study the subcutis and subcutaneous
pathologies. Typical examples are connective tis-
sue diseases, cellulite, blood vessel diseases, soft
tissue tumors, and lymph node pathology (Blum
and Dill-M€uller 1998, 1999; Dill-M€uller and
Maschke 2007; El Gammal et al. 2007).

20 MHz sonography is used to study the der-
mis. Different pathological processes (virtually all
skin tumors, inflammatory infiltrates, edema, scar
tissue, elastosis) as well as skin appendages and
large blood vessels are represented as echopoor
areas (Altmeyer et al. 1992; El Gammal
et al. 1993; Fornage et al. 1993) within the
echorich dermis.

Our 100 MHz experimental sonography unit
allows a far more detailed visualization of the
upper skin layers as compared to 20 MHz sono-
graphy. Especially with regard to the in vivo
assessment of the horny layer, 100 MHz sonogra-
phy is a valuable tool. Whereas in normal gla-
brous skin the stratum corneum is too thin
(Kligman 1964, about 12–15 μm; Idson 1978,
mean thickness of 15 μm for dry stratum corneum
and 48 μm after hydration) to be separated from
the entry echo, in the palmar skin and hyperkera-
totic states, it is represented as a distinct band and
its thickness can be easily determined. The results
suggest that the echodensity of the horny layer
depends on its water content: psoriatic scales,

Table 2 Evaluation of skin tumors, focusing on (a) the tumoral echopoor area and (b) the subtumoral region. (a) In all
tumors, the echodensity of the echopoor tumor region does not vary in a statistically significant way, save SebK versus NCN
( p= 0.05). (b) The subtumoral area is significantly ( p< 0.01) different for all tumors, save forMMversusNCN ( p< 0.05).
SebK seborrheic keratosis,MM malignant melanoma, Bas basal cell carcinoma, NCN nevocellular nevus
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appearing silvery because of the included air, are,
for example, much more echorich than the moist
stratum corneum of the palms. The significant
impedance gap between the stratum corneum
and the Malpighian layer – visible as an echorich
line – can be explained by the different hydration
states of these layers (El Gammal et al. 1999).

Today most authors agree that the skin entry
echo is an artifact caused by the change in imped-
ance between the coupling water and the
horny layer (Querleux et al. 1988; Gniadecka
et al. 1994; Hoffmann et al. 1994; Seidenari
1995). This hypothesis is confirmed by the
presented results: the thickness and echodensity
of the entry echo remain constant, no matter
whether the horny layer is stripped, occluded
with topical agents, or entirely removed
(El Gammal et al. 1999). In most 20 MHz studies,
the echo signal was strongly amplified to reach a
high signal depth penetration. This however leads
to a significant blurring of the entry echo. This
effect as well as the low lateral resolution of only
200 μm entails that the entry echo is represented
as a 100–250 μm thick, relatively homogeneous
band at 20 MHz (Hoffmann et al. 1994). During
image acquisition of the 100 MHz sonograms, the
B/D-scan technology, which allows to select a
specific amplification for each of the four to
eight horizontal stripes, that compose the sono-
graphic image was applied. An overamplification
of the entry echo is thus avoided. Its thickness is
about 80 μm and due to the excellent lateral reso-
lution of 27 μm, it reflects even fine irregularities
of the skin surface like the dermatoglyphics or the
rough surface of psoriatic lesions.

In 20MHz sonograms of normal glabrous skin,
the dermal reflexes are directly adjacent to the
entry echo; the viable epidermis, which is about
80 μm thick, cannot be visualized. At 100 MHz,
the resolution is sufficient to show a thin echopoor
band above the dermal reflexes in normal skin. Its
thickness and its straight lower border suggest that
it represents the viable epidermis together with the
papillary dermis. At the transition from normal
skin to a psoriatic plaque, this band widens into
a 400–500 μm thick echolucent band. An
echolucent band of comparable thickness has

also been observed in 20 MHz sonograms of
psoriatic lesions (Di Nardo et al. 1992; Fornage
et al. 1993; Hoffmann et al. 1995; Seidenari 1995;
Stiller et al. 1994; Vaillant et al. 1994). Conflicting
theories have been proposed regarding its nature.
While some authors equate it with the sum of
acanthosis and the upper dermis with the inflam-
matory infiltrate (Fornage et al. 1993; Murakami
and Miki 1989; Hoffmann et al. 1995), others
interpret it as a correlate of the papillary dermis
(Di Nardo et al. 1992; Stiller et al. 1994; Vaillant
et al. 1994). Our results favor the first hypothesis:
comparison with the corresponding histology
revealed an excellent correlation between the
thickness of this band and the histometric thick-
ness of the Malpighian layer plus the inflamma-
tory infiltrate. Moreover, in 100 MHz sonograms,
this echopoor band always shows fairly straight
borders. If it represented the viable epidermis
only, we would expect an undulating lower bor-
der; if it was the correlate of the papillary dermis,
the upper border would be wavy, especially in
psoriatic lesions where there are prominent rete
pegs. The lateral resolution of the 100 MHz trans-
ducer is high enough to depict structures of this
dimension, as the cross sections of the dermato-
glyphics in the palmar skin demonstrate. We can
conclude that both the viable epidermis and the
infiltrated dermis are echopoor and cannot be
differentiated from each other.

These reflections illustrate that it is not only a
question of resolution, whether a structure is visu-
alized sonographically. As the study shows, the
resolution of 100 MHz sonography allows to
detect structures as small as a sweat gland duct
in the horny layer. On the other hand, the viable
epidermis cannot be distinguished from the papil-
lary dermis, and, as one has learnt by studying
skin tumors, the stroma of basal cell carcinoma
cannot be distinguished from the tumor cell nests
(Fig. 12), and inflammatory infiltrate cannot be
distinguished from the papillary dermis (Fig. 11).

How can this be explained? According to
Fields and Dunn (1973), echoes are only reflected
from the border between two tissues, when they
have a different acoustic impedance at the applied
frequency. Obviously, there is no difference in
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impedance between the viable epidermis, fine
fibrillary connective tissue of the papillary dermis,
compact tumor masses and dense lymphocytic
infiltrate at 100 MHz but only between these
structures and the reticular dermis. These acoustic
tissue properties basically remain similar at
20 MHz and higher frequencies.

An entirely exact correlation of histometry and
sonometry cannot be expected as various artifacts
influence the measurements in both methods:

• Histological processing leads to tissue shrink-
age and fat dissolution. The originally compact
stratum corneum is transformed into the char-
acteristic basket-weave structure which does
not correspond to in vivo anatomy.

• Sonographic examination requires water as the
coupling medium which itself may lead to
swelling of the horny layer. To be able to calcu-
late distances, the tissue-specific ultrasound
speed has to be known. In dermatological
sonography, distance calculations from the
echo signal time-lapse are usually based on the
sound speed of the dermis (1580 m/s) (Alexan-
der and Miller 1979; Beck et al. 1986). In the
nail plate however, Finlay et al. (1987) found a
sound speed of 2,140 m/s comparing 20 MHz
sonography and thickness measurements by a
micrometer screw. Jemec and Serup (1989)
divided the nail into two compartments with
different speeds, an upper dry one (3,103 m/s)
and a lower humid inner one (2,125 m/s). A
similar situation must be postulated for the stra-
tum corneumwhich consists of keratin and has a
low content of water thereby having similar
properties to the upper nail compartment.

Inflammatory Processes. Inflammatory derma-
toses such as psoriasis vulgaris, lichen planus, and
acute or chronic dermatitis show a characteristic
echolucent band beneath the skin entry echo. It
represents the acanthosis of the epidermis and the
dermal infiltrate. In other words, the sonography
does not discriminate between the acanthotic epi-
thelium and subepidermal inflammatory infiltrate
(Table 3). Despite this problem, high-resolution
sonography has proven to be an excellent non-

invasive method to study and follow-up progres-
sion and regression of cutaneous inflammation
during the treatment of inflammatory skin
diseases.

Skin Tumors. Skin tumors can be well delin-
eated, as long as they are confined to the echorich
dermis. Nearly all skin tumors (of epithelial,
melanocytic, angiomatous, or connective tissue
origin) are echopoor. Exceptions are strong
reflecting keratin inclusions, e.g., seborrheic ker-
atosis and calcifications (calcinosis cutis).

Concerning skin tumor characterization,
50–100 MHz sonography was of little advantage
in comparison to 20 MHz sonography: inflamma-
tory infiltrate, tumor parenchyma, and stroma –
they all were echopoor and looked alike (Table 3).
As expected, the sonographic vertical thickness
(the echopoor region comprises tumor and inflam-
matory infiltrate) of malignant melanoma was
overestimated using 20 MHz (and to a lesser
extent using 100MHz) in comparison to histology
(Gamblicher et al. 2007).

Differentiation between skin tumors was not
possible when focusing on the echopoor tumor
region (see Results). On the other hand, the
echodensity of the subtumoral (normal) dermis
gave an indirect hint about the absorption charac-
teristics of the tumor region. This interesting find-
ing has been confirmed by Harland et al. (2000).

Table 3 Echopoor and echorich structures in high-
resolution sonography

Echopoor Echorich

Stratum corneum Hairs (in the water
coupling medium)

Stratum Malpighii (living
epidermis layer)

Skin entry echoa

Hair follicle canal Sweat gland duct (ridged
skin)

Actinic elastosis Reticular dermis
(speckle texture)

Papillary dermis Keratin inclusions

Solid tumor masses Calcifications

Inflammatory (e.g.,
lymphocytic) infiltrate

Blood vessel lumen Blood vessel walla

aArtifact due to the impedance jump between neighboring
structures
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Alterations of the dermal connective tissue.
Both, the fibrosing of the dermis, e.g., in scars or
in scleroderma, and the augmentation of elastotic
material with simultaneous rarefaction of collagen
in actinic elastosis lead to reduced echodensity
sonographically; the dermis is represented darker.
Since the tissue depth penetration at 20 MHz is up
to 7 mm, thickened connective tissue structures in
the dermis and the sclerosing process in the fatty
tissue can be visualized in scleroderma. In differ-
ent studies, it has been shown that progression and
regression of scleroderma plaques can be quanti-
tatively evaluated using sonography (Cole
et al. 1981; Serup 1984; Akesson et al. 1986;
Myers et al. 1986; Levy et al. 1993). Hoffmann
et al. (1992b) found in 63 patients with morphea
(circumscribed scleroderma) a mean increase of
the thickness of the dermis of over 60 % in com-
parison to the contralateral healthy body side. In
the inguinal region, where the healthy dermis is
particularly thin, the dermal thickness increased
significantly during the sclerosing phase (Hoff-
mann et al. 1992b).
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1 Introduction

In daily dermatologic practice, skin tumors are a
common cause of consultation. They are brought
to the physician’s attention by the patient, family
members, friends, care takers, or other physicians.
The appropriate therapeutic decision will have to
be taken in each case: some tumors will be left
untreated, some will be removed for cosmetic
reasons, and others to relieve symptoms, and
finally and most importantly, tumors will need to
be treated for oncological reasons.
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For those tumors in which an intervention deci-
sion has been taken, one will need to obtain as
much information as possible. The more one
knows about the tumor, the better the choice of a
therapeutic method. The best treatment is the one
done right from the beginning, avoiding recur-
rences and additional interventions.

A complete clinical and dermoscopic evalua-
tion by a dermatologist can raise the sensitivity for
diagnosis of malignant tumors as high as 98 %
(Ahnlide and Bjellerup 2013); however, the clin-
ical/dermoscopic diagnosis will benefit from the
use of noninvasive imaging techniques (NIIT)
which add, complement, change, or confirm the
original diagnosis.

High-frequency ultrasound (HFUS/HRUS,
high-resolution ultrasound, high-resolution
echography) is one of such techniques (Wortsman
2012; Wortsman and Wortsman 2010). It allows

for a noninvasive evaluation of hidden parts of the
tumor for further assessment and measurement
(Pasquali et al. 2014; Hoffmann et al. 1989;
Desai et al. 2007).

Some tumor characteristics that can be visual-
ized by HFUS evaluation are the following:

• Volume/Shape.The knowledge of the volume
of tumors can provide information on the
nature of the tumor; for instance, most nodular
basal cell carcinomas are roughly elliptical;
invasive tumors show irregular shapes with
indentations at the bottom; superficial basal
cells are flat and elongated (Fig. 1). This
knowledge helps in choosing the proper site
for biopsy or helps in deciding the best tumor
removal method.

• Depth. The knowledge of the depth of tumors
helps decide the correct surgical technique. For

Fig. 1 Four tumors with different biological behavior and
recognizable by HFUS. (a) Nodular BCC, tend to be ellip-
tical; (b) superficial BCC, usually shallow lesions that can
present themselves as isolated tumor islands, “pearl collar”
array, or a thin and large tumor; (c) morpheaform BCC,

tend to show their expansive and invasive nature in the
form of indentations visible at the bottom or sides; they
tend to have irregular shapes; and (d) keratoacanthoma,
round, elliptical, and very large tumors with a protruding
(external) part
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example, superficial BCC lesions can be diag-
nosed by clinical/dermoscopic (Argenziano
et al. 2013) examination. Treatment options
include cryosurgery, topical immunomodula-
tors like imiquimod, photodynamic therapy
(PDT), and curettage/electrocoagulation,
among others. There is no need for costly or
invasive techniques like Mohs micrographic
surgery. The HFUS image of a superficial
BCC shows a hypoechoic elliptical area(s) of
less than 1 mm in depth. They can be an elon-
gated and shallow, single small oval, or multi-
ple pebble-like lesions (Fig. 2) connected by a
shallow hypoechoic stream that reminds of a
collar necklace. Individually, each island of
tumor is less than a millimeter in depth.
Lengthwise, they can be small (1–2 mm) but
can also be quite big, requiring a segmental
HFUS evaluation in order to cover the whole
area. In general, the length/depth ratio is 6 to
1 (Pasquali et al. 2012a). HFUS allows deter-
mining if BCC is only superficial or if the
apparently looking “superficial BCC” is in
reality an admixture tumor, as it is the case of
roughly one-third of all BCC (Sexton
et al. 1990; Crowson 2006) (Fig. 3). The latter

is a common cause for treatment failure and
recurrence that occur years later (Fig. 4).
HFUS should be used to evaluate the entire
tumor to note its depth in every point. The
information obtained with the help of the
HFUS technique is superior to a skin biopsy
alone done “blindly” on the tumor (Kamyab-
Hesari et al. 2012). Tumor visualization will be
limited to certain dimension; for instance, with
a 22 MHz TPM℗ equipment, depth determina-
tion is limited to 8 mm.

• Length. Some tumors have iceberg shape: they
look small at the surface while the length under-
neath the surface is larger. This could be the
cause of positive margins after surgery. Tumor
visualization will be limited to certain dimen-
sion; for instance, with a 22MHz TPM℗ equip-
ment, length determination is limited to 13 mm.

A further use of HFUS is in an ex vivo setting
(Petrella et al. 2010, 2012). Tumors are scanned
once excised (surgery, shaving, or saucerization)
in order to confirm total excision before sending
the specimen to the pathologist. It is a noninva-
sive image that provides reassurance to the sur-
geon of having removed the tumor completely or

Fig. 2 The typical “pearl collar” image of a superficial BCC
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the need to extend the surgical margins. This
“pre-path” surgical margin analysis does not
substitute the need for histological evaluation
nor pretend to correspond to Mohs surgery
margin evaluation. It does however reassure
the surgeon in requiring a minimum extra
effort that translates in a better management of
tumors.

Cases in the present chapter come from a pub-
lic hospital practice and therefore are mostly skin
malignancies.

2 High-Frequency Ultrasound
Versus Pathology Versus
Dermoscopy: From
Bidimensional
to Tridimensional Imaging

For tumors with visible margins, clinical and
dermoscopic evaluations give bidimensional
information (length and width) of the lesion.
Dermoscopy will further confirm or even allow
making a diagnosis, better define tumor bound-
aries, and determine in many cases

Fig. 3 An admixture tumor showing one part nodular BCC (red arrow) and one part superficial BCC (white arrow)

Fig. 4 Patient with a recurrence of a BCC that had been
treated 15 years before with E&C (electrocoagulation with
curettage). The tumoral mass underneath the skin mim-
icked an infected cyst
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histopathologic subtype (Lallas et al. 2014). With
this information (bidimensional, coplanar), the
area of the tumor (on the surface) can be obtained.

HFUS gives length, width, and depth (tridi-
mensional information) as well as area and den-
sity. With a 22 MHz ultrasound equipment from
TPM℗, one can reach up to 8 mm in depth with a

bandwidth that goes up to 28 MHz, enabling to
see the epidermis and dermis with a resolution of
over 72 μm. The maximum length/width is
12.8 mm lineal.

A correlation between ultrasound (HFUS), his-
tologic, and dermoscopic (DMS) measurements
has been determined by several authors
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(Jovanovic and Pesic 2013; Crisan et al. 2013;
Hinz et al. 2012; Nassiri-Kashani et al. 2013). In
our personal series of BCCs, tumors’ length was
obtained from dermoscopy (superficial length),
HFUS, and histology. We confirmed other
author’s observations that showed a correlation
between HFUS length in relation to the one
obtained on histopathologic specimen. We found
a strong correlation between the HFUS and histo-
logic lengths (Fig. 5). In addition, in 58/60 of
cases, the average length obtained from the
HFUS was greater than the histologic length
(mean = 60.1 %, r2 = 0.66).

As far as depth, measurement obtained by
HFUS/HRUS in 49/61 cases was larger than the
one obtained by histology, showing an average
increase of 27 % and a moderately strong correla-
tion (r2 = 0.65). For larger tumors the percentage
increase of HFUS/HRUS versus histology was
smaller, but with a weak correlation (r2 = 0.29).

A series of 24 BCCs dermoscopic, HFUS, and
histologic lengths were compared, finding a clear
relationship between them. Dermoscopic length
was closer to HFUS and always larger than his-
tology (Fig. 6). These results show that HFUS
dimensions are closer to in situ tumor dimension.

3 Ex Vivo High-Frequency
Ultrasound

Ex vivo HFUS is a simple and fast procedure
where an ultrasound exam is performed on a sur-
gical skin specimen removed by excision, shav-
ing, or saucerization. The specimen is placed on
gauze and covered with ultrasound gel. This eval-
uation helps visualize the whole tumor to confirm
its complete removal. The HFUS probe should be
placed over the specimen, maintaining the same
position as in the presurgical HFUS. A previous
mark in the skin along the longitudinal axis of
tumor will help identify the correct position, espe-
cially for larger tumors.

In our series (Pasquali et al. 2012b) Pasquali
et al. (In Press) of 62 patients, 74 tumors were
measured both presurgically and ex vivo by
HFUS before sending specimens for histologic
examination (Fig. 7). In this group of tumors,
only 12 were benign (1 foreign body,
2 dermatofibromas, 1 hamartoma, 5 intradermic
nevi, 2 cysts, and 1 keloid) and the rest were
malignant (58 BCC, 2 SCC, 1 atypical
fibroxanthoma, and 1 hypertrophic actinic
keratosis).
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As far as the anatomical location, 47 cases
(63.5 %) were in the head/neck, 14 (18.9 %)
were located in the posterior thorax, 4 in the
chest/abdomen (5.4 %), 3 in upper extremities
(4.1 %), and 6 in lower extremities (8.1 %).

A positive correlation was found between the
ex vivo versus presurgical HFUS measurements
both in length and depth. This correlation was
moderately strong (r2 = 0.681) for length while
strong (r2 = 0.876) for depth.

Although with some volatility, both length
measurements by HFUS (presurgical and
ex vivo) are not very far apart from each other
(5 % average difference), but when compared to
histology, they are always larger (36.1 % average
difference between histology and ex vivo HFUS).
The relationship between the length measure-
ments can be seen in Fig. 8.

As far as the depth, the average difference
between histology and ex vivo is 21.7 %. The

Fig. 7 Presurgical HFUS (top image) and ex vivo HFUS (bottom image) of a nodular BCC on the shoulder

43 Ex Vivo High-Frequency Ultrasound Imaging of the Skin 471



relationship between the depth measurements can
be seen in (Fig. 9).

The purpose of doing an ex vivo measurement
is to visualize the total volume of tumor/margin.
In addition to tumor’s surface area information,

HFUS evaluation can add value by providing the
area of a longitudinal section. This can be
obtained from HFUS by delimiting manually the
tumor area (Figs. 10 and 11). The comparison of
the areas obtained by presurgical and ex vivo
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HFUS could give a better indication on the whole-
ness of removal. In the case of histology, an
approximation can be done by using the area of
an ellipse (area = π * l* d; l is length/2 and d is
depth/2) and selecting those tumors of such shape
such as nodular BCCs.

The correlation between both presurgical ver-
sus ex vivo HFUS areas and presurgical versus
histology was strong (r2 = 0.794 and r2 = 0.766).
The comparison between areas is shown in
Fig. 12. On average, histology area is 32.9 %
smaller than presurgical HFUS and 34.4 %

Fig. 10 Presurgical HFUS (top image) (area, 10.02 mm2) and ex vivo HFUS (bottom image) (area, 10.20 mm2) of a
nodular BCC on the face
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smaller that ex vivo HFUS area. Ex vivo HFUS is
5 % larger than presurgery.

In 10/74 cases, the histology reported positive
margins (3 benign lesions, 7 malignant lesions).
Five out of seven malignant tumors were larger
than 12 mm or deeper than 5 mm, leaving only
2/74 (2.7 %) tumors with positive histologic mar-
gins nonidentifiable by HFUS.

4 Conclusion

HFUS is a noninvasive technique that is afford-
able, versatile, and simple to utilize and learn. It is
not time consuming in comparison to other NIIT
and is readily accepted by patients. New genera-
tions of equipment are getting smaller to the point

Fig. 11 Presurgical HFUS (top image) (area, 6.22 mm2) and ex vivo HFUS (bottom image) (area, 7.23 mm2) of an
intradermal nevus on the face
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of fitting in the palm of a hand, can be transported
from one operating room to another, and costwise
are less expensive than most NIIT. In spite of this,
HFUS is still not as popular as other NIITs.

The information obtained from a HFUS of a
tumor is extremely useful for therapeutic planning
or as a follow-up method for nonsurgical treat-
ment. Many errors that occur when managing skin
tumors could be reduced if surgeons had more
information on them. Undertreating tumors has
oncological, cosmetic, and economic conse-
quences; in overtreatment cosmetic and economic
consequences can be an issue.

HFUS/HRUS on skin tumors helps evaluate
size, shape, and volume. It is a technique that is
simple to learn, versatile with low cost, and avail-
able. However, it does not give information at
cellular level like confocal microcopy does.

As far as volume, HFUS measurements give a
discrete overestimation of tumor’s size probably
due to the presence of inflammatory infiltrates in
the area immediately surrounding the tumor. On
the other end, there is always an underestimation
on histology which is probably due to the retrac-
tion of the tissue/loss of skin tightness/dehydra-
tion due to fixation of preparation.

The ex vivo HFUS overestimation is probably
due to infiltration of local anesthesia and fluids

from the surgical manipulation. Another consid-
eration is specimen’s orientation which can fur-
ther introduce variations in measurements
between HFUS and histology.

Comparison of HFUS/HRUS to histology
dimensions gives valuable information to the
surgeon. Histology reports do not reveal real
tumor size and/or margins by underestimation.
For a benign nevus excision, this is surely
unimportant; however, in malignant tumors
where margin excision has to follow specific
guidelines, underestimation of tumor and free
margins could appear as an incomplete excision
and result in legal problems. Dermoscopy and
HFUS give more accurate information on tumor
dimension.

Ex vivo tumor measurements give surgeons
reassurance of complete excision. Small tumors
can just be saucerized or shaved, avoiding unnec-
essary surgery. Large admixture tumors can be
removed surgically only on the deep parts, leaving
the shallow areas for other less invasive forms of
therapy.

HFUS/HRUS can be used to evaluate
presurgical margins (Marmur et al. 2010). Ex
vivo HFUS/HRUS could also be used to evaluate
tumoral margins as well as to keep a record on the
amount of the normal skin removed.
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Additional clinical studies aimed to establish
morphological differences between BCC sub-
types and ex vivo margin correlation versus recur-
rences and broaden the spectrum to other
malignant tumors are warranted.
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1 Introduction

As skin is an external human body wrap, it is
usually examined by the clinical senses of sight
and touch. Its composition and structure were first
analyzed using optical microscopy and then elec-
tron microscopy from biopsy samples. Noninva-
sive imaging techniques of the skin have been first
developed to improve the diagnostic accuracy of
skin tumors (Smith and Macneil 2011).

The thickness of the skin and its heterogeneity
require a submillimetric spatial resolution. Actual
noninvasive imaging techniques are high-
resolution ultrasound (US), confocal microscopy,
optical coherence tomography, and magnetic res-
onance imaging (MRI). High-frequency ultra-
sound (20–100 MHz) is easy to use, is cheap,
and provides an excellent axial and lateral
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resolution (Lassau et al. 2007; Querleux
et al. 1988; Fornage et al. 1993). Its correlation
coefficient with histology for thickness analysis of
tumors is superior or equal to 0.95 (Fornage
et al. 1993; Harland et al. 1993). But its field of
view, focused on the epidermis and dermis, is
smaller than MRI. Confocal microscopy and opti-
cal coherence tomography appear complementary
rather rivals to MRI because their field of exami-
nation concern in particular the superficial layers
of the skin: confocal microscopy solely allows the
study of the epidermis (Corcuff et al. 1993;
Rajadhyaksha et al. 1995; Masters et al. 1997),
and coherence tomography does not allow
in-depth exploration beyond the papillary dermis
(Mordon 2002; Welzel 2004).

MRI of the skin is a recent imaging tech-
nique: Bittoun et al. (1990) and Richard
et al. (1991, 1993) were the first to carry out
MRI of the skin in the early 1990s. Although it
is expensive, it offers many advantages. Because
of its wider field of view than US, its spatial
resolution under 100 μm, and its excellent con-
trast, MRI allows high-quality imaging of every
skin layers.

In addition to morphological analysis, it is also
able to study some physical and biochemical
properties of the skin. The objectives of this article
are to remind technical aspect of MRI of the skin,
to describe the normal features of the skin, to
discuss challenges in diagnosis of skin disorders,
and to present the principal applications of MRI
for the in vivo characterization of its biochemical
properties.

2 Technical Constraints

The order of magnitude of the thickness of the
hypodermis is centimeter. That of the dermis is
millimeter, and that of the epidermis and stratum
corneum is 100 μm. Hence, compared to other
applications of MRI, spatial resolution must
reach 100 μm in order to analyze skin layers.
The quality of any examination is the result of a
compromise between acquisition time, signal-to-
noise ratio, and spatial resolution. In daily prac-
tice, the length of each sequence is limited to
6 min in order to avoid motion artifacts. The
design of small receive-only surface coils (Denis
et al. 2008; Hyde et al. 1987; Kwon Song
et al. 1997) has enabled to increase spatial resolu-
tion thanks to small field of views (2–6 cm)
(Fig. 1). Higher magnetic fields (Bittoun
et al. 1990; Aubry et al. 2009; Barral et al. 2010)
increase signal-to-noise ratio, thus improving
contrast and spatial resolution. However, even if
the power of magnetic field may be correlated
with some technical artifacts, it has been shown
that, although visible, they do not hinder the inter-
pretation of the images (Aubry et al. 2009). In
vivo using high-field MRI and small dedicated
coils, Aubry et al. (2009) demonstrated the good
quality of normal skin images with resolution of
87 μm on spin-echo T1-weighted images
corresponding to a field of view that is less than
3 cm. Basic sequences are T1 weighted (T1W) and
T2 weighted (T2W). Contrast-enhanced T1W
images may also be realized to study tumors
(Pennasilico et al. 2002).

Fig. 1 Dedicated receive-
only MRI coil. Its small
diameter enables skin
imaging with small field of
view, aiming at increasing
spatial resolution of images
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3 Morphological Analysis
of Normal Skin

The skin is composed of four main layers. Their
MRI appearance is, from the surface to the deepest
layer, as follows (Bittoun et al. 1990, 2006; Denis
et al. 2008; Aubry et al. 2009) (Fig. 2):

• The stratum corneum
The outermost protective layer, the stratum
corneum is mainly composed of dead
keratinocytes. It is visualized only at the heel
(Denis et al. 2008) and the fingertips (Mirrashed
and Sharp 2004a; Stefanowska 2010) as a high-
signal band separated from the living epidermis
by a low-signal band.

• The epidermis
This layer is composed of keratinized stratified
squamous epithelium. It appears as a thin
superficial layer of high signal on T1W and
T2W images.

• The dermis
Fibrous tissue rich in collagen, the dermis is
subdivided into papillary and reticular dermis.
It contains cutaneous appendages including the
hair follicles, sweat glands, and pilosebaceous
follicles. The dermis has a low signal, visible
deep within the epidermis. Pilosebaceous fol-
licles appear as fine oblique lines running par-
allel, seen as high-signal intensity structures.
These lines come from the hypodermis, pass-
ing through the dermis and the epidermis.

In the face, on 3D fast imaging employing
steady-state acquisition (FIESTA) images and

on T1W images, the dermis can be subdivided
into a superficial layer with higher-signal
intensity and a deeper layer of lower signal
(9) (Fig. 3). Richard (Richard et al. 1993)
highlighted an increase in protonic density in
the superficial dermis which is more significant
among elderly people and could explain this
MRI appearance. This may also correspond to
the subepidermic hypoechoic band described
on US images (Sandby-Moller and Wulf
2004), but its exact meaning remains to be
found.

• The hypodermis
The hypodermis is mainly composed of fat. It is
sometimes considered part of the skin and
sometimes as subcutaneous tissue (Bittoun
et al. 2006; James 2006; Kim et al. 2008).
This deepest layer of the skin is easily identified
on MRI because of its considerably high signal
on T1W and T2W images with fatty expansions
in the deeper part of the dermis. The
interlobular septum and its vessels determine
the lobules and are characteristically low-signal
intensity structures within the hypodermis.

Variations of normal MRI appearance of the
skin depending on studied localization have to be
known in order not to be misdiagnosed as abnor-
mal: normal visualization of thick stratum
corneum of the heel (Denis et al. 2008) and normal
visualization of two sublayers within the dermis of
the face (Aubry et al. 2009) (Fig. 3). Variations of
the thickness of the dermis and epidermis
depending on localization are also known (Fig. 4).

Fig. 2 T1W image of
normal skin of the calf. The
epidermis (white arrow) is a
thin superficial line of high
signal. The underlying
dermis has a low signal,
crossed by thin lines
corresponding to
pilosebaceous follicles
(white arrowhead). The
hypodermis has a high
signal due to its high
amount of fat. Within the
hypodermis, thin low-signal
lines correspond to
interlobar septa (black
arrow)
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4 MRI of Skin Disorders

Among all noninvasive skin imaging methods,
ultrasound was the first to demonstrate an excel-
lent correlation between image-derived skin
thickness and histological measurements
(Edwards et al. 1989); in fact the usefulness of
US was demonstrated in the preoperative predic-
tion of melanocytic tumor thickness and its effec-
tiveness in differentiating between tumors�1 mm
and those >1 mm (Hayashi et al. 2009; Vilana
et al. 2009).

The remarkable anatomic detail and contrast
obtained on MRI images has been used to gener-
ate in vivo 3D representations of skin pathologies
such as nevi, acne, psoriasis, scleroderma, etc.

(Sans et al.), although such images are not
required for the diagnosis of these pathologies.
In most clinical applications, the aim of MRI is
to differentiate the different kinds of skin tumor
and to estimate their extent before surgery in the
case where surgical resection should be mini-
mized in the example of facial tumor. It is also a
help to diagnosis, localization, and delineation of
some tumors that may be difficult to detect
because of their topography, such as subungual
glomus tumors. It also allows determining the
degree of invasion of malignant tumors within
deeper soft tissues and to measure their size and
thickness. A review published in 2008 (Kim
et al. 2008) aimed at listing the MRI features of
most common aspects of several benign and
malignant skin tumors.

Fig. 3 At the face, on this
T1W image, a superficial
band of high-signal (white
arrows) contrasts with a
low-signal band at the deep
aspect of the dermis (white
arrowhead)

Fig. 4 The dermis of the
back (left, white
arrowhead) is thicker than
that of the foot (right). On
the other hand, at the sole,
the epidermis (white arrow)
appears to be thicker. We
can also notice the
extremely dense connective
tissue within the
hypodermis of the soles
(black arrow)
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4.1 Dermatofibrosarcoma
Protuberans

This uncommon spindle cell tumor that typically
develops in the dermis as an outward protruding
mass is considered to be an intermediate-grade
lesion. These lesions are typically within the der-
mis but can extend freely over the hypodermis and
deeper, so leading sometimes to confusions with
higher-grade sarcomas. Its most frequent localiza-
tion is the trunk, accounting for almost half of all
cases. Dermatofibrosarcoma protuberans has an
excellent prognosis after complete resection but
has a marked tendency to recur locally if inade-
quate surgical resection margins are obtained,
which underlines the interest of MRI to
delineate it.

On MR imaging the tumor appears as a well-
defined lesion with a low signal on T1W images
and a high signal on T2W images and usually is
enhanced more strongly than other skin tumors on
contrast-enhanced T1W images (Fig. 5). Occa-
sionally hemorrhages occur in this tumor which
results in a heterogeneous appearance on MR
images (Torreggiani et al. 2002; Kransdorf and
Meis-Kindblom 1994).

4.2 Glomus Tumor

Glomus tumor is a rare benign tumor that
develops from neuromyoarterial glomus body
which consists of an afferent arteriole, a tortuous
arteriovenous, a system of collecting veins, and a

neurovascular reticulum that regulates the flow of
blood through the anastomosis. Glomus bodies
are present in the stratum reticularis of the dermis
throughout the body, but they are highly concen-
trated in the digits, palms, and soles of the feet.
They may be difficult to detect when subungueal
hence the interest of MRI (Bittoun et al. 2006;
Goettmann et al. 1994; Drape et al. 1996).

MR imaging features that are considered diag-
nostic for glomus tumors include intermediate- or
low-signal intensity on T1W images, marked high
signal on T2W images, and strong enhancement
after IV gadolinium infusion. Typical MR angio-
graphic findings include areas of strong enhance-
ment in the arterial phase and tumor blush, which
increases in size in the delayed phase (Baek et al.
2010) (Fig. 6).

4.3 Malignant Melanoma

Most melanomas apparently arise de novo, but
some develop in association with a preexisting
nevus. Melanoma and pigmented tumors were
first explored because the melanin pigments are
paramagnetic and induce a shortening of T1 and
T2 relaxation times (Zemtsov et al. 1989). There-
fore, the expected signal for melanotic melanoma
is high signal on T1W images and low signal on
T2W images (Hawnaur et al. 1996; Marghoob
et al. 2003). MRI may be used to measure the
thickness and depth extension of melanomas and
their volume and vascularization (Marghoob
et al. 2003; Psaty and Halpern 2009). In a small

Fig. 5 MRI of a
dermatofibrosarcoma. It has
a slightly higher signal than
the normal dermis on T1W
image (left). On
fat-saturated contrast-
enhanced T1W image
(right), this epidermal and
dermal lesion (between
white arrows) presents a
strong enhancement and
invades the hypodermis
(white arrowhead) to a
depth of 6 mm
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sample containing two melanomas, Ono
et al. (Ono and Kaneko 1995) found a good cor-
relation between the morphology and in-depth
invasion of skin tumors in MRI with histological
data.

4.4 Keratinocytic Skin Tumors

Keratinocytic skin tumors are derived from epi-
dermal and keratinocytes of appendages, mainly
including basal cell carcinoma (BCC) and squa-
mous cell carcinoma (SCC). They account for
approximately 90 % of all skin malignancies,
and their incidence has increased rapidly in the
past few years (Miller 2000). In vitro, using
7 Tesla MRI, (Aubry et al. 2012) have shown a
good correlation between MRI and histologic
measurements of nonmelanoma skin cancer
(Fig. 7), but these results remain difficult to trans-
pose to clinical routine because of time of acqui-
sition and cost problems. Basal cell carcinoma,
the most frequent, is a slow-growing tumor,
mostly local, which rarely metastasize. Gufler
et al. (2007) on seven cases of basal cell carci-
noma of the face in 1.5 T MRI confirmed the
usefulness of MRI to determine the extent of

these tumors compared to adjacent soft tissues
and the level in depth of tumor infiltration and to
exclude a possible bone involvement.

Keratinocytic skin tumors have nonspecific
signal intensity patterns, with high-signal inten-
sity on T2W images, with relatively homogeneous
enhancement after IV gadolinium chelates infu-
sion. SCC may also be heterogeneous and include
unenhanced region on the contrast-enhanced T1W
images (Kim et al. 2008).

4.5 Benign Fibrous Histiocytoma

This is a very frequent tumor, located preferen-
tially in the dermis where it is called histiocytoma
cutis or dermatofibroma. These tumors arise most
frequently between the second and the fourth
decade and are mainly located at the extremities
(Gonzalez and Duarte 1982).

On MR imaging the tumor appears as low to
intermediate signal on T1w images and low- to
high-signal intensity on fluid-sensitive MR
sequences (Fig. 8). Occasionally hemorrhages
occur in this tumor which results in an heteroge-
neous appearance on MR images (Kransdorf
2006).

Fig. 6 This glomus tumor of the fourth finger appears as
high-signal ovoid image of 3 mm diameter on proton
density fat-saturated coronal image (left, white arrow). It

is strongly enhanced on angiographic contrast-enhanced
sequence (right, white arrowhead)
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5 Parametric Analysis
of Biochemical Parameters
of the Skin

5.1 T1 and T2 Relaxation Time
and Proton Density

Compared to other imaging modalities, MRI has
the particularity to capture a signal depending on
the intrinsic parameters of the tissue: it provides
information on the characteristics of water in the
skin, through measurements of the relaxation
times T1, T2, and proton density which reflect
mobile water and lipid levels in the different skin
layers (Richard et al. 1991; Querleux 2001). At
the calf, T2 relaxation times have been estimated
to 22.3 � 7 ms for the epidermis, 13 � 2.4 ms for
the dermis, and 35.4� 3.6 ms for the hypodermis
(Richard et al. 1991). Richard et al. (1993) dem-
onstrated that the level of mobile water is twice as
high in the epidermis than in the dermis, whatever
the age of the subject. This quantitative measure-
ment of the level of mobile water has also been
used to calculate the hydration in the field of
cosmetology. Recent changes in European

directives require manufacturers to prove the
effectiveness of cosmetics leading to researches
in this field of skin hydration. Querleux
et al. (1994) studied the hydration of the stratum
corneum at the heel. Aubry et al. (Calzolari 2013)
recently tried to estimate the T2 relaxation time
and proton density of the dermis before and after
applying moisturizer using the T2-mapping
sequence (Fig. 9). Researchers also tried to distin-
guish benign versus malignant-pigmented skin
cancer by measuring the relaxation times and T2
signal of lesions (Takahashi and Kohda 1992)
(Fig. 8).

5.2 Magnetization Transfer

This property can be used in MRI to quantify
mobile water of the different skin layers (Bittoun
et al. 2006; Mirrashed and Sharp 2004a). A study
published in 2004 showed a percentage of mag-
netization transfer activity in the dermis lower
than the epidermis. Authors also observed a
higher percentage of magnetization transfer activ-
ity in the papillary dermis compared to the retic-
ular dermis (Mirrashed and Sharp 2004b).

Fig. 7 Postoperative photograph of an ulcerated squa-
mous cell carcinoma of the scalp (left). In vitro 7 Tesla
T2W image through short axis of the tumor reveals that it
invades the whole thickness of the sample: surgical

margins were confirmed by pathologist to be positive.
Contrast between the tumor and the skin is good enough
to measure it accurately
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5.3 Water Diffusion Coefficient

Diffusion-weighted images give information on
the microscopic movements of water in the skin.
It is widely used in neuroradiology to detect early
signs of ischemic stroke. Several studies have
been conducted reporting a possible use of this
sequence to quantify the mobility of free water in
the skin with possible applications in the future to
study the mechanisms of skin barrier function of
the living epidermis healthy and pathological
(Bittoun et al. 2006; Kinsey et al. 1997;
McDonald et al. 2005; Lee et al. 1998).

5.4 Spectroscopy

MR spectroscopy of the skin is recent and remains
a research activity. Studies conducted have focused
on normal skin and hydration profile and feasibility
of this technique (Querleux 2004;Weis et al. 2001).
Several methods aim to obtain separate images and
information of different molecules (water, lipids).
The majority of researches have been done with
phosphorous spectroscopy (Chen et al. 1992;
Zemtsov et al. 1994; Collier et al. 1994) and very
few with proton spectroscopy (Kim et al. 1989).

6 Conclusion

MRI is a noninvasive, non-radiating imaging
modality that is also reproducible and non-
operator dependent. Its good spatial resolution
and contrast allow imaging of the different skin
layers. Even if in clinical daily practice its spatial
resolution is not sufficient for optimal analysis of
the epidermis and very thin lesions, this imaging
technique is distinguished from others by its holis-
tic approach of the skin. Numerous studies have
validated its feasibility and its interest to study the
normal and pathologic skin. MRI seems able to
play a useful role in the diagnosis and surgical
assessment of particular cases of tumors. In addi-
tion, biochemical parameters evaluated by MRI
are also promising to evaluate skin physiology,
skin hydration, and effects of cosmetic products.

Fig. 8 T1W image of a histiocytofibroma. It has a slightly
higher signal than the normal dermis (a). It invades
the hypodermis to a depth of 7.8 mm. On T2 mapping

(b), its T2 relaxation time is longer than the normal dermis
(54–59 ms vs. 44 ms)

Fig. 9 T2-mapping image of a normal dermis of the calf.
The T2 relaxation time of the dermis may be calculated
with this sequence. This parameter may be useful for
quantitative evaluation of cosmetics or for characterization
of skin lesions
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1 Introduction

The most common use of optical absorption
spectroscopy is the quantification of substances
in chemical systems. This application requires a
homogeneous distribution of the absorbing sub-
stances, which results in a linear correlation
between the spectroscopic data and the amount
of the absorber under discussion (Beer-Lambert
law). The measured overall signal is reduced
if there are areas of different concentration or
areas that are not covered with absorbing sub-
stances inside the examined area. For this reason,
spectroscopy is suitable for determining the
degree of inhomogeneity in the distribution of
absorbers.

The surface of the human skin is characterized
by specific structures, which differ individually.
As furrows, wrinkles, hair follicles, sweat glands,
dermal lesions, and the corneocytes (Schaefer
and Redelmeier 1996; Fritsch 2004) form a typ-
ical surface character (Helfrich et al. 2008;
Krutmann et al. 2008), topically applied formu-
lations are distributed inhomogeneously. This
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refers to cosmetic products generally and is of
special interest considering in terms of
sunscreens.

The protection efficacy of sunscreens is pri-
marily determined by specific filter substances,
which are included in these products. A given
filter concentration results in a defined lowering
of the radiation intensity by the absorbing spe-
cies. This effect is reduced if the homogenous
distribution is disturbed by the typical surface
relief that reduces the protection efficacy of sun-
screens (Jain et al. 2010; Rohr et al. 2010;
Schroeder et al. 2010). A characterization of
these changes can be achieved to determine a
spectroscopically measured factor of inhomoge-
neity by comparing the absorbance measured for
the applied sunscreen with the value of the iden-
tical amount of absorbers spread homoge-
neously. This value is well suited to quantify the
filter distribution of topically applied substances
on the surface of the human skin and to investi-
gate the influence of different parameters
(Weigmann et al. 2012a).

2 Materials and Methods

2.1 Volunteers

The study was conducted with 18 healthy vol-
unteers (skin phototypes II and III (Fitzpatrick
et al. 1993)), which were aged between 20 and
35 years. The volunteers had provided their
written informed consent in agreement with
the ethical approval obtained from the Ethics
Committee of the Charité – Universitätsmedizin
Berlin.

2.2 Applied Formulations

The investigation was realized using five different
sunscreen formulations, COLIPA low standard
product P1 (SPF 4), CTFA high standard product
P2 (SPF 12), high standard product P3 (SPF 15.5)
(COLIPA 1994), and commercial products,
NIVEA Sun Sonnenmilch, SPF 8 and NIVEA

Sun Feuchtigkeits-Sonnenmilch, SPF 26, which
were applied onto the flexor forearm (2.0 mg/cm2)
(COLIPA 1994).

2.3 Tape Stripping

Tape stripping was performed 30 min after appli-
cation using the standard protocol (Lademann
et al. 2009; Weigmann et al. 1999). The adhesive
film (tesa film No. 5529; Beiersdorf, Hamburg,
Germany) was pressed onto the skin with a stamp
for 5 s (pressure: 15 kp/cm2) and then removed in
one rapid movement.

2.4 UV/Visible Spectroscopic
Measurements

The spectra were recorded in a range from 240 to
500 nm, using the UV/visible spectrometer
(Lambda 5, PerkinElmer, Frankfurt/Main, Ger-
many) with an integrating sphere. The extinction
in themaximum of the UVB absorption bands was
used as reference quantity.

2.4.1 Tape Strips
The original spectra measured with an empty tape
as a reference were corrected by the spectra
obtained from an untreated skin site using the
software UV WinLab Version 2.70.01
(PerkinElmer), in order to eliminate the influence
of the individual horny layer particles. Foregoing
investigations (data not shown) indicated that the
first tape strips reflect the degree of inhomogene-
ity most effectively.

2.4.2 Solutions
The absorbance values, characterizing the homog-
enous distribution of the absorbers, were deter-
mined after solving a definite part of the
immediately measured tape strips in an adequate
amount of ethanol (UVASOL; Merck, Darmstadt,
Germany) and a subsequent separation from the
horny layer particles by centrifugation (centrifuge
MR 1812; Jouan GmbH, Unterhaching,
Germany).
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2.5 In Vivo Laser Scanning
Microscopy

Laser scanning microscopy (VivaScope 1500
Multilaser, MAVIG GmbH M€unchen) with
sodium fluorescein as marker substance was
used to compare the distribution of topically
applied substances on the human skin and on the
tape strips immediately after stripping.

3 Results and Discussion

3.1 Illustration of the Distribution
of Topically Applied Absorbers

The results obtained regarding the local distribu-
tion of topically applied substances using laser
scanning microscopy are shown in Fig. 1.

The in vivo distribution of the fluorescent dye
fluorescein on the skin (image a) is compared with
the distribution found on tape strips immediately
after their removal (image b). In both cases, the
dye is concentrated around the corneocytes in the
inter-lipid phase of the skin, illustrating one type
of an inhomogeneous distribution pattern. The
agreement found for the distribution in both

samples verifies that the situation on the skin
surface is correctly transferred to the tape strips.
Therefore, the spectroscopic data determined after
tape stripping should be suitable to quantify the
degree of the inhomogeneity of topically applied
substances on the skin.

3.2 Definition of a Factor
of Inhomogeneity

The homogeneity of the distribution of topically
applied formulations on the skin is not only
influenced by the individual surface profile but
additionally by the composition of the specific
sunscreen.

3.2.1 Variation of the Volunteer-
Specific Absorbance Values

The homogeneous absorbance in solution (Ahom) is
compared with the absorbance found for the tape
strips, reflecting the in vivo efficacy of the absorber
in the investigated skin area (Ainhom). The results
obtained for one model formulation (COLIPA P1)
for six volunteers are shown in Fig. 2.

The actual absorbance measured in solution
(Ahom) was determined by the concrete amount of

Fig. 1 Distribution of a fluorescent substance (sodium fluorescein) added to a topically applied sunscreen on the human
skin. (a) Measured in vivo. (b) Measured in vitro on a tape strip that was removed from a corresponding skin site
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absorbing substances present in the investigated
skin area. In three experiments, the corresponding
value was nearly constant (Ahom = 1.7), according
to identical amounts. Moreover, two data points
were clearly different, verifying the well-known
situation that the distribution inside the skin area
under investigation is nonuniform.

The broad variation of the absorbance
(Ainhom = 0.4–0.62) measured for the
corresponding tape strips reflected the individ-
ual differences in the individual skin profiles
of the three volunteers with nearly constant
Ahom = 1.7. Both results illustrated the infor-
mation provided by the spectroscopic data.
Similar results were obtained for the other
sunscreens under investigation.

3.2.2 Determination of the Factor
of Inhomogeneity

The difference of the discussed spectroscopic
values, i.e., the absorbance measured for the abso-
lute amount of absorber, Ahom, and the profile-
correlated spectroscopic data obtained from the
tape strips, Ainhom, reflects the skin-specific distri-
bution of the absorbers. Calculating the quotient
between both values enables the definition of a
factor of inhomogeneity:

Finhom ¼ Ahom=Ainhom:

In order to test the applicability of the obtained
factors, the parameter influences must be
considered.

3.3 Parameters Influencing
the Factor of Inhomogeneity

3.3.1 Influence of Different Volunteers
and Formulations

Discussing the parameter dependence of the pro-
posed measured value, the range of variation
found for the different volunteers and formula-
tions must be considered. In Table 1, the obtained
results are summarized.

The formulation-correlated mean values of the
factors of inhomogeneity were the basis for
obtaining information regarding the sunscreen-
related changes in the distribution and the influ-
ences of the different volunteers.

The sunscreen-correlated values varied from
Finhom = 3.9 to 11.9. The mean value of all sun-
screens amounted to Finhom = 8.3, which
corresponded to a standard deviation of 40 % for
these data. This value described to what extent the
investigated sunscreens change the inhomogene-
ity of the distribution. The reference to the mean
values eliminated the influences of the different
skin profiles of the volunteers.

The variation found for the individual volun-
teers is provided by the factors of inhomogene-
ity, which are summarized in the upper part of
column 2–6. Considering the mean value of
these standard deviations in percent amounted
to 1.9, which corresponded to an overall value
of 23 %.

The comparison of the two percentage values,
40 % and 23 %, indicated that the factors of

Fig. 2 Comparison of the
absorbance measured for
the model sunscreen
COLIPA P1 (first tape strips
of six volunteers). Ainhom

absorbance on tape strips
immediately after removal.
Ahom absorbance in solution
obtained after extraction of
the tape strips
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inhomogeneity were influenced more strongly by
the investigated formulations than by the individ-
ual skin structures of the volunteers.

3.3.2 Influence of Skin Pretreatment
An essential aspect for studying the distribution
of absorbers on the skin surface was the corre-
lation to the efficacy of sunscreens. From ear-
lier investigations it is known that the
inhomogeneous distribution reduced the protec-
tion by a factor of 10 (Lademann et al. 2004).
On the contrary, a higher homogeneity
enhances the protection. In a previously
published study (Weigmann et al. 2012b), the
influence of a pretreatment of the skin with a
body lotion on the distribution of a sunscreen
with SPF 8 was investigated. In the considered
system, the factor of inhomogeneity evidently
reflected the upgrade achieved by the
pretreatment. The value Ainhom = 11.5 had
dropped to Ainhom = 6.5 after pretreatment.
Conformity was obtained, taking into account
the enhancement of another spectroscopic value
that characterizes the increased absorption of
the incident sun radiation, the sum absorbance.
This value increases after body lotion
application.

Nevertheless, another study showed that a
pretreatment led to a faster removal of the applied
sunscreens from the skin during contact with
water (Kluschke et al. 2014).

3.3.3 Comparison of the Factor
of Inhomogeneity
with the Optically Determined
Volume of Furrows
Characterizing the Skin Profile

The importance of the proposed factor of
inhomogeneity was evaluated by comparing
the results obtained by spectroscopy with
data measured by another optical method
(Gebauer et al. 2012). Using this technique,
the skin profile was characterized directly by a
specific optical three-dimensional measuring
system that determines the characteristics of
surfaces, taking into account the volume
between the highest and the lowest points of
the skin relief.

When these data were compared to the spec-
troscopic values, taking into account the three
sunscreens, linear correlations were obtained at a
statistical significance of p � 0.01 and a correla-
tion coefficient of 0.98, 0.67, and 0.66, respec-
tively. The reduced coefficients reflect different
changes that were due to an individual modifica-
tion of the skin surface following topical applica-
tion of the sunscreen.

This compilation shows that the factor of
inhomogeneity is not only well suited to recog-
nize and to optimize the distribution of topically
applied substances but also reflects correctly
differences in the surface profile of the human
skin.

Table 1 Variation of the factor of inhomogeneity found for different volunteers and different formulations

Volunteer

Factor of inhomogeneity

individual values for the different volunteers

COLIPA P1
SPF 4

COLIPA P2
SPF 12

COLIPA P3
SPF 15.5

Sunscreen
SPF 8

Sunscreen
SPF 26

1 2.7 8.8 8.0 4.4 13.8

2 5.5 14.5 8.7 7.6 14.6

3 4.3 8.9 7.5 7.9 7.9

4 4.6 10.7 9.3 6.0 9.4

5 3.4 16.2 10.4 5.2 9.3

6 2.8 12.2 9.3 4.8 10.0

Finhom mean value � standard
deviation (in percent)

3.9 � 1.0
(26 %)

11.9 � 3.0
(25 %)

9.0 � 1.5
(15 %)

6.0 � 1.5
(25 %)

10.8 � 2.7
(25 %)

Overall mean value for the five formulations (3.9–11.9): Finhom = 8.3, corresponding to a standard deviation of 40 %
Mean value of the standard deviations of the six volunteers (1.0–3.0)= 1.9 corresponding to a standard deviation of 23 %
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4 Conclusion

The typical structure of the human skin influences
the distribution of topically applied sunscreens
characteristically. The resulting inhomogeneity
determines the spectroscopic absorbance measured
for tape strips after removal, Ainhom. The calcula-
tion of a quotient, taking into account the
corresponding absorbance values obtained after
extraction of the removed tape strips (Ahom),
resulted in a factor of inhomogeneity: Finhom =
Ahom/Ainhom. Comparing the variation of the results
obtained for different volunteers and sunscreens, it
was found that the influence of the different formu-
lations was higher than the volunteer-correlated
data. The relevance of the factor of inhomogeneity
was verified by results which were obtained by
considering the influence a pretreatment of the
skin before sunscreen application and by the good
correlation found to the volume of furrows and
wrinkles obtained by an independent method.
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1 Background

Optical coherence tomography (OCT) is a non-
invasive optical imaging technology routinely
used in ophthalmology for retinal imaging.
OCT has gained a prominent position in ophthal-
mological routine imaging since the 1990s
(Huang et al. 1991; Swanson et al. 1993). The
technology also has the potential to provide high-
resolution images of other tissues such as the skin
where it not only allows bedside in vivo diagno-
sis but also the noninvasive monitoring of
lesional evolution or treatment. The OCT images
are primarily displayed in a vertical view similar
to ultrasound imaging. Compared to ultrasound,
OCT images have a higher resolution albeit a
lower penetration depth. Horizontal OCT
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imaging akin to in vivo confocal microscopy is
also possible. During the last 10–15 years, the
OCT technique has been improved for skin imag-
ing, reflecting both development in data
processing and in optics.

2 Method and Basic Principles

OCT is an interferometric imaging technique that
enables noninvasive, real-time, high-resolution,
cross-sectional imaging in vivo. It works by
detecting reflected and backscattered light from
the tissue.

The images can either be two- or three-
dimensional with a lateral resolution of
<7.5 μm and axial resolution of <5 μm. The
images can roughly be compared to histological
morphology at a low resolution, but imaging
of individual cells is not possible. The
one-dimensional depth scan is called an A-scan,
and many adjacent A-scans can be combined to
thereby create a 2D or 3D image that provides
more information about the specific sample.

When analyzing OCT images qualitatively,
several types of reflectivity and scattering are
relevant. Areas appearing white appear so due to
reflection, whereas areas appearing black are sites
of absorbing tissue. In normal skin, fluid and air
are hyporeflective/absorbing media and therefore
appear dark or even completely black. Areas with
dense keratin or collagen are hyperreflective areas
appearing bright.

High-definition OCT (HD-OCT) is a novel
technique based on the principle of conventional
OCT. During the past 2 years, several conducted
studies have reported HD-OCT to have an
improved resolution and with the possibility of
imaging single cells which however comes with
a diminished penetration depth. HD-OCT has
been compared to reflectance confocal micros-
copy (RCM) (Boone et al. 2012a) in normal skin
reporting that RCM offers the best lateral resolu-
tion, whereas HD-OCT provides the best penetra-
tion depth suggesting that HD-OCT fills the
imaging gap between RCM and conventional
OCT.

3 How to Use the OCT

OCT imaging is generally straightforward. All the
commercial OCT systems come with a handheld
probe. Most of the probes are in the size range of a
standard cordless phone. This sometimes makes
OCT imaging inside the ear and around the medial
canthus difficult. The recording of an image rang-
ing 6 mm takes a few seconds. Hundreds of
images can be saved during a single OCT scan.

4 Applications in Dermatology

OCT imaging in dermatology has significantly
advanced during the last decade (Gambichler
et al. 2005; Olsen et al. 2015). Several clinical
studies have found advantageous use of OCT in
diagnosis of inflammatory skin conditions, wound
healing, non-melanoma skin tumors, and blister-
ing diseases, among others.

Skin biopsies are currently the gold standard
for diagnosing a large number of dermatological
diseases especially the non-melanoma skin can-
cers. Since biopsies are easily acquired, precise,
and low cost, they constitute a tough competition
to the introduction of any new imaging technol-
ogies in dermatology. However, in relation to
non-melanoma skin cancer, there are several
factors speaking in favor of noninvasive
diagnosing.

First and foremost, noninvasive techniques,
such as OCT, provide a nontraumatic and
non-scarring aid to diagnosis which can be
performed bedside and be repeated over time to
monitor potential recurrence of an already diag-
nosed disease. Secondly, with the increase in non-
invasive treatments, the need for rapid diagnosis
and noninvasive monitoring is increased as well.
Lastly, immunosuppressed patients have a higher
incidence of non-melanoma skin cancer (Kempf
et al. 2013; Jemec and Holm 2003), and OCT
imaging could potentially save these patients
from excessive biopsies and excisions of tumor-
suspicious lesions.

OCT images of healthy skin present skin fluid
and air as hyporeflective/absorbing areas, and

494 A.A. Hussain et al.



they appear dark/completely black, while
hyperreflective areas appear bright. The penetra-
tion depth depends on the specific tissue. The
abrupt change in refractive index from air to skin
can result in a large entrance signal (Fig. 1) which
can be reduced by using contact or coupling
media on the part of the probe that is in contact
with the skin. The media reduce the refractive
index at the surface of the stratum corneum. In
this way, glycerol absorbed into the skin seems to
increase penetration depth by decreasing scatter-
ing and thus improving the OCT image (Serup
et al. 2006). It has been suggested that speckle
reduction by the appliance of the so-called spatial
diversity compounding scheme (Mogensen
et al. 2010) also has an improving effect on the
imaging quality leading to better defined delinea-
tions of, e.g., skin tumors.

4.1 Basal Cell Carcinomas

Basal cell carcinomas (BCCs) have successfully
been diagnosed with OCT in several clinical stud-
ies (Mogensen et al. 2009a). The clinical charac-
teristics of BCC lesions in OCT images are
alteration of the dermoepidermal junction (DEJ)
and dark ovoid basaloid cell islands, and some-
times a dark, hyporeflective peripheral boundary
(halo) can be identified. Secondary features
include absence of normal hair follicles and
glands and altered dermal capillaries directed

toward the basaloid cell islands (Fig. 2; Hussain
et al. 2015).

Studies have shown that certain histological
features influence the quality of OCT images of
BCC (Mogensen et al. 2011). The presence of
inflammatory infiltrate significantly impairs the
quality of images, while elastosis is associated
with improved quality. Meanwhile, neither ulcer-
ation nor hyperkeratosis seemed to impair the
quality of OCT images of BCC significantly
which is of great importance as most BCC lesions
have a hyperkeratotic surface.

The increasing incidence of BCC, making it the
most common form of cancer in many countries
(Madan et al. 2010), has given rise to extensive
research to etiology, pathogenesis, and treatment.
Skin biopsies and curettage or excision are cur-
rently the gold standard for diagnosis and treatment
of non-melanoma skin cancer (NMSC). Taken into
account that biopsies and excisions are invasive,
are scarring, and have the potential of leading to
infection, the noninvasive treatment options have
been well received in dermatology. Imiquimod is a
cream which can be used to treat superficial BCC.
A recent study (Banzhaf et al. 2014) has shown that
OCT can be used in the whole process of treating a
superficial BCC – from the primary diagnosis to
monitoring treatment effect and follow-up of
potential residual tumor tissue. Photodynamic ther-
apy with methyl aminolevulinate (MAL-PDT) is
another noninvasive type of treatment. In a study
(Themstrup et al. 2014) where OCTwas performed

Fig. 1 Healthy skin. Healthy skin of the lower leg of a
28-year-old female. The penetration depth depends on the
specific tissue, and in this OCT image of the skin, a pene-
tration depth of 1.84 mm has been obtained. The thin white

hyperreflective line (thick blue arrow) is not part of the skin
but represents the entrance signal due to the shift from one
medium (air) to another (skin). Thin red arrows: intact
dermoepidermal junction. Asterisks: vessels
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before MAL-PDT treatment and at a 3-month fol-
low-up on 18 cases (14 BCC lesions and 4 actinic
keratosis), the results showed that immediately
after the MAL-PDT, it was not possible to monitor
the treatment due to blurring and crust formation.
At the follow-up, recurrence was suspected clini-
cally in 5/18 cases and with OCT in 7/18 cases
suggesting that OCT is able to identify 29 % more
recurrences than clinical examinations alone which
was subsequently confirmed by histology. This
study implies that OCT is most suitable in the
diagnosis and follow-up of treatment. A study on
OCT monitoring of BCC treated with ingenol
mebutate is being conducted at the moment.

Surgeons performing Mohs surgery (Wang
et al. 2013; Alawi et al. 2013; Chan and Rohrer
2012) can use OCT to reduce the excised area
without compromising the integrity of tumor-
free borders. This reduces the number of invasive
procedures needed. One study (Alawi et al. 2013)

showed that in 84 % of cases, the OCT-defined
lateral margins correctly indicated complete
removal of the tumor. Furthermore, the surgical
margins outlined by the surgeon never fell below
the OCT-defined margin suggesting that OCT
may be helpful.

OCT imaging of cutaneous lymphomas is also
an area of development. A case report (Christian
Ring et al. 2012) visualizing cutaneous T-cell
lymphoma has illustrated a thickened and
hyperreflective stratum corneum and several elon-
gated hyporeflective structures (interpreted as
lymphomatous infiltrates) in the dermis. There
was a good immediate correlation between histol-
ogy and OCT imaging of the sample. Similar
findings in the dermis have been described in
ocular lymphoma and may therefore be of impor-
tance in cutaneous lymphomas as well.

A pilot study regarding basal cell carcinoma
(BCC) lesions (Boone et al. 2012b) visualized by

Fig. 2 (a)Basal cell carcinoma. OCT image of a 77-year-
old man with a basal cell carcinoma lesion above the
eyebrow. The OCT image shows disruption of the
dermoepidermal junction (thick blue arrow) and an ele-
vated darker area right at the skin surface corresponding to
a small ulceration/crust (thin blue arrow). In the dermis,
there are two rounded structures surrounded by a dark rim

(asterisk). These structures correspond to basal cell tumor
islands. The vertical hyporeflective streak stretching
from the surface is a hair casting a shadow (red arrow).
(b) Healthy skin adjacent to basal cell carcinoma lesion
with the epidermis (blue bars), intact dermoepidermal
junction and an underlying homogenous dermis
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HD-OCT implied that HD-OCT facilitated in vivo
diagnosis of BCC and even allowed the distinc-
tion between different BCC subtypes which is
something that has not been possible with con-
ventional OCT.

4.2 Actinic Keratosis

The OCT morphology of actinic keratosis (AK) is
somewhat similar to that of a superficial squa-
mous cell carcinoma (SCC). The AK lesions
have the potential to regress spontaneously. How-
ever, a substantial proportion of AK lesions can
progress to SCC. Unlike BCC lesions, SCC
carries a risk of metastasizing (Schmitt and Bor-
deaux 2013).

It is a possibility to treat AK lesions noninva-
sively with, e.g., MAL-PDT, imiquimod, or cryo-
surgery. Cryotherapy is a commonly used
lesionally directed therapy in which the tissue is
frozen, and the tissue destruction occurs due to
cellular damage incurred during the freeze-thaw
cycles. Liquid nitrogen (�196 �C) is the most
commonly used coolant, but solid carbon dioxide
(�78.5 �C) and liquid CO2 (�56.6 �C) have also
been used. When AKs are treated by cryotherapy,
tissue destruction is frequently preceded by clini-
cal blistering. When the skin starts healing, the
lesion tissue will peel off and thereby allow the
appearance of new skin.

Due to the noninvasive treatment, it is quite
relevant to have a noninvasive and non-scarring
way of monitoring the treatment. Several
conducted studies (Mogensen and Jemec
2007; Mogensen et al. 2009b, c) have implied
that OCT can be beneficially used in AK diag-
nosis, treatment, and monitoring. The OCT
characteristics of an AK include atypical thick-
ening of the epidermis, especially the stratum
corneum. Lymphocytic infiltrate from inflam-
mation can at times be seen in the underlying
area of the AK.

A recent study (Themstrup et al. 2012) indi-
cates that OCT has the potential of monitoring
cryotherapy in AK lesions. It was demonstrated
that OCT can visualize and delineate the AK
lesion with high accuracy. When cryotherapy is

applied, an opaque iceball is imaged followed by
vesicle formation shortly after the treatment. It
was not possible to detect the freezing depth dur-
ing the cryotherapy.

It has been reported that the in vivo diagnosis
and grading of different actinic keratoses were
possible using HD-OCT (Maier et al. 2013).

4.3 Inflammatory Skin Diseases

Another use for OCT is the visualization of com-
mon inflammatory diseases such as psoriasis and
contact dermatitis. In the majority of cases, the
diagnosis can be made by the naked eye, but in
cases of doubt, skin biopsies and histology are
performed for confirmation.

Psoriasis is a disease affecting a high number
of patients. OCT can monitor the severity of the
disease and monitor specific treatments by mea-
suring structural changes such as epidermal thick-
ness and optical density of the dermis
(Gambichler et al. 2005; Morsy et al. 2010). In a
recent study, the thickness of skin with psoriatic
plaques was compared to healthy skin with a
difference of 30–40 μm.

Furthermore, a study looked at psoriasis arthri-
tis and nail abnormalities with OCT (Aydin
et al. 2011, 2013). Eighteen patients with nail
abnormalities were scanned with OCT and ultra-
sound, and the study implies that among the
180 nails, 67.8 % had clinical findings, whereas
33.9 % were abnormal with ultrasound and
44.4 % with OCT. OCT was reported to detect
subtle abnormalities in 12 clinically normal nails
and in 41 nails with normal ultrasound findings.
The study found that a positive OCT had a sensi-
tivity of 44.4 % and specificity of 95.8 %
suggesting that OCT has a potential for detecting
nail abnormalities. Regarding nail abnormalities,
a study (Grover and Khurana 2012) focusing on
onychomycosis reported OCT’s ability to screen
several areas within a nail plate and hence detect
persisting fungal elements during local or sys-
temic therapy.

Contact dermatitis (Morsy et al. 2010) is
another common inflammatory skin disease. The
OCT scanning visualized a higher and enlarged
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entrance signal corresponding with the changes in
stratum corneum with hyperkeratosis and
parakeratosis.

A recent study applying Ackerman’s algorith-
mic method of pattern recognition (Boone
et al. 2013) indicated that HD-OCT is a promising
method for noninvasive diagnosis, evaluation,
and management of common inflammatory skin
diseases by the visualization of individual cells in
the epidermis and dermis and morphology of the
DEJ, papillary dermis, and reticular dermis.

A case study (Banzhaf and Jemec 2012) show-
ing OCT imaging of granulomatous lesions of the
skin reported the visualization of a new shape,
resembling a wing. Further studies on granuloma-
tous skin diseases are required.

4.4 Fibrotic Diseases

Scleroderma and other fibrotic diseases, e.g.,
morphea (localized scleroderma), lichen sclerosus

et atrophicus (LSA), keloids, and scars, are all
characterized by fibrosis of the skin. Preliminary
data suggest that OCT imaging of fibrotic diseases
are characterized by a disarray of layering with a
rather effaced DEJ. The dermis itself has been
visualized as very homogenous and
hyperreflective due to extensive fibrosis. The der-
mis may also display an intricate hyporeflective
pattern. A characterization of the unique morpho-
logical differences may aid the understanding of
lesional evolution and assessment of possible
treatments. This is particularly important for
scleroderma.

Systemic scleroderma is characterized by
deposition of collagen, fibrointimal proliferation
of small vessels, and vasospastic episodes. Over
time, it may lead to tissue ischemia and extensive
fibrosis of the skin and other organs. Due to the
lack of curative treatment, the treatment goal is
the prevention of disease progression by the use
of, e.g., anti-fibrosing agents, topical emollients,
and PUVA. With the rise of novel anti-fibrosing

Fig. 3 (a) Bullous pemphigoid. OCT image of an
81-year-old woman with a bulla on the right thigh. The
blue bar marks the intact dermoepidermal junction
distinguishing the epidermis from the dermis. Notice the
split in the skin (blue arrow) and the subepidermal location

of the bulla. The actual bulla (blue asterisk) is
hyporeflective due to the liquid content. The
hyperreflective strokes inside the bulla may be the visual-
ization of polymorphous inflammatory infiltrate. (b) OCT
image showing healthy skin adjacent to the bulla
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agents, the noninvasive monitoring of dermal
collagen morphology becomes relevant in treat-
ment trials (Abignano et al. 2013; Ring et al.
2015).

4.5 Bullous Diseases

Skin conditions involving bullae have been the
subject of very few OCT studies and are still an
area of interest with ongoing research. Fluid is an
absorbing media and therefore appears dark
(hyporeflective) or completely black (reflective).

It has been demonstrated that it is possible to
differentiate between certain forms of bullous dis-
eases. Overall bullae appear as dark, ovoid to
round well-demarcated structures. It is possible
to differentiate between intraepidermal and sub-
epidermal bullae and thereby between blistering
diseases such as bullous pemphigoid, burns, and
pemphigus (Mogensen et al. 2008). However, the

difference between bullous pemphigoid and pem-
phigus was too subtle to differentiate between the
two diseases in the published series. Burn blisters
were significantly different. These challenges may
be met by future enhancement of the resolution of
the OCT images (Fig. 3).

Porphyria cutanea tarda (PCT) blisters usually
appear on sun-exposed areas of the body blisters
especially on the dorsum of the hands. The bullae
contain porphyrin-rich serous fluid and can
be painful. Figure 4 depicts the difference
between PCT on a hand and adjacent normal
skin.

4.6 Wound Healing

Well-known complications subsequent to surgery
and laser treatment, such as infection or prolonged
wound healing, are challenging tasks in
dermatology.

Fig. 4 (a) Porphyria cutanea tarda. Dorsum manus
dexter of a 67-year-old female patient with porphyria
cutanea tarda (PCT). The dermoepidermal junction is
intact (blue bars), and the remains of a bulla (thin blue
arrow) can be seen reaching down through the epidermis

and into the dermis. The rounded structure (blue arrow) is
the remainder of a bulla. The blue bars mark the
dermoepidermal junction showing how the bulla extends
into the dermis explaining why PCT heals with scarring.
(b) Healthy skin adjacent to porphyria cutanea tarda
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An animal study (Wang et al. 2008) tracking
and monitoring morphological transformation
during wound healing and tissue regeneration,
after a collagen implant, indicated the possibil-
ity to detect reepithelialization, granulation
tissue formation, and inflammatory response.
Furthermore, it was reported that when longitu-
dinal OCT was coupled with ultrahigh-
resolution Doppler, it was possible to enhance
the image fidelity and track neovascularization
which is a common feature associated with tis-
sue regeneration and cell/tissue differentiation.
Another study (Kuck et al. 2014) concluded
that there are comparable results between histo-
logical findings and OCT reporting that OCT
allowed the detection of partial loss of the
epidermis, vasoconstriction, vasodilatation, and
epithelialization.

It has also been reported (Sattler et al. 2013)
that confocal laser scanning microscopy
(CLSM) and OCT can be used to quantify the
kinetics of the dynamic wound healing process.
Even though the wound healing seemed to be
clinically complete after day 7 and 14 following
fractional laser therapy, the majority of treated
areas imaged by CLSM and OCT detected
subepidermal defect even after 21 days
(Fig. 5).

Banzhaf et al. (2016) recently investigated
the closure of in vivo ablative fractional laser
(AFXL)-channels using OCT and RCM. AFXL
disrupts the skin barrier by creating microscopic
vertical channels, inducing a wound healing
response to moderate skin appearance.
Depending on the applied energy level, the
AFXL-channels appeared to remain open during

Fig. 5 (a) Actinic keratosis. OCT image of actinic kera-
tosis lesion located on the back 20 min after 10 s of
cryosurgery. Asterisks: a reflective bullae located along
the dermoepidermal junction. Upper blue arrow: epider-
mis. Lower blue arrow: dermis. (b) Residual basal cell
carcinoma lesion. OCT image showing residual basal cell

carcinoma lesion at 3-month follow-up after photodynamic
therapy. The lesion was located on the temple.Blue vertical
line: disruption of normal layering. Asterisk:
hyporeflective, necrotic center. Thick blue arrow: tumor
stroma. Thin blue arrows: artifacts from hairs casting
shadows
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the first 24 hours, which may raise perspectives
for optimal timing of laser-assisted drug
delivery.

5 Conclusion

OCT imaging in dermatology is a diverse
imaging tool easy and fast to apply at the
bedside – and the images are relatively easy
to interpret because of their similarity to more
conventional imaging such as ultrasound and to
histology. In general, the OCT imaging tech-
nique can supplement ultrasound imaging of
the skin by performing high-resolution imaging
of the epidermis and upper dermis. Because
OCT imaging is easy to use and provides
high-resolution skin images, the obstacle for
clinical use is not the equipment itself – but
rather the need for proper diagnostic research
trials. It is imperative that OCT images of skin
diseases, be it skin cancer, actinic keratosis,
wounds, or blistering diseases, are correlated
to different degrees or severities of the disease
and non-diseased skin but also that inter- and
intraobserver agreement is assessed in trials. At
the current stage of OCT research in dermatol-
ogy, most trials are still case reports and pre-
liminary trials – but the future looks promising
in many ways.

6 Future Development

Considering the fact that OCT in dermatology is
still a novel technique, there are a number of
dermatological diseases that still have not been
investigated or investigated sufficiently using
OCT. For NMSC and other diseases that have
already been the subject of some studies, the
future development involves validation of the
diagnostic method including optimized defini-
tions, sensitivity, specificity, inter- and
intraobserver variation, and the development of
diagnostic algorithms for the assessment of OCT
images.
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The measurement of surface area, volume, and
color of a chronic wound is an important step in
its follow-up over time. Numerous techniques are
available, ranging from the simple use of tracings
to more sophisticated methods requiring the use of
cameras, videos, and computers. When they exist,
the techniques usually employed in outpatient care
units to record the wound state over various time
points are often inaccurate. Furthermore, studies
of wound healing are often complicated by the few
objective measurement methods that can be used
in a noninvasive and ethical way in humans
(Ahroni et al. 1992). However, quantitative
methods that assess the wound healing rate are
essential for checking the response to treatments,
either drug-containing dressings or systemic
therapies.

Briefly, wound measurements are of value for
three main reasons:

– To monitor the time course of the wound (this
is a part of patient assessment)

– To assess the efficacy of topical and/or sys-
temic therapies

– To attempt to forecast the time required for
healing

The degree of precision required is related to
the purpose of the measurement as well as the
technique to be used.

Wound assessment encounters three main
difficulties:

– The definition of the wound perimeter. This is
an entirely subjective estimate that depends on
the observer, who decides what forms part of a

wound or not. The most frequent source of
error comes from the difficult delineation of
the epidermis edge, owing to its thinness and
translucency.

– The variable aspect of large, deep wounds,
which depends on the position of the patient.
Such wounds are capable of marked changes in
appearance that render measurements
unreliable if the patient is not placed in exactly
the same position each time the wound is
measured.

– The convex shape of human limbs. Measure-
ments frequently do not take into account pos-
sible errors due to this factor.

Despite such problems, several measurement
techniques can be employed to assess the surface
or volume of wounds. Table 1 lists the principal
ones.

1 Wound Parameters: Perimeter
and Surface Area

The parameters most frequently used to measure a
wound are the length of the principal axes (length
and width of the wound), the projected surface
area, and the perimeter. Different mathematical
calculations can establish a relationship between
the surface area of a wound, its perimeter, length,
and width.

1.1 Direct Measurement of Wound
Dimensions with a Ruler

Historically, the first parameters used were the
outer dimensions of the wound: length (along
the longest axis, L) and width (smaller axis per-
pendicular to the first, W). These parameters are
measured directly on the wound using a graduated
instrument. The same instrument must always be
used if the aim is to compare dimensions, and
strict conditions of asepsis must prevail to prevent
the transmission of micro-organisms between
patients. Although imprecise, this technique is
the first objective approach to a wound (Fig. 1).
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It calculates the surface area (A), which of course
is subject to some error, but these can be partly
circumvented through the application of formulae
for corrected surface area (Vowden 1995; May-
rovitz 1997). Thus, according to Mayrovitz
(1997), A = 0.73 � L � W for a rectangular
wound. The area of an elliptic wound may be
calculated as follows: A = 0.763 � L � W
(Schubert 1997) or A = 0.785 � L � W
(Kundin 1989). This technique is principally
applicable when wounds are rather shallow and
regularly shaped. Good training in such measure-
ments improves their sensitivity.

1.2 Transparent Tracings

1.2.1 Delineation of Perimeter
on Transparent Material

The most commonly employed technique is that
which uses an acetate film to obtain a tracing of the
wound perimeter, drawn using a fine marker pen.
The paper may be a plain transparent film or may
be already calibrated in millimeters. As a general
rule, it is better to use a double sheet of transparent
material; the tracing is drawn on the upper sheet
and the lower sheet, which is in direct contact with
the wound and may be soiled by exudate, can be

Table 1 Wound measurement techniques

In contact with the wound Tracing: dimensions, surface area and contours

Measurement of depth

Volume: liquid or molding

Not in contact with the wound Photography

Video film

Stereophotogrammetry

Analysis of structured light

Fig. 1 Direct measurement of the length and width of a
wound. Length 6.7 cm, width 4.8 cm. Calculation of sur-
face area: A = 6.7 cm � 4.8 cm = 32.16 cm2. Corrected
surface area: A’ = 32.16 � π/4 = 25.26 cm2. By

counting the number of 1 � 1 mm squares, A = 25 m2.
By using computerized digital image analysis,
A = 26.28 cm2
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discarded. Flexigrid OpSite (Smith and Nephew)
is an adhesive, polyurethane film, which com-
prises a protective, cross-ruled film that can serve
as a tracing to follow-up the treatment of super-
ficial wounds. The principal limitation to this
technique is the difficulty encountered by the
observer in determining the perimeter of the
wound with enough precision (Bohannon and
Pfaller 1983). An overly thick line is also a
source of error.

This is a rapid method (less than 1 min is
required to complete the tracing of a wound),
which is inexpensive and requires minimal
training.

1.2.2 Use of Scale Paper
The next stage consists in analyzing the tracing.
As above, the two main diameters, the perimeter,
and the surface area can be measured. It is sim-
plest to measure the surface area by placing the
tracing on a sheet of graph paper and counting the
number of 1-mm squares within the area
(Gowland Hopkins and Jamieson 1983; Majeske
1992). This is a tiresome and lengthy method
(10 min for a 70-cm2 wound). When the wound
outline does not perfectly meet the cross-ruling,
the area can be deduced using the formula:
(N + NC/2) � surface of a square, where N is
the number of squares fully contained and NC

the number of those that cross the outline. A
more rapid method consists in cutting out the
tracing or its copy on a card with a regular thick-
ness, then weighing it on a high-precision scale
(Bohannon and Pfaller 1983). Additional errors
are possible when the drawing is reproduced and
the card or film cut out.

The use of a scanner that copies the shape of the
tracing and enters the data into a computer, or the
use of a flat or camera scanner, obviates such
drawbacks. A program then provides a rapid and
accurate analysis of the tracings, calculating the
area and the area of islands of newly formed epi-
dermis that might have been recognized within the
wound and traced (Coleridge Smith and Scurr
1989). This technique is the most widely employed
in clinical studies aimed at validating products for
wound treatment.

1.3 Computer-Assisted Planimetric
Measurement

Computer-assisted planimetry is a wound mea-
surement method often used in clinical studies.
The perimeter of the wound is delineated by the
clinician using a pen linked to a computer.
There is a close correlation between the surface
area of a wound measured by planimetry and
the following parameters: length, width, perim-
eter, and the product of length by width (Kantor
and Margolis 1998a, b). However, this correla-
tion diminishes in the case of very large
wounds. In addition, these parameters would
be predictive of healing after 24 weeks. They
may be taken either directly on the wound or
indirectly from a tracing made on a transparent
substrate (tracing paper, plastic film, or mylar)
(Liskay et al. 1993), or from a standardized
photograph.

All such measurements can calculate the
healing rate, and more particularly the epitheliali-
zation. The latter appeared to be constant in certain
studies (Redden et al. 1998), reaching about
1–2 mm per week. Furthermore, this rate would
be independent of the size of the wound.

1.4 Photography

It is possible to measure a wound’s parameters
from a standardized photograph. The method has
been compared with the conventional tracing
method in certain studies, and the results obtained
did not differ significantly (Griffin et al. 1993).
This procedure by-passes an important disadvan-
tage in the above-mentioned methods: direct con-
tact with the wound, which may be painful and a
source of contamination. However, note that, as
an indirect procedure, it has a certain number of
drawbacks. In order to know the scale of the
image, a graduated ruler must be placed alongside
the wound. It is often difficult to compensate for
the concave or convex nature of the wound. The
photograph must be taken exactly perpendicular
to the wound. A deviation of only 20� from the
perpendicular axis will cause a reduction in the
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wound surface area of about 10 % (Palmer
et al. 1989). Indeed, photography must take
place under clearly defined placement and light-
ing conditions, and these conditions must be
reproducible (Teot et al. 1996).

Different options are available when analyzing
a photograph: computer-assisted image analysis is
highly preferable to the old-fashioned projection of
the photo onto a paper and the secondary tracing of
wound contours. Interestingly, the information
obtained from photographs can assess wound
parameters other than dimensional ones: aspect of
the wound bed, changes in color, as well as pres-
ence of necrosis, fibrin, granulation tissue, epithe-
lialization. Standardization of the technique is
essential: choice of focal distance, adjustment of
speed and diaphragm, lighting, distance from the
wound, and angle of shot. One group of authors
(Minns and Whittle 1992) used a Polaroid camera
with accessories, which allowed them to take
photos at a constant angle and distance from the
wound; photos could thus be compared. New
Polaroid systems are particularly well-suited to
the measurement of wounds. The Health Cam Sys-
tem allows the alignment of two lights, so that
photographs are taken in a reproducible and com-
parable manner. Gridfilm allows for the superim-
position of a grid over the wound for direct
measurement. In most cases, a graduated scale is
placed alongside the wound for easy measurement
of its dimensions, whatever the magnification of
the photo. In the semimanual recording technique,
the contour of the wound is followed by a digital
pen. The signal thus emitted, whose motion has

previously been calibrated, is processed by micro-
computer. Another technique consists in
superimposing the contour traced by the operator
using a mouse over the digital image of the wound,
and visualizing it directly on the computer screen
(image patterning process) (Mignot 1996).

In practice, a direct data recording from a pho-
tograph is difficult to obtain, except in the case of a
wound with a simple, geometric shape and a well-
defined perimeter. The use of calibrated photo-
graphs may be of value when studies are made in
a single center, because the reproducibility required
with respect to the conditions of photography at
different stages of a treatment can be satisfactory.
The current need for multicentre studies to assess
wounds limits this method of evaluation, and trac-
ings should be preferred. Techniques involving
photographs appear to benefit from a certain degree
of reliability and reproducibility, only if strict rules
are respected (Etris et al. 1994; Griffin et al. 1993).

1.5 Video Image Analysis

Video image analysis employs a video camera to
film a wound (Solomon et al. 1995). The recording
of the image is then analyzed by computer using
special software that corrects the figures obtained
for wound dimensions to compensate for the con-
cave or convex nature of the wound. The technique
is more accurate than the analysis of photographs,
and is simple, rapid, and inexpensive.

A comparison of measurements using rulers,
tracings, or photographs is shown in Table 2.

Table 2 Comparison of three techniques to measure the surface area of a wound (From (Plassman 1995), with
permission)

Ruler (length, width) Tracing of wound Photograph

Ease of use Easy Easy Moderately easy

Time required for recording 1 min A few minutes A few minutes

Cost Very low Low Moderate

Use Common Common Common

Type of record Numbers Tracing and numbers Image and numbers

Contact with wound Yes Yes No

Learning Little Moderate Moderate

Percentage errora 20–25 % 8–10 % 10–12 %
aThe lowest percentage corresponds to large wounds and the highest percentage to small wounds
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2 Wound Volume

2.1 Graduated Ruler

The depth of a wound is not accessible to the
measurement systems we have described above,
because most wounds are three-dimensional, and
therefore special techniques are necessary. The
simplest consists in using a sterile blunt-tipped
rod to assess the maximum depth of the wound
(Covington et al. 1989; Thomas and Wysocki
1990). The technique involving the use of a cotton
tip is easier in practice. However, such measure-
ments are often inaccurate, and determination of
the deepest point of the wound is subjective.

In 1989, Kundin (1989, 1985) developed a
mathematical formula to assess the volume (V) of
a wound through its surface area (A), using the two
largest diameters (length, L, and width, W) and the
depth (D): V = A � D � 0.327, where A = L �
W � 0.785. Thomas (Thomas andWysocki 1990)
showed that these measurements were comparable
to those obtained with tracings and photographs in
the case of small wounds, and were consistently
underestimated in the event of large or irregular
wounds (particularly those with a sinuous shape).
Variation in the measurement of the same wound,
with the patient in the same position, nevertheless
demonstrated standard deviations of 40 % regard-
ing wound volume when using these methods
(Plassmann et al. 1994).

2.2 Wound Molds Using Silicone
Rubber

Since silicon rubber can harden and be stored, this
high-precision and simple method uses
profilometric analysis followed by computerized
volume assessment (Zahouani et al. 1992;
Humbert et al. 1998). The first stage consists in
making a negative imprint of the wound using
silicone rubber of a type frequently used in den-
tistry for its safety. Two products are commonly
used: Silflo and Xantopren. The mixture obtained
by mixing the silicone rubber with its catalyst has
a viscous consistency and is applied into the
wound using a spatula. It will shape all the

wound contours to a very fine extent, penetrating
into the smallest crevices. After 2–3 min to poly-
merize, and thus harden, it is easy to remove as a
single piece corresponding to the negative shape
of the wound. It is possible to store and archive
this mould, as it would be unaffected by time. It is
then scanned by a laser beam, which recognizes
the location of each point using a positional detec-
tor. The vertical position of the laser spot (about
30 μm in diameter) can be deduced using double
triangulation (Stil, Marseille, France and Digital
Surf, Besançon, France) or after refocalization of
the beam (Optilas, Evry, France). Parallel linear
scannings of the mold surface create a certain
number of profiles, the sum of which calculates
wound volume. When assessing the volume of a
leg ulcer, it is recommended that laser scanning be
done along the axis of the leg, so as to cancel out
the usual concave shape of the wound in this site.
In some cases, this method also provides a precise
definition of wound contours by automatic detec-
tion, which is achieved by comparing the altitude
at each point with that of adjacent healthy skin.

The time course of a wound, or its healing, is a
dynamic process. Monitoring thus requires
repeated measurements over time. This method
makes such measurements possible, particularly
because of the safety of the silicone rubber used
and the painless and nontraumatic nature of its
application.

2.3 Weighing Alginate Molds

The use of an alginate mould makes it possible to
measure wound volume by weighing or water
displacement (Stotts et al. 1996). However, this
method has certain limitations, particularly
because of possible alterations in the alginate
mold depending on its water content, conditions
of storage, and on wound volume.

2.4 Stereophotogrammetry

Stereophotogrammetry (Bulstrode et al. 1986)
measures the contours, surface area, and volume
of a wound. It is based on determining the depth of
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the wound viewing it from two different angles.
The first models of this device were difficult to
manipulate (Erikson et al. 1979), but new, simpler
models are now available (Bulstrode et al. 1986).
This method provides an accuracy of roughly
3.5 % for measurement of the surface area and
5 % for volume. This method, developed by
Bulstrode in 1986 (Bulstrode et al. 1986), is not
widely used. The time necessary for each evalua-
tion is a further limitation to its everyday use.

2.5 Direct Measurement of Volume
Using Physiological Saline and
Polyurethane Film

Berg et al. (1990) reiterated the value of this simple
method, which consists in placing a transparent
adhesive film over a wound, and then injecting
physiological saline below the film. The quantity
of saline corresponds to the wound volume.

In practice, the wound is covered with a sterile
polyurethane film and then filled with physiolog-
ical saline solution, which is injected using a
needle piercing the film. Evaluation of this
method has shown that accuracy of more than
20 % is rarely possible (Plassmann et al. 1994),
principally because some amount of liquid is
absorbed by the wound, and losses by leakage
occur around the adhesive through detachment
of the film from the wound perimeter. Further-
more, it is sometimes impossible to place the
patient in a satisfactory position to fill the wound
with a liquid. Tissue detachment also constitutes a
limitation to this technique, as does the potential
risk of infection, discomfort for the patient, and
the risk of trauma to the wound, which is inherent
in any technique involving direct contact.

2.6 Analysis of Structured Light

Analyzing structured light measures the surface
area and volume of a wound without direct phys-
ical contact. Parallel lines of colored light are
projected onto the wound surface area. A video
camera connected to a computer records any dis-
tortion to the light beams. The dimensions of the

wound are then calculated by triangulation. The
accuracy of this method is similar to the previous
one, but its implementation is simpler (Plassman
and Jones 1992).

2.7 Ultrasound

Ultrasound takes advantage of the difference in
path length of an ultrasound wave reflecting at the
bottom of the wound as compared with the adja-
cent normal skin. Healing may be assessed using
this technique (Pugliese et al. 1992), as was dem-
onstrated in a clinical study of wounds caused by
punch biopsies in volunteer subjects. In this study,
the depth and internal diameter of the wound were
assessed by ultrasound at intervals while its outer
surface area was measured by planimetry after
first taking a tracing. This technique appears to
be of value only if the wound is small in size,
because it is necessary for the wound edges to lie
within the field of the ultrasound beam, as they
serve as a reference to measure wound depth.
Application of the probe must not flatten these
edges; appropriate precautions must be taken to
avoid this. Several ultrasound scans should be
taken (usually three), from which mean values of
the parameters are determined. Ultrasound may
also be useful to monitor wound dimensions fol-
lowing cryosurgery, or to better assess the quality
of perilesional tissue (Rippon et al. 1998;
Wertheim et al. 1999).

2.8 In Vivo Measurement Using
Interferometry and Fringe
Projection

Anew technology based on the interferometry prin-
ciple has been developed in the Besançon Labora-
tory of Engineering (France) (P. Humbert,
unpublished data) in order to quantify the volume
of ulcers in vivo. The three-dimensional reconstruc-
tion of wound profiles is based on the Fourier
transformmethod of fringe pattern analysis (Fig. 1).

The system is composed of CCD camera and a
projection module. The resolution of the system
depends on the fringe width and on the angle
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between the optical axis of the camera and the
optical axis of the projector. The deformation of
the fringes over the reference plane is proportional
to the height separating the object and the refer-
ence plane. Thus, an appropriate algorithm recon-
structs the 3D profile from the projected fringes on
the object, in this case the wound.

This system has a z-resolution of 10 μm for a
5 � 5-cm2 area. The search for the perimeter and
the volume of the wound is based on the previ-
ously described method by Zahouani et al. (1992).

A comparison between the above-mentioned
measurement techniques is shown in Table 3.

3 Colorimetry or the Red-Yellow-
Black Concept

The technology for colorimetry was developed by
Hellgren and Vincent (1993; Vincent et al. 1994)
and consists in taking account of the color char-
acteristics of an ulcer, which are a function of its
clinical stage. Necrotic lesions are black, a fibri-
nous surface looks yellow, and granulation tissue
is red. This clinical description has been accepted
worldwide as an indication of the stage and prog-
nosis of an ulceration (Stotts 1990; Thomas
1990). Thus computerized colorimetry analysis
(CWA, computerized wound analysis) was devel-
oped to ensure more objective measurements
(Engström et al. 1990). A photograph of the
wound is taken, together with a grey scale placed

alongside the lesion to control the quality of the
photograph. Photographic data are transmitted to
a computer. The image is digitalized and
reconstituted in the form of colored pixels. The
color of each pixel is expressed in red, blue, and
green values of intensity (each from 0 to 255).
This method has been the subject of validation
studies. In practice, the clinician takes the photo-
graphs using a camera recommended by the CWA
Institute in Sweden, the promoter of the tech-
nique. Images are then sent to this center, where
they are processed blind. The results are returned
within 6 weeks. A detailed guide is provided
regarding the best way to take the photo, as the
reliability of the results depends upon its quality.

– CWA Institute, Box 8064, 42108 Via
Frölunda, Sweden;
Fax: +46-31-476803; Tel.: +46-18-183467

– Supplier of the camera:
Mr. U. Nishimura
Asanuma & Co. Ltd., Import–export Division,

7,3-2 chome,
Hirakawa-cho, Chiyoda-ku, 102 Tokyo, Japan;
Fax: +81-33-2397230

4 Conclusion

The clinical follow-up of wound healing requires
data on the geometry of the lesion. This quantifi-
cation is necessary to ensure an objective

Table 3 Comparison of five methods to measure wound volume (From Plassmann et al. (1994), with permission)

Ruler and
cotton tip Mold Saline Stereophotogrammetry

Structured
light

Ease of use Easy Moderately
easy

Moderately
easy

Difficult Difficult

Time required for
recording

1 min A few
minutes

A few
minutes

20–30 min 4–5 min

Cost Very low Low Low Very high High

Use Common Common Common Research Prototype

Type of record Numbers Mold and
numbers

numbers 3D reconstitution Image and
numbers

Contact with wound Yes Yes Yes No No

Training A few hours Less than 1 h 1 h A few hours A few hours

Percentage errora 10–40 % 5–15 % 8–25 % 0–3 % 3–5 %
aThe lowest percentage corresponds to large wounds and the highest percentage to small wounds

510 S. Meaume and P. Humbert



assessment. The techniques most widely employed
in clinical studies involve the tracing of wound
contours using transparent film. Only rigorous
training in this technique can lend credence to the
results obtained. More sophisticated techniques
that increase the accuracy of wound volume mea-
surements are currently available, but are at present
only employed in the research setting.
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Like any other organ, the skin has a vascular
system. Because of its dimensions (1 mm thick-
ness), this system belongs to microcirculation
only. Like all epithelia epidermis, pilosebaceous
follicles, sweat glands, and their excretory ducts
do not contain vessels and need a close nutritive
network. Furthermore, this network must be able
to develop angiogenesis, even in adults, in order
to repair wounds. But the role of skin microcircu-
lation goes beyond organ nutrition alone. Its
involvement is essential in the thermal regulation
of the organism and plays an important role in
hemodynamics since it represents at least 9 % of
the blood mass, with important variations up to
50 % (Martineaud and Seroussi 1977).

1 Microvasculature

The nutritive vessels consist of subepithelial
dense capillary networks where exchanges
with the extravascular elements take place
(Fig. 1). There are three kinds of networks. The
subepidermal network is the easiest to study. It
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consists of the papillary loops (visible in
capillaroscopy) and the horizontal plexus of the
superficial dermis in which the loops emerge
(Fig. 2). The second type consists of the
perifollicular networks which nourish the
pilosebaceous follicles: each has a well-developed
papillary loop and a vascular netting around the
external epithelial sheath, i.e., the outside part of
the hair. There are as many networks as hairs, and
their development follows the hair growth, which
explains why a scalp wound causes substantial
bleeding. The perisudoral networks form the
third type of network. They are dense and placed
around each sweat gland and the excretory duct
until its emergence into the epidermis; there are
between 10 and 700 eccrine glands per square
centimeter of skin, depending on the area. The
development of the perifollicular and perisudoral
networks is at its maximum in the medium and
deep dermis.

In addition, the dermis vascularization seems
sparse, sometimes almost absent, showing trans-
fer, not exchange, vessels. The supply of the sub-
epidermal loops is ensured by progressive
arterioles divided like the arms of a candelabrum
in the upper part of the medium dermis
(Spalteholz 1927) (Fig. 3). The deep dermis
directly irrigates the progressive arterioles and
the periadnexal networks; it receives its vessels
from a large peri-fascia hypodermic plexus, which

Fig. 1 A diagram of the skin microvasculature. 1 Sub-
epidermal plexus, 2 perisudoral plexus, 3 perisebaceous
plexus, 4 ascending arteriole, 5 perifollicular plexus; 6 cuta-
neous artery and subcutaneous plexus, a epidermal ridges
horizontally cut (Modified from St€uttgen and Forssman
(1981))

Fig. 2 Subepidermal
plexus in the supramalleolar
area, injected with Indian
ink and viewed from above
the skin. Arrows papillary
loops. M A mesh of the
subepidermal network
(Laboratoire de
Biophysique cutanée,
Besançon, France and
Revier (1981), with
permission)
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is supplied by the arteries intended for the integ-
ument (Casey 1990).

The subepithelial networks have an embryo-
logical origin in situ from mesenchymatous buds
differentiating under the influence of epithelial
stimuli (Ryan 1973). Inversely, the subcutaneous
and deep dermal vessels are branches of the
embryonic metameric vessels (Ryan 1973). In
addition to these embryological differences, the
subepidermal circulation (observed in
capillaroscopy) is relatively autonomous com-
pared to the deep circulation (observed with
laser Doppler) (Fagrell et al. 1986). Is this fact
sufficient to suggest there are two different sys-
tems? From an anatomical point of view, the
answer is negative.

The cutaneous vessels are very anastomosed
between themselves at all levels, from the hypo-
dermis to the epidermis. The occurrence of a

cutaneous infarction following a localized arteri-
ole obliteration is therefore impossible. Some
anastomoses such as the Masson glomus have a
nerve command; they are especially numerous at
the extremities where their role in the thermal
exchanges with the environment is essential.

2 Metabolic
and Thermoregulatory Needs

Two peculiar features characterize cutaneous ves-
sels. First, their low differentiation in arterioles or
venules, reflecting a reversible functional special-
ization in relation to the metabolic needs of the
adjacent epithelium: the latter control both the
morphology and the development level of the
subepithelial capillary networks. For example,
the microcirculation evolves in parallel with the

Fig. 3 (a, b) Candelabrum-
like arborescence of a
terminal arteriole. Three-
dimensional reconstruction
from histological slides. (b)
The same arborescence as
seen from above (after 70�

rotation). Note the
peripheral collection of
blood. Arterioles are in
black, venules in gray
(From Braverman
et al. (1990), with
permission)
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cycle of hair growth or the proliferation stage of
the psoriatic epidermis (Braverman and Sibley
1982). Second, the deepest vessels are surrounded
by smooth muscle fibers and the more superficial
ones by pericytes (Higgins and Eady 1981). These
cells give a better contractility and mechanical
resistance to the cutaneous vessels than to the
visceral capillary vessels. These two properties
may be related to the sudden compression of the
skin when it has to support the weight of the body
changing position. In such cases, the blood is
expelled in all directions, even against the flow,
and still isolated blood pockets may form and
persist as long as the position remains unchanged
(In some circumstances, it may be useful to deter-
mine the pressure exerted by the body on a skin
area (e.g., on the soles when standing, on the
coccyx or scapulae when lying down, etc.). The
firm RS Scan International (Belgium-RSscan
INTERNATIONAL, Lammerdries 27, B-2250
Olen) provides tools for such measurements over
solid surfaces: 60 � 50-cm measuring plates,
with possible pressure averaging or mapping.)

The skin must be self-sufficient during these long
perfusion breaks and, when there is no compression,
the blood flow has to be higher than apparently
needed by the metabolism. This factor is usually
overlooked and adds to the requirements of the skin
thermoregulation function: to eliminate excess calo-
ries, the superficial networks must behave like a
radiator. The skin blood flow (Martineaud and
Seroussi 1977) is approximately 0.5 l/min (heart,
5.5), reaching 0.9 l min�1 during moderate exercise
(heart, 9.7) and up to 7 l min�1 during strenuous
exercise in hot conditions. Inversely, the minimum
blood flow is about 0.02 l min�1. The range of flows
is thereforewide, by a factor of 1 to 350. Since one of
themajor functions of the skin is to eliminate heat, its
temperature is generally under 37 �C, even under
clothes (Agache 2004).

As a consequence, in comfortable thermal con-
ditions, i.e., the skin is not compressed, the blood
flow exceeds actual needs and the blood compo-
sition is very close to arterial blood. This means
that arterial blood gas can be measured by sam-
pling cutaneous blood from the ear lobe.

3 Variations with Body Site
and Age

The study of blood flow in resting conditions
shows considerable differences between body
areas (Tur et al. 1983), variations in both density
and architecture of the vascular network. The head
and extremities are particularly notable for their
high vascular density. Age is another variation
factor (Ryan 1993). In newborn babies, microcir-
culation is rich and homogenous, then vascular
regression appears, especially on the surface
(hence a less fresh complexion) followed by pro-
gressive specialization ending in a less good com-
plexion and telangiectasias in older people.
However, the global flow decreases little. Vaso-
constriction induced by smoking has the same
effect and contributes to premature vascular
aging.

4 Resistive Vessels

The cutaneous blood flow, as in the rest of the
body, is operated by two physical quantities:
perfusion pressure and resistance to this perfu-
sion. An Ohm law equivalent describes the rela-
tionship between the three quantities: flow is
perfusion pressure/peripheral resistance. Perfu-
sion pressure depends on the heart ejection and
the condition of the proximal arteries. It is
impaired in heart deficiency and arterial obstruc-
tion. On the other hand, peripheral resistance is
controlled by the arterioles. These are numerous
in the skin and have a strong tone. Consequently,
they play an essential role in regulating blood
pressure and protecting the capillary bed against
endovascular pressure. In forehead arterioles,
especially in dorsal recumbency, the systolic
pressure varies with age (from 40 to 80 torr), in
parallel with the systolic blood pressure,
whereas the diastolic pressure remains constant:
15–20 torr whatever the age (Agache
et al. 1993). Because of the tone of their wall,
the cutaneous venules also take part in this resis-
tive power but in a minor way.
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5 Vasoconstriction

The permanent vasoconstriction of arterioles and
venules comes from vasoconstrictor tone, which
has a mixed origin: orthosympathetic (local
release of noradrenaline) and myogenic (autono-
mous but permanent and powerful local response
of the vascular wall to distension by blood pres-
sure) (Holtz 1996). The orthosympathetic system
is also responsible for the venoarteriolar reflex:
arteriolar constriction in response to a distension
of the venous walls. Its most noticeable effect is
the considerable reduction in blood flow in the
lower limbs, which prevents blood pressure from
falling when one goes from a lying to a standing
position.

The main vasoconstriction stimuli of central
origin (Martineaud and Seroussi 1977) are inha-
lation, attempting to exhale with the glottis closed
(Valsalva’s maneuver), mental arithmetic, concen-
tration, and psychological stresses. The main cir-
culating substances having a vasoconstriction
effect in the skin are corticoids (by inhibition of
the NO vasodilator), adrenaline (action on the
arteriole and venule α receptors, as it seems that
there are no β receptors in the cutaneous vessels),
and noradrenaline. Cold is a powerful cutaneous
vasoconstrictor; most of the blood stored in the
veins and venules (capacitive system) is shifted to
the viscera, and the blood reaching the hypoder-
mal plexus is shunted through the opening of the
arteriovenous shunts. The skin becomes colder
(outside cold and reduction in indoor heating).
However, when the skin temperature decreases
below 12 �C, vasoconstriction and vasodilatation
take place alternately, probably to avoid the exces-
sive cooling of the tissues (phenomenon called
hunting).

Vasoconstriction can also be induced by the
endothelial secretion of thromboxane A2, prosta-
glandin H2, angiotensin II, and endothelin,
toward the parietal smooth muscle. Endothelin-1
is perhaps the most powerful vasoconstrictor pep-
tide via its ETA receptor on vascular smooth mus-
cle cell, while via its ETB receptor on endothelial
cells it mediates vasodilatation.

6 Capacitive Vessels

The venules, because of their distensibility and
volume and because they outnumber the arteri-
oles, make up the capacitive vasculature. This
accounts for the sudden reduction in blood flow
velocity in these vessels, which favors
transparietal exchanges. The venules of the
subepithelial plexus, because of their good parie-
tal permeability, are exchange vessels and are
identified with what is usually called cutaneous
capillaries. If the reduction in the blood flow
velocity at their level is intensified by an added
vasodilatation, as in inflammation, for example,
stasis develops with possible leukocyte adher-
ence, activation and diapedesis, and immune com-
plex deposits. Cutaneous vasculitis is, in fact,
venulitis. For the entire integument, the storage
capacity of the skin is estimated at 600 ml, or
12 % of the blood volume (Martineaud and
Seroussi 1977). Vascular congestion and
increased permeability associated with
erythrodermia lead to a reduction in plasmatic
volume (Worm and Nielsen 1981). Strenuous
exercise in very hot conditions (for example, run-
ning a marathon) can overdilate the capacitive
skin vasculature, which can induce heart defi-
ciency (Martineaud and Seroussi 1977). The
same observation was made concerning general-
ized telangiectasias (Agache et al. 1973).

7 Vasodilatation

In cold or temperate climates, the skin tempera-
ture remains permanently below the central tem-
perature: 95 �F (35 �C) on the face, 89.6 �F
(32 �C) at the extremities. Vasodilatation takes
place in case of heating of internal origin (muscu-
lar effort, digestion) or external origin (sun expo-
sure), even without visible erythema. Beyond
107.6 �F (43 �C) vasoconstrictor orthosym-
pathetic reflexes are annihilated. There is, there-
fore, a risk of orthostatic hypotension in someone
suddenly standing up after sunbathing. General-
ized cutaneous vasodilatation occurs during
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pregnancy and postpartum, as well as in the luteal
phase of the menstrual cycle. It is also observed in
the evening and the early hours of the night
(Martineaud and Seroussi 1977). Emotional or
reflex (spicy food) vasodilatation is well known.
Finally, any cutaneous ischemia (sustained local
pressure, limb tourniquet) is followed by an
apparently compensatory phase of reactive
hyperemia.

The mechanism of vasodilatation is double:
inhibition of the vasoconstrictor tone and local
relaxation of the vessels under the influence of the
reduced blood flow (pendent foot erythrosis in
arterial insufficiency), local reflexes (NO-ergic),
endothelial secretions (e.g., NO via activation of
NO synthase by endothelial endothelin-1 ETB
receptor (Tsukahara et al. 1994) and local vasodi-
lators such as histamine, eicosanoids, PAF, kinins,
etc.) (Worm and Nielsen 1981) and even secretions
from the adjacent epithelium: when irritated the
epidermis secretes NO (Palacio et al. 1997).

8 The Skin Blood Flow

Because of the numerous and continuous vaso-
constrictive and vasodilative stimuli, the skin
blood flow is permanently changing. Further-
more, some arterioles seem to function only spo-
radically: no explanation has been found for this
phenomenon (Braverman et al. 1990). In addi-
tion, the vessels show local and autonomous
variations in their diameter. The laser Doppler
shows a rhythmic contraction of the skin vessels
called vasomotion, superimposed on the heart-
beat (60–80 min�1) and the inspiratory vasocon-
striction (18–24 min�1). These variations in
diameter have a low frequency: neurogenous β
waves (6–10 min�1) (they are eliminated by

anesthetics), and myogenous α waves
(1–2 min�1) (they are generated by the smooth
muscle coat of the vessel) (Kastrup et al. 1989)
(Fig. 4). They are spontaneous, autonomous, and
often not synchronous with those of the adjacent
areas. Vasomotion facilitates the blood flow
(Wilkin 1989) and is triggered or amplified after
periods of relative ischemia and in arterial insuf-
ficiency of the lower limbs (Bollinger
et al. 1991).

9 Conclusion

The skin microcirculation is an anastomotic sys-
tem of vessels which are barely differentiated and
have rather resistant walls; only near the epithe-
lium is their structure well defined. This network
has four major functions:

(a) A role in peripheral resistance,
(b) Nutrition of the epidermis and its annexes,

and in particular resistance of the skin in
long periods of compressive ischemia,

(c) Considerable vasomotion reactivity necessary
for thermoregulation, and

(d) A major part in inflammation and skin
reactivity.

Functions (b) and (c) reveal that at resting
periods the blood flow is much higher than
necessary for nutritional purposes. Finally, the
skin microcirculation regulates transcutaneous
absorption, ensures the nutrition of the interstitial
dermal structures and neurosensorial elements,
restorative angiogenesis, as well as classic endo-
thelial functions, especially coagulation, fibrino-
lysis, and possibly fixation and elimination of the
immune complexes.

Fig. 4 Vasomotion as observed with laser Doppler
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1 Indications

Peripheral arterial occlusive disease, vascular dis-
eases of the extremities, arterial hypertension,
lipodermatosclerosis and leg ulcers, stasis derma-
titis, measurement of local vasoconstriction or
vasodilatation.

2 Principle

Photoplethysmography (PPG) is an early tech-
nique (Hertzman 1937) based on the relative
transparency of the human skin for red or near-
infrared light (700–1000 nm), and on the diffusing
effect of red blood cells (RBCs) which reduces
these wavelengths retrodiffusion (Weinman
1967). The variation in the quantity of RBCs
within the skin induces an inverse variations of
the retrodiffused light detected on the surface
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(about 1 % of incident light). Therefore, PPG
(from the Greek words πλεθνσμoξ “increase”
and Γϱαϕη “writing”) provides a measurement
of any type (active or passive) blood volume
variation at the tested site.

In practice, the source of light is placed against
the skin (obviously the output will be better with
red light rather than white light) and the
retrodiffused light is detected by a photoelectric
cell located in the same place. Two types of signals
can be used: either the retrodiffused light systolic-
diastolic variation, or through systolic-diastolic var-
iation damping, the variation of the retrodiffused
light baseline. In the first case, one deals with
sphygmic or arterial PPG, in the second case with
volumic or venous PPG. As a matter of fact the first
type records the behaviour of the resistive vessels,
whereas the second one is mainly influenced by the
capacitive vessels. Historically the sphygmic PPG
was the first method available but it was replaced in
clinical practice by laser-doppler in the Seventies.
However it provides irreplaceable data, but today,
since the sphygmic PPG is rarely used, the term
PPG usually applies to the volumic PPG.

As the amount of incident light remains con-
stant, that of the retrodiffused light depends only on
the variation of the quantity of RBCs within the
illuminated volume, i.e., the skin vascular volume.
The larger is this volume, and the lower is the
retrodiffused light. The cutis deeper vessels and
those of the subcutaneous plexus (small cutaneous
arteries and veins) will mostly be responsible since
they are larger than the superficial vessels. The
PPG signal can be obtained only in arbitrary units
(volts) because neither the volume of diffusion of
the incident light, nor its absorption rate by tissues
are known. PPG may be used on any part of the
body, including the mouth and vagina.

3 Sphygmic (or systolic) PPG

In the devices, the signal is acquired at a fre-
quency of about 20 Hz and always inverted in
order to vary parallel to vascular volume. There-
fore it is a pulse wave.

3.1 Morphology and Normal Values

The shape of the PPG pulse wave (Fig. 1) is
similar to that of arteries, however it often shows
in its descending part a shouldering and even an
actual dicrotic wave occasionally. In the case of
very elastic arterioles several rebound waves of
decreasing amplitude may be observed
(polycrotism). Quantification of the various parts
of the curve has been carried out: total area of the
sphygmic wave, ascending slope, descending
slope, maximal amplitude, total duration of the
wave, number and areas of the dicrotic waves.
Comparative measurements require the stability
of the device physical sensitivity with time
(it has to be calibrated at regular intervals, gain
should always be recorded, etc.) and of the
similar physiological and environmental condi-
tions (room temperature, subject acclimatisation,
position, etc.). Unfortunately owing to the
large variety of devices, no absolute value
(in volts) can be proposed. Standardisation should
be done.

In recumbent subjects at rest, on most areas of
the body normal values are low and barely fluctu-
ate (Fig. 2) (Tur et al. 1983). Head and neck on the
one hand, and limb extremities on the other hand,
are salient exceptions because the signal (systolic-
diastolic variation) is both considerably higher
and subject to great variation. This demonstrate

Fig. 1 Pulse waves obtained using sphygmic PPG (Laboratory of Skin Biophysics, Besançon)
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huge differences in the skin vasculature volume
volume as well as in the vasomotor capacity: a
phenomenon that the rather low room temperature
in Fig. 2 experiment has helped revealing, given
that the subjects ware naked at 23 � 2 �C, which
is well below the thermal neutrality temperature
(30 �C); indeed one could be surprised by the very
low values found for the soles and the toe pads,
since it is well known that in these sites blood flow
is considerably increased in warm conditions
(Agache 2004). The PPG signal amplitude is
greater in men than women and increases with
age. After 60, this amplitude is on average more
than double the amplitude found between the age
of 20 and 57 (Lévêque et al. 1993), and parallels

the elevation of blood pressure and the decrease of
the microvasculature compliance. The PPG also
reveals the vasomotion waves which, with a fre-
quency of 6–8 per minute, shift up and down the
baseline without modifying the pulse wave
morphology.

3.2 Morphogenesis of the
Microvasculature Pulse Wave

The shape of the PPG pulse wave depicts the
systolic-diastolic variation of the vascular vol-
ume which itself depends on the transmural pres-
sure. The latter results from two factors: the

Fig. 2 Sphygmic PPG pulse waves amplitude distribution
(in 10 naked recumbent subjects; room at 20–22 �C) (Tur
et al. 1983). Mean and standard deviation (arbitrary units).
Sites numbers: 1 supra-scapular, 2 infra-scapular, 3 infra-
costal posterior, 4 upper buttock, 5 lower buttock, 6 thorax
lateral, 7 infra-costal laterale, 8 hip, 9 below trochanter, 10
arm posterior, 11 forearm posterior, 12 palm, 13 forefinger
pad, 14 upper thigh posterior, 15 lower thigh posterior, 16
popliteal area, 17 calf, 18 heel, 19 sole, 20 great toe pad, 21
upper thigh lateral, 22 lower thigh lateral, 23 popliteal

lateral, 24 calf lateral, 25 sub-claviar, 26 infra-mammary,
27 para-umbilical, 28 iliac fossa, 30 arm anterior, 31 fore-
arm anterior, 32 dorsal hand, 33 dorsal forefinger, 34 upper
thigh anterior, 35 lower thigh anterior 36 knee anterior, 37
upper leg anterior, 38 lower leg anterior, 39 dorsum foot,
40 medial upper thigh, 41 medial lower thigh, 42 medial
knee, 43 medial calf, 44 middle forehead, 45 upper fore-
head lateral, 46 forehead lateral, 47 zygomatic area, 48
lowwer cheek, 49 ear lobe, 50 ear back, 51 mastoid area,
52 neck lateral
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perfusion pressure and the compliance (elastic-
ity) of the vessel wall. The perfusion pressure
depends on the arterial pressure upstream and
on the resistance downstream. The latter is
ruled by the vasoconstrictive tone of the skin
vessels and the filling of the veins downstream.
A reduced compliance makes the changes of
vascular volume more sudden (steeper ascending
and descending slopes) and precludes rebounds.
Lifting the limb up, which reduces the perfusion
pressure and therefore the transmural pressure,
increases the amplitude, and inversely lowering
the limb or standing up reduce the amplitude
because the transmural pressure is increased
due to the addition of the hydrostatic pressure.
The same effect is observed in venous stasis and
venous thrombosis.

3.3 Use in Disease

In the lower limbs an arterial occlusion upstream
causes a reduction of the maximal amplitude,
decreased slopes and makes the descending phase
rigid. Should there be any doubt in the diagnosis,
the latter would be confirmed by observing the
reactive hyperaemia following 3 min proximal
occlusion. While the norm is 3.4 � 0.8 s to reach
half the amplitude before occlusion, it would take
over 10 s in case or peripheral occlusive arterial
disease (Fronek et al. 1977). The venous hemody-
namic troubles also reduce amplitude, weaken the
slopes and mostly generate an important dicrotic
wave (typical in acrocyanosis). If there was any
ambiguity, the venous origin of troubles would be
confirmed by their alleviation when the limb is
lifted up (Rettori 1998).

3.4 Other Uses of the
Sphygmic PPG

3.4.1 Measurement of the Distal
Systolic Arterial Pressure

This can be achieved in a limb only. A tourniquet
is placed proximal to the PPG sensor and the
compression elevated so as to completely sup-
press the pulse waves; then the compression is

gradually released. The systolic pressure is
attained when pulse appears again.

3.4.2 Systolic Pressure, Diastolic
Pressure and Compliance
of the Skin Microvasculature

This important measurement can be achieved via
vertical compression of the applied sensor (Agache
et al. 1993). At first an increase of the wave ampli-
tude is observed, then its decrease and finally its
suppression when the compression equals the sys-
tolic pressure. At peak amplitude, the compression
equals the diastolic pressure. This technical device
thus provides the absolute value of the so-called
“peripheral resistances” at the tested area. It is
currently the only non invasive method allowing
to obtain these parameters. Its rationale is the same
as in the measurement of the blood pressure by the
oscillometric method (Geddes 1970; Raines
et al. 1973). Furthermore, the ratio peak ampli-
tude/initial amplitude is a compliance index of the
microvasculature. In a study carried out on 16 chil-
dren, 18 adults and 25 subjects over 60, the systolic
pressure was found 25 � 4, 65 � 8 and
150 � 10 torr (1 torr = 1 mm Hg (in Torricelli’s
honour)), respectively; these values are 42 %,
42 % and 54 % respectively of the arm blood
pressure in the same subjects. The diastolic pres-
sures were 15, 18 and 16 torr, respectively, thus
about the same in the three age groups. These
figures match those in the nail capillaries as found
using catheters (Mahler et al. 1979; Shore
et al. 1993). The average compliance index
decreased regularly with age, respectively at 6.0,
3.5 and 1.8 (Agache et al. 1993). PPG parameters
characterise the deep vessels, as alluded to earlier.
However the skin whitening pressure, which
matches the sub-epidermal plexus vessels
transmural pressure, remained stable, 30 torr, in
the three age groups (Agache et al. 1993).

4 Volume (Diastolic) PPG

This type of PPG, also called light reflection
rheography has met with considerable success
when its utility was shown in venous stasis syn-
dromes of the lower limbs. It records the baseline
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signal through its systolic-diastolic variation
damping. The sensor is that of pulse PPG but
recording use direct current. The difference in
the baseline level following its raise or decrease
is a way to assess the skin blood volume variation
(in volts) at the tested site. As for the pulse PPG it
is mandatory to have external or internal calibra-
tion in order to be able to compare different sub-
jects and confirm that the detector sensitivity has
not shifted. The temperature of the test room
should be between 20 �C and 25 �C, otherwise
important vasomotor changes might occur. The
subject, in resting position, must have been accli-
mated to the room temperature for 15 min at least.

To check the blood flow in a lower limb in
case of lipodermatosclerosis with or without
leg ulcer, the subject keep standing immobile
(or if this is not possible, seated with his foot
resting on a support). The probe is attached
with double sided adhesive tape. When a stable
value is obtained, the subject is asked to lift his
heels regularly keeping the forefoot on the

ground (for example every second for 10 s);
the help of a metronome is useful. Another
manoeuver consists in doing ten maximal fore-
foot lifting while keeping the heel on the
ground (Belcaro et al. 1995). A decrease of
the skin blood volume is observed during the
first contractions (Fig. 3). While the foot is
kept on the ground the recording is continued
for the following 60 s. As soon as the move-
ments stop, the skin starts to refill: the time
required to reach the initial level (or so that
90 % of the emptying is corrected) is mea-
sured. It is important that the patient keeps
immobile and relaxed until the end of the
examination (without speaking, breathing
normally).

The normal refilling time is usually 35 � 12 s
(Belcaro et al. 1995). When found shorter bymore
than two standard deviations (i.e., less than 11 s) it
indicates deep intra-cutaneous or sub-cutaneous
abnormal venous reflux. The emptying rate is
another parameter which is related to the skin

Fig. 3 Volumic PPG record in lower limb. lors d’un test
de reflux veineux sous-cutané dans le membre inférieur. (a)
normal (skin filling time: 25 s). (b) great saphene incom-
petence (skin filling time: 9 s), return to normal following
great saphena compression above knee. (c) leg perforating

veins incompetence (skin filling time: 7 s), no change
following great saphena compression above knee; note
the low calf pump efficacy (Laboratory of Skin Biophysics,
Besançon)
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blood content under a known hydrostatic pressure
and consequently depends on the vertical distance
between the PPG probe and the right auricle. The
blood volume after the test is not always the same
as the initial volume.

Note that the techniques of air or strain gauge
plethysmography, when applied on the lower
limb, measure the venous calf muscle pump effi-
cacy, but not the possible venular refluxes,
whereas the latter may be associated with a dis-
turbed or apparently normal calf pump. The reso-
lution of the imaging-doppler is too low to detect
less than 1 mm diameter venules. The volumic
PPG is therefore currently the only technique
allowing to pinpoint venular backflow into the
dermis or subcutis. Its suppression or reduction
following application of a venous proximal tour-
niquet, suggests the responsibility of the saphe-
nous system. If the tourniquet has no effect the
backflow is either of local or of deep origin.

In other areas, the volumic PPG provides a
measurement of the skin blood volume variation
with changes of the perfusion pressure, or the
venous pressure or the hydrostatic pressure. For
a given pressure variation, the measurement of the
skin blood volume variation allows to assess the
tone (elasticity) of the capacity vessels. In cold
environment the vasoconstriction is transcribed as
a lowered baseline, with opposite results when the
temperature rises. The volumic PPG also shows
the vasomotion waves.

5 Precautions

– To ensure the good reproducibility, it is essen-
tial that the detector (which consists of a source
of light and a photoelectric cell) is positioned
parallel to the skin surface and with a constant
and stable pressure. The latter must be as light
as possible or it will alter the signal. It is even
possible to avoid contact with the skin. It is
convenient to use a ring of double sided adhe-
sive paper, which should be preferred to the
traditional pliers used on the fingertips.

– If the skin is wet or oily, the light penetration
and outflow can be facilitated because the

stratum corneum is more transparent; this
induces an increase of the signal.

– The room temperature must be set between
20 �C and 25 �C for a subject dressed normally,
otherwise important vasomotor changes will
occur. The subject should be in resting position
and acclimated to the temperature for 15 min.

– At present the voltage given by each type of
device is different, since no external standard is
available. Users should therefore have their
own norm for each body site, age and skin
temperature.

6 Commercialised Devices

– Medasonics (USA)
– Hemodynamics AV 1000 (Laumann

Medizintechnik Gmbh, Germany) is devel-
oped especially for the supramalleolar volumic
PPG and has a metronome, a temperature
detector and a standard test for the foot
movements.
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Previous chapters witness the numerous methods
available to measure skin blood flow. Each of
them characterizes specific parameters. Conse-
quently, it is necessary to compare these methods
and replace them in the anatomical and physio-
logical context. Thereupon can be examined their
potential contribution in various situations:
healthy skin or pathological conditions, skin phar-
macology, skin metrology, etc. This chapter first
examines at which depth the signal comes from,
therefore the type of blood flow investigated,
either deep or superficial. Secondly it will tenta-
tively help select the most appropriate methods to
investigate principally either the resistive or
capacitive domain of the skin vascular network.

1 Selection from Anatomical
Considerations

1.1 Measurement of Subepidermal
Blood Flow

Two methods are specific and exclusive to the
most superficial part of the subepidermal plexus
and the papillary loops: transcutaneous oxygen
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pressure (tcPO2) and capillaroscopy. Their mean-
ing and parameters are very different.

– The tcPO2 at 37 �C is theoretically able to
measure the blood flow in the papillary loops
in absolute units, and therefore is potentially a
very useful method. However, the signal is so
low and variable that the measurement is often
not reliable; thus additional studies are
required before using it for this purpose.

Usually the tcPO2 is measured on the skin
heated to 44 �C, a temperature which suppresses
the vasoconstrictive tone. Its value is thus related
to the capacity of the outermost part of the sub-
epidermal vascular network to vasodilate (for
example, tcPO2 is reduced in lipodermato-
sclerosis and venous leg ulcers, and in lower
limb arteriosclerosis). It also appears that the
skin blood flow could be measured in specific
units from the rate of the tcPO2 reappearance
after proximal occlusion release, but clinical con-
firmation is still lacking. On the other hand, the
tcPO2 falling rate during proximal occlusion is a
way to measure oxygen consumption by the epi-
dermis, and thus its metabolism. Although few
studies have been carried out, this technique
seems promising in skin disease.

Capillaroscopy has become feasible at any site
of the skin. The extent of the superficial part of the
subepidermal plexus and papillary loops can be
quantified by image analysis. It is also possible to
measure (in specific units) the dimensions of the
vessels and the speed of the red blood cells. Both
figures, once combined, can give access to blood
flow in specific units, an uncommon and invalu-
able parameter. Few studies are available, but a
priori the method could be used in diseased as
well as in healthy skin, or to assess small varia-
tions of inflammatory origin.

1.2 The Subepidermal Plexus
as a Whole

Several methods appear to be ideal for measuring
the subepidermal plexus because of their operat-
ing mode: green laser Doppler, reflectometry, and

colorimetry on the one hand, based on the absorp-
tion of a wavelength by hemoglobin, and thermal
and epicutaneous xenon clearances on the other
hand.

– Green laser Doppler uses a wavelength
(543 nm) specifically absorbed by oxyhe-
moglobin. Its penetration depth probably
goes beyond the most superficial parts of
the subepidermal plexus, which provides a
thorough investigation. However, it does not
penetrate beyond that point, as indicated by
its very weak signal. It is therefore an inter-
esting means of measuring the average flux
(amount of moving red blood cells multi-
plied by their average speed), probably in
the entire plexus. Since it is given in arbi-
trary units, this value cannot be compared
with the absolute values provided by the
previous methods.

– Reflectometrydetects the absorption of green
light by hemoglobin and its signal is made up
exclusively of the 546- and 568-nm wave-
length retrodiffusion following absorption.
The mid-dermis (cutis) acts as a partial
reflecting screen. This method therefore pro-
vides the measurement of the amount of blood
almost exclusively present in the superficial
dermis, i.e., the subepidermal plexus, unfortu-
nately in arbitrary units. Easy-to-use devices
are on the market. The same technique can be
improved by the use of a spectrophotometer,
which scans the skin surface at 5-nm intervals
and selects the wavelengths specific to oxyhe-
moglobin and reduced hemoglobin, in order to
measure the variations in the skin content in
arteriolar (active vasodilatation) and venous
(stasis, passive vasodilatation) blood
separately.

– Colorimetry measures the retrodiffusion of a
red-green-blue light tristimulus. The device
transforms the intensity of the retrodiffused
RGB spectrum into skin color expressed by
the parameters L*a*b*. In principle, blue is
immediately and totally absorbed by hemoglo-
bin. So is green, although to a lesser degree, as
it goes down to the mid-dermis; its reflectance
should therefore involve the entire superficial

530 P. Agache



dermal plexus. Red reaches the hypodermis; it
is not absorbed but diffused by the red blood
cells; therefore the amount of retrodiffused red
decreases in relation to the deeper blood vol-
ume. Colorimetry could therefore explore all
the skin vessels, whatever their depth, and
assess the retrodiffused spectrum resulting
from the whole skin blood. This spectrum is
unknown and only its coordinates L*a*b are
available. However, since the absorption of
blue and green are predominant, it is probable
that the signal is mainly influenced by the
blood in the superficial dermis. Spectroco-
lorimeters operate according to the same prin-
ciple, but they scan the skin surface over the
entire visible spectrum. They are in principle
more accurate.

– Clearance methods are obviously based on the
washing out of a marker (xenon-133 or heat)
that has diffused in the skin from the surface:
hence a concentration gradient decreasing with
penetration. The elimination process implies
first the penetration of the vascular walls,
which depends on their cumulated surface
and the difference in concentration on each
side of the wall. From skin biopsy autoradiog-
raphy, it is known that the xenon gas capture by
the vessels occurs entirely in the superficial
dermis, therefore in the subepidermal plexus.
The advantage of this method relies on the flow
rate absolute value given in milliliters per
minute per 100 g tissue, equivalent to millili-
ters per minute per square meter, assuming that
the density and average thickness of the super-
ficial dermis are 1 and 0.1 mm. Unfortunately,
this method is cumbersome and available only
in nuclear medicine units.

In contrast, thermal clearance implementation
is easy and results are displayed immediately. It is
based on is the same principle. The heat wash-out
depends on the cumulated surface of the vascular
walls and the temperature difference between the
interstitial ground substance and blood. On the
one hand, it is more important in the relatively
cool superficial blood than in the deeper blood,
and on the other hand, according to the author, the
thermal gradient decreases steeply and concerns

almost exclusively the first 100 μm, i.e., the super-
ficial dermis. Thus, the signal reflects mainly the
blood flow variation in the subepidermal plexus,
expressed in skin thermal conductivity units.
However, it appears that further investigations
could lead to flow rate units since the thermal
conductivity is given in absolute units. This prom-
ising method is no longer available, but a new
device is said to be under development.

1.3 Measurement of the Whole Skin
Blood Flow

The whole skin blood flow is given by methods
using red or near-infrared light, since its pene-
tration reaches the hypodermis. The vascular
volume and the flow rate at this level are con-
siderably higher than in the superficial dermis;
consequently, these methods measure mainly
the blood flow in the deep dermis and the
superficial hypodermis (excluding adipose
tissue).

– Laser Doppler devices indicate the number of
moving red blood cells, their average speed, and
the product of both measurements, giving the
flow rate, all in arbitrary units. New technolo-
gies present two considerable advantages since
they avoid contact between the transmitter and
the skin and allow skin scanning. Therefore,
blood flow is not altered by the measurement,
and blood flow mapping is made possible. As a
consequence, the measurement of vasomotor
reactions in healthy or diseased skin is more
accurate than with telethermography and can
be done whatever the condition of the skin
surface (wet, ulcerated, etc.), provided, obvi-
ously, that there is no ointment acting as a
screen. In many experiments, the laser Doppler
imager supersedes traditional laser Doppler
because it also makes it possible to observe
and record the flow on a fairly large area over
a long period of time. However, one must be
aware that flow changes restricted to the subepi-
dermal plexus may go unnoticed with this
method: a typical example is vasoconstriction
from topical corticosteroids.
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– Photoplethysmography (PPG) measures the
blood volume variation within the constant
skin illuminated volume. Each red blood cell
diffuses light and reduces retrodiffusion pro-
portionally. This method provides either the
diastolic blood volume in the deeper part of
the skin or its systolic increase. Its advantages
are simplicity and low cost, and above all its
capacity to separately analyze the resistive and
capacitive sectors of skin microcirculation.

2 Selecting a Method Based
on the Vessel Type to be
Studied

2.1 Nutritive Capillaries

These vessels are located near the epidermis and
appendage epithelia. Only the former are specifi-
cally accessible, using tcPO2 and capillaroscopy.
It seems that the papillary loops are not the only
nutritive vessels of the epidermis: the more super-
ficial venules also take part in this process, as well
as in anatomical sites without papillary design.
This underlines the advantage of newer
capillaroscopy techniques, which make it possible
to visualize the superficial part of the subepider-
mal plexus. The green laser Doppler is a technique
that can also be considered as a means to measure
the nutritive sector, although it also applies to
vessels located deeper in this plexus. The nutritive
capillaries of the pilosebaceous follicles and the
sweat glands participate in the vascularization of
the mid- and deep dermis and the global measure-
ment of their volume or flow rate is a part of the
PPG or laser Doppler signal.

2.2 Arterioles

The arteriolar, or upstream portion of the skin
vascular system is specifically analyzed by ther-
mal methods. Except for the extremities, the
skin’s spontaneous warm temperature indicates
the arrival of a flow coming from the core, there-
fore from some skin arterioles being open. The

available methods are punctual or liquid crystal
thermometry, which gives an approximate map-
ping, and telethermography. The latter bears two
salient advantages: it is a non-contact technique,
allows sustained measurements, and provides skin
temperature mapping. Active arteriolar vasodila-
tation (as in inflammation) and arteriolar spasm
(as in hypersensitivity to cold or arterial hyperten-
sion) will therefore theoretically be investigated
thoroughly by these methods. Skin surface ther-
mometry is not sufficiently reliable, as it is
influenced by external temperature. This is not
the case for thermography, which measures IR
light emission. Unfortunately, telethermography
devices are very expensive.

The laser Doppler imager is currently chal-
lenging thermography in this field of investiga-
tion. In mid- or deep dermis or hypodermis, the
flow is controlled by arterioles, which are not
dilated during stasis or passive vasodilatation
(also characterized by a stable or reduced
flow). The topographical resolution (0.5 mm,
sometimes 0.2 mm) is higher than that of ther-
mography (5 mm). A 0.2-mm resolution even
detects continuously perfused areas, each proba-
bly corresponding to a single arteriole. But on
thin-skinned sites, venous blood is also
recorded. Finally, the laser Doppler imager, as
opposed to thermography, is not sensitive to
wetness and is able to measure the flow on a
de-epidermized area.

Systolic PPG is the oldest method to have been
used in the study of skin microcirculation. The
signal is a sphygmic wave, the morphology of
which varies according to local hemodynamic
conditions. It indicates the systolic-diastolic
blood volume variation with time in the deep
dermis. Arterioles are mainly concerned since
they are the most pulsatile vessels.The PPG
pulse wave morphological parameters have been
used qualitatively to try and identify circulatory
alterations downstream (e.g., stasis or increase in
resistance) or upstream (e.g., arterial stricture or
occlusion. This method was abandoned when
laser Doppler was developed. However, the data
provided by the systolic PPG are quite different
and remain irreplaceable. A quantitative analysis
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of morphological parameters would also be very
useful: further physical and physiological studies
are required.

2.3 Venules

The diastolic PPG signal expresses the sum of the
arteriolar and venular volumes of the deep dermis
and near hypodermis. As such, it can be a measure
(in arbitrary units) of the skin passive blood sup-
ply during variations in the hydrostatic pressure or
during a venular backflow from the subcutaneous
veins in lower-limb venous insufficiency. It is
obviously a useful method, which is irreplaceable
in such diseases.

Clearance methods give greater importance
to the capacitive sector of the subepidermal
plexus because their walls are more permeable
than those of the arterioles and the number of
venules and the cumulated surface of their walls
are much larger. The blood flow rate measured
by xenon-133 clearance is probably closer to the
venular than the arteriolar flow rate. The same
holds true for the flow rate measured by thermal
clearance.

3 Fingers and Toes

The examination of the extremities, in particular
the fingertips and toes, is particular because of
the large number of intradermal arteriovenous
anastomoses, the interference of intense
vasomotricity in relation to thermoregulation,
and the thickness of the stratum corneum on
the palmar aspects. As a result, the above-
mentioned methods measuring the subepidermal
nutritive blood flow cannot be used, and mea-
surements with other methods are subject to
error. Another old method, strain gauge plethys-
mography, can be used. Its principle is the mea-
surement of the stretching of a strain gauge
placed around a finger, resulting from the pas-
sage of the pulse or the position of the limb. The
gauge is usually a thin rubber tube filled with
mercury, the electric resistance of which, mea-
sured by a Wheatstone bridge, increases from its
elongation and narrowing. The signal is similar
to that of the PPG: a pulse wave or a horizontal
straight line representing the limb or finger dia-
stolic perimeter. If the gauge is calibrated, the
measured difference in perimeter (i.e., in

Table 1 The summary of the available methods for measuring the skin microcirculation and their

characteristics.

Anatomical level

High pressure sector
(arterioles, small arteries)

Small total volume

Subepidermal nutritive vessels
(capillaries, venules)

Very small total volume

Low-pressure sector
(venules, small veins)

Large total volume

Subepidermal TcPO2

Capillaroscopy

Green laser Doppler

Reflectometry

Colorimetry

Thermal clearance

Xenon-133 clearance

Dermis and
upper subcutis

Systolic PPG

Red laser Doppler

Thermometry

Telethermography

Diastolic PPG
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volume) is given in absolute units: milliliters per
minute for 100 ml soft tissue. The latter consists
of the dermis with its numerous microvessels
(arterioles, venules, capillaries, arteriovenous
anastomoses), the hypodermis including fat,
but also the laterodigital small arteries, the flow
rate of which is impossible to evaluate
separately.

4 Conclusion

The choice of one or several methods to measure
skin microcirculation must therefore be deter-
mined according to specific needs, for example

in phlebology: tcPO2, PPG, and epicutaneous
xenon-133 clearance are informative. Using
several techniques for a single purpose is often
rewarding because the meaning of experimental
data is more easily understood. If a single device
is to be used to measure an erythema or a pig-
mentation, colorimetry or reflectometry are par-
ticularly recommended. The choice of the
device should also be made in relation with the
request of a quantitative or semiquantitative
type of measurement. Finally, whenever possi-
ble, measurements in absolute and specific
units are always preferable. The table below
summarizes the characteristics of available
methods.
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1 Structure and Function

The lymphatic system is an open-ended network
that returns lymph back to blood circulation.
Microcirculation is the site where exchanges
between blood or lymphatic vessels and tissues
occur. Interstitial fluid that does not return to the
blood by venules is collected by lymphatic capil-
laries and constitutes the lymph, a protein-rich
exudate containing cells and macromolecules
(Cueni and Detmar 2006; Parsi et al. 2011).
Therefore, the lymph system plays an important
role in homeostasis by this reabsorption of extra-
cellular fluid (Van der Auwera et al. 2006). Lym-
phatic capillaries appear in the papillary dermis
and drain into precollector vessels that link them
to collector vessels. Lymph returns to the blood by
large lymphatic trunks. Lymph vessels go through
lymph nodes and constitute the way for immune
circulating cells. The lymphatic system also plays
an immune role that is particularly important in
the skin as Langerhans cells pass by these vessels
to reach lymph nodes (Bruyère and Noël 2010;
Parsi et al. 2011). The lymphatic system originates
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from embryonic veins, and the development of
lymphatic system begins when the cardiovascular
system is already functioning (Cueni and Detmar
2006).

Lymphatic capillaries are blind-ended vessels
that arise in the interstitial spaces of the dermal
papillae. They are much larger than blood capil-
laries and stay away from epidermis, while blood
capillary loops are close to the epidermis. These
microvessels are lined by a single, nonfenestrated
layer of endothelial cells that overlap but lack a
basement membrane and pericytes (Parsi
et al. 2011). These cells are linked to the extracel-
lular dermal matrice by anchoring filaments.
When interstitial pressure increases, LECs are
pulled allowing capillary lumen to widen and
excess fluid to be taken up.

Lymphatic vessels are particularly numerous
in the dermis but are absent in the epidermis
(Cueni and Detmar 2006). Lymphatic vessel den-
sity shows some anatomic variability that may
contribute to the metastatic potential of primary
cutaneous tumors (Duffy et al. 2010). However,
body repartition of lymphatic vessels appears
symmetric on both sides of a middle vertical line
(Reynolds et al. 2010).

2 Identification of Initial
Lymphatic Vessels

In spite of their high number, lymphatic vessels
are difficult to distinguish in routine histological
sections (Wu et al. 2012). BECs and LECs share
many structural and molecular characteristics and
are difficult to differentiate by histological mor-
phology alone (Cueni and Detmar 2008; Oliver
and Detmar 2002; Van der Auwera et al. 2006).

Little attention was paid to the lymphatic sys-
tem until this century and most of the knowledge
result from research performed during these last
10 years (Lee et al. 2010). Assessment of skin
lymphatic microcirculation is of great importance
in lymphedema, psoriasis, and systemic sclerosis
pathogenesis as well as in tumor metastasis and
wound healing. Some methods such as microlym-
phangiography via intradermal injections of

fluorescein or dye allow to study the functional
aspect of this microcirculation but do not really
quantify it (Wu et al. 2012).

Immunohistochemical labeling is still the
most common method to identify LECs. Lym-
phatic vascular endothelial hyaluronan receptor-
1 (Lyve-1), Prox-1, podoplanin, VEGF-receptor-
3 (VEGFR-3), and desmoplakin are the most
frequent specific lymphatic markers studied
(Bruyère and Noël 2010). Lyve-1 is highly
expressed in lymphatic capillaries and at a lesser
degree in larger vessels. Prox-1 is considered to
be the most specific marker (Cueni and Detmar
2006), but its nuclear immunohistochemistry
localization is not suitable for microscopic quan-
tification. Therefore, for this purpose, it should
be preferably used in double staining with others
markers. Podoplanin is recognized by the D2-40
antibody. Several non-endothelial cells (basal
keratinocytes by example) and some malignant
tumors can also be labeled by this antibody.
Despite the fact that VEGFR-3 is expressed by
LECs in adult tissues, it can also be expressed by
BECs in fenestrated capillaries and in patholog-
ical conditions (tumoral angiogenesis) (Cueni
and Detmar 2006; Van der Auwera et al. 2006).
Desmoplakin, a cytoplasmic protein, enters in
the composition of junctions between LCE and
extracellular matrix (Cueni and Detmar 2006).
To obtain a reliable differentiation between
BECs and LECs, several markers should be
associated.

Currently, immunohistochemistry allows the
assessment of important parameters such as struc-
tural characteristics, density, diameter, perimeter,
surface area, and absolute c-vascular volume
by using imaging quantification (Lokmic and
Mitchell 2011; Wu et al. 2012). Confocal micros-
copy of whole-mount preparations and computer
graphic three-dimensional reconstruction provide
three-dimensional images and permit the quanti-
fication of lymphatic capillaries by imaging soft-
ware (Cui 2006; Wu et al. 2012). However, these
techniques are expensive, complex, and subject to
artifacts. Further studies are necessary to deter-
mine the best method for studying lymphatic
microcirculation (Wu et al. 2012).
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1 Introduction

Laser Doppler flowmetry has been employed for
many years to assess cutaneous microvascular
function in health and disease. It is often used in
conjunction with transdermal iontophoresis of
acetylcholine, as this provides information about
the integrity both of the microvascular endothe-
lium and the cutaneous sensory nerve supply. The
reproducibility of this approach is reviewed
below, and alternatives are discussed. In addition,
some clinical applications are described.

2 Laser Doppler Flowmetry

This involves projection of a laser beam (typically
780 nm) into the skin and measurement of intensity
and Doppler shifts in frequency in the near-infrared
range of the backscattered light. The intensity of the
reflected light is proportional to the concentration
of red blood cells illuminated by the laser beam,
and the shift in frequency is proportional to the

P.D. Drummond (*)
School of Psychology and Exercise Science, Murdoch
University, Perth, WA, Australia
e-mail: p.drummond@murdoch.edu.au

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_43

539

mailto:p.drummond@murdoch.edu.au


velocity of red blood cells moving through the
illuminated tissue. When combined, these two
values provide a measure of perfusion that varies
in a linear fashion with microvascular blood flow
(Ahn et al. 1987). The depth of measured flow
(in the order of 1–1.5 mm) depends on the wave-
length of the laser source (penetration is greater
with longer wavelengths) (Berardesca et al. 2002).
Thus, in the skin, the laser Doppler signal repre-
sents net flow through cutaneous arterioles, venous
plexuses, and arteriovenous anastomoses.

Although laser Doppler flowmetry can be used
to measure relative changes in skin blood flow, the
signal cannot be calibrated in absolute units
because of the complex nature of light scattering
and site-to-site differences in the density and
structure of the cutaneous microvasculature
(Berardesca et al. 2002). Preferably, then, micro-
vascular reactivity (e.g., to a drug or thermal chal-
lenge) should be expressed in perfusion units,
normalized to measures taken at the same site
under standard conditions (e.g., at rest or in
response to a standard provocation).

Flow is sometimes expressed in relation to
near-maximal flow at the site of interest. Heating
the skin to 42 �C induces an axon reflex that peaks
within a few minutes (Minson et al. 2001). Blood
flow drops briefly then continues to rise gradually
over the next 30–40 min, due to nonneural influ-
ences on the local microvasculature that involve
nitric oxide (Kellogg et al. 2008). This approach
evokes near-maximal increases in flow but can be
cumbersome and time-consuming and controls
only for the upper limit of nonneural influences
on flow. Flow may also be expressed in response
to vasodilatation evoked by administration of the
nitric oxide donor sodium nitroprusside. How-
ever, the reproducibility of this response is
extremely poor when assessed by laser Doppler
flowmetry (Roustit and Cracowski 2012) and
does not control for other influences on blood
flow (e.g., the capacity of the sensory and auto-
nomic nerve supply, vascular smooth muscle and
endothelium, infiltrating immune cells and resi-
dent mast cells, fibroblasts and keratinocytes to
release vasoactive substances). Another option is
to express flow in relation to the peak of the axon
reflex induced by 5–6 min of local heating (Brocx

and Drummond 2009). This controls for spatial
microvascular variations and sensory neural influ-
ences on blood flow, but may not account for
nonneural influences on flow.

Perhaps the most commonly used approach is
to express flow as a proportion of levels recorded
during the baseline period before stimulus onset.
Although this controls for site-to-site variation in
cutaneous vascular and neural architecture, the
response depends critically on the conditions
under which baseline measures are obtained.
Thus, it is important to standardize ambient tem-
perature, time of day, prior levels of muscular
activity, prior ingestion of substances that might
influence flow (e.g., caffeine, nicotine, and alco-
hol), and, as much as possible, the participant’s
psychological state.

Flow is sometimes normalized in relation to
mean blood pressure (i.e., so that flow is
expressed in units of cutaneous vascular conduc-
tance), to control for effects of pressure on perfu-
sion. However, the assumption that systemic
pressure reflects perfusion pressure in the local
microvasculature might not always hold true
(e.g., when vasoactive drugs are administered
locally or when the site of interest is heated or
cooled).

3 Iontophoresis

Transdermal iontophoresis involves the use of an
electric current to transfer charged or polarized
molecules through the skin barrier. This typically
involves passing a weak direct current through a
drug solution contained in a capsule attached to
the skin, to assist penetration of the drug through
the stratum corneum. In this way, positively
charged ions are repelled from the anode, and
negatively charged ions are repelled from the
cathode. Charged molecules enter primarily
through hair follicles and sweat ducts and then
diffuse through the extracellular space to the cuta-
neous microvasculature where they are dispersed
through the circulating blood supply (Tesselaar
and Sjoberg 2011). The dose delivered by this
method is proportional to the current strength
(measured in amperes) and duration (seconds)
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and can be expressed as the iontophoretic charge
(in Coulombs). However, the physiologically
active component of the dose cannot be measured
accurately because some of the electric current is
carried by nondrug ions (e.g., in the solution vehi-
cle or which originate in the skin). Furthermore,
the relationship between dose and response is
complex because some of the infused drug may
bind nonselectively to cells in the stratum
corneum or deeper within the skin or is cleared
rapidly through the microvascular bed (particu-
larly vasodilator drugs).

In addition, the electric current employed in
iontophoresis can induce nonspecific vasodilator
responses that alter local blood flow (Grossmann
et al. 1995). This nonspecific response is stronger
at the cathode than the anode and may involve
several mechanisms. During iontophoresis, the
electrolysis of water into hydrogen and oxygen
results in an accumulation of hydrogen ions under
the anode (Sato et al. 1993). Together with direct
effects of the electric current on the resting poten-
tial of neural membranes, local changes in pH in
the skin may depolarize sensory nerve fibers and
trigger the antidromic release of vasoactive neu-
ropeptides such as substance P and calcitonin
gene-related peptide (CGRP) from the dermal
network of nerve terminals (a process known as
axon reflex vasodilatation). Thus, skin blood flow
may increase within the receptive field of stimu-
lated nerves up to several cm from the stimulated
site. This component of the response can be
blocked by prior treatment with capsaicin cream
to desensitize C-nociceptive fibers and with local
anesthetic agents such as EMLA cream that pre-
vent depolarization (Durand et al. 2002). In addi-
tion to these mechanisms, local heating and other
changes evoked by the movement of charged
molecules through the skin may induce the pro-
duction of prostaglandins which, in turn, trigger
vasodilatation. For instance, the cyclooxygenase
inhibitor indomethacin blocks anodal current-
induced vasodilatation (Tartas et al. 2005). Curi-
ously, pretreatment with celecoxib (which inhibits
the formation of an inducible isoform of cycloox-
ygenase produced during inflammation) has no
effect on anodal current-induced vasodilatation
(Tartas et al. 2005), suggesting that the response

is driven by the constitutive rather than the induc-
ible cyclooxygenase isoform.

4 Measuring Microvascular
Responses During
Iontophoresis

Changes in blood flow during iontophoresis are
often measured via a Laser Doppler flow probe
inserted in the roof of the drug chamber directly
over the site of drug infusion. This provides con-
tinuous measurement of blood flow from a single
spot 2–3 mm in diameter at the site where the drug
enters the skin. Unfortunately, microvascular
responses vary considerably from one spot to
another due to anatomical variation in the micro-
vasculature (Braverman et al. 1990). For example,
in a study in our laboratory, the reproducibility of
the microvascular response to transdermal ionto-
phoresis of acetylcholine was greater when the
iontophoresis was repeated at the same site after
a 50 min interval than when the iontophoresis was
carried out at sites 10 cm apart on the volar fore-
arm (Brocx and Drummond 2009). Responses
were greater at proximal than distal sites in the
forearm, possibly due to differences in thickness
of the stratum corneum or in sweat gland or micro-
vascular density. Thus, it is important to standard-
ize the test site when making comparisons within
individuals or between groups of patients and
controls.

One solution to this problem is to measure
changes in flow over a large surface area. Laser
Doppler imaging achieves this by moving a laser
beam across the region of interest to create a map
of local blood flow. Although this minimizes the
effect of structural variations on blood flow, it is
difficult to capture rapid changes in flow because
of the time required to scan the region of interest.
An alternative is to use laser speckle contrast
imaging, which employs a camera to generate a
perfusion map of illuminated tissue based on the
motion of particles in the region of interest. As
perfusion maps can be generated quickly, rapid
responses can be tracked with this approach
(Mahe et al. 2012). In contrast to laser Doppler
techniques, which detect flow to a depth of around
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1 mm with a 780 nm laser beam, flow is detected
to a depth of approximately 0.3 mm with laser
speckle contrast imaging (corresponding to nutri-
tional rather than arterial flow) (Mahe et al. 2012).
The reproducibility of measures of blood flow is
greater with laser Doppler imaging and laser
speckle contrast imaging than with spot measures
of laser Doppler flow (Mahe et al. 2012; Roustit
and Cracowski 2012).

5 Reproducibility of
the Cutaneous Vascular
Response to Acetylcholine

Acetylcholine induces endothelium-dependent
vasodilatation via stimulation of muscarinic
receptors on the vascular endothelial surface
(Cracowski et al. 2006). This releases nitric
oxide, which induces vascular smooth muscle
relaxation and, hence, vasodilatation. In addition,
a flare surrounding the site of acetylcholine ionto-
phoresis is mediated by an axon reflex that
involves production of prostanoids (Berghoff
et al. 2002).

The reproducibility of cutaneous microvascu-
lar responses to acetylcholine iontophoresis has
not been firmly established due, in part, to the
variety of doses, data expression methods, and
protocols that have been employed (Agarwal
et al. 2010; Klonizakis et al. 2011; Puissant
et al. 2013; Tibirica et al. 2011). However, we
recently used this technique to examine the repro-
ducibility of vascular responses to stepped
increases in acetylcholine delivered transdermally
by iontophoresis (Brocx and Drummond 2009).
One probe was positioned inside the iontophoresis
chamber (to measure the direct endothelium-
dependent component of the response), and
another probe was positioned 5–8 mm outside
the iontophoresis chamber (to measure the axon
reflex) (Brocx and Drummond 2009). At the site
of acetylcholine iontophoresis, laser Doppler flux
data were expressed as a proportion of baseline
and a proportion of the response to heating for
5–6 min. The reproducibility of each form of data
expression was investigated within and across
different forearm sites.

The direct response to acetylcholine was
most reproducible when expressed in proportion
to levels recorded after 5–6 min of local heating
to 42 �C (the percentage of shared variance was
55 % when the iontophoresis was repeated at the
same site on the volar forearm, and mean
increases in flow were similar on both occa-
sions) (Fig. 1). The association was also strong
when expressed in proportion to levels recorded
at baseline – the percentage of shared variance
was 74 % when the acetylcholine iontophoresis
was repeated at the same site. However, when
data were expressed in this way, responses were
consistently smaller during the second than first
iontophoresis, in part because of a residual ele-
vation of the baseline from the first iontophore-
sis (cumulative increases in flow across all doses
were 68 times greater than baseline during the
first iontophoresis compared with only 30 times
greater than baseline during the second ionto-
phoresis) (Fig. 2). Similarly, for axon reflex
vasodilatation, 38 % of variance was shared
between responses at times 1 and 2 when the
iontophoresis was repeated at the same site on
the volar forearm; however, responses were
greater on the first than second occasion (cumu-
lative increases in flow were 22 vs. 14 times
greater than baseline, respectively) (Fig. 2).
This illustrates the importance of minimizing
nonspecific influences on basal flow if this
form of data expression is used. We also
attempted to identify the optimal current
strength and duration for the iontophoresis of
acetylcholine. The “dose-response” curve
peaked at the site of iontophoresis but the axon
reflex failed to plateau (Fig. 2), suggesting that a
higher dose might be required to fully capture
this response.

Additional variables that might influence the
reproducibility of the vasodilator response to ace-
tylcholine have been investigated recently. For
example, microvascular responses in the legs to
iontophoretic administration of acetylcholine
were found to be lower in the standing than supine
positions, presumably due to postural vasocon-
strictor reflexes (Klonizakis et al. 2011). Never-
theless, responses were reproducible over a
2-week interval when measured with a laser
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Doppler imager and expressed in arbitrary perfu-
sion units. In addition, the reproducibility of the
peak response to acetylcholine iontophoresis was
similar during single and incremental doses,

despite concerns that axon reflex vasodilatation
might mask endothelium-dependent vasodilata-
tion to acetylcholine with incremental doses
(Puissant et al. 2013).

Fig. 1 Changes in blood flow (� standard error) during
the transdermal iontophoresis of acetylcholine in the volar
forearm 5 cm below the elbow, expressed as a proportion of
the peak in blood flow when the forearm was heated to
42–43 �C for 5–6 min. For each dose of acetylcholine, an
anodal current was supplied for 60 s in a drug chamber
(internal diameter, 10 mm), and blood flow was monitored

for a further 2 min at the site of drug administration. The
entire procedure was repeated at the same site after an
interval of 50 min. When expressed as a proportion of the
peak in blood flow during forearm heating, peak and over-
all increases in blood flow were similar during both series
of iontophoreses (Based on data presented by Brocx and
Drummond (2009))

Fig. 2 Changes in blood flow (� standard error) during
the transdermal iontophoresis of acetylcholine at the direct
site (expressing endothelium-dependent vasodilatation)
and 5–8 mm away (a site of axon reflex vasodilatation).
Changes in blood flow (flux) are presented in arbitrary
perfusion units (PU) and as a proportion of levels recorded

for 2 min before the current was applied (baseline). When
expressed as a proportion of baseline, increases in flow
were greater during the first than second series of ionto-
phoreses, due to residual basal vasodilatation after the first
series (Based on data presented by Brocx and Drummond
(2009))
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6 Intradermal Delivery
of Acetylcholine by
Microdialysis

As an alternative to transdermal iontophoresis,
drugs can be delivered intradermally through
microdialysis fibers. This involves the insertion
of porous catheters 0.5–1 mm under the skin
surface for distances of several cm so that drugs
can be delivered directly to the dermis, bypassing
the skin barrier. An additional advantage of this
technique is that biomarkers that diffuse from the
extracellular fluid into the microdialysis fibers can
be measured in the dialyzate, thereby providing an
estimate of their local concentration.

One difficulty with microdialysis is that inser-
tion of the fibers into the skin provokes an inflam-
matory reaction that might alter responses to the
drug being delivered and/or the concentration of
biomarkers of interest (Stenken et al. 2010). How-
ever, this inflammatory reaction appears to pro-
duce effects that differ from those provoked by
axon reflexes during iontophoresis. For example,
we found that iontophoresis of α1-adrenoceptor
agonists such as methoxamine and phenylephrine
provoked an axon reflex when delivered transder-
mally by iontophoresis (Drummond 2009, 2011).
The axon reflex could be blocked by prior appli-
cation of local anesthetic agent (EMLA cream) to
the skin surface and by α1-adrenoceptor blockade
and was inhibited by topical application of ibu-
profen gel. In contrast, direct intradermal delivery
of phenylephrine through microdialysis fibers did
not provoke an axon reflex (Zahn et al. 2004). One
interpretation of these findings is that phenyleph-
rine amplifies an axon reflex initiated by the ion-
tophoretic current, perhaps by stimulating α1-
adrenoceptors on keratinocytes or cutaneous
nociceptors (Dawson et al. 2011).

When delivered through microdialysis fibers,
acetylcholine triggers a flare in the surrounding
skin that is mediated by antidromic release of
neuropeptides such as CGRP from sensory nerve
fibers (Schlereth et al. 2013). In addition, acetyl-
choline delivered intradermally through
microdialysis fibers induces endothelium-
dependent vasodilatation via nitric oxide and

prostaglandins release (Medow et al. 2008).
Thus, although intradermal delivery of acetylcho-
line by microdialysis may avoid some of the
nonspecific effects evoked by current-assisted
transdermal delivery, responses seem to be
broadly similar in both modes of delivery.

7 Clinical Findings

Efficient regulation of local blood flow is crucial
for optimal tissue functioning. Hence, many dis-
eases are associated with vascular endothelial dys-
function and disruption of neurogenic
inflammatory responses (Steinhoff et al. 2003;
Widlansky et al. 2003). The integrity of these
responses can be investigated clinically using ace-
tylcholine to provoke endothelium-dependent and
neurogenic vasodilatation.

Serum glucose has a strong inhibitory effect on
endothelium-dependent vasodilatation via oxida-
tive stress and low-grade inflammation and con-
tributes to endothelial dysfunction in diabetes
(Sena et al. 2013). This ultimately results in ath-
erosclerosis, coronary artery disease, and wide-
spread tissue destruction and organ failure (e.g.,
in diabetic neuropathy and retinopathy) (Gilbert
2013). In contrast, insulin augments endothelium-
dependent vasodilatation in the skin (de Jongh
et al. 2004). Thus, transdermal iontophoresis of
acetylcholine is useful for detecting the extent of
microvascular disturbances in patients with car-
diovascular disease. For example, in patients with
diabetic retinopathy, vasodilator responses to ace-
tylcholine iontophoresis were smaller than in dia-
betic patients without retinopathy (Nguyen
et al. 2011; Sasongko et al. 2012). The
compromised vasodilator response was associated
with low serum levels of high-density lipoprotein
(HDL) cholesterol and apolipoprotein A1, a major
component of HDL cholesterol (Sasongko
et al. 2012). Similarly, the microvascular reaction
to transdermal iontophoresis of acetylcholine was
lower in patients with peripheral diabetic neurop-
athy than in diabetic patients without neuropathy
(Tomesova et al. 2013). The microvascular distur-
bances associated with diabetic neuropathy
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increase the likelihood of impaired wound
healing, ulceration, and subsequent amputation
of affected limbs (Chao and Cheing 2009).

Microvascular reactivity to transdermal acetyl-
choline is also impaired in obese individuals
(Al-Tahami et al. 2011; de Jongh et al. 2004; Jonk
et al. 2011). For example, acetylcholine-mediated
vasodilatation was found to be smaller in obese
insulin-resistant but nondiabetic individuals after
ingesting a liquid mixed meal than in lean individ-
uals (Jonk et al. 2011). However, deficits may
depend on developmental factors or disease chro-
nicity, as endothelium-dependent vasodilatation
evoked by transdermal iontophoresis of acetylcho-
line was similar to responses in normotensive con-
trols in lean, overweight, and obese hypertensive
adolescents (Monostori et al. 2010).

Microvascular disturbances in patients with
cardiovascular disease may be reversed by certain
dietary substances and exercise. For example, the
flavonoids in cocoa and dark chocolate appear to
increase endothelium-dependent vasodilatation
and counteract insulin resistance by increasing
nitric oxide bioavailability (Grassi et al. 2013).
Similar effects are associated with dietary supple-
mentation with tuna fish oil (Khan et al. 2003). In
addition, vitamin C may counteract the inhibitory
influence of reactive oxygen species on
endothelium-dependent vasodilatation (Rousseau
et al. 2010). Acetylcholine-evoked vasodilatation
is greater in active than sedentary individuals
(Demiot et al. 2007) and increases after exercise
training (Hodges et al. 2010). This may be partic-
ularly important for maintaining increased skin
blood flow during exercise in older people, as
microvascular disturbances increase with aging
(Simmons et al. 2011).

Increases in skin blood flow can be detected up
to 1 cm away from the site of acetylcholine ion-
tophoresis; as these increases can be blocked by
prior treatment of the skin with a topical anesthetic
agent, they appear to result from axon reflexes
mediated by C-fiber nociceptors (Caselli
et al. 2003). This response was impaired in
patients with peripheral diabetic neuropathy
(Caselli et al. 2003, 2006), and deficits were asso-
ciated with deficits in other indices of sensory and

autonomic nerve function. As neurogenic vasodi-
latation to acetylcholine is attenuated in patients
with mild symptoms of diabetic neuropathy
(Caselli et al. 2006), loss of the neurogenic vaso-
dilator response may represent an early marker of
nerve dysfunction in patients with subclinical
neuropathy.

Conversely, neurogenic vasodilatation to acetyl-
choline may be augmented in patients with inflam-
matory dermatological disorders such as rosacea.
This condition generally affects the cheeks, nose,
chin, or forehead and is characterized by flushing
and acne-like facial papules or pustules (Elewski
et al. 2011). We recently investigated endothelium-
dependent and neurogenic vasodilator responses to
transdermal iontophoresis of acetylcholine in
patients with mild or severe rosacea and compared
these responses to those in age- and sex-matched
controls (Drummond and Su 2012). The intensity
of stinging sensations provoked by the iontophore-
sis was greater in patients than controls. In addition,
neurogenic vasodilatation was greater in patients
with severe than mild symptoms, suggesting that
axon reflexes augment flushing. If so, agents that
decrease neurovascular reactivity (e.g., capsaicin
cream) may alleviate symptoms in patients with
severe rosacea.

8 Conclusions

Using laser Doppler flowmetry to monitor
changes in blood flow during transdermal ionto-
phoresis of acetylcholine has provided insights
into microvascular function both in health and
disease. Unfortunately, however, progress has
been impeded by methodological difficulties –
particularly concerning errors introduced by
nonspecific responses to iontophoresis and the
relatively poor reproducibility of spot measures
of flow. In addition, the technique has suffered
from a lack of standardization both in the form
of delivery and the expression of data. Neverthe-
less, recent advances have partly overcome these
problems. In particular, the reproducibility of
responses is greater with laser Doppler imaging
and laser speckle contrast imaging than with laser
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Doppler flowmetry (Roustit and Cracowski
2012), as spatial variability in the microvascular
architecture is minimized by averaging across a
large region of interest. In addition, large chamber
sizes (Ferrell et al. 2002) and low-density currents
help to minimize the nonspecific component of
response in iontophoresis (Droog et al. 2004). As
these techniques are safe and noninvasive, they
hold great promise as a window for assessing
microvascular responses that reflect important
elements of cardiovascular health.
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1 Introduction

Capillaroscopy is based on optical microscopy
in vivo and designed to visualize superficial
microvessels, i.e., arterioles (<300 μm), capil-
laries, and venules (Rhodin 1981). Although
used in the study of the connective tissue, the
retina, and the lingual and labial mucosae (Davis
and Landau 1966; Merlen 1980), the main appli-
cation fields of capillaroscopy are the skin and the
nails. Skin capillaroscopy can be associated with
sophisticated methods to analyze the blood flow
speed, the capillary pressure, and the concentra-
tion of a fluorescent tracer, thus allowing accurate
physiological and pharmacological investigations
in humans (Table 1). However the straightforward
morphological analysis of the superficial dermal
capillary network provides a precise and
non-traumatic assessment of various diseases
involving microvessels; it is therefore nowadays
the most widely used technique to study microcir-
culation in human clinics.

Its principle is easy. After skin transparency
has been enhanced, an optical magnifying system
allows to visualize directly through the epidermis,
the skin subepidermal microvasculature.

2 The Skin Subepidermal
Microvasculature

The skinmicrovasculature comprises two horizontal
plexuses, one located 1–1.5 mm below the skin
surface and the other at the dermal-subcutaneous
junction that mostly comprises collecting veins.
Only the first one can be looked at using
capillaroscopy. Arterioles rise from the deeper layers
and divide into many capillary loops at the subepi-
dermal level (Rhodin 1981; Braverman 2000).
Then, the loops converge into collecting venules of
the subepidermal plexus. The vascular network of
the skin varies considerably from one area to another
(Bongard and Bounameaux 1993; Miniati
et al. 2001) (see ▶Chap. 48, “Skin Blood Flow:
Histophysiology”).

Different functions are devolved to micro-
circulation in general and to the skin microcir-
culation particularly (Table 2). Tissue nutrition
is its main function, besides metabolic
exchanges, homeostasis of the interstitial
fluid, blood pressure regulation, and thermo-
regulation. Thus, it may be considered that the
skin microcirculation is composed of two func-
tionally vascular beds: the thermoregulatory
one which contributes 85 % of the total blood
flow in the skin and the nutritive one contrib-
uting up to 15 % of the total blood flow, and
that is mainly represented by the capillaries
(see ▶Chap. 48, “Skin Blood Flow: Histophys-
iology”). Both functional domains at their sub-
epidermal level can be investigated by
capillaroscopy.

Table 1 Noninvasive bioengineering techniques used to
study skin microcirculation

Skin temperature measurements

Capillaroscopy

Dynamic capillaroscopy

Dynamic capillaroscopy with dye

Laser Doppler flowmetry

Isotope techniques (133Xenon)

Transcutaneous measurement of partial oxygen pressure

Capillary pressure

Photo pulse plethysmography

Infrared thermography

Colorimetry

Photoacoustic tomography

Optical coherence tomography

Laser Speckle contrast imaging

Tissue viability imaging

Hyperspectral imaging

Table 2 Main functions of the skin microcirculation

Metabolic exchanges and nutrition

Homeostasis of the interstitial fluid

Regulation of blood pressure

Thermoregulation
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3 Biomicroscopes and Binocular
Magnifying Glasses

The optical devices used are mainly stereomicro-
scopes (Carpentier 1999) or binocular magnifying
glasses with the following requirements (Maricq
1981):

– Lighting is incident (epi-illumination), as pow-
erful as possible for improved visualization,
lateral because low-angled incidence increases
contrast, and in cold light to avoid vasodilata-
tion artifacts.

– The magnification varies from �15 to �100,
but the features of diagnostic interest, espe-
cially the capillary network distribution, are
easier to analyze using a low magnification;
its panoramic vision also allows comprehen-
sive and faster examination.

– The field depth is important, because it controls
the sharpness of the capillary images since they
are never exactly on a same plane.

– Several-centimeter frontal distance (objective-
object) enables to examine uncooperative sub-
jects or subjects with palmar retractions (for
nail capillaroscopy) or with protruding lesions.

– The skin is prepared with the application of a
drop of immersion oil. Sometimes, when its
thickness remains a problem, the horny layer
may be slightly stripped using adhesive tape.

– Microscope images can be collected by a cam-
era or video camera.

4 Capillaroscopy (Humbert
et al. 2006)

Among the different techniques available
(Carpentier 1999; Allen et al. 2014) to study
skin microcirculation, human skin capillaroscopy,
a specialized form of intravital microscopy, is a
method that allows direct visualization of the cap-
illary network in vivo. Its principle is easy. After
skin transparency has been enhanced by a drop of
oil, an optical magnifying system allows visuali-
zation of its vascular network directly through
the skin.

The optical devices used to examine the cutane-
ous capillaries in vivo are most of the time the light
microscope and stereomicroscope (Carpentier
1999) but also the videocapillaroscope.

4.1 Contact Videomicroscopy

Videocapillaroscopy (Fig. 1) tends to replace the
more conventional capillaroscopy. Contact
videomicroscopy devices, appeared initially in
the industry for nondestructive control pro-
cesses, are now commercially available for skin

Fig. 1 Contact
videocapillaroscopy with
monitoring on
TV. Videomicroscope
Optican high-definition
system (FORT ZI de la
Gaudrée, 91415 Dourdan,
France). Videotape
recorder: SVO 9500 MDP
Sony (Shinagawa, Ko
Tokyo sp, Japan). Monitor:
Sony PVM1440QM Japan.
The �200 magnification
displays a 1.73 mm2 area
(Laboratory of Engineering
and Cutaneous Biology,
Besançon)
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examination. They require epi-illumination of
the skin surface (Jairo and Monari 2000) and
image transmission to a video camera via the
optics of a microscope. Their main characteris-
tics are:

– The sensor is located at one end of a flexible
cord which easily allows investigation of any
skin site.

– The sensor is in contact with the skin, optical
fibers conveying illuminating light.

– Lighting is provided by the handheld probe; it
can therefore be accurately positioned in order
to avoid specular reflection.

– The oil can be replaced by a thin layer of
ultrasound gel.

– Images are displayed on a screen.
– Image computerization can be done during

the examination; therefore the data quality
can be controlled at once – the cost is currently
equivalent to that of traditional microscopes.

The video imaging systems (Scopeman®,
Microvision®, Microwatcher Model VS-10®

(commercially available equipment: CapiFlow®,
CapiFlow AB, Kista, Sweden; OP-120, Optilia
Instruments AB, Sollentuna, Sweden; CapXview
HD, Xport technologies, Craponne, France ;
VideoCap, DS Medica, Milan, Italie ; CapiScope,
KK Technology, Honiton, England; Scopeman
Microtech, Mendota, UK; Microwatcher Model
VS10, Mitsubishi Kasei Corp, Tokyo, Japan))

consist of a video signal control unit and a mini
CCD camera. Flexible optical fibers convey an
intense illuminating light to the dome cap of the
camera head. Amanually adjusted focusing system
coupled with the camera head allows to obtain a
sharp image of the capillary network. Magnifica-
tion ranges from�100 to�1000. A magnification
higher than �600 enables visualizing blood cells
into the capillary. Venous congestion increases the
number of capillaries detected. The video signal is
then transformed into RGB images or recorded on
videotape. Every picture can then be saved in a
standardized image file format.

4.2 Periungual Capillaroscopy

Nailfold capillaroscopy (Figs. 2 and 3) is usually
performed in order to search for capillary defor-
mations, characterizing a pathological situation.
In this area, capillaries lie in a horizontal plane, so
that a large part of their loops can be observed.
They have a special feature: loops are parallel and
oriented toward the extremity of the finger. They
look like hairpin bends with a diameter of
6–15 μm, and they flow in a more or less straight
line. They are lined up in several rows.
Capillaroscopy does not provide observation of
the walls of the capillary, but of the erythrocytes
column. Therefore only the capillaries which are
functional during the study are visible. Some par-
ticular aspects of the capillary loops allow to

Fig. 2 Capillaroscopy
equipment for the nailfold
area analysis. Nikon SMZ
system (Laboratory of
Engineering and Cutaneous
Biology, Besançon)
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detect some systemic conditions such as progres-
sive systemic sclerosis and lupus erythematosus.
Raynaud’s phenomenon is the typical condition
where capillaroscopy is of paramount importance
because the capillary loop feature is often specific
or predictive for a systemic disease. Thus, mor-
phological abnormalities must systematically be
looked for on all accessible fingers.

– Red blood cell extravasations produce brown
deposits which move toward the epidermal
edge in successive waves; these micro-
hemorrhages show capillary malfunction
which may be connected with microangiopathy
or intense vasomotor storms or traumas.

– Meandering or little ramified capillaries (minor
dystrophies) have no precise pathological sig-
nificance, whereas the existence of many richly
ramifying loops (like ferns or bushes) indicates
capillary neogenesis suggesting vasculitis or
connective tissue disease without pointing to
more accurate diagnosis.

– An interesting feature is the existence of giant
capillaries (over 50 μm diameter, five times the
normal size), associated with heterogeneous
decrease in capillary density and disorganiza-
tion of the loop distribution. Such image is the
hallmark of the so-called connective tissue dis-
eases, evoking especially systemic sclerosis
(Table 3), dermatomyositis, and conditions
evolving into a scleroderma (Sharp and

CREST syndromes) (Table 4). This feature,
which occurs early in the course of the dis-
eases, can be used in decision making
(Carpentier and Maricq 1990; Maricq
et al. 1980, 1982) (Fig. 4) and justifies
periungual capillaroscopy in all cases of
Raynaud’s phenomenon (Maricq et al. 1982;
Blockmans et al. 1996; Priollet et al. 1987).

– Moderate dilatations without rarefaction may
hint to a moderate acrocyanosis which further
on may typically show an important stasis in
the venous limb inducing its sausage-like dila-
tation (monitoring may be needed while
warming).

– Less frequent morphological variants may be
of prognosis value. In systemic sclerosis
with bad prognosis, capillaroscopy may
show capillary destruction, rarefaction, and
disorganization, but sometimes reactive

Fig. 3 Nailfold
capillaroscopy: normal
subject

Table 3 Sensitivity and specificity of periungual
capillaroscopy in the diagnosis of systemic scleroderma
(From Carpentier and Maricq 1990)

Sensitivity (%) Specificity (%)

Maricq 84 98

Vayssairat 95 92

Carpentier 97 89

Houtman – 92

Joyal 83 97

Jouany 97 83

Blockmans 85 93
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neogenesis with ramifications prevails over
dilatation. Numerous megacapillaries are
often found in limited and less progressive
forms (Maricq et al. 1983; Lamboba et al.
2010).

4.3 “Any Site” Capillaroscopy

The availability of videomicroscopes together
with advances in our knowledge about the
importance of microcirculation in the patho-
genesis of trophic complications of arterial
and venous insufficiencies explains the pre-
sent development of capillaroscopy on
the skin.

4.3.1 Qualitative Capillaroscopy
Different architectural frameworks are found in
the various skin body areas (Table 5). They
might be related to the different epidermal thick-
ness and microvasculature arrangements (Miniati
et al. 2001). Parallel arrangement is observed in

areas where the skin is thinner. On the opposite,
perpendicular arrangement is observed on thicker
skin areas.

Normal architectural framework shows two
main patterns, a parallel and a perpendicular
arrangement of capillary loops with respect to
the skin surface. Capillaries with a parallel
arrangement constitute the vascular network with
meshes. These meshes can be regular or not. In
most of skin body areas, loops are perpendicular
to the skin surface, so that only the top can be
seen. It looks like a point or a comma (Fig. 5).
Capillary diameters vary from 15 to 20 μm in
regions with parallel arrangement. The density
ranges from 14 to 30 capillary loops per mm2 in
skin regions where loops are arranged perpendic-
ular to the skin surface (Miniati et al. 2001).
Both diameter and density variations are im-
portant in assessing the severity of arterial and
venous diseases. Capillaroscopy possible clinical
application seems therefore to increase consider-
ably (Prasad et al. 1995).

Table 4 Prognostic value of the periungual capillaroscopy in an apparently isolated Raynaud’s phenomenon (From
Carpentier and Maricq 1990)

Number of patients Follow-up (years)

Incidence percentage of scleroderma

Normal capillaroscopy Scleroderma pattern

Maricq (1983) 51 2.8 4.0 57

Priollet (1987) 73 4.7 1.9 65

Fitzgerald (1988) 58 2.7 4.8 60

Weiner (1991) 77 4.0 7.9 76

Fig. 4 Nailfold
capillaroscopy: dilated
capillaries with
heterogeneous distribution
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5 Capillaroscopy and Systemic
Diseases

Capillary network analysis in the volar aspect of
the forearm, or in the fingers, could be of interest
in arterial hypertension. It has been suggested
that capillary rarefaction may be associated with
the genesis of primary hypertension as it has been
described in various tissues from patients with
essential hypertension. A 15–20 % reduction in
capillary density was found in nailfold
capillaroscopy, and intravital fluorescein angiog-
raphy found a 20 % reduction in capillary density

in the forearm skin of hypertensive subjects com-
pared with normotensive subjects (Prasad
et al. 1995). Several other conditions such as
peripheral arterial occlusion disease, lower limb
venous insufficiency, diabetes mellitus, and
psoriasis (Table 6) are serious candidates for sub-
epidermal microcirculatory evaluation. Video-
capillaroscopy is mainly performed on the instep
in venous insufficiency and on the dorsum foot
(first inter-metatarsal space and toes) in arterial
insufficiency. Venous insufficiency is character-
ized by a decrease in capillary density, widening
of dermal papillae the size of which becomes
heterogeneous, and the contours marked by

Table 5 Different architectural frameworks of skin capillary network (Miniati et al. 2001)

Parallel arrangement
and regular meshes
network

Parallel arrangement
with irregular meshes
network

Perpendicular
arrangement and
regular dot line

Perpendicular
arrangement and
irregular dot line

Special pattern
with parallel
arrangement

Forehead Trunk (anterior and
posterior aspects)

Fingertip Palm of hands Fingernail fold

Cheekbone region Eminencia tenar Back of the hand and
the foot

Labial mucosa

Cheek Breast Eminencia
hipotenar

Chin Arms (external
surface)

Tip of toes Nipple

Internal surface of
arms

Legs (internal and
external surfaces)

Fig. 5 Capillary network observed by videocapil-
laroscopy (volar forearm). Dark red dots are the tops of
papillary loops. Below them, out of focus, the superficial

part of the subepidermal vascular plexus is seen, where
loops are inserted (magnification �100)
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dermite ocre hemosiderin deposits. The decrease
in the capillary density is partially compensated
for by their increased length, inducing an
increased number of meanders, which can even
take the shape of a glomerular cluster in the most
severe forms (lipodermatosclerosis, white atro-
phy). As soon as the first trophic troubles occur,
the venules are not visible any longer (Fig. 6)
(Fagrell 1995a; Franzeck et al. 1984; Stucker
et al. 1995).

In arterial insufficiency, Fagrell has described
three classes of increasing severity and validated

their discriminating value for the local trophic
prognosis (Fagrell et al. 1984; Bollinger and
Fagrell 1990):

(A) Capillary dilatation
(B) Edema impairing capillary visualization
(C) Absence of visible capillary (pre-necrosis

stage)

Qualitative capillaroscopy is mainly used for
the morphological information it provides, and it
is superior to indirect techniques (laser Doppler,
transcutaneous PO2) because it is free from inter-
pretation artifacts, a considerable advantage in a
field as complex as microcirculation. However the
absence of quantification and the subjective and
operator-dependent character of capillaroscopy
show its limitations, but they are about to be
overcome with image analysis techniques which
currently allow the development of quantitative
capillaroscopy.

6 Capillaroscopy and Smoke

Smoking induces morphological changes of cap-
illary loops which become more tortuous but also
loads to a decrease in capillary loop number in the
face (Petitjean et al. 2006a). It has to be related to a
decrease of the radiance in smokers (Petitjean
et al. 2006b).

Table 6 Pathological or cosmetic usefulness of
videocapillaroscopy

Peripheral arterial
obliterative disorders
(Fagrell 1995b)

Specific morphological
changes

Venous insufficiency
(Fagrell 1995b)

Rarefaction and
dilatation of the
capillary loops

Diabetes mellitus (Chang
et al. 1997)

Tortuous and dilated
capillaries

Hypertension (Serne
et al. 2001)

Capillary rarefaction

Psoriasis (Bull et al. 1992) Grossly dilated and
tortuous capillaries

Many more perfused
capillaries

Aging (Priollet et al. 1987;
Kelly et al. 1995)

Reduced dermal
papillary loops

Effects of topical cosmetics
or chemical agents

Fig. 6 Lower limb venous
insufficiency: dilated loops
and heterogeneous
distribution
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7 Age-Related Changes
of the Cutaneous
Microcirculation

A significant decrease in cutaneous capillary loop
density is observed with age. Themicrovasculature
is regularly formed in young skin, with many
orderly arranged capillary loops (dots) and some
horizontal vessels (lines) (Li et al. 2004). It
becomes thicker, twisted, and irregular in older
skins, with horizontal vessels that appear tortuous,
elongated, disorganized, and dilated (Zhu
V. Assessment of cutaneous microvasculature in
aging and photoaging: a videocapillaroscopic
study on Caucasian women. Personal data). Thus,
the parallel vasculature can be more easily
observed with aging. The result accords with that
of biopsy specimens observed by light or electric
microscope. As the epidermis becomes thinner, the
transparency of the skin increases, facilitating the
observation of the papillary vascular plexus. And
as the vasculature expands and thickens, some of
the microvasculature usually difficult to observe
and the deeper vasculature can also be examined.

The capillary loops in the dermal papillae
decrease but the subpapillary plexus increase
with age (Li et al. 2006a). A marked site and age
effect on the skin microcirculation has been dem-
onstrated (Li et al. 2006b). The density of capil-
lary loops in old people decrease by 40–70 %
compared with young, whereas the vascular
length increases by 35–150 %. Besides the capil-
lary density in the back of the hand is four times
higher than in the crow’s feet. The vascular length
in the crow’s feet is three times longer than in the
back of the hand.

8 Pharmacological Inhibition
of the Dermal Microcirculation

A pharmacological agent such as
Neo-Synephrine is able to induce dermal capil-
lary density reduction after topical application
(Degouy et al. 2002; Sainthillier et al. 2002). In
this case, videocapillaroscopy is a reliable tool
to quantify in vivo the capillary loop density in
the dermis before and after the application of the

solution. This pharmacological model could be
useful to evaluate the effects of different cos-
metic or drug agents able to inhibit the dermal
adrenergic response in dermis.

9 Morphometry and Capillary
Densitometry In Vivo

9.1 Imaging and Pattern Analysis

Automated morphometry in nailfold capillaro-
scopy is now available, based on the association
of numerical image analysis with videomicroscopy
(Michoud et al. 1994). The technique is quickly
progressing in its processing capacities while its
cost is reducing. The systems currently developed
for skin microcirculation allow the automatic quan-
tification of diameters, lengths, areas, and capillary
densities; it is therefore possible to obtain very
discriminating parameters for the diagnosis of con-
nective tissue diseases while comparative follow-
up is facilitated (Michoud et al. 1994).

9.2 Geometrical Capillary Network
Analysis (Humbert et al. 2006)

In any body site quantitative capillaroscopy is
made possible due to the development of comput-
erized systems. Capillary position, size distribu-
tion and density, intercapillary distance, and
volume fraction can be extracted from the images
(Hern and Mortimer 1999; Sainthillier et al. 2003)
(Figs. 7 and 8). An automated counting of capil-
laries is also available. Zhong et al. described a
method to describe the capillary network by using
image processing and Delaunay triangulation
(Fig. 9) (Zhong et al. 2000). Since recent years
have witnessed a strong resurgence of interest in
the field on neural networks, we can imagine
neural architectures for treating capillary distribu-
tion in the skin. Accordingly the efficiency of
using auto-associative memory to detect and
store quantitative capillary features is under inves-
tigation in some laboratories, while capillary net-
works are tentatively built up using capillary
coordinates computed by the neural system
(Sainthillier et al. 2005).
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10 Capillary Hemodynamics

As far as clinical research is concerned, some
capillaroscopy techniques have dealt with a quan-
titative approach of capillary hemodynamics.

10.1 Capillary Pressure Measurement

The direct measurement of the capillary pres-
sure is possible with a micropipette controlled

by a micro-manipulating device; the examined
finger is carefully attached in order to avoid any
movement. The measured pressure is that of the
counterpressure that has to be exerted to avoid
the return of the capillary red blood cells toward
the micropipette. Instantaneous pressure can
therefore be recorded on a simple water column,
but a device has been developed which allows
the recording of the pressure variations
according to the weather using a servo control
system based on the electrical resistance

Fig. 7 Example of
Delaunay triangulation
applied to an image with
noise (scalp, 1.52 � 1.14
mm2, objective� 200). The
red dots mark the detected
capillaries, the black dots
the capillaries located on the
convex envelop. An artefact
without capilliaries is
visible at the centre, it
loosens the structure of the
network in this area

Fig. 8 Example of Voronoi
diagram (scalp, 1.524 �
1.14 mm2, objective �
200). Each polygonal cell is
defined by a set of dots that
are closer to the centre of
the cell than any other dot in
the diagram. The green
arrows indicate the
polygons eliminated from
the calculation of surface
(after normalisation of the
distribution of the surfaces)
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variations of the micropipette associated with
blood inflow. This “servo-nulling system”
(IPM®) enabled Mahler to show persistent syn-
chronous oscillations of the arterial pulses at
capillary level (Bollinger and Fagrell 1990).
These techniques have been applied by Tooke’s
team also; they studied the influence of the skin
temperature and position on the capillary pres-
sure (Bollinger and Fagrell 1990). They have
also shown the existence of a dysregulation of
the skin capillary pressure in diabetic patients
(Tooke 1995). The use of these techniques is
rare because they require a sophisticated equip-
ment, a great skill, a lot of experience, and the
subjects’ full cooperation.

10.2 Red Blood Cell Speed Assessment

Videocapillaroscopy (such as IPM®) has shown
the heterogeneity of the capillary content (red
blood cell aggregates, leukocytes, and plas-
matic gaps and their moves along the blood
flow). The optical density variations with time
can be recorded in different points of the cap-
illary loop, and by image cross correlation it

has been possible to calculate the time neces-
sary for the red blood cells to go from one point
to the other and deduce their average speed.

CapiFlow® is a software permitting a direct
and noninvasive assessment of blood cell velocity
in single capillaries. The microscope is coupled
with a television set up and a higher magnification
(250–1000�) is needed than for videocapil-
laroscopy. So, one can easily observe blood cell
aggregates in the lumen of the capillary loops.
These aggregates are separated by plasma gaps.
Obtaining a good, sharp, and contrasted picture is
needed, and a relatively long straight portion
(>40 μm) of the capillary loop has to be observed.
The method requires very good optical quality
images obtained with high magnification and
without interfering movements and seemingly
can only be used on periungual areas. It has
allowed Fagrell’s group to study vasomotion and
post-ischemic reactive hyperemia at capillary
level, in healthy subjects and in various diseases:
arteritis, diabetes, and myeloproliferative syn-
dromes (Bollinger and Fagrell 1990; Fagrell
1985; Hahn et al. 1998).

The technique called “flying spot” is simpler
and consists in generating a virtual image moving

Fig. 9 The Voronoi diagram is a partition of the space into
polyhedrons. Each polyhedron, called the Voronoi cell, is
defined as the set of points which are closer to the center of
the cell than to any other point in the diagram. The set of all
Voronoi cells and their faces forms a cell complex. The

verticals of this complex are called the Voronoi verticals,
and the peripheral unbounded edges are the Voronoi rays.
In this two-dimensional image each capillary barycenter is
considered as the center of a polygon (Laboratory of Engi-
neering and Cutaneous Biology, Besançon)
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parallel to a capillary and controlling its speed
while recording a capillary flow sequence. The
red blood cell speed is then that of the virtual
object; it is therefore an operator-dependent tech-
nique; however it can be used with average quality
images (Boss et al. 1987).

11 Capillaroscopy and Fluorescent
Tracers

Common capillaroscopy methods use the natural
contrast produced by hemoglobin. As seen earlier,
they do not visualize the capillary wall, but only
the red blood cells that cast the vessel. Thus, only
functional capillaries can be detected. But the
column of red blood cells is most of the time
separated from the vessel wall by a
non-negligible plasma layer, even in periungual
capillaries. Some capillaries may even be filled
with plasma only, as in cases of hyperviscosity
syndromes or vasoconstrictive episodes. The use
of fluorescent products with plasmatic diffusion
has permitted to visualize and measure the actual
vessel diameter (Lamah et al. 1996). Furthermore
the transcapillary diffusion of fluorescent tracers
could also be quantified by videodensitometry.
These techniques have mainly been developed,
in humans, by Bollinger’s group in Zurich. They
used fluorescent tracers, mainly Na-fluorescein,

which require a fluorescence microscope, that is
to say with a system of mercury vapor illumina-
tion and a system of appropriate excitation and
absorption filters (Bollinger and Fagrell 1990;
Bollinger et al. 1982).

The more usual method uses intravenous injec-
tion of 0.02 ml/kg 20 % sodium fluoresceinate, a
compound widely used in ophthalmology. The
compound diffuses more or less quickly through
the skin capillary wall. The technique has been
used to quantify the transcapillary exchanges of
small molecules. Plasma-perfused capillaries are
delineated allowing the calculation of several per-
fusion indices (Carpentier and Maricq 1990).
More invasive, because of the necessity to per-
form an intravenous injection, this technique
improves greatly the detection of pathological
abnormalities of the nutritional network. Diffu-
sion was found increased in diabetes and systemic
sclerosis (Fig. 10) (Bollinger and Fagrell 1990;
Bollinger et al. 1982, 1986). Troubles resulting
from endothelial damage have also been
evidenced in lower limb chronic ischemia of arte-
rial origin and in vasculitis.

The dextran FITC ofmolecular weight 150,000,
injected intradermally, is resorbed by the lymphatic
system and can therefore visualize its more super-
ficial elements. The visualization of the small lym-
phatic canals has given information about their
hydrodynamics (pressure, speed) with the

Fig. 10 Fluorescence
capillaroscopy in a patient
with systemic sclerosis.
Large perivascular halo
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abovementioned techniques used in blood capil-
laries (Bollinger et al. 1989; Franzeck et al. 1993;
Mellor and Mortimer 2004).

The use of indocyanine green, which binds to
albumin, explores the permeability to macro-
molecules. It has allowed to measure the capil-
lary dimensions with accuracy and showed the
existence of microaneurysms undetected by
classic capillaroscopy. This technique requires
infrared videomicroscopy. All these techniques
remain in the field of research, as the innocu-
ousness of compound injection has not been
proved yet.

12 Conclusion

The determination of morphological or dynamic
changes in the cutaneous microcirculation is one
of the main objectives of the noninvasive
biometrology techniques. As far as subepidermal
microvasculature is concerned, capillaroscopy is
both the oldest and the simplest one, while also
the soundest as it is based on a visual and direct
observation. Recent progress has made it available
for any skin site, which is of major importance in
dermatology and cosmetology. Thus, every capil-
lary modification due to topical cosmetic products
or chemical agents can be observed from now. In
pathology, numerous are the conditions that can be
examined with this new system. Hence, it is now
being used routinely in most hospitals and compa-
nies. Furthermore capillaroscopy is becoming a
quantitative tool, which will enhance its potential
and foster its use both in research and clinical
practice. Accordingly it is in the verge to serve as
an irreplaceable way of studying the physiology
and pathophysiology of the skin capillary circula-
tion in health and disease.
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1 Assessing Cutaneous Sensory
Function

Noninvasive assessment of cutaneous sensory can
be divided into three main categories:

• Quantitative assessment of ongoing clinical
sensory abnormalities (e.g., itch, pain)

• Quantitative assessment of experimentally
evoked cutaneous sensory responses for diag-
nosis and monitoring in the clinic

• Quantitative assessment of experimentally
evoked cutaneous sensation for basic studies
in healthy volunteers under normal conditions
and conditions with experimentally induced
cutaneous hyperexcitability (e.g., allokinesis,
allodynia)

Quantitative sensory testing (QST) involves a
large variety of stimulus modalities (thermal,
mechanical, chemical, electrical) and assessment
methods (psychophysics, electrophysiology,
imaging, microdialysis). QST can provide an
understanding of the mechanisms involved in sen-
sory transduction, transmission, and perception
under normal and pathophysiological conditions
and hopefully provide mechanism-based diagno-
sis, prevention, and management of skin-related
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disorders. Different QST protocols have been
suggested for profiling patients (particularly in
the area of pain), and the QST battery developed
by the German Research Network on Neuropathic
Pain is the one applied in most studies (Geber
et al. 2011; Magerl et al. 2010; Maier
et al. 2010). Briefly, the protocol assesses the
function of small (thermal thresholds) and large
(tactile and vibration thresholds) nerve fiber path-
ways and increased/decreased pain sensitivity
(hyperalgesia, allodynia, hyperpathia, windup-
like pain). The battery consists predominantly of
cutaneous stimulus modalities but not including,
e.g., itch and associated aspects such as
allokinesis. The challenges for the future are to
develop QST platforms adequate for children or
elderly possible demented patients.

In QST studies, the focus and mind-set is often
toward hyperexcitable responses, but it is impor-
tant to focus both on “gain-of-sensory-function”
and on “loss-of-sensory-function” as, e.g.,
hyperalgesia, analgesia, allodynia, and
allokinesis.

Individual QST technologies for assessing sen-
sory function can furthermore be used for drug
profiling and for development of new therapies
for, e.g., itch or pain.

A number of fundamental sensory mechanisms
observed in animals have important implications,
for which QST techniques should be developed
and how they can be applied in human basic,
clinical, and drug screening studies.

Avariety of the sensory stimulation procedures
may cause additional responses in association
with the sensory responses. One such additional
response is provocation of vasomotor reactions.

2 Assessing Provoked Vasomotor
Reactions

Under physiological conditions, skin blood flow
plays an essential role in thermoregulation. Proper
and timely responses to heating and cooling due
to, e.g., environmental changes control and main-
tain the body homeostasis. Cutaneous vasodilata-
tion and vasoconstriction are the two key
components of this thermoregulatory system. In

humans, cutaneous circulation is under control of
several systems including endothelial, adrenergic,
and sensory systems. Several factors have been
identified that alter function of these systems and
malfunctioning result in different skin circulation
disorders.

Application of direct local controlled heat on
the skin promotes a transient vasodilation through
an axon reflex that reaches to a plateau status. This
phase is thought to be nitric oxide dependent and
is followed by the die-away phenomenon, which
is a slow reversal and has been shown to rely on
intact sympathetic vasoconstrictor nerves.
Barcroft and Edholm (1943) were first to test the
effects of warming and cooling using a wide range
of temperatures in human forearm skin. They
found that blood flow reached its highest level at
42 �C, which was the maximum applied heat.
They also reported a pattern following local
heating that is mainly characterized by an early
transient peak in skin blood flow, followed by a
prolonged plateau phase and a return to blood
flow levels of baseline over time. Their investiga-
tions provided a basis for later studies looking into
possible involved mechanisms, e.g., how direct
skin warming causes vasodilation. It has been
known that direct warming of the skin causes a
vasodilation that depends on several parameters,
for instance, the degree of applied heat and that
how fast the heat is being delivered (Hodges
et al. 2009; Minson et al. 2001). Rapid application
of local heat to 42 �C increases the skin blood flow
to its maximum in the applied area (Minson
et al. 2001; Johnson et al. 1986). This unique
characteristic is perhaps due to the fact that at
this temperature, cutaneous vascular smooth mus-
cle is fully relaxed, and local warming to 42 �C is
often used in experiment comparing blood flow
measurement at different sites or different subjects
(Kellogg et al. 1993). Several systems have an
influence on the response pattern: the NO system,
adrenergic nerves, and sensory nerves. Mecha-
nisms underlying changes due to local warming
have been reviewed elsewhere (Johnson and Kel-
logg 2010; Charkoudian 2010).

Based on the fact that local heat enhances blood
flow in regionalmicrocirculation and to some extent
blood vessel permeability, this technique can be
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used to facilitate drug transfer to the systemic circu-
lation. Controlled heat application is a simple and
noninvasive method that may improve transcutane-
ous drug delivery most likely through the enhance-
ment of skin penetration of a topically applied
medication or increasing of drug absorption.

Below, we highlight cutaneous vasomotor
reactions in response to direct local controlled
heat based on our findings through series of exper-
iments in healthy humans. Although glabrous skin
in the forearm has been the most commonly used
site, various body regions have been tested in line
with any potential sex-related difference that can
alter response to direct local heating.

2.1 Paradigms of Direct Local
Controlled Heat Application

Skin vasomotor responses in several different
body regions of healthy men and women were

recorded after application of direct local con-
trolled heat (Gazerani and Arendt-Nielsen 2011).
Different paradigms were applied (38, 41, and
43 �C, each for 15, 30, and 60 s) in forehead,
forearm, dorsal hand, dorsal foot, and abdomen.
Skin blood flow and skin temperature are mea-
sured by sophisticated techniques of laser Doppler
imaging (MoorLDI), speckle contrast imaging
(MoorFLPI), and thermography. Figures 1 and 2
show representative images taken by MoorFLPI
and FLIR thermal camera following the applica-
tion of transient direct local controlled heat (43�/
60 s). One should consider that a linear associa-
tion between surface temperature and blood flow
has not always been shown (Vuksanovic
et al. 2008). This study aimed at finding a standard
basis to produce a stable and significant potenti-
ating of skin perfusion that might be applicable for
drug delivery purposes. Findings indicated that a
transient direct local controlled heat application at
43 �C for 60 s can significantly elevate skin blood

Fig. 1 Speckle contrast images taken by FLPI (Moor
Instruments, Devon, UK). Recordings made from forearms
at baseline, 1 min, 5 min, 10 min, and 15 min (left to right
in the row) following the application of transient direct

local controlled heat (43�/60 s). Red color represents high
flow rates and blue color represents low flow rates. ROI
region of interest 3 � 3 cm

Fig. 2 Thermographic images taken by FLIR
(ThermoVision A40M, Sweden). Recordings made from
forearms at baseline, 1 min, 5 min, 10 min, and 15 min (left
to right in the row) following the application of transient

direct local controlled heat (43�/60 s). Red color represents
higher temperatures and blue color represents lower tem-
peratures. ROI region of interest 3 � 3 cm
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flow and skin temperature with a peak at 5 min
and maintenance above baseline for up to 15 min
after termination of heat application (60 s). Inter-
estingly, the various body regions did not show
any difference, and the phenomenon of enhanced
vasomotor responses was sex independent, pain-
free, and well tolerated. In addition, the effect is
retainable by repeated application of the same
paradigm at 10 min intervals (Gazerani and
Arendt-Nielsen 2011).

Enhancement of drug absorption from trans-
dermal or subcutaneous delivery systems has been
shown during a heat exposure (Shomaker
et al. 2000; Klemsdal et al. 1992). This technique
leads to elevated absorption rate and the total
amount of the absorbed drug (plasma concentra-
tion) (Barry 2001). Enhanced drug absorption,
through increased tissue perfusion, depends on
several factors including the ability of a drug to
diffuse across the membrane of the vessels, per-
meability of blood vessels within that region, and
to some extent surface area available for drug
diffusion (Song 1984). The anatomy of the vessel
plexus in the skin and also the duration of
vasodilatory response are important factors
(Braverman 2000). Local controlled heat most
likely enhances drug delivery by influencing the
upper horizontal plexus which is located in the
papillary dermis just below the epidermis. How-
ever, prolonged application of heat might also
affect the lower horizontal plexus located in the
deep dermis at the border of the underlying sub-
cutaneous tissue. Results from the chosen para-
digm in our study were not site or sex dependent,
which reflect the general application of such tech-
nique to enhance vasomotor responses in
human skin.

2.2 Application of the Selected
Paradigm of Local Controlled
Heat for Drug Delivery

Following setting up of the parameters, in two
subsequent studies, we have tried to utilize the
local controlled heat-evoked vasomotor response
to investigate whether this technique can enhance
the absorption of nicotine from a patch (Petersen

et al. 2011) or insulin following subcutaneous
injection (Jakobsen et al. 2011).

The nicotine patch study was based on previ-
ous reports on elevated drug uptake in subjects
wearing a nicotine patch in a sauna (Vanakoski
and Seppala 1998). Similar cases have been
reported on elevated absorption of nitroglycerine
from patches during exposure to high ambient
temperature (Barkve et al. 1986).

2.2.1 Nicotine
For nicotine, we investigated whether the applica-
tion of controlled local heat would result in ele-
vated transdermal delivery from the nicotine patch
mounted on the upper arm of healthy nonsmoking
male Caucasian subjects. In addition to monitor-
ing the vasomotor responses to heat by LDI and
thermography, the residue of the nicotine patches
was determined by high-performance liquid chro-
matography (HPLC) to have a measure of nicotine
uptake from the patch. This study revealed a pos-
itive correlation between nicotine absorption and
vasomotor response (Petersen et al. 2011). How-
ever, individual variation in responses was a lim-
iting factor. Theoretically, following application
of controlled local heat, drug uptake would
increase from patches, and it may give a possibil-
ity for drug absorption at higher level or quickly
when it is needed. It is valuable to note that drug
concentration following heat application should
still remain within the therapeutic range to avoid
any safety issue and toxicity. To achieve this,
different drugs should be tested in order to vali-
date controlled local heat application as a method
in cutaneous drug delivery.

2.2.2 Insulin
For insulin, we aimed to investigate whether local
controlled heat application can enhance the
absorption of drug from a reservoir in the subcu-
taneous tissue and elevate the insulin level or
reduce the blood glucose (Jakobsen et al. 2011).
The study was designed in a pharmacokinetic-
type study to follow up changes over time with
repeated blood sampling. This strategy allowed us
to study the rate and amount of absorption of
subcutaneously injected insulin (short-acting
insulin: Actrapid®, 100 IU/ml). Controlled heat
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application at the site of insulin injection signifi-
cantly enhanced tissue perfusion. However, no
correlation was found between insulin absorption
and tissue perfusion. This finding suggests that
tissue perfusion is not the rate-limiting factor in
the absorption of high-concentration short-acting
insulin from a subcutaneous depot. This is most
likely due to the fact that dissociation of insulin
hexamers into dimers and monomers is a major
rate-limiting factor in this case. Therefore, insulin
analogues can be better choices as these types are
only present on absorbable forms, whereby disso-
ciation should not constitute a limiting factor.

Insulin absorption rate from an injection site
has been shown that it is related to ambient tem-
perature (Vanakoski and Seppala 1998; Guerci
and Sauvanet 2005; Koivisto et al. 1981). Warm
environment has been associated for up to fivefold
higher insulin absorption most likely due to ele-
vated skin temperature and blood flow (Koivisto
et al. 1981). The effect of sauna on insulin absorp-
tion from a subcutaneous injection site has also
been investigated (Koivisto 1980; Cuppers
et al. 1980).

3 Application of the Local
Controlled Heat
in Sensitized Skin

In a recent study (Nielsen et al. 2013), the magni-
tude, temporal and spatial pattern, and sex differ-
ences of the vasomotor responses to local
controlled heat (43 �C for 60 s) before and after
topical capsaicin (cream, 1%) were assessed. This
study aimed at finding the effect of controlled
local heat on a pre-sensitized skin. Regions of
interests were defined and monitored thoroughly
by thermography and speckle contrast imager.
The latter novel technique is highly sensitive
with higher temporal resolution that can take
blood flow images of large areas in different skin
regions at the same time. Priming of skin sensi-
tivity by topical capsaicin in this study signifi-
cantly enhanced skin vasomotor responses for up
to 30 min. The response was with a greater mag-
nitude in females but longer and well spread in
males. This prolonged and spatially expanded

vasomotor response to the standardized local
heat application was limited due to ceiling effect
of the vascular network responses to capsaicin-
induced neurogenic inflammation, which high-
lights the point that using controlled heat tech-
nique for drug delivery purposes might not yield
the same results under normal intact skin in com-
parison with primed sensitized skin.

4 Conclusion

In summary, application of heat (43 �C) for a short
duration of time (60 s) can enhance the local
vasomotor responses with no associated short- or
long-term side effect. Under normal condition, it
lasts for 15 min, while the response is twice longer
in a sensitized skin. The applied paradigm (43 �C
for 60 s) was independent of body region or sex
under normal condition; however, in a sensitized
skin, females respond with a greater magnitude
and males with longer lasting and more spread.
Testing the method for two different drugs admin-
istered by two different routes showed that both
routes of administration and drug itself are impor-
tant factors to find a correlation (nicotine) or not to
find a correlation (insulin).
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1 Introduction

The term “microcirculation” refers to the blood
vessels with a diameter plantar to 150 μm, which
encompasses arterioles, capillaries, and venules.
Recently, a physiology-based definition was pro-
posed, according to which microcirculation refers
to all vessels responding to an increase of internal
pressure by a myogenic reduction in lumen diam-
eter. This definition also includes small arteries
(Levy et al. 2001). Microcirculation vessels pro-
vide a large surface area which is needed for
blood-tissue exchange (Verdant and De Backer
2005), while avoiding large fluctuations in capil-
lary hydrostatic pressure and determining the
overall peripheral resistance (Levy et al. 2001).

1.1 Skin Microcirculation

The cutaneous vessels are present in the dermis
and, according to their dimension, belong to the
microcirculation. They are responsible for three
main functions – skin tissue nutrition, thermoreg-
ulation heat exchange, and blood flow redistribu-
tion during stress (Roddie 1983). The skin
vasculature has a peculiar organization, consisting
of two horizontal arterial plexuses in the dermis –
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an upper (superficial) horizontal plexus in the
papillary dermis, involved in the skin nutrition,
and a lower (deep) horizontal plexus at the
dermal-subcutaneous border, involved in thermo-
regulation (Braverman 1997). A special feature of
human skin microcirculation is arteriovenous
anastomoses (AVAs), which are direct connec-
tions between arterioles and venules at the deep
plexus. These are mainly found in the apical
regions of the skin and are particularly numerous
in the nail beds, digital tips and palmar surfaces,
and soles and are practically absent in these areas
dorsum (Braverman 1997).

Skin blood flow is regulated by both neural and
local mechanisms. Neural mechanisms consist of
sympathetic vasoconstrictor fibers that supply all
skin areas, both glabrous and non-glabrous, and
sympathetic vasodilator fibers that supply only the
latter (Lenasi 2011). These neural-mediated
mechanisms are modulated by diurnal rhythms
(Aoki et al. 2003), physical exercise (Johnson
et al. 1996), and menstrual cycle (Charkoudian
and Johnson 2000).

The local mechanisms that control skin blood
flow include factors released by the vascular
endothelium and by local nerve endings. The
endothelium responds to physical and chemical
stimuli via production of a wide range of vaso-
constrictor and vasodilator substances, which reg-
ulate vascular tone, cellular adhesion,
thromboresistance, smooth muscle cell prolifera-
tion, and vessel wall inflammation (Deanfield
et al. 2007; Minson 2010).

The skin is a favorable site for microvascular
investigation because it is readily accessible and
it allows the application of stimuli with noninva-
sive or minimally invasive procedures (Minson
2010). Furthermore, it has been suggested that
the cutaneous microcirculation can serve as
potentially representative of vasculature for the
study of physiological regulation and systemic
dysfunction mechanisms (Holowatz et al. 2008).
Since microvascular dysfunction is a systemic
process that occurs in a similar way in multiple
tissue beds throughout the body (Sax et al. 1987),
the skin can likely be used as a surrogate marker
of systemic microvascular function in various
diseases (Holowatz et al. 2008). It has been

used as a research model for hypercholesterol-
emia (Khan et al. 1999), hypertension (Rizzoni
et al. 2003), renal disease (Stewart et al. 2004),
type II diabetes (Sokolnicki et al. 2006), periph-
eral vascular disease (Rossi and Carpi 2004),
atherosclerotic coronary artery disease
(Shamim-Uzzaman et al. 2002), heart failure
(Cui et al. 2005), and primary aging (Thompson-
torgerson et al. 2007).

Laser Doppler flowmetry (LDF) is definitely
one of the most popular assessment techniques,
although its use is not very common in the clinical
setting. LDF is based upon measurement of the
Doppler frequency shift in monochromatic laser
light which is backscattered from cutaneous tis-
sue. The frequency shift is associated with veloc-
ity of moving particles within the tissue, primarily
red blood cells (Sacks et al. 1988). Moreover, it
can be continuously measured when coupled to
provocation tests which can change the resting
flow conditions, allowing to assess the mecha-
nisms involved (Holowatz et al. 2008; Rossi and
Carpi 2004; Thompson-torgerson et al. 2007;
Cracowski et al. 2006). The most commonly
employed tests include postural changes
(Abu-Own et al. 1994; Husmann et al. 2008;
Silva et al. 2013a), limb occlusion (Silva
et al. 2013a; Berry et al. 2000; Morales
et al. 2005), drug application (Morris and Shore
1996), heating the skin (Minson et al. 1985;
Schubert 2000), and oxygen breathing
(Silva et al. 2013b; Crawford et al. 1985; Harward
et al. 1985).

LDF provides a sensitive, continuous, nonin-
vasive, and real-time assessment of blood flow,
uninfluenced by the underlying skeletal muscle
blood flow (Saumet et al. 1988). The considerably
complex nature of the signal variability (Srinivasa
and Sujatha 2011), however, can make LDF dif-
ficult to understand, justifying the use of several
strategies to look further to its components, as
follows:

1.2 Wavelet Transform

The oscillatory components of LDF signal have
been investigated with linear methods, such as the
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Fourier transform (Rossi et al. 2006) and the
wavelet analysis (Bernjak et al. 2008).

A wavelet is defined as a small wave or oscil-
lation that decays quickly. Morlet considered
wavelets as a family of functions constructed
from translations and dilations of a single function
called the “mother wavelet” Ψ(t) defined as
(Sifuzzaman et al. 2009)

ψa, b tð Þ ¼ 1
ffiffiffiffiffiffi

aj jp ψ
t� b

a

� �

, a, b�R, a 6¼ 0 (1)

The parameter a is the scaling parameter or scale,
and it measures the degree of compression. The
parameter b is the translation parameter which
determines the time location of the wavelet. If |a|
< 1, then the wavelet in the above equation is the
compressed version (smaller support in time
domain) of the mother wavelet and corresponds
mainly to higher frequencies. On the other hand,
when |a| > 1, then Ψa,b(t) has a larger time-width
than Ψ(t) and corresponds to lower frequencies.
Thus, wavelets have time-widths adapted to their
frequencies (Sifuzzaman et al. 2009).

These spectral analyses have shown several
components, or oscillators, that regulate local
blood flow and which are well-defined in their
own frequency interval:

– Heart (0.6–2 Hz)
– Respiration (0.15–0.6 Hz)
– Myogenic activity at vessel wall

(0.052–0.15 Hz)
– Sympathetic activity (0.021–0.052 Hz)
– NO-dependent metabolic activity

(0.095–0.021 Hz) (Landsverk et al. 2007)

However, there is a complex interaction
between these components, making the isolation
of individual signals a difficult task.

1.3 Detrended Fluctuation Analysis

The detrended fluctuation analysis (DFA), a
method developed by Peng et al. (1994), provides
a quantitative parameter, the scaling exponent α
that represents the correlation properties of

nonstationary, noisy time series. The following
procedure is used to calculate the scaling expo-
nent α (Peng et al. 1995):

First, given a time series xi, i = 1 , . . . ,N, is
obtained:

y kð Þ ¼
Xk

i¼1
xi � x½ �; (2)

where

x ¼ 1

N

XN

i¼1
xi (3)

Then, the cumulative summed series y(k) is
divided into nonoverlapping boxes of equal
length, n. In each box, we fit y(k), using a least-
square line fit, which represent the local trend in
that box. The y-coordinate of the fit line in each
box is denoted by yn(k). The cumulatively
summed signal, y(k), is detrended by subtracting
the local trend, yn(k), in each box of length n. For a
given box size n, the root-mean-square (rms) fluc-
tuation for this cumulatively summed and
detrended signal is calculated:

F nð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

XN

k¼1
y kð Þ � yn kð Þ2
h i

r

(4)

Repeating this calculation over all box sizes, we
obtain a relationship between F(n) and the box
size n. For fractal, self-similar, signals, F(n)
behaves as a power-law function of n, and the
data can be described by

F nð Þ �d Cnα (5)

where C is a constant of proportionality and the�
symbol represents that the statistical properties of
both sides of the previous equation are identical
only in distribution. The scaling exponent α rep-
resents the correlation properties of the signal and
e [F(n)] to log n, log[F(n)] = log C + α log n.

The classification of a fractal signal by DFA is
possible based on the value of α (Eke et al. 2002):
for the 0 < α � 1 corresponds to the fractional
Gaussian noise (fGn). A value of α = 0.5 indi-
cates that the signal is completely uncorrelated
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(white noise). When α <0.5 the signal indicates
short-range correlation. Long-range correlations
are present when 0.5 < α � 1. In the case of
α > 1, the time series is analogous to another
class of fractal time signal, fractional Brownian
motion (fBm). The value of α = 1.5 corresponds
to long-range correlations that are not necessarily
related to stochastic processes and may be
reflecting deterministic correlations.

The advantage of DFA over conventional
methods is that it permits the detection of long-
range correlations embedded in a seemingly
nonstationary time series, while avoiding the spu-
rious detection of apparent long-range correla-
tions that are an artifact of nonstationarity (Peng
et al. 1995). The DFA scaling exponents have
been used to distinguish signals obtained from
physiologic and pathophysiological conditions
and have shown some utility as a diagnostic tool
(Esen and Esen 2006).

1.4 Multiscale Entropy Analysis

Costa et al. (2002, 2012) proposed the multiscale
entropy (MSE) concept, which allows the analyst
to approach short and noisy physiological time
series; MSE consists of obtaining the entropy
values, which are a measure of uncertainty,
through several scales. For this purpose, given a
time series xi, i = 1, . . . ,N, a consecutive coarse-
grained time series y(τ) is constructed:

y
τð Þ
j ¼ 1

τ

Xjτ

i¼ j�1ð Þτþ1
xi (6)

where τ represents the scale factor and1 � j � N
τ= .

The sample entropy (SampEn) of each coarse-
grained is then computed. SampEn(m,r,N) is the
negative natural logarithm of the conditional proba-
bility that a dataset of length N, having repeated
itself with a tolerance r form points, will also repeat
itself for m + 1 points, without allowing self-
matches:

SampEn m, r,Nð Þ ¼ �ln
Am rð Þ
Bm rð Þ (7)

where Am(r) is the probability that two sequences
will match for m + 1 points and Bm(r) is the
probability that two sequences will match for
m points. The more regular and predictable a
time series, the lower the value of SampEn. The
more random a time series, the higher the value of
SampEn.

This chapter aims to discuss how the LDF
signal obtained from a healthy group of volunteers
performing a classic tourniquet-cuff occlusion in
the lower limb can be obtained and characterized,
having in mind its potential application as a pow-
erful quantitative indicator of in vivo vascular
function.

2 Materials and Methods

2.1 Subjects

A group of 30 subjects (15 males and 15 females),
aged between 18 and 26 (22.3 � 3.1) years old,
was studied after informed written consent. The
subjects had no known cardiovascular or meta-
bolic disease, were nonsmokers, and were not
taking any kind of medication, with the exception
of four women who were taking oral contracep-
tives. Restrictions included caffeine and alcohol
consumption as well as any topical products appli-
cation 24 h before the test.

The experimental protocols conformed to stan-
dards set in the latest revision of the Declaration of
Helsinki (World Medical Association Declaration
of Helsinki: ethical principles for medical
research involving human subjects 2013) and
was approved by the Institutional Ethics
Committee.

2.2 Instrument

Microcirculatory blood flow, expressed in arbi-
trary units (AU), was assessed by LDF (PeriFlux
PF 5010 system, Perimed, Sweden), whose probe
was applied on the plantar aspect of the second
toe. A total of 23 min of LDF signal was recorded
for each subject, with a sampling rate of 32 Hz.
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2.3 Experimental Design

All measurements were performed with con-
trolled room conditions (temperature: 21–23 �C;
humidity: 40–60 %, with minimal air movement
over the subject). Volunteers were lightly clothed
and acclimatized for 30 min prior to any proce-
dure, sitting upright with their feet exposed. The
ankle-brachial index (ABI) was determined in all
patients to exclude peripheral arterial disease. ABI
is obtained by dividing the systolic blood pressure
(SBP) measured at ankle level by the systolic
blood pressure measured at arm level (Anderson
et al. 2013). The suprasystolic occlusion maneu-
ver, a perfusion-reducing protocol, was performed
at the ankle level. With the subject seated in the
upright position, a pneumatic cuff (PF 5051 Pres-
sure Accessory Kit) was applied approximately
1 cm above the ankle for 10 min (phase I). Then,
the cuff was manually inflated to 200 mmHg for
3 min (phase II). After this period the cuff was
quickly deflated, allowing recovery (phase III).
The experimental setting is illustrated in Fig. 1.

2.4 Data Analysis

The LDF signal was partitioned using a Morlet
wavelet transform and subsequently selected
based on the limits of the determined cone of
influence. The subsequent analyses were
performed on the LDF data excluding the seg-
ments inside the cone of influence. The amplitude
ratio of each frequency component was deter-
mined by dividing the area under the curve of
each component sine wave by the area under the
curve of all components’ sine waves.

The DFA α coefficient and MSE complexity
index (CI), which corresponds to the area under
the MSE curve, were determined for each segment
of the LDF signal and for each component of the
wavelet transform using MATLAB toolboxes. The
DFA algorithm was implemented in which the LDF
signal was divided into 100 boxes of 5,000 samples
each. The MSE algorithm was implemented with
τ = 36,m = 2, and r = 0.15 x SD, where SD is the
standard deviation of the original time series.

Three periods, one of each phase of the pro-
tocol, were selected for statistical analysis: rest-
ing phase was considered between 6:30 and
9:30 min, the provocation phase was considered
between 10:00 and 13:00 min, and the recovery
phase was considered between 18:00 and
21:00 min. All statistical analyses were made
with IBM Corp. Released 2012. IBM SPSS Sta-
tistics for Windows, Version 21.0. Armonk, NY:
IBM Corp. The LDF signal component ampli-
tude ratios, α exponents, and complexity
indexes were compared for each phase of the
protocol by the Wilcoxon matched-pairs
signed-rank test. Gender contributions were
compared with the Mann-Whitney U test for
independent samples. A 95 % confidence inter-
val was adopted.

Fig. 1 Illustrative scheme of the experimental procedure
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3 Results and Discussion

Sample characteristics are displayed in Table 1.
ABI values were normal in the two aged-matched
groups, thus excluding peripheral arterial disease
from our sample. The resting blood flow showed a
wide variability, which could be attributed to the
fact that all variables that influence it could not be
controlled. These variables may include normal
levels of physical activity, food intake before the
procedure, phases of menstrual cycle (for
women), and/or the different timings for measure-
ments in different days (Tables 2 and 3).

The LDF signal for a representative volunteer
is depicted in Fig. 2. The suprasystolic occlusion
provokes a significant reduction in blood flow to
the foot, due to the mechanical compression. As
expected, when the occlusion was terminated, a
reactive hyperemia was observed – a physiologi-
cal response elicited in order to restore the tissue’s
viability and enable its recovery. After this period,
the resting perfusion value is reestablished,
suggesting recovery. Males were found to have a
higher blood flow in the resting and recovery
phases, and to suffer a lower perfusion reduction
during occlusion, although none of these differ-
ences were found to be statistically significant.

3.1 Wavelet Transform Analysis

The wavelet transform has a finite resolution,
resulting in broadened frequency peaks. The
same was observed for the LDF signal. We
observed that the lower frequency components
displayed broader waves and higher frequency
components displayed narrower waves, as
displayed in Fig. 3. The LDF signal was found

to be mainly of sympathetic and endothelial ori-
gin, owing to the large amplitude of these compo-
nents’ amplitude ratios. During limb occlusion
there was a significant decrease in the cardiac,
respiration, myogenic, and sympathetic amplitude
ratios. However, the metabolic amplitude ratio
increased significantly, suggesting that during
occlusion there is an endothelium-dependent NO
production increase. This supports known data
(Dakak et al. 1998), since an important contribut-
ing stimulus for the development of the said
hyperemia is the relaxation of vascular smooth
muscle due to NO production. During the recov-
ery period, all components’ amplitudes returned
to baseline, further suggesting a full recovery of
the resting conditions.

3.2 DFA Analysis

The unpartitioned LDF signal showed α ~ 1.0
during the resting phase, suggesting a 1/f noise-
like behavior. The α exponent increased, although
nonsignificantly, during the provocation phase. In
addition, no significant differences were found
between the resting and recovery phases. Figure 4
displays the DFA analysis of the LDF signal,
suggesting different scaling regions for each seg-
ment. No gender differences were found in the α
exponent for any of the phases of the procedure,
suggesting a similar behavior of the LDF signal in
males and females.

Regarding the partitioned LDF signal, all wave-
let components showed α > 0.5, translating posi-
tive self-correlated signals. However, different α
exponents were observed for different components,
as shown in Fig. 5. In the resting period, heart and
respiration activity components showed α ~ 1.0,
suggesting that these phenomena have a 1/f noise-
like behavior. However, myogenic (α ~ 1.42),
sympathetic (α ~ 1.55), and metabolic (α ~ 1.50)
activity components could reflect physiological
processes with characteristics closer to Brownian
noise (α = 1.5). The α exponents of the heart,
respiration, myogenic, and sympathetic compo-
nents significantly increased during occlusion and
decreased for the metabolic activity component.
During the recovery period, all activity

Table 1 Sample characteristics (SBP systolic blood pres-
sure, ABI ankle-brachial index, sd standard deviation)

Characteristic
Males
(n = 15)

Females
(n = 15)

Age (mean � sd) 22.6 � 3.1 22.0 � 4.4

Ankle SBP
(mmHg)

146.9 � 11.7 132.6 � 13,6

Arm SBP (mmHg) 125.6 � 5.3 116.6 � 11.5

ABI 1.2 � 0.1 1.2 � 0.1
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components, α exponents, and complexity indexes
return to baseline, suggesting a full perfusion
recovery under the present experimental condi-
tions. Our results are consistent with previously

published studies (Ferreira et al. 2011), demonstrat-
ing that DFA is a sensitive method for assessing
microvascular dynamics with corresponding
changes in the scaling regions.
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Fig. 2 Laser Doppler flowmetry (LDF) signal amplitude
in time, showing the three experimental phases: resting,
provocation, and recovery. Data is from a representative
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3.3 MSE Analysis

The entropy of the unfractionated LDF signal in
the resting phase decreased significantly during

occlusion, likely due to its decrease in variability.
The entropy value returned to baseline during
recovery. No gender differences were determined
for any of the phases of the procedure.
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Fig. 4 Detrended fluctuation analysis of the LDF time series (one representative subject) shown in Fig. 2: resting (red),
provocation (green), and recovery (blue)
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A plot of the scale factor versus CI for the
different phases of the protocol is shown in
Fig. 6. Our results have shown that MSE profiles
for the three phases of the protocol were
nonmonotonic, as previously observed
(Guerreschi et al. 2012). In the resting and recov-
ery phases, CI values increased to reach a maxi-
mum on τ = 8 and τ = 9. After reaching this
maximum, CI values decreased until reaching
τ = 12, where they increased upon reaching
τ = 15 and τ = 16 in the resting and recovery
phases, respectively. From these time scales, the
CI values decreased again until reaching a mini-
mum on τ = 26 and τ = 24 for the resting and
recovery phases, respectively. For the provocation
phase, the MSE profile was also nonmonotonic,
although less variable. CI values increased to a
maximum for τ = 9 and then decreased. For all
phases, the processes occurring around the time
scales corresponding to these maximum values
had the highest irregularity, after which the pro-
cesses become more regular and predictable.

Figure 7 shows a plot of alpha exponent of
three LDF signal segments versus CI. It shows
that the dispersion clouds related to resting and
recovery are practically superimposed, further

suggesting recovery of the LDF signal. The dis-
persion cloud related to the occlusion period,
although partially detached from the other two,
cannot be clearly isolated.

As observed in Fig. 8, the heart component
exhibited the highest entropy value, suggesting a
more random-like signal. Myogenic, sympathetic,
and endothelial components were present with
lower entropy values, suggesting a more regular
and predictable signal. The entropy of the fre-
quency components was significantly reduced
during occlusion and returned to baseline during
recovery.

4 Conclusions

The combined use of wavelet transform, DFA,
and MSE appears to have interesting potential to
become a complementary analysis tool for laser
Doppler flowmetry. A deeper look into the oscil-
latory components of this complex measurement
results, not only in a better view over the phe-
nomena regulating skin microcirculation, but also
contributes to expand the practical usefulness of
LDF in clinical, diagnostic, or research settings.
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Developed in the late 1960s (Sejrsen 1969),
epicutaneous xenon-133 clearance was a consid-
erable step forward: for the first time, an absolute
measurement of the skin blood flow was possible.
As such, it is still unchallenged and valid today.
Although noninvasive, it requires complex and
expensive equipment that can be used only in
nuclear medicine units. For that reason, it has
been supplanted by less reliable methods that are
more accessible.

1 Principle

The principle of epicutaneous xenon-133 clear-
ance is simple. A chemically inert although radio-
active gas, xenon-133, is applied on the skin only
for the time necessary for a small amount to pen-
etrate. Then its gradual disappearance from the
injection site is measured, since it is washed out
depending on the blood flow. Once in the dermis,
the xenon is extracted from the tissues by the
blood capillaries, then evacuated by the collecting
venules. However, the gas tissue/blood partition
coefficients (ratio of the solubilities in both) are
0.7 and 10 for the dermis and adipose tissue,
respectively. Such high liposolubility makes the
whole process complicated. When going through
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the hypodermis dissolved in the venous blood, a
fraction of the gas leaves the veins toward the
adipose tissue, but it is extracted from the adipose
tissue after a short time by the xenon-deprived
venous blood originating from the completely
purified dermis. Furthermore, another fraction of
the gas is dissolved in the stratum corneum, a
structure rich in lipids, thus introducing a third
source of elimination directly into the air at the
skin surface. Monitoring the decreasing amount of
xenon-133 vs time at the injection site is made
possible with the γ rays (Xenon-133 also emits
X-rays and β-rays (electrons). It is 50 available at
CIS-BIO International, 91400 Saclay, 51 France)
it sends out. The detector is a simple γ probe with
a meter, set on 80-keV radiation; a gamma camera
is not necessary. Xenon-133’s physical half-life is
5.27 days; therefore its disintegration is next to
zero following an examination lasting 1.5 h
maximum.

2 Technique

Sweating must be avoided because stratum
corneum hyperhydration and the presence of
sweat in the sweat ducts and on the skin surface
could facilitate a retrograde flow of xenon toward
the surface. On dry skin free of any ointment,
carefully degreased with ether and shaved if nec-
essary, a plastic gas-proof chamber is attached to
the skin with double-sided adhesive tape
(No chamber is on the market and consequently
it must be custom made, for example from the cast
of a mylar sheet.). The air of the chamber is
removed with a syringe and replaced by xenon-
133 (specific activity, 10 mCi/cm3) injected with
another syringe. It is left in place for 3 min, then
all the xenon is aspirated. The perfect adherence
of the chamber to the skin must be checked during
both aspirations. The chamber is then carefully
removed (avoid a shock that might induce vaso-
dilatation) and radioactivity is measured immedi-
ately at short intervals at first (for example every
10 s), then less often (for example every minute).
Because of the relatively slow elimination, the test
must last at least 1 h. These operations are
performed under an extractor, and both operator

and patient wear a lead protective apron, follow-
ing the usual safety procedures against ionizing
rays. The risk of radiodermatitis is insignificant.
The chamber holds 1 cm3 of xenon-133 gas, hence
10 mCi (370 mBq), and the recuperated volume is
identical. The amount absorbed cannot be mea-
sured accurately, but from the number of counts
found per minute (2,000–5,000); it is approxi-
mately 160 kBq, an insignificant amount because
it represents roughly 10�4 times the dose of radi-
ation generally used for diagnosis in thyroid gland
diseases. Furthermore, in these diseases, the
radioactive product (iodine-131) remains concen-
trated in a limited volume of tissue, whereas
xenon is eliminated quickly by the respiratory
system.

After test completion, the radioactivity vs
time curve is smoothed and then mathematically
processed using a two-compartment model that
takes into account the anatomical xenon path and
its two tissue/blood partition coefficients
(Sejrsen 1969, 1995; Cardot et al. 1977). Its
breakdown into two exponential curves (Fig. 1)
provides the dermis and hypodermis wash-out
time constants. These constants, multiplied by
the respective partition coefficients, give the
blood flows for 100 ml tissue, according to the

a

c

LN (cpm)

b

0 30 60

time (min)

Fig. 1 Epicutaneous 133-xenon clearance. Schematic
treatment of the signal vs time curve. Ordinate: counts/
min natural logarithm. a Slope of the initial exponential
curve (from the first 3 or 4 counts) describing the washing-
out from the stratum corneum toward outside. b Slope of
the final exponential curve (during the second half-hour)
describing the washing-out from fat tissue toward venous
blood. c Slope of the middle exponential curve (during the
first half-hour) describing the washing-out from the dermis
toward venous blood
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formula: flow rate = 0.693λ/t1/2 where λ is the
partition coefficient and t1/2 the time necessary
for the xenon wash-out to reach 50 %. The cal-
culation of the fraction of xenon that penetrates
the subcutaneous tissue (slow exponential) is
noticeably influenced by diffusion time; there-
fore the total length of the latter should be at
least 30 min and if possible 1 h (Cardot
et al. 1977).

A third exponential, which decreases very rap-
idly, sometimes interferes with the beginning of the
curves. It corresponds to xenon’s direct passage to
the outside, probably picked up by the stratum
corneum, which can be calculated by the slope of
the first three or four points on the curve. The value
obtained can be verified by applying a tourniquet
that cuts off the blood flow proximally; a very slow
decreasing curve is then observed, representing
about 1 % of the wash-out (Sejrsen 1969; Greeson
et al. 1973). Some authors ignore these first three or
four points of the curve (Nyfors and Rothenborg
1970; Greeson et al. 1973; Kristensen andWadskov
1977). Their elimination is better achieved by using
the so-called peeling method (Baud et al. 1981),
which also cancels out the artifacts due to subject
movement during data recording.

3 Skin Blood Flow Values

Normal values (milliliters per minute for 100 g
tissue) in recumbency, are displayed in Table 1. In
psoriasis plaques (Bazin et al. 1981), the

cutaneous and subcutaneous blood flows were
2.0 and 2.1 times as high as those of healthy
skin, respectively. When healed following PUVA
therapy, the same plaque values both drop to 1.3
times the values of healthy skin.

In systemic scleroderma (LeRoy et al. 1971),
the blood flow in fingers collapses: 18 % of
the normal flow usually found in this body site.

4 Comments

The pulse frequency is too high to be visible on
the wash-out curve. But the additional
low-frequency oscillations (6–8/min)
corresponding to vasomotion may be visible if
recording is done less than every 5 s.

An interesting comparative study (Cardot
et al. 1979) of blood flow in the rabbit ear (rich
in venoarterial shunts) and back (absence of
shunts) shows that the ear subcutaneous flow is
25 % higher than skin blood flow at 18 �C, and
only 7 % higher at 25 �C ( p < 0.01). In the back,
the opposite is observed: +26 % at 25 �C and
�3 % at 18 �C. It is reasonable to think that the
method could provide a means to assess
venoarterial shunts, which in this example would
represent about one-fourth of the global skin
blood flow.

Flow measurement is based on the xenon dif-
fusion from the tissues toward the vessels, which
depends on the exchange area, i.e., the cumulated
areas of the capillary walls. Therefore, the

Table 1 Normal skin blood flow (ml/100 g tissue). Epicutaneous 133-xenon technique

Site Dermis Hypodermis Total Author

First finger web 3.0 � 1.0 5.7 � 1.2 Sejrsen (1971)

Dorsum middle finger 6.4 � 10.6 LeRoy (Cardot et al. 1979)

1st phalanx at 18 �C
Idem after warming 28.0 � 6.3 LeRoy (Cardot et al. 1979)

Forearm 5.1 � 1.7 Sejrsen (1969)

Forearm 6.2 � 0.8 Greeson et al. (1973)

Abdomen 4.5 Sejrsen (1969)

Beardless cheek 9.0 Sejrsen (1969)

Bearded cheek 15.2 � 3.0 Sejrsen (1969)

Dorsum hand 6.9 � 1.3 8.9 � 0.9 Kristensen and Wadskov (1977)

Above lateral malleolus 6.2 � 1.1 3.8 � 1.6 Cardot et al. (1977)

Leg, lateral aspect 5.7 � 1.2 Sejrsen (1969)
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difference in blood flow measured using this
method should be lower than the systolic-diastolic
volume variations measured by photoplethys-
mography (PPG). Using PPG, the plaque/healthy
skin ratios in psoriasis were 3.7 � 1.6 (n = 29)
and 1.2 � 1.3 (n = 18) before and after treat-
ment, respectively (Bazin et al. 1981). Using the
xenon method, in the same patients, the ratios
were 2.0 � 1.5 (n = 18) and 1.3 � 1.5
(n = 10) before and after treatment, respectively.
In the same plaque, after healing by PUVA ther-
apy (n = 10), the two methods reached the same
proportion, 1.3 � 1.4 and 1.3 � 1.5 times that of
the healthy skin.
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Usefulness: Blood CO2 monitoring in anesthesi-
ology and intensive care medicine, evaluation of
skin respiration, and skin blood flow measure-
ment (incidentally).

1 Physiology

There is a small but continuous carbon dioxide
(CO2) release from the skin surface (Abernethy
1793). The gas originates both from the vascular
subepidermal plexus and from an epidermal met-
abolic production. The transfer is a passive pro-
cess of diffusion obeying Fick’s first law.
Accordingly, at a given temperature, the tcPCO2

value depends on CO2 concentration in the blood
perfusing the skin, subepidermal skin blood flow,
CO2 epidermal production, CO2 concentration in
the ambient air, and CO2 diffusion resistance
across superficial skin tissues, especially the stra-
tum corneum. The CO2 partial pressure in the
atmosphere is very low (less than 0.4 torr). On
the other hand, the CO2 diffusional resistance
across superficial skin tissues is weak (1/28.5
times that of oxygen) and may be considered as
constant in normal skin. Consequently, the main
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factors of tcPCO2 variation are the CO2 concen-
tration in the blood perfusing the skin, the subepi-
dermal skin blood flow, and the CO2 epidermal
metabolic production. All these factors are tem-
perature dependent.

In normal conditions, the cutaneous blood
PCO2 is close or identical to arterial PCO2

because of the low skin metabolism and the
great excess of blood as compared to the needs
for skin nutrition. This is the reason why blood
gases in the past were measured by puncturing
the ear lobe. The usual value is 40 torr. In case
of impaired pulmonary function and defective
oxygen uptake, hypercapnia occurs, which
leads to an increased tcPCO2. Conversely in
acidosis, for example in uremia, there is a reduc-
tion in the blood CO2 and a concomitant drop in
tcPCO2.

Carbon dioxide emission increases with the
skin temperature above a 34 �C threshold (Shaw
et al. 1929). Variation was found identical to that
of transepidermal water loss (Thiele and Van
Kempen 1972), probably through increased skin
blood flow and diffusion coefficient across stra-
tum corneum. Sweating, either spontaneous or
pharmacologically induced (Thiele and Van
Kempen 1972), also augments tcPCO2, most
probably through the increased blood flow asso-
ciated with sweat gland activation. Occlusion of
the skin surface increases tcPCO2 (King
et al. 1978), possibly by increasing stratum
corneum permeability through its hydration, as
simply applying water on the skin surface also
raises the CO2 emission (Frame et al. 1972).
Direct exposure of the head and neck to sunlight
induced an increased CO2 loss at the volar fore-
arm, although the skin temperature remained con-
stant (Thiele and Van Kempen 1972); one can
assume that subclinical sweating may have
occurred. On the other hand, venous stasis with
greatly increased CO2 content in the blood did not
increase transepidermal CO2 loss (Ernstene and
Volk 1932; Rothman 1957). During occlusion,
forearm tcPCO2 increases, possibly through
anaerobic metabolic generation of lactic acid and
titration of skin HCO3– (Severinghaus
et al. 1978). Upon occlusion release, tcPCO2

shows a quasi-exponential return to control

values, with a time constant depending on the
skin blood flow.

2 Measurement

Several methods have been used for the measure-
ment of cutaneous CO2 release, including spec-
trophotometry by infrared analysis (CO2 absorbs
light at a 4.3-μm wavelength) (Thiele and Van
Kempen 1972) and mass spectrometry
(Christensen et al. 1991). They have been
replaced by a polarographic method, which uses
a contact electrode (Severinghaus’electrode)
whose output is called the transcutaneous CO2

pressure (tcPCO2), although a fraction of the gas
originates from the epidermis. As the CO2 diffu-
sion resistance is low and the electrode consumes
no CO2, the tcPCO2 casual level and variation can
be easily monitored when the skin is at 33 �C, the
usual forearm temperature. Detailed measurement
procedures can be found in Winberley
et al. (1990) and Nickelsen (1995).

Current devices permit the simultaneous mea-
surements of tcPCO2 and tcPO2, and the latter
demands the skin to be heated to 44 �C. Conse-
quently, tcPCO2 is usually measured at 43–44 �C.
A reasonable correction for temperature of about
4 % per degree Celsius has been proposed (Thiele
and Van Kempen 1972) and supported by the data
obtained by Christensen et al. (1991). Accord-
ingly, the tcPCO2 at 33 �C should be approxi-
mately 0.56 tcPCO2 at 44 �C. On the other hand,
the CO2 arterial partial pressure (PaCO2) can be
deduced from tcPCO2 using the following for-
mula: at 43 �C tcPCO2 (torr) = 1.245 PaCO2

(torr) � 0.8 ( p = 0.98) (Goldman et al. 1982).
Subsequent correction for temperature should be
made as stated above.

3 Normal Figures

3.1 tcPCO2

In ten healthy males aged 24–36, regional varia-
tions were found (Takiwaki et al. 1991).

588 P. Agache



Forehead 67.2 � 2.4 torr

Cheek 69.2 � 2.8

Volar forearm 62.6 � 3.3

Abdomen 63.7 � 2.4

Back 63.9 � 3.1

Leg, anterior
aspect

61.1 � 4.1

Leg, posterior
aspect

62.8 � 2.9

Palm 60.5 � 3.1

Earlobe 315.7 � 42.0 (42.1 � 5.6 kPa)
(n = 7) (Christensen et al. 1991)

The surprisingly high earlobe figure may orig-
inate from higher blood flow and/or lower resis-
tance of a thinner stratum corneum, or a different
method (mass spectrometry). The figures on the
face are significantly higher ( p < 0.01) than on
the volar forearm. The difference may stem from
either inconspicuous sweating or higher metabo-
lism on the face.

3.2 Transcutaneous CO2 loss
(nl cm�2 min�1)

Site
tcPCO2 (nl cm

�2

min�1) Reference

Hand 46 (Frame et al. 1972)

Forearm 18 (Frame et al. 1972)

Forearma 77.3 � 47.2
(n = 7)

(Thiele and Van
Kempen 1972)

Forearm 23.1 � 6.8
(n = 30)

(Wilson and
Maibach 1982)

Upper
back

28.1 � 5.4
(n = 21 neonates)

(Wilson and
Maibach 1982)

aAs calculated for 32 �C (the usual skin temperature)

Earlier studies found figures roughly ten times
higher (as quoted in Frame et al. (1972)), which
may be due to different methodologies.

4 TcPCO2 and Skin Diseases

In various skin lesions, whether sclerotic, inflam-
matory, acanthotic, or hyperkeratotic, in leg ulcers
and in skin neoplasms, tcPCO2 remained stable
(Takiwaki et al. 1991). It was substantially ele-
vated over prenecrotic tissues such as bullous

lesions (pemphigoid) and ischemic lesions (nec-
rotizing fasciitis, arterial insufficiency) “An
extraordinarily high tcPCO2 with low tcPO2 may
be regarded as a marker of prenecrotic epidermis
and/or dermis caused by the severe disturbance of
blood-gas exchange in the skin” (Takiwaki
et al. 1991). Very high values probably indicate
anaerobic tissue metabolism secondary to skin
ischemia. Following skin damage by application
of diluted NaOH solutions, the tcCO2 loss
increased in parallel with the transcutaneous
water loss (Malten and Thiele 1973).

Conclusions can be drawn fromTakiwaki’s opin-
ion (Takiwaki et al. 1991): “Unlike tcPO2, tcPCO2 is
less influenced by cutaneous factors,” and Bourgain
and Grenouillet (1985) “The reasons why tcPCO2 is
less sensitive to circulatory variation (than tcPO2)
remain poorly understood.” Accordingly, tcPCO2

measurement may be useful, especially when done
in association with tcPO2 measurement, for investi-
gating either lung or skin respiration.
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In normal circulatory conditions, a fraction of the
oxygen dissolved in plasma crosses the capillary
wall and reaches the tissues, thus providing for
their metabolic needs. This occurs in the skin
subepithelial plexuses, in particular the subepider-
mal plexus. When the oxygen supply exceeds
metabolic needs, the gas reaches the skin surface
where it can be detected by a polarographic elec-
trode and its partial pressure measured (It can also
be detected by a mass spectrometer, but this tech-
nique is not as widely used.). The transcutaneous
oxygen pressure (tcPO2) depends on the O2 plas-
matic saturation level and local factors such as
epidermal metabolic activity, the oxygen diffu-
sion rate through superficial layers, oxyhemoglo-
bin (HbO2) supply, blood flow, and HbO2

dissociation.When pulmonary function is normal,
with no sign of anemia or proximal arterial insuf-
ficiency, only local factors are involved. Among
them, blood flow is essential because it regulates
the local oxygen supply. When the skin tempera-
ture is below 37 �C, the tcPO2 is often low, barely
measurable, and furthermore the diameter of the
skin vessels varies continuously. For this reason,
the tcPO2 is usually measured after bringing
the skin temperature up to 44 �C, which induces
maximal vasodilation and skin blood flow while
the skin temperature remains constant. As a con-
sequence, the tcPO2 is strongly increased and
becomes easy to measure.

1 Consequences of Heating the
Skin to 44 �C

There are a number of consequences when the
skin is heated to 44 �C (L€ubbers 1981).

– The O2 diffusion through the stratum corneum
is facilitated because of the increased fluidity
of the intercellular lipid.

– The O2 epidermal consumption is increased for
some (Severinghaus 1979), reduced for others
(Christensen et al. 1991).

– The HbO2 dissociation curve is shifted to the
right, which facilitates the release of oxygen
from the red blood cells.

– Vasoconstriction due to the sympathetic tone is
suppressed, inducing major arteriolar and cap-
illary vasodilation: hence the skin blood is
arterialized, with a PO2 similar to the arterial
PaO2.

– The venoarteriolar reflex is suppressed;
consequently, a venous distension (for exam-
ple, by increased hydrostatic pressure)
will no longer generate arterial and
arteriolar vasoconstriction, but only passive
vasodilation.

This shows that such a strong heating induces a
nonphysiological state, which must not be
overlooked for tcPO2 interpretation.

2 Basal 44 �C tcPO2, with Patient
Supine

2.1 Regional Variations

The tcPO2 measured on the chest (second inter-
costal space on the mid-clavicular line) is con-
sidered as the nearest to the PaO2. In young
adults, it is nearly 80 torr (1 torr = 1 mmHg
(in honor of Torricelli)). On the thigh, it is 6 %
lower, on the foot or the leg, 10 % lower
(Hauser and Shoemaker 1983). There is no
significant difference between the foot and the
leg in healthy subjects (Hauser and Shoemaker
1983; Agache et al. 1992). The table below
(Takiwaki 1994), although it provides slightly
low figures, is of interest since it shows surpris-
ing regional variations that have yet to be
explained.
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Anatomical
site tcPO2 (torr) References (probands)

Ear lobe 49.2 � 8.3 (Christensen et al. 1991)
(7 young adults)

Forehead 26.6 � 21.0 (Takiwaki 1994)
(10 men aged 20–36
years)

Cheek 29.6 � 9.8 (Takiwaki 1994)

Volar
forearm

69.6 � 5.3 (Takiwaki 1994)

Abdomen 63.8 � 6.4 (Takiwaki 1994)

Back 60.6 � 12.2 (Takiwaki 1994)

Over the
shin

66.6 � 6.1 (Takiwaki 1994)

Calf 67.3 � 6.8 (Takiwaki 1994)

Palm 26.4 � 6.6 (Takiwaki 1994)

When the stratum corneum is removed, the
tcPO2 on the palms rises to forearm values; how-
ever, on the forehead it remains low (Takiwaki
1994), perhaps due to higher epidermal metabo-
lism. In children (10 subjects aged 3–9 years), the
figures on the face (71.6 � 7.9 torr) were similar
to those of the forearm (76.3 � 5.5 torr). This
might indicate a change in facial vascular subepi-
dermal network anatomy from childhood to adult-
hood (Takiwaki 1994).

2.2 Physiological Variations

The ratio tcPO2/PaO2 (transcutaneous index, TCI)
is close to 1 in premature babies, exceeds 0.9 in
children, and is approximately 0.8 in adults. In
premature babies, the diffusion of oxygen is
inversely proportional to the birth weight
(Versmold et al. 1979).

In a single individual, the variability from
1 day to the next is nearly 10 % (Coleman
et al. 1986). In a study on 75 healthy subjects,
tcPO2 was found higher in women by about
10 torr than in men (Agache et al. 1992), with a
steady decrease with age: the regression lines
were as follows (Agache et al. 1992):

– Women: tcPO2 (torr) = 92.6 torr �0.37 age
(years)

– Men: tcPO2 (torr) = 83.6 torr �0.31 age
(years).

The difference between sexes was highly sig-
nificant for absolute values but regression slopes
were identical. Reasons for lower values in men
are not known, but can perhaps be explained by
the thicker stratum corneum or higher epidermal
metabolism.

2.3 Guidelines for tcPO2

Interpretation

The basal tcPO2 value at 44 �C, patient supine,
depends on numerous factors that differ with
pathology. Their identification is essential for a
precise interpretation. The influence of each fac-
tor, the others being supposedly normal, is as
follows:

– Respiratory factors: in premature and new-
born babies, the tcPO2 at 44 �C equals the
oxygen partial pressure (PaO2) of the arterial
blood; hence the first use of this technique
was in monitoring premature babies and in
child anesthesia. In adults, tcPO2 � 0.8
PaO2 (Dautzenberg et al. 1981). Any abnor-
mality in pulmonary ventilation or gas
exchange alters the tcPO2 (e.g., in diffuse
scleroderma).

– General hemodynamic and hematological fac-
tors: shock (when the cardiac index is below
2.2 dm3 min�1 m�2, the tcPO2 decreases and
does not reflect PaO2 accurately (Bourgain and
Grenouillet 1985)), HbO2 saturation (smoking
increases HbCO and reduces HbO2, therefore
the tcPO2 as well), and hematocrit (its increase
raises the tcPO2).

– Local hemodynamic and hematological fac-
tors: volume of the capillaries per cubic cen-
timeter of skin (in healthy subjects the tcPO2

increases parallel to the density of papillary
loops (Huch et al. 1983; Ryan 1992)), perfu-
sion pressure (tcPO2 decreases proportionally
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with lowering of perfusion pressure (Eickhoff
et al. 1980), but it does not increase in sub-
jects with high blood pressure; hence the rou-
tine use of this technique in arterial
insufficiency), and venous pressure (the
tcPO2 increases in parallel (Eickhoff
et al. 1980)).

– Local tissue factor: O2 diffusion through viable
skin tissues, epidermal metabolism (the appli-
cation of eugenol, which slows down the epi-
dermal metabolism, increases tcPO2 (Patel
et al. 1989)), and O2 diffusion within the stra-
tum corneum. In case of very low tcPO2, it is
possible to obtain a measurable tcPO2 by strip-
ping the stratum corneum with 15 successive
applications of adhesive tape, thus partially
removing an obstacle to diffusion.

When the results indicate reduced tcPO2, it is
essential to be aware of technical errors such as
erroneous calibration, alteration of the electrode
membrane, lack of electrolyte, equilibration time
too short, etc.

3 Basal tcPO2 at 37 �C, Patient
Supine

The basal tcPO2 at 37 �C reflects the superficial
blood flow in casual (physiological) conditions.
At 37 �C, the superficial skin flow is irregular and
much lower than at 44 �C. As a consequence, the
basal tcPO2 shows low and changing values
(in the earlobe, 18.2 � 16 torr (Christensen
et al. 1991)). Furthermore, since physiological
conditions are respected, the venoarteriolar reflex
is maintained, thus the passage from lying posi-
tion to standing or sitting position generally brings
the tcPO2 down to zero.

In psoriasis, its value is increased parallel to
that of the laser Doppler because the vasodilata-
tion is both superficial and deep sited (Duteil
et al. 1993). In lipodermatosclerosis, the tcPO2 at
37 �C is increased, indicating a high superficial
flow rate (Dodd et al. 1985), while at 44 �C it
drops, showing a drastic reduction of the vasodi-
latation reserve of superficial vessels.

Therefore, the 37 �C tcPO2 is useful because it
reflects exclusively the casual subepidermal blood
flow, as opposed to the 44 �C tcPO2, which
reflects the subepidermal flow under maximal
vasodilatation (i.e., the vasodilatation reserve),
and the laser Doppler, which measures the flow
in the deeper skin layers. As normal values are
very low, stripping the stratum corneummay be of
some interest in this case.

4 44 �C tcPO2: Dynamic Tests

4.1 Reactive Hyperemia

The reactive hyperemia test can be done on limbs
using a proximal (arterial) tourniquet for 3min, or on
another site by strong compression for the same
length of time. The peak/basal ratio value is mea-
sured, together with the peak surface and the time
necessary to reach this peak. It is a measure of the
capacity of the local blood flow to increase from
either a rise in perfusion pressure (from the reactive
vasodilatation upstream) or an augmentation of the
in situ vascular volume (number and diameter of the
superficial capillaries), or both.

4.2 Switching the Subject from
Lying to Sitting or Standing
Position

Both the capillary volume and the intracapillary
pressure change with the effect of the hydrostatic
pressure (the perfusion pressure does not change):
an increase in pressure in body sites below the
heart, a decrease in pressure in sites located above
the heart level.

4.3 Exercising

The tcPO2 increases from the vasodilatation of the
arteries upstream. The tests generally used are
standardized “exercises” (walking on a treadmill,
standing about, or tiptoeing in rhythm with a
metronome). For information on these tests, see
(Agache et al. 1993).
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4.4 Oxygen Inhalation

The tcPO2 increases in oxygen inhalation
(5–10 dm3/min) and may exceed the PaO2 phys-
iological values. In patients with arterial insuffi-
ciency, the extent of the increase is of value for
prognosis (Bongard et al. 1992).

4.5 Partial Venous Occlusion

Partial venous occlusion (generally a 50-torr pres-
sure through a tourniquet) is equivalent to a pas-
sage from a lying to a standing position.

5 tcPO2 with Kinetic Tests

5.1 tcPO2 Reduction Rate from
Occlusion During O2 Inhalation

This maneuver makes it possible to calculate the
tissue consumption of O2 using the formula:
consumption = α(ΔtcPO2/Δt) (Severinghaus
et al. 1978), where ΔtcPO2 is the difference
before and after occlusion, Δt the reduction
time, and α the solubility of O2 (α = 28.8 10�6

ml g�1 torr�1 at 44 �C, and 31.3 10–6 ml g�1

torr�1 at 37 �C). The tcPO2 reduction rate in
healthy subjects’ forearms is approximately
130 torr min�1 at 44 �C and 90 torr min�1 at
37 �C. This consumption is about 3.7 10�3 ml
g�1 min�1 at 44 �C and 2.7 10�3 ml g�1 min�1

at 37 �C (Severinghaus et al. 1978). It is related
to the epidermal metabolism.

5.2 tcPO2 Recovery Rate After
Suppression of the Occlusion

The tcPO2 recovery rate after removing the occlu-
sion (O2 recovery index, ORI) reflects the super-
ficial capillary blood flow, which depends on the
available capillary volume and the perfusion pres-
sure (Severinghaus et al. 1978). The same holds
true for the basal tcPO2 recovery time (O2

reappearance time, ORT).

5.3 The tcPO2 Recovery Rate

The use of Eugenol as a contact medium in the
measurement of transcutaneous oxygen (tcPO2)
partially inhibits the metabolism in the underly-
ing tissue, thereby reducing oxygen consumption
and increasing tcPO2 (Patel et al. 1989). Oxygen
consumption in the tissue can be estimated from
the rate at which tcPO2 falls when blood flow is
occluded, and blood flow in the tissue can be
estimated from the rate at which tcPO2 increases
when the subject changes from breathing air to
pure oxygen. Both these measurements have
been made with Eugenol and distilled water as
contact media. From these measurements it has
proved possible to estimate the arterial oxygen
tension (aPO2) of healthy adults at a relatively
low sensor temperature (43 �C). This method
permits measuring the superficial blood flow
when the subject starts inhaling pure oxygen.

6 Applications

6.1 Child Resuscitation

Basal tcPO2 at 44 �C is used routinely in PaO2

monitoring. It is the only means of detecting
excessive PaO2 (risk of retrolental fibroplasia) in
premature babies in incubator. The probe must be
moved every 4 h to avoid local burns.

6.2 Anesthesiology, Heart Surgery,
Angiology

Basal tcPO2 at 44 �C is a valuable means of measur-
ing the tissue perfusion level distal to an arterial
occlusion, and therefore to grade it (Agache
et al. 1993). The basal tcPO2 (foot, pretibial area,
calf, thigh) in a supine subject both locates the vessel
narrowing and assesses its severity. The latter can be
improved by various maneuvers: reactive hyper-
emia, O2 inhalation, standard exercise, passage
from lying to standing position to evaluate the prog-
nosis at stage IV (no increase indicates poor prog-
nosis). When the tcPO2 is low, in order to rule out a
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respiratory cause, a concomitantmeasurement of the
chest or arm tcPO2 is recommended, in order to use
the distal/chest or distal/brachial tcPO2 ratio (Hauser
and Shoemaker 1983). A basal tcPO2 below 20 torr
and a ratio below 0.2 would be incompatible with
stump healing if amputation were carried out at the
site of measurement (Kram et al. 1989).

Continuous tcPO2 monitoring during a surgi-
cal operation helps detect bursts of hypoxia and
pulmonary embolism (Bourgain and Grenouillet
1985). Under artificial breathing during anesthe-
sia, it is an indicator of efficacy and a means of
early detection of respiratory failure (Bourgain
and Grenouillet 1985). In vascular surgery, it pro-
vides a continuous follow-up of the downstream
blood flow and accordingly of the success of the
operation (Neidhardt et al. 1987).

6.3 Dermatology

Basal 44 �C tcPO2 was found reduced in all con-
ditions investigated to date (Takiwaki 1994):
lipodermatosclerosis with or without leg ulcer
(Agache 1998) (perhaps due to perivascular scle-
rosis), morphea (perhaps from vascular atrophy),
malignancies, inflammatory disorders, and dis-
eases with acanthosis. Accordingly, the reduction
was found even in conditions showing an expan-
sion of the superficial vascular plexus. In psoria-
sis, tcPO2 was found reduced by about 40 %
(Patel et al. 1989; Duteil et al. 1993; Dodd
et al. 1985; Agache et al. 1993; Bongard
et al. 1992; Severinghaus et al. 1978; Kram
et al. 1989; Neidhardt et al. 1987; Agache 1998;
Kalis et al. 1990; Tronnier et al. 1979; Ott and
St€uttgen 1984; Schalla 1986) and this reduction
was alleviated along the improvement of the
plaque (Duteil et al. 1993; Ott and St€uttgen
1984). To interpret these data, it is essential to
point out what applies to the three main factors
involved with the skin tcPO2: superficial blood
flow, epidermal metabolism, and O2 diffusion
rate through the epidermis.

Using tcPO2 the measurement of the epidermal
consumption of O2, a well as the epidermal metab-
olism, is made possible by the combination of
simple operations: measurement of the tcPO2

reduction rate under occlusion and oxygen inha-
lation, with or without tape stripping. Seemingly
this has been tried only in psoriasis, where an
abnormally fast tcPO2 decrease has been observed
following vascular occlusion (187 torr min�1 in
diseased skin and 111 torr min�1 in normal skin),
suggesting an increase in the epidermal consump-
tion of O2 (the calculation gives 5.39 10–3 ml g�1

min�1 in diseased skin and 3.2 10�3 ml g�1 min�1

in normal skin), and thus of the epidermal metab-
olism (Ott and St€uttgen 1984). (P. Agache: it is
obtained by multiplying the O2 consumption by
the thermal coefficient of O2, evaluated at
20.27 kJ/l for a usual respiratory quotient (0.84)
(Houdas and Guieu 1977). Using the above-
mentioned figures, the results are 0.91 10�3 W
cm�2 for healthy skin at 44 �C and 1.08 10�3 W
cm�2 for lessions at 44 �C. Assuming that the
cellular metabolism increases by 4 % per degree
(Severinghaus et al. 1978), at 37 �C for psoriasis it
is 0.71 10�3 W cm�2 in healthy skin and 0.87
10�3 W cm�2 in pathalogical skin (warmer by
1 �C) (healthy skin at 37 �C, 0.65 10�3 W cm�2

(Houdas and Guieu 1977)). The basal metabolic
rate in young adults is approximately 4.3 10�3

W cm�2.)
The absolute measurement of the subepidermal

blood flow is also made possible using two
methods, as suggested by Severinghaus
et al. (Severinghaus et al. 1978). This is of great
interest a priori, because the only other absolute
measurement method of cutaneous blood flow,
namely by epicutaneous xenon clearance,
involves the whole skin. But further theoretical
as well as experimental studies are needed before
advising routine use.

In the first method, the flow is estimated from
the equation: Flux = EO2/(aO2 � vO2), where
EO2 is the epidermal O2 consumption and (aO2 �
vO2) the difference of O2 concentration in arteri-
oles and venules. EO2 is calculated as described in
the paragraph above. Assuming that the capillary
PO2 is midway between arteriolar and venular PO2

and considering that arteriolar and arterial PO2 are
identical (600 torr), venular PO2 is calculated,
hence its difference (PO2 with arteriolar PO2).
The difference is converted into difference in con-
centrations, using the hemoglobin dissociation
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curve at 44 �C and Hb = 14 g/dl. With this
method, the authors found subepidermal blood
flow at 44 �C to be 0.475 ml g�1 min�1, a figure
nine times higher than using xenon-133 clearance
at the same site (volar forearm) at current skin
temperature, showing how much the blood flow
can be increased when the skin temperature is
raised.

The second method is a blood flow measure-
ment during reactive hyperemia, from the tcPO2

recovery rate at 44 �C after occlusion, during pure
oxygen inhalation. The tcPO2 recovery rate fits an
ascending exponential curve of formula y = A
(1 � exp�t/τ) where y is the tcPO2 on each point
of the curve, A is the final tcPO2 and τ the time
constant. The logarithmic transformation makes it
possible to obtain τ (seconds). Then the blood
flow rate Q is obtained by the formula Q = 60λ/
τ where λ = 0.9 is the O2 skin/blood partition
coefficient, supposedly identical to the O2 water/
blood partition coefficient at the same temperature
and with the same pressure. The authors found
1.2 ml g�1 min�1 for the skin blood flow at 44 �C
during reactive hyperemia: a very high figure that
should be confirmed.

According to the same authors, the measure-
ment of the blood flow rate at 37 �C from the
tcPCO2 decreasing rate following occlusion
release at 37 �C might also be performed using
this method.

6.4 Toxicology

The 44 �C tcPO2 has been shown to be signifi-
cantly reduced in smokers, as a consequence of
the reduced oxygen supply to the tissues in rela-
tion to the blood higher HbCO level (Lucas
et al. 1989).

7 Practical Advice for Using tcPO2

Calibration in relation to the atmospheric oxy-
gen pressure must be carried out once or twice a
day, depending on frequency, because there is a
risk of the probe shifting (Winberley et al.
1990).

Theoretically, PO2atm= 0.2093 Patm � PH2O atm,
where 0.2093 is the O2 fraction in the air. PH2O atm is
obtained by multiplying the relative humidity by the
absolute pressure of water vapor at room temperature
(provided by tables). In practice, it is only necessary
to check that the oxygen atmospheric pressure used
by the device is 159 torr. Variations in barometric
pressure within the interval 760 � 15 torr can be
ignored.

If a gas control is used for calibration, its value
displayed by the device should vary from the
standard value by less than 0.5 %.

Before measuring, any trace of ointment or
cream must be removed (it would hamper the
oxygen passage). Hairy skin should be shaved.
A thin layer of electrolytic solution (usually pro-
vided by the manufacturer) is applied in order to
ensure maximum contact between the electrode
and the skin, to facilitate the oxygen transfer and
to avoid any air intrusion. When the sensor is
placed, 15–20 min are necessary until a stable
value is obtained.

A number of concerns should be heeded:

– Heating to 44 �C is harmful for the tissues;
therefore use of tcPO2 at a same site must not
exceed 4 or 5 h to avoid burns.

– When a tcPO2 decrease is expected because of
a PaO2 decrease, the latter must be measured
either through blood sampling or noninva-
sively by pulse oximetry. However, this tech-
nique is approximate, as it indicates only the
Hb saturation level.

– Results are different depending on the
probes.

8 Commercially Available Devices

– TCM3 Radiometer, Copenhagen, Denmark
– Cutaneous PO2 monitor 632, Roche-Kontron,

Basel, Switzerland
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1 Introduction

Systemic sclerosis (SSc) is a rare and progressive
connective tissue disease of multifactorial origin,
characterized by vascular abnormalities and dif-
fuse fibrosis in the skin and internal organs. The
pathogenetic cornerstones of the disease are the
activation of the immune system, vascular
involvement, and increase of extracellular matrix
deposition (Black et al. 2009).

Vasculopathy is a central feature of the disease,
and structural abnormalities of the microvascular
lining are evident in visceral organs as well as in
the skin in the earliest stages of the disease
(Kahaleh 2004).

Clinical and histologic findings suggest a key
role for these alterations especially at the outset of
the disease. Both permeability and vasomotility
alterations might be due to an imbalance
consisting of an increase of vasoconstricting fac-
tors (thromboxane, endothelin) associated to a
relative decrease of vasodilator substances (pros-
tacyclin and nitric oxide) (Flavahan 2008). The
innate and adaptive immune system is activated in
the perivascular areas and releases cytokines and
growth factors (transforming growth factor beta
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(TGF-β), platelet-derived growth factor (PDGF)),
and extensive fibrosis of the dermal and subcuta-
neous layers develops (Abraham et al. 2009).

The progressive losses of capillaries on one
hand, and the vascular remodeling of arteriolar
vessels on the other, result in insufficient blood
flow, causing severe and chronic tissue hypoxia.
Hypoxia is one of the most important stimuli of
angiogenesis, leading to the expression of
pro-angiogenic molecules, mainly of vascular
endothelial growth factor (VEGF), which fosters
the angiogenic process. Nevertheless, in SSc
patients, there is evidence for defective adaptive
angiogenesis. Failure of the angiogenic process in
this disease largely depends on alteration in the
balance between pro- and anti-angiogenic factors
as well as on functional alterations of the molec-
ular and cellular players involved in the angio-
genic and vasculogenic program (Cipriani
et al. 2011; Manetti et al. 2011).

Given these observations, it stands clear that
microvascular involvement has a pivotal impor-
tance for the clinician involved in the manage-
ment of SSc.

Peripheral microvascular damage in this dis-
ease is characterized by dynamic alteration of the
capillaries that carries a progressive decrease in
their density. Microvascular changes are typically
observed in the nailfold bed by capillary micros-
copy and are in fact exploited for the early diag-
nosis of SSc and prognostication of disease
evolution (Cutolo et al. 2010a).

However, capillaroscopy provides mostly
static information, and no or few data on the
dynamic of microvessels are given by this tech-
nique. On the other hand, a number of efforts have
been made in the last few years, to explore the
dynamic variations of skin blood flow in
SSc-related disorders, in order to unveil the earli-
est alteration of the disease and to provide useful
information on the variation of vascular response
according to the stage of the disease and to
treatment.

In this chapter we will review data about skin
blood flow measurement in systemic sclerosis,
with particular reference to laser techniques.

2 Techniques for Evaluating Skin
Blood Flow

2.1 Clinimetric Methods

2.1.1 Thermometry and Thermal
Imaging

Thermometry was introduced for the first
time by T. Lewis as a quantitative index of
skin blood flow. The measurements are
obtained with or without skin contact. The
surface temperature can be mapped with infra-
red cameras or through contact with crystal liq-
uid. Skin temperature is representative of
underlying blood flow, with both muscle and
skin perfusion believed to contribute to the sig-
nal. These methods are seldom used nowadays,
due to a number of limitations, such as the lack
of discrimination between nutritional and ther-
moregulatory blood flow, the poor sensitivity
for important variation of blood flow and the
slow reactivity, and the poor spatial resolution
(Imbert et al. 2010).

In clinical practice, thermal imaging is mainly
used for the evaluation of Raynaud’s phenomenon
(Fig. 1). It has been shown that local cold expo-
sure of the hand inhibits the postischemic hyper-
emic response in patients but not in normal
controls; thermal imaging can detect this differ-
ence with a fair sensitivity, but it does not seem to
discriminate between primary and secondary
Raynaud’s phenomenon (Imbert et al. 2010;
Murray et al. 2009).

3 Global Microvascular
Measurements

Different physical sensors are able to evaluate the
microcirculation in superficial tissues. They can
do this directly, such as the laser techniques, indi-
rectly through nutritional efficacy with transcuta-
neous oxygen pressure (pO2) measurements, or
globally as volume flow in plethysmographic
methods (Imbert et al. 2010; Cracowski
et al. 2006).
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4 Photoplethysmography

Photoplethysmography is an optical measurement
technique that can be used to detect changes in
blood volume in the microvascular bed of super-
ficial tissues. Up to date photoplethysmography
sensors are based on semiconductor technology
with LED and matched photodetector devices
working at the red or near-infrared wavelengths
(Imbert et al. 2010; Allen 2007). Blood test
vasoreactivity during cold challenge has been
explored in Raynaud’s phenomenon; the loss of
dicrotic notch has been claimed as a typical sign of
Raynaud’s phenomenon secondary to systemic
sclerosis, due to the reduction of vascular wall
compliance (Cooke et al. 1993).

5 LDF and LDI

5.1 LDF

LDF is based on Doppler effect produced by red
blood cells as they flow through superficial
microvessels, when they reflect laser illumination.
Low-power lasers are utilized with a probe able to
detect and elaborate Doppler signal (Imbert
et al. 2010; Rajan et al. 2009). It is a one-point
measurement method, which records the inte-
grated perfusion in a sampling volume in real
time. It needs contact of the skin surface to

explore by a sensor, fixed to the skin by a
double-adhesive transparent tape. The depth of
the measurement depends on the laser wavelength
and the fiber separation. With standard fiber sep-
aration (0,25 mm), a wavelength of 780 nm has a
measuring depth of 0,5–1mm and an approximate
volume of 1 mm3.

In early studies HeNe lasers (632,8 nm) dom-
inated; however, longer wavelengths
(780–810 nm) are now preferred due to increased
penetration depth and lower absorption by mela-
nin, which shows less dependence on skin color
and also a more efficient and stable process in the
industrial production, using solid-state laser
sources. Moreover, with these wavelengths, any
dependence on oxygen saturation is eliminated.
The signal captured is proportional to the mean
velocity and to the number of red blood cells
moving through the sampled tissue volume.
Since the volume explored is not precisely deter-
mined, the measure is semiquantitative. More-
over, the vessels explored are not only the
superficial skin capillaries but also the arterial
and venous vessels of superficial and
mid-dermis; other “parasite” movements can
also influence the measurements. The physiolog-
ical interpretation of the measurements obtained is
thus not always univocal (Imbert et al. 2010;
Li et al. 2006).

A number of refinements have improved this
type of physiological signal, such as special soft-
ware to analyze the velocimetric and volumetric

Fig. 1 Thermography images after cold challenge: healthy subject(left side) vs. Raynaud’s phenomenon(right side)
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components of the signal or dual wavelength sen-
sors that provide simultaneous measurements at
two different depths (Imbert et al. 2010).

The main advantage of this method is its high
sensitivity, which allows the recording of perfu-
sion changes over time induced by spontaneous
arteriolar vasomotion, as well as those occurring
during the influence of physiological stimuli, such
as post-occlusive reactive hyperemia (PORH), the
venoarteriolar reflex, the reactivity to the admin-
istration by iontophoresis of vasoactive sub-
stances, or the systemic administration of
medications (Fig. 2) (Salvat Melis et al. 2006;
Rossi et al. 2012; Fries et al. 2005). Patients with
SSc are characterized by either lower or normal
peripheral blood perfusion as compared to healthy
subjects (Correa et al. 2010; Cracowsky
et al. 2002; Cutolo et al. 2010). Finger blood
perfusion correlates negatively with the extent of
nailfold microvascular damage evaluated by
capillaroscopy and improves with i.v. iloprost
treatment (Cutolo et al. 2010b; Sulli et al. 2014,
2013).

Moreover, SSc patients have impaired micro-
vascular responses as compared with controls.
Ischemic challenge and cold test have yielded
similar results, where some studies reported no
consistent differences in these tests between pri-
mary and secondary RP, while others contradicted
these results (Cracowsky et al. 2002; Correa
et al. 2010; Rajagopalan et al. 2003). A different
kinetic of response to ischemic challenge and cold
stimulus has been claimed within SSc cutaneous
subsets, diffuse disease showing a distinct alter-
ation of ischemic test and limited disease with a
prevalent modification of the response to cold
(Grattagliano et al. 2010).

SSc shows abnormal neurovascular response
to local heating that is not related to the severity
of skin involvement (Salvat Melis et al. 2006;
Roustit et al. 2008; Boignard et al. 2005). Local
release of vasodilator substances has yielded
contradictory results; some authors claimed
an alteration of endothelial dependent but
not endothelial independent vasodilatation
(Anderson et al. 1999), whereas others have
reported an impairment of both responses
(Rossi et al. 2008).

6 Laser Doppler Perfusion
Imaging

Laser Doppler imaging (LDI) is a relatively new
method that allows an objective assessment of
skin perfusion over a wide skin surface. This is
currently performed by a scanning beam and point
by point perfusion measurements, which conse-
quently lead to imaging times of several minutes.
The measurement is noncontact and can register
chronic changes or measure repetitively in quick
succession. The LDI uses normally a low-power
laser beam (1 mW) with a wavelength of 633 nm.
Perfusion signals are combined to form a color-
coded map, with a color scale ranging from dark
blue (lowest value) to red (highest value) (Fig. 3).
The size of the scanned area may range from
5 � 5 to 50 � 50 cm, depending on the distance
of the scanner. The blood flow is expressed in
arbitrary perfusion unit, since also in this case
the volume sampled is not accurately determined.
This technique, although limited by the slowness
of imaging acquisition, has the advantage of con-
jugating the possibility of scanning a large surface
area and evaluating dynamic changes over time
(Imbert et al. 2010).

Fig. 2 Laser flow measurement: a probe detects Doppler
shift of a low power laser beam as red blood cells flow
through microcirculation. Iontophoresis allows local appli-
cation of vasodilator substances. Tracings of blood flow are
depicted on the screen (Courtesy of A. Moneta, Perimed
Italia srl)
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It is a valuable tool for refining the differential
diagnosis of Raynaud’s phenomenon (Szabo
et al. 2008; Rosato et al. 2009a) and for the eval-
uation of the dynamic changes of microcirculation
after the local administration of vasoactive sub-
stances by iontophoresis or the systemic adminis-
tration of drugs (Anderson et al. 2004; Rosato
et al. 2010; Shah et al. 2013). Through intensity
imaging and colorimetric scale, it is possible to
evaluate the distribution and homogeneity of flux
and regional differences between different skin
areas; an association of dyshomogeneous perfu-
sion and lack of proximal distal perfusion gradient
was observed in SSc patients. This contrasts with
healthy subject, where the gradient was
maintained and the flux was homogeneous, and
primary Raynaud’s subjects, where lack of prox-
imal distal gradient was combined with homoge-
neity of flux (Rosato et al. 2009a). Moreover, laser
imaging alone can provide an indirect provisional
estimate of possible digital artery obstruction
(Rosato et al. 2009b).

7 Laser Speckle Contrast Imaging

A newer method to dynamically explore a rela-
tively large skin area is laser speckle contrast
imaging (LASCA). Like LDI, LASCA

(or Perfusion Speckle Imager, PSI) is a noncontact
method and can register blood flow over an area
that may range from a few millimeters to several
centimeters depending on the type of scanner and
the distance of the head of the scanner from the
skin surface. A laser-diffused light, with a wave-
length of 785 nm, illuminates the area of interest,
producing a speckle pattern of the whole scanned
skin area, without the need of a point-to-point
scanning, like in LDI described above. When a
surface is illuminated by laser light, the
backscattered light will generate a random inter-
ference pattern, consisting of dark and bright
“dots.” This pattern is called a speckle pattern. If
the illuminated surface is static, the speckle pat-
tern is stationary, and dots have a high contrast
between each other. When there are moving par-
ticles, such as red blood cells in the living tissue,
the speckle pattern will change over time, since
the contrast between dots decreases inversely to
the speed of the moving objects. These dynamic
changes in the contrast are instantaneously
recorded by a special camera positioned in the
scanner head, with a high spatial resolution.
Therefore, the PSI system presents the same
advantages of LDI, with a higher speed of imag-
ing acquisition and a better resolution. It is there-
fore possible to produce colored maps
representing the blood flow distribution and also

Fig. 3 Laser Doppler perfusion imager. Intensity signal from a color-coded scale ranging from dark blue (lowest value)
to red (highest value) (Courtesy of A. Moneta, Perimed Italia srl)
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to record continuously the blood flow changes,
with movies owing a frame rate up to 90 frames
per second (depending on the size of the scanned
area) (Imbert et al. 2010; Briers 2006). In analogy
with laser Doppler imaging, it is possible to eval-
uate the distribution and homogeneity of flux and
regional differences between different skin areas
(Fig. 4) (Della Rossa et al. 2013; Ruaro
et al. 2013); at the same time, it is possible to
explore the dynamic of microcirculation after
physiological stimuli (Fig. 5), as well as the
response to topical application of vasodilator sub-
stances by iontophoresis (Ruaro et al. 2013;
Roustit et al. 2010).

Within SSc patients, difference in the ischemic
challenge may help to better refine disease
sub-setting, as early disease seems to show exag-
gerated POHR as compared to established dis-
ease. Peripheral blood perfusion is lower in SSc
patients as compared to healthy subjects; more-
over, skin blood flow linearly decreases with the
increase of severity of microangiopathy assessed

by capillaroscopy (Ruaro et al. 2013). When mea-
suring basal skin blood flow, LASCA was found
significantly less time-consuming than LDF;
LASCA and LDF are highly correlated (Ruaro
et al. 2013; Roustit et al. 2010), but LASCA
shows lower intraoperator variability versus LDF
analysis and is much better accepted by patients
(Roustit et al. 2010).

8 Summary

Laser techniques have gained a growing attention
as reliable and noninvasive methods to assess
vascular reactivity in SSc patients.

LDF is a contact laser with single-point sam-
pling; it is very sensitive and allows reliably to
assess in real time small and rapid variation in skin
blood flow, in response to physiological stimuli or
to the application of vasodilator substances by
iontophoresis or the administration of systemic
drugs. The disadvantages of this technique are

Fig. 4 Perfusion images
are useful to detect regional
differences in perfusion
distribution and
homogeneity of flux: i.e.,
presence of proximal distal
gradient(a, b) with
homogenous (a)
vs. inhomogenous flux
distribution (b), absence of
proximal distal
gradient (c, d) with
homogenous (c)
vs. inhomogenous flux
distribution (d) (Pericam
PSI, Perimed, Jarfalla)
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related to the need of contact with the skin (needs
skin integrity) and the study of a single point that
does not enable to explore larger areas.

LDI permits the mapping of a larger area and
does not need contact, allowing the evaluation
also of areas of injured skin. Through intensity
color scales, it enables the assessment of regional
differences in flow distribution, and it can consent
the dynamic evaluation of flow after different
kinds of stimuli (physical, pharmacological,
local, or systemic). The main disadvantage is
related to the relatively high scanning time that
might not enable to detect shorter variations
of flux.

LASCA is a newer whole field imaging tool
that combines the rapidity of acquisition to the
possibility of mapping a relatively large skin
area without contact. It allows both qualitative
evaluation of skin blood flow and assessment of
flux distribution according to different areas.
Dynamic variation after physiological or

pharmacological stimuli can be assessed as well.
It is reproducible, rapid, and much better accepted
by patients than LDF.
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Port-wine stains (PWSs) are cosmetically
disfiguring, congenital capillary and venular
malformations that affect 0.3–0.5 % of newborns
(Jacobs and Walton 1976; Lorenz et al. 2000). The
lesions are most frequently located on the face
(often in a trigeminal dermatomal distribution)
and the neck, which cannot disappear spontane-
ously. At birth, lesions are first noted as subtle,
light pink patches. Delayed or inadequate treatment
may result in nodularity, hypertrophy, and soft tis-
sue overgrowth, causing dysmorphism, asymme-
try, and occasional spontaneous bleeding (Kira
et al. 2009). These changes in color and contour
are attributed to progressive ectasia of the abnormal
dermal vascular plexus. So it is essential to treat
PWS as early as possible and maintain treatment to
prevent the development of vascular nodules and
hypertrophy in later years.

There appears to be no hereditary predilection for
PWS within families and no certain risk factors for
PWSs as well as no known ways to prevent them.
The development of PWS is hypothesized that the
deficiency or absence of surrounding neurons regu-
lating blood flow through the ectatic postcapillary
venules. The blood vessels are unable to constrict
normally and remain permanently dilated. It is
believed that PWSs develop within the first 2–8
weeks of gestations (Schneider et al. 1988). In addi-
tion, PWSs may occasionally develop progressive
lymphangiectasia, soft tissue hypertrophy (Klippel-
Trenaunay-Weber syndrome), Cobb syndrome, and
Proteus syndrome (PS).
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On histopathology, PWSs consist of dilated,
ectatic capillary, and venule-sized vessels in both
papillary and reticular dermis. These vessels,
unlike capillary hemangiomas, are not prolifera-
tive and therefore only grow proportionally with
the individual. While hemangiomas tend to spon-
taneous regression, PWS vessels become progres-
sively tortuous and dilated over time. The
pathogenesis is still not fully understood. One
hypothesis is a lost capacity of vessel constriction
and thus an abnormal regulation of blood flow.
Recent studies indicate that RASA1 mutations
cause capillary and arteriovenous malformations
and hereditary capillary malformations and limb
enlargement without arteriovenous malformation
(Revencu et al. 2008; Boon et al. 2005;
Hershkovitz et al. 2008). Vascular endothelial
growth factor (VEGF) and VEGF-receptor
2 expression are significantly increased in PWS
compared to controls, indicating that VEGF and
VEGF-R2 may contribute to vessel proliferation
and vasodilatation (Vural et al. 2008).

Traditional therapies including excision, cryo-
therapy, skin grafting, dermabrasion, and radiation
therapy were reported to be inefficient and had
many unacceptable side effects. In recent decades,
laser therapies such as pulsed dye laser (PDL) have
gained great popularity for PWS (Landthaler and
Hohenleutner 2006). Other light-based devices,
including alexandrite lasers, intense pulsed light
(IPL), and combined 585/1064-nm devices, are
also used to achieve desired lesion lightening. The
basic principle is selective photothermolysis (SP).
The preferential absorption of laser light is
absorbed by hemoglobin and the subsequent con-
version of the absorbed light into thermal energy
that leads to the coagulation of blood vessels.

1 Treatment

1.1 PDL

PDL devices (577 nm, 585 nm, or 595 nm) are the
most frequently used lasers to treat PWSs. Yellow
light produced by PDL is preferentially absorbed
by hemoglobin in the PWS blood vessels where,
after being converted to heat, it causes thermal

damage and thrombosis. Furthermore, the thermal
relaxation time (Tr) for skin blood vessels 50–150
um in diameter is between 1.4 and 12.8 ms, so the
0.45–50 ms pulse duration produced by these
lasers matches the Tr for dermal blood vessels,
which confine the laser energy to the targeted
vessel before much heat is lost by thermal diffu-
sion out of the exposure field (Nelson et al. 1995).

It was shown that the penetration depth of
585-nm PDL is 1.2 mm, comparing to 0.5 mm at
577-nm PDL, below the basal membrane while
retaining vascular selectivity (Tan et al. 1989). His-
tological studies (Fiskerstrand et al. 1996;
Hohenleutner et al. 1995) showed that using
585-nm PDL treatment at 0.45-ms pulse duration,
5-mm spot size, and 6–8 J/cm2 radiant exposure, the
photocoagulation occurred at a depth of approxi-
mately 0.65 mm. Moreover, complete photocoagu-
lation of the vessel lumen occurs in superficial
vessels up to approximately 150 μm in diameter.
However, larger and deeper vessels, owing to both
shielding by superficial vessels and inadequate pen-
etration depth, remain resistant (Lucassen
et al. 1996), so longer PDL wavelengths are needed
to further enhance the depth of photocoagulation
and clearance (Geronemus et al. 2000). New-
generation of long-pulsed tunable dye lasers
(LPTDLs) offer potential advantages over conven-
tional PDL. The LPTDL offers a pulse length of
1.5 ms and tunable wavelengths from 585 to
600 nm. These parameters are more useful in PWS
that consist of more ectatic and deeper located ves-
sels. The absorption coefficient of oxygenated
hemoglobin is substantially lower at 595 nm than
at 585 nm (Greve and Raulin 2004; Chang
et al. 2002; Prahl 1999). Therefore, higher fluence
and longer pulse durations are necessary when
using a wavelength of 595 nm.

1.2 Pulsed Nd:YAG Laser (1,064 nm)

The penetration depth of 1,064 nm Nd:YAG laser
pulses is deeper than PDL. Theoretically, it can be
used to impact thicker and deep-lying blood vessels,
which have particularly advantage in matured or
hypertrophic PWSs. However, thermal injury of
deeper blood vessels may lead to necrosis of
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surrounding dermis and increase the risk of scarring
compared to PDL. Yang et al. (2005) reported that
1,064 nmNd:YAG laserwas as effective as the PDL
in the treatment of PWSs with the minimum purpu-
ric dose. The 1,064-nm Nd:YAG laser also showed
to be safe and effective for treating hypertrophic
PWS of the lip (Kono et al. 2009).

In conclusion, the 1,064-nm Nd:YAG laser is
an important device in the armamentarium of
treatment options for PWS, particularly in the
case of nodularity and hypertrophy.

1.3 A Dual-Wavelength Laser
System (595-nm PDL and 1,064-
nm Nd:YAG Laser)

The exact nature of the synergy for vascular
lesions between PDL and Nd:YAG lasers remains
unclear. One possible explanation is the shift in the
light-absorption properties of blood during coag-
ulation. The dual-wavelength laser system targets
oxyhemoglobin by the 595-nm wavelength and
then targets the methemoglobin (converted from
oxyhemoglobin) by the latter 1,064-nm wave-
length, because methemoglobin has a significant
absorption peak near 1064 nm (Alves and
Wajnberg 1993; Randeberg et al. 2004). In 2009,
Alster and Tanzi (2009) reported that the dual-
wavelength laser system was superior to PDL
alone in the treatment of recalcitrant and hypertro-
phic PWS. Side effects were limited to mild pur-
pura and vesicle formation in one patient that
resolvedwithout sequelae in 6 days. The synergies
between PDL and 1064-nm Nd:YAG laser have
also been evaluated by other authors and proved to
be effective (Borges da Costa et al. 2009).

1.4 IPL

IPL devices emit polychromatic incoherent high-
intensity pulsed light with an emission spectrum
ranging from 500 to 1,400 nm, and pulse durations
are in millisecond range. Therefore, IPL systems
have a potential advantage over other laser
systems because they incorporate the highly
oxyhemoglobin selective wavelengths around

577–600 nm and also emit longer wavelengths
allowing deeper penetration into the dermis and
deeper capillary destruction (McGill et al. 2008).

IPL provides an alternative choice for PWS,
owing to its broad-spectrum, lesser frequency of
complications, and economic consideration. In
some cases, fresh or laser-resistant PWS was
effectively treated by IPL sources (Raulin
et al. 1999; Bjerring et al. 2003; Ozdemir
et al. 2008). Recently, Wang et al. (2013) have
reported that 29 Chinese neck PWS patients
(without any treatments before) received IPL ther-
apy for five times at intervals of 4–5 weeks. Over
60 % patients achieved more than 50 %
improvement.

1.5 Alexandrite Laser

The 755-nm alexandrite laser has been proven
particularly useful in the treatment of hypertro-
phic and PDL-resistant PWS (Li et al. 2008;
Izikson et al. 2009), especially when used in com-
bination with PDL. The alexandrite laser has
selective absorption of deoxyhemoglobin over
oxyhemoglobin, so in theory it should preferen-
tially damage venules (i.e., PWS vasculature)
over arterioles and has 50–70 % deeper tissue
penetration than PDL.We also need to tell patients
that permanent hair reduction may occur with the
alexandrite laser. Owing to the deeper tissue pen-
etration and decreased absorption by hemoglobin
of longer wavelength lasers, the alexandrite laser
are associated with elevated risk of adverse effects
such as pigmentary changes and scarring.

1.6 Photodynamic Therapy (PDT)

The basic principle of PDT is the intralesional or
intracirculatory addition of an exogenous chro-
mophore into the ectatic capillaries, serving as a
photosensitizing drug. The tissue-localized drug
is irradiated at an appropriate wavelength for
selective absorption by the photosensitizer. This
leads to the generation of reactive oxygen species,
inducing intracapillary photothermal and photo-
chemical effects and the destruction of the
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vascular lesions in the dermis without damage to
the normal overlying epidermis.

In 2013, Gao et al. (2013) reported a side-by-
side comparison of PDT and PDL in the treatment
of PWS birthmarks. 585-nm pulsed PDT was
carried out with a combination of hematoporphy-
rin monomethyl (HMME) and a low-power cop-
per vapor laser (510.6 and 578.2 nm). For red
PWS, the blanching rates of PDL and PDT at
2 months ranged from 11–24 % to 22–55 %,
respectively. For purple PWS, blanching rates of
PDL and PDT ranged from 8–33 % to 30–45 %,
respectively, which meant PDT is at least as effec-
tive as PDL and, in some cases, superior. Other
authors did not find any significant benefit in
combining PDT with PDL compared to PDL
alone (Evans et al. 2005). However, other authors
found a beneficial effect in combining
benzoporphyrin derivative monoacid ring PDT
with PDL in contrast to PDL alone [34].

In conclusion, PDTmight offer additional ther-
apeutic benefits in the treatment of PWS, but
sometimes prolonged systemic visible light sensi-
tivity after intravenous administration of porphy-
rin derivatives et al. practical problems limit its
clinical application.

1.7 Dye Pulsed Light (Dye-PL)

Very recently, dye-PL has been introduced to treat
PWS. The wavelength of dye-PL is from 500 to
600 nm, which incorporate the highly oxyhemo-
globin selective wavelengths at 542 nm and
577 nm. The wavelength of dye-PL is close to
585/595-nm PDL. Theoretically, it is supposed to
be suitable for the treatment of PWS. Further
clinical and basic researches are needed to evalu-
ate its efficacy.

2 Conclusion

Many different laser/light systems, as well as
alternative treatment strategies, have been used
to treat PWS. The 585–600 nm PDL with vari-
able pulse widths (ranging from 0.45 to 10 ms) in
combination with epidermal cooling modality

proved to be safe and effective. However, blood
vessel size and depth of PWS as well as revascu-
larization make it difficult to completely eradi-
cate lesions with current laser/light technology.
Newer approaches and further randomized con-
trolled trials are needed to establish the role of
incoherent light sources and lasers other than
the PDL.
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1 Rating Port-Wine Stains

– Color (hue and lightness)
1. Normal skin
2. Pale pink
3. Pale red or bright pink
4. Pale purple or dark pink
5. Dark red
6. Bright purple or dark red
7. Dark purple

– Patchiness
1. Not at all patchy
2. A little patchy
3. Rather patchy
4. Very patchy

– Boundary
1. Vague
2. Fairly sharp
3. Very sharp

– Size
1. Nonexistent
2. Very small
3. Small
4. Medium
5. Large
6. Very large

– Shape
1. Regular
2. Somewhat irregular
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3. Very irregular
– Surface

1. Smooth
2. A little uneven
3. Rather uneven

– Hypertrophy
1. Not hypertrophic
2. A little hypertrophic
3. Rather hypertrophic
4. Very hypertrophic

This rating was evaluated on 90 patients. Color
and boundary were correlated as well as size and
hypertrophy. Shape and patchiness were found to

be difficult to distinguish (irregular shaped port-
wine stains were often judged as patchy) (Koster
et al. 1998).

Using morphometry, size, contour length, and
shape regularity are easily and quickly assessed
without a device. Accordingly, this classification
might be easily replaced by a measurement.
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List of Abbreviations
AESG Apoeccrine sweat gland
ASG Apocrine sweat gland
CEA Carcinoembryonic antigen
CK Cytokeratin
EMA Epithelial membrane antigen
ESG Eccrine sweat gland
SC Stratum corneum
UEA Ulex europaeus agglutinin

1 Introduction

In the human skin, sweat is produced by special-
ized glands. In the sweat apparatus, the constitu-
tive cells are not destroyed in the secretion
process. Cutaneous sweat glands correspond to
two main types, namely, the eccrine (ESG) and
apocrine (ASG) sweat glands. They are com-
monly distinguished by histomorphology (Saga
2001; Noël et al. 2013). The presence of putative
apoeccrine sweat glands (AESG) has been further
suggested (Sato et al. 1987). The sweat secretion
is altered in both its amount and composition by
various physiological and pathological events.
The densities in ESG, ASG, and putative AESG
differ over different body regions. In addition,
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morphological and functional variations exist
according to age and nature of specific stimuli.
The skin surface bacterial microflora (biocene)
plays a major role in causing sweat malodor.

Despite social and cultural differences among
the world populations, excessive sweating and
body malodors are usually perceived as unpleas-
ant conditions (Sato et al. 1989). By contrast,
regional hypohidrosis and anhidrosis appear less
disturbing, although they impair the thermoregu-
lation and commonly represent warning signs for
several systemic diseases.

Although the morphologic microanatomy
remains the basis of sweat gland classification,
molecular phenotyping and functional character-
istics should be combined when possible. In some
conditions in humans, it is uncertain whether
some glands are ESG or ASG depending on
the selected criteria. Various immunohisto-
chemical markers including cytokeratin (CK)
phenotyping, as well as the epithelial membrane
antigen (EMA), the carcinoembryonic antigen
(CEA), and others, were introduced for this pur-
pose (Noël et al. 2013; Wollina 1991; Saga 2002;
Wilke et al. 2004). In addition, the identification
of glycoconjugates was used to characterize sweat
glands in health and disease (Wollina et al. 1989;
Sames et al. 1999; Li et al. 2009).

2 Sweat Gland Structure

2.1 Eccrine Sweat Glands

Each ESG is composed of a deep coiled portion in
continuation with a straight excreting intradermal
duct ending as a spiral intraepidermal
acrosyringium. The secretory portion represents
about two-thirds of the coiled structure. It consists
of an epithelial layer composed of large clear
(secretory) cells admixed with smaller granular
dark (mucoid) cells, and they are cuffed by
spindle-shaped myoepithelial (contractile) cells.
Clear cells contain glycogen and mitochondria in
abundance. They produce the eccrine sweat. Fine
canaliculi collecting the secreted sweat are
squeezed between adjacent clear cells. Each of
the canaliculi represents a pouch extending from

the luminal space. The granular dark cells exhibit
pyramidal conformation with a narrow base near
the peripheral basement membrane. The
intraepidermal acrosyringium is lined by epithe-
lial cells similar to those of the straight
intradermal duct.

The two to four million ESG are distributed
over the human body reaching in average 60–200
per cm2. They reach higher densities (about
600/cm2) on the palms and soles (Xhauflaire-
Uhoda et al. 2010a). Every single ESG opens
directly at the skin surface through an individual
acrosyringium. ESG are absent from the lips, nail
bed, and some portions of the genitalia. ESG
activity is controlled by a unique cholinergic
orthosympathetic innervation. Various thermal,
emotional, intellectual, and gustatory stimuli acti-
vate dedicated centers of the brain controlling the
ESG production. In addition, hypoglycemia,
hyperthyroidism, and hypercapnia represent
other stimuli for ESG production (Xhauflaire-
Uhoda et al. 2010a). The global excretory ESG
activity is low compared with that of the kidneys.

Eccrine sweat is the exocrine product of the
deep coiled segment of the gland. The secretory
sweat coils produce an isotonic ultrafiltrate of
plasma. It corresponds to a clear, colorless, and
odorless watery fluid enriched in organic and
inorganic electrolytes. The eccrine sweat compo-
sition varies according to the secretion rate, the
transit time inside the excretory duct, the aldoste-
rone activity, the physical training, and the accli-
matization to the environmental moisture and
temperature. Indeed, during the eccrine sweat
migration inside the intradermal duct, partial
selective resorption of ions, particularly Na+ and
Cl�, takes place. Other electrolytes are also
reabsorbed, particularly in extreme sweating con-
ditions. Eccrine sweat becomes hypotonic and
contains much less electrolytes and minute
amounts of glucose. By contrast, lactate increases
in abundance. In the distal duct portion, sweat
evaporates partially inside the acrosyringium,
producing a mixture of vapor and liquid at the
stratum corneum (SC) surface depending upon
the rate of sweat production (Sato et al. 1989).
The amount and composition of eccrine sweat at
the SC surface show interindividual variations
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modulated over time by the body site (Sato
et al. 1989). Of note, eccrine sweat contains com-
pounds of clinical importance, including heavy
metals, some drugs, other organic compounds,
and (photo-) allergens.

In regular conditions, the ESG activity appears
intermittent over a large part of the body. Appar-
ently, cyclic periodic outputs alternate with
pauses. The pulsating rhythm is about 0.3–12
sweat outputs per minute. Such a rhythmic activ-
ity shows interindividual variations according to
circumstances and body sites. It possibly results
from spasmodic contractions of periluminal
myoepithelial cells once distended by the sweat
flow. In general, contiguous ESG appear active
alternately. Even in case of profuse sweating, it is
assumed that only about 50 % of the ESG release
sweat simultaneously. Such functional feature is
not present on the palmoplantar sites where sweat
production is largely synchronized involving the
vast majority of ESG (Sato et al. 1989; Xhauflaire-
Uhoda et al. 2010a).

Sweating evaporation from ESG pores (Uhoda
et al. 2005; Xhauflaire-Uhoda et al. 2010b) is a
mechanism involved in body thermoregulation
during exposure to either warm environment or
body hyperthermia. By contrast, running sweat
droplets over the skin surface has little or no
thermoregulatory effect. Blood flow regulation
and vasodilation of the superficial vasculature
largely contribute to the homeothermic control.
At rest, discrete water evaporation from each sin-
gle sweat pore at the SC surface is added to the
actual transepidermal water loss (TEWL) to form
the global insensible perspiration reaching about
600 g daily for the whole body.

2.2 Apocrine Sweat Glands

Most ASG are located in the armpits and groins.
They are fewer around the umbilicus, in the peri-
neal region, and in the mammary areola. Each
ASG consists of a deep coiled secretory portion
connected to a duct. The glandular portion is
formed by cuboidal or columnar cells containing
granules and vacuoles in part pigmented. The
apocrine excretory duct closely resembles the

eccrine duct. It consists of a double or triple
layer of rather similar cuboidal cells. Those
forming the inner layer exhibit a faint luminal
fringe. The peripheral basal layer contains numer-
ous mitochondria and microvilli. The apocrine
sweat is scanty and sticky in consistency.

ASG remain quiescent during childhood, and
they become functionally mature under androgen
stimulation at puberty. Afterward, the hormonal
control is apparently no more operative, being
replaced by both adrenergic and cholinergic
stimuli.

Apocrine sweat consists of a lipid-rich liquid
produced inside large ASG acini located deep in
the dermis and hypodermis. It is released into
apo-pilosebaceous ducts of adjacent hair canals
before reaching the SC surface. Apocrine sweat
is slightly viscous and milky, enriched in lipids,
nitrogen, lactates, and various other ions includ-
ing Na+, K+, Ca2+, Mg2+, Cl�, and HCO3�. The
apocrine secretion appears to be derived from
pinching off the apical cytoplasm of the secretory
cells. Moll’s glands on the lids, ceruminous glands
in the ear canal, and pseudomammary anogenital
glands are specially adapted ASG (Van Der Putte
1994).

2.3 Apoeccrine Sweat Glands

AESG were tentatively identified in the armpits
where they were estimated to outnumber 25,000.
It was assumed that the axillary skin contained
approximately equal numbers of ESG, ASG, and
AESG. The AESG were described to share some
features in common with both the ESG and ASG
(Sato et al. 1987). Their presence remains how-
ever a controversial issue (Sato et al. 1987;
Hermanns-Lê et al. 2004). The distinction
between AESG and both the ESG and ASG was
mainly assessed on gross morphology (Uhoda
et al. 2005). Their physiologic and pharmacologic
stimulation appeared to be distinct from those
controlling ASG. They possibly open directly
onto the skin surface. They seemingly respond
quickly to psychological stress, and they were
considered to largely contribute to the abundant
sweat produced in the armpit.
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3 Sweat Gland
Immunohistochemistry

A multipronged immunohistochemical approach
is helpful in the study of human sweat glands.
Although the excretory ducts appear phenotypi-
cally similar in the distinct sweat glands, the deep
secretory coils show distinctive differentiation
patterns.

The secretory coil and at a lesser extent the
ductal cells of the ESG were identified by the
CAM 5.2 antibody. All segments of the ASG
including secretory and ductal cells were decorated
by this antibody. The monoclonal CAM 5.2 CK
antibody strongly reacts with CK 8 and at a lower
extent with CK 7 (Noël et al. 2013). No reactivity
has been disclosed with CK 18. The different ESG
portions contain a cytoskeleton made of several
distinct CK (Metze and Luger 1996; Metzler
et al. 1990). They include CK 7, CK 8, CK
14, CK 18, and CK 19, as well as EMA and CEA
(Li et al. 2009). It was reported that the expression
intensity of CK 7, CK 18, and CK 19 was stronger
than that of CK 8 and CK 14 (Li et al. 2009). A
controversy exists about the presence of CK
10 (Li et al. 2009; Demirkesen et al. 1995).

The polyclonal S100-B protein antibody detects
one of the 19 Ca2+-binding proteins of the S100
family. The S100-B protein predominates inside
the cytoplasm of ESG secretory cells. The mono-
clonal antihuman EMA antibody (Li et al. 2009;
Metze and Luger 1996) and the polyclonal antihu-
man CEA antibody (Li et al. 2009) typically label
sweat glands (Noël et al. 2013). EMA is located in
the luminal coating of the eccrine secretory seg-
ment and in the dark cells as well. TheASG contain
EMA in different segments including the glomer-
ular structure and the excretory duct (Noël
et al. 2013). CEA is present at all levels of the
ESG. The ASG showed a heterogeneous CEA
labeling on the luminal coating of the duct.
UEA-1 is a lectin specifically binding to α-L
fucosyl moieties. The anti-UEA-1 antibody reveals
the lectin-binding sites corresponding to oligosac-
charides with terminal α-fucose, some of which are
present in sweat glands (Noël et al. 2013; Metzler
et al. 1990). In the ESG secretory segments, clear

cells exhibit strong cytoplasmic UEA-1 staining.
ASG globally appear intensely labeled. A variable
number of cells of the secretory ESG segment were
strongly positive. The monoclonal antihuman
CD138 detects the transmembrane syndecan-1 pro-
teoglycan (Noël et al. 2013). A variable number of
ESG secretory cells are strongly positive for this
antibody. The monoclonal antibody to CD63
(NKI-C3) detects various proteins whose molecu-
lar weights range 25–100 kd. They are probably
part of some lysosomal antigens located in cyto-
plasmic vacuoles (Noël et al. 2013). In ESG, CD63
immunostaining is present in the apical part of
secretory cells. A positivity for the gross cystic
disease fluid protein-15 appears typical for the
ASG (Uhoda et al. 2005).

So far, AESG were not clearly and specifically
distinguished using immunohistochemistry, and
publications about this topic remain scanty and
controversial (Sato et al. 1987; Hermanns-Lê
et al. 2004). However, recent findings suggest
that the immunoreactivity to the S100-B protein,
CEA, and CD63 possibly helps identifying some
AESG (Noël et al. 2013).
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The functional activities of the eccrine sweat
glands (ESG) and apocrine sweat glands (ASG)
are clearly distinct in humans. The appropriate
noninvasive methods assessing their excretion
activities at the skin surface are distinct.

1 Biometrology of Eccrine Sweat
Excretion

Eccrine sweating is the response to thermal, emo-
tional, and gustatory stresses. It is under the con-
trol of acetylcholine from the cholinergic
sympathetic innervation. ESG activity plays an
essential role in regulating body temperature in
physiological conditions. Such a function is
altered by a series of systemic diseases. For
instance, diabetic neuropathy frequently involves
the distal sensorimotor innervation. The resulting
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peripheral sweating deficit is commonly respon-
sible for unequivocal alterations in the length-
dependent thermoregulatory sweating (Piérard
2003). Hence, legs affected by diabetic neuropa-
thy are commonly hypohidrotic with a “compen-
satory” hyperhidrosis over the upper body regions
(Xhauflaire-Uhoda et al. 2011). Other possible
sweating alterations in diabetes include segmental
hypohidrosis and more rarely isolated dermatome
involvement. Some patients suffer from a combi-
nation of two or more of these patterns and even
from global anhidrosis (Piérard 2003). The extent
in body surface anhidrosis was reported to be
correlated with the severity of clinical
dysautonomia (Piérard 2003). Fine-tuning objec-
tive assessments of discrete aspects of the sweat
gland dysfunction have been rarely explored so
far using recent sensitive biometrological
methods (Xhauflaire-Uhoda et al. 2011). How-
ever, considering the impact of ESG activities in
a variety of physiopathological conditions,
diverse methods are available for recording the
ESG numbers and assessing their functional status
(Piérard 2003). The in vivo tests belong to two
major categories (Noël et al. 2012).

The first group of methods provides an overall
information about the amount of excreted sweat,
irrespective of the number of active ESG. Such
assessments include the gravimetric method of
collecting and weighing sweat at the skin surface.
The global decrease in body weight over a couple
of hours was used as an indication of the amount in
sweat output over the selected period of time.
Microcannulation of individual sweat ducts
represented an ancillary cumbersome method.
Global assessments of water evaporation from the
skin surface were advocated using a variant of
transepidermal water loss (TEWL) measurement.
Electrometric procedures quantifying the stratum
corneum (SC) moisture was expected to represent
an indirect indication of the ESG production.

The second group of methods assesses the
density of active ESG over a given skin surface
area (Noël et al. 2012; Hermanns-Lê et al. 2004).
In particular, skin capacitance mapping/imaging
(SCMI) visualizing any tiny individual sweat out-
put conveniently provides a real-time noninvasive
information.

1.1 Gravimetric Method

The gravimetric method was formerly developed
for quantifying the actual amount of eccrine sweat
produced in excess under controlled conditions
(duration, temperature, site, etc.) during defined
time intervals. Thermal sweating was thus
explored on absorbent filter papers or pads of
defined dimensions placed under occlusion (Ley-
den et al. 1981). Any pharmacological stimulation
or inhibition of ESG was possibly performed. In
these procedures, the sampling material was
weighed before and immediately after the collec-
tion period of sweat. A minimum amount of about
100 mg of sweat was necessary for reliable quan-
tifications. A well-acclimatized person can pro-
duce up to 10 l of eccrine sweat over a single day.

1.2 Water Evaporation
Quantification

Regular TEWL measurements are typically used
for testing the SC barrier function. Such evalua-
tions are performed in the absence of active sweat-
ing. However, such expectation proves to remain
invalid in some circumstances. Indeed, the same
devices designed for TEWL measurements in
resting conditions are alternatively used for
assessing the insensible perspiration with contri-
bution of the discrete eccrine sweat evaporation at
rest. The quantification of minute amounts of
sweat vapor production in the instrumentally mea-
sured TEWL values has rarely been identified in
the literature (Rennie et al. 1991) and remains
commonly neglected in the interpretation of
TEWL data. However, it is acknowledged that
any physical, thermal, and emotional stress influ-
ences the regular TEWL through sweat
production.

TEWL measurements are time consuming and
typically confined to small skin areas. However, it
is possible to perform continuous recordings, par-
ticularly with the open chamber method. This
method is suitable for detecting moderate physio-
logical changes in sweat evaporation. Of note, it is
not convenient when sweat in excess is running at
the skin surface without complete evaporation.
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1.3 Sweat Visualization by Staining
Procedures

Several simple methods advocated for sweat
detection used specific dyes in vivo. The skin
had first to be wiped for removing any residual
sweat before performing the test procedure. The
skin was then painted with the reactive dye or
covered by a sweat-absorbing material soaked
with the reagent. According to the dyes applied
either singly or in combination, detection of sweat
was rendered possible. The painting method con-
veniently allowed serial image recordings and
image analysis of spontaneous sweating.

One procedure relied on filter paper impreg-
nated with a 1 % bromophenol blue alcoholic
solution. The material was deposited onto the
sweating SC surface for a few seconds. The gray
powder turned blue following contact with watery
fluid at a pH above 4.6 which is consistent with
sweat. After removal, a series of blue spots
appeared at the site of sweat droplets. Alterna-
tively, the skin was powdered with bromophenol
blue, or the dye was dispersed in an oily vehicle to
be applied as a thin film to the SC surface.

By far, the most simple and safe staining
method relied on the iodine starch reaction. A
2 % iodine ethanol solution was painted on the
skin. After spontaneous evaporation of the sol-
vent, sheets of starch-enriched filter paper were
held against the skin surface for a few seconds.
Upon removal of the material, a dark blue imprint
became apparent wherever sweating was active.
As a variant method, a filter paper was dipped into
ethanol solution of iodine and castor oil. After air
drying, the paper was placed for 1 min onto the
skin, lifted off, and powdered by starch in order to
reveal blue dots. Another variant consisted in the
application of starch dispersed in castor oil onto
the iodine-painted skin. Active sweat pores
appeared as dark blue spots at the skin surface.
Image analysis allowed the assessment of the ESG
numbers and activities.

The simplest and most versatile iodine starch
method consisted of a single step procedure based
on iodinated starch sprayed onto the SC. Sweat
drops were visualized directly at the skin surface
as dark blue/purple spots. This method was

possibly repeated on the same site after wiping
the iodinated starch from the skin surface. Safety
procedures had to be guaranteed because inhalation
of iodinated starch is hazardous. Several other dyes
such as rhodamine were possibly used as well as
Prussian blue powdered on a self-adhesive trans-
parent tape turning blue after contact with sweat.

The sweat droplets were assumed to be hemi-
spheric (2/3 π.r3) or almost a sphere (π.r3) upon
dripping. Calculating the sweat excretion rate
over given skin areas was attempted by adding
the estimated volume of each sweat droplet.

The aforementioned staining methods were
probably prone to various flaws. A pitfall
occurred with residual surfactants on SC altering
sweat rheology. Dot merging resulted from side-
ways movement during the imprint stage or due to
intense sweating, causing droplet running at the
skin surface prior to imprint. In some circum-
stances it remained difficult to accurately delimit
the area of skin from which the print was taken.

1.4 Staining Methods for Specific
Organic Sweat Compounds

Some powder or liquid dyes applied onto the skin
allowed detecting specific organic sweat com-
pounds. For instance, astra blue revealed various
organic ions. Quinizarin turned black in the pres-
ence of carbonates. Painting the skin with 5 %
orthophthalaldialdehyde in xylene revealed
within 2–3 min a black reaction product following
contact with ammonia at the ESG pores.

Ninhydrin turned purple-blue in contact with
amino acids. This chemical proved to be irritant for
skin and was forbidden for local applications. A
safer procedure used a filter paper dipped in 1 %
ninhydrin acetone and heated for a few minutes at
120 �Cinan incubatorbeforeapplication to the skin.
Aviolet stain appeared at the site of sweat deposits.

1.5 Casting Methods

Silicone rubber methods relied on the hydropho-
bicity of the material. It was assumed that after
application of the casting material to the skin
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surface, any sweat droplets released from ESG
pores would prevent deposition of the hydropho-
bic material, leading to imprints at the surface of
the casting material.

The silicone rubber material is readily avail-
able, simple, and safe to be applied to any part of
the body surface. This material admixed to the
polymerizing agent forms a cast that is peeled
off carefully from the skin surface before visual-
ization under the microscope. A possible flaw
with the replica technique is the inclusion of air
bubbles under the casting material.

When the silicone rubber material is thin,
sweat droplets appear as holes in a membrane.
The number of ESG over the defined skin surface
area is conveniently counted. A variant of the
casting method relies on the application of a thin
layer of petrolatum jelly to the skin surface. Bead-
ing of sweat droplets is recorded and image anal-
ysis determines the ESG density per SC unit area
(Piérard 2003).

1.6 Electrometric Methods

Skin electric properties are altered by the SC
moisture. Hence, skin capacitance and conduc-
tance are increased in the presence of sweat
(Piérard 2003). These methods represent screen-
ing tools. However, they are infrequently used in
functional assessments of sweat production
because measures are only relative and indirect.
In addition, a saturation effect of the SC rapidly
occurs when sweating is abundant.

1.7 Skin Capacitance Mapping/
Imaging

In physiological conditions, water is distinctly lost
by minimal evaporation through the interadnexal
epidermis and sweat glands. Basically, three dis-
tinct conditions are encountered regarding skin
capacitance mapping/imaging (SCMI) aspects of
the sweat gland activity (Xhauflaire-Uhoda
et al. 2010a, b, 2011; Noël et al. 2012; Batisse
et al. 2006; Lévêque et al. 2006; Piérard-
Franchimont, Piérard 2015; Piérard-Franchimont

et al. 2016). The SkinChip® and Sweatchip®

devices as well as the Moisture Map HM100
device (CK Technology, Vise, openate…)
(L’Oréal, Paris) operates though a multisensor
probe generating detailed capacitance measure-
ments at 50 μm resolution over the SC. The
SCMI picture is displayed in a range of gray levels
according to each capacitance value. Thus, a
nonoptical capacitance map of the skin surface is
created. The darker pixels represent high capaci-
tance spots, while the clear ones correspond to
lower capacitance values. Skin capacitance is con-
siderably influenced by sweat. Any prolonged
contact time over 5 s between SC and the SCMI
probe increases the density in darker pixels,
owing to accumulation of sweat, TEWL, and
water saturation of the SC.

First, the sweat quiescent stage does not show
any obvious SCMI manifestation. Second, sweat
glands become discretely active even in the
absence of visible sweating, in which case they
emit only discrete amounts of water vapor. Such
aspect of the imperceptible (insensible) perspira-
tion through sweat pores is conveniently observed
using SCMI when the subject is in a quiet condi-
tion without any overheating. Tiny black dots
mark the joining up of each discretely active
ESG at the SC surface. The tiny black dots corre-
spond either to open ESG ducts or to soft cornified
and moisturized caps of SC cuffing the sweat
pores. Such structures probably exhibit a sweat-
holding capacity capturing the sweat vapor. There
is no running sweat at that stage of the ESG
activity. In such a condition, sweat vapor is appar-
ently emitted in minimal amounts and the casual
TEWL nearly remains unaffected. However, this
condition is also present in association with an
overall increase in interadnexal SC moisturization
(Noël et al. 2012). In such instance, TEWL is
commonly increased (Noël et al. 2012). Third,
watery sweat is poured out through active ESG,
implying that the skin surface water loss (SSWL)
reaches much higher values than the regular
TEWL. When sweating is more active, SCMI
black dots enlarge and some of them merge to
form irregular black “puddles.” This aspect is
more closely related to SSWL than to TEWL.
Because sweat appears as black dots, it is possible
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to measure its contribution to the mean SCMI-
derived gray level by thresholding the values
under consideration (Noël et al. 2012).

SCMI after exercise shows the combination of
two major changes affecting the sweat gland
activity and the SC hydration (Xhauflaire-Uhoda
et al. 2011). On the one hand, a large number of
tiny black dots reveal the presence of boosted
ESG. Their size and distribution over the skin
surface are relatively uniform. Some larger dark
spots result from both the enlargement and merg-
ing of the tiny black dots. On the other hand, the
SCMI background appears darker than before
exercise, indicating an increased SC moisture.
These features were reported to be particularly
obvious at completion and during about 1 min
after exercise, and they faded after about 5 min.

Thus, SCMI represents a convenient way for
studying the versatile ESG activity. The method is
sensitive enough for detecting early signs of ESG
activity under various stimulations. The influence
of autonomic neuropathies on ESG, including the
diabetic type (Xhauflaire-Uhoda et al. 2011; Noël
et al. 2012), is possibly measured using the SCMI
method. It must be stressed that some hyperkera-
totic disorders interfere with sweat excretion.
Tinea (pityriasis) versicolor and psoriasis repre-
sent such conditions where the sweat output is
largely curbed (Uhoda et al. 2005; Xhauflaire-
Uhoda et al. 2006).

2 Biometrology of Apocrine
Sweat Excretion

Human ASG is confined to the regions of armpits,
perineum, umbilicus, and breast areolae. They
become functional at puberty. Some ASG func-
tions include an odoriferous role, a sexual attrac-
tant, a territorial marker, and warning signals. The
ASG production of pheromones is established in
many species.

2.1 Apocrine Sweat Cannulation

Apocrine sweat present inside the collecting intra-
dermal apo-pilosebaceous duct is possibly

squeezed out in part at the skin surface by
contracting smooth muscle cells with adrenaline
1:2,000 in physiologic saline. Such a procedure is
painful. It is possibly performed after collecting
apocrine sweat by capillary tubes from the
apo-pilosebaceous duct. Approximately 1 μl of
milky apocrine fluid is obtained from each ASG
pore. However, only a limited number of
apo-pilosebaceous ducts within the visibly
adrenaline-blanched area actually release sweat.

2.2 Axillary Malodor Assessment

Studying axillary malodor requires controls of
local shaving, previous applications of cleansing
agents, deodorants, perfumes, and frequency of
their respective applications in the armpits
(Piérard 2003). In a common procedure, cotton
gauze pads thoroughly cleaned and autoclaved are
held in place in the target armpit for 6–9 h. Chro-
matographic analytic analysis allows detection of
various chemicals responsible for malodor. How-
ever, there are limitations because of the complex
nature and variable individual composition of
axillary malodor chemistry. In addition, the anal-
ysis does not yield a quantitative malodor
assessment.

In vitro microbiological evaluations demon-
strate the efficacy of any compound curbing the
microorganism growth involved in malodor.
Thus, these techniques represent an indirect
assessment of the potential deodorant activity.
The in vivo microbiological evaluation relies on
the microflora collection from the SC. Counting
colonies after culture or performing a viability test
under flow cytometry is possible. The most diffi-
cult aspect of the quantitative methods resides in
the rigorous controlled collection of the bacterial
bioscene from the skin surface.

References

Batisse D, Giron F, Lévêque JL. Capacitance imaging of
the skin surface. Skin Res Technol. 2006;12:
99–104.

Hermanns-Lê T, Garcia R, Arrese JE, Piérard GE. Pitted
keratolysis: new ultrastructural insight in keratohyalin

63 Sweat Gland Methods of Assessment 627



granule and corneodesmosome alterations. Exog
Dermatol. 2004;3:107–11.

Lévêque JL, Xhauflaire-Uhoda E, Piérard GE. Skin capac-
itance imaging, a new technique for investigating skin
surface properties. Eur J Dermatol. 2006;16:500–6.

Leyden JJ, McGinley KJ, Hölzle E, et al. The microbiology
of the human axilla and its relationship to axillary odor.
J Invest Dermatol. 1981;77:413–6.

Noël F, Piérard-Franchimont C, Piérard GE, Quatresooz P.
Sweaty skin, background and assessments.
Int J Dermatol. 2012;51:647–55.

Piérard GE, the EEMCO group. EEMCO guidance for the
efficacy assessment of antiperspirants and deodorants.
Skin Pharmacol Appl Skin Physiol. 2003;16:324–42.

Piérard-Franchimont C., Piérard G.E. Sweat gland awak-
ening on physical training. A skin capacitance mapping
observation. Clin Res Dermatol. 2015;2:1–4.

Piérard-Franchimont, C., Hermanns-Lê T., Piérard G.E.
Skin capacitance mapping of eccrine sweat gland
activity during pregnancy. Open Access. J Science
Technol. Vol. 4 (2016), Article ID 101187, 4 p.

Rennie PJ, Gower DB, Holland KT. In vitro and in vivo
studies of human axillary odour and cutaneous micro-
flora. Br J Dermatol. 1991;124:596–602.

Uhoda E, Piérard-Franchimont C, Piérard GE.
Anhidrotic pityriasis versicolor. Dermatol Actual.
2005;89:16–7.

Xhauflaire-Uhoda E, Piérard-Franchimont C, Piérard GE.
Skin capacitance mapping of psoriasis. J Eur Acad
Dermatol Venereol. 2006;20:1261–5.

Xhauflaire-Uhoda E, Piérard GE, Quatresooz P. The skin
landscape following nonoptical capacitance imaging.
Am J Clin Dermatol. 2010a;11:89–94.

Xhauflaire-Uhoda E, Piérard-Franchimont C, Piérard GE,
et al. Weathering of the hairless scalp: a study using skin
capacitance imaging and ultraviolet light-enhanced visu-
alization. Clin Exp Dermatol. 2010b;35:83–5.

Xhauflaire-Uhoda E, Mayeux G, Quatresooz P,
et al. Facing up to the imperceptible perspiration mod-
ulation. Influence of diabetic neuropathy, physical
exercise and antiperspirants. Skin Res Technol.
2011;17:487–93.

628 C. Piérard-Franchimont and G.E. Piérard



The Neurophysiology and Assessment
of Human Skin Wetness Perception 64
Davide Filingeri, Simon Hodder, and George Havenith

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 629
1.1 Skin Wetness as a Physical Variable . . . . . . . . . . 630
1.2 Skin Wetness as a Perceptual Variable . . . . . . . . 630

2 Quantitative Sensory Testing . . . . . . . . . . . . . . . . 631
2.1 Psychometric Scales . . . . . . . . . . . . . . . . . . . . . . . . . . . 631

3 Assessing Skin Wetness Perception:
Overview of the Literature . . . . . . . . . . . . . . . . . . 632

3.1 Discrimination Studies . . . . . . . . . . . . . . . . . . . . . . . . . 632
3.2 Magnitude Estimation Studies . . . . . . . . . . . . . . . . . 633

4 Quantitative Sensory Testing of
Skin Wetness Perception: Empirical
Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 634

4.1 Skin Wetness Perception: Sweat
Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 638

5 Quantitative Sensory Testing of Skin
Wetness Perception: Practical
Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 641

5.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 641
5.2 Stimulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 645
5.3 Measurement of Skin Temperature . . . . . . . . . . . . 649
5.4 Measurement of Skin Wetness Perception . . . . 650

6 Protocol for the Assessment of Skin
Wetness Perception . . . . . . . . . . . . . . . . . . . . . . . . . . . 651

7 Conclusion and Recommendations . . . . . . . . . 654

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 654

Keywords
Skin • Wetness • Skin receptors • Moisture •
Sweat • Temperature • Tactile • Quantitative
sensory testing • Psychometric scales •
Perception

1 Introduction

Since the seminal work of Pharo Gagge at the
John B. Pierce Foundation Laboratory (Gagge
1937), the measurement of skin wetness as a
physical variable has received great attention, par-
ticularly for its role in the estimation of the body’s
heat balance under conditions of increased meta-
bolic heat production (e.g., resulting from exercis-
ing muscles) and decreased gradient for heat loss
to the environment (e.g., resulting from high
ambient temperatures) (Nadel and Stolwijk
1973; Candas et al. 1979; Havenith 2001;
Havenith et al. 2013). However, although much
is known on the biophysical role of skin wetness
in contributing to thermal homeostasis, surpris-
ingly little has been done to elucidate how humans
sense wetness on their skin and how the level
of physical skin wetness relates to the level of
perceived skin wetness.

Expanding the knowledge on how humans
perceive skin wetness has both a fundamental
and an applied significance. On the fundamen-
tal side, this could contribute to a better under-
standing of how the peripheral and central
nervous systems interact to generate complex
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somatic perceptions (Craig 2003). On the
applied side, this could be useful for its poten-
tial clinical as well as industrial implications.
Within the clinical context, this knowledge
could contribute to the development of diag-
nostic tests for patients with somatosensory
disorders (e.g., multiple sclerosis and diabetic
neuropathy) (Gin et al. 2011) as well as skin
conditions (Mayrovitz and Sims 2001). Within
the industrial context, this knowledge could
contribute to the development of new strate-
gies in clothing design aiming to improve ther-
mal comfort as well as to the design and
optimization sanitary products for personal
and patient care. Indeed, local skin wetness
has been repeatedly shown to play a critical
role in the onset of thermal and clothing dis-
comfort (Fukazawa and Havenith 2009) as
well as to be a risk factor for pressure ulcers
when individuals are bed rested and wear san-
itary products (e.g., diapers) (Mayrovitz and
Sims 2001).

This chapter will present the state of the current
knowledge about the neurophysiological and psy-
chophysical bases of humans’ ability to perceive
skin wetness, along with an overview of the most
recent methods used to asses this sensory feature
of the human skin.

1.1 Skin Wetness as a Physical
Variable

As a physical variable, skin wetness was first
introduced by Gagge (1937) who recognized its
critical role in the heat balance of the body.
Whether due to increases in metabolic heat pro-
duction (e.g., as a result of exercise) or exposure
to hot environments, body core overheating is
prevented, and heat balance maintained, by
means of sweating (Candas et al. 1979). Evapora-
tive heat loss through sweating plays a critical role
in cooling the skin, thus maintaining a favorable
core to skin gradient for heat losses from the body
to the environment (Kondo et al. 1997). There-
fore, within environmental conditions that allow
full evaporation, the level of physical skin wetness

represents an important parameter to ensure the
evaporative efficiency of sweating (Candas
et al. 1979). As such, skin wetness is defined as
the fraction of the body covered by liquid at skin
temperature (e.g., sweat), and it represents a phys-
ical measure of the degree of wetness involved in
the process of evaporation (Gagge 1937). Skin
wetness is usually expressed as a decimal fraction,
with 1 representing the upper limit for a fully
wet skin and 0.06 representing the minimal
value due to insensible perspiration through the
skin (Nishi and Gagge 1977).

Since Gagge’s seminal work, the measurement
of skin wetness as a physical variable has received
great attention, particularly in the context of
predicting the body’s heat balance during condi-
tions of increased metabolic heat production and
decreased gradient for heat loss to the environ-
ment (Nadel and Stolwijk 1973; Candas
et al. 1979; Havenith 2001; Havenith
et al. 2013). However, although much is known
on the biophysical role of skin wetness in contrib-
uting to thermal homeostasis, surprisingly little
has been done to elucidate how humans sense
wetness on their skin and how the level of physi-
cal skin wetness relates to the level of perceived
skin wetness.

1.2 Skin Wetness as a Perceptual
Variable

In contrast with insects, in which humidity
receptors subserving hygrosensation have been
identified and widely described (Tichy and
Kallina 2010), humans’ largest sensory organ,
i.e., the skin, seems not to be provided with
specific receptors for the sensation of wetness
(Clark and Edholm 1985). Thus, as human
beings, we seem to learn to perceive the wetness
experienced when the skin is in contact with a
wet surface or when sweat is produced
(Bergmann Tiest et al. 2012a) through a com-
plex multisensory integration (Driver and
Spence 2000) of thermal (i.e., heat transfer)
and tactile (i.e., mechanical pressure and skin
friction) inputs generated by the interaction
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between skin, moisture, and (if donned) clothing
(Fukazawa and Havenith 2009). However, until
very recently, what was still unclear was the
individual role of thermal and tactile cues and
how these are integrated peripherally as well as
centrally by our nervous system when
experiencing the perception of skin wetness.

Investigating the neurophysiological and
psychophysical bases of human skin wetness per-
ception has represented a challenge which has
attracted the interest of many scientists since the
early days of the twentieth century. To our knowl-
edge, the first scientist who has attempted to
explain the sensory basis of this skin perception
was Bentley, who in 1900, with his famous “syn-
thetic experiment,” tested the perception of dip-
ping a sheath-covered finger into a liquid; the
results showed that the participants at first refused
to believe that the finger was not actually wet
(Bentley 1900). Based on these early observa-
tions, Bentley proposed a sensory-blending
hypothesis which suggests the blend of pressure
and coldness as responsible for evoking the per-
ception of wetness.

Following this early work on the psychophys-
ical bases of skin wetness perception, a number of
studies have investigated the perception of skin
wetness. By investigating the perceptual
responses to either skin’s contact with external
wet and dry stimuli (Sweeney and Branson
1990a, b; Li 2005; Daanen 2009; Niedermann
and Rossi 2012; Bergmann Tiest et al. 2012a, b;
Ackerley et al. 2012; Filingeri et al. 2013, 2014a,
b, c, 2015) or to the active production of sweat
(Fukazawa and Havenith 2009; Lee et al. 2011;
Gerrett et al. 2013), these studies have provided
insights about the potential mechanisms for which
skin wetness is sensed in humans.

The majority of these studies have endorsed
the use of quantitative sensory testing as the
preferred methodology to measure human skin
wetness perception. Therefore, before reviewing
the main findings of the abovementioned studies
and before providing practical examples of how
QST is performed in the context of measuring skin
wetness perception, an overview of the character-
istics of these tests will be provided.

2 Quantitative Sensory Testing

Quantitative sensory testing (QST) represents a
noninvasive sensory examination of somatosen-
sory modalities such as light touch, vibration,
thermal, and pain sensation (Chong and Cros
2004). The basic psychophysical paradigm on
which this test is based is that of stimulus-
response: by exposing the participant to a stimu-
lus with prespecified physical properties
(e.g., temperature), the resulting sensory response
(i.e., the presence/absence of any perception of the
stimulus; estimation of the intensity of the stimu-
lus) is measured in order to investigate the target
somatosensory function (e.g., thermal sensitivity)
(Walk et al. 2009).

QST can be divided into threshold detection
tests and stimulus intensity ratings. Threshold
detection tests use a graded series of stimuli of
increasing and decreasing intensities in order to
determine the sensory threshold at which the par-
ticipant detects or no longer detects a particular
somatosensory stimulus. Stimulus intensity tests
use a fixed standard stimulus of known properties
in order to determine the participant’s ability to
provide a quantitative rating of the stimulus’
intensity (Chong and Cros 2004; Walk
et al. 2009).

During a QST, and in response to the stimuli,
participants are usually instructed to either report
the presence or absence of a particular sensation
with a Yes-No method (Chong and Cros 2004) or
to report the intensity of the perceived stimulus on
psychometric scales.

2.1 Psychometric Scales

Two main types of psychometric scales are com-
monly used when QST is administered with a
stimulus intensity paradigm: Likert scales and
visual analogue scales.

Likert scales (or categorical scales) are psycho-
metric scales which are characterized by 4–11
points with designated verbal descriptors and
anchor points at the extremes of the scale which
define the range of sensations/perceptions
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specifically tested within the construct of the scale
(Likert 1932). Visual analogue scales are psycho-
metric scales which are characterized by a straight
line whose extreme points represent the anchor
points for the sensation/perception specifically
tested (Scott and Huskisson 1976).

With regard to the specificity of each type of
scale, and how appropriate their use is according
to the experimental conditions designed, it is gen-
erally accepted that Likert scales are preferable for
the benefits that the presence of verbal descriptors
provides in helping individuals to describe their
sensations. This is particularly true when external
noise or other distracters can influence the subjec-
tive ability to define one’s own sensations (Lee
et al. 2010). With regard to visual analogue scales,
these are generally considered as preferable when
a higher sensitivity in the measurement of a par-
ticular sensation is needed. Also, by not restricting
individuals’ ability to rate their sensation based on
specific verbal descriptors, these scales are
thought to provide individuals with a greater flex-
ibility and thus accuracy in their sensation dis-
crimination (Lee et al. 2010).

With regard to the use of QST in the investiga-
tion of skin wetness perception, this method has
been widely used in the context of testing skin
wetness perception as a result of the contact with
an external wet or a dry stimulus. In light of this,
the following paragraphs present an overview of
the most representative studies which have
endorsed the use of QST when investigating skin
wetness perception.

3 Assessing Skin Wetness
Perception: Overview
of the Literature

Most of the literature on skin wetness perception
has focused on investigating the minimum
amounts of wetness that individuals are able to
discriminate between (i.e., discrimination of skin
wetness) and whether individuals are able to char-
acterize the level of skin wetness they experience
during the skin’s contact with external (wet or
dry) stimuli (i.e., magnitude estimation of skin
wetness).

3.1 Discrimination Studies

During a discrimination experiment, Sweeney and
Branson (1990b) showed that, when cotton test
fabrics (25 cm2) with different water content were
applied to the upper back of 13 blindfolded female
participants, these discriminated between mois-
ture content with a discrimination threshold of
1.6 μl.cm�2 against a reference stimulus of
3.6 μl.cm�2 (Sweeney and Branson 1990b).

In line with this approach, Jeon et al. (2011)
applied four 100 cm2 specimens of different types
of fabric (i.e., cotton, regular polyester, and two
types of the so-called high-performance polyes-
ter) with a range of moisture contents
(1–21 μl.cm�2) to the right and left inner forearm
of ten blindfolded female participants (duration:
5 s). Test fabrics were applied simultaneously to
two reference fabrics (with amounts of water of
5 and 15 μl.cm�2) and participants judged which
stimulus caused greater wetness perception. This
study found average discrimination thresholds
which differed between the different materials
(higher for, e.g., high-performance polyester) in
the range of 1.9–2.6 μl.cm�2 against the 5 μl.cm�2

reference stimulus and from 3.6 to 5.4 ml against
the 15 ml.cm�2 reference stimulus.

Similarly, in a study in which six males and six
females (blindfolded) interacted with three differ-
ent types of wet materials (i.e., 19.6 cm2 thin and
thick viscose and cotton wool), in two ways of
exploring (i.e., the samples were either touched
statically, flat on the table, in which case only
thermal cues were available, or they were touched
dynamically, picked up, and manipulated, in
which case both thermal and mechanical cues
were available), Bergmann Tiest et al. (2012a)
found that discrimination thresholds ranged from
�25 to �400 μl.cm�2 according to the type of
contact with the stimuli (static vs. dynamic).

Overall, the abovementioned studies provided
evidence in support of the individual ability to
readily discriminate between higher and lower
wetness levels. However, although endorsing the
use of QST, by approaching the assessment of
skin wetness perception with a discrimination
paradigm (i.e., a forced choice between two
options), these studies have provided limited
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evidence on the potential sensory mechanisms
involved in the subjects’ ability to sense and dis-
criminate skin wetness. In this respect, the studies
which have approached the assessment of skin
wetness with a magnitude estimation paradigm
have provided more detailed insights on the
potential sensory inputs underlying the human’s
ability to sense wetness on the skin, thus indicat-
ing this approach (i.e., QST with a magnitude
estimation paradigm) as a potentially more effec-
tive method to assess skin wetness perception.

3.2 Magnitude Estimation Studies

The experimental studies that have investigated
what sensory inputs contribute to skin wetness
perception as a result of the contact with an exter-
nal wet or dry stimulus have indicated that the
thermal sense (and specifically cold sensations)
could be the key player in driving the perception
of wetness (Daanen 2009; Bergmann Tiest
et al. 2012b; Ackerley et al. 2012). In support of
this hypothesis, it has been proposed that, as we
learn to perceive skin wetness, we tend to associ-
ate the cold sensations evoked by the drop in skin
temperature occurring during the evaporation of
moisture from the skin as a signal of the presence
of moisture, and thus wetness, on the skin surface
(Daanen 2009). Therefore, cold stimuli able to
reproduce such skin cooling rates are suggested
to suffice in evoking the perception of wetness
(Bergmann Tiest et al. 2012b). In this respect,
Daanen (2009) measured the temperature course
of the skin (i.e., temperature’s drop of 1–5 �Cwith
a 0.05–0.2 �C.s�1 cooling rate) when this was
wetted with drops of water with volumes in a
range of 10–100 μl. The author suggested that
the cold sensations experienced when such skin
cooling occurs can contribute to the perception of
skin wetness. Therefore, exposing the skin to a
cold-dry stimulus producing such skin cooling
was hypothesized and tested effective in evoking
an illusory perception of skin wetness (Daanen
2009).

The critical role of cold sensations in inducing
the perception of wetness had been previously
observed by Yamakawa and Isaji (1987) during a

magnitude estimation experiment performed with
six different textiles in three wetness conditions
and at three different temperatures (Yamakawa
and Setsuku 1987). In this study the authors
found that subjects’ ratings in terms of perceived
wetness correlated to the initial cooling rates
occurring during the contact between the subjects’
fingers and the test fabrics: a greater initial tem-
perature drop was linked to a greater perception of
wetness. In line with this, the role of coldness in
sensing skin wetness has been further confirmed
by Bergmann Tiest et al. (2012b), who showed
that, when manipulating dry phase-change mate-
rials which induced cool sensations, participants
perceived these as being wetter than non-treated
dry fabrics.

Finally, Ackerley et al. (2012) have recently
shown that nine blindfolded females readily
discriminated between very small amounts of
moisture (in the range of 1.6 μl.cm�2) applied
with a tactile stimulator over different regions
of the body. Although in the mentioned study
no recordings of local skin temperature and
thermal sensations were performed, the authors
hypothesized that participants distinguished the
greater from the smaller levels of moisture due
to the resulting greater evaporative cooling
which induced colder thermal sensations and
thus wetter perceptions.

With regard to the potential contribution of
other sensory modalities (than thermal) to the
perception of skin wetness, Bergmann Tiest
et al. (2012a) have recently provided evidence
for the role of tactile inputs in the haptic percep-
tion of wetness. In their study, the authors
observed that, during the interaction with wet
materials (i.e., 19.6 cm2 thin and thick viscose
and cotton wool), wetness discrimination thresh-
olds decreased significantly when individuals
were allowed dynamic as opposed to the static
touching. This indicated that individuals’ skin
wetness perception was increased by a higher
availability of tactile information, as occurring
during the dynamic exploration (as opposed to
the static contact) of the wet materials. The
authors concluded that, when thermal cues (e.g.,
thermal conductance of a wet material) provide
insufficient sensory inputs, individuals seem to
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use mechanical cues (e.g., stickiness resulting
from the adhesion of a wet material to the skin)
to aid them in the perception of wetness.

Overall, these magnitude estimation studies
have provided more detailed insights on the
sensory inputs which could significantly con-
tribute to driving the perception of skin wet-
ness during the contact with wet stimuli (e.g.,
thermal cold sensations). Furthermore, these
studies have demonstrated that assessing the
psychophysical processes involved in the per-
ception of skin wetness by using QST with a
magnitude estimation paradigm can provide
reliable quantitative data about the neurophys-
iological mechanisms underlying this complex
somatosensory experience. However, despite
these studies having provided psychophysical
evidence on the role of the different sensory
cues involved in the perception of skin wetness
during the skin’s contact with external (dry or
wet) stimuli, until very recently, still little was
known on how this sensory information was
then centrally integrated by the nervous sys-
tem. Furthermore, the absence of a specific
reference sensory model for the perception of
skin wetness contributed to a lack of standard-
ized procedures in the assessment of skin wet-
ness perception.

In this respect, our group has recently
performed a systematic experimental analysis of
the neurophysiological and psychophysical fac-
tors which underpin human skin wetness percep-
tion, with the aim of developing a
neurophysiological model which could be used
as a frame of reference in the assessment of the
perception of skin wetness (Filingeri et al. 2013,
2014a, b, c, 2015). In order to achieve this aim, we
developed a structured and systematic methodol-
ogy for the assessment of skin wetness perception.
In light of this, and due to the practical implica-
tions that this systematic methodology might have
in the context of standardizing the assessment of
human skin wetness perception, an overview of
this experimental work as well as of the sensory
model for skin wetness perception, along with
detailed information and practical examples of
the methods and setups we used in these studies,
will be presented below.

4 Quantitative Sensory Testing of
Skin Wetness Perception:
Empirical Framework

The aim of the experimental work performed by our
group was to investigate the neurophysiological and
psychophysical bases of humans’ ability to perceive
wetness on the skin (Filingeri et al. 2013, 2014a, b, c,
2015). The contact with an external wet or dry
stimulus was considered as the scenario in which
the perception of skin wetness can be experienced
and assessed. Specifically, it was aimed to elucidate,
from a mechanistic standpoint, the individual contri-
bution as well as the interaction between the sensory
cues which seem to drive the perception of skin
wetness (i.e., cutaneous thermal and tactile inputs).

A QST with a magnitude estimation paradigm
was used to investigate skin wetness perception as
a result of the contact with an external stimulus.
This approach has been previously shown to be
more appropriate than a discrimination paradigm
when investigating the sensory cues involved in
the perception of skin wetness. A number of exter-
nal stimuli, with different properties (i.e., temper-
ature, pressure, level of wetness), were applied to
different body regions (i.e., hairy and glabrous
skin sites), during different activities (i.e., rest
and exercise), during different environmental con-
ditions (i.e., thermoneutral and warm), and during
different sensory states (i.e., the presence/absence
of a selective reduction in the activity of specific
cutaneous nerve fibers). These studies provided
evidence for and support to the development of a
specific neurophysiological model for human skin
wetness perception. As results of these studies, the
following findings were obtained:

1. When the application of cold-dry stimuli on
participants’ hairy skin produced a drop in
skin temperature ranging between 1.4 and
4.1 �C with a cooling rate of
0.14–0.41 �C.s�1 (a similar cooling rate as the
one induced by the evaporation of water from
the skin), an illusion of skin wetness perception
was evoked; when cold-dry stimulations
produced a drop in skin temperature of
0.2–0.7 �C with a cooling rate of
0.02–0.07 �C.s�1, skin wetness perception
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was little evoked and decreasing thermal sen-
sations prevailed (Filingeri et al. 2013) (Fig. 1).

2. Cold-dry stimulations inducing skin cooling
rates of 0.06–0.4 �C.s�1 were shown to evoke
artificial skin wetness perceptions, with
colder stimuli resulting in a higher frequency
and magnitude of wetness perception. How-
ever, it was observed that the application of
stimuli with a higher mechanical pressure on

the skin (10 vs. 7 kPa) reduced the frequency
of the times artificial wetness perceptions
were evoked. Also, it was found that cold-
dry stimuli were perceived as being wetter
during exercise performed in a warm envi-
ronment than during rest in the same environ-
ment, as well as than during exercise in the
thermoneutral one (Filingeri et al. 2014c)
(Fig. 2).

Fig. 1 (a) Relative variations in skin temperature drop
from baseline (ΔTsk) and corresponding cooling rates as a
result of six cold-dry stimuli with decreasing contact tem-
peratures. (b) Wetness perception scores recorded as a
result of each of the six cold-dry stimuli (phase B) and
during the following bare skin phase (c) (*p < 0.05). Skin
cooling rates corresponding to each stimulus are reported

between brackets. The point “1” of the wetness perception
scale corresponds to the threshold set to identify perceived
skin wetness (Reprinted from Neuroscience Letters,
551, Filingeri D, Redortier B, Hodder S, Havenith G, The
role of decreasing contact temperatures and skin cooling in
the perception of skin wetness, 65–69, Copyright (2013),
with permission from Elsevier)
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3. The existence of regional differences in cuta-
neous thermosensitivity to cold has been
shown to translate into significant regional dif-
ferences in cutaneous wetness perception
across the human torso. Interestingly, these
regional sensory patterns were observed to be
independent from the magnitude of local skin
cooling caused by the stimulus. In other words,
the regions in which the stimulus resulted in
greater skin cooling (i.e., lateral chest) were not
necessarily the ones in which the stimulus was
perceived as colder, wetter, and more unpleas-
ant (Filingeri et al. 2014a) (Fig. 3).

4. Warm temperature stimuli were shown to sup-
press the perception of skin wetness during
initial static contact with a wet surface
(Filingeri et al. 2015) (Fig. 4).

5. It was found that individuals perceived warm-
wet and neutral-wet stimuli as significantly less
wet than cold-wet ones, even when these were
characterized by the same moisture content.
Also, it was shown that when cutaneous cold
and tactile sensitivity was diminished by a selec-
tive reduction in the activity of A-nerve afferents
(subserving cold and light touch cutaneous

sensitivity), wetness perception was signifi-
cantly reduced. Finally, a trend was observed
with the extent of perceived wetness being
higher on the hairy than on the glabrous skin.
This seems to be due to the structural (i.e., gla-
brous skin presents thicker stratum corneum and
higher thermal insulation) and functional differ-
ences (i.e., glabrous skin presents higher density
of mechanoreceptors, while hairy skin has a
higher density of thermoreceptors) between
hairy (more of a thermosensory organ) and gla-
brous skin (more of an organ for heat exchange)
(Filingeri et al. 2014b) (Fig. 5).

6. Based on a concept of perceptual learning and
Bayesian perceptual inference, the first neuro-
physiological model of cutaneous wetness sen-
sitivity centered on the multisensory
integration of cold and mechanosensitive skin
afferents was developed in order to explain
how humans sense warm, neutral, and cold
skin wetness (Filingeri et al. 2014b) (Fig. 6).

The above-listed findings were obtained during
five experimental studies which were conducted to

Fig. 2 Frequency distribution of local wetness perception
scores as a result of three cold-dry stimuli (i.e., 4, 8, and
15 �C below local skin temperature) applied with low and
high pressure. The frequency of times the same cold-dry
stimulus was perceived as “dry” or as “wet” is indicated as
a fraction (%) of the total responses recorded for each
stimulus. Differences are indicated as statistically (*p <

0.05) or as not statistically significant (i.e., ns) (Reprinted
from Neuroscience, 258, Filingeri D, Redortier B,
Hodder S, Havenith G, Thermal and tactile interactions in
the perception of local skin wetness at rest and during
exercise in thermo-neutral and warm environments,
121–-130, Copyright (2014), with permission from
Elsevier)
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Fig. 3 (continued)
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investigate skin wetness perception as resulting
from the contact with an external (dry or wet)
stimulus. These outcomes provided evidence for
the primary role of cold thermal cues as well as
mechanical cues in the form of pressure and stick-
iness in driving the perception of skin wetness.

In this respect, it deserves mention that, as an
alternative way of experiencing skin wetness per-
ception, the active production of sweat (either as
resulting from exposures to warm environments
or from exercise) represents a condition in which
this sensory experience can also be assessed.
Although in this context, the possibility to imple-
ment a quantitative approach and to use QST to
isolate the individual contribution of the different
sensory cues (i.e., thermal and tactile) is limited
by the difficulties in strictly controlling the char-
acteristics of the stimulus used (i.e., the amount
and location of sweat-induced skin wetness), in
order to provide the reader with a more compre-
hensive picture of the theoretical framework
behind the perception of skin wetness; the find-
ings of the most representative studies which have
assessed skin wetness perception as resulting
from active sweating are summarized below.

4.1 Skin Wetness Perception: Sweat
Production

In a study in which thermal comfort sensitivity
was investigated in relation to locally manipulated

skin wetness (as resulting from exercise-induced
sweat production), Fukazawa and Havenith
(2009) found that the torso seems to have a
lower sensitivity to wetness than the limbs. Sim-
ilar findings were also reported by Gerrett
et al. (2013) in a non-manipulated condition (nat-
ural sweat distribution across the torso during
exercise). However, as sweat rates across the
torso are much higher than on the limbs (Havenith
et al. 2008; Smith and Havenith 2011, 2012), the
skin wetness experienced in a non-manipulated
condition is nevertheless higher for the torso
(Gerrett et al. 2013). This is supported by Lee
et al. (2011), who showed that individuals
reported the torso (i.e., chest and back) to be the
regionmore often perceived as wet during rest and
moderate exercise in 25 �C and 32 �C ambient
temperature and 50 % humidity.

Interestingly, in all these studies, skin temper-
ature was always observed to increase signifi-
cantly during the exercise protocols, suggesting
that participants were able to both sense and
regionally discriminate sweat-induced skin wet-
ness, despite not experiencing any cold sensation,
one of the main sensory cues which has been
suggested to drive the perception of skin wetness
(Filingeri et al. 2013, 2014a, b, c, 2015). It could
therefore be suggested that in conditions of sweat-
induced skin wetness, individuals rely more on
tactile (e.g., stickiness of their clothing) than on
thermal inputs (i.e., thermal cold sensations) to
characterize their wetness perception. This

��

Fig. 3 Body maps showing the regional distribution of (a)
local skin cooling (�C) caused by the application of the
stimulus, (b) absolute mean votes for thermal sensation, (c)
frequency of wetness perception, and (d) absolute mean
votes for pleasantness sensation, as a result of the 10 s
application of the relative cold-dry stimulus (15 �C lower
than local Tsk) to each skin site, averaged over all condi-
tions. Data were collected on the left side of the body and
the body maps presented were developed assuming left-
right symmetry (see Ouzzahra et al. 2012). Regions show-
ing greater skin cooling, colder sensations, more frequent
wetness perceptions, and more unpleasant sensations are
represented in darker colors. Part of the rating scales used
by the participants to score their absolute thermal and
pleasantness sensations is reported next to the respective
body maps. Two main tendencies are shown. First, the

regional differences in thermal, wetness, and pleasantness
sensation present a similar pattern across the torso (e.g., as
opposed to the chest, the lateral and lower back appears
more sensitive to cold, wetness, and thermal displeasure).
Second, these sensory patterns seem independent from the
regional variations in skin cooling (i.e., regions which
show greater skin cooling, such as the lateral chest,
are not necessarily the ones in which the stimulus was
perceived as colder, more often wet, or more unpleasant)
(Reprinted from Journal of Applied Physiology, doi:
10.1152/japplphysiol.00535.2014, Filingeri D,
Fournet D, Hodder S, Havenith G, Body mapping of cuta-
neous wetness perception across the human torso during
thermo-neutral and warm environmental exposures, Copy-
right (2014))
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hypothesis could be supported by the fact that a
swelling state of the skin (due to sweat produc-
tion) has been previously suggested as to poten-
tially affect the regional perception of skin
wetness by increasing the skin’s sensitivity to
tactile stimulation (Gerrett et al. 2013).

The possibility that, in conditions of sweat-
induced skin wetness, individuals rely more on
tactile than on thermal inputs to characterize their
wetness perception could be also in line with what
previously shown for the skin’s contact with an
external stimulus (i.e., manual exploration of a
wet material) by Bergmann Tiest et al. (2012a),

who reported that, when thermal cues (e.g., ther-
mal conductance of a wet material) provide insuf-
ficient sensory inputs, individuals seem to use
mechanical cues (e.g., stickiness resulting from
the adhesion of a wet material to the skin) to aid
them in the perception of wetness (Bergmann
Tiest et al. 2012a). However, as in the
abovementioned studies (Fukazawa and Havenith
2009; Lee et al. 2011; Gerrett et al. 2013), the
mechanical interaction at the skin was neither
manipulated nor controlled; these studies did not
provide conclusive evidence on the potential link
between the thermal and tactile changes occurring

Fig. 4 Wetness perception
scores recorded before
(pre-stimulation) and
during (stimulation) the
application of the warm-dry
and warm-wet stimuli.
Average changes in vote
(ΔVotes) from pre- to
poststimulation are also
reported (Filingeri
et al. 2015) (Reprinted from
Skin Research and
Technology, doi: 10.1111/
srt.12148, Filingeri D,
Redortier B, Hodder S,
Havenith G, Warm
temperature stimulus
suppresses the perception of
skin wetness during initial
contact with a wet surface,
Copyright (2014), with
permission from John
Wiley and Sons)
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locally at the skin’s surface when this was wet due
to sweating and the resulting sensory inputs used
by the participants to characterize their perception
of skin wetness.

In this respect, the studies performed by our
group (Filingeri et al. 2013, 2014a, b, c, 2015),
which focused on assessing skin wetness percep-
tion during the contact with an external dry and/or
wet stimulus, were conducted with the aim of
isolating the individual contribution of thermal
and tactile cues to the perception of wetness, so
that a sensory model for wetness could be devel-
oped and thus used as a frame of reference also in
those studies in which skin wetness is induced by
the active production of sweat. In doing so, we
developed a structured and systematic methodol-
ogy for the assessment of skin wetness perception.
The following paragraph summarizes the method-
ology developed (including all the relevant equip-
ment used) and provides a practical outline of a
typical experimental protocol as used in the
assessment of skin wetness perception.

5 Quantitative Sensory Testing
of Skin Wetness Perception:
Practical Framework

When investigating the perception of skin wet-
ness, one of the aims of the sensory testing is to
isolate the individual contribution of cutaneous
thermal and tactile cues to the perception of wet-
ness so that the participant’s somatosensory abil-
ity to perceive skin wetness can be assessed.

In this respect, as other sensory modalities than
thermal and tactile (e.g., vision) can represent a
potential confounding factor in the assessment of
skin wetness perception, specific setups are
needed. For example, as in the abovementioned
studies, we wanted to limit the contribution of
vision to the perceptual experience of skin wet-
ness (thus focusing on the somatosensory compo-
nents of this perception); we therefore did not
provide participants with any specific information
about the type of stimuli we used. Furthermore,
during the assessment of skin wetness perception,
participants were blind to the site of stimulation.
This approach was considered necessary to reduce
the contribution of any expectation effect as well
as of any confounding factor in the assessment of
skin wetness perception. Hence, specific setups
were designed. An overview of their characteris-
tics is presented below.

5.1 Experimental Setup

For the first study investigating skin wetness dur-
ing the contact with an external stimulus, the
forearm was chosen as preferred site for stimula-
tion (Filingeri et al. 2013). In this respect, partic-
ipants were informed only about the body region
subjected to the stimulation. No information was
provided on the type and magnitude of the stimu-
lation to limit any expectation effects.

To blind the participants to the site of stimu-
lation, an S-shaped wooden panel (width, 81 cm;
length, 74 cm; height, 60 cm) was placed on a

�

Fig. 5 Forearm and finger pad skin temperature (�C) and
corresponding ratings for thermal sensation and wetness
perception (arbitrary units, a.u.) during the static (STAT),
dynamic (DYN), and evaporation (EVAP) phases of con-
tact with the warm-wet (35 �C), neutral-wet (30 �C), and
cold-wet (25 �C) stimuli. Panels a and b, panels e and g,
and panels i and k show skin temperature, thermal sensa-
tion, and wetness perception data, respectively, as recorded
during the NO-BLOCK trial for the forearm and finger pad.
Panels b and d, panels f and h, and panels j and l show skin
temperature, thermal sensation, and wetness perception
data, respectively, as recorded during the BLOCK trial
for the forearm and finger pad. Two tendencies are illus-
trated. In the NO-BLOCK trials, thermal sensations
matched the variation in skin temperature, and wetness

perceptions increased with decreasing contact tempera-
tures (static phase) and from static to dynamic to post
contact (evaporation). In the BLOCK trials, cold sensitivity
was reduced in the forearm, and both warmth and cold
sensitivity were reduced on the finger pad. This resulted
in a significant decrease in wetness perceptions during all
temperature stimulations (and particularly during the cold
one) and during all phases of interaction. Data are reported
as mean (group average n = 13) and SD (vertical lines)
(Reprinted from Journal of Neurophysiology, doi: 10.1152/
jn.00120.2014, Filingeri D, Fournet D, Hodder S,
Havenith G, Why wet feels wet? A neurophysiological
model of human cutaneous wetness sensitivity, Copyright
(2014))
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table. A hole (width, 12 cm; height, 13 cm) in the
panel allowed participants to enter their left fore-
arm and lay it down with the palm facing
upward. This setup did not allow the participants
to see the stimuli that were applied on their
forearm (Fig. 7).

For the second and third studies investigating
skin wetness during the contact with an external
stimulus, the upper and lower back were chosen as
preferred sites for stimulation, as participants
were tested either resting or exercising (cycling)
(Filingeri et al. 2014c, 2015). In this respect,

Fig. 6 Neurophysiological model of cutaneous wetness
sensitivity. Mechano Aß, cold Aδ, and warm C-sensitive
nerve fibers and their projections from the skin, through the
peripheral nerve, spinal cord (via the dorsal column-medial
lemniscal pathway and the spinothalamic tract), thalamus,
and somatosensory cerebral cortex (including the primary
and secondary somatosensory cortices SI and SII, the insu-
lar cortex, and the posterior parietal lobe), are shown.
Panels a and b show the neural model of wetness sensitiv-
ity (consisting of Aδ and Aß afferents) under normal and

under selective reduction in the activity of A-nerve fibers,
respectively. Panels c, e, and g show the pathways for
wetness sensitivity during static contact with warm, neu-
tral, and cold moisture. Panels d, f, and h show the path-
ways for wetness sensitivity during dynamic contact with
moisture (Reprinted from Journal of Neurophysiology,
doi: 10.1152/jn.00120.2014, Filingeri D, Fournet D,
Hodder S, Havenith G, Why wet feels wet? A neurophys-
iological model of human cutaneous wetness sensitivity,
Copyright (2014))
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participants were informed only about the body
region subjected to the stimulation. No informa-
tion was provided on the type and magnitude of
the stimulation to limit any expectation effects.
Being this their back, participants were naturally
blind to the site of stimulation (Fig. 8).

For the fourth study investigating skin wetness
during the contact with an external stimulus, as the

regional sensitivity to skin wetness perception was
investigated, 12 regions of the front and back of the
torso were chosen as preferred sites for stimulation
(Fig. 9) (Filingeri et al. 2014a). In this respect,
participants were informed only about the body
region subjected to the stimulation. No information
was provided on the type and magnitude of the
stimulation to limit any expectation effects.

Fig. 7 The S-shaped wooden panel used to blind the participants to the site of stimulation

Fig. 8 The experimental setup adopted by Filingeri et al. (2014c, 2015)
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To blind the participants to the sites of stimu-
lation, the following setup was designed (Fig. 10).
When the front torso was stimulated, participants
were asked to lie on a bench on their back, with
their arms alongside the body and a rectangular-
shaped textile screen (length, 81 cm; height,
67 cm) was placed above the participants’ neck.
The screen was adjusted until each participant
confirmed that they could not see either their
front torso or the investigator. When the back
torso was stimulated, participants were asked to
lie on their front, with their arms alongside the
body, and to face toward the left, while the inves-
tigator was standing on their right-hand side
(Filingeri et al. 2014a).

For the fifth and last study investigating skin
wetness during the contact with an external stim-
ulus, the forearm and index finger pad were cho-
sen as preferred sites for stimulation (Fig. 11)
(Filingeri et al. 2014b). In this respect, partici-
pants were informed only about the body region
subjected to the stimulation. No information was
provided on the type and magnitude of the stimu-
lation to limit any expectation effects.

To blind the participants to the site of stimula-
tion, an S-shaped wooden panel (width, 81 cm;
length, 74 cm; height, 60 cm) was placed on a
table. A hole (width, 12 cm; height, 13 cm) in the
panel allowed participants to enter their left fore-
arm so that they could interact with the stimuli.

Fig. 9 The 12 skin sites of the front and back of the torso chosen for stimulation

Fig. 10 The experimental setup adopted by Filingeri et al. (2014a)
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This setup did not allow the participants to see the
stimuli that were applied on their forearm. Fur-
thermore, as in this study a compression ischemia
protocol was used to selectively reduce cutaneous
cold and tactile sensitivity; during the experimen-
tal tests in which this protocol was performed, a
blood pressure cuff was applied on the partici-
pants’ forearm (Fig. 12).

In summary, the experimental setups presented
above provide practical examples on how to meet
the conditions required for the assessment of skin
wetness perception across different regions of the
body as well as during different experimental
conditions.

Meeting these experimental conditions with the
appropriate setup is just one of the steps which are
required when performing a QST of the perception
of skin wetness. Indeed, the choice of the appro-
priate stimulator for delivering the specific stimuli
required, as well as the choice of the appropriate
physiological and psychometric measurements,
and finally the design of an appropriate experimen-
tal protocol all represent factors which are essential
to effectively assess this perception. An overview
of these factors is presented below.

5.2 Stimulator

With regard to the type stimulator to be used to
assess the perception of skin wetness, this has to
satisfy specific criteria which are essential to
effectively investigate the thermal and tactile
components involved in the perception of skin
wetness. The stimulator has to be:

– Controllable in terms of its temperature, in terms
of the mechanical pressure this can generate on
the skin, and in terms of its wetness level

– Relatively small and easily applicable to dif-
ferent parts of the body, during different con-
ditions (e.g., rest and exercise)

In our studies, these criteria were found to be
satisfied by the Physitemp thermal probe
(Physitemp Instruments, Inc., USA). This ther-
mal stimulator presents a thermal probe with a
contact metallic surface of 25 cm2 and a weight
of 269 g (Fig. 13a). The thermal probe is driven
by a thermoelectric (Peltier effect) module. The
system is composed of a controller (readout unit)
to which the thermal probe is connected. For
stable operation, the thermoelectric module
requires a trickle of cooling water. This is sup-
plied by a pump and tank unit connected to the
controller (Fig. 13b).

The thermal probe we used had a base adjust-
able temperature range of 20–30 �C. According to
the base temperature, a temperature control range
of �20.5 �C is allowed. The thermal probe has a
response time of <4 s in heating and cooling.

As it stood, the thermal probe assured that some
of the requirements needed (i.e., having a control-
lable temperature as well as being relatively small
and easily applicable to different parts of the body)
were met. However, specific modifications were
needed to assure that the same stimulator could
allow the application of stimuli with different levels
of wetness, as well as to control the mechanical
pressure applied to the skin.

Fig. 11 The two skin sites chosen for stimulation
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With regard to the first requirement, to make
the contact with the probe’s surface either dry or
wet, test fabrics (100 % cotton) with a surface of
100 cm2 were placed on the thermal probe and

fixed by an elastic band (Fig. 14). According to
the test, these were wetted with water at ambient
temperature (�23 �C), using a variable volume
pipettor (SciQuip Ltd., Newtown, UK).

Fig. 12 The S-shaped
wooden panel used to blind
the participants to the site of
stimulation
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To ensure that the wet fabric would reach the
required probe’s temperature, the contact temper-
ature between the probe and the test fabric was
monitored with a thin thermocouple (0.08 mm
wire diameter, 40 gauge; 5SRTC-TT-TI-40-2M,
Omega, Manchester, UK) placed on the thermal
probe’s surface. Probe-fabric temperature was
then monitored online using a Grant Squirrel
SQ2010 data logger (Grant Instruments Ltd.,
Cambridge, UK).

With regard to the second requirement, to
manipulate and control the mechanical pressures
applied by the thermal probe, we designed and
developed a pressure control system (Fig. 15).
The system consisted of an air bladder, inserted
into a frame attached to the thermal probe, which
was connected to a manometer (containing water)
throughout a silicon tube. The frame consisted of

two wooden disks laid one upon the other and
coupled by three springs which allowed the top
disk to scroll down freely. A handle was attached
to the top disk so that the probe could be applied to
the skin. When this happened, the air bladder
deformed, producing a pressure change in the
system which resulted in displacing the water in
the manometer from its set “null” point
(no pressure applied). The point reached by the
water in the tube as a result of the pressure change
was used as an indicator to control the mechanical
pressure. To calibrate and standardize this last
one, a digital scale (Mettler Toledo, Inc., USA)
was used to measure the force resulting from the
application of the probe.

The range between the lowest and the highest
pressure applicable and measurable by the system
resulted in 7–55 kPa. Tests were performed during

CONTROLLER

REAR

IN OUT

RETURN

OUT

REAR

PUMP
&

TANK
UNIT

a bFig. 13 The thermal probe
used for the application of
the external stimuli. Panel
a shows the control unit
with the three dials allowing
control of the probe’s
temperature (step changes
of �5 �C, �1 �C, or
�0.1 �C) and the thermal
probe with the contact
metallic surface of 25 cm2

(in the red circle). Panel
b shows a schematic
diagram of how the control
unit was connected to the
pump and tank unit

Fig. 14 The test fabrics used to make the probe’s contact surface either dry or wet
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the development of the prototype to check the
accuracy and repeatability of the nominal pres-
sures applied with the pressure control system.
One hundred trials were conducted. These
consisted of measuring the force resulting from
the application of the probe on a digital scale
(Mettler Toledo, Inc., USA) while controlling
that the water displacement on the manometer
was the one required for the pressures selected.
Ninety-five percent confidence interval values
were calculated for the two reference pressures
(i.e., 7 and 10 kPa) and resulted as follows:
7 kPa = 7.1 kPa (lower bound), 7.2 kPa (upper
bound); 10 kPa = 10.4 kPa (lower bound),
10.6 kPa (upper bound).

It deserves mention that, although the stimula-
tor described above was found to satisfy the
criteria required for the assessment of skin wet-
ness perception, alternative options to this device

are available and have previously found to be
effective in delivering controlled local dry and/or
wet stimuli to the skin. An example of such
devices is represented by the automated rotary
tactile stimulator (Dancer Design, Wirral, UK)
used by Ackerley et al. (2012) in their investiga-
tion of skin wetness sensitivity across different
body sites.

The rotary tactile stimulator has four radial
arms with a smooth, slightly rounded plastic
surface at each end (length, 6 cm; width,
3 cm), on which test fabrics can be applied,
e.g., by means of pieces of VELCRO®. The
authors used this automated rotary tactile stim-
ulator to deliver controlled moving stimuli at a
predetermined force, direction, and speed to
the skin sites, using custom-written scripts in
LabVIEW (National Instruments, Austin,
USA).

Fig. 15 The pressure control system developed to manip-
ulate and control the mechanical pressures applied by the
thermal probe. The system consists of an air bladder,
inserted into a frame and attached to the thermal probe.
The air bladder is connected to a manometer (containing
water) throughout a silicon tube (a). When no pressure is
applied to the system, the water in the manometer sets to its
“null” point (b). When pressure is applied, the air bladder
deforms, producing a pressure change in the system which
displaces the water in the manometer from its set “null”

point (c). The point reached by the water in the tube, as a
result of the pressure change, is used as an indicator to
control the mechanical pressure applied to the skin
(Reprinted from Neuroscience, 258, Filingeri D,
Redortier B, Hodder S, Havenith G, Thermal and tactile
interactions in the perception of local skin wetness at rest
and during exercise in thermo-neutral and warm environ-
ments, 121–130, Copyright (2014), with permission from
Elsevier)
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5.3 Measurement of Skin
Temperature

In order to overcome previous limitations
observed in the literature (i.e., the absence of
specific physiological measurements of local
changes at the skin during application of the exter-
nal stimuli), for the assessment of skin wetness
perception as performed in our recent studies, it
was decided to monitor: (1) the local changes in
skin temperature when the skin was stimulated
with the probe and (2) the whole-body changes
in mean skin temperature when participants were
exposed to different environmental and exercising
conditions.

Local skin temperature before or after the con-
tact with the stimuli was measured by using a
single-spot infrared thermometer (Fluke

566, Fluke Corporation, USA) with a temperature
range of �40 �C to 800 �C and an accuracy of
�1 �C (Fig. 16). In order to maximize the accu-
racy of the temperature reading, during all testing
the infrared thermometer was calibrated against a
matte black plate whose temperature was moni-
tored with a thermistor (Grant Instruments, Cam-
bridge, UK).

Local skin temperature during the contact with
the stimuli was measured by using a thin thermo-
couple (0.08 mm wire diameter, 40 gauge;
5SRTC-TT-TI-40-2M, Omega, Manchester,
UK). This was applied either on the ventral side
of the forearm or index finger pad using Transpore
tape (3M, Loughborough, UK), with the sensor tip
touching the skin, but not covered by tape
(Fig. 17). To monitor (online) and record contact
temperatures, the thermocouple was plugged in

Fig. 16 The infrared thermometer used to measure local skin temperature before or after the contact with the stimuli
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Grant Squirrel SQ2010 data logger (Grant Instru-
ments Ltd., Cambridge, UK).

Finally, to estimate mean skin temperature,
iButton wireless temperature loggers (Maxim,
San Jose, USA) with a temperature range of �55
to 100 �C, resolution of 0.5 �C, and response time
of 2 s were used. These were taped to five skin
sites on the left side of the body (i.e., cheek,
abdomen, upper arm, lower back, and back
lower thigh) to record local skin temperature
(Fig. 18). Mean skin temperature (Tsk) was calcu-
lated according to the work of Houdas and Ring
(1982) as follows:

Mean Tsk ¼ cheek � 0:07ð Þ
þ abdomen� 0:175ð Þ
þ upper arm� 0:19ð Þ
þ lower back� 0:175ð Þ
þ back lower thigh � 0:39ð Þ

5.4 Measurement of Skin Wetness
Perception

In order to measure skin wetness perception, two
main types of psychometric scales were used
within the experimental work we performed:

Fig. 17 The thin thermocouples used to measure local skin temperature during the contact with the stimuli

Fig. 18 The iButton
(wireless temperature
loggers) used to measure
local skin temperature to be
used for the estimation of
mean skin temperature
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Likert scales and visual analogue scales. These
were used in conjunction with similar scales for
the assessment of thermal sensation (Fig. 19).

With regard to the specificity of each type of
scale, and how appropriate their use is according
to the experimental conditions designed, it is gen-
erally accepted that Likert scales are preferable for
the benefits that the presence of verbal descriptors
provides in helping individuals to describe their
sensations. This is particularly true when external
noise or distracters can influence the subjective
ability to define one’s own sensations (Lee
et al. 2010). In line with this point, and with regard
to our experimental work, Likert scales were
mainly used for those conditions in which skin
wetness perception was assessed while partici-
pants were exercising or when they could not
mark their sensation by handwriting due to a
particular experimental setup.

With regard to visual analogue scales, these are
generally considered as preferable when a higher
sensitivity in the measurement of a particular sen-
sation is needed. Also, by not restricting individ-
uals’ ability to rate their sensation based on
specific verbal descriptors, these scales are

thought to provide individuals with a greater flex-
ibility and thus accuracy in their sensation dis-
crimination (Lee et al. 2010). In line with this
point, we primarily used visual analogue scales
for those conditions in which skin wetness per-
ception was assessed and a greater accuracy in
wetness discrimination was needed by the partic-
ipants, due to the large number of different stimuli
these were exposed to (e.g., stimuli characterized
by a wide range of temperatures).

6 Protocol for the Assessment
of Skin Wetness Perception

Once the necessary requirements for the assess-
ment of skin wetness perception are met (i.e.,
appropriate experimental setup, stimulator, phys-
iological and psychometric measurements) the
QST can be performed. However, in order to
assure an effective and reliable assessment, a stan-
dardized experimental protocol must be
performed. In this respect, and based on the exper-
imental studies we have performed (Filingeri
et al. 2013, 2014a, b, c, 2015), here we present

+4 Warm 0 Not cold at all
+3 1 Hot Cold
+2 Slighlty warm 2
+1 3
0 Neutral 4
-1 5
-2 Slighlty cool 6 Extremely cold
-3 >6 Painfully cold
-4 Cold
-5
-6 Very cold

+4 Dry 0 Dry
+3 1 Completeley dry Completely wet
+2 Slighlty dry 2
+1 3
0 Neutral 4
-1 5
-2 Slighlty wet 6 Extremely wet
-3
-4 Wet
-5
-6 Dripping wet

LIKERT SCALES VISUAL ANALOGUE SCALES 

Wetness perception

Thermal sensationThermal sensation

Wetness perception

Thermal sensation

Wetness perception

Fig. 19 Overview of the Likert scales and visual analogue scales used by Filingeri et al. (2013, 2014a, b, c, 2015) for the
assessment of thermal sensation and skin wetness perception
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an example of a generic protocol to be used in the
assessment of skin wetness perception:

1. The participant arrives to the laboratory or
testing site 30 min before the time scheduled
for the test to allow preparation procedures.
Anthropometric parameters (i.e., seminude
body mass, height, and skinfold thickness for
body composition calculation) can be recorded
to help characterize the participant.

2. The participant changes into comfortable
clothing appropriate for the type of assessment.
For example, if the participant is required to
exercise during the assessment of skin wetness
perception, clothing such as t-shirt, running
shorts, socks, and running shoes will be
required.

3. At this point, five iButton (Maxim, USA) are
taped to five left skin sites (cheek, abdomen,
upper arm, lower back, and back lower thigh)
to record local skin temperature. The five tem-
perature measurements can be recorded at
1 min intervals throughout the tests; these can
then be averaged every 5 min and weighted
according to the work of Houdas and Ring
(1982), to give an estimate of mean skin tem-
perature for the entire body. This approach is
particularly useful when the assessment of skin
wetness perception is performed in relation to
the exposure to different ambient conditions
which could potentially change the thermal
state of the body.

4. The skin sites targeted for stimulation are
then marked with a washable marker to
assure consistency in the location of stimu-
lation. These can be on any site of the body
(examples from our experimental work
include forearm, front and back of the
torso, and index fingertip).

5. After preparation, the participant enters the
testing room (or environmental chamber if the
test is performed in different ambient condi-
tions), and 10 min is allowed for stabilization
and acclimation to the new environment. Dur-
ing this period, the participants familiarize with
the psychometric rating scale designed to
record individual thermal sensations and wet-
ness perceptions. Specific instructions are

provided on how to interpret and use the
scale. For example, when using Likert scales
(see Fig. 19), the following can be said to the
participant:

During the test, I will ask you to rate your local
thermal sensation and wetness perception. As soon
as I apply the stimulus on your skin, try to report
your local and very first sensation / perception
using whatever number in the scales seems more
appropriate to you

Also, when using visual analogue scales
(see Fig. 19), the following instructions can
be provided:

When reporting thermal sensations, I would like
you to associate the anchor point “Hot” (on the
left of the scale) to the idea of a burning hot
pan, and the anchor point “Cold” (on the right
of the scale) to the idea of an ice cube, and to
mark a point on the scale which corresponds to
the level of warmness or coldness you experi-
ence when the stimulus will be applied on your
skin. Please consider the midpoint of the scale
as a neutral point (to be marked if neither hot
nor cold sensations are experienced). When
reporting wetness perceptions, I would like you
to associate the anchor point “Completely dry”
(on the left of the scale) to the absence of any
wetness. Thus, any marked point which is not on
the left edge of the scale is considered to corre-
spond to the perception of skin wetness, with the
closer this is to the anchor point “Completely
wet” (on the right of the scale), the greater the
level of wetness you are experiencing during the
application of the stimulus on your skin

6. After the stabilization and acclimation period,
and according to the conditions (e.g., resting or
exercising), the participant is asked to maintain
a seated position or to move to an electromag-
netically braked cycle ergometer (e.g., Lode
Excalibur, the Netherlands) and start cycling
at any required exercise intensity.

7. At this point the QST of the perception of skin
wetness can be initiated. First, the participant
is asked to rate thermal sensation and skin
wetness perception just before the application
of the stimulus in order to provide an indicator
of baseline sensation for the skin site targeted
for stimulation. At the same time, local skin
temperature of the skin site targeted for stimu-
lation is either measured with the infrared
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thermometer or continuously monitored with a
thermocouple at the contact site.

Secondly, the thermal probe is set with the
required level of wetness (i.e., a fabric with
known moisture content is applied on the
probe as described in the Stimulator para-
graph), set to the required temperature, and
then applied by hand to the skin site with the
set pressure. To avoid an effect of surprise on
the transient sensations, a verbal warning is
given prior to stimulation. The application of
the probe can vary from a short (e.g., 10 s) to a
longer contact (e.g., 30 s) according to whether
an initial and transient sensation or a steady-
state sensation is assessed.

During the stimulation, the probe is not
moved and (according to the specific experi-
mental setup) the participant cannot see the
stimulated area.

At the end of the stimulation, the partici-
pant is instructed and encouraged to verbally
report his/her local sensation and perception
using whatever number in the Likert scale
seems appropriate (integers only) or to mark
a point on the visual analogue scale. Immedi-
ately after this, the probe is removed and, if
skin temperature is measured with an infrared
thermometer, the temperature of the stimu-
lated area is recorded. This method allows
perceptual rating to be made consistently
close to the time when poststimulation skin
temperature is recorded.

8. The above-outlined protocol can be then
repeated if more than one stimulus is tested,
allowing at least 1 min in between them. In
case of multiple stimuli, and multiple tests,
endorsing a balanced order of application will
be useful in reducing to a minimum any learn-
ing and expectation effect.

As a potential alternative to the above-outlined
protocol, the same procedure can be performed
and skin wetness perception assessed, by having
the participant actively interacting with stimuli
instead of being passively exposed to it. The ben-
efit of this approach is in the possibility of asking
the participant to interact dynamically (as opposed
to statically) with the stimulus, thus enabling the

assessment of the tactile component (i.e., skin
friction) of skin wetness perception.

In this respect, an example of this protocol,
involving the use of the same experimental setup
as shown in Figs. 7 and 11 (i.e., stimulation of the
forearm or index finger pad), is presented below:

1. The thermal probe is secured with surgical tape
on the side of the table which is not visible to
the participant, with the thermally controlled
surface facing upward.

2. Prior to interacting with the stimulus, and in
order to set a specific baseline skin tempera-
ture, the participant is asked to insert their arm
through the hole in the panel and place the
forearm or index finger pad for at least 30 s
on the thermal probe.

3. The participant then removes the arm from the
thermal probe, places it on the side of the table
visible to him/her, and waits 1 min for the
stimulus to be prepared.

4. During this time, the probe is set to the required
temperature, and the test fabric is secured to the
probe and then wetted with the required
amount of moisture with a pipettor. An average
time of 1min is usually required for the wet test
fabric to reach the selected temperature.

5. Once the stimulus preparation is completed,
the interaction with the wet stimulus is initi-
ated. If both thermal and tactile cues are
assessed, this interaction can consist of two
phases: static and dynamic.

6. First, the participant is instructed to insert
his/her left arm through the hole in the panel
and to lower it until the forearm or index finger
pad is in full contact with the thermal probe. As
soon as in static contact, the participant is
encouraged to rate his/her local thermal and
wetness perceptions, e.g., by marking a point
on the thermal and wetness scales he/she is
provided with on the side of the table which
is visible to him/her (response time �5 s).

7. Secondly, the participant is asked to move the
forearm or index finger pad forward (�2.5 cm)
and backward (�2.5 cm) twice while
maintaining full contact with the thermal
probe. At the end of this dynamic interaction,
he/she is asked again to rate his/her local
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thermal and wetness perceptions (response
time �5 s).

8. This sequence (i.e., setting the baseline skin
temperature, preparing, and then interacting
with the wet stimulus) can be repeated for each
stimulus intended to be assessed, however assur-
ing a balanced order in the administration, with
at least 1min in between successive applications.

Note: As no visual feedback is available during
the stimulation, to assure consistency in the inter-
action with the stimuli (i.e., pressure applied to the
probe and horizontal displacement during the
dynamic phase), the investigator is supposed to
gently guide the participants’ arm throughout the
interaction with each stimulus and to provide ver-
bal instructions on when to change the interaction
(e.g., from static to dynamic). Also, assure partic-
ipants are familiarized with the experimental pro-
tocol prior to testing.

7 Conclusion
and Recommendations

This chapter has presented the state of the current
knowledge about the neurophysiological and psy-
chophysical bases of humans’ ability to perceive
skin wetness, along with an overview of the most
recent methods used to assess this sensory feature
of the human skin.

The ability to perceive skin wetness represents
one of the numerous somatosensory features of
the skin. As humans seem not to be provided with
specific humidity receptors on their skin, the abil-
ity to sense skin wetness has been shown to rely
on a complex multisensory integration of thermal
(i.e., heat transfer) and tactile (i.e., mechanical
pressure and skin friction) inputs generated by
the interaction between skin, moisture, and
(if donned) clothing. Therefore, when assessing
skin wetness as a perception, these parameters
(i.e., cutaneous thermal and tactile sensitivity)
should be measured and controlled within specific
testing conditions.

Quantitative sensory testing has been shown to
be a reliable method to assess the perception of
skin wetness. However, this method has to be

implemented within a specific experimental
setup and performed according to a standardized
protocol. In this respect, this chapter has provided
an empirical framework for the perception of skin
wetness as well as the first available sensory
model which can be used as a frame of reference
in the assessment of this perception. Furthermore,
and in light of the latter, a practical framework for
the assessment of this perception has been pro-
vided in order to standardize the procedure and
assure consistency in the evaluation of skin wet-
ness perception.

Still little is known on the complex sensory
integration underpinning skin wetness perception
as a somatosensory feature of the skin. However,
due to the fundamental as well as practical impli-
cations that the ability to sense skin wetness has
on everyday life, the possibility to develop and
standardize specific testing procedures (as pro-
posed in this chapter) is critical, not only to further
the understanding of this sensory experience but
also to design specific diagnostic tests which can
be confidently and widely used within industrial
as well as clinical contexts.
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1 Background

Though hyperhidrosis is generally considered a
subjectively perceived disease, it seems more and
more doubtful that merely subjective evaluation is
sufficient to qualify the patient to surgery (Haider
and Solish 2005). Vapometry provides valuable
and reliable method of assessment; nevertheless,
it is not possible to be performed in multiple
localizations (face, hands, armpits, trunk, feet) in
more than one patient at the same time (Larson
2011). Moreover, the equipment for this assay is
rather expensive and cannot be considered a stan-
dard instrument for a surgical clinic. In contrary,
gravimetry is a simple, cheap, and fast method of
objective evaluation of sweating (Heckmann
et al. 2001; Hund et al. 2002; Stefaniak
et al. 2011). Gravimetry is a short and easy
method of objective measurement of sweating. It
is performed by 1 min collection of sweat with
3-weighted cotton swab. Net weight is calculated
as the difference between brutto and tara weights.
To include individual differences determined by
the area in which the sweating is preferred, the net
weight is divided by the total body surface and
therefore standardized. Adequate and objective
evaluation of intensity of sweating plays an essen-
tial role in proper qualification to surgery and,
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further, for reliable assessment of the results of
intervention. In some anecdotal cases, despite
obvious anhidrosis, the patients may still demand
further treatment (Kreyden et al. 2002), which
may arise from psychiatric conditions, such as
body dysmorphic syndrome. In those patients,
invasive treatment may lead not only to dissatis-
faction but also to severe psychiatric disturbances
or even suicide. Thanks to regular introduction of
the quantitative evaluation of sweating prior and
after surgery, it is possible to provide the patients
with information on their sweating compared to
the reference values.

Epidemiological studies concerning HH are
based solely on subjective data gathered from
questionnaires. Based on such data, Strutton
et al. (2004) have shown that HH affects approx-
imately 2.8 % of the population and that palmar
HH occurs most often at approximately 13 years
of age. Large Chinese studies (Tu et al. 2007),
again solely based on subjective questionnaires
and conducted in a group of 33,000 people,
between the age of 11 and 22 years, have shown
that HH occurs in 4.36 % of the general Chinese
population. A similar questionnaire-based study
has been conducted in the USA, finding HH in
1.4 % of the respondents (Adar et al. 1977).
Another questionnaire-based study by Westphal
et al. (2011) has shown a high HH prevalence, of
up to 5.5 %, among the Brazilian population.

In most studies presented in the literature, the
authors concentrate on relative impact of different
forms of treatment on gravimetrically measured
sweating (Heckmann et al. 2001; Hund
et al. 2002; Hong et al. 2012; Lowe et al. 2007;
Proebstle et al. 2002). Mostly, such measurements
were performed in dermatological settings and
concerned the results of local methods of treat-
ment such as Botox treatment or iontophoresis. In
those methods of treatment, associated with low
level of transient complications or side effects,
even less stringent approach to qualification will
not cause long-term harm to the patients. Thanks
to regular introduction of the quantitative evalua-
tion of sweating prior and after surgery, it is pos-
sible to provide the patients with information on
their sweating compared to the reference values.
Due to that it was possible to confirm that the

preoperative values of abdomino-lumbar sweat-
ing in the PHH patients are very low. The increase
in sweating in this area is very often subjectively
experienced by the patients. Nevertheless, in our
experience the post-op abdomino-lumbar sweat
rate remains low and not above the reference
value found in our control subjects (Stefaniak
2013).

2 Technique to the Evaluation

Gravimetric assays have been performed similarly
to the procedure described by Heckmann
et al. (2001) and Hund et al. (2002). In short,
after 15 min rest in sitting position, the patients
were invited into the air-conditioned measure
room in standardized temperature (24–25 �C)
and humidity 15–17 %. The subjects were not
allowed to consume alcohol 48 h prior to the
assessment and had their last meal at least 6–8 h
prior to testing. All tests were performed in dis-
posable gloves.

A standard small cotton gauze pad has been
weighted on a precise (d = 0.5 mg) weight scale
(Radwag, Poland – scale type WPS 110/C/S,
Poland). Then the pad was given to the participant
who was asked to wipe carefully the area under
evaluation. The procedure in each localization
lasted 1 min. Then the pad was weighted again
and a difference was calculated. To avoid a bias
associated with different body areas of partici-
pants, the difference was standardized by division
by body area calculated with the height of the
participant (according to Mosteller, body area
[m2] = 0.01667 � height [cm]0.5 � mass [kg]
0.5) (Verbraecken et al. 2006). An Internet tool
has been developed in order to simplify
transcoding raw data into results adjusted to
body surface of the patients (www.
chirurgiapomorska.edu.pl/gravimetrictool).

Mean gravimetric intensity of sweating in PHH
patients prior to surgery was 24.49 � 45.64 mg/
min/m2 for facial, 153.37 � 160.39 mg/min/m2

for palmar, 66.23 � 56.18 mg/min/m2 for axil-
lary, and 31.24 � 72.97 mg/min/m2 for
abdomino-lumbar localizations (Stefaniak 2013).
After surgery it was 14.48 � 11.64 mg/min/m2
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for palmar, 23.63 � 24.56 mg/min/m2 for axil-
lary, and 28.86 � 56.05 mg/min/m2 for
abdomino-lumbar localizations (Stefaniak 2013).
In another study by our team (Stefaniak et al. 2013)
performed on healthy volunteers, mean value of
gravimetrically evaluated intensity of sweating
was, respectively, 19.15 � 14.97, 18.49 � 14.06,
42.39 � 47.08, and 15.77 � 16.87 mg/min/m2.

The overall test–retest correlation was 0.71
(Stefaniak et al. 2013). Test–retest values mea-
sured in volunteers for different localizations
were facial 0.64, palmar 0.54, axillary 0.84, and
abdomino-lumbar 0.70. In follow-up patients it
was, respectively, 0.82, 0.81, 0.79, and 0.66
(only follow-up results were included in
test–retest evaluation).

As mentioned in the background of this
chapter, the epidemiology of HH identifies
about 1–4 % of population to suffer from
intractable symptoms that should be considered
a qualification to surgery. In normal distribu-
tion, it is calculated that 95.5 % of observations
are within mean �2 SD. Considering that only
the upper limit of normative value is important
for diagnosing hyperhidrosis, it can be calcu-
lated that 2.25 % of cases will be within the
range higher than mean �2 SD. This percent-
age is in accordance with epidemiological data
on predominance of PHH in population, which
has been reported to reach 2.8 % (Haider and
Solish 2005; Strutton et al. 2004). Therefore, in
order to obtain threshold for diagnosis of
hyperhidrosis, double standard deviation was
added to the mean from general population.
Those thresholds are presented in the table
below (Table 1).

3 Comment

It has to be underlined that gravimetric assess-
ment, as a qualification standard, allows minimi-
zation of the risk of qualifying people for surgery
who have a psychological problemwith HH rather
than a biological one. It is often that subjective
HH assessment does not match the results of
objective tests. This is usually so because patients
tend to compare themselves to their peers, rather
than looking upon themselves objectively.
Another reason for “subjective–objective” dis-
crepancies is through comparing the “ideal me”
with the “real me.” Bearing those discrepancies in
mind, when assessing patients, we can often see
that he or she has an overestimated subjective HH
assessment, even though the objective test shows
otherwise. On the other hand, patients that often
meet the criteria for surgical treatment of HH tend
not to see the real problem.

Considering what has been written above, the
more important it seems to conduct additional
objective assessments, which are characterized
by high sensitivity, and allow screening for
patients who actually suffer from intensive
HH. Performing objective HH assessment also
allows avoiding qualifying patients for surgery
who, in fact, have mild HH and could benefit
from other types of treatment such as iontophore-
sis or botulinum toxin therapy. It should also be
mentioned that gravimetry can additionally add to
qualitative evaluation of hyperhidrosis. This can
be achieved by five-point evaluation (face, hands,
armpits, abdomino-lumbar area, and feet). In pri-
mary hyperhidrosis, two out of five localizations
will be increased (hands and feet), while the others

Table 1 Reference values of sweating in different areas of the body measured by gravimetry and suggested thresholds
for qualification for sympathectomy (Stefaniak and Proczko 2013)

Threshold for qualification for sympathectomy
(mg/min/m2)

Mean value in 1-min gravimetric test divided by
body surface (mg/min/m2) Localization

49 19 Face

46 18 Hands

136 42 Armpits

Not applicablea 16 Abdomino-
lumbar

46 18 Feet
aHyperhidrosis in this localization is not a qualification to sympathectomy
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will be low, especially in abdomino-lumbar area.
Increased values in all five areas will rather point
to generalized hyperhidrosis due to endocrine
problems, such as menopause, obesity, or sexual
hormone disturbances (Stefaniak et al. 2012).

To sum up, basing ETS qualification solely on
subjectively reported intensity of sweating may
create the risk of qualifying for surgery patients
in whom sweating does not exceed the normative
value for the specific population or is a symptom
of other underlying diseases. Taking into account
the occurrence of post-ETS compensatory sweat-
ing (Lyra et al. 2008), as well as its unpredictable
intensity (Lyra et al. 2008), qualifying patients
that do not meet the objective HH criteria should
be considered a mistake. The key message of this
study is that when assessing patients suffering
from HH, it is necessary to use both objective
and subjective methods of evaluation.

4 Conclusion

Gravimetry is an easy, reproducible, cheap, and
fast method of evaluation of sweating. The refer-
ence values are stable and can serve as a qualify-
ing and follow-up tool for evaluation of the
patients with PHH in any localization.
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Between the dermis (syn: cutis) and the underly-
ing bones, muscles, or fasciae lies a tissue of
uneven thickness according to body sites and
individuals, called subcutaneous tissue or subcutis
(syn: hypodermis). The term “subcutaneous fas-
cia” is sometimes used as a synonym for subcuta-
neous tissue, although this definition is the subject
of current debate as outlined below. From an
anatomical and physiological viewpoint, subcuta-
neous tissue contains two components which,
although intricate, have different functions: the
interstitial tissue and the adipose tissue.

1 The Interstitial Connective
Tissue

1.1 Histomorphology

Subcutaneous interstitial connective resembles
dermis in structure but is much looser. As such,
it is a network of collagen and elastic fibers
embedded in a ground substance made of a muco-
polysaccharide gel sequestering a large amount of
water and an additional small amount of “free”
interstitial liquid (Brace and Guyton 1979). On its
outer side, subcutaneous tissue is in direct contact
with the dermis. The dermo-hypodermal junction
is irregular, the dermis being attached to
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subcutaneous tissue by extensions (retinacula
cutis). The deepest sweat coils (▶Chaps. 27,
“Infrared Densitometry for In Vitro Tape Strip-
ping: Quantification of Porcine Corneocytes,” and
▶ 1, “The Human Skin: An Overview”) and the
bulbs of the terminal hairs in anagen phase are
located in subcutaneous protrusions into the der-
mis. In some parts of the body, the subcutaneous
tissue contains a thin layer of muscle, the subcu-
taneous muscle or panniculus carnosus. In
humans, this muscle is only present in the neck
and testis, while in most mammals this subcuta-
neous muscle covers most of the trunk. In humans
(and also in pigs), there is one of more thin mem-
branous layers (stratum membranosum) within
the subcutaneous tissue that in some parts of the
body separates subcutaneous tissue into two dis-
tinct zones: a fatty superficial layer (Camper’s
fascia) and a thinner, more membranous deeper
layer (Scarpa’s fascia).

There is some debate on the correct nomencla-
ture of the membranous layers within subcutane-
ous tissue, with some referring to it as
“subcutaneous fascia,” while others have argued
that this term should be used to designate the entire
subcutaneous tissue and the membranous layer
(s) designated as a “membranous layer(s) within
the subcutaneous fascia” (Abu-Hijleh et al. 2006;
Benjamin 2009; Lancerotto et al. 2011).

The loose structure of subcutaneous tissue
makes it a path for blood and lymphatic vessels
and nerves going to or coming from distant body
sites; their course is short on the trunk and the
cephalic areas and long on the limbs because of
the elongation and deformation of the metameres
during intrauterine limb growth. Additionally, the
subcutaneous tissue holds a specific nervous
structure, the Pacinian corpuscle, which acts as a
mechanical pressure detector, as well as free nerve
ending, especially in the part of subcutaneous
tissue adjacent to perimuscular fasciae (Corey
et al. 2011; Hoheisel et al. 2011; Tesarz
et al. 2011). Finally it contains the subcutaneous
adipose tissue which is an organ in itself.

Subcutaneous tissue is much more compliant
than both dermis and perimuscular fasciae
(Iatridis et al. 2003). Since it is situated between

these less compliant structures, subcutaneous tis-
sue is responsible for much of the deformation, or
strain, that develops within non-muscle soft tis-
sues as a result of externally or internally gener-
ated mechanical forces.

1.2 Interstitial Pressure

The interstitial pressure in the absence of mechan-
ical stress has been studied in animals using a
capsule with holes which has been inserted in
the subcutaneous tissue and left in place until the
end of the traumatic inflammation. Within the
capsule, the pressure is negative and approximates
6 Torr (1 Torr = 1 mmHg (in honor of Torricelli))
(Brace and Guyton 1979). There is recent evi-
dence that connective tissue fibroblasts actively
participate in regulating interstitial fluid pressure
and transcapillary fluid flow. A defining charac-
teristic of areolar connective tissue is its loose
collagen mesh filled with polyanionic glycosami-
noglycans that bind large quantities of water. Reed
et al. demonstrated that tension exerted by fibro-
blasts via integrins onto the collagen network
restrains the loose matrix from excessively swell-
ing by preventing osmotically active glycosami-
noglycans from becoming maximally hydrated.
One can thus think of areolar connective tissue
as a meshwork with pores partially occupied by
cells (fibroblasts) that hold on to the sides of the
pores, keeping the mesh within a certain average
pore size that prevents swelling (Reed and Rubin
2010; Wiig et al. 2003). During acute inflamma-
tion, loss of integrin-mediated cell-matrix tension
results in a rapid drop in interstitial fluid pressure
(becoming much more negative), causing a large
rise in transcapillary fluid flux and the formation
of edema.

1.3 Molecular Transfer Function

Insofar as blood capillaries run through the sub-
cutaneous interstitium, exchanges and molecular
transfers can occur. They are passive and regu-
lated by the diffusion laws (Fick’s laws). The
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following formula applies to the passage from the
blood capillaries toward the interstitial tissue:

J ¼ Kf P� pð Þ � πd � πð Þ

where J (moles cm�2 h�1) is the flow, P and p are
the perfusion and oncotic pressures in the capil-
lary, and πd and π the electrostatic and osmotic
pressures in the ground substance. These
exchanges apply especially to water and small
molecules. However the capillary wall is not
completely impermeable to proteins, resulting in
a slow and continuous flow of large molecules
into the interstitial tissue where the concentration
in proteins reaches a quarter to three quarters of
the plasmatic concentration (Renkin and Crone
1996). These proteins are first captured by the
lymphatic capillaries and then drained toward
the central veins (40–72-h cycle) (Renkin and
Crone 1996). In case of edema, the distance over
which metabolic exchanges have to be made is
increased, which favors the occurrence of
decubitus ulcers.

1.4 Shape Preservation

One of the major functions of the connective
tissues is to preserve the overall shape of soft
tissues (Scott 1975). The same applies to the sub-
cutaneous connective tissue, which keeps the skin
closely round the relief of the muscles and under-
lying bones. This function is secured by the gel
nature of the ground substance and its hydration.
In case of extracellular dehydration, the subcutis
turgor decreases and loses its elasticity: the lower
recovery of skin when it is raised is a sign fre-
quently used in medicine. During aging the GAGs
content decreases, inducing the laxity of the
tissue.

1.5 Mechanical Function

The “looseness” of subcutaneous tissue allows the
skin to be lifted up and moved laterally. Where the
subcutis is absent (e.g., in a grafted area), the skin

cannot be moved and is very fragile on friction.
Limb movements also need skin sliding over
joints and consequently subcutaneous shear. The
looseness of areolar connective tissue layers
within subcutaneous tissue also allows for some
amount of “internal” gliding relative to stiffer
adjacent membranous fascia layers (such as the
subcutaneous membranous fascia layer men-
tioned above and perimuscular fasciae). In
humans and animals, shear strain between subcu-
taneous connective tissue layers can be measured
with ultrasound elastography.

Until recently, the stiffness of connective tissue
was thought to be determined by the material
properties of the extracellular matrix. It is now
apparent that, at least in rodents, fibroblasts within
“loose” areolar connective tissue play an active
role in regulating the tension of the tissue. When
the tissue is stretched, fibroblasts expand by
actively remodeling their cytoskeleton (Langevin
et al. 2005). This change in fibroblast shape is
accompanied by the extracellular release of ATP
and results in a drop in tissue tension (Langevin
et al. 2011, 2013b). Whether similar tension reg-
ulation also occurs in humans remains unknown
but could be important for adjusting interstitial
fluid pressure and transcapillary fluid flow and
prevent swelling when the tissue is stretched dur-
ing body movements (Langevin et al. 2013a).

The deformability of subcutaneous tissue is
anisotropic as moving the skin is easier in a spe-
cific direction. On the other hand, the filling of the
subcutis by adipose tissue contributes to skin
being permanently stretched. On the body sites
subjected to high or prolonged external pressures,
the adipose tissue forms a cushion which distrib-
utes the force on a larger area. Physiological body
pressure sites (soles, buttocks) are provided with a
thick fat (or muscular) mattress. The loss of adi-
pose layer on the metatarsal heads is associated
with thickened stratum corneum and callus for-
mation. Subcutaneous fat-deprived people are
prone to decubitus ulcers and pressure sores
(type 1 pressure sore). However overweight peo-
ple also are likely to develop such wounds. A
lower mechanical resistance of subcutaneous tis-
sue to shearing forces facilitates excessive sliding
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of skin over bones when in semirecumbent posi-
tion and results in endothelial damage of vessels
crossing the fascia and their further occlusion and
thrombosis. This is the most current mechanism of
type 2 decubitus ulcers (Exton-Smith 1983).

2 The Subcutaneous Adipose
Tissue

Humans, as aquatic mammals, are endowedwith a
subcutaneous adipose layer over their whole body
(Vague et al. 1974), even in conditions of great
thinness. Subcutaneous fat is absent on a few
areas only: the eyelids, nose, ear pinna, and male
genitalia. This adipose layer is in general thicker
in females. It is one of the two components of the
total fat mass, the other one being the deep adi-
pose tissue. In addition to the well-developed
cells, both contain a fraction of immature adipo-
cytes that may grow upon endocrine stimuli and
lead to obesity. The subsequent metabolic prob-
lems apply especially to deep adipose tissue.

2.1 White Adipose Tissue:
Morphology

Adipocytes are voluminous cells (Table 1)
compacted in lobules separated by thin connective
tissue septa where run vessels and nerves. Each
lobule has its own arteriole (Sudan and Payan
1974). The cells, round or deformed by mutual
pressure, have a more or less regular diameter
(about 50 μm). They harbor an enormous single

lipidic vesicle devoid of membrane (Sudan and
Payan 1974) and on the periphery a pushed away
thin ring of 0.2–0.3-μm-thick cytoplasm
containing a flattened nucleus. The adipocyte is
surrounded by a regular and continuous basal
membrane and a loose connective tissue
(interstitium). The latter is made not of bundles
but of isolated collagen fibers. It contains, very
close to the cells, vessels without pericytes and an
amyelinic nerve network. Neither naked axons
nor contact with adipocyte membrane is found.
Some fibroblasts, mast cells, and macrophages are
visible (Sudan and Payan 1974), as well as a few
adipoblasts, which are oblong cells with abundant
cytoplasm and one or several small lipidic vacu-
oles. Adipogenesis is still possible in adults
(Sudan and Payan 1974).

Adipocyte volume, as measured with Sjostrom
and Bjorntrop’s technique (Sjostrom et al. 1971), is
usually larger in the subcutaneous tissue than
around internal organs. It also shows a great varia-
tion according to body sites and sex (Fried and Kral
1987), being larger on the hips than on the shoul-
ders in females and children and generally smaller
in males (Table 1). Weight loss induced by sport
reduces the adipocytes size, not their number.

2.2 Body Fat Mass
and Subcutaneous Fat

Body fat mass decreases in males after the age of
13, whereas in females it still increases until adult-
hood (Table 2) and then keeps higher than in
males over the whole life span (Table 3). In both

Table 1 Adipocytes mean volume (nl) (mean � 2 sem) (Vague et al. 1984)

Males

n

Females

nShoulder Hip Shoulder Hip

5–9 046 � 0.05 0.66 � 0.07 17 0.50 � 0.07 0.59 � 0.07 9

10–14 0.42 � 0.06 0.42 � 0.06 24 0.48 � 0.05 0.67 � 0.09 17

15–19 0.37 � 0.05 0.37 � 0.05 22 0.50 � 0.06 0.75 � 0.09 25

20–29 0.39 � 0.04 0.39 � 0.04 42 0.49 � 0.04 0.81 � 0.05 53

30–39 0.39 � 0.05 0.39 � 0.05 22 0.47 � 0.06 0.76 � 0.08 21

40–49 0.42 � 0.05 0.42 � 0.05 27 0.47 � 0.06 0.71 � 0.07 20

50–69 0.42 � 0.06 0.42 � 0.06 13 0.51 � 0.07 0.71 � 0.08 14

70–91 0.46 � 0.09 0.46 � 0.09 13 0.53 � 0.06 0.59 � 0.06 22
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sexes, it increases with age up to the 60s. Until the
age of 15, in both sexes, fat is predominant on the
lower part of the body. The same applies in
women until the age of 50, at which time the fat
increases in the upper part of the body, together
with the body fat mass. In males, from puberty to
old age, the fat is mostly located in the upper part
of the body (Rebuffé-Scrive 1988; Vague
et al. 1984; Table 4). This distribution is also
found in obese subjects who are classified in two
main categories: gynoid type if the subcutaneous
fat accumulation is found mainly on the hips and
thighs and android type if it is located preferen-
tially on the upper part of the trunk and the abdo-
men. Android type obesity is associated with
visceral deposits and an increased risk of arterial

occlusive disease. Chubby cheeks are positively
correlated with visceral obesity (Levine
et al. 1998), as shown by computed tomography,
but not with the subcutaneous fat thickness.

2.3 Energetic Function

The adipose tissue’s main function is to serve as the
most important energy store of the organism. In
normal conditions, it represents 10 % of the body
weight or 40 days of energy expenditures, stored in
the lipidic vesicle in the form of triglycerides
(Black and Cunliffe 1998). In spite of histological
appearance, the adipose tissue is very active: its
metabolic rate is identical to that of the kidney, half
that of the liver (Jungermann and Barth 1996).

After a meal, the chylomicrons of the circulating
VLDL are hydrolyzed by the lipoprotein-lipase at
the endothelial surface of the capillaries, and their
fatty acids are captured by adipocytes, where, in the
endoplasmic reticulum, they are transformed into
triglyceride. Insulin stimulates fatty acids and glu-
cose capture, together with fatty acids and triglyc-
eride synthesis within the cell.

Releasing energy from adipose tissue consists
in triglyceride hydrolysis into fatty acids by
triglyceride-lipase (within the adipocyte endo-
plasmic reticulum), an event triggered by

Table 2 Fraction of fat tissue in body weight (%), as
measured from content in triglycerides (France
1970–1980) (mean � 2 sem) (Vague et al. 1984)

Age group Male n Female n

5–9 14.0 � 1.8 17 17.8 � 2.2 9

10–14 13.3 � 1.8 24 19.5 � 2.0 17

15–19 11.4 � 1.2 22 25.0 � 1.8 25

20–29 11.0 � 1.2 42 26.3 � 1.9 53

30–39 11.1 � 1.2 22 26.8 � 2.2 21

40–49 12.0 � 1.3 27 27.7 � 2.4 20

50–69 12.2 � 1.6 13 27.0 � 3.2 14

70–91 10.8 � 1.6 13 16.6 � 2.3 22

Table 3 Body composition data pooled from studies in the USA and in the UK, obtained by DEXA. BMC: BodyMineral
Mass (Wahner and Fogelman 1994)

Age group (years) BMC (g) Fat mass (g) Lean mass (g)

n Mean � sd Mean � sd Mean � sd

Females

20–29 111 2,537 � 424 19,556 � 7,836 39,506 � 4,787

30–39 94 2,580 � 428 18,270 � 7,951 39,538 � 4,385

40–49 60 2,639 � 353 23,284 � 9,353 40,120 � 3,976

50–59 143 2,400 � 352 22,373 � 6,932 38,057 � 4,861

60–69 52 2,240 � 350 23,124 � 6,581 38,549 � 4,063

70–79 25 2,256 � 374 24,162 � 7,369 38,082 � 4,691

Males

20–29 6 2,827 � 747 14,757 � 6,986 56,954 � 5,069

30–39 33 3,078 � 441 15,273 � 3,755 56,036 � 5,263

40–49 53 3,199 � 459 16,790 � 4,516 57,007 � 6,101

50–59 59 3,265 � 449 18,894 � 5,011 58,150 � 6,276

60–69 42 3,158 � 383 18,079 � 4,849 57,473 � 5,484

70–79 24 3,144 � 358 17,538 � 5,310 55,255 � 4,527
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glucagon and catecholamines. Oxidation by the
peripheral tissues of these fatty acids may repre-
sent 80 % of the basal consumption of oxygen.
Inside the adipocyte, lipolysis is facilitated by
activation of β receptors (formation of cyclic
AMP) (Mauriege et al. 1988), the contrary occur-
ring when α receptors are activated. Cyclic AMP
is destroyed by phosphodiesterase, but the latter is
inhibited by theophylline (1.3 dimethylxanthine),
hence the use of this product and caffeine (1.3,7
trimethylxanthine) as lipolytic. However the
intensity of the response varies with body sites
and sex; it depends on the relative proportion of β
and α receptors. α2 receptors outnumber β recep-
tors in the subcutaneous adipocytes, whereas they
are found in similar quantities in the omental
adipocytes (Mauriege et al. 1987). In females,
the subcutaneous adipocytes of the gluteal and
femoral areas have more α than β receptors and
are larger than in males (Richelsen 1986). The
lipoprotein-lipase activity is also higher (Fried
and Kral 1987). It would be increased in situ by
estrogen or progesterone injection (Rebuff-
é-Scrive 1987; Rebuffé-Scrive et al. 1985).

In addition to the release of fatty acids, other
lipids, and metabolites, adipose tissue secretes
several hundreds of identified bioactive factors
(adipokines) including leptin, adiponectin, aplin,
and vaspin that influence local adipogenesis,
immune cell migration into adipose tissue, and
adipocyte metabolism and function, as well as
regulate metabolic processes in the brain, liver,
muscle, vasculature, heart, and pancreatic β-cells

(Cao 2014). Leptin (LPT), a 167-amino-acid pro-
tein, is secreted by adipocytes as soon as the lipid
supply is sufficient. LPT inhibits the hypotha-
lamic center for hunger and reduces the synthesis
and release of the neuropeptide Y, which increases
food intake, reduces thermogenesis, and increases
insulin blood level. In short, LPT regulates the
feeding habits, the metabolic level, the autono-
mous nervous system control, and the energetic
equilibrium. LPT blood level is a reflection of
body fat mass. For a similar BMI, it is much
higher in women (testosterone would inhibit
LPT synthesis and secretion). In obese subjects,
the efficiency of the LPT is reduced and
hyperleptinemia is observed. A lipid-rich diet
would facilitate the resistance to LPT (Friedman
2000).

Adipoblasts can differentiate into adipocytes
and therefore increase the fat mass when they
mature. This transformation would require the
action of plasminogen, after the fibronectin matrix
which surrounds the adipoblast has been degraded
by the plasma kallikrein (Selvarajan et al. 2001).

Although visceral adipose tissue was for
decades considered a major culprit in develop-
ment of the metabolic syndrome, recent evidence
indicates that subcutaneous adipose tissue, espe-
cially on the trunk, also can be involved in the
development of insulin resistance. Decreased adi-
pocyte differentiation leading to adipocyte hyper-
trophy and spillover of free fatty acids can lead to
local inflammation as well as ectopic fat deposi-
tion in other tissues such as liver and pancreas
(Patel and Abate 2013).

2.4 Thermal Function

The subcutaneous adipose tissue contributes
to the thermal insulation of the organism. The
fatty areas (gluteus, outer sides of the arms, and
thighs in children and women) are usually the
coldest ones. The thermal inertia of fat is low:
22–32.10�5 cal2.cm�4.�C�2.s�1, whereas that of
the skin without subcutis is higher than 90 cal2.
cm�4.�C�2.s�1 (Houdas and Guieu 1977). This
property is most useful to protect the inner organs
(the core) in hot as well as cold environment, a

Table 4 Arm/thigh ratio of subcutaneous fat. Arm as well
as thigh fat were assessed by a fat/muscle ratio: mean skin
fold thickness from four circumferential sites (anterior,
posterior, medial, lateral) divided by limb perimeter at the
same level Lever and Schaumburg-Lever (1983)

Age group Males n Females n

5–9 0.84 � 0.06 17 0.78 � 0.04 9

10–14 0.85 � 0.06 24 0.70 � 0.05 17

15–19 1.04 � 0.08 22 0.70 � 0.06 25

20–29 1.16 � 0.09 42 0.76 � 0.05 53

30–39 1.19 � 0.07 22 0.78 � 0.08 21

40–49 1.16 � 0.04 27 0.78 � 0.08 20

50–69 1.14 � 0.08 13 0.72 � 0.08 14

70–91 1.09 � 0.04 13 0.90 � 0.10 22
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situation that should have been endured by many
primitive humans.

2.5 Aesthetic Function

The body distribution of the subcutaneous adi-
pose tissue is an essential component of the male
and female morphology: predominance on shoul-
ders and thorax in males and hips and buttocks in
females. In the latter, the relief of the limb muscles
is lightly marked, as it is masked by the adipose
tissue. On the face, adipose tissue reduction pre-
ceding skin hyperlaxity is often the first sign of
aging: in cases of obesity, the chubby cheeks
maintain a barely wrinkled aspect on the face
longer. Filling is a technique used in cosmetic
surgery to compensate for a reduced adipose tis-
sue. In infants under a year, the subcutaneous
adipose tissue thickness, especially in the face
and limbs, gives the child a typical morphology.
It is likely to be an energy reserve before the start
of a period where growth, standing, and exercise
will be simultaneously acted.

2.6 Brown Fat

Brown fat has long been known for its thermo-
genic functions in hibernating animals. The
morphology of their adipocytes is very specific
because of the multilocular distribution of the
adipose vesicles (Lever and Schaumburg-Lever
1983). It was, until recently, thought to be ves-
tigial in humans and present mainly in fetus and
newborns. However, the role of brown and
“beige” fat is now being reexamined with the
new understanding and knowledge that adipo-
cytes within white adipose tissue can be
induced to become thermogenic, especially
after cold exposure (Lee et al. 2014; Peirce
et al. 2014).

2.7 Conclusion

The subcutis is an area of the body that has
received comparatively little attention, compared

with the skin and underlying muscles. The ana-
tomical continuity between the subcutaneous
connective tissues, especially the membranous
layers, and the fasciae enveloping muscles, is
recently being appreciated from the points of
view of biomechanics and sensory perception.
There is no doubt that further incorporation of
subcutaneous tissue into our understanding of
the cutaneous, adipose, and musculoskeletal sys-
tems will inform our understanding of whole-
body physiology.
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The subcutis (or hypodermis) harbors two types of
tissue: the loose connective tissue, where blood,
lymphatic vessels, and nerves find a path tomuscles,
bones, and skin (often at a distance as far as limbs
are concerned); and the subcutaneous adipose tissue.
Their physiology is different (see▶Chap. 41, “Der-
mis Connective tissue histopathology”) but their
metrology often uses the same techniques.

1 Metrology of the Adipose
Tissue

1.1 Global Assessment

Adipose tissue is the energy reservoir of the organ-
ism. It provides for the basal metabolic rate and the
additional energy needs whenever they are not
entirely fulfilled by the diet. Hence the importance
of its measurement or even approximate assessment.

In healthy adults, the fat mass amounts to
10–15 % of the body weight in men, 15–25 %
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in women. In both sexes it increases with age. This
tissue is distributed in two distinct areas: the deep or
visceral fat and the subcutaneous fat. Although
there are many differences according to ethnic
types, the visceral fat is especially developed within
the mesentery, retroperitoneal area, and
intermuscular spaces. The subcutaneous fat is pre-
sent at all body sites (see ▶Chap. 41, “Dermis
Connective tissue histopathology”), although it is
mostly developed in specific areas that vary with
age and sex. Its development is not necessarily
connected with that of the visceral fat, even in
obese patients. Accordingly, obesity cannot be
assessed by subcutaneous fat only (Rudolf
et al. 2001). However, it seems that the buccal
adipose tissue (buccal fat pad) may be a marker of
visceral fat (Levine et al. 1996).

For the last 60 years, several methods have been
devised to assess body fat. The first uses the differ-
ence in density between fat (0.90 g/cm3) and nonfat
tissue (1.10 g/cm3) to calculate the proportion of the
body weight that is lean mass and fat mass by
underwater weighing (hydrodensitometry) (Behnke
et al. 1942). Two other methods are based on cal-
culating the lean mass and deducing the fat mass by
subtraction from the body weight (Wahner and
Fogelman 1994). Lean mass is assessed either
through measurement of total body potassium
counting (by 40K low-level counting) assumed to
be a body weight constant fraction (60 mmol/kg in
females, 66 mmol/kg in males), or through total
body water measurement by heavy water
(a nonradioactive isotope) dilution, also assumed
to be a body weight constant fraction (73.2 %).
These methods are now used only by research lab-
oratories and will not be described here.

Today two techniques are widely used for
assessing the global fat mass: a simple and rather
inexpensive one, the bioelectrical impedance
assessment, and a more sophisticated and expen-
sive one, dual X-ray absorptiometry (DXA).

1.1.1 Dual X-Ray Absorptiometry
Dual X-ray absorptiometry (DXA) is mainly
used to quantify bone density, especially in oste-
oporosis, and has superseded dual photon
absorptiometry (DPA) using the 153Gd

radionuclide source, but based on the same ratio-
nale. It uses X-ray with two energy levels (either
38 and 67 keV, or 40 and 100 keV). While prop-
agating, the X-ray energy decreases depending
on its initial level and on the composition of the
traversed tissues. It is thus possible first to assess
body mineral content (BMC) from the calcium-
rich (bone) mass assumed to be a constant frac-
tion (approximately 37 %) of the mineral com-
ponent. Further on, the (non-mineral) soft tissue
mass is partitioned into fat and (water-
equivalent) lean body mass by a calibration pro-
cedure based on the attenuation of the soft tissue
outside the bone (Wahner and Fogelman 1994).
The composition of soft tissue is given by the R
value, which is the ratio of beam attenuation at
the lower energy relative to that at the higher
energy. However, the raw data must be adjusted
for body size. Accordingly, the following equa-
tion has been proposed for Caucasian females
(based on n=203, aged 47.7�12.9 years):

Totalbodyfat kgð Þ ¼ 25:25� 0:35height cmð Þ
þ 0:84weight kgð Þ
þ 0:056age yð Þ

In the same paper, other equations are proposed
for lean mass, muscle mass, bone mineral content,
for trunk, leg fat, etc. and also for black females
(Aloia et al. 1999).

The technique comprises a series of transverse
(front-to-back) scans made from head to toe at
1-cm intervals, the total scan time lying between
10 and 20 min. The intraindividual variation coef-
ficient is below 5 %, even in obese subjects. The
radiation dose is 12 μSv (sievert) for a spine
investigation, and 0.6 μSv for total body scan
(for a simple chest roentgenogram irradiation is
2–5 μSv) (The International Committee for Radi-
ation Protection maximum authorized dose is
50,000 μSv/year. It will be lowered to
100,000 μSv over 5 years.).

It is possible to divide the total body scan into
regional measurements (e.g., arms, legs, trunk,
and head) and calculate the fat mass in each of
these areas (Aloia et al. 1999; Mazess et al. 1990)
(Table 1). Accordingly, the method can be used
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for assessing the fat mass distribution (see
Sect. 1.2) or the degree of fatness of a lower
limb (e.g., in the follow-up of thigh cellulitis).
However, it cannot give the tissue composition
of a single transverse scan because X-scanning is
only anterior-posterior.

Commercial instruments have their own soft-
ware and calibration system and usually give
slightly different results:

– Hologic QDR-2000/W, Hologic INC-35
crosby drive-Bedford MA 01730-USA

– Lunar DPX IQ #5226, Lunar Radiation Inc.,
Madison, WI, USA

– Norland Medical Systems-106 Corporate Park
Drive. White plains. New York 10604-USA

1.1.2 Bioelectrical Impedance Analysis
Bioelectrical impedance analysis (BIA), a
recently renewed method, is currently used by
practitioners and nutritionists. It is a measurement
of body water through its ability to conduct elec-
tric current. Impedance is extrapolated through a
circular regression between reactance and resis-
tance, the former being related to cell membranes
and the latter to water conductivity. Total water
(about two-thirds of body weight) is assessed by
impedance at 1 MHz, and extracellular water by
impedance at 5 kHz (Boulier et al. 1992). Water is
located only within the lean mass, and its part
depends on body size, sex, and age. From mea-
surements in healthy subjects, predictive equa-
tions have been devised using height, weight,
and age in various combinations (Hendel
et al. 1996; Stolarczvk et al. 1997; Segal
et al. 1988), which can compute the lean mass
from the assessed total body impedance (Segal
et al. (1988) have proposed four equations, each
of them specific to a group: obese women (>30 %

body fat), nonobese women (<30 % body fat),
obese men (>20 % body fat), and nonobese men
(<20 % body fat). For obviously nonobese
female and male subjects, the Segal BIA average
method can be used safely for their classification
in low-fatness groups, thus avoiding lengthy mea-
surements (Stolarczvk et al. 1997)). Finally, the
fat mass is obtained by subtracting lean mass from
body weight.

Most current devices use only 50 kHz and leg-
to-leg BIA (Utter et al. 1999) (Biometer, Speng-
ler Electronic, 94230 Cachan, France; TBF
521, Tanita Corporation of America, Inc, Arling-
ton Heights, IL, USA). The battery-operated
device resembles a portable scale where anterior
feet and heel sites are separated and make up
both scales and electrodes. The patient stands
immobile on the device, and the weight first,
then the fat mass are displayed on the connected
computer. Other devices use several frequencies
(5, 50, 100, 1000 kHz) and in addition assess
total intracellular and extracellular body water
(Analycor XF, Spengler Electronic, 94230
Cachan, France). The 1-MHz electrodes should
by-pass the stratum corneum and consequently
are thin needles to be inserted into the dermis or
subcutis. In both cases, a chart is provided by the
manufacturer, which makes it possible to posi-
tion the obtained value relative to the normal
range.

BIA has several advantages: low cost and por-
table devices, short duration of the assessment
(less than 5 min), noninvasiveness (0.5 mA), and
safety (battery operated). Like DXA, it estimates
the total body fat and fat-free mass, and regional
parameters. However, the measurement is indi-
rect, based on assumptions relative to the body
and lean mass water contents. It may not be valid
for edematous or dehydrated people. In obese

Table 1 Fat and nonfat components in soft tissue of three body regions as found by DXA. Mean�SD; n = 6 males and
6 females. (Modified from Mazess et al. 1990)

Region Fat tissue (g) males Females Lean tissue (g) males Females

Arms 887�138 1,566�142 6,595�253 3,665�169

Legs 4,118�430 7,791�374 22,181�360 15,887�428

Trunk 4,274�459 7,072�436 26,237�530 17,504�499
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patients, BIA is said to overestimate the lean mass
relative to hydrodensitometry or DXA, mostly in
tall people (Hendel et al. 1996; Carella
et al. 1997).

1.1.3 Assessment of Fat Mass
Normality: Body Mass Index

The body mass index (BMI) characterizes the
body fatness, hence it is not the measurement of
the body fat mass but an estimate of its normality.
It is widely used in spite of being an approxima-
tion. BMI = weight (kg)/(body height)2 (m2)

Thinness <18.5

Normal 18.5–24.9

The World Health Organization classification
of the BMI (kg/m2) for adults under 60 years is the
following (World Health Organization 1997):

Overweight 25.0–29.9

Obesity �30.0

Class I 30.0–34.9: moderate or common obesity

Class II 35.0–39.5: severe obesity

Class III �40.0: massive obesity

In men and women over the age of 35, the
normal BMI is between 21 and 25. After the age
of 65 it goes up to 29 in women (Jungermann and
Barth 1996). The higher musculoskeletal mass in
black women may lead to misclassification as
obese if their BMI lies between 18 and 30. In
such cases, composition values for mineral, fat,
and muscle mass should preferably be obtained
from DXA and adjusted for ethnic background. In
children, obesity is stated if the weight exceeds
20 % of the ideal weight in relation to size, but a
more precise normal range often depends on the
country and nutritional habits. In France, BMI
tables from birth to 87 years have been
constructed (Rolland-Cachera et al. 1991). For
children in the USA, the Center for Disease Con-
trol (Centre for Disease Control 2000) published
BMI curves in June 2000, which apply to age
brackets between 2 and 20. The same year, the
International Obesity Task Force (IOTF) (Cole
et al. 2000) established a new definition for obe-
sity for worldwide use: children having a BMI

above the centile 1 (25 kg/m2) are considered
obese.

1.2 Fat Mass Distribution

The DXA method is quite appropriate for the
assessment of fat distribution over the body
through quantification of regional fat masses,
especially trunk and upper or lower limbs.
Again, the raw values should be adjusted for
height and race (see Sect. 1.1.1). However, easier
to handle and inexpensive measurements are also
available in clinical practice.

1.2.1 Waist–Hip Ratio
The waist–hip ratio (WHR) is the ratio between
the waist circumference (at umbilical level) and
the hip circumference (the largest one). It is of
great value in case of obesity. Android obesity
cut-offs for males are, WHR >1.0, and for
females, WHR >0.85 (Black and Cunliffe
1998), and for the 40–49-year age group, >0.95
and >0.80, respectively (Bray 1990). Android
distribution is associated with a metabolic and
cardiovascular risk associated with excess
visceral fat.

1.2.2 Waist Circumference
According to some (Despres et al. 1991), waist
circumference is more highly correlated with vis-
ceral abdominal fat than WHR. But its normal
range varies with geographical regions and coun-
tries. For Caucasians, the upper limit of normality
is 100 cm in men, 88 cm in women.

1.2.3 Adipomuscular Ratio
The adipomuscular ratio (AMR) is obtained by
measuring, either at the upper arm or the thigh, the
ratio of mean skinfold thickness (from four cir-
cumferential points: medial, lateral, anterior, pos-
terior) to the limb perimeter (at the same site)
(Vague et al. 1969, 1984). In females and males
before the age of 15, this ratio is always higher in
the thigh than in the upper arm. Normal values in a
Caucasian population (France, 1960–1970) are
quoted in ▶Chap. 53, “Skin Capillaroscopy,”
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Table 53.4. Using the ARM is somewhat outdated
because DXA, impedance measurement, and
computed tomography provide the same type of
information with much better precision. Never-
theless, it can be still useful when modern equip-
ment is not available.

1.3 Subcutaneous Fat Layer
Thickness

1.3.1 Skinfold Thickness
The advantage of this old method is that it requires
only a small and portable device, modified
pinchers exerting constant pressure (Harpenden
Skinfold Caliper, Holtain Skinfold Caliper,
Lange Caliper, etc.). The measurement must be
done quickly (1–2 s) because under sustained
pressure the fold thickness gradually decreases.

The measurement should be taken at four dif-
ferent sites, then calculate the sum (Σ4SKF)
(Lohman et al. 1988) ((1) triceps: a vertical fold
measured on the midline of the posterior aspect of
the upper arm, over the triceps muscle, at a point
midway between the acromion and olecranon pro-
cesses (elbow extended and relaxed); (2) biceps: a
vertical fold on the anterior midline of the upper
arm over the belly of the biceps muscle at the level
of the triceps site; (3) subscapular: a diagonal fold
just inferior to the inferior angle of the scapula;
(4) suprailiac: a diagonal fold measured on the
midaxillary line, immediately superior to the
iliac crest (Lohman et al. 1988)).

To measure the subcutis thickness, it is essen-
tial to take two measurements on the same area:

first that of the big fold including both skin and
subcutis, then that of the skin alone (a very thin
superficial fold); the latter value is then deducted
from the former. This precaution is not mentioned
in most published results: it was probably consid-
ered that the skin thickness was negligible com-
pared to that of the adipose panicle, or that this
measurement was of no use for the comparative
studies of several anatomical sites. However, the
skin thickness measured in this way can exceed
2 mm. Comparisons with ultrasound measurement
have confirmed that the dermis thickness cannot be
disregarded. Accordingly, ultrasound measure-
ments are preferable whenever possible.

Normal values in shoulders and hips (reference
sites to measure obesity) are between 5 and
10 mm (Table 2). Great variation is observed
with body sites. The tricipital skinfold (upper
arm) alone would seem less sensitive than BMI
to detect overweight (Rudolf et al. 2001).

1.3.2 Photograding of Mechanically
Accentuated Macrorelief

In order to assess the efficiency of anticellulite
treatments quantitatively, a skinfold-derived mea-
surement technique of the subcutis has recently
been developed (Perin et al. 2000). In this condi-
tion, subcutaneous nodules are found under pal-
pation. The proposed technique consists in lifting
the area of interest (about 20 cm2) using springs
deeply pinching the skin on each side, and thus
making the nodules bulge. A photograph under
oblique light (30�) is then taken. It is quantified by
comparison with a seven-degree photographic
scale.

Table 2 Subcutaneous fat thickness (mm): mean � 2 SEM of skinfold (averaged circumferential measures at the same
level: lateral, anterior, medial, posterior) (From Vague et al. 1984)

Age group (years) Males upper arm Hip n Females upper arm Hip n

5–9 5.4�0.7 14.8�1.8 17 6.7�0.8 18.4�2.2 9

10–14 5.5�0.6 16.3�1.9 24 8.3�1.0 26.4�3.2 17

15–19 5.8�0.6 10.0�1.2 22 10.9�1.2 30.5�3.8 25

20–29 6.3�0.7 9.7�1.1 42 10.9�1.3 31.3�3.5 53

30–39 6.2�0.7 8.6�1.0 22 10.4�1.2 31.5�3.9 21

40–49 6.3�0.7 9.1�1.1 27 10.6�1.2 31.6�4.0 20

50–69 6.4�0.9 9.4�1.0 13 11.1�1.4 29.1�4.1 14

70–91 5.8�0.8 8.3�1.0 13 9.1�1.1 13.3�1.8 22
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1.3.3 Ultrasound Imaging
For subcutis imaging, the devices should use
ultrasound frequencies between 2 and 10 MHz,
which give resolutions of a few hundred micro-
meters and investigate depths over several milli-
meters. These frequencies achieve the best
compromise between spatial resolution, which
increases with frequency, and focusing depth,
which decreases with frequency. To study adipose
tissue, linear scanning probes are generally used.
In practice, 7.5-, 10-, and 13-MHz frequencies
give axial resolutions at best of 300, 150, and
120 mm, respectively, for exploration depths of
110, 50, and 20 mm, respectively (Fig. 1). The
probe contact area is 3–5 cm2, the image
displaying rate 10–50 images/s, and 128–512
echo lines on the image.

Adipose tissue imaging is easy and fast.
Marked contrasts at the cutis-subcutis and
subcutis-muscle interfaces allow easy observation
and measure of tissue thickness (Fig. 2). The thigh
subcutis thickness in normal women is between
20mm and 60mm, but may reach several hundred
millimeters in obese subjects (Perin et al. 2000;
Diridollou 2000; Schnebert et al. 1999; Pittet
et al. 1996). Accordingly, on this particular site,
7.5–10-MHz frequencies provide the best com-
promise between a good axial resolution
(150–300 μm) and an exploration depth up to
11 cm. Images of the same thigh area obtained at
7.5, 10, 13, and 20 MHz in the same subject

(Fig. 3a–d) illustrate the choice of frequency in
relation to the requested information (cutis or
subcutis thickness, observation of retinacula
cutis or of connective bundles). Ultrasound imag-
ing is sensitive enough to measure the fat tissue
thickness variation in relation to the menstrual
cycle (Perin et al. 2000; Pittet et al. 1996, 1997)
and to assess the efficiency of anticellulite prod-
ucts (Schnebert et al. 1999; Armengol et al. 1992).
The methodology must be rigorous, paying par-
ticular attention to subject’s position, probe posi-
tion, control of probe pressure on the skin, site
marking. Several measurements should be taken
per image.

A study on 20 women aged 18–35 years
(weight 58.2�6 kg) carried out by two operators
(only one was experienced) showed that: (a) the
subcutis thickness was 37.2�7.2 mm, (b) the
reproducibility was 1–5 % depending on the
operator’s expertise, and (c) the correlation coef-
ficient between operators was 0.985 (Diridollou
2000).

The subcutaneous fat thickness on the abdo-
men (in front of the rectus muscle) and on the back
(infrascapular region) in seven newborn babies
(Petersen et al. 1995) measured using a 15-MHz
A-mode ultrasound device is presented in Table 3.

A technique commonly used to measure skin
thickness (Einsenheiss et al. 1998), 20-MHz
B-mode imaging, rarely visualizes the deeper
part of the subcutis owing to ultrasound

Dermis

Connective tissue
bundles

Probe

Subcutaneous fat

Muscle fibers

Tensor muscle of
fascia lata

Longitudinal scan

Fig. 1 A 7.5–10-MHz B-scan of the thigh, upper part lateral aspect. AU 5 (Esaote, Genoa, Italy) with a linear applicator
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attenuation. However, it can be used to study the
dermis-hypodermis interface, which is marked by
anchoring dermal extensions within the hypoder-
mis (retinacula cutis). Through summation of
28 images taken on a 482-mm2 skin surface area
(ultrasound C-mode imaging), the decrease in the
actual-to-plane ratio interface area following
treatment by massage in a case of cellulitis was
demonstrated (Lucassen et al. 1997).

In conclusion, ultrasound imaging has the
advantages of simplicity, rapidity, non-
invasiveness, reliability, and reproducibility
when associated with sound methodology. Its lim-
itation is the substantial role of the operator’s
experience. The operator must pay particular
attention to precise selection and marking out the
investigated site, which is essential in repeat
investigations.

1.3.4 Computed Tomography
Computed tomography (CT), an X-ray investi-
gation method based on the analysis of
reconstituted cross-sectional images, provides
direct visualization and measurement of deep
organs or structures. Its principle is X-ray differ-
ential transmission depending on the density,

atomic composition, and thickness of the tissues
they pass through. Serial measurements of
absorption density, through various angles of
incidence, provide a set of profiles from which
a cross-sectional image is reconstituted. Equip-
ment is available mainly in hospitals. Measure-
ments more and more sensitive with time: helix
scanner scans are 0.5 mm apart. From several
cross-sections, images in any other incident
angle can be computed. A CT single cross-
section at umbilical level irradiates 1 μSv, but
usually several adjacent cross-sections are nec-
essary, and there is always substantial overlap
between cross-sections, so that the total irradia-
tion can come close to 100 μSv.

Although CT is not perfectly adapted to the
study of soft tissues, the subcutis fat can, never-
theless, be studied because its density is lower
than that of the skin and muscle (Enzi et al. 1986).
Both cutis–subcutis and subcutis–muscle inter-
faces can easily be visualized and the subcutis
thickness measured (Figs. 4 and 5). Computed
tomography also provides a reliable measurement
of the oral adipose tissue (Levine et al. 1996) and,
at the lumbar level (L2–L3 interval), of the
abdominal and subcutaneous fat (Jensen

Fig. 2 A 10-MHz B-scan
of the abdomen. Subcutis
thickness: 26 mm.
AU 5 (Esaote, Genoa, Italy)
with a linear applicator
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et al. 1995). In a study of healthy subjects, the
adipose tissue cross-sectional area was 8–20 cm2

(cheeks), 16–100 cm2 (visceral fat), and
20–150 cm2 (subcutaneous fat).

The main advantage of CT is to provide cross-
sectional images of any part of the body, thereby
visualization and measurement of the subcutane-
ous fat thickness or amount at any site. The spatial
resolution is about 1 mm. Rapidity and indepen-
dence from the operator are clear advantages.
Drawbacks include the use of X-ray (for a single
cross-section at umbilical level irradiation is
0.01 Gy) and the expensive equipment available
only in hospitals.

1.3.5 Nuclear Magnetic Resonance
Imaging

Magnetic resonance imaging (MRI) comes from
nuclear magnetic resonance (NMR), which was
developed in 1946 by Bloch and Purcell and was

Dermis Dermis

Conective
tissue bundles

Subcutaneous fat

Muscle
Muscle

Probe membrane

Gel

Dermis

Conective
tissue bundles

Subcutaneous fat

Fig. 3 (a–d) B-scan of the same area of the thigh, upper part lateral aspect. (a) 7.5 MHz. (b) 10 MHz. (c) 13 MHz.
AU 5 (Esaote, Genoa, Italy). (d) 20 MHz Dermcup 2020 (2 MT, Labège, France)

Table 3 Neonate subcutis thickness (mm) (n=7), ultra-
sound A mode (From Petersen et al. 1995)

Body weight (g) Abdomen Back

1,095 0.65�0.07 0.77�0.10

1,810 0.78�0.13 0.95�0 13

1,940 1.52�0.20 1.53�0.16

2,900 1.67�0.17 1.87�0.19

3,390 1.80�0.16 1.74�0.23

3,890 1.95�0.31 1.84�0.27

4,750 2.90�0.22 2.45�0.24
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first used in chemistry. In the early 1980s, a major
step forward was made in medical imaging with
two types of investigation: magnetic resonance
imaging (MRI), which shows body cross-
sectional images, and magnetic resonance spec-
trometry (MRS). Both applications are based on
the tissue atom nucleus magnetic moments
interacting with magnetic fields. Hydrogen atom
nuclei are concerned in imaging, those of hydro-
gen and phosphor-31 in spectroscopy. The nuclear
spins, when placed in an intense magnetic field,
divert and line up with the field axis. They are then
excited by a radio-frequency wave, which turns
them perpendicularly to this axis (through a reso-
nance phenomenon). When excitation stops, the
spins gradually recover their basal position
(nuclear relaxation). Two types of magnetic inter-
action are described, characterized by the longitu-
dinal (T1) and transverse (T2) relaxation times.
After treatment of this basic signal, information is
given either as a spectrum (MRS) or an image
(MRI).

From the MRI-generated signals, it is possible
to reconstitute a cross-sectional image of any part
of the body. Hydrogen is a major component of
water and lipids. This accounts for the better per-
formance of MRI as compared to CT in visualiz-
ing soft tissues and mostly adipose tissue. Fat is
easily detected through its intense T1 signal, giv-
ing a bright area on the image. This makes it

possible to directly measure the thickness of the
adipose layer (Figs. 6 and 7) and even to distin-
guish the connective tissue septa (Fig. 8). Nonfat
nonbone tissues give a mid-intensity T1 or T2
signal and appear as grey areas (Fig. 8). Resolu-
tion is in the range of 70 μm to 1 mm, for inves-
tigation depths of a few millimeters to several
centimeters, respectively. High resolutions are
obtained by adding a special coil (see
▶Chap. 41, “Dermis Connective Tissue Histopa-
thology”). Furthermore, from the measurement of
the relaxation times, MRI obtains data on lipid
and water content of adipose tissue (Brix
et al. 1993; Saiag et al. 1994; Krug et al. 1998;
Richard et al. 1991, 1993; Lopez et al. 1997; Idy
Peretti et al. 1998; Querleux et al. 1994, 1998,
2000; Franconi et al. 1995; Wright et al. 1998;
Harada et al. 1994; Fowler et al. 1990; Schreiner
et al. 1996).

The advantage of the method is the high-
resolution images that give a precise measurement
of adipose tissue thickness and distribution on
cross-sections, without an operator’s direct inter-
vention. Providing an image of tissue composition
is a specific output, particularly useful for the deter-
mination of subcutis water and lipid contents.

Querleux et al. (2002) studied the anatomy
and physiology of subcutaneous adipose tissue

Fig. 5 Computed tomography of the thigh. Part of cross-
section with fat enhancement (Courtesy of Prof. Joffre,
Radiology Department, Rangueil University Hospital,
Toulouse, France)

Fig. 4 Computed tomography cross-section of both thighs
(Courtesy of Prof. Joffre, Radiology Department, Rangueil
University Hospital, Toulouse, France)
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in relation to sex and the presence of cellulite.
The topography of the dermal-hypodermal
junction and the three-dimensional architecture
of the subcutaneous fibrous septae were inves-
tigated using high spatial resolution. In addi-
tion, water and lipid fractions within fat
lobules were quantified using proton spectros-
copy. A study involving 21 women with cellu-
lite was undertaken, and the results compared
to 20 women with no cellulite and 23 men.
The data showed deeper indentations of adi-
pose tissue into the dermis, increased dermal
thickness, and an increase in thickness of the

deeper layer of subcutaneous adipose tissue.
However, no change in water content or mod-
ification of unsaturated and saturated lipid frac-
tions on a dipose tissue were observed in
women with cellulite.

In conclusion, MRI is the most powerful
tool for soft tissue imaging and quantification,
especially fat tissue. It also provides cross-
sections of any part of the body and from
any angle. These advantages make it unique
and irreplaceable. The drawback is the tech-
nical expense and complexity: MRI is meant
for medical purposes and is available only in
large hospitals (Fig. 9). It requires specifically
trained staff and implies a long and stressful
examination for volunteers. It is therefore a
method reserved for research or exceptional
circumstances.

2 Conclusion

Many methods are available today to investigate
body fat. Choosing the appropriate ones depends
on the objective of the measurement.

To demonstrate overweight or obesity and its
type, BMI followed by WC and WHR are help-
ful and in current use. Quantification is pro-
vided by either DXA or BIA. For patient
follow-up, the latter is preferable to DXA
because of the risks associated with repeat
X-ray irradiation. In children, the use of the
CDC chart in the USA and the IOTF chart in

Fig. 6 MRI cross-section
of lower abdomen. T1
relaxation (Courtesy of
Prof. Joffre, Radiology
Department, Rangueil
University Hospital,
Toulouse, France)

Fig. 7 MRI cross-section of the thigh. T1 relaxation
(Courtesy of Prof. Joffre, Radiology Department, Rangueil
University Hospital, Toulouse, France)
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other countries should be associated with BMI.
BIA is easy to handle and safe, but is an indi-
rect method based on prediction equations and
consequently bears some risk of uncertainty.
DXA cannot be used repeatedly.

To measure the subcutaneous adipose tissue
thickness on a particular site, ultrasound imaging
at 10 MHz is the best technique. The measure of
skinfold thickness, or its pinching variant is a good
substitute when ultrasound equipment is lacking.
CT and MRI should be only used for research.

3 Special Parameters
of Connective Subcutaneous
Tissue

3.1 Tissue Internal Pressure

With a simple experimental device,Merlen (1967)
found that the pressure required to introduce a
liquid into the forearm subcutis was between
1 and 15 Torr. The device consisted of a needle

sealed at its extremity, with several holes bored on
its sides, that is connected to a syringe via a glass
container (whose purpose is to attenuate the
increasing pressure rate from syringe action).
Between the needle and the container (tap 1) and
between the container and the syringe (tap 2), two
3-outlet taps are inserted to communicate with
atmospheric pressure. A manometer is placed in
a by-pass between tap 1 and the container. Mea-
surement follows several sequential steps. (1) The
syringe is filled with saline in slight excess and the
liquid level on the tube is marked with ink. (2) Tap
1 is turned off and the needle is introduced into the
subcutis. (3) Taps 1 and 2 are opened to the
outside: the manometer shows zero (the saline is
at atmospheric pressure). (4) Tap 2 is turned off
and the minimum amount of air necessary to push
the saline level in the tube is injected (i.e., to inject
a small amount of saline into the subcutis). (5) Tap
1 is turned off and the pressure indicated on the
manometer is noted.

In Guyton’s technique (Brace and Guyton 1979),
a capsule connected to a venous pressure transducer

Fig. 9 MRI total body
device with additional
surface coil for skin and
subcutis imaging (Courtesy
of Prof. Joffre, Radiology
Department, Rangueil
University Hospital,
Toulouse, France)

Fig. 8 MRIwith additional
surface coil. Cross-section
of the thigh. T1 relaxation
(Courtesy of Prof. Joffre,
Radiology Department,
Rangueil University
Hospital, Toulouse, France)
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is inserted into the subcutis for several days. The
experiment was made in animals. In contrast with
Merlen’s data, a negative pressure was recorded. Its
possible meaning is discussed in ▶Chap. 66, “Sub-
cutaneous Tissue Histophysiology,” Sect. 1.2.

3.2 Subcutis Oxygen Partial
Pressure

Subcutis oxygen partial pressure can be useful in
diseases involving the subcutis, especially leg
ulcers whatever their etiology, as well as in cos-
metic and reconstructive surgery. However, it
does not seem to be widely used.

The oxygen pressure in the subcutis can bemon-
itored by introducing a microcatheter containing a
Clark-type polarographic electrode (Revoxode) and
a pH 7.4 electrolyte solution. The measurement is
automated (LICOX cmp, GMS 24247 Kiel-
Mielkendorf Germany, email: gmsmb@aol.com).
In situ temperature and blood flow (laser Doppler)
can be simultaneously recorded.

Another technique uses the oxygen-induced
fluorescence extinction (Oxylite). It also provides
subcutis oxygen partial pressure monitoring and
simultaneous blood flow and temperature mea-
surement (Oxford Optronix Ltd, Oxford, UK,
e-mail: sales@oxford-optronix.com).

3.3 Mechanical Behavior

Subcutis mechanical function has a double pur-
pose: first to allow the overlying skin to move as a
whole, both horizontally and vertically, and sec-
ond to attenuate and/or disperse the spells of
external pressure. Although sound devices are
commercially available that can apply forces
able to make the skin move in every direction,
and measure the displacement, apparently no data
are available on the subcutis elastic or viscous
resistance. However, some studies have investi-
gated the subcutis behavior under compression,
mainly aimed at assessing edema: the magnitude
of mechanical impedance decreased with
increased frequency (maximum at low

frequencies of 10–30 Hz). It decreased with the
degree of pitting edema but increased in case of
hard, nonpitting edema. These variations in the
subcutis water content paralleled those of in vitro
water content of gels (Mridha and Ödman 1985).
The same authors proposed a method to assess
both the degree of edema and the edematous fluid
viscosity. Using a disc 17mm in diameter, the skin
is depressed abruptly (26 mm s�1) down to 4 mm,
and the exerted force versus time is recorded for
30 s while the depression is maintained (Mridha
and Ödman 1986). As the liquid flows out of the
compressed area the force decreases. Using the
curve of per cent decrease versus time assesses the
volume of expelled liquid, according to the
formula:

Vt ¼ 0:9 1� Ft=Ft¼0ð Þ

where Vt is the volume (ml) expelled at time t, Ft
and Ft=0 are the forces at times t and zero, and 0.9
is the pressure head area multiplied by the inden-
tation depth.

In normal tissue, two force decreasing rates
were observed, a high, then a lower one, as in
current relaxation experiments, indicating two
types of viscosity. In pitting edema, a third and
higher decreasing rate was found initially, due to
the edematous fluid outflow. This simple method
has the advantage of obviating the measurement
of the tissue’s elastic resistance.
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1 Introduction

The subcutaneous tissue, also called hypodermis,
is composed of an extensive network of fatty
lobules separated by thin fibrovascular septa. It
helps with thermoregulation, provides an energy
store, and serves as a cushion to protect internal
organs (Ebling et al. 1992). This mesodermic
layer presents its own pathology and also may be
affected by abnormalities that lie in the neighbor-
ing layers or structures.

The use of sonography for studying subcuta-
neous tissue has been growing in the last few
decades due to the development of multichannel
machines with high and variable frequency probes
that currently range from 7 to 22 MHz (Wortsman
2012a). Importantly, these probes present high
definition for studying both superficial and deep
structures and can unveil both morphology and
blood flow in real time.
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2 Technical Considerations

The requisites for observing subcutaneous tissue
ideally are an adequate equipment (ideally,
multichannel high-definition ultrasound machine
with variable frequency probes that go from 7 to
22 MHz) and a trained sonographer with knowl-
edge of both dermatologic pathology and ultra-
sound imaging (Wortsman 2012b).

The sonographic technique for exploring subcu-
taneous tissue is the same as was described for
examining localized lesions of the skin (Wortsman
and Wortsman 2010). A copious amount of gel is
applied over the skin surface, and the probe isgently
located on the lesional area. Virtually no compres-
sionof the subcutaneous tissue isperformed,and the
tissue is explored in its most natural form,
preventing the collapse of slow flow vessels. Gray-
scale, color, and/or power Doppler images of the
lesional area in at least two perpendicular axes are
made. These color and power Doppler sequences
allow the detection of the bloodflowpatterns. Then,
3D reconstructions of grayscale and/or power
Doppler images can be performed to improve pre-
sentationandunderstandingof thepathology.These
reconstructions are performed by doing a 5–8 s
sweep in the region of interest.

3 Normal Anatomy

Subcutaneous tissue appears on sonography as a
hypoechoic layer mostly composed of hypoechoic
fatty lobules separated by hyperechoic linear

fibrous septa (Wortsman et al. 2006; Fig. 1).
Slow flow thin arterial and venous vessels are
detected within this layer. The thickness of the
subcutaneous tissue varies according to the cor-
poral region. Thus, it may easily reach �1 cm in
the abdominal wall or hips; however, it may be
thin and measure <0.1 cm in the dorsum of the
hands of a child.

On top of the subcutaneous tissue, there is a
hyperechoic band that corresponds to the dermis.
Beneath the subcutaneous tissue, other layers
such as the hypoechoic fibrillar structure of the
muscle layer or the hyperechoic fibrillar pattern of
the tendons are detected.

4 Sonographic Measurements
in the Subcutaneous Tissue

The current equipment allows us to measure
directly from the machine the distance in all axes
(cm), the area (cm2) or volume (cm3), and the
peak systolic velocity of the vessels (cm/s). It is
also possible to measure the resistive index of the
arterial vessels (i.e., peak velocity systole – end
velocity diastole/peak velocity systole), although
this latter vascularity data is rarely used in the
subcutaneous tissue, being more frequently used
for assessing stenosis in the large arteries.

It is also possible to qualify the changes in the
echotexture patterns in case of abnormalities. For
example, under inflammatory conditions, the
echogenicity of the fatty lobules in the

Fig. 1 Normal sonographic appearance of the subcutane-
ous tissue (transverse views). (a) Grayscale ultrasound
shows the hypoechoic fatty lobules and the hyperechoic

fibrous septa of the subcutaneous tissue. (b) 3D reconstruc-
tion (5–8 s sweep)
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subcutaneous tissue usually increases
(hyperechogenicity-white), and there may be
anechoic fluid (black) within the septa. In the
case of tumors, hypoechoic (gray) nodules that
frequently show less echogenicity (dark) com-
pared with the surrounding subcutaneous tissue
can be found.

Vascularity patterns can also be qualified and
compared with the non-lesional region. These can
be defined as hypervascular or hypovascular
areas.

5 Pathology

5.1 Inflammatory Conditions

5.1.1 Edema and Fluid Collections
The presence of interstitial edema in the subcuta-
neous tissue diffusely increases the echogenicity
of the fatty lobules, and they also show blurry
borders. Fluid collections such as seromas or
hematomas appear as anechoic or hypoechoic
commonly compressible structures that some-
times can show echoes (debris) or septa and usu-
ally decrease in size over time (Ryu et al. 2011).

5.1.2 Panniculitis
This condition implies the presence of inflamma-
tory cellular infiltrates that usually involve both

the fatty lobules and the septa. According to the
main affected component, panniculitides can be
separated in septal or lobular (Requena and Yus
2001; Requena and Sánchez 2001). On sonogra-
phy the involvement of the lobules shows as
hyperechogenicity in the fatty tissue, and the
effects on the septa present as hypoechogenicity
and thickening of the septal structures. Moreover,
increased regional blood flow may be detected
with color or power Doppler (Fig. 2). Inflamma-
tory subcutaneous conditions with fat necrosis
show as hyperechoic areas with anechoic
pseudocystic structures that correspond to lique-
faction sites in the fatty tissue (Ester et al. 2009).

5.1.3 Lymph Nodes
These are oval-shaped solid structures that
belong to the immune system. They are com-
posed of an outer capsule, mainly cellular, and
an inner medulla with prominent ducts and
sinuses. An external fibrous capsule surrounds
the cellular capsule with the exception of the
vascular hilum region. They are distributed in
well-known anatomical regions, and they usually
can become palpable under inflammatory or
tumoral conditions. They show on sonography
as oval-shaped structures with hypoechoic rim
(cortex) and hyperechoic center (medulla). On
color Doppler the vascular hilum is usually
detected in one of the aspects containing

Fig. 2 Lobular panniculitis (transverse views, right
cheek). (a) Grayscale ultrasound shows hyperechoic focal
area (*) that involves the fatty lobules of the subcutaneous

tissue. (b) Power Doppler ultrasound demonstrates
increased vascularity within the affected subcutaneous
region
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low-flow arterial and venous vessels. Benign
lymph nodes frequently conserve their oval
shape and cortical and medullar echostructure.
In contrast, malignant lymph nodes tend to show
an oval or rounded shape and lose their
hyperechoic center, therefore appearing as fully
hypoechoic and sometimes with anechoic
regions (Dudea et al. 2012; Fig. 3).

5.2 Tumors

There are multiple types of tumors that primarily
or secondarily can affect the subcutaneous tissue.

We will focus on causes of involvement that may
be part of the common differential diagnoses in
daily dermatological practice.

5.2.1 Benign

Cystic

Epidermal Cysts
These frequent dermatologic lesions are com-
posed of stratified squamous epithelium with a
granular layer and are commonly located in both
the dermis and subcutaneous tissue. On sonogra-
phy, they show up differently according to the

Fig. 3 Lymph nodes (grayscale ultrasounds; (a) and (b):
transverse views; (c): longitudinal view). (a) Normal
lymph node: well-defined, oval-shaped structure with
hypoechoic cortex and hyperechoic medulla. (b) Inflam-
matory lymph node: enlarged oval-shaped structure that

conserves the cortex-medulla echostructure. Notice the
increased thickness of the cortex. (c) Metastatic lymph
nodes: oval and round-shaped structures (*) that lose the
hyperechoic medulla
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integrity of their walls and the presence of
inflammation. Intact cysts present as well-defined,
oval- or round-shaped, anechoic or hypoechoic
structures that elicit a posterior reinforcement arti-
fact typically seen in fluid-filled lesions (Fig. 4).
Under inflammation the cysts become enlarged,
and the keratinous material is mixed with inflam-
matory components which increase the
echogenicity of the content and the peripheral
blood flow. When the cysts are completely rup-
tured, they tend to show as an ill-defined, irregu-
lar, and hypoechoic structure that usually
conserves the posterior reinforcement artifact
and can show prominent peripheral vascularity.
Occasionally, an anechoic connecting tract is
observed between the cyst and the subepidermal
region (Wortsman 2012a, b; Yuan et al. 2012).

Pilonidal Cysts
These are pseudocystic lesions commonly
founded in the intergluteal area and composed of
a nest of keratin and hair tract fragments. On
sonography they appear as oval-shaped
hypoechoic structures located in the dermis and
subcutaneous tissue. Frequently, hyperechoic lin-
ear hair fragments are detected within the cysts
(Fig. 5). Under inflammation pilonidal cysts may
show increased peripheral vascularity with
low-flow arterial and venous vessels. Hypoechoic
tracts connecting to the base of the hair follicles
are common findings. Sonography may also

demonstrate the axis and branches of the cyst
which may support surgical planning (Wortsman
2012a, b; Solivetti et al. 2012; Mentes et al. 2009).

Vascular Tumors

Hemangiomas
These are the most common soft tissue tumors in
infancy. They present an abnormal growth of
endothelial cells. Commonly they involve the der-
mis and subcutaneous tissue. Hemangiomas tend
to show a fast postnatal growth, followed by a
slow involution period. On sonography, the
appearance varies according to the phase of the
hemangioma. In the initial proliferative phase,
they present as hypoechoic hypervascular solid
masses with prominent arterial and venous vessels
and occasionally arteriovenous shunts. During the
partial involution phase, hemangiomas show
mixed echogenicity with hypoechoic and
hyperechoic areas (Fig. 6). The blood flow tends
to sequentially decrease over time. In the total
involution phase, hemangiomas show as
hyperechoic and hypovascular masses. Sonogra-
phy can detect both subcutaneous and deeper
layers or organ involvement (Wortsman 2012a,
b; Dubois et al. 1998; Paltiel et al. 2000).

Vascular Malformations
These are errors of morphogenesis and are
composed by an abnormal amount of vascular

Fig. 4 Epidermal cyst (longitudinal views, lumbar region).
(a) Grayscale ultrasound shows a well-defined, oval-shaped
hypoechoic structure (*) with posterior acoustic reinforcement

artifact. (b) 3D reconstruction of the lesion (5–8 s sweep).
Abbreviations: d dermis, st subcutaneous tissue, ar posterior
acoustic reinforcement artifact
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channels with normal endothelium. Usually
they tend to grow in proportion with the
child’s growth. According to the type of chan-
nel, they can be classified into arterial, venous,
lymphatic, or capillary. Also they can be sep-
arated according to the degree of vascularity
into high (arterial or arteriovenous) or low
(venous, lymphatic, or capillary) blood flow.
There are also some mixed forms of vascular
malformations. On sonography, they appear as
nests of anechoic tubular or tortuous channels,

hyperechoic islets, or anechoic pseudocystic
structures. Spectral curve analysis can show
the type of blood flow within the vascular
tracts (arterial or venous) (Fig. 7). Addition-
ally, sonography can rule out the presence of
thrombus within the vessels which appears as
hypoechoic content within these channels. In
venous vascular malformations, hyperechoic
calcium deposits, also called phleboliths, may
be found (Wortsman 2012a, b; Paltiel
et al. 2000).

Fig. 6 Hemangioma (dorsal region). (a) Grayscale ultra-
sound (transverse view) shows an ill-defined, mixed
echogenicity structure with hypoechoic (*) and
hyperechoic (o) areas that involves the dermis and

subcutaneous tissue. (b) Color Doppler ultrasound (longi-
tudinal view) demonstrates prominent vascularity (colors)
within the lesion

Fig. 5 Pilonidal cyst. Grayscale ultrasound (longitudinal
view, intergluteal region) demonstrates 8.02 cm long der-
mal and subcutaneous hypoechoic structure (*, between

markers) with hyperechoic lines that correspond to hair
fragments (arrows). Abbreviations: d dermis, st subcuta-
neous tissue
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Solid

Lipomatous Tumors
These are the most common soft tissue tumors
and present as a proliferation of adipose cells
that may be mixed with fibrous (fibrolipoma) or
vascular (angiolipoma) tissue. Lipomas show a
variable appearance on ultrasound according to
the proportion of the histological components.
Thus, fibrolipomas or simple lipomas tend to
present as well-defined, oval-shaped
hypoechoic solid subcutaneous masses that fol-
low the axis of the skin layers (Fig. 8).
Hyperechoic fibrous septa are commonly
detected within the structure. In contrast
angiolipomas tend to show as well-defined,
round or oval-shaped hyperechoic structures in
the subcutaneous tissue. Lipomas are usually
hypovascular, and the finding of prominent vas-
cularity within these lesions may give rise to the
suspicion of atypical or malignant transforma-
tion (Wortsman 2012a, b; Fornage and Tassin
1991; Kuwano et al. 2009; Lee et al. 2011).

Hair Matrix-Derived Tumors

Pilomatrixomas
These hair matrix-derived tumors, also called epi-
theliomas of Malherbe, are most common in chil-
dren and young adults. They are composed of a
nest of lobules with basaloid and ghost cells,
eosinophilic keratinous debris, and calcifications.
Pilomatrixomas are surrounded by a fibrous
pseudocapsule of connective tissue, and these
tumors commonly involve the dermis and subcu-
taneous tissue. On sonography they show a wide
range of appearances, the most common being the
target type (hypoechoic rim and hyperechoic cen-
ter) (Fig. 9). Other forms of presentation include
the cystic type (anechoic and hypoechoic areas)
and the completely calcified type (hyperechoic
with posterior acoustic shadowing). In up to
80 % of the cases, hyperechoic calcium deposits
are detectable within the tumors. Occasionally,
pilomatrixomas can show prominent vascularity
on color Doppler ultrasound (Hwang et al. 2005;
Choo et al. 2010; Wortsman et al. 2010).

Fig. 7 High-flow arterial vascular malformation (trans-
verse views, lobe of the left ear pinna). (a) Grayscale
ultrasound demonstrates several anechoic tubular ducts
and pseudocystic structures (*) in the subcutaneous tissue.

(b) Color Doppler with spectral curve analysis shows high
arterial flow (peak systolic velocity: 57.6 cm/s). (c) 3D
power Doppler reconstruction demonstrates increased vas-
cularity within the lesion (*)
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5.2.2 Malignant

Melanoma Metastasis
On sonography, a locoregional staging of mela-
noma can be performed. Thus, secondary satel-
lite (<2 cm from the primary lesion), in-transit
metastasis (�2 cm from the primary lesion), and
lymph node metastasis can be detected. These
metastases commonly involve the subcutaneous

tissue and show as hypoechoic solid nodules that
may present prominent vascularity (Fig. 10).
Metastatic lymph nodes lose their hyperechoic
center and show as round or oval-shaped
hypoechoic structures. Commonly, anechoic
areas due to hypercellularity (not necrosis) and
tortuous and irregular vessels within the lymph
nodes are observed (Gupta et al. 2011; Catalano
et al. 2011).

Fig. 8 Lipoma. Grayscale ultrasound (transverse view, right flank of the abdominal wall) shows 6.12 cm long � 1.03 cm
wide, well-defined, oval-shaped hypoechoic mass (*) in the subcutaneous tissue

Fig. 9 Pilomatrixoma (longitudinal views, anterior aspect
of the left leg). (a) Grayscale and (b) 3D reconstruction
ultrasounds show dermal and subcutaneous, target-type
structure with an hypoechoic rim (r) and hyperechoic

center (*). Notice the hyperechoic spots (arrowheads)
that correspond to calcium deposits. Abbreviations:
d dermis, st subcutaneous tissue
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Dermatofibrosarcoma Protuberans
This locally aggressive cutaneous fibroblastic
tumor mainly involves the trunk and proximal
extremities of young and middle-aged adults. On
histology, it shows a proliferation of spindle cells
with elongated nuclei, with little or no pleomor-
phism. This malignant tumor commonly affects the
dermis and subcutaneous tissue; however, it may

also involve deeper layers. On sonography, the
most common form of presentation is an
ill-defined heterogeneous solid tumor with
hypoechoic and hyperechoic areas that present lob-
ulated borders with pseudopodia-like projections
following a horizontal axis (Fig. 11). Slow flow
vessels are frequently detected within the tumor
(Oliveira-Soares et al. 2002; Shin et al. 2008).

Fig. 10 In-transit
metastasis of melanoma.
Grayscale ultrasound
(longitudinal view,
posteromedial aspect of the
left thigh) shows two well-
defined, oval-shaped
hypoechoic structures (*) in
the subcutaneous tissue.
Notice the increased
echogenicity of the
surrounding subcutaneous
tissue secondary to regional
edema

Fig. 11 Dermatofibrosarcoma protuberans. Grayscale
ultrasound (longitudinal view, left arm) shows a 4.14 cm
long � 0.7 cm depth, mixed echogenicity lesion (between

markers) with hypoechoic (*) and hyperechoic
pseudopodia-like (o) projections. Abbreviations:
d dermis, st subcutaneous tissue
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5.3 Endogenous Material

5.3.1 Calcifications
Subcutaneous calcium deposits can be detected in
several conditions such as inflammatory connec-
tive tissue diseases (e.g., secondary calcinosis) or
associated with vascular malformations
(phleboliths). The presence of gross heterotopic
mature lamellar bone deposits in the subcutaneous
tissue is named panniculitis ossificans (Wollina
et al. 2009; M€uller et al. 2010). The differentiation
between isolated immature and mature lamellar
bone is usually performed on histology. On
sonography, calcium deposits appear as
hyperechoic spots, and large-size calcium
deposits commonly present a posterior acoustic
shadowing artifact (Fig. 12).

5.4 Exogenous Material

5.4.1 Foreign Bodies
These are exogenous components usually acci-
dentally embedded in the subcutaneous tissue.
They can be separated according to their
nature in organic (e.g., splinters of wood or
thorns) or inert (e.g., fragments of glass and
metal). On sonography they show as well-
defined laminar or bilaminar hyperechoic
structures surrounded by hypoechoic granulo-
matous tissue. Glass or metal fragments com-
monly produce a posterior reverberation
artifact (Fig. 13). Ultrasound may support
both the diagnosis and percutaneous extraction
of the foreign structure (Wortsman 2012a;
Bradley 2012).

Fig. 12 Calcinosis.
Grayscale ultrasound
(longitudinal view, left
flank of the abdominal wall)
demonstrates hyperechoic
spots (*) with posterior
acoustic shadowing artifact.
Abbreviations: d dermis, st
subcutaneous tissue

Fig. 13 Foreign body.
Grayscale ultrasound
(transverse view, dorsum of
the right index finger)
shows two hyperechoic
linear fragments (arrows)
that correspond to glass
fragments and elicit
posterior reverberation
artifact (r). Abbreviations:
d dermis, st subcutaneous
tissue
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5.4.2 Fillers
These compounds are used for cosmetic purposes
and can be separated according to their character-
istics into degradable, such as hyaluronic acid,
and nondegradable, such as silicone oil,
polymethyl methacrylate, calcium hydroxyapa-
tite, and polyacrylamide. On sonography, these
deposits are commonly found in the subcutaneous
tissue and show different sonographic appear-
ances. Thus, hyaluronic acid presents as small
round or oval-shaped anechoic pseudocysts that
decrease in size over time (3–6 months), usually
becoming undetectable or barely detectable after
6 months. Silicone oil is not FDA approved but
may be used off-label in some countries. It shows
as hyperechoic deposits with posterior acoustic
reverberation artifacts (Fig. 14). Polymethyl
methacrylate appears as multiple bright
hyperechoic dots that elicit a mini comet-tail arti-
fact (small posterior reverberation artifact). Cal-
cium hydroxyapatite presents as hyperechoic
deposits with posterior acoustic shadowing arti-
facts. Polyacrylamide shows as well-defined
medium- or large-size anechoic pseudocystic
structures with increased echogenicity of the sur-
rounding subcutaneous tissue. The latter poly-
acrylamide deposits have been reported to not
modify their appearance for at least 18 months
(Wortsman et al. 2012; Wortsman and Wortsman
2011, 2012).

6 Conclusion

Sonography can show with high definition the
anatomical characteristics of a wide range of der-
matologic and non-dermatologic conditions that
affect the subcutaneous tissue. It allows measure-
ment of the abnormalities in all axes in real time,
demonstrating their vascularity patterns and giv-
ing a noninvasive insight into the pathophysiol-
ogy of the subcutaneous entities.
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1 Introduction

Cellulite is characterized by dimpled or puckered
skin of the buttocks and posterior and lateral thighs.
This condition has also been described as resem-
bling an orange peel and cottage cheese or as
having mattress-like appearance (Hexsel
et al. 2010a; Hexsel and Soirefmann 2011) (Fig. 1).

Published studies suggest that approximately
85 % of postadolescent women have some degree
of cellulite (Draelos and Marenus 1997; Harvard
Women’s Health Watch Cellulite meltdown
1998). In men, this condition is very rare as the
result of differences in the connective tissue
(Hexsel et al. 2010a).

According to Scherwitz and Braun-Falco
(Khan et al. 2010), it was Alquier and Paviot
who first described cellulite, in 1920, as a
noninflammatory, complex cellular dystrophy of
the mesenchymal tissue, where defects in water
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metabolism led to saturation of adjacent tissues by
interstitial liquids as a result of traumatic, topical
infectious, or glandular stimuli.

Synonyms of cellulite include adiposis
edematosa, incipient cellulite or status protusus
cutis, full-blown cellulite or dermopanniculosis
deformans, nodular liposclerosis, gynoid
lipodystrophy, and edematofibrosclerotic
panniculopathy (Khan et al. 2010).

2 Definition

Cellulite is defined as a localized metabolic
disorder of subcutaneous tissue that provokes
an alteration in the female body shape. It pre-
sents as a modification of skin topography evi-
dent by skin dimpling and nodularity. This

condition occurs mainly in women on the pelvic
region, lower limbs, and abdomen (Khan
et al. 2010).

Cellulite usually presents after puberty and
tends to be chronic (Hexsel et al. 2009a). While
it is a common clinical condition affecting the
majority of women of all countries and cultures,
it is thought of as a female secondary sex charac-
teristic (Khan et al. 2010; Hexsel et al. 2009a).
Cellulite is rarely found in men (Hexsel
et al. 2009a).

Differences in subcutaneous tissue architec-
ture between men and women may explain the
female sex predominance of this condition
(N€urnberger and M€uller 1978). Cellulite appears
to be the result of localized adipose deposits and
edema within the subcutaneous tissue. In
women, bands of connective tissue are oriented
longitudinally, from deep fascia to the dermis.
These bands are the fibrous septae that segregate
fat into channels. As the fat layer expands, it
occurs herniation of subcutaneous fat within
fibrous connective tissue, leading to a puckered
appearance of the skin (Khan et al. 2010;
Querleux et al. 2002; Piérard et al. 2000). The
criss-crossing pattern of the connective tissue in
the thighs and buttocks of men, which holds the
fat layer, prevents the projection of the adipose
tissue on the skin surface (Querleux et al. 2002;
Piérard et al. 2000).

Different morphological patterns may be seen
in cellulite patients. The skin surface alterations
are mainly lower than the normal adjacent skin,
but raised areas can also be seen. Depressed
lesions occur because of the presence of fibrous
septa that pull the skin surface down, and raised
areas are the projection of underlying fat to the
skin surface (Hexsel 2001).

Results of the magnetic resonance imaging
analysis showed that cellulite depressions on the
buttocks were significantly associated with the
presence of underlying thick fibrous septa. It was
found that all fibrous septa in the examined areas
were perpendicular to the skin surface, and most
of them were ramified (Hexsel and Soirefmann
2011; Hexsel et al. 2009b).

Fig. 1 Depressed lesions of cellulite on the buttocks and
upper thighs, with mattress-like appearance
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With aging and consequent increased laxity of
the skin, the depressed lesions became more evi-
dent, as well as more linear or oval, following the
skin lines and giving the skin a draped appearance
(Hexsel et al. 2009b).

Regarding the importance of body weight,
cellulite is not specific to overweight females,
but added weight may cause enlargement of the
fat lobules, further protrusion into the dermis,
and exacerbation of this condition (Smalls
et al. 2005).

3 Evaluation

The evaluation of a patient with cellulite may be
done most of the times on clinical examination
and sometimes using image exams.

Patients with cellulite should be evaluated in
standing position with relaxed muscles, in order to
correctly identify depressions of cellulite that are
clearly apparent, independently of pinch test or
muscular contraction (Hexsel and Mazzuco
2000). A pinch test can be done to make the
lesions more evident (Fig. 2).

Digital photographs should always be taken
before and after treatments. It is very important
that these photographs follow the same standards,
including light patterns, position, and camera set-
tings (Figs. 3a-d) (Hexsel et al. 2001).

Gherardini et al. published a study that
described the proper lighting, equipment, and
backgrounds necessary to achieve standardiza-
tion in photography for body contour surgery.
General principles for clinical photography
were reviewed, and the authors presented some
consistent recommendations for photographic
documentation of skin “textural” changes and
“cellulite,” allowing comparison of results and
techniques (Gherardini et al. 1997). Khavkin
et al. also highlighted the fact that standardized,
high-quality images can be achieved by using
proper equipment, lighting, and patient position-
ing (Khavkin and Ellis 2011). Persichetti
et al. defined guidelines for accurate image cap-
ture in different anatomic areas, in order to obtain

reasonable standardization, consistency, and
reproducibility. The authors highlighted some
important items (Persichetti et al. 2007), such as
the following:

1. Background: The backgroundmust be an even,
nonreflecting, monochromatic surface. Awhite
or light blue drape can be held behind the
patient by an assistant. Patient must be posi-
tioned 50–90 cm from the background.

2. Camera Settings: Single-lens reflex camera
(SLR) digital camera is excellent for
photographing, and it has a fixed focal length
of 35–70 mm that guarantees an undistorted
image, considering that the focal length of the
human eye is 50 mm.

3. Position: The patient must be positioned at a
distance from the camera, which varies the
extent of the anatomic site to be included in

Fig. 2 Pinching the skin or pressing the affected areas can
make cellulite lesions more evident
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the picture. Generally, it is advisable to main-
tain the camera more than 1 m away from the
patient, taking advantage of the zoom. The
zoom is a type of lens that allows the operator
to vary the focus, and only the optical zoom
should be used when it is necessary to capture
details (Persichetti et al. 2007).

4. Illumination: An adequate illumination must
guarantee optimal definition of anatomic
details and must be reproducible. In a photo-
graph studio, lights are fixed which is cer-
tainly advantageous. Therefore, it is
important to follow these items: two lamps at
45� with respect to the patient on a plane
parallel to the frontal one. One of these lights
should be in a sagittal plane, perpendicular to
the frontal one, aiming downward. The other
light should be behind the patient, on a plane
parallel to the frontal one, aiming forward.
This second lamp is placed at a distance
30–60 cm from the background. A “cold
light” is always preferable (Persichetti
et al. 2007). Other authors also highlight that
an adequate illumination of the exam room
with a light source in a downward position is
helpful to visualize cellulite depressed lesions
(Hexsel and Mazzuco 2000; Hexsel
et al. 2010b).

There are a few devices in the market that
were designed for photographic documentation
of cellulite. These include the Vectra XT1® and
IntelliStudio® systems, both from Canfield Sci-
entific, Inc (USA). The Vectra XT1 is a three-
dimensional camera system, with ultra high-
resolution color image capture to produce a
razor sharp definition of the smallest details.
IntelliStudio® is a photo studio that makes con-
sistent clinical quality photography, with fast
and easy positioning to get the right view
pre-op, and again to match it in the post-op
session.

Recently, image exams may be indicated for
cellulite adjunctive evaluation. The image exams
may be used for research purposes or for special
study of an individual case.

Ultrasound can be used to study the thickness
and the quality of the connective tissue. This
device may also be used to visualize the edem-
atous component of cellulite (Biefeldt
et al. 2008). Ultrasound imaging of the skin
affected by cellulite reveals thinning of the der-
mis with subcutaneous fat pushing upward,
which translates into the rumpled skin known
as cellulite (Draelos 2005). Another study using
a 20 MHz ultrasound shows that the frequency

Fig. 3a-d A series of pictures of the same patient, in the same studio with the same lightning, but different camera
settings
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of adipose protrusions into the dermis correlates
with visual cellulite severity (Biefeldt
et al. 2008).

Magnetic resonance imaging (MRI) allows
visualization of specific changes in subcutaneous
architecture caused by cellulite. This technique is
able to show clearly images of the skin fat layers
beneath the dermis and down to the level of mus-
cles as well as to quantify herniations of adipose
tissue into the dermis. Therefore, it is a good
method to evaluate cellulite in clinical trials
(Biefeldt et al. 2008) and also to determine ana-
tomical features of cellulite (Hexsel et al. 2009b)
(Fig. 4).

Laser Doppler flowmetry (LDF) is an optical
technique used to evaluate the skin microcircula-
tion which provides information on blood flow
and erythema. The radiation is reflected by the
skin and converted to electrical signal, which is
proportional to the flux of erythrocytes of the
blood flow. Therefore, it consists in a reliable

method to estimate cutaneous microcirculation
(Biefeldt et al. 2008).

Thermography is an effective technique to
evaluate local skin temperature, and it is
based on the detection of infrared radiation
emitted by skin. Areas affected by cellulite
present less local skin blood flow, conse-
quently presenting lower temperatures
(Biefeldt et al. 2008).

Newly, a thermal infrared camera was pro-
posed as a reproducible method to assess the
severity of cellulite. The conclusion of the
study pointed out that the thermal camera can
be used to reliably document the changes in the
skin temperature that are related to the presence
and the severity of cellulite (Nkengne
et al. 2013). Further studies using image and
thermal devices are necessary in order to
improve the complementary evaluating and
knowledge of this condition.

Patients should be classified regarding their
degree of cellulite. This is important to determine
the more appropriate treatment and to monitor
treatment improvement. Two classifications of
cellulite are currently used. The first is made on
clinical basis (Table 1) (Hexsel and Mazzuco
2000).

Table 1 Classification of cellulite based on clinical
criteria (N€urnberger and M€uller 1978)

Grade or
stage Clinical characteristics

0 (zero) There is no alteration to the skin surface

I The skin of the affected area is smooth
while the subject is standing or lying, but
the alterations to the skin surface can be
seen by pinching the skin or with muscle
contraction

II The orange skin or mattress appearance is
evident when standing, without the use of
any manipulation (skin pinching or muscle
contraction)

III The alterations described in grade or stage
II are present together with raised areas and
nodules

Fig. 4 MRI image of the buttock showing a skin marker
on a depressed lesion of cellulite and its correspondent
fibrous septa. MRI can be also used to study fat tissue in
areas with cellulite
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Although this classification is useful, it
does not attend to important additional mor-
phologic aspects of cellulite (i.e., laxity) and
is not the ideal for assessing treatment
response. Hexsel, Dal’Forno, and Hexsel
published a new cellulite classification
(Hexsel et al. 2009a), based on a new scale
in which important clinical and morphological
aspects of cellulite are assessed. The scale is
called Hexsel and Dal’Forno and Cellulite
Severity Scale (Hexsel et al. 2009a) and is
shown in Table 2. It is an alpha-photonumeric
scale that grades cellulite on basis of five
items: (A) number of evident depressed
lesions, (B) depth of depressions,
(C) morphologic appearance of skin surface
alterations, (D) grade of flaccidity or sagging
skin, and (E) cellulite classification by
N€urnberger and M€uller. Each of these items
is graded from zero to three. The sum of these
scores will lead to a new classification of the
cellulite as mild, moderate, or severe, as
shown in Table 3.

The publication of Hexsel and Dal’Forno and
Hexsel Cellulite Severity Scale (Hexsel
et al. 2009a) was of great value in the evaluation
of cellulite patients, since this new classification
included different aspects of cellulite lesions and
additional morphologic characteristics (i.e., lax-
ity) (Fig. 5).
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11–15 Severe
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1 Basic Concepts

Anthropometry is defined as “measurement of the
human body and its dimensions.” Surface anthro-
pometry involves measurements of body mass,
stature, skeletal breadths, limb lengths, circumfer-
ences and skinfold thicknesses that are used,
either as raw data or predicted values, to describe
concepts such as absolute and body frame size,
body composition, and body surface area (Stewart
and Eston 2007). Anthropometry is a multidis-
ciplinary science and has revelations with other
sciences such as anatomy, physiology, medicine,
and nutrition. Historically, the main concern in
surface anthropometry has been the standardiza-
tion of measurements. During the past 50 years,
several researchers and organizations attempt to
achieve universal recognition and provide inter-
national standards in anthropometry (Lohman
et al. 1988; Norton and Olds 1996). This chapter
is based on the latest standards of the International
Society for the Advancement of
Kinanthropometry (ISAK) (ISAK 2011), and its
purpose is to present key principles, methods, and
equipment for measuring the most commonly
used anthropometric variables.
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2 Standard Equipment

Stadiometer: (e.g., Holtain, SECA) mounted on
wall or stand with sliding headboard and accu-
rate to 1 mm. The stadiometer should be
checked every month or after measuring
30 subjects, against a standard height.

Weighing scales: portable beam balance machine,
calibrated in kilograms and tenths of kilograms
(150 kg) (e.g., SECA). The electronic digital
scales is becoming more general and is of the
same accuracy.

Skinfold calipers: Harpenden or Slim Guide
Skinfold Calipers calibrated to 10 g�mm�2, scale
to 80 mm, which can be read to 0.1 mm and
0.5 mm, respectively. Holtain calipers have simi-
lar quality and can be used with equal precision.

Anthropometric tape: metal, with a stub extending
6–10 cm beyond the zero line (blank area). The
Lufkin W606PM and its modified version
Rosscraft anthropometric tape and CESCORF
anthropometric tape are the preferred instru-
ment for performing girth techniques. All can
be read to 0.1 cm.

Segmometer: a flexible metal tape with rigid slid-
ing branches for identifying lengths and land-
mark locations (Rosscraft), read to 1 mm.

Bone calipers: Tommy 2, Tommy 3, and
Bonimeter 1 are good examples of bone cali-
pers with extended branches and round pres-
sure plates 15 mm in diameter.

3 Standard Methodology

3.1 Common Prerequisites

There are some important considerations for sur-
face anthropometry measurements:

• Subjects require appropriate information in
advance, and informed written consent should
be obtained.

• Ensure that the physical space is large enough
(3 � 3 m) and illuminated to allow the mea-
surer moving freely, considering personal space
(front space of the body of subject) and privacy
of the subject.

• Subjects should be recovered from previous
exercise, fully hydrated, and voided.

• Subjects should be asked to present them-
selves in minimal clothing. Swimsuits
(two-piece suits for female subjects) are
recommended.

• Cultural differences may preclude the acquisi-
tion of some or all measurements in some sub-
jects. Measurement of females or children by
male measures requires particular sensitivity
and the individual’s entitlement to a chaperone.
It is always advisable to have another
adult (preferably female) present in such
circumstances.

3.2 Stature

Stature is measured to 1 mm without any foot-
wear. The subject stands with head level, looking
straight ahead, and the heels together. The subject
inspires for measurement, and the recorder brings
down the headboard to compress the hair.

3.3 Body Mass

Body mass is measured to 100 g. Clothing is also
an issue, and the type and amount of clothing must
be standardized. Body mass changes at various
times of the day as a result of meal and beverage
consumption, urination, defecation, and dehydra-
tion, or water loss. Therefore, a standard time (e.g.,
early in the morning, 12 h after any food and after
voiding) is recommended.

3.4 Skinfolds

Skinfolds are the most commonly measured
anthropometric sites in surface anthropometry.
They are very good representative of level of
fatness and subcutaneous fat storage in the body.
To measure them, measurer needs to landmark at
first. In fact, accurately landmarking is one of
the vital aspects of good anthropometric measure-
ment. A sound knowledge of surface anatomy is
essential. Skeletal landmarks are the reference
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points and must be located in the same procedure
to guarantee reproducible measurements.
Skinfold locations are marked with across, with
two lines intersecting at right angles. A longer line
shows the orientation of the skinfold, and the
shorter one defines the finger and thumb place-
ment. Bony edges are commonly marked with a
short (0.5 cm) line, while points (e.g., the inferior
tip of the scapula) are marked with a dot, from
which linear measurements are made. A descrip-
tion of very common landmarks is summarized in
Table 1.

Measurements of skinfold thicknesses
should be made on the right side of the body.
Skin of the subject should be dry, nongreasy,
and healthy. The skinfold is raised by the left
hand, which is positioned so that the thumb
points downward and the back of the hand is
in full view of the measurer. The fold is grasped
firmly in the appropriate orientation, following
the natural lines of the skin (Langer’s lines),
and raised far enough (but no further) so the
fold has parallel sides. The measurer should use
the thumb and index finger of the left hand to
raise a fold that contains a double layer of both
adipose tissue and skin. In order to eliminate
muscle, good palpation technique guarantees a

double layer of both adipose tissue and skin.
The caliper jaws are applied 1 cm away from
the thumb and index finger (fold), at a depth of
mid-fingernail. It is important to hold the fold
throughout the measurement procedure (Fig. 1).

The calipers are held perpendicular to the
skinfold, the spring pressure is released, and the
measurement value recorded after 2 s. The
calipers are removed before the skinfold is
released. Common skinfold sites are described in
Table 2.

3.5 Girths

A cross-handed technique is the standard proce-
dure with the stub held in the left hand and the
housing in the right hand. The girth measurements
are measured with tape at right angles to the long
axis of a bone or body segment. The measurer,
from the right side of the subject, passes the stub
around the body segment, grasped by the right
hand, and then passed back to the left hand
which pulls it to the appropriate tension. The
cross-handed technique is simply a matter of
reaching across with the left hand and gripping
the stub with the thumb and index finger while the
right hand holds the housing. There should be no
visible indentation of the skin at the measurement.

Table 1 Skeletal landmarks and the related skinfolds

Landmarks Description

Mid-
acromiale-
radiale

Midpoint level between the most
lateral point in the superior border of
the acromion process in the midway
between the anterior and posterior
border of the deltoid muscle
(acromiale) and the point at the most
upper and lateral border of the head
of the radius bone (radiale) (triceps
skinfold and biceps skinfold)

Subscapularis The bottom tip the inferior angle of
the scapula bone (subscapular
skinfold)

Iliocristale The most lateral point on the iliac
crest on the ilioaxilla line (iliac crest
Skinfold)

Iliospinale The most inferior point or bottom tip
of the anterior superior iliac spine
(ASIS) (supraspinale skinfold)

Omphalion The midpoint of the navel or
umbilicus (abdominal skinfold)

Fig. 1 A triceps skinfold measurement illustrating appro-
priate technique
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Description of some common girth measurements
are summarized in Table 3.

3.6 Breadth

Bony breadths are very important variables in sur-
face anthropometry. They have been used in esti-
mation of body size, body shape, and growth

studies. For measurement purposes, the bone cali-
pers lie on the backs of the hand while the thumbs
rest against the inside edge of the caliper jaws and
the extended index fingers positioned along the
outer surface of the jaws. After finding the correct
bony landmarks, the measurement is made with the
calipers in place, with the pressuremaintained along
the index fingers. Description of some common
girth measurements are summarized in Table 4.

4 Practical Usage

4.1 Body Mass Index (BMI)

The body mass index (BMI) is the ratio of body mass
to stature squared:BMI kg=m2ð Þ ¼ BM kgð Þ=stature
mð Þ2 . In epidemiological studies, body mass index
(BMI) is used as a crude index of overweight and
obesity. ACSM (2014) recommends using BMI to
evaluate obesity (BMI �30 kg/m2) as a risk factor
for coronary heart disease. Table 5 describes the clas-
sification of BMI.

4.2 Waist-to-Hip Ratio (WHR)

The waist-to-hip ratio (WHR) compares the girths
of the waist to that of the hip. It is an indicator of
body fat distribution (i.e., the apple or pear shape
of body) or as a measure of general health. A high
WHR has been recognized as a risk factor for
chronic disease. This technique is simple to
administer and requires only an anthropometric
tape. In some cases, WHR may be a better

Table 3 Girth measurements (location and subject position)

Girth Location Subject position

Waist Narrowest circumference between lowest rib border
and pelvis

Arms folded or abducted

Hip Greatest posterior protuberance of buttocks Relaxed, feet together

Upper arm – relaxed Mid-acromiale-radiale Arm abducted slightly, elbow
extended

Upper arm – flexed and
tensed

Maximum in tensed state Arm raised, elbow flexed at 45�

Calf Maximum Weight equally distributed

Table 2 Skinfold measurements (location and
orientation)

Skinfold Location and orientation

Triceps On the posterior aspect of the upper
arm in the level of mid-acromiale-
radiale (vertical)

Subscapular Two cm lateral and inferior to the
subscapulare (oblique)

Biceps On the anterior aspect of the upper arm
in the level of mid-acromiale-radiale
(vertical)

Iliac crest Immediately superior to iliospinale
(horizontal)

Supraspinale The intersection of iliocristale and
iliospinale landmarks (oblique)

Abdominal 5 cm at right lateral of the omphalion
(umbilicus) (vertical)

Front thigh Midpoint of the perpendicular distance
between the inguinal crease at the
midline of the thigh and themidpoint of
the posterior border of the patella when
seated with the knee flexed to 90�

(vertical)

Medial calf The most medial aspect of the calf, at
the level of maximum girth, with
subject standing and weight evenly
distributed (vertical)
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predictor of mortality than BMI. However,
because it is a circumference ratio, it does
not provide an indication of percent body
fat. Standards for WHR values are shown in
Table 6.

4.3 Percent of Body Fat (PBF)

The skinfold thicknesses have good correlation
(r = 0.7–0.9) with the results of criterion

techniques such as hydrodensitometry. The prin-
ciple behind skinfold measurements is that the
amount of subcutaneous fat is proportional to
the total amount of body fat. It is assumed that
nearly one-third of the total fat is located subcu-
taneously. This led to the proliferation of hun-
dreds of regression equations to predict body
fat. A list of the famous regression equations
estimating percent of body fat is described by
various resources (Norton and Olds 1996;
Lohman et al. 1988). These equations can typi-
cally be divided into generalized equations and
specific equations. Regression equations used to
convert sum of skinfolds to percent body fat
should consider some variables such as gender,
age, and race for greatest accuracy. Norms of PBF
values for women and men by age are summa-
rized in Tables 7 and 8, respectively.

4.4 Body Frame Size

Measures of frame size are supplemental to height
and help to have a better estimation of the bone or
body width. Body frame size as an important
concept in the assessment and evaluation of
body weight can increase the validation of the
height-weight tables. Direct measurement of
frame size is not possible. There is general agree-
ment that measures used as substitutes for frame
size should be distributed normally within a pop-
ulation, be highly correlated with lean body mass,
and not be correlated with fat. Many sites have
been proposed for the estimate of frame size:

Table 6 Norms of waist-to-hip ratio (WHR)

Age Low risk Moderate risk High risk Very high risk

Male 20–29 <0.83 0.83–0.88 0.89–0.94 >0.94

30–39 <0.84 0.84–0.91 0.92–0.96 >0.96

40–49 <0.88 0.88–0.95 0.96–1.00 >1.00

50–59 <0.90 0.90–0.96 0.97–1.02 >1.02

60–69 <0.91 0.91–0.98 0.99–1.03 >1.03

Female 20–29 <0.71 0.71–0.77 0.78–0.82 >0.82

30–39 <0.72 0.72–0.78 0.79–0.84 >0.84

40–49 <0.73 0.73–0.79 0.80–0.87 >0.87

50–59 <0.74 0.74–0.81 0.82–0.88 >0.88

60–69 <0.76 0.76–0.83 0.84–0.90 >0.90

Heyward and Gibson (2014)

Table 5 Classification of body mass index (BMI)

Classification BMI value

Underweight <18.5

Normal weight 18.5–24.9

Overweight 25–29.9

Obesity 30–39.9

Morbid obesity >40

American College of Sports Medicine (2014)

Table 4 Breadth measurements (location and subject
position)

Breadth Location Subject position

Humerus The distance
between the medial
and lateral
epicondyles of the
humerus

Subject in standing
position, right arm
raised horizontally,
and elbow flexed at
right angle to the
upper arm

Femur The distance
between the medial
and lateral
epicondyles of the
femur

Subject seated and
knee is bent at right
angle
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• Humerus (elbow) breadth
• Bi-stylion (wrist) breadth
• Ankle breadth
• Femur (knee) breadth
• Biacromial (shoulder) breadth
• Bi-iliocristale (hip) breadth

• Bi-trochanteric breadth
• Ratio of height to wrist girth

Comparison and evaluation of these methods are
hindered by differences in the study samples of
factors that are potentially related to frame size and
may confound the data. These include age, gender,
and ethnicity. There are no reference standards for
any of these measures except elbow breadth. In fact,
the elbow breadth is currently the best measure for
frame size for most applications because it has been
validated, has reference values, and is relatively
simple and practical to measure. Reference data for
humerus breadth is described in Table 9.
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Table 7 Norms of percent of body fat (PBF) for women

Age
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Excellent 15.0–17.0 15.5–17.5 16.8–19.5 19.1–22.3 20.2–23.3 18.3–22.5

Good 17.5–20.0 18.3–21.2 20.6–23.7 23.6–26.7 24.6–27.5 23.7–26.6

Fair 20.5–23.5 22.0–24.8 24.6–27.5 27.6–30.1 28.3–30.8 27.6–30.5

Poor 24.0–28.5 25.8–29.6 28.4–31.9 30.8–33.9 31.5–34.4 31.0–34.0

Very poor 30.5–38.5 31.5–39.0 33.4–39.1 35.0–39.8 35.6–40.3 35.3–40.2

ACSM (2014)

Table 8 Norms of percent of body fat (PBF) for men

Age

20–29 30–39 40–49 50–59 60–69 70–79
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Table 9 Humerus (elbow) breadth norms (in cm) for men
and women

Age
(years)

Small
size

Medium
size

Large
size

Men 18–24 �6.6 6.6–7.7 �7.7
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Heyward and Gibson (2014)
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1 Introduction

The follicle is composed in its distal part by the
bulb, which is formed by the hair matrix and
papilla, and in its side wall, from the bottom up,
by the bulge, which contains “follicular germ
cells” and is the insertion site of the smooth erec-
tor muscle of the hair, the sebaceous glands, and
the apocrine sweat gland. In the germinal com-
partment, bulb matrix cells are found and multiply
due to the activation by the bulge cells, forming
well-differentiated structures that correspond to
the hair shaft and inner root sheath. Between the
undifferentiated matrix cells and the differentiated
cells, there is a limit, which is known as “Auber’s
line.” The central part corresponds to the hair shaft
and has three concentric layers from inside to
outside: cortex, medulla, and hair cuticle or
“epidermicule.” The inner root sheath (IRS) also
has three vertical layers known as the sheath’s
cuticle, Huxley’s layer, and Henle’s layer (out-
ward, respectively). Between the IRS and outer
root sheath (ORS), there is a single-cell layer
known as the “companion layer” (CL). The ORS
comes from the epithelium and, together with
bulge stem cells, has great value in the
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epithelialization of wounds. The ORS accom-
panies the hair follicle to the area between the
erector muscle insertion and sebaceous gland,
known as “Straile’s area,” where the temporary
structures disintegrate (Fig. 1). Outside the ORS,
there is a fibrous connective tissue sheath which

forms the basal follicular membrane called “vitre-
ous membrane” and a conjunctive sac in which
the neurovascular structures are located. There are
two follicle matrix areas: the hair bulb, with
matrix cells around the dermal papilla, and the
bulge matrix cells in the lower part of this struc-
ture. Follicular cycles are initiated by the “activa-
tion of the cells of the bulge.”

The “hair growth cycles” are established from
the time the child is born. While growing, the hair
follicles are in the anagen phase, andwhen they are
resting, they are in the telogen phase. The transi-
tion between these two states is the catagen phase.
We call the stage in which the hair follicles elimi-
nate the hair shaft in the telogen phase from its
interior, remaining empty, the exogen phase. And
the kenogen phase is the presence of “empty folli-
cles” as a result of failure in telogen hair replace-
ment by anagen hairs in early-onset alopecia.
Anagen follicles are surrounded by dense plexus
of arterioles and capillaries originating from the
branches of the dermal plexus or directly from
musculocutaneous arteries. Follicular innervation
is different depending on whether it deals with
terminal hair follicles or vellus hairs. Some mye-
linated nerves run parallel to the permanent part of
the follicle, and other finer nerves form a network
as a sock or bag surrounding the rest of the follicle.
A cluster of parallel myelinated nerve fibers
forming a stockade or “palisade” can be seen near
the follicle canal and some of these nerves branch
in the vicinity of their distal terminals, resulting in
bulging, reminiscent of tines of a fork. The nerves
are better organized around vellus hair follicles
(Fig. 2a, 2b) than in the large terminal hair follicles,
allowing their consideration as a “follicular tactile
organ” (Holbrook 1983).

2 Follicular Formation:
Embryology

Hair grows early and vigorously in the skin of
human fetus. The hair follicle is differentiated
toward the end of the second month (Holbrook
1983; Billingham 1958), first in the eyebrows,
upper lip and chin, and then on the scalp and
face. Around the fourth and fifth month, follicles

AL

VM

Transient 
structures

Permanent
structures

hc
cir

IRS

ORS

CT

B

he
hx

Fig. 1 Lower part of the follicle. In the bulb (B), the
undifferentiated matrix cells (Ma) are arranged in a line
as they ascend toward the keratogenous area (K ) where the
cortical cells (Co) are keratinized. The bulb contains the
dermal papilla (P). Immediately above the matrix cells, a
line known as Auber’s line (AL) separates the permanent
structures of transitory structures. The melanocytes (Mc)
are arranged on the roof of the dermal papilla. Hair is
composed by medullar cells located in the center. Note
that the medulla is discontinuous. Surrounded the medulla
are the hair cortex and epidermicule or hair cuticle (hc).
The outer (ORS) and inner root sheath (IRS) with their three
different layers (Henle’s layer (he), Huxley’s layer (hx),
and the cuticle of the inner root sheath (cir)) can be
followed easily until the level of the bulb, where they are
separated by dark spinous cells (sp) that are the cells of the
companion’s layer. The connective tissue sheath (CT) is
continued with the dermal papilla and is separated by a
thick vitreous membrane (VM) which in its internal part can
be confused with the basal membrane
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are formed by the rest of the body and continue to
form until the end of the pregnancy. Hair follicles
are initiated along the hairlines, with a distribution
that is generally similar in all people, and later,
they are developed in the spaces between these
lines, as the fetal body surface expands.
According to available data, no new hair follicles
are formed after birth because when we are born,
we have all the hair follicles of the future
(Billingham 1958).

During fetal life, the hairs grow to a certain
length in the anagen phase, and then the follicles
enter catagen and telogen phases. After a short rest
period, the hair grows again, entering the anagen
phase and substituting the telogen hair by a new
hair (Montagna et al. 1992). In the embryonary
life, this process may occur two or more times on
the head and face and less frequently elsewhere
(Montagna et al. 1992).

Differentiation of hair follicles in the human
fetus begins by the presence of a cluster of cells.
These cell aggregates, known as “primitive hair
germ,” cause a small bulging on the underside of
the epidermis. As soon as the cells of the primitive

hair germ become recognizable, mesenchymal cells
in the dermis crowd underneath, they are signaling
the appearance of the dermal papilla of that hair
follicle. Both clusters penetrate obliquely in the
dermis and result in the lower portion of the bulb,
follicular papilla, and temporary structures and in
the upper portion, the bulge where erector muscle is
inserted, and sebaceous gland and apocrine gland.

2.1 Advances in Knowledge
of the Differentiation
of the Follicles in the Fetus

2.1.1 Knowledge Up to 1980
As Montagna and Camacho (2013) pointed out,
the differentiation of hair follicles in the human
fetus begins by the presence of a cell cluster in the
basal layer of the still relatively undifferentiated,
bilayered periderm which is the future epidermis.
These cells of the epidermis basal layer are con-
densed and their small and basophilic nuclei are
elongated and arranged perpendicular to the skin
(Fig. 3a). These cell clusters, known as “primitive

Two rings
of nerves around

a vellus
hair follicle.

Winkelmann's stain

a b

Fig. 2 (a) Nerves well organized around a vellus hair
follicle. Schedule of the two rings of nerves around a vellus
hair follicle forming a well-structured sensory nerve

ending. (b) Myelinized nerves around a vellus hair follicle.
Stained with Winkelmann’s silver technique
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hair germ,” “bud,” or “placode,” produce a small
bulge in the lower surface of the periderm and one
may observe how below of this “bud” the mesen-
chymal cells of the dermis are accumulated, indi-
cating the appearance of the dermal papilla of
each hair follicle. The two cell groups, the basal
cells of the hair germ and the mesenchymal cells
of the papilla future, become more apparent, and
begin to penetrate obliquely in the dermis pushed
by a column of epithelial cells adopting a “club-
shaped structure” (Fig. 3b).

The “club-shaped” column is claviform and
has an anteroposterior tilt. This structure shows
large columnar cells arranged radially in the
periphery, while the central cells are aligned lon-
gitudinally. This is the “primordial follicle”
completely constituted. The distal portion of the
primordial follicle adopts a truncated appearance
with which it pushes toward the interior of the
dermis to the papillary mesenchymal cells
(Fig. 3c). The claviform column begins to split
their distal portion where they will collect the
papillary mesenchymal cells. On the back side of
the epithelial column, two protuberances grow:
the lower one, at first the larger one although
later it is reduced, corresponds to the insertion
area of the erector muscle which corresponds to
the bulge, and the upper one corresponds to the
primordial sebaceous glands (Fig. 3d). At this
early stage, it can be determined that cells of the
middle of the sebaceous protuberance have a
foamy cytoplasm, thus constituting the earliest
synthesis and lipid accumulation. Also in this
phase, the presence of the connective tissue is
verified, and some mesenchymal cells that are
grouped linearly under the sebaceous gland and
positioned toward the bulge consisting of the out-
line of the future erector muscle. The follicle
begins to split its truncated distal portion in
order to grow around the dermal papillary cells,
although it remains attached by a narrow pedicle
to a group of cells that continues with the con-
junctive peribulbar sheath. At first, pigmented
melanocytes can be observed around the bulb,
but, later, only in the upper portion above the
dermal papilla. Most cells in the lower portion of
the bulb are not differentiated and constitute the
proliferating follicular matrix. The first follicle

differentiation occurs in the inner root sheath,
whose cells, which surround the dermal papilla,
are longitudinally aligned, acquire trichohyalin
granules, and later form the lining of the hair.
When the primordial follicle is almost formed, it
is found that the bulb has included the papilla and
also undifferentiated matrix cells are observed on
the basal membrane of the bulb, and the two side
swellings which are the adhesion area of the erec-
tor muscle and sebaceous gland (Fig. 3d).
Between 15 and 20 weeks above both swellings,
a third protuberance or bulge to be the rudiment of
apocrine sweat gland begins to be observed. And
when the primordial follicle is already fully
formed, on the inclined side portion, from bottom
to top, the three swellings are observed, and in the
center, one may observe how cortical cells begin
to be differentiated, reaching the isthmus and
infundibulum and constituting, along with the
cells of the inner root sheath, the intraepidermal
follicular canal. There will also appear the first
hair shafts that will only possess cortical cells but
will not have medulla or pigment (Fig. 4;
Holbrook 1983; Montagna 1981; Hashimoto
1978; Montagna et al. 1985a).

2.1.2 Recent Knowledge
on the Differentiation
of the Follicles in Fetuses

As mentioned above, at the end of the second and
beginning of the third month, primordial hair fol-
licles, also called primitive hair follicles, may
already be seen on the head, specifically in the
area of the eyebrows or ciliary regions, interciliary
upper lip, and chin. Shortly afterward, follicles
appear on the forehead and scalp, and in the fourth
to fifth month, they appear in the rest of the integ-
ument (Billingham 1958; Montagna et al. 1992;
Pinkus 1910; Pinkus 1927; Koelliker 1850;
Pinkus 1958; Montagna et al. 1967, 1974;
Camacho et al. 2013).

The development of follicles is dyssynchronous
in the body, being able to find fully formed follicles
and others in various stages of differentiation in the
same corporal regions. As the skin expands, pri-
mary or “secondary” follicles emerge among those
already existing, and it is even possible to observe
how other secondary or “tertiary” follicles
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immediately emerge adjacent to those already
formed to constitute groups of three or more folli-
cles that are known today as “follicular units.”Next
to them, eccrine sweat glands can be observed. To
observe the arrangement of the primary, secondary,
or even tertiary follicles, “separate skin prepara-
tions” are used between the epidermis and dermis.
If we destroy the dermis and hypodermis, the bulbs
and follicles are observed heading to the epidermis,
and when the epidermis is destroyed, one may
observe the follicular ostium of these groups of
follicles coming from the dermis.

Holbrook (1983) reminded us in his magnifi-
cent work, and in the photos presented in the sec-
ond edition of Montagna and Camacho (2013;
Fig. 5a–5d), that the small swelling on the lower
surface of the epidermis, called “primitive hair

germs,” is CD10 positive (Poblet and Jiménez
2008) and the mesenchymal cells of the dermis
accumulating underneath, indicating the appear-
ance of the dermal papilla of each hair follicle,
are CD34 positive (Poblet and Jiménez 2008).

The fact that both CD10 and CD34 are observed
in the placode and in the accumulation of matrix
cells of the papilla, respectively, of follicles in the
anagen phase suggests that these proteins have a
role in the initial stages of follicular formation. This
is confirmed by the fact that CD10 is also
expressed in the matrix cells, inner root sheath,
and conjunctive sheath of the follicles in the
anagen phase but disappears in catagen and is
impossible to detect in telogen follicles. Through
immunostaining with CD34, it is possible to verify
it in the outer root sheath of the follicles in the

Fig. 3 (a) Placode. Basal
epithelial cells with vertical
alignment to the surface.
Mesenchymal cells, the
forerunner of the dermal
papilla, are beginning to
gather at the base of the bud.
(b) The hair germ is well
defined, and the dermal
papilla cells are more
clearly delineated at the
base of the dimpled column
of cells. (c) Primordial
follicle. The cells in the core
of the epithelial column are
aligned perpendicularly and
have begun to manufacture
the keratin of the inner
sheath. On the lateral wall, a
primordial sebaceous gland
is developing. (d)
Primordial follicle is well
developed. The bulb has
included the dermal papilla.
The follicular layers are
well differentiated, and a
hair is being formed in the
center. In the lateral wall,
two swelling are
demonstrated, lower the
bulge and upper the anlagen
on a sebaceous gland. The
erector muscle can be seen
on the bulge
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anagen phase but not in fetal follicles which, we
recall, is where it is expressed in the papillary cells,
or in the catagen or telogen stages.

When the rudiment of the sebaceous gland
becomes visible (Montagna et al. 2013),mesenchy-
mal cells near the follicle are extended and aligned
toward the posterior edge of the follicle. These
primitive erector muscles extend toward the
“bulge.” At this time, the primary follicle is a
keratinized solid epithelial structure (Langbein
and Schweizer 2005; Schweizer et al. 2007;
Langbein et al. 2013) surrounded by a mesenchy-
mal sheath. Later, the smooth and primitive muscle
cells are extended and their thickness increased.

2.1.3 Molecular Mechanisms
Regulating Hair Follicle
Development

Although it is not the purpose of this chapter to
address all of the molecular mechanisms required
for hair follicle formation, we will refer to the
magnificent paper of Sarah E. Millar (2002),

published in 2002 in the Journal of Investigative
Dermatology, in which she commented on the
“signals,” known up to that time, that are emitted
into the skin of mice and chicks during the
embryogenesis phase between skin cells and the
overlying epidermal cells that, although not
completely superimposing the human cells,
explain how the placode and hair germ formation
begins, passing through the “club-shaped col-
umn” stage until the final formation. Without a
doubt, today we know of many more “signals” of
inhibition or promotion.

The first signal that the dermal cells are being
accumulated under the epithelial cells in order to
form the “primitive hair germ” (Figs. 3a and 5a) is
induced by β-catenin, although the fibroblasts
could also influence, at least it happens this way
in the follicular neogenesis in adult skin (Collins
et al. 2012). In any case, it is not clear that a key
molecule for transferring the power of a signal
(in this case, β-catenin would be a transducer of
the Wnt signal) is going to be acting in this phase
alone (Collins et al. 2012). What is clear is that in
the initial development phase of the hair follicle,
the first epidermal signals, located in the placode,
can be promoters (Wnt, β-catenin (Myung
et al. 2013; Ahn et al. 2013), factor linked to the
increase in lymphocytes-1 [LEF1] (Wang
et al. 2012), fibroblasts growth factor and FGF
receptor genes [FGF/FGFR2-IIIB], MSX1,
MSX2, ectodysplasin/ectodysplasin receptor
[EDA/EDAR], NOGGIN, and DELTA-1/
NOTCH) as well as inhibitors-repressors acting
on cells that surround the placode (BMP2, BMP4,
DELTA-1/NOTCH1). However, knowing that
Wnt/β-catenin activation is required for the
anagen phase (Myung et al. 2013), we still do
not know what the source of production
is. Therefore, from all of the above, it should be
highlighted that it is certain that the first signal that
initiates follicle development is Wnt, but it is not
yet known if it comes from the epithelium or from
the dermis (Fu and Hsu 2012). It has also been
recently shown that the neurotrophin receptor p75
(p75NTR) is expressed in fibroblasts that later
develop the dermal papilla and, although its role
is not known, the authors suggest that it would act

Fig. 4 Completely formed
embryonic follicle. In the
posterior part, one can see a
superior bulge which
corresponds to the outline
of the sebaceous gland (S)
and a lower protuberance
which is the bulge (B). The
arrow is pointing to the
“hair cone” in whose tip
only the inner root sheath is
seen (Courtesy Dr. K.
Holbrook. From Montagna
and Camacho 1997)
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Fig. 5 Primitive hair germ
developing in the basal
layer of the periderm.
Mesenchymal cells are
gathering in the base of the
germ (a). More advanced
stage of the hair germ
development in which one
can clearly see the
mesenchymal cells which
make up the beginning of
dermal papilla (b).
Primitive elongated hair
germ growing
perpendicularly to
periderm. On the left hand
side, a protuberance can be
observed. The base of the
germ has a “clavate” shape.
The arrow is signaling a
condensation of
mesenchymatous cells
which represent the cells of
the early dermal papilla (c).
The primitive hair follicle
growing around the future
dermal papilla (d)
(Courtesy Dr. K.Holbrook.
From Montagna and
Camacho 1997)
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as a receptor which would negatively control the
hair follicle through various routes.

Later, when the epithelial germ begins to be
constituted, with the presence of the placode that
pushes the papillary cells, Wnt would act as an
epithelial signal and PDGF-A and Shh (Sonic
hedgehog) as signals for the formation of the
dermal papilla (Cui et al. 2011; Figs. 3b and 5b).
Later on, in the club-shaped column phase, when
the column increases and pushes the papillary
cells, there is a second dermal signal caused by
HGF/MET (Lindner et al. 2000), probably by
ACTβA/FS and SOX18, and three signals for the
proliferation of follicular epithelium (SHH), for
polarity of the cells in the follicle (probably Wnt
and Shh), and for the follicle (TGFα/EGFR and
ETS2). Finally, the differentiation of the root
sheaths begins. Until 2002, it was not known
which was the signal for the differentiation of
the inner sheath. The differentiation of the outer
sheath is done by external NOTCH1, BMP2,
BMP4, Wnt3, LEF1, NOVO1, HOXC13, and
WHN and probably by MSX1 and MSG2.

Woo et al. (2012) reported that Shh regulates
growth dermal follicular maturation maintaining
the dermal papilla and also leads Noggin follicle
morphogenesis. Finally, once the follicle is
formed, the hair needs to come out. The matrix
metalloproteinases are involved in the creation of
the ductus from which the hair will protrude,
especially metalloproteinase 9 (MMP-9); how-
ever, it is still unclear if other MMPs such as
MMP-2 may modulate the effects of MMP-9,
nor is it clear whether, as occurs with other cell
types, the expression of MMP-9 is regulated by
the Wnt, TGF-β/BMP, HGF, and EGF signaling
pathway (Sharov et al. 2011). Recently, Cadau
et al. (2013) have identified four new
Wnt-related genes which could be involved in
hair follicle initiation, two activators Wnt-2 and
Zic-1, and two inhibitors, Dkk-2 and Dact-1. Nev-
ertheless, this chapter does not attempt in any way
to clarify each and every one of the signals the
follicle receives for its formation; we only want to
state that its development has a molecular mech-
anism which is increasingly better known, from
which we will probably obtain therapies for the
future (Li et al. 2013).

3 Hair Follicle Anatomy

As noted in the introduction, the follicle has in its
distal portion the bulb which is composed by the
hair matrix and the papilla. Downward on the
lateral wall of the follicle, we have the sebaceous
gland, the apocrine sweat gland, and the insertion
of the smooth erector muscle by the Nagel elastic
tendon. This tendon is comprised of elauninic and
oxytalanic elastic fibers. The “bulge” is located in
the area of insertion of the erector muscle, which
forms an obtuse angle and contains “follicular
germ cells” that will result in a new follicle after
each catagen period (Lavker and Sun 1983;
Cotsarelis et al. 1990).

The bulb matrix cells, which are found in the
germinal compartment, multiply forming well-
differentiated structures that correspond to the
hair, inner root sheath (IRS), and another single-
cell layer known as the companion layer. Among
the not differentiated and the differentiated matri-
ces, there is a limit, which was known as “critical
level of Auber” and today is simply referred as
“Auber’s line” (Fig. 1).

The central part, which corresponds to the hair,
has three concentric layers from inside outward:
medulla, cortex, and hair cuticle or
“epidermicule.” The inner root sheath (IRS) con-
sists of three vertical layers: cuticle of the sheath,
which adheres like a zipper to the hair cuticle,
Huxley’s layer, and Henle’s layer. Huxley’s and
Henle’s layers are rich in trichohyalin granules,
similar to the keratohyalin of the epidermis, but
not in melanin (Langbein and Schweizer 2005;
Schweizer et al. 2007; Langbein and Schweizer
2013). Huxley’s layer has some cells with lateral
projections of a “wing” type, for which reason
they have been called “winged cells”, which
cross Henle’s layer to reach the companion layer
(CL) which is a single-cell layer that lies between
the IRS and the ORS (Camacho Martínez 2009).

The outer root sheath (ORS) or “trichilemmal”
is the outer epithelial layer of the follicle. It pro-
liferates downward from the epithelium to the
bulb and surrounds the two structures derived
from the matrix cells. The ORS consists of a
single-cell layer when it is around the hair bulb,
but above the bulb, it gradually stratifies, and
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farther above, it shows a seamless transition with
the protuberance and the isthmus. This complete
stratified ORS has an outer layer of palisade cells
(ORSe) and two other layers, medium and internal
(ORSm, ORSi), of the same cobblestone mor-
phology or shape differences without signs of
differentiation or keratinization (Fig. 6).

The ORS accompanies the hair to the follicle
area between the insertion of the erector muscle
and sebaceous gland, known as “Straile’s area,”
where it disintegrates.

From this area, there only remains outside the
ORS, which accompanies the follicle to the epider-
mis fromwhich it comes, andwhile the follicle is in
the dermis, it is also surrounded by a fibrous sheath
of connective tissue that forms the basal follicular
membrane, called “vitreous membrane,” and by a
conjunctive sac in which is found neurovascular
structures (Rothnagel and Roop 1995).

In between the ORS and the IRS, there is a
vertical structure of a single-cell layer called “com-
panion layer” (CL) which accompanies the ORSi
from the lower portion of the bulb to the upper part
of the isthmus. The CL cells contain a clearly asym-
metric cluster of bundles of intermediate filaments
of compact keratin toward the center of the hair
follicle known as “Hoepke circular filaments.”
The CL was considered by Pinkus (1910) as the
innermost layer of the ORS but today is known to

be an independent follicular structure (Montagna
and Camacho 2013; Langbein and Schweizer
2013; Camacho Martínez 2009). In the edition of
the book by Montagna and Camacho (1997), Mon-
tagna pointed out in reference to the 6D figure
“Observe the large melanocytes and prickly dark
cells (Sp), described for the first time, that separate
the inner root sheath (IRS) from the external
(ORS)” (Fig. 7; Montagna and Camacho 1997).
He was describing the development of companion
layer from the matrix cells of the bulb (Camacho
Martínez 2009). In 1995, Rothnagel and Roop
reminded the existence of companion layer between
Hurler layer and ORS (Rothnagel and Roop 1995),
and Winter et al. in 1998 the novel human type II
cytokeratin, K6hf, specifically expressed in the
companion layer (Winter et al. 1998).

When the follicle enters catagen phase, the
bulb matrix cells together with the matrix cells of
the papilla form the “secondary germ” and ascend
until being situated near germ cells of the bulge.

After passing the resting phase, immediate
physical interaction or “activation of bulge cells”
occurs, thus beginning a new cycle of follicular
growth. When the secondary germ moves toward
the bulge, it leaves behind him, in the form of a tail
or “serpentine” shape, a fibrous structure filledwith
remnants of fibrous connective sheaths of the fol-
licle, vessels, and nerves (Forslind 2000; Fig. 8).

Fig. 6 Follicular
transversal section. In the
center, the hair with the
medulla, cortex, and
epidermicule. Surrounding
the hair, the inner root
sheath (IRS), the outer root
sheath (ORS), the vitreous
membrane (VM), and the
connective tissue sheath
(CTS)
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3.1 The Importance
of the Companion Layer

Having described in the introduction the general
structure of the pilosebaceous follicle, we need to
make a few comments on the most recently
known follicular layer. I refer to the companion
layer (CL).

Today, there is no doubt that the CL is a single-
cell layer, very fragile, ranging from the germ
cells of the bulb (Fig. 7) to the isthmus and just
below the entrance of the sebaceous gland duct in
the follicle canal. The fragility of the CL is what
justifies that the pulling of the hairs breaks this
layer in the lower portion of the follicle. This
happens because the CL cells are asymmetrical
and have few desmosomal connections with ORS

cells, although, as noted above, they are closely
related to the cells of Henle’s layer by means of
desmosomes and a circular network of intermedi-
ate filaments, called “belt or circular fibril.”

The importance of the CL is that this single-cell
layer next to the inner root sheath guides and
holds the hair toward its outlet. In order to perform
its function, it forms a block with the outer part of
the inner root sheath cells, thanks to the winged
cells coming from Huxley’s layer. These cells,
upon being introduced between the cells of
Henle’s layer and coming into contact with the
companion layer by means of projections of inter-
mediate filaments and/or desmosomes, form an
IRS-CL block which will subsequently join the
ORS, possibly allowing intercommunication of
all the follicular layers. This phenomenon will
ensure greater rigidity of all follicular layers, espe-
cially Henle’s layer, and even the exchange of
nutrients (Lindberg and Forslind 2004). The end
of the companion layer occurs within the isthmus,
slightly below the inlet of the sebaceous duct in
the hair channel (Montagna and Camacho 2013).

4 Hairs

“Hairs” are keratinized skin elements with struc-
tural, mechanical, and physicochemical properties
that are out of the ordinary. The cells that consti-
tute them trap air bubbles, for which reason they
float on water. It consists of three strata that, from
the inside outward, are the medulla, cortex, and
cuticle of the hair.

The hairs are produced in the follicles and
each follicle can be influenced by endocrine-
metabolic factors, especially hormones, being
responsible of the changes from the puberty that
justify the hair differences with the age. For
example, in the scalp or in the face of a man,
the hairs are transformed into vellus hair during
senescence (Fig. 9) and the vellus hairs of areas
hormone dependent are transformed into termi-
nal hair during puberty. What really happens in
these cycles is that the follicles “miniaturize” or
increase in thickness, respectively. The follicles
of the terminal hair penetrate the dermis to a
depth of 3.6 mm, while the follicles of the vellus

Fig. 7 The cells of the matrix and of the outer root sheath
(ORS) are aimed upward. Note the large melanocytes (M )
and also some dark spinous cells (Sp), which separate the
inner root sheath (IR) from the outer root sheath (ORS).
These dark cells are the companion layer’s cells that are
produced in the bulb. One can also see the dermal papilla
(P), the connective tissue sheath (CT), and a thin basal
membrane (BM) inside the vitreous membrane (GM).
Fibroblasts (F) can be seen in the connective tissue sheath

720 F.M. Camacho



hairs only penetrate the dermis to a depth of
approximately 0.5 mm.

In the center of the hair shaft is the medulla,
which in humans may be continuous, discontinu-
ous, fragmented, or even nonexistent. The
medulla is formed from a hemispherical structure,
called pre-medulla, which is formed by the cells
around the papilla above Auber’s line (Fig. 1). In
humans, the medulla is only found, consistently,
in the pubic hair since in the scalp hair, its pres-
ence depends on population factors (Forslind

2000; Lindberg and Forslind 2004) and the body
hair does not have medulla. However, the hair of
the beard of males has a medulla composed of
irregularly arranged but horizontal cells that are
full of multiple keratohyalin granules and tend to
form vesicles and air-filled spaces that act as
insulators.

Surrounding the medulla is the cortex, com-
prised by elongated and keratinized cells
containing varying amounts of pigment. It is the
more compact structure of the hair shaft

Fig. 8 Hair growth stages.
Each stage is shown in cross
section. On the left, there is
an follicle “in anagen”; in
the middle, there is a follicle
“in catagen”; and on the
right, there is a follicle “in
telogen.” This diagram
notes the different parts of
the follicle: dermal papilla
(P), bulge (B), club hair
(CH), and epithelial capsule
(EC). In the figure, we can
see the fibrous structure
filled with remnants of
fibrous connective sheaths
of the follicle, vessels, and
nerves

Fig. 9 In successive growth cycles, a transformation occurs on the scalp, from hair to vellus hair. Really, what happens in
these cycles is that follicles “miniaturize”

71 Hair Histophysiology 721



composed of elongated, spindle-shaped cells
loaded with bundles of intermediate keratin fila-
ments. It originates in the matrix of the hair next to
the cell compartment of the lower germ cells,
below Auber’s line, and extends from the upper
portion of the bulb to the keratogenous zone
which is the area where their cells are keratinized
and no longer present nuclei, an area known as
“Adamson’s fringe” (Montagna 1981).

At the outermost portion of each hair is the
cuticle, which is the protective layer of the hair
shaft and which is formed by cells that are very
large, thin, flat, scalelike, pigmented, intertwined,
and oriented obliquely like shingles on a roof,
with the free ends facing upward toward the end
of the hair. The cells of the cuticle hold the hair
and anchor it into the follicle, fixing it to the
corresponding cuticular cells of the inner root
sheath, which are directed downward (Fig. 10).
Cuticle cells, of the hair as well as of the inner root
sheath, are differentiated immediately above the
bulb of hair follicles, where the cells of the cuticle
begin to be keratinized in the pre-keratogenous

area while the cells of the outer root sheath are
keratinized at a higher level.

Each hair is unique in that its “structure” is
different from one segment to another (Fig. 11).
Even the hairs formed in the “same” follicle may
have very different structures. One must bear in
mind that the hairs that emerge subsequently are
not formed by the same follicle since each follicle
is destroyed during the catagen phase.

The hair has an intrafollicular portion known
as the “root” and an outer portion, the “shaft.” The
keratinoblasts of the matrix, among which are
found melanocytes, multiply rapidly and are
keratinized, but, contrary to what takes place in
the surface epidermis, there is no granular stratum,
for which reason this abrupt keratinization is com-
plete within 1 mm above the apex of the papilla.
From the inside out, the hair is composed of the
medulla, cortex, and cuticle or epidermicule, with
only the first two being melanized.

Despite observations to the contrary, there exists
the same amount of hair on the body of a woman as
on that of a man, with the difference being that the
body hairs of women are smaller. Among the many
factors responsible for the growth of hair on the
human body are specific body areas, heredity,
hormones, sex, race (Hamilton 1958), and age.
The hairs are keratinous fibers and can be thick or
thin, long or short, and straight, wavy, or curly. In
cross section, curly hair looks like ribbons; the rest
are mostly oval or ovoid.

The hairs are generated in the follicles. The two
major categories of hair, “terminal hair” and
“vellus hair”, refer to its size. Felix Pinkus (Pinkus
1927) included the “intermediate-sized” hair
which is between the cited two. Although there
is the idea that all the hairs are the same among the
different living species, one must remember that
other mammals have other types of hair; this does
not merit further comment.

The majority of the “terminal hairs” and “inter-
mediate hairs” are thick, rigid, usually pigmented,
and medullated; those on the scalp, eyebrows,
eyelashes, beard, mustache, and axilla and pubic
areas and on the limbs are terminal hairs.

The “vellus hairs” are generally without pig-
mentation and/or invisible. Those that can be seen
are, in principle, short, without pigmentation, soft,

Fig. 10 SEM of a hair follicle. The edges of the cuticular
cells of the hair (C) are smooth and aimed upward. The
smaller cells aimed downward (CI) are cuticular cells of the
inner root sheath. The cuticle cells attach the hair to the
inside of the follicle (Courtesy Dr. D.Knutson. From Mon-
tagna and Camacho 1997 (Montagna and Camacho 1967))
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and very thin; however, blond hairs that grow on
the forearms, cheeks, and around the periphery of
the areola of the breast can be short or very long.
The majority of the areas of the human body
apparently devoid of hairs, such as the forehead,
eyelids, “prematurely” bald scalp, ears, and other
areas erroneously called hairless (hairless = skin
without hair), have numerous vellus hairs that can
be seen very well with scanning electron micros-
copy (SEM) (Fig. 12) with follicles that are visible
on histological skin preparations of “separated
skin” when viewed with low-intensity light
microscopy.

The “intermediate-sized hairs” may be 1 cm,
more or less, and are found mostly on the limbs,
abdomen, and thorax of hirsute Caucasian men.

The intermediate hairs are not as large and long as
terminal hairs, and most remain at the same size
and appearance throughout the lifetime. Actually,
in the elderly, intermediate-sized hairs of the
beard, mustache, and other body areas tend to
become thicker.

Human hair color goes from black to white,
including red. This different color possibility is
due to the variable number and distribution of
melanosomes which produce melanin. The mela-
nosomes are distributed in the form of rounded
black points on cortical cells (Fig. 13). Most hairs
contain eumelanin, a pigment that depending on
its quantity produces black, dark brown, brown,
light brown, blond hair color, in that order, while
red hairs contain the same amount of eumelanin
and pheomelanin (Ito and Wakamutsu 2011). The
configuration of the hair surface can cause light to
be scattered in different directions, which contrib-
utes to color and gloss.

As for hair growth, all body hair grows to the
envisaged “length” that is characteristic of each
area of the body and each individual. All hairs are
replaced periodically by others of the same size
and length. This means that the hair follicles have
controlled growth and rest periods known as hair
growth cycles. We are not immediately aware of
these growth cycles because human hair growth is
asynchronous, while it is synchronous (synchro-
nous growth means that every hair on any skin
area is in the same growth phase) in mice, lago-
morphs, and others. Thus, in humans, neighboring
hairs, even those that emerge through the same

Fig. 11 SEM of hairs from
the surface of chest of four
men. It is impossible to
differentiate these hairs
only on the basis of their
aspect (FromMontagna and
Camacho 1997)

Fig. 12 SEM image of the surface of the tragus of a male
patient. One can see numerous vellus hairs which are not
visible to the naked eye, rounding one terminal hair
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orifice, may be in different phases of the cycle.
Growth periods become less frequent in the
elderly in which the periods of inactivity (telogen)
are longer.

Most hairs “emerge” on the skin surface fol-
lowing characteristic patterns (Perkins et al. 1967)
according to the body area and species. In human
skin, particularly in older people, the patterns are
difficult to identify. Hairs grow inclined from the
head to the distal portions of the limbs, that is,
arms and legs, but on the face, crown, dorsal-
sacral region, abdomen, and certain areas, hairs
grow following a spiral pattern.

The number of hairs, the patterns that emerge,
the “density of distribution” on the body, and
their growth rates (Saitoh et al. 1967) are similar
in men and women, with the size of each hair that
each follicle produces being the only real differ-
ence between the sexes. After the age of 50, the
hair density generally decreases in both sexes,
even in adults who show no signs of baldness
on the scalp.

The “growth” of the majority of the hairs is
approximately 0.4 mm per day (Saitoh
et al. 1967). Barman et al. (1965) believe that in
both sexes, the hair grows faster between 16 and

46 years of age. Puche et al. (1971) have observed
that the density decreases in the axilla hair at a rate
of about 0.31 hairs per year and Pecoraro believed
that the rate of hair growth in humans is charac-
teristic for each zone (Orentreich 1967). Some
authors have calculated the percentage of terminal
hair in respect to the vellus hair on each sex and in
different parts of the adult human body; however,
these data have no real value, as most of vellus
hairs are not visible to the simple visual inspec-
tion, only being visible with SEM. Even so, of the
100,000–150,000 terminal hairs that are said to be
growing on the scalp, around 10,000–15,000 are
renewed every year, or what is the same, 35 per
day (Randall 2004; Bradfield 1974). Although we
know all these details, we must remember that the
growth rate of other follicles varies depending on
the age, health, and internal and external environ-
mental conditions (Montagna et al. 1992).

In general, it is said that hair grows faster in
women than in men (Orentreich 1967). Leaving
apart the diurnal variations, and sex and age of
individuals, Japanese researchers have estimated
that human hair grows about 0.5 mm per day in
the region of the crown of the head and 0.4 mm in
the temples. The “lashes” that emerge in the ante-
rior edge of the ciliary portion of the eyelid margin
are more numerous and longer in the upper eyelid
since in it, there are about 100–150 eyelashes,
while on the lower eyelid, there are 70–75, and
they are arranged in a single row but at different
levels, so if any of the adjacent eyelashes, one or
two, are lost, it will not leave a visible space
(Cotsarelis et al. 1990). They grow for
30–45 days, after which they rest for 105 days.
At the base of the eyelashes, there are modified
sweat glands known as Moll glands and other
sebaceous glands known as ciliary glands that
secrete a sebaceous material like the Meibomian
glands, which are about 20–30 sebaceous glands
which are found in the posterior lip. This seba-
ceous material of the ciliary glands along with the
Meibomian glands constitutes the rheum. The
“eyebrow hairs,” structures that measure about
5.5 cm and which are located between the fore-
head and eyelid, separated by the glabellar area,
have a follicular cycle of 112 days and there are
typically about 600 per eyebrow, approximately

Fig. 13 Melanosomes like rounded black dots, distributed
over the cortical cells
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100 per cm2. The “beard hairs,” the coarsest of the
body, grow about 0.3 mm per day, and if they are
not cut, they can grow up to 30 cm or more. With
age, many unpigmented vellus hairs growing on
the pinna, tragus, and antitragus, inside and
around the external auricular orifice, on the sur-
face of the nose, and into the nostrils of men can
become intermediate or terminal hairs (Puche
et al. 1971). Postmenopausal women often have
visible hair in any place, but especially in the
mustache area, along the side of the upper lip, on
the chin area and jaw regions. The “pubic hair”
usually, but not always, is curled or twisted on its
axis and can reach 16 cm although it will be
shorter or longer in some individuals; pubic hair
coarseness is also an individual characteristic. In
older people, pubic hair is usually almost straight,
thinner, and longer than in young people. The
pubic hair grows primarily in an area that outlines
an inverted triangle in both men and women.
Many people wrongly believe that pubic hair of
men grows in a rhomboid shape, with the vertex
of the major axis directed toward the navel. In
reality, some Caucasian men have coarse hair
that grows on the abdomen, tending to accumulate
in the midline, but these hairs should not be con-
fused with pubic hair. The “axillary hair,” like the
pubic hair, is also curly on its axis in young
people, and it is said to be coarser in men than in
women. As with the pubic hair, the axillary hairs
become straight and thin with increasing age.
Axillary hairs almost disappear in many older
people both men and women.

5 Some Physiological Aspects
of Hair

Human fetuses begin to show primordial follicles
on the eyebrows, upper lip, and chin at the end of
the second and beginning of the third month.
These areas are the “hairlines” that have a similar
distribution in each person. Later, follicles appear
on the forehead and scalp, and from the 4th–5th
month in the rest of the body. As the skin expands,
primary and secondary follicles emerge between
those already existing, forming groups of three
or more.

The hair follicles of human scalp have com-
pleted two or more cycles of growth in utero
whose sequences are the same as in postnatal
life. Therefore, hairs are observed in vernix
caseosa.

5.1 Hair Growth

Although the hair growth will be explained in
another later chapter, it is necessary to describe
the “follicular cycle”with three stages, the growth
or “anagen” stage, the quiescent or rest or
“telogen” stage, and the transition stage from
anagen to telogen or “catagen.” We adopt the
term “anagen,” and consequently “catagen” and
“telogen,” because the basic term is “anagenesis,”
which means “regeneration of destroyed parts
from those conserved” (Fig. 14).

In the introduction, we noted that after the three
stages of the cycle, there is an early anagen stage.
This mechanism is not so simple since there are
six stages of anagen (anagens I–VI) and two large
parts in the cycle: proanagen and metanagen
(Camacho et al. 2013).

5.1.1 Proanagen
This includes the first five stages of the anagen. In
anagen I, cells of the papilla increase in size and
increase RNA synthesis (Fig. 15a). At the same
time, the secondary germ cells, probably induced
by the cells of the bulge, were in turn activated or
stimulated by the dermal papilla (“activation
swelling” hypothesis) (Cotsarelis et al. 1990),
beginning in depth growth (Figs. 15b). In anagen
II, the secondary germ grows into the depths
adopting a truncated pyramidal form that pitches
toward the interior of the dermis to the papillary
mesenchymal cells (Fig. 15c) and immediately
after surrounds the papilla (Fig. 15d), starting the
formation of hair and inner root sheath. In anagen
III, the maximum follicular length is reached. At
this stage, the bulb increases in size and tends to
include all of the papilla, the dendritic melano-
cytes begin the formation of melanin, and hair
may already be observed, although it is still short
and surrounded by the inner root sheath
(Fig. 15e). The anagen IV stage is characterized
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by evident hair growth with the distal end at the
level of the sebaceous gland. Furthermore, der-
mal papilla cells undergo proliferation and tem-
porary decondensation, probably in response to a
signal from the matrix. In anagen V, the distal end
of the hair is at the level of the follicular ostium.

5.1.2 Metanagen
This encompasses from anagen VI, the stage in
which the hair emerges in the skin surface, to the
next rest stage, naturally including the catagen
stage.

5.1.3 New Terms That Are Part
of the Follicular Cycle

The terms “exogen” or “teloptosis” and “ketogen”
have been introduced recently. We are going to
explain them. When hair is in the telogen phase, it
is eliminated constituting the “teloptosis” or
“exogen” phase and the one that is inside the folli-
cle in anagen should appear, corresponding to the

final phase of anagen V, even within the proanagen
stage and a prior step to metanagen. If there is hair
in anagen inside, then the follicle is empty or in the
“kenogen” phase, which is the true resting phase
when the follicle is inactive. It is also known as
“latent phase.” Reduction in the duration of anagen
with the extension of the ketogen occurs primarily
in males with androgenetic alopecia.

5.2 Cyclic Follicular Activity

The activity varies according by the region and
even in the same area. The cycle is typical of each
follicle and is independent of the others. The
anagen/telogen relationship expresses the cycle
of each hair (Montagna et al. 1967; Camacho
et al. 2013; Montagna 1988). The total number
of hair follicles on the human body is estimated at
about five million.

Hair follicles have a rate of mitotic activity in
12 h, usually during the night and during sleep.

ANAGEN CATAGEN TELOGEN

Sebaceous gland

Hair erector
muscle

Club hair

Medulla
Cortex
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Fig. 14 Hair growth cycles. On the left, there is an active
follicle “in anagen”; in the middle, there is a follicle “in
catagen”; and on the right, there is a follicle “in telogen.”

Only the lower part labeled as transient is reabsorbed
during catagen
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Only the hair of the beard and forearms has a
higher growth rate during the day.

The anagen phase is different depending on the
hair type. Thus, the hair has an anagen phase of
2–6 years, that is, 3 years on average. As the telogen
lasts 3–6 months and the catagen around 3 weeks,
the “rule of three” (3 years-3 weeks-3 months) is
used to define the duration of a follicular cycle of the
scalp. However, the anagen stage is shorter in ter-
minal hair of other regions; for example, the body
has stages with periods of similar duration that reach

a maximum of 6 months: that of the arms, 13 weeks
of anagen and another period of telogen; and that of
the legs, 20 weeks for both phases (Sayag and
Aquilina 1989). Others have chronological differ-
ences in their cycles such as the beard, which has a
1-year anagen stage and a telogen stage of 10weeks:
that of the hands, a 10-week anagen stage and
7-week telogen stage (Camacho 1987); the pubic
region with an anagen stage of 45 weeks and a
telogen stage of 50 weeks; and the upper lip with
an anagen stage of 12 weeks and a telogen stage of

Fig. 15 Proanagen. (a) Finishes the telogen phase, the
papilla cells of the secondary germ begin to increase in
size and increase RNA synthesis. (b) At the same time, the
matricial bulb cells of secondary germ also begin in depth
growth. (c) In anagen II, the secondary germ grows into the
depths adopting a truncated form that pushes toward the
interior of the dermis to the papillary mesenchymal cells.

(d) Immediately after surrounds the papilla, beginning the
formation of hair and inner root sheath. (e) In anagen III,
the maximum follicular length is reached. At this stage, the
bulb increases in size and tends to include all of the papilla,
the dendritic melanocytes begin the formation of melanin,
and hair may already be observed, although still short and
surrounded by the inner root sheath
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6weeks (Sayag andAquilina 1989). Eyelashes have
an anagen stage of 30 days, catagen stage of
15 days, and a telogen stage of 106 days (De Villez
1986).

In a normal scalp, one will observe 85–80 % of
follicles in anagen, 13 % in telogen, and 1 % in
catagen, which signifies that, since there are around
100,000–150,000 hairs, daily it has to shed 35–100
hairs, being this number higher after washing
because this eliminates some that would not have
been removed spontaneously (Camacho 1987).
Without considering washing, the amount of hair
left every day on the pillow, clothing, or combing
varies between 31.9 and 37.6, considering that
whenever more than 50 hairs are shed each day,
the possible pathological cause should be investi-
gated (Stroud 1987).

The percentages of cycle stage are different
depending on the area; therefore, the number of
telogen hairs is lower, in both sexes, in parietal
and occipital regions than in frontal and crown
areas. In the latest two regions, the telogen per-
centage is 17 %, being different in men and
women because in the men, it is 18.22 %, while
in women, it is 16.48 %, which explains the dif-
ferences of frontal hair growth which is denser and
lower in women than in men.

And to end this section, we must recall that the
cycle of each follicle varies according to the region
and even in the same area, with even the way of
appearing is different since some come out
surrounded by debris and others clean. In sum-
mary, each hair has its own characteristics that
differentiate them from the adjacent hairs and, fur-
thermore, there may be hair in different body areas
with identical morphology (Montagna et al. 1967;
Camacho et al. 2013; Montagna 1988; Uno and
Montagna 1988).

These differences, or characteristics of each
hair, have been studied closely in the areas with
terminal hairs or unwanted vellus that are desired
to be eliminated, especially in women. For that
reason, we will not comment here the percentage
in the anagen phase or the duration of the telogen
phase of the vellus of the chest and abdomen that
many men, called “metrosexuals,” remove. In the
beard area, 70 % of the hairs are in the anagen
phase and the telogen phase lasts 10 weeks; the

mustache area has 65 % of hairs in anagen and the
telogen phase lasts 6 weeks; in the axilla, 30 % of
the vellus are in anagen and the telogen usually
lasts about 3 months; on the arms 20% of hairs are
in the anagen phase and telogen phase lasts about
18 weeks, and on the legs and thighs, there are
also 20 % of the hairs in the anagen phase with the
telogen phase lasting 24 weeks (Wanitphak-
deedecha and Alster 2008; Table 1).

One datum that is known all over the world but
until now no one knew why it occurs is that “the
growth rate of gray-white hair is significantly
higher than the black hair.” In the study of the
expression of genes of keratins and their associ-
ated proteins, it has been demonstrated that they
are overstimulated to twice their activity in active
growth of white-gray hair, compared with black-
pigmented hair (Choi et al. 2011). The structure,
follicular cycle, and pigmentation of eyelashes
have been well studied by Bernard’s team
(Thibaut et al. 2010).

5.3 Hair Growth Pace After Being
Pulled Out

This is a question asked by many patients after
trichogram and after shaving the scalp. The new
hair takes about 129 days to appear in the vertex,
about 117 in the temporal regions, and about
92 days on the cheeks.

5.4 Hair Thickness

The volume or diameter of the hairs is related to
the matrix/bulb. To check the hair diameter, one
observes under graduated microscope 0.025 mm
divisions. The diameter of the hair increases in the
first 3 or 4 years of life, and it is somewhat less
over the next 6 years and increases little from
12 years. The diameter of a terminal hair of the
scalp of an adult is about 70 μm (60–84 μm)
(Fig. 16). We speak of thick hair when its diameter
is 0.1 mm, of an intermediate hairwhen it is about
0.05 mm, and thin hair when the diameter is
approximately 0.025 mm (Olsen 1999). In older
people, hair diameter is reduced, while in a young
adult (21 years old) the percentage of hairs

728 F.M. Camacho



according to thickness is 72.1 % thick, 18.8 %
intermediate, and 10 % thin. This phenomenon
occurs in all regions and is independent of follic-
ular density. It is important, however, to
remember that there is a direct relationship
between the growth phase and thickness of the
hair; therefore, 84 % of thick hairs are in the
anagen phase, only 4 % in catagen and 12 % in
the telogen phase.

Apart from the terminal hairs, there are vellus
and intermediate hairs. The vellus are short, thin,
and hypopigmented and have a diameter less than

0.03 mm, that is, like the thin terminal hairs. And
before, we indicated that intermediate hairs have
a thickness of about 0.05 mm (Sperling 1991).
Besides this difference in thickness between
vellus, terminal hairs, and intermediate hairs,
there is also a difference between pigmented and
nonpigmented terminal hairs, because the white or
gray hair has greater thickness than the pigmented
hair (Gayoso et al. 1982).

As about the “shape,” the cross section of the
hair during the first 2 years of life is round, later
becoming oval. By about age 3, it has an oval
surface area of about 0.25 mm2 and gradually
widens to reach 0.40 mm2 at 17 years of age
(Fig. 17). Therefore, from thatmoment, the terminal
hair has a major axis and a minor axis (Hutchinson
and Thompson 1997). Eyebrows and eyelashes are
flat and curved. Follicular depth of the eyebrows in
the dermis is from 1.02 to 1.20, and the eyelashes of
1.8–2.2 mm (Thibaut et al. 2010). The pubic vellus
are twisted on their axis.

As we have indicated, the hair has an elliptical
shape, but as it grows, that is to say, become
separated from the scalp, it presents variations.
Thus, it has been observed that the hair in full
anagen phase, which is usually about 6–8 cm from
the scalp, is when it presents its larger diameter
but from that point, there are variations of the
major transverse axis which is reduced by up to

Table 1 Hair growth cycle in different areas of the body

% Telogen % Anagen Telogen duration

Follicular density

Follicular depth(No. fol./cm2)

Scalp 10–15 85 3 months 350 3–5 mm

Eyebrows 85–95 5–15 3–4 months 100 1.1–1.4 mm.

Eyelashes 60–70 0–40 3.5 months a 1.9–2.2 mm

Mustache 35 65 6 weeks 500 1–2.5 mm

Beard 30 70 10 weeks 500 2–4 mm

Axilla 70 30 3 months 65 3.5–4.5 mm

Trunk b b 10 weeks 70 2–4.5 mm

Pubic area 65–81 19–35 12 weeks 70 3.5–4.5 mm

Arms 72–86 14–28 2–4 months 80 c

Legs 62–88 12–38 3–6 months 60 2.5–4 mm

Thighs 64–83 17–36 2–3 months 60 2.5–4 mm
aThere are 420 eyelashes between the two lids: on the upper lid, 100–150 measuring 8–10 mm and on the lower lid, 70–75
measuring 6–8 mm
bDifferences between chest, abdomen, back, and lumbar regions
cNo studies were found, probably due to lack of interest. It seems that the depth of the follicles in the dermis is different
between males and females

Fig. 16 SEM micrograph of a normal hair fiber. Note the
increasing irregularity of the free cuticular edges (left to
right). White bar 1 mm

71 Hair Histophysiology 729



20 %, and its elliptical shape is reduced by
approximately 13 %, while the minor transverse
axis is unchanged. These changes, which are due
to intrafollicular mechanisms, are responsible for
the fact that as the hair grows in the anagen phase,
it becomes thinner and round (Messenger 2011;
Montagna et al. 1985b).

5.5 Hair Length or “Linear Growth”

This is related to the duration of the anagen phase.
The scalp hairs grow from 0.37 to 0.50 mm per
day, specifically about 0.5 mm per day in the
region of the crown and 0.4 mm in the temporal
region. The growth of hairs from other areas is
different: the hairs of the beard grow about
0.27 mm per day; those of the chest, 0.44 mm;
those of the axilla, 0.36 mm; those of the thighs,
0.29 mm; those of the pubic area, 0.40 mm; those
of the eyebrows, 0.16 mm; those of the back,
0.13 mm; and those of the forehead, 0.03 mm.

The daily growth of hair in children has not
been studied in depth. It is known that while the
vertex is around 0.05 mm/day in the occipital and
parietal regions, it is 0.30–0.35 mm/day in the
parietal region. The hair growth on the thighs is
0.13–0.20 mm/day, a proportion that is usually
maintained in adults.

With regard to the maximum hair growth, we
know that the eyebrows measure about 1 cm
(Montagna et al. 1985b) and the hair on the fore-
head varies between 1.5 and 2.2 mm, that of the
chest between 3.4 and 5.1 mm, and that of the
back between 4.9 and 6.4 mm. The beard hair in
males can reach up to 30 cm, the pubic vellus up to
6 cm, and that of the axilla varies between 1 and
6 cm. We also know that the axillary and pubic
vellus begins at puberty and has its greatest
diameter around age 25 and declined thereafter
(Messenger 2011).

5.6 Gender Differences

And in relation with gender differences, we know
that the scalp hair diameter of the women
increases from the age of 22 having its point of
greatest diameter at 30 years of age and decreas-
ing from that time (Messenger 2011). The eye-
brows and nose hairs, those of the ears and even
the beard, in women begin to grow later and also
increase later remaining the same throughout their
life except for the beard which grows in the
elderly (Messenger 2011). For the other types of
hair, we already accepted that there is the same
amount of follicles and hair on the body of women
as on men despite the appearance of “hairy” skin
in males.

The implantation of frontal hairline is different
in men and in women. In women, the hairline is
more anterior (Fig. 18a), sometimes occupying
almost the entire forehead and occasionally
adopting a pyramidal form (Fig. 18b). Although
there are differences between the values of the
frontal hairline of Spanish and American women
(Ceballos et al. 2013; Nusbaum and Fuentefria
2009) and the shape of the foreheads of Korean
women (Jung et al. 2011), we cannot fail to men-
tion that the measurements are made taking into
account the average distances between a center
front point known as “widow’s peak” two “lateral
protrusions” at about 4 cm and two other points at
the temples at 4 cm too (Fig. 19, red line). The
widow’s peak measures 1.83 in width and 0.80 in
height (Fig. 19, angulated red line). The forehead
height is measured between the lowest point of the

Fig. 17 Cross section of normal Caucasian hair with a
discontinuous medulla (center). The cut through the fiber
caused a disorder of the cortex material when the compres-
sion forces of the cutting edges were released (bottom of
fiber). White bar 0.1 mm
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widow’s peak and glabellar midpoint, that in Span-
ish women, the middle is of 5.54 cm (Fig. 19, blue
line). In addition, the outline of the temporal
regions or receding hairlines must be assessed as
triangular, concave (which are the known triangu-
lar or concave “receding hairlines,” respectively),
convex, or straight. The five forehead patterns of
the Korean surgeons are round, M-shaped, rectan-
gular, bell shaped, and triangular (Jung et al. 2011).
In woman, the density of the mid-forehead line
decreases with age from 293 � 61.3 hairs per
cm2 at age 35 to 211 � 55.1 hairs per cm2 when
she is 70 years old (Olsen 1999; Messenger 2011).

The rhythm and manner of growth are also
different according to sex and area. Thus, the
beard hair only tends to grow in the male with
the exception of some individuals in whom it
reaches a considerable length; in general, it only
grows to 30 cm. Pubic vellus, which is curved and
twisted around its axis and measures approxi-
mately 60 mm in length, is thinner,
hypopigmented, and longer in the elderly. Also,
pubic vellus grows differently in men than in
women, considering it a secondary sexual charac-
teristic because while in women it should be dis-
tributed in the shape of an inverted triangle on the

Fig. 18 (a) Normal frontal implantation hairline in woman. (b) Although it is lower than in men, occasionally, it can be
very low occupying almost the entire forehead, at time adopting pyramidal form

Values of  the frontal 
hairline of Spanish women

a. Widow’s peak
1.83 x 0.80

b. Lowest point widow's peak
- glabellar midpoint :

5.54 
Frontal midpoint

- lateral protrusions :
- Right : 3.74

Left : 3.97
d. Lateral protrusion –

temporal point:
Right : 3.78
Left : 3.51

a

b
cd

Fig. 19 Values of the
frontal hairline of Spanish
women. a Measures of the
widow’s peak: 1.83 wide
– 0.80 high. b blueMeasure
from lowest point widow’s
peak to the glabellar
midpoint: 5.54 cm.
c Measure from the frontal
midpoint to the lateral
protrusions: right, 3.74 cm;
left, 3.97 cm. d Distance
between lateral protrusion
and temporal points: right,
3.78 cm; left, 3.51 cm
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mons Venus, in the male, the distribution is rhom-
boidal with the greatest axis over the linea alba
(Montagna et al. 1985b).

Even the scalp hair has a different growth
rhythm for men and women, as in 10 days the
average growth in males is 3.70 mm while in
females it is 3.39 mm.

5.7 Racial Variations

There are also racial variations. For example, the
black and oriental races have less body hair than
whites. Moreover, the growth of the beard in
Caucasian males is also much greater than in the
Japanese. The only places lacking hairs are the
palms, soles, dorsal surface of the last phalanx of
the fingers, nipples, penis, clitoris, and inner sur-
face of the vulva (Gayoso et al. 1982).

There are also variations regarding the direc-
tion of the hair: (a) Mongoloid and Caucasian
hairs (Fig. 20a) are straight because the follicles
are oriented vertically to the skin surface; (b) the
hair of blacks are spirals, like wool, although with
greater texture (Fig. 20b) because the follicles are
curved and the lower portion is placed in an
almost horizontal position to the skin surface
(Blume et al. 1991); (c) the hair of Australasian

aboriginals is wavy; and (d) the hair of white
Caucasians can be of any shape, like above,
including wooly hair spiral or, more commonly,
straight hairs which tend to bend as the follicle
makes an acute angle with the skin surface.

And writing about racial variations, there is a
subject which is worth considering here. Cauca-
sians may have straight or curly hair (Fig. 21a,
21b), and it may be blond (Fig. 22a), red
(Fig. 22b), or black (Fig. 22c). Straight hairs are
produced by follicles with a round lumen, while
the curly hair come from follicles with an ellipti-
cal or oval lumen (Lindelöf et al. 1988). More-
over, both Caucasian males as well as females
show a tendency to have body hair, which makes
this one of the major racial differences since
while Caucasian women may be hirsute, those
of other races do not tend to be so (Montagna
et al. 1985b).

5.8 Variations Chronological

With respect to the age, hair grows faster between
16 and 46 years, clearly decreasing after 50 years
of age.

The percentages in anagen, catagen, and
telogen hairs during fetal life and in the first

Fig. 20 Variations
regarding the direction of
the hairs: (a) Mongoloid
and Caucasian hair is
straight whereas (b)
Negroid hair is spiral
shaped
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weeks after birth are totally different from those of
adults because the cycles in the fetus are very
short. Around the fifth month of intrauterine life,
all the hairs are in anagen phase, although the
follicles are small and produce very thin hairs. In
another 8–10 weeks, that is, at about the seventh
month of prenatal life, the majority of the follicles
of the frontal and parietal regions pass to the
telogen phase, beginning in the frontal region,
and a week later in the parietal area. These cycles
are very short, lasting about 8 weeks, beginning a
new anagen cycle in these two regions about
5–6 weeks before birth. For this reason, at the

moment of birth, there is a superposition of cycles
according to areas because while the scalp hairs of
the frontal and parietal areas are already in a new
follicular anagen cycle, those of the occipital area
are still in the first. The percentages of scalp hairs in
catagen and telogen phases at the time of birth are
31.6 % of the frontal region, 26.1 % of the parietal
region, and 16.1 % of the occipital region. After
birth, the follicles of the temporal and occipital
areas quickly become telogenic, with approxi-
mately 100 % of them being in this phase between
the 10th and 16th weeks while only 50 % of those
on the frontal region are telogenic. Around the

Fig. 21 Caucasian can
present straight or curly
hair. (a) Caucasian boy
with straight blonde hair.
(b) Caucasian girl with fine
curly hair

Fig. 22 Hair color (a) A woman with straight blonde hair. (b) A woman with red curly hair (c) Awoman with straight
black hair
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32nd to 40th weeks, the percentage of anagen hairs
stabilize throughout the scalp. This percentage of
100 % of scalp hair in the telogen phase in the
occipital region toward the tenth week justifies the
presence of occipital alopecia in childrenwho sleep
in the supine position due to the friction with the
pillow (Janniger and Bryngil 1993).

Children between 3 and 11 years of age have
90 % of their hairs in the anagen phase, with this
percentage being higher in the occipital region,
and in the crown than in the frontal, and parietal
areas.

Research has been carried out in American
children between 14 and 18 years of age on the
hair density in different parts of the body, observ-
ing that the vellus that first appears is the pubic
hair which is complete at age 16. Next emerges
axillary vellus which at 14 years it is 40 %, at
16 years it is 97%, and it is complete at 18 years of
age. This is followed by the anterior surface of the
legs, anterior surface of the thighs, forehead,
abdomen, buttocks, cheeks, lumbar region, and
arms (Table 2).

In adults over 50 years of age, a number of
variations can be observed: (a) there is a lower
hair density and a greater range of dispersion;
(b) the hair density of women is less than that of
men; (c) the growth rhythm is also less at this age;
(d) both on the scalp and in other body regions the

number of thick hairs is higher in older people
than in those under 46 years of age; and (e) the
proportion of scalp hairs in the telogen phase is
greater, although there are differences according
to age, such as males between 60 and 83 years
show a lower proportion of scalp hairs in the
telogen phase than those between 50 and
59 years (Barman et al. 1969).

5.9 Follicular Density

“Follicular density on the scalp” refers to the
“number of follicles per cm2 of surface,” which
varies clearly according to the age (Table 3). In
newborns, there is nearly almost double the num-
ber of follicles than between the ages of 20 and
30 years and about three times more than in
80–90 years. In addition, one must remember
that bald people undergo a “miniaturization” of
the follicles, which is because they also have a
lower follicular density. The follicular density is
not very different in both sexes.

An important aspect to note is that “speaking of
follicular density is not the same as speaking of
hair density” because, usually, the number of hairs
that emerges is much smaller than the number of
“follicular units” existing in the area. The follicu-
lar unit usually consists of four to five follicles,
sometimes more, but with a common erector mus-
cle. There are follicular units with low hair density
that produce only one or two scalp hairs and
others of high hair density containing three to
five hairs (Messenger 2011). Prepubertal children,

Table 2 Percentage of hair growth in three ages of Amer-
ican children

Area 14 years 16 years 18 years

Pubic region 97 100 100

Axilla region 40 97 100

Anterior leg region 46 90 100

Anterior thigh
region

30 67 95

Forehead 14 37 80

Abdomen 14 37 75

Buttocks 14 33 50

Cheeks 3 7 40

Lumbar region 3 7 20

Arms 0 0 10

Shoulders 0 0 0

Thorax 0 0 0

Ear canal 0 0 0

Table 3 Follicular density in scalp by age

Age cm2

R. N. 1,135

3 m–1 year 795

20–30 years 615

30–50 years 485

50–70 years 465

70–80 years 465

80–90 years 435

Bald

45–70 years 330

70–85 years 280
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i.e., 3–9 years, have crown hair density of
250 hairs/cm2 and 170–205 hairs/cm2 in the pari-
etal and occipital areas. Boys have a slightly
higher scalp hair density than girls.

Studying scalp hair density in the parietal
region of a group of women and two subgroups
of men with a mean age of 60.5 years for men and
63.4 for women, it was found that the average
density was 163.8 � 12.6 (87–330) hairs/cm2,
with the group of women being 147 � 10.4
(87–215) hairs/cm2, the subgroup of men between
the ages of 54 and 59 years being 178 � 13,4
(104–330) hairs/cm2, and the subgroup of
men between ages of 60 and 83 years being
161 � 13.6 (90–270) hairs/cm2, with the
density in the total groups of males being
168.5 � 13 4 hairs/cm2 (Messenger 2011).

In a recent study, it was shown that the hair
density decreases with age (Barman et al. 1969),
but another more current study, in which a group of
males with or without androgenetic alopecia, aged
between 25 and 32 years, except one who was
49, were followed up for 8–14 years, showed a
reduction not only of hair density but also of the
follicular activity. This is due to the fact that aging
causes the growth cycles to be shorter, while the
quiescent periods are lengthened, which leads to
there being fewer active follicles and thus fewer
and thinner hairs per unit area (Courtois et al. 1995).

For the study of follicular density on the scalp,
the use of TrichoScan has been evaluated posi-
tively, among other reasons because it always is
done in the same area and at the same distance.
However, in order to know the hair density in
other areas, such as the beard, the measurements
of follicular density must be based on other mea-
sures. Wan et al. (2011) used transparent tem-
plates with a diameter of 2.5 cm which were
placed on four or five areas of the treated beard,
observing that the hair density grew in each of
them after having been 2 days without shaving the
area. Controls were performed in 2–4 weeks with
a Nikon D70Smachine at a distance of 30 cm. The
overall assessment that resulted depended on a
previously created scale in which areas with com-
plete alopecia were evaluated as 0, while a score
of 1 had very little repopulation, 2 had little
repopulation, 3 moderately dense, 4 dense, and

5 very dense. An area with a count of 195.0 hairs
was considered as moderately dense and with
237.2 hairs as dense (P = 0.003). While this
type of counting may be valid, it has the limita-
tions of not being able to get a tattoo in the area to
take samples always in the same area and not
using devices capable of taking the picture in the
same projection and distance, so the results may
be variable. However, it is an inexpensive method
that uses an inexpensive material.

5.10 Seasonal Changes in Hair Growth

In many mammals, hair growth throughout the
year is related to the length of daylight and to a
lesser proportion to the existing temperature. The
follicle interprets these environmental changes as
if they were consequence of alterations of the
pituitary and hypothalamic hormones, which in
turn regulate the levels of many circulating hor-
mones including the gonadal, thyroid, and corti-
costeroid hormones, which are well known that
alter the mammalian follicular activity. Prolactin
is involved in the seasonal changes of red deer,
mink, and goat (Randall 2004).

Although the human hair growth is different
from mammals, it also undergoes changes with
the seasons. The scalp hair of Caucasians, both
men and women, have an annual cycle with the
highest loss in the autumn, while the percentage of
scalp hairs in anagen at the beginning of spring is
90 % and in the summer 80 %; therefore, there are
also people who notice the beginning of the fall-
ing hair season in summer.

And just as in mammals, there is greater
hair loss in relation to the amount of daylight;
it was found that men who work in closed
places have increased hair loss when they are
exposed to the sun for a much time in the long
days of summer.

Hair growth of the beard and thighs has also
been associated with winter or summer seasons. It
has been observed that, while in winter it grows
much slower, in summer it may even increase by
50 % in the beard and, although the percentage is
not known, thigh hair grows faster in men than in
women. These changes seem to be related with an
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increase in the androgens that is found in the
summer.
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Even healthy hair seems easy to define, trying to
state clearly frontiers between healthy and
non-healthy remains more than difficult. This is
notably because of variations between ethnical
origins and modifications correlated to age or
sex. For these reasons, specific parameters need
to be well known before being categorized as
normal (healthy) or pathologic.

1 Functions of Healthy Hairs

Hair functions are essential: as a protection barrier
seems obvious (mechanical, thermal regulation,
UV radiations), body hair loss along the evolution
of the human race could have participated at
human domination upon other animals. Hairs are
of course also the reflection of customs and trends
in societies, who now, can we say, roughly aspire
to more scalp hair and less body hair. The role of
the hair as a sexual differentiation (and dimor-
phism) – for animals and humans – and attraction,
its meaning within religions, its significance in
mythology, the symbolism related to shaving
imposed as punishment or renunciation, and the
psychological impact of losing loosing all the hair
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due to chemotherapy or Alopecia Totalis testify to
its importance.

2 The Healthy Hair Follicle

Each hair follicle on the body, according to each
anatomical region, presents structure, shape,
length, cycle, and orientation (angle implantation)
specificities. As a common practical example,
acquired kinky hair on the scalp can be a sign of
becoming a “non-healthy” witness of androge-
netic alopecia.

Three types of pilosebaceous follicles can be
individualized: the “terminal follicle,” on scalp
and hairy areas, with voluminous hair and gland,
the “vellus follicles” (on the limbs and lower part
of the trunk) with both small components (hair
length<1 cm, diameter<30 μm), and “sebaceous
follicles” where the hair is of vellus type and the
gland is voluminous found exclusively on the
hairless seborrheic areas (head, shoulders,
thorax).

Concerning the scalp, figures considered to be
“normal” for healthy hairs are 100,000–150,000
hairs on the head (one-tenth of body hair),
200–300 per cm2, which correspond for a hair-
style made of 20 cm length a total of 6 m2 flat. The
so-called average hair growth is 0.35–0.44 mm
per day during the anagen phase which lasts from
1 to 7 years. We know the hair is divided into
follicular units (FU): composed of three to five
hairs, sebaceous glands, arrector muscles, and
more often a single ostium. Terminal/vellus hair
ratio is 7:1. The average diameter of a terminal
hair varies from 0.07 to 0.09 mm and for a vellus,
by definition, is less than 0.03 mm.

3 Healthy Hair Follicles:
Differences and Limits

3.1 Ethnical Differences

In fact the number and the diameter of the hair are
different according to the ethnic origin (Sperling
1999; Lee et al. 2002; Franbourg et al. 2003;
Blume-Peytavi et al. 2008; Table 1, Fig. 1). The

transversal section of the hair also varies:
European hair appears elliptical, Asian (Mongol-
oid) circular, and African highly elliptical (some-
times “kidney-like” shape). These features lead to
differences in form (straight, curly, kinky), in
flexibility, but in this way make resistance differ-
ences (lowered on hair of black skin compared to
the white skin and a fortiori from the Asian).

Sebum is most important in African subjects,
so the flora of the scalp is hereby amended. The
hair growth is reduced (256� 44 μm/day on black
skin compared to 396 � 55 μm/day on white
skin). The average age of onset of hair whitening
is different according to the ethnical origin
(mid 30s for white skin, late 30s for Asian and
medium quarantine for black skin). Whitening
appears with a classical order: temples, vertex,
rest of the scalp, beard, and body.

Table 1 Hair differences according to ethnic origins

Type
Average
diameter (μm)

Number
of hair

Blond (orig. European) 40–80 130,000

Brown hair to black
(orig. European)

50–90 110,000

Red haired (orig.
European)

50–90 90,000

African Americans 60–100 90,000

Asian (Korea) 80–120 90,000

Fig. 1 A healthy hair whorl
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More details concerning ethnic hair, metrol-
ogy, strength, and permeability of hairs will be
presented in ▶Chaps. 75, “Clinical Assessment
of the Scalp and Hair,” and ▶ 76, “Scalp Seba-
ceous Function Assessment”).

3.2 Sexual Differences

In females hairs grow faster (Birch et al. 2001;
Messenger 2011). During pregnancy the anagen
stage is prolonged, but the menstrual cycle does
not seem to affect the hair growth cycle.

3.3 Seasonal Influence

From the month of July, telogen counts are higher,
inducing increased shedding in September-
October.

3.4 Age-Related Differences

These modifications during life are also notable,
for the size or the number of hair which changes.
Concerning the scalp hair, reduction of the
anagen phase, the diameter of hair however is
increased in women between the ages of 22 and
30–35 to reduce then (Messenger 2011). Modi-
fication of body hair along life is evident: from
the lanugo to the onset of puberty pilosity and
later for men hair on trunk and later again
increased thick hairs on eyebrows, ears, nostrils.
The thickness of the scalp also changes (Garn
et al. 1954) (4.8 mm at the age of, 5.6 mm at
40–69 years, and probably more for black peo-
ple), but also the arrangement of the hair (includ-
ing the loss of the temporal line during puberty).
The amount of sebum is lower in the second
childhood before puberty and also in women
after age 60 or 70. If the involution of the hair
or hair senescence (reduction of phase anagen,
increase of the lag phase, decrease in density,
and moderate reduction in size) is to be regarded
as a natural phenomenon, it remains difficult to
define precisely the limits from androgenetic
alopecia.

4 Organization of Scalp Hair

The pattern of hair disposition on the scalp is
divided into trichoglyphs, with awhorl, leant clock-
wise in 88.9% of the cases. Difficult to see on black
skin, this whorl is unique in 95 % of cases, and in
the remaining 5%, there are two, or even three, very
rarely more (a publication (Ruiz-Maldonado 2002)
lists 14 whorls on a child). The whorl is usually
located in front of the posterior fontanelle. It was
noted on the right side in 40.4%,median in 44.3%,
and left in 15.3 % (Samlaska et al. 1989). Its mode
of occurrence is still discussed.

5 Flora of Healthy Hair Follicles

A so-called “healthy scalp” contains, in addition
to bacteria dominated by Propionibacterium
acnes – which could be organized in biofilms in
the under part of hair follicles (Matard et al. 2012)
– fungi and especially Malassezia, but also
viruses and parasites (Demodex folliculorum).
This flora remains poorly known; it enters the
constitution of the microbiome, of the virobiome,
of the mycobiome, and what might be termed
parasitobiome.

6 Healthy Appearance of the Hair

The cuticle gives the hair a smooth contact, and
the hair’s shiny appearance is also a witness of its
health. It enables the hair to reach a substantial
length in addition to the term of the anagen phase.
Altered by external aggressions (sun exposure,
inadequate care as repeated oxidation bleaching,
exaggerated combing) responsible for what is
named “weathering,” the hair loses its shine espe-
cially on the distal part and tends to fracture.

References

Birch MP, Messenger JF, Messenger AG. Hair density, hair
diameter and the prevalence of female pattern hair loss.
Br J Dermatol. 2001;144:297–304.

Blume-Peytavi U, Tosti A, Whiting D, Truëb R, editors.
Hair growth and disorders. Berlin: Springer; 2008.

72 Healthy Hair 741

http://dx.doi.org/10.1007/978-3-319-32383-1_105
http://dx.doi.org/10.1007/978-3-319-32383-1_105
http://dx.doi.org/10.1007/978-3-319-32383-1_106
http://dx.doi.org/10.1007/978-3-319-32383-1_106


Franbourg A, Hallegot P, Baltenneck F, Toutain C, Leroy F.
Current research on ethnic hair. J Am Acad Dermatol.
2003;48:S115–9.

Garn SM, Selby S, Young R. Scalp thickness and the
fat-loss theory of balding. AMA Arch Derm Syphilol.
1954;70:601–8.

Lee HJ, Ha SJ, Lee JH, Kim JW, Kim HO, Whiting
DA. Hair counts from scalp biopsy specimens in
Asians. J Am Acad Dermatol. 2002;46:218–21.

Matard B, Meylheuc T, Briandet R, Casin I, Assouly P,
Cavelier-Balloy B, Reygagne P. First evidence
of bacterial biofilms in the anaerobe part of scalp hair
follicles: a pilot comparative study in folliculitis

decalvans. J Eur Acad Dermatol Venereol. 2012 Jul
11. J Eur Acad Dermatol Venereol. 2013;27:853–60,
doi:10.1111/j.1468-3083.2012.04591.x.

Messenger AG. Hair through the female life cycle. Br J
Dermatol. 2011;165 Suppl 3:2–6.

Ruiz-Maldonado R. A previously unreported syndrome of
multiple scalp whorls and associated anomalies. Clin
Exp Dermatol. 2002;27:21–3.

Samlaska CP, JamesWD, Sperling LC. Scalp whorls. J Am
Acad Dermatol. 1989;21:553–6.

Sperling LC. Hair density in African Americans. Arch
Dermatol. 1999;135:656–8.

742 P. Assouly



The Hair Growth Cycle 73
Bruno A. Bernard

Keywords
Growth Cycle • Human Hair Follicle • Hypoxia • Pigmentation Unit •
Stem Cells

Human hair fiber is produced by a unique and
complex organ, the hair follicle. Starting the
third month of human embryogenesis, epithelio-
mesenchymal interactions result in the formation
of 100,000–150,000 follicles, whose spatial dis-
tribution at the surface of the scalp is controlled by
a process called reaction-diffusion. The hair folli-
cle adopts a concentrical structure, each compart-
ment being characterized by distinct and specific
differentiation programs.

One remarkable feature of human hair follicle
stems from its dynamics, the hair growth cycle,
which involves successive phases of growth
(anagen), involution (catagen), and rest (telogen),
with an average duration of 3 years, 3 weeks, and
3 months, respectively. A side phase, termed
“exogen,” has been described, independent of the
rest of the hair cycle, and during which the club
fiber is actively released (Stenn 2005; Higgins
et al. 2009) without direct consequence on anagen
initiation (Higgins et al. 2009). Following hair loss,

a latency period is observed in 80 % of hair cycles
(Courtois et al. 1994), between hair shedding in
exogen (Higgins et al. 2009) and the onset of a new
anagen hair. The duration of this period, called
kenogen (Rebora and Guarrera 2002), varies from
2 to 5 months on average (Courtois et al. 1994). At
the end of the telogen-kenogen phase, a
neomorphogenetic process takes place which
results in the formation of a new hair follicle. We
recently named this transitory phase the neogen
phase (Bernard 2012).

As described, the hair cycle looks as regular as
a clock, and an oscillator control has been looked
for, but without success (Paus et al. 1999). In fact,
we have demonstrated that human hair follicles do
not adopt such a regular cyclic behavior. Each
follicle has an autonomous and independent
behavior, the transition from one phase to the
next occurring after time intervals given stochas-
tically by a lognormal distribution characterized
by a mean and a variance (Halloy et al. 2000,
2002). From this analysis, it can be concluded
that instead of a cyclical behavior with an intrinsic
automaton, a bistable steady state controls human
hair follicle behavior, which under a stochastic
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way jumps from the dormant to the active steady
state and vice versa (Bernard 2012) (Fig. 1). This
autonomous switching between two quasi-steady
states, involving bistability and excitability, was
recently mathematically modeled (Al-Nuaimi
et al. 2012). This unique behavior guarantees the
permanence of hairs at the scalp surface.

A number of factors were reported to positively
or negatively modulate hair growth (Paus and
Foitzik 2004). The positive effects of IGF-1 on
hair growth were described as early as 1994
(Philpott et al. 1994) and attributed to IGF-1
secretion by dermal papilla (Itami and Inui
2005). More recently, the beneficial effects
of IGF-1 were linked to the induction of
platelet-derived growth factors A and B and by
an apoptosis-preventing increase in Bcl2/Bax
ratio (Ahn et al. 2012). Of note, 1,763 MHz
radio frequency induces an increased IGF-1 syn-
thesis in dermal papilla and stimulates human hair
growth in vitro (Yoon et al. 2011).

Although the molecular mechanisms and
molecular actors controlling the phase transitions
have been extensively studied and characterized
(Sennett and Rendl 2012), telogen phase was con-
sidered as a quiescent phase until recently. New
data demonstrate that it is not that quiescent.
Indeed, during this phase, the follicle is under
the influence of factors that would repress the
onset of a new follicle and factors that would
trigger it (Plikus 2012). A strong expression of
“bone morphogenic protein” (BMP) (Botchkarev
et al. 2001) and “fibroblast growth factor-18”
(FGF-18) (Kimura-Ueki et al. 2012) defines a
refractory period, during which the neogen onset
is prevented. The progressive increase in the pro-
duction of BMP antagonist noggin, Wnt/Fzz/b-
catenin pathway activators, and TGF-b2 (Higgins
et al. 2009; Oshimori and Fuchs 2012) will reach a
critical threshold shifting the telogen follicle to a
competency status, receptive to FGF-7, secreted
by the nearby dermal papilla (Greco et al. 2009)

Ac
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Telogen + Kenogen

CatagenNeogen
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DSS

Exogen

Fig. 1 New representation of the hair follicle behavior,
with an active steady state (ASS) of fiber production
(anagen) and a dormant steady state (DSS) (telogen/

kenogen), interspaced by short-lasting phases of
neomorphogenesis (neogen) and regression (catagen).
Three successive periods (n, n + 1, n + 2) are represented
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and ultimately triggering the onset of the
neogen phase.

The hair follicle cycle is controlled by a num-
ber of factors (Paus and Foitzik 2004; Sennett and
Rendl 2012), some of them stimulating anagen
and others triggering catagen or maintaining
telogen. For example, calcitonin gene-related pep-
tide (CGRP) neuropeptide (Samuelov et al. 2012)
and vanilloid-receptor-1 agonist capsaicin (Bodo
et al. 2005) both induce premature catagen, while
thymic peptides differentially modulate follicle
growth. Indeed, if thymulin (TYL) increases hair
growth rate, both thymosin α1 and thymosin β4
(TB4) slightly decrease hair shaft production.
Moreover, TYL prolongs anagen while TB4
shortens it (Meier et al. 2012).

With regard to the hormonal control of hair
growth, both androgens and estrogens modulate
hair growth and cycling. It was already known
that both TGF-β1 and TGF-β2 were androgen
inducible in dermal papilla and behaved as anagen-
to-catagen inducers (Inui and Itami 2011). Recent
data have shown that dihydrotestosterone (DHT),
the active form of testosterone, also induces IL-6
production by dermal papilla, which functions as
an inhibitory paracrine mediator that inhibits hair
shaft growth by suppressing matrix cell prolifera-
tion (Kwack et al. 2012a). DHT also induces
DKK-1 production by dermal papilla cells, which
in turn promotes catagen progression by
suppressing Wnt/b-catenin signaling and inducing
apoptosis in follicular keratinocytes (Kwack
et al. 2012b). Altogether, these results position
DHT as a major inducer of catagen. However, as
androgens also inhibit the dermal papilla
Wnt/β-catenin signaling pathway involved in hair
follicle stem cell differentiation and onset of hair
regeneration (Leiros et al. 2012), they must also be
considered as neogen inhibitors. With respect to
estrogens, they lead to reversible hair cycle retar-
dation through inducing premature catagen by
upregulating TGF-β2 and maintaining telogen by
upregulating BMP4 (Hu et al. 2012).

Besides androgens and estrogens, prostaglan-
dins now emerge as key modulators of hair growth.
Human hair follicle is indeed endowed with a
complete endogenous prostaglandin metabolism
(Colombe et al. 2007; Michelet et al. 2008) and

expresses an intricate network of prostaglandin
receptors, including the GPR44 (PGD2) receptor
(Colombe et al. 2008). While both latanoprost, a
PGF2α analog, and bimatoprost, a prostamide-
related F2α analog, stimulate hair growth (Khidhir
et al. 2013), PGD2 was recently shown to inhibit
hair growth through its binding to GPR44 receptor
(Garza et al. 2012). Of note, PGD2 synthesis is
increased in alopecic areas (Garza et al. 2012).
These results suggest that hair growth is under a
subtle balance between positive influence of PGE2

et PGF2α (Sasaki et al. 2005) and negative influ-
ence of PGD2.

Altogether, the above results demonstrate that
hair growth is tightly regulated by growth factors,
cytokines, neuropeptides, hormones, and environ-
mental cues. However, the existence of anagen,
catagen, telogen, and neogen phases underlines a
unique feature of hair follicle that hair growth is
not a continual process and hair follicle must be
cyclically renewed. Hair follicle renewal requires
transient activation of local reservoirs of stem
cells. Seminal work in mice localized a reservoir
of slow-cycling, epithelial stem cells in the bulge,
a distinct segment of the outer root sheath (ORS)
of mouse follicles (Cotsarelis et al. 1990). It is
now known that the follicle is endowed with
numerous stem cell reservoirs and that these res-
ervoirs express different markers and seem to
have different functions (Jaks et al. 2010). With
respect to human hair follicles, early work
suggested the existence of at least two pools of
pluripotent cells (Lenoir et al. 1988). In accor-
dance with these findings, high β1-integrin
(CD29) expression was observed in sections of
both the upper and lower ORS (Commo and Ber-
nard 1997). In addition, K19 labeling clearly iden-
tified two groups of putative stem cells in the hair
follicle (Commo et al. 2000). The upper and lower
reservoirs of K19+ cells are not, however, identi-
cal and can be distinguished by differential
expression of K15 and CD200, more highly
expressed in the upper reservoir, and CD271,
CD29, and CD34, more highly expressed in the
lower reservoir (Inoue et al. 2009). This differen-
tial epitope mapping appears being not restricted
to the ORS since the connective tissue sheath
(CTS) in conjunction with these two reservoirs
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also harbors distinct compartments. For example,
one chondroitin sulfate epitope (4C3-CS) is spe-
cific for the upper CTS, while another chondroitin
sulfate epitope (7D4-CS) and N-sulfated glucos-
amine-rich heparan sulfate epitope (HepSS-1) are
only observed in the lower CTS (Malgouries
et al. 2008). In summary, the human hair follicle
can be characterized by the presence of at least
two epithelial stem cell reservoirs that interact
with specific microenvironments. Both reservoirs
fuse during catagen and telogen phases and then
separate again in early neogen and anagen
(Commo et al. 2000). We recently demonstrated
that the lower reservoir stem cells expressed
hypoxia-specific markers, namely, carbonic
anhydrase IX and GLUT-1 glucose transporter
(Rathman-Josserand et al. 2013), highlighting
the fact that the upper and lower stem cell reser-
voirs were subjected to very different microenvi-
ronments. As hypoxia is believed to promote an
undifferentiated state in several stem and precur-
sor cell populations (Mohyeldin et al. 2010), we
propose that hypoxia signaling in suboptimal con-
ditions would help maintain hair follicle stem cell
functionality and hence prevent alopecia or at
least favor neogenesis.

All above results underline the complexity of
the regulatory networks which control human hair
cycle and its successive phases of growth, involu-
tion, rest, and regeneration. Of note, the hair pig-
mentation unit responsible for hair pigmentation
also undergoes cyclical alterations. In fact, a fully
active follicle contains two melanocyte
populations, one located on top of dermal papilla,
the pigmentation unit, and one located in the basal
layer of the upper outer root sheath, in the perma-
nent part of the follicle (Commo and Bernard
2000). The former contains constitutively active
melanocytes which produce melanin throughout
anagen and transfer pigment-loaded melanosomes
to the nearby cortical cells, whereas the latter is
now considered as a reservoir for quiescent mela-
nocyte progenitors/stem cells (Commo and Ber-
nard 2000). During catagen, the pigmentation unit
almost entirely disappears through a massive apo-
ptotic process, whereas the melanocyte progeni-
tors/stem cell reservoir remains unaffected and
detectable during telogen (Commo and Bernard

2000). At the neogen onset, a subset of melano-
cyte progenitors is recruited, migrates down to the
nascent bulb, and transiently amplifies to regener-
ate a fully functional pigmentation unit. This
melanocyte behavior is another example of the
unique cell dynamics and tissue choregraphy
which characterize the human hair follicle growth
cycle.
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1 Sebaceous Glands

Sebaceous glands are multilobular structures which
invaginate the dermis. At the periphery of glands,
there are epithelial cells surrounded by a basement
membrane. Generally, the duct of each gland is
connected to a hair follicle and forms a
pilosebaceous unit. The sebaceous glands may also
exist without an apparent attachment to the hair
follicle or, like on the forehead, may be connected
to a vellus hair (Kligman and Shelley 1958).

Majority of sebaceous glands, together with
hair itself, are a principal part of a pilosebaceous
unit (Smith and Thiboutot 2008). Pilosebaceous
unit differentiation occurs between months 2 and
4 of gestation. A complex signaling pathway
between dermal mesenchymal cells and embry-
onic epidermis takes place and induces formation
of dermal papilla which initiates the final differ-
entiation of pilosebaceous unit (Tóth et al. 2011).
Differentiation of pilosebaceous unit depends
upon Sox9 signaling (Nowak et al. 2008). Differ-
entiating toward hair follicle or toward sebaceous
lineage depends on the presence or inhibition of
β-catenin. Indian hedgehog signaling stimulates
further sebaceous differentiation (Allen
et al. 2003; Han et al. 2006; Niemann
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et al. 2003). There are some other proteins/genes
involved in embryonic development of sebaceous
glands or their homeostasis. They include a pro-
tein expressed on stem cells called B lymphocyte-
induced maturation protein 1 (Blimp 1) transcrip-
tion factor and c-myc (Horsley et al. 2006;
Schneider and Paus 2010; Schneider et al. 2009).

In the neonates, the cell organization of seba-
ceous acini consists of undifferentiated, differenti-
ating, and differentiated, mature sebocytes (Tosti
1974). In adults, sebaceous glands can be divided
into three zones: peripheral zone, maturation zone,
and central necrosis zone of differentiated sebocytes
(Schneider and Paus 2010; Thody and Shuster
1989). The number of glands is nearly constant
throughout life, while their size can increase and
their turnover speed slows down with aging
(Fenske and Lober 1986; Zouboulis and
Boschnakow 2001; Plewig and Kligman 1978).

Sebaceous glands are composed of sebocytes
and sebum is the product of sebaceous glands.
Sebocytes are formed from indifferent germinal
cells in epithelium in the periphery of the glands.
Newly formed cells migrate toward the center of
the gland as the gland matures (Clarys and Barel
1995). Lipid synthesis and discharge in sebocytes
last for more than a week (Plewig and Kligman
1978). Sebum is a species-specific mixture made
of relatively nonpolar lipids (Nikkari 1974)
including squalene, wax esters, cholesterol esters,
triglycerides, and possibly some free cholesterols
(Thody and Shuster 1989; Nikkari 1974;
Ramasastry et al. 1970).

2 Sebaceous Glands and Hair
Follicles

The hair follicle can be divided into various sec-
tions. The upper part of hair follicle up to the
sebaceous duct is the infundibulum. In this region
due to the absence of a tight attachment between
hair shaft and the skin, the shaft can move. Seba-
ceous gland secretions fill the gap between the
shaft and skin (Schaefer and Lademann 2001).
Below the sebaceous duct is the isthmus. It

continues up to the area of attachment of arrector
pili muscle to the hair follicle. From the isthmus
upward, the hair follicle does not disintegrate
during follicle growth. At the location of attach-
ment of arrector pili muscle, there is a bulge area
which is a hair growth regulator (Viragh and
Meuli 1995). The lower follicle starts below the
bulge area, and here there is a keratogenous zone.
Keratinization is an important process for hair
growth and might be playing a role in the
transporting processes. The sebaceous gland
duct acts as a border in terms of keratinization:
below the opening of sebaceous gland duct, the
outer root sheath cells have little keratinization, if
any, while above the sebaceous gland duct, outer
root sheath cells are keratinized and are more
similar to the cells of epidermis. Bulb is the lowest
part of hair follicle and the location of matrix cells,
the basement membrane, and the papilla. They are
also hair growth regulators (Hashimoto and
Shibazaki 1976). Below the bulge area and from
outside to the center, the following layers can be
observed: the outer root sheath, the inner root
sheath and the Henle layer, the Huxley layer, and
the cuticle (outermost layer of hair shaft). The hair
shaft includes the cuticle, cortex, and medulla
(Hashimoto and Shibazaki 1976; Bertolino
et al. 1993).

Sebaceous glands can act as a target for topical
application of drugs based on the fact that there is
a direct connection between the follicular duct and
the sebaceous gland (Agarwal et al. 2000).

Sebaceous glands of the scalp are important to
maintain hair, and their absence can be associated
with scarring alopecia (Schneider and Paus 2010;
Sundberg et al. 2000). Hair follicles of
pilosebaceous unit are categorized into vellus
hair and terminal hair. Vellus hair reaches into
the dermis, while the terminal hair goes deeper
and into the subcutaneous fat layer. The highest
density of hair follicles is on the scalp region
(Sperling 1991). Sebaceous gland density is high
on the scalp and the skin of the forehead. There are
no sebaceous glands in the palms and soles; on the
other body parts, they do exist more or less (Smith
and Thiboutot 2008; Elias 1983).
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3 Sebaceous Glands of the Scalp

Human scalp has the highest hair follicle density
throughout the body (200 hairs per cm2). It also
has a dense and specific microflora. In addition, it
produces a large amount of sebum (causal level of
150 μg/cm2) (Pouradier et al. 2013). After using
shampoo or local degreasing, scalp recoating
restarts immediately and will complete within a
couple of hours; proximal hair shafts on the scalp
start recoating much later, and complete recoating
can take 3 days (Pierard 1987). Sebum casual
level is maximum on the forehead and on the
scalp (Pierard 1987; Greene et al. 1970). A casual
level of less than 50 μg/cm2 is considered as
hyperseborrhea. Hyperseborrhea (oily skin) refers
to oversecretion of sebaceous glands in which the
casual level can reach high levels of 500 μg/cm2

and commonly affects areas rich in sebaceous
glands such as the scalp. Both greater sebum
production and a higher sebaceous gland density
contribute to hyperseborrhea (Pierard 1987). It is a
predisposing factor for seborrheic dermatitis
(Smith and Thiboutot 2008).

A significant difference between the scalp and
forehead in terms of sebum excretion was
reported in early 1980s. This cannot be only jus-
tified by the density of sebaceous glands on the
scalp and forehead because both have the same
range of sebaceous gland density (400–900 per
cm2). The scalp has a slower refatting rate proba-
bly due to the fact that there are differences in
follicular reservoir, the reservoir of lipid
contained within the pilosebaceous unit (Kligman
and Shelley 1958; Saint-Léger and Levegue
1982). The thin vellus hair on the scalp would
increase the effective volume which is available
for a lipid reservoir. The ratio between excretion
and secretion kinetics differs between scalp and
forehead regions due to the existence of hair fol-
licles (Saint-Léger and Levegue 1982).

The scalp is a region with two characteristics: it
is rich in sebum due to the abundance of seba-
ceous glands, and it is sensitive to androgens
(Saint-Léger and Levegue 1982; Piérard-
Franchimont and Piérard 1988). Each day, grams

of sebum are delivered to the scalp and hair sur-
faces (Saint-Léger 2005). Sebaceous gland prod-
uct is a nutrient for scalp biocenosis (Piérard-
Franchimont et al. 2006). Sebum excretion rate
in the scalps of people with androgenetic alopecia
has been reported to be higher (Piérard-
Franchimont and Piérard 1988) or equal (Maibach
et al. 1968) than controls. Maibach et al. showed
that the casual sebum level of the scalp in bald
men is not higher than controls and suggested that
the hairs normally act as a wick for disposing
serum and in bald men this mechanism is not
operative so sebum spreads on the skin and pro-
duces the oily appearance of bald scalp (Maibach
et al. 1968). Sebaceous glands of bald scalp have
been reported to have greater binding affinity for
androgens compared to these glands in hairy scalp
(Sawaya et al. 1989). Sebaceous glands of people
suffering from androgenetic alopecia have shown
increased levels of glutathione S-transferase activ-
ity and reactive oxygen species compared to nor-
mal hairy scalp sebaceous glands (Giralt
et al. 1996).

Systemic hormonal status significantly
affects the secretion of sebaceous glands, and
therefore, the function of these glands changes
with aging (Piérard-Franchimont and Piérard
2005). A recent study showed no significant
difference in casual sebum level on the scalp
with aging. On the forehead, on the other hand,
the function of sebaceous glands showed a pla-
teau phase at the 30s and then slowly decreased
thereafter with a more prominent reduction from
menopause (Nazzaro-Porro et al. 1979; Man
et al. 2009).

It has been suggested that the scalp is not very
reliable for assessment of sebaceous gland excre-
tion due to the fact that sebaceous gland produc-
tion and sebum behavior may be affected by
several external factors such as scales, dandruff,
migration along the hair shafts, etc. (Pouradier
et al. 2013).

The biologic activity of sebaceous gland is
regulated through interaction of different ligands
with receptors on sebocyte surface such as andro-
gen and estrogen receptors, PPARs and liver X
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receptor (LXR) (Hong et al. 2008; Russel
et al. 2007), neuropeptide receptors, and retinoid
and vitamin D receptors (Schmuth et al. 2007;
Zouboulis 2000, 2004). The interaction between
the ligand and the receptor leads to activation of
several pathways including differentiation, prolif-
eration, lipogenesis, metabolism of hormones,
and release of chemokines and cytokines
(Zouboulis and Schagen 2008).

4 Factors Influencing
the Functions of Sebocytes

• Bacterial stimuli such as Propionibacterium
acnes and lipopolysaccharide (LPS) can affect
Toll-like receptors 2, 4, and 6 and possibly
increase β-defensins, cathelicidin, tumor
necrosis factor-α (TNF-α), interleukin-
8 (IL-8), and interleukin-1α (IL-1α) (Tóth
et al. 2011; Lee et al. 2008a, 2009; Nagy
et al. 2006; Oeff et al. 2006).

• Acid arachidonic might increase lipid synthe-
sis, apoptosis, and differentiation and also
increase interleukin-6 (IL-6), IL-8, leukotriene
B4 (LTB4). Its potential target is not clearly
known; it might be a protein kinase or peroxi-
some proliferator-activated receptors (PPARs)
(Alestas et al. 2006; Tóth et al. 2009; Wrobel
et al. 2003).

• Linoleic acid acts on PPARs and increases lipid
synthesis, differentiation, and testosterone to
5-α-dihydrotestosterone (5-α-DHT) conver-
sion (Chen et al. 2003; Rosenfield et al. 1998,
1999).

• Testosterone and 5-α-DHT act on androgen
receptor and increase proliferation in the pres-
ence of cofactors such as PPAR agonists. They
also increase lipid synthesis and differentiation
(Rosenfield et al. 1998, 1999; Choudhry
et al. 1992; Fritsch et al. 2001; Pelletier and
Ren 2004).

• Estrogen binds to estrogen receptors α and β
and might decrease sebogenesis, while proges-
terone binds to its receptor and its role is not
well defined (Pelletier and Ren 2004;
Deplewski and Rosenfield 2000; Guy
et al. 1996).

• Corticosteroids have a permissive effect and
also increase proliferation and decrease lipo-
genesis. Their receptor is not clear (Chen
et al. 2006; Solminski et al. 1995; Zouboulis
et al. 1998).

• Vitamin D3 binds to vitamin D receptor (VDR)
and decreases IL-6 and IL-8 and also increases
cathelicidin. It can increase or decrease prolif-
eration based on the speed of proliferation and
also can decrease lipid synthesis (Lee
et al. 2008a; Kramer et al. 2009).

• Growth hormone binds to growth hormone
receptor (GHR) and increases differentiation
without having an effect on proliferation
(Deplewski and Rosenfield 1999; Lobie
et al. 1990).

• Insulin-like growth factor I (IGF-I) binds to
IGF-I-1 receptor and increases proliferation
and has a minor effect on differentiation. It
also increases lipogenesis (Deplewski and
Rosenfield 1999; Makrantonaki et al. 2008).

• Insulin binds to insulin receptor and increases
proliferation and differentiation and also has a
supportive role for 5α-DHT, GH, and IGF-I
(Deplewski and Rosenfield 1999).

• Epidermal growth factor (EGF) binds to EGF
receptor and increases proliferation while
decreasing differentiation (Guy et al. 1996).

• Fibroblast growth factor 7 (FGF-7) binds to
FGF receptor 2b and increases acne formation.
Also knockout mice without the receptor
undergo sebaceous gland atrophy (Grose
et al. 2007; Zouboulis et al. 2002).

• IL-1β increases IL-8 while its receptor has not
been described in sebocytes (Melnik
et al. 2009).

• β-Endorphin binds μ opioid receptor and
increases lipid synthesis, increases differentia-
tion, and decreases proliferation (Melnik
et al. 2009).

• Corticotropin-releasing hormone (CRH) binds
to CRH receptors 1 and 2 and increases lipid
synthesis, increases expression of 3-
β-hydroxysteroid dehydrogenase/Δ5-4 isom-
erase, and increases differentiation while
decreasing proliferation. It also increases IL-6
and IL-8 (Melnik et al. 2009; Krause
et al. 2007; Slominski et al. 2004).
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• α-Melanocyte-stimulating hormone (α-MSH
or melanocortin) binds to melanocortin recep-
tors 1 and 5 and increases differentiation and
lipid synthesis while decreasing IL-8 (Bohm
2009; Bohm et al. 2002; Thiboutot et al. 2000).

• Adrenocorticotropin hormone (ACTH) binds
to melanocortin receptor 2 and increases dif-
ferentiation and lipid synthesis (Guo
et al. 2010; Zhang et al. 2003).

• Substance P causes increase in IL-6, IL-8,
TNF-α, and PPARγ lipid synthesis and also
size of sebaceous glands and differentiation.
Its receptor on sebocytes has not been
described so far (Lee et al. 2008b; Toyoda
and Morohashi 2001).

• Endocannabinoids bind to cannabinoid recep-
tor 2 and increase differentiation, lipid synthe-
sis, and apoptosis (Tóth et al. 2011; Dobrosi et
al. 2008).

• Capsaicin binds to transient receptor potential
vanilloid 1 (TRPV1) and retinoid X receptors
(RXRs) and causes decrease in lipid synthesis
and differentiation and also a decrease in
IL-1β. It increases proliferation (TRPV1 spe-
cific) and necrosis (in large doses and is
TRPV1 independent) (Tóth et al. 2009).
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The key factor of clinical assessment of scalp hair
is to evaluate the density of hair and pattern of hair
loss, if it exists. To achieve this goal, various
classification methods have been proposed for
describing hair density and pattern of hair loss.
Pattern hair loss (PHL) typically present with the
progressive thinning and shortening of hair in
affected areas.

Various classification methods have been
proposed for describing PHL. The first systematic
classification of PHL was established by
Hamilton (1951) in 1951. He sub-classified the
patterns of baldness based on frontoparietal and
frontal recession and vertex thinning and then
evaluated a large group of men and women for
the presence of specific patterns of hair loss from
the prenatal period through the tenth decade of
life. In 1975, Norwood (1975) refined Hamilton’s
classification by emphasizing temporofrontal or
vertex-only subcategories of hair loss into seven

types with a type A variant and reported the inci-
dence of male pattern baldness at various ages in
white adult male subjects. An additional pattern
(type II vertex) to the Hamilton-Norwood classi-
fication system was introduced in the clinical trial
of finasteride in male PHL (MPHL) (Kaufman
et al. 1998). In 1992, Savin (1992) introduced a
classification of MPHL based entirely on a picto-
rial depiction of hair density as derived from mid-
line scalp part width. Olsen (2003) first proposed
assigning separate designations (temporal, fron-
tal, mid, and vertex) to the areas of the scalp that
bald at different rates in different individuals with
MPHL. Olsen (Olsen et al. 2003) also proposed an
individualized classification system that assigned
a density scale to each of these designated scalp
areas in any given patient, which was further
refined in a later publication. Subjects thus classi-
fied would have a TFMV classification (e.g.,
T3F2M0V3) (Olsen et al. 2003). In 1977, Ludwig
(1977) presented quite a different picture of hair
loss in women from that described by Hamilton
(1951). He emphasized preservation of the frontal
fringe despite progressive centrifugal loss over
the top of the scalp and arbitrarily designated
three gradations of hair loss. Olsen (1994) and
Olsen et al. (2003) proposed that frontal
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accentuation (or the “Christmas tree” pattern) be
considered another pattern of hair loss in women,
which helps to distinguish PHL from other poten-
tial hair-loss mimicries in women.

Although the several aforementioned classifi-
cation methods of PHL have been suggested,
these classifications have some limitations (Lee
et al. 2007). The Norwood-Hamilton classifica-
tion is too detailed and is less stepwise in its
description, making it difficult to memorize for
common use. It also does not list some peculiar
types of baldness, such as FPHL (Lee et al. 2007).
Additionally, many women with MPHL cannot be
classified using the Ludwig classification system
(Olsen 2003; Olsen et al. 2003). In addition, for
most of these classification systems, the clinicians
must use distinct methodologies for each gender
in order to correctly classify the pattern (Lee
et al. 2007).

Lee et al. (2007) devised a new classification
system named the basic and specific (BASP) clas-
sification, which is comprehensive and systematic
regardless of race or gender.

This new classification of PHL was designed
based on the pattern of hair loss, including the
shape of the anterior hairline and the density of
hair on the frontal and vertex areas. The basic
types represent the shape of the anterior hairline,
and the specific types represent the density of hair
on specific areas, which are frontal and vertex.
The shape of the anterior hairline is divided into
four types: L, M, C, and U. In contrast to the basic
types, the specific types may be selectively
included when necessary. According to patterns
observed at specific areas, there are two specific
types: F and V. The final type is decided by the
combination of the basic and specific type. One of
the basic types must be selected, and the specific
type may be selected if it exists. Each of the
various types is subdivided into three or four sub-
types, according to its severity (Lee et al. 2007).

During the balding process, the recession of the
anterior hairline, represented with the basic type
classification, relatively corresponds with the
thinning of hair on the crown and vertex. How-
ever, because the degree of recession might be out
of accordance with the density of hair in many
individuals, the separation of both characteristics

is important for proper classification. Further-
more, the combination of two features of PHL is
better suited to more thorough description of the
baldness phenotypes (Lee et al. 2007).

A total of 2,213 Korean subjects, comprised of
1,768 males and 445 females, were classified
according to the BASP classification (Lee
et al. 2007). For both sexes, the majority of
patients enrolled in the study were in the third
and fourth decades of life (65.1 % of males and
56.68 % of females). In males, the older as well as
the younger group were more likely to have little
recession of the frontal hairline (classified as type
M1-2) and diffuse thinning over the top of the
scalp (type F1-2). The women in the study devel-
oped typical female PHL. In men, regardless of
age, 1,434 of the 1,768 males were classified as
type M, accounting for 81.1 % of cases. Among
the subtypes and according to the severity of
baldness, the majority of subjects below 50 years
of age were classified as type M1, whereas most
subjects over the age of 50 were classified as type
M2. The incidence of type L (9.3 %) tended to
decrease with age, but those of types C (5.8 %)
and U (3.8 %) tended to increase. In women, type
L showed the highest frequency in all age groups,
accounting for 210 (47.2 %) of 445 female sub-
jects. Regardless of age, types M, C, and U were
the next most common in order, observed in
121 women (27.2 %), 111 women (25.0 %), and
3 women (0.6 %) of the 445 subjects, respectively.
Type C0 was the second most common subtype in
female subjects between the second and fourth
decade of life, and its incidence decreased with
age. In men, type F, which is identical to FPHL in
the Ludwig classification, was observed in 42.4 %
(749/1,768) of male subjects, and type V was
observed in 19.8 % (350/1,768). The grades of
both types increased slightly with age. In women,
type F was observed in 70.6 % (314/445) of
female subjects with PHL (Lee et al. 2007).

Although the Norwood-Hamilton classifica-
tion is the most commonly used classification
worldwide, it can only be used in MPHL, and
there are several types of male hair pattern that
could not be described by this classification
(Lee et al. 2007). Some previous studies were
performed to estimate the reliability of the
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Norwood-Hamilton classification and the result
was unsatisfactory, even in the hands of expert
appraisers (Taylor et al. 2004; Guarrera et al.
2009; Littman and White 2005). Hong et al.
(2013) compared the reliability of the BASP and
Norwood-Hamilton classifications. In terms of
repeatability, the Norwood-Hamilton classifica-
tion showed the lowest match rate in repeatability.
Also, the intergroup reproducibility was higher
with the BASP classification. In conclusion, the
BASP classification not only classifies all kinds of
hair-loss patterns regardless of sex or race, but
also has better reproducibility and repeatability
than the Norwood-Hamilton classification (Hong
et al. 2013).

There are also racial differences in the density
of hair and patterns of hair loss in different ethnic
groups. In a previous study, FPHL was observed
in 11.1 % of Korean males with PHL (Paik
et al. 2001). In a Chinese study, MPHL was
found in 13 of 108 (12 %) women with PHL, all
ofwhomwere over 50years of age (Xu et al. 2009).
In an Indian study, although it was possible to
classify 80 % of cases of PHL and II (28 %) and
III (15 %) were the most common types of PHL,
27 patients of 150 male subjects (18 %) did not fit
into specific patterns according to the Norwood-
Hamilton classification16. In addition, the type “a”
variant was noted in 20 % of patients, clearly
indicating the limitations of the existing classifi-
cations. There is considerable overlap in types
IV, V, and VI in the Norwood classification, with
the “a” variants further confusing the picture
(Sehgal et al. 2007).

Family history plays an important role in the
hair density and pattern of hair loss, which is
believed to be influenced by genetic factors.
However, the exact mode of inheritance has not
been well characterized. A recent study by Lee
et al. (2011) using the BASP classification
revealed that familial factors affecting the mor-
phology of PHL differ between males and females
and for each BASP subtype. Parental influences
on anterior hairline shape in men were predomi-
nantly from the paternal side, whereas these
effects were less notable in women. In patients
without family histories of PHL, a higher fre-
quency of early-onset PHL than late-onset PHL

was identified in men but not in women. Basic
types of hair loss had a higher degree of heritabil-
ity from the paternal side of the family, regardless
of the specific type. This study provides detailed
information indicating that each hair-loss pattern
according to the BASP classification has different
familial factors (Lee et al. 2011).
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Scalp has the highest density of hair follicles
(200 hair/cm2) and main sebum production
(casual level of 150 μg/cm2) (Agache 2000). The
skin of the scalp is commonly exposed to many
topical agents such as drugs, hair care, and cos-
metic products. In normal conditions, numerous
hairs make scalp an invisible region for instru-
mental measurements. Due to this limitation,
there is a lack of information about the function
of the stratum corneum (SC) of scalp skin includ-
ing sebaceous gland function (O’goshi
et al. 2000).

Three different types of pilosebaceous follicles
are recognized which include terminal hair folli-
cle, vellus hair follicle, and sebaceous follicle.
This classification is based on the volume of the
sebaceous glands and the size of the connected
hairs. The largest sebaceous glands are present at
the skin of scalp. Terminal hair follicles are pre-
sent on the scalp and beard region in men where
the hair shaft is thick, and the sebaceous gland size
is medium to large (Uhoda et al. 2005; Pierard-
Franchimont et al. 2010).

On the scalp, sebum appears partly as discrete
droplets emerging from follicular outlets and
partly as a surface coating. The droplets are
unevenly spread on the hair (Pierard-Franchimont
et al. 2010).
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Scalp and skin sebum amounts must be distin-
guished. Estimating the amount of scalp sebum
needs a miniature sampling method, and in some
methods hair must be shaved 24–30 h before
measurement. The amount of sebum is conve-
niently measured in vivo using photometric
assessment and lipid-sensitive tapes (i.e.,
Sebumeter®) (Pierard-Franchimont et al. 2010;
Pierard et al. 2000).

1 What Can Be Assessed?

Similar to the assessment of skin surface sebum
(see ▶Chap. 21, “Dermoscopy: Basic Knowl-
edge of an Innovative Imaging Tool”), the com-
position of skin surface lipid (SSL), the
quantitative parameters of sebum excretion, and
glandular parameters (density and activity of
sebaceous glands) can be measured on the skin
surface of scalp. The only difference is in terms of
sampling and preparing the scalp skin before
beginning the assessments.

2 Methods of Collecting Scalp
Sebum

2.1 Solvents

For collecting SSL from hairy skin (scalp and
beard region in men), the best method is to rinse
the hair with a solvent (e.g., ether). The rinse is
filtered by using Whatman paper to separate the
hairs and squames and then evaporated. The sol-
vents most commonly used are shown in
Table 21.1 of ▶Chap. 21, “Dermoscopy: Basic
Knowledge of an Innovative Imaging Tool.” It
seems that the most convenient and effective sol-
vent is ether.

Unfortunately in this method, there is no con-
trol of the amount of sebum collected from follic-
ular reservoirs which may have an influence on
the results. On the other hand, the application of
these solvents can alter the physiology and struc-
ture of the SC; hence this method is no more
recommended for assessing the amount of SSLs
(Pierard et al. 2000).

2.2 Photometric Methods
and Lipid-Sensitive Tapes

2.2.1 Sebutape
The Sebutape# (CuDerm, Corp., Dallas, Texas)
consists of a hydrophobic polymeric white film
(Kligman et al. 1986) and is used to measure the
sebum secretion (Dobrev 2007; Clarys and Barel
1996) and evaluate the distribution of skin pores
(Pierard 1986; Nordstrom et al. 1986). There are
innumerable, tiny air cavities, and the surface is
coated with a lipid-porous adhesive which enables
the tape to be sealed to the skin during the period
of collection. The film absorbs the sebum origi-
nating from the follicular openings. As sebum
reaches the skin surface, it is rapidly absorbed in
to the film. As the air within the microcavities is
displaced by sebum, the lipid-filled cavities
become transparent to light. The output from
each follicle forms a sharply defined spot; the
size corresponds to the volume of the droplet.
Sebum absorption by Sebutape is slow and per-
haps incomplete because of the barrier of the glue
(Saint-Leger and Cohen 1985).

For assessment of scalp sebaceous gland func-
tion, first the skin surface of scalp is ordinarily
prepared by shaving 24–30 h in advance, and at
the time of measurement, the surface is washed
with soap and water to remove debris and lipids
(Perkins et al. 2002). According to Beach et al.,
Sebutape samples can be collected before and
15 min after towel drying hair that is shampooed
and conditioned (Beach et al. 2012). For greater
accuracy, complete defatting can be obtained by
wiping with a gauze pad soaked in hexane. The
film is placed on the surface for 1–3 h and then a
computer image analysis is conducted. In the
places where the sebaceous secretion has been
absorbed, the film becomes transparent. Thanks
to the placing of the film on the dark background,
we can receive the pore patterns (Clarys and Barel
1995). Lipids which are examined with this
method can be also extracted and then analyzed
with thin-layer chromatography (Nordstrom
et al. 1986; Sisalli et al. 2006).

The self-adhesive application of the Sebutape
omits the difficult procedures encountered in the
other methods (▶Chap. 21, “Dermoscopy: Basic
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Knowledge of an Innovative Imaging Tool”).
Moreover, the area under investigation is covered
during the procedure, resulting in a more stan-
dardized collection. The Sebutape requires a
shorter collection time, as most of the parameters
can be determined after 1 h of collection and also,
most of the evaluation methods can be carried out
on the same principles as Sebutape: kinetic color
measurement during the collection period, image
analysis after the collection period, and quantita-
tive and qualitative analysis after extraction of the
lipids from the tape.

2.2.2 Sebufix F16
The Sebufix instrument is also commonly used.
Here, similar to the Sebutape#, a polymer film is
used to measure the activity of the sebaceous
glands. For scalp application, the hairs in the
area (1 cm2) should be shaved before measure-
ment. The film is image analyzed with a UV-light
video camera (Visioscan VC 98®or Visioscope®

PC 35, C + K Electronic, Cologne) device
(Dobrev 2007). The Sebufix is thus very similar
to the Sebutape; the only difference is the fact that
in the case of the Sebutape, the film is placed on
the selected area for 1–3 h and in the Sebufix for
30 s (Clarys and Barel 1996). Therefore, the
Sebufix allows for measuring sebum secretion
within a shorter period of time.

The method is not really quantitative because
the relation between the surface of a spot and the
quantity of sebum it contains is not known and
several spots can rapidly coalesce. Accordingly, it
cannot measure the CL, but it may provide an
estimate of the refatting rate (▶Chap. 21,
“Dermoscopy: Basic Knowledge of an Innovative
Imaging Tool”). It can display the distribution of
the active sebaceous glands and the individual
refatting rate of each gland (Saint-Leger and
Cohen 1985).

2.2.3 Sebumeter SM 815 (Cassette)
This device facilitates objective measurement of
sebum from the skin surface areas and can be used
to determine the level of sebum on the skin surface
or the rate of its secretion (Knaggs et al. n.d.;
Tagami 2003; Schaefer and Kuhn-Bussius 1970;
Bergler-Czop and Brzezińska-Wcisło 2010; Biro

et al. 2003). It cannot, however, determine the state
of the sebaceous glands (Son et al. 2008). The
Sebumeter is a simple device, easy to operate,
which can be used to make an objective classifica-
tion of dry, normal, or oily skin (Nouveau-Richard
et al. 2007; Youn et al. 2005; Kim et al. 2006) as
well as to evaluate “the biological age” of the skin
(Jacobsen et al. 1985; Marrakchi and Maibach
2007; Firooz et al. 2012). The measurement is
based on grease-spot photometry. The Sebumeter
cassette contains a mat synthetic tape, 0.1 mm
thick. A special tape becomes transparent in con-
tact with the sebum on the skin surface of scalp.
For sebum determination, the measuring head of
the cassette is inserted into the aperture of the
device, where the transparency is measured by a
light source sending light through the tape which is
reflected by a little mirror behind the tape. A
photocell measures the transparency. The light
transmission represents the sebum content on the
surface of the measuring area and is displayed in
units from 0 to 350. The assessment should be
measured 48 h after shampooing (Pouradier
et al. 2013). The probe is applied once to the
measuring area for 30 s which is controlled by a
clock set in the device. The measuring head of the
cassette exposes a 64 mm2 measuring section of
the tape. For a measurement, the tape is moved
forward by a trigger at the side of the cassette to
expose a new section of tape. The used tape is
rewound inside the cassette. The accuracy of this
device is about �5 %. It would be the best choice
for assessment of SSLs on hairy skin and scalp
skin because there is no need to shave the hairs.

The applications of Sebumeter include (Firooz
et al. 2007; Davari et al. 2008; Seirafi et al. 2009;
Davoudi et al. 2010):

1. To study the effectiveness of hair and skin
cosmetic products

2. To study sebaceous gland activity in different
diseases

3. To assess the effectiveness of different kinds of
treatment on skin diseases

Compared with Sebutape, the Sebumeter is
more user friendly, and there is no need to clean
the probe at each assessment and shave the scalp

76 Scalp Sebaceous Function Assessment 763

http://dx.doi.org/10.1007/978-3-319-32383-1_21
http://dx.doi.org/10.1007/978-3-319-32383-1_21
http://dx.doi.org/10.1007/978-3-319-32383-1_21
http://dx.doi.org/10.1007/978-3-319-32383-1_21


hair before measurement for preparing. Thanks to
its integrity, reproducibility, commercial avail-
ability, easy handling and operating, short mea-
suring time, and numerical values, the Sebumeter
is now used in most of the sebum evaluation
studies (Yong et al. 2002; Ambroisine
et al. 2007; Lee et al. 2006; Cheng et al. 2007,
2009; Stinco et al. 2007; Akhtar et al. 2010).

3 Commercialized Devices

• Sebumeter (SM 815): Courage+Khazaka elec-
tronic GmbH. Mathias-Br€uggen-Str., Cologne,
Germany. www.courage-khazaka.de

• Sebufix F16: Courage+Khazaka electronic
GmbH. Mathias-Br€uggen-Str., Cologne,
Germany. www.courage-khazaka.de

• Visioscan VC98: Courage+Khazaka electronic
GmbH. Mathias-Br€uggen-Str., Cologne,
Germany. www.courage-khazaka.de

• Visioscope® PC 35: Courage+Khazaka elec-
tronic GmbH. Mathias-Br€uggen-Str., Cologne,
Germany. www.courage-khazaka.de

• Sebutape: CUDERM Corp., Dallas, TX, USA.
www.cuderm.com
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1 Introduction

This chapter will focus on the basic principles
involved in human hair evaluation and more spe-
cifically in hair growth measurement. Historically,
evaluation was rather subjective, and it took about
30,000 years before eventual categorical classifi-
cation systems and clinical scoring together with
objective follow-up methods became available
(Fig. 1 adapted from Van Neste 2008). Although
subjective approaches were classically considered
to be sufficient to run the routine activities of a
dermatology practice, more and more hair clinics
were established, and these categorical classifica-
tions do not stand the process of scientific
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investigation. There are some reports showing
poor concordance and weak repeatability even
with trained clinicians (personal unpublished
observations and others; Guarrera et al. 2009).

During the last 25 years of the previous cen-
tury, we thought that the time would come where
more precise observation, understanding, and
exchange of information between the practitioner
and the patient could be required. In the early days
of hair science (1960s and 1970s; reviewed in Van
Neste 2002; Dawber and Van Neste 1995), all
measurements were made in vivo (capillary
tubes or stereomicroscopy observations), and
numbers were published but no documentation
allowed us to check a source file or an objective
record. What was really observed and measured?
How come institutions like the FDA (USA) ever
accepted in vivo hair counts made by untrained
and/or unexperienced investigators, whether doc-
tors or nurses, and took those fancy numbers as
evidence during hair regrowth trials in the 1980s
and 1990s? As no images can be retrieved, no one
will never be able to check, and this is but one of
the weaker aspects of these observer-dependent
methods.

Based on repeat close-up photography, the
seminal work of Saitoh (Saitoh et al. 1970)
opened up avenues for further technological pro-
gress after the 1970s. Photographic methods
available until the late 1990s were gradually
replaced in the early twenty-first century after
the advent of microcomputers and charge-coupled
devices (CCD) in digital cameras. These made
imaging technology accessible to a larger
community.

However, progress in hair clinics remains slow
as it depends on a basic understanding of what is
required to generate meaningful numbers as they
relate to hair growth measurement. We refer the
interested reader to other publications (Van Neste
2005, 2006a, 2013) where a number of basic
points were illustrated and some prerequisites
were proposed for this purpose.

Those who are acquainted with growth of hair
and hair follicle cycling may easily skip the very
short resume on basics and proceed to the next
sections.

2 Basics About Hair Structure
in Relation with Global
and Analytical Imaging
Procedures

Here, we shall briefly review some basics about
hair follicle structure and function. Basics are
necessary to understand why fine-tuning of tech-
nical aspects of hair imaging remains a prerequi-
site. Scalp hair is an appropriate example to
introduce the concept of global and analytical
methods while “zooming” into the field of hair
(Fig. 2). Scalp hair appears as a stable mass of
hair. It actually represents the cumulative end
result of discrete changes of individual hair folli-
cle dynamics: hair shedding and its continuous
replacement by regrowing hair that results in
global maintenance. The key to the appropriate
assessment of a patient complaining about hair
shedding or hair loss and recovering an appropri-
ate amount of hair or achieving hair maintenance
lays first in a thorough understanding of the hair
cycle (for a review, see Stenn and Paus 2001).

In the past, we proposed a very simplified
explanatory scheme for one single hair follicle
(Fig. 3). On the scalp there are about over
100,000 follicles. Importantly, not all follicles
are active at the same time: some produce hair
while others are resting and clearly empty or
dormant. After completion of this resting phase
which includes telogen–exogen transition, the
club hair is processed for its programmed
release. Exogen phase resolves with the shed-
ding of the old hair fibre. What is left over in the
scalp is the old exogen follicle from where
eventually a new hair follicle will derive and a
new hair might become visible. Each follicle
appears to function independently from its
neighbours, i.e., the process of scalp
hair growth is normally not synchronized. How-
ever, follicles in a certain field may express a
common phenotype after exposure to some com-
pounds, i.e., sex hormones or drug treatments.
Some scalp areas, in genetically predisposed
individuals, will show a phenotype of defective
hair replacement, i.e., patterned balding (Figs. 1
and 2). In other areas (axillae, face, chest,
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Fig. 1 Scalp hair patterning: 30,000 years from qualita-
tive observation to quantitative dynamic measurements.
Patterns of scalp hair in younger-looking and more aged
subjects appeared already on the walls of caves in prehis-
torical times (a) (Modified after Van Neste 2008). They do
not differ from the more recent cartoons inspired from the
Hamilton–Norwood classification (b). A scientific
observer will soon recognize that it is very difficult to
squeeze the spectrum of patterns displayed by a group of
30 males, i.e., real patients (c), and ascribe the right man in
the right place within these simplified classification

schemes. In the lower panel, we show the results of a
subgroup of patients who received placebo-containing
pills during a 5-year period. We graphically estimated the
time required for 50 % of the subjects to be considered as
worsened compared to baseline (arrow derived from the
intersection of regression lines). It would take about
9 months on placebo to have a reduced hair count (blue
line and arrow) and 3 years with global imaging (magenta
line and arrow), while a clinical investigator/observer (yel-
low line) would not detect worsening with progressive hair
loss in 50 % of the subjects after 5 years on placebo!
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genital skin, etc.), other “patterns” will be
expressed: the very thin hair follicles will now
grow longer and coarser hair, and such hair
usually grows during limited periods of time
and is retained as telogen hair for prolonged
periods of time as compared to the scalp hair.
As such the clinical appearance of “hairiness”
depends as much on the number of hair follicles
as on systemic factors responsible for regional
modulation of the hair follicle activity and dura-
tion of each of its cycle phases in particular.

3 From Global Photography
to Analytical Evaluation of Hair
Growth

There is not a single technical modality that will
encompass with a sufficient degree of precision
the many dimensions of hair (Sinclair et al. 2003;
Van Neste et al. 2003a). At the one end of the
spectrum is the clinical observation. Hair pattern-
ing has been classified but more recently docu-
mentation has been improved with global
imaging. Such images document and illustrate
files submitted to the health authorities or eventu-
ally to individual patients. At the other end one

finds a number of more detailed imaging proce-
dures and some of these will be reviewed.

3.1 Global Imaging

Standardization of global photography has been a
significant step forward in scalp hair documenta-
tion not only by creating a permanent record but
also more specifically by defining the conditions
to prepare the scalp in order to prevent “photo-
graphic cures” for hair problems (Canfield 1996)
as documented in Figs. 4 and 5.

Processing and rating of global images were
initially intended to be performed as follows: the
image taken before treatment is placed on the left
while another image taken under similar condi-
tions after the subject has taken or applied a drug
for a given period of time is placed on the right.
The expert views paired images and rate changes
(right vs left or after vs before) on a seven-point
scale ranging from greatly decreased (�3) to no
change (0) and up to greatly increased (+3) (Kauf-
man 2002). Other techniques are based on scalp
coverage scores (SCS; Van Neste et al. 2003b)
where the observed scalp is divided into arbitrary
subunit areas as shown in Figs. 1c, 2, 5, and 6.

Fig. 2 Global imaging and CE-PTG-EC in Caucasian male
pattern hair loss. On the global view (left), we show the
region of interest (ROI;white outline) where we performed a
contrast-enhanced phototrichogram with exogen collection
(CE-PTG-EC). Baseline image (t0) shows that all hair is
clipped very short in the ROI. All hair fibers are well
contrasted against the background. Forty-eight hours later,
a new image is taken (t2) after extracting the exogen hair. In
the lower panels, two enlarged fields of t0 and t2 highlight
the presence of exogen hair. These hairs are underscored as

thin (red in t0a) and thick (blue in t0b) hair at t0. The
underscored targets show that these exogen hairs are no
longer visible in the images taken at t2 (t2a and t2b).
Because exogen are entrapped in a matrix, the exogen hair
can be examined under the stereomicroscope, and hair shed-
ding of calibrated hair can be described as numbers per unit
area. On the right panel, the same subject is shown with a
grid superimposed on the image; each square can be rated
individually for scalp coverage scoring (SCS) as will be
detailed later
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Each field that is outlined can be scored individu-
ally (value of coverage between 0 and 5). Adja-
cent fields can be grouped and the mean value, i.
e., a scalp coverage scoring (SCS), generates valu-
able quantification. This can be measured under
randomization with blinding as to treatment and to
time (Van Neste et al. 2003a, 2006). Trained
experts’ data can be traced in both the paired
examination of global views (Google: FDA
NDA 21-812/000, 2005) or with the SCS system
(Van Neste et al. 2003b, 2006). The experience
acquired during the last two decades clearly
shows that analysis of standardized global images
is more objective in the appreciation of hair
growth effects after drug treatment as compared
with subjective evaluations made by investigators
or by patients. Nevertheless, global imaging
requires a long period of time for detecting dete-
rioration of the scalp condition (Fig. 1); this period
of time may eventually result in the irreversible
loss of a clinically significant number of follicular
units (Van Neste 2008).

Global images require a high degree of stan-
dardization, and all the preparatory procedures
remain key as the same holds true for its use
in vivo. A simple “error in the lightning” or
angle or distance between head and camera
(Fig. 4) or even a different haircut or a hair dye
session can have dramatic effects. As it modifies
our interpretation in terms of therapeutic
response, it potentially “ruins” a clinical file
during a clinical study on a hair growth
promoter!

Global viewing, even when highly standard-
ized procedures are being used, does not resolve
the question of hair cycling changes, but it
remains clinically inspiring in terms of efficacy
assessment. It is also an easy way to communicate
between clinicians and patients. Stating it very
simply: one is not in a position to infer from global
imaging that hair grows faster or that hair fibers
are thicker or that cycling is improved or a com-
bination thereof!

Besides objective documentation and the risk of
erroneous interpretation, we illustrate also the chal-
lenge faced by subjectivity: it is a daily experience
that patients report their satisfaction or lack of it
with our therapeutic proposals. In Fig. 5, we show

two typical cases with a discrepancy between sub-
jective and objective appreciation of efficacy.
There was a great biological and clinically signifi-
cant improvement in a pessimist patient as com-
pared with a clear-cut biological and clinical
worsening in an optimist patient! These psycholog-
ical dimensions, i.e., satisfaction with oneself, are
usually misinterpreted or underestimated during
discussions with health authorities (FDA, EU or
national health authorities). The wrong interpreta-
tion recurrently sounds like accurate technology is
useless because the patient “can not appreciate the
effect” or the consumer “can not perceive it.” From
a historical perspective, we evolved during the last
25 years from fancy in vivo hair counts to more
precise noninvasive technologies that help us stay
away from trichoquackery. In other words, one
must be aware that subjective impressions of the
patient and the clinician are influenced by far too
many uncontrolled factors that are encompassed as
“placebo” effect. We maintain that a combination
of well-standardized global images together with a
thoroughly validated analytical technology can get
rid of all and any irrelevant or extraneous factors of
variation, i.e., those influenced by subjectivity. The
psychosocial aspects and influences on perception
and satisfaction are usually put in the fore by com-
panies, and these subjective, error-prone, aspects
are not taken into account in this chapter.

3.2 Analytical Methods

3.2.1 A Brief Historical Review: What
Did We Learn with the
Conventional PTG?

The basic principle of the phototrichogram (PTG)
consists of taking a close-up photograph of a
certain area of the scalp. The hair is cut very
close in preparation for the first photograph,
followed by repeat photographic documentation
after a certain period of time. This period of time
should be long enough to allow the growth of a
hair segment (time window which is usually
between 24 and 72 h) but not too long in order
to prevent outgrowth or too much overlapping of
growing hair. The growth is then evaluated by
comparing the two pictures. Hairs that have
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Fig. 3 Hair cycle. The hair growth phase (anagen) during
which hair is visible at the skin surface and growing are
shown in (A) while the apparent resting phase of the hair
cycle (telogen) together with initiation of hair regrowth
from the new follicle is shown in (B). (A) From growth
to rest. The same hair follicle is represented at various
times at the very end of the growth phase (day a to day i).
At the skin surface, there is normal pigmented hair produc-
tion with the constant daily hair production (measurable
elongation L1 and L2 between days a–b and days b–c;
notice that L1 roughly equals L2). Then, in the depth of
the hair follicle, the pigmentation of the newly synthesized
hair shaft is gradually decreased (day c) as shown by the
shaded area at the bottom of the hair fiber. This early event
heralds the regression of the impermanent portion of the
hair follicle and is followed by terminal differentiation of
cells in the proliferation compartment (day d). This is
associated with apoptosis and indicates the earliest mor-
phological steps of the catagen phase. It will inevitably
propel the follicle into telogen with the typical club hair
formation. The shrinking dermal papilla (day d) begins an
ascending movement together with the hair shaft (days d–I;
estimated 21 days). This characterizes the catagen phase
with an apparent elongation of the hair fiber (I) that reflects
the outward migration of the hair shaft (L3 is much smaller
than the daily growth rate L1 or L2). This can clearly be
measured as slowing down of hair elongation rate and

terminates with no growth during a while (see later).
What is left after disappearance of the epithelial cells
from the impermanent portion of the hair follicle are base-
ment membranes followed by dermal connective tissue
usually referred to as streamers or stelae shown as dark
remnants at the bottom of the diagrams (days f–i). The true
resting stage begins when catagen is completed, i.e., when
the dermal papilla abuts to the bottom of the permanent
portion of the hair follicle. Would there be no physical
interaction between dermal papilla and the bulge, there
would be no reactivation of stem cells now densely packed
within this area. As a consequence, the next hair cycle (see
B) would be definitely compromised. As of now no hair
growth is observed at the surface (days g–i). (B) From rest
to growth. During this stage, shown in the lower panel, one
notices no elongation of hair fiber as it is seen at the skin
surface (days a–e) but significant changes occur in the
deeper parts of the hair follicle. The dermal papilla expands
and attracts epithelial cells from the bulge (stem cell zone)
in a downward movement (days a–b). To create space,
previously deposited materials have to be digested (days
a–c). The epithelial cells then start differentiation in an
orderly fashion starting with the inner root sheath (forming
the initial cone in b and then a funnel in c). The mirror
image of the cuticle of the inner root sheath reflects on and
contains the tip of the hair cuticle. In the very center of the
newly formed hair shaft, one finds the tip of the newly
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grown are in anagen phase and those, which have
not, are in telogen phase.

In 1989, we devised scalp immersion photog-
raphy (Van Neste et al. 1989) or proxigraphy (Van
Neste et al. 1992) and listed a number of problems
related to the fiber, its association with the follic-
ular opening, and the scalp skin in the background
and immediate surroundings. All these difficulties
will be recapitulated at the end of the chapter, and
one will be able to understand the progress made
during the last 20 years. Then, the term
“epiluminescence microscopy” took over. It is of
note that image magnification (up to 200 times or
more) does not correspond exactly to the optical
equipment contained in instruments known as
microscopes. In short, epiluminescence micros-
copy became the accepted denomination for
examination under special lighting with high
magnification.

The next step was to evaluate the limit of
detection comparatively with another more inva-
sive method (Rushton et al. 1993). As some
uncertainties were detected, we considered with
great care the discrepancies and devised contrast-
enhanced (CE) phototrichogram (CE-PTG) as a
further improvement (Blume et al. 1991; Van
Neste 2001). The CE-PTG became almost equal
in terms of resolution as transverse microscopy on
serial sections made on scalp biopsies, while, at
that time, only a few sections were considered as
the gold standard (Headington 1982; Headington

and Novak 1984; Whiting 1990, 1993, 1998;
Headington 1993). So far, the CE-PTG remains
the only noninvasive method that has documented
all transitions of thick and thinning follicles from
anagen to catagen to telogen phases on a follicular
basis (Van Neste 2001).

3.2.2 What Can We Learn to Measure
with the CE-PTG and Are There
Possibly Further Improvements?

The assessment is made on one or a number of
predefined scalp sites considered representative of
the condition. After feeding the computer with
source images and after a human intervention,
preferably with the help of a trained and calibrated
technician, the data that can be generated from a
PTG are total number of hair present in a certain
area (i.e. hair density (n/cm2)), percentage of hair
in the growth phase (anagen%), linear hair growth
rate (LHGR; μm/day), and hair thickness (μm),
and the latest developments added a split-up
according to thickness of growing and resting
hair together with the transition from telogen to
exogen.

Thickness can be measured on hair clippings,
on scalp biopsies, and on scalp hair photographs.
It may seem trivial to state that the hair diameter
evaluation is more precise with the microscope as
the 3D movement allows measures to reflect
diameter whenever the fiber section is not circular.
Interestingly, the hair section remains almost

���

Fig. 3 (continued) formed less or yet unpigmented hair
cortex (days c–e). The resting hair remains in the hair
follicle for approximately 1–3 months (days a–e), and
then a detachment process transforms the old telogen fol-
licle into exogen where the release of the exogen hair can
now take place either immediately (day f) or after a while
during which it may stick in the follicle before being shed
(days f–g). The shiny root end of the shed hair is the club.
Before, during, or after hair shedding, there may be
replacement by a new gradually thicker and more
pigmented hair shaft (period e–g). Indeed, under physio-
logical conditions, the follicle may proceed immediately or
only after some lag time with new hair production (from b
to g; up to 90 days). In conditions like androgenetic alope-
cia after shedding, the old follicle may remain empty for a
longer period of time as a lag phase has been reported
before the new regrowing hair follicle initiates a new hair

cycle with a visible hair fiber at the scalp surface. Note that
a prolonged adhesion to the epithelial structures may
increase intrafollicular stasis of exogen hair: this turns
into trichostasis due to abnormal accumulation of
nonadherent or loosely attached elements. Also exogen
does not always result in immediate recycling, and there
may be a much longer interval before regrowth is recorded
at the scalp surface. At the earliest visible stages, i.e., when
the new anagen follicle is again deeply set into the dermis,
one notices at the scalp surface a thin usually
nonpigmented hair tip that is seen first (day h). This is
soon followed by a thicker, more pigmented, and faster
growing hair fiber (day i). All hair cycle transitions can
now be recorded in vivo with noninvasive technologies.
This sequence of course depends on the many systemic,
regional, and local regulatory factors controlling the hair
follicle activity during its replacement
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circular when the fiber is thinner than or equal to
40 μm (Rushton 1988) independently of ethnic
background.

Finally, the number of hair sprouting from one
opening is another source of difficulty that has
also been addressed recently. As the production
of different hair follicles composing a single fol-
licular unit is randomized, i.e., not synchronized,
it may be difficult to formally trace “hair thinning”
during the succession of individual hair follicle
cycles! In addition, the complexity will even
increase in scalp imaging in case an observer
wishes to evaluate the susceptibility of each indi-
vidual follicle to the follicular regression and
eventually its progression towards organ deletion.

3.2.3 Technological Requirements
Before discussing in greater detail the practical-
ities for performing hair growth analysis and the
data so generated, it is useful to recapitulate some
difficulties that every investigator will encounter,
sooner or later, as he becomes exposed to a new
technology.

Fig. 4 Problems of standardization of global imaging in
three subjects with male pattern hair loss (MPHL): Black
African female (upper panel) and two Caucasian male
(middle and lower panels) and in a series of images taken
from an experimental model. In clinical cases, baseline
view of the top of the head is shown on the left panels
before treatment (m0). After 12, 24, or 36 months of
treatment (m12, m24, and m36, respectively), images
unravel some technical errors. These make interpretation
hazardous in the absence of analytical data. The reader is
invited to compare the color of the background (left and
right) and the range of “objective” color patches (objective
rulers included in the lower part of each image). These

�

Fig. 4 (continued) objective color rulers are fixed onto the
front panel fixed of the stereotactic device. These are
recorded in all our pictures and clearly document differ-
ences in light exposure. One should now focus on hair
length and style as well as on the position of the head in
the stereotactic device: these are but a few of the many
factors of variation such that improper (like in these three
cases) or even appropriate global imaging documentation
should in any case be supported by analytical data before
interpretation is being provided in terms of improvement or
worsening (see also Fig. 5). In the Caucasian proband,
while changes in hair style suggest impressive differences,
the same number of hair was present though growth frac-
tion was improved after treatment. The influences of dis-
tance and angle on global perception were subject to image
analysis in a model (shown in the lowest panels). Standard-
ized pieces of green cloth with a known size were fixed in
specific fields on a model. Those sites correspond to a
number of anatomical fields known by clinicians as frontal,
parietal, and vertex that are located, respectively, on ante-
rior scalp, top of the head, and between top and posterior
scalp. Images were taken with the model positioned at
various angles (range from 75� to 135�). The measured
surfaces in the two-dimensional images of the standard
patches ranged from 6 % to 224 % of the value that was
measured on the images taken at 90� (second image
starting from the left)
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In order to keep analytical technology in the
field of clinical relevance and within an acceptable
range of variability, we suggested that a “clini-
cally representative” field containing around
100 hair fibers would be acceptable (Van Neste
1993). There is no magic value to the number
100, but this means that a “5 hair detection

error” still keeps variability lower than 5 %. We
also stated that the analysis would be valuable
only if “exhaustive” sampling took place. This
means that all and any hair whatever its growth
stage and whatever its thickness should be taken
into account (Van Neste 1993, 2001). We would
also like to add “whatever the nature of the

Fig. 5 Standardized global scalp imaging in male pattern
hair loss testing topical treatment vs placebo, in combina-
tion with finasteride. In this study, a double-dummy pla-
cebo controlled protocol was used for the topical lotions
while all subjects received an oral medication (finasteride
1 mg/day). They were assigned randomly to either minox-
idil topical solution 5 % (MTS5%, once a day) or a control
solution (containing ethanol–water and propylene glycol in
the same proportions as the vehicle of the active MTS5%).
The compliance was checked on counting the pills and
weighing bottles containing lotion at monthly visits and
with dairies. Compliance exceeded 98 %. Examine first the
two images in the top panel. As compared with baseline
(m0), changes in scalp coverage scoring (SCS) at month 3
were impressive in favor of MTS5%. The biological
response of the scalp follicle target (dot) showed a 26 %
increase of thick anagen hair per cm2 (thick = hair fiber
thickness over 40 μm). The scalp coverage scores (SCS) in
the mid scalp and vertex area were 4.2 � 0.8 at baseline
and 4.7 � 0.4 at m3. The mean difference 0.5 represents a
12 % increase in the SCS. Interestingly, we probed the
level of subjective satisfaction in terms of change from

baseline using a hair questionnaire exploring five items.
In this individual, the rate of global satisfaction with
changes from baseline was 56 %, which is rather low.
Examine now the two images in the lower panel. In the
subject treated with the control solution, the SCS (baseline
4.1 � 0.7 vs m3: 3.8 � 0.9) indicated objective worsen-
ing of the condition from the “blinded as to treatment”
investigators’ perspective who performed the SCS test in
vivo. There was a 7.3 % global worsening (SCS method).
This keeps in line with a 20 % decrease of the thick anagen
hair count per cm2 (growing hair with a thickness >40 μm
in the target area, dot). This patient, using the same hair
questionnaire, rated 72 % satisfaction in terms of global
response of his scalp condition. Hence, we can mathemat-
ically estimate that the subject shown in the top panels is
disappointed by an efficient treatment, who is considered
as a pessimist, while the one shown in the bottom panel has
a great degree of satisfaction while objectively worse and
he could be considered as an optimist! The latter typifies
the patient or consumer that makes trichoquakery
“WORKS” supporting the useless hair procedures and
hair restoration claims made by cosmetic products!

77 Photographic Techniques and Quantification of Hair Growth 775



background skin” as a medical field technology
should be compatible with all types of scalp
encountered in the hair clinic. Since this was
published, extensive quality control studies were
conducted internally, and all criteria set forth in
the context of validation (Bircher et al. 1994) were
appropriately met by the CE-PTG technology
including the collection of exogen hair
(CE-PTG-EC) (Van Neste et al. 2007).

We can communicate the conclusion of this
audit (Hugh Rushton, personal communication):
“All files were revised independently by an exter-
nal audit” who reported that “the Accuracy, Sen-
sitivity, Reproducibility, Repeatability of the
CE-PTG method including the results obtained
with and without the exogen collection method
were checked in detail and the methods for acquir-
ing images through to editing the results were
found to be appropriate and well documented.”
The variation for those parameters was found to
be less than 3 % (Van Neste, 2015) and we realize
that discussing all the statistical details is beyond
the scope of this chapter.

Hence, we feel comfortable by the combina-
tion of a global and an analytical method to eval-
uate our patients (Fig. 6), while at the same time
we keep in line with others (Pierard et al. 2004)
and advise making a scalp biopsy for diagnostic

purposes. Also making biopsies was a critical step
to compare the invasive scalp biopsy approach
with serial sectioning (i.e., exhaustive sampling)
and performing the paired stereological analysis
of individual hair follicles in order to validate the
noninvasive procedures (Van Neste 2001). How-
ever, we think that making repeat scalp biopsies
should be considered inappropriate for hair
growth monitoring purposes. Indeed from a typi-
cal 4 mm diameter scalp biopsy specimen, one
samples around 15 follicular units or less provid-
ing about 40 follicles (Headington 1982; Whiting
1990). This means that a one hair error represents
a 2.5 % error, and as density decreases like in male
pattern hair loss (MPHL), then the risk of variabil-
ity increases. Also, it should be clear that one does
not really measure the pharmacodynamic
response of the individual hair follicles essentially
because of the destructive nature of the sampling
method. Hence, a statistical evaluation on differ-
ent before and after samples is being made while
even sampling itself may be subject to bias (per-
sonal communication at the Society for Investiga-
tive Dermatology, unpublished data).

Finally, the use of small destructive sampling
methods and statistical evaluations led to the spec-
ulative interpretation that finasteride taken byman
with MPHL would be able to revert affected

Fig. 6 Combined global viewing and CE-PTG-EC. The
top of the head of three young male subjects complaining
of hair shedding (A, B, C) is shown with a parting in the
middle (left panel) and hair combed as spokes of a wheel
(right panel). These views suggest an increasing visibility
of scalp through the hair as one proceeds from subject A to
C, especially when parting the scalp hair. However, there is
no typical Hamilton–Norwood pattern. Therefore, we clas-
sify these subjects as preclinical and mild hair thinning. For

each individual, phototrichograms are displayed. From left
to rightwe show the baseline image (t0), 48 h later (t2), and
the processed image ready for CE-PTG-EC analysis. The
computer-assisted image analysis on the latter generates
the detailed data shown in Table 1. These data confirm
abnormal hair follicle performance as compared with male
controls (data shown in Tables 2 and 3). Patients were
diagnosed as preclinical or early stages of MPHL, and
they were given medical treatment
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follicles producing vellus-like hair in one cycle
into the production of terminal hair follicles
(Whiting et al. 2003). However, direct evidence
is lacking and this hypothesis remains unproven
as reported elsewhere in detail (Van Neste 2006b;
Van Neste et al. 2016), and source documentation
is shown again herein (Fig. 7).

3.2.4 Advantages of Noninvasive
Techniques over a Scalp Biopsy
for the Study of Hair Cycling

While estimates of the cycling process as well as
the duration of the lag phase remain a painstaking

task, some effort has been made in this field
(Courtois et al. 1994). The complexity of this
investigative field has been somehow
underestimated, and as more than one hair can
grow from a single follicular opening and that
hair cycles within a follicular unit are not synchro-
nized, it is clear that accuracy cannot be certified,
and it requires a great deal of caution to use the
existing published figures without knowing all the
uncertainties.

Biodynamics of the hair follicle is extremely
active, and we now realize that some biological
variability should appear when long-term studies

Fig. 7 Small fields of the scalp at selected time periods
during the 48-month follow-up CE-PTG-EC study. The
study of hair cycling with CE-PTG (we show only those
images taken 48 h after clipping where the longer fibers
represent anagen hair and the shorter ones telogen hair).
While CE-PTG was made at monthly intervals, we do
show only those months as numbered in the upper left
corner. Months 1, 2, 3 (first top panel), 9, 10, and 11
(second row) belong to the “before treatment period.”
The lower panels (three bottom rows) show the same

area from month 34 to 48 while volunteer was on oral
finasteride treatment (1 mg/day from month 24–48). Indi-
vidual hair fibers are numbered from 1 to 8, and their
thickness and progression through the hair cycle can be
appreciated objectively. The images point to the fact that
more than one follicle opens into one orifice.When three or
more hair fibers are creating a dynamic but complex field, it
is almost impossible to secure a proper follow-up of indi-
vidual hair follicle cycling
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are launched. Furthermore, hair density or the
number of hair per unit area is usually reported
as number/cm2 as it reflects the number of func-
tionally active follicular units whether growing
(anagen) or not (telogen). Because this is the
highest number that can be generated, it will also
probably vary the least. Under physiological con-
ditions, i.e., the long duration of anagen phase,
short telogen duration and exogen initiation will
produce long and clearly visible hair at the scalp
surface which may change dramatically in some
hair disorders leading to hair loss and balding.

Under steady-state conditions, the percentage
of anagen follicles properly reflects the time dur-
ing which hair follicles are engaged in active
growth. Now that we have some idea about the
complexity of the field, let us review briefly how
we got there starting with the classical
phototrichogram and a number of variants where
hair fiber thickness has been included either as it is
measured under the microscope, on images, or
with computer-assisted image analysis.

With a few notable exceptions, we may state
that the thicker the fiber, the longer the duration of
anagen. Hair has been classified into terminal,
intermediate, and miniaturized, but there is no
absolute consensus on the definition of the latter
categories (sometimes less than 40 or less than
30 μm thickness). We suggest to pursue refined
research work in that direction and to establish
criteria for describing individual follicular perfor-
mance rather than statistics such as average hair
thicknesses or even worse cumulative hair thick-
ness. The latter exposes the clinician to further
confusion as it is a composite index of hair count
+ hair thickness. This means that it reflects the
number of more or less frequently present hair
shafts, i.e., duration of anagen combined with
thickness. Besides other weaknesses of the system
used for this particular composite index (see later),
the cumulative hair thickness is often mistakenly
translated by clinicians (Riedel-Baima and Riedel
2009) who subsequently interpret these data and
use descriptive terms that are not relevant to the
performance of individual hair follicles.

Many based their assumptions on the thickness
of hair fibers, but we argue that there has not been
enough attention in the past devoted to the

combined analysis of variables such as growth
rate, natural pigmentation (Van Neste 2004), and
other factors such as scalp location in healthy
controls and in functional disturbances.

Indeed in the earliest preclinical stages of
MPHL in man, there was obvious shortening of
the anagen phase detectable with this sensitive
method (Van Neste 2013, 2006c) in the absence
of clinically massive or obvious hair miniaturiza-
tion. This preclinical stage evolves into pattern-
ing, i.e., the full-blown phenotype associated with
a further shortening of the growth phase along
with reduction in hair diameter (Van Neste
et al. 2003a; Courtois et al. 1994, 1995, 1996;
Tsuji et al. 1994; Ishino et al. 1997; Rushton
1999). The structural follicular regression process
is associated with functional changes (shorter
anagen duration, prolonged empty phase, and
slower growth rates (Van Neste 2015 and Van
Neste and Rushton 2015)) finally resulting in pro-
duction of clinically non-visible hair (Van Neste
2002; Dawber and Van Neste 1995).

Similar findings from transversal studies were
keeping in line with a gradual regression of follic-
ular performances in males (Tsuji et al. 1994;
Courtois et al. 1995, 1996; Ishino et al. 1997;
Rushton 1999) while the process might follow a
different pathway in females (Van Neste and
Rushton 1997; Ueki et al. 2003; Van Neste
2006d).

Contrary to the thinnest hair with a circular
section, thicker Caucasian hair may become ellip-
tical. In Africans the hair flattens even more and
some reports indicate differences in growth char-
acteristics from Caucasians (Loussouarn 2001).
However, data from patients and controls were
not separated such that some confusion remains.
As yet, we are not aware of any published data on
the value of hair thickness evaluation on scalp
photographs of properly selected Black African
healthy controls and affected subjects. From the
technological point of view, CE-PTG is again able
to measure all and any hair including the
nonpigmented and finest ones even against a
pigmented skin background (Fig. 8). The same
comment holds true for other body sites where
curly and flattened hairs are the rule rather than
the exception.
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Taken together, we found a significant corre-
lation between paired microscopic measure-
ments and thickness evaluation on Caucasian
scalp hair photographs in the range of <20 μm
to >100 μm thick hair fibers (less than 1–3 %
variation depending on the parameters in a test
using qualified technicians; Van Neste 2014) so
reducing methodological errors of other
approaches (Leroy and Van Neste 2002), and it
would be worth some effort to pursue our
research related to our earlier findings that
there is a correlation between thickness and lin-
ear growth rates (Van Neste et al. 1991). We
believe that there is still a lot to be learned like
changes in the growth rate during aging (Ueki
et al. 2003; Van Neste 2006d) and other phe-
nomena associated with hair loss including but
not limited to androgen-driven patterned hair
loss, especially during clinical trials (Rushton
et al. 2011). Once again, the human intervention
and manual processing should be strictly con-
trolled highlighting the difficulties encountered
on the path of scientific and medical progress in
the field of measuring hair follicle activity
(Rushton et al. 2011).

When the photographic camera is replaced by a
video or CCD camera equipped with specific

lenses, other variants of PTG recording are
obtained.

In fact, early reports in Orientals and Cauca-
sians were published based on the assumption
that the natural contrast between hair and scalp
seems favorable enough for the application of
any imaging method. While the low figures of
hair density could possibly be in relation with
ethnicity (Hayashi et al. 1991), more studies will
be required after validation of these methods not
using extra contrast enhancement (CE). As
shown earlier (Blume et al. 1991; Leroy and
Van Neste 2002) the use of CE is advisable in
all cases and especially when balding is present
or during aging. More recently, the use of
epiluminescence and computer applications for
textile fiber analysis was integrated into hair
recognition. Such a system has been proposed
(Hoffmann 2001) initially with a major source of
variability (area less than 0.25 cm2) because the
number of hair so analyzed is definitely less than
100 and dropping below statistically acceptable
population sample size (Van Neste 1993). The
recent increased size of the scalp area has solved
that very point, but others remain to be clarified
as will be discussed later in this chapter. Further-
more, automated systems generate consistent

Fig. 8 Contrast-enhanced phototrichogram with exogen
collection (CE-PTG-EC) in Black African scalp. The
method we developed for Caucasian scalp performs
exhaustive visualization and detects all and any hair even
on Black African scalp, as shown here. A first image is
taken immediately after clipping (t0) and a second one is
made 48 h later (t2). There is a very low density of hair and
very little growth as appears in the analysis of the combi-
nation t0 + t2. The region of interest (ROI) – as outlined in
the latter panel – appears enlarged in the two views of t0
and t2 (two extreme right panels). Two distinct compart-
ments can be analyzed in the enlarged ROI: the
interfollicular epidermis and the hair follicle dynamics.
The interfollicular epidermis shows the typical pigmented
network in a honeycomb pattern with brighter spots. The
pigment contained in the epithelium that outlines the

acroinfundibulum of the hair follicle generates a slightly
accentuated pigmented ring. The interfollicular scalp dis-
plays numerous small pale spots, usually less than 100 μm
in diameter. These reflect acrosyringia or openings of sweat
glands and should not be mistakenly interpreted as scarring
alopecia. Besides the empty follicle (blue outline at t0),
several hair types have been dot-mapped: nanohair that are
not in the exogen stage (red dots) can either look isolated or
appear amidst a follicular unit along with thicker hair.
Cycling is easily observed on the thicker hair (magenta
dots). These are split up into resting or telogen hair or
anagen as they stay the same length or not at t0 and t2.
The latter can be pigmented (green dot) or nonpigmented
(blue dots). African scalp (and many other scalp condi-
tions) cannot be analyzed by the commercially available
automated hair analysis programs
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numbers without securing that all hairs in the
field were detected. Various commercial brands
have been proposed such as TrichoScan® (Hoff-
mann 2001), the French CapilliCARE (data in
file), the Russian system by TrichoScience
(V. Tkachev, personal communication), and the
Korean system (Kang et al. 2009). The two latter
brands announced a fully automated system in
the early days of development. Soon, they had to
realize that full automation is less reliable and
decided to involve human observers during the
image processing. So the dream of an easy and
fast method vanishes as it was, is, and will prob-
ably remain for a period of time – a time-
consuming procedure.

Because it seems so fast and user-friendly,
some clinicians eventually labeled the CE-PTG
as an “obsolete technique” (Camacho-Martinez
2009). While TrichoScan® might appear as the
most convenient method, more and more
in-depth investigations end up with a better iden-
tification of unidentified sources of discrepancies.
While evidence about errors can be traced in the
earliest publications (Hoffmann 2001; Hoffmann
and Van Neste 2006) and is now well established
by us and others in scalp hair (Van Neste and
Tr€ueb 2006, 2008; Saraogi and Dhurat 2010;
Tajima et al. 2007; Lopez et al. 2011), promoters
and clinicians behave like believers and continue
to advocate its use (Camacho and Montagna
2013) albeit more evidence has been published
on discrepancies in the same textbooks (Van
Neste 2013). More studies will be required in
order to get a consensus about the evidence-
based source studies. The fact that the
TrichoScan® method has been noticed as accept-
able by a committee of experts does not mean that
those experts did some auditing or methodologi-
cal evaluation in view of qualification or valida-
tion of this technique (Pierard et al. 2004).
Accordingly the committee stated in the absence
of experimental evidence that such imaging
technologies “provide insight into the complexi-
ties of hair cycling and shedding.” The
non-substantiated comments by such committee
should be considered as nonrelevant to the
domain of sciences.

We advise everyone who uses the TrichoScan®

method to search for a number of hair visible in
the source images that could not be detected or
were erroneously interpreted by the analyzer and
ask themselves whether the discrepancies are of
any clinical significance, because such errors can-
not be rejected by those who developed the com-
puterized automated system (Hoffmann and Van
Neste 2006). Therefore, since convenience and
speed of action have become a trendy way of
considering progress in the field of science,
some time should be spent at providing sound
information about the limits of the automated
method of hair measurement.

While the method analyzes only a limited num-
ber of clinical situations and even when all clinical
conditions are suitable for the computer, it does
not generate all data that may be of interest to the
observer in terms of diagnosis, prognosis, pro-
gression fromminiaturization, and reversible inhi-
bition towards organ deletion or any other
clinically relevant information.

In high-density hair like the scalp especially in
the thinning process (Van Neste 2013) and
low-density hair where good natural contrast
between skin and hair is documented, the quanti-
tative evaluation is likewise error-prone such as
that of the TrichoScan®. As illustrated in Fig. 9,
all sources of variation with CE-PTG-EC coupled
with computer-assisted image analysis after man-
ual processing (CAIAMP) can easily be traced vs
“pseudo-counts” by the automated analysis.

Such scientific observations confirm an aca-
demic opinion expressed some years ago by inde-
pendent clinical observers (Chamberlain and
Dawber 2003): “the potential of computer-assisted
technology in this field is yet to be maximized and
the currently available tools are less than ideal.”

3.2.5 Future Trends in Computerized
Methods

More than two decades ago, we listed the different
problems arising when automated computer-
assisted image analysis (ACAIA) came into the
scope of hair growth measurement and we would
like to add an updated comment (Van Neste 1989).
Some problems have been solved. Accurate
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analysis still requires expert human intervention
during the sampling and processing of images
(Figs. 6, 7, 8, 9, and 10). To date we are easily
coping with the three dimensions involved in hair,
and we are mastering the requirements in terms of
enlargement factor or pixel size, immersion, and
polarized light. We also wiped out the problem of
backscattering of light and other problems linked
to presence of sebum droplets, sweat, and scales.
More recent developments helped us to clear the
scene from any other loosely attached elements
such as exogen hair. Increasing contrast between
scalp and hair allow us to express data in a single-
case observation or to perform accurate time-
course studies of hair growth changes using
highly standardized operating and monitoring
procedures. As an example of the technological
resolving power, we discussed recently on hair
pigmentation during aging and how it might affect
the outcome of a clinical trial. Initially non-visible
hair under conventional PTG may become visible
for drug effects such as increased pigmentation,
initiation of short-lived but thick anagen hair, etc.
The spectrum of follicular bio-responses is

actually underestimated and requires sophisti-
cated investigations.

As usual, when facing new technologies, clini-
cians occasionally express their fears about new
information generated by these up-to-date tech-
nologies, for example, take into account the fact
that thin hair is becoming visible (Olsen 2003)
even though thinning remains underestimated
with automated tools and remains hard to confess
as illustrated elsewhere (see Fig. 2 in Hoffmann
and Van Neste 2006). More recenty (Van Neste
and Rushton 2013), we provided evidence from
data appearing in published papers rated as “high
quality” that FDA-approved technologies for hair
counting might be confounded by topical agents:
undetected hair present at baseline would become
visible at later stages because of a modification of
the biophysical properties of skin and hair by the
vehicle, i.e., nondrug-related effects resulting in
high increases of hair counts or not only thin hair
that is becoming visible (Olsen 2003)!

This clearly illustrates that our message did not
come completely through and we hope today’s
statement will become a landmark:

Fig. 9 Low density as a model to understand what is
meant by “variability.” In biological evaluation, there is
always some degree of variability. For the sake of demon-
stration on very low density, we tested hair counting in
body sites with good natural contrast between skin and hair
(Van Neste, 2014). Images were obtained from the same
site before hair dye (left), immediately after hair dye (mid-
dle), and after clipping (right). Thick hair (�30 μm) and
thin hair (<30 μm) counts were obtained with our CE-
PTG-EC technique with computer-assisted analysis after
manual processing. Dot mapping was color-coded in the
image on the left (thick = red dot; thin = green dot), and
topography of the dots was maintained from left to right.
The thin hair on the left had a thickness of 25 μm. After the

hair dye, the cuticula becomes visible and adds some μm to
the detected width which becomes >30 μm (middle and
right panels). Therefore, from left to right, we found 21,
22, and 28 thick hairs. The change from 21 to 22 is
explained by the only thin hair that was found on the left
panel. How to explain a shift from 22 to 28? Due to a small
shift (right panel), one thick hair was found outside the
target area (black dot). At the same time seven thick hairs
entered into the field (white dots and arrows). In compar-
ison, the same images were analyzed with TrichoScan®.
From left to right, the automated software described 6.5,
7.5, and 4.5 thin hairs and 53, 78.5, and 103 thick hairs.
These are major unexplained variations related to measure-
ment errors that cannot be accepted as real hair counts!
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Fig. 10 Within 1 month, weekly follow-up of scalp with
CE-PTG-EC showing all hair cycle transitions. Interest-
ingly, a simple statement like “good natural contrast
between skin and hair” can be measured as reflected by
no change in hair counts after the hair dye (left and middle
panels). A scalp field was monitored at weekly intervals
during 1 month. Each week, there were duplicate visits for
the CE-PTG-EC; top row shows image taken immediately
after clipping (from left to right: day 0, 0+7, 0+14, 0+21,
and 0+28) and bottom row shows the same 2 days later
without clipping (0 + 2, etc.). Individually numbered hair
fibers can easily be followed over time as images are
compared left top, left bottom, and then top +7, which is
again immediately after clipping and so on. Hair 1:

Continuously growing anagen. Hair 2 (with arrow): The
minimal elongation reflects no-growth stage, i.e., end
catagen–telogen (day 0 up to day 0 + 14). Between day
14 and day 2 + 14, the fiber was collected as exogen. The
tip of the very thin fiber shows up at day 0 + 28 indicating
new anagen that grows further on day 2 + 28. Hair 3:
Thick catagen hair (day 0–day 2 and probably day 0 + 7
and day 2 + 7) that stays in telogen all over time after day
9. Hair 4: Earliest stage of anagen showing up at the scalp
surface at some time between day 0 and day 2. The thick-
ness increases in a few weeks. Rapidly growing fine tips at
the surface reflect intense proliferation in deeply seated
root of a thick hair follicle (revisit images from right to left)

Table 1 Analytical data generated with computer-assisted image analysis of CE-PTG-EC

A B C

Thick hair density 215* 274 167***

Thick anagen hair % 66** 75* 57***

Thin hair % 18 17 26***

Nanohair 41*** 39*** 86***

Exogen hair 3 2 11**

Whenever data from the three subjects shown in Fig. 6 reach the limits or differ slightly, moderately, or severely from
controls (unpublished data; Tables 2 and 3), numbers are marked, respectively, as *, **, or ***
Thick hair displays a width over 40 μm and is shown as thick hair density (n/cm2) with percent of growing hair (thick
anagen %). The lower limit or reduced % of thick anagen as compared to controls indicates in all three cases a shortening
of the duration of anagen
Thinner hair expressed as a proportion of the total (sum of thick and thin hair counts; data not shown) indicates that subject
C is most severely affected. He may represent a later step in the process of decreased hair follicle performance as thick hair
numbers and thick anagen % are already much lower than subjects A or B
In all three subjects, there is a tremendous increase of nanohair whose width is less than 20 μm. We consider this as an
early marker of the preclinical stages of male pattern hair loss even when a “normal” number of thick hair is still present
(subject B)
Taken together, lowered hair density and anagen % with increased % thinning and a high number of nanohair and exogen
hair in subject C confirm that he is the worst affected one of the three. We speculate that irreversible functional damage or
organ deletion might follow if the condition continues to progress without treatment
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Table 2 Normal values in male and female controls with CE-PTG-EC (usual criteria)

♂♀ @ nano @ total @ thick @ thin @ exogen

Mean 6 295 241 54 2

St. dev. 5 50 41 22 2

P5 0 211 171 22 0

P95 17 370 301 89 7

♂ @ nano @ total @ thick @ thin @ exogen

Mean 6 285 240 44 3

St. dev. 5 59 47 20 3

P5 0 198 172 20 0

P95 18 389 323 83 9

♀ @ nano @ total @ thick @ thin @ exogen

Mean 6 309 242 67 2

St. dev. 5 30 33 18 2

P5 1 256 189 44 0

P95 17 351 293 96 5

Normal hair values were evaluated on the top of the head during four repeat observations (two during summer and two
during winter) in young volunteers (16–20 years) who did not complain of hair shedding or hair loss
The table details values of the more familiar criteria like density (n/cm2) that we split up according to hair fiber thickness:
total hair (Ø�20 μm), thin hair (20�Ø<40 μm), and thick hair (Ø�40 μm) as well as nanohair (Ø<20 μm) that were not
included in the other hair counts due to uncertainties
The statistics like mean and standard deviation are shown together with “extreme normal limits” of CE-PTG-EC data
(either P5 or P95) as a group and separately for male and female

Table 3 Normal values in male and female controls with CE-PTG-EC (less usual criteria)

♂♀
@
anagen

%
anagen

Thick as % of
total

@ thick
anagen

Thick %
anagen

Thin as % of
total

@ thin
anagen

Thin %
anagen

Mean 248 84 % 82 % 214 89 % 18 % 33 60 %

St.
dev.

42 9 % 7 % 35 8 % 7 % 19 19 %

P5 174 68 % 73 % 151 75 % 9 % 9 32 %

P95 302 96 % 91 % 261 99 % 27 % 72 89 %

♂
@
anagen

%
anagen

Thick as % of
total

@ thick
anagen

Thick %
anagen

Thin as % of
total

@ thin
anagen

Thin %
anagen

Mean 230 82 % 85 % 207 87 % 15 % 23 54 %

St.
dev.

44 9 % 5 % 38 8 % 5 % 11 17 %

P5 160 67 % 75 % 147 74 % 8 % 9 29 %

P95 296 95 % 92 % 265 98 % 25 % 42 83 %

♀
@
anagen

%
anagen

Thick as % of
total

@ thick
anagen

Thick %
anagen

Thin as % of
total

@ thin
anagen

Thin %
anagen

Mean 271 88 % 78 % 224 93 % 22 % 47 69 %

St.
dev.

26 7 % 6 % 27 7 % 6 % 18 17 %

P5 230 73 % 67 % 182 78 % 15 % 25 43 %

P95 305 96 % 85 % 257 99 % 33 % 82 91 %

This table details more statistics on less usual criteria such as absolute densities (@ = density; n/cm2) of anagen hair and its
%, the proportion of thick (% of total hair count shown in Table 1), density of thick anagen hair, and proportion of growing
hair in the thick hair subpopulation (thick % anagen) and the proportion of thin (% of total hair count shown in Table 1),
density of thin anagen hair, and proportion of growing hair in the thin hair subpopulation (thin % anagen)
The statistics like mean and standard deviation are shown together with “extreme normal limits” of CE-PTG-EC data
(either P5 or P95) as a group and separately for male and female
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1. Contrast enhancement makes not only thin hair
more visible but also thick less pigmented hair
more visible.

2. All and any hair in any patient whatever his/her
genetic condition or background must be mea-
sured and taken into account.

Why is this necessary? This is necessary
because of the following: first, in order to establish
a proper description in the context of a diagnostic
procedure; second, in order to know whether a
miniaturized hair has any potential meaning or is
just useless as a potential site for drug action; third
in order to know what a normal scalp functioning
program represents (data in Tables 2 and 3 help to
clarify the status of patients shown in Fig. 5 and
Table 1); and fourth, to get rid of nondrug-related
effects. The illusion of efficacy must be tracked
whatever the substrate of measurement (hair in
our case!) with a scientific method! Anything
else should be considered as dogmatic statements,
erroneous interpretations, or speculative issues
contributing to maintaining hair science and tech-
nology in the marshlands of trichoquackery.

The future will tell whether the work done
during the last decade will definitely bring such
systems closer to the status of medically accept-
able as diagnostic, prognostic, and therapeutic
monitoring tools.

4 Conclusion

A bold statement would be to say that the assess-
ment of hair loss requires some experience and a
lot of technological effort in order to grasp all the
variables involved in hair measurement. There
was a time when some colleagues argued that
measurement methods were not necessary as
the patient could tell when hair is growing or
not. It is obvious that this is untrue as soon as
one enters the continuum of the hair replacement
process especially when some hair is still pre-
sent. Such a statement also looks outdated when
one acknowledges the importance of the placebo
effect. Indeed, subjective evaluation may reach
60 % or more satisfaction while significantly
decreased hair counts clearly document the

natural worsening of the condition (Kaufman
2002). Our experience points to the fact that a
combination of a highly sensitive and precise
analytical approach together with a global cali-
brated method seems advisable in the context of
kinetic monitoring of hair growth and hair loss in
the hair clinic in general, and this is warmly
recommended in the context of efficacy analysis
of new (and recognized!) compounds in future
clinical trials.
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1 Introduction

Scalp diseases frequently need microscopical sup-
port for diagnosis because of the peculiar anatom-
ical site and the complexity of the differential
diagnosis between different inflammatory skin
disorders and tumors.

Skin biopsies of the scalp areas could be
needed in order to select the appropriate
therapeutical approach. However, histopathology
confirmation is generally difficult because of inad-
equate sampling (too superficial, limited by the
pain, bleeding and sometimes not detailed).

Optical histology of the scalp usually requires
horizontal cut, especially for alopecia examina-
tion, in order to better evaluate the adnexal struc-
tures epithelium. Dermoscopy of the scalp is
commonly used as a valid support to the clinical
diagnosis and patient management, but presents
several limits because it lacks microscopical
detailed information needed especially for inflam-
matory diseases and therapeutical follow-up.

In order to solve the problem, in vivo reflec-
tance confocal microscopy (RCM) is a noninva-
sive, high-resolution imaging technique that
already demonstrated its usefulness for the
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diagnosis, therapeutical follow-up, and manage-
ment of inflammatory disorders and neoplastic
lesions. RCM offers the clinicians the possibility
of a real-time, noninvasive microscopical exami-
nation of the tissue with very high lateral resolu-
tion, giving cellular details.

2 The In Vivo Reflectance
Confocal Microscopy Technique

RCM Vivascope 1500 (Lucid Technologies,
Henrietta, NY, U.S.A.) and Vivascope 3000 are
the commercially, in vivo confocal microscopes
that can be used in the clinical routine. Both the
systems operate with a diode Class 3A laser
(European version), at a wavelength of
830 nm, with power <35 mW at tissue level. A
30 � 0.9 numerical aperture (NA) water immer-
sion objective lens is used. Contrast is provided
by differences in the refractive index due to
molecule and organelle size present in the
cell’s cytoplasm as well as the extracellular
microstructures within the tissue (Rajadhyaksha
et al. 1995; Marghoob and Halpern 2005).
Throughout RCM examination of pathological
skin, single microscopic changes affecting the
different skin layers are visualized with a new,
direct point of view. Horizontal mosaics
(VivaBlock), composed of a collection of single
RCM frames, ranging from 2 to 8 mm can be
performed with Vivascope 1500 version, and
vertical “microtomographic” skin analyses
(VivaStack) can be performed during examina-
tion in both versions of the system.

On the scalp, different from the Vivascope
1500, Vivascope 3000, thanks to its ergonomic
design, doesn’t need to be connected by an adhe-
sive window to the skin avoiding hair cutting and
reducing artifacts. Video series can be performed
for analyzing and recording dynamic processes
such as blood flow in dermal vessels. Vertical
VivaStack software imaging (a sequence of
images captured from the same area going down
stepwise 5 ml for every image) is used for the
evaluation of adnexal structures from the ostium
to the maximum depth.

3 RCM of the Scalp

Using RCM on the scalp, all the different skin
layers can be evaluated disclosing microscopical
details as hair shafts, adnexal infundibular epithe-
lium (focusing on the opening), and stroma.

In literature, RCMhas been already demonstrated
to be able to identify both microscopical features
characterizing specific inflammatory process with
high grade of correspondence and correlation to
optical histology (Ardigò et al. 2011a, b). More
recently in vivo RCM has been used for the evalua-
tion and management of inflammatory skin diseases
involving the scalp showing a high potential in the
diagnosis (Rudnicka et al. 2008) as well as in
therapeutical management (Agozzino et al. 2011).

As demonstrated for melanocytic and
non-melanocytic tumors affecting the skin, RCM
provides similar diagnostic information also for
the lesions involving the scalp.

In inflammatory scalp diseases, RCM has
been demonstrated to be useful for clinical-
microscopical correlation supporting the diagno-
sis (Moscarella et al. 2012; Ardigò et al. 2007,
2009). Moreover, it can be of great value in choos-
ing the best biopsy site in order to obtain micro-
scopic diagnostic criteria. It can be considered as
an intermediate step between trichoscopy and hor-
izontal histology getting information about
adnexal structure distribution and density, hair
shaft integrity and size, localization and semi-
quantification of inflammatory cells in different
epidermal layers, dermal scarring, and
vascularization.

A major limit of RCM of the scalp is the depth
of imaging confined to the upper dermis without
the possibility of visualizing the reticular dermis,
hair follicle, glands, and distinguishing sub-type
of leukocytes. Moreover, when the adhesive win-
dow of the Vivascope 1500 has to be connected to
the scalp the presence of hair cause artifacts (hair
bubble, obscuration of the tissue below, etc.); in
this case the handheld confocal device named
Vivascope 3000 is preferred as it doesn't need to
be attacched to the skin for confocal imaging.
Handheld version gives the possibility of a larger
field of tissue visualization during the same
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clinical session without hair cutting
(Rajadhyaksha et al. 1999), but lacks the possibil-
ity of a total lesion mapping for an overview of the
process.

3.1 RCM of the Normal Scalp

In non-affected scalp, RCM lets the visualization
of the terminal hair shaft structures with high
definition of the medulla, visible as a strongly
bright structure, the shaft, and cuticle. Also the
infundibular epithelium and the openings of the
follicle and glands can be evaluated.

3.2 RCM of the Hair Shaft

Consequently, in cases of diseases affecting
exclusively the hair shaft (i.e., uncombable hair
syndrome, pili torti, trichothiodystrophy), RCM
discloses diagnostic clues as the alteration of hair
in terms of medulla thickness and uniformity of
the cuticula (Rudnicka et al. 2008) or the involve-
ment of the adnexal epithelium in case of
exocentric inflammatory processes (LPP, LED,
AGA, etc.) (Agozzino et al. 2011).

3.3 RCM of Nonscarring Alopecia

Throughout RCM of the scalp, it is possible to
evaluate major and distinctive microscopic
criteria as the presence of inflammatory cells
with adnexotropism and presence or absence of
the scar tissue (sclerosis of the upper dermis). In
non-scarring alopecias (i.e., alopecia areata),
those features are absent. In specific, in alopecia
areata, dermoscopical structures as yellow dots
can be observed with RCM and correlated with
dermoscopy disclosing their microscopical corre-
spondence (Ardigò et al. 2011b).

Similarly, in androgenetic alopecia, prelimi-
nary data confirms that a more detailed distribu-
tion and evaluation of the degree of the
miniaturization of follicle can be seen using
RCM. In particular RCM lets the visualization of

miniaturized follicle differently nonvisible at
dermoscopy. Moreover, RCM discloses the pres-
ence of inflammatory cell infiltration and dilated
vessels involving epithelial structure where mini-
aturized hair follicle is present disclosing the
inflammatory component of androgenetic alope-
cia with consequent therapeutical implications.

3.4 RCM of Scarring Alopecia

RCM for cicatricial alopecia has been tested prev-
alently in discoid lupus erythematosus (DLE),
lichen planopilaris (LPP), and its variant defining
the real power of this technique in differential
diagnosis with noncicatricial alopecias. Biopsy
sampling and therapeutical follow-up can be
done with RCm in the case of the suspect of
cicatricial alopecia.

The main confocal feature seen in scarring
alopecias is represented by the dermal sclerosis
of the upper dermis. The inflammatory process is
focused around and inside the adnexal epithe-
lium, in the epidermis, and inflammatory obscu-
ration of the dermoepidermal junction (interface
dermatitis) can be observed (Fig. 1). Throughout
the RCM follow-up, useful microscopical criteria
for the treatment management can be identified
(Agozzino et al. 2011): in responsive cases,
reduction of epidermal and dermal inflammation
and disappearance of inflammatory cells around
adnexal structures can easily observed with
RCM.

3.5 RCM of Common Inflammatory
Diseases

Starting from the previous experience on inflam-
matory conditions involving the skin, diseases
like psoriasis (Ardigò et al. 2009), contact derma-
titis (Ardigò et al. 2012), and other inflammatory
processes, RCM can be applied on the scalp. In
details, it has been demonstrated that RCM lets
the identification of the most common and distinc-
tive microscopical criteria useful for the differen-
tiation between spongiotic dermatitis and
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hyperkeratotic process. In this way, it is possible
to discriminate allergic and irritant contact derma-
titis, from psoriasis or seborrheic dermatitis
involving the scalp areas.

In contact dermatitis, moderate to severe
spongiosis reaching vesicle formation associated
with dilated dermal vessels can be visualized by
RCM as dark areas (due to the presence of
nonretractile water into the tissue) in comparison
to the surrounding epidermis associated with
the presence of cellular bright elements
corresponding to inflammatory cells. Differently,
in psoriasis, using RCM, thickening of the stratum
corneum with parakeratosis, thickening of the

epidermis (evaluated using vertical tomographic
analysis of the tissue – Vertical VivaStack) with
papillomatosis, and presence of vertically ori-
ented vessels filling the dermal papillae can be
visualized (Ardigò et al. 2009) (Fig. 2). Thick
and parakeratotic stratum corneum with thick epi-
dermis is a microscopical feature common
between psoriasis and seborrheic dermatitis, but
the second is associated with medium to severe
epidermal spongiosis and dermal inflammation.
Moreover, in seborrheic dermatitis, inflammation
is seen to be associated with the presence of hor-
izontally orientated, enlarged vessels in the upper
dermis (not published observation).

Fig. 1 (a, b) Clinical and dermoscopical pictures of LPP
showing multiple violaceous papules located on the nuchal
region; (c) RCM mosaic image at the level of DEJ. Papil-
lary rims obscured by inflammatory cells infiltrate disclos-
ing the focal interface changes (yellow circles) and
inflammatory involvement of adnexal structures; (d)
RCM single frame of inflammatory cells infiltrate, focused
around adnexal structure, composed of numerous brightly
refractile, plump, oval to polygonal cells corresponding to

melanophages (red arrows); (e) RCM close-up around the
adnexal epithelium showing inflammatory cell infiltrate
composed of melanophages (red arrows) and small, less
refractile, roundish cells corresponding probably to lym-
phocytes (yellow arrows); (f) RCM image at the level of
the upper dermis showing dermal sclerosis associated with
obscuration of follicular ostia for the increased and thick-
ened number of dermal fibers
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The possibility of real-time microscopical con-
firmation of the clinical diagnosis of inflammatory
diseases ranging from contact dermatitis to psori-
asis gives the clinician the possibility of a better
selection of treatment and a more precise manage-
ment of patient with scalp diseases.

3.6 RCMof Skin Tumors of the Scalp

The spread experience on RCM on both benign
and malignant skin tumors can be easily trans-
ferred to the scalp trying to avoid or at least to
limit the number of unnecessary biopsies of
benign lesions in such a bleeding and painful
anatomical area. Moreover, melanocytic and epi-
thelial tumors can be mapped in order to define the
extension of the lesion and limit the margins of the

excision preserving healthy tissue in an area
where reconstruction and/or flips are difficult
procedures.

Confocal microscopy distinctive features of
the nevi (i.e., preserved skin structure with junc-
tional proliferation of normally structured mela-
nocytes and/or regular nest size and distribution
in the upper dermis) or melanoma (i.e., up
migrated or round, dendritic atypical melano-
cytes, disarranged epidermis and dermis, inflam-
matory cells) involving the scalp are substantially
the same as the once seen in lesions arising in
other anatomical sites (Pellacani et al. 2012;
Pupelli et al. 2013) (Fig. 3). Same happened for
all the most common malignant epithelial tumors
(i.e., basal cell carcinoma, squamous cell carci-
noma) and for seborrheic keratosis (Guitera
et al. 2012).

Fig. 2 (a, b) Clinical and dermoscopical images of psori-
asis; (c) RCM single frame at the level of the stratum
corneum showing presence of refractile nucleated struc-
tures corresponding to the paracornification (red square)
and Munro abscesses (green square); (d) RCM Vivablock

mosaic at the level of DEJ shows an increased number and
density of dermal papillae (papillomatosis); (e) RCM
close-up of papillomatosis shows dilated dermal papillae
with thin interpapillary spaces, inside the papillae dilated
vessels are visible
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The main limit for the RCM examination on
the scalp is represented by the presence of hair and
the convexity of the scalp limiting the attachment
of the adhesive windows and determining arti-
facts. A valid solution is represented by the use
of the handheld confocal microscope that lets the
examination of 1 mm large spots and permits to
scans handily all the “front” of the lesion.

4 Conclusions

In conclusion, in addition to the possibility of
clinical-dermoscopical-confocal correlation for
the diagnosis, mapping, and management of

scalp melanocytic as well as non-melanocytic
tumors, RCM seems to be particularly useful for
inflammatory scalp diseases as already proven for
the skin lesions. If RCM differentiation of psori-
asis versus seborrheic dermatitis can be useful for
a better management of patients, probably, the
most interesting application of RCM on the scalp
is alopecias due to its high sensitivity and sensi-
bility in differential diagnosis between cicatricial
and noncicatricial alopecias. Moreover, the
therapeutical follow-up of scarring alopecias
using dermoscopy in association with RCM has
been demonstrated to be much more precise than
using only dermoscopy, thanks to the possibility
of a “quasi” histological examination of tissue.

Fig. 3 (a) Dermoscopic image of a pigmented lesion
located on the scalp and diagnosed as melanoma; (b)
RCM mosaic at the level of granulosum spinosum layer
shows at scanning, the presence of atypical cells, to note
the presence of areas of artifacts due to the limit of the

blocks on the scalp because of the presence of hairs; (c, d)
RCM close-up of the previous Block disclose the presence
of multiple large cells with bright cytoplasm and dark
nucleus with clearly visible dendrites connected to the
cells corresponding to dendritic pagetoid cells (red arrows)
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The term “trichoscopy” refers to dermoscopy of
hair and scalp (Rudnicka et al. 2008, 2012). The
method allows to visualize growing hair shafts and
scalp skin at multifold magnification (Fig. 1). The
usual in-office working magnification of a hand-
held dermoscope is 10–20-fold, but a magnifica-
tion of 70-fold or more may be achieved with a
digital dermoscope (videodermoscope).

Among the dermoscopes, there are devices
which require immersion fluid and dermoscopes
which use polarized light to cancel out reflections
from the stratum corneum. Polarized light
dermoscopes may have a contact or noncontact
lens. Devices, which combine contact and
noncontact attributes (hybrid dermoscopes), are
also available. The choice of a particular device
is a matter of individual preference. They do not
differ significantly by their usefulness for
performing trichoscopy.

Trichoscopy is based on analysis of main struc-
tures, which may be visualized with a
dermoscope. These structures may be divided
into four big groups: (1) hair shafts, (2) hair folli-
cle openings (dots), (3) perifollicular epidermis,
and (4) blood vessels.
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1 Hair Shafts

Most hairs viewed by trichoscopy are normal ter-
minal hairs. They are over 55 μm thick, uniform in
thickness and color (Fig. 2) (Rakowska 2009;
Vogt et al. 2008). Hair shaft thickness may be
roughly estimated with a handheld dermoscope
(thin, intermediate, thick). Many videoder-
moscopes possess software allowing detailed

assessment of hair shaft thickness in micrometers.
Precise measurement of hair shaft thickness is not
essential for diagnosis, but may be useful for mon-
itoring treatment efficacy and in clinical trials
(Olszewska and Rudnicka 2005). In such cases
hair may be measured according to the method
by Rakowska et al. (Rakowska 2009), which is
based on evaluation of average thickness of about
20 hair shafts, separately in the frontal area,

Fig. 1 Performing
trichoscopy with a handheld
dermoscope

Fig. 2 Measuring hair shaft thickness in trichoscopy performed with a digital dermoscope
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parietal area, and the occipital area. This distinc-
tion is of particular importance in evaluation of
treatment efficacy in female and male androge-
netic alopecia.

Up to about 10 % of normal human scalp hairs
are vellus hairs, defined as hypopigmented,
nonmedullated hairs which are less than 30 μm
in thickness and less than 2–3 mm in length
(Rakowska 2009; Vogt et al. 2008). An increased
proportion of vellus hairs is characteristic for male
and female androgenetic alopecia, where vellus
hairs replace terminal hairs in the process of hair
follicle miniaturization (Inui et al. 2009; Van
Neste 2006). High percentage of vellus and inter-
mediate hairs contributes to high hair shaft thick-
ness heterogeneity, a hallmark of androgenetic
alopecia (Inui et al. 2009; Rakowska
et al. 2009). New, healthy, regrowing hairs are
also short and thin, but they differ from vellus
hairs by their upright position, firm appearance,
and pointed end.

Various hair shaft structure defects may be
identified by trichoscopy. A classification of hair
shaft abnormalities observed in trichoscopy was
recently suggested in a publication by Rudnicka
et al. (2012). This classification distinguishes frac-
tured hairs, narrowings, nodular structures, curls
and twists, bands, and short hairs �1 cm.

An important measurable parameter in
trichoscopy is the number of hairs emerging

from one follicular unit (Fig. 3). Usually two to
three hairs emerge from one follicular unit. Occa-
sionally, four emerging hairs may be found, but
this is more common in patients with dark skin
phototypes, than in Caucasians. The percentage of
follicular units with only one emerging hair shaft
is usually less than 30 % in healthy individuals.
The number of hair shafts emerging from one
follicular unit is decreased in various types of
hairs loss, especially in telogen effluvium and
androgenetic alopecia. Successful therapy results
in a significant increase of the percentage of fol-
licular units with two or three hairs and in an
increase of the average number of hairs per follic-
ular unit. For monitoring treatment efficacy, it is
advisable to calculate the average number of hairs
per follicular unit separately for the frontal area,
the parietal area, and the occipital area (Rakowska
2009). Usually, the average number is calculated
based on results obtained in four fields of view of
a dermoscope.

The number of hairs in one follicular unit is
increased in tufted folliculitis. These may be small
tufts, of five to seven hairs. Small tufts may be
observed in inflammatory diseases, such tinea
capitis or lichen planopilaris. Big tufts of ten or
more hairs result from merging few follicular
units and are characteristic of folliculitis
decalvans. The big tufts are usually walled by a
wide, hyperkeratotic, scaly hair follicle opening.

Fig. 3 A decreased number of hair shafts per follicular unit may be an indicator of hair loss. In such cases follicular units
with one (a) and two hairs (b) predominate. In a healthy person, most units contain three hairs (c)
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2 Hair Follicle Openings

The term “dots” refers to hair follicle openings
seen from the perspective of a dermoscope. Black
dots are residues of pigmented hairs broken or
destroyed at scalp level. Yellow dots are follicular
infundibula with keratotic material and/or sebum.
Fibrotic white dots represent fibrosis in areas of
selective follicular destruction. Pinpoint white
dots are observed in patients with dark skin
phototypes. They correspond to empty hair folli-
cles or to the epidermal portion of eccrine sweat
ducts. Red dots were described in discoid lupus
erythematosus. Pink to pink-brown dots are a
characteristic finding in the eyebrow area of
patients with frontal fibrosing alopecia (Rudnicka
et al. 2012; Ross et al. 2006).

The number of “dots” may be calculated per
field of view of a dermoscope and used for mon-
itoring treatment efficacy. For example, the aver-
age number of black dots per field of view is
considered a marker of disease activity in alopecia
areata (Inui et al. 2008).

3 Perifollicular Epidermis

Perifollicular and interfollicular skin surface pro-
vides significant information, which may facili-
tate diagnosis in hair and scalp diseases. It is one
of the measurable parameters in the presence of
perifollicular brown color (“peripilar sign”),
which is believed to correspond to the presence
of lymphocytic infiltrates (Deloche et al. 2004;
Wallace and de Berker 2010). This finding is
common in androgenic alopecia (Inui 2011)
and telogen effluvium and may be seen in up
to 10 % of hair follicle openings in healthy
individuals (Rakowska 2009). The peripilar
sign disappears with successful therapy of hair
loss.

Epidermal scaling is a common finding in var-
ious inflammatory scalp diseases and in healthy
individuals. The intensity of scaling may be
assessed by trichoscopy and graded in a semi-
quantitative manner from 0 (for no scaling) to
4 (severe scaling).

In conclusion, trichoscopy is a novel method of
noninvasive skin imaging that may be applied for
diagnosing hair and scalp diseases as well as for
quantitative evaluation and monitoring of hair
loss.

4 Blood Vessels

Trichoscopy of normal scalp shows multiple thin
arborizing vessels in the occipital area and pin-
point vessels in the frontal area (Rakowska 2009).
Abnormalities in thickness and structure of blood
vessels may provide clues for the diagnosis of
several inflammatory scalp diseases, such as pso-
riasis, discoid lupus erythematosus, or dissecting
cellulitis (Rudnicka et al. 2012).
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1 Introduction

Hair disorders are common diseases, frequently
observed in dermatology. Alopecia has an impor-
tant psychological impact on patients suffering
from it. Therefore, the management of the patient
must be complete and reassuring. The examina-
tion should be composed of a complete history
taking, clinical and trichoscopic examinations,
blood tests, trichogram, and sometimes biopsies.

The trichogram or hair pluck test is a semi-
invasive, qualitative, and quantitative method
which expresses the number and the proportion
of hairs in the different phases of the hair cycle.
The procedure is easy to perform and reliable and
consists of a microscopic evaluation of plucked
hairs in order to determine their cycle phases:
anagen, catagen, or telogen and thus assess the
dynamic phenomenon of hair cycle. Van Scott
et al. introduced the trichogram in 1957, and in
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the middle of 1960s, Barman and Pecoraro
described several trichometric features and
established normal values.

The sampling is already a part of the treatment,
because the patient is less anxious and feels under-
stood. Indeed, the sampling process is as impor-
tant as the test result.

The trichogram allows also the assessment of
hair shaft and diameter and also its anomalies.

This technique is employed for diagnosis,
prognosis, and treatment monitoring of hair dis-
orders but provides also the hair growth assess-
ment in clinical trials in medical and cosmetic
fields.

2 The Plucking Procedure

2.1 Material

The material is not expensive and easily available
(Fig. 1):

• Forceps with rubber-protected jaws
• Adhesive tape or mounting medium, glass

slides, and cover slips
• A pair of scissors
• Microscope (magnification 10�, 20�, and

40�) or microfilm reader (48�)

2.2 Procedure

It is recommended to do the trichogram on an
unwashed and untreated scalp for 5 days. In fact,
no mechanical actions must be done: washing,
brushing, and drying in a period of 5 days before
the trichogram. Indeed, mechanical actions may
eliminate telogen hairs and consequently reduce
their number during the plucking which may lead
to an artificial reduction of telogen rate leading to
false results.

Selecting the plucking zone depends on the
clinical status. In diffuse alopecia, a central part
of the affected area and also non-affected area, as
a control, should be sampled. For example, in
androgenic alopecia (AGA), the first point is
2 cm behind the frontal line and 2 cm from the
midline, and the second zone should be on the
occipital region, 2 cm besides protuberantia
occipitalis externa. In focal alopecia, the first
point would be at the border of the lesion and
the second on the contralateral, clinically
unaffected side.

Trichoscopic examination may be, firstly,
performed to determine the more relevant area to
pluck.

• A bundle of about 30 hairs is carefully
ranged. Plucking more hairs is frequently
used, but it is difficult to pluck when it is
painful and represents an important amount
of hairs (Dhurat and Saraogi 2009).
According to our experience, 30 hairs repre-
sent a reliable quantity to provide enough
information.

• The lock of hairs is tightly plucked with the
forceps as close as possible to the scalp, in
order to avoid dystrophic and broken hairs
and to pluck miniaturized hairs as well.

• One hand maintains the scalp stretched, while
the other hand pulls rapidly with a unique
ample movement in the direction of their emer-
gence (Fig. 2). Plucking very curly, African, or
short hairs is more difficult and may be done
one by one with tweezers.

• A vigorous massage of the area, just after the
sampling, relieves the discomfort caused by
the sampling.

Fig. 1 Materials for the trichogram: microfilm reader,
glass slides, cover slips, mounting medium, tape, scissors,
forceps with rubber-protected jaws, and micrometric slide
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• Hairs are arranged side by side on a glass slide
and taped with transparent adhesive tape. It is
also possible to use mounting medium used in
microscopy like Eukitt® or Corbit-Balsam and
cover slips. The mounting medium contains a
preservative that is more expensive and may
form air bubbles. It is permanent, and the pro-
cedure is longer because it needs a drying time.
It is recommended not to cut taped hairs to
assess their lengths and diameters in order to
distinguish regrowing hairs from miniaturized
hairs.

• Bulbs are examined at low magnification with
a light microscope or on a screen of a microfilm
reader. The latter allows an immediate global
visualization of the entire sample on a wider
screen and makes the count easier. Moreover,
the screen is more useful to show and explain
the shedding process to the patient.

• The sampling can be preserved and examined
several weeks after sampling since the bulbs
retain their morphology. Results and slides
should be archived for patient follow-up.

3 Information Collected

The hair plucking procedure and analysis need a
short training in order to obtain reliable and repro-
ducible results. Indeed, if the trichogram is carried
out inappropriately, many dystrophic and broken
hairs are obtained and make the interpretation
impossible.

The main objective of the trichogram is to
evaluate hair roots, but the microscopic evaluation
allows also the assessment of diameter and shaft
morphology.

Cycle phasing and counting of the fair and
white hairs (canities) are more difficult due to
the absence of pigmentation.

3.1 Hair Root Assessment

3.1.1 Morphological Characteristics
of Hair Roots During the Different
Hair Cycle Phases

Anagen, the Growth Phase
The anagen root presents a darkish keratogenous
zone, with the presence of melanin in matrix
(Fig. 3a–c). A double translucent epithelial sheath
can be presented and intact or partially present or
sometimes absent (naked anagen).

Different patterns of anagen hair roots can
be observed on the trichogram according to the
different anagen stages. Trained examiner may
be able to differentiate anagen stages; never-
theless, it needs a long training. However, the
inter- and intraindividual variety of the time
duration of these stages does not have a real
clinical interest.

In early stage, hair roots are widest at their
proximal end and narrow on the distal part (trap-
ezoidal shape). In late stage, hair roots have a
diameter more uniform throughout (rectangular
shape).

Often an angulation of root and/or shaft can be
observed.

The diameter of anagen hairs of children and
fair or red-hair adults is lower, and the medulla is
sometimes absent, making the distinction between
hair cycle phase more complicated.

Catagen, the Regressing Phase Mediated by
Apoptosis Phase
Catagen hairs are rare, less than 2 %, and some-
times difficult to distinguish from telogen (Fig. 4).
The diameter of catagen hair root is smaller;
sheaths persist but are shorter and narrower than
those in anagen phase.

Fig. 2 Plucking procedure
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Early catagen hairs show an equal diameter
throughout and a slight keratinized tip.

Late catagen hairs have a club-shaped tip, less
keratinized (the future telogen), and ended by a
“tail” corresponding to an epithelial cord remnant
joining the papilla.

A high proportion of catagen hairs inform
about the alopecia progress.

Telogen, the Quiescent Phase
Telogen hairs have a typical club-shaped root,
have a thickening of the proximal end, and
keratinized, mostly transparent but partly
pigmented (“swab” shape) (Fig. 5). Although
they have no internal or external root sheath,
their club-shaped roots are surrounded by an epi-
thelial sac, sometimes absent. The presence of this
epithelial sheath indicate strong binding,
suggesting early telogen, whereas the absence of
an epithelial sheath indicates loose binding
accompanied with hair shedding (Piérard-
Franchimont and Piérard 2001).

No angulations are observed on telogen
hairs.

3.1.2 Other Morphological Features
Observed

Dystrophic Hairs
In the literature, the terms “dystrophic” and “dysplas-
tic” hair roots are rather confusing and sometimes be
used in place of each other (Fig. 6). Basically, these
two terms refer to an abnormal anagen hair with shaft
and/or root defect. To avoid misunderstanding and
confusion with other diseases, we suggest to use the
unique term of “dystrophic hair.”

This impairment may be an artifact due to the
plucking procedure (too slow epilation) or a real
disease such as keratinization impairment in
“loose anagen hair syndrome” or the inflamma-
tory aggression of bulb and papilla in “alopecia
areata” and “psoriasis.” However, dystrophic
hairs can also be observed in healthy scalp
(approximately less than 5 %).

A dystrophic hair may be characterized by
several patterns:

• Absence of sheaths.
• Decreased matrix diameter; dystrophic hairs

are thinner.

Fig. 3 Anagen hairs: (a) Anagen hair naked, (b) anagen
hair with sheath and rectangle root, and (c) anagen hair
with sheath and trapezoidal root

Fig. 4 Catagen hairs

804 A. Guichard and F. Fanian



• Marked hair shaft constriction.
• Rupture of the hair around the upper third of

the papilla leading to a tapered root.
• Lower end of the hair shaft is usually wavy.

• Deformation of the bulb which looks
distended, stretched, and colorless.

• Often hair roots show >20� angulation:
“hooked hair.”

Broken Hairs
Usually they correspond to anagen hair shafts that
break off due to the fragility of the hair or an
inadequate plucking technique (Fig. 7). The
shaft presents a cutoff section excluding the root.

It seems necessary to count them as the healthy
anagen hairs because this indicates their strong
adherence to the scalp. However, fragility may
be the clue of a pathology or deficiency; therefore,
a pull test should be associated. If the number of
broken hairs is lower than 10 % and the pull test is
negative, they will be counted as anagen hairs.
Beyond 10 %, the trichogram is not interpretable.

Artifacts
• Pseudomonilethrix, described by Bentley-

Phillips et al. in 1973 (Bentley-Phillips and
Bayles 1973), corresponds to a hair shaft
abnormality characterized by globular swell-
ing (“nodes”) or irregular flattened areas with
a larger diameter than normal shaft (Fig. 8).
These abnormalities occur in brittle or patho-
logic hairs but also in normal hairs. In fact,
pseudomonilethrix represents an artifact

Fig. 5 (a) Telogen hair surrounded by an epithelial sac.
(b) Telogen hair naked

Fig. 6 Dsytrophic hairs: (a) Dystrophic naked hair with a
tapered root, (b) dystrophic hair with “wavy” shaft, and
(c) dystrophic naked hair with a hook-shaped root

Fig. 7 Broken hair
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induced by a traumatic process of preparing the
hair for microscopic examination (forceps or
pressure on the glass slide or tape) rather than a
pathologic hair shaft defect (Ferrando
et al. 1990). This artifact could be
misinterpreted and confused with congenital
hair shaft defect including monilethrix,
trichorrhexis nodosa, trichorrhexis invaginata,
pili torti, or wooly hair. This artifact could be
avoided by using rubber-armed forceps to
gently plucked hairs and taping on the slide
with low pressure.

• Impairments of the hair shaft can occur if the
tweezers do not close tightly enough and slip
along the shaft (Fig. 9).

3.2 Hair Diameter Assessment

3.2.1 Androgenic Alopecia
Besides the root assessment, the hair shaft diam-
eter can be also evaluated with the trichogram.
During hair growth, the new anagen hairs have

their definitive diameter; thus, a thinner hair indi-
cates an impact of androgens which reduce the
cycle phase duration and consequently decrease
the length and diameter of hairs. When the diver-
sity of hair shaft diameter is high, this phenome-
non, called miniaturization, is a hallmark of AGA.
It has been suggested that if in trichoscopy mini-
aturization is more than 20 % of the entire scalp, it
is highly diagnostic of AGA. In the other hand, the
presence of more than 10 % in the frontal area by
itself is also highly suggestive for this diagnosis
(Miteva and Tosti 2012).

To measure the diameter of plucked hair shaft
with precision, a micrometric scale like a
micrometric calibration slide for microscope
objective can be used.

A normal terminal hair is 50 μm (blond hairs)
to 120 μm thick (Asiatic hairs). Miniaturized hair
is defined as fine, short, and unpigmented hair
with a diameter less than 40 μm (Rushton
et al. 1983).

Although the trichogram allows a qualitative
measurement of the miniaturization, it provides

Fig. 8 Pseudomonilethrix
induced manually by the
plucking procedure. Blue
arrows represent globular
swelling (“nodes”)
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only a semi-quantitative indication. Indeed, some
miniaturized hairs are too thin to be plucked so the
quantification will be neither exhaustive nor accu-
rate. Nevertheless, if the number of miniaturized
hair counted in the trichogram is higher than 20%,
it means that there are at least 20 % of miniatur-
ized hairs on the scalp and makes the diagnosis
of AGA.

3.2.2 Deficiency
The trichogram may also emphasize some severe
nutritional deficiency. During severe diet, protein
deficiency (kwashiorkor), or severe digestive dis-
eases with malabsorption, the hair shaft diameter
and melanin ratio may decrease brutally leading to
thinner and brighter hairs. In the case of intermit-
tent deficiency, the diameter may vary throughout
the shaft with alteration from low to normal diam-
eter. The clinical presentation, called flag sign,
corresponds to a sequential band of light and

dark color along individual hair fibers due to an
intermittent protein deficiency.

3.3 Hair Shaft Assessment

The hair length may be correlated with the hair
shaft diameter which is the reason that may
distinguish the difference between regrowing
hair and miniaturized hair. In the case of regrow-
ing hairs after telogen effluvium, the short hair
with normal diameter (50–120 μm) can be
observed, while in miniaturized hairs, the short
hair with poor diameter (<40 μm) and pigmen-
tation can be observable which is a hallmark
of AGA.

Moreover, hair length is a time indicator and it
can be used as a witness for calculating the onset
of pathology. Knowing the speed of hair growth,
which is about 1.3 cm per month, it is possible to
estimate the onset of a telogen effluvium and find
the triggering factors by measuring the length of
regrowth anagen hairs (2–4 months
retrospectively).

Finally, trichogram is a microscopic examina-
tion which, accordingly, may detect shaft abnor-
malities and make the diagnosis of congenital hair
shaft defect including monilethrix, trichorrhexis
nodosa, trichorrhexis invaginata, pili torti, wooly
hair, etc.

4 Results

1. An overview of trichogram resuts in normal
condition (Hillmann and Blume-Peytavi
2009; Agache et al. 2004; Peereboom-Wynia
et al. 1993; Martinez and Montagna 1997;
Blume-Peytavi 2008) and in the context of
common scalp diseases (Galliker and Tr€ueb
2012; Rakowska et al. 2009; Tosti et al. 1997;
Tr€ueb 2009; Bleiker 2005; Paus et al. 2013;
Cantatore-Francis and Orlow 2009; Dhurat
and Deshpande 2010; Lachapelle and Pierard
1977; Oranje et al. 1986; Stanimirović et al.
1998) are presented in Table 1.

Fig. 9 Impairment of the
hair shaft induced by
tweezers
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2. Example of a collection sheet (Table 2)
On healthy scalp, the anagen/telogen ratio is

stable and more than 5. An anagen/telogen
ratio lower than 5 is abnormal but does not
provide any additional data. For example, in
telogen effluvium, the telogen percentage is
not correlated with severity of hair loss
(Guarrera et al. 1997).

3. Physiological variations
The distribution of cycle phases on the scalp

is heterogeneous and depends on inter and
intraindividual variations:
(a) Scalp location

In both genders, the number of telogen
hairs is higher on frontal and vertex regions
than on parietal and occipital regions.

Table 2 Collection sheet for adult’s trichogram

Area sampled

: Affected area plucked

: Non-affected area plucked

Trichogram

AFFECTED AREA
Total:

NON-AFFECTED AREA
Total:

NORMAL VALUES

Number % Number %

Anagen hairs

With sheath

Without sheath
(naked anagen)

[>70 %]

[<5 %]

Telogen hairs [10%-20%]

Catagen
hairs [<2 %]

Broken hairs [<10 %]

[<10%]
>20%: AGA

[10-20%]: 
Abnormal

Ratio
Anagen/Telogen

N/A N/A
[>5]

[4-5]: Dubious
<4: Abnormal

Conclusion:

Patient’s data :

Date :

Miniaturized 
hairs

Dystrophi
chairs 
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(b) Gender
In the entire scalp, the number of hairs in a
telogen phase is higher in males than in
females (Barman et al. 1965).

(c) Age (Table 1)
Basically, on newborns’ scalp, the anagen
phase predominates (65–90 %), but
catagen hairs are more frequently observed
in newborns than in adults. The telogen
phase is most predominant in the frontal
region, and the catagen occurs most fre-
quently in the parietal regions than others
(Pecoraro et al. 1964a).

In childhood before puberty, generally
90 % or more of hairs are in the anagen
phase. Moreover, the number of hairs in
telogen phase is lower than in adults.
Finally, the proportion of telogen hairs in
the frontal and parietal regions is higher
than in occipital region (Pecoraro
et al. 1964b).

In adulthood, hairs are mostly in the
anagen phase; nevertheless, the number of
hairs in telogen phase increases with age in
each scalp regions (Barman et al. 1965).
Moreover, the number of miniaturized
hairs increases with age due to the effects
of androgens and the progressive physio-
logical degeneration of the dermal papilla
which accelerate the hair cycle.

(d) Seasons
During summer the percentage of telogen
hairs increases, while the percentage of
anagen decreases which explains the
autumnal hair shedding. The same phe-
nomenon occurs in spring but less
remarkable. The telogen rate is the lowest
in late winter (Kahn et al. 2009; Kunz
et al. 2009).

5 Conclusion

Trichogram is an important tool in clinical prac-
tice and provides a good diagnostic and prognos-
tic indicator for different etiologies of alopecia,
and it can be also useful in treatment management.

Thanks to its reproducibility, the trichogram is
also used in the routine disease follow-up and in
clinical trials as a primary endpoint as well.

This semi-invasive, rapid, objective, and inex-
pensive microscopic evaluation provides reliable
information about hair root, hair shaft, and hair
viability.

Although trichogram was widely used rou-
tinely for decades, nowadays many dermatolo-
gists discontinued this examination due to the
lack of knowledge in the interpretation. Indeed,
although the procedure is simple, it needs a short
training and good experience in the plucking pro-
cedure as well as in interpretation to benefit the
advantages of this technique.
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1 Introduction

Various methods are available for evaluation of a
patient complaining of hair loss. Those methods
can be invasive, semi-invasive, or noninvasive
(Dhurat and Saraogi 2009).

Scalp biopsy is an invasive method.
Semi-invasive methods are pull test,

trichogram, or unit area trichogram.
Noninvasive methods include efficacy ques-

tionnaire, quality of life questionnaire, daily hair
count, standardized wash test, 60 s hair comb test,
hair weight, hair diameter measurement, global
photographic assessment, dermoscopy,
videomicroscopy, photographic hair count, and
phototrichogram.

The phototrichogram (PTG) is a safe, noninva-
sive, and reproducible method that allows in vivo
study of the hair cycle. PTG is able to quantify a
lot of hair growth parameters including hair den-
sity. Hair loss and hair thinning are the main
complaints in clinical hair diseases. Even if the
diagnosis of androgenic alopecia is clinical, clin-
ical assessment of the hair density is not easy
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especially at the beginning when hair density is
nearly normal, and we need a sensitive tool to
measure hair loss and hair density and to monitor
effect of treatments on alopecia. The
phototrichogram is based on the following princi-
ple: after shaving a target area of the scalp, it’s
possible to distinguish growing hairs in anagen
phase which lengthen by about 0.35 mm a day and
the resting hairs in telogen phase. As a trichogram,
PTG is able to quantify percentage of anagen and
telogen hair. And as a macrophotography of a
selected area (global hair count) (Canfield 1996),
or as a unit area phototrichogram (Rushton
et al. 1983), or as a scalp biopsy (Whiting
et al. 1999), PTG is able to quantify density of
hair. Furthermore PTG can measure hair growth
speed and hair diameter, and it’s possible to check
carefully and to control all those values on stored
photographies.

For those reasons PTG is nowadays the gold
standard for noninvasive hair growth measure-
ment in hair research and in clinical studies or
for a patient’s follow-up assessment during treat-
ment of none scarring or scarring alopecia. Most
of the time PTG is combined in clinical studies
with a cosmetic assessment included a question-
naire and global photographs.

2 History

The PTG was described for the first time by Satoh
in 1970, on scalp and body hair of three Japanese
men studied over a period of 2 years (Saitoh
et al. 1970). Fiquet and Courtois were the first to
propose PTG to access hair growth, severity of
alopecia, and evolution after anti-hair loss treat-
ments (Fiquet and Courtois 1979; Courtois

et al. 1982). Then Bouhanna and Guarrera
improved the methodology (Bouhanna 1982,
1984; Guarrera and Ciulla 1986) and Bouhanna
invented in 1988 a variant, the tractiophoto-
trichogram (Bouhanna 1988). The advantage of
the tractiophototrichogram is to avoid the second
visit necessary for a classical PTG: you choose the
area of interest; you pull all the hairs of this area
firmly between thumb and forefinger to eliminate
telogen hair. You count the number of eliminated
telogen hair and after you take a picture to count
the remaining anagen hair. The main problem is
that the traction is not standardized and investigator
dependent, and now the tractiophototrichogram is
not in use anymore. In 1991 Blume used the PTG
for visual and manual vellus hair count, and vellus
hairs, generally colorless, were dyed (Table 1)
(Blume et al. 1991). Classical PTG even on the
scalp is limited by the contrast between hair and
scalp color. This contrast is poor in the case of fair
or white hair and in the case of AGA because of the
miniaturization process: vellus hairs are thinner
and lighter than terminal hair. In 1992 Van Neste
introduced the application of an immersion oil
(scalp immersion photographic method) (Van
Neste et al. 1992); and in 2001 he added hair dye
to proposed the contrast-enhanced PTG (CE-PTG)
(Van Neste 2001). With an increase of contrast and
resolution, thanks to the use of immersion oil and
hair dyer, CE-PTG is nowadays the most sensitive
methodology specially in case of fair hair or AGA.
A comparative evaluation of scalp hair by PTG and
unit area trichogram analysis showed comparable
results in the same subjects for anagen hairs
(Rushton et al. 1993), and CE-PTG is as sensitive
as transverse sectioning of scalp biopsies for
detecting hair and percentage of anagen and
telogen hairs (Van Neste 2001).

Table 1 Phototrichogram results for vellus hair follicles in healthy subjects (Blume et al. 1991)

Localization Density % Anagen Rate of growth

Facial hair females (forehead) 448/cm2 48 0.037 mm/day

Thorax hair females (back) 93/cm2 31 0.15 mm/day

Thorax hair females (chest) 53/cm2 42 0.11 mm/day

Facial hair males (forehead) 429/cm2 49 0.025 mm/day

Thorax hair males (back) 77/cm2 32 0.12 mm/day

Thorax hair males (chest) 61/cm2 35 0.11 mm/day
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The CE-PTG is the best tool to access hair
regrowth in clinical research, but CE-PTG with-
out automatic analysis is time consuming and
difficult to perform in clinical practice. For this
reason some authors developed automatic hair
counts and analysis, easier to use in clinical prac-
tice. First attempts to automate the process began
in 1986 (Pelfini and Calligaro 1986; Hayashi
et al. 1991) and then continued with Dominique
Van Neste who was the most well-known pioneer
of this new method (Van Neste et al. 1989, 1992).

3 Methodology: CE-PTG

We are going to describe the CE-PTG which is in
2014 the best method to access hair growth and
hair loss. The CE-PTG is used to detect and quan-
tify early changes of decreased hair density, diam-
eter, or growth in diffuse alopecia or in
androgenetic alopecia (AGA). This method is
usually used for scalp hairs but analysis of body
hairs is also possible.

First of all the area of interest must be chosen in
an active area. In the case of AGA, it could be the
vertex or an anterior or lateral area close to the
vertex in a transitional area of hair loss. It’s pos-
sible to choose an anterior area along the receding
hairline but it’s more visible. It’s always better for
cosmetic reason to avoid the parting. In the case of
scarring alopecia, you must choose an area along
the border of an inflammatory patch.

On day 0 a scalp area of interest of about
1 cm2 is delineated with a standardized plastic
template applied on the selected area. All hairs of
this area are combed through this template with
the help of a little curved hook or a pointed
scissor and shaved with a surgical curved scissor
or a hairliner or better a mini haircut (Wella® or
Ermilia®) (Photo 1, 2, and 3). The length must be
the same for all the hairs of the area, and short hair
shafts should remain visible (about 0,5 mm), and
that’s difficult with a scissor and easier with a
mini haircut. Adhesive tape can delimited the
target area shaved to avoid the crossing of outside
hair (Photo 4). It is very important to remove
carefully all clipped hair with an adhesive strip
or with pulsed hair to avoid their count in the
target. A magnifying glass can help to check the
area is definitely clean. A brown or best a black
dyer is used to dye hairs of the target area to
enhance the contrast between hair and scalp
before the photography. This is always necessary
in the case of blond, gray, or white hair; it is not
essential in the case of very dark hair, but vellus
hairs are always more visible if they are dying.
After 10–15 min, the area is cleaned with an
antiseptic alcoholic solution. You must choose a
time of application, according to the hair and the
used dyer, long enough to dye the hair but not too
long to don’t dye the scalp. Usually more than
15 min would unintentionally dye the scalp and
less than 10 min resulted in uncompleted staining
of hair.

Photo 1 Hair liner
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The photography is taken with a macrocamera
or a video camera (Photo 5) under fixed distance,
fixed magnification, and fixed light conditions.
It’s possible to use different devices: Canfield
camera (Photo 6) or medical Nikkor lenses,
Canon or FotoFinder medicam (Photo 7), etc.
Image quality is better with the scalp immersion

proxigraphy method: the camera device includes
a glass slide at fixed distance, and by pressing
the glass slide on the scalp, you flatten the
scalp and the hairs. The scalp is photographed
under the glass slide with a drop of immersion
oil between the glass slide and the scalp
(Photo 8). This increases the resolution of the
images. A hydroalcoholic antiseptic solution can
also be used, and with a hydroalcoholic solution
or with water, it’s easier to avoid bullous forma-
tion around follicles between the glass and the
scalp.

On day 2–3, the second photography is
taken without shaving the hair but after hair
dyer and with the same methodology. The most
difficult is to photograph exactly the same area,
and for that you can use semipermanent dot
tattoo or a nevus or an angioma. In the case
of tattoo, you can use one tattoo in the center
of a circle if your target area is a circle. In this
case it’s better to don’t use a black tattoo
which could mask few hairs on the photogra-
phies. A red tattoo is better. If your target area
is a square, you can use black or dark brown
color at two opposite corners of the square just
outside of the target for hair counting. In
France the only brand of tattoo with a CE
approvement for medical tattooing is
Biochromaderm® (Laboratoires Biotic
Phocea). If there is no nevus and no angioma
and if the patient doesn’t agree for a tattoo, you
can exactly measure the distance between thePhoto 2 Mini hair cut

Photo 3 Shaving of the
selected area
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area and the nose and between the area and left
and right ears. After you must check exactly
the follicular location of few typical follicular
units on previous photography, but it’s very
difficult and time consuming and the use of
a dot tattoo is easier and guaranties the analysis
of the same area to insure reproducibility over
a long period of time in clinical studies
(Courtois et al. 1995).

An interval of 2 days between the first and the
second photography of the PTG is enough to
see and measure elongation of hair. It’s important
in case of linear hair growth hair measurement
to respect the same hour in the day for both
photographies. An interval of 3 days can
measure a more precise elongation of hair but if

interval is longer, hairs are too long, and because
of many crossings or overlap of hairs, hair counts
and interpretation of picture are more difficult.
Some hair can be forgotten or otherwise counted
twice.

Results (Photo 9): comparing the first and
the second photographies with the help of
manual marking of hairs on images allows
to measure number of hair, anagen hair,
telogen hair, hair elongation, hair diameter,
terminal hair (with a diameter >40 μm), and
vellus hair (with a diameter <40 μm). The
detection limit is depending on the resolu-
tion, quality, and magnificence of the photo-
graphs. Usually hairs under 5 μm of diameter
are not visible.

Photo 4 Adhesive tape
delimite the target area

Photo 5 Achievement of
the photo
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Photo 8 A drop of
immersion oil

Photo 6 Candfield camera

Photo 7 Fotofinder
medicam
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– Elongation of hair indicates an anagen hair.
– No elongation or missing hair on the second

photo indicates a telogen hair.

Evaluation parameters:

– Total number of hair in the target area (H)
– Total density of hair (H/cm2)
– Number of terminal hair (TH)
– Density of terminal hair (TH/cm2)
– Number of vellus hair (V)
– Density of vellus hair (V/cm2)
– Percentage of terminal hair (TH/H) � 100 %
– Percentage of vellus hair (V/H) � 100 %
– Terminal-to-vellus ratio (H/V)
– Total number of anagen hair (A)
– Total anagen hair density (A/cm2)

– Total number of telogen hair (T)
– Total telogen hair density (T/cm2)
– Percentage of anagen hair (A/H) � 100 %
– Percentage of telogen hair (T/H) � 100 %
– Anagen-to-telogen ratio (A/T)
– Length (mm)
– Linear hair growth rate (LHGR; mm/day)

The LHGR is the length of hair on the second
photo minus the length of hair on the first photo,
divided by the interval of time between the two
photos in days.

The best parameters correlated to the hair vol-
ume and the cosmetic improvement are:

– Total density of hair
– Total density of terminal hair

Phototrichogram before and after 12 weeks of a cosmetic topical treatment

W0D0 W0D2

W12D0 W12D2

Total  Hair count Hair Density (1/cm2) Anagen hairs (%) Telogen hairs (%)

Week 0 113 201 74,3 % 25,7 %

Week 12 123 218,8 85,5 % 14,5 %

Anagen hairs Telogen hairs

Photo 9 Phototrichogram assessment before and after a topical treatment

81 Phototrichogram 819



Percentage of anagen hair, percentage of ter-
minal hair, and LHGR can be considered.

The worst parameter is the A/T ratio: variations
are very important, and an increase of this param-
eter is possible without increase of anagen hair
density, with a decrease of telogen hair density,
and with a decrease of total density of hair, with-
out cosmetic improvement and with a worsening
of the alopecia.

3.1 Advantages of PTG

– Reproducible procedure
– No hair plucking and no painful, noninvasive

method
– Information on density (as for macrophotogra-

phy alone)
– Information on % of anagen and telogen hair

(as for trichogram)
– Information on hair diameter
– Possibility to survey over many years the evo-

lution of exactly the same groups of hair on the
same precise area of the scalp (Courtois
et al. 1995)

– Storing pictures to control results

3.2 Inconvenience of PTG

– No visualization of hair shafts.
– Need of two visit for the patient with 2 or

3 days of interval.
– Need to shave the target area.
– Manual hair count is time consuming.
– Manual count is investigator dependent.
– Automated PTG Is Expensive
– Detection of hair is dependent on the magnifi-

cation and the sensibility of the photographic
procedure.

– Tattoos (0.2–0.5 mm) can remain many years if
red or brown and all the life if black.

In clinical studies CE-PTG is usually combined
with a global photographic assessment for

evaluating quantitative improvement with the
CE-PTG and cosmetic improvement induced by
treatment with the global photographic
assessment.

4 Automated PTG

Conventional manual hair counts on photographs
of CE-PTG are accurate but laborious and very
time consuming, and results are investigator
dependent even for the same photographs.

First attempts to automate the counts of PTG
began in 1986 (Pelfini and Calligaro 1986;
Hayashi et al. 1991; Van Neste et al. 1989, 1992).

In 1996, L’Oreal proposed an automatic sys-
tem count, but this has not been available for the
public (Chatenay et al. 1996).

The Folliscope™ version 2.8 (LeadM Corp,
Seoul, South Korea) is a semiautomated tool
using videodermoscopy of scalp and software to
help the manual count (Photo 10). The Folliscope
uses a light and small video camera, easily porta-
ble with a port-USB connection. The 100-fold
lens magnification allows measuring easily hair
thickness. Hair thickness is measured by mouse
point dragging from one side to the other side of
the hair shaft (Photo 11). The 50-fold lens is used
to access hair density, but the hair count is not
fully automated, so this count can change with
different investigator and target area is too small
for accurate PTG. Accurate results needs to ana-
lyze three locations in each chosen area for hair
count and five to ten hairs for thickness or hair
diameter (Lee et al. 2012).

In 2001 (Hoffman 2001) Hoffman described a
fully automated method for the measurement of
CE-PTG parameters, thanks to a new software
named TrichoScan®. His method combines
epiluminescence videomicroscopy with auto-
matic digital analysis. The first version was able
to count total number of hair, number of telogen
and anagen hair, percentage of telogen or anagen
hair, hair growth rate, and anagen/telogen ratio,
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Photo 10 Folliscope
screen folliscope
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inside a circle target area of 0.642 cm2, with a
good intraclass correlation within the same
TrichoScan operator and for different TrichoScan
operator (Hoffman 2001).

TrichoScan is able to demonstrate in a small
group of 12 men with AGA a significant increase
in total number of hair after 3 and 6 months of
treatment with finasteride 1 mg/day (+17 % at
month 3, p = 0.055 and +20 % at month
6, p = 0.021) (Hoffman 2003). Furthermore in
the same group, increase of hair thickness was
+11 % at month 3 ( p = 0.034) and +18 % at
month 6 ( p = 0.006) (Hoffman 2003). Also
TrichoScan allows to demonstrate significant
increase of hair density, cumulative hair thickness,
and terminal hair count in a small group of
10 women and 21 men with AGA after 6 months
of treatment with 5 % topical minoxidil (Hoff-
mann and Van Neste 2005).

For few authors TrichoScan seems no better
than the clinical observation or no better than the
modified wash test to diagnosis telogen effluvium
(Guarrera et al. 2013). But it’s difficult to con-
clude that without a gold standard assessment.
The TrichoScan has been validated to measure
severity and evolution of hair growth in

androgenetic alopecia (Gassmueller et al. 2009).
This new tool obtains quickly reproducible results
with a smaller margin of operator error than the
hair manual count (Gassmueller et al. 2009).
TrichoScan is not a good tool for alopecia areata.
Hair is a tricky material for automated computer-
assisted analysis and in Indian population
(Saraogi and Dhurat 2010), and in some other
cases, TrichoScan can overestimate the number
of telogen hair by erroneous fragmentation of
hair stands and underestimate the vellus hair per-
centage specially vellus hair under 10 μm of diam-
eter (Van Neste and Tr€ueb 2006), but those errors
are reproducible and vellus hairs under 10 μm of
diameter are with no cosmetic value. For those
reason TrichoScan is a good tool for big clinical
studies.

The last available version is TrichoScan Pro-
fessional Version 3 (Photo 12). TrichoScan 3 is
able to count total number of hair, vellus hair
(<40 μm), terminal hair, anagen and telogen
hair, and in a research version hair diameter and
cumulative hair thickness. The detection limit of
the software is between 5 and 10 μm. TrichoScan
can quantify more important miniaturization of
hair diameter in the crown area than in the

Photo 11 Hair diameter measurement with Folliscope
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occipital one in women with AGA, and in this
way it can help to make a good surgical decision
for micrographs (Riedel-Baima and Riedel 2009).

TrichoScan is very popular in Germany and
Italy and TrichoScan® is used for clinical practice
and for clinical studies.

TrichoScan can access hair growth and length
of the growing hairs after hair removal on the
body (Kuck et al. 2012) or on the face (Hoffman
2008) or demonstrate an increased telogen/anagen
ratio in patients with scalp psoriasis (Kasumagi-
ć-Halilović et al. 2010).

Technical procedures are the same than for
classical CE-PTG, but accurate results need a
better image quality than for a manual count.
The software is able to count as hair dirty area,
remnants of the hair dye, melanocytic nevi, or
dark tattoo. It’s very important to clean carefully
the scalp to avoid remnant of coloration on the
scalp and to avoid dot tattoo inside the target area,

except if the tattoo is slightly red because the red
color will not interfere with the automatic hair
count. For a good quality image suitable for anal-
ysis and to avoid air bubbles between the scalp
and the slide of the camera, it’s important to use
for immersion a hydroalcoholic lotion or water.
It’s better to avoid oil for this immersion. The
software measures length of hairs on the second
picture. There is a standard limit of 0.63 mm with
the TrichoScan 3 and shorter hairs are counted as
telogen and longer as anagen. The target area is a
circle of 0.526 mm2. The circle is the best figure to
minimize the perimeter/surface ratio. This is
important to reduce hair count errors along the
limits of the target area. TrichoScan will analyze
the same area before and after treatment. It is
quicker than a visual count and this software
allows different technicians without a great expe-
rience to get accurate and reproducible results.
Fotofinder Trichoscale is a new software wich

Photo 12 TrichoScan 3 Screenshot results
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alllows to determines follicular units, percentage
of vellus hair, hair diameters and cumutative
thicknes.

5 Normal Results

According to the ethnicity, the total number of
scalp hair follicles varies from 150,000 to 90,000.

Results of phototrichogram are depending on
the methodology, age, pathology, and origin of the
studied population. For example, European scalp
hair density is more important than Asian scalp
hair density, but thicker hair is more important in
Asian population with or without AGA (Lee
et al. 2012). With PTG frontal and occipital den-
sity are lower in Asian women with untreated
AGA (114 and 118 hair/cm2) compared to
European women (127 and 140 hairs/cm2).

Hair density in healthy women ranges from
175 to 450 hairs/cm2 (Aktan et al. 2007). Results
of normal total hair density with PTG are reported
in Table 2 (Birch et al. 2001; D’Amico et al. 2001;
Ueki et al. 2003; Nakazawa et al. 2006, Aktan
et al. 2007; Kim et al. 2013).

Due to individual differences, some overlap in
hair density and in percentage of telogen hair
exists between normal population and males or
females with hair loss (Kim et al. 2013).
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1 Introduction

Hair loss is a common complaint in both genders
and often entails psychological distresses which
may be severe. Hence, the problem needs to be
approached thoroughly, and this requires using a
quantitative, possibly noninvasive, assessment.
Useful noninvasive methods are the pull test and
the modified wash test (MWT).

2 The Pull Test

The pull test should be tried first in any patient
complaining of hair loss. The method requires that
the patient is examined when his/her hair has not
been washed recently and, in fact, a 5-day absten-
tion from the last shampooing is recommended.
Unfortunately, the large majority of patients seek-
ing advice in the office are so kind as to come with
their hair shampooed the very same morning. In
such a condition, the pull test is useless, unless the
hair shedding is massive.

Two different procedures (Camacho and Mon-
tagna 1997) come under the same title: in the first
one, a cluster of 40–50 hairs is grasped between
two fingers, while two fingers of the other hand
apply a steady traction (Figs. 1 and 2). This pro-
cedure serves essentially to test the fragility of the
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hair shaft. In the second procedure, once called
Sabouraud’s maneuver, the widen fingers of one
hand are sunk into the hairs (if they are long
enough) and apply a gentle traction. The hairs
retained between the fingers are counted. In both
procedures four different areas of the scalp should
be tested: the right and left parietals and the frontal
and occipital areas.

Normally, only telogen hairs are shed and, in
the adults, their number does not exceed four to
five for the whole scalp. Collecting more than
eight to ten hairs suggests the diagnosis of telogen
effluvium (TE). When the hands are full of hairs,
the diagnosis of alopecia areata incognita (AAI)
should be surmised. In androgenetic alopecia
(AGA), the total hair number is in between four
and ten. The presence of dystrophic hairs suggests
active alopecia areata and AAI. In cicatricial alo-
pecias and in pemphigus, some anagen hairs are
extracted with their outer sheaths (Delmonte
et al. 2000). In the loose anagen syndrome
(LAS), many hairs are extracted and, if observed
under a low magnification microscopy, lack the
outer sheath and their cuticles are ruffled. To diag-
nose LAS at least 70 % of the hairs should show
these features (Tosti and Piraccini 2002).

The pull test is a rough method and their reli-
ability is low mainly because of the variable
strength of traction, but, if performed correctly,
is a good indicator of the severity of hair loss.

In physiology, the pull test performed on
60 healthy children (4–10 years old) established
that the normal mean loss was 1.77 � 1.57
(Rebora et al. 2016).

3 The Wash Test (Modified)

MWT is a simple noninvasive method, designed
for the office, that permits the diagnosis and the
assessment of the severity of hair loss (Rebora
et al. 2005).

The method is based on the fact that in TE only
terminal hairs are shed, while also miniaturized
hairs or vellus hairs are lost in AGA. According to
Rushton, vellus hairs are shorter than 3 cm and
thinner than 40 μm (Rushton 1993). For sake of
easiness, only the length of the shed hairs is
measured.

After 5 days of abstention from shampooing,
the patients wash and rinse their hair in a sink with
the draining hole covered by a gauze and collect
all hairs remaining in the gauze. The patients
should not comb their hairs before or during the
shampoo and should not use hair conditioner after
the shampoo. The hairs shed when the patient,

Fig. 1 Pull test. Two hands grasp a cluster of 40–50 hairs,
while the other one applies a steady traction on the hair
shafts

Fig. 2 Sabouraud’s maneuver. Only one hand sinks into
the hairs and applies a gentle traction
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after soaping and rinsing, brushes and dries the
hair are not considered. The collected hairs are let
dry and put in a paper envelop. The examiner
counts the number of all collected hairs and the
percentage of the vellus hairs. Studying the hair
roots under a microscope may provide additional
information, namely, the presence and the preva-
lence of exogen and/or dystrophic roots (Rebora
et al. 2014; Quercetani et al. 2011). The latter,
associated with a global number exceeding
350, is diagnostic of AAI.

The results suggest four possible diagnoses
(Fig. 3): more than 100 shed hairs with less than
10 % vellus indicates TE, less than 100 hairs with
more than 10 % vellus suggests AGA, more than
100 hairs with more than 10 % vellus suggests the
association of AGA+ TE, and less than 100 hairs
with less than 10 % vellus reflects normality or a
remitting TE. Actually, a statistical analysis
suggested that the cutoff value is 91 instead of
100 (Guarrera et al. 2011).

In physiology, the wash test performed well in
an attempt to establish the “normal” shedding
(Rampini et al. 1999). In a group of prepubertal
children of both genders, free fromfive alpha reduc-
tase and therefore of AGA, we were able to verify
that “normally” they shed 10.68 � 3.01 hairs, a
number that steadily increases up to 11 years
when puberty is approaching (Fig. 4). This finding
ruled out the arbitrary figure of 100 hairs that would
be allegedly shed daily in “normal” subjects.

MWT is a reliable and reproducible method. In a
study of ours (Guarrera et al. 2011), the interclass
correlation coefficient, which is a measure of the
level of reproducibility among measures (reliabil-
ity), proved to be almost perfect in a group of
patients with AGA for both total hair count and
vellus hairs percentage (0.96 and 0.85, respectively)
and in normal and TE groups of patients for the
vellus hair percentage (0.88 and 0.84, respectively).
Good reliability was found in all other cases, but in
the total hair count of normal subjects in which it
was only moderate (0.43). In addition, sensitivity
and specificity, as assessed using the receiver
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operating characteristic (ROC) curves, ranged from
81 % to 100 % (p: 0.0045–0.001), except for the
vellus hair percentage of TE patients in which they
were low (64.3 % and 50 %, respectively) and for
the total hair count of AGA patients in which sen-
sitivity was low (50 %).

MWT has a number of advantages. First, it
easily permits AGA and TE to be diagnosed pre-
cisely with a simple noninvasive and cheap proce-
dure. Other methods, like phototrichogram or
computer-aided dermoscopy, are either time-
consuming or more expensive. In addition, they
fail to detect dystrophic hairs whenever they are
haphazardly scattered all over the scalp as in AAI.
A comparison with TrichoScan® (Guarrera
et al. 2013) revealed that MWT was better
(k = 0.32 vs. 0.22) especially, as expected, at
detecting TE. Second, it distinguishes the associa-
tion AGA+TE which other methods cannot diag-
nose. Third, it permits to recognize people who
claim to lose hairs but in fact do not. More impor-
tant, it provides a quantitative assessment of the
severity of both TE (the global number of the shed
terminal hairs) and AGA (the percentage of vellus
hairs) and to decide, in case of the association
AGA+TE, which of the two disorders is the most
important and should be treated first. Lastly, MWT
consents patients in treatment to be followed-up
and the efficacy of the treatment to be verified. If
the patients with TE are instructed to count at least
all shed hairs at home, they can perform the duty
nicely over time providing invaluable information
about the state of their disorder.

Drawbacks consist in the difficulty in convinc-
ing young patients to abstain from shampooing
for 5 days, in testing people with curly hairs
which entangle during shampooing yielding
underestimated results and in testing young

male patients with hairs shorter than 4 cm. A
possible major source of bias is the risk that the
patients comb their hair immediately before
washing them or that they vary each time the
modality of shampooing. It is sufficient, however,
to recommend to collect their shampooed hairs in
the morning before any other toilet care.
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1 Background

Polarized light microscopy is a contrast-
enhancing technique that is designed to observe
and photograph specimens that are visible primar-
ily due to their optically anisotropic character
(Weaver 2003). The technique is based on the
rule of reflection and transmission which states
that the angle of reflection is equal to the angle
of incidence for any particular light ray irradiating
a smooth, reflective surface. When the surface is
irregular and a broad beam of light is used, then
we get diffuse reflection. When the surface is
polished and we use a narrow beam of light,
then we get specular reflection, and this reflected
light can be polarized (McCrone et al. 1978;
Carlton 2011).

In a polarizing microscope, there are two polar-
izing filters known as polarizer and analyzer. Only
light oscillating in one direction is allowed to pass
through them. A polarizer is placed in the light
path before the specimen; an analyzer is posi-
tioned in the optical pathway between the objec-
tive rear aperture and the observation tubes or
camera port.
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When the vibration azimuths of both filters are
positioned at right angles to each other, the polarizer
and analyzer are said to be crossed, with no light
passing through the system and a dark view field
present in the eyepieces. When the filters are posi-
tioned perpendicularly to one another, the image
contrast arose, and the specimen details can be
observed on a dark background.

2 Polarized Light Microscopy
in Hair Analysis

As compared to light microcopy, the examination
of hair shafts under polarized light provides more
varied and very bright hues to the hair inner

structures. It is a result of cortex fibrillar nature
and interference phenomenon.

The main indication for polarized light micros-
copy is congenital and acquired hair shaft abnor-
malities because differentiation between
nodosities, narrowings, and twist (Fig. 1a, b, c)
of hair shafts or even changes in hair color is easy
in this technique (Valente et al. 2006; Itin and
Fistarol 2005).

The role of polarized light microscopy is cru-
cial in the diagnosis of trichothiodystrophy
(Rakowska et al. 2008). Trichothiodystrophy, or
sulfur-deficient brittle hair, identifies a group of
rare and complex neuroectodermal disorders
with remarkable clinical heterogeneity (Morice-
Picard et al. 2009). Clinical features of patients

Fig. 1 Polarized light microscopy in differential diag-
nosis of hair shaft abnormalities. (a) This picture shows
hair shaft with irregular contour, but it is difficult to differ-
entiate if this is caused by hair shaft twist along the long axis
or if this is nodosity (light microscopy, �10); (b) polarized

light microscopy shows that the hair shaft seen in picture
a has few twists along the long axis, and the diagnosis in this
case is pili torti (�10); (c) polarized light microscopy allows
to observe details of the hair inner structures (�20)
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with TTD vary widely in nature and severity, and
the single common feature in all patients is the
fragile hair (Liang et al. 2005). With polarizing
microscopy, using crossed polarizers, hair shafts
show a distinctive hair feature: striking alternat-
ing bright and dark bands, often referred to as
“tiger tail” banding (Fig. 2b, c) (Itin and
Pittelkow 1991). Light microscopy shows hair
shafts with an irregular, undulating contour
(Sperling and DiGiovanna 2003). The bright
and dark bands seen with polarized light corre-
spond to the undulating orientation of the cortical
fibers in TTD patients (Fig. 2a). The diagnosis of
TTD cannot be made on the basis of seeing a few

hairs that appear to have alternating bright and
dark bands; rather all hair should show the tiger
tail pattern and all should have an undulating
irregular contour (Fig. 2a, b).

The structural abnormality that causes the
interrupted transverse bright lines along the hair
shafts is not completely understood. An X- ray
microanalysis revealed alternating content of
sulfur along the long axis of the hair (Itin
et al. 2001). The X-ray analysis results also
showed that calcium was absent in tracts
corresponding to dark bands, whereas it was
normally present in light bands (Richetta
et al. 2001). The amino acid analysis of the hair
shows the notably low cysteine content (less than
half of normal content because of major reduc-
tion in synthesis of high-sulfur matrix proteins)
that parallels the low total sulfur content (Itin
et al. 2001).
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1 Introduction

The heterogeneous structure of the surface of hair,
with its innate variability of morphology due to its
biological origin, is at the base of the interaction
with the external agents, from natural (UV,
brushing) to cosmetic treatments (dyeing,
bleaching, etc.). Consequently, the knowledge of
the surface of hair (or skin and nails) is essential to
develop innovative and functional cosmetic prod-
ucts (Zviak 1986).

The structure of the cosmetic substrate impairs
its intrinsic mechanical and physicochemical
properties that are manifested at the macroscale
in many different ways. Hair fibers, for instance,
although considered to have an exceptional resis-
tance are affected by continuous exposure to sun-
light, weathering its properties. In addition most
of the cosmetic treatments try to improve or repair
the intrinsic properties of hair which eventually
reflects in enhanced mechanical and tribological
behavior.

Hair is roughly a cylindrical fiber of
�50–100 μm diameter. The overall number of
hairs covering a normal human head is comprised
between 120,000–150,000, which leads to a sig-
nificant surface area (typically �6 m2 for �20
cm-long hairs).
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In cosmetics, hairstyle, hair perception, and
hair manageability depend on numerous parame-
ters: geometry of the fibers (length, diameter,
ellipticity, degree of curl), topography of the
implantation, and in particular fiber-to-fiber inter-
actions. The combinations of all these parameters
result in extremely different cosmetic properties.

The cuticle forms the outer surface of hair. It
has an overlapping scalelike (approximately
50 μm across by 0.5 μm thick) structure protecting
the cortex and oriented from the root to the tip of
the fiber to produce a series of scale edges on the
outer surface of each hair. The final structure of
the outermost layer of the cuticle (epicuticle) is of
special interest: the surface properties of hair
depend on the physicochemical properties of this
layer.

The most recent findings have shown that the
epicuticle membrane of hair fibers contains highly
cross-linked protein (�75 %) and fatty acids
(�25 %). Among these adsorbed fatty acids, the
18-methyleicosanoic acid (18-MEA) is the most
abundant 50 % w/w (Yorimoto and Naito 1994),
appears to be covalently grafted on the outer sur-
face (constitutes the outer β-layer) via covalent
thioester linkages to the protein (Wertz and
Downings 1988; Evans and Lanczki 1997), and
is considered to play an important role in the
physicochemical and tribological properties
of hair.

Based on these observations, a model is used to
explain the fine molecular structure of the hair
surface (Negri et al. 1996) depicting a highly
ordered monolayer of 18-MEA grafted to the pro-
teins of the epicuticle that would explain the
excellent tribological properties of natural hair in
ambient conditions (Breakspear et al. 2005;
Huson et al. 2008).

It is not clear how these various chemical
regions contribute to the overall interactions
(noncontact forces like van der Waals and electro-
statics and in contact as friction and adhesion)
between the fibers, which determine the dynamic
as well as the static behavior of the hair in both
water and dry states. Inter-fiber interaction is the
basis of an individual’s everyday perception of the
state of their hair, and it is therefore not unex-
pected that its comprehension is of interest to the

hair care and cosmetic industry (Bouillon and
Wilkinson 2005; Robbins 2001). Still, the means
by which a complex multifiber system may adopt
different three-dimensional shapes, or how a sys-
tem of hundreds of thousands of fibers interact
among each other while in motion, are questions
for the physics community and go beyond a
purely cosmetic interest and extend to other fields,
ranging from textiles (Mizuno et al. 2006; Huang
et al. 2009) to character animation in the cinema
and entertainment industries (Ward et al. 2007).

The surface of hair consists of scales laid out
like roof tiles. This structure results in anisotropy
during interactions; hair fibers exhibit macroscop-
ically what is known as “differential friction
effect,” i.e., friction is different when sliding
“root to tip” versus “tip to root.” The friction
coefficient is higher when sliding takes place
from the hair end to the root (“against the scales”).
Generally, a relatively characteristic stick-slip
phenomenon is also observed (LaTorre and
Bhushan 2006).

Technologies like atomic force microscopy
(AFM) can be of great importance for the devel-
opment of cosmetic products, as well as for under-
standing their mode of action. These methods can
provide essential information about the structure
of the surface, its properties, and their evolution
after an applied treatment due in particular at the
possibility to interact with them locally, right at
the structure of interest.

For example, by conventional AFM the prop-
erties of the outermost layers of hair, and in par-
ticular the effect of a (18-MEA), have been often
studied. The presence of this layer can be easily
detected by observing an increase of adhesion and
friction of a SiN tip when this layer was not
present (e.g., this may happen in certain patholo-
gies or on bleached hair).

2 Crossed Fiber Atomic Force
Microscopy

To have access to the interaction between fibers,
we use the AFM in crossed fiber mode to measure
both the forces in contact (friction and adhesion)
and the noncontact forces in both air medium and
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aqueous medium. These latter forces consist of the
van der Waals interaction and charge interactions
and in addition to providing fundamental infor-
mation about the nature of the hair surface are also
interactions that should be taken into account to
understand and predict the behavior of any
multifiber system especially in a humid or aque-
ous environment (Fig. 1).

The AFM cantilevers used were silicon and
tipless (NSC12, MikroMasch, Estonia) with a
specified normal spring constant of 0.65 N/m.
Etched tungsten wires attached to a micromanip-
ulator (Eppendorf) were used to position the glue
and the fiber pieces, respectively, on an AFM
cantilever under a stereomicroscope. Fig. 2a
shows a scanning electron micrograph of a hair
fiber which has been trimmed using a focused ion
beam, FIB (Volkert and Minor 2007), to alleviate
this issue. If the hair fiber on the AFM cantilever is
long, then it will also bend and deform under
normal and lateral forces, and there is no way of
reliably obtaining the effective spring constant.
Secondly the AFM cantilever actually sits at
about 12� to the surface. Therefore, if the hair

protrudes too far beyond the cantilever, it may
potentially strike the substrate before the hair-
hair contact is made and preclude force measure-
ment. The outer (left hand) cut is that performed
with the FIB, and it is apparent that this edge is
finer than the inner cut which was performed with
ordinary clippers.

The experimental technique allows the separa-
tion between the two fibers to be controlled with
nm resolution and both the normal force and fric-
tion between hair fibers to be determined with a
resolution of nN. The crossed cylindrical geome-
try is equivalent to that of a sphere interacting with
a flat surface.

The force and friction experiments were
performed using an atomic force microscope
(Nanoscope IIIa, PicoForce, Veeco) according to
protocols described in an IUPAC report (Ralston
et al. 2005). Briefly, each AFM experiment started
by acquiring two normal force curves at a constant
scan rate of 400 nm/s. Afterwards, friction mea-
surements were run at sliding velocities varying
between 4 and 20 μm/s with scan size of 10 μm.
These rates, relatively slow, represent well the
random small dynamic deviations from a static
equilibrium shape that occur in a hair assembly
and are experimentally convenient. An initially
low applied load was gradually increased to the
maximum value (typically 100–120 nN) and then
reduced again until the surfaces spontaneously
separated. These latter experimental parameters
are relevant for the interactions experienced by
hair in daily life. The relatively large scan size was
chosen to ensure that the probe would cross a
cuticle edge at least once while sliding (the dis-
tance between cuticle edges is around 5 μm as can
be seen in Fig. 2).

For the measurements performed in liquid, the
hair fibers were exposed to each surfactant solu-
tion for approximately 15 min before force and
friction measurements. The surfactant was
tetradecyl trimethylammonium bromide (TTAB)
(�99 %, Sigma-Aldrich, Germany). A small
amount of background electrolyte (1 mM NaCl,
99.99 %, Merck, Germany) was used for the
aqueous systems, which is a standard practice in
surface force measurement since it limits the
thickness of any electrical double layer to a

Fig. 1 A representation of the crossed human hair fiber
system used in the AFM. The nominal lengths of the upper
and lower hair segments are typically 60 and 500 μm,
respectively. The hair diameter ranged from 53 to 94 μm
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convenient experimental range and renders the
fitting of the force curves much simpler (Ducker
et al. 1991; Israelachvili and Adams 1978). To
simplify, we refer to the solutions not containing
surfactant as “water.”

For studying the angle dependence of friction,
the lower fiber was rotated relative to the hair
probe manually to achieve different relative slid-
ing angles. Irrespective of the angle of the lower
fiber to the cantilever, the movement of the lower
surface was normal to the long axis of the canti-
lever/upper fiber (see Fig. 2b). Measurements
were performed at low humidity (25–30 %) and

high humidity (70–75 %) levels, controlled by
potassium chloride-saturated aqueous solution
(Rockland 1960). The normal and torsional signal
of the cantilever changed in response to the humid
environment due to expansion of the hair arising
from moisture gain (Robbins 2001). Hence exper-
iments were not performed until after the signal
had stabilized (typically 3 h).

If the shape of a probe is not perfectly cylin-
drical or if the probe is not precisely mounted at
the center of the cantilever, the normal load
applied to the probe in fact twists the cantilever
even in the absence of sliding. For hair probes
(which have a large diameter compared to the
cantilever width), this induced torsion can be
large. Thus, to be able to isolate directional effects
in sliding friction and to get independent friction
coefficients for the two sliding directions, we
developed a method to accurately account for the
asymmetry-induced twist (see reference Mizuno
et al. 2010).

3 Interaction Forces Between
Hair Fibers

Figure 3 shows the forces on approach and the
effect of surfactant addition to the solution for
the case of native hair. It is possible to observe a
repulsive force at longer range from overlap of
the electrical double layers (Verwey and
Overbeek 1999) associated with a negative elec-
trical charge at the surface (arising primarily
from dissociation of polar proteinaceous moie-
ties (Robbins 2001)). At shorter range, below
about 15 nm, an attractive force component is
observed before a final elastic/steric compres-
sion of the surfaces into a rigid compliance.
This attractive component appears to be slightly
too long ranged to be solely due to dispersion
forces (van derWaals or Lifshitz interaction) and
may also reflect the inherent hydrophobicity of
the native hair caused by the palisade layer of
fatty acids (see the inset in Fig. 3). A continuous,
tightly packed lipid layer with the alkyl chains
presented to the aqueous phase is expected to
display hydrophobic behavior, and forces
between such surfaces are known to be attractive

Fig. 2 (a) SEM image of the hair probe attached to a
cantilever. The fiber has been truncated with an FIB to
reduce overhang and minimize the effect of the fiber on
the mechanical response of the FM cantilever. The FIB
cut is considerably smoother than the conventional cut.
In this example the “root” direction of the fiber is to the
right. (b) Diagram of the crossed hair fiber system
viewed from above. θ is the angle between tips of the
two hair fiber cuts and defines the sliding angle. Inset:
SEM image of hair probe attached to cantilever. The
outer (left-hand) cut is that performed with the FIB and
it is finer than the inner cut (right hand) performed with
ordinary scissors
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(Carambassis et al. 1998; Tyrrell and Attard
2001; Stevens et al. 2005), though the range of
this force is highly variable depending on the
specific surface involved, and various mecha-
nisms have been proposed (Christenson and
Claesson 2001; Meyer et al. 2006; Eriksson
and Henriksson 2007). There is however broad
consensus (Eriksson et al. 1989) that at short
range (of the order of that observed here), this
force is related to the unfavorable water struc-
ture associated with the hydrocarbon-water
interface (Tyrode et al. 2005; Hore et al. 2008).

From this force data, fitting of DLVO allows
determination of both a surface potential and
effective surface charge. For that we need to
know the local effective radius of interaction (cer-
tainly considerably smaller than the mean of the
fiber radii�40 μm). We used an internal reference
based on the layer of surfactant that remains
between the surfaces in contact (Atkin
et al. 2003; Rutland and Parker 1994; Stiernstedt
et al. 2005; Koopal et al. 2005). In effect, the
surface potential of TTAB is well known between
surfaces of well-characterized radius. Conse-
quently the radius can be estimated by scaling

the measured force to fit the expected double-
layer interaction. The potential of a TTAB surface
has previously been obtained (Stiernstedt
et al. 2005) and is expected to be of the order of
+50mV. In each experiment employing a different
pair of hairs, the double-layer force in 1 cmc solu-
tion was scaled to fit this value and resulted in
effective radii of curvature between 1.0 and
1.5 μm. The surface potentials obtained from
fitting the curves with DLVO theory (Chan
et al. 1980) are thus �42 mV (native hair in
solution), +50 mV at 1 cmc (constrained), and
+33 mV at 10 cmc. The native hair surface is
well known to be negatively charged, and the
zeta potential of hair has been reported to be
around �12 mV at pH 5.5 (Jachowicz and
Berthiaume 1989). As expected zeta potential is
lower because it is measured further from the
charged surface (Giesbers et al. 2002) and aver-
aged over the hair surface, rather than a local
measurement at the cuticle edge. At 10 cmc the
lower potential reflects the higher electrolyte con-
centration associated with the counterions and
may well also reflect heterogeneity associated
with a loss of hydrophobicity due to lipid removal.
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the calculation is dependent on knowledge of the degree of
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Figure 4 shows the forces in aqueous solution
between two bleached hair fibers. The effect of
this treatment is a reduction in the hydrophobicity
of the protective outer layer which is provided by
a palisade layer of lipid molecules, schematically
shown in the inset (Huson et al. 2008; Breakspear
et al. 2005; Jones and Rivett 1997; Swift 1999).

The double-layer potential obtained from
fitting DLVO theory to the data returns a surface
potential of �55 mVand surface charge 0.49 μC/
cm2 which is larger than for the case of native hair
shown in Fig. 3. The larger value in the case of the
bleached hair is consistent with the exposure of a
larger amount of charge-bearing protein, ordinar-
ily protected by the lipid layer. In addition the
attractive force of 3.1 � 1.1 mN/m observed in
the native hair case and ascribed to the more
hydrophobic nature of the surface is not observed
in this case.

Force measurement is rendered more difficult
in air because of the formation of static charges,
and the curves reflect a long-ranged attraction

characteristic of a Coulombic interaction which
is illustrated in Fig. 5. This implies that after the
initial contact, charge transfer occurs from one
hair fiber to the other. In this case the force is
negative, indicating a uniformly attractive force.
As the solid line demonstrates, the form of the
force is consistent with a Coulombic interaction.
The force is so long ranged (in the
Figure measured up to 800 nm long) that the
cuticle height starts to influence the appearance
of the force. The inset to the figure nonetheless
shows that at very short separations, a steeply
attractive van der Waals force takes over from
the electrostatic force. Using a similar radius of
�1–1.5 μm leads to a Hamaker constant for the
system of 2� 10�20 J. This value is slightly lower
than that predicted from contact angles (Molina
et al. 2001), but is of the right order of magnitude.

When two hair fibers interact in vivo, they do
so in a much more humid environment which
would discharge the static electricity. We note
that in extremely dry conditions, where the

Fig. 4 Normal force curves of bleached hair measured in
1 mM NaCl aqueous solution with corresponding DLVO
fits (solid and dashed line). The curve is the average of ten
individual measurements and normalized by the effective
radius, Reff. The Debye length, κ�1, was 9.6 nm and was
not a fitting parameter. The solid line is the constant charge
limit and the dashed line is the constant potential limit. A
somewhat arbitrary Hamaker constant of 5 � 10�21 J was
employed based on the Hamaker constant in air (�4.4 �

10�20 J), calculated from the Lifshitz-van der Waals sur-
face energy component of H2O2 treated hair fiber51.
(No attractive component is visible in the interaction, and
no adhesion was observed.) A surface potential of�55 mV
was estimated from the DLVO fits. The inset is a schematic
of the native hair surfaces facing each other in crossed fiber
configuration. The outer surface consists predominantly of
lipids, the majority of which are 18-methyleicosanoic acid
(18-MEA) covalently bonded to the underlying protein
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humidity in the hair itself is also reduced, static
electricity is commonly observed, for example,
during brushing. (In this case of course, the inter-
action is repulsive between the hairs as the charge
transfer occurs between the hair and the brush and
the hairs have the same charge sign.) Opposite
charging in a symmetric system is somewhat
unexpected, but in fact this phenomenon is rather
well documented for hair, where the heterogeneity
of the surfaces renders this possible if the cuticle
edges (which tend to have a higher density of
polar, ionizable material) are implicated in the
contact (Robbins 2001).

4 Friction of Natural Fibers: Effect
of Sliding Angle

The friction force measured by AFM is obtained
from the cantilever torsion and the ensuing lateral
photodiode response as the hair probe slides over
the lower haircut in a reciprocating way.

The friction coefficients obtained for both
native and bleached hair (70 % RH) are shown

in Figs. 6 and 7. In the case of native hair (Fig. 6),
there appears to be only very slight, if any, depen-
dence of μagainst and μalong on the sliding angle.
Figure 6b shows how Δμ (μagainst – μalong) varies
with sliding angle; for 74 % of the measurements,
Δμ is within the range of �0.05. This indicates
that while in most casesΔμ is positive (i.e., sliding
against the cuticle direction involves higher fric-
tion), the directional effect is negligible for native
hair at almost all angles. The apparent absence of
directional effects, the large radius in comparison
to cuticle height, means that mechanical interlock
of the cuticles (the origin of directional effects) is
only feasible for certain angles and conditions.

For bleached hair however, a very different
behavior was observed. μagainst was systematically
larger than μalong (Fig. 7a) indicating that the
directional effect and mechanical interlocking
are significant with weathered hair. Furthermore,
there appears to be a strong angular dependence of
this effect (Fig. 7b). We thus speculate that two
mechanisms are involved in this phenomenon:
(a) at all sliding angles, Δμ is enhanced due to
lifted, ragged cuticles (LaTorre and Bhushan
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2006), and (b) variation of Δμ with sliding angle
is associated with the probability of antiparallel
cuticle-cuticle interaction.

From geometrical considerations the highest
probability that two cuticles both meet and inter-
lock during sliding is at 45� and 135�, and the
lowest probability is at 90�. In Figure 7b, which
shows Δμ for bleached hair, it is possible to inter-
pret two peaks on either side of a minimum as
expected from the above treatment. The experi-
mental maxima are found at roughly 70� and 130�

and the minimum at around 100�. The angle of
130� is close to the predicted angle of the highest
probability, but 70� is rather different from the

other predicted maximum for reasons that remain
unclear.We can only conclude from that particular
result that mechanical interlocking is not the pri-
mary cause of directional hysteresis. Damaged/
lifted cuticles merely have to be involved in the
sliding contact, and the extra friction sliding
against the cuticle direction may well be due to
deformation (“bending back”) of the cuticle. With
undamaged hair the cuticle lies “flush” with the
fiber so that bending back is unlikely.

Finally we reiterate that the AFM technique
developed here for angular dependence measure-
ment always provides movement at right angles to
the cantilever mounted probe. Thus the movement
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is not axial with the lower fiber. This geometry is
essentially a constraint of the AFM device, but in
fact is more representative of the type of moving
contact typically formed by two hair fibers. The
antiparallel arrangement is an extremely unlikely
conformation on, for example, a head of hair, but
in the case of wool fibers in textiles, it is expected.

5 Conclusions

Both the contact and noncontact forces between
hair fibers at nanoscale contacts, with high reso-
lution of both the force and separation, can be

measured. The action of well-characterized cat-
ionic surfactants alters the range and magnitude of
these forces. Despite the relatively complex
chemical structure of hair, the novel fiber-fiber
probe technique shows the interactions to depend
on the following classical forces – van der Waals
and Poisson-Boltzmann in liquid and Coulombic
and van der Waals attraction in air.

The friction coefficient of native hair is rela-
tively independent of sliding angle and the direc-
tional effect is not clearly observed. On the other
hand, bleached hair exhibits a clear directional
effect at most sliding angles due to higher surface
roughness, and this is a periodic function of the
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angle. This finding is related to the likely cuticle-
surface or cuticle-cuticle interaction between two
hair fibers, and it is clear that cuticle lifting and
serration (a result of oxidative damage) is a nec-
essary requirement for directional effects between
hair fibers to be observed. The directional effect
has a symmetrical distribution with sliding angle,
i.e., when sliding one cuticle against the other, it
does not appear to matter whether cuticles are
aligned parallel or antiparallel on the counter sur-
face. This implies that frictional hysteresis may in
fact be due to deformation (bending) of single
lifted cuticle edges rather than mechanical
interlocking of the cuticles as has previously
been surmised.

Quantitative analysis of friction at various slid-
ing angles can now be applied to other fiber sys-
tems. This is particularly useful to understand
properties of fiber assemblies whose fibers inter-
act at various angles, for example, polyester
fibers, the inter-fiber friction of which determines
mechanical strength of the array. Finally this kind
of information will be essential for predicting the
dynamic behavior of multifiber assemblies.
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1 Anatomy

The nail which grows throughout the life is a
transparent, semihard, oblong tablet with a long
longitudinal axis in the hands, transverse in the
feet (De Berker et al. 2007).

Its upper side is smooth and glossy. The nail
plate sinks at an acute angle into a large deep
groove, practically parallel to the cutaneous sur-
face, the nail cul-de-sac (or posterior or proximal
groove) (Fig. 1). The lateral nail grooves complete
the bezel of the nail. They are lined by the lateral
folds. The visible part of the nail ends with a free
edge, which owes its whitish color to the under-
lying presence of air. The onychodermal
(onychocorneal) band presents at the distal margin
of the nail bed a contrasting hue in comparison
with the rest of the nail bed. Normally, this a
transverse band of 1–1.5 mm of a deeper pink
(Caucasian) or brown (Afro-Caribbean). Its color
or presence may vary with disease or pressure
which influences the vascular supply. It represents
the fast barrier to penetration of materials beyond
the nail plate (Sonnex et al. 1991). The nail bed’s
dorsal surface is characterized by longitudinal
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ridges, and a complementary set of ridges is also
found on the underside of the nail plate (though
not at its free edge), which has led to the nail plate
being described as led on rails as it grows out and
to the suggestion that the ridges contribute to
adhesion between the nail plate and the nail bed.

The proximal nail fold (or dorsal or PNF) is an
expansion of the epidermis of the dorsal aspect of
the distal phalanx. Its ventral part constitutes the
roof of the proximal nail groove, which covers, on
approximately 0.5 cm, the thinned base of the nail
that is loosely stuck to the matrix. The cuticle,
which ends the fold, adheres strongly to the
upper side of the plate and seals the virtual space
that opens onto the nail cul-de-sac. The inner side
of the lateral folds is also lined with a stratified
epithelium and produces a soft keratin that does
not flake off but tends to persist as a thin and rough
membrane overflowing on the neighboring sur-
face of the nail. Because of the lateral folds that
it connects, the proximal nail fold provides a
continuous anatomical path for the spreading of
pathological processes.

The nail matrix covers the floor of the cul-de-
sac and rises on the posterior quarter of the roof of
the proximal nail groove, the anterior three-
quarters of which constitute the eponychium.
The deep side of the matrix rests on the terminal
osseous phalanx and forms a crescent with
posteroinferior concavity. On the big toes, both
ends of the crescent are located on a plane lower
than that of the fingers. This anatomical layout
explains the appearance of spicules when the
matrix horns are incompletely excised in the rad-
ical treatment of a growing nail. The lunula,
opaque white, with an anterior arc-shaped edge,
corresponds to the distal and visible portion of the
matrix. Particularly noticeable on the thumbs, it
may be absent or covered by the cuticle on the
other fingers. The proximal portion of the matrix
produces the upper third of the nail plate, its distal
part the lower two-thirds.

The thickness of the nail (0.50–0.75 mm in the
fingers, up to 1 mm in the toes) is proportional to
the length of the matrix. As a consequence, the
thickness of the tablet depends on the global

Fig. 1 Nail diagrams
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number of germinative cells. However, the thick-
ness seems to be increased in manual workers.
Usually, the thinning of the nail plate can proceed
from a diminution of the length of the matrix
(transverse biopsy), a matrix compression, in
which case this thinning will be limited to a nail
segment, a stopping or a reduction of the cellular
divisions of the matrix (responsible for Beau
lines).

Ahead of the lunula, the pinkish area seen by
transparency corresponds to the nail bed: the
absence of fatty tissue puts the mesenchyme
directly in contact with the bone. Contrary to the
matrix epithelium, the epithelium of the bed
adheres to the ventral part of the nail plate after a
surgical nail avulsion. It shows the dermal papil-
lae of the nail bed arranged in longitudinal parallel
furrows resembling corrugated iron, in transverse
section. They follow the longitudinal crests of the
ventral aspect of the nail plate.

The hyponychium which contains the
solenhorn corresponds to the area where the nail
plate loosens from the underlying tissue. A con-
dition where forward extension of the
hyponychium anchoring to the undersurface of
the nail plate and obliterating the distal groove is
called ventral pterygium (collagenoses, causalgia,
etc.). Its horny substance accumulates physiolog-
ically in the distal groove, an arc-shaped furrow
with anterior convexity. The distal groove marks
the most distal boundary between the nail unit and
the fingertip.

Entheses are the sites of insertion of tendons
ligaments or joint capsules to bone. Entheses con-
sist of both soft tissue (tendon ligament and their
fibrocartilages) and hard tissue (calcified
fibrocartilage, adjacent bone, and trabecular net-
work) components. In many sites, the enthesis is
more than simply a focal attachment joint and it is
intimately associated anatomically and function-
ally with the synovium forming a distinct organ
referred to as the synovio-entheseal complex.

The circulation of the nail apparatus is supplied
by two digital arteries that course along the digits
and give off branches to the distal and proximal
arches.

The sensory nerves to the dorsum of the distal
phalanx of the three middle fingers are derived
from fine, oblique, dorsal branches of the volar
collateral nerves. Longitudinal branches of the
dorsal collateral nerves supply the terminal pha-
lanx of the fifth digit and the thumb.

Histology recognizes nail matrix and nail bed
that have no granular layer in contrast to the upper
ventral aspect of the proximal nail fold and the
hyponychium.

The functions of the nail unit are manifold.
Equivalent to claws and hooves in other mam-
mals, the nail allows one to manipulate objects,
enhances the sensation of fine touch, protects the
delicate tips of fingers and toes against trauma,
and is used for scratching and grooming. But
among its multiple functions, the nail provides
counter pressure to the pulp that is essential to
the tactile sensation involving the fingers and to
the prevention of hyperthrophy of the nail bed and
the distal pulp.

Nail biting, which severely compromises the
beauty of nails, is known to serve several needs,
including providing a sense of relief as well as
alleviating boredom (Williams et al. 2007).
Finally, the nail unit is in some respects compara-
ble to a hair follicle sectioned longitudinally and
laid on its side.

2 Hardness

Excellent biophysical studies by Forslind
et al. (1980) explain the hardness of the nails
by the ultrastructural organization of the kera-
tin fibrils, the main bulk of which are oriented
perpendicular to the growth axes of the nail
and parallel to its surface. They appear bire-
fringent under polarized microscopy. The study
of the diffraction of the nail fragments exposed
to X-rays supports the concept of the fibril
arrangement that provides for the torsional
rigidity of the nail plate and a high breaking
strength.

The keratin fibers are stabilized by the disulfur
bridges of the cystine molecules and by the double
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transverse and longitudinal convexity of the plate.
This double curvature prevents lateral buckling.
The transverse curvature is due to the shape of the
terminal osseous phalanx and the existence of a
dorsal strip of connective tissue, the bundles of
which settle on its lateral edges. The longitudinal
curvature could be due to a difference in growth rate
between the cells in the nail plate and/or a pressure
forming the curvature growing faster than the lower.
Hardness is also due to the adherence of the cells to
each other, their connection, and their typical archi-
tectural layout in two layers in the nail plate. The
superficial layer is made of small cells (2.2 μm), a
discreetly indented cellular membrane, and regular
intercellular spaces presenting ampullar dilatations
between cells. The lower part is made of larger cells
(5.5 μm), the cellular membrane of which has an
anfractuous contour and intercellular spaces
containing anchoring knots. Finally, an intracellular
envelope, the marginal strip, gradually forms on the
internal part of the cellular membrane. The contin-
uous intercellular junctions (tight junctions) explain
the good quality of cell interaction and the rigidity
of the dorsal nail. The cellular surface is proportion-
ally greater than the volume because the edges of
the cells of the underlying layer overlap each other.
As a consequence, the properties of this area, stem-
ming from the distal part of the matrix, are more
plastic than those observed in the superficial part of
the tablet, which is hard and breakable. Different
aggressions (e.g., detergents) will contribute to its
cleavage. The cutting capacity of the plate is also a
result of these two layers.

3 Nail Plate pH

The pH of the nail plate surface was around
5, with toenails having a significantly higher pH
than fingernails. Immediately after hand washing,
the nail surface pH increased significantly, from
pH 5.1 � 0.4 to 5.3 � 0.5. However, this was not
sustained with time, and the pH returned to
prewashing levels within 20 min. Gender had an
influence on unwashed, but not washed, nail plate
pH. The pH of the nail plate interior was lower
than that of its surface (Murdan et al. 2011).

4 Penetration and Function
as a Barrier

It seems obvious that the barrier function is of great
practical interest when using medicine through the
nails. Burch and Winsor (1946) used a simple gravi-
metric method to measure the diffusion of water
through the nails postmortem and on various cuta-
neous areas. The rate of diffusion through the nails
was similar to that observed in palms and soles.

Spruit (1971) measured out the nail loss in
vapor in vivo by letting nitrogen pass through
the tablet and measuring the water carried by the
gas. There was a constant inversely proportional
ratio in the nail between the vapor loss and the
thickness of the nail.

Walters et al. (1983) brought forward informa-
tion on the permeability coefficients in the nail for
water, methanol, and ethanol in vitro. They also
showed that the nail was less permeable to n-
alkanols when hydrophobia was increased and
that polar compounds could easily go through
the nail keratin.

The penetration is increased even more
when the solubility of the product in the carrier
is improved, which is achieved by decreasing
its pH. Baran (2000) showed that some anti-
fungal products, in particular, could go through
the nail barrier and act as transungual delivery
systems. Hemidy et al.(1994) suggested a new
simulation model, the sheep hoof, in order to
study the topical penetration of antifungal
products into hard keratin in vitro. A good
work on drug delivery to the nail following
topical application has been published (Murthy
and Maibach 2013).

5 Transmission of Radiation

Nails can transmit light. In the study by
Gammeltoft and Wulf (1980) nails of normal
thickness transmit about 30 % of Bucky rays
(12 kV) compared to 80 % of X-rays at 29 kV:
Bucky therapy is therefore inefficient when path-
ological nails are thick, whereas 60 % of X-rays at
29 kV are likely to go through them.
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Parker and Diffey (1983) showed that the nail
plate acts like a sunscreen that imposes strong limits
to the transmission of UVB (280–315 nm), but
allowswavelengths over 330nmonly to go through.
According to Baran and Juhlin (1987, 2002),
3–20 % of radiation between 313 and 500 nm pass
through a normal nail, whereas their penetration
through a psoriatic nail is lower than 4 %.

6 Tactile Sensibility
on the Finger Nail

Tactile discrimination and threshold values over
the nail plates and finger pulps were measured on
300 digits in 30 healthy subjects with a mean age
of 23 years. Subjects with cosmetic nail modifica-
tions, injuries, neurological deficits, dermatologi-
cal conditions, or history of upper limb surgery
were excluded. Equivalence testing was
conducted to look for clinical equivalence
between values obtained at both sites.

The mean static 2-point discrimination, mov-
ing 2-point discrimination, and threshold value
over the human nail were 6.7 mm, 2.4 mm, and
0.06 g, respectively. The corresponding values for
the finger pulp were 2.4 mm, 2.2 mm, and 0.01 g,
respectively. The static 2-point discrimination and
threshold values were superior for the finger pulp,
whereas moving 2-point discrimination values at
both sites were clinically equivalent. This study
suggests that tactile discrimination and threshold
levels can be measured over the nail plate and that
moving 2-point discrimination values are clini-
cally equivalent to those obtained on the
corresponding pulp. This highlights the impor-
tance of the nail plate in the sensory function of
the fingertip. The normative data from this study
may be useful in establishing the impact of nail
injury and the contribution of the nail to the over-
all function of the hand (Seah et al. 2013).
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1 Nail Plate

The metrology of the nail plate encompasses rou-
tine techniques as well as more sophisticated and
even experimental ones. Often the examination of
only a nail clipping may be of great interest.

1.1 Linear Nail Growth

Nail growth derives from the nail matrix and can
be assessed at tissue level or macroscopically in
terms of nail length, mass, or thickness (Moffitt
and de Berker 2000). In Dawber’s technique,
(1970) a T-shaped scratch is made on the

R. Baran (*)
Nail Disease Center, Cannes, France
e-mail: baran.r@wanadoo.fr

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_120

853

mailto:baran.r@wanadoo.fr


fingernails at a distance X (approximately 3 mm)
from the proximal nail fold (PNF). After a period
of approximately 1 month, the scratch will have
moved and its distance to the proximal nail fold
will have grown to Y. Daily nail growth is calcu-
lated as (Y-X)/number of days. Measurement is
made with a dermoscope with integral scale. All
patients are asked not to push back their cuticles
during the period of the study. Toenails are esti-
mated to grow around 1 mm/month. Orentreich
et al. (1979) measured the linear nail growth in
dogs by cutting a shallow groove in the proximal
nail with a piece of hacksaw blade. A screw set
two-pointed caliper marked the distance from the
groove to the proximal skin fold of the nail. The
distance between the points of the caliper was then
measured to the nearest 0.1 mmwith a micrometer
built into a magnifying glass. Measurements at
4-week intervals were made on nails 2, 3, and
4 of the right front paw. The average outgrowth
was divided by the elapsed time in weeks for the
rate of linear nail growth in millimeters per week.
Orentreich measured circadian and temperature
effects on the linear nail growth rate in humans
with a split-image range finder adapted to a trin-
ocular microscope. With this instrumentation,
measurements of nail growth were made over
intervals as short as 15 min. Heikkila
et al. (1996) measured nail growth by making
indentations on the nail surface and then measur-
ing the change in the volume of these grooves as
they reached the free edge. There was a reduction
in volume of 30–50 %, which was taken as evi-
dence of a contribution of the nail bed to the nail
plate. However, this interpretation is less believ-
able than the possibility that the nail is losing cells
from the surface, and histology of grooves in a
similar study shows that this is likely to be the
case (de Berker and Forslind 2004). Yaemsiri
et al. (2009) recorded distance and time between
the two measurements. Average fingernail growth
rate was faster than that of toenails (3.47
vs. 1.62 mm/month, P < 0.01). Nail growth
rates have increased compared with previous esti-
mates conducted decades ago. Toenail clippings
may reflect a long exposure time frame given the
relatively slow growth rate.

A transverse scratch at the convex apogee of
the lunula is the easiest technique and subsequent
measurements are made with reference to the
lunula. The introduction of magnified photo-
graphs, before and after comparison of these pho-
tographs, has increased the precisions of these
methods. As the lunula is not always visible in
all digits (it becomes progressively more
concealed beneath the PNF in the more lateral
digits) and is rarely seen in toes (to measure
growth in digits with no apparent lunula), the
PNF must be used as a substitute. As a measure
of total matrix activity, estimation of linear nail
growth could be misleading. Hamilton
et al. (1955) sought to measure volume by the
following equation:

thickness mmð Þ � breath mmð Þ
� length grown per day

¼ volume:

In some diseases, this may alter the impression of
reduced nail growth – where a nail that is thick-
ened has a low longitudinal growth rate but is still
producing the same mass of nail. For example, in
yellow nail syndrome, “the nail that grows half as
fast grows twice as thick” (Moffitt and de Berker
2000).

1.2 A Normal Nail Grows Out
Straight

Kligman (1961) explains why a nail grows out
instead of up, and this is because its base is
covered by the proximal nail fold (PNF). This is
wrong (Baran 1981). The so-called proof of
Kligman explanting the nail matrix placed in the
forearm and which grew a perpendicular pillar of
keratin to the axis of the matrix explant ignores a
rule empirically known in genetics: One cannot
conceive a normal nail atop an anomalous ungual
phalanx, because there is a “bone-dependent nail
formation” (Baran and Juhlin 1986). Recent
molecular and knockout studies support this the-
ory showing that mesenchymal condensation
forming the distal phalanx occurs at the time of
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the epidermal thickening and formation of the
nail fold (Seitz and Hamm 2005). To provide
additional support to the absence of the role of
the PNF which has no effect on the direction of
the nail growth, I have cut the PNF of several
fingers presenting with recalcitrant chronic
paronychia without any secondary change in the
direction of the nail growth. Moreover Jamieson
(1893) has reported on a patient with congenital
aplasia of the PNF and the nail grew out instead of
up. Finally, K. Hashimoto (Hashimoto
et al. 1966) has clearly demonstrated that in
early embryonic life, the nail was formed by the
dorsal, apical, and ventral matrices and that all the
matrix cells were oriented in a central-distal
direction. The programmed process maintains
itself throughout adult life.

1.3 Thickness

The simplest way to measure the nail thickness at
its free border is to use a caliper.

Finlay et al. (Finlay 1988) used a handheld
electronic micrometer (Moore and Wright Ltd,
Sheffield, UK), which measures with an accuracy
of +/�2 um.

For the other parts of the nail in vivo, the most
readily available method is the 20/25-MHz ultra-
sound imaging, keeping in mind that the

ultrasound speed in the nail plate is about
3,100 ms�1 (only 1,600 ms�1 in viable skin).
Accordingly, nail thickness displayed by current
skin imaging devices should be corrected.

In standard optical coherence tomography
(OCT), the nail plate appears as a layered structure
containing a varying number of horizontal
homogenous bands of varying intensity and thick-
ness (Fig. 1).

Polarization sensitive OCT (PS-OCT) images
of the nail plate also show a layered structure. The
refractive index of the nail was 1.47� 0.09; OCT
and PS-OCT had low coefficients of variation,
6.31 and 6.53, respectively, compared with other
methods: high-frequency ultrasound 12.70 and
calipers 14.03 (Mogensen et al. 2007).

1.4 Roughness

Although the nail plate surface relief can be mea-
sured directly in vivo, replicas are useful, because
they suppress the inevitable trembling due to heart
beats and can be done in the doctor’s office with
further treatment in a specialized center. They
may be analyzed by either computerized image
analysis or optical profilometry and related tech-
niques. Longitudinal ridges are made of small
rectilinear projections extending from the PNF
as far as the free edge of the nail or they may

Fig. 1 Optical coherence tomography. Normal nail
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stop short. They may be interrupted at regular
intervals, giving rise to a beaded or sausages like
appearance (For technical detail, see ▶Chap. 5,
“Skin Color and Pigmentation,” 1st ed.).

Optical profilometry has permitted a study of
acquired nail beading in patients receiving inter-
mittent itraconazole and has shown that it could
be an indicator of faster nail growth
(De Doncker and Piérard 1994). In addition,
optical profilometry and laser techniques can
quantify other nail surface alterations such as
trachyonychia, pitting, and grooves (Nikkels-
Tassoudji et al. 1995; Piérard and Piérard-
Franchimont 1996a).

Piérard et al. (Piérard and Piérard-Franchimont
1996b) have also measured the changes in nail
surface contours during 3 mg/kg per day cyclo-
sporin A therapy, a new objective technique used
to assess the efficacy of a drug.

1.5 Color

Changes in the color of the nail plate are due to
changes in the bulk or at the surface of the nail or in
the underlying tissues, which are then seen through
the translucent nail plate. Exogenous as well as
endogenous factors can affect all or part of the
nail plate. The pattern of discoloration can indicate
the cause: If discoloration follows the shape of the
proximal nail fold and grows out with the nail, it is
caused by a topical application of agents. On the
contrary, if discoloration corresponds to the shape
of the lunula, its origin is systemic.

Nail pigmentation can be best measured by
spectrophotometry, which determines whether the
discoloration originates from melanin or not (for
principle and technical details, see ▶Chaps. 4,
“The Skin Surface Ecosystem: A Presentation,”
and ▶ 44, “In Vivo Magnetic Resonance Imaging
of the Skin,” 1st ed.). The epithelium of the matrix
contains melanocytes and Langerhans cells. Mela-
nocytes are about 200/mm2 in number (about
1150/mm2 in the epidermis). Most of them are
dormant and do not produce pigment. However, in
dark-skinned subjects longitudinal melanonychia

can be observed. Melanocytes are rare (47/mm2)
or may be absent (Perrin et al. 1997).

1.6 Physical Properties of Nails

The five important nail properties include
(Schoon 2005):

1. Strength, the ability to resist breaking under a
heavy load

2. Hardness measuring a surface’s resistance to
be scratching or denting

3. Flexibility which allows a substance to bend
4. Toughness, a balance of strength and flexibility
5. Wear resistance that is the ability to resist abra-

sion or rubbing

Numerous authors have devised more or less
complicated machines in order to measure some
of these properties. However, to our knowledge,
there is at present no commercially available
instrument able to perform these measurements.
Accordingly, technical details can be found in the
quoted articles. Before doing any experiment, it
must be remembered that the main factor influenc-
ing these properties is the water content of
the nail.

Young et al. (1965) used nail specimens of
rectangular cross-section produced by gently
sanding the edges of the fingernail clippings
with fine emery paper. They were tested as simply
supported beams of rectangular cross-section on a
span of 0.33 cm. A testing machine devoid of
inertia and equipped with a strain-gage-type dyna-
mometer was used for loading the specimen. The
full scale loading range was 2 kg or less, and the
speed of moving gear was 0.05 cm/min. The load
was supplied through a bar having a radius of
0.013 cm.

The Knoop indenter is an instrument that mea-
sures hardness by measuring depth of indentation
of a fixed load on a constant area. Knoop hardness
of fingernails requires specimens suitably pre-
pared for testing if meaningful reproducible hard-
ness numbers are to be obtained. The purpose of
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the Newman and Young study was to establish the
order of magnitude of the indentation hardness of
fingernails. Human nail specimens were subjected
to spherical ball indentation statically. The hard-
ness number found was 9 kg/mm2 (88.3 MPa).
Interferometric studies have revealed that the
indents are not spherical in shape: Their central
portion is either flat or slightly elevated. These
studies reveal that the human nail has a tremen-
dous capacity of recovery when deformed by
mechanical operation. The relaxation time of
internal stress is quite long so that recovery con-
tinues for a long period, about 1 h.

Maloney and Paquette (Maloney et al. 1977)
developed and tested a miniature apparatus for
measuring the physical properties of fingernails.
Included were a device for cutting test specimens;
a template for preparing tensile bar samples; an
apparatus for performing flexural, tensile, and
tearing tests; and finally a device for determining
impact absorption (ballistometry). The ranges of
fingernail physical properties were as follows:
flexural strength, 4,928 lb/in2 (33,8 kPa) to
17,653 lb/in2 (122 kPa); tensile strength,
4,464 lb/in2 (30,8 kPa) to 17,081 lb/in2

(118 kPa); tearing resistance 274.3–672.2 lb/in
(48 103–118 103 N/m); and impact absorption
(rebound ratio) 0.4632–0.7273. Maloney and
Paquette demonstrated differences related to age,
sex, and digit.

Finlay et al. (1980) developed the nail
flexometer to determine the effect of various
materials on nail flexibility. It repeatedly flexed
longitudinal nail sections up to 90� and recorded
the number of bendings required to fracture each
section. Immersion in water or a phospholipid-
water preparation greatly increased the flexibility
of untreated and lipid extracted nails; immersion
in mineral oil did not. Nail flexibility was directly
related to the duration of immersion in water.

In an attempt to quantify the main physical
properties of nails, Baden measured (Baden
1970) the velocity of sound in nail plate, for
assessing elasticity, water-binding capacity, and
the rate at which water diffuses through
it. Interestingly, measurement of the modulus of

nail elasticity gave values similar to those of hair
and suggested that connections between cells con-
tributed to the strength of nail tissue.

Nail exhibits viscous flow for the property of
withstanding breaking and buckling, but rigidity
or stiffness would be more appropriate. Measur-
ing the effective elastic modulus of nail, they
found E = 1.21+/�0.07 (SEM) GPa and stressed
the importance of water content on nail physical
properties.

The measurement of the physical properties of
nails was addressed by Vargiolu et al. (1999)
using an indentation method and the Vickers
indentor (pyramidal in shape). Recording the
plot of resisting force versus depth of indentation
during loading (maximum applied: 0.12 N) and
unloading phases made it possible to calculate nail
hardness (ratio of force to imprint area) and
Young’s modulus E (initial tangent of the
unloading phase). They found E = 1.6, 4.7, and
5.6 GPa at 20 months, 27 years, and 65 years of
age, respectively.

1.7 Fluorescence of Nail Under
Wood’s Light

Wood’s light examination can be rapidly and eas-
ily performed in vivo. Normal nails exhibit a
whitish fluorescence. A yellow fluorescence of
the lunulae (Hendricks 1980) and the nails
(Dopuglas 1963; Zaun and Dill-M€uller 1999)
has been observed in patients taking oral tetracy-
cline and a red fluorescence when taking
demethylchlortetracycline (Kierland et al. 1946).

Interestingly, quinacrine hydrochloride also
results in yellow-green nail fluorescence. This
technique can be helpful in distinguishing these
drug-induced nail pigmentations from other
causes of yellow nails.

1.8 In Vitro Nail Examination
with Polarized Light

Polarized light can be helpful in the examination
of the underside of nails. A light microscope
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identifies the longitudinal ridge plate (Apolinar
and Rowe 1980).

In true leukonychia, the nail structure under
polarized light appears disrupted due to disorga-
nization of the keratin fibrils (Baran and Achten
1969).

2 Capillaroscopy of the Proximal
Nail Fold

Proximal nail fold capillaroscopy is a simple,
in vivo, noninvasive, and reliable technique used
to evaluate superficial microvascular structures
(Vaudaine 2012).

The capillaroscope is composed of an optical
microscope with a �50 to �200 magnification
and a cold light source in order to avoid
vasodilation.

The microvascular structures of the proximal
nail fold and the vessels are not seen from above
and have a peculiar arrangement of vascular loops
parallel to the skin surface.

Skin is “prepared” with an ointment of cedar
oil or liquid petrolatum in order to obtain a better
transparency of the epidermal structures. Second,
third, fourth, and fifth fingernails of both hands are
consecutively examined.

Some authors have suggested the use of a
dermoscope (or an ophthalmoscope) to perform
a capillaroscopic examination of the proximal nail
fold. The lower magnification permits visualiza-
tion of megacapillaries but is insufficient to
explore other components of the bloodstream in
detail.

Useful information can be obtained by an over-
all examination of the vascular structures. Capil-
lary loops physiologically have a hairpin shape
and are arranged in two parallel longitudinal rows
in the proximal nail fold. Usually 12–18 loops are
found per millimeter. Proximally, the subpapillary
veins can be observed with a disposition perpen-
dicular to the capillary loops.

Different patterns can also be observed in
places without any pathological significance: glo-
merular aspect, elongated and tortuous loops.
Pathological changes include ramified vessels,

elongated loops, mega capillaries, parallelism dis-
ruption, and microaneurysms.

With the highest magnification, the blood-
stream can be observed: a continuous stream or
an intermittent one with flow stops, which irregu-
larly occur over time.

Vasomotricity can be subjectively evaluated by
detailed observation of a vascular field. It is found
very active in idiopathic Raynaud phenomenon
and decreased in acrocyanosis. In lupus
erythematosus, vasomotricity rapidly and inten-
sively changes over time and within the same
capillary loop.

Examination of the background also yields
useful information. Physiologically, the color
of the background is pinkish but can be orange
in cases of venous stasis. Dark epidermal pig-
mentation can impair the visibility of the
capillaries.

A pericapillary halo can be observed in inflam-
matory conditions or in cases of vascular stasis.

Hazy aspects can be observed in scleroderma.
Hemorrhages are observed in cases of evolutive
microangiopathy. In this instance, the typical
aspect of a pearl necklace permits the differential
diagnosis with trauma-induced hemorrhages with
a blotch aspect.

It is possible to measure capillary blood cell
velocity, dynamic capillary blood pressure, and
transcapillary diffusion of fluorescent tracers in
human skin. Vital capillaroscopy is successfully
used to study the microcirculation of human skin
capillaries. Capillary videomicroscopy at the
proximal nail fold in connection with a local
cold exposure test is a method with clinical appli-
cability in vasospastic disease (For details and
technical information on capillaroscopy, see
▶Chap. 40, “A Pharmaceutical Approach of
Transcutaneous Oxygen Therapies,” 1st ed.).

3 Nail Plate and Nail Bed

3.1 Transillumination

Transillumination is useful to distinguish between
intrinsic nail plate chromonychia and surface
changes (Goldman 1962; Ekin et al. 1997)
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• Transillumination is the least expensive tech-
nique. The patient is taken into a dark room. It
is possible to transilluminate a digit by shining
a strong penlight beam upward through the
pulp or to use a fiber-optic probe directed at
the border adjacent to a cystic tumor, the light
being directed into the dorsum of the distal
interphalangeal joint.

• Transillumination is helpful in identifying the cys-
tic nature of the lesions, especially when they are
not characteristic locations or deep in the tissue. It
also identifies multiple lobes when present.

• Transillumination may be used for diagnosis of
subungual glomus tumors. Because it has a differ-
ent color on the transillumination test, the tumor
can be localized and its size easily estimated.

3.2 Digital Thermography

Digital thermography (Passareti et al. 1988) is
highly sensitive in glomus tumors; it shows a
light circumscribed circular zone in the digit (For
technical and theoretical discussion, see ▶Chap.
38, “In Vivo Confocal Microscopy in Clinical
Dermatology,” 1st ed.).

3.3 Ultrasonography

Ideally, a compact linear and variable-frequency
probe that works in the range of frequencies from

7 to 18Mhz is used for performing the examination.
The nail unit comprises three main areas: the nail
plate, the subungual, and the paronychial tissues.
The dorsal and ventral plates present a bilaminar
hyperechoic structure (two parallel lines) separated
by an almost virtual hypoechoic tissue (interplate
space) (Fig. 2). Low-velocity arterial and venous
vessels are usually detectable within the nail bed
(color Doppler with spectral curve analysis)
(Fig. 3). The distal insertion of the lateral bands of
the extensor tendon in the distal phalanx shows a
fibrillar hyperechoic pattern, typical of the tendi-
nous structures and lastly the bony margin of the
distal phalanx shows a continuous hyperechoic line
following the contour of the cortex of the bone that
is only interrupted by the anechogenicity of the
distal interphalangeal joint space that contains a
virtual amount of fluid and cartilage.

Finlay et al. (1987) measured human fingernail
thickness in vivo using an adapted electronic
micrometer and ultrasound transmission time
was measured both distally and proximally. Distal
ultrasound nail transmission time correlated well
with micrometer measurements. Distal nail trans-
mission time was 8.8 % less than proximal trans-
mission time (See also▶Chap. 20, “Skin Friction
Coefficient”).

Jemec and Gniadeska (1999) used high-
frequency ultrasound to conduct longitudinal
studies of psoriatic nail changes during therapy.

The exact location of a glomus tumor is easy to
detect if there is discoloration of the nail.

Fig. 2 Normal nail sonography (Courtesy of Ximena Wortsmann, Chile)
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However, there are cases in which the tumor is
difficult to locate. Ultrasonography (US) might be
useful for detecting glomus tumor before surgery.
Echograms give clear echoic shadows of
subungual tumors (Wortsman and Jemec 2013).

The sonographic aspect of mucoid pseudocyst
includes a poorly echogenic round mass or simple
thickening of the subungual space, and these fea-
tures do not distinguish it from glomus tumors or
angioma.

A 30-MHz frequency high-resolution B-mode
was applied to normal and damaged nails, and the
echograms confirmed the diagnostic value to the
nail plate deformity (Hirai and Fumiiri 1995).

Ultrasonography imaging with high-frequency
transducers is useful in both the diagnosis and the
preoperative three-dimensional localization of
glomus tumors. The diagnosis should be made
on the combination of as appropriate clinical set-
ting and the demonstration of a local,
hypoechoic mass.

Differential sonographic diagnosis should
include implantation, mucoid pseudocyst, and
angiomas. Hematomas beneath the nail plate
may be particularly misleading.

The sensitivity of this investigative method
depends on the instrument used and on the expe-
rience of the operator. Limitations of detection
with ultrasonography are related to the resolution
of the sonographic transducer. Commercially

available devices, working at 20 MHz, use an
aqueous gel as a coupling milieu between probe
and skin. This may hydrate the nail and make it
swell. Accordingly, any examination should be of
very short duration if aimed at dimensional or
structural investigation. On the other hand, the
nail thickness is calculated from the time the US
beam goes down and returns, and current devices
are set to the US speed in viable tissue
(=1,600 m s�1), whereas it is much higher in
nails (=3,100 m s�1 in dorsal nail and
=2,100 m s�1 in ventral nail). Therefore, a correct
ultrasound measurement of nail thickness must
take this into account; otherwise the nail would
be found erroneously thin.

The specificity of sonography is low, so its
diagnostic value is limited. However, it should
be used as a first choice, because it is inexpensive
and provides the possibility of defining the lesion
in nearly 50 % of cases.

US and clinical findings show good correlation
for the assessment of the nail in psoriatic disease.
The demonstration of subungual extensor tendon
enthesopathy in both psoriasis and psoriatic
arthritis (PsA) supports the importance of
enthesopathy in nail disease pathogenesis whether
or not clinical arthritis is present (Aydin
et al. 2012). In addition, Aydin et al. (2013a)
used ultrasonography with power Doppler to test
the hypothesis that subclinical enthesopathy in

Fig. 3 Ultrasonography with color Doppler (Courtesy of Ximena Wortsmann, Chile)
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PsAwas associated with an inflammatory or vas-
cular phenotype compared to that seen in psoria-
sis. Their study shows that the ultrasound
appearances of subclinical enthesitis in psoriasis
differ from the subclinical enthesitis in PsA, with
PsA patients having more power Doppler. This is
suggestive of a more inflammatory or vascular
process in PsA and offers potentially novel
insights into the progression from skin to joint
disease in psoriasis.

3.4 Optical Coherence Tomography

Optical coherence tomography (OCT) is an opti-
cal analogue of US, using infrared light instead
of acoustic waves. The reflection of the light
waves (Piérard 1993; Corcuff and Levêque
1993; Kaufman et al. 1995; Hongcharu
et al. 2000) from the tissue is measured and
processed in order to improve the signal-to-noise
ratio and transfer to a computer generating an
OCT image. The axial resolution is determined
by the bandwidth of the light source, which is
1–2 mm in general, limiting its use to very super-
ficial tissues.

It has also been widely investigated in derma-
tology, particularly in nonmelanoma skin cancers.
For nail disease, it was suggested to be useful as a
diagnostic tool in onychomycosis. Additionally,
comparison of high-resolution US and OCT indi-
cated the benefits of OCTsuch as a better ability to
differentiate morphological details and nail thick-
ness. OCTmay be regarded as an optical analogue
of US providing of better resolution but inferior
penetration (Fig. 1).

OCT is compatible with both physical findings
and with US in patients with symptomatic nail
disease in psoriasis. Surprisingly, the diffuse nail
dystrophy shown on clinical photographs was
associated with a relative normality of superficial
nail but OCTabnormalities at the nail plate anchor-
age to the underlying skin. The validation of the
use of OCT in measuring the thickness of the nail
plate in comparison to US has already been dem-
onstrated. This suggests that OCT may have the
potential to provide quantitative data regarding
psoriatic nails and may be a more accurate and

objective outcome measure, potentially suitable as
a surrogate outcome measure in interventional tri-
als. OCT detected subtle abnormalities in 12 clini-
cally normal nails and in 41 nails with normal US
findings (Aydin et al. 2013b).

3.5 Reflectance Confocal
Microscopy

Reflectance confocal microscopy (RCM) is an
emerging technique which, by a real-time confo-
cal microscope, uses reflected light to optically
section living tissue at various depths, to examine
and image layers of the nail unit without stains
in vivo (Cinotti et al. 2014). Due to the fact that
both the light and the microscope objective are
focused at the same specific focal plane, objects
and structures above and below this plane do not
interfere with the formed image. RCM gives hor-
izontal images of the analyzed tissue with resolu-
tion at a cellular level and without alteration of the
tissue surface. Skin and nails are ideal locations to
be explored by RCM because they are easily
accessible sites. The depth to which the confocal
microscope can optically penetrate is limited by
the light penetration into the tissue and by the
reflectivity of the observed structures and corre-
sponds to 200–300 μm for skin tissue.

The unique properties of RCM make it possi-
ble to explore the capillary nailfold and the nails
extending to the deeper layers of the nail plate and
nail bed.

RCM is able to display single corneocytes and
the integrity of their borders. The nail plate can be
scanned from the surface to the lower part adja-
cent to the underlying nail bed. Three different
layers can be differentiated by RCM, according to
the intensity of the reflection. The superficial layer
shows a brighter reflection, followed by a zone
with a poorer signal, followed again by a brighter
zone in the deepest part.

Two main applications interest the
dermatologist:

1. Confocal microscopy and onychomycosis
Hongcharu et al. (2000) first reported the

possible application of in vivo RCM for the
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diagnosis of onychomycosis. RCM produces
high-resolution images and has the great
advantage of being noninvasive. Nails can
therefore be imaged in their native state at
high resolution and contrast without fixing,
sectioning, or staining. Hongcharu
et al. correlated RCM findings with the results
from routine KOH preparations. RCM is faster
and more accurate than the conventional
microscope used with KOH preparations in
the diagnosis of onychomycosis.

As attempts to document fungal infection
by KOH preparations and fungal culture are
sometimes unsatisfactory, RCM is an addi-
tional tool that can be used in these cases.

2. Confocal microscopy and melanonychia
Recent studies showed that the proximal

nail fold could be reclined during nail biopsy
procedure in order to better visualize nail
matrix pigmentation and to perform
intraoperative dermoscopy and RCM.

In most cases, the images obtained both by
ex vivo and in vivo RCMwere reliable enough
to make the diagnosis and the slight loss of
quality, sometimes observed in vivo because
of subtle movements, did not have any impact
on the diagnostic value of the observed fea-
tures. Intraoperative RCM revealed suffi-
ciently atypical cytological and architectural
features to accurately suggest the correct final
diagnosis of melanoma. A good correlation
between RCM and histopathology was found:
Subungual melanoma was diagnosed
intraoperatively in seven out of eight cases
that proved to be melanomas by histological
examination (Debarbieux et al. 2012).

The authors suggest that RCM is a promis-
ing tool for the intraoperative diagnosis of
melanonychia because it combines the advan-
tages of dermoscopy (noninvasive examina-
tion of the whole interested area without
alteration of the epithelial surface) and histo-
pathology (resolution at a cellular level). RCM
offers a good contrast between melanocytes
and adjacent structures. It permits the visuali-
zation of architectural and cytological features
of the melanocytic proliferation. Ex vivo
examination can be used either alone or as a

complementary technique if the data provided
by in vivo examination are not diagnostic.

3.6 In Vitro Dual Flow Cytometry

Dual flow cytometry after labeling fungal proteins
with fluorescein isothiocyanate (FITC, Sigma
Chemical Company) and fungal DNA with
propidium iodide (PI, Sigma Chemical Company)
was performed by Arrese et al. (1995) following a
variant of Miller and Quarles’ method. This tech-
nique was found between culture data, revealing a
single fungus and positivity of fungal filaments
with monoclonal antibodies. The dual dye combi-
nation of FITC and PI yielded strong detectable
fluorescence of fungi.

3.7 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an effective
method of locating tumors, particularly where
there is diagnostic difficulty. It can be used in a
range of periungual neoplasms, although it is most
useful when the tumor contrasts with surrounding
tissues with respect to density, fluid, or fat content
(Drape et al. 1995; Goettmaann et al. 1994).

The most marked example of this is with
mucoid cysts, but even normal soft tissues can be
differentiated and an in vivo anatomical assess-
ment made using MRI. This can be a useful
means of identifying the inflammatory changes
of psoriatic arthritis where it has consequences
for the soft tissue element of the nail unit and
consequently affects nail growth and appearance
and remains the gold standard for glomus tumors
of the nail unit.

MRI detects tumors only 1 mm wide; defines
their tissue characteristics; determines their site,
which facilitates surgical management.

T1-weighted sequence allows morphological
evaluation of lesional contour and anatomical
extension.

T2-weighted sequence defines tissue character-
ization from signal intensity emitted by the tumor.

Gadolinium assesses the vascularization of the
tumors and may highlight the lesional contours.
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The signals obtained in the various sequences
are characteristic and can differentiate the most
common tumors encountered in the nail region.

Drapé et al. have shown that high-resolution
sagittal magnetic resonance images depict an oval
area in the dermis beneath the nail matrix that gives
a particular signal. This study defines the MRI
characteristics of this area and examines its correla-
tion with the lunula. A high-resolution surface gra-
dient coil, especially designed for skin imaging was
used on a 1.5 T magnetic resonance unit. The
subnail matrix (SNM) areas of 12 subjects had a
significantly longer T2 relaxation time and a higher
enhancement ratio after injection of gadolinium
than did the nail bed dermis. The length of the
SNM area distal to the free edge of the proximal
nail fold was highly correlatedwith the length of the
lunula (R = 0.98) in 30 fingers and 10 toes. The
total length of the SNM area was somewhat corre-
latedwith the nail thickness (R= 0.86) in 30fingers.
The histology and microvascularization of the
subungual tissue in 21 fingers showed that this
SNM area had specific features: The area was com-
posed of loose connective tissue without bundles,
and the reticular and subdermal vascular networks
had large regular meshes in this oval area. The
lunula is shown to be linked to a well-defined area
in the underlying dermis with a specific histology
and microvascularization (Drapé et al. 1996).

3.8 Synchrotron X-ray
Microdiffraction Structure
of Human Nail

Three layers from the outer to the inner side of the
human nail were observed by synchrotron X-ray
microdiffraction. These are associated with the
histological dorsal, intermediate, and ventral
plates. The hair-like type a-keratin filaments are
only present in the intermediate layer and are per-
fectly oriented perpendicularly to the growth axis
in the nail plate. Keratin filaments of stratum
corneum type, found in the dorsal and ventral
cells, are oriented in two privileged directions:
parallel and perpendicular to the growth axis.
This “sandwich” structure in the corneocytes and
the strong intercellular junctions gives the nail

high mechanical rigidity and hardness. Lipid bila-
yers parallel to the nail surface fill certain ampullar
dilations of the dorsal plate and intercellular spaces
in the ventral plate. The use of X-ray microdif-
fraction shows that onychomycosis disrupts the
keratin structure, probably during the synthesis
phase (Garson et al. 2000).

3.9 Tribological Characteristics
of the Nail Surface

Abrasion, micro-induction, and sclerometry are
used to investigate the reactions of the nail surface.
In particular, sclerometry simulates, by a scraping
technique, the effects of wear and tear on its sur-
face. This later leads to deformities of the surface
and to an appreciable removal of material. These
insults produce deterioration in the morphological,
mechanical, and optical properties and, thereby,
the loss of the principal functions of the nail
(Vargiolu et al. 1999). Simulation of the worn
nail by abrasion or sclerometry facilitates the
study of wear, which is the prime target of cos-
metic application such as nail hardeners and sur-
face striae and nail varnishes (resistance to wear).

3.10 Bone Scintigraphy

The value of bone scintigraphy in refining the
diagnostic accuracy of enthesoarticular involve-
ment was demonstrated in a study of patients with
early psoriatic arthropathy (Namey and
Rosenthall 1976).

High-resolution [18F] fluoride position emis-
sion tomography of the distal interphalangeal
joint in psoriatic arthritis is an exploratory study
suggesting diffuse increased bone metabolism
involving the entire distal phalanx periosteum
and entheses (Tan et al. 2013).

4 Nail Clipping

Nail Clipping is a common procedure used in
forensic analysis. However, it has been used to
evaluate titanium which has been found in
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patients affected by yellow nail syndrome and
leading to the removal of dental implants followed
by the cure of this condition (Berglund and
Carlmark 2011).
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1 Part I: Nail Growth Evaluation

Nail evaluations have been documented in the
literature as early as 1684. However, the
modern-day measuring technique dates back to
1939 by Gilchrist and Buxton in their pivotal
study of nail growth. They utilized a fixed groove
in the nail compared to another reference point
and then measured the change over a set period of
time. Subsequent studies remained similar to this
original technique, although with some modifica-
tions to reference points and use of magnification
and photography to increase accuracy. Figure 1
shows the reference points commonly used in nail
measurements.

Robert Boyle, a physicist, was given credit for
being the first to publish on nail growth in his
paper that appeared in 1684 (Boyle 1684; Heller
1927). In 1871, Weir Mitchell published on the
transverse serrations and the slow growth of the
nails on the paralyzed hand of a 56-year-old
woman under his care for a stroke. He then had
the idea to stain the nails with nitric acid in men
with hemiplegia to study the growth of their nails
(Fritsch 1981). Nail growth has been quantitated
in the literature as early as 1929, when Halban and
Spitzer measured it by the distance a stain on the
nail advanced from the cuticle (Halban 1928). In
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1930, Voit quantitated nail growth by measuring
the weight of fingernail and toenail clippings of
three subjects (Voit 1930). In 1937, Basler
published on using a special “biomicrometer” to
measure nail growth hourly. He measured the
progression of a distance between two brass strips,
one cemented to the nail and the other cemented to
the skin and overlapping the nail. He also used a
microscope to increase the accuracy of these mea-
surements, but commented that this was difficult
due to slight movements of the finger (Basler
1937).

The modern-day measuring technique dates
back to 1939, when Gilchrist and Buxton studied
nail growth in undergraduates and elementary
school children in Oxford. Over the years, this
method has been modified, but still remains sim-
ilar to the original method described. These
methods utilize an imprint of a fixed reference
mark on the nail and then measuring the change
in position compared to a fixed structure separate
from the nail after a certain time period. Gilchrist
and Buxton made a transverse scratch with a small
file, described as that used for opening glass
ampules, approximately 2 mm from the central
point of the most distal margin of the lunula.
Measurements were made with a magnifier fitted
with a micrometer scale, and they were able to
make measurements as small as 0.1 mm. They
recorded measurements approximately once per
month as the transverse scratch moved distally
and thus calculated the daily growth rate of the
nail. They commented that the margin of the
lunula as a landmark was sharp enough for the

thumb, the index, and middle fingernails, but the
ring and fifth fingers were not as distinct. They
also noted that the lunula might not be visible in
all people, making measurements impossible.
They advised that if the eponychium was obscur-
ing the lunula, Vaseline could be rubbed over the
nail (Gilchrist and Dudley Buxton 1939). While
using the lunula as a fixed point has been used in
many large-scale studies, one shortcoming of this
reference point is that it may be blurred when
using high magnification (Dawber and Baran
1987).

In 1953, Bean published on a 10-year study of
the growth of his left thumbnail. He commented in
this paper, referring to the previous work on the
subject, that nail measurements could be made in
three different ways: first, marking the nail with an
indelible stain such as nitric acid; second, scoring
the nail with a sharp instrument; and third,
weighing or measuring clippings from the nail.
He chose to make a transverse marking on the
nail plate on the first of the month where the nail
emerged from the cuticle and repeated this process
every month. He then recorded the number of
days needed for this mark to grow from this ref-
erence point to the site of separation of the nail
plate from its bed. To make this mark, he first used
a razor blade and later used a sharp file commonly
employed to open small glass vials, as Gilchrist
and Buxton described. The linear growth rate was
then recalculated each year and assigned to the
starting month. This technique gave average
growth rates over periods of approximately
120 days. Therefore, it was appropriate for studies

Edge of nail plate attachment
Distal nail groove

Nail plate

Distal point of lunula
Cuticle
Proximal nail fold

Fig. 1 Reference points for
nail growth measurements
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lasting a few months, but not appropriate for mea-
suring growth over periods of less than a month. It
should be noted that the disadvantages of using
the cuticle as reference point are that it may be
damaged due to hydration, dehydration, friction,
and manicuring. Furthermore, it may be hard to
see or even absent in some individuals (Dawber
and Baran 1987). He also showed that weights of
fingernail clippings are subject to large errors
because of wearing away of the nail. In addition,
weight measurements are not considered accurate
for short-term measurements of nail growth
because it may take 5 months for changes in
thickness to grow out to the point that they can
be measured (Bean 1953).

Slight variations have been made to the origi-
nal method described by Gilchrist and Buxton. In
1955, Hillman, like the previous authors, made
the transverse mark at the convex margin of the
lunula and made measurements using the lunula
as a reference point. However, to increase the
accuracy of the measurements, he also employed
electrocardiogram-type calipers and a blocked
steel ruler. He made measurements every
2–8 weeks, with an average interval of 46 days
(Hillman 1955).

Later, Babcock improved nail growth measure-
ments by taking magnified photographs over time
and comparing the photographs. This allowed for
optical enlargement of the distance to be mea-
sured, as well as the ability to thoroughly analyze
permanent records at a later point in time. The
author also commented on the difficulty of choos-
ing a reference point for the measurements. He
stated that the cuticle should not be used because
it can easily be manipulated and moved. He said
the same was true of the point of separation of the
nail plate from its bed. He also believed that the
lunula was not a good choice because as noted
previously, it may not be visible on all digits. In
addition, the lunula is not sharp when magnified
and is blurred on photographs. Due to the short-
comings of the previous methods, he tested three
reference points, namely, the phalanx bone, the
skin near the nail, and the lunula. His methods
were innovative, but would not pass the institu-
tional review boards of today. He marked the nail
with a deep scratch, which was then filled with

bismuth amalgam. This made it radiopaque and
allowed comparison with the underlying bony
reference points on x-ray. A follow-up x-ray,
after refilling the scratch with amalgam, allowed
growth estimation. He also took enlarged photo-
graphs (6.4�) on the same day and took an aver-
age of five individual readings made with calipers.
He concluded that using the lunula as a reference
point along with positive transparencies was more
precise for measuring growth of nails than lunula
photograph or skin photograph methods. He con-
cluded that there was no significant difference
between the rate of nail growth measured by
x-ray and photographs, the latter being easier to
perform (Babcock 1955). This technique was
modified only slightly by Sibinga who used a
different optical system to magnify the photo-
graphs as high as 35-fold. This made it possible
to measure nail growth daily and conduct studies
of nail growth over a period as short as a month
(Sibinga 1959).

In 1958, Geoghegan et al. published on nail
growth in 49 naval personnel. The authors made a
transverse mark at the margin of the lunula of the
first and third fingernails of each hand and made
weekly measurements over 2–6-week periods.
They used a Beck Luminex magnifier with a
scale calibrated to tenths of a millimeter
(Geoghegan et al. 1958).

Four years later, Morton used a modified form
of Babcock’s technique to measure nail growth.
He drilled small index holes (0.0135 in.) into the
thumbnail using a twist drill in a thumb chuck.
The holes were superficial and did not penetrate
through the nail plate. These holes were then filled
with black wax. The lens used to photograph the
nails was 2.5� and the resulting negatives were
then enlarged to a total magnification of 10�.
Skin creases were used as references points. The
nails were photographed once per week for a total
of 12 weeks. Because Morton concluded that his
technique was not sufficient to study the effects of
therapy on onychomycosis, he performed a
5-month study using time-lapse cinematography.
He required the patient to come to the hospital
twice daily, every day, including holidays and
weekends for 5 months. He used a plaster cast of
the patient’s hand for standardization and a
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micrometer cursor that coincided with the spacing
of two small holes drilled into the nail (Morton
1962).

In 1963, Bean published a 20-year study of his
own nail growth, which was a continuation of his
previous studies. He modified his original tech-
nique from the 10-year study with a tattoo on the
proximal nail fold adjacent to the cuticle as a
reference point. He tattooed his skin to make a
permanent reference mark in the case that his
cuticle advanced or receded (Bean 1963). He
also started to use magnified photographs. He
used the same technique as he continued the
study as a 25-year study of his left thumbnail
(Bean 1968).

In 1970, Dawber modified the original method
used by Gilchrist and Buxton by using a different
reference point (Dawber 1970a). He made a
T-shaped scratch 3 mm from the cuticle and mea-
sured the change after a period of 27–35 days
(mean 32 days) using the cuticle as the reference
point. Measurements were made with an 8�mag-
nifier calibrated with a linear scale accurate to
0.1 mm. All patients were asked to avoid pushing
back their cuticles during the study. Measurement
from the base of the nail to the lunula in the
midline of the nail was made on the thumbs of
all patients with visible lunulas.

In Bean’s 30-year nail study, he continued to
use a small file to make a transverse groove in the
nail just at the edge of the free margin of the
cuticle. He added to the measuring techniques he
mentioned in his previous papers that the nail
could be marked with the juice from the walnut
hull or little holes could be punched or drilled into
the nail. He also noted that during certain phases
of the study, he took detailed photographs of the
nail, in order to take measurements of the nail over
short periods of time. The camera was fixed on a
rack and the thumb was inserted into a wooden
frame to make more precise measurements (Bean
1974).

Orentreich et al., in 1979, studied the effect of
aging on linear growth. The authors used a glass
slide to make a transverse groove just distal to the
lunula of the nail plate. They used a glass reticule
calibrated to 0.1 mm intervals, built into a magni-
fying glass, to measure the distances from the

transverse groove proximally to the distal edge
of the hyponychium and from the transverse
groove distally to the distal emergence of the
nail plate from the nail bed. To obtain linear
growth in mm per week, these two measurements
were obtained at set intervals, and their average
was divided by time elapsed in weeks. To make
measurements in intervals as short as 15 min, they
used a split-image range finder adapted to a trin-
ocular microscope and could make measurements
with an accuracy of 0.01 um (Orentreich
et al. 1979).

In Bean’s 35-year study of nail growth,
published in 1980, he noted that nail polish
could also be used to mark the nail, but he still
preferred to use a file to make a transverse groove
in the nail because it was the most simple. He
continued to use the same technique of making
an indentation on the first of the month and mea-
suring until the mark advanced to the free margin
of the nail (Bean 1980).

A summary of nail growth measurement
methods by date and with modifications is
shown in Table 1. Figure 2 shows a schematic of
the techniques commonly used to measure nail
growth.

Nail growth measurements can also be utilized
to determine drug effectiveness in onychomycosis
with several variations from the methods
described above. This is based upon the concept
that antifungal drugs act clinically as barriers to
the invasion of the fungus toward the proximal
nail plate and that a normal nail plate should be
produced after an effective dose of the antifungal
medication is given. In addition, the nail grows
out distally; however, the fungus grows in the
opposite direction to nail growth. In one study,
the authors marked the nail plate superficially
with a scalpel parallel to the onychomycotic bor-
der, in the midline of the nail. The groove was
filled with ink and distance measured from this
point to the proximal nail fold. The barrier effect
of the medication was then measured at monthly
intervals. If the dose of the medication is effective,
then the onychomycotic area will not invade prox-
imal to the mark, and the amount of new nail plate
will be reflective of normal nail plate production.
If, however, the onychomycotic area invades
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proximal to the transverse groove, then the med-
ication is not effective at that dose. A new trans-
verse groove can be made and evaluated monthly
as the dose of the medication is increased (Zaias
and Drachman 1983).

In 2002, Sawhney published a study on the
effect of high altitude on nail growth, involving
22 healthy highlander troops and 6 lowlander
troops. He employed the method described previ-
ously by Dawber, as he made a T-shaped cut on

the nail plate of the right index finger in each
subject with a blade, 3–4 mm away from the
proximal nail fold. The baseline reading and the
subsequent reading after 2–3 months were taken
using a vernier caliper and the proximal nail fold
as reference point (Sawhney 2002).

Some authors overcame the concern over var-
iation in the non-nail plate reference point by
using two reference points. This has been
performed by making a scratch or a mark with a

Gilchrist and Buxton method, 1939 Hillman method, 1955

Y Y Y

X XX Distal point of lunula
Cuticle

X = Initial groove 2 mm from distal point
       lunula
Y = Same groove later in time 
Growth = (Y − X)/time

X = Initial groove 3 mm from cuticle
Y = Same groove later in time 
Growth = (Y − X)/time

X = Initial groove distal point lunula
Y = Same groove later in time 
Growth = (Y − X)/time

Cuticle

2mm 3mm

Dawber method, 1970

Fig. 2 Schematic for commonly used nail growth measurements

Table 1 Summary of nail growth measurement methods

Authors Reference point Notes

Gilchrist and
Buxton (1939)

2 mm from distal point of
lunula

Lunula not clear in 4th and 5th fingers, blurred with magnification

Bean (1953) Cuticle Cuticle may be damaged due to hydration, dehydration, friction, and
manicuring. May be hard to see or absent in some individuals

Hillman (1955) Convex margin of lunula Used calipers to increase accuracy

Babcock (1955) Lunula Magnified photographs 6.4�
Sibinga (1959) Lunula Magnified photographs 35�
Geoghegan
et al. (1958)

Lunula Beck Luminex magnifier

Morton (1962) Lunula Drilled holes, magnified photographs

Bean (1963) Tattoo on proximal nail
fold adjacent to cuticle

Magnified photographs

Dawber (1970a) 3 mm from cuticle 8� magnifier

Orentreich
et al. (1979)

Convex margin of lunula Magnifier
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CO2 laser at the uppermost midpoint of the lunula
and measuring the distance to the distal limit of
the nail plate attachment, visible through the nail
plate. Subsequent measurements are made from
both the lunula and the edge of nail plate attach-
ment. Their sum should always be equal as a way
of verifying the method (Yu et al. 2004).

In 2010, Yaemsiri et al. published a study on
the growth rate of fingernails and toenails in
healthy American young adults. This study dif-
fered from previous studies in that measurements
were made without the aid of photographs or
magnification and were done by the patients.
Twenty-two subjects marked their nails adjacent
to the proximal nail fold with the 4-1/2 in. sap-
phire nail file provided. They recorded the date
and the distance from the proximal nail fold to the
mark using a 6-in. stainless steel ruler provided.
One to 3 months later, participants repeated this
measurement. Nail growth rate was calculated
based on recorded distance and time between the
two measurements. The standard error using this
technique ranged from 0.07 to 0.12 mm per month
(Yaemsiri et al. 2010).

Optical profilometry has been cited as an alter-
native way to study nail growth. This technique
utilizes surface imaging of the nail to measure nail
surface irregularities and does not require using
marks or scratches on the nail plate. This tech-
nique has been reported by De Doncker and
Piérard in a study of nail growth during
itraconazole therapy. Nail beading was correlated
with faster matrix turnover. It should be noted that
only nail clippings and not entire in vivo nail
plates were assessed (Doncker and Pierard 1994).

While the methods described all involve mea-
surement of linear growth, Hamilton
et al. attempted to measure volumetric growth
using the equation, volume = thickness (mm) �
breadth (mm) � length grown per day (mm). The
authors measured thickness of the nail using
micrometer calipers in the midline of clippings
from the free edge of the nail. They specifically
used the proximal portion of the clippings rather
than the distal portion was since the latter is
known to undergo crumbling or wearing away
(Bean 1953). They repeated this measurement in
three places, namely, the midline, the lateral edge,

and the midway between the midline and the
lateral edge. They noted that no significant error
was introduced if the measurement was 1.0 mm
from the midline in children or 3.0 mm in adults.
They also noted that both humidity and dryness
did not affect measurements of thickness. The
calipers were fitted with a release mechanism to
prevent compression of the nail. Prior to measure-
ment, magnification of 5� was used and debris
was scraped from the undersurface of the clip-
pings using a sharp razor blade. Needlepoint cal-
ipers were used to measure the greatest breadth of
the nail in the subjects. The authors noted that due
to the mediolateral curvature of the nail, this value
did not represent the true width of the nail. To
measure length, they made an incision on the
surface of the nail plate and recorded the distance
it moved over a period of 6 weeks. They magni-
fied the nail 2� and used needlepoint calipers.
They used the cuticle as the reference point
(Hamilton et al. 1955).

In an attempt to determine whether only the
nail matrix forms the nail plate or whether there is
also a contribution of the nail bed, Johnson
et al. measured volumetric growth with respect
to linear growth, irrespective of time. The authors
used cadaveric avulsed nails and measured the
thickness at three different points in the nail
using either screw-gauge micrometer or vernier
calipers. They calculated the thickness of each
sample from the mean of three measurements.
They also calculated the mass in three parts of
the nail plate by calculating the surface area of
each sample by tracing onto paper, weighing it on
a balance, and then calculating mass as dry
weight/unit area (Johnson et al. 1991).

2 Part II: Factors Affecting Nail
Growth

2.1 Introduction

The nail unit is metabolically and mitotically
active throughout life. The germinative layers of
the nail matrix undergo DNA synthesis, divide,
and differentiate to produce the nail plate without
a quiescent phase. Normal growth arises from the
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germinative nail matrix with a small contribution
from its nail bed and proceeds linearly (Hillman
1955; Johnson et al. 1991; Baran 1981; Fleckman
1997; De Berker et al. 1996). Nail growth rates in
the literature vary within a small range, and the
average growth rate is 3 mm per month for finger-
nails and 1 mm per month for toenails (Hillman
1955; Geyer et al. 2004). Therefore, it typically
takes 4–6 months for a fingernail to completely
grow out and between 12 and 18 months for a
toenail to completely grow out (Cohen and Scher
1992). A recent publication found a growth rate of
3.47 mm/month for fingernails and 1.62 mm/
month for toenails in healthy young adults. The
authors concluded that the longitudinal growth
has increased over time. However, it should be
noted that in this study, the subjects, rather than
the physicians, took the measurements so the data
may not be directly comparable to earlier studies
(Yaemsiri et al. 2010).

The proliferative capacity of the nail matrix
cells determines the nail growth rate. However
the longitudinal growth rate can be affected by
physiology, the environment, certain disease
states, trauma, and treatments as shown in Table 2.
It should be noted that detailed growth kinetics
have been performed for some, but not all of these
factors and variables. Some of the published work
is based upon observations in one patient or small
case series. In addition, some of the studies have
shown conflicting data, which is indicated in the
table and elaborated on in the text. The effect of
these variables on nail growth is medically impor-
tant, because some factors can be modified and
medications prescribed to change the rate of nail
growth. While altering the rate of nail growth by
itself may not cure an abnormal nail, when used as
an adjunct with other treatments, it may provide a
more rapid and complete cure (Geyer et al. 2004).
For instance, by decreasing the nail growth rate of
psoriatic nails, which grow faster than normal,
may lead to improvement in the abnormal nails
in combination with psoriasis treatments (Dawber
1970b; Farber and Nall 1992). On the other hand,
to treat nails affected by onychomycosis, which
may grow more slowly than normal (Elewski
1998; Cohen et al. 1982; Tosti and Piraccini
2003), augmenting longitudinal nail growth in

combination with antifungal drugs may lead to a
better cure rate (Evans 2001; Baran and Hay
2001).

2.2 Physiology and Nail Growth

A decrease in nail growth with age was first
suggested by Voit, who studied the nails of three
subjects of different ages (Voit 1930). Bean stud-
ied his left thumbnail over a period of 35 years and
observed a small but consistent decrease in nail
growth rate as he became older. Notably, when he
started the study at age 32, the nail growth rate
was 3.69 mm per month, and at the end of the
study at age 67, his nail growth rate was 2.85 mm/
month (Bean 1953, 1963, 1968, 1974, 1980).
Hillman and Hamilton et al. both confirmed
the finding of decreased nail growth with age
(Hillman 1955; Hamilton et al. 1955). Dawber
found a decrease in nail growth with age both in
normal subjects and in those with nail psoriasis
(Dawber 1970a). It should be noted that Clark
and Buxton and Gilchrist and Buxton in two dif-
ferent studies did not observe a variation in fin-
gernail growth with age; however, they had a
narrow span of younger years represented in
their studies (Gilchrist and Dudley Buxton 1939;
LeGros Clark and Buxton 1938). In addition,
Edwards and Schott saw no effect of age on the
growth of toenails (Edwards and Schott 1937).

The data on the difference in nail growth rates
between men and women is controversial, but
most studies have found that there is no statisti-
cally significant difference in rates between the
sexes. For example, Clark and Buxton and
Gilchrist and Buxton in two different reports did
not observe any variation in nail growth with sex
(Gilchrist and Dudley Buxton 1939; LeGros Clark
and Buxton 1938). Similar results were seen by
both Voit and Head and Sherren (Voit 1930; Head
and Sherren 1908). In addition, Hamilton
et al. found that nails in males grew faster than
nails in females only in the 15–19-year-old age
group. In other age groups, the results were not
statistically significant (Hamilton et al. 1955).
Dawber also did not observe any statistical signif-
icant difference in nail growth between men and
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Table 2 Factors influencing longitudinal nail growth rates

Faster Slower No change Notes

Physiology

Younger
individuals

Older
individuals

A small number of
conflicting studies show
no difference

Men and women One conflicting report

Pregnancy Postpartum Maternal weight at conception, maternal
weight gain during pregnancy, parity, duration
of gestation, length of labor, maternal smoking
habits

Birth order, age of mother at time of birth

Puberty

Within family

Third fingernail 1st and 5th
fingernails Nutrition – conflicting

reports, no consensus

Right hand, left hand,
handedness – conflicting
reports, no consensus

Height, weight

Nail thickness

Nail plate length

Environment

Day Night Season, weather –
conflicting results, no
consensus

Trauma

Nail biting

Nail avulsion

Smoking

Moderate stress

Paralysis,
immobilization
in splint or cast

Reversed with regaining
of function in limb,
massage

Disease states and nail conditions

Acute severe
illnesses

Acute minor illnesses Some conflicting data

A-V shunts Cardiovascular
disease

Increased
circulation

Decreased
circulation

Hyperthyroidism Hypothyroidism

Family history cancer, hypertension, coronary
artery disease, diabetes mellitus

Psoriasis

Onycholysis

Pityriasis rubra
pilaris

(continued)
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women (Dawber 1970a). Hillman, on the other
hand, found in his study that the mean nail growth
rate for men was higher than that of women
(Hillman 1955).

Halban and Spitzer showed that during preg-
nancy, nail growth rates are one fourth to one third
higher than normal (Halban 1928). Hillman
supported this earlier study by showing that dur-
ing pregnancy, nails grow faster. He also showed
that the nails grow even faster at later stages of

pregnancy. Furthermore, he observed a decrease
in nail growth rates postpartum. He found that nail
growth rate was unaffected by maternal weight at
conception, maternal weight gain during preg-
nancy, parity, duration of gestation, and length of
labor. Maternal smoking habits had no effect on
nail growth rates (Hillman 1960). In a separate
study, he also found that birth order and age of the
mother at time of birth had no effect on nail
growth (Hillman 1955).

Table 2 (continued)

Faster Slower No change Notes

Congenital
bullous
ichthyosiform
erythroderma

Yellow nail
syndrome

Brittle nail
syndrome

Lichen planus

Onychomycosis

Medications

Fluconazole

Terbinafine

Itraconazole One conflicting study

Levodopa

Benoxaprofen

Oral phosphate,
calcitriol, calcium

Oral
contraceptives

Biotin

Cysteine

Methotrexate Corticosteroids

Azathioprine

Psoralen with
UVA therapy

Oral retinoids –
conflicting results, no
consensus

Lithium

Sulfonamides

Gold

Zidovudine

Cyclosporine

Heparin
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One study showed that there is also no change
in nail growth rate with pubertal development. In
this study, the authors took into account axillary
hair, rate of growth of axillary hair or beard, and
the incidence and severity of acne (Hamilton
et al. 1955).

In a small number of subjects, in two indepen-
dent studies, it was shown that there are familial
patterns of nail growth. For example, Hamilton
et al. found that both male and female siblings had
growth rates that were similar to the rest of the
family (Hamilton et al. 1955). Hillman also
showed the rate of fingernail growth in a set of
identical twins and a set of fraternal twins was
similar between those siblings (Hillman 1955).

Clark and Buxton showed that nails on the
longer fingers grew more rapidly than the shorter
fingers (LeGros Clark and Buxton 1938). Hillman
confirmed this finding, in that he observed the
fingernail on the third fingernail grew faster than
the others (Hillman 1955). This was confirmed
once again by Hamilton et al., in their studies of
Japanese subjects (Hamilton et al. 1955). Dawber
also agreed that that middle fingernail grew more
rapidly than the other nails (Dawber 1970a).

The connection between nutrition and nail
growth is controversial. For example, more rapid
growth of nails has been associated with better
nutritional status in one study (Gilchrist and
Dudley Buxton 1939). However, it should be
noted that at the time the relevant study was
performed, nutritional status was based on general
physical appearance as opposed to clinical signs
of specific nutrient deficiencies (Hillman 1960).
Similarly, it was also observed that during periods
of starvation, (Ivanowsky 1923) and malnutrition
conditions, such as kwashiorkor and marasmus
(Fitzpatrick et al. 1971), nail growth is slowed.
Hamilton also mentions unpublished studies on
rodents, in which nail growth is slowed with star-
vation (Hamilton et al. 1955). In contrast, in
another study, nutritional status, as estimated by
the thickness of skinfolds measured with calipers,
had no effect on linear nail growth (Hamilton
et al. 1955). In addition, a study was also done
on ten newborn infants who were hospitalized, to
evaluate the requirements of essential amino
acids. For brief periods of time, single amino

acids were removed from their diets, and weight
gain either decreased or halted. It was found that
omitting these amino acids from the diet had no
effect on nail growth (Sibinga 1959). Finally, the
effect of calorie restriction on nail growth was also
studied in seven obese adults who were on
600/day calorie diets over 1–2 months. It was
found that diet had no effect on nail growth rates
(Sibinga 1959).

There is disagreement on the data for the influ-
ence of the right and left hands and handedness on
nail growth rates. Some studies did not show
consistent differences in growth between different
hands and also showed that handedness had no
effect on nail growth (Hillman 1955; LeGros
Clark and Buxton 1938). However, Dawber
found that on average the nails on the right hand
grew faster than the nails on the left hand (Dawber
1970a).

Numerous studies have substantiated the
finding that height has no effect on nail growth
(Hillman 1955, 1960; Hamilton et al. 1955). Some
studies have also shown that weight has no
influence on nail growth rates (Hillman 1955;
Hamilton et al. 1955; Hewitt and Hillman 1966).
Weight gain or loss does not affect growth kinetics
(Hillman 1955). Additionally, nail thickness and
nail plate length do not affect the linear growth
rate of the nail (Hamilton et al. 1955).

2.3 Environment and Nail Growth

Basler showed that nail growth was faster during
the day than at night (Basler 1937). It has been
hypothesized that this difference is due to diurnal
variations in blood pressure, with lower blood
pressure at night (Riddle 1908).

The effect of seasonal variation on nail growth
rates is controversial. Some studies have empha-
sized that seasons affected the growth rate of nails,
with nails growing faster in warmer weather and
slower in colder weather (Gilchrist and Dudley
Buxton 1939; LeGros Clark and Buxton 1938).
Another report supported this association in a
study of 49 sailors in the British navy in the
temperate waters around Britain and on an Arctic
cruise. The authors found that mean daily nail
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growth in the Arctic environment was slower than
in the temperate region (Geoghegan et al. 1958).
Bier hypothesized that nails grow faster in warmer
weather due to a relative hyperemia to the nail
apparatus as opposed to slower growth in cooler
weather with ischemia (Bier 1905). However, sev-
eral other studies failed to demonstrate any varia-
tion of nail growth with season, and two of these
studies included men exposed to varying temper-
atures in Antarctica (Hillman 1955; Bean 1974;
Donovan 1977; Gormly and Ledingham 1983).

2.4 Trauma and Nail Growth

Trauma, such as nail biting, has been found to
increase the rate of growth of nails in numerous
studies (Hillman 1955; Hamilton et al. 1955;
LeGros Clark and Buxton 1938). In addition, in
patients with onychomycosis who failed tradi-
tional treatments, when the nails were avulsed,
the fungal load was reduced, and while no formal
studies were done, the trauma of the surgery may
provide mechanical stimulation for faster
regrowth (Zaias 1990).

One study showed that smoking has no effect
on nail growth (Hillman 1955). In addition, mod-
erate stress such as that experienced during final
exam periods had no influence on nail growth
rates (Hillman 1955).

Numerous studies have also shown that immo-
bilization and paralysis cause a temporary
slowing of nail growth. This was first reported as
early as 1871, when Mitchell observed that the
nails on the paralyzed hand of a 56-year-old
woman under his care for a stroke grew more
slowly than those of the unaffected hand. He
subsequently studied the nails of two men with
hemiplegia; he saw soon after the acute episode
and found that the nails of the paralyzed hand
ceased to grow. However, growth returned at its
usual rate, abruptly in one man after 12 days and
in the other man after 21 days, when they regained
function in the limb (Mitchell 1871). This finding
was confirmed by Blake, who also observed that
nail growth was slowed in the paralyzed side in
hemiplegia (Blake 1899). Head and Sherren also
observed that nails grow slower in the paralyzed

side. Interestingly, they showed similar results
when there is immobilization with a limb or finger
fixed in a splint or cast. They found that massage
stimulated growth (Head and Sherren 1908).

2.5 Disease States and Nail
Conditions and Nail Growth

While there is no change in nail growth with acute
minor illnesses (Hillman 1955), most of the data
support that acute severe illnesses are associated
with a slowing of nail growth (Bean 1953, 1974;
Sibinga 1959). Bean reported on two episodes of
influenza like cold with severe respiratory infec-
tion that were associated with slowing of nail
growth (Bean 1974). In addition, with the
mumps, there was almost a complete cessation
of nail growth (Bean 1953). Sibinga found that
in all 23 patients that he studied with the measles,
there was a slowing in the nail growth rate. He
also found a cessation of nail growth in an adult
patient with mumps complicated by orchitis and a
premature infant with staphylococcus septicemia
(Sibinga 1959). On the other hand, ten children
with acute febrile tuberculosis did not have a
slowing of nail growth (Sibinga 1959).

Chronic diseases and conditions can also affect
nail growth. High-flow vascular states such as
arteriovenous shunts, as well as hyperthyroidism,
are associated with increased nail growth
(Orentreich et al. 1979). Conversely, decreased
circulation, congestive heart failure, and hypothy-
roidism have been reported to cause a decrease in
nail growth (Orentreich et al. 1979).

Hillman noted that family history had no affect
on nail growth, specifically cancer, hypertension,
coronary artery disease, and diabetes mellitus
(Hillman 1955).

Dawber reported that psoriatic nails affected
by pitting grew faster than clinically normal
nails from patients with psoriasis, which in turn
grew faster than nails of healthy controls (Dawber
1970a). In addition, Dawber et al. found that nails
affected by onycholysis, whether idiopathic or
caused by psoriasis, grew faster than clinically
unaffected nails in the same patient and faster
than normal controls (Dawber et al. 1971).

87 Nail Growth Evaluation and Factors Affecting Nail Growth 877



Other diseases besides psoriasis, in which there
is faster nail growth, are pityriasis rubra pilaris
and congenital bullous ichthyosiform
erythroderma (Samman 1978). It is believed that
the nail matrix is hyperproliferative in these dis-
eases (Dawber 1980).

Nail conditions may cause a deceleration or
cessation of nail growth. One example is the yel-
low nail syndrome (YNS), which is characterized
by the triad of yellow nails, lymphedema, and
respiratory disease. Nail growth is significantly
slowed with fingernails reported to grow
0.12–0.27 mm per week (Samman and White
1964), which is three to six times slower than the
average nail growth rate (Hillman 1955; Geyer
et al. 2004). The decrease in longitudinal growth
is usually compensated by increased nail thick-
ness, with the observation that “the nail that grows
half as fast grows twice as thick” (Moffitt and de
Berker 2000). Another nail condition in which
there is slow nail growth is the brittle nail syn-
drome. It is characterized by dehydration of the
nail plate, which may lead to breakage and split-
ting. Nail plates are often brittle, frayed at the
distal edge, and have longitudinal ridging (Scher
and Bodian 1991). In addition, lichen planus
(LP) may involve nails about 10 % of the time
(Samman 1961) and has been reported to result in
slowed nail growth (Baran 2000; Tosti
et al. 2000). There is inflammation of the nail
matrix, which may lead to onychorrhexis, pteryg-
ium formation, and scarring. Inflammation of the
nail bed may result in permanent dystrophy.

Nail infections can also cause a slowing of
longitudinal nail growth. Onychomycosis is the
fungal infection of the nails. One study showed
that when onychomycosis affects more than half
of the total nail plate, the growth rate of the nail is
slower than the unaffected toenails
(Yu et al. 2004).

2.6 Medications and Nail Growth

Many medications have been shown to accelerate
the rate of nail growth. However, it should be

noted that much of the data are not derived from
double-blind, placebo controlled trials. In 1992,
Shelley and Shelley showed that there was
increased nail growth associated with fluconazole
therapy (Shelley and Shelley 1992). There were
also three independent studies comparing
terbinafine with griseofulvin in patients with
onychomycosis, all showing a higher overall
growth rate with terbinafine as compared to gris-
eofulvin therapy (Haneke et al. 1995; Faergemann
et al. 1995; Baran et al. 1997). Two studies have
shown increased nail growth rate with
itraconazole. In one study, patients with
onychomycosis were treated with a pulse regimen
of 400 mg daily for 1 week per month, for a total
of 3–4 months. The authors calculated an average
growth rate was 2.4–2.7 mm per month in the
patients treated with itraconazole, while in unaf-
fected individuals the average growth rate was
1.1 mm per month (Doncker and Pierard 1994).
There is also a published case report on a patient
with YNS treated with pulse itraconazole therapy
for 4 months, with an acceleration of growth
(Luyten et al. 1996). However, it should be
noted that in another report of eight patients with
YNS treated with pulse itraconazole therapy for
6 months, there was no increase in nail growth
(Tosti et al. 2002). In addition, since there were no
control patients with onychomycosis or yellow
nail syndromes in these studies, it is not clear
whether these antifungals are accelerating nail
growth or whether the nail is growing faster
because the nail is cured.

There is an isolated case report of a woman
treated for Parkinson’s disease with levodopa for
12 months, who had an increase in nail growth on
therapy (Miller 1973). There are two published
studies on patients taking benoxaprofen who had
an increase in nail growth rate (Fenton et al. 1982;
Fenton and Wilkinson 1983). There is also an
isolated case report of a patient being treated for
hypophosphatemic osteomalacia with oral phos-
phate, calcitriol, and calcium during the time of
increased bone turnover, who had increased nail
growth (Hogan et al. 1984). Oral contraceptives
have also been reported to increase the growth of
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nails (Knight 1974). Biotin and cysteine have also
been reported to increase nail growth (Piraccini
and Tosti 1999). Notably, it has been shown that
biotin may reduce nail fragility, while also
increasing both the thickness and rate of longitu-
dinal growth (Uyttendaele et al. 2003).

Medications can also decrease the rate of nail
growth. The chemotherapeutics likely decrease
the mitotic activity of the nail matrix
keratinocytes. For example, methotrexate had a
marked suppressive effect on nail growth in pso-
riatic patients (Dawber 1970b). In addition, aza-
thioprine also decreased nail growth in patients
with psoriasis, but less so than methotrexate.
Interestingly, corticosteroids had no effect on
nail growth in patients with psoriasis (Dawber
1970b). However, psoralen in combination with
ultraviolet A therapy has been shown to slow nail
growth in patients with psoriasis (Landherr
et al. 1982).

The data on the effect of retinoids on nail
growth is controversial, with some studies
suggesting increased nail growth and others
showing the opposite effect. For example, ani-
mal models show that retinoids increase nail
growth (Baran 1986), and a similar finding was
reported in humans in two separate studies
(Fritsch 1981; Ott 1977). In addition, in a
small study of 28 patients, the oral retinoid,
etretinate, was shown to increase the nail
growth rate in patients with psoriasis over
their baseline. On the other hand, etretinate
had no effect on nail growth in patients without
psoriasis who were being treated with this drug
for other reasons (basal cell carcinoma, basal
cell nevus syndrome, lichen planus, actinic
keratosis, and palmoplantar keratoderma)
(Galosi et al. 1985). In other studies, there
has been a slower growth of nails during oral
retinoid treatment (Baran 1982). For example,
in one study of 130 patients taking etretinate,
linear nail growth was reduced in roughly half
the patients treated (Baran 1986).

Other drugs that have been associated with a
decreased nail growth rate are lithium, sulfon-
amides, gold, zidovudine, cyclosporine, and

heparin (Piraccini and Tosti 1999). It should be
noted that detailed growth kinetics were not
performed.
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1 Introduction

In contrast to the large body of literature on skin
pH and its alterations in certain skin disorders
(Schmid-Wendtner and Korting 2006; Ali and
Yosipovitch 2013; Stefaniak et al. 2013; Fluhr
and Bankova 2006) and on nail properties
(Gupchup and Zatz 1999; Murdan 2012), there
is very little literature on the pH of the nail plate.
An understanding of the nail plate pH is however
extremely important. It is possible that nail plate
pH has a role in the health and antimicrobial
defense of the nail unit, in the same way that the
acidic nature of the skin is vital to the latter’s
barrier properties and integrity. In this context,
the pH of the nail plate was measured in our
laboratory, in volunteers with healthy nails, to
determine the baseline (i.e., in health) values
(Murdan et al. 2011). The influences of gender,
anatomical site (finger/toe), side (left/right), digit
(1–5 of fingernails), and washing, on the nail plate
pH, were explored. In addition, pH of the nail
plate interior was measured.

The nail plate’s surface pH was measured
potentiometrically using an apparatus (skin pH
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meter PH 905®, Courage and Khazaka GmbH,
Germany) that is commonly used to measure
skin pH. A hydrated planar glass electrode
connected to a pH meter was placed on the nail
plate. It is expected that water-soluble compo-
nents of the nail plate would be extracted out of
the nail plate and into the liquid interface between
the nail and the pH-measuring probe. The pH of
this solution would then be read by the glass
electrode and would give an indication of the pH
of the nail plate surface. The pH value thus
obtained due to the extraction of only the water-
soluble components out of the nail plate should be
regarded as an apparent pH and interpreted with
caution, as has been suggested for skin pH (Rieger
1989).

Measuring the pH of the nail plate surface
using an apparatus originally designed for the
skin presents a number of challenges. Unlike the
skin, the nail plate is a hard surface, such that it is
difficult to create a perfectly good interface
between the nail plate and the flat glass probe.
Certain nail plates, such as the little fingernails
and all the toenails (except for digit 1), are too
curved or have too small area, while others are too
ridged, to allow measurement. Nevertheless, it
was possible to measure the nail plate pH in
many nail plates in 37 individuals (16 females
and 21 males, aged 22–69 years old) recruited
for the study.

2 Measurements

Measurements were performed in vivo following
ethics approval, in an air-conditioned room where
the temperature ranged from 20.1 �C to 25.2 �C
(mean 22.8 � 1.1 �C) and the relative humidity
ranged from 22 % to 35 % (mean 28.0 � 3.4 %).
Volunteers rested in the room for 20 min prior to
measurement to acclimatize. The pH probe was
rinsed with distilled water and applied at right
angle to the nail plate with gentle pressure for
about 1 min before the pH was read. Multiple
readings were taken to ensure the pH had stabi-
lized and the stable pH value was then recorded.

To determine the influence of washing, volunteers
washed their hands with tap water and Cussons
Carex® (sensitive) handwash (whose pH was
4.02) and blotted them dry using paper towels.
The pH of the washed nail plates was measured
immediately afterward and then at time intervals,
to investigate for changes in pH with time. It was
found that following washing, the nail plate pH
stabilized within 20 min. Subsequently, a larger
study was conducted to measure the pH of washed
finger- and toenail plates, where the volunteers
washed their hands and feet as described above
and rested in the room for 20 min prior to
measurement.

To determine the pH of the nail plate interior,
the thumbnail plates were used. Following accli-
matization and an initial pH measurement, the
nail plates were tape stripped; an adhesive disk
(D-Squame, Cuderm, Dallas, USA) was applied
to the nail plate and firmly pressed by the oper-
ator for 30 s before being removed. This was
repeated a number of times, and the pH of the
newly exposed nail plate surface was measured
after every ten strips and at the end of the exper-
iment, when the volunteer felt tingling and dis-
comfort at the nail and stripping was stopped.
The different volunteers experienced discomfort
following different extents of tape stripping.
Thus, in the unwashed nails group, the volun-
teers received a total of either 15 (one volun-
teer), 20 (one volunteer), 30 (two volunteers),
40 (one volunteer), or 50 (one volunteer) strip-
pings. In the washed nails group, the volunteers
received a total of either 15 (one volunteer),
20 (five volunteers), 30 (one volunteer), and
40 (three volunteers) tape strippings. The differ-
ent tolerances of the volunteers to tape stripping
are likely due to interindividual variability in the
mechanical properties of the nail plate, such that
different amounts of nail cells/layers would be
removed by each tape strip. Such interindividual
variability reflects results by Tudela et al. who
reported variable amounts of nail protein
removed in different individuals following
20 tape strips in each volunteer (Tudela
et al. 2008).
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3 Results and Discussion

3.1 pH of Unwashed Nail Plate
Surface

The pH of the nail plate surface was found to be
acidic (Table 1). The mean (� SD) pH of the
surface of unwashed nail plates was 5.0 � 0.5,
with a minimum of 3.4 and a maximum of 6.3
measured in 157 fingernails and 33 big toenails in
15 males and 13 females. These pH values are
expected to be due to the extraction of water-
soluble components of the nail plate into the liquid
interface between the nail plate and the
pH-measuring probe, as well as residual cosmetics
such as hand creams and the presence of sweat
(which has a pH of 5–7 (Agache and Candas
2004)) and sebum (a large proportion of which is
made up of free fatty acids (Agache 2004)) on the
nail plate. Low levels of sebum have been mea-
sured on the nail plates (Murdan et al. 2012); sweat
and sebum may be present on the nails following
contact between the skin and nail and/or their flow
from the surrounding skin onto the nail plate.

General linear model statistical analysis
showed an influence of gender and anatomical
site (finger/toe), with nail plate pH being higher
in males and in toenails ( p < 0.01), while side
(right/left) had no influence ( p= 0.2). In addition,
no significant differences were found among the
pH of the ten fingernails ( p > 0.01, repeated
measures ANOVA using pH values from 15 vol-
unteers where it had been possible to measure all
ten fingernails). A lack of difference in nail plate

pH between right and left sides and among the ten
fingernails could be due to the similar environ-
ments experienced by the right and left hands or
feet and by the digits.

It is not knownwhy toenail pH was statistically
higher than fingernail pH (Table 1). Toenail plates
are thicker, grow at a slower rate compared to
fingernails (Fleckman 2005), and allow a smaller
transonychial water loss than the fingernails
(Murdan et al. 2008). It is interesting, though, to
note that the higher toenail pH (compared to fin-
gernail pH) reflects the statistically higher foot
skin pH compared to hand skin pH reported in a
small cohort of Japanese men (Chikakane and
Takahashi 1995). Although the reason for the
higher toenail pH is unclear, it may have clinical
significance. If the acidic nature of the nail plate
does have a role in antimicrobial defense, the
lower acidity of toenail plate (compared to the
fingernails) might contribute to their greater sus-
ceptibility to onychomycosis (fungal infections of
the nail). Indeed, a higher incidence of
onychomycosis (Midgley et al. 1994), greater
recalcitrance to treatment, and the need for longer
treatment duration in toenails compared to finger-
nails are well known (BNF 2012). The higher
toenail pH might also favor the production of
fungal spores; the latter’s production by
Trichophyton rubrum – one of the most common
causes of onychomycosis – was shown in vitro to
increase when the medium pHwas increased from
pH 4.5 to pH 7.5 and to decrease thereafter
(Yazdanparast and Barton 2006). A higher toenail
pH could favor the presence of fungal spores,

Table 1 Measured pH of unwashed and washed finger- and toenail plate surface in males and females (Reproduced with
permission from Murdan et al. 2011)

pH of the nail plate surface

mean � SD

(Minimum-maximum; N = number of nails in n = number of volunteers)

Gender

Unwashed nails Washed and rested nails

Fingernails Toenails Fingernails Toenails

Males 5.1 � 0.5 (3.4–6.1;
N = 87 in n = 10)

5.3 � 0.4 (4.5–6.3;
N = 20 in n = 10)

5.1 � 0.5 (3.9–6.4;
N = 125 in n = 13)

5.3 � 0.7 (4.1–6.9;
N = 20 in n = 11)

Females 4.8 � 0.4 (3.8–5.7;
N = 70 in n = 7)

5.4� 0.5 (4.4–5.8; N=
13 in n = 7)

5.1 � 0.6 (3.9–6.5;
N = 79 in n = 9)

5.1 � 0.6 (4.7–6.9;
N = 13 in n = 7)
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which provide a reservoir for fungal infection.
The influence of gender on nail plate pH is
discussed in the next section.

3.2 pH of Washed Nail Plate Surface

In order to remove the possible influence of extra-
neous substances such as residual cosmetics on
the nail plate pH, nails were washed. Immediately
after handwashing and drying, the pH of the fin-
gernail surface increased, from a mean � SD of
5.1� 0.4 to 5.3� 0.5 (paired t-test, p< 0.01, N=
140 fingernails in 14 volunteers). This could be
due to the nails being exposed to high pH during
washing. Although the liquid cleanser had a pH of
4.02, the pH of the washing solution (cleanser +
tap water) would have been much higher, the pH
of a 2 %w/w aqueous solution of the cleanser in
tap water being measured to be 7.90. The raised
nail plate pH was however not sustained with
time, as shown in Fig. 1. Within 20 min of wash-
ing, the pH had decreased to prewashing levels.
The transient increase in the pH of the nail plate
surface and subsequent return to prewashing
levels reflect the profile of skin pH upon washing
(Gfatter et al. 1997; Korting et al. 1987).

Subsequently, a larger study was conducted to
measure the pH of washed, dried, and rested (for at
least 20 min) finger- and toenail plates. The mean
(� SD) pH of the surface of washed nail plates was

found to be 5.1� 0.6, with a minimum of 3.9 and a
maximum of 6.9 measured in 204 fingernails and
32 big toenails in 13 males and 9 females. The pH
of toenail plates was higher than those of fingernail
plates (Table 1, general linear model, p = 0.01),
while right/left side and gender had no influence
(p> 0.2). As for the unwashed nails, the pH of the
ten fingernails did not differ significantly (repeated
measuresANOVA, p= 0.2, pHof all tenfingernails
measured in 15 volunteers).

When the pH of washed and unwashed nails
were compared (Table 1), it was found that wash-
ing did not significantly influence finger- and toe-
nail plate pH in males (independent t-tests ( p �
0.5, Table 1)). In females, however, washed fin-
gernails had a significantly higher pH than
unwashed ones ( p < 0.01), while there was no
difference in the pH of their toenails ( p � 0.5).
This suggests that washing removed something
from the fingernails, such as hand creams. The
fact that gender influenced the pH of unwashed
nails, but not that of washed ones, indicates that
the lower pH in females’ unwashed nails was due
to an exogenous factor, such as residual hand
creams. The use of cosmetics such as moisturizers
has been suggested as a potential reason for
reported differences in skin pH between males
and females and for the conflicting reports on the
influence of gender on skin pH (Burry et al. 2001),
although a recent systematic study found consis-
tently higher skin (forehead, cheek, neck,

pre-washing immediately
after washing

10-20 min later ~30 min later ~50 min later ~80 min later

6

5p
H

4

Fig. 1 Change in nail plate
surface pH upon washing
and subsequently with time.
The latter is given as an
approximation, rather than a
definite value as the time
varied slightly for each
volunteer and for each nail,
depending on the durations
of pH measurements
(Reproduced with
permission from Murdan
et al. 2011)
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forearm, and hand) pH in females compared to
males (Luebberding et al. 2013). Further studies
where volunteers refrain from using topical prod-
ucts on the hands and feet and use the same
cleansers for washing, for a run-in phase prior to
measurement of nail plate pH, could shed more
light on the influence of gender on nail plate pH.

3.3 pH of the Nail Plate interior

Tape stripping removes nail plate cells, and the
newly exposed nail plate surface appears somewhat
“flaky” (Fig. 2) with volunteers complaining of a
tingling sensation at the nail once a certain number
of strips had been removed. Different volunteers
had different numbers of tape stripping performed
before they complained of discomfort and before
the experiment was stopped; hence, pre-stripping
and post-stripping pH for each volunteer were com-
pared to investigate for differences, if any, between
the surface and interior nail plate pH. For unwashed
nails, a statistically significant difference (paired t-
test, p< 0.05;N= 12 thumbnails in six volunteers)
was found, with the pH of the nail plate interior
(4.1 � 0.7) being lower than that of its surface
(4.7 � 0.7). For washed nails (20 thumbnails in
ten volunteers), the pH of the nail plate interior was
also slightly lower (4.8� 0.6) than that at its surface
which were 5.1 � 0.5 (before washing) and
5.2 � 0.7 (after washing and resting).

The lower pH of the nail plate interior
could be due to enhanced extraction of acidic,
water-soluble nail components during the pH
measurement, once the topmost nail layers
had been removed by tape stripping. The top-
most layer of the nail plate is known to be the
least permeable part of the nail plate, and its
removal results in increased permeation of
chemicals into the nail plate (Kobayashi
et al. 1999). Similarly, removal of the topmost
nail layer is expected to increase the move-
ment of molecules out of the bulk of the nail
plate and into the liquid interface between the
nail plate and the pH-measuring probe. A
decrease in nail plate pH upon tape stripping
reflects the initial reduction in skin pH upon
tape stripping that has been observed prior to
an increase in skin pH upon further tape strip-
ping (Wilhelm et al. 1991; Berardesca
et al. 1998; Wagner et al. 2003; Ohman and
Vahlquist 1994).

4 Conclusions

The pH of the nail plate surface was measured
to be around 5, with toenails having signifi-
cantly higher pH than fingernails. There was
no difference, however, among the ten finger-
nails or between the two great toenails. Gender
influenced the pH of unwashed fingernails –
with women having lower pH compared to
men – but had no influence on the pH of
washed ones, suggesting the influence of an
exogenous factor on women’s lower fingernail
pH. Washing the nails with a liquid cleanser
and tap water transiently increased pH, which
subsequently returned to prewashing values
within 20 min. Tape stripping the nail plates
in order to measure the pH of the nail plate
interior revealed a lower pH inside the nail
plate compared to its surface.

This study has shown that it is possible to
measure the surface pH of nail plates using the
Courage and Khazaka skin pH meter, although a
long stabilization time is needed, and the small
area and high curvature of certain nail plates pre-
clude their measurement.

Fig. 2 The “flaky” appearance of the nail plate surface
after tape stripping. This volunteer received a total of
15 tape strips, at which point he felt discomfort and tingling
(Reproduced with permission from Murdan et al. 2011)
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5 Future Work

The study has established pH values of healthy
finger- and toenail plates. Much more needs to
be done, to understand the origin and signifi-
cance of the nail plate acidity and any changes
in the diseased state. The influence of factors
such as aging, environment, and systemic dis-
ease, e.g., diabetes, on the nail plate pH could
indicate how these factors predispose one to
develop nail diseases such as onychomycosis.
Changes, if any, in diseased nails should enable
a greater understanding of these diseases and
investigations into new prevention and treat-
ment modalities. For example, changes in nail
plate pH in onychomycosis, if any, could shed
light on factors which influence fungal coloni-
zation and infections. Fungi are known to detect
and respond to their environmental pH, secret-
ing the appropriate proteolytic enzymes, which
allows fungal invasion and subsequent infection
(Martinez-Rossi et al. 2012). The dermatophyte,
T. rubrum, has also been shown to alter the pH of
the growth medium to pH values ranging from
8.3 to 8.9, irrespective of the initial medium pH
(Ferreira-Nozawa et al. 2003). Whether such a
change in nail plate pH occurs in vivo in
onychomycotic nails remains to be seen. The
difficulties of using the glass electrode of the
pH meter were mentioned above. An electrode
that is more flexible and smaller in area is needed
to enable more accurate measurements on nail
plates.

References

Agache P. Sebaceous physiology. In: Agache P, Humbert P,
editors. Measuring the skin. Berlin: Springer; 2004.
p. 271–80.

Agache P, Candas V. Eccrine sweat glands. In: Agache P,
Humbert P, editors. Measuring the skin. Berlin:
Springer; 2004. p. 302–9.

Ali SM, Yosipovitch G. Skin pH: from basic science to
basic skin care. Acta Derm Venereol. 2013;
93(3):261–7.

Berardesca E, et al. Differences in stratum corneum pH
gradient when comparing white Caucasian and black

African-American skin. Br J Dermatol. 1998;139(5):
855–7.

BNF. British national formulary. 63rd ed. London: BMJ
Group & RPS Publishing; 2012.

Burry JS, et al. Erroneous gender differences in axillary
skin surface/sweat pH. Int J Cosmet Sci. 2001;
23(2):99–107.

Chikakane K, Takahashi H. Measurement of skin pH and
its significance in cutaneous diseases. Clin Dermatol.
1995;13(4):299–306.

Ferreira-Nozawa MS, et al. The dermatophyte
Trichophyton rubrum secretes an EDTA-sensitive alka-
line phosphatase on high-phosphate medium. Braz J
Microbiol. 2003;34(2):161–4.

Fleckman P. Structure and function of the nail unit. In:
Scher R, Daniel III CR, editors. Nails. Diagnosis ther-
apy surgery. Philadelphia: Elsevier Saunders; 2005.
p. 13–25.

Fluhr J, Bankova L. Skin surface pH: mechanism, mea-
surement, importance. In: Serup J, Jemec GBE, Grove
GL, editors. Handbook of non-invasive methods and
the skin. Boca Raton: Taylor & Francis; 2006.
p. 411–20.

Gfatter R, Hackl P, Braun F. Effects of soap and detergents
on skin surface pH, stratum corneum hydration and fat
content in infants. Dermatology. 1997;195(3):258–62.

Gupchup GV, Zatz JL. Structural characteristics and per-
meability properties of the human nail: a review.
J Cosmet Sci. 1999;50(6):363–85.

Kobayashi Y, et al. Drug permeation through the three
layers of the human nail plate. J Pharm Pharmacol.
1999;51(3):271–8.

Korting HC, et al. Influence of repeated washings with
soap and synthetic detergents on ph and resident flora
of the skin of forehead and forearm – results of a
crossover trial in healthy probationers. Acta Derm
Venereol. 1987;67(1):41–7.

Luebberding S, Krueger N, Kerscher M. Skin physiology
in men and women: in vivo evaluation of 300 people
including TEWL, SC hydration, sebum content and
skin surface pH. Int J Cosmet Sci. 2013;35(5):
477–83.

Martinez-Rossi NM, et al. Role of pH in the pathogen-
esis of dermatophytoses. Mycoses. 2012;55(5):
381–7.

Midgley G, Moore MK, Cook JC. Mycology of nail disor-
ders. J Am Acad Dermatol. 1994;31:S68–74.

Murdan S. The nail: anatomy, physiology, diseases and
treatment. In: Murthy SN, Maibach H, editors. Topical
nail products and ungual drug delivery. Boca Raton:
CRC Press, Taylor & Francis; 2012. p. 1–36.

Murdan S, Hinsu D, Guimier M. A few aspects of
transonychial water loss (TOWL): inter-individual,
and intra-individual inter-finger, inter-hand and inter-
day variabilities, and the influence of nail plate hydra-
tion, filing and varnish. Eur J Pharm Biopharm.
2008;70(2):684–9.

888 S. Murdan et al.



Murdan S, Milcovich G, Goriparthi GS. An assessment of
the human nail plate pH. Skin Pharmacol Physiol.
2011;24(4):175–81.

Murdan S, Milcovich G, Goriparthi G. Is there any sebum
on the nail plate surface?. In: UK PharmSci conference.
Nottingham; 2012.

Ohman H, Vahlquist A. In-vivo studies concerning a ph
gradient in human stratum-corneum and upper epider-
mis. Acta Derm Venereol. 1994;74(5):375–9.

Rieger M. The apparent pH of the skin. Cosmet Toiletries.
1989;104:53–60.

Schmid-Wendtner MH, Korting HC. The pH of the skin
surface and its impact on the barrier function. Skin
Pharmacol Physiol. 2006;19(6):296–302.

Stefaniak AB, et al. International guidelines for the
in vivo assessment of skin properties in non-clinical

settings: part 1. pH. Skin Res Technol. 2013;
19(2):59–68.

Tudela E, et al. Tape stripping on a human nail: quantifi-
cation of removal. Skin Res Technol. 2008;
14(4):472–7.

Wagner H, et al. pH profiles in human skin: influence of
two in vitro test systems for drug delivery testing. Eur J
Pharm Biopharm. 2003;55(1):57–65.

Wilhelm D, Elsner P, Maibach HI. Standardized trauma
(tape stripping) in human vulvar and forearm skin –
effects on transepidermal water-loss, capacitance and
ph. Acta Derm Venereol. 1991;71(2):123–6.

Yazdanparast SA, Barton RC. Arthroconidia production in
Trichophyton rubrum and a new ex vivo model of
onychomycosis. J Med Microbiol. 2006;55(Pt 11):
1577–81.

88 The pH of the Human Nail Plate 889



High-Frequency Ultrasound of the Nail 89
Charles B. Kromann, Ximena Wortsman, and
Gregor B. E. Jemec

Contents

1 About Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . . 891

2 Technical Features/Handling . . . . . . . . . . . . . . . . 892

3 Anatomy/Acoustic Properties of the Nail . . . 892
3.1 Anatomy of the Nail . . . . . . . . . . . . . . . . . . . . . . . . . . . 892

4 Normal Nail Sonography . . . . . . . . . . . . . . . . . . . . 893

5 Pathology/Applications . . . . . . . . . . . . . . . . . . . . . . . 895

6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 895

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 895

Keywords
Imaging • Ultrasound • Skin • Nail • Anatomy

The nail is of functional and cosmetic importance
and therefore constitutes a sensitive area for most
patients. Clinical diagnosis may also pose a chal-
lenge, but the usual diagnostic recourse to biopsy
is influenced by the risk of subsequent scarring
and risk of lasting nail deformities. In addition
patients would often prefer noninvasive diagnos-
tics. High-frequency ultrasound imaging is there-
fore a suitable and generally available technique
for nail studies.

1 About Ultrasound

Ultrasonography is real-time noninvasive diagnostic
imaging based on a principle of inaudible sound
waves that are transmitted through the material
examined and the analysis, of the subsequent
reflected echoes, which is converted to a two-
dimensional visualization of the material. The
sound waves are characterized by their amplitude,
propagation speed, and frequency. Differences in
the reflected soundwaves are caused by the different
acoustic impedances of different substances chang-
ing the amplitude or propagation speed of the sound
waves. Generally hard or dry materials and air have
higher impedance shown as (hyperechoic) bright
areas, whereas fluids have low impedance and are
shown as (hypoechoic) dark areas (Wortsman and
Jemec 2006; Bitsch et al. 2011).
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In standard grayscale mode (B-mode) ultra-
sound, the frequency is constant. High frequen-
cies generally create high resolution and shallow
penetration, whereas low frequencies yield low
resolution but deeper penetration.

When analyzing changes in the frequencies of
reflected echoes, it is possible to visualize move-
ment of material, most often flow of liquids
through Doppler ultrasound. This is often shown
as a blue to red color overlay (color Doppler
mode) or as monochrome overlay (power Doppler
mode) on the B-mode ultrasound visualization.
Flow in selected areas of the examined material
can be further explored both visually and auditory
by using spectral Doppler mode.

A static computer-assisted three-dimensional
visualization is also a possibility in many ultraso-
nographic devices enabling an overview of com-
plex lesions such as the nail apparatus (Bitsch
et al. 2011).

2 Technical Features/Handling

Many different ultrasound devices are marketed,
and modern equipment is readily available in
many hospitals that provide a wide range of capa-
bilities, which include the technical capability to
image the skin and the nail. The quality of imag-
ing equipment has generally improved, prices
have decreased, and handheld devices are now
widely available and affordable.

The ultrasound device is basically a computer
connected to specialized transducer containing the
piezoelectric crystals. As in personal computers,
big processors and screens with high numbers of
pixels provide better images. High-frequency
transducers usually linear or compact linear
probes (hockey stick shaped) are commonly
used for studying the skin and nail (Bitsch
et al. 2011).

These variable frequency probes range in their
upper frequencies between 15 and 22 MHz; how-
ever the same probes may also work in lower
frequencies that range from 7 to 8MHz. Therefore
the operator may set the parameters of the
machine according to the depth of the anatomical

structure under study. This range will suffice in
both appropriate depth and high resolution, with
higher frequencies being more suitable for the
imaging of the nail apparatus.

An abundance of gel should be used to dis-
criminate all the layers of the skin or nail from top
to bottom. As opposed to internal organs, a min-
imum of pressure should be applied to avoid thin-
ning out layers of the skin or closing vasculature.

The digit under examination should be as
extended as possible to ensure recognizable land-
marks during scanning. Longitudinal and trans-
verse planes should be scanned through. B-mode
(grayscale), Doppler color flow, Doppler power
flow, and (rarely) Doppler spectral analyses can be
relevant regarding the nail (Wortsman and Jemec
2006; Wortsman 2013).

3 Anatomy/Acoustic Properties
of the Nail

3.1 Anatomy of the Nail

The anatomy of the nail unit is well described. The
surface anatomy consists of the nail plate, the
proximal and lateral nail folds, the lateral nail
grooves, and the eponychium. The nail plate itself
can be described as convex both longitudinally
and transversely – with a distal free margin, a
hyponychium, a central nail plate, and a proximal
lunula. Changes in the nail plate are described in
▶Chap. 92, “Gene Expression and Genetic Eval-
uation of the Skin.”

Beneath the nail plate is the nail bed. Proxi-
mally, underlying the lunula is the nail matrix and
nail sinus producing the keratinocytes of which
the nail plate consists and further distally the nail
bed consists of a thin epidermis overlying a col-
lagenous dermis and the distal phalanx.

The most prominent nerves and vessels in the
digits run on the palmar side. Both the neural and
arterial supply to the distal phalanx is primarily
provided by palmar conduits; however the nail
matrix is supplied from the dorsal arterial arcade.
Clusters of arteriovenous shunts, glomus bodies,
are found in the nail bed (Fleckman 2005).

892 C.B. Kromann et al.

http://dx.doi.org/10.1007/978-3-319-32383-1_126
http://dx.doi.org/10.1007/978-3-319-32383-1_126


The entheses of extensor tendons are found
adjacent to the nail matrix.

4 Normal Nail Sonography

The different tissues of the nail have different
densities and thus different echogenicities. The
nail plate has a characteristic bilamellar structure
with a central hypoechoic interplate space
(Jemec and Serup 1989). See Fig. 1. The speed
of sound in the nail plate has been determined at
2459 m/s, compared to the 1580 m/s estimated
speed of sound in the skin. It is thought that the

bilamellar structure reflects the water (35 %)
distribution in the nail plate, with a dry outer
compartment in which the speed of sound is
3103 m/s and a deeper more humid compartment
in which the speed of sound is 2125 m/s (Jemec
and Serup 1989).

Under the nail bed, it is possible to detect the
hyperechoic linear bony margin of the distal pha-
lanx. Proximally to the nail plate and in close
proximity to the mail matrix, the insertion of the
extensor digitorum tendon on the phalanx can be
visualized. Low-velocity blood flow can be
detected in the nail bed, usually close to the
bony margin of the distal phalanx (Fig. 2). The

Fig. 1 Ultrasonography of normal nail plate (grayscale, longitudinal view) showing the different part of the nail unit

Fig. 2 3D power Doppler reconstruction of the nail unit (longitudinal view) demonstrates the vascularity (red color)
within the nail bed
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Table 1 Sonographic nail findings

Pathology Typical findings

Alopecia areata In alopecia areata, two thirds of patients have somewhat unspecific nail involvement, which
however may precede scalp affection. Most often nail pitting and nail dystrophy are seen similar to
nail changes in psoriasis. However, in contrast with psoriasis, usually the nail bed is hypovascular
(Wortsman 2013)

Ichthyosis Often nails are thickened and the hypoechoic thin layer between the dorsal and ventral plates is no
longer discernible (Wortsman and Aranibar 2001)

Benign tumors Glomus tumors – these benign vascular tumors are derived from the neuromyoarterial glomus and
clinically present exquisite pain in the nail region. Sonographically, they appear as a hypoechoic
well-defined nodule that commonly shows hypervascularity. Scalloping of the bony margin of the
distal phalanx is a frequent associated finding (Wortsman and Jemec 2009)

Onychomatricoma – seen as yellow bands along the nail. Sometimes added convexity can make the
nail cone shaped. Often hypoechoic areas with hyperechoic spots or lines of the nail bed and
interplate space are seen. The underlying bone is usually unremarkable (Soto et al. 2009)

Keratoacanthoma – these squamocellular neoplasms can rarely occur in the nail bed. Appears as a
well-defined solid mass with a central cystic/anechoic area surrounded by hypoechoic tissue and
enhancement artifact. Can affect both nail plate and bony margin. With Doppler the tumor will
show hypovascularity (Choi et al. 2007)

Granuloma – a chronic proliferative inflammatory scarring reaction most often involving
periungual tissue, but also nail bed or even matrix. Sonographically hypoechoic lesion without
sharp demarcation. Increased nail bed thickness, corrugated upward skewed nail plates (Wortsman
et al. 2010b)

Verrucae – subungual warts are hypoechoic spindle-shaped elements resulting in thickened nail
plates (Wortsman et al. 2010c)

Dermatomyositis A telltale sign in prolonged disease is the calcinosis. Small epidermal fingertip calcium deposits
visualized as hyperechoic deposits with pronounced posterior acoustic shadowing (Wortsman
2013)

Malignant
tumors

Bowen disease – no early diagnosis is possible in Bowen disease; however in later stages an
hypoechoic solid mass that erode the nail plate may be found (Wortsman 2013)

Malignant melanoma – when arising from the nail matrix, it is typically seen as a dark-pigmented
longitudinal stripe involving the lunula and the hyponychium. Early diagnosis by sonography is
difficult, because pigments are currently not detected by ultrasound. Nevertheless, hypoechoic
ill-defined areas and localized hypervascularity may be found. In later stages, a hypoechoic solid
tumor can be seen (Wortsman 2013)

Onychomadesis Onychomadesis is basically a Beau line with full separation, instead of an indentation. After nail
growth arrest onychomadesis is seen. The nail plate separates from the matrix. Typically two
unconnected hyperechoic nail plates are seen. Often the distal nail plate is somewhat thickened
(Wortsman et al. 2010a)

Psoriasis Psoriatic nail involvement is linked to psoriatic arthritis and severity of skin disease. Classic
findings are thickened nail beds measured by the distance between the nail plate and the phalanx.
Thickening of both plates and blurring of the ventral nail plate. In late disease even blurring of
dorsal plate is seen as well. Corrugated nail plate can be seen

Hypervascularity in the nail bed during active disease giving increased Doppler activity (Gutierrez
et al. 2009)

Scleroderma Vascular damage is in focus with nail pathology in scleroderma patients. Thickened nail beds with
lower echogenicity and thickened nail plates with loss of interplate space. Commonly the nail bed
shows hypovascularity (Wortsman et al. 2011)

SLE Irregular nail beds and plates and hypovascularity are often seen (Wortsman et al. 2011)

Subungual
abscess

Anechoic areas with acoustic enhancement and inflamed and thickened nail beds. Hyperechoic air
bubbles may be present. Sinus tracts increasing the risk of joint affection or osteitis can be followed
if present (Wortsman 2013)
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skin surrounding the nail plate is almost devoid of
fat, though in other ways no different from a
normal skin sonography (Wortsman and Jemec
2006; Wortsman 2013).

5 Pathology/Applications

Diagnosing ungual, subungual, or periungual
pathologies clinically is often difficult as the nail
plate naturally prevents closer inspection. Simi-
larly, the use of diagnostic biopsies through the
nail or in the periungual area is often painful or
unpleasant to the patient and potentially harmful
as the nail matrix is easily damaged leaving the
patient with a permanent defect in a cosmetically
important area.

The convenience and the noninvasive dynamic
nature of ultrasound enable the early diagnosis of
common nail pathology. The use of this imaging
method relies on an interpretation of basic sono-
graphic tissue characteristics:

1. Inflammation: The inflammation causes dilata-
tion of vessels and subsequent edema and pos-
sibly abscess formation. The vascular changes
are best visualized using color Doppler or
power Doppler, which shows hypervascularity
and increased flow. Inflammation generally
presents as associated hypoechoic areas. In
older lesions a reactive thickening of the nail
bed will often be seen.

2. Tumors: The sonographic image depends on
the density of the tumor. When measuring
tumors, using a standard procedure is therefore
an advantage. Diagnostically, it is important to
know the precise position of the tumor, size,
composition, what structures are involved, and
if it is hypo- or hypervascularized.

3. Abscess or cysts: Fluid-filled cavities with or
without air appear anechoic and show no
Doppler activity, but often enhancement arti-
facts, where underlying tissue appears hyper-
reflective.

A summarized review of nail pathologies as
identified by ultrasound is given in Table 1.

6 Conclusion

High-frequency ultrasound of the nail can give
valuable clues and support early diagnoses and
is easy to use. Both rare and more frequent lesions
can be diagnosed with ultrasound examination in
context of the clinical work-up.

Sonography is not the same as, e.g., histology.
It is not as detailed and does not allow the same
detail of diagnosis, but it offers an important
advantage over histology as it provides functional
real-time information about the tissue as well. A
prime example of this is the bilamellar images of
the nail plate, where sonography reflects hydra-
tion which would otherwise not be seen. Simi-
larly, the density and perfusion of tissue are
readily available in ultrasound, but not in histol-
ogy, making it an important imaging method for
clinical manifestations in the skin.

The simple and dynamic nature of the sono-
graphic examination and the ready accessibility
compared to the, e.g., magnetic resonance imag-
ing are important factors when choosing diagnos-
tic methods. Lastly, sonography can offer a
noninvasive window into the physiopathology of
nail diseases.
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1 ECM and Skin Culture Models

Much of knowledge on fibroblast physiology is
based on monolayer culture studies. After few
passages of cells grown from a skin biopsy, fibro-
blasts exhibit their phenotypic and metabolic
characteristics. Thus, cultured papillary and retic-
ular fibroblasts exhibit stable differences in the
production of some, but not all, extracellular
matrix molecules (Sorrell and Caplan 2004)
(Table 1).

To study cell-cell and cell-matrix interactions,
three-dimensional organotypic cultures are used.
Bell et al. (1979) introduced equivalent dermis
models, so-called lattices, in which fibroblasts
are embedded into different collagen gel systems.
Free-floating lattices retract over time as fibro-
blasts migrate and reorganize the collagenous
matrix. Tense lattices develop internal tension as
gel retraction is prevented by attachment of the
matrix (Viennet et al. 2005). Such models have
revealed the importance of fibroblast adherence to
the matrix through mechano-sensing integrin sig-
naling (Dallon and Ehrlich 2008). When integrins
bind collagen, they transduce a signal which reg-
ulates cellular biological functions, such as prolif-
eration, migration, and matrix metabolism.
Intracellular signaling cascades such as
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transforming growth factor-β (TGF-β), extracellu-
lar signal-regulated kinases, p38 mitogen-
activated protein kinase, and Wnt/β-catenin
pathway have been implicated in the regulation
of ECM production in fibroblasts.

Fibroblasts synthesize matrix metallopro-
teinases (MMPs), which are responsible for the
turnover of collagen and elastic fibers. MMPs are
zinc-dependent enzymes involved in the degrada-
tion of ECM and in the release and activation of
growth factors and cytokines. Their activity is
controlled by tissue inhibitors of metallopro-
teinases (TIMPs), and their production is regu-
lated by a number of factors, including cell/ECM
interaction, mechanical force, and the expression
of cytokines/growth factors (TGF-β, IL-1, TNFα).
According to the MMPs expression profile, it is
possible to characterize different subtypes of
fibroblasts: oral fibroblasts exhibit increased
levels of the active form of MMP-2 as compared
to dermal fibroblasts (Stephens et al. 2001).
Expression or activation of MMPs differs if fibro-
blasts are cultured in monolayer or in
three-dimensional collagen lattice. MMP activity
is significantly induced when keratinocytes and
fibroblasts were cocultured. Paracrine interaction
between keratinocytes and fibroblasts appears to
play an important role in the regulation of colla-
gen metabolism (Tandara and Mustoe 2011).

Gene expression and synthesis of ECM mole-
cules in biological models of the skin can be
measured by PCR, zymography, and ELISA.

Due to diverse synthetic functions, fibroblast
activities need control. Improper control results in

synthesis of excessive or inadequate products that
are reflected in disease processes such as sclero-
derma, systemic sclerosis, and keloids, but also in
wrinkles and premature aging of the skin.

2 ECM in Skin Aging

With aging, fibroblasts lose their proliferative
potential, and they show diminished ECMbiosyn-
thesis capacity, resulting in dermal atrophy and
wrinkle formation. Compared to adjacent skin
fibroblasts, wrinkle-cultured fibroblasts show
decreased production of type I collagen and
increased synthesis of MMP-1 (Fig. 1). In mono-
layer culture, fibroblasts from old donors, or even
in vitro aged fibroblasts, have been shown to
express age-specific features. Aged fibroblasts
show a decrease in proliferation and type I colla-
gen production and an increase in MMP-1 syn-
thesis compared to young ones (Humbert
et al. 2012).

One of the causes of aging is the appearance of
the advanced glycosylation end products (AGEs)
during life. The glycation reaction results from a
nonenzymatic reaction between a sugar and a free
amine group of Lys, Arg amino acids in proteins.
Therefore, it seems that AGEs modify the expres-
sion and the synthesis of ECM molecules. They
provoke the activation of fibroblasts; the increase
of type III and IV collagens; MMP-1, MMP-2,
and MMP-9 production; and the modification of
α6 and β1 integrin patterns (Pageon et al. 2007;
Pageon 2010) (Fig. 2).

Table 1 Expression of extracellular matrix molecules by monolayer cultures of dermal fibroblasts (from Sorrell and
Caplan 2004)

Matrix component Papillary fibroblasts Reticular fibroblasts

Collagens I and III Produced – ratio same as for reticular cells Produced – ratio same as for papillary cells

Collagens V and VI Produced Produced

Collagen XII Produced Produced

Collagen XIV Not produced in monolayer culture Not produced in monolayer culture

Collagen XVI Produced at high levels Produced at low levels

Tenascin-C Produced Produced

Tenascin-X Not studied Not studied

Versican Produced at low levels Produced at high levels

Decorin Produced at high levels Produced at low levels
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3 ECM in Wound Healing
and Fibrosis

Wound healing is a complex process that involves
inflammation, granulation tissue formation, and
tissue remodeling, and this is all regulated by a
number of cytokines and growth factors. Fibro-
blasts play a crucial role in wound healing. During
this process, fibroblasts proliferate and produce
many of the ECM molecules in a
TGF-β-dependent manner, and this contributes
to the recovery of connective tissue integrity.

The expression by dermal fibroblasts of several
genes and the synthesis of proteins involved in
skin wound healing were found to be tension
inducible (Agha et al. 2011). This is the case of
type I and III collagens and procollagen
C-proteinase (enzyme required for the formation
of insoluble collagen fibers) whose expression is

increased by mechanical tension (Lambert
et al. 2001; Kessler et al. 2001). Other ECM
components are also induced by mechanical ten-
sion such as Tenascin-C, a modulator of cell adhe-
sion, migration, and growth (Chiquet-Ehrismann
and Chiquet 2003). As regards the remodeling of
ECM, MMP-1, MMP-3, MMP-9, and MMP-13
are upregulated when tensile forces are dissipated
(Lambert et al. 2001).

Disruption of either production or degradation
of ECM and imbalances between MMPs and
TIMPs production can lead to abnormal scarring.
Both keloids and hypertrophic scars are cutaneous
abnormalities that are characterized by excessive
accumulation of connective tissue, especially col-
lagen. When compared with normal fibroblasts,
keloid fibroblasts exhibit an altered expression of
several molecules implied in all wound healing
phases. Cultured keloid fibroblasts showed
increased production of type I collagen,
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fibronectin, MMP-1, MMP-2, MMP-3, MMP-13,
MMP-19, and TIMP-1. MMP-8 is decreased (Shih
et al. 2010). In addition, increased production of
MMPs had a role in the high migratory activity of
cultured keloid fibroblasts (Fujiwara et al. 2005).

Systemic scleroderma is a generalized disor-
der characterized by excessive deposition of
ECM. The overproduction of type I, III, and VI
collagens by systemic and localized scleroderma
fibroblasts has been demonstrated (Krieg
et al. 1981). Increased matrix deposition has
been shown to be due to enhanced gene tran-
scription and stability of mRNA. In comparison
with normal fibroblasts, systemic scleroderma
fibroblasts respond differently to their extracel-
lular environment, indicating an altered feedback
(Herzhoff et al. 1999).

4 Conclusion

The extracellular matrix is one of the most impor-
tant regulators of cellular and tissue function in
the body. Tightly controlled ECM homeostasis is
essential for development, wound healing, and
normal organ homeostasis, and dysregulation
can result in pathological conditions. Fibroblasts
are the major cells in the dermis, and these cells
provide tensile strength and elasticity through the
production and secretion of various components
of ECM, including collagens, elastin, glycopro-
teins, and proteoglycans. Thus enhancing the
activity of fibroblasts, in the context of ECM
production, may have beneficial effects on main-
tenance of skin texture.

Fig. 2 HES histological staining (a, b) and AGE labeling
(c, d) of skin reconstructed in vitro using untreated colla-
gen (a, c) or preglycated collagen (b, d). The histological

pictures look similar except that the dermal organization
seems to be modified by glycation (bar = 100 μm) (From
Pageon et al. 2007)
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Mechanical Properties of Fibroblasts 91
Carol Courderot-Masuyer
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As well as their primary role in extracellular
matrix production, fibroblasts are capable of con-
traction (Gabbiani et al. 1971; Grinnell 1994;
Ryan et al. 1974). The mechanical behavior of
the skin in the rest state corresponds with the
dermis. External forces applied on the skin are
transmitted to the dermis, and internal forces of
the dermis affect the epidermal surface. Internal
forces are the result of the natural tension of the
network of fibers of the dermis and the contractile
activity-induced tension of the fibroblasts on
fibers. External forces applied on the surface of
the skin are the result of compression, tension, and
friction forces. Mechanical stress stimulates the
proliferation of fibroblasts and modulates their
phenotype by inducing the expression of alpha-
smooth muscle actin and differentiation into
myofibroblasts. Mechanical compression induces
apoptosis and regulates the release of cytokines.
Previous studies have found that fibroblasts in
granulation tissue are myofibroblasts and suggest
that they might produce the force of wound

contraction (Darby and Gabbiani 1990; Hirschel
et al. 1971; Schurch et al. 1984). An in vitro model
that is considered to be an equivalent of the pro-
cess of wound contraction has already been
established. Bell et al. reported that the incorpo-
ration of fibroblasts in a collagen gel induces a
progressive contraction of the gel, resulting in the
formation of a dense collagen disk, called
retracted lattice (Fig. 1) (Bell et al. 1979). Fibro-
blasts reduce their proliferation potential, and
three mechanisms seem to be responsible for lat-
tice contraction: cell contraction, cell tractional
force related to locomotion, and cell elongation
(Dallon and Ehrlich 2008). Contraction is deter-
mined by measurements of gel diameter over a
period of time. A new device, the Glasbox®

(Fig. 2), has been developed by Professor Philippe
Humbert (Besançon, France), which can measure
directly the forces exerted by fibroblasts on the
collagen gel (Viennet et al. 2004). The culture
model used is a tense lattice in which cells are
seeded within a collagen matrix immobilized at its
extremities. Contraction is inhibited and lattice
formation is associated with the production of
internal tension. This model developed is based
on a silicon slide, which is fine enough to be
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curved by even the weak forces involved in the
tense collagen lattice. The slide deformation is
measured by strain gauges deposited on its sur-
face. The collagen lattice is attached to the sensor
through a grid etched on the silicon stripe. Such
tense lattices are more closely related to the skin
than retracted lattices in terms of both internal
structure and mechanical behavior, because the
skin is also permanently under tension. Several

force measurement devices are described in the
literature (Campbell et al. 2003; Chapuis et al.
1996; Darby et al. 1991; Eastwood et al. 1994;
Kasugai et al. 1990; Kolodney and Wysolmerski
1992). Different cell sources have been studied to
test the idea that the ability of fibroblasts to gen-
erate contractile forces vary between populations
(Delvoye et al. 1986; Gillery et al. 1991; Rayan
and Tomasek 1994). Glasbox® makes it possible

Fig. 1 Evolution of the diameter of collagen lattices over 10 days of culture

200 μma

b

Silicon beam

Strain guage

Collagen
lattice

45 mm

Resistance variation

Developed
force

ΔR

Grid

Fig. 2 (a) Schematic
diagram of the Glasbox. (b)
View of the Glasbox. The
cell chamber was composed
of eight rectangular culture
wells in which lattices
developed. Two opposite
silicon beams hanged down
into each well. The lattice
was attached to this sensor
through a grid directly
etched on the lower part of
the beams. A strain gauge
was deposited at the beam
surface and connected to
form a Wheatstone bridge.
The strain gauges signal
output was amplified and
then converted and
collected by a computer,
which included an
acquisition card and a
specific program for giving
directly the forces in
real time
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to detect differences in contractile forces of fibro-
blasts from leg venous ulcers, stretch marks, irra-
diated fibroblasts, and wrinkles when those are
compared to surrounding normal “healthy skin.”
Fibroblasts from early stretch marks were the
richest cells in alpha-smooth muscle actin fila-
ments and generated the highest contractile
forces. Their peak contractile force was 26 %
greater than normal fibroblasts. There was a
150 % higher level of alpha-smooth muscle actin
content in fibroblasts from early stretch marks. On
the contrary, there was no significant difference in
contraction forces between old stretch mark
fibroblasts and normal fibroblasts. Normal fibro-
blasts do not express alpha-smooth muscle actin.
The contractile properties of fibroblasts vary
depending of the stage of the disease (Viennet
et al. 2005). The device Glasbox® makes it possi-
ble to knowwhether an active might have relaxing
effects on contractile forces in order to prevent the
formation of stretch marks. The evaluation of the
mechanical activity of venous ulcer fibroblasts
showed that, in comparison with ulcer-edge fibro-
blasts, the force generation with ulcer-centered
fibroblasts was much enhanced, and this is also
correlated to the presence of high levels of alpha-
smooth muscle actin. So in chronic venous ulcer,
the generation of contractile forces and the forma-
tion of cytoplasmic actin filaments are not affected
(Viennet et al. 2004). The development of con-
tractile forces by fibroblasts after UVA irradiation
was also studied using the Glasbox device. Sev-
eral studies have proven that UVAwavelengths by
themselves participate in the long-term clinical
effects of photoaging (Lavker et al. 1995). Only
UVA reach dermal fibroblasts. In sun-exposed
skin and during skin aging, the normal fibrillary
pattern of dermal extracellular matrix (ECM) is
replaced by nonfunctional ECM, in which the
normally divalent collagen cross-links have been
replaced by trivalent cross-links, causing thicken-
ing and tangling of collagen fibrils (Kligman and
Kligman 1986). Advanced glycation end products
(AGEs), the products of nonenzymatic glycation
and oxidation of proteins and lipids, modify skin
elastin especially during UV-induced photoaging

(Mitzutari et al. 1997) and AGEs accumulate on
skin elastin and collagen, interfering with normal
skin function and structure (Wondrak et al. 2002).
Okano et al. postulated that AGEs bind to fibro-
blast cell membranes, contributing to the progres-
sion of skin aging (Okano et al. 2002). The
UVA-generated reactive oxygen species are also
responsible for the cross-linking of proteins (such
as collagen), oxidation of sulfhydryl groups caus-
ing disulfide cross-links, oxidative inactivation of
certain enzymes causing functional impairment of
cells (fibroblasts, keratinocytes, melanocytes,
Langerhans cells), and liberation of proteases,
collagenase, and elastase (Dalle Cabonare and
Pathak 1992). Reduced synthesis of collagen I is
a characteristic feature of chronologically aged
skin and enhanced by photodamage (Varani
et al. 2006). A recent study showed a decrease in
contractile forces of fibroblasts after UVA irradi-
ation and secondly the protective and restoring
effects of a mixture of silanols on photoaging
through the study of its effects on collagen I
production and on the alterations of mechanical
properties of fibroblasts provoked by UVA irradi-
ation (Figs. 3, 4, and 5) (Robin et al. 2012). Dif-
ferences in biomechanical behavior and synthesis
between normal aged fibroblasts and fibroblasts
from the base of wrinkles from the same patient
have been shown. Fibroblasts from wrinkles syn-
thesize lower levels of collagen I than normal
aged fibroblasts (Jouandeaud et al. 2004). A
recent study showed that L-poly lactic acid mod-
ified the metabolic state of wrinkle fibroblasts. A
restoration of the production of collagen I and the
cell migration was noted after 42 days of culture
of wrinkle fibroblasts with L-poly lactic acid
showing a direct effect of L-poly lactic acid on
metabolic properties of wrinkle fibroblasts
(Courderot-Masuyer et al. 2012). The device
Glasbox also showed that wrinkle fibroblasts
developed lower contractile forces than those of
normal aged fibroblasts (Fig. 6). Glasbox allows a
screening of actives in order to choose the
best one used for its anti-wrinkle properties. In
conclusion, the quantification of contractile
forces of fibroblasts shows discrepancies between
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Fig. 3 Quantification of contractile forces developed by
fibroblasts after UVA irradiation in the presence or not of
the mixture of two silanols (monomethylsilanetriol
mannuronate and dimethylsilanediol salicylate) according

to the time. (a) Details of the measurements of contractile
forces of fibroblasts for 6 h, (b) measurements of contrac-
tile forces for 48 h
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populations of fibroblasts. The contractile proper-
ties of fibroblasts also vary depending on the stage
of the disease or the aging of the skin.
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Gene Expression and Genetic
Evaluation of the Skin 92
Philippe Benech

If our brains were simple enough for us to understand them, we’d be so simple that we
couldn’t. (Ian Stewart, The Collapse of Chaos: Discovering Simplicity in a Complex
World)
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1 Introduction

Skin is the largest organ of the body and performs
many functions that support its protective role and
survival. It helps us sense our surroundings and
provides a barrier to environmental insults.
Greater understanding of the mechanisms of skin
development and the molecular interactions,
within and between skin cells, benefits from
large-scale proteomic and genomic technologies.
These technologies contribute to increase our
knowledge of skin diseases and injuries as well
as to evaluate/develop therapeutics to treat them.

For scientist, skin is a very exciting tissue
eliciting specific features: its physiology requires
constant cell renewal and the involvement of
different cell types that ensure simultaneously
distinct functions. One may imagine easily the
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number of genes expressed to maintain the
homeostasis of basic functions in each cell types
and the other number of genes, which are involved
to respond to injuries or external stimuli.

The difference between a skin cell and other
cells is mainly a matter of gene expression.
Whereas all cells have the same DNA, their
behavior is determined by the proteins, which
are synthesized. The instructions to produce
those proteins are carried by RNA, and the
value of probing RNAs is well recognized to
gain insight into the expression differences that
define tissues, developmental stages, and
diseases.

Today, to get an overview of the transcriptional
state of a cell, the so-called transcriptome or cel-
lular RNA content, two options are available:
DNA microarrays and RNA-seq.

The transcriptome is dynamic and changes
under different circumstances due to different
patterns of gene expression. The study of the
transcriptome is termed transcriptomics and is
based on the evaluation of a change in gene
expression that is the translation of information
encoded in a gene into protein or RNA structures
that are present and operating in the cell.
Expressed genes include genes that are tran-
scribed into messenger RNA (mRNA), the key
intermediary in gene expression, which translates
the DNA’s genetic code into the amino acids that
make up proteins. Some genes are transcribed
into RNAs that are not translated into protein.
Among them, transfer and ribosomal RNAs con-
tribute to protein synthesis, and microRNAs
(miRNAs), more recently discovered, are small
noncoding RNA molecules, which function in
transcriptional and posttranscriptional regulation
of gene expression. It is noteworthy that, due to
other posttranscriptional gene regulation events,
there is not necessarily always a strong correla-
tion between the abundance of mRNA and the
related proteins. However, RNA quantification is
still a useful tool in determining how the tran-
scriptional machinery of the cell is affected in the
presence of external signals (e.g., drug treatment)
or how cells differ between a healthy state and a
diseased state.

2 Technological
and Methodological Aspects

2.1 DNA Microarrays

DNA microarrays are a high-throughput screen-
ing system based on the properties of nucleic acids
such as DNA to interact/hybridize with a comple-
mentary strand of either DNA or RNA (Schena
et al. 1995). Microscopic DNA spots are attached
to a small 2D surface, usually a glass slide, and
each spot contains picomoles of a specific gene
sequence. Thus, gene sequences of the whole
genome can be represented on an array, and due
to miniaturization of the processes, one slide can
contain eight arrays allowing the quantification of
RNAs issued from different biological samples at
one time. Their density can reach roughly 60,000
DNA spots including, for each gene, similar
sequences to evaluate the reproducibility as well
as different sequences to detect alternative RNA
species issued from a same gene (called splicing
variants). Through the formation of hydrogen
bonds between complementary nucleotide base
pairs, each DNA sequence (known as probes)
will hybridize a cDNA or cRNA (also called anti-
sense RNA) sample (called target) under high-
stringency conditions. This sample results from
the processing of all RNAs extracted from cells
into cDNAs or cRNAs labeled with a fluorophore.
Using a laser scanner, the intensity of the emitted
fluorescence after probe-target hybridization is
detected and quantified to determine relative
abundance of all RNAs between different experi-
mental conditions (Fig. 1). Indeed, microarrays
use relative quantification in which the intensity
of one given DNA spot in one array is compared
to the intensity of the same spot in another array.
The identity of the DNA spot (the name of the
gene from which the short spotted sequence is
derived) is known by its position on the array.
The process of measuring gene expression is
called expression analysis or gene expression
profiling.

The result from such analysis is typically a list
of selected genes whose expression levels
changed during the experiment. It is then up to
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the user to make sense of this list that means to
determine the affected biological processes in
which the modulated genes are involved.

2.2 RNA-seq

Another kind of transcriptome analysis is
performed using the next-generation DNA
sequencing (NGS) technology called RNA-seq,
in which total RNA is reverse-transcribed into
cDNA, converted into a sequencing library,
sequenced, and analyzed (reviewed in Wang
et al. 2009). NGS is a very high-throughput
technique for generating millions of sequences
at one time in order to analyze organisms at a
genomic level. This allows the researcher to
sequence and compare data at a rate previously
not possible. In contrast to DNA microarrays
that required the knowledge of the genome
sequence, NGS will read whatever cDNA is in
the sample.

One advantage of RNA-seq over microarrays
is that it offers a wider dynamic range than
microarrays and generally can pick up less abun-
dant transcripts. Unlike microarrays, which report

relative expression values based on fluorescence
intensity, RNA-seq can report those abundances
absolutely, because it counts the transcripts that it
reads. Finally, RNA-seq can reveal transcript
structure and splicing and can even identify
novel isoforms, gene fusions, and allele-specific
variants. Indeed, the development of such high-
throughput sequencing technology has increased
the determination of single changes in gene
sequences, termed single nucleotide polymor-
phism (SNP). For instance, SNPs were found to
contribute to normal variation in physiological
processes such as pigmentary phenotype
(reviewed in Rees and Harding 2012) as well as
to distinct susceptibilities to cancers such as mel-
anoma (Kunz et al. 2013).

However, the cost of RNA-seq remains, pres-
ently, much higher than DNA microarrays and
limits its use. In most cases, investigators are not
interested in the absolute level of an expression
but whether expression changes between two con-
ditions. Thus, when sensitivity is not limiting, the
low cost, short turn-around time, exceptional
quantitative accuracy, and ease of data generation
all make the glass slide microarray an acceptable
choice (Peterson 2010).

Cells/tissues
from «control» condition

Cells/tissues
from «test» condition

RNA
extraction

Fluorescent
cDNA/cRNA

Fluorescent
cDNA/cRNA

hybridization

hybridization

Array 1 Laser scanner 
images of the spots

A
C

B

D

A
C

B
D

Array 2

RNA
extraction

Fig. 1 Target generation for DNA microarray hybridiza-
tion. RNAs are processed into cDNA or cRNA fluorescent
molecules. These molecules issued from either “control
condition” or “test condition” are then hybridized to spot-
ted DNA/oligonucleotide arrays which are submitted to a
laser scanner for quantification of the emitted fluorescence.

Spot A: no modulation between the two conditions is
detected; spot B: expression of the corresponding gene is
upregulated in the test condition; spot C: expression is
downregulated; spot D: the absence of signal means that
the corresponding gene is not expressed in the cells/tissues
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2.3 Experimental Design

Since the starting biological material from which
RNAs will be extracted to perform a gene expres-
sion analysis involves cells, it has to keep in mind
that cell lines, primary cell cultures, 2D/3D epi-
dermis model, or skin explants might not give
similar answers. The absence of cross talks
between cells, genetic backgrounds but also ana-
tomical site differences, distinct areas of the same
biopsy, and conditions of cultures have strong
impacts on gene expression and, as a conse-
quence, on protein contents.

Thus, due to the biological complexity of gene
expression, the considerations of experimental
design are preliminary of critical importance. It
is currently admitted that replication of the bio-
logical samples, which includes independent
RNA extractions, is essential for drawing conclu-
sions. However, having in mind the cost of an
array, the question is, how many replicates should
be performed in order to generate statistically
relevant data? Moreover, gene expression is a
dynamic process, and the number of replicates
will be multiplied according to different experi-
mental conditions including kinetics and/or dose
responses. In contrast to cells issued from a same
batch (cells will be splitted accordingly to the
number of experimental conditions required) that
should provide similar data, significant differ-
ences might appear when using biopsies or cul-
tured skin explants. As we mentioned, these
differences are not artifacts and rely mainly on
distinct genetic background and physiological sta-
tus of skin areas among donors. Again, the num-
ber of arrays to be performed with RNAs
extracted from a cohort (e.g., healthy donors and
patients) should be high enough to provide statis-
tical significance.

On the other hand, the use of commercial kits
for RNA extraction and the design of commer-
cial microarrays, which contain similar DNA
spots all over the array to ensure the homogene-
ity of the hybridization, reduce considerably the
need of technical replicates (two RNA samples
obtained from each experimental unit). As
reviewed by Lander (Lander 1999), good

scientific questions and high quality of RNA
have more impacts on the results than the tech-
nology itself.

2.4 Data Normalization

Following microarray hybridization, the resulting
data are submitted to image analyses, and back-
ground corrections are performed to provide a
final expression value for each RNA transcript.
Microarray data sets are commonly very large,
and analytical precision is influenced by a num-
ber of variables. Statistical challenges include
taking into account effects of background noise
and appropriate normalization of the data. Each
commercial microarray platform provides their
own tools for normalization based on specific
algorithms for image analyses (gridding, spot
recognition of the scanned image, removal,
or marking of poor-quality and low-density
features) and data processing (background
subtraction, determination of spot intensities,
and intensity ratios). Several consortiums such
as the “Microarray Quality Control (MAQC)
project” conducted by the US Food and Drug
Administration (FDA) and the MGED Society
have developed standards and quality control
metrics which allow the use of microarray data
in drug discovery, clinical practice, and regula-
tory decision-making.

2.5 Data Analyses

Once normalization is achieved, the question is
then, how to extract useful information based on
gene lists issued from test and control condi-
tions? A basic tool is provided by clustering
procedures, which rely on automatic classifica-
tion of the data (Hand et al. 2001). One can
distinguish between unsupervised and supervised
procedures. The great majority of computational
methods that have evolved for microarray data
analyses can all be referred to three main
approaches: “class discovery,” “class compari-
son,” and “class prediction.” In class discovery,
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the objects are not grouped into predefined clas-
ses; this approach is therefore “unsupervised.” A
clustering algorithm is applied and genes and/or
samples are grouped on the basis of similarity
across conditions. The method starts with the
definition of a distance metric to represent the
distance between the genes and the samples in
terms of gene expression. The algorithm then
groups the objects such that the distance between
objects of the same group is minimized while the
distance between objects of different groups is
maximized. In class comparison studies the clas-
ses are defined on the basis of a prior knowledge,
independently from the expression profiles. The
method is therefore “supervised” and is used to
determine if the expression profiles are different
between the predefined classes. The typical out-
put of this approach is a list of genes differen-
tially expressed genes between the classes.
Commonly used methods to assess the statistical
significance of differential expression are t-test
and ANOVA. The class prediction approach is
also “supervised,” as it starts from prior knowl-
edge to group the objects of study (e.g., the
biological samples) into different classes. These
methods have great potentialities in clinical
research, and applications have been described
for risk assessment, diagnostic testing, prognos-
tic stratification, and treatment selection (Golub
et al. 1999).

Even though several strategies exist to iden-
tify genes whose expression is modulated, biol-
ogists are more confident with fold change and
t-statistic, presumably because of their simplic-
ity and interpretability. Obviously, identification
of differentially expressed genes relies on fold
changes based, for each gene, on a ratio of
the intensity values of the “test” condition
and those of the control (patients vs. healthy
volunteers, treated patients or cells/biopsies
vs. untreated controls). Several reports indicate
that fold change results in more reproducible
gene lists than the t-statistics (Witten and
Tibshirani 2007) and the choice of the method
used to identify modulated genes can greatly
affect the set of genes that are identified (Jeffery
et al. 2006).

2.6 Functional Interpretation
of Microarray Experiments

In most of the cases, several hundreds of genes
can be found either upregulated or
downregulated. The biological interpretation of
the results, which involves translating these data
into useful biological knowledge, still remains a
challenge. Methods leading to classify genes,
according solely to their relationships with bio-
logically relevant terms such as those defined by
the Gene Ontology (GO) project, present low
performances. Indeed, a classification of the
genes based on the enrichment in significant bio-
logical terms fails to determine precisely how
altogether gene products function within a partic-
ular biological process. Moreover, their activities,
through posttranscriptional events or distinct
interactions with other partners, can be different
depending on cell types or tissues. It is therefore
important to determine among the modulated
genes those whose expression can be regulated
by the same transcriptional factors or as products
are involved within a given signaling pathway
(Fig. 2). Several free or commercial software inte-
grating a combination of interactive and visuali-
zation tools have been developed to identify the
involvement of the gene products in molecular
interactions, pathways, diseases, and processes
(reviewed in Kelder et al. (2010), Hedegaard
et al. (2009), Benech et al. (2007), Barrey
et al. (2009, 2012), Mille-Hamard et al. (2012)).
They are mainly based on text mining performed
either on curated publications or on an exhaustive
list of published abstracts issued from PubMed, a
bibliographic database for the biomedical litera-
ture provided by the National Center for Biotech-
nology Information (NCBI). Their efficiency
relies on the use of multidimensional correlation
matrixes enabling, toward iterative queries, to
integrate genes within functional networks in a
specific physiologic/pathologic or tissue context
(Fig. 3). Highlighting such functional networks
issued from gene expression profiling leads to a
better understanding of the molecular basis that
sustained physiological processes, therapeutic
responses, or diseases.
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3 Gene Expression Profiling
and Psoriasis: A Case Study

Psoriasis is an immune-mediated disease which is
associated with a chronic inflammation leading to
uncontrolled keratinocyte proliferation and
altered differentiation. Several DNA microarray
experiments were undertaken to gain a better
knowledge of this pathology (Bowcock
et al. 2001; Oestreicher et al. 2001; Zhou
et al. 2003). For instance, one of these studies
(Zhou et al. 2003) found that 1300 genes were
differentially expressed between lesional and
non-lesional skin. Among them, a significant
number of genes were related to immune signal-
ing cascades and some encode chemokines, which
had not been described in psoriasis before. The

functions of these chemokines, involved in the
regulation of T lymphocyte and dendritic cell
trafficking, support the local tissue invasion of
inflammatory cells seen in psoriasis. More
recently, comparison of different published lists
of differentially expressed genes (DEG) has
shown apparent inconsistencies based on the
number of overlapping genes (Suarez-Farinas
et al. 2010). Although all data were issued using
the same DNA microarray platform, there are
many reasons that could explain such discrepan-
cies. Indeed, distinct array series and laboratory
effects should account for the variability found
among these studies. However, our own experi-
ence suggests that alternative statistical tests and
choices of cutoffs contribute mainly for the low
overlap between DEG. It is likely that the DEG
found in common among the distinct analyses

Protective barrier
function

Expressed in Spitz nevi, melanomas
and melanocytic nevi

Expressed in normal keratinocytes
in the epidermis overlying Spitz

nevi and melanomas

CoA ester

Fatty acyl-CoA ester

FA long
chains

Free acids CoA

prostaglandines

p53

Fibroblast
proliferation

Arachidonic
acid transport

Growth
arrest

lipolysis

Cholesterol/triglyceride accumulation
And FA transport

Legends:

activation

Biological 
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transcriptional
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interaction

lipogenesis

SPRR1A

SPRR4

S100A6

S100A9
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Fig. 3 Schematic representation of a genomic network.
The correlation identified through the use of text mining-
based computational tools is integrated into functional
networks allowing to see how genes work together within

defined biological processes. Genes whose expression is
upregulated or downregulated are indicated in blue or in
red, respectively
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(Suarez-Farinas et al. 2010) define the hallmarks
of the pathology, keratinocyte proliferation, and
inflammation. Inflammation is supported by the
identification of DEG, known to be upregulated in
psoriasis, such as IFNγ (interferon gamma)-
regulated genes, genes encoding antimicrobial
peptides, and proinflammatory proteins. Current
statistical tools to analyze common features
among patients lead to smooth the data and result
in the loss of key elements, which account for
individual differences illustrating the heterogene-
ity of the pathology. Thus, heterogeneous biolog-
ical variations existing in psoriatic patients should
explain the apparent low reproducibility of DEG
detection. Several reports (Shi et al. 2008; Zhang
et al. 2008) discussed these issues and concluded
to the need of developing novel metrics, in partic-
ular for evaluating the reproducibility of data in
terms of correlated molecular processes rather
than simply counting the overlaps of genes. An
intriguing possibility is that non-overlapping
DEG would be more informative since they can
be markers for patient stratification as well as
disease severity.

Ainali et al. have recently investigated the
involvement of molecular subtypes that might
impact on prognosis or treatment outcomes
(Ainali et al. 2012). Transcriptomic analyses of
skin samples from inflamed/lesional type (PP) and
non-inflamed/non-lesional tissue (PN) of 37 pso-
riatic patients as well as from 34 normal individ-
uals (NN) were performed. Based on an
unsupervised hierarchical clustering, they showed
that as it can be expected, NN and PN co-clustered
away from PP. Whereas under-expressed genes
were related to immune responses and fibrotic
processes, overexpressed genes encode proteins
involved in keratinocyte proliferation and differ-
entiation. Further analyses distinguished among
PP two subgroups whose network clusters were
enriched either in Wnt, Notch, TGF-beta, and
ErbB signaling pathways or in metabolic and
BMP pathways. This indicated that the two
lesional psoriatic subgroups possess different
functional properties, suggesting different under-
lying biological processes although they were
clinically difficult to distinguish. The authors pro-
posed that these differences might help explain

why some patients have a different disease course
and why some respond better to therapy. How-
ever, besides the link of each of these pathways
with psoriasis, potential relationships among
these pathways and their potential global impact
in psoriasis were not discussed.

The Wnt signaling pathways are a group of
signal transduction pathways, which act either in
a paracrine or autocrine manner. The three best
characterized Wnt signaling pathways are the
canonical Wnt pathway, the noncanonical planar
cell polarity pathway, and the noncanonical
Wnt/calcium pathway. The difference between
them is that a canonical pathway involves the
β-catenin while a noncanonical pathway operates
independently of it (Rao and K€uhl 2010). Wnt
signaling plays a critical role in different pro-
cesses including embryonic development, axis
patterning, cell fate specification, cell prolifera-
tion, cell migration, and insulin sensitivity
(reviewed in Nusse and Varmus). An evidence
for altered Wnt signaling in psoriatic skin came
from a previous gene expression profiling study
showing an overexpression of the RNA encoding
Wnt-5a, one member of the Wnt protein family, in
biopsies from lesional psoriatic skin (Gudjonsson
et al. 2010). The results suggested a shift away
from canonical Wnt signaling toward non-
canonical pathways driven by interactions
between Wnt-5a and its cognate receptors in pso-
riasis. This shift might be likely related to an
impaired homeostatic inhibition of Wnt signaling.
The authors proposed that Wnt-5a might have a
role in inducing the marked vascular changes in
lesional skin, influencing epidermal proliferation,
and in the amplification of inflammatory
responses.

Interestingly, an intricate functional relation-
ship between Wnt and Notch signaling during
the assignment of cells to particular fates has
been proposed (Hayward et al. 2008). Both sig-
naling belong to the six major and universal trans-
duction cellular devices providing the basic
machinery for cell fate transitions and assign-
ments that underlie embryonic development
(reviewed in Martinez Arias and Stewart 2002).
It has been suggested that Wnt and Notch signal-
ing could act on alternative pathways to determine
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the effectiveness of other signaling pathways that
drive the specific fates, with low Notch signaling
favoring Wnt signaling and vice versa (Hayward
et al. 2008). Taking into account the possible
involvement of β-catenin in self-renewal of dif-
ferent types of stem cells (Lowry et al. 2005), a
fine-tuning of Wnt and Notch signaling might
have a crucial impact in the dysregulation of pro-
liferation/differentiation. In line with this hypoth-
esis, whereas in the skin, Wnt promotes the stem
cell fate, Notch promotes the “transit-amplifying”
(TA) cell compartment fate (Lowell et al. 2000).

Similarly, it has been shown thatWnt and ErbB
signaling crosstalk and transactivate one another
in development and cancer (reviewed in Hu and Li
2010). ErbB family, implicated in the develop-
ment and progression of most common epithelial
malignancies, is composed of four members,
ErbB1 (also known as EGFR), ErbB2 (HER2),
ErbB3 (HER3), and ErbB4 (HER4), which are
involved in the autocrine growth pathway (Bièche
et al. 2003). ErbB1/EGFR is a cell surface recep-
tor that binds to epidermal growth factor (EGF),
transforming growth factor-alpha (TGFA),
amphiregulin (AREG), but also epiregulin
(EREG), betacellulin (BTC), and heparin-binding
EGF (HB-EGF). In addition to EGFR expression,
EGFR ligands such as AREG, HB-EGF, and
EREG are known to be overexpressed in psoriasis
lesions, and EGFR binding induces receptor
dimerization and tyrosine phosphorylation lead-
ing to cell proliferation. Recent advances in the
knowledge of the EGFR pathway revealed its
contribution to distinct immune/inflammatory
functions in the epidermis. Indeed, EGFR ligands
are involved in a number of immune protective
mechanisms through the expression of several
antimicrobial peptides (Sørensen et al. 2003), in
the induction of leukocyte attractants (Miller
et al. 2005), as well as in the regulation of
chemokines implicated in the massive recruitment
of T cells, monocytes, and immature dendritic
cells (Mascia et al. 2003). It has been proposed
that the ErbB signaling pathway has to be part of
TGFA-ligand-driven amplification circuit during
keratinocyte response to skin inflammation
(Mascia et al. 2010). Although the most common
adverse effect seen with EGFR inhibition therapy

is a pronounced skin inflammatory response
(Robert et al. 2005), blockers of the EGFR kinase
have been suggested to be potent antipsoriasis
agents (Ben-Bassat and Klein 2000). These appar-
ent opposite observations might illustrate the abil-
ity of the EGFR-ligand system to act as a link
between proliferation and innate and adaptive
immune responses and support the two main
hypotheses about the process that occurs in the
development of the disease. Whereas the first
hypothesis considers psoriasis as primarily an
alteration leading to excessive growth and skin
cell renewal, the second sees the disease as being
an immune-mediated disorder. According to the
second hypothesis, the excessive cell renewal is
secondary to the production of cytokines by T
cells, following their activation and migration to
the dermis. The recent finding that Th17 cells
carrying TCR recognizing epidermal autoantigen
induce psoriasis-like inflammation (Nishimoto
et al. 2013) together with the presence of different
antigens possibly related to the various clinical
subtypes of psoriasis (Hagforsen et al. 2007) sup-
ports the later hypothesis. It is noteworthy that
disturbances in protein degradation processes in
the skin can be attributed from the increased
expression of genes encoding the components of
the ATP/ubiquitin-dependent non-lysosomal pro-
teolytic pathway involved in peptide processing
and presentation to T cells (Bowcock et al. 2001).

If the different gene expression studies
described here highlight the involvement of con-
verging pathways (Wnt, Notch, and EGFR signal-
ing) in psoriasis, the distinction among causes and
consequences remains unclear. This is a recurrent
criticism, which is made against DNA microarray
technologies, generating somehow a sense of frus-
tration. On one hand, deeper functional analyses
should be systematically performed to precise the
nature of the relationships existing between the
differential expressed genes helping to propose a
sequence of the events leading to the pathology.
On the other hand, it is likely that performing gene
expression comparison between skin biopsies and
peripheral blood mononuclear cells from the same
patients as well as between a variety of autoim-
mune diseases should be of particular importance.
Indeed, the overall comparison, toward the
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identification of correlations, might allow defin-
ing the respective contribution of the immune
system, the inflammation, and the proliferation/
differentiation processes.

4 SNP-Based Genetic Testing
and Its Contribution
in Dermatology

As mentioned previously, the RNA-seq technol-
ogy provides not only a quantification of RNA
molecules but allows also the sequencing of the
RNA transcripts, which leads to the identification
of RNA variants and in particular of SNPs.
Whereas some SNPs are located in the gene
sequence corresponding to the RNA transcripts,
they are most commonly found in regions
between genes, and therefore such SNPs can be
detected only on genomic DNA. Occurring once
in every 300 nucleotides on average, which means
there are roughly ten million SNPs in a human
genome, SNPs are the most common type of
genetic variation among people.

Representing a single nucleotide difference,
the presence of an SNP does not lead systemati-
cally to a change in the amino acid sequence of a
protein. In contrast, missense (a change affecting
the amino acid) or nonsense (introduction of a
stop codon affecting the size of the protein)
SNPs might have drastic consequences on the
activity of a protein (gain or loss of functions).
When SNPs are located within a regulatory region
that controls the transcription of a gene, gene
expression can be altered.

SNP detection, as part of genetic/DNA testing,
is more and more used to predict individual’s
responses to drugs, susceptibility to environmen-
tal factors, and risks of developing particular dis-
eases. However, without genetic consultation, the
expanding use of direct-to-consumer (DTC)
genetic testing by private companies to determine
a person’s chance of developing a disease is hav-
ing an unforeseen consequence. Indeed, people,
without showing any symptoms, are facing an
exaggerated and inaccurate message about the
connection between genetic information and dis-
ease risk. In many cases, DNA variants are only

slightly associated with risk, or there is little good
evidence to support any association. Moreover, as
we have described in psoriasis, the risk to develop
diseases depends on complex interactions
between genes and lifestyle accounts for much
of our susceptibility to diseases. Even diseases
caused by a single gene, such as cystic fibrosis,
are influenced by other genes that can affect the
degree of severity.

In addition to RNA-seq, various analytical
methods, including DNA sequencing, are avail-
able to discover or to detect SNPs. Several bioin-
formatics databases exist helping interpretation
and analysis or describing associations between
polymorphisms and diseases, and genome-wide
association studies (GWASs) are commonly used
for polygenic diseases such as type 2 diabetes,
obesity, and Crohn’s disease. GWASs scan DNA
from a large panel of patients with a particular
disease to look for SNPs. Databases resulting
from the Human Genome Project and the Interna-
tional HapMap Project contain the reference
human genome and maps of common genetic
variation in large populations (National Institutes
of Health; International HapMap Consortium
2003). Thus, the potential impact of SNPs can be
deduced by determining whether homozygous or
heterozygous SNPs are more frequent in the
affected patients than in controls from an ethni-
cally similar population.

Different approaches of genetic testing have
been undertaken to study dermatological diseases
(reviewed in Kwon et al. 2013). In addition to the
characterization of several psoriatic susceptibility
loci including human leukocyte antigens (HLA)
and PSORS (Saneczko et al. 1997; Jullien and
Barker 2006; Al Robaee 2010), large-scale
GWASs have identified polymorphisms within
genes encoding cytokines with functional rele-
vance to psoriasis (Pietrzak et al. 2008). Even
though some of these SNPs present a good dis-
criminant power and thus can be used for psoriasis
prediction (Fang et al. 2011), they are not neces-
sarily causal markers for the disease.

As for gene expression, GWAS fails to distin-
guish among causes and effects, and there is a
considerable interest in pathway analysis. Several
approaches for testing associations with pathways
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have been proposed (reviewed in Zhao
et al. 2011). Furthermore, RNA-seq technology
or combination of gene expression profiling and
GWASs should reveal the biological impacts of
particular SNPs within patient subgroups. It has
been shown that the risk variant in IL12B associ-
ates with its increased expression and predisposes
to stronger Th1 polarization (Johnston
et al. 2013). These effects result from a deviation
of the local inflammatory environment toward
IL12/IFNγ at the expense of IL-23/IL-17
responses. In a recent report (Swindell
et al. 2013), the same group, analyzing expression
patterns in psoriatic lesions from 163 patients, has
shown that most increased DEG can be explained
by keratinocyte activity and inflammatory cell
infiltration. They identified subgroups that differ
depending on inflammatory cell infiltration and
IFN-γ activity. Moreover, the differences allow
differentiating between etanercept responders
and nonresponders, providing a means to predict
treatment outcomes with anti-TNF therapy. It has
been proposed that the patient-specific differences
rely, at least in part, on the developmental context
for each psoriasis lesion, which is likely shaped by
an integration of genetic and environmental
signals.

5 Conclusion and Perspectives

The progress made in identifying the basic
variation present in human brings a number of
exciting opportunities and challenges. Gene
expression, genotyping of SNPs, and copy num-
ber variations have become extremely important
to researchers for understanding dermatological
disorders and molecular mechanisms. These
technologies highlight the variability occurring
between individual patients, probably on the
basis of their age, ethnicity, sex, genetics, skin
types, and environmental influences. Undoubt-
edly, combined analysis of global gene expres-
sion, DNA variation, and functional approaches
through the development of computational tools
will take advantage of the increasing enrichment
of bioinformatics databases. At a nexus in med-
ical history, the challenge is to learn how to use

the acquired repository of information to change
the course of disease management. Dermatolo-
gists, which have an easy access to biological
samples issued from their patients, have to be at
the forefront of this history. Indeed, according to
the dermatology advances toward personalized
medicine, transcriptomic and genetic investiga-
tions will be part of the personalized dermatol-
ogy practice of the near future. As qualified
counselors, they would have to warn the public
about the possible risks of direct-to-consumer
genetic testing proposed on the Internet and the
potentially misleading or oversimplified explana-
tions of the results.
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The outer surface of the skin is coated with a
co-mixture of aqueous sweat and oily sebum that
together help to maintain skin surface pH. Among
its functions, skin surface pH promotes mainte-
nance of the skin barrier integrity, regulates epi-
dermal barrier homeostasis, and maintains
microbial flora balance (Ali and Yosipovitch
2013). In occupational settings, the skin is poten-
tially exposed (sometimes simultaneously) to var-
ious chemical, physical, and mechanical stressors.
These exposures may alter the skin surface pH
which is problematic for several reasons. First,
changes in skin surface pH can expedite the dis-
solution and/or partitioning of many chemicals
thereby increasing their bioaccessibility on the
skin (Collins 1957; Hemingway and Molokhia
1987). Secondly, skin surface pH will influence
the formation of water soluble complexes
between dissolved ions and sweat constituents,
which, in turn, influences their interactions with
skin proteins and cellular constituents (Stefaniak
et al. 2014). Finally, alterations of skin surface pH
can impair the barrier properties of the stratum
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corneum, thereby making it easier for chemicals
to penetrate and enter the body.

Measurement of skin surface pH is usually
performed in highly controlled clinical settings
(Parra and Paye 2003). However, the ability to
measure skin surface pH in nonclinical settings
such as the work environment offers many advan-
tages. Importantly, both the amount of contami-
nant on the skin and the pH of the skin surface can
be assessed almost simultaneously, thereby pro-
viding a more accurate characterization of the skin
barrier condition at the time of exposure
(Du Plessis et al. 2013). Knowledge of skin sur-
face pH can also be used to identify opportunities
for implementation of control strategies to protect
workers, e.g., use of chemical-resistant gloves by
workers with acidic skin pH to minimize contam-
inant dissolution/partitioning. Additionally, the
influence of activities such as hand washing with
an alkaline soap on skin surface pH can be
documented to provide feedback to managers
and workers on how specific tasks can change
the skin barrier properties. In this chapter, practi-
cal guidance for measurement of skin surface
pH in nonclinical settings is described. Details
of the skin surface acidity and instruments for
measurement of skin surface pH are described
in ▶Chap. 12, “Measurement of Skin Surface
Acidity,” respectively.

1 Apparent Skin Surface pH

The universal method for measuring skin sur-
face pH is the glass planar electrode connected
to a voltage meter. In chemistry, pH is defined as
– log[H+] concentration of a pure aqueous solu-
tion. However, the skin surface film is not pure
water; rather, it is a mixture of aqueous sweat,
sebum lipids, and cellular degradation products
(Rippke et al. 2002). As such, the skin surface
pH is not a measure of H+ ion concentration, but
is a measure of H+ ion release from amphiphilic
free fatty acid lipids into water that is applied to
the skin with the glass planar electrode. More
accurately, the pH measured on the skin surface

should be referred to as the apparent skin sur-
face pH (Parra and Paye 2003).

2 Factors Influencing Skin
Surface pH

Several endogenous, exogenous, and environ-
mental factors relevant to work environments
may affect skin surface pH (Table 1). In general,
values of skin surface pH vary among anatomical
positions (e.g., forehead versus forearm) and
within locations (e.g., T- and U-zones of the
face) (Ehlers et al. 2001a; Kim et al. 2006;
Kleesz et al. 2012; Kobayashi and Tagami
2004; Lee et al. 2013; Luebberding et al. 2013a,
b, 2014; Marrakchi and Maibach 2007; Youn
et al. 2013; Zlotogorski 1987) though not all
investigators have observed differences
(Pratchyapruit et al. 2007; Schreml et al. 2012;
Treffel et al. 1994). Data on the influence of
gender on skin surface pH are not fully under-
stood; some studies report differences between
sexes (Ehlers et al. 2001a; Kim et al. 2006;
Luebberding et al. 2013a; Youn et al. 2013;
Jacobi et al. 2005; Man et al. 2009; Ohman and
Vahlquist 1994) but others do not (Zlotogorski
1987; Dikstein and Zlotogorski 1994; Wilhelm
et al. 1991). Data are conflicting on the role of
ethnicity in skin surface pH (Lee et al. 2013;
Berardesca et al. 1998; Grimes et al. 2004;
Warrier et al. 1996; Wesley and Maibach 2003).
Skin diseases such as atopic dermatitis, urticaria,
and irritant contact dermatitis may alter skin sur-
face pH in adults (Cork et al. 2009; Jungersted
et al. 2010; Kezic et al. 2012; Knor et al. 2011;
Ohman and Vahlquist 1998; Schmid-Wendtner
and Korting 2006; Ye et al. 2014). Some studies
indicate that skin surface pH varies during the
day, with minimal values often observed in the
evening or early morning (Ehlers et al. 2001b;
Latreille et al. 2004; Le Fur et al. 2001;
Yosipovitch et al. 1998), which has implications
for shift work. Age influences skin surface pH,
with values becoming less acidic after ages
70–95 years (Luebberding et al. 2014; Marrakchi
and Maibach 2007; Zlotogorski 1987; Schreml
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et al. 2012; Man et al. 2009; Wilhelm et al. 1991;
Dikstein et al. 1984; Sato et al. 2014); however,
these ages are generally outside of normal work-
ing years.

Exogenous factors that influence skin surface
pH and are frequently encountered in the work-
place include hygiene practices (i.e., frequency,
use of soaps and detergents), use of topical prod-
ucts (i.e., lotions, barrier creams, and cosmetics)
and occlusion (e.g., from use of protective gar-
ments). Of high relevance is skin hygiene, which
may involve harsh soaps, especially in dirty and
greasy workplaces, or frequent hand washings
among healthcare workers (Jungbauer et al. 2004;
Keegel et al. 2012) and food preparers (Steiner
et al. 2011). Alkaline soaps tend to raise skin sur-
face pH, whereas acidic soaps tend to cause only a
slight increase or even a lowering of skin surface
pH (Duncan et al. 2013; Korting et al. 1987, 1990,
1991; Moldovan and Nanu 2010). The effects of
soaps, synthetic detergents, and topical products is
often transient with skin pH returning to baseline
within 2 h (Duncan et al. 2013; Korting et al. 1987;
Moldovan and Nanu 2010) though recovery may

be incomplete up to 12 h after washing (Grunewald
et al. 1995; Lambers et al. 2006). Alcohol-based
hand rubs used by healthcare workers may lower
skin surface pH, though results are inconsistent
(Ahmed-Lecheheb et al. 2012). Use of occlusive
disposable gloves for just 2 h can increase skin
surface pH for up to 4 h after removal (Rippke
et al. 2002). Exercise is known to increase skin
pH which may be relevant for non-sedentary jobs
such as landscapers and construction workers
(Luebberding et al. 2013c; Wang et al. 2013).

The influence of season on skin surface pH is
unclear (Abe et al. 1980; De Paepe et al. 2009;
Galzote et al. 2014), but investigators should be
aware of it as a factor, especially when studying
outdoor workers.

3 Measurement Protocol
for Nonclinical Settings

As described in Sect. 2, many factors encoun-
tered in workplace settings can influence skin
surface pH. Hence, it is crucial that any protocol

Table 1 Factors that influence skin surface pH

Factor References Effecta

Endogenous

Anatomical position (Ehlers et al. 2001a; Kim et al. 2006; Kleesz et al. 2012; Kobayashi and Tagami
2004; Lee et al. 2013; Luebberding et al. 2013a, b, 2014; Marrakchi and Maibach
2007; Youn et al. 2013; Zlotogorski 1987)

+

Gender (Ehlers et al. 2001a; Kim et al. 2006; Luebberding et al. 2013a; Youn et al. 2013;
Zlotogorski 1987; Jacobi et al. 2005; Man et al. 2009; Ohman and Vahlquist 1994;
Dikstein and Zlotogorski 1994; Wilhelm et al. 1991)

�

Ethnicity (Lee et al. 2013; Berardesca et al. 1998; Grimes et al. 2004; Warrier et al. 1996;
Wesley and Maibach 2003)

�

Skin health (Cork et al. 2009; Jungersted et al. 2010; Kezic et al. 2012; Knor et al. 2011; Ohman
and Vahlquist 1998; Schmid-Wendtner and Korting 2006; Ye et al. 2014)

+

Rhythmicity/
circadian rhythm

(Ehlers et al. 2001b; Latreille et al. 2004; Le Fur et al. 2001; Yosipovitch et al. 1998) +

Exogenous

Washing (Duncan et al. 2013; Korting et al. 1987, 1990, 1991; Moldovan and Nanu 2010;
Grunewald et al. 1995; Lambers et al. 2006)

+

Occlusion (Rippke et al. 2002) +

Exertion (Luebberding et al. 2013c; Wang et al. 2013) +

Environmental

Seasonality (Abe et al. 1980; De Paepe et al. 2009; Galzote et al. 2014) �
Adapted from Stefaniak et al. (2013)
a+ = has an influence; � = inconclusive data
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for a workplace study is well designed to enable
the specific research question to be answered.
This protocol must include clear instructions to
participants regarding behaviors that may influ-
ence measurement results. To facilitate the
development of a study protocol, a checklist
that captures many of the considerations for
workplace measurement of skin surface pH is
provided in ▶Chap. 94, “Biometrology Guide-
lines for the In Vivo Assessment of
Transepidermal Water Loss and Skin Hydration
in Nonclinical Settings.”

3.1 Workplace Measurement
Considerations

When designing a study protocol, it is crucial to
consider real-world limitations that can be
encountered in workplace settings. For example,
clinical guidelines recommend that skin surface
pH measurements should be made 2–3 h after
washing with tap water, 5 h after washing with
synthetic detergents, and 10 h after washing with
alkaline soaps (Parra and Paye 2003). If
ointments, body lotions, and other topical prod-
ucts are applied to the measurement location,
clinical guidance is to wait 12 h before measure-
ment (John 2006). Realistically, such long lag
times are generally not possible during a stan-
dard 8 h work shift, particularly among profes-
sions that engage in wet work such as healthcare
workers and food handlers who frequently wash
their hands or cosmetologists who frequently
handle lotions, dyes, and other products
(Jungbauer et al. 2004; Steiner et al. 2011; Lysdal
et al. 2012). Hence, measurements in nonclinical
settings should be made before washing or appli-
cation of ointments and lotions if feasible (e.g.,
prior to the start of a work shift and before the
end of a shift). If measurements cannot be made
before washing or application of topical prod-
ucts, the researcher should be aware of the influ-
ence of water, soaps, etc. on skin surface pH
(Table 1) in data interpretation. Finally, no mea-
surements should be made on skin that is
inflamed or adjacent to such areas (Stefaniak
et al. 2013).

Use of personal protective garments such as
coverall suits and gloves made of highly occlusive
material is commonplace in work environments
(Jungbauer et al. 2004; Lysdal et al. 2012). Even
garments made from natural textiles (e.g., cotton)
can be occlusive in work situations. Given that
even short-term use of occlusive gloves can lead
to elevated skin surface pH for hours after use
(Rippke et al. 2002), researchers must observe
whether a study participant wore protective gar-
ments (gloves, coveralls, elastomeric facepiece
respirators, etc.) over an anatomical measurement
position and document the event when reporting
results.

3.2 Measurement Environment

Ideally, a study participant should be acclimated
to the measurement environment for at least
20 min prior to determination of skin surface pH
(Parra and Paye 2003). Workplace studies are
challenging because measurements are usually
made prior to, during, and/or after a worker’s
shift. Measurements performed before or after a
work shift place a burden on the employee who
must arrive at work early or stay later, but he or
she may not be compensated for their time. Mea-
surements made during a work shift place a bur-
den on employers in terms of lost productivity,
staffing reassignments, and paid wages. Hence, it
may not be feasible for a worker to acclimate for
20 min plus time for measurements, especially if
multiple measurements are to be made throughout
a work shift.

In clinical settings, ambient conditions for
measurement of skin surface pH are temperature
of 20–22 �C and relative humidity of 40–60 %
(Parra and Paye 2003). In workplace studies,
researchers may not have full control over the
ambient temperature and humidity levels where
measurements are to be performed because doors
and windows may be open (or closed) to cool
(or heat) the workspace. As such, for workplace
studies every effort should be made to perform
measurements at 20–22 �C and relative humidity
of 40–60 %; however, if these conditions are not
possible, the investigator should control and
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characterize the measurement atmosphere as far
as reasonably practical and provide a detailed
description of the conditions when reporting
results.

3.3 Measurement of Skin
Surface pH

It is important that the glass planar pH electrode is
handled and used in accordance with the manu-
facturer’s instructions. Prior to use, the electrode
should be calibrated using at least a two-point
calibration with buffers that span the expected
skin surface pH values (e.g., pH 4–7) and
recalibrated as specified by the manufacturer or
verified periodically using standard buffers. The
pH electrode and the meter should be equilibrated
in the same environment in which measurements
will be taken for at least 20 min prior to use (Parra
and Paye 2003).

The skin surface at the measurement location
should be clean and free of cosmetics and lotions
or other topical products. If necessary, the skin can
be cleaned using a clean, dry, oil- and lotion-free
tissue paper. Water alone can alter pH and should
not be used to clean the skin at the measurement
location (Lambers et al. 2006). Typically, the elec-
trode surface is moistened with 20 μL of distilled
water prior to placing it on the skin (Parra and
Paye 2003); however, Lambers et al. (2006) report
that water volumes up to 100 μL do not influence
measurement results. The pH electrode should be
held at a right angle to the skin with gentle pres-
sure to ensure optimal contact (Ehlers
et al. 2001b); avoid applying excessive pressure
which can affect the volume of liquid at the inter-
face of the electrode and skin (Parra and Paye
2003). Measurements should be recorded when a
stable signal (as defined by the instrument manu-
facturer) is achieved.

Three sequential measurements should be
made at the same anatomical position, with a 5 s
lag time between measurements, and the results
averaged. To reduce any possible effect of elec-
trode contamination on skin pH measurements, it
should be rinsed with deionized water periodi-
cally (Ehlers et al. 2001b). All measurements at

a given anatomical position should be made
before moving to the next position (Stefaniak
et al. 2013). If repeat measures of skin surface
pH will be made at a given anatomical position
(e.g., pre- and post-work shift), record both sets of
measurements at the same position to reduce error.
Digital photography is useful for documenting the
anatomical positions to ensure consistency in
measurements. If simultaneous assessment of
skin exposure to a contaminant is also a study
goal, the area of pH measurement should be as
close as possible to the area monitored for skin
exposure without confounding the respective
measurements. Finally, if other biophysical skin
measurements are to be made, Kottner
et al. (2014) recommend determination of
transepidermal water loss before determination
of skin surface pH or stratum corneum hydration
to avoid measurement bias.

Measurements obtained by different
researchers may introduce variability to the results
(because they might use different pressures or
probe angles); therefore, the same person should
perform all measurements. Report skin pH values
with precision of �0.1 units. Between measure-
ments, the electrode and meter should be stored in
accordance with the manufacturer’s instructions.

4 Data Interpretation
and Reporting

The factors that influence skin surface pH
(Table 1) illustrate the challenges associated with
measurements in workplace settings with myriad
exposures. Additionally, consensus is lacking in
regard to reference values for skin surface pH of
normal or diseased skin. As such, reporting abso-
lute values of skin surface pH can be problematic,
especially when comparing data among studies.
Therefore, measurement results should be
reported in relative terms, such as percent change
over a work shift. All measurement results for a
given set of conditions should be expressed with
both a measure of central tendency (e.g., arith-
metic mean of three repeat measurements) and
variability (i.e., standard deviation or percentiles).
If the aim of a study warrants use of a control
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group, the volunteers should be matched to
workers with respect to relevant endogenous,
exogenous, and environmental factors and mea-
surements made in a similar environment with the
same instrumentation to ensure consistency in
data collection.

A minimum data set should be reported with
any study results, including: (1) relevant endoge-
nous (anatomical site, skin health at time of mea-
surement, date, time, etc.), exogenous (skin
hygiene, use of topical products, use of occlusive
garments at measurement locations, etc.), and
environmental (season, geographical location)
factors; (2) measurement conditions (acclimation
time and conditions for equipment and partici-
pants, pH electrode calibration, number of mea-
surements, etc.); (3) measurement results in
relative terms (percent change) accompanied by
a measure of central tendency and variability; and
(4) pertinent deviations from the study protocol
and the measurement guidance provided herein.
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1 Introduction

The most important functions of the skin are to
prevent loss of fluids from within the body to the
environment and to prevent entry of xenobiotic
substances and infectious agents into the body
(Zhai and Maibach 2002; Agache 2004; Proksch
et al. 2008). This barrier function resides primarily
in the epidermis and consists of a physical and
biochemical barrier (Proksch et al. 2008).
Corneocytes and lipids of the stratum corneum
(SC) form the physical barrier, while the slightly
acidic hydro-lipid film on the skin surface serves
as a complementary biochemical barrier (Korting
et al. 1990; Ohman and Vahlquist 1998). Skin
barrier functionality and skin appearance are
maintained by the interaction between
transepidermal water loss (TEWL), SC hydration,
sebum levels on the skin, and skin surface pH
(Roskos and Guy 1989; Wilhelm et al. 1991).

J.L. Du Plessis (*)
Occupational Hygiene and Health Research Initiative,
North-West University, Potchefstroom, South Africa
e-mail: Johan.duPlessis@nwu.ac.za

A.B. Stefaniak
Centers for Disease Control and Prevention, National
Institute for Occupational Safety and Health, Morgantown,
WV, USA
e-mail: AStefaniak@cdc.gov

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_128

933

mailto:Johan.duPlessis@nwu.ac.za
mailto:AStefaniak@cdc.gov


TEWL and skin hydration have been widely
used as surrogate markers for assessing skin bar-
rier function (Zhai and Maibach 2002; Pirot and
Falson 2004; Rogiers 2001; Levin and Maibach
2005; Tupker and Pinnagoda 2006; Rawlings
2006; Darlenski et al. 2009). The most prominent
finding is elevated TEWL in a number of skin
diseases (e.g., atopic dermatitis, eczema, and pso-
riasis) and in experimental studies in which sol-
vent and detergents are applied to the skin
(Proksch et al. 2008; Darlenski et al. 2009). Fur-
thermore, elevated TEWL values in a disturbed
skin barrier are frequently correlated with low
hydration of the SC (Proksch et al. 2008).

In occupational environments, damage to the
skin and a compromised skin barrier, although
not necessarily visible, commonly occur as a
result of physical/mechanical and chemical dam-
age. Evidence suggests that a compromised skin
barrier may increase dermal penetration and
absorption of chemicals and of larger substances
(e.g., particulates and proteins), which normally
cannot effectively penetrate intact skin (Kezic
and Nielsen 2009). Scrubbing, friction, or abra-
sion may partially or completely remove the SC
and thus disrupt the skin barrier by exposing the
epidermis to the environment (Fluhr et al. 2008;
Kezic and Nielsen 2009). Organic solvents
increase skin permeability by extracting and
altering the structure of intercellular lipids from
the SC, while desmosomes may also be damaged
(Kezic and Nielsen 2009). Surfactants (deter-
gents) interact with skin lipids and proteins lead-
ing to disorganization of extracellular lipids,
reducing corneocyte cohesion and decreasing
skin hydration (Kezic and Nielsen 2009; Nielsen
2005). Occlusion created by prolonged wearing
of protective clothing, in particular impervious
gloves, prevents evaporation of water thereby
leading to accumulation of water in intercellular
spaces across the SC and swelling of corneocytes
(Zhai and Maibach 2002). This swelling disrupts
SC lipid bilayers leading to enhanced skin
permeation of substances due to the lower diffu-
sion resistance provided. Prolonged contact

with water, i.e., wet work, has a similar effect as
that of occlusion on the SC (Kezic and Nielsen
2009).

A number of studies have been published in
which changes in skin barrier function in occupa-
tional settings have been investigated. The find-
ings of these studies are beyond the scope of this
chapter, yet the most notable occupational settings
were (contaminants, where applicable, indicated
in brackets) (i) metal industry (water-soluble oils
and mineral oils) (Coenraads et al. 1986; Goh and
Gan 1994; Berndt et al. 1999; K€utting et al. 2010);
(ii) health care, in particular nurses (Smit
et al. 1994; Hachem et al. 2002); (iii) hairdressers
(wet work and chemicals in hair products) (Smit
et al. 1994; John et al. 2000; Packham et al. 2005);
(iv) rayon manufacturing (carbon disulfide
and sulfuric acid) (Chou et al. 2004);
(v) manufacturing industry (ultralow humidity)
(Chou et al. 2005); (vi) food industry (wet work)
(Packham et al. 2005; Bauer et al. 2007); (vii)
daycare/nurseries (wet work) (Packham
et al. 2005); (viii) construction industry (cement
containing chromium) (Chou et al. 2008); and (ix)
base metal refineries (sulfuric acid during refining
of nickel and cobalt) (Du Plessis
et al. 2010, 2013).

Guidelines for the in vivo measurement of
TEWL and skin hydration in highly controlled
clinical settings are well known and widely
used (Rogiers 2001; Pinnagoda et al. 1990;
Berardesca 1997), and guidelines for the mea-
surement of TEWL, skin hydration, and skin
surface pH in nonclinical settings were
published recently (Du Plessis et al. 2013;
Stefaniak et al. 2013). “Real-life” occupational
environments may be more variable and diffi-
cult to control, as a result of numerous and
often uncontrollable factors, which presents
unique measurement challenges not encoun-
tered in clinical settings. This chapter presents
these published guidelines, as well as amend-
ments since publication thereof, for the in vivo
measurement of TEWL and skin hydration in
nonclinical settings such as the workplace.
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2 Instrumentation
for Measurement of TEWL
and Skin Hydration

TEWL can be measured in vivo by using a closed-
chamber or an open-chamber method. The mea-
surement principles of these instruments are
described in ▶Chap. 108, “Transepidermal
Water Loss”, but the reader may also consult
Pirot and Falson (2004), Tupker and Pinnagoda
(2006), and Imhof et al. (2009, 2014).

The open-chamber measurement method is
widely used in clinical and experimental research
and is the standard against which newer closed-
chamber methods are judged (Imhof et al. 2009;
Fluhr and Darlenski 2014; Imhof et al. 2014).
However, the open-chamber method has a number
of limitations, such as being easily influenced by
disturbances in ambient air movement, calibration
inconsistencies, angular dependence, temperature
dependence, contact pressure dependence, and
relatively long measurement times of approxi-
mately 30 s (Imhof et al. 2014). In contrast,
closed-chamber methods are not influenced by
ambient air movements, and the overall measure-
ment time of unventilated-closed chamber instru-
ments is very short (<10 s) (Nuutinen 2006;
Imhof et al. 2009), making them useful for mea-
surements in nonclinical settings. Some manufac-
turers claim that measurement with closed-
chamber-type instruments is not affected by the
probe angle, but several studies reported an angu-
lar dependence (Raynor et al. 2004; Cohen
et al. 2009).

The commercially available open-chamber
instruments are the DermaLab (Cortex Technol-
ogy, Hadsund, Denmark), Evaporimeter
(ServoMed, Stockholm, Sweden), and Tewameter
(Courage and Khazaka, Cologne, Germany). The
AquaFlux (Biox Systems Ltd, London, United
Kingdom) is a condenser-type closed-chamber
instrument, while the AS-CT1 (Asahi Biomed
Company Ltd, Yokohama, Japan) and the
VapoMeter (Delfin Technologies, Kuopio, Fin-
land) are unventilated closed-chamber

instruments that are commercially available
(Du Plessis et al. 2013).

Skin hydration can be measured based on
three principles, namely, capacitance, conduc-
tance, and impedance (Barel and Clarys 2014).
These principles are addressed in ▶Chap. 15,
“Measurement of Skin Surface Hydration”.
Commercially available instruments based on
conductance as measurement principle are the
Corneometer (Courage and Khazaka, Cologne,
Germany) and the MoistureMeter SC (Delfin
Technologies, Kuopio, Finland). The ASA-M2
(Asahi Biomed Company Ltd, Yokohama,
Japan) and Skicon (ISBS Co Ltd, Hamamatsu,
Japan) are based on capacitance as a measure-
ment principle, while the DermaLab Moisture
Unit (Cortex Technology, Hadsund, Denmark)
and Nova Dermal Phase Meter (Nova Technol-
ogy Corporation, Portsmouth, NH, USA) are
based on impedance as a measurement principle
(Du Plessis et al. 2013).

3 Guideline Protocol
for Measurement of
TEWL and Skin Hydration
in Nonclinical Settings

The aim of this protocol is to provide guidelines
and best practices for measurement of TEWL and
skin hydration in nonclinical settings by recogniz-
ing and accounting for, and to the extent possible,
eliminating, or minimizing the influences of
endogenous-, exogenous-, environmental-, and
measurement/instrumentation-related factors
(Table 1).

3.1 Informed Consent

Informed consent must be obtained from each
participant (worker) in accordance with the
human subject policy of the institution(s)
governing the study prior to performing any mea-
surements. The informed consent must provide
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precise information on the purpose(s) of the study,
a description of the procedures to be performed,
the participant’s responsibilities, risks and bene-
fits of participation, and any other pertinent infor-
mation relevant to the study.

3.2 Instructions to Participants

After obtaining informed consent, precise instruc-
tions should be communicated to participants
regarding acceptable and permissible hygiene
practices (skin washing), the use of topical prod-
ucts (i.e., cosmetics, lotions, and barrier creams),
and ingestion of potential vasoactive substances
such as caffeine (including beverages), nicotine
(smoking), and/or drugs (medicines) prior to mea-
surements (Rogiers 2001; Brandner et al. 2006;
Crowther et al. 2008; Fluhr and Darlenski 2014).

3.3 Instruments

For TEWL measurements in nonclinical settings,
such as workplaces, it is highly recommended that
a closed-chamber-type instrument be used
because this design is not influenced by air move-
ment and has short measuring times, and some are
small battery-operated devices making them eas-
ily portable (Imhof et al. 2009, 2014). The two
most prominent closed-chamber TEWL instru-
ments in literature are the AquaFlux and
VapoMeter. They differ in measurement principle,
concept, and design with the aforementioned
using a condenser-chamber method of measure-
ment in a benchtop, mains-powered design. The
VapoMeter uses an unventilated-chamber method
of measurement in a small self-contained, battery-
powered design. Their performance characteris-
tics, described by Imhof et al. (2014), differ as

Table 1 Influence of endogenous-, exogenous-, environmental-, and measurement/instrumentation-related factors on
TEWL and skin hydration (Adapted from Du Plessis et al. 2013; Fluhr and Darlenski 2014)

TEWL Skin hydration

Endogenous factors

Age Yesa Yes

Gender No No

Ethnicity Controversial Controversial

Anatomical position Yes Yes

Skin temperature Yes Yes

Sweating Yes Yes

Circadian rhythm Yes Controversial

Skin health Yes Yes

Exogenous factors

Skin washing and wet work Yes Yes

Solvents/surfactants Yes Yes

Occlusion Yes Controversial

Skin damage Yes Yes

Intake of vasoactive substances (drugs, caffeine, nicotine) Yes Yesb

Environmental and measurement factors

Air convection/movement Yes/noc Yes

Ambient temperature Yes Yes

Relative humidity Yes Yes

Direct light Yes

Season Yes Yes
aBaseline TEWL is independent of age among persons in their working years, slightly lower >60 years
bSmoking only
cClosed-chamber instruments are not influenced by air convection or movement, while open-chamber instruments are
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well with the AquaFlux having higher accuracy,
sensitivity, and repeatability, with speed of mea-
surement (short measurement time, i.e., 7–16 s)
and mobility as the main features of the
VapoMeter.

If, however, an open-chamber TEWL instru-
ment is to be used in nonclinical settings, the use
of a draft shield will help to minimize the effect of
air movement on measurements to a great extent.

One manufacturer of an open-chamber-type
TEWL instrument recommends measurement of
skin temperature prior to measurements as
Rogiers (2001) found that a difference between
skin temperature and probe temperature influ-
ences TEWL values. The TEWL probe heater is
set at the skin temperature measured, and the
TEWL probe/instrument is heated to a tempera-
ture corresponding to that of the skin before mak-
ing measurements.

In addition, an ambient thermometer and rela-
tive humidity (RH) meter are required to record
ambient temperature and RH.

3.4 Preparation, Handling,
and Storage of Instruments

The instrument should be turned on at least
15–30 min prior to taking measurements in
the area in which actual measurements will be
taken (Pinnagoda et al. 1990; Tupker and
Pinnagoda 2006; Imhof et al. 2009, 2014). If
the instruments are to be used intermittently
during the day, it should not be switched off
between measurements (Tupker and Pinnagoda
2006). However, battery-operated instruments
are designed to switch-off automatically after a
few minutes of nonuse to prolong battery life.
Prior to and during measurements, the TEWL
probe, in particular the VapoMeter, should
always be handled with an insulated glove as
holding the probe causes an increase in the
temperature of the probe through heat transfer
and subsequently influences TEWL readings
(Rogiers 2001; Imhof et al. 2009, 2014; De
Paepe et al. 2005).

For hygienic purposes, the probe head must be
wiped with an alcohol-soaked tissue after comple-
tion of measurements on a study participant in
order to prevent possible transfer of infections
between participants. Another alternative is the
use of single-use disposable shields, which are
available from some manufacturers. It should be
noted that the use of shields increases the distance
between the skin and probe sensors and the use
thereof should be reported.

Between uses, the instruments should be
cleaned and stored in accordance with the manu-
facturer’s instructions. In general, this implies
cleaning of the instrument/probe with a soft tissue
or an alcohol-soaked tissue to remove excessive
dirt and storage in a clean dry place with temper-
ature and RH resembling that of the usual envi-
ronment when used (Du Plessis et al. 2013).

3.5 Calibration of Instruments

Only calibrated TEWL and hydration instruments
should be used for measurements. Two types of
calibration could possibly be performed, namely,
manufacturer calibration and prior to use calibra-
tion (not applicable to all instruments). Manufac-
turer calibration requires that the instrument be
sent to the manufacturer for calibration at speci-
fied predetermined intervals, usually once a year.
Biannual or quarterly manufacturer calibration is
recommended, if practicable, with very frequent
use. Calibration prior to use should be performed
at regular intervals as specified by the manufac-
turer. The procedures of prior to use calibration
may vary between manufacturers and should also
be done in accordance to the instructions provided
by the manufacturer. Due to the simplicity of some
calibration procedures, calibration could easily be
performed daily. For further quality control pur-
poses, and if practicable, prior to use calibrations
could be verified after performing a set number of
measurements on a specific day or in between
prior to use calibrations (Du Plessis et al. 2013).

Two flux calibration methods, as described in
detail by Imhof et al. (2009), are currently in use
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for TEWL instruments, namely, the more com-
monly used wet-cup method (for open- and
closed-chamber-type instruments) and a new
droplet method (for instruments capable of
recording continuous flux, but not unventilated
closed-chamber-type instruments).

For skin hydration instruments, a two-point
(low- and high-value) in vitro calibration check
on cellulose and filter pads should be performed
prior to use and during periodic verifications of
calibration (Du Plessis et al. 2013; Barel and
Clarys 2014).

3.6 Measurement of TEWL and/or
Skin Hydration

Prior to measurement of TEWL and/or skin
hydration, a participant should be acclimated to
the measurement environment to avoid errors
caused by environmental temperature or sweat-
ing. EEMCO’s clinical study guidelines recom-
mend an acclimation period of least 15–30 min at
an ambient temperature (20–22 �C) and relative
humidity (40–60 %) prior to measuring TEWL
(Rogiers 2001; Pinnagoda et al. 1990) and at
least 20 min for skin hydration (Berardesca
1997). More recently, Fluhr and Darlenski
(2014) suggested ambient temperatures as low as
18 �C, but not exceeding 21 �C for TEWL mea-
surements with an acclimation period of
20–30 min. Barel and Clarys (2014) state a con-
stant ambient temperature of 20–21 �C as ideal for
skin hydration measurements.

In the workplace, it may not always be possible
for a worker to leave their shift long enough to
acclimate for 20–30 min plus time for measure-
ments. Workers may also be unwilling to have
measurements performed in their own time
(before, during, or after a shift) because of per-
sonal reasons. An acclimation period as long as
practicably possible, but preferably at least
20 min, is recommended. In nonclinical settings,
such as workplaces, the environmental conditions
recommended for clinical studies may not be
readily achievable. In experiences gained from
past workplace assessments, researchers may be
provided a space for testing where there is little

control over the ambient temperature, humidity,
and air movement. Hence, it is recommended that
measurement conditions be controlled and char-
acterized (reported) as far as reasonably practica-
ble. Measurements during extreme conditions of
cold, heat, or RH should be avoided (Du Plessis
et al. 2013).

The anatomical position(s) to be measured
should be exposed to ambient air for at least
10 min prior to measurement (Berardesca 1997),
but ideally for a period corresponding to the accli-
mation period in the measurement environment.

Application of topical products, washing,
occlusion, smoking, and ingestion of caffeinated
beverages may influence TEWL and skin hydra-
tion values (Du Plessis et al. 2013). Ingestion of
caffeinated beverages should be avoided at least
3 h prior to and during the work shift (Crowther
et al. 2008). Topical products should not be
applied to the intended measuring area and should
be avoided for at least 12 h prior to participation/
measurement (John 2006; Fluhr and Darlenski
2014). However, in occupational settings such as
health care, the food industry, and cosmetology,
where frequent (hand) washing or use of topical
products and lotions occurs, it is not feasible. The
same applies to the use of barrier creams in the
workplace. Therefore, the use of any topical prod-
uct or lotion should be noted according to the type
used, frequency of application, and time of last
application (Du Plessis et al. 2013). In workplace
studies, acute changes in TEWL and skin hydra-
tion during or for the duration of a work shift
while following normal working procedures are
of interest. Because of the acute effects of washing
on TEWL and skin hydration (Voegeli 2008), it is
recommended that measurements be made before
washing or application of topical products and
lotions. Wearing of highly occlusive personal pro-
tective clothing such as gloves and coverall suits
made of various types of textiles and materials is
common practice in many work environments. As
such, it is important to verify whether the worker
(participant) wore protective clothing over an ana-
tomical position and, if so, to record information
regarding the type of protective clothing, fre-
quency of use, duration of use, time between last
use, and measurement.
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No measurement should be made on clinically
inflamed or diseased skin or in very close prox-
imity to such a position. If the measurement posi-
tion is compromised by disease or injury, a nearby
position may be used, but should be recorded as
such. If a nearby position cannot be identified, the
participant should rather be excluded from the
study (Du Plessis et al. 2013).

The recommended anatomical position for
TEWL and skin hydration measurements in clin-
ical studies is the volar forearm away from the
wrist (Berardesca 1997; Rogiers 2001), even
though other anatomical positions have also
been measured. In the workplace TEWL and
skin hydration measurements should be made on
anatomical positions relevant to the activities and
tasks of workers. Even if another anatomical posi-
tion is of interest, it is still highly recommended to
measure TEWL and skin hydration at the
mid-volar forearm as a reference. A complicating
factor in all likelihood will be the use of personal
protective clothing and respirators, leaving in
many instances the volar forearm occluded and
only the neck and cheeks not occluded. In these
instances, study goals must be considered to deter-
mine the most appropriate anatomical positions to
be measured, and if measured, factors influencing
measurement values should be noted and consid-
ered when data is interpreted (Du Plessis
et al. 2013). For skin hydration measurements in
particular, the presence of body hair may interfere
with the sensor-skin contact interface, which may
influence measured values (Berardesca 1997).
Measurement on extremely hairy positions should
be avoided, or, alternatively, hair should be
removed, but the skin should be allowed to
recover before measurements (Du Plessis
et al. 2013).

A horizontal probe angle is of particular impor-
tance when using an open-chamber-type TEWL
probe as not to disturb natural air convection.
External air movements do not interfere with mea-
surements of closed-chamber-type TEWL instru-
ments, but natural convection can also occur
inside their measurement chambers. Therefore,
angular dependence may also be an issue (Imhof
et al. 2014). It is suggested that all TEWL mea-
surements be done on horizontal skin surfaces

irrespective of the type of instrument used
(Imhof et al. 2009, 2014). If measuring the
cheek or neck, the study participant must lie
down, if possible, or adjust his body position to
ensure a horizontal measurement area.

Contact pressure between the probe head and
skin influences measurements made using open-
chamber-type TEWL probes (Gabard and Treffel
2004; Tupker and Pinnagoda 2006) which can be
ascribed to probe head design (Imhof et al. 2014).
Closed-chamber-type TEWL instruments have
minimal sensitivity to contact pressure, but timing
of skin contact is of more importance as ambient
temperature and RH are measured shortly before
skin contact is made. For both types of TEWL
instruments, adequate (light) constant pressure
should be applied on the probe to ensure leak-
free contact between the probe and skin and that
the probe does not slide over the skin (Imhof
et al. 2009, 2014). Skin hydration probes are
equipped with a springmechanism, which ensures
application of adequate contact pressure before a
measurement can be made (Barel and Clarys
2006). It should be noted that it is possible to
trigger a measurement at lower (incomplete com-
pression of the spring mechanism) and higher
pressure, with the latter leading to significantly
higher measurement values (Barel and Clarys
2014). The user should develop a technique
resulting in repeatable application of constant yet
adequate pressure to trigger a measurement.

Measurements should be recorded when a sta-
ble signal is achieved. Because of differences in
TEWL and skin hydration instruments, a mea-
surement should be considered stable when it
meets the criteria as defined by the manufacturer.
It is also recommended that all TEWL and skin
hydration measurements be made by the same
person to reduce variability (Du Plessis
et al. 2013). The number of measurements made
on each anatomical position is highly variable in
published clinical studies. It is recommended that
three sequential measurements be made on the
same anatomical position and the results aver-
aged. A waiting time of 5 s between sequential
skin hydration measurements on the same ana-
tomical position is recommended by one manu-
facturer (C&K 2004), even though we have found
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no statistical significant difference between values
of measurements taken at intervals of 1, 5, and
10 s ( p> 0.74, unpublished data). Furthermore, it
is recommended that all measurements be made
on a given anatomical position before moving to
the next position. Kottner et al. (2014) recom-
mend that if more than one biophysical parameter
is measured on the same position, TEWL should
be measured first, followed by other parameters. If
repeat measurements are made on a specific ana-
tomical position (e.g., before shift and after shift),
both sets of measurements must be recorded at the
exact same position to reduce errors. The exact
same measurement position can be obtained by
photographing the measurement position and
using the photograph as a reference for future
measurements, marking the skin adjacent to the
measurement position with a nontoxic ink and/or
using a template (Du Plessis et al. 2013).

3.7 Interpretation of Measurement
Results

There is a lack of consensus regarding TEWL and
skin hydration reference values for normal and/or
diseased skin. As an example, there are differ-
ences between skin hydration reference values
provided by the manufacturer (C&K 2004) and
those reported by three independent studies using
the same instrument (Barel and Clarys 2006;
Heinrich et al. 2003; Packham et al. 2005). As
such, it is recommended that results for a given
anatomical position be reported and compared as
a relative (or percentage) change in TEWL and/or
skin hydration values. To illustrate, if the aim of a
study is to assess acute changes in TEWL (Δ)
caused by exposure to a contaminant, then quan-
tifying the difference in TEWL relative to the
before-shift values (baseline, t0) for a worker or
group of workers would be appropriate (Eq. 1):

%ΔTEWL ¼ TEWLt1 � TEWLt0ð Þ=TEWLt0½ � � 100

(1)

where TEWLt0 is TEWLvalue at baseline or time 0
(e.g., before shift) and TEWLt1 is TEWL value at
time interval (e.g., shift interval or end of shift).

If the aim of a study is to assess chronic
changes caused by exposure or disease, then
expressing the difference in TEWL and/or skin
hydration between a worker (or group of workers)
and control subject (control group) as a percent-
age is preferred over absolute values. When using
a control group, the subjects in the control group
should be matched to workers as reasonably as
possible with respect to relevant endogenous,
exogenous, and environmental factors, and mea-
surements should be made in a similar environ-
ment with the same instruments (Du Plessis
et al. 2013).

TEWL and skin hydration results at a given
anatomical position should be expressed as the
arithmetic mean � standard deviation and graph-
ically by bar graphs, but preferably box and whis-
ker plots, displaying the mean, median, minimum,
maximum, and percentiles (which may differ
between software packages).

4 Data Reporting

To enable meaningful communication of results
and possible comparison of results between stud-
ies, a basic data set should be collected and
reported with study results. Apart from recording
and reporting of notable deviations from the
guidelines, the following information, as listed
by Du Plessis et al. (2013), and amended below,
must be reported (a checklist to facilitate collec-
tion of pertinent information is also provided in
the same publication).

• Endogenous factors
(a) The anatomical position(s) and exactmeasure-

ment site(s) of TEWL and/or skin hydration.
(b) Rationale for the choice of anatomical

position(s) and site(s).
(c) Skin health at time of measurements. For

measurements on hands and wrists, health
can be documented and assessed using, for
example, a validated teledermatology
toolkit for standardized hand photographs
in nonclinical settings (Steiner et al. 2011).

(d) A skin symptoms questionnaire for current
symptoms is recommended.

940 J.L. Du Plessis and A.B. Stefaniak



(e) Date and time of day when measurements
were performed. Note that if measurements
are made on different days for the same
study participant, to the extent feasible,
measurements should be made at the
same time of day to minimize any possible
effects of circadian rhythms.

• Exogenous factors
(a) Hygiene (washing) practices prior to mea-

surement, including conformance, or devi-
ations from instructions given to study
participants.

(b) Use of any topical products, including con-
formance or deviations from instructions
given to study participants. Note also if
skin was wiped dry before measurement
because of use of topical products.

(c) Exposure to chemicals or mechanical dam-
age to the skin as a result of tasks performed.

(d) Use of any personal protective clothing or
other materials that might have caused
occlusion of the skin, including the type
of covering, frequency and duration of use,
and time since last use.

(e) Ingestion of medication, caffeinated bever-
ages, or smoking prior to measurement.

• Environmental factors
(a) Calendar date, season, and time of TEWL

and skin hydration measurements
(b) Average outdoor ambient temperature and

RH
(c) Ambient workplace temperature and RH
(d) Ambient temperature and RH where mea-

surements are made
• Experimental and measurement/instrumenta-

tion factors
(a) The type of instrument/probe according to

model and manufacturer
(b) Equilibration time of TEWL instrument

and/or hydration instrument in measure-
ment environment

(c) Calibration (manufacturer and prior to use,
if applicable) of the TEWL instrument
and/or skin hydration instrument

(d) Frequency with which the calibration was
verified during the study

(e) Acclimation conditions of study partici-
pants prior to measurements, including

duration, ambient temperature, and RH in
measurement area

(f) How the instrument was applied to the skin
surface, including handling of the TEWL
probe and time to achieve a stable measure-
ment in accordance with the manufacturer
instructions

(g) The number of measurements per anatom-
ical position and lag time between
measurements

5 Summary

The skin is frequently and continuously exposed
to a variety of physical stressors and chemical
contaminants in the work environment with the
potential to affect the skin barrier. Therefore, in
addition to assessing exposure to a stressor or
chemical contaminant, it is also of importance to
characterize the condition of the skin, i.e., the
barrier function, at the time of exposure. A con-
sensus summary of guidelines and best practices
for measurement of TEWL and skin hydration in
nonclinical environments, with emphasis on
occupational settings as a worst-case scenario,
was developed. This chapter presents these
guidelines as well as amendments since initial
publication thereof. Key points of this guide-
lines are (i) recognition and minimization, to
the extent feasible, of the influences of relevant
endogenous-, exogenous-, environmental-, and
measurement/instrumentation-related factors;
(ii) recommendation of instruments to be used
for measurement of in particular TEWL; (iii)
recommendation of standardized reporting of
measurement results; and (iv) accurate disclo-
sure of notable deviations from the guidelines.
The intention of these guidelines is to provide
consistency in nonclinical measurement and
reporting of TEWL and/or skin hydration results
which is essential for comparison of different
studies.
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The skin has three main mechanical roles: (1) to
instantly or permanently match the changes in
shape and volume of the under-lying organs and
the adipose tissue; (2) to protect them against
mechanical external aggressions; and (3) to facil-
itate the gripping of objects and the ground by
palms and soles.

1 A Mechanical View of Skin
Anatomy

The skin is a composite material stratified in three
layers of different mechanical properties. The super-
ficial layer, the 15-μm-thick stratum corneum, is very
firm but pliable and naturally wrinkled; underneath,
the less rigid 50-μm-thick viable epidermis is also
wrinkled; and the under-lying third layer, the
1-mm-thick dermis, is elastic and naturally
contracted. These three layers lie on the hypodermis
(or subcutis), whose thickness, often filled with adi-
pose tissue, can range from 1 mm to more than 5 cm
and behaves like a cushion. Various structures with
specific mechanical roles are found in each layer. For
example, in its upper half the dermis holds hairs
inserted obliquely like posts. This complex structure
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is, however, compensated by perfect anatomical
adjustment and harmony of behaviors (e.g., the
creasing of the first two layers corresponds to the
contracted state of the dermis), so that in normal
in vivo conditions each layer behaves mechanically
like the whole in spite of very different intrinsic
properties. This justifies the investigation of the
global mechanical behavior of skin as though it was
a homogenous material.

The major mechanical component is the dermis.
Like all connective tissues, it is a felting of collagen
fibers immersed in a viscous fluid called “ground
substance,” rich in glycoproteins. The dermis has
two main functions: to maintain the spatial organi-
zation of underlying tissues and to resist external
mechanical stresses. Anatomically and functionally
two parts need to be considered. The thin superficial
or subpapillary dermis thickness of 50–200 μm is
proportional to the epidermal thickness (Frost and
Van Scott 1966). It is made of a loose tissue, rich in
glycoproteins, with thin elastic fibers and collagen
bundles where the proportion of collagen III is
higher than in the deeper reticular dermis (Lapière
et al. 1988). It is rich in blood, lymph vessels, and
nerves. Its content in water and vascular volume
show physiological variations that can alter the
mechanical behavior of the skin as a whole.
Below this superficial dermis, the remaining dermis,
chorion or reticular dermis (about 1 mm thick), is
formed by thicker bundles of collagen (2–20 μm)
close to one another and connected by large elastic
fibers (0.1–0.4 μm). Fewer vessels and nerves are
found, but they are bigger. The structure of the
dermis under transmission and scanning electron
microscopy is described in ▶Chap. 41, “Dermis
Connective Tissue Histopathology.”

The dermo-epidermal junction is well defined,
but both structures are interwoven. Dermal papil-
lae penetrate the epidermis whose lower border
shows roughly conical interpapillary rete pegs,
thus increasing the interface. In a histological
cross-section, the length of the latter can be longer
than the straight line by 20 % (Frost and Van
Scott 1966). The junctional structure has specific
attachment devices whose dimensions and
distribution are known (Barton 1988) (see
▶Chap. 156, “Main Skin Biological Constants”),
and its physical properties have been studied

(Beerens 1977). The contour of the dermo-
epidermal junction must not be mistaken for the
skin surface relief, which also shapes it, but is
more interspaced and has a different pattern.

The viable epidermis (30–80 μm thick) com-
prises five to ten layers of cells (keratinocytes) with
an impressive keratin cytoskeleton (tonofilaments)
communicating from one cell to the other by very
strong keratin ties (desmosomes) (see ▶Chap. 37,
“Markers of Epidermal Proliferation and Differenti-
ation”). This configuration makes it more rigid than
the other soft tissues. Its mechanical properties are
unknown, but when the whole epidermis, including
the stratum corneum, is submitted to traction in vitro
and compared to the stratumcorneumalone from the
same body site, the following observations are
made: increased slopes of the elastic and plastic
phases, a higher force, and less strain at rupture and
a similar total spent energy (Ferguson J, Agache P,
unpublished data). This indicates an increased rigid-
ity due to the sole addition of the viable epidermis.
Consequently, the part played by this layer in the
skin’s mechanical behavior must not be overlooked.

The limit between the reticular dermis and the
hypodermis is irregular and poorly defined. To our
knowledge the mechanical properties of the hypo-
dermis, a loose conjunctive tissue often loaded with
fat, have not been studied, but levarometry and suc-
tion methods would permit an in vivo, noninvasive
investigation (see ▶Chap. 95, “Skin Mechanical
Function”). By allowing the skin to move as a
whole on the underlying structures, this layer plays
a major part in the absorption of external forces
having a tangential component. In scars where the
hypodermis has disappeared, the skin loses its mobil-
ity and sustains considerably higher stretching and
friction constraints.

2 Total Skin Mechanical Behavior

When the skin is submitted to a sudden and
sustained strain (a creep test), three successive
behaviors are found (Fig. 1). Phase I is an imme-
diate extension (Ue) which is considered to be
purely elastic because it is too quick for a viscous
phenomenon to appear. It is followed by two
phases (Uv) in which viscosity plays a part:
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phase II with variable creep (Uv1) and phase III
with constant creep (Uv2). As the test is carried
out in vivo, it implies that the strain keeps below
25 % and is reversible. A greater strain, not shown
in Fig. 1, would cause irreversible deformation
(plastic phase). Such deformations, which are
painful, occur only from traumas.

Scientists have proposed an analogmodel of this
behavior (Fig. 2) in which phase I is represented by
a spring, phase II by a spring and a dashpot in
parallel, and phase III by only a dashpot since it is
a linear function of time. The limit between phases I
and II is imprecise and depends on the balance
between elastic and viscous resistance inside the
tissue, which both vary with the body site, age and
the individuals. The limit between phases II and III
is also imprecise. When the strain suddenly disap-
pears, the skin retracts immediately, but incom-
pletely and goes back through similar phases,
with the difference that full recovery requires a
long time – from a few minutes to several hours,

depending on the extent of the strain, its duration
and the mechanical condition of the skin.

2.1 Elastic Behavior

Whatever the method used (uniaxial extensions
(Wijn et al. 1978), torsion (Wijn et al. 1976) suction
(Agache et al. 1995), or progressive extension at
constant rate (Vasselet and Agache 1987) the skin’s
elastic tissue mechanical properties cannot be known
from raw data (Ue, Uf, etc.) because the latter depend
on both the device and the method. These can only
be determined from intrinsic parameters: strain ε
(relative deformation) and stress σ (force divided by
its application area), which are computed from the
raw data and the geometry of the deformation (see
▶Chap. 95, “Skin Mechanical Function”).

The stress/strain curves in vitro and in vivo are
identical and of an exponential type (Fig. 3). The
tangents to the curve are the elastic moduli

Phase I Phase II Phase III

Fig. 2 A model of the skin
mechanical components
involved in a creep
experiment (extension
phase only)

t1 t2

R

Ua

t0

Ue Ud

Ur
Uv1

Uv2

Uf

Fig. 1 Creep experiment: skin deformation versus time.
Uf: deformation at the end of force application. Ue: imme-
diate deformation (elastic). Uv1: viscoelastic deformation.
Uv2: late deformation (entirely viscous). Ua: recovery at

the end of the experiment. R: residual deformation at the
end of the experiment. Ur: immediate recovery. Ud: late
recovery
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E = dσ/dε at different elongations. According to
the Fung’s formula (Fung 1972):

E ¼ E0 þ kσ

where E0 is the modulus for zero stress (Young’s
modulus). In some remarkable work conducted by
the Nijmegen group in the early 1980s, this linear
relation was verified in vivo by Wijn et al. (1981)
on more than 50 subjects (r > 0.998). It implies
the following relations:

E ¼ E0e
kε σ ¼ E0=k ekε � 1

� �
and

ε ¼ 1=k ln 1þ kσ=E0ð Þ

They show that the elastic moduli during exten-
sion are the initial (Young’s) modulus exponen-
tially increased by elongation. The initial modulus
E0 and the multiplying factor k are the two funda-
mental parameters of the skin’s mechanical
behavior under low stress during the supposedly
purely elastic phase (phase I of the Kelvin-Voigt
analog model, Fig. 2). At the elastic limit, that is
for elongation between 20 % and 30 % across
and about 10 % along the limb axis, the stress/
strain curve bends towards horizontal indicating

plasticity (Manschot and Brakkee 1986). Torsion
tests verify the same equations (Wijn et al. 1981),
with a shear modulus G = dτ/dγ, τ being the
shear stress and γ the shear angle (different from
the skin twisting angle). The equation G = G0 +
kτ is also verified. From a biological viewpoint,
these equations mean that all the individual
spring-like fibers responsible for the stress during
this elastic phase have the same force (expressed
by the value of k), but that they are exponentially
engaged as elongation takes place.

Uniaxial extension elongates only the fibers
oriented along the extension axis (Wijn
et al. 1976; Piérard and Lapière 1987). At first
(E0), there are few of them, but when the elonga-
tion increases, more and more fibers become ori-
entated along this axis and contribute to the
resistance. At each value of strain, the elastic
modulus E therefore expresses the number of
fibers involved and the strength k of each fiber.
Manschott and Brakkee (1986), of the Nijmeren
group, also used a sinusoidal model of a collagen
fiber derived from the anatomy of tendons. In a
uniaxial extension experiment in 61 subjects, they
were able to calculate the mean fibril diameter, the
mean amplitude and slope of the fiber sinusoid,
and the number of fibers that lie parallel and
perpendicular to Langer’s lines.

Ever since Dupuytren, it has been known that
in resting conditions the skin is stretched prefer-
entially in a particular direction, later described by
Langer (1978), hence the term Langer’s lines. In
their experiments on the human calf, Wijn
et al. (1978) observed that the linear relations
E = f(σ) parallel and perpendicular to the limb
axis (at this site it makes a 30� angle with Langer’s
lines) were parallel, the only difference being the
value of E0 was higher in the direction of the limb
axis (hence closer to Langer’s lines). Accordingly,
in resting conditions, there are more fibers orien-
tated in the direction of the Langer’s lines, and the
mechanical anisotropy and the increase of the
elastic modulus during extension are two indepen-
dent phenomena. The ratio of the Young’s moduli
parallel (//) to and perpendicular (⊥) to the
Langer’s lines is the anisotropy parameter of the
elastic fibers’ distribution (named A), which is
characteristic of each body area.

50

20

40

stress (kPa)

10

ΔL%

Fig. 3 Stress–strain curve of the skin (calf) parallel and
perpendicular to Langer’s lines (Modified from Wijn
et al. (1981))
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On the calf in vivo, the value of the Young’s
modulus (E0//) as found byWijn et al. (1981) from
uniaxial extension (Wijn et al. 1981) was
1.714 MPa, with k = 0.244 (without units) and
A = 16.0. The modulus at elastic limit was about
20 MPa along and 4 MPa across the limb axis
(Manschot and Brakkee 1986).

On the volar forearm, the value differs
depending on the method. From uniaxial exten-
sion at 1 % s�1 along the limb axis (up to 45�

from Langer’s lines), Vasselet et al. found
E = 3 MPa (Vasselet and Agache 1987);
Escoffier et al. found E = 1.12 MPa (Escoffier
et al. 1989) with the torsion method; and using
the suction method, the calculated values were
lower (e.g., in young adults between 0.13 MPa
(Diridollou et al. 2000) and 0.20 MPa (Khatyr F,
Varchon D, Agache P, unpublished data), and in
those over 50 years around 0.20 MPa (Diridollou
et al. 2001)). Obviously, further work comparing
the methods at the same place in the same person
is needed.

The higher modulus in the calf as compared to
the forearm may be related to the need to compen-
sate for the increased hydrostatic pressure. Indeed,
using a suction device, the Danish group showed
that over the whole body there is a centrifugal
decreasing gradient in skin extensibility
(Ue parameter). In the evening, it tends to
decrease (Gniadecka et al. 1994), suggesting
fatigue of the elastic tissue. In the aged, the gra-
dient loosening may be related to the well-known
degradation of elastic tissue.

The calf skin’s Young’s modulus parallel to
Langer’s lines steadily decreases with age, going
from 1 to 4 MPa at 20 years to below 2 MPa at
65 years of age (Wijn et al. 1981). Using a suction
device on the volar forearm, Diridollou
et al. (2001) found it to be stable until 50 years
of age, then rising. The origin of the discrepancy
remains obscure. The declined modulus matches
the current observation of the lowered skin resil-
iency with aging.

It is usually thought that the skin’s elastic
behavior mainly relies upon the elastic fibers of
the reticular dermis. However, the Young’s mod-
ulus of the elastic fibers is close to 0.3 MPa
(Burton 1968; Caro et al. 1978). Since elastin

represents less than 4 % of the dry weight of the
skin and collagen 80 %, it was speculated
(Manschot and Brakkee 1986) that if the elastic
fibers alone were responsible for the resistance
to extension, the skin elastic modulus would not
exceed 0.01 MPa. Consequently, collagen bun-
dles may be deeply involved in the skin’s elas-
ticity via their resistance to partial flattening of
their twists (Comninou and Yannas 1976).
Manschott and Brakkee (1986), through model-
ing the collagen fibrils, showed that collagen
alone could account for the experimental values
of the Young’s modulus at elastic limit, making
the role of elastic fibers “insignificant.” This
result is not surprising as by this stage the colla-
gen fibers are almost straightened and bear the
bulk of the stress. Elastic fibers seem to play a
role mostly in low stress. The role of the elastic
tissue degradation has been advocated in the
aging process and in diseases like cutis laxa
(Grahame and Holt 1969; Fazio et al. 1989)
and pseudoxanthoma elasticum (Wijn
et al. 1981; Harvey et al. 1975) in which the
skin loses its resiliency. In the above studies,
the role of the epidermis has been overlooked.
This layer follows the creases and plateaus of the
skin surface relief. Upon stretching, it is not
elongated but partially unfolded (Ferguson and
Barbenel 1981). The resistance of the stratum
corneum to unfolding in the elastic phase has a
modulus (volar forearm, measurement by suc-
tion) ten times that of the whole skin on the same
area (Panisset et al. 1993). Accordingly, the total
skin Young’s modulus should be partitioned into
a stratum corneum fraction (about 11 %) and a
dermis fraction (about 89 %) (Panisset
et al. 1993).

2.2 Viscous Phases of Extension
(Creep)

In creep tests, the phase II of the skin deformation
versus time (Uv1) is curvilinear and has been
described by a decreasing exponential function
according to the equation:

Uv1 ¼ Uv1max 1� e-t=r
� �
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The phase III (Uv2) is a straight line described as
Uv2 = At (Vlasblom 1967). Some authors have
also suggested Uv2 = At1/3 (Pichon et al. 1990).
These equations are drawn from the analogue
model of Fig. 2. The use of this model has been
criticized because it is able to fit the experimental
curve only if the elastic phase is considered below
the elastic limit (Vasselet and Agache 1987), and
because it has only two relaxation times (only two
dashpots in the model); thus, it assumes that the
skin has only two viscosity coefficients, which is
evidently an oversimplified although useful
approach. According to Vasselet (Vasselet and
Agache 1987), the deformation angle θ in torsion
tests would be better described in the viscous
phase by the logarithmic equation: θ = b � ln
(1 + nt), where b is the elongation rate and n the
elongation before the viscous phase. Unfortu-
nately, these theoretical considerations do not yet
have a practical application. In clinical practice,
only viscoelastic deformations (Uv, Fig. 1) are
usually measured, without any assessment of the
intrinsic mechanical parameters (i.e., stress,
strain, viscosity coefficients). ▶Chapter 96,
“Mechanical Behaviour Assessmentof the Skin”
(Sect. 11.1, “Searching for Intrinsic Mechanical
Properties”) shows a simple way to perform the
calculation of the intrinsic viscosity parameters 01
and 02, with an example.

From a biological point of view, a viscous
behavior may originate from both a collagen net-
work deformation and a displacement of the
ground substance within the network. The mobil-
ity of the latter depends on several factors: net-
work toughness, ground substance viscosity, and
perhaps its links to the network through
proteoglycans.

The parameter Uv, corrected for skin thickness,
remains stable with aging (Escoffier et al. 1989),
which is known to be associated with the decrease
of proteoglycans in the ground substance, thus
lowering its viscosity. The latter assertion is
supported by a small but steady decrease of the
relaxation time using high torque (Escoffier
et al. 1989). As Uv is both viscous and elastic,
the lower ground substance viscosity in aged skin
might be compensated for by a reduced ability of
the collagen network to elongate (increased

rigidity or toughness through molecular cross-
linking), but increased strength of the elastic tis-
sue is improbable. The skin extensibility
(Ue) decreases only after 75 years (Escoffier
et al. 1989).

Using the data analysis method described in
▶ Sect. 11.1 of the next chapter, the skin viscosity
associated with phases II (01) and III (02) of a
creep experiment on volar forearm were found to
be around 0.4 MPa and 12 MPa, respectively in
young adults (Khatyr F, Varchon D, Agache P,
unpublished data). In phase II (viscoelastic), the
corresponding elastic modulus was around
0.475 MPa in the same subjects. This shows the
steep increase in viscous resistance with small
strain increment.

2.3 Recovery Phase

In a creep test, when the stress is suddenly
removed, the skin immediately starts to regain its
original dimensions (this applies to physiological
deformations less than 25 %). As during exten-
sion, the recovery goes through an immediate
phase (Ur) supposedly only elastic, then a visco-
elastic phase (Ud), and finally a long-lasting resid-
ual deformation (R) (Fig. 1). In clinical practice,
the “skin elasticity” (i.e., its spring-like recoil
capacity) is assessed by the ratio between imme-
diate recovery and immediate deformation
(Ur/Ue). Both Ue and Uv are always higher than
Ur and Ud because to achieve straining the exter-
nal force must always be higher than the associ-
ated internal skin recoiling force and tissue
resistance to deformation (i.e., viscosity). During
recovery, the viscous resistance is about the same
as during extension; whereas, the skin recoiling
force is always lower than the applied external
force. The skin recoil is rapid in children and
takes a long time in the elderly. Consequently,
on the volar forearm, the ratio Ur/Ue decreases
with aging-regularly from over 0.9 in childhood
down to 0.7 after 65 years of age (Escoffier
et al. 1989).

In a progressive loading-unloading experiment
(see Fig. 47.2), the delayed recovery generates a
hysteresis on the force/deformation curve – the
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more “elastic” the skin, the smaller the hysteresis
loop area. The latter has the dimension of work, as
shown by its formula: 3[(loading minus unloading
force) � deformation]. It represents the work of
elastic fibers striving against the tissue viscosity.
Aging increases viscosity (although that of the
ground substance is decreased) as shown by the
increased hysteresis area (Diridollou et al. 2001),
but it also reduces the number of elastic fibers (the
latter mostly in actinic aging), as shown by histo-
logical observations. Consequently, both the
decreased recoiling force and increased resistance
to deformation contribute to the delayed recovery
in the elderly.

2.4 Other Characteristics
of Mechanical Behavior

– The intracutaneous structures always retain
part of the latest deformation they have
sustained. This residual deformation is obvi-
ously corrected in the course of any subse-
quent deformation but is not specifically
due to it. “Preconditioning” is used to
circumvent it.

– If identical elongations are repeated, and the
skin has time to recover between each elonga-
tion, the constraint increases (Vasselet and
Agache 1987). This “hardening” of the skin,
similar to that of many other materials (“strain
hardening”) is probably a physiological phe-
nomenon, but its biological support remains
conjectural-consolidation of the collagen net-
work by new molecular cross-links?

– Like any material, skin shrinks when it is
stretched. In mechanics, this phenomenon is
described by the Poisson’s ratio (ν) which is
the ratio of the relative decreases in transverse
dimensions to the relative increase in length.
With skin, the Poisson’s ratio probably varies
during extension because the ground substance
can be attracted into the collagen network at
the beginning of the test (hence ν <0.5) as
suggested by ultrasound examination
(Diridollou et al. 1998), and then expelled
when extension progresses (hence ν > 0.5).
As a matter of fact, to achieve tensed suction

blisters, only a 400 mbar suction for 2–3 h is
needed; the blister originates from a dermo-
epidermal separation into which interstitial liq-
uid flows. For small and short lasting deforma-
tions as used in skin tests, the skin does not
swell, so the value ν = 0.4 or 0.5 is
generally used.

– Attempts to assess the skin’s mechanical
impedance have also been made by making
its surface vibrate and measuring the parame-
ters at phase II of the analogue model of Fig. 2.
The contributing parameters are mainly elastic
from 30 to 200 Hz and viscous from 300 to
1000 Hz. Both elasticity and viscosity param-
eters increase when the skin is compressed
(Thompson et al. 1981).

– The skin’s compressibility is a mechanical
property of the same or even greater impor-
tance than extensibility. Most impacts we sus-
tain are directed perpendicularly to our body’s
surface. Furthermore, the skin must bear the
weight of the body for long periods of time in
sitting or lying positions. Skin resistance to this
compression is an essential component of its
continuous blood perfusion and constitutes a
protecting factor against decubitus ulcers. A
12 KPa pressure on the volar forearm with a
20 mm diameter disk, choosing arbitrarily a
Poisson ratio ν = 0.3 and using the formula
(Hayes et al. 1972):

G ¼ P 1� vð Þ=RKd4

where P is the pressure applied, d the diameter of
the disk and K a parameter without dimensions
function of t/R, provided a shear modulus G
between 1 and 2 kPa (Bader and Bowker 1983).

This modulus decreases in old people (Bader
and Bowker 1983). Lanir has also studied the
deformations produced by compression and has
given their mathematical expression (Lanir 1981).
The biological substrate of compressibility mainly
consists in the capacity of the dermis ground
substance to be ejected laterally, which involves
its viscosity, the fiber network tightness and the
interstitial pressure. The resistance of the few
elastic fibers laid out parallel to the skin surface
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and stretched by the compressive shift must also
be considered.

2.5 Mechanical Anisotropy

Skin resistance to traction predominates in the
Langer’s lines direction and varies with body
site. These lines have been detected on a corpse
from the oval shape of an incision made with a
round awl, and they correspond to the main axis of
the oval (Fig. 4). Excised skin shrinks more and
has minimum extensibility in that direction. It is
therefore an anisotropy of the spontaneous skin
tension “in resting conditions,” which is distinct
from the skin tension from positional, muscular or
visceral origin. This phenomenon is the source of

the Young’s modulus (E0) anisotropy (Wijn
et al. 1981), whose distribution angle shows a
maximum in the Langer’s lines axis (Manschot
et al. 1982) (Fig. 3). These data favor a similar
orientation of the elastic fibers involved in the skin
tone. Assuming that the fibers are independent, it
has been calculated that, on the calf, 76 % were in
the direction of the Langer lines and 5.1 % per-
pendicular (Manschot et al. 1982). Of course, this
distribution concerns only the elastic fibers, which
are parallel to the skin surface.

Observation of the dermis with scanning elec-
tron microscopy confirms this data (Piérard and
Lapière 1987). In retracted skin the collagen
bundles look tortuous, with no special direction,
and sinuous elastic fibers are fixed to them in
several places, especially in their concave por-
tion. In nonretracted skin, the thinnest collagen
bundles as well as the elastic fibers are straight-
ened in the direction of the Langer’s lines and
almost parallel; the thickest bundles remain tor-
tuous and oriented in all directions, but their
shape seems to be modified by the traction from
the orientated bundles and fibers (Piérard and
Lapière 1987). Contrary to common belief in
the past, Langer’s lines do not reflect an anisot-
ropy of the collagen density but an anisotropy of
the reticular dermis collagen bundles’ direction
and elastic fibers’ tension. The latter is quantified
in vivo by mechanical exploration (Manschot
et al. 1982).

The superficial (subpapillary) dermis collagen
bundles are not linearly oriented and are not
related to the cleavage line orientation (Namikawa
et al. 1986). Thus, only the reticular dermis seem-
ingly takes part in the anisotropic skin’s mechan-
ical properties.

2.6 In Vitro Mechanical Behavior

The in vitro stress–strain curve appears as expo-
nential as in vivo. During extension at a constant
rate until rupture of a completely relaxed skin
sample immersed in an isotonic solution, three
phases have been described, with concomitant
examination of the tissue under scanning elec-
tron microscope (Brown 1973) (Samples wereFig. 4 Langer’s lines (From the original article, 1861)
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8 mm wide and taken from the abdomen, where
the skin thickness was found to be 1.8 mm by
ultrasound (Tan et al. 1982)). The first one,
stretching up to about 40 %, corresponded to
physiological extensions and in vivo studies. It
showed low resistance (the less than 10 g, hence
E < 7 kPa), unfolding of the skin relief and
partial alignment of some collagen bundles of
the superficial dermis (Brown 1973). In the sec-
ond phase (stretching from 40 to 70 %), the skin
became stiff and the modulus was 510 kPa
(assuming that the section remained unchanged),
the keratinocytes became elongated, the collagen
bundles of the superficial and deep dermis and
the elastic fibers lined up in the direction of the
traction, but the collagen of the mid-dermis
remained sinuous. The next phase was a
prerupture stage during which the modulus
remained constant, and the bundles became
compacted and often independent within the net-
work; however, the latter persisted and no free
extremities were seen Rupture occurred at 90 %
elongation. This study characterizes the behavior
of immersed skin, which accounts for the very low
modulus and exceptional extensibility in phase I
(in in vitro extension experiments made in open air
the modulus of abdominal skin stretched at
0.7 % s�1 was 7–50 MPa (Kenedi et al. 1965;
Daly and Odland 1973)). The author considers
that the role of the stratum corneum resistance to
the unfolding then extension was negligible; this is
probable because of the immersion which might
have considerably reduced its unfolding then elon-
gation moduli (Agache et al. 1973; Wildnauer
et al. 1971). Since the dermis is a physiologically
immersed tissue, the conclusions of these in vitro
immersion studies are likely to be applicable
in vivo, but to the dermis only.

For extensions beyond physiological limits,
the modulus increases regularly with age, going
from 3 MPa in children to 20 MPa after the age of
50 (Rollhauser 1950). At this stage, the skin is
barely more extensible than tendon. Plastic and
pre-rupture phases may provide data on the struc-
ture of collagen, especially chain cross-linking, if
the dimension of the fibers can be known through
electron microscope examination. These data
could be useful for better understanding acquired

or congenital diseases involving the connective
tissue. Scar tissue has a higher elastic modulus
than the adjacent healthy skin, which implies
that the collagen bundles are more tightly
compacted and probably more frequently
interconnected (Kenedi et al. 1965).

Beyond the phase of physiological extension,
the sample is greatly shrunk transversely without
becoming thin throughout (Kenedi et al. 1965), and
the ratio between narrowing and stretching
increases very quickly. This is related to the leak
of interstitial fluid during the test, because the
Poisson’s ratio remains constant afterwards until
rupture (i.e., the sample volume does not rise, con-
trary to nonorganic materials). In adults, its values
vary from 0.5 to over 1.3, indicating a diminution of
volume at the end of extension. With age, the
squeeze of the ground substance occurs for moder-
ate extensions and the loss of volume gets more
probable. This corresponds with the decrease of the
skin viscosity of the aged skin, and the fact that by
this time the dermis holds more free water because
of the loss of proteoglycans.

The Rheometer (Dia-Stron Ltd, Andover,
Hampshire, UK) is a commercialised device
allowing in vitro uniaxial extension or compres-
sion of skin samples, as well as the study of forced
relaxation and shape recovery.

3 Mechanical Behavior
of the Stratum Corneum

The stratum corneum (SC) is approximately
15 μm thick except in palms and soles where it
reaches 1 mm (▶Chap. 23, “Stratum Corneum
Histopathology”). It is a dead structure formed by
about 19 layers of piled keratinized cells
(corneocytes). These are flat (0.3 μm), roughly
pentagonal (diameter 30 μm) and separated by
0.07 μm wide intercellular spaces. Each cell
has a thick membrane much more resistant than
the heart of the cell. The intercellular spaces are
filled with stratified lipids and proteinaceous
enzymes, and traversed by keratinized cellular
binding bridges (corneodesmosomes). The adher-
ence between cells decreases towards the
surface, but is always lower than the cell wall
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solidity, so that spontaneous desquamation
(one cell layer per day) or SC tape stripping only
deals with intercellular spaces (details on desqua-
mation are provided in ▶Chap. 25, “Stratum
Corneum Desquamation”). The structure and
physical properties of the human and animal SC
are similar. As a consequence, its mechanical
properties have been investigated in pig, rat and
humans.

3.1 In Vitro

• In 1956, Peck and Glick (1956), applying a
durometer used in the leather industry, noticed
that the hardness of dry human SC in vitro is
comparable to glass and cannot be softened by
mineral oil, lanolin, or glycerin. However, such
behavior depends mostly on its hydration. The
addition of 10 % of its water is sufficient to
make it soft and pliable; the same can be
obtained by a 60 % ambient relative humidity
(RH) (Blank 1952), but its hardness is still
70 % that of glass, which is noticeable. Water
uptake by the SC (Singer and Vinson 1966;
Middleton 1968) varies exponentially with
relative humidity (more details in ▶Chap. 29,
“Physical Methods to Measure Stratum
Corneum Water Content In Vivo”).

• The SC force/extension curve is that of a vis-
coelastic material strongly influenced by its

hydration (Fig. 5). A RH shift from 0 % to
100 % is associated with an increase of the
maximum extension and rupture work, and a
reduction of the force at rupture (Wildnauer
et al. 1971; Kligman 1964; Papir et al. 1975).
The elastic modulus decreases drastically with a
higher RH, and this effect is more marked
beyond 60 % (Middleton 1968; Papir
et al. 1975; Park and Baddiel 1972).
Microruptures of the SC occur in vivo in some
conditions (ichtyosis, hyperkeratosis, etc.) or
even in healthy skin (subjective feeling of poor
skin elasticity on the face, chapping and cracks
on the hands of housemaids, cement workers,
etc.). This situation is often due to the hardening
of the stratum corneum caused by its dryness.

• The mechanical behaviour of the SC is also
sensitive to temperature, and its rise has the
same effect as an RH rise (Wilkes et al. 1973).
Between 25 �C and 60 �C, for a 10 % water
content, the change in the force at rupture and
the extension at rupture is similar to a change of
RH from 26 % to 100 % (Middleton 1969;
Spencer 1976). The elastic modulus decreases
exponentially, becoming 1000 times lower
when the temperature changes from 25 �C to
60 �C. Temperature and water potentiate each
other (Spencer 1976; Spencer et al. 1975). Con-
sequently in constant RH conditions, the SC
hydration increases by 50 % when the temper-
ature rises from 20 �C to 30 �C, but the
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Fig. 5 Stratum corneum
mechanical behavior under
uniaxial elongation in vitro.
Samples taken from the
back. Traction at constant
rate up to rupture.
A RH = 50 %,
B RH = 80 %,
C RH = 90 % (From
(Vasselet 1989),
Laboratoire de Biophysique
Cutanée, Besançon)
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temperature dependence decreases at high RH
and abates when RH reaches 90 %.

• The SC force/elongation curve at constant
elongation rate shows one, two or three phases
depending on the hydration level of the tissue
(Fig. 5). The first one, up to a 10 % extension,
is considered purely elastic. However, its slope
increases if the extension rate rises (Wilkes
et al. 1973), thus confirming the viscoelastic
nature of the material. Phase II, absent in low
RH, is an irreversible elongation with a low
slope (so-called plastic phase). Only very
hydrated SC shows a third phase, of a rather
steep slope, before rupture. Preconditioning
does not exist with SC, which is an important
difference with the whole skin, indicating the
absence of mobile components in the material
(Koutroupi and Barbenel 1990). The two main
intrinsic parameters of phase I are, therefore,
the elastic modulus and the viscosity coeffi-
cient. The quasi-static elastic modulus of the
back SC (9–10 μm thick (Holbrook and
Odland 1974)) is as follows:

E
(MPa)

T
(�C)

RH
(%)

Elongation
rate
(% s�1) Reference

50 22 82 0.42 (Ferguson
1980)

10–200 22 60 0.22 (Vasselet
1989)

210 19 75 0.08 (Koutroupi
and Barbenel
1990)

The dynamic modulus was found to be
600 MPa (Takahashi et al. 1981). A thorough
investigation of the complex elastic modulus in
relation to the stimulation frequency has been
carried out (Rasseneur et al. 1982). The other
parameters of the force/elongation curve at
25 % min�1 elongation rate in 82 % RH and at
22 �C (Ferguson J, Agache P, unpublished data)
are:

Elastic limit 10 % elongation

Elongation at
rupture

32–35 %

Force at
rupture

15–19 g, hence a strain of 3.7–4.7 MPa

(continued)

Rupture work 7.5–9.0 mJ, which is 1.9–2.3 kJm�2

(other authors have found 3.6 kJm�2

(Koutroupi and Barbenel 1990))

In an abdominal scar, a considerable increase
of the elastic limit (over 4 times the standard
deviation) and of the elastic modulus
(Ferguson J, Agache P, unpublished data) were
observed.

The in vitro behavior of the SC under traction
probably reflects the intercellular ties (Frost and
Van Scott 1966) because the final rupture is
always extracellular, although the corneocytes
are very elongated. The most resistant compo-
nents are the corneodesmosomes which are,
therefore, likely to be the structures involved.
In the course of elongation, they bear both a
direct and a shear force and their numbers fall
(Agache et al. 1973). The rupture of a
corneodesmosome placed in a drop of water,
carried out with a micromanipulator, required a
force of 0.19 10�3 N (Lévêque et al. 1988).
Given that a section of corneodesmosomes is
about 7250 nm2 (25 nm � 290 nm (Barton
1988)), the stress is 26 GPa. The corneocyte
membranes are also very resistant. The same
authors observed that the corneocytes placed in
a drop of water could be folded easily, but that
their maximal extension was 30 % (without
breaking) with an elongation modulus of
450 MPa (Lévêque et al. 1988). These figures
are about two to eight times higher than those of
the SC extended in vitro (see the table above).
This suggests that the cumulated section areas of
involved desmosomes represent only one eighth
to one half of the SC section area. Measurements
under electron microscopy could readily confirm
this hypothesis.

• The viscous behavior and the constitutive
equation of human SC have been studied by
traction-relaxation tests and creep tests
(Vasselet 1989). The relative relaxation versus
Napierian logarithm of time is a straight line,
which excludes a single viscosity coefficient.
However, the standard viscoelastic model
based on the existence of several viscosity
coefficients does not permit reconstruction of
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the complete traction-relaxation curve. On the
other hand, the SC quickly hardens following
repeated tractions (strain hardening). The con-
stitutive equation of the elastic and viscoelastic
phases of the SC should therefore include one
elasticity parameter, two nonlinear viscosity
parameters and one strain hardening parameter.
Based on torsional creep experiments, Vasselet
suggests the following equation which fits the
experimental curves:

dε=dt ¼ dF=dtð Þ=Eþ Kfn εvm

where the elastic deformation is described by
(dF/dt)/E and the viscous deformation by Kfn

εvm (E is the elastic modulus, F the force
applied, K and n the intrinsic viscosity param-
eters, m the strain hardening parameter). The
link between these parameters and the anatom-
ical components of the SC are yet to be
determined.

• Is the mechanical behavior of the SC direc-
tional? In the case of a 5 % extension, there
does not appear to be any difference between
elongations, either parallel or perpendicular to
the skin furrows (Elfbaum andWolfram 1970).
Samples coming from the lower part of the
back, where the Langer’s lines are horizontal
do not show significant differences either
(Ferguson J, Agache P, unpublished data).
This could be easily explained by the fact that
the anisotropic physiological furrows of the SC
in vivo are determined by the underlying
layers, while the in vitro SC has been separated
from them and has become lax in the course of
manipulations and exposure to room condi-
tions. As a matter of fact, no furrow was visible
on its surface. These results show that the SC
does not present any structural anisotropy.

• In vitro, the SC is in environmental conditions
which are very different from the physiological
situation. In vivo, it is closely associatedwith the
underlying viable layer to which it is strongly
attached. To separate them, it is necessary to use
proteolytic enzymes, such as trypsin, which
destroy the desmosomes of the viable tissue
(trypsin above 0.125 % increases the elastic
limit and the elasticity modulus in a dose-

dependent way (Ferguson J, Agache P,
unpublished data)). Owing to its location, the
SC is subjected to humidity and temperature
gradients, which decrease from the deepest
layers toward the surface. Agache et al. (1973),
using human SC sampled on the back (top of a
cantharidin blister) with its upper part exposed
to the air and its deep side moistened in order to
be as close as possible to in vivo conditions, also
found a fall in the rupture work when the RH
shifted from 40 % to 88 %. However, they
observed a decrease of the maximum extension,
while the elasticity modulus remained
unchanged. These discrepancies with the
mechanical behavior under uniform conditions
show that the deeper part of the SC has a major
influence on its global mechanical behavior. The
authors suggest that hyperhydration of the skin
surface weakens the SC, thus providing an
explanation for the toe web fissuring in “ath-
lete’s foot” (Agache et al. 1973).

• The full thickness of the SC matches the
creases forming the skin relief. It partly
unfolds when the skin is stretched, but
does not extend. One can therefore wonder
if the intrinsic properties of the SC charac-
terized in vitro are relevant to the mechani-
cal function of the skin in vivo. The answer
is positive as far as its hardness and capacity
to absorb mechanical shocks are concerned.
However, its extensibility is involved only
in critical, extra-physiological situations,
during high shear strains. The latter can
reach 33 % without apparent damage, an
extension which would cause the rupture
of flat SC (cf. supra).

The Rheometer commercialized by Dia-Stron
Ltd, (Andover, Hampshire, UK) allows the
mechanical study of the SC in vitro by uniaxial
extension.

3.2 In Vivo

Hardness. To assess SC hardness in vivo, Peck
and Glick (Peck and Glick 1956) measured the
penetration depth of needles (0.8 mm, 1.5 mm and
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2 mm diameter) according to the force applied
(100 g, 200 g, and 400 g). They observed that
penetration does not increase after a foot bath,
although the SC should have become softer.
These results cast some doubt about the soundness
of the technique. The question has been resumed
by the Cardiff’s group (Nicholls et al. 1978; Graves
and Edwards 2002), based on the rationale that the
stratum corneum should be indented at a velocity
greater than 5q103 ms�1 and to a depth equivalent
to its thickness. A new device, named
Microindentometer, was constructed, which per-
mits the skin resistance to indentation to be
obtained in a reliable way. However, the authors
believe further developments are needed before
using it in practice (Graves and Edwards 2002).

Several studies were done using the same type
of device to assess diseased skin’s hardness
in vivo (Falanga and Bucalo 1993; Romanelli
and Falanga 1995). These are reviewed in refer-
ence (Romanelli and Falanga 2002). In fact, this is
the only way to quantitatively rate the severity of
the disease instead of a purely clinical rating by
pinching or pressing the skin.

Elastic modulus. In vivo, the SC matches the
furrows of the skin surface microrelief. The
deeper the furrows (Rtm parameter) and the
steeper their sides (Δq parameter), the higher
their physiological limit of extension, as indicated
by the beginning of whitening of the skin
(Ferguson and Barbenel 1981). At this limit, the
average roughness of the skin surface is reduced
by half. The direction of the higher extensibility,
examined on the thigh, chest, abdomen, forearm
and foot, is perpendicular to the direction of the
main furrows (extensibility on the forearm:
10 %//, 27 % ⊥). As a consequence, the SC
in vivo does not sustain elongation stresses, but
only unfolding stresses. However, its resistance to
this unfolding is an important feature of the global
skin resistance to stretching. The absolute value of
its modulus, measured on the volar forearm by a
suction method (described in ▶Chap. 95, “Skin
Mechanical Function”), was 57.8 MPa (Panisset
et al. 1993). The extent of this contribution
explains why the mechanical behavior of the
whole skin can be altered by products that modify
the suppleness of the SC, and why it is possible to

assess the variation of the SC mechanical behav-
ior by measuring that of the whole skin.

Resistance to Friction. This is an interesting
property of the skin surface when one knows the
importance of the friction coefficient in the prehen-
sile function of palms and gripping of objects, as
well as the traction of the foot on the ground in
walking and running. In 1955, Naylor (Naylor
1955) monitored the friction coefficient (μ) of
polyethylene moved at a constant speed and with
a pre-determined pressure on the inner part of the
tibia’s bony area (a zone without fatty tissue) after
shaving the hairs. From an initial value of 0.5 μ
doubled after degreasing with ether, and peanut oil
brought it down to 0.25, thus explaining its allevi-
ation by the lipids of the skin surface. The action of
water is more complex: μ is reduced on wet skin
(hydrodynamic friction coefficient – water sliding
on itself), but increased on moist skin (static fric-
tion coefficient). On thoroughly dried skin, the
friction coefficient was 0.5 with wool material,
and much lower with nylon material (Comaish
and Bottoms 1971). The lowest value was found
with non woven Teflon (μ = 0.2). Dry talc is an
excellent lubricant, but when it is damp its friction
coefficient increases considerably.

The kinetics of the static friction coefficient
following application of water is worth relating
(Highley et al. 1977). As soon as the skin is moist-
ened, a peak appears, in connection with the sur-
face tension of water; it is of short duration because
water mixes with the surface hydrophilic lipids
which reduce this tension. Then a secondary peak
occurs, and although the skin does not look humid
any more, it seems to be associated with additional
hydration of the skin surface. The formula f = μPn,
where P is the weight of the applied object and n an
empirical number dependent on the tested surface
(n < 1) (Comaish and Bottoms 1971), allows one
to calculate μ from the friction force f. Following
the time-course of the static friction coefficient also
permits the substantivity of topical preparations to
be assessed, especially emulsions.

The question has been revisited recently by
Zahouani et al. (2002) who used a steel ball moving
over the skin surface, and monitored the vertical
load force Fz and the horizontal resisting friction
force Fx. When the ball was moved over a distance
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of about 5–15 mm with a velocity in the range of
0.3 to 2 mm/s, registration of the friction force Fx
showed three distinct phases (Fig. 6). The first one
is a linear increase up to a maximum which defines
the static friction coefficient μs:

μs ¼
Fx1maz

Fz

The slope of the linear curve corresponds to the
horizontal stiffness of the skin, Kx (N/m).

Phase II is a transition regime between the
static and dynamic friction. Phase III is the
dynamic friction phase, which is generated by
the unstable balance between the maximum

friction stress and the creep of the skin relief. It
shows an alternate “Stick–slip”motion depending
on the local and environmental conditions. The
slope of the “Stick” phases provide information
about the horizontal stiffness of the skin. In this
phase, the dynamic friction coefficient z is defined
as the ratio: mean friction force/vertical load.

μz ¼ Fx1mean=Fz

A test made on a 40-year-old woman (volar forearm)
performed under three vertical loads andwith a veloc-
ity of 600 μms-1 showed the dependence of the two
skin friction coefficients on the vertical load (Fig. 7),
which is in contradiction with Amonton’s Law.

Fig. 6 The three phases of the skin friction

Fig. 7 Volar forearm
friction force versus vertical
load in a 40-year-old-
woman

958 P. Agache and D. Varchon



Normal
load Fz

Penetration
depth:

Horizontal
stiffness: Kx

Static friction
coefficient:

Dynamic friction
coefficient:

Before
hydration

50 mN 1823 μm 51 N/m 1.35 1.12

5 min after
hydration

50 mN 1929 μm 41 N/m 2.24 1.55

10 min after
hydration

50 mN 1912 μm 51 N/m 0.69 0.65

Fig. 8 Volar forearm friction force versus skin hydration. Table: volar forearm friction parameters after hydration by
water
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Also of interest is the first increase and then
decrease of the static and dynamic parameters
after hydration by water (Fig. 8).
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1 Aims

The two main purposes of skin mechanical testing
are:

– To follow up and record the mechanical behav-
ior of the skin or one of its components in the
course of a disease, a treatment, or following
cosmetic application, etc.

– To access the intrinsic mechanical properties
and functional condition of the main tissue or
structures involved: either elastic components
(elastic fibers, connective bundle weaving,
stratum corneum pliability), or components
with a viscous behavior (interstitial fluid
mobility and viscosity, frictions within the
tissues)

Since the shape of skin can be changed in
different ways (stretching, torsion, compression,
etc.) and to different degrees, it is possible to
impose a constraint preferentially on a given com-
ponent and so assess its behavior independently.
As a consequence, the assessment of the mechan-
ical behavior opens new fields of anatomical
or functional investigation of theoretically all
the various components of the skin, because
every biological structure has a mechanical
behavior and these play a part of the overall skin
behavior.

Principle Current Uses. Efficacy tests of cos-
metics and anti-aging products, measurement of
UV impact, follow-up of skin sclerotic diseases
(scleroderma, morphea, radiodermatitis, etc.),
atrophies (from corticosteroids, in rheumatisms,
striae distensae, etc.), diagnosis of connective tis-
sue diseases (Ehlers-Danlos syndromes, elastic
pseudoxanthoma, mid-dermis elastolysis, etc.),
foresight tests in plastic and cosmetic surgery,
characterization of elasticity and viscosity of
healthy or pathological skin, and research in skin
physiology.

2 Methodology in Biomechanics

The measurement of the skin’s mechanical prop-
erties is restricted to noninvasive methods
designed to be used on the skin in vivo and in
everyday conditions. The study of its behavior
when subjected to excessive, traumatic strains
may be interesting in itself but can only be
performed in vitro (see ▶ Sect. 2.6 in Chap. 95,
“Skin Mechanical Function” and ▶ Sect. 3.1 in
Chap. 95, “Skin Mechanical Function”). Several
constraints can be used: stretching, torsion, suc-
tion, compression, percussion, elevation, etc. For
each, the test can be performed in different ways:
constant force applied suddenly and deformation
measured versus time (creep test, Fig. 1);
increasing force applied at a constant rate and
measurement of deformation; increasing strain
applied at a constant rate and measurement of
the resisting force (traction test, Fig. 2); perma-
nent deformation applied suddenly and measure-
ment of the resisting force versus time
(relaxation test, Fig. 3); and oscillating stress
(dynamic test, for example by propagation of
sound).

Although it may be an important step in the
clinical evaluation of a skin lesion, the assessment
of skin hardness has not yet gained general accep-
tance. The use of a durometer, an industrial
device, needs a firm basis below the skin, which
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is not available as some subcutis exists at all body
sites. A tentative manual assessment using three
standard hardness disks as controls gave satisfac-
tory results with keloids (Flores et al. 1998). After
a rapid training on three standard rubber disks of
graded hardness, the interobserver variability
(13 dermatologists) was 9.25 %. Although this
was only a 3-point scale, the method may be
useful in clinical practice.

2.1 Descriptive Versus Absolute
Mechanical Parameters

Devices inmechanics record deformations or forces.
These parameters are called descriptive or phenom-
enological because they depend on the applied stress
(suction, torsion, etc.) and the device used. Such
parameters, identifiable on Figs. 1, 2, and 3 (e.g.,
force F, deformation Ue), describe a behavior under

0.0
0
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400 P (mb)

0.1

a

H

0.2 0.3 0.4 0.5 0.6 0.7

mm

: 6 mm P=400 mb P/t=40mb/s Off : 5.0 sMode : 

Fig. 2 Progressive
deformation cycle by
suction (Cutometer) on the
volar forearm. Y-axis:
pressure P (mbar). X-axis:
skin bulging height (mm).
Arrows indicate the
progression of the graph
over time. Angle a: slope of
traction phase. H:
hysteresis. The test
characteristics are displayed
under the x-axis (type of
cycle, chamber diameter,
maximum depression,
pressure increasing rate,
etc.)

Uf

Ue

t0 t1
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Ua

R
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t2

Fig. 1 Creep test. Deformation versus time. Uf maximum
deformation, Ue immediate (elastic) deformation, Uv1 vis-
coelastic deformation, Uv2 viscous deformation, Ur

immediate (elastic) recovery, Ud delayed (viscoelastic)
recovery, Ua maximum recovery at the end of the test, R
residual deformation at the end of the test
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particular conditions, and comparison with other
data is possible only if the latter have been obtained
under the same conditions. However, this behavior
reflects intrinsic properties of thematerial, which are
of value and worth identifying. Intrinsic properties
can be described by parameters of general mechan-
ics, named intrinsic or absolute parameters. These
permit comparisons between materials and experi-
mental results whatever the type of test. Conversion
of descriptive or phenomenological parameters into
absolute parameters is thus highly desirable and
scientifically profitable. The observed deformation
(length, angle, etc.) should be converted into rela-
tive deformation (or strain) ε in %; the force F in
newtons is converted into stressσ in pascals; and all
of this is given in three dimensions of space. The
relative deformation can be computed only if the
limits of the area of deformed skin and the geometry
of deformation are known with precision. The
stress σ = F/a is the force applied divided by the
area a, in m2, of the sample section. The skin
thickness at the measurement site must be assessed
(usually by ultrasound imaging) to calculate a. The
ways to perform conversionswill be examinedwith
each method.

2.2 Creep

A creep test curve is depicted in Fig. 1. Deforma-
tion types are: immediate deformation Ue (e for

“elastic”), delayed deformation Uv (v for “vis-
cous”) which tends towards an asymptotic limit,
the final deformation Uf = Ue + Uv ( f for final),
immediate recovery Ur (r for recovery), delayed
recovery Ud (d for delayed), the total recovery
Ua = Ur + Ud (a for added), and the residual
deformation R. The limit between Ue and Uv is
imprecise. It is usually determined approximately
with the naked eye, but there is a simple and
accurate solution from the mathematical
processing of the Uv curve, which is exponential:
Uv = Uvmax (1 � e �t/τ), whereUvmax = Uf �
Ue. Hence, ln(Uvmax � Uv) = Uvmax � t/τ
(This equation is valid only if t � 3τ is verified
later.). Using this equation, the experimental mea-
surement of some Uv values allows Uvmax to be
determined and subsequently Ue. The calculation
also gives the time constant τ which is the time it
takes Uv to reach 63 % ofUvmax. It is a measure-
ment of the viscous displacement rate, and 1/τ is
an index of the tissue fluidity.

The same holds true for the limit between Ur
and Ud. The time constant of this recovery phase
is another measurement of the viscous displace-
ment rate of the same tissue. However, the latter
depends on the force generating the movement.
As a consequence, the comparison between both
fluidity values would more or less be the compar-
ison of the internal recovery force with the exter-
nally applied force.

How long does the force have to be applied to
let the viscous movement have time to occur and
be evaluated accurately? In the past (Sanders
1973; Agachel et al. 1980), a test duration of
2–120 s was used. However, Uv consists of a
first short and curvilinear phase (Uv1), then a
second phase, comparable to a straight line
(Uv2), in accordance with the model of Fig. 1 of
▶Chap. 95, “Skin Mechanical Function”. The
former describes the viscoelastic behavior, while
the latter reflects a viscosity which is different
(higher) from the first one and has less practical
applications. For this reason, most creep tests last
only 2–5 s because their main purpose is to assess
the elastic resistance, a practical index of the skin
tone. To measure the two types of viscosity, it
would be necessary to extend the application of
force by at least 10 s (see Sect. 11.1).

0,1

0

0,2

0,3

F
(N)

0 20 40 60 t (s)

Fig. 3 Relaxation test. Force (skin resistance) versus time.
The extension rate was 1 %/s for 10 s (the Extensometer could
not move faster). Consequently, some relaxation took place
before the measurement started (Vasselet and Agache 1987)
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2.3 Progressive Deformation Tests

Progressive deformation tests provide a graph of
force F (newtons) versus deformation U (meters)
(Fig. 2). In a cycle comprising an increasing and
then decreasing force at a constant pace, the defor-
mation is always more pronounced when the force
is decreasing then in the increasing phase at the
same force. A hysteresis loop thus appears, whose
area is relative to the viscous deformation
(Diridollou et al. 2000a). In such tests, the descrip-
tive parameters are the ascending slope (force/
elongation), which expresses the skin’s increasing
stiffness (under these particular experimental con-
ditions), and the hysteresis loop area, j(F1 � F2)
� elongation, where F1 and F2 are the force dur-
ing loading and unloading, respectively. In this
test, like in the preceding one, the relative defor-
mation must not exceed 15 %. This threshold is
often detected by the initiation of pain.

2.4 Relaxation Tests

In relaxation tests, the skin resisting force F is
measured continuously versus time (Fig. 3). The
sudden stretching induces a resistance force F0,
whose nature is only elastic (equivalent to Ue in
the creep test) because it occurs too fast for vis-
cous movement to appear. The latter starts in the
immediate aftermath and is detected by the pro-
gressive reduction of the resisting force (relaxa-
tion of the elastic structures). Consequently, not
only does this test evaluate the immediate defor-
mation Ue, but also the rate and extent of the
viscous flow. Although it is a very informative
test, none of the commercially available devices
can do it and no prototype seems to be in progress.
Consequently, it will not be described.

3 Suction

3.1 Implementation

1. To perform a creep test, the suction chamber is
secured on the skin with double-sided adhesive
tape to prevent any skin slippage during

suction. When suction is applied, a roughly
hemispherical elevation of the skin appears
whose height is measured by the device at
short time intervals (less than 1 s). The suction
is maintained for a few seconds, then stopped,
and then the measurement is continued for the
same time length, which is usually not long
enough for the skin to regain its initial condi-
tion (Fig. 1). The five descriptive parameters to
be obtained are: Ue, Uf, Ur, Ua, and R. For a
given suction, the elevation will be higher if
the skin is more supple. The extent of recovery
increases with the skin tone and decreases with
its viscosity. Usually Ue decreases over the
first four suctions and then remains stable.
This is a typical preconditioning phenomenon
and shows the capacity of the skin to orient its
elastic structures in the direction of stretching.

2. For a progressive loading and unloading test, a
stepwise increasing suction is applied and the
graph of the suction force F versus deformation
Uf is recorded (Fig. 2). The tangents to the
ascending slope are the successive skin stiff-
ness moduli in the experimental conditions,
especially for a given increasing suction rate
– as the higher the rate, the steeper the slope.
As in creep tests, the first curve is different
from the subsequent ones, up to the fourth
(preconditioning phenomenon). If a cycle is
carried out at the same rate, two other interest-
ing parameters are obtained: the hysteresis
loop area and the slope of the descending
curve. The ascending slope increases with the
skin tone and decreases with its viscosity. The
opposite is true for the descending slope. The
hysteresis area is related to the skin viscosity.

3.2 Devices

The two devices currently available on the market
give the exact limits of the area submitted to
suction; therefore, the conversion of the descrip-
tive parameters into absolute parameters is possi-
ble. The obtained parameters are the mean of the
two directional parameters in the horizontal plane,
since the skin is mechanically anisotropic in this
plane.
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The Dermaflex A2 (Gniadecka and Serup 1995)
has a 10-mm diameter suction chamber and can
achieve suctions up to 0.5 bar for 2–20 s. It is also
possible with its software to program 1–30 succes-
sive cycles of suction-recovery and to record its
graph.Directly available parameters are: (1) disten-
sibilityUf after the first suction (called this as it is a
distension), Ue is not provided; (2) the resilient
distension R = Uf � Ua; (3) the relative elastic
retraction (RER) or elasticity index R/Uf
(a viscoelasticity index because both elements of
the ratio have a viscous component); and finally,
(4) the increase of Uf between the first and the last
suction, which is a measurement of the
preconditioningwhile the differential area between
suction and recovery curves (the hysteresis loop) is
an index of skin viscosity. On the adult volar
forearm, the approximate values obtained by six
cycles of suction at 0.3 bar for 4 s are (Overgaard
Olsen and Jemec 1993):

Viscoelastic distensibility Uf = 0.65 mm

Residual distension R = 0.60 mm

Elasticity R/Uf = 65 %

Hysteresis (preconditioning) Uf4 � Uf1 = 0.19 mm

Considering the diameter of the suction chamber
(10 mm), the above mentioned parameters are not
sensitive to the variations of the stratum corneum’s
suppleness because this layer is barely involved in
the bulging. However, they can be sensitive to the
mechanical properties of the hypodermis (resistance
of this layer to the upward movement of the skin),
even in areas where it looks loose (Panisset 1992;
Diridollou et al. 1998).

A simplified device aimed at roughly investi-
gating the skin’s softness, which utilizes probes
for measuring transepidermal water loss and epi-
dermal hydration in a global apparatus, the
Dermalab (Cortex Technology, Hadsund, Den-
mark), has recently been put on the market
(Serup 2002). Within a suction chamber of
10 mm in diameter, a suction is progressively
applied until the skin bulging reaches 1.5 mm. A
pretension suction and several extension–-
recovery cycles can be done. The result is
expressed as the necessary time and suction, a
calculated parameter would be related to the elas-
ticity modulus, and the time and suction necessary

for raising the skin to an intermediary level. This
poor scientific device is obviously intended for
retail cosmetic traders.

The Cutometer SEM 474 (Courage-Khazaka,
Cologne, Germany) has a cylindrical chamber in
which a sudden suction of 0.1–0.5 bar
(10–50 kPa) can be obtained. Four chambers of
different diameters are available: 2, 4, 6 and 8mm.
In the creep mode, suction can be performed for
0.1–60 s. The program can produce successive
suction-recovery cycles. The graph of deforma-
tion is recorded, and with a cursor system, all the
required extension parameters are directly pro-
vided (Ue, etc.). The ratios (Uv/Ue, etc.) and
preconditioning ought to be calculated. To have
accurate values, the suction device has to be
applied on the skin with a constant pressure
which is ensured by a spring located in the probe
(Asserin et al. 1994). On the volar forearm of
young adults, the values of Uf for different diam-
eters of chamber and different pressures are
displayed in Fig. 4 (Panisset 1992). They indicate
that skin resistance with the 8 mm chamber
increased, a lower Uf, whereas a reduction was
expected. This is the result of a beginning resis-
tance by the hypodermis to the elevation of the
skin. The Cutometer can also be used in a pro-
gressive deformation test mode. In this case, the
suction is gradually increased. The device dis-
plays the graph of deformation versus the suction
force (Fig. 2).

The 2-mm chamber is sensitive to the stratum
corneum’s mechanical behavior (for example,
with a 0.4 bar suction). This is not the case for
other diameters. On the volar forearm, using the
2-, 4- and 6-mm chambers even with a 0.5 bar
suction does not seem to involve any resistance
from the hypodermis, but this is likely with the
8-mm chamber, even for a 0.1-bar suction (Fig. 4)
(Panisset 1992). On other sites, where the hypo-
dermis is less loose or scanty, this is much more
probable, even with the small chambers. Parame-
ters Ue, Uv, Ur, Uf as well as Uv/Ue and Ur/Uf
have been measured by Cua et al. (1990), in 20- to
30-year-old and 70- to 80- year-old subjects and
on 11 body sites, using the 2-mm chamber with a
500-mbar pressure for 5 s. The ratios Ur/Ue,
Uv/Ue and Ur/Uf in 20- to 30-year-old and 60-
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to 70-year-old subjects, on four body sites, using
different chambers and pressure values, and the
influence of preconditioning have been investi-
gated by Barel et al. (1998).

The Dermagraph (R€uetschi AG, Yverdon and
Murten, Switzerland) uses a vacuum probe of
20 mm in diameter and 442 g in weight. The
experiment is a 6-s creep followed by a 4-s recov-
ery. The obtained parameters are the skin’s imme-
diate extensibility Ue, the final extensibility Uf,
the immediate recovery Ur, and the ratio Uf/Ur. In
a study of 22 body areas in 96 healthy volunteers
and 10 patients with systemic sclerosis
(Ha€uselman et al. 2002), it was found that in
normal subjects Uf and Ur were higher in females,
higher in torso, and lower in limb extremities.
Surprisingly, no change with aging was found.
The authors also concluded that “the Dermagraph
can be used in longitudinal studies in patients with
systemic sclerosis”.

The large suction chamber aperture (20 mm)
minimizes the stratum corneum’s influence in
the results, but enhances that of the subcutis.
Resistance of the latter would decrease the
extensibility and consequently skew skin data.
Testing subcutis resistance needs comparison
of data obtained with several suction forces
(see Fig. 4). The assertion of Dermagraph

utility in systemic sclerosis is obviously also
valid for the Dermaflex A and the Cutometer
SEM 474.

3.3 Conversion of Descriptive
Parameters into Absolute
Parameters

It is based upon the geometry of the deformation
(Panisset 1992; Agache et al. 1992). In a creep
experiment, considering that: (1) the skin is a
homogeneous and isotropic material (a wrong
but useful hypothesis), (2) the skin deformation
in the suction chamber is a part of a sphere and its
vertical section is the segment of a circle, then the
formulas to calculate the strain a and the relative
elongation e are as follows:

R ¼ U2þ r2ð Þ=2U sin θ=2 ¼ r=R L ¼ Rθ θ in radiansð Þ

σ ¼ PR=2e P expressed in kPað Þ ε ¼ L=2� rð Þ=r

where P is the suction (pascals), U the elevation of
the skin in the suction chamber (meters), r the
radius of the suction chamber (meters), e the
skin thickness (meters), L the length of the arc
made by the stretched skin, R the radius of the
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Fig. 4 Uf values
(Cutometer) on the volar
forearm of a 26-year-old
subject (Panisset 1992).
Five pressures (suction) for
each chamber diameter
(2, 4, 6, 8 mm). Mean and
standard deviation (n = 10
tests per column). The
steady Uf increase with
pressure ceased to be
observed with the 8 mm
chamber, suggesting a
reduced bulging due to
hypodermis distension
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circle of this arc, and θ the angle that faces this arc.
Depending on whetherUe orUf is used, the strain,
and as a consequence the modulus, will be slightly
different. Both choices can be used, but must be
indicated.

In a progressive loading-unloading test, using a
prototype similar to the Cutometer, but a different
model, the formula used to compute the initial
stress F0, the stress F during loading, and the
relative elongation during loading, proved to be
more complicated (Diridollou et al. 2000a).

The analysis of the viscous behavior in a creep
test (with the calculation of the viscosity coeffi-
cient) and in a progressive loading-unloading test
(with the calculation of a non-restored energy
ratio) are described in Sect. 11.1.

4 Torsion Method

4.1 Equipment

In this method, a ring of skin located between a
central disk and a peripheral ring or plaque is
submitted to a sudden torsion by application of a
constant torque on the central disk (Agache
1995). The resulting rotation angle of the disk
is the deformation measured. The Dermal
Torque Meter (Dia-Stron Ltd, Andover, Hamp-
shire, UK) is derived from the Twistometer
(L’Oréal), which has not been commercialised.
The disk and the ring should be glued firmly
onto the skin with double-sided adhesive tape.
The operator can program 1–20 torsion cycles,
selecting their duration (1–99 s), their frequency
(intervals from 1 s), the torque intensity
(0–30 � 10�3 Nm with a 0.1 � 10�3 Nm reso-
lution). The torsion angle can be measured from
0�–40� with a 0.02� resolution. The diameter of
the central rotating disk is 20 mm, and the
peripheral rings can test 1, 3 and 5 mm large
skin rings.

In the creep mode, the device records the graph
of the angle (in degrees) versus time (seconds) and
the standard deformation parameters Ue, etc. A
progressive traction mode is also available, by
measuring the torsion angle at each step of the
torque rise. The result is the graph of the torsion

angle versus the applied torque. As in the suction
method, the first curve is different from the others,
with stability being reached by the fourth one
(preconditioning).

A 1-mm skin ring is very sensitive to the stra-
tum corneum’s behavior changes (Agache 1995).
To assess the whole skin behavior, it is preferable
to use the 3-mm ring and a 2–10 � 10�3 Nm
torque (de Rigal and Lévêque 1985). On the
volar forearm, a 0.028 Nm torque on a 5-mm
wide skin ring makes the skin rotate (Ue) of 5.3�

in children and 2.6� after the age of 70 (Agachel
et al. 1980). Greater torques risk involving hypo-
dermis resistance.

When one wants only the relative variation
of the elastic modulus, that is ΔE/E, an approxi-
mation is given by the following formula: ΔE/
E = �(ΔUe/Ue + Δe/e), where e and Δe are the
skin thickness and its variation (Agache 1995).
The measurement of the absolute value of E
requires the additional calculations described
below.

4.2 Conversion of Descriptive
Parameters into Absolute
Parameters

As in a suction test, the geometry of the skin
deformation is known since the limits of this
deformation are well-identified. It is therefore
possible to get the absolute parameters of the
deformation assuming that the skin is homo-
geneous and there is no shear gradient within
the epidermis (which is wrong but useful).
The formula describing the strain σ (N/m2)
and the relative elongation ε (%) on a point
located at a distance d from the center of the
disk are:

σ ¼ �C=2 πd2e e ¼ � sin α=d2 1=r2 � 1=R2
� �

where C (N � m) is the applied torque, R (meters)
the radius of the plate, r (meters) the radius of the
central disk, e (meters) the skin thickness, α
(radians) the measured rotation angle (Courtesy
of P. Vescovo, Laboratoire de Mécanique
Appliquée, Besançon University, France).
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Parameters are slightly different if the angle a is
taken from Ue or Uf. Both choices are valid but
must be indicated for obvious reasons.

The analysis of the viscous behavior and the
description of the viscosity coefficient are
described in Sect. 11.1.

5 Uniaxial Elongation

To interpret the results, it is necessary to consider
the skin mechanical anisotropy and compare the
direction of the elongation with Langer’s lines. On
the other hand, in this kind of test the limits of the
stretched area are not known. Consequently, the
calculation of the absolute parameters from raw
data would be impossible. However, it has been
shown that when the ratio width of jaws/sample
length is equal or higher than four, the strained
skin area is practically limited to the area in
between the jaws (Stark 1980). Another way to
work this problem out is to apply a finite elements
model to the possibly stressed area (i.e., in
between and beyond the jaws). This allows the
deformation field to be computed over the whole
deformed area for a given position and given
dimensions of the jaws, whatever the mechanical
properties of the tested material, and thus deter-
mining its absolute elastic parameters.

5.1 Repeat Creep Experiment

This technique uses the oldest commercialized
device aimed at assessing the skin’s mechanical
behavior – the Gas-Bearing Electrodynamometer
(GBE) (Gas-Bearing Electrodynamometer,
manufactured on request by C.W. Hargens, reg-
istered professional engineer, 1006 Preston
Road, Erdenheim, Pennsylvania 19038, USA).
A small disk is glued to the skin and moved
forward and backward with a periodicity of
1 Hz. The stretching of the skin is recorded on
the abscissa and the applied force on the ordi-
nate. Each cycle consists of extensions in oppo-
site directions maintained for about 0.5 s each.
Although the elongation is mostly elastic, a
small viscoelastic deformation is generated

during the cycle (hysteresis), and as a conse-
quence the graphs of the cycles are
superimposed ellipses (Fig. 5). The steepness of
the slope of the ellipse is an indication of the
skin stiffness, and the width of the ellipse indi-
cates the capacity of the skin to undergo passive
deformation. Both quantities were measured by
their projection on the abscissa.

The apparatus (Hargens 1981; Christensen
et al. 1977) was made of two electromagnetic
devices: one applies an intermittent traction
force, and the other measures the movement
back and forth. The shaft holding the disk at one
extremity and placed on the skin is activated by a
magnetic force and moves in a tube filled with air,
without contact with its walls to avoid friction,
hence the name of the apparatus. The disk is not
glued directly on the skin, but is inserted into a
small applicator that is attached to the skin by
adhesive. It can be removed easily and used else-
where. The applied forces keep the movement of
the applicator to less than 1 mm in each direction.
The stretched skin area is unknown. Parameters
are therefore only descriptive.

+ 0,25

− 0,25

−1

+1

+2

+3

F(g)

A B

ΔL (mm)

−2

−3

0− 0,50− 0,75 + 0,50 + 0,75

Fig. 5 Gas Bearing Extensometer. Dorsum of hand, RH
20 % ((Cooper et al. 1985), modified). F force (g), ΔL
elongation (mm). A Before and B after water application.
The decreasing overall slope together with the ellipse wid-
ening (hysteresis) stem from the stratum corneum’s
increased suppleness and decreased viscosity
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Recently, the original device has been
replaced by the newer Linear Skin Rheometer,
which is based on the same principle but uses
totally different equipment, both more sensitive
and precise (Matts and Goodyer 1998; Matts
2002). The probe stuck to the skin transmits an
oscillating force parallel to the surface at a fre-
quency of about 0.33 Hz (each cycle lasts 3 s),
and both the force and probe displacement
(about 1 mm) are measured (3,000 pairs of
points over each cycle). A connected computer
controls the applied force through a feedback
loop aimed at adjusting the force to the skin’s
response. The following equations are used to
model the obtained loop:

F ¼ Fmax sin tð Þ P ¼ Pmax sin tþ Tð Þ

where F and P are the applied force and probe
displacement, respectively, and T is the delayed
displacement relative to force. It follows that the
hysteresis area is obtained by the formula:

Fmax sin tð ÞPmax cos tþ Tð Þ

The axis of the ellipse, indicating skin stiffness, is
given by the ratio Fmax/Pmax and is called the
dynamic spring rate (DSR) by the author. Con-
versely, Pmax/Fmax expresses skin softness.

Applied to ichthyotic skin, the GBE showed an
increase of the slope of the ellipse and its narrowing,
both phenomena revealing the dehydration of the
stratum corneum. Inversely, the application of an
emollient was followed by a lasting decrease of the
slope and a widening of the ellipse. The same effect
was even more marked when the stratum corneum
was incised around the applicator, thus confirming
the excellent sensitivity of the device to the behav-
ior of this structure. However, different skin sites
with identical stratum corneum did not yield the
same results, which indicates that other layers of
the skin are involved.

5.2 Acoustical Wave Propagation

Assuming that the skin is a thin membrane and the
sound propagation is uniaxial, the dynamic

Young’s modulus is given by the formula
E = Dc2, where D is the density and c the sound
propagation velocity.

The Reviscometer RVM 600 (Reviscometer
RVM 600, Courage & Khazaka, Cologne, Ger-
many) is a new device aimed at evaluating the
mechanical behavior of the skin using ultrasound
propagation. Two needle probes are placed on the
skin 2 mm apart at a low and constant pressure.
One emits an acoustic shock wave, the other is a
receiver. The emitter-receiver traveling time of the
signal is the measured parameter. The wave is
acoustic in nature (not to be mistaken for a shear
wave!), and is made of a series of unknown fre-
quencies. As the sound propagation velocity
remains independent of the frequency, the device
should permit the calculation of the stratum
corneum’s dynamic Young’s modulus rather than
the overall skin modulus because of the higher
velocity in the horny layer.

5.3 Progressive Extension

The Extensometer (The Extensometer, marketed
by Cutech and the Stiefel Laboratories, is no lon-
ger available) had two pads that were fastened to
the skin, one stayed fixed, and the other moved at
a constant speed. The resisting force of the skin
was measured versus time (Gunner et al. 1979). At
first the 10 mm wide pads were 5 mm apart, the
speed was 0.35 mm s�1 (3.5 % s�1), and the
maximum elongation was 4 mm. In uniaxial
extension, the lateral limits of the stretched
area are usually unknown, as seen earlier.
However, the stretched skin area might lie
exclusively between the pads if the ratio of pad
width to sample length was greater than or
equal to four (Stark 1980). With the Extensome-
ter, this means that before extension the pads
should have been separated by less than 2.5 mm.
As that was not the case, it would have been
impossible to have access to the elasticity funda-
mental parameters. Furthermore, since the exten-
sion is linear, a correct interpretation also needed
to compare the direction of the traction with
Langer’s lines because the skin is mechanically
anisotropic.
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The actual deformation could nevertheless be
known using the finite elements method. After
having chosen a Poisson’s ratio, the Young’s mod-
ulus is calculated by the usual formula E = F/e
l*ε where F is the force measured, ε the relative
elongation measured, e the skin thickness, and l*
the equivalent width of the sample measured by
the finite elements method (Vescovo et al. 2000).

6 Skin Compressibility

6.1 Indentometry

Indentometry is the measurement of the depres-
sion caused in the skin by a small disk pushed
down vertically. It can be performed only on body
sites where the skin covers bones, or it would
measure the compressibility of the underlying
muscles (Piérard 1984). The graph of the defor-
mation versus time is of creep type. Dikstein’s
prototype (Manny-Aframian and Dikstein
1995a) used a 10 g/cm2 load (0.98 kPa) applied
on the forehead for 10 s, resulting in a depression
of about 0.5 mm. He found that between the ages
of 20 and 70 the depression depth decreased but
the difference was not significant. The same
applied to Ur (80.5 % at the age of 20 compared
to 65.5 % at 70). Edema reduced both parameters,
while hydration of the stratum corneum had no
effect.

Compressibility strongly differs from extensi-
bility because the collagen bundles of the dermis
are oriented structurally parallel to the surface and
form a protective viscoelastic cushion against
direct impacts. Consequently, indentometry
mainly evaluates the capacity of the interstitial
ground substance to be moved. This depends on
its viscosity and the spaces available within the
collagen network. To a lesser extent, the vertical
stretching of the elastic fibers around the disk
(Lanir et al. 1993) and the pressure in the intersti-
tial tissue are also involved.

Lanir tried to define the geometry of the defor-
mation and calculate the resistance resulting from
the elastic structures and viscosity as well as the
intrinsic parameters of compressibility (Lanir
et al. 1990).

The technique was recently reexamined by
Zahouani et al. (2002) through monitoring the
penetration of a spherical indentor in the skin by
means of a laser beam deflection measurement
and recording the vertical force Fz. The maximum
indentation depth during a loading–unloading
cycle was 2,000 μm with a resolution of
0.07 μm, and the load range was 0.1–100 mN.
The graph of the loading–unloading cycle at a
constant velocity showed a hysteresis loop due
to the viscoelastic nature of the skin.

Through the calculation of the radius a of the
ball circle of contact with the skin at indentation
depth * (Fig. 6), and considering that a is small
comparatively to the radius R of the ball (very
shallow indentation), the authors were able to
compute the pressure on the ball along the radius
a (0 < r < a) and the absolute mechanical
parameters: stress F and strain.

σ ¼ 3 Fz

2π a2
1� r2

a2
and e ¼ 0, 4

a

R
%ð Þ

Further treatment of the loading and unloading
curves with the calculation of the strain velocity
permitted the assessment of mechanical properties
of the skin under compression and calculation of
the elastic and viscous energy (Fig. 7).

An example of the mechanical response of the
skin versus ageing is presented in Fig. 8 and
Table 1. The table summarizes the parameters of
two females (volar forearm) aged 27 and 51. The
total energy dissipated over the cycle (WT) was
divided into its elastic (We/WT) and viscous (Wv/
WT) fractions.

Fig. 6 Position of the forearm for a suction test
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Additionally, this indentation technique per-
mitted the authors to describe the behavior of the
skin surface adhesion force along the whole
loading-unloading cycle, and to show the influ-
ence of this attractive force on the indentation
parameters (Agache et al. 2004). It was also used
to study the frictional properties of the skin sur-
face (see ▶Chap. 95, “Skin Mechanical
Function”).

6.2 Ballistometry

This technique (Ballistometer Dia-Stron Ltd,
Unit 9, Focus 303, Business Centre, South Way,
Andover, UK) records the successive rebounds
of a light hammer falling with a given energy
onto a surface (Adhoute et al. 1993; Hargens
1995). The kinetic energy can be transformed
into rebound, deformation or heat. The more
that is transformed into rebound, the more
elastic the surface. Because of its kinetic energy,
the hammer makes a small depression on the
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Fig. 7 Analogue models of the skin’s mechanical behav-
ior. A Kelvin-Voigt model of the extension process (situa-
tion before extension). Ue phase: R1 spring elongates
alone. UV1 phase: R2 spring and V1 dashpot resist
together. The V2 dashpot resists over the whole test dura-
tion. B Tentative model of the recovery process (situation
before recovery). F external stretching force, f skin self-
retraction force. During recovery the internal spring and
dashpot oppose each other

0
3

3,5

4

4,5

5

5,5

6
εi

6,5

7

Strain (%)

1 2 3 4 5 6 7 8 9 10
Time (s)

A B C D

εe

εve

εv

Fig. 8 Creep experiment
data processing. Example of
Sect. 11.1: each U has been
replaced by its
corresponding strain ε.
A experimental curve,
B straight line showing the
purely viscous elongation
over the whole experiment,
C viscoelastic + viscous
deformation over time
curve: it exactly matches the
A curve (except values
before 1 s which are not
valid: see text).
D viscoelastic deformation
over time curve, which
equals the C curve after
subtraction of the B line
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skin (compression phase), but since the skin is
elastic it sends the energy back to the hammer
(restitution phase), hence the rebound. Obvi-
ously, the sent back energy is always lower than
the initial one, because the deformation is
associated with absorption of some energy
due to skin viscosity. The height and duration of
each rebound is therefore lower than the
previous one.

The ballistometry’s main parameter is the res-
titution coefficient e = (h2/h1)

0.5 where h1 and h2
are the first and second rebound heights. This ratio
stays constant up to the last rebound: dY/dn =
�kY. Hence, amplitudes of the rebounds are Y =
Y0e

�kn, where Y0 is the height of the falling mass
before the test, n the sequential rebound number,
and k is the skin absorption coefficient (Adhoute
et al. 1993).

The restitution coefficient depends on two fac-
tors: it is increased by the skin elasticity and
decreased by the skin viscosity. The skin absorp-
tion coefficient k is closely related to the restitu-
tion coefficient e. Thus, only the first parameter is
original, and since it does not depend on experi-
mental conditions, it is more suitable for compar-
ing the results from different laboratories. The
hammer impact force on the skin is Moq/L,
where Mo is “the hammer momentum”, the angu-
lar displacement when the hammer reaches the
skin surface level, and L is the hammer length.
When it is plotted against the penetration depth of
the hammer into the skin, a force-deformation
curve equivalent to the ascendant part of Fig. 2
of this chapter is obtained (Pugliese and Potts

2002). It should not be mistaken for a stress–strain
curve because neither stress (i.e., force divided by
skin application area) nor strain (i.e., skin relative
deformation) in the three coordinates is known.
Consequently, intrinsic skin parameters cannot
currently be calculated from ballistometry
experiments.

The elastic response depends on the extent of
the skin distension (the hammer penetration depth),
and the viscous response is all the stronger when
this distension is fast (Hargens 1995). From a prac-
tical viewpoint, it is advised to use low hammer
falling speeds to reduce this viscous component
and increase the amplitude of the rebounds, thus
providing more accurate measurements. On the
other hand, by modifying also the mass of the
hammer it might be possible to dissociate and
possibly measure the two components of the skin
reactivity. Additional theoretical works are neces-
sary to find out if this is possible (Hargens 1995).

In 1976, Tosti et al. (1977) were the first to
evaluate the elasticity of the skin surface
through its capacity to induce the rebound of
a 0.5-g hammer falling from a 2-cm height. For
a given body site, the restitution coefficient
was found to be constant: 0.5 on the forehead,
0.6 on the dorsum hand, and 0.7 on the thigh.
This ratio decreases noticeably with age (Tosti
et al. 1977; Pugliese and Potts 2002). The same
was observed with the amplitude of the first
rebound (Fthenakis et al. 1991; Pugliese and
Potts 2002). On the other hand, k ranged
between 0.4 and 1.1 and increased with age
(Adhoute et al. 1993).

Table 1 Influence of aging on indentation parameters (see Fig. 8)

Mechanical parameters Subject A (27 years) Subject B (51 Years)

Vertical load: Fz 60 mN 60 mN

Penetration depth: δ 2311 μm 1416 μm
Contact radius: a 3831 μm 2999 μm
Vertical stiffness: Kz 52 N/m 128 N/m

Compression Young’s modulus E 7.1 kPa 21 kPa

Elastic fraction: We/WT 90.7 % 81 %

Viscous fraction: Wv/WT 9.3 % 19 %
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7 Resistance to Skin Lifting

The technique, levarometry, measures the height
of a lifted small disk affixed to the skin and pulled
vertically. Dikstein’s prototype (Manny-Aframian
and Dikstein 1995b) measured the elevation of a
2.5-mm diameter disk with tractions between
5–40 g/cm2 (0.5–3.9 pKa) for 10 s. The graph of
the elevation versus time has a creep type. On the
volar forearm, below 2.0 kPa, the elevation was
lower in males, and on the forehead, it decreased
with ageing regardless of the traction force. The
Dikstein apparatus did not use any guard-ring,
which allowed the adjacent skin to move up
together with the disk.

Levarometry seems to be the simplest method
to assess the mechanical behavior of the hypoder-
mis because the skin sustains only a negligible
stretch in the course of lifting. The limits of the
area subjected to stress are not known; as a con-
sequence, it is not possible to compute the abso-
lute parameters. The device is not commercially
available.

8 Identification of Langer’s Lines

On all body sites, the skin tension is greater in
the direction of Langer’s lines (Langer 1978).
These are responsible for the anisotropic defor-
mation of incised or excised skin. An incision
carried out along Langer’s lines widens less and
closing it requires less pull. This reflects the
intrinsic tension of the skin, which is distinct
from the additional tension induced by
increases in volume of the underlying tissues,
such as muscle contraction, edema, or a partic-
ular posture which stretches the skin. The iden-
tification of Langer’s lines must, therefore, be
made on relaxed skin.

8.1 Stark’s Method

According to the definition, the direction of the
maximum tension can be found by stretching the

skin in several directions with an equal force – the
direction of minimum elongation is that of
Langer’s lines. Stark developed a simple device
comparable to a compass: two branches with
claws at their extremities part spontaneously by
30 mm under the action of a 14.2 g/mm spring. He
could measure the elongation of the skin into eight
directions quickly, each measurement requiring
only 1.5 s. This device is not commercially avail-
able (Stark 1977).

8.2 Borges’ Method

This similar method is less accurate, but even
quicker, and consists of creasing the skin between
the thumb and the index in all directions until the
furrows are regular and parallel. They follow
Langer’s lines. In the other directions, they are
impeded by the skin tension that makes them
irregular (Borges 1989).

8.3 Barbenel’s Method

The measurement of the extensibility of the skin
using the suction method is valid only if slippage of
the skin into the suction chamber is prevented. If,
inversely, this movement is facilitated, the most
extensible direction of the skin will appear easily,
that is to say perpendicularly to Langer’s lines. If the
contour of the chamber is drawn in during suction,
when the chamber is removed, an oval outline is
observed instead of a circle and its main axis corre-
sponds to Langer’s lines (Barbenel 1995).

8.4 Skin Microrelief

Apart from the palms and soles, the skin
microrelief is made of plateaus separated by
valleys. The latter are roughly parallel and ori-
entated in two or three directions, and this layout
is characteristic of each body area. The direction
of the deepest valleys matches Langer’s lines.
There may be one or two other preferential
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directions, indicating an ordered nonorthogonal
mechanical anisotropy. This method has an
advantage over the others as it is insensitive to
extrinsic skin tensions. Its physiological inter-
pretation is simple. The cutis is normally
retracted (skin tension) and extensible, whereas
the epidermis has none of these properties.
Therefore, the epidermal creasing responsible
for the microrelief appears to be a transforma-
tion of tension allowing the creases to be flat-
tened by stretching them. The superficial dermis,
an intermediary zone between epidermis and
cutis, is precisely the place where the skin relief
begins. This mechanical transduction is one of
its functions (Pierard et al. 2003).

8.5 Acoustical Shockwave
Propagation Velocity

As the propagation velocity of a shear stimulus
within the skin is direction dependent (Vexler
et al. 1999), one may assume that it also holds
true for acoustic waves. Consequently, the skin
mechanical anisotropy can be assessed using the
Reviscometer (see Sect. 5.2), which measures the
propagation velocity of an acoustic shockwave
along 2 mm in four directions (Nizet et al. 2001).

9 Conditions for a Reliable
Measurement

– In suction, torsion, and extension methods, it is
necessary to take care that the skin does not slip
at all into or under the device. Hairs should be
shaved, sweating prevented, and any trace of
ointment removed. Although the adherence of
double-sided adhesive tapes is higher than the
low forces exerted on the skin surface, it has to
be checked. The use of cyanoacrylate glue
ensures that the skin does not move. When
publishing, it is recommended to mention
with precision the type of adhesive used. Any-
way, testing the adhesive device (Tokumura
et al. 1999) is mandatory.

– The weight of the measuring apparatus may
considerably alter the mechanical behavior of
the skin. It should, therefore, be cancelled out,
for example by a bracket holding the device so
that it only touches the skin. If this is not the
case, the pressure on the skin has to be indi-
cated. The Cutometer must always be used
exerting the pressure recommended by the
manufacturer (Asserin et al. 1994).

– The part of the apparatus which is in contact
with the skin must be parallel or perpendicular
to the skin, according to the type of method.
Any deviation introduces a significant error.

– The subject’s posture is a possible factor of
exogenous skin tension (adding to its endoge-
nous tension). Unless it is intended to measure
this additional tension, the mechanical test
should be performed on relaxed skin (Fig. 6).
However, the skin must not be crinkled as
extension could then be mistaken for
flattening out.

– The behavior of the skin is sensitive to the
temperature and relative humidity of the test
room. These must be indicated. Mechanical
tests should be performed after a 20 min wait
in the room or in similar conditions, so that
the skin and the whole body have time to
adapt their behavior to these conditions (for
example, vasoconstriction induced by the
cold may alter the test results’ generalizabil-
ity). The subject should be in comfortable
thermal conditions.

– For repetitive tests at the same site, the tested
area should be delineated with precision
because the skin behavior may not be identical
a few millimeters further away.

10 Conditions for a Correct
Interpretation

Most devices measure deformation (Ue, etc.)
versus force. Evidently deformation and elonga-
tion are not synonyms. However, deformation is
sometimes mistaken for relative elongation,
which is also called the strain in mechanics.
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Relative elongation ε is measured as a percent-
age of the initial length. Stress σ, which is mea-
sured in pascals, is the force divided by the
section of skin involved and requires the mea-
surement of the skin thickness. Only these
parameters describe the intrinsic mechanical
behavior of the skin.

10.1 Definition of the Object
of the Research

– If only comparisons are to be made, the mea-
surement of the different deformations and
their interrelations is sufficient (e.g.,
age-related evolution of Ur/Ue (Escoffier
et al. 1989) or softening effect of a topical
preparation on the stratum corneum (de Rigal
and Lévêque 1985)).

– If the study of the change in skin intrinsic
behavior (e.g., the elasticity modulus) is also
the objective of the study, it is necessary to
measure the skin thickness and use the for-
mula: ΔE/E = �(ΔUe/Ue + Δe/e), where e
and Δe are the skin thickness and variation.
An example is the comparison of skin extensi-
bility in Ehlers-Danlos and Marfan syndromes
and healthy skin (Bramont et al. 1988).

– Finally, if intrinsic parameters are researched,
several tests have to be performed with increas-
ing forces. For each force it is necessary to
calculate: the relative elongation, stress, and
relaxation time; then, the elasticity modulus E
(or shear modulus G); and the viscosity η ver-
sus stress. The help of an engineer or physicist
may be useful.

– For uniaxial measurements, the skin mechani-
cal anisotropy must be considered, and tests
should preferably be performed parallel and
perpendicular to Langer’s lines. In any case,
the direction of the extension in relation to
these lines must be known.

– In a mechanical test, the first extension is more
important than the following ones for an iden-
tical stress. The reason is a small residual
deformation is caused by the previous mechan-
ical constraint, even if it is not recent.

Preconditioning the skin consists of repeating
the test at least four times in a row so as to
eliminate any trace of this unknown previous
action and begin the mechanical study in repro-
ducible conditions. Nevertheless, it is possible
to study the skin without preconditioning since
it is its spontaneous state, even though there is
a risk of higher variability. However, mechan-
ical tests should not be conducted in subjects
who have exercised intensely in the previous
24 h because their skin may remain abnormally
conditioned.

– Knowing the limits of the method is essential
for accurate interpretation. For example, the
use of an 8 mm diameter suction chamber is
more likely to give the measurement of the
mechanical resistance of the skin and hypoder-
mis as a whole (Fig. 4) rather than the skin
alone.

11 Skin Structure-Rheology
Relationships

As mentioned in the introduction, one of the
objectives of mechanical function investigations
is to obtain data on the mechanical properties of
the skin, and further, on the origin of the observed
data in terms of intracutaneous structural
behavior.

11.1 Searching for Intrinsic Mechanical
Properties

11.1.1 Analysis of the Extension Phase
The extension phase is characterized by the
opposition between an applied external force
and the joint resistance of the elastic and viscous
components of the tissue. The Fig. 7a analogue
model is used for its analysis. Spring R1 is
responsible for the resistance to the immediate
deformation Ue (because of the suddenness of
the force, no viscous deformation has time to
occur); a second spring R2 is responsible,
together with the viscosity, for the resistance to
deformation in the course of the curvilinear
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phase Uv1. Viscosity is represented by dashpots,
the first one V1 is extended during Uv1; the
second one V2 is deformed during the rectilinear
phases Uv2.

Intrinsic Properties of Elastic Structures. The
intrinsic properties of elastic structures are com-
puted from the loading phase only. The elasticity
modulus E (pascals) in extension experiments and
the shear modulus G (pascals) in torsion experi-
ments are the main parameters. In a suction test, E
is obtained by the formula (Agache et al. 1992,
1995): E = (1 � ν)σ/ε where σ is the strain, ε the
relative extension, ν the Poisson’s ratio chosen
arbitrarily at 0.4 (slight increase in volume) or
0.5 (no change in volume) (see ▶ Sect. 2.4 in
Chap. 95, “Skin Mechanical Function”). The
shear modulus G is obtained by the formula:
G = C(1/r2 � 1/R2)/4πe sinα, where C(N � m)
is the applied torque, e(m) the skin thickness, r and
R(m) the radiuses of the disk and the guard ring, and
α (radians) the rotation anglemeasured. The formula
E = 2G(1 + ν) permits the shifting from one mod-
ulus to the other assuming that the skin is homoge-
neous and isotropic (an incorrect assumption
although acceptable in this particular case).

In a creep experiment using a 0.4 bar suction
maintained for 2 s, the average elasticity modulus
on the forearm of 20 subjects aged 25.5 � 2.1
was found to be 814 kPa (Agache et al. 1992).
To find out Young’s modulus E0, which is the
intrinsic stiffness of the skin if its natural tension
was cancelled (i.e., its elastic structures fully
recoiled), it is necessary to perform several creep
tests with increasing forces and draw the curve of
the elasticity moduli versus the stresses. An
ascending straight line is then obtained: its inter-
cept with the ordinate is E0; the negative intercept
with the abscissa σ0 is the natural tension of the
skin in resting conditions; and the slope m (with-
out dimensions) measures the intrinsic behavior
of the elastic structures of the skin, that is to say
their stiffening according to the stress they
sustain.

In the course of a progressive traction test
using the Kelvin-Voigt model, the deformation
would stem almost exclusively from the exten-
sion of the spring R1, provided that each step of

the increasing suction was short enough to give
the dashpots V1 and V2 no time for stretching;
making the final deformation similar to the added
Ue of creep tests. Conversely, if the stepwise
increasing suction is lengthy, then a viscous
deformation has time to take place and the
observed deformation would be similar to the
added Uf of creep tests. For each stress σ and
relative extension ε, E is calculated, then the
graph of E versus σ is drawn – it is usually an
ascending straight line. The extrapolation for
σ = 0 gives the Young’s modulus E0. In a study
on 24 subjects aged between 60 and 70, Barel
et al. (1998) found that for a depression between
0.15 and 0.5 bar E stayed apparently constant
(E = E0) and was about 146 kPa in the volar
forearm, 214 kPa in the forehead, and 272 kPa
in the temporal areas. These figures seem rather
low. This could be due to a low suction increas-
ing rate which let a viscous deformation take
place (through the dashpots) and so diminishes
the contribution of the springs. Using another
device and another analogue model, Diridollou
et al. found E = 120 kPa in volar forearm and
230 kPa in forehead (Diridollou et al. 2000b).
The forehead values, as found by Barel (Barel
et al. 1998) and Diridollou (Diridollou
et al. 2000b), although congruent, may be too
high because at this location the subcutis is
much less developed than in the forearm and
might oppose some resistance to the skin bulg-
ing. This should be checked before accepting
these results.

Intrinsic Properties of the Viscous Flow. The
physical parameter is the viscosity coefficient η
(in poise = N � s/m2 = Pa � s), which increases
with the viscosity of the material.

In the course of a protracted creep test, the total
viscous deformation is expressed by the equation
Uf � Ue = Uv(1 � e�t/τ) + At (Vlasblom
1967), where Uv(1 � e�t/τ) corresponds to Uv1
(the curved part of Uv), which represents the joint
extensions of the spring R2 and the dashpot V1.
While At corresponds to Uv2 (the straight part of
Uv) and the elongation of the dashpot V2 during
the entire duration of the application of the force
(Fig. 7a). Obviously this model is wrong if
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t = 1, but it is valid for mechanical tests of nor-
mal duration. There is no globally accepted crite-
rion for defining the limit between Uv1 and Uv2. A
priori, it may be assumed that in a creep test lasting
at least 10 s, the last 5 s apply to the purely viscous
phase and the first five to the viscoelastic phase.

For the calculation of the intrinsic properties, it
is first necessary to convert the descriptive param-
eters (U and F) of each measurement point into
absolute parameters (ε and σ) using the formulas
mentioned in Sect. 3.3. One may assume that the
skin does not become thinner significantly and
thus that the stress σ remains constant over the
whole test. As seen in Fig. 8, the total relative
deformation εt (curve A) is the sum of the defor-
mations εe (purely elastic, instantaneous), and εve
(viscoelastic, curve C), and εv (purely viscous,
straight line B). Only εt is known.

First, εv is calculated (Fig. 8, straight line B).
Using the ε values at the longest times (for exam-
ple from 6 to 10 s) the slope of ε versus time
(parameter A of the global equation), and inter-
cept (ε1) are determined. Dividing the stress σ by
the slope gives the viscosity η2 of the dashpot V2.
On the other hand the intercept εi is the sum:
εe + εve. (Fig. 8).

The viscoelastic deformation εve is then mea-
sured at shorter times (for example between 2 and
5 s). It is given by the formula: εi � εve = (εi � εe)
exp � t/τ, or: ln (εi � εve) = ln (εi � εe) � t/τ.

This function is a descending straight line
whose slope is 1/τ and intercept ln(εi � εe). As a
result, εe is found, and also E2/η1 = t/τ. The
elasticity moduli of the springs R1 (E1) and R2
(E2) are then calculated as follows:
E1 = (1 � ν)σ/εe, and E2 = (1 � ν)σ/εve. Since
E2 is known, ηl can be obtained.

By using a Cutometer with a 4-mm diameter
probe and a 400-mbar suction on the volar fore-
arm, and arbitrarily taking a 1-mm skin thickness
and a Poisson’s ratio v = 0.4, the following
values are found: E1 = 1.09 MPa,
E2 = 3.40 MPa, η1 = 4.5 MPa � s, and
η2 = 110 MPa � s. With the Cutometer, deforma-
tion measurements must not be done before 1 s
(suction loading time).

In a torsion creep test or in a progressive trac-
tion test, the calculations are much more complex.
Using a progressive loading–unloading test,
Diridollou et al. (2000b) have computed an
“unrestored energy ratio”which reflects the extent
of recovery at the end of the test.

11.1.2 Analysis of the Recovery Phase
To our knowledge, analysis of the recovery
phase has not yet been done although it is rich
in information. To begin with, modeling of the
extension phase must be completed by a spring
in parallel, which would be the responsible com-
ponent of even delayed total recovery. The sim-
plest model possible is shown in Fig. 7b.
Additional studies seem therefore necessary
before this phase can be used to investigate the
intrinsic properties of the skin. Similar problems
occur for torsional measurements and progres-
sive extension tests.

11.2 Connections between Intrinsic
Parameters and Biology

What is the biological counterpart of mechanical
parameters? It looks as if skin elastic structural
elements (springs) were interwoven with others
slowing down their extension and recoil
(dashpots).

– The springs include, among others:
– The dermal elastic network (number of fibres

involved and their stiffness)
– The curvature of collagen bundles (number of

curvatures involved and their stiffness)
– The skin relief (especially the folding of the

stratum corneum)

These three types of springs are parallel. Cur-
rent tests measure their behavior as a whole. How-
ever, it should soon be possible to measure them
separately and to get access to their intrinsic
parameters (see (Panisset 1992; Agache
et al. 1995; Wijn et al. 1981)). In the example
mentioned at the end of the preceding paragraph,
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one may imagine that E1 reflects the behavior
(force � density) of the elastic network, and E2

the much higher stiffness values of the woven
collagen network together with the stratum
corneum rigidity.

– The absorbing systems include, especially:
– The viscosity of the interstitial ground sub-

stance (role of the proteoglycans)
– The difficult flow of the liquids inside the

fibre network (because of its tightness, for
example)

– The interstitial pressure (the interstitial liq-
uids expelled in the course of torsion
and especially compression must move
against it)

– Friction between proteins and other large
molecules

In the example of Sect. 11.1, η1 likely repre-
sents the above mentioned absorbing systems,
and η2 is 24 times more resistant to the gradual
dissociation of the dermo-epidermal junction
(a suction at this value induces a suction blister
in 1 h). The measurement of the absolute param-
eters of these phenomena is thus of obvious
interest.

– Examples of possible weakening of the springs
(Ue would increase):
– Softening effect of emollients on the stra-

tum corneum (de Rigal and Lévêque
1985)

– Lower quantity and stiffness of collagen
(Ehlers Danlos type 2) (Bramont
et al. 1988)

– Examples of possible strengthening of the
springs (Ue would decrease):
– Higher quantity and stiffness of collagen

(systemic sclerodermia) (Agache and
Humbert 1993)

– Elastic fiber regeneration (effect of retinoids
on corticosteroid atrophy) (de Lacharriere
et al. 1990)

– More numerous elastic fibers along
Langer’s lines (Wijn et al. 1981)

– Global thickening of the skin (changes from
childhood to adulthood) (Agachel
et al. 1980)

– After the age of 65, despite the thinned skin,
Ue does not increase, revealing the increase
of E (Escoffier et al. 1989)

– Examples of possible increase of viscosity
(Uv would decrease):
– Scleromyxoedema (Pierard 1993)
– Tightening of the collagen network (change

from childhood to adulthood) (Escoffier
et al. 1989)

– Examples of possible decrease of viscosity
(Uv would increase):
– Decrease of glycosaminoglycans after the

age of 60
– Decrease of oedema (Piérard-Franchimont

et al. 1998)

12 Selecting the Appropriate
Method

– Use devices providing recognized variables for
the deformations – for creep tests that is: Ue,
Uv, Uf, Ur (Sanders 1973), Ua (Barel
et al. 1998), Ud (proposed here), and R; and
for ballistometry, the restitution coefficient.

– To guarantee reliance and absence of shift,
devices should be checked and calibrated
regularly.

– The variations of the mechanical behavior of
the stratum corneum are more easily assessed
by devices that include a probe attached to the
skin because in such cases the force is maximal
at the surface. Whatever the apparatus, it is
necessary to utilize small probes (chamber of
2-mm diameter for the Cutometer, 1-mm wide
skin ring for the Dermal Torque Meter). The
smaller the surface involved, the more impor-
tant the role of the stratum corneum in the
deformation because the ratio of stratum
corneum thickness to involved surface area
increases. Owing to the large diameter of its
probe (10 mm) the Dermaflex A is less sensi-
tive to variations of the stratum corneum
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rigidity. Ballistometry is barely capable of
detecting them.

– The acquisition of a skin thickness measuring
device depends on the objectives. It is needed
if absolute parameters and intrinsic properties
are wanted, but not for comparative studies in
the same individual, when the skin thickness is
supposed to stay constant.

13 Progress in Methodology

In conclusion, we mention technological develop-
ment in skin biomechanics because it is a new and
barely mature domain in dermatological science.
Achieving a prototype that allows quantitative data
to be gathered is a valuable first step, even if the
parameters used are purely descriptive and exclu-
sive to this device. It is then possible to carry out
tests on products and follow the courses of some
diseases. Many prototypes developed in laborato-
ries had and still have this function. A second
important stage is to put the device on the market,
which is usually a guarantee of soundness and
reliability. Compared to prototypes, commercial-
ized equipment have the advantage of being tested
and used by everybody, hence they facilitate com-
parisons between laboratories and the use of the
same parameters by all the investigators. Up to now
most published papers use purely descriptive (phe-
nomenological) mechanical parameters which
depend on the device. However, using skin thick-
ness measurement and simple calculations, abso-
lute and universal mechanical parameters, those of
physics, can be obtained, which allows linking the
mechanical behavior of the skin with its intrinsic
properties. The latter depend neither on the mea-
surement method, nor on the apparatus. This
advance in methodology will contribute to the
expansion of the skin mechanical functions assess-
ment and foster its use in clinical medicine in the
near future.
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1 Introduction

1.1 The Measuring System

The first instrument used to assess skin hardness
was a Rex® durometer (model 1700, Rex Gauge
Company, Inc., Glenview, IL). This instrument is
the international standard for measuring the hard-
ness of rubber, plastic, nonmetallic materials, and
soft tissue such as skin. The durometer is a porta-
ble hand-held device, which is provided with a
calibrated gauge that registers linearly the relative
degree of hardness on a scale of units divided
from 0 to 100 shore units (SU) scale (Fig. 1).
This feature is the result of a spring-loaded interior
that senses hardness by applying an indentation
load on the specimen. The bottom of the durom-
eter has a small, dull indentor which is retractable
and is responsible for the measurements registered
on the gauge (Fig. 2). The instrument is rested by
gravity against the skin and must be held in a
vertical position. Initial hardness is defined as
that recorded within 1 s of firm contact of the
durometer with the skin. For many materials,
this initial reading remains unaltered after the
first second of measurement (near perfect elastic-
ity). Imperfect elasticity is referred to as plasticity
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and is observed when continued contact of the
durometer with the surface leads to a higher read-
ing. The degree of this plasticity is referred to as
“creep,” and in animal tissue the amount of creep

is minimal. The type of durometer used in derma-
tology to assess skin hardness is Model 0, which is
provided with an 822 g springload. To eliminate
operator error, the company has improved the first
model with a specified amount of weight (400 g),
located on top of the instrument, which is used to
depress the indentor without any additional pres-
sure. This constant load principle provides a more
consistent reading to the operator every time the
gauge is applied to the skin. For measurements on
the skin, the durometer is used at 25 �C and four
consecutive readings are usually taken at the same
site. Between readings, the durometer is reset to
0 and measurements are made with the patient
supine, thus avoiding muscle tension or
contraction.

1.2 Accuracy and Reproducibility
of the Measurements

Durometer readings obtained with four consecu-
tive determinations at the same site in each subject
and in different clinical conditions differed con-
stantly by less than 5 % (Falanga and Bucalo
1993; Aghassi et al. 1995). The durometer was
tested for interobserver and intraobserver
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variability in a study (Seyger et al. 1997) where
patients with morphea, a localized form of sclero-
derma, were investigated for skin induration. The
durometer was used in combination with a skin
scoring system called MSS (modified skin score)
(Zachariae et al. 1994). The interobserver vari-
ability in the durometer score was only 0.5 %
and was even lower than the interobserver vari-
ability of the MSS (0.5 vs. 2.2 %). The
intraobserver variability, which is the variation in
readings obtained by the same observer, was esti-
mated as 0.5. Insensitive durometer readings were
found in different areas of the skin, such as the
forehead and dorsal digit, where subcutaneous
tissue is less represented. The hypothesis of
underlying bone or tendon structure giving higher
readings at these sites was raised as a possible
explanation for this failure to discriminate
between normal and indurated skin (Falanga and
Bucalo 1993).

2 Medical Applications

2.1 Scleroderma

Sclerodermatous skin is characterized by indura-
tion of the lower dermis and directly underlying
tissue, which could be affected diffusely as in
systemic sclerosis or in a more localized involve-
ment as in morphea. The degree and extent of skin
hardness in scleroderma are used as a prognostic
value for the disease and generally assessed sub-
jectively using a clinical skin scoring system.
Objective measurements of skin involvement in
scleroderma have included the use of ultrasonog-
raphy, skin elastometers, transcutaneous oxygen
tension measurements, and also much more
sophisticated techniques such as magnetic reso-
nance imaging. All these methods were able to
provide useful information about the extent of
skin involvement, but are generally considered
not practical for sequential measurements in clin-
ical practice. Falanga and Bucalo (1993) were the
first to describe the use of a durometer in combi-
nation with systemic sclerosis. They investigated
six anatomic sites in 12 patients and in 12 control
individuals using the durometer in combination

with skin severity score. A direct relationship
between the skin severity score and durometer
readings was present for all anatomic sites except
the forehead: the higher the skin score, the greater
the amount of deflection measured with the
durometer ( p = 0.0032, p = 0.0002, and
p = 0.005 for skin score of 1, 2, and 3, respec-
tively). Moreover, the durometer was able to dif-
ferentiate between increased levels of skin
hardness. In this study, no statistically significant
relationships were found among body weight,
skin score, diameter of anatomic site measured,
and durometer readings. The use of the durometer
was not associated with any pain or discomfort.
Similar results of increased skin hardness in
morphea were obtained by Aghassi et al. (1995)
in a study where the durometer was also used in
combination with a laser Doppler perfusion
imager. In that study the authors found a relation-
ship between age and durometer readings over the
ventral aspect of the forearm, in normal controls.
Skin hardness rises from birth, reaches a constant
level by puberty, and then remains steady until age
65 years, when the skin progressively begins to
lose its firm quality. Women had lower durometer
readings compared with men, and the instrument
was able to define contiguous areas in different
degrees of sclerosis in morphea lesions. The effi-
cacy of treatment has been investigated in patients
with localized scleroderma by means of durome-
ter readings in two different studies. Moon
et al. (2012) investigated 31 patients with sys-
temic sclerosis in order to evaluate the correlation
between durometer score and Rodnan skin score
(MRSS), scleroderma symptoms, and physical
functions. Skin involvement was evaluated with
the use of the durometer and MRSS. The other
parameters that the authors considered were:
health assessment questionnaire (HAQ), disability
indices, Keitel function test (KTF) scores, grip
strengths, and the scleroderma-visual analog
scale (scleroderma-VAS). The total durometer
score correlated well with MRSS (r = 0.537,
p = 0.002) and KTF scores (r = 0.608,
p < 0.001), but correlated poorly with HAQ dis-
ability indices (r = 0.202, p = 0.276) and indi-
vidual scleroderma-VAS scores. Skin hardness
measured with the durometer were found to
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correlate well with the MRSS scores of fingers,
hands, forearms, upper arms, thighs, and feet.
This study suggests that these skin sites should
be considered when skin hardness is measured
with a durometer in patients with systemic
sclerosis.

Seyger et al. (1998) evaluated the effect of
low-dose methotrexate (15 mg/week) in nine
patients with widespread morphea in a 24-week
trial using the durometer and other clinical assess-
ments to monitor the therapeutic regimen. A total
of seven patients out of nine showed a decrease of
durometer readings at the end of the trial, with
mean values changing from 101 � 13.9 before
the treatment, to 89.7 � 10.3 after treatment
( p = 0.07). The greatest improvement in durom-
eter score among the sites examined was the effi-
cacy in the arm region ( p = 0.03). In another
study, Karrer et al. (2000) evaluated the efficacy
of topical photodynamic therapy by means of
durometer readings and clinical score in five
patients with progressive localized scleroderma
who had failed to respond to other therapies. In
all patients, the therapy was highly effective as
measured by durometer score, which showed a
mean reduction of 20 % after a treatment period
of 6 months. Kroft et al. (2009) used durometer
score and other parameters (surface area measure-
ments, photography, clinical features score) to
evaluate the efficacy of treatment for morphea
with topical tacrolimus 0.1 %. This study exam-
ined 10 patients with active plaque morphea
treated with tacrolimus 0.1 % ointment and an
emollient (petrolatum) on two selected morphea
plaques, applied twice daily for 12 weeks. The
results demonstrated an improvement in the
scleroderma plaques treated with topical
tacrolimus 0.1 %, resulting in a significant reduc-
tion in durometer and clinical feature scores.

2.2 Lipodermatosclerosis

Chronic lipodermatosclerosis is characterized by
hyperpigmented indurated skin on the medial
aspect of the leg and is common in patients with
venous insufficiency. The severity of induration of

lipodermatosclerosis has been associated with
poor ulcer healing. Nemeth et al. (1989) reported
a correlation between the degree of skin indura-
tion in lipodermatosclerosis and ulcer healing.
They used a clinical score to assess skin indura-
tion and found that lipodermatosclerosis was less
severe in patients who had ulcers that healed than
in twowho had ulcers that did not heal. Durometer
testing of skin hardness was performed on a group
of patients with lipodermatosclerosis with and
without venous ulcers (Romanelli and Falanga
1995). A clinical scoring for hardness by a blinded
observer was used in combination with durometer
measurements at a skin site midway between the
upper and lower margin of lipodermatosclerosis.
Measurements of transcutaneous oxygen pressure
(TcpO2) at the same site were also performed.
Compared with normal skin in control subjects,
increased skin severity scores were associated
with higher durometer readings ( p < 0.01). This
direct correlation between clinical scores and
durometer readings was linear (r = 0.9621); the
durometer was able to differentiate between
increased levels of skin hardness. Thus, a skin
severity score of two reflected a higher durometer
reading than that of a skin score of
1 ( p = 0.0016). An inverse and statistically sig-
nificant relationship (r = 0.431; p = 0.0079)
between TcpO2 measurements and durometer
readings was found in patients and control sub-
jects (Table 1). The correlation between TcpO2

measurements and durometer readings found in
that study confirms the hypothesis of poor oxygen
diffusion through dense and thickened skin, as
occurs in lipodermatosclerosis. Le Blanc
et al. (1997) used a durometer to assess the area
of lipodermatosclerosis around venous ulcers and
obtain a map of skin induration. Their hypothesis
was that maximum skin induration correlated with
the presence of ulcers. The authors found that
venous ulcers were located in skin that was most
affected by lipodermatosclerosis. Durometer mea-
surements showed a progressive and linear
decrease from the top of the ulcer edge to the
knee (r = 0.925). In the same study, the authors
tested 14 patients with pitting edema and eight
controls without edema. There were no significant
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differences in durometer readings in patients with
minimal or more severe edema ( p > 0.05),
regardless of anatomic location.

Choh et al. (2010) used a durometer for the
assessment of venous disease. They investigated
107 patients with isolated venous disease and
volunteers attending outpatient clinics; for all
patients the CEAP classifications were assessed
(clinical, aethiological, anatomical, and patholog-
ical). The measurement with a durometer was
made on the skin 15 cm above the medial
malleolus on nonulcerated tissue with patient
and limb in recumbency. The authors considered
the average of four measurements. The results of
this study demonstrated that there is statistically
significant evidence that age and CEAP classifi-
cation correlated with durometry ( p < 0.0001).
Thus, durometry could help in monitoring
pre-ulcerative venous disease and in identifying
high risk patients.

2.3 Neuropathic Foot

Patients with diabetes with peripheral
polyneuropathy are at increased risk of foot ulcer-
ation. One of the key events in the pathogenetic

pathway to neuropathic ulceration is hyperkerato-
sis, which develops in areas of increased pressure.
Nonenzymatic glycosylation and autonomic
dyshidrosis have been implicated in the pathogen-
esis of skin hardening. Piaggesi et al. (1999) mea-
sured skin hardness at three different sites on foot
of a selected group of patients with diabetes,
avoiding areas with bony prominences. Skin hard-
ness was more pronounced in neuropathic patients
than in nonneuropathic patients and controls
( p < 0.01.) Among neuropathic patients, those
with metatarsal hyperkeratosis had significantly
higher durometer readings compared with those
without hyperkeratosis. Subjects were also evalu-
ated for neuropathy by determining the vibration
perception threshold (VPT) with a biothesiometer.
This instrument is an electrical device provided
with a vibrating probe, which is applied to the test
site and to which an increasing vibrating intensity
is applied. The lowest of three intensities of vibra-
tion defines the VPT. In that study, a significant
positive correlation was found between durometer
readings and VPT at the malleolus (r = 0.516)
and the allux (r = 0.624) in neuropathic patients
(Table 2). Cuaderes et al. (2009) have evaluated
skin hardness and pressures of the foot in diabetes
patients. Skin hardness was measured with a

Table 1 Relation between TcpO2 measurements and durometer readings or clinical severity score (inset)
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durometer applied at 10 sites(plantar side of the
allux, third and fifth toes, first, third, and fifth
metatarsal heads, medial and lateral midfoot,
heel, and the dorsal aspect between the hallux
and second toe). The readings of durometer and
pressurestat have demonstrated a concordance
that was acceptable at the hallux, the third toe,
the first, third, and fifth metatarsal heads. Since
most diabetic foot ulcers occur in these sites, both
durometer and pressurestat may be useful screen-
ing tools to determine the degree of risk.

3 Conclusions

Durometry is a technique for measuring skin hard-
ness. The methods takes advantage of the ability
of the durometer to sense and record hardness on a
linear scale, and it is unique in its simplicity and
ease of use. Measurements with durometer are
highly reproducible in the same subject and in
persons with the same degree of skin induration.
Data obtained indicate that the durometer may be
insensitive when used in areas of skin where the
subcutaneous tissue is not well represented. At
this stage, the instrument is used as a standard
noninvasive tool to measure skin hardness in sys-
temic sclerosis. The authors believe that

durometry could be applied in other dermatolog-
ical diseases to assess skin involvement and to
monitor the efficacy of treatment.
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1 Introduction

Reduction of skin elasticity with aging is attrib-
uted to skin thinning due to loss of elastin and
collagen in the dermal matrix (Jansen and Rottier
1957; Lavker et al. 1987), as well as to loss of
subcutaneous tissue mass (fat layers and muscle
mass) and stiffening of collagen with increased
cross-linking. Age is also expected to affect the
directionality of the mechanical properties of the
skin. During development, from infancy to ado-
lescence, the skin is expected to respond to ten-
sion isotropically to accommodate for growth,
while in adulthood this isotropic behavior is
expected to regress due to site-specific habituation
to tension.

The mechanical strength of the skin is primar-
ily attributed to the dermal matrix, which con-
sists predominantly of collagen and elastin.
Collagen molecules form fibrils, fibers, and bun-
dles, which are arranged in a basket-weave pat-
tern. This allows the dermis to deform due to
pressure and at the same time to minimize tears.
The collagen bundles vary in size as we progress
from the upper (papillary) to the deeper
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(reticular) layers of the dermis and are normally
under tension that ranges from 0 to 20 N/m
depending on the body site, direction, and pos-
ture (Skin Mechanics 1986; Nizet et al. 2001).
Ever since the nineteenth century, surgeons have
recognized the fact that this tension load is direc-
tional by observing that circular punctures in the
skin produce elliptical holes (Nizet et al. 2001).
These lines, termed “Langer’s lines” (Langer
1861), represent the directions of skin’s maxi-
mum tension and have been identified over the
whole body (Cox 1942; Gibson et al. 1969).
They are used as the preferred direction in
which surgical incisions are made so that the
tension across the wound is minimal. Further-
more, it is known that dermal fibroblasts generate
tension and change their orientation along the
tensile direction (Takakuda and Miyairi 1996).
The mechanical properties of the skin are thus
expected to follow the anisotropy in tension
defined by the Langer’s lines.

A number of techniques have been developed
to study the mechanical properties of the skin
and their dependence on aging (Elsner 1995;
Rodrigues 2001). They are primarily based on
the concept that assessing the applied force nec-
essary to pull or push the skin gives an estimate of
the elastic and plastic properties of the tissue, and
they can be classified in the following categories:
(a) instruments that generate a light vacuum on the
skin surface and determine the height to which the
skin may be pulled under constant suction and
then the rate at which the skin returns to its orig-
inal shape; b) instruments that use two concentric
cylinders that are placed in contact with the skin
and measure the angular displacement under
torque and the rate at which the skin returns to
equilibrium once the torque is removed; and
(c) instruments that assess the firmness/elasticity
of the skin by determining the height recovery of a
small mass as it bounces after striking the skin
from a predetermined height (Serup and Jemec
2006). All of the above types of instrumentation
measure parameters that are affected by the
mechanical properties of the skin surface as well
as the deeper structures of the dermis and even the
subcutaneous tissues. Therefore, the information
we can get from them is not always limited to the

skin. These methods do not offer any information
on mechanical anisotropy.

Another type of instrument allows for the eval-
uation of the mechanical properties of a material
by measuring of the propagation time of a shear
wave between two sensors placed on the material
surface. The distance between the sensors and the
frequency of the shear wave determine the pene-
tration depth of sampling. The commercial ver-
sion of this method of accessing viscoelasticity
of the skin is the Reviscometer® RVM 600.
The Reviscometer® has been designed to sample
up to a few tenths of microns in depth making it
suitable for measurements of the mechanical
parameters of the epidermis and the papillary
layers of the dermis. The applied pulse frequency
is in the audible range (4.5 KHz). The velocity of
sound in a material depends on the density of the
material and tension that is under. Mechanical
vibrations propagate faster at the direction of
higher tension, and as with a guitar string, the
higher the tension, the higher the frequency of
oscillation after plucking. As the preferred dispo-
sition of the collagen fibers corresponds to the
skin’s cleavage lines (Langer’s lines), the speed
of propagation of elastic disturbances on the skin
will depend strongly on orientation.

Previous investigations have shown a weak
dependence of the shear wave propagation time
on the skin with aging (Nizet et al. 2001; Dahlgren
and Elsnau 1986; Vexler et al. 1999). A common
denominator of these studies was that the mea-
surements were performed at a limited number of
angular positions of the probe, typically at four
positions at increments of 45�. Therefore, direc-
tional features with angular width less than 45�

were ignored or averaged out. More recent studies
have shown a strong correlation between shear
wave propagation and age (Ruvolo et al. 2007).

In a previous chapter (Ruvolo Jr et al. 2014),
the authors described experiments and studies
using the same technique that document changes
in density of the tissue and the effects on the speed
of sound when active ingredients produced
changes in the packing of the viable keratinocytes.
In this chapter we demonstrate through a number
of studies the sensitivity and utility of the mea-
surement of the viscoelastic properties of the skin
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by acoustic shear wave propagation (velocity and
angular dispersion). In the studies presented in
this chapter, the Reviscometer® RVM 600 was
used, but other instruments using the same prin-
ciple of actuation can be used. This technique
provides unique information on the directional
dependence of elastic parameters of the superficial
layers and characterizes the tensile forces acting
on the skin surface by measuring the anisotropy of
the viscoelastic properties of the skin at different
ages, correlating the changes in the anisotropy
with structural features of the skin. Thus, we
attempt to characterize the tensile forces acting
on the skin surface by measuring the anisotropy
of the viscoelastic properties of the skin before
and after topical application of moisturizers. To
this end, we established a new data acquisition
methodology for the technique (via
Reviscometer® RVM 600) with high angular res-
olution, and we defined a novel mechanical
parameter that relates to the anisotropy and coher-
ence of skin viscoelasticity.

2 The Technique-Hardware
Description

In 1980 Prof. Hagen Tronnier (1980) developed a
method to measure resonance frequencies in the
skin. Later, in 1999 Vexler (Vexler et al. 1999)
described a viscoelastic skin analyzer that resem-
bles more the commercial instrument
(Reviscometer® RVM 600, Courage + Khazaka
Electronic GmbH, Cologne, Germany).

A noninvasive way to assess the mechanical
properties of viscoelastic materials, such as the
skin, is by investigating the propagation of a
mechanical disturbance along their surface. The
speed of propagation of a pulse or of a periodic
(wave) mechanical disturbance depends on the
tension in the material in the direction of propa-
gation and on the density of the material (Doukas
et al. 2001). The amplitude of such a stimulus
should be small so that no permanent changes
are produced in the material and the coupling
between the device producing the perturbation
and the medium under study, e.g., the skin, should
be robust (Vexler et al. 1999; Potts et al. 1983;

Dorogi et al. 1986; Mridha et al. 1992). The fol-
lowing description is based on the construction
and use of the Reviscometer® RVM 600.

The probe that comes in contact with the skin
includes two piezoelectric transducers spaced by
approximately 2 mm and mounted on two inde-
pendent supports. One transducer generates a
small amplitude acoustic pulse, <0.2 mm, in the
audible range 4.5 KHz, and the second acts as the
receiver. The time it takes for the acoustic pulse to
travel from the transmitter to the receiver is
defined as the resonance running time (RRT
value � 10�6 s). The values of the RRT may be
used to calculate the velocity of propagation of the
acoustic pulse. If we consider the
one-dimensional longitudinal model for the
sonic propagation from Dahlgren (Dahlgren and
Elsnau 1986), Young’s modulus of elasticity
(E) of the material is directly related to the square
of the sonic transmission velocity, c:

E ¼ dc2:106 (1)

where E is in N/m2, d is the density of the skin in
g/cm3, and c is in m/s. Therefore, the modulus of
elasticity may be determined once the velocity of
propagation has been measured.

To ensure good contact (no slipping) between
the transducers and the skin, a constant pressure is
applied; the pressure that the probe exerts on the
skin is regulated by a spring mechanism: a given
amount of pressure is necessary for the measure-
ment sequence to start. The probe is held perpen-
dicular to the skin surface by a hollow cylindrical
holder that is attached to the surface of the skin
with double-sided adhesive tape. The manufac-
turer made marks on the holder along its periphery
at angular intervals of 45�. In all the work
presented in this chapter, we used a modified
probe-holder assembly by placing a millimeter
scale on the probe and another on the holder. We
carried out measurements by rotating the probe
within the holder so that the lines of the two scales
would align with each other. This corresponds to
making measurements every 3� for a total interval
of 100–180�. Custom acquisition software was
developed in LabVIEW 6.0 (National Instruments
Corporation, Austin, TX).
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To demonstrate the need of acquiring data at
increased angular resolution, we recorded the
Reviscometer readings from the same skin site
(upper inner arm) of a volunteer of 47 years at
intervals of 45� and of 3� (Fig. 1). It is evident that
the features with width less than 45� may be
missed. Following the Nyquist sampling criterion,
using 3� intervals, we could accurately record
features of at least 6� angular dispersion width.
Typically for older individuals having narrower
maxima, the angular dispersion width can be in
the order of 10�. Taking measurements with high
angular resolution increases the chances of
recording the skin’s radial anisotropy accurately.
Increased angular resolution of viscoelasticity
readings provides information that would be oth-
erwise missed.

The dependence of the measured RRT values
obtained from human skin on the angle of mea-
surement may be described by a Gaussian curve,
Fig. 2. Two parameters may be determined from
the Gaussian fit function: the full width at half
maximum (FWHM) and the amplitude of the
curve, which corresponds to the angular anisot-
ropy of the RRT. The anisotropy is defined as the
ratio between the maximum andminimumRRTof
the measurements on a given skin site:

A ¼ RRTmax

RRTmin

(2)

The definitions for minimum and maximum
RRT values (RRTmin and RRTmax, correspond-
ingly) as well as the full width at half maximum
(FWHM) of the fitted curve are demonstrated in
Fig. 2; these correspond to two new mechanical
parameters that may be determined in the skin
based on measurements with the Reviscometer®,
and they are anisotropy and angular dispersion
width (FWHM).

The Reviscometer® does not work equally
well on all skin sites. Skin sites with high density
of vellus hairs present difficulties in the interface
between the transducers and the skin. Equally
difficult has been to obtain good data from skin
sites where the skin is tight such as the calves, the
forehead, etc. The instrument gives very reliable
and high-quality data from sites where the skin is
particularly “soft” to the touch such as the upper
inner arm, neck, abdomen, breast, thighs, and in
particular the inner aspect and the sides of the
torso. It is interesting to note that the sites where
good measurements may be made with the
Reviscometer® are also skin sites where “stretch”
marks are likely to appear.
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Fig. 1 Typical data
obtained with a
Reviscometer® from the
upper inner arm of a
47-year-old subject. Data
shows same location
readings acquired in
increments of 3� (black
squares) and 45� (red
circles)
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3 Instrument Calibration

Typical RRT reading from anatomical sites like
dorsal and ventral forearm ranges from 100 to
450 � 10�6 s. The manufacturer supplies with
the instrument an elastomer standard with an
RRT = 230 � 30 � 10�6 s. The RRT value for
the standard is suitable for a great majority of the
values obtained in different parts of the body.

When different Reviscometer® probes were
used to measure skin viscoelasticity of the same
skin site, we observed the readings to vary between
probes, possibly due to differences in the distance
between the transducers and differences in their
sensitivities. Therefore, the probes were calibrated
against a wider range of viscoelastic standards. To
this end, we used the standard thermoplastic elas-
tomers’ durometer (Biscoe and Sebastian 1993)
test block kits for Shore scale A (Rex Gauge Com-
pany Inc., Buffalo Grove, IL) and Shore scale
00 (Corporate Consulting, Service and Instru-
ments, Inc., Akron, Ohio). These materials were
chosen because of their wide response range of
RRT readings (200–1,100 � 10�6 s). Measure-
ments were repeated ten times in each sample and
the data were averaged. The elastomers were

isotropic in terms of RRT values. All measure-
ments were taken at ambient conditions at a tem-
perature of 18 �C and a relative humidity of
40–50 %. Table 1 shows the Shore type, the Inter-
national Rubber Hardness Degree (IRHD) (ASTM
2003), and the density (g/cm3) of the standard test
blocks used in this study. Shore hardness is a mea-
sure of the resistance of material to indentation by a
spring-loaded indenter. The hardness testing of
plastic material is most commonly measured by
the Shore (durometer) hardness test or Rockwell
hardness test; the higher the number, the greater is
the resistance to indentation. Using Eq. 1 we esti-
mated the speed of sound in each elastomer as
illustrated in Table 1. Figure 3a shows the RRT
values versus the speed of sound (m/s) on the
standards for two different probes, and Fig. 3b.
illustrates the same elastomers as a function of
Young’s modulus (MPa). It can be observed from
Fig. 3a, b that the probes have similar responses for
elastomers with low RRTs but differ at high RRTs.
For the elastomers, we can notice that RRTs
presented a higher correlation (Fig. 3a, R2 = 0.92
and R2 = 0.94) with the speed of sound than with
Young’s modulus (Fig. 3b, R2 = 0.81 and
R2 = 0.83). Since Young’s modulus is defined as
the ratio of the stress over the strain in the range of
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Fig. 2 Illustrates the RRT
data obtained from the
upper inner arm of the same
subject as in Fig. 1. Data
was obtained in increments
of 3� over a range of 120�.
A Gaussian curve was
fitted. The relevant
parameters obtained from
such a fit are shown. These
are the minimum RRT
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stress that Hooke’s law holds during tensile tests
making linearizing assumptions, the shear wave
propagation (RRTs or the speed of sound) on the
elastomers can be a better measurement of the
surface elastic properties.

The standard elastomer blocks can be used to
correlate the readings from one probe to the
other by plotting elastomers measurements as

illustrated in Fig. 4. The correlation between the
two testing probes can be described by a linear fit
(r2 = 0.92). As an example, Fig. 5 illustrates RRT
readings, as a function of the angle, taken in the
upper inner arm of a 41-year-old subject with two
different probes. Taking the readings from the
probe with lower sensitivity, Probe 02120709,
and applying the linear correction obtained
from the readings on the testing blocks
(Y = 220.1 + 1.94 * xScale (X)), we can observe
in Fig. 5 that the readings obtained with the probe
with lower sensitivity are much closer to the probe
with higher dynamic range.

4 Viscoelastic Properties
of the Skin at Different Ages
and Different Anatomical Sites

It is well known that the human skin changes with
age particularly in becoming more “loose” and
less “elastic.” This has been shown on the back
of the hand as a “pinch” test where we observe the

Table 1 Physical Parameters of the Durometer Test
Blocks used for calibration

Hardness
Shore
Type IRDH

Young’s
Modulus
(MPa)

Density
(g/cm3)

Speed
of
Sound
(m/s)

00 31 0.133 0.91 384

00 46.9 0.303 0.92 574

00 54.5 0.412 0.93 669

00 63.1 0.414 0.95 660

00 77.3 0.916 0.98 965

A 29 1.024 1.06 983

A 42.8 1.801 1.22 1215

A 50.2 2.367 1.31 1345
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Fig. 3 The Reviscometer® data for two different probes as
supplied by the manufacturer. (a) Illustrates the viscoelas-
tic properties of the different elastomers as a function of the
speed of sound (m/s). (b) The viscoelastic properties of the

different elastomers as a function of Young’s modulus
(MPa). Data represents mean value and error bars are the
standard deviation of the mean (mean + standard deviation)
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speed with which the skin returns to its original
state after being pinched and in lateral compres-
sion between two fingers of the skin – in young
skin, the skin surface produces a single “bulge,”
whereas old skin produces a multitude of wrinkle
patterns. It has been concluded that the elastic
properties of the skin must change for such pro-
nounced changes to be observed. However, the

changes documented in measurements using
instruments that study the deformation of the sur-
face of the skin when exposed to a negative pres-
sure have been shown to be of the order of 33 %
over 50 years age interval (from 10 to 60 years).
This number does not provide adequate documen-
tation of the observed changes with age because of
the small dynamic range. As the Reviscometer®
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assesses the superficial layers of the skin, it was
felt that monitoring age-related changes in the
mechanical properties of the superficial skin
would provide a more accurate representation of
the observed changes with age.

The study protocols were approved by an inde-
pendent ethics committee, and subjects were in
general good health and gave informed consent.
RRT measurements were taken from 239 volun-
teers with skin types, from very light Caucasian
(Types I and II) to African-Americans (Type VI).
The volunteers were divided into five age groups:
0–2 years (1.8 � 1.1, mean � standard devia-
tion), 14–20 years (17 � 4.2), 24–40 years
(32.5 � 10.6), 55–60 years (57.5 � 3.5), and
65–75 years (70 � 7). Measurements with a
Reviscometer® were taken on the upper inner
arm at 15 cm above the elbow from 0� to 100� in
3� increments, where the initial orientation of the
probe was chosen as the direction that gave the
lowest RRT reading. Reviscometer® readings
were also taken on the neck and dorsal and ventral
forearm of 117 of the volunteers.

The mean value and standard deviation were
calculated for each age group and the treated
sites. JMP® statistical software (SAS Institute
Inc., Cary, NC) was used to perform analysis of
variance using a standard least squares analysis.

Statistical significance was considered for
P < 0.05.

In order to ensure the relation between visual
appearance and mechanical properties, in vivo
macroimaging was also performed on the upper
inner arm and dorsal forearm of the 239 subjects.
A video-microscope image system (HiScope®,
Model KH-2400, Hirox Inc., Tokyo, Japan) was
used to acquire close-up images (2.8 � 2.1 mm
image size) of tested area using a 100� magnifi-
cation lens (Model MX-100Z, Hirox Inc., Tokyo,
Japan). This image system allows examination of
the skin surface texture or of subsurface features
depending on the illumination at a grazing angle.
In this study, grazing angle illumination was used
to enhance the contrast of skin texture.

Typical RRT profiles recorded from the upper
inner arm for three different age groups are shown
in Fig. 6. We observed that while the RRTmin

values remained fairly constant for the age groups
tested, the RRTmax values increased with age.
Thus the anisotropy ratio given by Eq. 2 also
increased with age (Fig. 7). Furthermore, the
width of the RRT profiles becomes narrower,
i.e., the angular dispersion width decreases, with
age (Fig. 7). These changes are statistically sig-
nificant (P < 0.01) between the age groups. Since
RRT anisotropy increases while angular
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dispersion width decreases with age, we can
define the ratio of these two as a single viscoelas-
tic parameter that documents the age-dependent
changes in the skin and that provides a wider
dynamic range than either (Fig. 8). The relation-
ship of this parameter to age is best represented by
an exponential equation, and the data may be
fitted with the equation:

Anisotropy ratio ¼ Anisotropy

FWHM
¼ 0:04:e

age
31 (3)

The anisotropy ratio values for each of the older
age groups are statistically different compared to
those for the youngest group.

The mechanical and physical properties of the
skin have been extensively studied (Skin
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Mechanics 1986; Rodrigues 2001; Serup and
Jemec 2006). These investigations describe the
skin as being a viscoelastic medium and interpret
the skin with homogeneous density and isotropic
elastic moduli. The mechanical properties of the
skin stem from contributions of its structural com-
ponents such as collagen, elastin, keratin, and the
purely viscous interstitial fluids (Dahlgren and
Elsnau 1986). According to Eq. 1, the speed of
shear wave propagation depends on the density of
the medium in the direction of the sound propa-
gation. Results presented in this chapter show that
the shear wave propagation on the surface of the
skin is anisotropic and thus the tissue density and
tension that relates to the skin mechanical proper-
ties is also anisotropic. These two parameters are
independent for non-compressible media, but in
the skin or viscoelastic materials, they are proba-
bly not independent. We can make an analogy
with the strings of a guitar; the sound produced
by a string depends on its tension and also the
density of the material (type and thickness).

The skin at the upper inner arm sites
undergoes considerable changes with age in its
structure and therefore its mechanical properties.
It is evident in Fig. 6 that the RRT readings of
young skin are more isotropic when compared
with the other two age groups. For the
24–40 years group, there is a distinct increase in
the anisotropy, and for the older group, a very
well-defined RRT maximum.

This may also be observed in the skin
microrelief imaged by the video-microscope
imager. Skin microrelief involves patterns on the
ventral forearm that is characteristic for different
age groups. The in vivo microscopy images of
Fig. 9 are representative for the age groups:
0–4 years, 14–24 years, 24–40 years, and
65–75 years. It is evident that the triangular and
hexagonal patterns of the younger ages are
replaced progressively with linear directional pat-
terns presumably reflecting flattening of dermal
papillae and stronger collagen fiber alignment in
the papillary dermis. The change of these patterns
is accompanied by decrease in viscoelastic anisot-
ropy and increase in angular dispersion width that
indicates a strong directional dependence. The
anisotropy values for the four subjects imaged

are 2.1 (16 months, Fig. 9a), 2.4 (14 years,
Fig. 9b), 4.2 (39 years, Fig. 9c), and 15.6
(70 years, Fig. 9d), and the angular dispersion
width values are correspondingly 108�, 84�, 40�,
and 35�. The viscoelastic anisotropy relates to
cutaneous structural feature changes as a function
of age.

We can get a better idea of the co-localization
of the directionality of skin microrelief and the
angular distribution of the RRT values in Fig. 10.
Avideo-microscope image of the upper inner arm
of a 47-year-old subject was imaged using 100�
magnification. The transmitter and receiver tips
of the Reviscometer transducers are drawn, to
scale, and the RRT readings from the same site
are over-plotted in polar coordinates. Very impor-
tantly, the maximum of the RRT values
co-localizes with the skin surface microrelief
(Fig. 10). Skin microrelief on the upper inner
arm develops with age (Fig. 9) in a fashion that
parallels the development of RRT anisotropy.
Tensions are progressively developed with age
in preferential orientations producing changes in
the distribution and shape of the dermatoglyph-
ics. In young skin, the relief lines look more
plump and rounded on the top and form star-like
patterns. As individuals get older, the glyphic
structures become flatter and anisotropic, i.e.,
not symmetric in all directions but elongated in
the direction of permanent tension. The direction-
ality is closely related to the tension. The elonga-
tion of the glyphics occurs along the direction of
increased tension.

A video-microscope image (Hirox, Japan 100�
lens) from the upper inner arm of a 70-year-old
subject is illustrated in Fig. 11. This figure shows in
scale the relation between the orientation of the
probe (transducer tips) and the skin microrelief
lines.When the transducer tips are oriented perpen-
dicular to the relief lines as illustrated in Fig. 11a,
the RRT value is at minimum, typically around
250 � 10�6 s, corresponding to 1,800 m/s for the
speed of the sound (based on the probe calibration).
The tension of the skin is at maximum and the
shear waves propagate faster along this direction
(along the relief lines). Conversely, a maximum of
the RRT value is recorded when the transducer tips
are placed parallel to the relief lines (Fig. 11b). An
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RRT value of 1,100 � 10�6 s corresponds to a
speed of sound of 390 m/s, a value close to that
of the speed of sound in the air (340 m/s). This is
the direction of lowest skin tension.

Measurements of the anisotropy ratio at differ-
ent body sites (neck, upper inner arm, ventral
forearm, and dorsal forearm) showed that the age
dependence is not the same over the whole body
(Fig. 12). The rate of change of viscoelastic prop-
erties depends on the anatomical site. The anisot-
ropy increases with age and most notably at
anatomical sites where the skin is considered to
be “tender” or “soft,” such as the upper inner arm
and the neck. Interestingly, the most dramatic
changes happen on body sites where the skin is
considered to be “looser” or “softer” like the neck
and the upper inner arm. The viscoelastic

properties of the skin at the ventral and dorsal
side of the forearm are not statistically different
and do not show any significant change within the
age range tested here.

4.1 The Effects of Moisturizers
on the Resonance Running Time
(RRT): A Better Tool
for Assessing What Consumers
Relate to as “Soft”

Many different approaches for the management
of dry skin have been studied. They can be
separated into emollients, humectants, and
occlusive agents or a combination of them
depending on the treatment approach. There

Fig. 9 Illustrates the cutaneous structural feature and vis-
coelastic changes at different ages. In vivo microscopy
images from the upper inner arm representative for the age
groups: (a) 0–4 years (Anisotropy = 2.1; FWHM = 108�),

(b) 14–24 years (Anisotropy = 2.4; FWHM = 84�),
(c) 24–40 years (Anisotropy = 4.2; FWHM = 40�), and
(d) 65–75 years (Anisotropy = 15.6; FWHM = 35�)
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are many different noninvasive instrumentation
and clinical assessment to evaluate improve-
ments and grade xerosis. In this study, we
wanted to compare three ingredients commonly
used in the cosmetic industry for the treatment
of dry skin: glycerin, petrolatum, and
dimethicone. Glycerin has been shown to have
a wide range of benefits to the skin when topi-
cally applied. Glycerin acts as a humectant; one
molecule of glycerin binds six molecules of
water. Glycerin has also been shown to be a
lipid-phase modulator, inhibiting the transition
of stratum corneum lipids from liquid to solid
crystals. Petrolatum and dimethicone act mostly
as occlusive materials by helping reduce the
amount of water loss to the environment.
Dimethicone is an FDA-monographed ingredi-
ent as a skin protectant for concentration ranges
from 1 % to 30 %.

This was a blinded clinical study, split lower leg,
randomized 3 week study with noninvasive and
self-assessment measurements at baseline and
week 3 after 1 week washout period with a

mild liquid cleanser. Ninety-eight women (48 Cau-
casian and 50 African-American) were recruited
with self-identified dry skin and use of body mois-
turizer at least five times per week. N = 11–13/
treatment cell/ethnic group. Tested products were
applied twice daily on the lower leg. Tested prod-
ucts were divided in four different groups
according to their main treatment approach: Prod-
uct A (10 % glycerin), Product B (10 % petrola-
tum), Product C (5 % dimethicone), and Product D
(12.5 % glycerin, 4 % petrolatum, and 1.25 %
dimethicone). Products A, B, and C were formu-
lated in the same simple emulsion base, and Prod-
uct D was a more complex emulsion formulation.

The skin hydration properties were assessed by
measuring skin conductance (Skicon® 200, I.B.S
Co., Ltd., Japan), transepidermal water loss
(VapoMeter®, Delfin Technologies, Finland),
flaking (D-Squame®, CuDerm, USA), and
295 nm skin fluorescence (SkinScan®, Horiba
Jobin Yvon Inc., Edison, NJ, USA) and skin vis-
coelasticity (Reviscometer®, Courage + Khazaka
Electronic GmbH, Cologne, Germany).

Fig. 10 The viscoelastic anisotropy of the skin follows
the direction of microrelief lines with the line connecting
the RRT maxima in a direction perpendicular to the
microrelief (Langer’s line). As an example, a video-

microscope image (100�) of the skin is shown with a
plot of the RRT values superimposed plotted as a function
of the angle, i.e., in polar coordinates
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Glycerin significantly outperformed petrola-
tum and dimethicone in increasing skin conduc-
tance and reducing the desquamation index.
Additionally, glycerin also significantly
decreased 295 nm skin fluorescence (tryptophan
fluorescence) when compared to baseline. Sev-
eral studies (Kollias et al. 1998; Doukas
et al. 2001; Stamatas et al. 2006) suggest that a
hyperproliferation state had existed when the
skin was dry at baseline and through the use of
a humectant, the proliferation rate was returned

to a normal healthy skin level (Russell
et al. 2012).

Since there is no statistical difference in terms
of ethnicity, we considered all different ethnical
groups as one cohort for the viscoelastic assess-
ment. The effects of the treatment over time were
evaluated. An example of a viscoelastic measure-
ment as a function of the probe angle for a base-
line reading and after 3 weeks treating the lower
legs with Product A is illustrated in Fig. 13. We
observe a significant decrease in the angular

Fig. 11 An example of
video-microscope image
(HiScope, Hirox with 100�
lens) of the upper inner arm
from a 70-year-old subject.
The figure shows in scale
the Reviscometer®

transducer tips in relation to
skin dermatoglyphics.
a The signal propagating in
the direction of Langer’s
lines. Lower values in
resonance running time;
typical values are between
100 x 10-6 s and 300 x 10-6 s
depending on probe
response and tested site. b
The signal propagating
perpendicular to the
direction of Langer's lines
corresponding to high
values in RRT. Typical
values can reach up to
3,000 x 10-6 s depending on
probe response and tested
site
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values of the resonance running time with the
treatment indicating significant increase in the
local density (lower RRTs), decrease in anisotropy
(tension), increase in moisturization, and signifi-
cant changes in the viscoelasticity of the stratum
corneum.

Figure 14 shows the lower leg skin anisotropy
measurement before and after 3 weeks of

treatment using 4 different moisturization prod-
ucts (mean values _ standard error). Note that the
lower leg does not present a high anisotropy at
baseline. Mean anisotropy for the lower leg in
this study is around 2.5. For the same age group,
the anisotropy of the upper inner arm is about
three or four times higher. Product A shows
significant decrease in anisotropy ( p < 0.5)
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when compared with baseline readings, and
Product D presents a directional decrease in
anisotropy ( p < 0.1) when compared with base-
line readings.

5 Discussion

In this chapter, we investigated the age depen-
dence, site dependence, and the effect of moistur-
izers on skin viscoelastic properties. To this end,
we employed a commercially available
instrument (Reviscometer® RVM 600, Courage
+ Khazaka Electronic GmbH, Cologne, Ger-
many), we improved on the acquisition method
(measuring at narrow angle intervals), and we
defined a parameter that relates the RRT anisot-
ropy and angular dispersion. These parameters
provide a wide dynamic range that reflects more
accurately the age-dependent changes of skin
mechanical properties than the methods proposed
so far. Using the modified Reviscometer®

method, we characterized the directional charac-
teristics of cutaneous viscoelastic properties, and
we provided evidence that the directionality
relates to the direction of the microrelief lines on
the skin surface. These lines develop as the skin
ages and correspond to the tension lines described

by the Langer’s lines (Langer 1861). This method
also can be used in surgeries showing the direc-
tions of lower tensions in the skin that can mini-
mize scarring postoperatively.

As shown in Fig. 1, we can see that very
important information is lost when we perform
the Reviscometer® readings at 45� interval
recommended by the manufacturer. The proposed
3� interval procedure allows us to resolve skin
anisotropy and to define two novel skin mechan-
ical parameters: anisotropy and the angular dis-
persion width (FWHM).

The mechanical properties of the skin are an
important factor in the determination of the “qual-
ity” of the skin. They are as important as the visual
appearance of the skin. Changes in the visual
appearance include pigmented lesions and minor
inflammatory lesions that render the skin
nonuniform. Changes in the mechanical proper-
ties involve large areas of the skin and are
believed to be expressions of aging. One of the
dominant characteristics of skin aging is loss of
elasticity. Although the changes in the mechanical
properties of the skin over several decades of life
are substantial, objective measurements have
failed to capture their magnitude thus far. More-
over, the mechanical properties of the skin are not
isotropic (uniform in all directions), and there is a
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need to assess this angular anisotropy. During
development, from infancy to adolescence, the
skin is expected to respond to tension isotropically
to accommodate for growth, while in adulthood
this isotropic behavior regresses due to site-
specific habituation to tension.

The mechanical and physical properties of the
skin have been extensively studied (Skin Mechan-
ics 1986; Rodrigues 2001; Serup and Jemec 2006).
These investigations describe the skin as being a
viscoelastic medium and interpret the skin with
homogeneous density and isotropic elastic moduli.
The mechanical properties of the skin stem from
contributions of its structural components such as
collagen, elastin, keratin, and the purely viscous
interstitial fluids (Dahlgren and Elsnau 1986).
According to Eq. 1, the speed of shear wave prop-
agation depends on the density of the medium in
the direction of the sound propagation. Results
presented in this paper show that the shear wave
propagation on the surface of the skin is anisotropic
and thus the tissue density that relates to the skin
mechanical properties is also anisotropic.

We report that this anisotropy increases with
age andmost notably at anatomical sites where the
skin is considered to be “tender,” such as the
upper inner arm and the neck. Interestingly, the
viscoelastic properties of the skin at the ventral
and dorsal side of the forearm are not statistically
different and do not show any significant change
with age.

The skin at the upper inner arm sites changes
considerably in structure and mechanical proper-
ties with age (Fig. 9). It is evident in Figs. 6 and 7
that the RRT readings of young skin are more
isotropic compared with the other two age groups.
For the 24–40 year group, there is a distinct
increase in the anisotropy, and for the older
group, a very well defined RRT maximum.

Very importantly, the maximum of the RRT
values co-localizes with the skin surface
microrelief (Fig. 10). Skin microrelief on the
upper inner arm develops with age (Fig. 9) in a
fashion that parallels the development of RRT
anisotropy. Tensions are progressively devel-
oped with age in preferential orientations

producing changes in the distribution and shape
of the dermatoglyphics. In young skin, the relief
lines look more plump and rounded on the top.
The older we get, the glyphics tend to get flatter
and less organized and surface lines are more
pronounced.

The orientation of the probe (transducer tips)
relative to the skin microrelief lines has a big
influence in the measured RRT value. When the
transducer tips are oriented perpendicular to the
relief lines as illustrated in Fig. 11a, the RRT value
is at minimum, typically around 250 � 10�6 s,
corresponding to 1,800 m/s for the speed of the
sound (based on the probe calibration). The ten-
sion of the skin is at maximum and the shear
waves propagate faster along this direction
(along the relief lines). Conversely, a maximum
of the RRT value is recorded when the transducer
tips are placed parallel to the relief lines
(Fig. 11b). An RRT value of 1,100 � 10�6 s cor-
responds to a speed of sound of 390 m/s, a value
close to that of the speed of sound in the air
(340 m/s). This is the direction of lowest skin
tension. The speed of the sound in the skin
depends on both density and direction.

The skin is inhomogeneous and all other
mechanical probes produce measures of averages
over the area sampled by the probe. Local inho-
mogeneities which may be thought of as early
events in the development of any skin lesion
would be missed because their effect would be
minimized because of averaging. Although the
local inhomogeneity shows uncertainties in the
data, we placed the Reviscometer® probe on
places avoiding vellus hair and erector pillow
muscles to minimize the variability.

The 4.5 kHz frequency used in the probe
makes the sound waves propagate across the sur-
face of the skin, stratum corneum, epidermis, and
the very superficial part of the dermis making it
the ideal instrument to assess superficial changes
in the tissue. When we apply moisturizers on the
skin, we observed a significant reduction of the
skin stiffness and tensions induced by dryness
(Fig. 13) and arriving at a normal low base level
of the natural skin tension.
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The use of shear wave propagation may be
capable of providing valuable information espe-
cially on the mechanical properties of the superfi-
cial layers of the skin than the suction probes
which provide information that includes the bulk
of the structural matrix. This is because it actually
provides two measures: one depending on density
of the skin and the other depending on the angular
anisotropy (tension). In order to be able to capi-
talize on the use of such instrument, we are forced
to work on skin sites that show marked changes in
anisotropy with age. Even measuring in areas of
the skin with low anisotropy, such as the lower
leg, the technique proved to be very useful and
sensitive in assessing the changes in mechanical
properties of the skin with the use of moisturizers.

In summary, we present here a sensitive
method of measuring the mechanical properties
of the superficial layers of the skin. We demon-
strate that the method can be used to document
changes in the mechanical properties of the skin
with age and the correlation of the angular
anisotropy with these properties to the orienta-
tion of dermatoglyphics is also related to the
orientation of Langer’s lines. In a previous
work (Ruvolo Jr et al. 2014), we demonstrated
that the use of specific antiaging ingredient
(2-(dimethylamino)ethanol) can contract kera-
tinocytes in the viable epidermis, changing the
tissue density, and this can be assessed by an
increase in the velocity of the sound in the tissue.
In this chapter, we demonstrated that the use of
moisturizers can reduce skin tensions induced by
“dryness” by decreasing skin anisotropy. Finally,
the probe produces sound waves that propagate
throughout the superficial layers of the skin
allowing us to assess density and the tensions
of the surface of the tissue.
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1 Introduction

In recent decades, various instrumentations were
developed for assessing the in vivo skin viscoelas-
ticity (Piérard et al. 2013a; Rodrigues and
EEMCO group 2001; Sandford et al. 2013;
Shang et al. 2010). The methods relied on various
approaches including uniaxial and biaxial
stretching, suction, elevation, indentation, torsion,
ballistometry, and vibration procedures (Murry
and Wickett 1997; Rodrigues and EEMCO
group 2001). The devices afford sound although
some distinct or even contradictory information.
The time-honored suction method aims at mea-
suring the skin deformation caused by any
decrease in external pressure exerted over a
defined skin area (Cua et al. 1990; Diridollou
et al. 2000a; Livarinen et al. 2013; Piérard
et al. 1995, 2013a). In such a procedure, skin
deformation occurs as a function of the suction
force, its time of application, and the area of the
stressed skin (Piérard 1999; Piérard et al. 1995;
Schlangen et al. 2003). It corresponds to a specific
in vivo expression of the overall skin
viscoelasticity.
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2 Skin Biomechanics

From a physiopathological standpoint, three clin-
ically relevant physical characteristics of skin bio-
mechanics are crucial, namely, (a) the skin
stiffness corresponding to the resistance to any
shape change, (b) the skin elasticity representing
the ability to recover spontaneously the initial
shape after deformation, and (c) the skin viscous
deformation over time under constant force lead-
ing to the creep extension (Piérard et al. 2013a).
Over a large part of the body, the overall skin
viscoelasticity mainly depends on the extracellu-
lar matrix (ECM) of the cutaneous connective
tissue forming the dermo-hypodermal layers.
Only minimal contribution is expected from the
epidermis (Piérard 1999).

The bulk of the regular dermis controlling skin
viscoelasticity consists of a complex fibrous net-
work forming the ECM scaffold. The major set of
fibrous components corresponds to the collagen
fibers determining both the mechanical stability of
the tissue and its resistance to deformation. Such a
structure fails in severe dermal atrophy or
dermatoporosis (Kaya and Saurat 2007). A sec-
ond set of components is formed by elastic fibers
present in smaller amounts. They restore any bent
collagen bundle to its relaxed standing position
(Langton et al. 2012; Piérard and Lapière 1987).
The loosely interconnected complex fiber scaffold
is permeated by amorphous hydrated ECM com-
pounds corresponding to proteoglycans, glyco-
proteins, and glycosaminoglycans. Dermal cells
are responsible for maintaining and remodeling
the macromolecular matrix. They correspond to
several distinct cell types including among others
fibroblasts, dermal dendrocytes, mast cells, and
myofibroblasts. They potentially exert some con-
tractile activity upon the fibrous networks through
the intervention of adhesion molecules (Binai
et al. 2012). Their tensegrity, adhesion properties
to ECM fibers, and contractility are therefore
important in the force transduction inside the
dermis.

As a rule, the in vivo ECM viscoelasticity is
quite difficult to assess with repeatability and con-
fidence. The global response of skin to any

mechanical stress depends on tensile biomechan-
ical and rheological characteristics expressed by
the composite nature of the skin and subcutaneous
tissues (Piérard and Lapière 1987). In cutaneous
scleroderma, the tissue remodeling affects indis-
criminately all levels of the ECM, and the
mechanical impact of the coarse collagen net-
works likely predominates over other structural
changes.

In a series of connective tissue disorders
including scleroderma, the assessment of the
skin viscoelasticity is primordial for evaluating
with confidence both the disease severity and
any therapeutic response (Piérard et al. 2013b).
In general, the overall tensile characteristics of the
whole skin are representative of the properties of
the dermis and subcutaneous tissues. Obviously,
the tensile strength of normal skin contrasts with
sclerotic conditions. Healthy skin exhibits both
flexibility and relative resistance to deformation,
allowing casual body movements and partial tem-
porary reversible compression and distention.
Once the forces responsible for skin deformation
are released, elasticity allows the skin to return
spontaneously and progressively to its initial
shape. As such, progressive resistance to defor-
mation, flexibility, and elasticity must be ade-
quately balanced to govern the optimal skin
tensile strength. The behavior of the three-
dimensional ECM fibrous meshworks combines
the response of its components to which the defor-
mation is applied. Such properties represent the
functional expression of the structural configura-
tion of the ECM from the molecular level to the
macromolecular organization and the microscopic
configurations.

In any instances, the viscoelasticity variations
of the skin owing to body region, age, and gender
outweigh the discrete variations in the intrinsic
molecular compositions (Piérard 1999; Piérard
et al. 2013a). Due to the composite structure of
the dermo-hypodermal tissues, the in vivo skin
viscoelastic properties are notoriously complex
to assess precisely and are difficult to interpret
particularly in some pathological conditions
(Piérard 1999). The typical mechanical response
of each macromolecular component is variable
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within the wide range of force intensities encoun-
tered in daily life and more exceptional condi-
tions. This fact obviously adds to the difficulties
encountered when interpreting experimental and
observational data and unraveling the tensile
strength complexity of the skin.

3 Connective Tissue Structure

A global interdependence links the structure and
mechanical functions of the skin ECM. The basic
properties of each fibrous component have been
identified in vitro. However, the relationships
between the structures and functions of skin
ECM appear complexified and intricated in vivo.
The multifaceted wavy to straight presentations of
fibers at rest govern for a large part the ECM
viscoelastic properties of the tissue. The variable
looseness to compactness configurations of the
ECM fibrous networks are determining. The situ-
ation is even more complex in presence of phys-
ical entanglements between the diverse fibrous
structures and networks.

The bulk of the reticular ECM dermis in sclero-
derma consists of a dense accumulation of colla-
gen fiber. The individual collagen fibrils are
packed into fiber units and further in fiber bundles.
The way by which fibrils are packed and held
together is important with regard to the ECM
mechanical properties. Cross-links between colla-
gen molecules are not the primary cause for fibril
aggregation in fibers and bundles. Rather, the
interfibrillar matrix plays a major role. On a higher
hierarchial level, the coarse collagen bundles are
interconnected with each other. They are often
closely packed and stretched in superimposed
planes grossly oriented parallel to the skin surface.
Elastic fibers present in smaller amounts normally
serve to restore deformed collagen bundles to a
relaxed and wavy position. This pattern is hardly
possible in skin involved in scleroderma.

Both the thickness and intimate structure of the
ECM play prominent and independent mechani-
cal functions. For instance, a major role is occa-
sionally ascribed to the structure, density, and
location of the elastic fibers when tensile strength

is involved in discrete skin deformations. In fact,
although it is acknowledged that these fibers
exhibit typical elastic properties, any change in
the overall elastic functional properties of the skin
cannot be ascribed solely to them. Many other
structures participate in tissue elasticity, and it is
practically impossible to disentangle their respec-
tive contributions in the tensile response of the
skin (Piérard 1999).

The dermis is a heterogeneous structure because
it exhibits tremendous differences between its dif-
ferent layers and with the variable extent in solar
elastosis. In addition, the volume of the hypoder-
mis and of the eventual sebaceous glands is of
equal importance if not greater than the dermal
thickness itself in their influence upon the overall
tensile functional properties of the skin. In fact, the
fat-enriched lobules made of either sebocytes or
adipocytes put the dermis under tension, limiting
the mobility of skin (Piérard 1999). As a conse-
quence of these uncertainties, the calculation of
ratios between in vivo tensile stress and tissue
strain (Young’s modulus, shear modulus, bulk
modulus) is only viewed as theoretical concepts
with probably little relevance when applied
in vivo to the complex composite of structures
making skin and its subcutaneous tissue.

4 Clinical Assessment
of Scleroderma Involvement

Scleroderma represents a heterogeneous group of
conditions with distinct clinical manifestations.
The main clinical presentations are the localized
forms (morphea, monomelic type) and the sys-
temic forms (Walters et al. 2009). The classifica-
tion of systemic scleroderma distinguishes three
grades. Grade I corresponds to acroscleroderma
including the Raynaud’s syndrome subgroup.
Grade II is acroscleroderma with progression of
sclerosis from distal to proximal areas of the
limbs. Grade III is diffuse scleroderma usually
starting on the trunk with rapid progression to
acral areas.

Skin involvement in scleroderma is character-
ized by hardness and hidebound resulting from
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massive deposition and straightening of collagen
bundles in the dermis and hypodermis. Temporary
dermal edema is commonly present. Skin indura-
tion and tethering are commonly evaluated
according to skin severity scoring extrapolated
from clinical palpation (Clements et al. 1990,
1993; Pope et al. 1995). Some overlap exists
between different skin scorings including the
“skin thickness index” and the “skin tethering/
hidebound index.” The skin thickness/
hidebinding is scored in a 4-point scale (0, normal;
1, mild; 2, moderate; 3, severe). It is acknowl-
edged that sclerotic skin changes correlate with
both the overall disease activity and prognosis of
systemic sclerosis. Unfortunately, such assess-
ments remain subjective with low intra- and
interobserver reproducibility. In addition, they
are not free of bias. According to studies, the
modified Rodnan skin score has been calculated
from observations gained on 17, 26, or 74 body
areas.

5 Instrumental Assessment
of the Skin Tensile Strength

Skin involvement in systemic sclerosis most often
begins on the acral portion of the limbs, where it
usually remains more prominent than on other
body sites. It would be conceivable to choose
other specific target sites for biomechanical
assessments. However, the physical properties of
normal skin vary greatly depending on the body
site. In addition, computation of many measure-
ments should be performed before recommending
a specific body site other than the forearm for
comparative assessments of acroscleroderma.

The understanding of skin viscoelasticity is so
complex in scleroderma that it is difficult to obtain
anything approaching clean results as obtained by
scrutinizing the molecular structure of the dermis
(Martin et al. 2012). A minimum functional
workup is however recommended as early as in
Raynaud’s syndrome (Pistorius and Carpentier
2012). However, the correct interpretation of
in vivo mechanical measurements requires the
basic knowledge of the overall skin microstruc-
ture, including the arrangement of collagen and

elastic fibers, and their relation to other ECM
components.

In general, the tensile strength, temperature,
and thickness of scleroderma skin have been stud-
ied noninvasively by a series of distinct methods
(Aghassi et al. 1995; Enomoto et al. 1996;
Hermanns-Lê et al. 2001; Pauling et al. 2012;
Reisfeld 1994; Scheja and Akesson 1997; Seyger
et al. 1997; Zhang et al. 2011). It is beyond doubt
that the various tissue thicknesses affect the over-
all tensile strength of the skin in scleroderma.
However, it is hazardous and probably misleading
to use the dermal thickness measured using ultra-
sound methods as a major severity criterion for
scleroderma. Indeed, although the dermis is often
thickened, variations in time are usually large.
When the collagen and elastic fibers are stretched
at rest during the induration phase, cutaneous
edema subsides and skin thickness commonly
decreases.

The real value of measuring the skin tensile
strength in vivo is occasionally uncertain because
confounding factors are not always suspected
clinically. These include regional differences in
the tensile strength, variability due to body site,
posture, and subject age, gender, and cumulative
ultraviolet exposures (Diridollou et al. 2000b;
Schlangen et al. 2003). Anyway, some measure-
ments are very informative (Fett and Werth 2011;
Hermanns-Lê et al. 2013; Piérard et al. 2013b).

Of note, tensile strength of the whole skin is
time dependent. Indeed, when skin is stressed by a
load, the overall response of the organ alters its
shape in a nonlinear way. A rapid extension nor-
mally takes place at first to give way to a visco-
elastic phase with lower extension. When the
force is maintained at a particular level for a
period, further extension, known as the creep or
viscous extension, gradually takes place (Piérard
et al. 2013a). Such phenomenon, resulting from
the recent stress history, occurs when a series of
stresses are consecutively applied and removed at
the same site (Fig. 1). When the deformation
(strain) is maintained for a while (days and
weeks), tissue remodeling progressively takes
place and is responsible for a biological creep
corresponding to relaxation distinct from the
mechanical creep. Because of the above
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considerations, the time-dependent tensile
strength in part depends on the rate of load appli-
cation, the duration for which it is sustained, the
previous stress history, as well as the possible
preconditioning of the site. In scleroderma, the
biological creep and mechanical creep are
reduced, particularly during the sclerotic stage
(Fig. 1).

Hidebinding is the most impressive and typical
change in scleroderma. This feature is not directly
related to the dermal thickening. In fact, it is
difficult to pinch sclerotic skin into a fold. Only
a few noninvasive bioengineering methods ade-
quately assess the deep fixation and induration of
the skin. Among them, the suction method is a
close imitation of lifting the skin between the
fingers for assessing adequately hidebinding
(Piérard et al. 2013b) (Fig. 2). Indeed, an impor-
tant aspect of the global tensile skin functional

properties is tethering of the ECM skin to the fat
layer. In scleroderma it limits the free mobility of
the dermis. The quantitative assessment of skin
toughness in scleroderma using the suction
method is of interest for monitoring both the pro-
gression of the disease and the therapeutic effi-
cacy. A limited number of studies on skin
viscoelasticity have been carried out until now in
patients with scleroderma (Dobrev 1999, 2007;
Fett and Werth 2011; Hermanns-Lê et al. 2013;
Nikkels-Tassoudji et al. 1996; Piérard-
Franchimont et al. 1998). They were performed
in experimental designs using distinct devices in
absence of any standardized protocol. Hence,
results are difficult to compare, even if there is
overall agreement concerning the basic and spe-
cific changes in the viscoelastic properties of skin.

The size of the test area influences the data
(Piérard et al. 1995) which appear conflicting in
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some instances. The superficial dermis of sclero-
derma can be atrophic, and skin distension mea-
sured on a small area (2-mm measuring probe)
increases. By contrast, hidebinding the skin to
underlying tissues is responsible for low distensi-
bility when measured on a larger surface area. The
resistance to vertical stress is essentially due to the
dermis rather than the hypodermis, although the
relative contribution of each is not easily distin-
guished. The subcutaneous fat compartment is
likely more involved by high suction forces
applied to large surface areas than by lower suc-
tion to smaller surface areas. The main alterations
in scleroderma being localized in the reticular
dermis and hypodermis, a large measuring probe
and a high suction force might appear to yield
more relevant information (Hermanns-Lê
et al. 2013). At all stages of scleroderma, the
overall skin distensibility decreases. This func-
tional characteristic is linked to the stretching of
the collagen fibers and reflects the skin induration
and the deep tethering. The viscoelastic ratio is
highly variable among patients and even in time in
a given patient. This aspect is ascribed in part to
fluctuations in dermal edema and ECM load in
proteoglycans. The immediate retraction ability
following the suction release is often decreased.
The biological elasticity is either unmodified or
increased, particularly during the terminal scle-
rotic phase of the disease.

Individual values in scleroderma can be com-
pared to the 10th and 90th percentiles of the nor-
mal reference population. According to the
evolution in time of the viscoelastic parameters
relevant to the clinical presentation, four rheolog-
ical stages of acroscleroderma were tentatively
proposed. They corresponded to the incipient,
progressive, overt, and regressive stages, respec-
tively (Piérard et al. 2013b).

6 Assessment of Therapeutic
Efficacy

Objective evaluations of skin stiffening have
obvious advantages over subjective clinical rat-
ing. It is an adjunct to the range of biological and
functional evaluations already in use for estimat-
ing internal organ involvement by scleroderma.
The therapeutic efficacy is commonly different on
the different organs affected by scleroderma. For
instance, improvement in pulmonary function is
not usually correlated with recovery of skin
mobility.

Any decrease in skin stiffness in scleroderma
does not occur spontaneously or under various
ancillary treatments. Only a few clinical studies
have reported therapeutic improvements of
scleroderma Beyer et al. (2012). They await con-
firmation using criteria of evidence-based
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medicine (Andres et al. 2010; Herrick et al. 1994;
Humbert et al. 1990, 1993; Piérard et al. 2013c).
Owing to the natural course of acroscleroderma,
any therapy resulting in stabilization of the skin
involvement should be regarded as beneficial. A
drug yielding a prominent regression of cutaneous
sclerosis is not yet available.
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1 Introduction

The skin is the largest organ in the human body
and provides a number of protective, sensory, and
regulatory functions (Kanitakis 2002). It is a com-
posite tissue comprised of three main layers
(Wilkes et al. 1973): (i) the epidermis, a thin
layer of cells that undergo continuous renewal
and migration toward the external surface;
(ii) the dermis, comprising of collagen and elastin
fibrous networks embedded within a proteoglycan
matrix to provide the skin with its mechanical
stability; and (iii) the hypodermis, the deepest
layer composed mainly of adipose tissue, with
the role of insulation, energy storage, and shock
absorption.

Being a composite tissue, the human skin
exhibits a complex, highly nonlinear, anisotropic,
viscoelastic, and heterogeneous mechanical
response. The overall mechanical behavior of the
skin is largely dependent on the tissue composi-
tion and the properties of its individual constitu-
ents. The major load-bearing tissue component in
the skin is collagen, making up 60 % to 80 % of
dry tissue weight (Wilkes et al. 1973). In contrast,
elastin fibers (1 % to 4 % of dry tissue weight)
enable the skin to elastically recoil upon
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stretching (Carton et al. 1962) and, together with
the proteoglycan ground matrix, determine the
overall mechanical response of the skin at low
strains (Daly 1969; Harkness and Harkness 1959).

Some of the first measurements of skin prop-
erties were made as early as 1880. In his classical
study using human cadavers, Langer measured
the shape of elliptical wounds created from circu-
lar punctures of the skin (Langer 1861; for English
translation refer to Langer 1978). The observation
of such direction-dependent opening of wounds
suggested that in vivo skin exists in a state of
inherent nonuniform pretension. Histological
studies later discovered that the directions of
these tension lines are associated with the under-
lying collagen fiber arrangement (Ridge and
Wright 1966; Cox 1941).

The typical stress-strain response of the skin,
and how it relates to the geometric arrangement of
the collagen network, have been well established
in early histological studies (Craik and McNeil
1964; Daly 1966; Finlay 1969). As shown in
Fig. 1, the stress-strain response consists of three
main phases. In phase I, the majority of the colla-
gen fibers are initially undulated. The gradual
increase in stress with strain is thought to corre-
spond to the reorientation of undulated fibers
toward the axis of loading before straightening.
The gradual stiffening observed in phase II is
mainly due to an increasing number of realigned
fibers beginning to bear load as they become
straightened and stretched. Since there exists a
varying degree of fiber undulation, the distinct

nonlinear response of the skin is attributed to
this gradual recruitment of fibers resisting tension
at different stages of deformation. On the other
hand, the anisotropic response is thought to be the
result of the nonuniform distribution of fiber ori-
entation. Phase III shows a linear stress response
at higher strains. At this stage, the majority of
fibers are stretched along the axis of loading;
thus, the mechanical response is mostly depen-
dent upon the intrinsic mechanical properties of
the fibers.

Being the physical barrier between the body
and the external environment, knowledge of the
mechanical behavior of skin is relevant across
many medical applications. Orientations of
Langer’s lines have become important consider-
ations when planning surgical incisions to mini-
mize scarring of the skin tissue (Borges and
Alexander 1962). Recently, finite element
(FE) models of the skin have been used to predict
appearance outcome and stress distributions of
surgical incisions (Yoshida et al. 2000, 2001;
Buganza Tepole et al. 2014a; Flynn 2010; Lott-
Crumpler and Chaudhry 2001) and facial surgery
(Cavicchi et al. 2009; Koch et al. 1996; Keeve
et al. 1998). Similarly, understanding skin friction
mechanisms is important for the prevention, and
design of treatment, for pressure ulcers (Derler
and Gerhardt 2012).

Advances in tissue engineering have led to the
development of biomaterials for the treatment of
skin injuries such as severe burns and large nevi
(Wood 2011). Successful outcomes of using skin

Fig. 1 A typical stress-
strain response of human
skin. Scanning electron
microscope images of
parallel sections of the
dermis reveal the
organization of collagen
fibers corresponding to each
loading phase (Reproduced
from Brown (1973))
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replacement rely critically on accurate knowledge
of the mechanical properties of natural, healthy
skin (MacNeil 2007). Together with mechanical
testing of in vitro collagen scaffolds (Blackwood
et al. 2008), accurate computational modeling of
the skin can shed light on the mechanisms of
wound healing, scar formation, and skin graft
contraction (Harrison and MacNeil 2008). In
addition, there has been growing interest in
using skin measurements and modeling to inform
the design of consumer products (Hendriks and
Franklin 2009) and medical devices (Taberner
et al. 2012; Groves et al. 2012) across the phar-
maceutical, cosmetics (Paye et al. 2007; Sandford
et al. 2013), and animation (Hung et al. 2009;
Edward et al. 2012) industries.

Computational modeling is a powerful tool for
developing a quantitative understanding of skin
mechanics. Furthermore, accurate characteriza-
tion of skin mechanics is important for modeling
the mechanical behavior of other organs and tis-
sues that are tightly tethered to the skin, such as
the breast (Lee et al. 2013) and foot (Fontanella
et al. 2014). Here, we present a summary of state-
of-the-art biomechanical models of the skin, with
an emphasis on structurally based constitutive
models that can provide useful insights into the
tissue structure-function relationship. The success
of applying constitutive models often critically
relies on accurate and quantitative measurements
of skin tissue structural and mechanical proper-
ties. We review the current approaches in measur-
ing skin properties and discuss the challenges
associated with integrating computational model-
ing with experimental data measurements.

2 Constitutive Modeling
of the Skin

Numerous constitutive models have been devel-
oped to describe the mechanical characteristics of
the skin. These constitutive models have various
functional forms due to specific assumptions
related to skin properties (such as nonlinearity,
anisotropy, viscoelasticity, and the deformation
modes). Skin constitutive models can be divided
into two main categories: (i) phenomenological

models that use mathematical functions to provide
best fits to measured experimental data and
(ii) structural models that relate constitutive
parameters directly to the underlying geometric
and mechanical properties of individual tissue
components.

2.1 Phenomenological Models

Early phenomenological models were derived
from uniaxial tensile tests (Ridge and Wright
1966; Daly 1966; Tong and Fung 1976; Kenedi
et al. 1965). Some phenomenological models
describe the mechanical response of the skin by
its Young’s modulus using a linear elastic formu-
lation (Manschot and Brakkee 1986; Agache
et al. 1980; Bader and Bowker 1983; Diridollou
et al. 2000; Delalleau et al. 2008a). A variety of
experimental studies have demonstrated that the
mechanical response of the skin is highly
nonlinear (Lanir and Fung 1974; Flynn
et al. 2011a; Meijer et al. 1999); therefore, the
linear elastic approach is an oversimplified repre-
sentation unless a narrow strain range is specified.
More recent strain-invariant-based models have
assumed nonlinear, isotropic mechanical proper-
ties in the form of Mooney-Rivlin (Hendriks
et al. 2003; Shergold et al. 2006) and Ogden
models (Shergold et al. 2006; Flynn et al. 2011b, c;
Evans and Holt 2009).

The observed nonlinear stiffening with
increasing strain in the skin was represented in
the 13-parameter model proposed by Tong and
Fung (1976), based upon their classical biaxial
tensile experiments of rabbit skin. This model
has also been used to characterize the mechanical
response of in vivo human skin (Flynn
et al. 2011b; Kvistedal and Nielsen 2009). Several
other nonlinear phenomenological models have
been proposed (Veronda and Westmann 1970;
Bischoff et al. 2000), and although most are able
to provide relatively good fits to the measured
experimental skin data, their constitutive parame-
ters generally do not represent any physical attri-
butes of skin tissues. Thus, interpretation of these
parameters and models provides limited predic-
tive capability or insight into the relationship
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between tissue microstructure and macroscopic
mechanical properties of the skin.

2.2 Structural Models

The macroscopic mechanical response of the skin
is determined by the organization of its structural
constituents, and this has motivated the develop-
ment of structurally based constitutive models of
the skin (Manschot and Brakkee 1986; Decraemer
et al. 1980; Diamant et al. 1972; Comninou and
Yannas 1976). The pioneering studies of Lanir
and colleagues were the first to comprehensively
incorporate the geometric and mechanical proper-
ties of individual microstructural components into
a constitutive model of the skin (Lanir 1979,
1983). Using this approach, the total strain energy
of the tissue is assumed to equate to the sum of the
strain energies of the collagen and elastin fiber
networks embedded within a proteoglycanmatrix.
Individual fiber components are assumed to be
initially undulating, and only begin to resist ten-
sion when completely straightened and stretched.
Continuous statistical distributions are used to
mathematically represent the variations in fiber
orientation and undulation. This structural model
has been used to characterize the uniaxial
response of in vitro rat skin (Belkoff and Haut
1991), in vivo human skin (Meijer et al. 1999),
and multiaxial experiments of in vitro pig skin
(Jor et al. 2011a). The structural approach has
been widely applied in modeling a range of other
body organs and tissues, including the myocar-
dium (Horowitz et al. 1988), heart valves (Billiar
and Sacks 2000a; Sacks et al. 2006), and pericar-
dium (Sacks 2003).

The use of statistical distributions to represent
variations in fiber orientation and undulation is
relatively complicated. To address this,
invariant-based approaches to structural models
have been developed to represent the straighten-
ing of collagen fibers using exponential functions
instead of statistical distributions (Gasser
et al. 2006; Holzapfel and Gasser 2000). The
Gasser-Ogden-Holzapfel (GOH) model was ini-
tially applied to characterize the mechanics of
arterial walls (Holzapfel et al. 2002), myocardium

(Holzapfel and Ogden 2009a), aortic valves
(Freed et al. 2005), in vitro human skin (Annaidh
et al. 2012; Tonge et al. 2013), and skin flaps
(Buganza Tepole et al. 2014b). In addition,
closed-form analytic expressions have been pro-
posed to describe fibers modeled with a vonMises
orientation distribution and an exponential stress-
strain function (Raghupathy and Barocas 2009).
Such analytic solutions are only attainable for
certain statistical distributions and cannot
describe variations in fiber undulation (Fan and
Sacks 2014). Flynn et al. developed a discrete
six-fiber model that can be integrated to provide
analytic formulations of the strain energy func-
tions (Flynn et al. 2011d). In this model, six
weighted collagen-elastin fiber bundles are ori-
ented such that they pass through opposing verti-
ces of an icosahedron. Collagen fiber undulation
is described by a step function, while elastin fibers
are modeled using a neo-Hookean constitutive
relation. This model provided good fits to biaxial
rabbit skin and uniaxial pig skin tensile measure-
ments. However, one limitation of the model is
that the weights of the fibers did not provide a pure
representation of anisotropy (i.e., isotropy was not
achieved when the weights of all fibers were
equal). A generalized invariant model (Flynn
and Rubin 2012) was later developed to overcome
this limitation, although it led to larger errors
compared with their earlier model when fitted to
the same sets of data.

A transversely isotropic constitutive model
(Groves et al. 2013), consisting of three fiber fam-
ilies embedded within an isotropic Veronda-
Westmann ground matrix (Veronda and Westmann
1970), was recently used to simulate the uniaxial
mechanical response of in vitro human and murine
skin. The anisotropic nature of the model, initially
proposed by Weiss et al. (1996), was described by
three fiber families, and the straightening of fibers
was represented by an exponential function. Like
many other structurally based constitutive models
that are able to provide good fits to experimental
measurements, this model involves a large number
of constitutive parameters (in this case, 14 parame-
ters without considering viscoelasticity), which
makes and typically non-unique identification of
parameters difficult.
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2.3 Time-Dependent Models

The skin is known to exhibit time-dependent
mechanical properties, due to effects such as vis-
coelasticity and preconditioning (Lokshin and
Lanir 2009a). Viscoelasticity is thought to be
due to the shearing interaction between fibers
and the ground matrix, dissipative friction of
fibers, and displacement of the interstitial fluid
(Wilkes et al. 1973; Oomens et al. 1987; Silver
et al. 2001). Preconditioning describes the reduc-
tion in maximum stress with load cycling until a
repeatable response is observed (Fung 1993). This
phenomenon has been observed in both in vitro
and in vivo skin (Lanir and Fung 1974).

Bischoff et al. modeled the force-stretch
response of collagen in the skin using an
invariant-based eight-chain model (Bischoff
et al. 2000), initially proposed by Arruda and
Boyce for simulating the response of elastomers
(Arruda and Boyce 1993). Although being able to
provide relatively good fits to uniaxial in vitro
human and rat skin (Belkoff and Haut 1991; Gun-
ner et al. 1979; Dunn et al. 1985), this model was
not able to simulate the effects of the ground
matrix and the anisotropic response caused by
the collagen fibers. Instead, anisotropy was
modeled by adding an anisotropic prestress state
to an isotropic constitutive model. In more recent
studies, anisotropic and time-dependent effects
were introduced using a three-element rheological
formulation (Bischoff et al. 2004) or by assuming
quasi-linear viscoelasticity at the fiber level
(Bischoff 2006).

Few models of skin mechanics have consid-
ered preconditioning effects. Rubin et al. used an
empirical approach to model facial skin as a com-
posite of elastic and dissipative components
(Rubin and Bodner 2002; Rubin et al. 1998).
Lokshin and Lanir proposed a comprehensive
structural constitutive formulation that incorpo-
rates several characteristics of skin mechanics
(including nonlinearity, anisotropy, viscoelastic-
ity, and preconditioning effects) (Lokshin and
Lanir 2009a, b). Building upon earlier models
(Lanir 1983), this approach assumes quasi-linear
viscoelasticity for both the collagen and elastin
fiber networks. Preconditioning is accounted for

using two approaches: for collagen fibers, it is
assumed that preconditioning results in an
increase in the fiber stress-free length while the
slope of the stress-strain curve remains
unchanged; for elastin fibers, preconditioning is
suggested to occur via strain softening of the
elastin fibers (i.e., the fiber stress-free length
remains unchanged). This model was shown to
provide good fits to in vitro uniaxial rat and biax-
ial rabbit skin data. Although the model requires
31 constitutive parameters for the biaxial case,
inter-sample variance of the estimated parameters
was small compared to other phenomenological
models. Parametric analysis demonstrated that
most parameters were significant contributors to
the model, with the strongest being the fiber ori-
entation and undulation distributions, the fiber
stress-strain relationship, and the viscoelasticity
and preconditioning effects.

3 Skin Measurements
for Mechanics Characterization

Biomechanical modeling of the skin can be a
useful technique for predicting the in vivo stress
state, which is difficult to measure. The develop-
ment of constitutive models that reflect the intrin-
sic complex mechanical properties of the skin is
not a trivial task. Although state-of-the-art struc-
tural models are capable of representing a wide
range of skin characteristics, reliable identifica-
tion of the constitutive parameters remains a
major challenge. This is because there are typi-
cally a large number of parameters that need to be
determined, and these parameters are often corre-
lated for any given set of experimental data. Fur-
thermore, application of computational models is
often hindered by the lack of quantitative and
in vivo experimental data on skin mechanics.

Using numerical-experimental approaches
(e.g., inverse FE analysis), identification of con-
stitutive parameters is performed through mini-
mizing the differences between experimental and
model-predicted data. Nonunique estimates may
arise due to correlation between constitutive
parameters, resulting in multiple local minima
with similar goodness of fit. In addition,
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parameter estimates often exhibit large inter-
specimen variation (Tonge et al. 2013), which is
in part attributed to the large variability in struc-
tural characteristics across individuals or speci-
mens. Since parameters of structural models
typically have a physical interpretation (e.g.,
fiber orientation, undulation, density), measure-
ments of skin microstructure can be directly incor-
porated into these models to reduce the number of
unknown parameters requiring numerical estima-
tion. However, surprisingly few studies have
explored the full potential of integrating skin mea-
surements into structural models, mainly due to
the challenges associated with quantifying tissue
structure in skin.

Accurate characterization of skin mechanics
requires a model-based approach for the analyses
and interpretation of skin measurements. For such
investigations, it is important to consider (1) quan-
titative measurements of skin tissue structure, ide-
ally performed using noninvasive in vivo imaging
modalities, and (2) force and deformation mea-
surements from in vivo skin subjected to rich sets
of three-dimensional (3D) deformations. To
obtain such skin measurements, there is a need
to develop sophisticated imaging techniques and
instrumentation and integrate these into a compu-
tational modeling framework.

3.1 Measurements of Skin Structure

3.1.1 Invasive Imaging
From early histological studies, the geometric
arrangement of collagen fibers has been shown
to play an important role in determining the
mechanical response of soft tissues (Craik and
McNeil 1964; Finlay 1969; Brown 1973). For
this reason, knowledge of collagen orientation in
soft tissues has been of great interest over the
years.

A number of studies described the degree of
collagen fiber anisotropy using a relative index of
collagen alignment. Fiber anisotropy was quanti-
fied by either (1) fitting ovals to binary, cross-
sectional images of the skin using polarized light
and taking the major axes of the fitted ovals as the
alignment index parameter (Melis et al. 2002), or

(2) performing Fourier analysis and using the
width-height ratio of the power spectrum as an
estimate of the alignment index (Noorlander
et al. 2002; van Zuijlen et al. 2002). An alignment
index of zero (or one) represents an isotropic
(or aligned) distribution of fibers, respectively.
Although being a quantitative measure of fiber
anisotropy, these techniques do not characterize
the absolute fiber orientations with respect to the
body axes, as required for use in structural consti-
tutive modeling based on statistical distributions.

The well-known small angle light-scattering
(SALS) imaging technique (Sacks et al. 1997)
was developed by Sacks et al. to quantify collagen
orientations in samples of soft connective tissues,
such as the pericardium and heart valves. This
technique uses a laser to illuminate the tissue,
and the resulting scattering of light by the fibrous
structures is measured. The angular distribution of
collagen fibers is directly correlated to the angular
distribution of the scattered light. Although the
SALS technique can provide experimentally mea-
sured angular distributions of collagen fibers for
direct incorporation into structural models of var-
ious thin soft tissues (Sacks et al. 2006; Sacks
2003; Sacks and Gloeckner 1999; Sacks and Sun
2003), it has been shown that this technique is not
suitable for detecting scattered light from consid-
erably thicker tissue such as the skin (Meijer
et al. 1999). The SALS technique is also limited
to quantification of fiber orientations in the plane
of the membrane specimen.

Most conventional high-resolution imaging
modalities are limited to relatively small spatial
scales (i.e., in the order of hundreds of microns).
For imaging tissue structures over larger spatial
scales, additional issues associated with image
registration and distortion must be addressed. To
this end, Jor et al. used extended-volume confocal
laser scanning microscopy (CLSM) to image col-
lagen in porcine skin over a field of view of 3 mm
by 2 mm (Jor et al. 2011b). Skin sections were
stained with picrosirius red, which is a collagen-
specific stain. An oblique arrangement of collagen
fiber bundles between the epidermis and hypoder-
mis was observed in transverse confocal images
(see Fig. 2). To extract quantitative measurements
of fiber orientation, a structure-tensor approach
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(Jahne 2004) (based on first-order derivatives of
the image) was implemented. Orientation data
were subsequently fitted to a bimodal, von Mises
distribution. Using this approach, fiber orienta-
tions could be directly incorporated into a struc-
tural constitutive modeling framework using a
simple two-parameter mathematical representa-
tion. Ni Annaidh et al. performed bright-field
microscopy imaging of excised human skin
taken parallel to the epidermis, with the collagen
fibers rendered visible using a van Gieson stain
(Annaidh et al. 2012). Collagen orientation was
quantified using automated imaging techniques,
and similar to the work of Jor et al., the measured
fiber orientations were fitted to von Mises distri-
butions for use in a structurally based constitutive
model of skin.

3.1.2 Noninvasive In Vivo Imaging
Conventional microscopy techniques involve
excising tissues into thin sections, offering the
ability to image tissues with high spatial resolu-
tion and to resolve structures deep in the tissues.
Routine histology procedures involve tissue sec-
tioning, fixation, and staining, all of which may
cause undesirable changes in tissue morphology
or its mechanical behavior. In addition, tissue
biopsies required for clinical diagnosis are time-
consuming and can be painful for the patient. For
these reasons, major research efforts have recently
been directed toward noninvasive imaging of the
skin. Noninvasive imaging may improve

diagnostic capabilities in clinical settings by pro-
viding real-time, patient-specific tissue structural
information.

The common noninvasive high-resolution
imaging modalities for skin tissues include confo-
cal laser scanning microscopy (CLSM), optical
coherence tomography (OCT), and two-photon
microscopy (TPM). CLSM allows optical section-
ing of the tissue by using point illumination and a
pinhole to eliminate out-of-focus signal. High res-
olution in both the planes parallel (0.5 μm to
1.0 μm) and perpendicular (3 μm to 5 μm) with
respect to the skin surface is usually achieved.
However, penetration depth in the skin has been
limited to �350 μm (i.e., the superficial papillary
dermis region) (Rajadhyaksha et al. 1999). This is
mainly due to increased scattering in deeper skin
layers, resulting in a reduction of the signal-to-
noise ratio with increasing imaging depth (Neerken
et al. 2004). In vivo CLSM has been used for
imaging different structures within both normal
(Rajadhyaksha et al. 1995, 1999) and diseased
(Scope et al. 2007; González et al. 2006) skin,
including epidermal cells, collagen network in the
papillary dermis, blood vessels, sebaceous glands,
and hair follicles. However, analyses of CLSM
images remain qualitative to date. There is no
quantitative description of collagen geometric
arrangement using in vivo CLSM.

OCT is a real-time imaging modality based
upon measurements of reflected light as a function
of depth (Schmitt 1999; Welzel 2008). Compared

Fig. 2 High-resolution
CLSM imaging of
transverse sections of
in vitro porcine skin,
showing a distinct lattice
organization of collagen
fibers in the reticular dermis
region (Reprinted with
permission from Jor
et al. (2011a))
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with CLSM, OCT has a greater tissue penetration
depth of up to 2 mm (Pierce et al. 2004a), with
in-plane resolution in the order of 10 μm. OCT
imaging has been extensively used to image tissue
structures of in vivo human skin (Welzel 2008;
Mogensen et al. 2009). In particular, polarization-
sensitive OCT (PS-OCT) takes advantage of the
intrinsic birefringent properties of collagen
(De Boer et al. 1997, 1999; Pierce et al. 2004b;
Saxer et al. 2000). Because collagen has the abil-
ity to alter the polarization state of light, PS-OCT
can be used to quantify tissue damage by measur-
ing changes in the polarization state of the
reflected light. It has been shown that changes in
birefringence occur with aging (Sakai et al. 2008),
thermal denaturation of collagen fibers associated
with burns (Pierce et al. 2004c; Park et al. 2001;
Kaiser et al. 2011), and the development of basal
skin carcinoma tumors (Strasswimmer
et al. 2004). Thus, PS-OCT has the potential to
reflect the state of health of the skin by providing
additional information on the structural integrity
of the collagen network.

On the other hand, TPM uses femtosecond,
near-infrared (680 nm to 1,100 nm) lasers to
enable high-resolution deep imaging of tissues
without the need for staining or external markers
(Perry et al. 2012; So et al. 2000; Helmchen and
Denk 2005). The laser is focused through the
objective lens to ensure that excitation of fluores-
cence is confined to the objective’s focal volume.
Penetration depth differs for various types of soft
tissues. Imaging depth greater than 1 mm is attain-
able for highly transparent tissue such as the cor-
nea, whereas penetration depth is limited to 200
μm to 300 μm for highly scattering tissues such as
the skin (So et al. 2000). There are two types of
TPM nonlinear signals: two-photon excitation
fluorescence (TPEF) and second harmonic gener-
ation (SHG) (Masters et al. 1998; Baldewecka
et al. 2012; Konig and Riemann 2003; Jiang
et al. 2011; Raub et al. 2007). Since both tech-
niques involve two photons interacting with the
target material, TPEF and SHG signals are typi-
cally acquired simultaneously during imaging and
later distinguished using spectral emission filters.
The intrinsic fluorophores within both the epider-
mis (e.g., flavins, keratin, and melanin) and the

elastin network contribute to the TPEF signal,
while the collagen network is responsible for gen-
erating a strong SHG signal due to its
non-centrosymmetric triple helix structure. It is
thus possible to image both elastin and collagen
networks simultaneously, by separating the TPEF
and SHG signals, respectively. Upon heating, the
structure of the collagen molecule changes to a
centrosymmetric random coil, which leads to a
reduction in SHG signal intensity. Thus, SHG
microscopy has been used to qualitatively observe
structural changes in collagen caused by thermal
denaturation in various tissues, such as the dermis
(Yasui et al. 2010; Lin et al. 2006), cornea (Lin
et al. 2005), and tendons (Sun et al. 2006).
Recently, in vivo SHG microscopy has been
used for assessing burns by analyzing SHG
vanishing patterns to quantify the extent of ther-
mal denaturation of dermal collagen (Tanaka
et al. 2013).

Since there are clear differences in both the
penetration depth and the imaging resolution for
CLSM, OCT, and TPM, each imaging modality
reveals different information on tissue structure.
While OCT imaging provides the greatest penetra-
tion depth, it can be difficult to distinguish individ-
ual tissue structures due to low in-plane resolution.
Instead, OCT provides a measurement of the opti-
cal structural heterogeneities within the tissue
(Neerken et al. 2004). In addition, CLSM and
TPM provide images parallel to the skin surface,
whereas OCT imaging typically results in trans-
verse views through the depth of the skin. To pro-
vide a comprehensive understanding of skin
structure, it is advantageous to develop multimodal
imaging techniques to combine complementary
measurements from various imaging modalities
(Neerken et al. 2004; Masters and So 2001; Yeh
et al. 2004).

Current in vivo imaging modalities provide
promisingmeans to visualize subsurface skin struc-
tures. However, there remains a need to develop
techniques to enable imaging depth that spans the
complete dermis layer, which is necessary for char-
acterizing the collagen network. Recent develop-
ments in photoacoustic microscopy (PAM) have
enabled high-resolution imaging deeper than
1 mm below the skin surface (Zhang et al. 2006).
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PAM involves the detection of sound waves emit-
ted by the vibration of objects when they reflect
light energy. Although in vivo PAM has not been
shown to reveal collagen structure, it provides addi-
tional functional information such as angiogenesis
and oxygen saturation (Kaiser et al. 2011). Multi-
modal imaging that integrates PAM with OCT has
been used to investigate the microanatomy and
microvasculature in mouse ears (Jiao et al. 2009).
In addition, techniques to integrate noninvasive
imaging with mechanical testing of tissues have
the potential to reveal important information
about structural changes in the fibrous network
during mechanical loading (Zoumi et al. 2004;
Gusachenko et al. 2012). Image analyses tech-
niques require further development in order to bet-
ter correlate in vivo images with conventional
histology and to quantify parameters from images
for incorporation into structurally based constitu-
tive models of the skin.

3.2 Measurements of Skin
Mechanics

Precise mechanical experimentation is essential
for the accurate parameterization of constitutive
models. Such accuracy relies on tight control of a
selected deformation protocol, its associated
boundary conditions, and its replication in com-
putational models. Traditional tissue characteriza-
tion studies were performed in vitro. As discussed
earlier, excision of tissue for in vitro experimen-
tation can alter the structure, loading environment,
and mechanical properties of the skin, such as
prestress and humidification from underlying tis-
sues. It is currently not possible to completely
replicate in vivo boundary and environmental
conditions; thus, we rely on in vivo experimenta-
tion for a complete characterization of the skin.

Choosing certain deformation modes can
reduce the complexity of boundary conditions
that must be recreated in computational models.
For in vivo studies, relatively straightforward
boundary conditions are provided by simple, con-
trolled deformation modes such as extension
and/or compression along one axis (Gunner
et al. 1979; Coutts et al. 2013; Lim et al. 2008;

Jacquet et al. 2008; Gahagnon et al. 2012) or two
axes (Kvistedal and Nielsen 2009; WanAbas
1994), torsion (Escoffier et al. 1989; Leveque
et al. 1984; Salter et al. 1993; Finlay 1970;
Duggan 1967), suction (Delalleau et al. 2008a,
2009; Hendriks et al. 2003, 2006; Viatour
et al. 1995; Krueger et al. 2011; Sutradhar and
Miller 2013; Woo et al. 2014), indentation
(Groves et al. 2012; Bader and Bowker 1983;
Flynn et al. 2011d; Flynn and Rubin 2012;
Bischoff et al. 2004; Boyer et al. 2009; Zahouani
et al. 2009; Flynn and McCormack 2010; Tran
et al. 2005; Moerman et al. 2009; Pailler-Mattei
et al. 2008; Delalleau et al. 2006), ballistometry
(Woo et al. 2014; Fthenakis et al. 1991), and shear
wave propagation (Paye et al. 2007; Zhang and
Greenleaf 2007; Zhang et al. 2008; Verhaegen
et al. 2010). Each method identifies certain
aspects of skin behavior, but development is still
required to completely characterize the 3D
mechanical properties of the skin. This section
describes various deformation modes that have
been reported in recent literature and identifies
some possible improvements for experimental
instrumentation.

Early experimental studies of in vivo skin
adapted the extensometry tests developed for
in vitro tissues (Lanir and Fung 1974) and elasto-
mers (Rivlin et al. 1951; Treloar et al. 1976).
Extensometry tests stretch the skin within the
plane of the surface and can identify the stress-
strain anisotropy within the surface plane. In vivo
extensometry tests typically produce stiffer mea-
sures than their in vitro counterparts, primarily
due to the pretension of the skin. Studies where
the extensometer probe tips were shielded from
the surrounding tissue have helped to reduce the
disparity in such observations (Lim et al. 2008;
Jacquet et al. 2008). Biaxial extensometry was
thought to provide complete 3D stress-strain char-
acterization, assuming the skin is incompressible.
Lanir and Fung (1974) reported that the change in
the third dimension of an incompressible material
can be fully described by the deformations in the
other two dimensions. This interpretation has
been widely adopted in the literature (Gunner
et al. 1979; Lim et al. 2008; Gahagnon
et al. 2012; Delalleau et al. 2008b; Billiar and
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Sacks 2000b; Bismuth et al. 2014). However,
Holzapfel and Ogden (2009b) demonstrated,
with the use of invariants, that biaxial testing
alone is not enough to characterize the 3D
response of an orthotropic material, regardless of
incompressibility. While biaxial extensometry
offers useful characterization within the surface
plane, further deformation protocols are required
for full 3D characterization of skin properties.

Suction devices are perhaps the most widely
adopted tools quoted in the literature to date. A
negative pressure is imparted on the skin surface
and the resulting elevation is measured. These
instruments are often used in clinical studies
(Jachowicz et al. 2008; Piérard et al. 2013,
2014a, b; Boyer et al. 2012; Luebberding
et al. 2014; Ohshima et al. 2013; Osmola‐
Mańkowska et al. 2013; Bonaparte and Ellis
2014) as they provide readily interpretable mea-
sures of the bulk properties of skin with good
inter-operator repeatability. Typical clinical mea-
sures include viscous and elastic properties of
bulk tissue. Although the design of suction
devices offers some degree of boundary con-
straint, studies sometimes include additional
guard rings (Piérard et al. 2014a). A useful feature
of suction tests has been demonstrated by
Hendriks et al. (2006), who showed that different
skin layers could be recruited to the overall
mechanical response by changing the diameter
of the suction device. Ultrasound imaging through
the skin layers demonstrated that probes of 2 mm
diameter elicited a response only from the most
superficial structures, while the dermis was grad-
ually recruited with increasing suction diameter.
Devices presented in the literature typically pro-
vide single-point measures of surface deflection,
rather than making multiple measurements across
the skin surface. As such, in the absence of defor-
mation or shape information, suction methods are
incapable of resolving anisotropy. Therefore,
experimental data from suction devices are typi-
cally interpreted using simple models (Delalleau
et al. 2008a, 2009; Hendriks et al. 2003, 2006;
Viatour et al. 1995; Sutradhar and Miller 2013;
Woo et al. 2014). The availability of commercial
products such as the Cutometer® SEM 575®

(Courage +Khazaka Electronic GmbH, Koln,

Germany) and Dermaflex® (Cortex Technology,
Hadsund, Denmark) has ensured that this mode of
deformation remains popular in current research.

Indentation devices have also been used to
extract material properties of individual layers
(Jachowicz et al. 2007). In these experiments,
the diameter of an indenter probe tip was varied.
Typical indentation experiments are incapable of
measuring anisotropy, due to limited deformation
measurements and the use of symmetric heads.
Anisotropy may be identified if multiple surface
or volume measurements are made, or through the
use of asymmetric heads. Bischoff et al. proposed
the use of an asymmetric head to enable aniso-
tropic characterization, whereby a series of inden-
tations were performed at one site, with the head
placed at different orientations (Bischoff
et al. 2004). This method has not been demon-
strated on the skin but has been successfully
applied to anisotropic softgels (Namani
et al. 2012). Flynn et al. presented an indentation
robot that could perform complex 3D deformation
profiles (Flynn et al. 2011a, c, 2013) (see Fig. 3).
These tests demonstrated the nonlinear, viscoelas-
tic, and anisotropic properties of the skin on the
forearm, upper arm (Flynn et al. 2011a, c), and
face (Flynn et al. 2013). Recent studies have
focused at the tens of micron scale of epidermal
cells (Crichton et al. 2013), which is important for
characterization of the topmost cell layers of the
skin (Boyer et al. 2009; Boyer and Zahouani
2007; Kendall et al. 2007). Further indentation
studies have attempted to characterize the
dynamic response of the skin, parameterizing
skin into mass, stiffness, and damping terms
using sinusoidal deformation perturbations
(Boyer et al. 2009) as well as stochastic perturba-
tions (Sandford et al. 2013; Chen and Hunter
2012, 2013). These models treat the skin as a
single layer but may prove useful in applications
such as microneedle and needle-free transdermal
drug delivery (Sandford et al. 2013).

Studies spanning from the 1960s to the 1990s
have used torsion tests to characterize the mechan-
ical response of the skin (Escoffier et al. 1989;
Salter et al. 1993; Finlay 1970; Duggan 1967).
Several studies used the Dermal Torque Meter™
(Dia-Stron Ltd., Andover, UK), which includes a
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nonmoving guard ring to separate a region of the
skin from the surrounding tissues and a rotational
probe to provide measures of elasticity. Torque
meters are designed to preferentially assess the
mechanical properties of the stratum corneum
and remaining epidermal sub-layers by limiting
deformations to above the dermis, in the plane
parallel to the skin. De Rigal and Lévêque showed
that by reducing the size of the torsional probe, the
effect of epidermal hydration on the stress-strain
response was increased, supporting the hypothe-
sis that these devices preferentially measure the
epidermal response (de Rigal and Leveque 1985).
Torque meters have been shown to be more sen-
sitive to epidermal hydration than the Cutometer®

(Murray and Wickett 1997). However, torsion
devices seem to have fallen out of favor, possibly
due to their inability to measure anisotropy and
their relatively isolated response limited to the
epidermal layer.

An expanding field of work has started utiliz-
ing shear waves or surface acoustic waves for skin
measurements. The Reviscometer® (Courage
+Khazaka Electronic GmbH, Koln, Germany) is
a product designed to characterize the anisotropy
within the surface plane. This probe includes an
emitter needle sensor that induces acoustic shear
waves at the surface of the skin, and a receiver
needle sensor that measures the time for the wave

to propagate from the emitter to the receiver. This
time delay is reported to be inversely proportional
to tissue density and stiffness. From such mea-
surements, the degree of fiber alignment, and thus
anisotropy, can be interpreted. In vivo studies using
this method tend to have been applied to clinical
analyses (Paye et al. 2007; Verhaegen et al. 2010;
Neto et al. 2014), rather than to constitutivemodels.
However, Zhang et al. (2008) and Zhang and
Greenleaf (2007) used their own surface wave
tool to generate vibrations between 100 Hz and
400 Hz, and the resulting data were interpreted
using a Voigt model, which produced estimates of
shear elasticity and shear viscosity of the skin. Li
et al. (2012a) presented a method that used a
piezoceramic actuator to create impulses that were
measured using OCT and interpreted the measure-
ments using a linear constitutive model. Chen
et al. (2014) suggested a laser-induced surface
acoustic wave device, which was simulated in a
FE model of skin containing a melanoma. Similar
devices have been developed for other soft mate-
rials, such as an air-pulse-derived surface wave
system used on corneal tissue-mimicking gel phan-
toms (Wang et al. 2013), ex vivo myxoma, and
adipose tissue (Wang et al. 2012). The utility of
these devices is limited in that they do not impose
large strains on the tissue. Unless an external device
imposes larger deformations, these devices are

Fig. 3 Indentation tests on
in vivo human skin using a
force-sensitive microrobot,
which consists of a probe
that can be moved within a
volume by actuating three
parallel axes (Reprinted
with permission from Flynn
et al. (2011a))
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restricted to measuring the linear mechanical prop-
erties of the skin under small strains.

Complete 3D characterization of in vivo skin
cannot be achieved by any of the methods
outlined above. Each technique lacks the control
of boundary and environmental conditions in liv-
ing subjects, and there is insufficient complexity
of deformations to capture all aspects of skin
mechanics. A notable confounding factor is the
pretension inherent in vivo skin. Although this is
well recognized in the literature, authors either
tend to ignore it (Lim et al. 2008), account for
uniaxial tension (Jacquet et al. 2008), or treat
pretension as an unmeasured parameter that must
be identified in an optimization process (Flynn
et al. 2011c). Measuring pretension in vivo
would provide significant improvement over cur-
rent characterization methods. Kvistedal and Niel-
sen (2009) reported indirect estimates of skin
pretension through use of a multi-motor biaxial
extensometer. Control of individual motor pairs
allowed the assessment and adjustment of biaxial
tension in the skin in vitro. A similar problem
exists with controlling boundary conditions
in vivo. Techniques described in the literature
often tether the skin to a rigid structure using
compression and/or adhesives (Flynn
et al. 2011a, 2013; Hendriks et al. 2003;
Verhaegen et al. 2010; Bischoff et al. 2009). It is
typically assumed (without validation) that com-
pression and adhesives applied at the surface of
the skin will provide sufficient constraint to the
underlying dermis and subcutaneous tissues and
that they do not disrupt the mechanical properties
of the tissue being measured.

In future studies, skin characterization should
aim to create richer data sets by combining multi-
ple deformation and/or imaging modalities to
enable more rigorous tests for determining
model parameters. By subjecting skin to multiple
modes of deformation, the constitutive parameters
can be more reliably identified. For example,
biaxial stretches coupled with indentation could
provide measures in three dimensions while
adjusting prestress. For example, Neto
et al. suggested that by combining Cutometer®

with Reviscometer® measurements, a more com-
plete characterization of the skin could be

achieved with a reduction in the number of param-
eters of interest from a single device (Neto
et al. 2014). Recent studies have coupled defor-
mation instrumentation with imaging devices. For
example, ultrasound has been used to image the
dermis under suction to measure and account for
changes in dermal thickness.

In vivo CLSM (Rajadhyaksha et al. 1995,
1999) and OCT (Delalleau et al. 2006) are capable
of tracking sub-layers within the dermis as it
deforms during mechanical characterization stud-
ies. The combination of ultrasound (Coutts
et al. 2013; Gahagnon et al. 2012; Iagnocco
et al. 2010; Mofid et al. 2004; Sandrin
et al. 2002) and magnetic resonance imaging
(Sinkus et al. 2005) or OCT (Li et al. 2012a, b;
Kennedy et al. 2009) with simplemechanical load-
ing has led to a range of elastographic techniques.
Elastography provides highly localized, depth-
wise estimates of mechanical properties, such as
Young’s modulus, shear modulus, and shear vis-
cosity. Such methods will inevitably incorporate
more sophisticated constitutive models and
enhance the cross-sectional characterization of
the skin. Of particular significance, elastographic
techniques may improve the characterization of
the hypodermis (Gennisson and Baldeweck
2004; Van Houten et al. 2003), which has tradi-
tionally been neglected due to its inaccessibility.

Digital image correlation methods can be used
to track surface deformation of in vivo skin
(Groves et al. 2012; Evans and Holt 2009;
Kvistedal and Nielsen 2009; Staloff and
Rafailovitch 2008; Kacenjar et al. 2013) and
other tissues (Bischoff et al. 2009; Ji et al. 2011).
Malcolm et al. (2002) developed a system that
captured heterogeneous two-dimensional strain
fields with sub-pixel accuracy, and this technique
was applied in vivo by Kvistedal and Nielsen
(2009). This method has been extended to 3D
(Azhar et al. 2011; Parker et al. 2012;
HajiRassouliha et al. 2013) and promises to
enhance 3D characterization of in vivo skin prop-
erties. There is no clear frontrunner amongst the
various imaging modalities, as the methods have
differing degrees of spatial resolution and pene-
tration depth. From the limited overlap in both
imaging and mechanical perturbation, it is
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apparent that the combination of multiple testing
protocols from the same in vivo sample provides
the best way to comprehensively characterize the
structure-function relationships of the skin.

4 Conclusions

Realizing the full potential of using computational
modeling to characterize skin mechanics relies
critically on the availability of quantitative skin
measurements of both tissue structure and
mechanical properties. Future scientific advance-
ment should focus upon the development of
instrumentation that is capable of measuring the
mechanical properties of in vivo skin subjected to
a comprehensive range of 3D deformations and
the tightly integrated modeling techniques used to
interpret these data. In order to translate research
outcomes into the clinical setting, there is a
need to further develop noninvasive, multi-
modal imaging capabilities for measuring individ-
ual-specific skin properties. The combination of
noninvasive imaging with mechanical testing
apparatus, and model-based interpretation of the
combined datasets will greatly facilitate our
understanding of changes in skin microstructure
under mechanical loading.
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Before entering the atmosphere, the sun’s radia-
tion spectrum ranges from 200 to 2600 nm. At
approximately 20–30 km from the earth’s sur-
face, the first alteration occurs, due to the pres-
ence of ozone which absorbs ultraviolet C light
(100–280 nm). While penetrating deeper into the
atmosphere, solar radiation loses energy by
molecular diffusion and absorption by water
vapor. The types of optical radiation reaching
the skin are ultraviolet light (UV), visible light,
and infrared (IR). The shortest wavelengths,
UVB (290–320 nm) and UVA (320–400 nm),
are the most likely to generate biological effects.
Some of them are beneficial such as the caloric
effect of IR, the anti-rickets action of UVBwhich
transforms 7-dehydrocholesterol into vitamin D,
the anti-depressive effect of visible light and IR
warmth, and the global anti-inflammatory and
anti-allergic effects. Other impacts are harmful
or even dangerous such as sunburning (UVB),
skin photo-aging (UVA), and photo-
cancerogenesis.

To counteract optical radiation, the skin has
some adaptable and defensive mechanisms with
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individual variation. The main ways of defense
are the thickening of the horny layer, the produc-
tion of melanin, the activation of antioxidant mol-
ecules, the DNA repairing systems, and the
secretion of cytokines.

1 Stratum Corneum Barrier

1.1 Pilosity

Humans have kept hair only on the scalp, thus
indicating their adaptation to the standing posi-
tion. The scalp is, therefore, well-protected
except for young children and people with
baldness.

1.2 The Horny Layer

The role of the horny layer as a photoprotector
is demonstrated by the impossibility of getting
sunburned on the palms and soles where the
stratum corneum is thick. Photoprotection is
first related to the optical properties of the skin
which limit the penetration of radiation (Fig. 1).
Less than 8 % of incident light is reflected at the

air–skin interface, whatever the phototype. Over
92 % of the incident light therefore penetrates
the skin and undergoes various optical paths
through reflection, diffraction, and absorption
(Anderson and Parrish 1981). Diffraction is
important since the stratum corneum is made
up of keratin filaments lined up parallel to the
surface, in a pseudocrystalline structure.
Absorption of light takes place in melanin,
urocanic acid, and keratin, which is rich in
polar amino acids. The penetration of optical
radiation varies according to the wavelength –
only 10 % of radiation under 320 nm (UVB)
reaches the dermis (Everett et al. 1966). In con-
trast, UVA, visible light, and IR traverse the
epidermis, the dermis, and partially the subcutis
(Fig. 2). Water and liquids with refraction indi-
ces higher than water increase UV transmission
through the stratum corneum (Solan and Laden
1977; Bruls et al. 1984).

The stratum corneum acts as a photoprotector
mostly against UV light. UVB induces hyperker-
atosis and stratum corneum thickening, thus
reducing UV transmission (Epstein et al. 1970;
Sterenborg et al. 1986). There are minor differ-
ences in stratum corneum thickening between

incident
beam specular

reflection

epidermal
retrodiffudion

dermal
retrodiffusion

horny layer

viable
epidermis

Diffraction

epidermal
absorption

dermal
absorption

Transmission
dermis

Fig. 1 Paths of optical
radiation within the skin
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races, however photosensitivity varies exten-
sively (Thomson 1955; Weigand et al. 1974). In
black subjects, the great photoprotective capacity
of the stratum corneum could be due mainly to the
diffusion of light by melanin. However, in fair-
skinned subjects, the stratum corneum thickness
keeps an important role, as it appears that keratin
is a better filter than melanin. Vitiligo is an inter-
esting model to study photoprotection induced by
epidermal hyperplasia. Skin affected by vitiligo is
not pigmented because of the absence of melanin
production, and consequently, photoprotection is
provided only by the horny layer and the rest of
the epidermis. The vitiligo skin compensates for
the absence of melanin by epidermal hyperplasia
and hyperkeratosis (Gniadecka et al. 1996). Fur-
thermore, photoprotection by UVA alone is lower
than by overall sun irradiation because UVA stim-
ulates melanogenesis without causing a signifi-
cant stratum corneum thickening. However, the
relative importance of stratum corneum thicken-
ing versus development of pigmentation in
photoprotection function is still debated
(Westerhof and Uscanga 1998; Bech-Thomsen
and Wulf 1995).

1.3 Urocanic Acid

Urocanic acid is produced by histidine deamina-
tion through UV activated histidinase (Morrison

1985). Under UVB absorption, it switches from
trans- to cis-urocanic acid. This molecule acts as a
UVB filter (de Fine Olivarius et al. 1996) and
could be the photoreceptor responsible for
UV-induced immunosuppression; however, the
precise mechanism of this effect is not well under-
stood (Redondo et al. 1996; Lappin et al. 1997).

1.4 Surface Lipids

UV irradiation has beneficial effects on the
barrier function of the skin. As a matter of
fact, skin irradiated with UVB or UVA appears
more resistant to primary irritants, thus indicat-
ing the improvement of the barrier function
(Lehmann et al. 1991). This improvement is
not due to an epidermal hyperplasia which
does not appear after UVA irradiation, but
coincides with an increase in lipids in the stra-
tum corneum, especially ceramides (Holleran
et al. 1997).

2 Melanin Barrier

2.1 Constitutive Pigmentation
and Phototype

The color of healthy skin results from the super-
position of four colors: yellow from carotenoids in
the epidermis, red from oxyhemoglobin in

UVB

Epidermis

Dermis

hypodermis

10 %

20 % 65 % 65 %

15 %20 %

UVA Visible InfraredFig. 2 Penetration depth of
optical radiation
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capillaries, blue from reduced hemoglobin in
venules, and yellow-brown from epidermal mela-
nin. The skin color is the result of both a geneti-
cally predetermined constitutive pigmentation
and an acquired pigmentation in relation to UV
irradiation.

Knowing the phototype is a simple way to
predict the reactions of the skin facing UV irradi-
ation. The Fitzpatrick’s classification (Fitzpatrick
1988) is based on the occurrence of sun-burning
and sun-tanning (Table 1). The tanning action
spectrum lies mainly in UVB, but at doses next
to those triggering sunburn. For subjects with a
phototype I or II (light skin), the UVB dose that
induces tanning is higher than that causing sun-
burn; thus, these subjects burn before they tan. It
is the opposite for subjects with phototype IV
(dark skin) who tan before they burn.

Other classifications (Cesarini 1988) incorpo-
rate phenotypic characteristics such as complex-
ion, hair color, and the presence of ephelides
(Table 2). There are few papers about dark skin
phototypes. At first, all dark skins had been clas-
sified in Fitzpatrick’s type V (Fitzpatrick 1988).
Later, a phototype was found for Asian type dark
skin (Kawada 1986). In fact, dark skin is hetero-
geneous and includes Fitzpatrick’s phototypes II,
III, IV and V (Youn et al. 1997).

The minimum erythema dose (MED), which
corresponds to the smallest quantity of UVB
inducing an erythema, is also a simple method to
measure photosensitivity. Several papers have
shown that a good correlation existed between
MED and phototype (Shono et al. 1986;
Andreassi et al. 1987). A low MED is observed
in subjects with red hair, blue eyes, and freckles.
In contrast, other publications have not confirmed
the correlation between MED and proneness to
sunburn, neither in Caucasians (Westerhof
et al. 1990), nor in Asians (Chung et al. 1994).
The method involving a chromameter to measure
the skin color is more objective than the assess-
ment of the phototype and would provide a more
accurate assessment of photosensitivity (Wee
et al. 1997).

2.2 Melanin

In human skin, melanin is located in melano-
somes, solid spherical particles 20–40 nm in
diameter. It is also found as a soluble form in the
vesicles of premelanosomes. The melanins are a
heterogeneous group of pigments which can be
separated into two families according to their
chemical structure and color. Pheomelanins, rich

Table 1 Fitzpatrick’s classification of phototypes (Fitzpatrick 1988)

Complexion Phototype Sunburn Tan

White I Always burn Do not tan

II Burn easily Tan slightly

III Burn moderately Tan progressively

IV Burn a little Always tan

Dark (Mediterranean, Asian, Arabic) V Rarely burn Tan intensely

Black VI Never burn Tan very intensely

Table 2 Classification of phototypes including phenotypic characteristics

Phototype Hair Complexion Ephelides Sunburns Tan

I Red +++ Constant ++ 0

II Blond Fair ++ Constant + Light tan

III Blond Fair + Frequent Clear

Brown te 0 Frequent Medium

IV Brown te 0 Rare Dark

V (Mediterranean) Brown Brown 0 Uncommon Very dark

VI (black) Black Black 0 None Black
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in sulfur, are associated with the yellow or red
color predominant in red-haired subjects.
Eumelanins, insoluble black or brown pigments,
poor in sulfur, are found in brown or black sub-
jects. Both categories are the terminal products of
two divergent metabolic pathways after formation
of an intermediate compound dopaquinone
(Kollias et al. 1991).

The composition of melanin in a given individ-
ual depends on genetic and environmental factors.
The photoprotection properties are maximal for
eumelanins and much lower for pheomelanins.
The excellent photoprotection of black skin is
due to large amounts of melanin, predominantly
eumelanin. The appearance of ephelides, or
freckles, in red-haired subjects after exposure
could be correlated to the making of eumelanins
by melanocytes, which synthesized pheomelanins
initially. As a matter of fact, pheomelanins seem to
act as actual carcinogens, after phototoxic activa-
tion, by generating photoproducts which attack
the cells (Menon et al. 1983).

Melanin is synthesized by melanocytes located
in the basal layer of the epidermis (Fig. 3), inter-
spersed with keratinocytes close to the basement
membrane, where they are easily recognized
because they are devoid of keratin tonofilaments
(Fig. 4). They produce dendrites, which extend
into the epidermal intercellular space of basal and
suprabasal layers (Fig. 5). Melanin loaded mela-
nosomes are carried in these dendrites and then
eaten by the neighboring keratinocytes where they

take on an umbrella-shaped distribution, which
protects the cellular nucleus and DNA (Kaidbey
et al. 1979) (Fig. 6). This functional cooperation
between keratinocytes and melanocytes led to the
concept of epidermal melanin unit (Fig. 5), which
operates under genetic control and environmental
factors.

In healthy skin, the distribution of melanin is
different depending onwhether a tan is induced by
UVB, UVA, or PUVA (Psoralen + UVA). After
exposure to UVB, the melanocytes are stimulated,
hence both production of melanin and transfer
into keratinocytes increase. The latter are also
stimulated and proliferate resulting in an
increased concentration of melanin in the epider-
mis. After UVA exposure, a large amount of mel-
anin is found in melanocytes and keratinocytes of
the basal layer, although in the rest of the epider-
mis the melanin concentration remains
unchanged. As keratinocytes die to form the
horny layer, melanosomes are destroyed and mel-
anin is dispersed in the cytoplasm.

2.3 Photoprotection by Melanin

The photoprotective function of melanin is well
established (Morison 1985). Exposed to the sun’s
rays, the skin darkens and is then less sensitive to
ensuing exposures. People with teskin are less
sensitive to sunlight than fair-skinned individuals.
Vitiligo skin MED (no melanin) is lower than that

Fig. 3 Melanocytes in
epidermis basal layer.
Caucasian skin. Silver
staining (Laboratory of Skin
Biophysics, Besançon)

101 Skin Photoprotection Function 1043



Fig. 4 Melanocyte in Caucasian skin. Small arrows
immature melanosome in melanocyte, arrowheads mature
melanosome in melanocyte, thick arrows mature melano-
some in neighboring keratinocyte, D dermis, T keratin
tonofilament bundle in neighboring keratinocyte.

Glutaraldehyde and osmic acid post-fixation; uranyl ace-
tate and lead citrate staining. Magnification � 3200 (Cour-
tesy of professor René Laurent, department of
Dermatology, Besançon)

Fig. 5 A diagram of the
epidermal melanin unit
((Quevedo 1969), modified)

Fig. 6 “Umbrella” like
topography of supra nuclear
melanosomes within basal
layer keratinocytes.
Caucasian skin. Silver
staining (Laboratory of Skin
Biophysics, Besançon)
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of healthy skin. The incidence of skin cancers on
uncovered body areas is lower in individuals with
pigmented skin compared to individuals with
fair skin.

The photoprotection function of melanin is
based essentially on UV light absorption capacity
(Kollias 1995). It has been studied in vitro in
cuttlefish (Zeise et al. 1992). In vivo, only the
comparison of the reflection spectra of pigmented
skins with those of nonpigmented skins, such as
the skin of subjects suffering from vitiligo
(Kollias and Baqer 1985) or albinism, can provide
the absorption characteristics of melanin pigmen-
tation. For both cuttlefish and human melanin,
maximal absorption would take place at 335 nm.
It is implied that melanin protection capacity
would be more efficient against UVA than UVB
(Kollias and Baqer 1988).

2.4 Photo-induced Pigmentation or
Tan

The melanin concentration and distribution in the
epidermis can be altered by exposure to radiation.
The spectral profile of the pigment obtained varies
according to the radiation received. There are two
phases in photo-induced pigmentation.

– UVA induces an immediate pigmentation
known as Meirowski’s phenomenon or Imme-
diate Pigment Darkening (IPD). This occurs
within minutes following exposure and disap-
pears in a few hours. However, when the dose
received is high enough, the pigmentation is
intense and persists several days. It is a grayish
pigmentation due to photo oxidation of the
existing melanin before melanocytic stimula-
tion (Beitner and Wennersten 1985;
Hönigsmann et al. 1986). This immediate pig-
mentation reflects the individual level of con-
stitutive pigmentation because it is absent or
minimal for phototypes I or II (Agin
et al. 1985). The immediate pigmentation has
no protecting effect against actinic erythema
due to UVB. Conversely, in case of a subMED
dose, it can facilitate the occurrence of an

erythema by a photoaddition mechanism
(Paul and Parrish 1982; Black et al. 1985).

Late UVA pigmentation (by 24–48 h) always
precedes the inflammatory reaction, the
pigmenting dose being lower than the erythema
dose. UVA therefore induces a tan without sun-
burn. The pigment induced by UVA is character-
ized by the presence of a component which
absorbs in the visible range

– UVB is responsible for late pigmentation or
casual tan – the tan starts 2 days after exposure,
reaches its maximum approximately on the
20th day and disappears gradually if there is
no other exposure. With UVB, an inflamma-
tory reaction or actinic erythema always pre-
cedes pigmentation, and there is no detectable
pigmentation as long as the erythema is not
sufficiently faded. Tanning results from new
melanin synthesis as well as morphological
and functional alterations of melanocytes and
keratinocytes. The number of melanosomes
and their transfer to the keratinocytes are
strongly augmented. At 9–10 days following
UVB exposure, the resulting pigment shows a
maximum absorption at 300 nm.

– Visible light induces two types of hyperpig-
mentation, one is temporary, the other persis-
tent (Kollias and Baqer 1984). The latter
appears only after exposure to high radiance
(>720 J/cm2). Such a huge dose of visible light
can be obtained in the same length of time as
necessary for UVA persistent pigmentation to
appear. With visible light, pigmentation occurs
without the inflammatory reaction.

– With PUVA, the pigmentation and inflamma-
tory responses are a sort of combination of
those obtained after UVB on one hand and
UVA on the other. A maximum absorption at
300 nm is observed for UVB, as well as two
absorption bands at 542 and 571 nm due to
oxyhemoglobin. This implies that there is a
strong vascular component in the pigmenta-
tion induced by PUVA. The absorption bands
due to oxyhemoglobin persist for several
months.
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The above discussion shows that the relation
between melanocytic stimulation and skin inflam-
mation varies depending on the wavelength. The
pigment formed following exposure to UVB,
UVA, or PUVA lasts several months, sometimes
years, and does not extend beyond the irradiated
areas, but remains well delineated. However, UV
exposure can induce an increase in the number of
melanocytes also in the protected skin, especially
in subjects with phototype I or II (Stierner
et al. 1989).

The protection provided by late pigmentation
varies with the phototype. The darker the
phototype, the more easily the subject becomes
tanned; and tan is made easier when the subject is
already tanned. This gradual natural
photoprotection is most efficient against UVB,
but paradoxically an effective tan permits longer
sun exposures, hence an increase risk of harmful
effects in the long term.

3 Anti-Radicals Defense

3.1 Oxygenated Free Radicals

UV induces damage through the endogenous
chromophores normally present in the skin.
UVB has a direct noxious effect on nucleic
acids, urocanic acid, and some proteins. Con-
versely, UVA initiates photosensitization reac-
tions, which lead to the production of
oxygenated free radicals. The latter have a single
electron on the outer layer which makes them
unstable and very reactive. They will associate
their free electron with another electron from an
adjacent molecule which will in turn alters its
structure. The targets of these oxygenated free
radicals are numerous, especially nucleic acids
and polyunsaturated fatty acids. Nucleic acids
undergo a number of oxidative damages leading
to strand breaks, which may disturb the expres-
sion of genetic material and cause mutation. The
oxidative damages inflicted on the unsaturated
fatty acids of the cellular membranes will induce
membrane ruptures, inactivation of membrane

receptors, and release cytotoxic substances and
mediators of inflammation.

3.2 Antioxidants

To fight off the excessive formation of reactive
oxygenated species and the consequences of their
formation, the cells have a number of defense
systems. The skin has enzymatic systems such as
superoxide dismutases, catalases, and peroxi-
dases, and also small antioxidant molecules or
free radical scavengers, such as vitamins A, C,
and E, β-carotene, glutathione, and trace elements
like selenium, zinc, and copper.

Vitamin E, especially α-tocopherol, protects
the membranes against oxidation, acts in synergy
with other antioxidant systems and can be
regenerated by vitamin C (Fryer 1993; Eberlein-
König et al. 1998). Vitamin C is a strong antiox-
idant which could be effective in topical applica-
tions (Darr et al. 1992). Carotenoids are yellow,
orange, or red pigments, and their role as
photoprotectors has been known for a long time.
β-carotene, the yellow–orange pigment of carrots,
is a precursor of vitamin A. Even absorbed in
large quantity, β-carotene does not generate tox-
icity by hypervitaminosis A. Its antioxidant prop-
erties, as well as its provitamin A activity, might
be effective against cancer. Lycopene, a caroten-
oid nonprecursor of vitamin A, seems even more
efficient at scavenging oxygen free radicals
(Di Mascio et al. 1989). Selenium is a trace ele-
ment essential for human health and as the active
site of glutathione peroxydase, it is directly
involved in the extinction of free radical
(La Ruche and Césarini 1991). Other antioxidants
exist such as zinc, which is one of the active sites
of superoxide dismutase. Cysteine derivatives
might play a photoprotective role by increasing
the intracellular concentrations in glutathione
(Steenvoorden and Beijersbergen van
Henegouwen 1997).

These antioxidant molecules can prevent some
of the damages caused by sun exposure. For
example, dyskeratotic cells, or sunburnt cells,
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observed in the epidermis 24 h after exposure, are
significantly less numerous if superoxide
dismutase is injected before or immediately after
UV irradiation (Danno et al. 1984). In order to
strengthen natural defenses, supplementation in
carotenoids, vitamin E, vitamin C, and selenium
seem justified, especially as the plasmatic ratio of
some of them would decrease after sun exposure
(White et al. 1988). The association of several
antioxidant molecules would help the skin control
the oxidative stress induced by UV light
(La Ruche and Césarini 1991).

3.3 Stress Proteins

Any cellular attack results in increased synthesis
of stress proteins which temporarily protect the
sensitive molecules from a new onslaught
(Applegate et al. 1997). Such proteins have
been found in the skin following UV or IR
exposure.

4 DNA Repair

When anti-free radical defenses are overwhelmed
and damages are inflicted on the DNA, there are
still some specific enzymatic repair systems.
Damages essentially affect thymine, causing the
formation of dimers between two adjacent thy-
mines on the same DNA strand.

4.1 Nucleotids
Excision–Resynthesis

The repair mechanism by excision-synthesis of
nucleotides, which occurs at the start of UV irra-
diation, is able to discard the bulk of damaged
DNA. The mechanism consists in four stages:
recognition and incision of the DNA strand carry-
ing the dimer, excision of the damaged DNA,
synthesis of a new DNA from the opposite
undamaged DNA, and rejoining the two ends of
the repaired strand.

The fundamental role of this repair system is
demonstrated in xeroderma pigmentosum. In the
course of this genetic disease, characterized by a
defective repair of UV-induced lesions, early
occurrence of skin tumors on exposed skin is
observed (Dumaz et al. 1995).

Other repair systems can also be altered, with
risks of errors and therefore, of mutagenicity.

4.2 The P53 Gene

Following DNA damage by UV, a P53 gene is
activated which increases the synthesis of the P53
protein (Krekels et al. 1997). This natural protein
plays a major role in the preservation of the
genome integrity – either it facilitates DNA repair
by stopping or slowing down the cellular cycle
which leaves time for the DNA to be repaired, or it
induces cell apoptosis if the DNA lesions are too
serious. When a P53 gene mutation occurs, the
production of an abnormal P53 protein with
altered functions is observed. It is no longer able
to induce correct DNA repair, which can lead to
the development of tumors.

5 Immune Response

Like numerous cells, keratinocytes secrete cyto-
kines, in small quantities at basal state. Following
UV exposure, the secretion increases, especially
of IL1, IL6, IL10, and TNF-α. Simultaneously,
there is an increase of the secretion of prostaglan-
dins, which are important mediators of inflamma-
tion (Schwarz and Luger 1989).

UV light is also involved in the skin’s immune
response by making the Langerhans cells unable
to process and present antigens to lymphocytes.
This photo-immunosuppression (which may be of
interest in developing treatments for some skin
allergy diseases) can favor the development of
carcinomas (Morison 1989).

In conclusion, two major points should be kept
in mind: (1) great individual variation exists in the
effectiveness of natural photoprotection, and
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(2) in subjects with type I and II phototypes,
natural photoprotection is not safe enough, and
demands additional artificial photoprotection such
as clothing and sunscreens.
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1 Introduction

The negative effect of solar radiation is usually
associated with ultraviolet (UV) radiation (Schade
et al. 2005; Norval and Halliday 2011; Matthews
et al. 2010a, b; Sklar et al. 2013-; Murphy 2009)
due to its ability to generate free radicals in the
skin (Zastrow et al. 2004; Darvin et al. 2006a;
Halliwell 2007). The action of free radicals can
result in oxidative cell damage (Taylor and Sober
1996; Dumay et al. 2001), the development of
premature skin aging (Harman 1983; Biesalski
and Obermueller-Jevic 2001; Alaluf et al. 2002;
Sies and Stahl 2004), and even skin cancer
(Krutmann 2001; Moon and Oh 2001). Taking
this fact into consideration, different sunscreens
are available on the market which provides an
efficient defense against both UVB and UVA
spectral ranges.

However, human skin is predominantly
exposed to near-infrared radiation (NIR:
760–3,000 nm), which comprises approximately
54 % of the total solar radiation that reaches the
surface of the earth (Kochevar et al. 1999). Many
studies show that NIR could act both
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therapeutically and pathologically depending on
the applied doses (Bensadoun and Nair 2012;
Akhalaya et al. in press). Both effects of solar IR
on human skin are associated with the generation
of ROS, whereby the applied dose plays a crucial
role, acting therapeutically (low doses) or patho-
logically (high doses). This appears to be depen-
dent on the corresponding signaling pathways:
NF-kB for therapeutic effects and AP-1 for path-
ological effects (Akhalaya et al. in press).

The pathological effect of high-dose solar
infrared (IR) radiation for human skin is a scien-
tifically accepted phenomenon (Schieke
et al. 2002; Schroeder et al. 2008a, b; Cho
et al. 2009; Tanaka et al. 2011; Zastrow
et al. 2009; Krutmann et al. 2012). Analysis of
recent studies shows that IR radiation induces the
generation of ROS in the skin (Zastrow
et al. 2009; Darvin et al. 2010a, b). The generated
free radicals (mostly ROS) underlie all infrared-
affected cutaneous effects, such as increased pro-
liferation of cells, gene expression of inflamma-
tory cytokines, and suppression of the synthesis of
proinflammatory mediators (Karu 2008; Galluzzi
et al. 2012; Schieke et al. 2003; Calles et al. 2010).
During NIR exposure, the skin surface tempera-
ture increases from 27.6–33.1 �C (Kleesz
et al. 2012) to 41–45 �C, which can induce the
generation of heat shock radicals (Cho et al. 2009;
Shin et al. 2008). The different signaling path-
ways of NIR-induced ROS and NIR-induced
heat shock ROS generation act independently,
multiplying the influence on each other by
increasing the doses of irradiation and/or increas-
ing the temperature (Akhalaya et al. in press).

The defense mechanism of the human body
against the action of the excess amount of free
radicals is based on the synergistic action of dif-
ferent antioxidants including carotenoids, vita-
mins, enzymes, and others (Darvin et al. 2006b).
In the skin, carotenoids ,beta-carotene, and lyco-
pene are known to be powerful antioxidants that
act effectively to neutralize ROS, including sin-
glet oxygen (Palozza and Krinsky 1992; Krinsky
2001; Darvin et al. 2011a). The side effect of such
interactions with high amounts of radicals can
lead to the destruction of the carotenoids and, as
a result, depletion of the antioxidant defense

system of the organism (Ribaya-Mercado
et al. 1995). The amount of destroyed cutaneous
carotenoids can be well correlated with the
amount of generated free radicals in the skin,
which was confirmed by EPR measurements,
showing that carotenoids could serve as marker
substances for the entire antioxidant status of the
human epidermis (Haag et al. 2011; Lauer
et al. 2013). Recently it has become possible to
measure the concentration of cutaneous caroten-
oids noninvasively by resonance Raman spectros-
copy (Hata et al. 2000; Darvin et al. 2005a). This
method was used in the present study to investi-
gate the influence of IR irradiation on the antiox-
idant status of human skin.

The present chapter describes the results
obtained by noninvasive methods to measure the
generation of free radicals in the skin subsequent
to NIR and IRA irradiations. In the first step of this
study, the stability of the carotenoids in the human
skin under exposure with IR irradiation was inves-
tigated in vivo using resonance Raman spectros-
copy. In the second step of this study, EPR
spectrometry was used under in vitro conditions
to analyze whether the obtained changes in the
carotenoid concentration during IR irradiation are
in fact caused by the generation of free radicals in
the skin. In the third step, the concentration of the
carotenoids in the skin was varied by topical
application of a single antioxidant component for-
mulation containing beta-carotene in order to
investigate a potential protective effect on
the skin.

2 Materials and Methods

2.1 Resonance Raman
Spectroscopy (RRS)

The concentration of carotenoids in human skin
was determined quickly and noninvasively with a
high sensitivity using resonance Raman spectros-
copy. This in vivo method was chosen for the
measurements because of the advantages in com-
parison to other methods (Darvin et al. 2013). The
main measurement principle is based on the opti-
mal combination of laser excitation wavelengths
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and carotenoid absorption as well as the design
solution of the setup. The resonance regime of
excitation lies in the blue-green range of the spec-
tra, where carotenoids have a maximal absorption,
and gives rise to the strong enhancement of the
Raman signal of carotenoids, making this method
very well suited for measurements in the skin. The
argon laser operated at 488 nm and 514.5 nm was
used as a source of excitation. The carotenoid
concentration was determined by the intensity of
the carbon-carbon double bond stretching vibra-
tion of the carotenoid molecules line measured at
1,523 cm�1. Other Raman lines of carotenoids
measured at 1,005 cm�1 and 1,156 cm�1 were
not taken into consideration.

A detailed technical description of resonance
Raman spectroscopy of cutaneous carotenoids
was previously provided by our group (Darvin
et al. 2005a, b).

2.2 Electron Paramagnetic
Resonance Spectroscopy (EPR)

The in vitro measurement of infrared light-
induced free radicals was carried out by EPR
spectroscopy using the stable long-lived free rad-
ical spin marker 3-carboxy-2,2,5,5-tetramethyl-
pyrrolidine-1-oxyl (PCA) from Sigma
(Steinheim, Germany) and a L-band
EPR-spectrometer from Magnettech GmbH
(Berlin, Germany). The PCA spin marker gener-
ates an EPR signal whose intensity corresponds to
the PCA concentration.

Due to the interaction between PCA long-lived
free radicals and the IR-induced short-lived free
radicals, PCA is reduced to its corresponding
hydroxylamine, which does not generate any
EPR signal. As a result of this recombination,
the concentration of PCA marker is decreased,
thus providing information about the quantity of
generated radicals (Herrling et al. 2003).

PCA was chosen for application on porcine
skin samples for scavenging induced free radicals
(Herrling et al. 2003) as it is stable in porcine ear
skin without irradiation (Haag et al. 2010). A filter
paper disc was placed on the punch biopsy and
50 μl PCA (10 mM in water/ethanol 50/50 v/v)

was added. After a 30-min incubation time, the
skin samples were washed with water and dried
with soft tissue paper, and the initial EPR signals
were recorded for each sample. The kinetics of the
PCA degradation was measured every 10 min,
subsequent to IR irradiation of the samples.

Taking the strong dependence between the
intensity of EPR signals and the temperature
(Rockenbauer et al. 2006) of the investigative sam-
ples into consideration, EPR measurements were
performed on the samples after they had cooled
down to room temperature (approximately 23 �C).

2.3 Sources of Infrared Irradiation

Two infrared sources were used in the study. The
first source was a radiator illuminated in the NIR
range of the spectra (Philips Infrared RI 1521,
Nederland). The second source represented a radi-
ator connected with a water filter in front of the
radiation head, which emitted the IRA radiation
(Hydrosun Medizintechnik GmbH, Germany).

Both radiators were used for in vivo irradiation of
human skin at a power density of 170–190mW/cm2

for 30 min (doses 306–342 J/cm2), which is
recommended for therapeutic action, and at the
power density 105–115 mW/cm2 for 30 min
(doses 189–207 J/cm2) in case of in vitro measure-
ments on porcine ear skin. The reduced power den-
sity was performed on the porcine skin samples in
order to limit the skin surface temperature to a value
of 42 �C.

2.4 Determination of the Skin
Temperature

The temperature of the skin surface was measured
noninvasively subsequent to the infrared irradia-
tion using a noncontact thermometer
(Rytek Schlender Messtechnik).

2.5 Experimental Design

The in vivo investigations were carried out on the
flexor forearms of 12 healthy volunteers (3 males,
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9 females) aged between 25 and 35 years. On each
flexor forearm, two areas of 4 � 4 cm2 were
marked with a permanent marker. Before IR irra-
diation, one area of each arm was pretreated
homogeneously with 2 mg/cm2 of an o/w formu-
lation containing 0.2 % beta-carotene. The other
two skin areas remained untreated.

The pretreated and untreated skin areas were
irradiated with two different IR radiators operat-
ing in NIR and IRA spectral ranges.

The same procedure was performed with the
porcine ear skin used for in vitro measurements.

In order to examine the radical formation pro-
cess in the formulation during IR irradiation, the
o/w formulation containing 0.2 % of beta-carotene
antioxidant was placed in a cuvette consisting of
two glass plates with a 1.0-mm distance holder
between them to exclude the insiccation and oxi-
dation. Then IR irradiation emitted by the NIR was
performed on 12 samples. The other 12 samples
were irradiated with IRA. All measurements were
performed at a power density of 170 mW/cm2 for
30 min. Control measurements without IR irradia-
tion were performed on six samples.

Approval for the in vivo study had been
obtained from the Ethics Committee of the
Charité – Universitätsmedizin Berlin.

3 Results and Discussion

3.1 Kinetic of Carotenoids
Measured with RRS Subsequent
to Infrared Irradiation

3.1.1 Beta-Carotene-Containing
Formulation

The o/w formulation containing 0.2 % of beta-
carotene was measured in vitro before and after IR
irradiation with the use of resonance Raman spec-
troscopy. Control measurements without irradia-
tion were performed at the same time.

The measurements showed no differences in
the beta-carotene concentration in the irradiated
samples for both NIR and IRA radiators before
and after irradiation as well as in control samples.

This indicates that free radicals were not pro-
duced in the formulation itself subsequent to the

IRA and NIR irradiations as well as during the
IR-induced heating of the sample. Additionally,
beta-carotene was not influenced directly by the
applied infrared radiations.

3.1.2 Influence of the Infrared
Irradiation on the Cutaneous
Carotenoid Concentration In Vivo

To increase the level of cutaneous antioxidants
artificially, the formulation containing beta-caro-
tene was applied topically. This resulted in an
increase of the absolute carotenoid concentration
in the skin of volunteers to 1.75 � 0.29 times on
average for all volunteers (Darvin et al. 2011b).
The obtained beta-carotene concentration is close
to the physiological concentration, thus
pro-oxidative effects can most likely be excluded
(Darvin et al. 2011a).

The concentration of carotenoids in the skin of
all volunteers before and after irradiation with
IRA and NIR radiators is shown on Fig. 1a
(non-pretreated skin) and 1b (pretreated skin).
Obtained degradations were found to be statisti-
cally significant (*p < 0.005).

As can be seen from the figures, the carotenoid
concentration is reduced after IRA and NIR irra-
diation. On average, the magnitude of the degra-
dation of carotenoids in the skin after IR
irradiation was determined at 23 % for IRA and
33 % for the NIR, independently of the
pretreatment of the irradiated skin areas. The aver-
age destruction of carotenoids obtained after the
application of NIR was 10 % higher than after the
application of IRA, which was found to be statis-
tically significant. Obtained results are in agree-
ment with previously published results (Darvin
et al. 2007, 2009).

The absolute amount of the carotenoids
destroyed after IR irradiation on average was
higher in the case of the pretreatment with the
formulation containing beta-carotene than for the
untreated skin (Fig. 1). The antioxidant stability
of the formulation containing beta-carotene can
be substantially increased if a mixture of differ-
ent antioxidants at different concentrations is
applied. This effect can be investigated using
different methods (Darvin et al. 2010c; Meinke
et al. 2013).
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Figure 2 shows the correlation between the
individual level of carotenoids in the
non-pretreated skin and the magnitude of carot-
enoids remaining after 30 min of IR irradiation
with NIR (a) and IRA (b). As can be seen,
correlations with correlation factors R2 = 0.60
and R2 = 0.63 were observed for the NIR and
IRA irradiation, respectively. This correlation is
not surprising and can be explained by the pro-
duction of the specific amount of free radicals
after IR exposure of the skin. In this case, all
volunteers received approximately the same
quantity of free radicals, which gave rise to

carotenoid degradation. The volunteers, who
had a low initial concentration of carotenoids
in their skin, were found to have a higher mag-
nitude of destruction. This means that the vol-
unteers with a high individual level of
carotenoid antioxidant substances in the skin
had an additional defense potential against the
influence of IR irradiation associated with the
production of free radicals.

A comparison of the typical degradation
dynamics of carotenoids in the untreated and
pretreated skin areas in case of both IR radiators
showed that a decrease of carotenoids in the skin
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occurs constantly during IR irradiation (data not
shown).

3.2 EPR Kinetics Subsequent
to Infrared Irradiation In Vitro

Using EPR measurements, the radical formation
process was investigated in vitro on porcine ear
skin samples, which are considered to be a suit-
able model for human skin (Haag et al. 2010;
Simon and Maibach 2000). Figure 3 shows the
average value of the decrease of PCA spin
marker in the skin without (“1”), subsequent to
IRA (“2”) and NIR (“3”) irradiations. Most of the

measured values were found to be statistically
significant.

After the irradiation, the skin surface tempera-
ture was measured to be ~41.5 �C after the irradi-
ation with NIR and ~39 �C with IRA, on average.
Further investigations with PCA solutions have
shown that PCA is not affected by IR irradiation
nor by the resulting increased temperature due to
its stability.

Thus, the obtained results showed that IR irra-
diation produced short-lived free radicals (mostly
ROS (Zastrow et al. 2009)) in the skin, which
were measured by the degradation of the PCA
spin marker. The amount of generated free radi-
cals is approximately 10 % higher for NIR in
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comparison to the IRA, despite the applied same
doses of irradiation.

3.3 Influence of Infrared Radiation-
Induced Heat on the Skin

IR irradiation of human skin may increase the skin
temperature due to the high absorption by cutane-
ous water. The pathological changes in human
skin can be developed if the skin temperature
exceeds 39 �C (Akhalaya et al. in press; Zastrow
et al. 2009; Jung et al. 2010). Under these condi-
tions, the heat shock-induced formation of ROS
can be a consequence, which gives rise to the
synthesis of MMPs as well as its subsequent path-
ological action on the skin tissue. However, in the
skin, the formation of NIR radiation-induced ROS
and heat shock-induced ROS occurs indepen-
dently on each other by utilizing different path-
ways (Akhalaya et al. in press; Schieke
et al. 2002; Lan et al. 2013). They potentiate the
influence of each other only when skin tempera-
ture exceeds a value of 39 �C.

Results obtained in vivo show that during IR
irradiation, the skin surface temperature increased
continuously, reaching maximal values of
39.1 � 0.7 �C subsequent to IRA radiation and

41.3 � 0.6 �C subsequent to NIR radiation. Thus,
it can be supposed that the difference between
ROS production for IRA and NIR irradiations in
the skin (see Fig. 3) is due to the formation of heat
shock-induced ROS in the skin.

4 Conclusion

Free radicals (mostly ROS) are produced in human
skin subsequent to IR irradiation, for which mainly
the IRA range of the solar IR spectrum is respon-
sible. The ROS generation is dependent of the
applied IR doses. The IR radiation-induced heat
can act pathologically through the formation of
heat shock-induced ROS when the skin tempera-
ture exceeds 39 �C.

Consequently, during the NIR irradiation of the
skin, ROS are produced, and their concentration is
increased subsequent to the increase of the IR
dose. When the skin temperature exceeds 39 �C,
the heat shock-induced ROS are additionally pro-
duced in the skin, thereby multiplying the action
of NIR radiation-induced ROS.

It was shown in the in vivo measurements that
IR-induced free radicals can be effectively neu-
tralized by cutaneous antioxidants and addition-
ally by the topical application of antioxidant

Fig. 3 Decay of the PCA
in the porcine skin biopsies
without (“1”), subsequent to
IRA (“2”) and NIR (“3”)
irradiation. “*,”
significance between “1”
and “2”; “**,” significance
between “1” and “3”;
“***,” significance between
“2” and “3” (Wilcoxon test,
p < 0.05) (Taken from
Darvin et al. (2011c))

102 Radical Production by Infrared Irradiation in Human Skin 1057



substances including beta-carotene. The effective-
ness of the neutralization of free radicals can be
substantially increased if a mixture of different
antioxidants at different concentrations is applied.
The questions related to the optimization of the
mixture of antioxidants used in cosmetic formu-
lations should be investigated in the future, and
the utilization of modern noninvasive techniques
is expected to be indispensable in this
undertaking.

The volunteers with a healthy lifestyle, charac-
terized for instance by the consumption of high
amounts of fruit and vegetables, accumulate more
antioxidants in their skin and, thus, are better
protected against IR-induced damage than other
volunteers.
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Photosensitization includes the events triggered
within the skin by the interaction of a molecule
(called photosensitizer or chromophore) and
wavelengths usually located in the ultraviolet
(UV) light. It may be related either to phototoxic-
ity, an inflammatory reaction depending on UV
light dose and chromophore concentration, or to
photoallergy, a specific immune reaction requir-
ing a primary sensitization phase.

The in vivo testing of a compound’s
photosensitizing potential is needed in two
circumstances:

– To check in a patient a compound suspected to
be at the origin of an exogenous
photosensitization

– The prospective evaluation of the
photosensitizing potential of a drug before its
commercialization
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Photosensitization tests combine compound
introducing into the skin and further skin irradia-
tion using an artificial light source. They are of
three types: photopatch tests, photointradermal
test, and systemic phototests. In photopatch tests,
the compound is applied on the skin which even-
tually has been previously treated in order to
increase penetration (abrasion of the horny layer
or scarification). In photointradermal and
photoprick test, the compound is intradermally
injected in order to bypass the skin barrier. A
prior measurement of the minimal erythema dose
in UVB and UVA is necessary to help select the
appropriate UV light doses. In photodermatoses
exploration, one should also try to experimentally
reproduce the light-induced eruption.

1 Material

1.1 Light Sources

Different types of sources are available (Anderson
1993; Beani 1987; Hölzle et al. 1987; Leroy
et al. 1992).

• The solar simulator is the basic equipment.
The Xenon arc lamp which emits a continuous
spectrum, combined with a water filter to
remove infrared ray and a WG305 Schott filter
to eliminate shorter UV, is the common way to
obtain a spectrum similar to that of solar light.
Two devices are widely used in France: one
from the CUNOW company, directly derived
from equipment used in research and espe-
cially the Dermolum 3® (M€uller, Moosining
Germany). Interposition of cut-off filters or of
a monochromator enables selecting the appro-
priate wavelengths.

• High pressure UVA lamps (UVAsun® 3000,
Mutzhas, Munich RFA) are also essential; they
emit very high UVA doses with a 330–460 nm
spectrum (free fromUVB), allowing in less than
half an hour 100 J/cm2 to be received by the skin
placed at 30 cm of the lamp.

• Fluorescent light tubes emitting UVB (Philips
TL12® or Sylvania F75®) or UVA (Philips

TL09® OR Sylvania F85®); these tubes are
either of small size for very localized irradia-
tion or easily placed in a phototherapy cabin
when bigger.

• Slides projector with a Schott WG450 filter: it
is used for visible light irradiation, a rarely
used test.

1.2 Diaphragms

Exposure time is set and irradiated area outlined
through the interposition of a diaphragm between
the light source and the skin.

Two types of diaphragm are necessary:

– A pierced plaque (usually 9 holes) 15–20 mm
in diameter, covered by a second plaque which
is moved manually or motorized. The move-
ment of the front plaque uncovers the holes
through which UVA or UVB light penetrates
in preset geometrical or arithmetic progression
doses. This computer-controlled device called
sensitometer is integrated in the M€uller solar
simulator.

– A plaque with sufficient aperture to irradiate a
large skin area, usually 5 � 10 cm2.

1.3 Dosimeters

For better soundness, the measuring device
should match the source spectrum. Two types of
devices are widely used:

– The dosimeters Centra UV-Messgerat®

(Osram, Munich) and IL9700® Research
Radiometer (International Light,
Newburyport, Massachusetts USA) which
have two probes, one to measure UVB, the
other UVA.

– Thermopiles (e.g., Kipp Zonen, 93270 Sevran
France) which are connected to a voltmeter are
sensitive to the whole spectrum (i.e., UV, vis-
ible, and infrared light). If they are calibrated
for low energies, they can be connected to a
monochromator.
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1.4 Subject’s Position

The selected skin area, usually the back, must be
placed perpendicular to the light source and dia-
phragms; to facilitate positioning, a laterally and
vertically motorized seat is helpful (Leroy and
Dompmartin 1988).

2 Methodology

2.1 Minimal Erythema Dose (MED)

It is the lowest (A and/or B) UV dose which induces
a visible erythema on the whole irradiated area. Its
assessment uses a sensitometer. Irradiation by the
solar simulator total spectrum results in the polychro-
matic (UVA and UVB) MED, also called MEDB,
because the induced erythema is related almost
exclusively to UVB. MEDA is provided either by
a solar simulator-induced irradiation filtered by
window glass or by a high pressure UVA source.

The tested area is the shoulder or the buttock.
Reading is made 24 h after irradiation: MEDB in
millijoule/cm2 and MEDA in joule/cm2. It should
be made also immediately and 30 min after irra-
diation when early abnormal photosensitivity is
suspected (e.g., solar urticaria).

The MED quantify the subject’s actinic sensi-
tivitywhich is related to his/her phototype. Accord-
ingly, it is key parameter to select the UV light
doses to be used in case of photosensitivity testing.

2.2 Photopatch Test (Syn:
Photoepidermotest)

The investigated compound is applied as in any
skin patch test, then the tested area is irradiated;
the test is declared positive if a reaction appears
only after irradiation. Until 1980, photopatch tests
were not standardized, thus accounting for their
poor reliability by these times (Hölzle et al. 1985).
The first standardization attempts were proposed
by the photopatch tests Scandinavian group
(Thune 1988) followed by the German-Austrian-
Swiss group (Hölzle et al. 1991) and the French

group (Beani 1987; Jeanmougin M. et le Groupe
de Recherche en Photobiologie Cutanée 1986). A
consensus has finally been found although some
points are debated.

• The tested area is usually the nontanned
back skin.

• The tested compound (in petrolatum or alco-
hol) is applied in a Finn Chamber®, left in
place for 24 h before irradiation and 48 h for
the nonirradiated control.

• Irradiation takes place 24 h after application.
However, this length of time may be inade-
quate, showing the difficulty of a fully stan-
dardized procedure because all photoallergens
do not react in the same way. As example, for
6-methyl-coumarin the optimal time interval
between application and irradiation is shorter,
between 30 and 60 min (Jackson et al. 1980).

UVA irradiation is mandatory, as most photo-
sensitizer’s absorption spectrum is in UVA. The
type of UVA source may affect the results;
Przybilla et al. (1991) on a series of 27 compounds
in 81 patients found a better efficiency with irra-
diation by TL09 type UVA fluorescent tubes than
by high pressure UVA source. The UVA doses are
chosen according to the expected type of reaction.
Duguid et al. (1993) have shown, in patients with
photoallergic positive patch tests obtained after
5 J/cm2 irradiation, that irradiation between 0.7
and 1.9 J/cm2 could elicit the same scores. Mur-
phy (Murphy and White 1987), Cronin (1984),
and English et al. (1987) have also shown that
low doses (1–2 J/cm2) are sufficient to elicit
photoallergic reaction. In contrast, elicitation of a
dose-dependent phototoxic reaction requires 10 or
even 20 J/cm2.

However, some molecules have their action
spectrum in UVB. Consequently, to prevent any
missing in detection, both UVA and UVB irradi-
ation in parallel are now considered mandatory
(Beani 1987; Jeanmougin M. et le Groupe de
Recherche en Photobiologie Cutanée 1986; Jung
1981; Leroy et al. 1992; Przybilla et al. 1987). The
UVB dose to be used is 0.75 MEDB, emitted by a
solar simulator.
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• Controls comprise skin irradiation without
compound and skin irradiation with vehicle
alone.

• Photopatch tests interpretation: reading is
immediate following irradiation, then after
20 min, 24 h, 48 h, and 72 h and if possible
later; in accordance with the international reg-
ulations regarding patch tests assessment, reac-
tions are quantified:

+: erythema and flat papules or infiltration
++: erythema with papules and vesicles
+++: erythema with papules and blisters

A reaction limited to the irradiated area is uni-
versally considered positive (Gould et al. 1995).
However, there is no consensus when both irradi-
ated and nonirradiated areas are positive. The
North American Contact Dermatitis group
(Menz et al. 1988) and the Scandinavian group
(Jansen et al. 1982) diagnose as photo-aggravated
contact allergy a stronger reaction in irradiated
area. Unless it is obvious, the “aggravation”
assessment is subjective, however, and it seems
difficult and unrealistic to grade the intensity of an
erythema (The reader is advised to see
▶Chap. 105, “Skin Barrier Function”. The
interpretation of these reactions is, therefore,
uncertain.

• Phototoxic and photoallergic reactions must
be distinguished: the former generates a well-
defined erythema of early onset (24th hour)
and straight of maximum intensity, sometimes
associated with necrosis, whereas the latter
evolves gradually and results in an eczema;
biopsy may be useful to differentiate the
reactions.

Hölzle et al. (1991) and Neuman et al. (1994)
have refined the diagnosis through observation of
intensity parameters over 4 days: erythema, infil-
tration, papules, vesicles, and blisters. Responses
were classified into four types:

– The first type, called decrescendo reaction
model, is similar to a contact toxic irritant

reaction: a well-limited erythema, maximum
on the first day, fading the following days.
The absence of secondary inflammatory reac-
tion suggests either a pharmacological effect of
the compound or a phototoxic reaction. Further
photo tests are needed before any conclusion is
drawn. An example of this type of reaction is
obtained with furosemide.

– The second type, named combined reaction
model, shows an intense erythema on the first
day which decreases the following days while
on the second day an infiltration appears
followed by papules and vesicles on the
fourth day. It is interpreted as an initial pho-
totoxic reaction followed by an allergic reac-
tion. Examples of this type of reaction are
found with tetrachlorosalicylamide, antisep-
tics, PABA, “musk ambrette,” or fragrance
mixtures.

– The third type, the plateauing reaction model,
shows a persistent erythema from the first up to
the fourth day, often associated with an infiltra-
tion but rarely with vesicles or blisters. It is found
preferentially with chlorpromazine and
thioprofenic acid. Its meaning remains unknown.

– The fourth type, called crescendo reaction
model, mimics an allergic reaction; erythema
is not the prevailing sign, but papules and
vesicles are present. Examples are given by
fentichlor, 4-isopropyl-dibenzoyl-methane,
2-hydroxy-4-methoxy-benzophenone, and
p-methoxyisoamylcinnamate.

This time-course based analysis aimed at dif-
ferentiating pharmacological, phototoxic, and
photoallergic reactions on clinical grounds,
although potentially very useful, requires addi-
tional validation.

2.3 Scarified Photopatch Test

Before applying the tested molecule, control and
irradiated areas are scarified diagonally with a
small needle exerting a pressure strong enough
to cut the epidermis without inducing bleeding
(Kaidbey and Kligman 1978b; Kurumaji and
Shono 1992). Then the irradiation and
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interpretation procedures are not different from
standard photopatch tests.

This method is interesting because it facilitates
the penetration of compounds that have a low trans-
cutaneous absorption capacity leading to false-
negative reactions with standard photopatch tests
(Kurumaji and Shono 1992). However, a recent
study failed to show a better sensitivity in the diag-
nosis of drug-induced photosensitization (Conilleau
et al. 2000).

2.4 Photointradermal Test

The epidermal barrier is bypassed in this tech-
nique. Epstein (1939) was the first to experiment
it with sulfanilamide and obtained constant posi-
tive results. Schorr and Monash (1963) used it to
confirm the phototoxic effect of dimethyl-
chlotetracycline and tetracycline. Two key studies
stand out in view of the number of tested drugs
and the protocol used: the study by Kligman and
Breit (1968), later improved by Kaidbey and
Kligman (1978a), whose protocol is still the ref-
erence. It was recently used in a French study
(Peyron and Pedailles 1986). Five intradermal
injections, 0.1 ml of the compound diluted solu-
tion each, are carried out in the same subject;
15 min later, two sites are irradiated, one with
10 J/cm2 UVA, the second one with 0.75 MEDB

UVB. There are three controls: nonirradiated
compound injected skin, UVA irradiated saline
injected skin, and UVB irradiated saline injected
skin. Reading takes place immediately, 6 h and
24 h later, as in common photopatch tests.

2.5 Photoprick Test

The prick-test method, widely used in
IgE-mediated allergy testing for its low risk of
systemic reaction, has recently been adapted to
photobiological investigations under the name
photoprick test (Bourrain et al. 1997).

The technique consists in three pricks made
through a drop of the compound diluted in water
covering 1 cm2 skin (Stallerpoint®, Lab.
Stallergène, Fresnes, France). The area is

immediately irradiated 5 J/cm2 UVA. A
nonirradiated prick-test and a prick-test with the
irradiated vehicle serve as controls. The same tests
can be done in parallel with 0.75 MEDB UVB.

This method has the same purpose as
photoscarification, but it is easy to implement
and is safe as far as the risk of systemic reaction
is concerned.

2.6 Systemic Phototest

It consists in performing photobiological tests
after administration of a potential photosensitizer,
usually a drug, by its usual oral or injected route
(Beani 1987; Diffey and Langtry 1989; Emmett
1986; Ferguson 1995; Ferguson and Johnson
1990, 1993; Guidichi and Maguire 1985; Hölzle
et al. 1987; Jonhson and Ferguson 1990; Leroy
et al. 1992; Ljunggren and Bjellerup 1986; Meola
et al. 1993; Sch€urer et al. 1992). It is imperative
that the tested subject do not expose his (her) back
to light over the whole test duration.

The two following methods are the most
widely used:

– MEDA andMEDB assessment with immediate,
early (5, 30, 30 min, and 4 h), and delayed
(24, 48, and 72 h) reading: this is mainly used
to identify phototoxicity (MEDs are lowered)
although a protracted erythema may also (the-
oretically) indicate photoallergy.

– A phototest: a limited area (5 � 5 cm) on the
back is irradiated with either infra-erythema
UVB dose (0.5 or 0.75 MEDB) or 10 J/cm2

UVA; immediate reading, then 30 min, 1 h, 4 h,
24 h, 48 h, and 72 h, and whenever possible
one week after irradiation. Reactions may be
phototoxic and/or photoallergic. They are dif-
ferentiated on clinical grounds (aspect and time
course), in some cases with the help of histo-
logical examination.

• The drug can be taken in a single dose, 2–3
times the therapeutic dose; because of frequent
uncertainty regarding the drug pharmacokinet-
ics, phototests are then repeated at different
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times (1/2, 1, 2, 4, 6, and 8 h) after drug intake.
Alternatively, the drug can be taken over a
period of 5–7 days at usual doses before a
single triggering irradiation is carried out
when it is assumed that the skin is saturated
with the substance.

• A last rarely used variant is to study a patient
who still takes the drug: gradually increased
UVB (5–100 mJ/cm2) and UVA (1–15 J/cm2)
doses are given; an erythema arising at a dose
lower than expected indicates phototoxicity.
The test should be repeated 2 weeks or more
after stopping the drug intake and by then the
MED must have gone back to normal. The
final proof will include a reintroduction test
with an additional phototesting. This is often
not possible in practice (Gould et al. 1995). In
a recent optimization of this technique
(Vousden et al. 1999), the MED was calcu-
lated before and after 5 days of drug intake,
using several wavelengths delivered through a
monochromator. A photosensitization index
was defined as the ratio of MEDs before and
after drug intake. This index would permit to
compare the photosensitization potential of
various compounds and to define their action
spectrum.

3 Selection of the Appropriate
Method

3.1 Detection and Quantification
of a Compound Phototoxic or
Photosensitizing Potential

The purpose of this type of study is to detect a
phototoxic or photosensitizing potential of
medicines before their commercialization. It is
the natural complement of similar studies
previously carried out in vitro or in animals.
The test is performed in healthy phototype II to
IV subjects. Exclusion criteria are those
commonly used in research in man. In addition,
any intake of potentially photosensitizing

drug including oral contraceptive for the
3 months preceding the test must be avoided.
The average number of volunteers is usually 30.
The standard photobiological tests can only
demonstrate a phototoxic potential. They are
inappropriate for detecting a photoallergic
potential since such reaction requires an earlier
sensitization.

3.1.1 Detection of Phototoxic Power
Photopatch tests are the most widely used. Photo-
toxic reactions are dose dependent, therefore test-
ing use increasing concentrations and progressive
UV doses. However, in a prospective study, lim-
itations of the method for compounds systemi-
cally taken have been shown (Jeanmougin M. et
le Groupe de Recherche en Photobiologie
Cutanée 1986). First, the responsible chromo-
phore is often not the native drug but one of its
metabolites. Second, the tested drug may not tra-
verse the stratum corneum and thus fail to elicit a
response of the viable tissue. Efficiency can be
improved through additional procedures which
facilitate the cutaneous penetration; however,
such protocols are heavier and may raise ethical
problems.

Detection is also possible through systemic
administration of the drug. A comparison
of both MEDA and MEDB before and after
5–7 days drug intake is a method usually pre-
ferred over the phototest kinetics observation
following a single high dose. Drug administra-
tion is randomized between two groups,
one taking the verum, the other one the placebo.
In some studies additional subgroups are
created in order to compare the photosensitizing
potential of various drugs within each
chemical class; this has been done within
the fluoroquinolones (Ferguson and
Johnson 1990, 1993) resulting in the
following relative risk quantification (Scheife
et al. 1993): Fleroxacin � Lomefloxacin,
Pefloxacin � Ciprofloxacin > Enoxicin,
Norfloxacin, Floxacin.

For detection of phototoxic power, we lack
comparative study of efficacy between systemic
tests and photopatch tests.
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3.1.2 Detection of a Photoallergic
Potential: Photo-
maximization Test

To detect a photoallergic potential, Kaidbey and
Kligman ( and 1980) proposed in 1980 a test in
man adapted from the maximization test used for
detection of potential contact sensitizers. They
used a 150 W solar simulator polychromatic
light for hypersensitivity induction and UVA
light (solar simulator equipped with a WG345
filter) for elicitation .

The induction phase consists in six steps:
(1) application of the compound under a 2.5 cm2

patch kept for 24 h, (2) irradiation of a 0.8 cm
diameter area of the patch with three MED poly-
chromatic light as emitted by the solar simulator,
(3) the test area is left uncovered for 48 h, (4) new
patch application on the same area for 24 h, (5) the
test area is left uncovered for 24 h, and (6) new
irradiation as in step 1. This sequence was
repeated six times. In fair skin subjects (phototype
I and II), the second sensitizing irradiation is usu-
ally followed by an intense sometimes blistering
inflammatory reaction.

The induced photosensitization is revealed
10–14 days after the last irradiation: a patch test
is made on an area different from that used for
sensitization and irradiated 4 J/cm2 UVA (solar
simulator with WG345 filter). Controls include a
similar photopatch test with the vehicle only and a
nonirradiated patch test. Readings are to be
recorded 24 h and 48 h after irradiation. To differ-
entiate phototoxic and photoallergic reactions, the
authors recommend to reduce both the concentra-
tions of the tested compound and the irradiation
doses.

However interesting this method may be, it
raises a major ethical issue, the risk of
photosensitizing the volunteers.

3.2 Investigations
in Photodermatoses

Obviously, the diagnosis of photodermatosis is
established through the patient’s interview and
clinical examination but if there are no apparent

lesions, the use of photobiological exploration
becomes essential (Beani 1987; Emmett 1986;
Epstein 1962; Goerz et al. 1995; Hölzle
et al. 1987; Leroy et al. 1992; Meola et al. 1993;
Selvaag and Thune 1996). Photopatch tests are
commonly used but are weighty and time con-
suming when compared to the experimental
reproduction of the lesions, which is the preferred
test in the diagnosis. They should be used only if
photosensitization is strongly suspected. It is nec-
essary to use them appropriately as one cannot
completely avoid the risk of inducing photosensi-
tization by the tests themselves (Meola
et al. 1993).

• Here the purpose of a photopatch tests is to
look for a photoallergy to the compound, pos-
sibly at the origin of the disease, whereas iden-
tifying a phototoxic reaction would only
suggest the compound is potentially
photosensitizing without relation to the disease
(the same remark applies to all the above men-
tioned photobiological tests). Making a differ-
ence between the two types of results requires
low UV doses and low compound concentra-
tions (British Photodermatology Group Work-
shop report 1997; Emmett 1986; Goerz
et al. 1995; Jeanmougin M. et le Groupe de
Recherche en Photobiologie Cutanée 1986;
Menz et al. 1988; Schauder 1985) because
photoallergic reactions are not dose dependent.
Accordingly, the suggested UVA dose is only
5 J/cm2; in case of doubtful reaction, the test
should be made again but with still reduced UV
doses. The tested compounds are selected
according to the patient’s history, and tests
with standard compounds involving the most
usual photosensitizers are also systematically
carried out.

• Photopatch test’s efficiency in finding the
responsible agent is satisfactory in contact
photoallergy but poor in systemic drug-
induced photoallergy. For example, in the latter
case a negative result does not mean
nonresponsibility of the suspected drug and a
positive result with a drug from the standard
battery does not imply its involvement either.
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The responsibility of the drug requires that the
patient has been in contact with it and that in
the patient’s history photosensitization bursts
match contacts with the drug. Illustration of the
poor photopatch test’s efficiency and how cau-
tious should be the interpretation in case of
suspected photoallergy is given by a recent
paper (Conilleau et al. 2000) where among
15 patients suffering from drug photoallergy
only three had photopatch tests positive to the
suspected compound. This confirms a study
from the German-Austrian-Swiss photopatch
tests group (870 tested patients): 2,041
photopatch tests were positive but only
108 were considered as evidence of
photoallergy with clinical relevance (Hölzle
et al. 1991). This low specificity is also
shown in a Mayo Clinic’s study (Menz
et al. 1988), in which only 14 out of 27 positive
photopatch tests were confirmed as having
clinical relevance.

While it is difficult to explain these false-
positive photopatch tests of photoallergic type,
possible explanations can be found to the false-
negative results: compound low penetration
capacity, unsuitable vehicle, inappropriate meth-
odology (UV dose, irradiation time, etc.), and
wrong interpretation. In fact, there is a lack of
soundness in most investigations related to the
diagnosis of drug-induced photoallergy. Espe-
cially, facilitated transcutaneous penetration in
photopatch tests and the use of systemic tests
should increase their reliability. But such tests
cannot be used in routine and remain restricted
to research laboratories.
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There is a well-documented need for effective
UVB and UVA photoprotection of the human
skin by topically applied sunscreens. To evaluate
and standardize the efficacy of the latter, the US
FDA published in 1978 (Department of Health,
Education, and Welfare and FDA USA 1978) the
first method to determine the sun protection factor
(SPF). In 1982, the German DIN also published a
method (Deutsches Institut f€ur Normung 1984),
yet not harmonized with the US one, especially in
terms of the amount of applied product (1.5 mg/
cm2 instead of 2 mg/cm2). The US FDA revised
the method in 1988, 1993, and 1999, and the last
version was published in 2011 (Department of
Health and Human Services and FDAUSA 2011).

In 1994, the European Cosmetics Association
(COLIPA) published the first European guidelines
on the determination of SPF (The European Cos-
metic Toiletry and Perfumery Association
COLIPA 1994) and, later (2003), a revised ver-
sion together with the Japanese Cosmetic Industry
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Association (JCIA) and the Cosmetic Toiletries
and Fragrances Association (CTFA) from
South Africa (CTFA SA et al. 2003). This method,
called the International SPF test method, was the
first step of harmonization. The same method was
published again in 2006 (CTFA SA et al. 2006)
with the support of the US industry association
CTFA (now called PCPC). Australia published an
SPF test method in 1993 and revised it in 1998
(Australian/New Zealand Standards 1998). Since
the International SPF test method, the US FDA
and the Australian methods led to different results;
the International Standardization Organization
Technical Committee on Cosmetics Products
(ISO TC217) decided, in 2006, to elaborate an
ISO standard for the in vivo determination of
the SPF.

In 2006, a request emerged from the European
Commission (2006) to obtain standards for
assessing both the UVB and the UVA protection
afforded by sunscreen products. It was requested
to develop in vitro methods giving equivalent
results to the in vivo approach, the latter being
the reference. The EU Commission also
recommended that the methods used should take
into account photo-instability of products to avoid
an overestimation of protection factors. In vivo
SPF and in vivo UVAPF (persistent pigment dark-
ening) test methods take photodegradation into
account since appropriate UV doses are used to
induce erythema on the human skin for SPF deter-
mination or pigmentation for UVAPF
determination.

When in vitro methods are used, they should
also take into account this issue to provide rele-
vant evaluation.

1 Determination of the Sun
Protection Factor (SPF)

In 2010, the International Standardization Organi-
zation (ISO) working group n�7 in charge of the
sun protection methods within the technical com-
mittee TC 217 on cosmetic products published the
first ISO standard on the determination of the SPF

(ISO 24444). This ISO standard (ISO 24444) is
based upon the 2006 international test method for
SPF determination (CTFA SA et al. 2006). In 2011,
the US Food and Drug Agency (FDA) published a
final monograph (Department of Health and
Human Services and FDA USA 2011) that
included an in vivo SPF test method also based
upon the International SPF test method 2006 and
similar to the ISO 24444. However, some differ-
ences still exist, as described in Table 1.

This ISO standard has been adopted by the EU
and South Africa in 2010, by Australia,
Mercosur, Japan, and Mexico in 2012, and
Canada in 2013 (Table 2). However, there is no
recognition of ISO 24444 by the US FDA. In
addition, some countries do not recognize the
US FDA method. Practically speaking, this situ-
ation implies retesting the same products when
marketed in these countries and finally raises
ethical and cost issues.

2 Determination of UVA
Protection

In 2006, the European Commission recommended
to use the persistent pigment darkening (PPD) as
endpoint for determining UVA protection through
a method similar to the JCIA method (Japan Cos-
metic Industry Association (JCIA) 1995) or any
in vitro method able to provide similar and reliable
results. In addition, the critical wavelength, an
evaluation of the width of the absorbance of the
sunscreen product, should be determined and be at
least equal to 370 nm.

2.1 In Vivo UVA Protection

Japan (JCIA) was first to publish (January 1996)
an official in vivo method to determine the level of
UVA protection, adopting the PPD method for
assessment of the UVA efficacy of sunscreen
products (Japan Cosmetic Industry Association
(JCIA) 1995). Korea and China adopted this
method in 2001 and 2007, respectively. Finally,
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the in vivo UVAmethod has been standardized by
ISO TC217 and published in 2011 under the ref-
erence ISO 24442 (ISO 24442), now adopted or
accepted in many countries (Table 2).

The PPD skin response has been selected for
the development of a standardized protocol
because it fulfills the different criteria needed to
develop a relevant method to quantify the efficacy

Table 1 Determination of in vivo SPF: main differences between the ISO 24444:2010 and FDA USA 2011 methods

Parameters ISO 24444 2010 FDA USA 2011

Test subjects Combination of phototypes I, II, and III and
determination of ITA� (skin color) for selection

Phototypes I, II, and III

(ITA� value >28� very fair, fair skin, and
intermediate skin color)

10 subjects maximum, 3 subjects
rejected for listed reason

10–20 subjects according to the statistical criteria
for test validation

Max 5 subjects rejected for listed reason

Test conditions Product application, UVexposure, and MED
assessment should be carried out in stable
conditions, with a room temperature from 18 to
26 �C

For the evaluation, the subjects should
be in the same position as when the site
is irradiated

All steps of the procedure shall be performed in the
same position: either an upright, seated, or prone
position (excepted powders should be tested in
prone position)

Test sites Application surface, between 30 and 60 cm2 Application surface, minimum of
30 cm2

Product quantity
and application

(2.00 +/� 0.05) mg/cm2; sensitivity of the balance
at least 0.1 mg; method of weighing by loss

2 mg/cm2

Droplets on the whole test site, spreading time in
the range of 20–50 s, low pressure of application

Spread the product as evenly as
possible

Powders, spatula, finger, applicator puff + water or
other suitable solvent

Finger cot without pre-saturation

Finger cot optional but recommended; when
employed the finger cot should not be pre-saturated
with the product

Drying time before UVexposure at
least 15 min

Drying time before UVexposure 15–30 min

UV exposures Pre-estimation of individual MEDu by experienced
technician or by colorimetry (ITA�) or provisional
MEDu up to 1 week before the test

Initial MEDu with 1.25 geometric
progression

UV dose progression for the protected and
unprotected sites:

UV dose progression for unprotected
site, 25 %

For expected SPF �25, 25 % or less UV dose progression for protected
sites:

For expected SPF >25, 15 % or less For expected SPF <8, 25 %

For expected SPF 8–15, 20 %

For expected SPF >15, 15 %

Reference
formulations for
validation of the test

P2, P3, P7 P2

Statistical
validation of the test

95 % confidence interval must be �17 % of the
mean

No statistical criteria

Add subjects from 10 to 20 to fulfill the criteria, if
not reject the test
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of sunscreen products against UVAs such as (i) an
action spectrum covering the entire UVA range
and as flat as possible; (ii) independent of the
fluence rate; (iii) a stable endpoint, the PPD reac-
tion appearing stable over 240 min; and
(iv) dependent on the UVA doses, classically
from 10 to 25 J/cm2 for an untreated skin site to
allow the minimal pigmenting dose to be deter-
mined. Since the PPD response requires doses
greater than 10 J.cm�2 (approximately 40 min of
a midday summer sunlight), the photostability of
sunscreens is also challenged during PPD test
procedure.

The sunscreen-testing protocol developed
using this endpoint is similar to the design of the
SPF test. The major elements of the protocol
include the exposure of skin phototypes II, III,
and IV, i.e., subjects prone to elicit an induced
pigmentation, a xenon arc solar simulator filtered
with a WG335 filter 3 mm in thickness and UG11
filter 1 mm, multiple-incremental doses (25 %
progression) of UVA with and without sunscreen
protection, and observation of the pigment
responses 2–24 h post UVA exposures. The pro-
tection index is determined as the ratio of the dose
required for a minimally perceptible pigment
response in sunscreen treated skin divided by the
dose that induces the same response in unpro-
tected skin. It has been demonstrated that using

this protocol, the results are reproducible on a
large range of products and various levels of
UVA protection.

There are some minor differences between the
JCIA protocol and the ISO 24442 standard,
among which is the inclusion of a new reference
formulation called S2 (mean UVAPF 12.7 with
acceptance range [10.7–14.7]) that should be
tested together with products of expected
UVAPF >12 for validating the test (Moyal
et al. 2007).

2.2 In Vitro UVA Protection

In 2007, the European Cosmetics Association
(COLIPA, now Cosmetics Europe) published a
guideline on the determination of UVA protection
factor using an in vitro method (COLIPA 2007).
This method has been developed to provide UVA
protection factors correlated with in vivo UVA
protection factors, i.e., an alternative to the
in vivo method. This method was revised in 2011
(COLIPA 2011; Moyal et al. 2013) and published
as an ISO standard (ISO 24443) in 2012
(ISO 24443). This method allows both the UVA
protection factor and the critical wavelength
value to be determined. The procedure comes as
follows:

Table 2 Adoption/recognition of ISO standards

Europe
Australia
2012

South Africa
2013

USA
2011

Canada
2013 Mercosur 2012

Mexico
2012

Japan
2012

In
vivo
SPF

ISO
24444

ISO
24444

ISO 24444 FDA
2011

FDA 2011 Interna2006 FDA 2011 ISO
24444ISO 24444 FDA 1999 or

updates (ISO
24444; FDA
2011)

ISO 24444

In
vivo
UVA

ISO
24442

No ISO 24442 No ISO 24442 JCIA 1995 or
updates (ISO
24442)

ISO 24442 ISO
24442JCIA 1995

In
vitro
UVA

ISO
24443

ISO
24443

ISO 24443 FDA
2011

ISO 24443
COLIPA
2011 FDA
2011

COLIPA 2009 or
all updates
(COLIPA 2011,
ISO 24443)

COLIPA
2011, ISO
24443,
FDA 2011

No
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1.3 mg/cm2 of sunscreen product is applied to
polymethyl methacrylate (PMMA) plate with
about 5 μm roughness. The transmission through
the sunscreen coated sample is cross-multiplied
by the UVA source emission spectrum and the
PPD action spectrum. To reduce the operator
influence, a calibration step is incorporated into
the computations. The spectral absorbance is
adjusted by a scalar multiplier so that the
predicted SPF matches the clinically measured
SPF, yielding an “absolute” absorbance curve
from which UVA protection can be predicted
using the following equations:

SPFin vitro ¼

ðλ¼400nm

λ¼290nm

E λð Þ � I λð Þ � dλ

ðλ¼400nm

λ¼290nm

E λð Þ � I λð Þ � 10�A0 λð Þ � dλ

SPFin vitro, adj ¼ SPFlabelled

¼

ðλ¼400nm

λ¼290nm

E λð Þ � I λð Þ � dλ

ðλ¼400nm

λ¼290nm

E λð Þ � I λð Þ � 10�A0 λð Þ�C � dλ

UVAPF0 ¼

ðλ¼400nm

λ¼320nm

P λð Þ � I λð Þ � dλ

ðλ¼400nm

λ¼320nm

P λð Þ � I λð Þ � 10�A0 λð Þ�C � dλ

The UVA dose to be delivered for taking
into account the product photounstability
if any is defined as the initial UVAPF0 obtained
before UV exposure by calculations multiplied
by 1.2 J/cm2 (e.g., for a UVAPF0 = 10,
the UVA dose will be 10 � 1.2 J/cm2 =
12 J/cm2).

D ¼ UVAPF0 � 1:2 J=cm2

Post exposure, the in vitro spectrum is measured
again on the same plate and is transformed using
the previously determined constant c. The UVAPF
is recalculated using this transformed spectrum after
the exposure step.

UVAPF ¼

ðλ¼400nm

λ¼320nm

P λð Þ � I λð Þ � dλ

ðλ¼400nm

λ¼320nm

P λð Þ � I λð Þ � 10�A λð Þ�C � dλ

Results from this in vitro UVA method
have been compared to those from the
in vivo PPD method for photostable and
photounstable sunscreen products. Both a good
reproducibility between laboratories and a sig-
nificant correlation with the in vivo method
were found.

2.3 Critical Wavelength

The absorption curve of most sunscreen agents
presents a common feature, i.e., its absorption
value is high wavelengths around 290 nm and
decreases gradually with increasing wavelengths.
The width of the curve represents the range of UV
wavelengths where the sunscreen agent does
absorb, that is to say, whether it has a wide range
of absorption. The critical wavelength refers to the
wavelength λc >290 nm where the area under the
absorption curve accounts for 90% of the total area
of the entire absorption spectra (290–400 nm). It
can be expressed by the formula

ðλc

290

Aλ:dλ ¼ 0:9

ð400

290

Aλ:dλ

A (λ), the absorbance of the sunscreen agent at the
wavelength of λnm

dλ, the intervals between the wavelengths
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In 2011, the US FDA published a final rule
including a method to determine the critical
wavelength (Department of Health and
Human Services and FDA USA 2011). This
method is however not harmonized with the
ISO 24443 standard and can lead to different
results. A summary of the main differences
between the two methods is provided in
Table 3.

2.4 UVA Protection Criteria

Combining both the determination of the level of
UVA protection and the critical wavelength
method to measure the broadness of UVA absor-
bance has been first proposed for assessing UVA
protection of sunscreen products by the EU Com-
mission (2006) and further adopted by other coun-
tries such as Australia, Mercosur, Mexico, and
Canada. The value of the UVA protection factor
(UVAPF) must be at least one-third that of
the SPF.

The critical wavelength value must be
�370 nm to qualify the product as “broad spec-
trum” in the USA and Canada.

3 Determination of Water
Resistance

There are threemain protocols for themeasurement
of water resistance of sunscreen products issued by
COLIPA (2005), Australia (2012) (AS/NZS 2604),
and the USA (2011) (Department of Health and
Human Services and FDA USA 2011). These pro-
tocols differ by some technical aspects related to
the water immersion procedure (Table 4).

The criteria and the labeling to support the
claim water resistant are also different (Table 4).

ISO TC217 WG7 is working on a water resis-
tance standard to harmonize the method.

4 Conclusion

The development of ISO standards and its world-
wide adoption is paramount to avoid local
retesting especially when only in vivo methods
exist. These standards are precious references for
both industry and legal authorities. A same
method used by all allows better comparability
between products and, ultimately, a better infor-
mation toward consumers.

Table 3 UVA in vitro: main differences between ISO 24443:2012 and FDA USA 2011

Parameters ISO 24443:2012 FDA 2011

Substrate/plate PMMAwith 5 μm mean roughness PMMAwith roughness
from 2 to 7 μm

At least 4 At least 3

Application rate 1.3 mg/cm2 without finger cot 0.75 mg/cm2 with
fingercot

Drying time and temperature At least 30 min in the dark, temperature
25–35 �C

Not defined

UV source irradiance level 40–200 W/m2 Up to 1500 W/m2

Irradiation dose 1.2 J/cm2 � UVAPF0 4 MEDs (8 J/cm2)

Temperature during irradiation 25–35 �C Not defined

Correction of the absorbance curve
using in vivo SPF value

Yes No

Reference formulation for test
validation

S2 SPF 16 UVAPF acceptance range
[10.7–14.7]

No

Statistical validation 95 % confidence interval must be �17 %
of the mean UVAPF

No
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Table 4 Water resistance: comparison of the main parameters of three methods

Europe USA Australia

Method COLIPA guidelines for
evaluating sun product WR,
December 2005

FDA Final Monograph
Sunscreen Drug Products for
OTC Human Use, 2011

Australian/New Zealand
Standard AS/NZS 2604:2012
Sunscreen Products –
Evaluation and Classification

Recommended
immersion
devices

Spa pool, Jacuzzi, or bathtub
with water circulation

Indoor fresh water pool,
whirlpool or Jacuzzi

Indoor simulated swim test
device (SSTD) approximately
1.8 m � 1.8 m

Water
temperature

29 � 2 �C 23–32 �C 33 � 2 �C

Water
agitation

Continuous circulation, no air
agitation

Not specified For each 20 min immersion
period: water circulation for
16 min and air agitation for
4 min

Water quality Drinking water meeting EC
council directive 98/83/EC

Drinking water meeting
standard 40 CFR part 141

pH between 6.8 and 7.2

Mg and Ca (combined)
content min. 50 mg/ml and
max. 500 mg/ml; sanitized
with bromide or chlorine or
refilling for each volunteer

Recommended
procedure

Measurement of a static SPF
and the SPF after water
immersion for 20 min, 15 min
air-dry, 20 min immersion,
air-dry �15 min until
completely dry

Measurement of the SPF after
immersion: 20 min moderate
activity in water, 15 min rest,
another 20 min moderate
activity in water, air-dry
period (duration not specified)

Measurement of the SPF after
immersion:

20 min immersion in the
water, 5 min rest period,
another 20 min water
immersion

For WR claim >40 min the
schedule of alternating 20 min
immersion and 5 min rest to be
continued. After the last
immersion period air-dry
�15 min

Number of
subjects

Min. 10 to max. 20 valid
values from max. 25 subjects,
according to statistical
compliance criteria on static
SPF

At least 10 valid values from
max. 13 subjects

Min. 10 to max. 20 valid
values from max. 25 subjects,
according to statistical
compliance criteria on SPF
after immersion

Reference WR
product

Yes, P2, to be tested at least
every 4 months WR for P2
>50 %

No No

Calculation of
mean WR

For each subject individually:
%WRi = (SPFw-1)/(SPFs-1)
* 100. The mean %WR is the
arithmetic mean of n
individual %WRi values

The WR SPF is the
arithmetical mean of all
individual SPFs measured
after immersion minus A

The WR SPF is the
arithmetical mean of all
individual SPFs measured
after immersion

(continued)
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Table 4 (continued)

Europe USA Australia

Statistical
criteria

A product is water resistant, if
the mean %WR – d is �50 %
of the static SPF (d is the 90 %
unilateral confidence value)
and the 95 % bilateral
confidence interval of mean
static SPF lies within �17 %
of the static SPF

The mean WR SPF minus A
(A = t *s/√ n with t being the
Student’s t value for 5 % error
probability)

The 95 % bilateral confidence
interval of mean post
immersion SPF lies within �
17 % of the static SPF

Labeling Water resistant (if criteria are
fulfilled after 40 min); very
water resistant (if criteria are
fulfilled after 80 min); SPF
before immersion is labeled

Water resistant (40 min),
water resistant (80 min) SPF
–A determined after
immersion is labeled

Water resistant 40 min, 2 h, 4 h
SPF after immersion is labeled
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Adaptation to terrestrial life necessitates the pres-
ence of a highly impermeable epidermal mem-
brane which restrains both insensible water loss
from the body, transepidermal water loss
(TEWL), and the entrance of exogenous sub-
stances into the body. This highly efficient barrier
is already present in the newborn in whom the
TEWL is close to normal adult values. On the
other hand, in premature neonates (<33 weeks
effective gestational age), an immature barrier
function is manifested by an increased TEWL
and percutaneous absorption of xenobiotics,
which is well-correlated with the degree of prema-
turity (Hammarlund and Sedan 1979; Nachman
and Esterly 1971; Rutter and Hull 1979). In the
severely premature neonate (<28 weeks EGA),
this compromised barrier function is an important
cause of morbidity resulting from hypothermia,
electrolyte imbalance, and cutaneous infections
(Belgaumkar and Scott 1975; Lorenz et al. 1982;
Maurer et al. 1984). The time required for the
development of a fully functional skin barrier in
this premature population is reported to be in the
order of 2–4 weeks after birth (Evans and Rutter
1986).

The barrier function of the skin resides in the
stratum corneum (SC). The permeability of the SC
is dependent on the makeup of the intercellular
spaces which consist of hydrophobic lipids
arranged as lamellar bilayers (Elias and Menon
1991; Elias 1983). These lamellae are predomi-
nantly composed of three classes of lipids:
ceramides, free fatty acids, and cholesterol
(Sch€urer and Elias 1991). These lipids (or their
precursors) are secreted into the intercellular
spaces by epidermal lamellar bodies (Odland bod-
ies) at the stratum granulosum–SC interface (Elias
and Menon 1991). After secretion, the glucosyl-
ceramides and phospholipids are transformed,
respectively, by glucosidases and lipases into
ceramides and free fatty acids. The cholesterol in

the SC is derived from the hydrolysis of choles-
terol sulfate in the intercellular spaces, and by
secretion from the lamellar bodies (Williams
et al. 1998).

In this chapter, the molecular organization of
the intercellular SC lipids is described (nature of
lipid constituents, lipid conformation, composi-
tional variation as a function of body site). A
study of the skin barrier function correlating mac-
roscopic biophysical measures with the functional
status is presented. Finally, a noninvasive method
for the determination of SC thickness, in vivo and
in man, is described.

1 Molecular Organization
of the SC

The SC lipids consist of cholesterol esters (15 %),
cholesterol (32 %), saturated long-chain fatty
acids (16 %), and ceramides (37 %) (Norlen
et al. 1998).

The fatty acid composition of abdominal SC is
presented in Table 1 (Elias 1990; Lampe
et al. 1983). The endogenous free fatty acids are
predominantly composed of long-chained

Table 1 Lipid composition of human abdominal SC
(Adapted from Elias (1990) and Lampe et al. (1983))

Substances mol %

Polar lipids

Phosphatidylethanolamine Trace

Cholesterol sulfate 2

Neutral lipids

Free cholesterol 22

Free fatty acids 42

C14:0 3.8

C16:0 36.8

C18:0 9.9

C18:1 33.1

C18:2 12.5

C20:0 0.3

C20:1 Trace

C22:0 Trace

Triglycerides Trace

Sterol/was esters 10

Sphingolipids

Ceramides 24
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saturated molecules (Norlen et al. 1998). The
principal components, characterized by little
interindividual variation, are lignoceric (C24:0)
and hexacosanoic (C26:0) acids. In addition,
traces of longer chain (C32-C36) saturated fatty
acids have also been detected in the deeper
regions of human forearm SC (Norlen
et al. 1998). An analysis of the composition of
free fatty acids as a function of SC depth demon-
strates a decrease in the levels of C14:0, C16:0,
C16:1, C18:0, and C18:1, but an increase in the
amount of C24:1 (Bonte et al. 1997). The relative
ratios of unsaturated/saturated free fatty acids,
fatty acids/cholesterol and fatty acids/ceramides
appear to decrease deeper in the SC.

Freeze fracture electron microscopy has shown
that corneocytes in the SC are separated by multi-
ple sheets of lipid lamellae (Elias and Friend 1975).
These lamellae arise from stacks of lamellar disks
that are extruded from the granular cells and then
fused edge to edge to form sheets (Lavker 1976).
Intercellular lamellae are composed of alternate
hydrophobic (electron lucent) and hydrophilic
(electron dense) lamellae (Landmann 1988). Each
sheet therefore consists of two lipid bilayers, and
there are one, two, or more such sheets in each
intercellular space (Swartzendruber et al. 1987).
A lucent band consisting of a monomolecular
layer of N-(ω-hydroxyacyl)sphingosines is chemi-
cally bound to the horny cell envelope
(Swartzendruber et al. 1987). The interaction
between the ceramides and corneocyte protein
envelopes probably occur via an ester linkage
with glutamine or glutamate residues (Downing
1992). The β-sheet protein conformation of the
corneocyte envelope is thought to permit a dense
liaison with ceramide molecules thus creating a
highly resistant and impermeable envelope (Lazo
et al. 1995). As a result, the diffusion of water
across the corneocyte is limited by virtue of the
hydrophobic coating. Despite the rather low con-
centration of these covalently bound lipids (1.4 %
of the SC mass and 53 % of protein bound lipids),
they play a fundamental role in the mechanical and
enzymatic resistance of the SC (Wertz and
Downing 1987; Wertz et al. 1989). Therefore,
Swartzendruber suggested that each corneocyte
possesses a lipid envelope that may function both

in corneocyte cohesion and in the barrier properties
of the epidermis. A model of the linkage of
ω-hydroxyacylsphingosines to the cornecoyte
envelope (Swartzendruber et al. 1987) and the
arrangement of double bilayers between
corneocytes (Swartzendruber et al. 1989) are
presented in Figs. 1 and 2.

2 SC Barrier Function and Skin
Lipids

2.1 Barrier Function and Skin Lipid
Extraction

Previous studies have demonstrated the essential
role of the intercellular lipids in percutaneous
absorption (Elias and Friend 1975; Nemanic and
Elias 1980; Smith et al. 1982) and in the barrier
function of the skin (Grubauer et al. 1989;
Imokawa et al. 1986; Imokawa and Hattori
1985) showing (a) the importance of lipids in
limiting water transport across hairless mouse
skin, and (b) that extraction of sphingolipids and
neutral lipids using a polar solvent (acetone)
resulted in the greatest barrier disruption
(Grubauer et al. 1989). The extraction of nonpolar
lipids with petroleum ether provoked only a mild
perturbation of the barrier (Grubauer et al. 1989).
The sphingolipids, and particularly the ceramides,
are considered to contribute to this barrier func-
tion by stabilizing the intercellular lipid lamellae
(Ward and du Reau 1991).

2.2 Recovery of Barrier Function by
Skin Lipids

In a similar study, Imokawa et al. (Imokawa
et al. 1991) showed that the application of SC
lipids to skin previously treated with organic
solvents, restored the barrier function and was
accompanied by the formation of intercellular
lipid lamellae. An equimolar mixture of
ceramides, cholesterol, and fatty acids (either
essential fatty acids such as linoleic acid, or
nonessential fatty acids as palmitic or stearic
acids) was shown to accelerate recovery of
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skin barrier function in mice and in humans,
in vivo (Mao-Qiang et al. 1996). These lipids
are incorporated rapidly (within approximately
2 h) into the cellular layers of the viable epider-
mis, then into the nascent, budding lamellar
bodies, and finally within the intercellular
lamellae. The diffusion within the viable epider-
mis of these endogenous lipids applied to intact
human skin is thought to be equally rapid
(Mao-Qiang et al. 1995). The application of
an equimolar mixture of ceramides, cholesterol,
and fatty acids was shown to accelerate
barrier function recovery more rapidly than
Vaseline (difference observed after 8 h)
(Mao-Qiang et al. 1996).

2.3 Effect of Age and Seasonal
Variation on SC Lipids

The biosynthesis of the majority of SC lipids,
especially that of ceramides, decreases

significantly with age (Rogers et al. 1996). Sim-
ilarly, SC lipid synthesis decreases during the
winter months regardless of the body site. The
relative level of ceramide 1 linoleate declines
during winter in older subjects, while the relative
amount of ceramide 1 oleate increases. The
levels of lignoceric and heptadecanoic acids
decrease during winter while those of the other
fatty acids remain almost constant. The
decreased amount of SC lipids in older subjects
contributes to their higher susceptibility to
altered skin barrier function and skin dryness,
particularly in winter.

3 SC Barrier Function
and Hydration

The movement of water across the epidermis
plays an important role in barrier repair
(Grubauer et al. 1989) since the application of
an impermeable covering over a damaged barrier

Fig. 1 (a) A representative structure of the
ω-hydroxyacylsphingosines liberated from ester linkage
with the horny cell envelope. (b) Postulated arrangement

of ω-hydroxyacylsphingosines esterified with alterning
γ-glutamyl groups in a β-pleated polypeptide chain (From
Swartzendruber et al. 1987, with permission)
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impedes recovery. Consequently, it is probable
that the factors that regulate transcutaneous
water transport are able to modulate skin barrier
function. The ambient relative humidity also
influences the transcutaneous diffusion of
water. In a recent study, Denda et al. (1998a)
demonstrated that the basal TEWL was reduced
by almost 31 % from 19.9 � 5.0 mg/m2/h to
13.8 � 2.6 mg/m2/h in animals maintained in a
dry (RH < 10 %) versus humid (RH:80 %)
environment. Furthermore, the number of

lamellar bodies in the stratum granulosum cells
(and their exocytosis) as well as the number of
SC layers were elevated in animals maintained in
a dry environment (RH < 10 %). Exposure to a
low humidity for 48 h results in increased epi-
dermal DNA synthesis (Denda et al. 1998b). The
epidermal thickness and dry weight are also
increased in a dry environment (Denda
et al. 1998b). These changes may correspond to
a homeostatic response to counter excessive
TEWL in a dry environment (Denda

Fig. 2 Diagram of intercellular lipid lamellae based on
studies by Swartzendruber et al. (From Swartzendruber
et al. 1989, with permission). In gray on the chart (and

black on the electron micrograph) are hydrophilic layers,
whereas lipophilic layers are white both on the chart and
the electron micrograph image
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et al. 1998b). Water transport across the skin can
be increased in the presence of hydrophilic
excipients (e.g., diethyleneglycol monoethyl
ether), which favors the partitioning of water
towards the external surface in contrast to the
presence of lipophilic substances (e.g., propyl-
ene glycol dipelargonate) (De Carvalho
et al. 1993). Table 2 shows the variation in cuta-
neous water permeability coefficients as a func-
tion of relative humidity and treatment with
lipophilic or hydrophilic formulations.

4 Characterization of SC Barrier
Function

4.1 TEWL Measurement

The diffusion of water from the deeper layers of
the epidermis towards the skin surface is an insen-
sible phenomenon (distinct from perspiration),
which is limited by the presence of the stratum
corneum. Approximately 65 % of insensible
water loss (TEWL) is attributed to evaporation
from the skin surface. This diffusion depends not
only on homeostatic mechanisms, but also on
external factors such as humidity, temperature,
and atmospheric pressure (Sato et al. 1998). In

the absence of a convective current, the human
body is surrounded by a layer of water vapor.
TEWL measurements permit an evaluation of
the skin barrier function (Elias and Menon 1991;
Grubauer et al. 1989). The insensible water loss
from the skin can be calculated from a measure-
ment of the water vapor pressure gradient at the
skin surface:

1

A

dm

dt
¼ �D0 ΔP

Δx

where dm/(A dt) is the quantity of evaporated
water per unit time and surface area (g m�2h�1),
D0 is a constant equal to 0.670 � 10�3 g mhPa�1

(at a temperature of 300 K and atmospheric pres-
sure of 101 kPa), δP/δx is the water vapor pressure
gradient (Pa m�1) (Chapman and Cowling 1953;
Eckert and Drake 1959). At the skin surface, the
water vapor pressure gradient is relatively con-
stant in the absence of external convection cur-
rents (Ueda 1956). Consequently, this gradient
can be estimated by measuring the difference in
water vapor pressure between two discrete points
aligned perpendicularly to the skin surface. The
vapor pressure is calculated as the product of the
relative humidity and the saturated water vapor
pressure, which is dependent on temperature. The
relative humidity and temperature are measured

Table 2 Skin permeability coefficients for water as a function of relative humidity and treatment with hydrophilic/
lipophilic agents

Relative humidity (%) SC thickness (μm) 108 � P (cm s�1)

46a 11.6 3.9

62a 11.5 5.5

81a 12.4 17.9

93a 15.6 20.0

75b 15.0 11.0

60c 12.6 21.0

Formulationd Water solubility in formulations 108 � P (cm s�1)

Diethyleneglycol monoethylic ether (I) Miscible in all parts 65

Propyleneglycol dipelargonate (II) <0.001 0.001

Mixture I + II (50/50. v/v) 0.04 0.04
aThrough human skin (Blank et al. 1984)
bThrough pig skin (Potts et al. 1991)
cIn vivo in man (Pirot et al. 1998)
dThrough hairless mouse skin treated with variable hydrophylic formulations (De Carvalho et al. 1996)
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using a sensor (rh) and thermistor (th), respec-
tively, which are coupled in a probe (Nilsson
1977). This method does not require regulation
of the local water vapor pressure, as with hygro-
metric measures (which use circulating gas in a
ventilated chamber) and gravimetric measures
(which use saturated salt solutions in an
unventilated chamber).

4.2 Measurement of Water
Diffusivity and SC Thickness
in Vivo

The diffusion of water in the SC is made complex
by the heterogeneous structure of the membrane.
El-Shime and Princen (El-Shime and Princen
1978) and Blank et al. (1984) demonstrated that
SC water diffusivity increased with increasing
membrane water content. The degree of SC hydra-
tion modifies its affinity for water (Hansen and
Yelin 1972). Despite its heterogeneity, the SC has
been regarded as a homogeneous membrane
where each cellular layer contributes equally to
the TEWL (Kligman 1964). The latter was
recently demonstrated by Kalia et al. (1996) and
Pirot et al. (1998), who have shown that SC water
transport can be simply described in terms of
Fick’s first law of diffusion:

PIEH ¼ γ � D
H

where γ is the product of the SC lipid-viable
epidermis partition coefficient K of water and
ΔC (the water concentration difference across
the membrane), and D is the average apparent
diffusivity of water across the SC of thickness
H. The total SC thickness can be calculated from
the x-axis intercept of the function y = 1/
TEWLH�x = f(x) (Fig. 3). This methodology
was recently used to determine the SC thickness
from different body sites (Schwindt et al. 1998)
(Fig. 4).

The self-diffusion coefficient of water is
approximately 3 � 10�5 cm2/s (Andrussow and
Schramm 1969), and is about 100-fold and

10,000-fold smaller in a SC lipid model and SC,
respectively (Schwindt et al. 1998).

4.3 TEWL and SC Morphology

Potts and Francoeur (1991) have shown that the
intrinsic water diffusivity in the SC is comparable
to that obtained in other lipidic membranes. How-
ever, the water diffusion pathway across the SC is
50 times greater than the absolute membrane
thickness in which the lipids form a continuous,
and tortuous, extracellular milieu.
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4.4 Electrical Properties:
Impedance and Conductance
Measurements of the SC

The passage of an electrical current across the SC
is dependent on the hydration state of the mem-
brane. Measurements of electrical impedance or
resistance have been frequently used to ascertain
the SC hydration level. The passage of current
across the SC is dependent on (1) the orientation
of dipole moments of SC constituents such as
keratin, (2) ionic motion within the SC, and
(3) water mobility and proton exchange in the
SC (Leveque and de Rigal 1983). The SC imped-
ance, measured at high frequency, decreases
(1) with increased hydration (Tagami
et al. 1980), (2) following the removal of SC
layers (i.e., after tape stripping), especially of the
outermost layers 34], and (3) after treatment with
hydrating agents (Clar et al. 1975). Tagami
(Tagami et al. 1994) demonstrated, using mea-
surements of cutaneous conductance at high fre-
quency, that the capacity for water absorption and
retention is markedly decreased in psoriatic
lesions and in regions treated with Vaseline and
a formulation containing urea (10 %). This tech-
nique has helped to highlight the correlation
between the degree of hydration and the amino
acid content in the SC of patients suffering from
senile ichthyosis (Horii et al. 1989).

4.5 Infrared Spectroscopy

Water absorbs infrared radiation; this property has
been exploited to quantify, noninvasively SC
hydration using attenuated total reflectance infra-
red spectroscopy (ATR-IR). Accordingly, it has
been shown that the absorbance at 3400 cm�1

(2.9 μm) characteristic of OH stretching vibra-
tions increases in the deeper layers of the SC,
suggesting a corresponding increase in water con-
tent as a function of SC depth (Baier 1978). Using
Fourier transform infrared spectroscopy (FTIR), a
water content of 0.12 � 0.01 g cm-3 (mean �
SD; n = 6) was measured in six human subjects
(Potts et al. 1985b). This value increased to
0.22 � 0.02 g cm�3 after treatment with Vaseline

for 5 h and returned to the initial value 30–45 min
after removal of this occlusive layer.

5 Water Transport in the SC

Potts and Francoeur (1990) compared, using FTIR,
the variation in SC water permeability and lipid
conformation as a function of temperature. Their
results demonstrated an important modification in
the lipid hydrocarbon chains supporting Träuble’s
(1971) hypothesis that the diffusion of water
occurred through free volume voids created in the
lipid infrastructure. In an earlier study, the same
group examined skin barrier function in vitro and
the SC permeability to water using differential
scanning calorimetry and infrared spectroscopy
(Golden et al. 1987). At temperatures below
70 �C, the movement of water across the SC
requires an activation energy of 17 kcal/mol, a
value comparable with that obtained for a range
of biomembranes. In addition, Golden et al. (1987)
have shown that the flux of water is inversely
related to the degree of conformational order of
SC lipids. In a recent study, Gay et al. (1994)
reported that a fraction of the intercellular SC lipids
existed in an orthorhombic crystalline arrange-
ment, implicating alkyl chains longer than 22 car-
bon atoms. Independent x-ray diffraction studies
have demonstrated the presence of these structures
in the SC of hairless mice (White et al. 1988),
premature rats (Wilkes et al. 1973), and humans
(Bouwstra et al. 1991; Garson et al. 1991). Such
configurations, associated with nonlipid constitu-
ents, disappear between 45–65 �C. At physiologi-
cal temperature, these orthorhombic lipids are
thought to play an important role in the SC barrier
function. Bouwstra et al. (1992) have shown, using
x-ray diffraction, that the SC lipids from human
skin are arranged as two types of lamellar struc-
tures with repeating distances of 6.4 and 13.4 nm.
The introduction of molecules such as cholesterol
destroys this configuration (Umemura et al. 1980).
According to Gay et al. (1994) these orthorhombic
lipids, associated with ceramides, could be located
at the level of the corneocyte membranes, which
could explain (in part) the poor permeability of
these cells. Moreover, Gay et al. (1994) showed a
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significant change in the infrared CH2 stretching
frequency of the SC lipid alkyl chains at relative
humidities above 40 % w/w, suggesting a transi-
tion of the orthorhombic lipids and hence a change
in barrier function.

Interestingly, no change in the X-ray diffrac-
tion pattern of SC lipids is observed as a function
of hydration (Bouwstra et al. 1992). According to
Bouwstra et al. (1992), water does not induce a
swelling of the multilamellar lipid structure.
Water can be incorporated into the lipid polar
head regions (Fig. 5) and hence increase the inter-
facial area per lipid molecule without modifying
the lamellar repeat distance (Bouwstra
et al. 1991). This increase in interfacial area
could thus be accompanied by a lateral swelling
of alkyl chains and a decreased resistance in the
interior of the membrane (Mak et al. 1991).

6 Conclusion

The physiology of the skin barrier function is a
complex phenomenon that has only been partially
elucidated. The key aspect of this function resides
in the SC, at the skin-environment interface. The
integrity of the skin barrier function may be evalu-
ated by measurements of TEWL. While the mea-
surement of water transport across the SC is now
relatively straight-forward, the intimate under-
standing of this passive phenomenon is still the
object of research and controversy, due in part to
the remarkable anisotropic nature of themembrane.

In spite of this heterogeneous character, the
diffusion of water across the SC appears to be a
homogeneous process. If the thickness of the SC
can be determined with some degree of accuracy,
the route of water transport and hence, its diffu-
sional pathway are still controversial. The
intercellular lipid matrix is the only continuous
structure of the SC (from the basal layers to the
exterior). A number of different studies have
shown that the intercellular lipids contribute to
the skin barrier function. Water diffusion across
this lipid matrix is considered to occur through the
formation of free volume voids, created by ther-
mal fluctuations, in the lipid hydrocarbon chains.
Molecules of water can thus be transported across
the SC thickness. This phenomenon is dependent
on the temperature, the relative humidity, and the
hydration state of the membrane. It is probable
that an increase in water diffusivity subsequent to
an increase in external temperature, relative
humidity, and the level of membrane hydration
reflects a modification of the orthorhombic con-
figuration of certain intercellular lipids. The ele-
vated SC water content (as a result of increased
relative humidity) could subsequently lead to
membrane fluidization (Alonso et al. 1996). This
effect is probably predominant near the hydro-
philic head groups of the fatty acid chains and
may contribute to an increased water permeability
across the SC. Further studies should help eluci-
date the level of these orthorhombic lipids and the
influence of different treatments on their confor-
mation and the reversibility of their phase

alkyl chains

a x

head groups

H2O

H2O

x

d

Fig. 5 Uptake of water in a
bilayer: a possible
mechanism, a: interfacial
area per molecule. d: repeat
distance. x: distance
between two alkyl chains
(From Bouwstra et al. 1991,
with permission)
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transitions. The study of water transport across
the skin is of major interest as it also provides
insight into the functional status of the barrier.
However, conventional noninvasive methods
based on electrical (Clar et al. 1975; Leveque
and de Rigal 1983; Tagami et al. 1980), mechan-
ical (de Rigal and Lévêque 1985; Potts et al.
1985a) and spectroscopic (de Rigal et al. 1992;
Potts et al. 1985a) properties provide general
information regarding bulk water transport across
the skin, but do not provide a detailed picture of
localized diffusion in the corneocytes and in the
intercellular spaces.
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1 Definition

Skin absorption occurs from occupational, envi-
ronmental, consumer skin exposure to chemicals,
cosmetics, and pharmaceutical products. Skin
absorption is a global term that describes the
transport of chemicals from the outer surface of
the skin to the systemic circulation (OECD 2004).
This is often divided into:

• Penetration, which is the entry of a substance
into a particular layer or structure, such as the
entrance of a compound into the stratum
corneum

• Permeation, which is the penetration through one
layer into a second layer that is both functionally
and structurally different from the first layer

• Resorption, which is the uptake of a substance
into the skin lymph and local vascular system
and in most cases will lead to entry into the
systemic circulation (systemic absorption)

Skin absorption is a field of interest mainly to
pharmacologists and toxicologists. The main pur-
pose is obviously to know the amount of compound
(solute) which has penetrated the organism, either
its total amount or the amount per skin surface unit.

2 Topical Absorption Process

Skin absorption is related to a flow of matter
diffusing through the stratum corneum, the outer-
most barrier, and subsequent layers. This process
is illustrated in Fig. 1 (Lane 2013).

Three principal phases occur during skin
absorption:

Phase 1: The solute leaves its vehicle and dis-
solves in the film coating the skin surface
(lipids from the stratum corneum intercellular
spaces, sebum, sweat, water, paraffin from the
environment, etc.). This change of solvent is
directed, and limited, by the solubility ratio,
called partition coefficient (K).

Phase 2: The solute enters the stratum corneum
intercellular spaces and is distributed
according to a linearly decreasing concentra-
tion toward the deeper layers; its flow rate is
determined by the diffusion coefficient (D).
The filling of the stratum corneum is limited
by its maximum storage capacity.

Phase 3: The solute penetrates the living tissue.
This actual absorption phase begins before the
second one has ended. It is controlled, and
limited, by the solubility ratio in both tissues
(which explains the very low passage of very
lipophilic molecules). After a transient phase,
this flow reaches a maximum which remains
stable as long as the substance is in sufficient
quantity on the skin surface. It is the phase of
steady-state flux during which the amounts of
compound going in and out of the stratum
corneum are equal, while the amount stored
inside this layer is continuously renewed but
keeps identical and maximum. The amount
absorbed during this phase is given by the
first Fick’s law:

Q ¼ P Act (1)

This formula expresses the fact that the quan-
tity absorbed Q (g) is proportional to the
application area A (cm2), the application time
t (hours), the applied concentration C (g/cm3),
and a particular factor P (cm h�1) called perme-
ability coefficient. It is important to highlight the
fact that the exclusive “motor” of this molecular
transfer is the concentration difference (C) on
each side of the stratum corneum and that the
absorbed quantity (Q) is at any time proportional
to this difference. The applied quantity (the
“dose”) eventually plays a part only through the
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application area or concentration, never through
the thickness of the applied coat. This steady-state
flux lasts as long as the solute concentration in the
applied preparation remains unchanged. Without
any new application, it will decrease, inducing the
reduction then the end of the absorption.

Mention is made of “infinite dose” when the
quantity applied is such that the concentration is
not reduced before the steady-state flux has had
time to be responsible for the almost entire
absorbed quantity. This is usually the case when
the quantity of cream applied is over 1 mg/cm2,
and the application is renewed every hour at least
(the absence of visible cream on the skin should
be avoided).

The experiment is called “finite dose” type if
the amount of compound on the surface is not

sufficient to reach the maximum flux. A typical
example is when the molecule has a great affinity
for the stratum corneum (it disappears quickly
from the formulation and the partition coefficient
comes down) or when the applied dose is very
small (less than 0.5 mg/cm2 cream).

3 Absorption Parameters

The cutaneous or percutaneous absorption is
expressed differently depending on whether it
refers to the transit through the stratum
corneum only or the joint transit through other
cutaneous tissues (epidermis, entire skin). The
parameters of the flux across the stratum
corneum (actual absorption) are those of

Applied 1. Drug release from formulation

2. Partition into SC

3. Diffusion within SC

4. Partition into VE

5. Diffusion within VE

formulation

SC

Viable

Epidermis

Dermal blood 6. Absorption into the dermal
blood supply

Rate-limiting
step for most

step for very
lipophilic

drugs
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Rate-limiting

Systemic circulation Clearance
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supply
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Binding ?

Metabolism ?

Binding ?
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Toxicity ?

Allergic reaction ?

Pharmacological
activity ?
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�

Fig. 1 Schematic representation of the processes involved in drug transport into and across the skin from any topical or
transdermal applied formulation (Reported from Lane (2013))
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Fick’s laws. The transepidermal or transcutane-
ous passage is described by pharmacokinetic
parameters requiring compartment models
based also on diffusion but not on Fick’s
laws. Finally, empirical or purely descriptive
parameters are used sometimes, in particular
when the former cannot be used. The choice
of reliable parameters is very important as it
guarantees the reliable reading and interpreta-
tion of the measures, especially their extrapola-
tion to other situations.

3.1 Parameters Derived from
Fick’s Laws

J (g cm�2 h�1): steady-state (maximum) absorp-
tion flux per unit skin area.

P (cm h�1): permeability coefficient: it character-
izes the absorption of a given compound in a
given vehicle.

K (no dimensions): solubility of the solute in the
stratum corneum divided by its solubility in its
vehicle.

D (cm�2 h�1): speed of transfer in the stratum
corneum and capacity to penetrate the living
tissue.

τ (hours): “lag time.”

To use and calculate these parameters, different
equations are available (Scheuplein 1978):

Q (g cm�2) indicates a quantity per unit skin area.
C (g cm�3) is the applied concentration.
t (hours) is the application time since the

beginning.
e (cm) is the stratum corneum thickness.

Steady-state flux:

J ¼ Q=t ¼ PC (2)

Permeability coefficient:

P ¼ KD=e hence J ¼ KDC=e (3)

Cumulated amount entered into the stratum
corneum (Fig. 1, top curve):

Qin ¼ J tþ 2τð Þ (4)

Cumulated amount having left the stratum
corneum (Fig. 1, bottom curve):

Qout ¼ J t� τð Þ (5)

Maximum amount stored in the stratum corneum
(Fig. 1, middle curve):

Qm ¼ KCe=2 (6)

Lag time:

τ ¼ e2=6D (7)

The actual absorption corresponds to Qout (lower
curve). However, during this period of maximum
flow, the quantity Qm remains stored in the SC, the
leaks toward the living tissue being compensated
by an equivalent supply. It may be interesting to
know this maximum storage capacity as it consti-
tutes a reservoir (Mitragotri 2003) likely to empty
quickly into the living tissue if the diffusion coef-
ficient happens to increase; this occurs in case of
hyperhydration of the SC, for example, under
occlusion or during a contact allergy patch testing.

At the beginning of the application, before the
flow is at its maximum, the second Fick’s law is
applicable as long as the solute concentration in its
vehicle remains unchanged.

3.1.1 Partition Coefficient (K)
It is defined as the ratio “solubility in the stratum
corneum/solubility in the applied formulation.”

This ratio can be measured in vitro by using
powdered stratum corneum from foot callus
(Wester andMaibach 1995) or, preferably, stratum
corneum from other body sites. The latter is
obtained by immersion of an epidermis sample
(isolated from dermis using the usual techniques)
in 0.01 % trypsin in water (Kligman and
Christophers 1964). Five milligrams of stratum
corneum is immersed in 100 μl of the tested for-
mulation and left until equilibrium (Scheuplein
1965).

It can be measured in vivo by three procedures.
Firstly, by dosing the solute in the stratum

1094 Y. Lboutounne and P. Muret



corneum at the stage of constant flow or in its
vicinity (therefore after a half hour application at
least). Assuming that the SC thickness is made up
of 20 layers, and leaving aside the reduction of the
weight of the strips with depth, the quantity found
in the first 15 strips should represent about three
fourths of the total. Knowing this, it is possible to
obtain the partition coefficient with the
abovementioned Eq. 6. Another method consists
in dosing the solute in the first 5 strips, then in the
5 following ones, and so on until 20 strips are
completed. The concentration close the surface,
obtained through a linear regression, divided by
the applied concentration, gives the partition coef-
ficient. The principle of the last method is to
measure the constant store during an absorption
measurement by the “difference method”
(Sect. 4.9) and then apply Eq. 6.

3.1.2 Diffusion Coefficient (D)
It corresponds to the diffusion speed inside the
stratum corneum (and also the partition coeffi-
cient between living tissue and stratum
corneum, although this is not taken into account
in the theory). It is theoretically independent
from the vehicle (but this is not always con-
firmed in practice). It can be calculated from J
or P only if K is known. Tables of the diffusion
coefficient have been drawn up (Table 1):
as their use is in cm�2 h�1 (or cm�2 s�1),

concentration must be recorded in g cm�3 and
skin thickness in cm2.

3.1.3 Permeability Coefficient (P)
It characterizes the capacity of a solute to be
absorbed from a given vehicle. It can be obtained
directly by the “method of differences”
(Sect. 4.9), by dividing the steady-state flux by
the applied concentration. Other methods which
indicate the flux entering not the stratum
granulosum but more distal tissue only (dermis,
blood, urine) can only give an estimate. The value
of P for the same solute but with vehicle B instead
of A can be obtained by multiplying PA by the
solubility in A to solubility in B ratio.

The values of P vary widely from one product
to another, between 10�6 and 5 10�2 cm h�1

(Mitragotri 2003; Table 2). If water is the vehicle,

Table 2 Permeability coefficients (P (cm/h) measured in human skin models (Reported and modified from Mitragotri
(2003)

Solute Molecular weight Log Ko/w Permeability (cm/h)

Skin permeability to hydrophobic solutes (Ko/w >1)

Corticosterone 346 1.94 1.0 � 10�4 – 5.4�10�4

Estradiol 272 3.86 3.0 � 10�3 – 6.1 � 10�3

Hydrocortisone 362 1.53 1.6 � 10�5 – 2.3 � 10�4

Progesterone 314 3.77 1.3 � 10�2 – 3.0 � 10�2

Testosterone 288 3.31 2.2 � 10�3 – 5.3 � 10�3

Skin permeability to hydrophilic solutes (Ko/w <1)

Water 18 �1.38 1.3 � 10�3 – 1.7 � 10�3

Ethanol 46 �0.31 8.0 � 10�4

Urea 60 �2.11 1.5 � 10�4

Caffeine 194 �0.02 1.0 � 10�4

Scopolamine 303 �1.58 5.0 � 10�5

Human serum albumin 65,000 – 1.4 � 10�6

Dextran 70,000 – 8.0 � 10�6

Table 1 Water diffusion coefficients (D (cm2 h�1 � 106))
at 30 �C (Scheuplein and Bronaugh 1983)

Body site e (μm) D (cm2 h�1 � 106)

Abdomen 15,0 2,16

Volar forearm 16,0 2,12

Back 10,5 3,24

Forehead 13,0 1,44

Scrotum 5,0 0,36

Dorsum hand 49,0 4,32

Palm 400 29,88

Sole 600 38,16

E (μm): stratum corneum thickness
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it is sometimes not necessary to perform absorp-
tion measurements to calculate P, because it can be
estimated from the molecular weight (M) and the
partition coefficient octanol-water (Kow measur-
able in vitro), according to the following formula:

log P cmh�1
� � ¼ 0:74 log Kow

� 6:0 10�3M� 6:36 (8)

Knowing Pwill help predict the steady-state absorp-
tion flux, according to Eq. 2, and the quantity that
would be absorbed during this time (Eq. 1). To
investigate further and be able to draw the curves
of Fig. 1, it is necessary to know K or D as well.

3.1.4 Lag Time (t)
This time, which is the intercept of the steady-state
absorption flux straight line with the time axis
(Fig. 2), takes place after the absorption has started
and reflects the delayed absorption into the viable
tissue related to the penetration into the stratum
corneum, because the lines of entry into the SC
and of entry in the viable tissue are 3τ apart, that is,
0.5 on Fig. 2 normalized absorption curve.

Direct lag time measurement in vivo is not
possible, but its calculation is easy with Eq. 7.
Its variations are in a narrow range. Lag time
depends directly on the diffusion coefficient
(D) and also shows variations with the vehicle
(therefore with coefficient K and the SC store).

3.2 Pharmacokinetic Parameters

After passing through the SC, compounds diffuse
through the epidermis and then the dermis and
finally enter the blood capillaries. Pharmacologists
and toxicologists use compartment models to treat
these successive transfers. For example, (Guy
et al. 1982) to process the data yielded by the
“excreta method” (Sect. 4.1), four successive trans-
fers can be considered: skin surface-SC, SC-living
part of the skin, skin-blood, and blood-urine.
Knowing the concentrations in the latter compart-
ments, and considering that the transfer flows vary
exponentially with time with constant coefficients,
all the percutaneous absorption phases can be

processed. Furthermore, the fate of the absorbed
amounts in deeper tissue, for example, hypoder-
mis, fat, muscle, or joints, can be predicted (Marty
1976; Schaefer and Redelmeier 1996).

Physiologically based pharmacokinetic model-
ing (PBPK) takes into account the physiological,
metabolic, and chemical-specific parameters to
quantitatively simulate the absorption and elimi-
nation of a compound and determine the perme-
ability constant (Kp). Although the technique can
be elaborated only in animals, due to the necessity
of organs sampling, it can be extrapolated to man.
The formula to calculate Kp is the following
(Thrall et al. 2002):

Q/KCe1,2

0,8

0,4

0
0 T 0,2 0,4 0,6

Fc

t/6 τ

0,8

Fig. 2 Kinetics of skin absorption. The upper curve is the
graph of amounts entering the stratum corneum. The lower
curve is the graph of amounts entering the viable tissue.
The curve in between (difference between the two curve
ordinates) depicts the quantity within the stratum corneum.
The three curves are normalized; thus, they are valid what-
ever the applied concentration (C) and the permeability
coefficient (KD/e). In abscissa, application time divided
by e2/D (hence with 6 τ as the unit time). In ordinate
Q/KCe: amounts normalized by the stratum corneum max-
imum storage capacity. K: partition coefficient; e: stratum
corneum thickness; D: diffusion coefficient; Fc: starting of
the steady-state flux; τ: lag time. The equations of the three
curves are presented in Appendix 1
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dQsk=dt ¼ KpAs Cliq � Csk=Psk:liq
� �

þ Fsk Ca � Csk=Psk:bð Þ

where Qsk is the amount of compound in the skin
compartment, As is the exposed surface area, Cliq

is the liquid concentration, Csk is the concentra-
tion of compound in the skin compartment, Psk:liq
is the skin to saline partition coefficient, Fsk is the
blood flow rate to the skin, Ca is the arterial
concentration, and Psk:b is the skin to blood parti-
tion coefficient.

The calculation of the transfer coefficients is
explained in specialized papers (Wépierre 1977).
A brief description of their use is given in Sect. 4.2
regarding the “plasma level method.”

3.3 Descriptive Parameters (Not
Derived from Fick’s Laws)

If, as the applied amount diminishes, the concen-
tration in the vehicle decreases (“finite dose”), the
profile of the absorption flux versus time or of the
concentration time course in the target tissue is
then an asymmetrical bell-shaped curve ending in
asymptote, where three parameters can be found:
the maximum flux per cm2 skin area (Jmax) and its
appearance time (tmax) and the area under the
curve (AUC) up to t time which indicates the
total amount received over the interval t0-t. If the
flux is recorded until its ending (often several
hours or days after exhaustion of the applied
amount), the AUC reflects the total absorbed
amount. The latter can be expressed in % of the
applied amount, but this notation is ambiguous
and confusing because this percentage would not
be valid for another amount. In other words, the
total absorbed amount obviously depends on the
applied amount but is not proportional to it.

4 Absorption Measurement
Methods in Man In Vivo

Several methods to measure cutaneous or percu-
taneous absorption in man in vivo have been used.
An inventory has been made by Schaefer et al. in a
book entitled “Skin Permeability” (Schaefer

et al. 1982). These methods mainly concern the
absorbed compound in its travel beyond the SC,
which could be called the postabsorption. In the
following paragraphs, only the leading methods
still used today will be mentioned. Because of the
small amounts absorbed (the skin is meant to be a
barrier: it is only ten times more permeable than
Teflon), all the methods require powerful dosage
techniques, since the use of radioisotopes is
strictly controlled.

4.1 The “Excreta Method”

This was the first method available to measure
absorption in man in vivo (Feldmann and
Maibach 1965, 1969), in particular for dermocor-
ticosteroids with the use of radiolabeled isotopes.
It was successful and is still considered as the
reference method. Its principle is to apply on the
skin a small quantity of compound in acetone and
then collect all the urine over 120 h, thus covering
the whole duration of the absorption. The time
curve of amounts excreted into urine is drawn
(in % of the applied dose). A proportion of the
substance may have been captured or metabolized
by cutaneous tissues before reaching the plasma; a
correction factor is therefore applied. It is esti-
mated by measuring the proportion of the same
compound found in the urine during the 120-h
period that follows its intravenous injection. The
final result is expressed by the ratio total radioac-
tivity following topical administration/total radio-
activity following parenteral administration, the
latter being considered as equivalent to a 100 %
absorption. This ratio is named “absolute bio-
availability by topical administration” (Maibach
and Wester 1989): it varies from 63 % to 75 % for
hydrocortisone (Maibach and Wester 1989).
These data may be processed by pharmacokinetic
modeling (Potts and Guy 1992). Pulmonary elim-
ination can replace urinary elimination for volatile
substances (Lauweris et al. 1978; Wester and
Maibach 1999).

This method provides two pieces of informa-
tion: the percentage of the applied amount elimi-
nated in the urine and the percentage of the
applied amount retained and/or metabolized in
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the skin (i.e., not penetrating blood vessels). Both
parameters depend on absorption (passage
through the SC) but do not measure it. They mea-
sure the visceral availability of the absorbed
amounts. The method is therefore more pharma-
cological than toxicological.

The complexity of this experimentation and
the fact that the compound has to be intravenously
injected are drawbacks which account for its rare
use. Nevertheless, it has provided useful compar-
isons between products administered identically
(Wester and Noonan 1978) or between different
anatomic sites (Wester and Maibach 1989) or
between man and different animal species.

4.2 Breath Analysis

When the tested permeant or its metabolites are
excreted at least in part by the lungs, the analysis
of exhaled breath can be a way to indirectly assess
percutaneous skin absorption. Since the first
attempts more than 10 years ago, technical pro-
gress has been made to detect and assess in real
time minute amounts of volatile compounds, on
the order of 1–10 parts-per-billion (10�9 concen-
tration) (Thrall et al. 2002). Thus, monitoring
percutaneous absorption is made possible (Thrall
et al. 2002). Physiologically based pharmacoki-
netic modeling is usually associated with this
technique which is still uncommon due to its
complexity.

4.3 Plasma Level Method

The plasma concentration of a compound
increases after its absorption by the skin. If the
assessment method is very sensitive (e.g., using
isotope labeling) or if the absorbed amounts are
high, the blood concentration kinetics can be
followed. The plasma level results from the dif-
ference between what penetrates the blood com-
partment and what goes out of it to tissues and
through elimination especially in the urine.
Plasma level versus time shows a bell-shaped
asymmetrical curve ending in asymptote. Assum-
ing that compound inflow and outflow are

exponential functions of time, whose rates are
characterized by their transfer coefficient ka and
ke, respectively, both coefficients can be obtained
using the logarithm of the concentration versus
time curve. This data processing, traditional in
pharmacokinetics, uses a simple mathematical
formulation (Schaefer et al. 1982; Fig. 3). It is
not necessary to wait until the end of the absorp-
tion to process the data, but only to have an
elimination phase long enough to permit a safe
calculation. The parameter ka describes the con-
centration raising rate, a consequence of the
increased (supposedly exponential) flow of the
compound into the plasma. This inflow rate
(a quantity of matter per unit time) can be obtained
by multiplying the observed concentration by the
plasma volume or by using the following formula:

Plasma concentration ¼ inflow=clearance:

This parameter concerns postabsorption. Assum-
ing that it is proportional to what has penetrated
the living epidermis (therefore assuming absence
of retention within the skin), it is also, like the
absorption rate, proportional to the application
area, the applied concentration, the partition coef-
ficient, and the diffusion coefficient of the com-
pound. If these parameters are known for another
vehicle or another compound, it is then possible to

In concentration

Time

a b

Fig. 3 Kinetics of plasma concentration following percu-
taneous absorption. Semi-logarithmic chart. The straight
line by which angle α is defined is the graph of entries into
plasma; it is the difference between the descending line and
the experimental curve. tgα = ke (observed) et tgβ = ka
(calculated)
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anticipate absorption by a simple rule of three.
Note that the amount lost either by tissue fixation
or metabolism which might occur in the skin can
be estimated by difference with the curve of
plasma concentration following intravenous
injection of the same compound.

In this type of method, only the nontoxic com-
pounds can be studied. Because of the low plasma
concentrations always observed (the amount
absorbed is diluted in 5 l of blood), this method
requires the use of radioactive isotopes or sensi-
tive analytical methods and also a high absorption
rate (i.e., on a relatively large skin area and at
optimal concentration).

4.4 Absorption Measured by Local
Biological Effects

Measurable effects are erythema or skin tempera-
ture rise (induced by nicotinic esters), blanching
(induced by dermocorticoids), or reduced tactile
sensitivity (induced by local anesthetics (Leopold
and Maibach 1999). These are usually studied in
“finite dose” situation. The usable parameters are
the appearance time of the effect, its maximal
intensity and the length of time to reach it, the
duration of the effect, and the area under the
curve effect time (Leopold 1999).

Recently the effects have been quantified using
standard products, which yield a relative bioavail-
ability, and associated with parameter P of Fick’s
laws. The concentration time course Cd = f(t) of
the compound in its diffusion zone, the dermis, is
simulated by a classic open mono-compartment
model where inflow depends on P (measured in an
infinite dose experiment), the outflow constant ke
and the distribution volume Vd being, respec-
tively, defined at 0.2 h�1 and 10 ml. If the efficient
minimal concentration is known, traditional equa-
tions then provide the theoretical graph of the
efficient concentration versus time; as a conse-
quence, the dermal bioavailability is also given,
although it is different from the actual absorption
since the epidermis has been crossed and may
have retained or altered the compound. A linear
relationship has been found between P and the
inverse of the appearance time of the effect

(Leopold 1998). Knowing P, it is then possible
to anticipate this appearance time which is often
associated with Cdmax and tmax (the latter being the
same for the concentration and the efficient
concentration).

4.5 Disappearance of a Radioactive
Isotope: “Surface
Disappearance or Recovery
Method”

The progressive reduction of the radiation emitted
by a radiolabeled compound applied on the skin
has been used to follow up the penetration of the
compound and therefore measure its absorption
time. The radioactivity versus time is measured
using a Geiger-M€uller device, placed at a (fixed)
small distance from the skin (Wahlberg 1965).

With caffeine, estradiol, and aspirin, all applied
in acetone, the radioactivity measured after a 24-h
exposure (the skin has been protected to prevent
desquamation) was found equal to the sum of the
radioactive emissions of the 15–20 “strips” car-
ried out at the same site later (Guy et al. 1987).
This shows that the method is likely to measure
the amounts stored in the stratum corneum rather
than the actual absorption.

4.6 “Suction blister Method”

Since blisters appear at the dermoepidermal junc-
tion, this method is the in vivo equivalent of the
in vitro absorption measurement by a static cell;
however, it has the advantage of having a physi-
ological collecting phase (Guy et al. 1987; Walker
et al. 1993; Averbeck et al. 1989; Treffel
et al. 1991a; Huuskonen et al. 1984). The blister
forms a compartment distinct from the superficial
dermis with which exchanges are somewhat
reduced; as a consequence, the blister fluid is
less subjected to blood convection than the inter-
stitial fluid, hence the slowing down of the elim-
ination of the absorbed compound and possible
slowing down of the absorption.

The compound must be applied when the blis-
ter is completely formed to prevent the
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intensification of the transfer by an aspiration
mechanism (Agren 1990; Humbert et al. 1991).
The blister fluid can be sampled only once;
absorption can therefore be measured at one time
only for each blister; however, it is possible to
achieve simultaneously up to 21 blisters on each
forearm (Treffel et al. 1991a). The measured result
is a concentration in a relatively closed volume
that is supposedly hemispherical, hence the pos-
sible approximate calculation of the amount
which has reached the superficial dermis in a
given time. In a study on acitretin absorption
(Laugier et al. 1994), the concentrations of
acitretin and its metabolites in the blister fluid
were obviously lower than in plasma; this could
be explained by the capture of the permeated
compound by the living epidermis. This method
therefore measures the subepidermal bioavailabil-
ity rather than the actual absorption.

How can we use the parameter obtained, that is
to say the concentration time course in the blister?
Assuming a constant ratio between this concen-
tration and the steady-state absorption flux (which
is not always true), one could extrapolate to other
situations by a simple rule of three. This would
require a measurement in “infinite dose” situation.
If it is not the case, the only possible extrapolation
of the maximal concentration cmax is to another
application area.

4.7 Microdialysis

Microdialysis is a continuous sampling technique
in which a molecule of interest is collected under
the skin. The method involves placing of a fiber
(probe) in the dermis. The probe must be inserted
under local anesthesia parallel to the skin surface
and its insertion depth measured by ultrasound
echography at 20 MHz, ensuring that it is not in
the hypodermis. The probe is semipermeable and
perfused with physiologically relevant media at a
slow rate using a microdialysis pump. Com-
pounds can diffuse into or out of the probe
depending on the direction of the concentration
gradient. Microdialysis gives only a concentra-
tion, not a flow, since the distribution volume in
the dermis is unknown.

Microdialysis has been successfully used for
demonstrating the bioequivalence of topical dos-
age forms (Narkar 2010a; Stenken et al. 2010) and
can be used for monitoring intradermal and sub-
cutaneous tissue drug concentrations after appli-
cation of transdermal drug formulations
(Katikaneni et al. 2011; Paturi et al. 2010; Siddoju
et al. 2011).

Holmgaard et al. (2010) have listed 72 publica-
tions concerning a number of in vivo
microdialysis studies of pharmacokinetics of top-
ically applied drugs, pesticides, and other sub-
stances administered as creams, ointments, gels,
or in transdermal therapeutic systems (patches).
Table 3 reported from Holmgaard et al. (2010)
lists the molecule that has been studied in these
72 publications.

4.8 Tape Stripping Method

Tape stripping consists in a sequential applica-
tion and removal of adhesive tapes onto the
skin surface, in order to collect layers of SC
(Lademann et al. 2009; Herkenne et al. 2008a;
Loffler et al. 2004). It is a minimally invasive
method for the removal and sampling of stra-
tum corneum (SC). The removed adhesive films
are subsequently analyzed for their drug con-
tent and to determine the amount of penetrated
and the penetration depth into the skin of top-
ically applied drug. Tape stripping method is
also known as the dermatopharmacokinetic
(DPK).

To quantify the amount of stratum corneum
removed on each tape stripping, different methods
can be used:

• Gravimetric: The weight of the SC removed is
calculated from the weight difference of the
strip of tape prior to application and after
removal.

• Spectroscopic: Aggregates of corneocytes
reduce transmission of the light resulting in a
linear increase of nonspecific absorption in
correlation with the number of layers of cells
collected SC, called pseudo-absorption (Jacobi
et al. 2005; Lademann et al. 2006).
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• Microscopic techniques were used to determine
the ratio covering density of the corneocytes
adhering to the tape (Lindemann et al. 2003).

In order to remove the SC homogeneously,
several parameters should be taken into consider-
ation including application pressure, removal
velocity, duration, and anatomical site.

In DPK study for bioequivalence, drug levels
should be assessed in at least eight different sites
(Fig. 3): at four of the sites, levels are measured
during uptake (e.g., 0.25, 0.5, 1, and 3 h post-
application), and then, after cleaning the drug
from the remaining sites, levels are assessed dur-
ing clearance (e.g., 4, 6, 8, and 24 h post-
application).

4.9 Difference Method

It consists in measuring, at regular intervals, the
amount of compound that disappears from the
skin surface. The amount which has penetrated
the SC, the upper curve of Fig. 2, is measured by
deducting it from the amount applied. All the
absorption parameters of Fick’s laws can then be
found.

It is necessary to operate in conditions of infi-
nite dose. If the first samples are taken during the
first 2 h, the curve of the total disappeared quantity
is biphasic: first a fast penetration rate reflects the
filling of the SC, and then a straight line of lower
slope indicates the steady-state flux. If the first
sampling is carried out after the first hour, it is
unlikely that the first slope will be observed, but
this is not important. As a matter of fact, the theory
shows (Fig. 2) that the intercept of the line with
the ordinate (axis of quantities) indicates two
thirds of the amount stored in the SC in the
steady-state flux phase, hence the possible calcu-
lation of this amount. It can then be subtracted
from the disappeared quantities, providing the
absorbed quantities. Fick’s law parameters are
obtained by the formulae mentioned in Sect. 3.1.
Even the kinetics of the SC filling is accessible.
The total absorbed quantities, taking into account
the initial period of increasing flux, are given by
Eqs. 4 and 5 and the store in the SC by Eq. 6.

Table 3 Molecules studied by in vivo microdialysis listed
studies of topical applications and dermal measurements
(in vivo only) from 72 publication reported by Holmgaard
et al. (2010)

Substance
MW,
g/mol

Log
pow Object

2-Butoxy ethanol 118.18 0.83 Rat, human

2,4-
Dichlorophenoxacetic
acid

221.04 2.81 Mouse

5-Fluorouracil 130.08 �0.89 Rat

8-Methoxypsoralen 216.19 2.14 Human

Acetyl salicylate 180.16 1.19 Rat

Acyclovir 225.21 �1.8 Human,
rabbit

Ascorbic acid 176.12 �1.88 Human

Aminolevulinic acid 131.13 �4.40 Human

Betamethasone
17-valerate

476.58 3.5 Rat, human

Betamethasone
21-dipropionate

504.60 3.24 Rat, human

Calcipotriol 412.61 4.40 Rat, human

Cyclosporine 1202.61 1.00 Rat

Diclofenac 296.15 4.51 Rat, human

Dipyrone 311.36 �4.76 Rat

Enoxacin 320.32 �0.20 Rat

Estradiol 272.39 4.01 Human

Esterom components – – Rat

Ethanol 46.07 �0.31 Human

Felbinac 212.24 3.19 Rat

Fluconazole 306.27 0.5 Rat

Flurbiprofen 244.26 4.16 Pig, rat

Fusidic acid 516.71 6.75 Rat, human

Glucose 180.16 �3.24 Rat, human

Granisetron 348.9 �0.42 Rat

Ketoprofen 254.28 3.00 Rat, human

Lidocaine 234.34 2.44 Rat, pig,
human

Malathion 330.36 2.75 Human

Methotrexate 454.44 �1.85 Rat, rabbit

Metronidazole 171.15 0.00 Human

Methyl nicotinate 137.14 0.64 Human

Methyl salicylate 151.14 2.99 Dogs

Nicotine 162.16 1.17 Human

Penciclovir 253.26 �2.12 Human

Prilocaine 220.31 �0.38 Rat, pig

Propanol 60.09 0.25 Human

Puerarin 416.38 0.5 Rat

Salicylate esters 250.33 5.97 Human

Salicylic acid 138.13 2.26 Rat, human

Toluene 92.14 2.73 Rat

Tranilast 327.33 3.62 Rat

Valproate 166.20 �0.85 Rat
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In the experiment shown in Table 4, computing
the regression line of the disappeared amounts
versus time gave through its slope the steady-
state flux and through its intercept with ordinates
two thirds of the store in the SC. This permitted
the calculation of the other Fick’s law parameters
by using Eqs. 2 to 7. It was verified that the
disappeared quantities (Qin) calculated for 6 h
(respectively, 985 � 10�9 g cm�2 from acetone
and 1453 � 10�9 g cm�2 from the cream)
corresponded to the recorded figures (respec-
tively, 995 � 10�9 g cm�2 and 1443 � 10�9 g
cm�2). The SC store appeared to equal 7–16 h of
steady-state flux from acetone and cream, respec-
tively, and it doubled when the vehicle was an
O/W cream rather than acetone, which induced a
double lag time τ. On the other hand, D was 2.3
times higher with acetone than with cream, which
indicates the (otherwise well-documented) alter-
ation of the cutaneous barrier by the solvent. Over
6 h, the total absorbed amounts (Qout) have there-
fore been 344 ng/cm�2 from acetone and only
61 ng/cm�2 from the cream.

In another experiment (Table 5), the total
disappeared amount over 6 h was 29.6 ng/cm�2

(the calculation gave 28.2 ng/cm�2) and the
absorbed amounts 25.8 ng/cm�2. The SC store
and the partition coefficient were noticeably low,
in contrast with the diffusion coefficient 20 times
that of caffeine. However, by applying ten times
higher concentrations, thereby close to those of
caffeine, the absorption flux and the store,
although ten times higher, would have remained
much lower.

Therefore, the difference method permits mea-
surement (and calculation) of the absorbed and
stored amounts. Furthermore, by studying hourly
fluxes, it is easy to verify whether the steady-state
flux is reached or if the finite dose conditions still
apply. The parameters obtained provide a maxi-
mum possibility of extrapolation (see Sect. 5). In
case of a “finite dose” experiment, it is possible to
estimate the time when the applied amount is
exhausted and at that moment, to measure the
maximal amount stored and absorbed. For prod-
ucts with a limited and known application time
(e.g., rinsed products), it is easy to know the
maximal stored and absorbed amounts (Fig. 4).

The difference method does not require the use
radioisotope labeling if a sensitive assessment
technique is available. The favored analytical
methods are high-performance liquid chromatog-
raphy (Chambin-Remoussenard et al. 1993;
Treffel et al. 1991b), spectrophotometry (Treffel
et al. 1991b), and gas chromatography. The main
difficulty lies in sampling all the substance
remaining on the skin surface; if some remains
on the skin, the absorbed amount will be
overestimated. Inversely, if the collection is
aggressive and alters the SC, some of the com-
pound might be removed, inducing an underesti-
mate of the absorbed amount. Finally, as in the
previous method, it is essential to ensure that the
absorbed compound diffuses freely inside the SC
and is neither adsorbed nor chemically linked with
an SC constituent: this would increase the store
without modifying the absorption flow rate
(Mitragotri 2003).

Table 4 Absorption of caffeine (Chambin-Remoussenard et al. 1993), an amphiphilic easily absorbed compound

Vehicle
Applied
concentration

Measured flux
(g cm�2 h�1)

SC store
(g cm�2) P (cm h�1) K

D (cm2

h�1) τ
Acetone 250 � 10�6 93 � 10�9 645 � 10�9 374 � 10�6 3.43 163 �

10�9
2 h
18

O/W
cream

664 � 10�6 87 � 10�9 1400 � 10�9 131 � 10�6 2.81 70 �
10�9

5 h
18

Table 5 Absorption of 5-methoxypsoralen (Treffel et al. 1991b), a very lipophilic poorly absorbed compound

Vehicle
Applied
concentration

Measured flux
(g cm�2 h�1)

SC store
(g cm�2) P (cm h�1) K D (cm2 h�1) τ

O/W
cream

29.2 � 10�6 4.5 � 10�9 3.6 � 10�9 154 � 10�6 0.167 1.38 � 10�6 16 min
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If the vehicle is a volatile solvent or a cream, it
should be applied in open cells, for example, 2.5-
cm-diameter simple rings stuck on the skin
(Chambin-Remoussenard et al. 1993; Rougier
et al. 1990). The number of cells applied should
be equal to the number of samplings (e.g., six cells
if the purpose is to follow up the flow for 5 h,
because the first sampling is made in part from the
initial increasing flux and is used only as a refer-
ence for the following period of time). If the
vehicle is a liquid or a gas, closed cells are neces-
sary. The D€usseldorf group has developed plastic
cells (inner diameter: 4 cm) designed to be applied
on the external side of the arm and maintained by
a copper ring and Velcro (Leopold and Lippold
1992). At the top is a hole for emptying and filling
in without removing the cell. One cell can, there-
fore, be used to follow the same product for

several hours (it is emptied and filled each hour).
Thus, the simultaneous absorption of several
products can be studied (Merfort et al. 1994).
Thral et al. used nonoccluded cells covered with
“a Muslim patch” containing activated charcoal to
trap volatile compounds (Thrall et al. 2002).

4.10 The “Stratum Corneum Gradient
Method”

After 15-min application, the skin is washed,
20 subsequent SC strippings are performed, and
the compound concentration in each strip is mea-
sured (Pirot et al. 1997; Pirot 1996; Higo
et al. 1993). The data are then introduced in the
equation of the second Fick’s law which describes
the concentration gradient versus time, applied
concentration and diffusion parameters K and D
which can then be obtained, as well as the amount
absorbed. If the method is used after the steady-
state flux has settled, a rectilinear concentration
gradient is found. Therefore, it is sufficient to
sample four series of three successive strippings,
first to check that the concentration decreases
linearly with depth and then to access all Fick’s
laws parameters.

In this method, it is necessary to know the
depth level and concentration for each strip. The
depth level is not the strip number since the
stripped amount depends on each subject, body
site, and amount of SC already removed. It can be
found by dividing the volume removed by the
stripped skin surface area. The D-Squame (using
a constant pressure maintained 5 s followed by a
mild stripping (Dreher et al. 1998)) has the advan-
tage of being easy to use and generates few adhe-
sion changes for a given pressure. The removed
volume is obtained by dividing the weight by the
density (�1.20). The weight of the SC removed
by each strip (100–300 μg) is measured either by
weighing the adhesive tape before and after strip-
ping (Pirot et al. 1997) or by protein colorimetric
assessment (Dreher et al. 1998). Strips must be
immediately stored in a waterproof flask to pre-
vent water loss. The weighing process is long and
delicate because of the possible variation in the
SC and the disk hydration during the operation.

Q/KCe1,2

0,8

0,4

Q/KCe

0
0 0,2

E

B

A

F

0,4 0,6

t/6 τ

0,8

Fig. 4 Maximum amount that entered in the stratum
corneum in case of finite dose. At point F, the applied
dose is exhausted. Distance AF: maximum entered the
stratum corneum. Distance EF: maximum absorbed. Dis-
tance BF: maximum stored. In abscissa, application time
divided by e2/D (hence with 6 τ as the unit time). In
ordinate Q/KCe: amounts normalized by the stratum
corneum maximum storage capacity. K: partition coeffi-
cient; e: stratum corneum thickness; D: diffusion coeffi-
cient. τ: lag time
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The protein colorimetric assessment is quicker; it
is based on the traditional method of Lowry
followed by a spectrophotometric measurement
at 750 nm (Dreher et al. 1998). The strips are
placed in 1 ml NaOH 1 M and shaken for 2 h.
Neutralization is obtained by adding 1 ml HCI 1M
for 5–10 s, and then the colorimetric assessment is
achieved.

This method also requires the absorbed com-
pound to be assessed in very small SC samples.
Photoacoustic spectroscopy, spectrophotometry
in UV light, and infrared attenuated total reflec-
tance associated with treatment by Fourier trans-
form (ATR-FTIR) are fast methods. In the latter,
with λ between 2250 and 2200 cm�1, that, is
4–5 μm, and for a concentration of 196 nMole in
water (saturation), the 4-cyanophenol sampled by
stripping was 0.05–1.1 mol and the quantification
limit 2.54 nMole/cm2 (Pirot et al. 1997; Higo
et al. 1993).

4.11 Spectroscopic Methods

A prerequisite for the spectroscopic technique is
that the molecule of interest should possess dis-
tinct spectral features of sufficient intensity to be
able to differentiate from the skin spectrum
(Dreher et al. 1998; Kezic 2008). Raman spectros-
copy and near-infrared spectroscopy are advanced
noninvasive in vivo techniques for real-time
determination of diffusion of drugs and chemicals
into the human skin (Herkenne et al. 2008b; Zhao
et al. 2008), Confocal Raman spectroscopy has
been used in vivo to identify the molecular struc-
ture of the skin, level of skin hydration, and effect
of moisturizing agents on skin hydration (Caussin
et al. 2009; Darlenski et al. 2009) and to study the
penetration of certain chemicals like urea and
dimethylsulfoxide into the skin (Caspers
et al. 2002; Wascotte et al. 2007). It has also
been used to show relative effects of different
classes of penetration enhancers on topical deliv-
ery of retinol (Pudney et al. 2007; Melot
et al. 2009). Although its noninvasive nature and
possibility of real-time profiling of drugs penetrat-
ing into the skin make this technique attractive, a
major drawback of Raman spectroscopy is that it

is semiquantitative. It allows relative measure-
ments rather than absolute determination of drug
concentration in the skin. Near IR is a noninva-
sive, quantitative technique which is still in devel-
opment. Initially, attenuated total reflectance-
Fourier transform infrared spectroscopy
(ATR-FTIR) method was developed by Guy
et al. (Stinchcomb et al. 1999; Reddy
et al. 2002) to quantify the drug in tape strips in
order to avoid drug extraction procedure; how-
ever, tape stripping was still required.

4.12 Confocal Laser Scanning
Microscopy

Confocal laser scanningmicroscopy is another tool
to quantify dermatopharmacokinetics parameters.
The confocal images are possible for fluorescent
drugs or probes and do not require to prepare the
skin to make optical sections. This tool focuses a
beam to a given depth within the tissue and mea-
sures the concentration of penetrant or drug mole-
cule at the level of focus. Thus, this tool allows an
investigator to generate a concentration profile fol-
lowing topical application of drug product (Mayee
and Rawat 2010). The confocal images can be
obtained in the plane parallel to sample surface or
in the plane perpendicular (Wu et al. 2009). This
method has been widely used in assessing drug
penetration or distribution in the skin layers follow-
ing topical application of microparticles, nano-
particles, and vesicular systems such as
liposomes, niosomes, etc. (Desai et al. 2013;
Khurana et al. 2013; Wang et al. 2013).

5 Prediction of Cutaneous
Absorption

The objective of most absorption measurements
in toxicology or therapeutics is to be able to pre-
dict how much compound will be absorbed in
other situations, i.e., be found in the SC, the der-
mis, and the skin as a whole, or enter the blood-
stream and be distributed to internal organs. Other
situations means other application area, other
body site, diseased skin, different application
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times, concentrations, formulations, or other com-
pounds whose parameters P (permeability coeffi-
cient), K (partition coefficient), or D (diffusion
coefficient) are known. Prediction of absorption
in the new situation is made by extrapolation from
an experimental situation; it is achieved by simple
multiplication by a rule of three of the experimen-
tally found parameter values. For example, given
the steady-state flux J of a compound in a previous
experiment, what would be the steady-state flux J0

of the same compound in another vehicle and in
another concentrations, all other things keeping
unchanged (same body site, etc.). If the partition
coefficients and applied concentrations were
known (K and K0 and C and C0, respectively),
the answer would be J0 = J K0C0/KC. This impor-
tant question deserves attention because of the
numerous errors found, especially in toxicological
practice. What are the conditions for a safe extrap-
olation? This depends on the parameter(s) used
and the means by which the absorption has been
expressed.

5.1 Extrapolation to Another
Application Area

The total absorbed quantity (g) (in a given time in
case of an infinite dose and after dose exhaustion
in case of finite dose) depends on the application
area because the absorption flux is defined per unit
area (g cm�2 h�1). Consequently the quantities
which penetrate the SC, stay there, or pass through
it are directly proportional to the application area.
A double area absorbs a double quantity, whatever
the experiment is in infinite or finite dose. This is
also true for amounts received further down (der-
mis, plasma); hence, the extrapolation by a rule of
three is possible for the plasma inflow rate coeffi-
cient (plasma entry fits an exponential function).

It is somehow different for concentrations in
tissues or blood because they are a quantity per
unit of distribution volume. The concentration in
the first layers of the living epidermis is obviously
independent from the application area. Inside the
dermis, the same holds true except at the borders
of the area, because of lateral diffusion within the
interstitium. Therefore, in general, for a double

application area, the local concentration would
remain identical. A local biological effect,
although identical theoretically, might be
enhanced through lateral diffusion and reciprocal
reinforcement. The plasma concentration
(g cm�3) is proportional to the ratio inflow/out-
flow rate coefficients, both rates being exponen-
tial. Whereas the inflow rate coefficient is
proportional to the application area, the outflow
rate coefficient depends on the plasma concentra-
tion and so keeps constant. It follows that in case
of a doubled application area, the ratio will be
double and also the plasma concentration. This
is the case whatever the experiment is with infinite
or finite dose.

5.2 Extrapolation to Another
Application Duration

The cutaneous absorption depends on time and
becomes proportional to it as soon as the steady-
state flux begins. The rule of three is therefore
theoretically possible only for the sampled quan-
tities during this period. However, if it lasts sev-
eral hours, the absorbed amount before the steady-
state flux becomes negligible and one can con-
sider that the steady-state flux has existed since
the beginning. Amounts absorbed before the
steady-state flux settlement in situation of “infinite
dose” cannot be extrapolated by a simple rule of
three to a different application duration; it is nec-
essary to have recourse to the graphs of Fig. 2. On
the other hand, the descriptive parameters and
those of “finite dose” cannot be extrapolated to
different times.

5.3 Extrapolation Using Fick’s Laws
Diffusion Parameters

It is valid only in case of infinite dose:

– From the parameters K (partition coefficient),
C (applied concentration), e (SC thickness), or
P (permeability coefficient), the extrapolation
can be done by simple rule of three, using
Eqs. 1 and 3.
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– From D or t, it is necessary to use Eqs. 4 or 5 if
the phase before the constant flow is to be
taken into account. If it is considered negligible
(e.g., if the steady-state flux has lasted several
hours), D can be used by a simple rule of three;
assuming that this steady-state flux has started
at time zero, a slight error by excess is then
made. To extrapolate to a period anterior to the
steady-state flux, it is necessary to use the
equations of Appendix 1 or their graphs.

– But D (and therefore P) depends also on the SC
barrier condition. This may be known through
the transepidermal water loss (TEWL), a
parameter easily measured which, for a given
atmospheric vapor pressure, reflects the water
diffusion coefficient. Now, the diffusion coeffi-
cient of all other substances changes usually in
parallel. A doubled TEWL would permit antic-
ipating a doubling of any P or D coefficient,
therefore of absorbed amount. The measure-
ment of the TEWL is, therefore, worth using
systematically for absorption studies in disease
(Yosipovitch et al. 1998), in occupational med-
icine, and in safety testing of topical medicines,
cosmetic, and hygiene products, in short, when-
ever alteration of the barrier function may be
suspected (Aalto-Korte and Turpeinen 1996).

5.4 Extrapolation from Parameters

All Fickian parameters can serve to extrapolation,
provided the experimental as well as the predicted
situations are steady-state fluxes. An example is
given in Sect. 5, first paragraph.

Pharmacokinetics parameters (i.e., transfer
coefficients) deal with post-absorption. Entry
coefficients (inflow rates) increase with the cuta-
neous absorption rate (the steady-state flux),
whereas outflow coefficients are generally insen-
sitive because they depend on the concentration
within the compartment. Accordingly all events
which increase the flux (such as increase of appli-
cation area, applied concentration, contact dura-
tion, permeability or diffusion coefficient, or
decreased skin thickness) will also increase pro-
portionally the entry coefficients. However, all the
quantity absorbed is not transmitted to the

compartments owing to some retention in the
epidermis and/or the dermis, but one may assume
that the proportion keeps constant. For example, if
the skin absorption flux is thought to have dou-
bled, one can consider that the plasma inflow
coefficient will also be doubled, assuming that
the retention in the skin will remain a constant
fraction of the absorbed amount (which is not
always true because of a possible tissue satura-
tion). The same holds true as far as the availability
to the dermis is concerned (measured in suction
blisters or by hemodialysis) because the com-
pound fixation within the epidermis may not
remain a constant fraction of the absorbed quan-
tity. The concentrations in the compartments,
especially the blood, are less correlated than the
entry coefficients because of the damping effect of
the concomitant outflow which depends on the
concentration within the compartment only.
Thus, if the skin absorption flux is doubled, one
cannot consider that the urinary elimination will
also be doubled. It should be stressed that only the
pharmacokinetics parameters obtained during a
steady-state flux can be used for extrapolation.

Descriptive parameters, Jmax, tmax, AUC, and
% of applied dose, are not liable to any extrapo-
lation. Of course, Jmax and AUC increase when
the absorption flux increases, but no proportion-
ality factor is then applicable. Unfortunately a
number of toxicological data originated from
finite dose experiments are wrongly produced in
this way. One exception, however the compound
and its derivatives cumulated collection, can be
expected to be proportional to the application
area. Finally, as mentioned above, the percentage
of the applied dose can never be used to predict
the absorbed quantity of another dose, whether the
experiment was dose finite or infinite dose type,
except though for very small doses.

6 New Devices for Ex Vivo
Percutaneous Absorption
Measurement

The most common technique for ex vivo measur-
ing of percutaneous absorption is based on the use
of excised skin mounted in a diffusion cell system.

1106 Y. Lboutounne and P. Muret



The basic design of a diffusion cell consists of an
upper donor compartment and a reservoir com-
partment separated by a skin sample (Organisa-
tion for economic cooperation and development
test no. 428 2004; Fig. 5).

Usually, ex vivo percutaneous absorption
experiments with diffusion cells like “Franz dif-
fusion cell type” are often conducted in open
conditions, in which the skin surface is in contact
with ambient environment of each laboratory or in
occluded condition with skin covering by imper-
meable membrane. These conditions of use either
ambient laboratory or occlusion are peculiar and
don’t reflect all real skin exposure conditions.

Actually, the skin surface is subjected to daily
gradients in external temperature and humidity
which varies almost permanently in both the
indoor and outdoor air according to the seasons,
geographic regions, and in terms of lifestyle and

daily movements of individuals (Zhang and
Yoshino 2013; Rudd and Henderson 2007;
Kalamees et al. 2009).

Contact between skin surface and our external
environment directly, through clothing or trans-
dermal drug delivery systems, induces a microcli-
mate at the skin surface which arises from heat
and material transfer between the skin and the
external environment. That microclimate can
impact skin properties (Singh and Maibach
2013) and then its interaction with xenobiotics
substances that come in contact with the skin
(Fritsch et al. 1963; Chang and Riviere 1991,
1993; Meuling et al. 1997). Therefore, variations
in environmental parameters must be considered
when assessing percutaneous absorption.

To study the influence of external temperature
and humidity, a new apparatus has been devel-
oped by Lboutounne et al. (2014), (Fig. 6). This

Thermostated
Jacket

Donnor
Compartment

Skin disc

Sampling port

Receptor fluid

Fig. 5 Franz diffusion cell
and its compartments

Fig. 6 Cumulative absorption (ng/cm2) kinetics of caf-
feine during 24 h of skin exposure, at different environ-
mental conditions. Values are mean � SEM (n = 5):

(a) 70 %–42 �C and 28 %–42 �C; (b) Open condition and
occlusion; (c) 70 %–27 �C and 28 %–27 �C
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apparatus was made up of an Inox chamber. The
chamber is thermostated by a water bath. Six
diffusion cell receiver compartments are fixed to
the chamber. Relative humidity and temperature
were controlled inside the chamber by a sensor.
This sensor is connected to a computer which
allowed a monitoring of the two parameters dur-
ing experiments. Reservoirs are integrated in the
chamber and filled with saturated salt solutions to
create a precise relative humidity. A given satu-
rated salt solution provides only one relative
humidity (RH) at any desired temperature; a dif-
ferent relative humidity must be achieved by
selecting another appropriate salt.

This apparatus has been used to study the
influence of external temperature and humidity
on percutaneous absorption of caffeine. Two dif-
ferent salts were used in this study: sodium chlo-
ride (NaCl) that provides 70 % RH and lithium
chloride (LiCl) which provides 28 % RH.

The kinetic curve profile of percutaneous
absorption of caffeine revealed different shape
characteristics depending on environmental expo-
sure conditions (Fig. 7). We observed at 27 �C/
28 % RH and in unoccluded condition (27 �C/
33%) a kinetic profile that seems to be “like a finite
dose,” whereas at 27 �C/70 % RH or under occlu-
sion, the profile curvewent toward an “infinite dose
profile.”These kinetic profileswere related to evap-
orative process of the deposited preparation on skin
surface combined with water uptake resulting from
water flux through skin. This evaporative process
leads to an increase of caffeine concentration in
donor compartment, which went toward saturation
then beginning of caffeine crystallization until its
complete crystallization on the skin surface.

The cumulative amount of caffeine absorbed
(ng/cm2) after 24 h for all environmental condi-
tions and compared with occlusion and open con-
ditions was reported in Fig. 8: in unoccluded
conditions and in occlusion, the cumulative
amounts of caffeine after 24 h of skin exposure
were, respectively, 2.73 � 0.61 μg/ml and 9.35 �
1.04 μg/ml ( p = 0.018).

At 27 �C, increased humidity from 28 % RH to
70 % RH leads a significantly increase in percu-
taneous absorption by a factor 3 after 24 h of
exposure with a cumulative amount of 11.87 �

2.37 (μg/ml) at 70 % and 3.09 � 0.37 (μg/ml) at
28 % ( p < 0.01). However, at a temperature of
42 �C, there is less pronounced difference in per-
cutaneous absorption of caffeine between 70 %
(8.12 � 2.43 (μg/ml)) and 28 % (6.5 � 1.57 (μg/
ml)) ( p > 0.05).

Results of this study highlight a preponderant
role of microclimate above the skin on percutane-
ous absorption of caffeine.

The device used in this study will be a useful
tool to investigate ex vivo, the influence of micro-
climate above the skin on percutaneous absorp-
tion profile. Basing on the described concept, a
new diffusion cell for percutaneous absorption
studies under controlled environmental conditions
was developed (Fig. 9).

7 Concluding Remarks

Below are some strengths and limitations of some
major points in skin absorption.

– Before any measurement, one ought to remem-
ber that it is first and foremost a passage
through the SC, a purely passive diffusion pro-
cess obeying Fick’s laws. Its kinetics should be
remembered with its two phases, transient and
steady-state maximum fluxes, and also the
events taking place within the SC: entry, stor-
age, going out into the viable epidermis, all
depicted by the curves of Fig. 1. One should
finally remember the physical variables which
control the phenomenon: application area (A),
duration of the application (t), partition coeffi-
cient (K), applied concentration (C), SC thick-
ness (e), and diffusion coefficient (D).

– When performing a measurement, the “infinite
dose” mode is preferable whenever possible
because it is more profitable. It provides the
maximal possibilities of extrapolation to other
situations.

– A measurement of the TEWL before and
immediately after a skin absorption measure-
ment is advised, in order to detect a nonspecific
modification of the SC barrier in the interval.

– The SC store is a reservoir for further leakage of
the compound into the viable tissue. Its
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assessment by SC strippingmay be useful in any
case, evenafter short applications, because itmay
contain large amounts of the compound, and is
quickly constituted. After a 30-min application,
using the stripping method constitutes a simple
and fastway to assess theSCcrossing capacity of
a compound whatever the formulation.

– Percutaneous absorption (or skin post-
absorption) parameters mainly deal with com-
partments (e.g., dermis or plasma) and concen-
tration data. They can be connected to the

absorption rate through their inflow rate coef-
ficients if they have been measured during a
period of constant flow or stable and maximal
concentration. Concentrations also depend on
outflow rates and thus are less sensitive to the
absorption rate. Urine concentrations only
depend on blood concentrations.

– The “% of the applied dose” parameter can be
used for predicting another dose only if both
doses are very small (less than 1 mg formula-
tion per cm2).

Fig. 7 Cumulative amount
(ng/cm2) of caffeine
absorbed after 24 h at
different environmental
conditions. Values are
means � SEM (n = 5). †
Significantly different
compared to occlusion P <
0.05, *P < 0.05, **P <
0.01 significantly different
compared to open
conditions
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Appendix 1: Equations of Curves
Graph in Fig. 1

y1 ¼ xþ 1=3

� 2=π2
X1

n¼1
1=n2 exp �n2π2x

� �
(9)

y2 ¼ x� 1=6

� 2=π2
X1

n¼1
1=n2exp �n2π2x

� �
(10)

y2 ¼ x� 1=6

� 2=π2
X1

n¼1
1=n2exp �n2π2x

� �
(11)

Fig. 8 The new ex vivo device. 1 Exposure chamber (donor compartment). 2 Thermostated jacketed. 3 Movable
occlusion system. 4 Skin emplacement. 5 Diffusion cell (receiver compartment). 6 Magnetic stirrer

Fig. 9 Design of a new
diffusion cells for
percutaneous absorption
studies under controlled
environmental conditions
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Equation 9: quantity entering the stratum corneum
(Fig. 1, upper curve).

Equation 10: quantity entering the viable tissue
(Fig. 1, lower curve).

Equation 11: quantity within the stratum
corneum (Fig. 1, middle curve).

x = Dt/e2, and y = Q/KCe (i.e., quantity for
any partition coefficient K, applied
concentration C, and stratum corneum thickness
e); KCe is also the maximum possible store within
the stratum corneum (the actual store is always
half of the maximum, as shown in Fig. 2). Quan-
tities are per unit skin surface area (g/cm2).

At any time y1 ¼ y2 þ y3 . As soon as the
steady-state flux is reached, Eqs. 9, 10, and 11
transform into section “Parameters Derived from
Fick’s Laws” (Eqs. 4, 5, and 6, respectively).
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An investigation of the skin barrier function may
be conducted following different approaches
in vitro (Franz 1975) or in vivo (Feldmann and
Maibach 1965; Rougier et al. 1983) by measuring
the amount of a given compound permeating the
different skin layers. On the other hand, quantifi-
cation of a cutaneous (Oestmann et al. 1993) or
systemic biological reaction may also be used for
studying the skin barrier function. We will only
describe cutaneous biological reactions in man
after application of pharmacologically active
compounds.

1 Skin Barrier Function

1.1 Physiological Basis of Skin
Barrier

Although the skin remains a very complex organ,
two main layers are characterized from a macro-
scopic point of view: an external epithelium called
epidermis, and a vascularized stroma, the dermis,
physiologically supporting the epidermis. The
genuine barrier against xenobiotics is located
within the epidermis, which itself comprises two
main layers, the viable epidermis and the horny
layer. The biological reactions that will be
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measured are mainly vascular responses arising
from the dermal microcirculation.

1.2 Pharmacologically Active
Molecules

Numerous compounds affect the dermal microcir-
culation after topical application and influence
skin color to be more white or red. For example,
nicotinic acid esters are vasodilators inducing a
clear erythema. Methyl- (NM, MW = 137.1),
ethyl- (NE, MW = 151.2), butyl- (NB,
MW = 179.2) and hexyl-nicotinate (NH,
MW = 207.3), here quoted by increasing order
of lipophilicity, are the most used. Usual concen-
trations amount to 0.5–10 mM after solubilization
in appropriate solvents. These molecules, after
crossing the epidermis more or less easily
depending on the state of the cutaneous barrier,
will dilate the capillary loops in the dermis, then
the small arteries of the superficial vascular
plexus, and finally the blood vessels of the lower
dermal plexus. Thus, the measurement of skin
blood flow or of skin color will allow an estima-
tion of the skin barrier function. When consider-
ing nicotinic acid esters, the presence or the
absence of an erythematous reaction may be an
indication of skin barrier function.

Corticosteroids induce a decrease of dermal
blood flow (a vasoconstriction). The mechanism
(s) of this reaction are poorly understood. The
resulting skin whitening, or blanching reaction,
may be used for the investigation of skin penetra-
tion of the corresponding compounds (Mac Kenzie
and Stoughton 1962; Mac Kenzie 1962). However,
due to the great differences in pharmacological
activity between different corticosteroid molecules
(their anti-inflammatory potency is related to their
corticosteroid classification), the whitening reac-
tion often does not really reflect percutaneous
absorption (also see ▶Chap. 133, “Assessment of
Erythema and Pallor” Sect. 10). Nevertheless, the
measurement of skin color remains of value for
cutaneous bioequivalence studies where the same
molecule is applied onto the skin in different for-
mulations (Caron et al. 1990; Pershing et al. 1991;
Pershing et al. 1992).

2 Skin Color Changes after
Nicotinic Acid Ester Application

2.1 Cutaneous Application

Methyl nicotinate is dissolved in water, while the
other esters are solubilized using, among others,
propylene glycol, isopropanol, or liquid paraffin
(Treffel and Gabard 1993; Issachar et al. 1998).
Small filter paper discs (diameter <1 cm) are
soaked in these different solutions (an aqueous
solution of NM 5 mM is often used) and brought
into contact with the skin for a short time, usually
15–30 s. The internal (or ventral) side of the
forearm is the place of choice for application in
humans. Alternatively, the aqueous NM solution
may be applied with a micropipette (10–50 μl).

The cutaneous reaction may be followed visu-
ally using color charts or precisely and reproduc-
ibly measured with a suitable instrument. The
measurements are done every 10 min until
40 min, and then at 60 and 90 min. By that time,
the vascular reaction generally has vanished and
the reddening has disappeared.

2.2 Instruments

Two instruments are commonly used
(see ▶Chap. 133, “Assessment of Erythema and
Pallor”). The Chromameter (Minolta, Japan)
allows the precise evaluation of skin color
(Wilhem and Maibach 1989) and the laser Dopp-
ler velocimeter (Perimed, Sweden and Moor, UK)
is used for determination of cutaneous blood flow
(Bircher et al. 1994).

2.3 Characteristic Parameters

After cutaneous application of a nicotinic acid
ester, several parameters may be evaluated:
latency or time lag before appearance of the
erythemal reaction, time to peak or maximal
value, duration of the erythemal reaction, and
area under the erythemal intensity versus time
curve. Although both measuring techniques
(skin color and skin blood flow) seem
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complementary, skin color is more appropriate for
the evaluation of nicotinic acid ester penetration.
Indeed, the superficial dermal plexus is responsi-
ble for the reddening of the skin measured by
chromametry. The laser Doppler data also include
values from the lower dermal plexus featuring a
more important blood flow that may be modified
by external factors such as temperature and stress.

2.4 Nicotinic Acid Esters
for the Investigation of Skin
Barrier Function

The vasodilator properties of NM had already
been used by 1962 for the investigation of skin
barrier function differences depending on the ana-
tomical site (Cronin and Stoughton 1962). Areas
showing a strong or weaker barrier were charac-
terized. These results were later validated using
other techniques (Feldmann and Maibach 1967).

Stripping of the horny layer or tearing away the
stratum corneum with an adhesive tape diminishes
latency and accelerates the appearance of skin red-
dening (Guessant et al. 1993). Using the same phe-
nomena, racial differences between Caucasian, black
and Asian subjects were shown (Guy et al. 1985;
Kompaore and Tsuruta 1993). Age may also be a
factor influencing the cutaneous response to nicotinic
acid ester application (Roskos et al. 1990).

Elsner and Maibach (1991) have shown that
the erythemal reaction to NM application was
less intense and of shorter duration on vulval
skin than on forearm skin. The lower sensitivity
of this anatomical region compared to the fore-
arm is one of the factors discussed by the authors
to explain this surprising result. Indeed, in this
particular case, a skin area with a known reduced
barrier function shows a diminished erythemal
reaction. The pharmacodynamic aspect of the
reaction then becomes important, because per-
cutaneous absorption is not the only factor deter-
mining the skin response. Also, circadian
rhythms have been shown to influence the cuta-
neous nicotinic acid ester reaction (Reinberg
et al. 1995). These results show that pharmaco-
dynamics must be considered when evaluating
skin changes.

3 Skin Color Changes after
Corticosteroid Application

3.1 Cutaneous Application

The described method is based on the original
work of Mac Kenzie (Mac Kenzie and Stoughton
1962). The different products to be tested (derma-
tological formulations containing corticosteroids)
are applied under occlusion on the inner side of the
forearm at the dose of 2–10 mg/cm2. The duration
of application may vary between 0.25 and 6 h. For
each application time, the kinetics of the
blanching reaction are followed at 0.25, 0.5, 1, 2,
4, 6, 8, and 24 h on each tested area after cleaning
the skin and removing the unpenetrated product.

3.2 Instruments

Although some authors advocate the use of laser
Doppler measurements (Anja et al. 1998), visual
scoring of skin whitening or measurement of skin
color using the Minolta Chromameter seems to be
more sensitive and widely used (Mac Kenzie and
Stoughton 1962; Mac Kenzie 1962; Caron
et al. 1990; Pershing et al. 1991; Pershing
et al. 1992; see ▶Chap. 133, “Assessment of
Erythema and Pallor”).

3.3 Characteristic Parameters

For each application duration, the relevant param-
eters for quantifying the blanching reaction are:
time to maximal value (reaction peak), maximal
value, and the area under the time curve. These
different parameters may be compared and used
for the appreciation of cutaneous bioavailability
of different products, but are less suitable for
evaluation of percutaneous skin absorption.

4 Conclusion

Skin barrier function may be qualitatively appre-
ciated by the evaluation of biological or pharma-
cological reactions using nicotinic acid esters or
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corticosteroids. However, the skin response rep-
resents the sum of complex and intricate phenom-
ena. Indeed, skin barrier state, cutaneous blood
vessel sensitivity to the applied compound, corti-
costeroid potency class, and the level of blood
flow in a given skin area, all these factors simul-
taneously contribute to the measured biological
response. Therefore, the quantitative extrapola-
tion of the obtained results as to percutaneous
absorption must be done carefully.
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The use of noninvasive measurement methods for
the examination of different physiological func-
tions of the skin or for the characterization of
pharmacological or pathological reactions is
recent. Following the development of suitable
techniques, instruments are now available for the
evaluation of such different cutaneous parameters
as color, elasticity, dermal blood flow, hydration of
the horny layer, sebum excretion, and, of course,
transepidermal water loss (TEWL). This equip-
ment may replace the usual visual evaluation of
skin state and are able to catch changes that oth-
erwise would be not detected by the human eye.

Numerous advantages arise from using these
techniques: independence toward investigator’s
subjectivity, numerical results and not ordered
nominal data, better standardization of the exper-
iments, better possibilities of interlaboratory com-
parisons, no requirement of highly specialized
personnel, etc. For all these reasons, these new
techniques are of growing interest for dermatolog-
ical laboratories. Moreover, the increasing auto-
mation of data acquisition allows for the
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simultaneous evaluation of several parameters if
necessary.

1 Transepidermal Water Loss

1.1 Basic Physiological Principles

Water has two possibilities in crossing the skin
from the viable tissues toward the outer environ-
ment: active transport by sweating and passive
diffusion through the horny layer. Sweating
(perspiratio sensibilis) is one possibility for the
body to control its temperature. It may also
express psychic stress. Sweating may peak at
maximal values of 2–4 l/h. On the contrary,
transepidermal water loss (TEWL, perspiratio
insensibilis) is not visible to the naked eye.
Given no air turbulence, the skin is covered by a
transition layer where moisture is transferred from
the surface of the skin to the surrounding atmo-
sphere, building up a protective sheet toward
environment. The quantity of water crossing the
stratum corneum on this way is estimated at
300–400 ml per day under normal conditions,
that means 1/10th to 1/20th of sweating. Given
this difference, it is mandatory to eliminate sweat-
ing during TEWL measurements. (Note: Water
loss due to expired water vapor is also included
in the term perspiratio insensibilis. But for the

sake of clarity, only water loss through the horny
layer will be considered here.)

1.2 Theoretical Principles

The diffusion barrier is situated entirely within the
horny layer (Wilson and Maibach 1989; Lévêque
1989). The TEWL is a passive phenomenon due
to the water vapor pressure gradient on both sides
of the layer. Water concentration in the epidermis,
which is well hydrated in contact with the dermis,
is estimated to be 48–49 mol. This value is also
found at the deeper side of the horny layer. On the
other side, water concentration at skin surface,
which is in contact with drier surroundings, is
lower and was shown to be around 12 mol (ambi-
ent conditions: relative humidity 40 %, tempera-
ture 31 �C). The pressure gradient thus amounts to
37 mol (Wilson and Maibach 1989). Thus, if the
relative humidity of the surrounding air is 100 %,
the TEWL will decrease almost to zero, and
inversely, if the relative humidity is 0 %, TEWL
will be maximal (Fig. 1).

Passive diffusion of water through the horny
layer is described by the 1st Fich’s law (Schaefer
and Redelmeier 1996). At equilibrium, the flux of
water (J, mol cm�1 s�1) travelling upon a given
distance (δ, cm) is proportional to the concentra-
tion gradient (ΔC) and to the diffusion coefficient

Fig. 1 Effect of relative
humidity on TEWL: results
of three studies

1120 B. Gabard and P. Treffel



(D, cm2/s). However, the horny layer is not an
inert membrane, but shows some affinity to water
and Fick’s law needs to be modified by the

introduction of a partition coefficient Km

(Wilson and Maibach 1989; Potts and Francoeur
1991):

Km ¼ Water concentration in the lower horny layerð Þ
Water concentration in the intercellular space of living epidermisð Þ

Fick’s law thus writes J ¼ � Km � D ΔC=Δδð Þ
Km amounts to 0.06 (Potts and Francoeur

1991). The negative symbol “�” shows that the
flux is directed toward lower concentrations.

2 Methods and Measurement
Devices

2.1 Introduction

Different measurement methods were described
by Wilson and Maibach (1989). Briefly they list:

• Urine osmolarity
• Body weight
• Closed cylinder method: weight of an hygro-

scopic substance
• Ventilated chamber
• Electrohygrometer
• Thermal conductivity cell
• Dew-point hygrometer
• Electrolytic water vapor analyzer
• Open cylinder

This list is not exhaustive. The results
obtained using these different methods are hardly
comparable because of the difficulty in measur-
ing TEWL under standardized conditions and the
importance of several variation factors (see
Sect. 3). A recently published review (Pinnagoda
1994a) shows that the measured values may
depend, within certain limits, on the method
employed. Wilson and Maibach (1989)
described these different techniques with their
advantages and drawbacks, but some of these
are obsolete and/or not commercially available.
For these reasons, only the last one, the most
commonly used, will be described. Several

instruments are commercialized using the open
cylinder method for measurement, and recent
reviews describe this method in detail
(Pinnagoda 1994a; Pinnagoda and Tupker 1995).

2.2 The Open Cylinder Method

A probe is applied on the skin surface, built as a
cylindrical chamber open to the surrounding air. A
0.8–1 cm2 skin area (value depends on the instru-
ment) is delimited by the probe and constitutes the
bottom of the chamber. Two sensors (semiconduc-
tors) measuring relative humidity are situated at
two different levels vertically in the chamber.
Each is coupled to a thermistor (Fig. 2). The
distance from the sensors to the skin surface is
calculated for an optimal evaluation of the water
vapor pressure gradient arising within the cham-
ber between the skin and the surrounding air.

Water pressure at each level is calculated from
the following equation:

P ¼ RH � psat

psat is pressure at water saturation. Relative
humidity (RH: %) is measured by the semicon-
ductors; psat is calculated by the instrument, given
the air temperature at each sensor level. The vapor
pressure difference between the two measurement
levels determines the slope of the pressure gradi-
ent. The TEWL is directly expressed in
g m�2 h�1.

2.3 Instruments

Several instruments using the open cylinder
method are available: the Evaporimeter, the
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Tewameter, and more recently the DermaLab (for
manufacturer’s location, see Evaporimètre®;
Tewamètre®; DermaLab®). An evaluation of
both the Evaporimeter and the Tewameter and a
comparison of the results obtained with these
machines were published by Barel and Clarys in
1995 (Barel and Clarys 1995a, b). A similar com-
parative evaluation of the DermaLab and of the
Evaporimeter was recently published by Grove
et al. (1999). This last publication also lists previ-
ous reports dealing with comparative performance
studies of the Evaporimeter. The geometry of the
measuring probe and possibly the manufacturer’s
calibration method vary slightly between the dif-
ferent instruments, as well as the electronic treat-
ment of measured data. Although the values
obtained with one instrument are highly corre-
lated to the values obtained with the other, some
differences may remain between the values and
between their variations after a given challenge
(Barel and Clarys 1995b; Grove et al. 1999).

A portable device has recently been put on the
market: Model H4300 (Nikkiso YSI Company
Ltd, Tokyo, Japan). Its principle is based on the
progressive increase in relative humidity inside a
closed chamber, due to continuous water evapo-
ration from the skin surface on which the
chamber is placed. A linear correlation was
found with DermaLab (R2 = 0.917), but the
obtained values were much lower (Tagami
et al. 2002).

3 Sources of Error,
Standardization, and Practical
Recommendations

3.1 Introduction

Because of the dependency of the TEWL on the
water vapor pressure gradient on the skin surface,
every intrinsic or extrinsic factor influencing either
the thickness of the transition layer from skin sur-
face to surrounding air or the slope of the gradient
within the transition layer will modify the TEWL.
Moreover, given the sensitivity of the measuring
probes, any change in the environmental microcli-
mate will be detected and will consequently mod-
ify the indicated values unless the measuring
conditions have been rigorously standardized. Pre-
cise recommendations concerning this particular
point have been published (Pinnagoda et al.
1990; Rogiers 1995; Pinnagoda 1994b).

3.2 Sources of Error and Variation
Factors

Variation factors may be classified as follows:

• Instrumental factors
• Environmental factors
• Individual factors

Fig. 2 Schema of the TEWL measuring head
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These factors have already been extensively
reviewed (Pinnagoda and Tupker 1995; Barel
and Clarys 1995b; Grove et al. 1999; Pinnagoda
et al. 1990; Rogiers 1995; Pinnagoda 1994b) and
listed (Pinnagoda et al. 1990), and their relative
influence has also been evaluated. For these rea-
sons, the interested reader will consult the original
publications for more details.

• Instrumental factors
– Preheating of the instrument: at least 15 min

for electronic circuit stabilization. It is not
recommended to switch off the instrument
between the measurements.

– Instrument zeroing: After preheating, under
measuring conditions (see Sect. 3.4).

– Measurement technique (see Sect. 3.4 and
Pinnagoda et al. (1990); Rogiers (1995)).

– Variation of zero during the measurements:
to be regularly controlled.

– Humidity and temperature variations in the
open chamber: the probe must not be left in
place on the skin; avoid contact with sweat.

– During measurements the probe should
remain horizontal.

– Use of a protecting grid to avoid contact
with a test product applied on the skin.

– Pressure of the probe onto the skin.
– Regular calibration of the probe following

the manufacturer’s instructions and as
requested by GLPs.

– Inter-instrumental variations (see Grove
et al. (1999); Pinnagoda et al. (1990)).

– Precision of the measurements (see
Sect. 3.3).

• Environmental factors
– Air convection and turbulences during the

measurements
– Environmental temperature
– Environmental humidity

• Individual factors
– Sweating
– Skin temperature
– Anatomical location of the measurement

• Conclusions
The relative importance of these factors is

not the same. If a minimal standardization is
assured, instrumental factors are less impor-
tant. The greatest variations are then due to
the environmental and individual factors.
Figures 3, 4 (Barel and Clarys 1995b), and 5
(Van Kemenade 1998) illustrate, for example,
the respective influences of the environmental
temperature or relative humidity on measured
values. Figure 5, showing recent data, is of
particular interest: a sudden variation of the
relative humidity from 53 % to 89 % provokes
a fall of the TEWL, which thereafter slowly
returns but stabilizes at a level lower than
starting values. This last phenomenon is due
to a change of the hydration of the horny layer,
which also depends on the environmental

Fig. 3 Forearm TEWL
versus ambient temperature,
as measured with
Evaporimeter and
Tewameter
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relative humidity. As to the individual factors,
variations between to different anatomical are
shown in Table 1 (Clarys et al. 1997).

3.3 Precision and Reproducibility
of the Measurements

• Precision
The following data are given by the

manufacturers:
– Evaporimeter: Precision � 15 % (EP 1), �

5 % (EP2)
– Tewameter: Precision � 15 %

(�1.0 g m�2 h�1 if RH < 30 %), � 10 %
(�0.5 g m�2 h�1 if RH > 30 %)

The precision of the measurements is diffi-
cult to check, because the exact value of the
TEWL must be measured using a gravimetric
method (Wilson and Maibach 1989; Barel and
Clarys 1995b). If such measurements are
made, it appears that a correction is necessary
to obtain absolute values (Petro and Komor
1987), particularly if these values are high
and exceed 50 g m�2 h�1 (Pinnagoda and
Tupker 1995; Petro and Komor 1987). This
correction is given by the following equation:

TEWLcorr ¼ Bxk

where B is the measured TEWL value
(g m�2 h�1), x a constant (x = 0.025 cm),

Fig. 4 Forearm TEWL
versus ambient relative
humidity, as measured with
Evaporimeter and
Tewameter

Fig. 5 TEWL versus
sudden change in ambient
relative humidity: within 1
h TEWL raised from 53% to
83%. Line with open
squares measured TEWL,
black unbroken line
modelled TEWL
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and k the slope of the line: [logTEWL = f
(distance between the lower sensor and the
skin surface)]. k has been determined for mea-
surements on the volar forearm: k = �0.049
(Petro and Komor 1987).

• Reproducibility
The reproducibility of the measurements is

good if the measuring conditions have been
standardized. Barel and Clarys (1995a, b)
found variation coefficients between 3 and
8 %. Pinnagoda et al. published slightly higher
values between 8 % and 15 % (Pinnagoda
et al. 1989). Grove et al. (1999) published
coefficient of variations of 4–47 % depending
on the type of equipment used and on the level
of the measured values (higher variations
encountered if low values are measured).

3.4 Practical Recommendations

The control of environmental factors is only
achieved by conducting the measurements in an
air-conditioned room, featuring temperature, and
relative humidity control. Turbulences and air
convection in the near surroundings of the mea-
suring probe are best eliminated by conducting the
measurements inside a protecting box, e.g., an
incubator with holes for the placement of the fore-
arms (Pinnagoda et al. 1990). An open top should
avoid buildup of temperature and water vapor
inside the box. The measuring plane should
remain horizontal, thus allowing the gradient to
be built correctly in the measuring chamber. The
pressure of the probe on the skin should
remain low.

Control of individual factors is achieved by a
strict selection of the study subjects, by allowing
enough time for their relaxation before entering
the experimental phase of the study ensuring
their perfect adaptation to the controlled environ-
mental conditions. For example, it is important to
distinguish between atopic and non-atopic sub-
jects, because the TEWL of atopic subjects is
elevated in comparison to non-atopic ones,
even if the skin of the atopics looks normal.
Adaptation to the environmental conditions
requires at least 20 min before measurements
start. An experimental protocol should be avail-
able (Salter 1996), which excludes, for example,
subjects having ingested spiced food that may
provoke sweating. Stress also may provoke
sweating; therefore, individuals should be thor-
oughly instructed and allowed to relax
completely before starting with the study. These
conditions ensure better reproducibility and pre-
cision of the measurements.

TEWL is tightly correlated to the barrier func-
tion of the horny layer. On the other hand, the
barrier function also depends on the water con-
tent of the horny layer. The relationship between
TEWL and the stratum corneum hydration must
be considered in particular situations such as in
newborn babies or old people or in measure-
ments on a diseased skin (Berardesca and
Maibach 1990).

Last but not least, some components of
dermatological products may influence the
measured values. Morrison (1992) showed that
propylene glycol in a formulation could lead to
an overestimation of the TEWL due to an
interaction of this compound with the measur-
ing probe. Dermatological or cosmetic products
contain water that evaporates following
application, and this evaporation adds to the
underlying TEWL for a certain time. In this
case, the measured value is known as skin
surface water loss (SSWL). SSWL is also
encountered during such particular experiments
as the plastic occlusion stress test (POST)
featuring a prolonged skin occlusion leading
to water accumulation in the horny layer
(Berardesca and Maibach 1990; Berardesca
and Elsner 1994).

Table 1 Table 1 Mean TEWL for various sites of the
body measured with a Tewameter. Mean ±S.D for 16
volunteers
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4 Practical Examples

Lastly, some practical examples of the use of
TEWL are described in experimental and, more
briefly, in clinical dermatology.

4.1 Experimental Dermatology

• Skin barrier function
The results obtained by the group of

A. Rougier (1994) or of M. Ponec (Oestmann
et al. 1993) show a tight relationship between
TEWL and the penetration of some chemicals
through the skin, such as benzoic acid,
acetylsalicylic acid, caffeine, or hexyl
nicotinate. This relationship may still be valid
in some pathological situations (Lavrijsen
et al. 1993).

• Skin irritation
TEWL is sensitive to skin irritation due to

many different substances such as detergents
or surfactants (Wilhelm et al. 1989; Effendy
and Maibach 1995; Gabard 1991), all-trans
retinoic acid (Gabard 1991; Effendy
et al. 1996a), alpha-hydroxy acids such
as glycolic acid (Effendy et al. 1995), new-
born fecal enzymes (Andersen et al. 1994), or
vitamin D derivatives (Effendy et al. 1996b;
Fullerton and Serup 1997). Sodium lauryl
sulfate is probably the most commonly used
standard irritant in experimental dermatol-
ogy. A recent guideline was published by
the Standardization Group of the European
Society of Contact Dermatitis about the stan-
dardization of experiments using this com-
pound (Tupker et al. 1997). Measurement
of TEWL may also be beneficial in experi-
ments with animals or for comparison with
human skin values (Fullerton and Serup
1997; Gendimenico et al. 1995; Gabard
et al. 1995; Von Brenken et al. 1997). Differ-
ences may be encountered between various
animal species as well as between animals
and humans (Effendy et al. 1996b; Fullerton
and Serup 1997; Von Brenken et al. 1997).

• Effects of UV irradiation

Differences also are noticed between ani-
mals and humans considering the TEWL
changes after an UV-B irradiation (Frödin
et al. 1988; Haratake et al. 1997).

• Evaluation of topical products
TEWL may be advantageously used for

the investigation of some properties of topi-
cal products such as moisturizers (skin
hydrating creams) after application on the
skin. Measurement of the TEWL allows to
characterize the changes of the product after
application and the effect of different humec-
tants contained in the product and also to
precisely evaluate the occlusive properties
of the formulation (Gabard 1994; Marti-
Mestres et al. 1994).

• Therapeutic effects of topical products
The TEWL also allows the evaluation of the

therapeutic effect of topical products applied on
diseased skin with a modified barrier function
in animals and/or humans (Ghadially
et al. 1992; Gabard et al. 1996; Lodén 1996,
1997; Mortz et al. 1997). The composition of
the formulations may also be optimized with
these experimental models (Zettersten
et al. 1997). These experiments show on one
side that contradictory results may be obtained
if a diseased skin with modified barrier function
is treated by a given formulation and on the
other side that the obtained results on product
efficacy may not be extrapolated in a straight-
forward manner from animals to humans.

4.2 Clinical Dermatology

Pinnagoda and Tupker (1995) published pertinent
examples of improving medical care by the use of
TEWL measurements in pathological situations:

– Various types of cutaneous inflammation.
– Follow-up of the course of atopic dermatitis

(Aalto-Korte 1995; Seidenari and Giusti
1995): Aalto-Corte (1995) could show that
the improvement of skin barrier function as
measured by TEWL was accompanied by a
decrease of the cutaneous absorption of hydro-
cortisone used for treatment.
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– Psoriasis, different types of ichthyoses.
– Wound healing, regeneration of burned skin.
– Follow-up of newborn babies.
– Possibility of differentiating between an aller-

gic or irritant reaction after patch testing
(Giorgini et al. 1996).

This list remains succinct; the interested reader
will report with benefit to the publication of
Pinnagoda and Tupker (1995) where in-depth
information are given about clinical applications
of TEWL measurements. Obviously, some com-
plications remain concerning a daily use of this
technique in a hospital environment, the most
important one being the necessity to conduct the
measurements in a controlled and standardized
environment.

5 Conclusions

The TEWL mirrors the integrity of the physio-
logical barrier built up by the horny layer. Due to
the availability of easy-to-use and precise equip-
ments, the TEWL may now be easily measured.
In that way, important information on skin water
barrier may be gathered, concerning, for exam-
ple, the behavior of topical products during
development and use, differences between
man and animals, etc. This information is
pertinent, considering the fact that TEWL
remains the most sensitive parameter for the
detection of a cutaneous irritation. However,
the obtained results are meaningful only if well-
standardized measurement conditions are
guaranteed. This remains an obstacle to an
extended daily use.
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The extracellular space represents the junction
point of nutriments, mediators, hormones, drugs,
and metabolites as well as toxins with cutaneous
cell targets. Few techniques nowadays allow the
study of these compartments in vivo in the dermis.
Scientists usually study plasmatic pharmacokinet-
ics to solve the problems with drug dermal
kinetics. However, two techniques allow pharma-
cokinetic or metabolism studies to be performed
by studying endogenous or exogenous substance
concentrations in extracellular fluids:

1. A relatively old technique, suction blisters
(Kiistala 1967)

2. A more recent technique, at least for its cuta-
neous applications, microdialysis (Anderson
et al. 1991)

1 Suction Blisters

1.1 History

The principle of suction blister formation is old,
and scientists have continued to improve this
technique and develop practical applications. In
1900, Weinfeld reported that subepidermal
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blisters could be obtained by using hydrostatical
pressure on the epidermal face of human cadaver
skin fragments. However, it was Kiistala, in 1967,
who really developed the suction blistering tech-
nique (Kiistala 1967).

1.2 Principle

A steel cap, perforated by either one or several
round holes of definite diameters (4–14 mm), and
connected to a tube leading to an electric vacuum
pump is applied on the volar forearm. A slight
suction pressure (from 200 to 300 mmHg) is
applied on the skin. After about 2 h (the length
of time varies with each volunteer), the intersti-
tial fluid has accumulated between the dermis
and epidermis, which is progressively peeled
off. This process involves the formation of a
blister, called a suction blister (Fig. 1). The vol-
ume of the collected fluid varies from 50 to
150 μL per blister. Five to six chambers may be
needed to perform a good pharmacokinetic
analysis.

1.3 Applications

This technique permits pharmacokinetic analysis
of drugs to be performed by measuring their con-
centrations in the liquid of the blisters, but also in
the roof (composed of living epidermis) and the

floor (composed of living dermis). It allows fun-
damental pharmacological or/and biochemical
studies to be performed.

For example, histamine assays have allowed
the characterization of urticarial reactions more
accurately (Neittaanmaki et al. 1984) and inter-
leukin assays to characterize some pathologies
like psoriasis (Prens et al. 1990), bullous
pemphigoïd (Schmidt et al. 1996), or
mastocytosis (Brockow et al. 2002). Prostaglan-
din analyses have facilitated the comprehension
of their dermal kinetics during sun exposure
(Gilchrest et al. 1981). Jensen et al. (1995) have
performed suction blisters in six diabetic patients
in order to establish a correlation between plas-
matic concentrations and extracellular levels of
glucose.

The blister fluid is used in pharmacokinetics to
assess drugs concentrations, administered topically
as well as systemically, and eventually their metab-
olites (Averbeck et al. 1989). Such kinetics have
been obtained with compounds like citroptene or
bergaptene topically administered (Treffel
et al. 1991), R and S forms of ibuprofen adminis-
tered orally (Walker et al. 1993), and very lipo-
philic molecules like acitretin (Surber et al. 1993).

1.4 Limits

– Influence of the peak blistering point: a
study performed with rats (Schäfer-Korting

Fig. 1 Suction blisters:
apparatus and blisters
performed on the volar
forearm of a volunteer
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et al. 1985) has shown the influence of the peak
blistering point on the drug levels as confirmed
by other clinical studies with psoralen
(Humbert et al. 1991). Drugs administered
before the formation of the blister penetrate
the skin by diffusion, whereas drugs penetrate
the skin by convection if they are administered
during the blister formation. This implies a
better availability of drugs when they are
administered simultaneously to the blister for-
mation. Gupta and Kumar have also reviewed
in 2000 the different factors which could influ-
ence the suction blister induction time (Gupta
and Kumar 2000).

– Influence of age and site on the peak blistering
point: Grove et al. showed in 1982 (Grove
et al. 1982), with experiments performed after
applications of ammonium hydroxide aqueous
solution, that the peak blistering point is
shorter in older people, whereas the blisters
last longer.

– Number of bubbles and wound healing: this
technique involves a scar which prevents
reuse on the same site for several months.
The dimensions of the steel capsule limit the
number of points for pharmacokinetics.

– The liquid collected is proteic, which has to be
extracted to be analyzed by High Performance
Liquid Chromatography, for example.

2 Microdialysis

2.1 History

With microdialysis, it is possible to extract
chemical substances contained in extracellular
fluids without extracting liquids, and to intro-
duce substances without injecting liquids. One
major interest of microdialysis is the possibility
to work in sterile conditions, the probe consti-
tuting a closed liquid system. This technique has
been used for about 25 years in neuropharma-
cology. Ungerstedt (Ungerstedt and Pycock
1974) invented microdialysis by introducing a
probe in a rat brain for the first time in 1974, and
then improved the perfusing method in the
1980s.

For about 10 years, the number of applications
and publications in relation to microdialysis has
increased continuously. Microdialysis can be used
for the study of many tissues such as eyes, mus-
cles, lung, and heart (Elmquist and Sawchuk
1997). Its application in cutaneous biology is
recent (Anderson et al. 1991), but rapidly
expanding.

2.2 Principle

The principle is based on the use of probes,
equipped at their extremities with semi-permeable
membranes. This probe, once inserted into a tis-
sue, can mimic the function of a capillary blood
vessel. It is connected at one end to a micropump,
which permits perfusing the system at constant
flow with a physiological solution (Ringer, phos-
phate buffer, etc.), and at the other extremity, to a
collector which allows collection of dialysates at
regular intervals. Microdialysis is, therefore,
based on a dynamic diffusion phenomenon. As
the liquid reaches the membrane, a concentration
gradient is established, and the studied substance
goes from the most concentrated medium to the
less concentrated one (Fig. 2).

As microdialysis implies a dynamic phenome-
non, the concentration of the studied compound in
dialysate is only a fraction of its real concentration
in the medium where the membrane is located.
The Relative Recovery represents the ratio
between the concentrations of dialysate and tis-
sue. The results can also be expressed as absolute
recovery, which represents the cumulative quan-
tity of recovered substances per time unit.

2.3 Calibration

2.3.1 Relative Recovery
As dialysate represents only a fraction of the
quantity actually present in a tissue, it is necessary
to estimate this Relative Recovery (R.R.) in vitro
in order to use microdialysis in vivo quantita-
tively. This necessitates several experiments
where several parameters will be changed: perfu-
sion rate, nature of the membrane, concentration,
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etc. in order to improve the relative recovery and
the experimental conditions.

2.3.2 No Net Flux (Le Quellec
et al. 1995; Lönnroth et al. 1987)

An in vitro calibration can be a source of mis-
takes as the diffusion in a tissue is not as

simple as in a liquid. Several calibrations
in vivo have been suggested, like the No Net
Flux. The principle of No Net Flux is based on
the fact that the flux direction of a molecule is
only directed by the concentration gradient.
This means that if the microdialysis probe is
perfused with a lower concentration of sub-
stances than the dermis concentration, the flux
will be from the tissue to the dialysate. If the
probe is perfused with greater concentrations
than the interstitial fluid, the substances will
pass from the probe to the tissue. This tech-
nique also consists of perfusing the probe with
different concentrations, which have already
been chosen in order to be lower and greater
than the dermis concentration expected. A line
is drawn with the concentration of the perfus-
ate (Cin) in abscissa and the difference
between perfusate and dialysate in ordinate
(DC = Cin -Cout) (Fig. 3). A linear regression
allows the assessment of the point of No Net
Flux (crossing with the abscissa scale), which
represents the concentration of the compound
in the tissue, and the slope of the line gives the
Absolute Recovery.

2.3.3 Retrodialysis
The concept of retrodialysis is based on the
same idea as No Net Flux, only the concentra-
tion gradient determines the flux direction
through the dialysis membrane. This technique
is mainly used for exogenous substances. It
assesses the relative decrease of perfused

INLET

OUTLET

MEMBRANE

Fig. 2 Schema of a microdialysis probe

Ct Cp

+

Δ C = Cd - Cp

0

–

Fig. 3 Principle of the No
Net Flux Method. Ct
concentration in the tissue,
Cp concentration in the
perfusate, Cd concentration
in the dialysate
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concentration when the probe is placed in a
medium where the substance concentration is
zero or negligible.

R:R: ¼ Δc=Cin

where

– Cin = concentration of compound in the
perfusate

– Cout = concentration of compound in the
dialysate

– Dc = Cin -Cout

2.4 Material

2.4.1 Micropump
Several types of pump have been customized, but
the principle is always the same: perfusion of a
very low volume of liquid at constant flow rate.
CMA’s pumps (CMA/Microdialysis, Solna, Swe-
den), allow perfusion at flow rates from 1 nL/min
� 1 mL/min, 1–3 syringes simultaneously. The
most frequently used perfusion rates vary from
1 to 5 μL/min. There is also now a portable,
battery-operated, micro-processor controlled
syringe pump which is very easy to use. The
pump is small, with rounded corners and is light-
weight. It can be fixed to a belt or carried in an
ambulant patient’s pocket.

2.4.2 Perfusion Fluid
This liquid has to act like a vehicle for the sub-
stances it has to extract. Its composition must be
similar to the extracellular fluid composition in
order to avoid interaction with biological phe-
nomena which take place around the probe.
They are usually perfused with a physiological
fluid like Ringer or a phosphate buffer (pH 7.4).
Some authors have proposed adding glucose in
the dialysis buffer in order to avoid its draining
from the extracellular medium and a possible
alteration of the cellular metabolism. It can be
useful sometimes to add albumin in the dialysate
for the study of compounds with a high protein

binding capacity in order to avoid the sticking of
these compounds to the membrane and the tubing.
The perfusion fluid must not contain any air bub-
bles or any particles to prevent any alteration of
the perfusion speed or reduction of the membrane
exchange area.

2.4.3 Probes
Probes can be customized in series or in parallel.
The first ones are probes customized from dialysis
fibers. The second ones are commercialized by
CMA. In these probes, a semi-permeable mem-
brane is glued between the tip of an inner steel
cannula and the outer steel shaft. The perfusion
fluid enters the membrane space through two
holes in the inner cannula and flows into the
shaft to the outlet. Different constructions and
sizes of microdialysis probes are available for
various organs and biological species. The
CMA/20Microdialysis Probe is designed for dial-
ysis experiments in moving soft tissues such as
skin and adipose tissue, as well as in blood, vitre-
ous fluid of the eye, etc. As with the other models,
the probe is of concentric construction, but is
made completely from plastic materials. Due to
its flexibility, the probe must be implanted into the
tissue with the help of a steel needle and split
tubing – the Introducer. The membrane is avail-
able in both 20- and 100-kDa cut-off. The CMA
60 Microdialysis Catheter is designed for
microdialysis in adipose tissue and resting skeletal
muscle. The CMA 60 Microdialysis Catheter has
been especially developed to achieve excellent
diffusion characteristics. This probe has the EC
homologation. The dialyzing polyamide mem-
brane is 30 mm long. Insertion into the tissue is
easily achieved with the help of a unique slit
cannula introducer that leaves the catheter in
place when withdrawn.

2.4.4 Microcollector
An automatic system is used to collect dialysates.
The collection can be powered by and controlled
through the microinjection pump, which changes
vial positions according to the volume preset on
the pump. The CMA/140 Microfraction Collector
can simultaneously collect fractions from up to
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three probes in a range of between 1 to 50 μL with
maximal precision. Some systems have a thermo-
electric cooling system that cools down to +4 �C
when the fractions can be collected in sealed vials.
Both are important considerations for the preven-
tion of evaporation and chemical degradation. A
needle arm is equipped with a sensor mechanism
which makes it possible to collect fractions as
small as 1 μL at the bottom of each vial.

2.5 Application in Cutaneous
Biology

Microdialysis allows monitoring of the extracel-
lular fluid of a specific tissue continuously (from
several hours to several days), as opposed to the
suction blisters which allow concentrations to be
obtained at specific times only.

2.5.1 Insertion of Probes
The probes are fragile and therefore cannot be
inserted without having the recourse of a guide
(catheter 20-gauge). The probe can be localized
thanks to ultrasonography (Groth 1996;
Hegemann et al. 1995) (Fig. 4).

Many studies assess the trauma involved from
probe insertion in the skin. Anderson et al. in 1994
(Anderson et al. 1994) and then Groth in 1998
(Groth et al. 1998) have shown the effect of probe
insertion, with or without local anesthetics. This

insertion involves the secretion of endogenous
substances like histamine. Linden et al. have also
shown the interest of studying this reaction, which
seems to be predictable of the skin’s individual
reactivity in general (Linden et al. 2000). The
insertion also produces a significant increase of
blood flux, as shown by laser Doppler, as well as
the appearance of a small erythema (Groth 1998).
These reactions tend to decrease and to disappear
after 30–120 min. Krogstadt et al. performed a
histological study on skin biopsies performed
after probe insertion. They have found some slight
bleeding but neither edema nor inflammatory
reactions after 8–10 h of dialysis (Krogstad
et al. 1996). Rapid changes in glucose levels
have been detected, showing that the trauma
hasn’t altered the microdialysis results.

The experiment shows that after a local anesthe-
sia (lidocaine injection or topical EMLA applica-
tion), insertion is not painful. After 60–90min,most
of the reactions induced by the insertion are over.

The main advantage of microdialysis is that
this technique leaves only small scars on the inser-
tion site, and they disappear quickly (Fig. 5).

2.5.2 Monitoring of Endogenous
Substances

Another advantage of microdialysis is to allow the
continuous monitoring of the endogenous sub-
stances’ concentration in the dermis compartment,
like glucose, lactate, glycerol, and pyruvate. It

Fig. 4 Depth measurement
of a microdialysis probe by
ultrasound imaging
(Dermcup). (a) dermis
thickness, (b) probe inner
diameter, (c) probe depth
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allows, for example, glucose and lactate concentra-
tions to be followed in premature babies (De Boer
et al. 1994a), lactate concentrations during physical
exercises (De Boer et al. 1994b), or glucose con-
centrations in diabetic patients (Hoss et al. 2001). In
1996, Meyerhoff et al. developed a system combin-
ing microdialysis with a detector equipped with an
amperometric glucose oxidase electrode
(Meyerhoff et al. 1996). A microdialysis probe is
inserted into the abdomen of diabetic patients, and
their concentration in glucose is monitored by a
watch. An alarm starts when concentrations reach
critical values.

Microdialysis can be used also as a monitoring
technique during a surgical intervention such as
transfer flap tissue. It can be a useful tool in
predicting flap viability: it has already been
shown that the glucose concentration is reduced
whereas the lactate and glycerol levels increase
during flap ischemia (Röjdmark et al. 1997).

This technique allows the mechanism of reac-
tions involved in contact dermatitis or different
pathologies to be studied, as it has already been
done for psoriasis (Krogstad et al. 1997), atopic
dermatitis (Rukwied et al. 2000a), mastocytosis
(Krogstad and Roupe 2001), with the study of
histamine (Anderson et al. 1992; Rukwied
et al. 2000b; Horsmanheimo et al. 1996; Petersen
et al. 1992, 1997), interleukin concentrations
(Anderson et al. 1995), nitric oxide (Katugampola
et al. 2000), iron (Leveque et al. 2000), or ascorbic
acid (Leveque et al. 2001).

2.5.3 Bioavailability of Exogeneous
Substances

The first study on the application of
microdialysis in cutaneous biology was
published by Anderson in 1991, with a study
on the absorption of ethanol (Anderson
et al. 1991). Ault et al. have compared the results
obtained with microdialysis and Franz Cells, by
inserting one microdialysis probe into the recep-
tor chamber of a Franz cell, and another into the
dermis of a skin fragment, in order to study the
pharmacokinetics of 5-fluorouracil (Ault
et al. 1992). The results obtained from both
techniques were well correlated.

Other kinds of pharmacokinetics have been
performed. This technique is good for screening
the bioavailability of different formulations. It has
been used, for example, to study the effect of
enhancers on the percutaneous absorption of
methotrexate and cyclosporine (Matsuyama et al.
1994; Nakashima et al. 1996).

It can also be used to study the pharmacokinet-
ics of transdermal drug delivery systems, as
already performed for nicotine (Hegemann
et al. 1995b; M€uller et al. 1995).

At least one major interest of microdialysis is
its use to compare the pharmacokinetics of a drug
to its pharmacodynamic characteristics. Several
studies have been performed in cancerology
(Blöchl-Daum et al. 1996; Joukhadar et al. 2001)
or to study the efficacy of antibiotics in bacterial
infections (Brunner et al. 2000).

Fig. 5 A microdialysis
probe inserted in the volar
forearm of a volunteer
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2.6 Limits

2.6.1 Low Volumes
The low perfusion speed used in microdialysis
involves the collection of a small volume of fluid
(from ca. 10 to 200 μL). It also requires very sensi-
tive analysis techniques likeHigh Performance Liq-
uid Chromatography, Mass Spectrometry or
immunology assays (ELISA, etc.). This technique
is also interesting because the samples obtained are
quite clean; large molecules such as albumin cannot
be collected with the classical membranes and the
analyses do not require any extraction step.

2.6.2 The Relative Recovery
The recovery depends on several parameters (like
perfusion speed, physicochemical properties of
the studied compound, etc.). It is therefore neces-
sary to estimate the R.R. for each experiment. This
can be possible thanks to some special calibration
techniques (cf. Section 2.3, “Instruments” in
▶Chap. 108, “Transepidermal Water Loss”).

2.6.3 Lipophilic Compounds
The poor affinity of lipophilic compounds for the
hydrophilic perfusate causes a very poor recovery
for this kind of product. A study has been
performed on transdermal drug delivery, with
good results for nicotine (Hegemann
et al. 1995b; M€uller et al. 1995), but not for
estradiol (M€uller et al. 1995). Other studies have
also shown this kind of problem with calcipotriol,
fusidic acid, and betamethasone valerate, unless
they are used at high concentrations or after sys-
temic administration (Groth 1996). The best solu-
tion for these products would be to change the
dialysate (Kreilgaard et al. 2001).

3 Conclusion

We have compared two techniques used in cuta-
neous pharmacological studies: suction blisters
and microdialysis. Brunner et al. have found a
close correlation between the pharmacokinetic of
paracetamol obtained from these techniques and
in plasma (Brunner et al. 1998). Benfeld et al.
have also simultaneously investigated these

techniques for in vivo sampling of peripheral
compartment pharmacokinetics after systemic
administration of acetylsalicylic acid (Benfeldt
et al. 1999). Both techniques were in excellent
concordance with even closer correlation between
maximum concentrations obtained by micro-
dialysis and suction blister fluid sampling.

In spite of these results, the concentrations of
theophylline measured with suction blister seemed
to be overestimated, whereas those measured in
microdialysatewere similar to those found in plasma
(Muller et al. 1998). Another study has been
conducted with the combination of these techniques
to clarify the roles of nitric oxide and prostaglandin
E2 in the generation of UVB-induced vasodilatation
(Rhodes et al. 2001). The results from both tech-
niques provided the involvement of prostaglandin
E2 in the production ofUV-induced erythema.How-
ever, nitric oxidewas not detectable in suction blister
fluid. This phenomenon could be explained by a
protein contamination of the suction blister fluid.

These two techniques are interesting for
obtaining pharmacokinetics of drugs or to study
the secretion of endogenous substances. How-
ever, after comparing the tolerability of the sam-
pling procedure, ease of analysis, and detail in
chronology, microdialysis seems superior for
sampling in vivo pharmacokinetics in the dermis.

Microdialysis promises to be a main tech-
nique in the future. We expect to find the best
solution to study lipophilic compounds, in order
to improve their recovery and to prevent them
from sticking to the membrane and the tubing.
This technique is non-invasive, requires only one
probe to perform a complete pharmacokinetic
analysis without any pain for the volunteer, and
can be used ex vivo as well as in vivo, in animals
as well as in humans.
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1 Introduction

Nanoparticles are commonly defined 1–100 nm
objects or – at least – one dimension being less
than 100 nm. The International Organization for
Standardization defines the term “nanomaterial”
as “material with any external dimensions in the
nanoscale or having internal structure or surface
structure in the nanoscale” (EU Commission Rec-
ommendation on the definition of nanomaterial
2011). Other definitions have been proposed. A
recent proposal is based on surface area rather
than size (a nanoparticle should have a specific
surface area>60 m2/cm3), thus reflecting the crit-
ical importance of this parameter in governing
reactivity and toxicity of nanomaterials (Kreyling
et al. 2010). Nanomaterials can be divided into
two large groups: ultrafine nanosized particles not
intentionally produced and engineered
nanoparticles produced in a controlled,
engineered way. Engineered nanoparticles,
because of their large surface-to-volume ratios,
exhibit chemical, physical, and biological proper-
ties distinctly different from the same materials in
the bulk form, but such properties may lead to
adverse effects on human health and environmen-
tal systems (Oberdörster et al. 2005).

Nanoparticles, novel carrier systems devel-
oped as an alternative to traditional vehicles
show important advantages for dermal application
of cosmetics and pharmaceuticals.

Nanoparticles are able to increase the penetra-
tion of active ingredients into the skin, allowing
increased targeting to the epidermis and conse-
quently improve treatment efficiency and reduc-
ing the systemic absorption of drugs and cosmetic
agents. The biocompability of the nanoparticles

and their biodegradation chemical nature has
opened new advancements in cosmetic and phar-
maceutical industries for effective topical delivery
of drugs and active substances. Currently many
substances are under investigation for topical drug
delivery, however the toxicological investigations
are of great importance (Firouz et al. 2016;
Nassiri-Kashani et al. 2016; Behtash et al. 2016;
Firooz et al. 2015; Nafisi and Maibach 2015;
Agudelo et al. 2013a; Agudelo et al. 2013b;
Tajmir-Riahi et al. 2014; Nafisi and Maibach
2016; Nafisi et al. 2016).

Nanoparticles can enter the body through
inhalation, absorption through the skin or the
digestive tract, voluntary injection, or implanta-
tion for drug delivery. The skin, the largest organ,
is a primary barrier to nanoparticle exposure
from naturally occurring and engineered
nanomaterials found in the environment and
workplace. Thus, the skin may be an unintended
route for localized and possibly systemic expo-
sure to nanoparticles released during manufac-
ture, use, and disposal (Proksch et al. 2008; Prow
et al. 2011; Labouta and Schneider 2013).
Nanoparticles may induce a spectrum of adverse
health effects ranging from localized damage
(e.g., irritant contact dermatitis) to induction of
immune-mediated responses (e.g., allergic con-
tact dermatitis and pulmonary responses) or sys-
temic toxicity (e.g., neurotoxicity and
hepatotoxicity) (Poland et al. 2013).

Recently, silica nanoparticles (SNPs) have
attracted significant interest because of their
unique properties such as hydrophilic surface
favoring protracted circulation, following
i.v. administration, versatile silane chemistry for
surface functionalization, ease of large-scale syn-
thesis, and low cost of NP production (Slowing
et al. 2008; Barbe et al. 2004). SNPs are widely
applied in chemical industry, agriculture, and cos-
metics (Willey 1982). In addition, they are being
developed in medical uses including for diagnosis
and therapy (Tang and Cheng 2013; Tang
et al. 2012), probes for biomarkers for optical
imaging (Lee et al. 2009), controlled release
drug delivery, as well as gene transfection carriers
(Slowing et al. 2008). Such medical approaches
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have numerous applications including skin cancer
therapy (Scodeller et al. 2013; Benezra et al. 2011;
De Louise 2012), transdermal drug delivery
(Prausnitz et al. 2012), transcutaneous vaccina-
tion, and gene delivery (Bharali et al. 2005).
They can act as carrier for drugs with low solubil-
ity and might improve drug safety, stability, and
performance (De Villiers et al. 2009). With the
growing commercialization of silica
nanoparticles, human exposure to these materials
is increasing, and many aspects related to their
toxicity should be studied.

The main goal of this review is to organize the
current state of the art relating to skin absorption
of silica nanoparticles based on the ten parameters
of percutaneous penetration while raising aware-
ness of silica nanomaterials’ toxicity among sci-
entists and manufacturers handling them. The
importance of such overview stems from percuta-
neous penetration research tradition dating back
to World War II military studies, focused on a
one-step penetration model (Tregear 1996). Such
work corrected misconceptions (i.e., skin being
largely impermeable); subsequent chemical,
in vivo and in vitro, experiments document a far
more complex penetration model – whose steps
may be highly clinically relevant to the
nanotoxicity debate.

2 Silica

Silicon dioxide, also known as silica, an oxide of
silicon with the chemical formula SiO2 is the most
common element found in nature and is widely
distributed in dusts, sands, planetoids, and planets
(Georgia State University, Hyperphysics). Silica
can be classified into two main classes: crystalline
and amorphous. Different forms of silica and their
properties are in Table 1.

2.1 Crystalline Silica

Crystalline micron-sized silica is a basic compo-
nent of soil, sand, granite, and many other min-
erals (Iier 1979; Unger 1979). Silica exposure is a

serious threat to workers and has been classified as
a human lung carcinogen (OSHA 2002).

2.2 Amorphous Silica

Amorphous silica is synthetic silica except bio-
genic diatomaceous earth, composed of ultimate
particles or structural unit less than 1 μm in diam-
eter. Synthetic and natural amorphous silica are
important materials for their variety of technolog-
ical applications due to their physicochemical
properties such as surface area, pore properties,
bulk density, etc. (Iier 1979; IMA Europe 2014).

2.2.1 Natural Amorphous Silica
Diatoms are microscopic, eukaryotic, unicellular
algae ubiquitously present in almost every water
habitat on earth. Diatom cell walls are composed
of silica (hydrated silicon dioxide) (Iier 1979;
IMA Europe 2014).

2.2.2 Synthetic Amorphous Silica (SAS)
Different synthetic amorphous (noncrystalline)
silica particles (Table 1) have large specific to
geometric surface ratio (Iier 1979). SAS particles
are generally regarded to be safe, with no or min-
imal chronic effects. However, increasing use of
various forms of noncrystalline silica particles,
and in particular the nanosized, requires more
thorough examination of their possible health
effects (Choi et al. 2008; Fruijtier-Polloth 2012).
They can be categorized as mesoporous and
nonporous based on their biomedical applications
(Tang and Cheng 2013).

Pyrogenic or Fumed Silica
Pyrogenic or fumed silica, an extremely low bulk
density powder with high surface area and syn-
thesized by thermal process, consists of amor-
phous silica particles fused into branched,
chainlike, three-dimensional secondary particles
and can agglomerate into tertiary particles (Iier
1979; Willey 1982). Fumed silica is not listed as
a carcinogen by OSHA, ECETOC, or NTP
(ECETOC 2006). Due to its fineness and thinness,
it can easily become airborne, making it an
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inhalation risk, capable of causing irritation
(Otterstedt and Brandreth 1998).

Precipitated Amorphous Silica
Precipitated amorphous silica, consisting of a
three-dimensional network of coagulated primary
silica particles and prepared by wet process, is not
classified as dangerous regarding physical and
chemical hazards (Iier 1979; ECETOC 2006).

Silica Gel
Silica gel also referred to as silica aerogel or
hydrated silica is a white, fluffy powder or milky
suspension of fine amorphous spherical particles
in a liquid phase. It is odorless, tasteless and
nontoxic and can be prepared by wet process
(Iier 1979; ECETOC 2006; IMA Europe 2014).

Nonporous Silica Nanoparticles
Nonporous silica nanoparticles or monodisperse
silica spheres (diameters ranging from 50 to 2 μm)
were firstly prepared by Stöber process (Stober
and Fink 1968) in which tetraalkoxysilane was
added to an excess amount of water containing a
low molar-mass alcohol and ammonia. These par-
ticles are porous or nonporous. The pores are not
some random accidents but an inherent property
of them (Van Blaadern et al. 1992; Xia
et al. 2000). Synthesis methods based on the
type of silicate ester, alcohol, volume ratios, and
reaction condition were developed in order to
control the size, shape, and surface properties
(Zhang et al. 2003; Xia et al. 2000; Tang and
Cheng 2013). Biomedical applications of
monodispersed silica spheres for therapy and
diagnosis are categorized based on the different
active cargoes delivered by silica NPs: drug deliv-
ery for small molecule drugs, proteins, or photo-
sensitizers; gene delivery; and molecular imaging
by incorporating different contrast agents.
Nonporous silica NPs can deliver cargoes through
encapsulation or conjugation (Tang and Cheng
2013).

Mesoporous Silica Nanoparticles (MSNs)
Mesoporous silica nanoparticles, characterized by
their mesopores (2–50 nm pore size), are widely
used for delivery of active payloads based on

physical or chemical adsorption. They have been
synthesized as ordered or hollow/rattle-type
mesoporous silica structures. Ordered
mesoporous silica nanoparticles with uniform
pore size and a long-range ordered pore structure
were first reported in the early 1990s using sur-
factants as structure-directing agents (SDAs)
(Kresge et al. 1992). Size, morphology, pore
size, and structure of MSNs can be rationally
designed, and the synthesis process can be freely
controlled (Wan and Zhao 2007; Hoffman
et al. 2006; Slowing et al. 2010; Garcia-Bennett
2011; Tang et al. 2012). With the abundant avail-
ability of various surfactants and a deep under-
standing of sol–gel chemistry, orderedMSNs with
different structures as MCM, SBA, MSU, KIT-1,
and FSM have been developed. Until now most
research on drug delivery and cancer therapy
applications of ordered MSNs are based on
MCM-41, MCM-48, and SBA-15 (Tang
et al. 2012). Lack of toxicity of various ordered
mesoporous silica has been deduced from both
in vivo and in vitro studies (Garcia-Bennett
2011; Vallet-Regi et al. 2007; Chen et al. 2013).
Hollow/rattle-type mesoporous silica with inter-
stitial hollow space and mesoporous shell has low
density and high specific area, which are ideal as
new-generation drug delivery systems with
extraordinarily high loading capacity. Different
synthesis methods (by tuning the composition
and concentration of surfactants during synthesis)
for preparing hollow and rattle type with various
sizes and particle morphology have been reported.
Surface chemistry plays a key role in the cellular
interactions and toxicity (Tang et al. 2012). They
have been actively explored for enzyme immobi-
lization, confined-space catalysis, and acoustic,
thermal, and electrical insulation (Lou
et al. 2008; Liu et al. 2011).

Silica Host for Other NPs
Silica can be used as a host material for other types
of functional NPs (e.g., gold NPs, QDs, and iron
oxide NPs) to form hybrid NPs. This important
class of silica-based hybrid nanomedicines has
been thoroughly reviewed by Piao group (2008).
Ultrasmall multimodal silica nanoparticles
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(Cornell dots, C dots) have been FDA approved
for the first in-human clinical trial for targeted
diagnostics of advanced melanoma (Benezra
et al. 2011; Friedman 2011).

3 Percutaneous Penetration
of Silica Nanoparticles

The skin, a unique barrier composed of several
highly organized and heterogeneous layers, also
includes a number of appendages such as hair
follicles and sweat and sebaceous glands. It is
composed of three layers from the outside to
inside: epidermis, dermis, and hypodermis. How-
ever, from a penetration perspective, epidermis
and dermis are the most important. The outermost
layer of the epidermis is the stratum corneum
(SC), to which the main barrier function of the
skin is attributed (Bouwstraa et al. 2003; Prausnitz
et al. 2012). Four pathways of penetration across
the skin have been identified depending on phys-
icochemical properties of the compound:
intercellular, transcellular, and two
transappendageal – through hair follicles and
sweat glands (Scheuplein 1967). Simplified rep-
resentation of the skin and routes of penetration

are shown in Fig. 1. Percutaneous absorption, a
dynamic process, has many components with
which a penetrant interacts before possibly
gaining systemic access. Accurate assessment of
nanoparticle penetration is challenging, with
results dependent on ten parameters of percutane-
ous penetration: (1) physiochemical properties of
nanoparticle; (2) vehicle effects; (3) surface area,
dose, duration, and frequency of exposure; (4) dis-
tribution; (5) sub-anatomical pathways (skin
appendages); (6) skin surface conditions; (7) addi-
tional factors of skin penetration and permeation;
(8) loss from skin surface, exfoliation, and wash
effect; (9) elimination and photochemical trans-
formation; and (10) the method of determining
absorption and toxicity, which is of high rele-
vance, too. These are issues considered from the
perspective of nanoparticles and the potential
risks of dermal exposure. Understanding the
potential for silica nanoparticle dermal penetra-
tion and possible toxicological outcomes is of
great importance (Ngo et al. 2012). The following
passages overview experiments related to
transcutaneously applied silica nanoparticles
based on the relevant properties which affect per-
cutaneous penetration. Summary of the literature
data is in Table 2.

Fig. 1 Simplified
representation of the skin
and routes of penetration
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Table 2 Summary of literature data on physicochemistry, toxicity, and the percutaneous penetration of silica
nanoparticles (SNPs)

Research question Study type Results
Author
(year)

Physicochemical
properties of
penetrant

SNPs (7, 10–20 nm) In vitro: SNPs (7, 10–20 nm)
reduced cell viabilities of
CHKs in a dose-
dependent manner

Park
et al. 2010

Cytotoxic effect Human keratinocyte
cell line HaCaT

No irritation (SNP;
500 μg/ml)

Acute cutaneous toxicity Human skin
equivalent model
(HSEM)

No acute cutaneous
irritation

Skin irritation In vivo: rabbit;
Draize test

SNPs (20, 100 nm);
negatively charged (NC),
weakly negatively
charged (WNC)

In vitro: NC-SNP (20 nm), more
toxic than NC-SNP
(100 nm)

Park
et al. 2013

Cytotoxicity Human keratinocyte
cell line HaCaT

NC-SNP (20 nm) more
toxic than WNC-SNP
(20 nm)

ROS generation Intercellular ROS No irritation

Skin irritation EpiDerm skin
irritation on human
skin equivalent
model

No phototoxicity

Skin phototoxicity 3T3 NRU
phototoxicity test in
murine 3T3
fibroblast cell

No sensitization

Skin sensitization In vivo: mouse;
local lymph node
assay (LLNA)

SNPs (70, 300, 1,000 nm) In vitro: SNPs (70 nm); elevated
level of ROS, DNA
damage

Nabeshi
et al. 2011a

Zeta potentials: LDH release assay Endocytosis involved in
SNP70-mediated cellular
effects

SNP-70, �21.6 � 4.5 mV Human keratinocyte
cell line HaCaTSNP-300, �31.3 �

6.5 mV

SNP-1,000, �37.7 �
4.6 mV

ROS generation; DNA
damage

SNPs (42� 3 nm to 291�
9); positive and negative
surface charges

In vitro: human
keratinocyte cell line
HaCaT, dendritic
cells

Positively charged
functionalization of SNP
enhanced in vitro cellular
uptake

Rancan
et al. 2012

Zeta potentials: In vivo:
cyanoacrylate skin
surface stripping
(CSSS)

Particles taken up by skin
cells in a size-dependent
manner

SNP-42, �22 � 3 mV SNP (42� 3 nm) found in
epidermal and dendritic
cells

(continued)
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Table 2 (continued)

Research question Study type Results
Author
(year)

SNP-75,
�45 � 4 mV

SNP (>75 nm)
penetration blocked by
human skinSNP-200, �56 � 5 mV

SNP-300, �48 � 2 mV

Cellular uptake

Skin penetration

SNPs (30, 48,
118, 535 nm)

In vitro: mouse
keratinocytes
HEL-30

All SNP sizes were taken
up into the cell, localized
into the cytoplasm

Yu
et al. 2009

Cellular uptake,
localization

LDH release assay SNPs 30, 48 nm (100 μg/
mL), more toxic than
118, 535 nm particles

ROS formation ROS formation did not
show any significant
change between controls
and the exposed cells

Cytotoxicity LDH leakage was dose-
and size-dependent with
exposure to 30, 48 nm
SNPs

No LDH leakage for either
118 or 535 nm SNPs

Fluorescent nonporous
SiO2 (10–200 nm);
different charges

In vitro: normal
human dermal
fibroblasts

Smallest particles; high,
fast cytotoxicity

Quignard
et al. 2012

Zeta potentials: Genotoxic effects for
negatively charged
colloids (10 nm)

SNP-40, 56 � 5 mV

SNP-200, 50 � 4 mV

SNP- +10, 42 � 4 mV

SNP- �10, �18 � 4 mV

Cytotoxicity

Genotoxicity

Monodispersed SNPs
(80, 500 nm)

In vitro: normal
human dermal
fibroblasts

SNP (80 nm) more
strongly affects cell
viability, mitochondrial
membrane potential

Zhang
et al. 2010

Zeta potentials: Both particles internalized
into fibroblasts within a
short time

SNP-80, �5.2 � 0.2 mV Cell adhesion, migration
affected by uptake of
SNPs regardless of size

SNP-500, �9.8 � 1.2 mV

In culture medium with
10 % FBS

Cytotoxicity, cellular
uptake

SNPs (30, 70, 100, 300,
1,000 nm)

In vivo: mouse SNP (different sizes)
penetrated skin barrier,
induced various
immunological effects,
allergic diseases; AD

Hirai
et al. 2012;
Takahashi
et al. 2013

(continued)
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Table 2 (continued)

Research question Study type Results
Author
(year)

Zeta potentials: Ear thickness
measurements

By decreasing SNP size,
IL-18 and TSLP
production increased, led
to systemic Th2 response,
aggravation of AD-like
skin lesions as induced by
Dp antigen treatment

SNP-30, �14.0 � 0.3 mV Histopathological
analysisSNP-70, �19.5 � 1.0 mV

SNP-100, �24.3 �
0.5 mV

SNP-300, �25.8 �
0.7 mV

SNP-1,000, �33.2 �
1.4 mV

Skin penetration

Skin allergic disease

SNP coated with
bifunctional methoxy-
terminated and PEG
(7 nm)

In vivo: mouse,
M21 melanoma
xenograft mouse

Specific tumor targeting Benezra
et al. 2011

Effect on tumor High-affinity/avidity
binding

Favorable tumor-to-blood
residence time ratios

Enhanced tumor-selective

Longer-term
pharmacokinetic
clearance

Functionalized
mesoporous silica (FMS;
30 nm) bound to
monoclonal antibody
(mAb) to CTLA4

In vivo: mouse
established
melanomas derived
from SC injection of
cells from the SW1
clone

More antitumor activity of
FMS-anti-CTLA4 than
that of anti-CTL4 alone

Lei
et al. 2010

Antitumor activity No toxicity

Release kinetics

Vehicle effect Dermal delivery of silica
microparticles (3 μm) in
water and in 65 %
ethanolic Spilanthes
extract

Ex vivo:
percutaneous
absorption human
skin

SNP (3 μm) penetrated
living epidermis

Boonen
et al. 2011

Skin penetration By formulating in 65 %
ethanolic medium,
reached dermis

Dermal delivery of
lipophilic fluorescent
probe: all-trans-retinol-
acridine orange 10-nonyl
bromide (AONB) using
SNP coating of negatively
charged lecithin and
positively charged
oleylamine

Ex vivo:
percutaneous
absorption porcine
skin

Increased skin retention
and depth of penetration to
upper dermis for all-trans-
retinol-AONB

Ghouchi-
Eskandar
et al. 2009a

Dermal delivery of
all-trans-retinol by
SNP-coated submicron
oil-in-water emulsions

Ex vivo:
percutaneous
absorption porcine
skin

Sustained release, targeted
dermal delivery of
all-trans-retinol from oil-
in-water emulsions

Ghouchi-
Eskandar
et al. 2009b

(continued)
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Table 2 (continued)

Research question Study type Results
Author
(year)

Dermal delivery of
quercetin using lipid
nanoparticles and
colloidal silica

In vivo:
percutaneous
absorption human
skin; tape stripping

Increased diffusion down
to stratum corneum

Scalia
et al. 2013

Dermal delivery of
quercetin using MCM-41
(plain or octyl-
functionalized)

In vitro: DPPH
assay

Increased efficiency of
quercetin encapsulated by
MCM-41

Berlier
et al. 2013a

Dermal delivery of rutin
using NH2-MCM-41

In vitro: Greater accumulation in
porcine skin

Berlier
et al. 2013b

Diffusion DPPH assay Maintained antioxidant
properties

Antiradical activity Ex vivo:
percutaneous
absorption porcine
skin

Better activity and
photostabilityUV irradiation

Skin permeation

Dermal delivery of Trolox
using MCM-41

In vitro: Slower release of Trolox
by inclusion in MCM-41

Gastaldi
et al. 2012

Photodegradation Release Increased photostability
for complex particularly in
O/W emulsion

Antiradical activity DPPH assay Maintained radical
scavenging activity of
Trolox

Dermal delivery of octyl
methoxycinnamate
(OMC) using MCM-41
formulated in Emulgel

In vitro: release Increased release rate in
Emulgel

Ambrogi
et al. 2013

Release Broader photoprotection
range, improvement of
sunscreen photostability

Photostability

Hyaluronidase (Hyal)
immobilized on SNP as
adjuvants of carboplatin
(CP)

In vivo: mouse
bearing A375 human
melanoma

Enhanced tumor volume
reduction with SNP-Hyal
compared to
non-immobilized Hyal

Scodeller
et al. 2013

Antitumor

Dermal delivery of
caffeine using silica
nanocomposites

Ex vivo:
percutaneous
absorption of pig
skin

Reduced, delayed
permeation

Pilloni
et al. 2013

Skin permeation studies

Surface area,
dose, duration,
and frequency of
exposure

Skin penetration of
consumers exposed to
spray atmosphere of SAS
nanoparticles

Modeling of
consumer exposure

Skin penetration was
unlikely

Michel
et al. 2013

Modeling of
environmental
exposure

Low toxicity

No systemic exposure

Distribution SNPs (70, 300, 1,000 nm) In vitro: Mutagenic activity in vitro Nabeshi
et al. 2011bZeta potentials: Human keratinocyte

cell line HaCaT
SNPs (70 nm) penetrated
stratum corneum, entered
skin, lymph nodes, liver,
cerebral cortex, and
hippocampus

SNP-70, �21.6 � 4.5 mV DNA damage
(Comet assay)

SNP-300, �31.3 �
6.5 mV

Mutagenicity assay
(Ames test)

(continued)
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Table 2 (continued)

Research question Study type Results
Author
(year)

SNP-1,000, �37.7 �
4.6 mV

In vivo: mice
BALB/c

Cellular localization

Cytotoxicity

Skin penetration

Systemic effects

SNP (70 nm) In vivo: mouse SNPs (70 nm) observed in
keratinocyte layer,
Langerhans cells, and
dermis of mouse

Tsunoda
et al. 2011

(No information for Zeta
potential or charge)

After 3 days, SNP
detected in cervical lymph
node cellsSkin penetration

Systemic effect

Sub-anatomical
pathways (skin
appendages)

Silica oxide
(300–1,000 nm)

In vitro: human
terminal and vellus
hairs from Caucasian
males, porcine hair
follicle

Best follicle penetration of
SNP 646 nm in size

Lademann
et al. 2009

(No information for Zeta
potential or charge)

Optimal particle size
corresponded to structure
of hair and folliclesInfluence of hair cuticula

thickness on penetration
into hair follicles

Skin surface
conditions

AHAPS-SiO2 (55� 6 nm) In vivo: SKH1
mouse

Penetration of AHAPS-
SiO2 through skin was not
observed

Ostrowski
et al. 2014

(No information for Zeta
potential or charge)

After subcutaneous
injection, AHAPS-SiO2

were incorporated by
macrophages, transported
to regional lymph node

Skin penetration on intact
skin, tape-stripped,
inflamed skin

No adverse effects on
cells, tissues

Subcutaneous injection

Additional
factors of skin
penetration and
permeation

No research

Loss from skin
surface,
exfoliation, and
wash effect

No research

Elimination and
photochemical
transformation

No research

Method of
determining
absorption and
toxicity

No research
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3.1 Physiochemical Properties
of Silica Nanoparticles

Physiochemical properties of the penetrant may
be the most pervasive factor influencing pene-
tration since they influence interactions with
the skin components (cell layers, cell mem-
branes, lipids) and the extent to which
nanoparticles penetrate or release associated
ingredients into the skin. Physiochemical prop-
erties influencing nanoparticle penetration
resemble the major factors influencing the
penetration of chemicals across the skin. It is
generally viewed that nanoparticle size,
agglomeration/aggregation state, shape, crystal
structure, chemical composition, surface chem-
istry, surface charge, porosity, dose, exposure
time, and applied formulation are major factors
which influence nanoparticle dermal penetra-
tion and toxicity (Poland et al. 2013; Thurn
et al. 2007; Ngo et al. 2012).

There exist experiments which relate the phys-
icochemical properties of silica nanoparticles to
their percutaneous penetration (Table 2).

The relationship between different sizes of
SNP ranging from 291 � 9 to 42 � 3 nm
(single-unit size) with positive and negative sur-
face charges and skin penetration has recently
been examined.

Despite partial silica particle aggregation
occurring after transfer in physiological media,
particles were taken up by skin cells in a size-
dependent manner, and SNPs above 75 nm in size
did not penetrate human skin. Functionalization
of the particle surface with positively charged
groups enhanced in vitro cellular uptake, despite
the fact that a large fraction of the positively
charged particles were aggregated leading to
lower internalization ratios especially by primary
skin cells (Rancan et al. 2012).

Hair follicles represent important shunt routes
into the skin for drugs and chemicals (Otberg
et al. 2008). In vitro studies of nanoparticles
sized from 122 to 1,000 nm suggested that parti-
cles in the size range of 400–700 nm had optimal
penetration depth in porcine hair follicles com-
pared to those smaller or larger. Depending on
nanoparticle size, different depths and thereby

different target structures within the hair follicle
can be reached (Patzelt et al. 2011). For single
silica oxide particles ranging in size from 300 to
1,000 nm, follicle penetration depth increased
between 300 and 646 nm-sized particles and
then decreased for particles larger than 646 nm
(Lademann et al. 2009). It can be concluded that
the optimal particle size for the deepest penetra-
tion corresponds approximately to the rough sur-
face structure of the hair.

Having overcome the skin barrier, amorphous
silica nanoparticles (SNPs) can induce various
immunological effects and allergic diseases such
as AD as intradermal injection of mite antigen
(Dp) plus silica particles (diameter of single-unit
size: 30–1,000 nm) into the ear of NC/Nga mice
resulted in AD-like skin lesions. DP-induced sen-
sitization and signs of AD were aggravated by
SNP in a size-dependent manner compared to
that of Dp alone. Clinical signs were correlated
with excessive induction of total IgE and
Dp-specific IgE and were associated with induc-
tion of IL-18 and thymic stromal lymphopoietin
(TSLP) which led to systemic Th2 response in the
skin lesions (Hirai et al. 2012; Takahashi et al.
2013; Table 2).

Park et al. (2013) studied cytotoxicity on
keratinocytes and ROS generation by negatively
charged NC and weakly negatively charged
WNC-SNPs (20 and 100 nm in size). Smaller-
sized NC-SNPs appeared more toxic than the
larger sized (100 nm), and NC-SNPs (20 nm)
showed more toxicity than the respective
WNC-SNPs (20 nm). Skin irritation and contact
sensitization were not detected (Park et al.
2013). Compared to larger SNPs (single unit
300, 1,000 nm), the SNPs of 70 nm diameter
induced an elevated level of reactive oxygen spe-
cies (ROS), leading to DNA damage of HaCaT
cells, a spontaneously transformed human
keratinocyte cell line (Nabeshi et al. 2011a). Pro-
liferation of HaCaT cells was inhibited in a dose-
and size-dependent manner (Nabeshi et al.
2011b). Viability and mitochondrial membrane
potential of human dermal fibroblasts were more
strongly affected by SNPs 80 nm in size, but
adhesion and migration ability of the fibroblasts
were impaired by SNPs, single units being 80 and
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500 nm in diameter (Zhang et al. 2010). More-
over, cellular uptake and localization of amor-
phous SNPs (30, 48, 118, and 535 nm) in mouse
keratinocytes (HEL-30) appeared to be indepen-
dent of particle size. Dose-dependent LDH
leakage and significant cytotoxicity at high con-
centrations (100 μg/mL), however, were seen with
exposure to 30 and 48 nm nanoparticles. No LDH
leakage was observed for the larger nanoparticles.
Redox potential of cells (GSH level) was reduced
significantly only with SNP 30 nm in size at
concentrations of 50 μg/mL and higher
(Yu et al. 2009). Fate of fluorescent nonporous
SiO2 nanoparticles (single-unit diameter:
10–200 nm) varying in charge (negative and pos-
itive) was studied in normal human dermal fibro-
blasts. Uptake of silica nanoparticles was
determined by fluorescence spectroscopy and
TEM. Largest particles did not impact on cellular
function. Outside and inside the fibroblasts, exten-
sive aggregation was seen with smaller SNPs,
either negatively or positively charged. Small
SNPs of either charge induced major detrimental
effects on fibroblast viability, and exposure to
negatively charged particles 10 nm in diameter
resulted in genotoxic effects. Fluorescence read-
ing revealed that positively charged silica
nanoparticles (>40 nm) were taken as aggregates
followed by a significant decrease in the size of
the SNPs located in endocytic vesicles, and both
colloidal and soluble species were released with-
out impact on cellular function (Quignard
et al. 2012). In summary, size and charge of amor-
phous silica nanoparticles are critical for biologi-
cal effects, and particles below 100 nm in size are
more toxic (Table 2).

In addition, particle surface area may play a
crucial role in the toxicity of SNPs which can be
related to their surface interfacing with the biolog-
ical milieu (Elias et al. 2000; Waters et al. 2009;
Napierska et al. 2010) and forming a protein
corona. Even a minor surface modification can
change biological effect, and surface functiona-
lization, such as for binding of specific ligands,
allow nanoparticle targeting of specific cell
populations and subcellular components. More-
over, adsorbed proteins forming the corona can
change the extent and depth of penetration as well

as cytotoxicity (Oberdörster et al. 2005). In order
to target M21 melanomas in a xenograft mouse
model, multimodal silica nanoparticles were
coated with bifunctional methoxy-terminated
polyethylene glycol (PEG) chains (�0.5 kDa;
7 nm). Neutral-charged PEG-functionalized
SNPs were poorly uptaken by noncancer cells,
and the bifunctional group enabled attachment of
the integrin targeting RGDYpeptide labeled with
124I (Benezra et al. 2011). In another study,
functionalized mesoporous silica (FMS) with a
rigid, uniform, open nanopore geometry of tens
of nanometers was used for loading of a mono-
clonal antibody (mAb) binding to CTLA4 – an
immunoregulatory molecule overexpressed in
melanoma (Leach et al. 1996). Protein spontane-
ously entrapped in FMS and release of the
entrapped proteins from FMS were controlled
based on the functional groups and pore sizes.
This strategy enhanced inhibition of tumor growth
compared to the free antibody given systemically
(Lei et al. 2010; Table 2). Further study is needed
to assess the effect of surface modification of
nanoparticles on mAb penetration and toxicity
following topical use as peptides which are rap-
idly degraded in human skin by proteinases
(Do et al. 2014).

3.2 Vehicle Effects

One general approach to overcoming the barrier
properties of the skin is to use penetration
enhancers or nanoparticles that help promote
drug diffusion through the stratum corneum to
viable epidermis and dermis. Dermal absorption
of a compound will be influenced by vehicle
solubility and partitioning of the compound
between vehicle and skin. Agents that are more
soluble in an aqueous vehicle may tend towards
limited absorption into the lipid-rich SC. Vehicle
pH may influence the ionization state of the com-
pound and the rate of partitioning into stratum
corneum (Ngo et al. 2012). It also affects colloi-
dal stability and agglomeration status which may
alter penetration dynamics. Vehicle-dependent
effects on penetration behavior of drugs follow-
ing topical application have been widely
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examined (Smith and Maibach 2006). There is
also an increasing understanding of the effects of
nanoparticles on penetration enhancement in gen-
eral (Korting and Schäfer-Korting 2010; Alnasif
et al. 2014).

Oil-based microemulsions, solvents or surfac-
tants, referred to as penetration enhancers, accel-
erants, adjuvants, or absorption promoters, act by
reducing drug binding and interactions with skin
components (Ngo et al. 2012). For silica particles,
skin penetration studies showed that silica micro-
particles (3 μm) could penetrate living epidermis
and, when formulated in the 65 % ethanolic
medium, even reach the dermis. This demon-
strated the relevance of the vehicle in which silica
microparticles were presented (Boonen
et al. 2011).

Nanoemulsions are oil dispersed in water and
have been used for penetration enhancement of
hydrophilic and lipophilic substances.
Nanoemulsions are transparent, and their small
size and hydrophilic exterior may facilitate trans-
port of active ingredients across the stratum
corneum of the epidermis (Nohynek et al. 2007).
Eskandar and coworkers investigated SNP-coated
submicron oil-in-water emulsions for stabilization
and skin penetration of lipophilic agents, retinol
and a fluorescent dye, namely, acridine orange
10-nonyl bromide. Lecithin and oleylamine addi-
tion, respectively, were used for the induction of
negative and positive charge to the emulsion.
Both formulations improved retinol resistance
towards UV-induced degradation, controlled
release, and significantly enhanced the penetra-
tion of both agents into excised porcine skin com-
pared to free agent used for control. With the
positively charged formulation, penetration was
even seen in the upper dermis without major pen-
etration of the agents (Ghouchi-Eskandar
et al. 2009a, b). Moreover, solid-state nanoparti-
cle-coated emulsion prepared by freeze-drying
significantly enhanced retinol stability (Ghouchi-
Eskandar et al. 2012; Table 2).

Flavonoids such as quercetin and rutin are used
in topical cosmetic and pharmaceutical products
because of their antioxidant and radical scaveng-
ing properties, but their application is limited by
their poor physicochemical stability. In human

volunteers, addition of colloidal silica (average
particle diameter: 486 nm) to an emulsion signif-
icantly increased the quercetin penetration into
stratum corneum to 26.7 � 4.1 % of the applied
dose, the enhancement being more marked in the
deep stratum corneum sampled by tape stripping.
Silica particles were detectable in the intermediate
region of human stratum corneum and hence
could act as a carrier for quercetin (Scalia
et al. 2013). Mesoporous silica (MCM-41) has
widely been proposed as a vehicle able to improve
the penetration and performance of drugs. Com-
plexes of quercetin with plain or octyl-
functionalized MCM-41 were formed based on
host/guest interaction due to the formation of
Si-OH/quercetin hydrogen-bonded adducts and
strengthened by octyl functionalization. Immobi-
lization of quercetin particularly on octyl-
functionalized silica increased stability without
undermining the antioxidant efficacy of quercetin
opening the way for an innovative employment of
mesoporous composite materials in the skin care
field and topical products (Berlier et al. 2013a).
Moreover, immobilization of rutin in the pores of
in aminopropyl silica (NH2-MCM-41) stabilized
the agent against UV degradation and enhanced
the accumulation in porcine skin ex vivo while
maintaining rutin’s antioxidant properties (Berlier
et al. 2013b). Octyl methoxycinnamate is an effi-
cient and widely used UV filter yet shows light
susceptibility (photoinstability) and potential skin
permeation which is not wanted with sunscreen
products. For improvement of photostability and
safety, octyl methoxycinnamate was entrapped in
the pores of the mesoporous silicate MCM-41,
pore openings were plugged, and the loaded
nanoparticles incorporated into a lipid-based cos-
metic formulation allowed a broader
photoprotection range and remarkable improve-
ment of sunscreen photostability (Ambrogi
et al. 2013). In addition, inclusion of Trolox
(a water-soluble analog of vitamin E) in the
MCM-41 matrix retarded in vitro release and
increased photostability for complexed agent par-
ticularly in O/W emulsion. Importantly, the radi-
cal scavenging activity of Trolox was maintained
after immobilization (Gastaldi et al. 2012;
Table 2).
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Recently, hyaluronidase (degrading enzyme of
hyaluronic acid) was immobilized on 250 nm
SNPas adjuvants of carboplatin (CP) and
peritumorally injected in A375 human
melanoma-bearing mice. Enzyme activity was
maintained, SNP-immobilized hyaluronidase
cleaved hyaluronic acid overexpressed by the
tumor cells, and tumor volume was significantly
more declined compared to non-immobilized
Hyal used for comparison (Scodeller et al. 2013;
Table 2).

In cases where skin penetration is not desired,
penetration reducers can inhibit the compound
from entering the systemic circulation (Trommer
and Neubert 2006). Barrier-enhancing emulsions
have reduced the penetration of exogenous pro-
teins into the hair follicles to varying degrees
(Meinke et al. 2011). Caffeine loading to a silica
nanocomposite resulting in the formulation of
both core shell and multilayered caffeine–silica
structures reduced and delayed caffeine perme-
ation of pig skin in comparison with the reference
gel, independently from the amount of the tested
formulation (Pilloni et al. 2013; Table 2).

3.3 Surface Area, Dose, Duration,
and Frequency of Exposure

Following skin contact, amount of chemical
absorbed, which is often expressed as dose per
area (cm2), depends greatly on several conditions
of exposure (Ngo et al. 2012). Increasing surface
area over which a chemical is in contact will
increase absorption. Percent absorption also
depends upon the concentration and dose applied
per unit area. For many compounds, percent
absorption at relatively high concentrations is
inversely related to applied dose (Wester
et al. 1980). In other words, percent absorbed
increases as skin loading decreases, and the func-
tion is nonlinear. This is attributed to saturation of
the absorptive skin capacity. Despite a decrease in
efficiency of absorption, in terms of percent
absorption, a continued increase in total penetra-
tion, in mass, can be observed with increased
dose. Similarly, with multiple applications and
frequency of exposures, the skin may become

saturated and resist penetration from subsequent
doses (Wester et al. 1977; Wester et al. 1980).
Moreover, dermal penetration tends to increase
with duration of contact or exposure, and com-
pounds retained in the skin layers may become
released available after the contact material had
been removed from the skin surface. Experimen-
tal protocols often set periods of exposure and
sample collection that may not be relevant. It is
often necessary to extrapolate long-term expo-
sure from short-term data. In general, total
absorption of a compound appears to be linearly
correlated with the amount of penetration into the
stratum corneum observed shortly after applica-
tion (Rougier et al. 1987). While many studies
investigate dermal absorption of a compound fol-
lowing a single dose, multiple or repeated expo-
sures are more clinically relevant to real life (Ngo
et al. 2012). Synthetic amorphous silicon dioxide
(SiO2) nanoparticles have been widely used in a
glass cleaner formulation (spray application).
Workers and consumers are frequently exposed
to it during production and used as spray appli-
cation. Percutaneous penetration of SiO2 is
unlikely as the hydrophilic character of uncoated
SiO2 does not favor skin penetration (Michel
et al. 2013; Table 2). Engineered nanomaterials
are incorporated into textile products;
nanotextiles include nanosilica, nanolayered sil-
ica, nano-silver, nano-TiO2, nano-ZnO, nano-alu-
mina (Al2O3), carbon black, and carbon
nanotubes (Som et al. 2011). These nanomaterials
are used to improve textile properties such as
wrinkle resistance, water repellency, antimicro-
bial and antistatic properties, and UV and flam-
mability resistance. Since there is continuous and
intimate contact between clothing and skin, trans-
fer and absorption of nanomaterials under these
conditions should be considered (Ngo et al.
2012).

3.4 Distribution

Once the stratum corneum has been breached,
interactions with the deeper components of the
permeability barrier and finally access to the vas-
cular system and thus systemic availability will
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again depend on the physiochemical properties of
the penetrant in question (Menczel and Maibach
1970). Perfusion of the dermis promotes absorp-
tion and creates a sink for chemicals that have
traversed the epidermis. Subsequent distribution
of a chemical to target sites or organs within the
body will also depend on blood flow. By reducing
local blood flow, such as with the use of a vaso-
constrictor, systemic absorption can be inhibited.
At the same time, drug penetration into deeper
tissue layers adjacent to the application site may
be enhanced by reduced blood flow (Higaki
et al. 2005). Local and systemic toxicity following
dermal absorption of drugs or chemicals across
the skin has been widely evaluated (Alikhan and
Maibach 2011). Proposed toxic effects of
nanoparticles entering the systemic circulation
include perturbation of the immune system, as
well as other organ systems.

Once more, size and surface physicochemical
properties of silica nanoparticles contribute deci-
sively to their biological effects. Following
3 days of topical application to mouse, SNPs
(70 nm in size) were observed in keratinocyte
layer including the Langerhans cells, dermis,
and lymph node (Tsunoda 2011). Application of
SNP (single-unit size) to the ears of mice (250 μg/
ear/day) for 28 days resulted in particles being
detected in the skin, regional lymph nodes, and
parenchymal hepatocytes present in the liver,
cerebral cortex, and hippocampus (Nabeshi
et al. 2011b; Table 2).

Yet analysis was based upon murine skin and
TEM analysis with no confirmation that the
electron-dense regions were, in fact, particles of
interest. More experimental data – including those
generated in human skin – is needed to confirm
the results.

3.5 Sub-anatomical Pathways (Skin
Appendages)

Although the stratum corneum plays a critical role
in the function of permeability barrier, there are
many components with which a penetrant inter-
acts before entering the body. In recent years, it

has been suggested that skin appendages represent
important shunt routes into skin for drugs and
chemicals. Skin appendages include hair follicles,
sebaceous glands, and sweat glands, which origi-
nate in the dermis (Ngo et al. 2012; Poland
et al. 2013). Particle size influences the penetra-
tion depth, with different follicle structures
interacting with particles of particular size (Patzelt
et al. 2011; Toll et al. 2004; Vogt et al. 2006). For
silica oxide particles ranging in size from 300 to
1,000 nm, follicle penetration depth increased up
to about 650 nm-sized particles and then
decreased for larger particles. It can be suggested
that the optimal particle size for the deepest pen-
etration corresponded approximately to the struc-
ture of hair and follicles (Lademann et al. 2009;
Table 2).

3.6 Skin Surface Condition

Surface conditions including hydration, occlu-
sion, pH, and temperature are the factors which
affect skin absorption (Ngo et al. 2010). The
degree of interactions with the different skin com-
ponents determines the time and the chemical
residues that persist or accumulate in the skin as
well as the time required to traverse the different
layers and enter the systemic circulation (Jacobi
et al. 2007; Lademann et al. 2006).

Importantly, structure and integrity of skin will
be compromised by damage or disease. Chemical
or physical skin insults may cause change in the
skin’s barrier function, resulting in the increased
permeability of numerous compounds (Ngo
et al. 2010). However, a recent study on the pen-
etration of N-(6-aminohexyl)-aminopropyltri-
methoxysilane nanoparticles (55 � 6 nm
diameter) on intact, tape-stripped, or on inflamed
skin of SKH1 mice with induced allergic contact
dermatitis showed no penetration of the rigid par-
ticles through the skin regardless of the kind of
barrier disruption. After subcutaneous injection,
however, the nanoparticles were incorporated by
macrophages and transported to the regional
lymph node; adverse effects were not detected
(Ostrowski et al. 2014).
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3.7 Additional Factors of Skin
Penetration and Permeation

The extent of dermal absorption varies from one
body region to another and partially attributed to
skin thickness and the number of cell layers in the
SC (Ngo et al. 2010). Besides regional variation,
population variability may be of relevance. Vari-
ability in skin properties reported for different
groups in human population provides a potential
basis for differences in the rate and extent of drug
absorption between the various skin types
(Mangelsdorf et al. 2006).

3.8 Loss from Skin Surface,
Exfoliation, and Wash Effect

Persistence of a chemical on the skin will depend
on its resistance to removal or inactivation which
depends on the mechanisms of removal of
nanoparticles from the skin surface including vol-
atilization, sweating, washing, friction with or
transfer to other surfaces, and exfoliation (Ngo
et al. 2010). Washing influences the absorption of
nanoparticles into the skin. Washing and rubbing
an area of substance-treated skin can remove part
of the dose. Washing the application site between
doses, a common step in experimental protocols of
dermal absorption studies, may enhance percutane-
ous absorption (Ngo et al. 2010).

3.9 Elimination and Photochemical
Transformation

The skin is capable of a wide range of metabolic
functions and is recognized as a significant site of
biotransformation and photochemical transforma-
tion. Cutaneous metabolism and photochemical
transformation play essential role in absorption
of compounds by transforming them into metab-
olites (Götz et al. 2012; Jäckh et al. 2011; Bätz
et al. 2013; Ngo et al. 2010). Depending on the
compound, elimination may or may not be in
proportion to the dose absorbed (Marzulli and
Maibach 1975; Nigg and Stamper 1989).

3.10 Method of Determining
Absorption and Toxicity

When evaluating dermal data, differences in
experimental parameters such as animal species,
anatomical site, skin sample preparation, skin dis-
ease presence, role of penetration enhancers, and
exposure conditions affect the interpretation and
comparisons between studies. It is important to
control experimental condition in a systematic
way (Ngo et al. 2012).

Only recently, a predictive mathematical
approach has been described which allows to take
formulation effects into consideration, too (Guth
et al. 2014). Yet applicability for nanoparticle-
based formulations requires evaluation.

For silica nanoparticles, present experimental
data focus on physiochemical properties; vehicle
effects; surface area, dose, duration, and fre-
quency of exposure; distribution; and sub-
anatomical pathways. Information regarding
physicochemical properties of SNPs is not suffi-
cient to draw a robust conclusion for their skin
penetration; vehicle effects need more study; the
experiments on dose relationships, exposure dura-
tion, surface area, frequency, and sub-anatomical
pathways are minimal; and no information exists
on the other parameters. More experimental data
are needed to understand factors which affect the
percutaneous penetration of silica nanoparticles.
Research gaps in percutaneous penetration of sil-
ica nanoparticles (SNPs) are in Tables 2 and 3.

4 Skin Absorption and Toxicity
of Silica Nanoparticles

Penetration of a material through the skin barrier
can trigger numerous toxic effects, both local and
systemic. Compounds that reach the stratum
granulosum, for example, can interact with the
viable keratinocytes and trigger an inflammatory
reaction. Compounds that reach the stratum
spinosum can interact with Langerhans cells
(from the immune system) and initiate an allergic
reaction responsible for phenomenon such as con-
tact dermatitis. Skin cancer may also be induced
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following dermal exposure depending on the
chemical and its ability to penetrate skin and
reach the viable layers, where it can potentially
transform normal cells or enhance proliferation of
transformed cells. All of these effects can be
grouped as dermal toxicity. However, when a
compound manages to cross the epidermis, it
becomes accessible to dermis and potentially
accessible to the systemic circulatory and lym-
phatic systems. As a result such compounds can
cause damage in distal organs, by translocation
through the circulatory system or by triggering
systemic reactions. These can lead to a wide
range of toxic effects and disease such as systemic
inflammation, organ toxicity, and cancer (Poland
et al. 2013; Raju and Rom 1998; Napierska
et al. 2010; Crosera et al. 2009). Toxicity of NPs
can depend on not only the material itself but also
the administration route to the living body. In par-
ticular, intraperitoneal and intravenous injection
may lead to fatal outcomes (Hudson et al. 2008). I

It is important to evaluate safety of nanoparticles
using specific toxicological studies prior to a wider
implementation. General toxicological principles of
compounds are discussed by Hayes (Hayes and
Kruger 2014). Regulatory aspects of exposure to
toxic substances are specified byWilhelm (Wilhelm
et al. 2012). There remains the need to increase the
predictability of current nanoparticle toxicity testing
by transitioning from qualitative, descriptive animal
testing to quantitative, mechanistic, and pathway-
based toxicity testing in human cells or cell lines
using high-throughput approaches. Standard
methods and platform should be used to investigate

the numerous biophysicochemical interactions at
the nano-/bio-interface (Nel et al. 2013). Classical
investigation protocols must be adapted and
re-standardized to the new nanosized compounds.
Cell cultures (Bernstein and Vaughan 1999), Franz
diffusion cells (Franz 1975), tape stripping
(Escobar-Chávez et al. 2008), and human skin
implantations on animals are powerful tools to
study particle interaction with human dermal tissue.
However, new methods and new technique appli-
cations have to be developed (Monteiro-Riviere and
Inman 2006; SCCP 2007). In particularmicroscopy
techniques like coherent anti-Stokes Raman scatter-
ing (CARS), transmission electron microscopy
(TEM), confocal laser scanning microscope
(CLSM), fluorescence-lifetime imaging micros-
copy (FLIM), near-infrared II fluorescence, and
other ion beam techniques are necessary to visual-
ize nanoparticles into biological structures (Alnasif
et al. 2014; Moger et al. 2008; Welsher et al. 2011).

Because silica nanoparticles are widely used
nanomaterials, chances of being exposed to SNPs
in daily life are high. There are major concerns
about the biocompatibility, toxicity, in vivo
biodistribution, and efficacy of SNPs of various
particle sizes. While some data reports that silica
particles are biocompatible, nontoxic, and stable
(ECETOC 2006; OECD 2004; Butz 2009; Gamer
et al. 2006; Mavon et al. 2007; Pfluecker et al.
2001; Fruijtier-Polloth et al. 2012; Low et al.
2009; Rosenholm et al. 2011; Michel et al. 2013),
others show that the uptake of nanoparticles by
cells may eventually lead to perturbation of cellular
pathways and induce toxicity (Hirai et al. 2012;

Table 3 Research gaps in percutaneous penetration of silica nanoparticles (SNPs)

10 Factors affecting percutaneous penetration of nanoparticles (Ngo
et al. 2012)

Researches on silica nanoparticles (SNPs)

1 Physiochemical properties of the nanoparticle +

2 Vehicle effects +

3 Surface area, dose, duration, and frequency of exposure Minimal research

4 Distribution Minimal research

5 Sub-anatomical pathways (skin appendages) Minimal research

6 Skin surface conditions Minimal research

7 Additional factors of skin penetration and permeation No research

8 Loss from skin surface, exfoliation, and wash effect No research

9 Elimination and photochemical transformation No research

10 Method of determining absorption and toxicity No research
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Park et al. 2010, 2013; Quignard et al. 2012;
Nabeshi et al. 2011a, b; Takahashi et al. 2013; Yu
et al. 2009). Toxicity of silicaNPs depends strongly
on their physicochemical properties such as parti-
cle size, shape, porosity, chemical purity, and sol-
ubility (Yu et al. 2011, 2012; Waters et al. 2009).
Particle surface area play a crucial role in the tox-
icity of silica (Elias et al. 2000; Zhang et al. 2010)
which can be related to their surface interfacing
with the biological milieu rather than to particle
size or shape (Fenoglio et al. 2000). In vivo
toxicology data associated with the nanoparticles
has led to persistent and valid safety concerns
prompting particle-design modifications including
size, composition, and surface chemistry (Schipper
et al. 2009) and need for rapid clearance from the
body within a reasonable timescale (Choi
et al. 2010).

5 Conclusions

Loading to SNPs can improve physicochemical
stability of labile drugs and to adjust the release
profile and skin penetration. Yet, the results of this
literature survey show that the data related to
toxicity of SNPs are few and are insufficient to
clearly identify and characterize the health haz-
ards SNPs may pose, and defining the appropriate
conditions for safe use of these materials is cur-
rently not possible.

Accurate assessment of nanoparticle penetra-
tion depends on ten parameters of percutaneous
penetration. For silica nanoparticles, experimental
data are focused on six parameters, and there is no
data on the other parameters (Tables 2 and 3).
Moreover, only results from short-term in vivo
studies of silica nanoparticles are available while
data following chronic dermal effects are still to
be awaited. In addition, relationships among
SNPs, physicochemical properties, absorbency,
localization, and biological responses are not
well understood. Besides relative lack of informa-
tion on the safety or hazards of SNPs, often
conflicting evidence is emerging in the literature
as a result of a general lack of standard proce-
dures, as well as insufficient characterization
of silica nanomaterials in biological systems.

Information is insufficient to clearly identify and
characterize the health hazards SNPs may pose,
and defining the appropriate conditions for safe
use of these materials is currently not possible.

There are gaps in understanding human and
environmental risk that manufactured silica
nanoparticles may pose for those occupationally
exposed and for consumers. There is need for
assessing the health and environmental impacts,
the nanoparticle life cycle, the human exposure
routes, the behavior of nanoparticles in the body,
and the risk for workers. In particular, dermal
absorption and skin penetration of nanoparticles
need an evaluation by the most advanced analyt-
ical techniques. Understanding the behavior of
NPs when they contact the skin surface and their
interaction with the different skin layers would
ultimately lead to the design of the “ideal” carrier
or diagnostic agent in terms of the physicochem-
ical parameters of the NPs, in addition to other
factors (e.g., formulation and environmental fac-
tors) influencing skin penetration of NPs.
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1 Introduction

Hydration of the skin is often achieved through
occlusion. Occlusion refers to the impervious-to-
water covering of the skin directly or indirectly by
various means, including tape, gloves, imperme-
able dressings, and even transdermal devices
(Kligman 1996). Certain topical vehicles, e.g.,
petrolatum and paraffin, contain fats and/or poly-
mer oils that may generate occlusive effects by
reducing water loss (Berardesca and Maibach
1988). The epidermis of healthy skin provides an
efficient barrier against the infiltration of exoge-
nous and potentially harmful substances, and the
stratum corneum typically has a water content of
10–20 % by weight. Skin occlusion increases the
water content of the stratum corneum up to 50 %,
and even a short time occlusion (30 min) results in
significantly increased hydration (Bucks
et al. 1991; Bucks and Maibach 1999a; Ryatt
et al. 1986). By increasing stratum corneum
hydration, occlusion influences percutaneous
absorption by altering the partitioning between
the chemical penetrant and the skin and swelling
corneocytes and possibly altering the intercellular
lipid phase organization, increasing skin surface

Modified with permission from: Hafeez F, Maibach
HI. Occlusion’s Effect on In Vivo Percutaneous
Penetration of Chemicals in Man and Monkey: Partition
Coefficient Effects. Skin Pharmacology and Physiology
2013; 26(2):85–91

Hafeez F, Maibach HI. Do Partition Coefficients
(liphophilicity/hydrophilicity) Predict Effects of Occlusion
on Percutaneous Penetration in Vitro: A Retrospective
Review. Cutaneous and Ocular Toxicology (in press)

F. Hafeez (*)
Department of Dermatology, University of California, San
Francisco, San Francisco, CA, USA
e-mail: farhaanhafeez@gmail.com;
farhaan.hafeez@yale.edu

H.I. Maibach
Department of Dermatology, School of Medicine,
University of California, San Francisco, CA, USA
e-mail: maibachh@derm.ucsf.edu

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_45

1165

mailto:farhaanhafeez@gmail.com
mailto:farhaan.hafeez@yale.edu
mailto:maibachh@derm.ucsf.edu


temperature, and increasing blood flow (Bucks
and Maibach 1999a; Ryatt et al. 1986; Haftek
et al. 1998).

In general, occlusion is widely utilized to
enhance the penetration of applied drugs in clini-
cal practice; however, occlusion does not increase
the percutaneous absorption of all chemicals
(Bucks et al. 1991; Bucks and Maibach 1999a).
In fact, evidence suggests skin occlusion is more
complex than previously thought as it can induce
changes in epidermal lipid content, DNA synthe-
sis, epidermal turnover, skin pH, epidermal mor-
phology, sweat glands, and Langerhans cell
stresses (Aly et al. 1978; Rajka et al. 1981;
Faergemann et al. 1983; Alvarez et al. 1983;
Eaglstein 1984; Mertz and Eaglstein 1984;
Silverman et al. 1989; Agner and Serup 1993;
Matsumura et al. 1995; Berardesca and Maibach
1996; Leow and Maibach 1997; Denda
et al. 1998; Köm€uves et al. 1999; Fluhr
et al. 1999; Warner et al. 1999). This overview
focuses on what effect occlusion has on the
in vitro and in vivo percutaneous absorption of
compounds of varying lipophilicities/hydrophilic-
ities. As few cosmetic ingredients have been stud-
ied, other chemical classes noted here may
provide guidance for the formulator.

2 Results of In Vitro Experiments

After examining the research articles generated by
the search results, five original research articles
were obtained that used in vitro occlusion models

and provided insight regarding the role of parti-
tion coefficients in predicting occlusion’s effects
on percutaneous penetration; articles that dealt
with occlusion and percutaneous penetration but
did not shed light on how the lipophilicity/hydro-
philicity of a compound could affect occlusion
efficacy were excluded. The log of the octanol-
water partition coefficients (log Kow) reported
here was taken from the publications cited, or
they were taken from values obtained from The
PubChem Project (http://pubchem.ncbi.nlm.nih.
gov/) and LogKow, a databank of evaluated
octanol-water partition coefficients (http://
logkow.cisti.nrc.ca/logkow/).

Gummer investigated the in vitro percutaneous
penetration of methanol and ethanol through full-
thickness, excised guinea pig skin at varying vol-
umes and under various occlusive conditions
(Gummer and Maibach 1986). Though neither
compound demonstrated an increase in penetra-
tion with increasing dose volume, they deter-
mined that occlusion significantly enhanced
penetration ( p < 0.01) when compared to
nonocclusion (see Table 1). Also, the nature of
the occlusive material greatly affected both the
penetrated amounts of the compounds and the
profiles of the amount penetrating per hour. Meth-
anol showed both a greater penetration rate and a
greater total penetration than ethanol even though
both alcohols have similar octanol-water coeffi-
cients. The larger molecular size of ethanol may
explain why it penetrated excised guinea pig skin
more slowly.

Table 1 In vitro penetration of 14C-labeled methanol and ethanol through guinea pig skin. Occlusion-enhanced
penetration of both chemicals compared to nonocclusion. SD standard deviation, ER enhancement ratio (penetration of
occluded chemical divided by penetration of nonoccluded chemical under otherwise identical conditions including
dosing) (Modified from Gummer and Maibach 1986)

Penetration: % of applied dose � SD

Volume of alcohol (μL) Occlusive device Methanol Ethanol

50 None 0.48 � 0.09 0.94 � 0.14

100 None 1.33 � 0.30 0.38 � 0.04

200 None 1.40 � 0.07 0.29 � 0.01

100 Parafilm 13.2 � 2.7 (ER = 9.9 � 3.0) 8.10 � 0.43 (ER = 21 � 2.5)

100 Gel bond 34.8 � 1.8 (ER = 26 � 6.1) 23.5 � 1.6 (ER = 62 � 7.8)

100 Hill Top chamber 44.2 � 3.0 (ER = 33 � 7.8) 27.10 � 2.54 (ER = 71 � 10)
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Treffel et al. compared the in vitro permeation
profiles of two compounds with different
physiochemical properties, citropten (lipophilic)
and caffeine (amphiphilic), under occluded versus
nonoccluded conditions over a 24-hour period
using an in vitro model involving human abdom-
inal skin (Treffel et al. 1992). The data demon-
strated that occlusion increased the permeation of
citropten (partition coefficient = 2.17) 1.6 times
over nonoccluded conditions ( p < 0.05), but
occlusion did not enhance the permeation of caf-
feine (partition coefficient = 0.02). Their results
bolster the idea that occlusion does not enhance
the percutaneous penetration of all compounds,
especially hydrophilic compounds (Bucks
et al. 1991).

Roper et al. determined the percutaneous
absorption of 2-phenoxyethanol (lipophilic com-
pound; log Kow = 1.16) applied in methanol
through nonoccluded rat and human skin in vitro
in two diffusion cell systems over 24 h (Roper
et al. 1997; Pomona College Medicinal Chemistry
Project et al. 1987). Under nonoccluded conditions,
2-phenoxyethanol was greatly lost by evaporation,
but once occlusion was applied, evaporation was
decreased and total absorption increased.

Taylor et al. studied the effect occlusion exerts
upon the in vitro percutaneous penetration of the
model penetrant linoleic acid (log Kow = 7.05)
dissolved in solvents of two different volatilities,
ethanol and cyclomethicone (Taylor et al. 2002;
D’Amboise and Hanai 1982). Using porcine skin,
nonocclusion resulted in a greater skin concentra-
tion of linoleic acid dissolved in an ethanolic
vehicle when compared to occlusion ( p < 0.05);
similar statistically significant trends were
observed when linoleic acid was dissolved in the
less volatile organic solvent cyclomethicone, i.e.,
nonocclusion resulted in greater percutaneous
absorption of linoleic acid in cyclomethicone
than occlusion. Then, the authors compared
these studies with the percutaneous penetration
of glycerol, a hydrophilic molecule, dissolved in
an aqueous solution. They did not find statistically
significant differences in the concentrations of
glycerol in the skin and the receptor cell when
comparing the occluded and nonoccluded

conditions. The authors attributed their results,
which revealed that occlusion did not enhance
the percutaneous penetration of the lipophilic
compound linoleic acid, to the increase in the
concentration gradient of linoleic acid enabled
by nonocclusion due to the unimpeded evapora-
tion of the volatile solvents, which provided a
greater driving force for percutaneous absorption
than occlusion, which prevented evaporation.
They found these findings consistent with exper-
iments conducted by Stinchomb et al. which
revealed that by increasing the volatility of sol-
vents, one can increase the concentration of the
penetrant in the donor phase and enhance the
deposition and delivery of the penetrant into the
skin (Stinchomb et al. 1999).

Brooks and Riviere used isolated perfused por-
cine skin flap (IPPSF) topical experiments to
study the percutaneous absorption of 14C-labeled
phenol (log Kow = 1.50) versus para-nitrophenol
(PNP) (log Kow = 1.91) at two concentrations
(4 versus 40 μg/cm2) in two vehicles (acetone
versus ethanol) under occluded versus
nonoccluded conditions for 8 h in order to deter-
mine if dose, vehicle, or occlusion had significant
effects on percutaneous penetration (see Tables 2
and 3) (Brooks and Riviere 1996; Korenman and
Gorokhov 1973; Brecken-Folse et al. 1994). For
phenol, occlusion enhanced the absorption, pene-
tration into tissues, and total recoveries when
compared to nonoccluded conditions. Phenol’s
absorption and penetration into tissues was
greater when dissolved in an ethanol vehicle com-
pared to the acetone vehicle under nonocclusive
conditions, but phenol’s absorption and penetra-
tion under occlusive conditions was greater with
acetone than with ethanol. Phenol in acetone had a
greater percentage of applied dose penetration
into tissues at a low dose rather than a high dose,
which could suggest a fixed absorption rate for the
penetrant (this was also seen for PNP, but only
under occlusion). With regard to PNP, neither its
dose, vehicle, nor occlusion had a significant
effect on total recovery of labeled PNP. These
findings led the authors to conclude that absorp-
tion of phenol and PNP are dependent upon the
vehicle, occlusion, and penetrant.
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3 Results of In Vivo Experiments

Feldmann was the first to correlate the increased
pharmacologic effect of hydrocortisone under
occlusive conditions with the pharmacokinetics
of the penetration of 14C hydrocortisone through

normal skin (Feldmann and Maibach 1965). Fol-
lowing the topical application of 14C hydrocorti-
sone to the ventral forearm of human volunteers,
the rate and extent of 14C-labeled excretion was
measured. The application site was either
nonoccluded or occluded with plastic wrap. For
the nonoccluded condition, the application site

Table 2 Effects of dose, vehicle, and occlusion on percutaneous penetration of phenol. SD standard deviation, ER
enhancement ratio (penetration of occluded chemical divided by penetration of nonoccluded chemical under otherwise
identical conditions including dosing) (Modified from Brooks and Riviere 1996)

Dose (μg/cm2) Penetration (% dose)

Nonoccluded phenol in acetone, 40 μg/cm2

Mean � SD 40.0 � 0.00 2.60 � 0.03

Nonoccluded phenol in EtOH, 40 μg/cm2

Mean� SD 40.0 � 0.00 8.49 � 3.80

Occluded phenol in acetone, 40 μg/cm2

Mean � SD 39.50 � 0.35 12.21 � 2.06 (ER = 4.70 � 0.794)

Occluded phenol in EtOH, 40 μg/cm2

Mean� SD 40.20 � 0.35 8.42 � 3.23 (ER = 0.99 � 0.584)

Nonoccluded phenol in acetone, 4.0 μg/cm2

Mean � SD 4.0 � 0.00 3.88 � 1.25

Nonoccluded phenol in EtOH, 4.0 μg/cm2

Mean � SD 4.0 � 0.00 6.24 � 1.42

Occluded phenol in acetone, 4.0 μg/cm2

Mean � SD 5.17 � 0.53 17.06 � 2.04 (ER = 4.40 � 1.51)

Occluded phenol in EtOH, 4.0 μg/cm2

Mean � SD 5.01 � 0.62 10.09 � 1.91 (ER = 1.62 � 0.479)

Table 3 Effects of dose, vehicle, and occlusion on percutaneous penetration of para-nitrophenol (PNP). SD standard
deviation, ER enhancement ratio (penetration of occluded chemical divided by penetration of nonoccluded chemical
under otherwise identical conditions including dosing) (Modified from Brooks and Riviere 1996)

Dose (μg/cm2) Penetration (% dose)

Nonoccluded PNP in acetone, 40 μg/cm2

Mean � SD 43.43 � 1.25 33.41 � 3.82

Nonoccluded PNP in EtOH, 40 μg/cm2

Mean � SD 40.93 � 1.65 31.67 � 4.19

Occluded PNP in acetone, 40 μg/cm2

Mean � SD 45.13 � 3.53 24.47 � 5.08 (ER = 0.732 � 0.174)

Occluded PNP in EtOH, 40 μg/cm2

Mean � SD 43.28 � 1.94 7.20 � 1.58 (ER = 0.23 � 0.058)

Nonoccluded PNP in acetone, 4.0 μg/cm2

Mean � SD 3.28 � 0.11 14.19 � 0.94

Nonoccluded PNP in EtOH, 4.0 μg/cm2

Mean � SD 4.38 � 0.21 13.32 � 3.10

Occluded PNP in acetone, 4.0 μg/cm2

Mean � SD 4.433 � 0.232 28.845 � 5.171 (ER = 2.033 � 0.388)

Occluded PNP in EtOH, 4.0 μg/cm2

Mean � SD 3.95 � 0.05 9.04 � 2.59 (ER = 0.68 � 0.25)
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was washed 24 h post application, while for the
occluded skin condition, the plastic wrap was left
in place for 96 h post application before the site
was washed. The urine for both conditions was
collected for 10 days. The percent of the applied
dose excreted into the urine after 10 days was 0.46
� 0.2 (mean� SD) for the nonoccluded condition
and 4.48 � 2.7 for the occluded condition
(Table 4). The occlusive condition significantly
increased (tenfold) the cumulative absorption of
hydrocortisone compared to the nonoccluded con-
dition ( p = 0.01). The authors noted that the
difference of application duration (24 h exposure
for the nonoccluded site versus 96 h exposure for
the occluded site) could affect absorption as mea-
sured by the cumulative amount of drug excreted
into urine, but the significant difference observed
in percent dose absorbed at 12 and 24 h between
occluded and nonoccluded conditions could not
be explained by differences in application
duration.

Feldmann then later studied the effect of
occlusion on the percutaneous penetration of
pesticides (Maibach et al. 1974). They applied
14C-radiolabeled pesticides to the forearm of
volunteers, and the rate and extent of
14C-labeled urinary excretion was determined
using sensitive methods that allowed the doses
to be in micrograms, far below the toxic range of
any pesticide. From their experiments, it is evi-
dent occlusion has a variable effect on penetra-
tion; at a minimum, occlusion increased the
penetration of azodrin approximately threefold
while at the other extreme, it increased the pen-
etration of malathion almost tenfold (Table 5
and Fig. 1). In general, as the octanol-water
partition coefficients increased, occlusion had a
greater effect on enhancing penetration, though
enhancement by occlusion peaked for malathion

and then decreased as the octanol-water parti-
tion coefficients further increased. In order to
understand how occlusion duration affects pen-
etration, the authors of the study then
documented the effects of occluding malathion
under variable amounts of time (Table 6). As the
occlusion duration increased, the penetration of
malathion increased as well, and that by 2 h of
occlusion, the penetration had almost doubled,
and that by 8 h, penetration almost increased by
fourfold. There have been few, if any experi-
ments, besides this one that have documented
the effect of occlusion duration on percutaneous
penetration.

Guy et al. studied how occlusion impacts the
percutaneous absorption of a variety of steroids
(progesterone, testosterone, estradiol, and hydro-
cortisone) in vivo (Guy et al. 1987). In the control
studies, they applied the 14C-radiolabeled ste-
roids dissolved in acetone to the ventral forearm
of volunteers and then tracked the elimination of
the compounds into urine. In the occlusive stud-
ies, after evaporation of the acetone vehicle, the
site of application was covered with a plastic (Hill
Top) chamber. In all cases, the application sites
were washed after 24 h using a standardized pro-
cedure (Bucks et al. 1985). In the occlusive stud-
ies, the authors covered the administration site
again with a new chamber after the washing.
These studies reveal that occlusion significantly
increased the percutaneous absorption of estra-
diol, testosterone, and progesterone but not that
of hydrocortisone, which had the lowest octanol-
water partition coefficient among the steroids used
(Table 7 and Fig. 2). Moreover, under both occlu-
sion and nonocclusion, percutaneous absorption
increased with increasing octanol-water partition
coefficient up to testosterone but declined for
progesterone.

Table 4 Total excretion data summary for topical application of 14C hydrocortisone to the ventral forearm of human
volunteers. The total excretion is the total amount of 14C hydrocortisone excreted in urine after 10 days reported as the
percentage of the dose applied (Modified from Feldmann and Maibach 1965)

Method of topical administration Total excretion (% of dose) Ratio to unmodified skin

Unmodified 0.46 % 1�
Occluded 4.48 10�
Stripped 0.91 2�
Stripped and occluded 14.91 32�

111 Predicting Hydration´s Effects on Topical Delivery 1169



Bucks et al. measured the percutaneous
absorption of these same four steroids (hydrocor-
tisone, estradiol, testosterone, and progesterone)
in vivo in man under occluded and “protected”
(i.e., covered but nonocclusive) conditions
(Bucks et al. 1988). Using the same methodology
as Guy et al., the 14C-labeled chemicals were
applied in acetone to the ventral forearm of vol-
unteers. After vehicle evaporation, the application

sites were covered with a semirigid polypropylene
chamber for 24 h; intact chambers were used as
the occlusive condition, while the “protected”
condition was created by boring several small
holes through the chamber. Urine was then col-
lected for 7 days post application. In excellent
agreement with the previous study by Guy et al.,
steroid absorption increased with increasing
lipophilicity up to a point, but the penetration of
progesterone (the most hydrophobic of the ste-
roids) did not continue the trend. With the excep-
tion of hydrocortisone, 24 h occlusion
significantly increased ( p < 0.01) percutaneous
absorption of the steroids. From these studies, it
seemed occlusion enhanced the percutaneous
absorption of the more lipophilic steroids but not
that of hydrocortisone, the most water-soluble
steroid.

Bucks then investigated the effect of occlusion
on the in vivo percutaneous absorption of phenols
(Bucks et al. 1987, 1988). Nine 14C-ring-labeled

Table 5 Effect of occlusion on the penetration of pesticides. Kow =octanol-water partition coefficients. ER enhance-
ment ratio (penetration of occluded chemical divided by penetration of nonoccluded chemical under otherwise identical
conditions including dosing) (Modified from Maibach et al. 1974)

Compound Log Kow Control (nonocclusion) Occlusion (24 h) ER

Diquat �3.05 0.4 % 1.4 % 3.5

Baygon 0.14 19.6 68.8 3.5

Azodrin 1.03 14.7 33.6 2.3

Guthion 2.75 15.9 56.1 3.5

Malathion 2.89 6.8 62.8 9.2

Lindane 3.55 9.3 82.1 8.8

Parathion 3.9 8.6 54.8 6.4

Dieldrin 5.4 7.7 65.5 8.5

Fig. 1 Log Kow of
enhancement ratio (ER) of
pesticides. This figure plots
the ER of the various
pesticides as a function of
their log Kows. Kow =
octanol-water partition
coefficient (Modified from
Maibach et al. 1974)

Table 6 Effect of occlusion duration on penetration of
malathion (Modified from Maibach et al. 1974)

Duration (hours) Penetration (%)

0 9.6 %

0.5 7.3

1 12.7

2 16.6

4 24.2

8 38.8

24 62.8
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para-substituted phenols (4-aminophenol,
4-acetamidophenol, 4-propionylamidophenol,
phenol, 4-cyanophenol, 4-nitrophenol,
4-iodophenol, 4-heptyloxyphenol, and
4-pentyloxyphenol) were applied in ethanol to
the ventral forearm of male volunteers. After vehi-
cle evaporation, the application site was covered
with either an occlusive or protective chamber.
After 24 h, the chamber was removed, and the
site washed. The application site was then recov-
ered with a new chamber of the same type. Urine
was collected for 7 days. On the seventh day, the
second chamber was removed, the application site
washed, and the upper layers of stratum corneum
removed from the application site by tape strip-
ping. These studies indicate that occlusion signif-
icantly increased ( p < 0.05) the absorption of
phenol, heptyloxyphenol, and pentyloxyphenol,
but occlusion did not significantly increase the
absorption of aminophenol, acetaminophen,
propionylamidophenol, cyanophenol,
nitrophenol, and iodophenol (Table 8 and

Fig. 3). The two compounds with the lowest
octanol-water partition coefficient demonstrated
the least enhancement in absorption under
occlusion.

Afterwards Bronaugh et al. investigated the
effect of occlusion on the percutaneous absorption
of six additional volatile compounds (benzyl ace-
tate, benzamide, benzoin, benzophenone, benzyl
benzoate, and benzyl alcohol) in vivo in rhesus
monkeys and humans for 24 h employing two
occlusion methods, plastic wrap and glass cham-
ber (Bronaugh et al. 1990). In general, occlusion
enhanced the absorption of these compounds
(Table 9). However, differences in absorption
were observed between the plastic wrap and
glass chamber occlusive conditions. Benzoin and
benzyl acetate absorption were lower under the
plastic wrap condition compared to the
nonocclusive conditions; the authors conjectured
that this discrepancy may be due to compound
sequestration by the plastic. Glass chamber occlu-
sion resulted in greater absorption than the

Table 7 Occlusion’s effects on percutaneous absorption of steroids in man as a function of penetrant octanol-water
partition coefficient. The exposure period was 24 h at 4 mg/cm2 prior to washing with soap and water. Kow = octanol-
water partition coefficient. SD standard deviation, ER enhancement ratio (penetration of occluded chemical divided by
penetration of nonoccluded chemical under otherwise identical conditions including dosing) (Modified from Guy
et al. 1987; Bucks and Maibach 1999b)

Compound log Kow

% applied dose absorbed (mean � SD)

ERNonoccluded Occluded

Hydrocortisone 1.61 2 � 2 4 � 2 2 � 2

Estradiol 3.15 11 � 5 27 � 6 2.5 � 1

Testosterone 3.32 13 � 3 46 � 15 3.5 � 1

Progesterone 3.87 11 � 6 33 � 9 3 � 2

Fig. 2 Log Kow of
enhancement ratio (ER) of
steroids. This figure plots
the ER of the various
steroids as a function of
their log Kows. Kow =
octanol-water partition
coefficient (Modified from
Guy et al. 1987; Bucks and
Maibach 1999b)
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Table 8 Percutaneous absorption of phenols in humans under occluded and protected conditions. Compounds were
applied topically in a single dose (2–4 mg/cm2) from 95 % ethanol to the ventral forearm for 24 h. After 24 h, site was
washed with soap and water

Compound log Kow

% Dose absorbed (mean � SD)

ERProtecteda Occludedb

Aminophenol 0.04 6 � 3 8 � 3 1.3 � 0.8

Acetaminophen 0.32 4 � 3 3 � 2 0.75 � 0.8

Propionylamidophenol 0.86 11 � 7 19 � 9 1.7 � 1.4

Phenol 1.46 24 � 6 34 � 4 1.4 � 0.4C

Cyanophenol 1.60 31 � 16 46 � 6 1.5 � 0.8

Nitrophenol 1.91 38 � 11 37 � 18 0.97 � 0.6

Iodophenol 2.91 24 � 6 28 � 6 1.2 � 0.4

Heptyloxyphenol 3.16 23 � 10 36 � 9 1.6 � 0.8d

Pentyloxyphenol 3.51 13 � 4 29 � 8 2.2 � 0.9c

Modified from Ref. (Bucks et al. 1987, 1988)
aDose site covered with a ventilated plastic chamber
bDose site was covered with an occlusive chamber
cSignificant difference at p < 0.01
dSignificant difference at p < 0.05

Fig. 3 Log Kow of
enhancement ratio (ER) of
phenols. This figure plots
the ER of the various
phenols as a function of
their log Kows. Kow =
octanol-water partition
coefficient (Modified from
(Bucks et al. 1987, 1988)

Table 9 Effect of occlusion on percutaneous absorption of benzyl derivatives in monkey. Kow=octanol-water partition
coefficients. ER enhancement ratio (penetration of occluded chemical divided by penetration of nonoccluded chemical
under otherwise identical conditions including dosing) (Modified from Bronaugh et al. 1990)

Compound log Kow

% Dose absorbed

Nonoccluded Plastic wrap occlusion Glass chamber occlusion

Benzamide 0.64 47 � 14 85 � 8 (ER = 1.8 � 0.6) 73 � 20 (ER = 1.6 � 0.6)

Benzyl alcohol 0.87 32 � 9 56 � 29 (ER = 1.8 + 1) 80 � 15 (ER = 2.5 � 0.8)

Benzoin 1.35 49 � 6 43 � 12 (ER = 0.9 � 0.3) 77 � 4 (ER = 1.6 � 0.2)

Benzyl acetate 1.96 35 � 19 17 � 5 (ER = 0.5 � 0.3) 79 � 15 (ER = 2.3 � 1.3)

Benzophenone 3.18 44 � 15 69 � 12 (ER = 1.6 � 0.6) 69 � 10 (ER = 1.6 � 0.6)

Benzyl benzoate 3.97 57 � 21 71 � 9 (ER = 1.2 � 0.5) 65 � 20 (ER = 1.1 � 0.5)

1172 F. Hafeez and H.I. Maibach



nonoccluded and plastic wrap occlusion condi-
tions for all the compounds except benzyl benzo-
ate and benzophenone (benzyl benzoate had
greater absorption under plastic wrap occlusion
than glass chamber occlusion while benzophe-
none had the same magnitude increase in percent
dose absorbed for both occlusive conditions). The
authors attempted to correlate the compounds’
octanol-water partition coefficients with their
occlusion-enhanced skin permeation, but surpris-
ingly, no apparent trends were found. One expla-
nation for this lack of correlation could be that the
volatile chemicals evaporated prior to application
of the occluding device, which can impact subse-
quent measures of penetration (Gilpin et al. 2009).

Pellanda et al. investigated the effect of pre- and
post-occlusion on the permeation of triamcinolone
acetonide (log Kow = 2.53) into the stratum
corneum (Pellanda et al. 2007). Their two experi-
ments involved the forearms of ten healthy volun-
teers. In experiment 1, they applied triamcinolone
acetonide (TACA) in acetone to three sites per arm
with one arm being pre-occluded for 16 h. In
experiment 2, the same dose of TACA in acetone
was applied on two sites per arm with one arm
being occluded after application till skin sampling.
Then, stratum corneum samples were removed by
tape stripping at 0.5, 4, and 24 h for experiment
1 and at 4 and 24 h for experiment 2. The amount of
corneocytes adhering to the tape strips were quan-
tified directly using a spectrophotometer, and the
amount of TACA adhering to each tape was quan-
tified using high-performance liquid chromatogra-
phy (HPLC). They found that pre-occlusion
produced no significant effect on TACA penetra-
tion into the stratum corneum,while occlusion after
application enhanced TACA penetration signifi-
cantly by a factor of 2.

4 Discussion

In the nineteenth century, petrolatum was widely
used, especially in extemporaneous pharmacist-
produced prescriptions, and it remains in use in

numerous cosmetic formulations, especially
moisturizers, in the twenty-first century. In addi-
tion, cosmetic formulations often use oils, espe-
cially mineral oil, for their occlusive effects. The
general availability of robust evaporimeters has
allowed laboratories to readily quantify the degree
of occlusion, i.e., inhibition of transepidermal
water loss, produced by an ingredient being con-
sidered for final formulation.

The data presented here represents a first step
in relating the effect of this occlusion on penetra-
tion. Note, however, that these studies summa-
rized were performed with total occlusion; much
work remains to be done in generating penetration
data with the usually less occlusive cosmetic
ingredients. Further, we have little data on the
effect of occlusive ingredients on those anatomic
sites that are partially occluded, such as the axilla,
groin, inframammary folds, and toe webs. At least
one of these sites – the axilla – demonstrates
increased flux compared to the forearm
(Feldmann and Maibach 1967).

Skin occlusion can increase the hydration of
the stratum corneum up to 50 %, which can have
substantial effects on the percutaneous absorption
of penetrants by altering the partitioning between
the chemical penetrant and the skin, swelling
corneocytes, and promoting the uptake of water
into the intercellular lipid domains (Bucks
et al. 1991; Bucks and Maibach 1999a; Ryatt
et al. 1986; Haftek et al. 1998). Though occlusion
is widely utilized to enhance the penetration of
applied drugs in clinical practice, occlusion does
not increase the percutaneous absorption of all
chemicals; it is not well understood which
chemicals occlusion enhances the penetration
through skin (Bucks et al. 1991; Bucks and
Maibach 1999a). Here we focus on what effect
occlusion has on the percutaneous absorption of
compounds of varying lipophilicities/
hydrophilicities.

First, occlusion enhances the percutaneous
absorption of many but not all compounds. For
example, Guy et al. and Bucks et al. found that
when measuring occlusion’s effects on the
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penetration of steroids, the most hydrophilic ste-
roid of the ones being tested, hydrocortisone, did
not demonstrate statistically significant enhanced
penetration under occlusion (Guy et al. 1987;
Bucks et al. 1988). Moreover, Bucks et al. also
demonstrated that occlusion did not significantly
enhance the penetration of many phenols being
tested (Bucks et al. 1987).

Second, occlusion seems to enhance the pene-
tration of very lipophilic compounds more so than
very hydrophilic compounds. Bucks et al. and
Guy et al. showed that occlusion enhanced the
penetration of the most lipophilic steroids
(as measured by octanol-water partition coeffi-
cient) more so than the least lipophilic ones
(Guy et al. 1987; Bucks and Maibach 1999b;
Bucks et al. 1988). In addition, Bucks
et al. demonstrated that the phenols with the low-
est octanol-water partition coefficients had the
least enhancement in penetration under occlusion
(Bucks and Maibach 1999b; Bucks et al. 1987,
1988).

Thirdly, though occlusion enhances the pene-
tration of the most lipophilic compounds and
often fails to enhance the penetration of the least
lipophilic steroids, a relationship between a com-
pound’s octanol-water partition coefficient and its
occlusion-induced enhancement cannot be delin-
eated. With regard to steroid penetration through
skin, these studies showed that while a positive
relationship exists between a penetrant’s octanol-
water partition coefficient and its occlusion-
enhanced penetration, this relationship is not a
linear one (Guy et al. 1987; Bucks et al. 1988).
However, with regard to occlusion’s effects on the
penetration of phenols, no relationship was found
between the octanol-water partition coefficient of
the penetrant and the extent of its penetration
under occlusion (Bucks and Maibach 1999b;
Bucks et al. 1987). After investigating the effect
of occlusion on the penetration of volatile com-
pounds in vivo in rhesus monkeys, Bronaugh
et al. failed to correlate the penetrant’s octanol-
water partition coefficients with occlusion-
enhanced skin permeation (Bronaugh et al. 1990).

Finally, the general shape of the figures plot-
ting the enhancement ratios (the ratio of
occlusion-enhanced penetration over

nonoccluded penetration) as a function of the
logarithms of octanol-water partition coefficients
suggests that the enhancement in penetration
afforded by occlusion increases up to a point as
the partition coefficients increase, but then this
enhancement declines as the partition coefficients
further rise (see Figs. 1, 2, and 3). Occlusion may
enhance the penetration of lipophilic compounds
more so than hydrophilic ones due to the rich lipid
composition of the stratum corneum, but as the
partition coefficients further increase, permeation
may be hindered for these very lipophilic com-
pounds as the water content present in the epider-
mis, which occlusion only increases, assumes a
larger role in limiting the permeation of lipophilic
compounds.

Moreover, though the data regarding the effect
of time on occlusion’s effect on penetration is
limited, it seems penetration increases with
increasing duration of occlusion. However, the
study that was presented only documented the
effect of occlusion duration for one chemical, the
lipophilic compound malathion. More experi-
ments investigating the effect of occlusion dura-
tion on a range of chemicals, both lipophilic and
hydrophilic, are needed.

In conclusion, occlusion does not universally
enhance percutaneous penetration. Occlusion
may enhance the penetration of the most lipo-
philic compounds but often fails to increase the
penetration of compounds that are relatively
hydrophilic. The in vivo studies reinforce the con-
clusions drawn from in vitro studies that partition
coefficients cannot reliably predict the effect of
occlusion on percutaneous penetration. It seems
the degree of penetration enhancement provided
by occlusion is compound-specific and may be
influenced by vehicle selection, temperature,
humidity, and method of occlusion. As in many
areas of skin biology, what seems to be a simple
issue may, in fact, be complex –which seems to be
the case for the effect of partition coefficient and
occlusion on penetration. Taken together, this data
provides some insights to aid the formulator espe-
cially interested in occlusive vehicles and should
lead to experiments that will provide data on
ingredients such as petrolatum, oils, etc., which
are presumably not fully occlusive.
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1 Introduction

In the past decade, multiphoton tomography
(MPT) has emerged as a powerful noninvasive
label-free 3D-imaging technique for in vivo
human skin characterization (König and Riemann
2003; König et al. 2007; König 2008, 2012). MPT
has superior submicron spatial resolution, single-
photon sensitivity, and functional imaging capa-
bility compared to other 3D tissue imaging tech-
niques such as 20–100 MHz ultrasound (Korting
et al. 1999, 2010a), optical coherence tomography
(OCT) (Drexler and Fujimoto 2008; König
et al. 2009; Annesh et al. 2011), and confocal
reflectance microscopy (Rajadhyaksha 1999;
Koehler et al. 2011, Table 1).

Furthermore, two-photon excited fluorescence
elastin can be easily co-registered with collagen
where the signal is based on second-harmonic gen-
eration (SHG) (König and Riemann 2003;
Campagnola et al. 2001). This allows to
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characterize the dermal fiber networks and to deter-
mine the skin age by the parameter skin aging index
SAAID (Lin et al. 2005; Koehler et al. 2006). The
physical taken tissue sample, the slicing, the
staining, and the microscopic visualization are not
required.

MPTopens the way to provide label-free optical
biopsies with the best spatial resolution of all clin-
ical tissue imaging methods. The biopsies can be
obtained within seconds by femtosecond laser
beam scanning in different skin depths (optical
sectioning) with a typical section thickness of
2 μm. The lateral resolution is about 300–400 nm.
This allows even the imaging of intratissue organ-
elles, nuclei, and single dermal fibers.

2 Principle of Multiphoton
Tomography

The tomographs are based on near-infrared (NIR)
laser radiation in the spectral range of
700–1,000 nm which corresponds to the optical
window of cells and tissues. This provides a high
light penetration depth. However, laser class 1M
clinical multiphoton tomographs have a signal
depth limitation of 200–320 μm due to the work-
ing distance of the high-numerical-aperture focus-
ing optics.

The MPT signals of the human skin are mainly
based on two-photon autofluorescence (AF) and
SHG. These signals provide sufficient informa-
tion to image the morphological features of cells
and the extracellular matrix (ECM) such as the
cell nucleus, single mitochondria, dendrites, der-
mal papillae (DP), hair shafts, microvessels, elas-
tin fibers, and collagen structures. The dermal-

epidermal junction (DEJ) can be easily visualized
in 3D.

Endogenous fluorophores include keratin,
NAD(P)H, flavins, melanin, and a variety of por-
phyrins (König and Schneckenburger 1994;
Breunig et al. 2010). SHG-active components
include fibrillar collagens, muscle components
(myosin rod domains), and nerves.

MPT provides not only morphological fea-
tures. It can be used for functional imaging due
to the detection of the biosensors NAD(P)H and
flavins. Both types of coenzymes are involved in
the respiratory chain activity and therefore in
the cell’s metabolism. The oxidized coenzyme
NAD(P) does not fluoresce. Therefore, any oxi-
dation by reactive oxygen species (ROS) results in
a decrease of autofluorescence. The action of ROS
scavengers results in an AF increase. The ratios of
(i) NAD(P)H/flavins and (ii) free NAD(P)H/
bound NAD(P)H are further parameters of cellu-
lar metabolism (Chance 1962; Schneckenburger
and König 1992).

MPT provides information of the ratio of
NAD(P)H-protein complexes (bound NAD(P)H)
and free NAD(P)H (non-bound) by the method of
fluorescence lifetime imaging (FLIM) (Bugiel
et al. 1989; König and Wabnitz 1990; Becker
2005; König et al. 2010b). The fluorescence life-
time τ is a characteristic parameter of the
fluorophore and its microenvironment and nearly
independent on concentration. Free and bound
NAD(P)H have typical fluorescence lifetimes of
0.3 ns and 2.2 ns, respectively. The porphyrin
protoporphyrin IX that is produced by the skin
bacterium Propionibacterium acnes has a typical
τ value of 11 ns, whereas the flavin flavomononu-
cleotide (FMN) has a lifetime of 5.3 ns (König and

Table 1 Comparison of 3D skin-imaging methods

Method
Intracellular
imaging

Resolution
(μm)

Functional
imaging

Chemical
information

Signal
depth FOV (mm2) Price

US No >10 No No >1 mm 5 � 5 €

OCT No >10 No No >0.5 mm >5 � 5 €€

CRM Yes >1 No No <0.15 mm 0.3� 0.3/4� 4 €€€

MPT Yes <0.5 Yes Yes <0.3 μm 0.3� 0.3/4� 4 €€€€

US ultrasound, OCT optical coherence tomography, CRM confocal reflectance microscopy (confocal laser scanning
microscopy), MPT multiphoton tomography

1178 K. König



Schneckenburger 1994; König et al. 2010b).
Therefore, FLIM provides a further contrast
mechanism to image different types of
fluorophores and their binding behavior.

Very recent MPT developments include also
chemical fingerprint information based on an addi-
tional coherent anti-Stokes Raman scattering
(CARS) module (König et al. 2011a; Breunig
et al. 2012, 2013; Weinigel 2014). CARS provides
similar information as Raman spectroscopy and
depicts molecule vibration signals. However,
CARS imaging has the advantage of being several
orders faster than Raman imaging. MPT-CARS
tomography provides an optical CARS section
within 1 s without any averaging. In contrast to
the one-beam multiphoton tomographs for AF,
FLIM, and SHG, the add-on CARS module
requires a second laser beam that has to overlap in
time and space with the first beamwithin the target.

The certified multiphoton CARS tomograph
MPTflex-CARS provides information on lipids

based on the CH stretch vibration and on water.
More chemical information can be obtained by
tuning the laser wavelengths of the two-beam
module to a specific spectral region of interest.

Figure 1 describes schematically the various
nonlinear processes in multiphoton tomography
and lists the sources of signals (AF, SHG, THG,
CARS) generated in the non-labeled human skin.
All processes require high transient light intensi-
ties that are provided by tight focusing of the
femtosecond laser beams. Eighty million laser
pulses per second at very low picojoule pulse
energy and a mean power of 2–20 mW are
applied. One optical section of 0.3 � 0.3 mm2

that consists of 512 � 512 pixels can be acquired
within 1 s.

Figure 2 shows the two types of certified flex-
ible multiphoton tomographs. The tomograph
MPTflex is for fluorescence and SHG imaging.
The larger system MPTflex-CARS has an addi-
tional wavelength extension unit based on a
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AF intensity NAD(P)H, flavins, melanin, keratin, porphyrins, elastin

AF lifetime (FLIM) NAD(P)H, flavins, melanin, keratin, porphyrins, elastin

SHG collagen fibrils, muscels, nerves

THG membranes, erythrocytes

CARS lipids, water, chemicals

Fig. 1 Scheme of signal generation. Two-photon processes result in fluorescence and second-harmonic generation.
Three-photon processes result in third-harmonic generation. CARS requires two laser beams
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photonic-crystal fiber (CARS module) to generate
a second laser beam at the spectral range of
900–1,200 nm. This additional laser beam can
be also used to realize third-harmonic generation
(THG) (Débarre et al. 2006) in order to visualize
membranes such as from erythrocytes. Both sys-
tems possess a flexible mechanical/optical arm
with a patented 360� scan head as demonstrated
in Fig. 3.

The older certified multiphoton tomographs of
the first generation called DermaInspect (JenLab
GmbH, Jena, Germany) are not flexible and
require a vibration-controlled optical table.

Figure 4 shows a typical stack of horizontal
multiphoton sections of the normal forearm skin.
The major signal from the outermost layer
stratum corneum originates from keratin-
containing corneocytes. Going deeper into the liv-
ing epidermis, the images are dominated by NAD
(P)H-containing keratinocytes. Upon reaching the

Fig. 2 The multiphoton tomographs MPTflex and MPTflex-CARS

Fig. 3 The flexible scan head provides easy access to
various skin regions
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stratum basale, the fluorophore melanin provides
the highest fluorescence quantum yield. Therefore,
keratinocytes withmelanin tend to provide stronger
signals than keratinocytes without melanin. At the
DEJ, first SHG signals occur from the top of the
dermal papillae.

Using the zoom function, the tomographs allow
a very close look into single living cells deep into
the epidermis. As depicted in Fig. 5, the extremely

high submicron spatial resolution allows even the
visualization of a single intracellular intratissue
mitochondrion. The images in Fig. 6 demonstrate
the corresponding FLIM image where the pseudo-
color depicts the fluorescence lifetime.

Wide-field high-resolution images up to
3 � 3 mm2 can be generated mosaic-like by the
motorized scan head. Also vertical sections
(x,z-scans) can also obtained (Fig. 7).

Fig. 4 Multiphoton
tomographs provide stacks
of optical sections within
seconds

Fig. 5 Multiphoton tomography provides the best resolution of all tissue imaging techniques (0.3 μm lateral resolution).
Even deep-tissue single-mitochondria and single-elastin fibers can be imaged noninvasively and label-free
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Fig. 6 The pseudocolor-
coded FLIM image depicts
the mean fluorescence
lifetime per pixel as fourth
dimension. The image
shows the distribution of
intradermal fluorescent
tattoo nanoparticles and a
typical fluorescence decay
curve of a single particle
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3 Applications

Major applications of multiphoton tomography
are the evaluation of human pathological skin as
well as the in situ intradermal detection of
pharmaceutics and cosmetics.

Medical investigations include:

i. The early diagnosis of malignant melanoma
and other skin cancers (Dimitrow et al. 2009;
Seidenari et al. 2012a; Patalay et al. 2012)

ii. Early diagnosis of dermatitis and monitoring
of treatment effects (Huck et al. 2016)

iii. The optimization of chronic wound manage-
ment and photodynamic therapy of actinic
keratosis

iv. Intradermal lipid distribution of patients with
psoriasis and skin cancer(Breunig et al. 2012,
2013; Weinigel) as well as

v. The evaluation of skin aging induced by UV
exposure and smoking (Koehler et al. 2008,
2009)

Also the in situ distribution and characteriza-
tion of tattoo nanoparticles in the skin has been
studied (König).

Furthermore, multiphoton tomographs are
involved in the astronaut’s health program of
the European Space Agency (ESA) to test preflight
and post-flight skin conditions of the astronauts and
to evaluate the effects of long-term (6 months)
extraterrestrial work at the international space
lab ISS.

The major cosmetic and pharmaceutical com-
panies employ multiphoton tomographs to evalu-
ate and study:

i. The biosafety of sunscreen nanoparticles
(Zvyagin et al. 2008; Sanchez et al. 2010;
Darvin et al. 2012)

ii. The skin age and the efficacy of antiaging
products (Bazin et al. 2010; Decenciere
et al. 2013; Puschmann et al. 2012;
Miyamaoto and Kudoh 2013)

iii. Melanin types and dyes in hairs (Ehlers
et al. 2007)

iv. The skin barrier function (Richter et al. 2004)
v. The effects of cosmetics on cellular

metabolism
vi. Drug delivery (König et al. 2006, 2011b;

Roberts et al. 2008; Prowv et al. 2011)
vii. The use of multiphoton tomography in tissue

engineering (Roberts et al. 2011)

4 Skin Aging Index SAAID

Multiphoton tomography allows the accurate
determination of the skin age by measuring
age-associated alterations in the extracellular
matrix, in particular the fiber network. The quan-
titative parameter SAAID characterizes
the collagen-elastin ratio of the dermis. It is
defined as

SAAID ¼ SHG� AFð Þ= SHG þ AFð Þ

with values between �1 and 1. Negative values
mean that the elastin autofluorescence is stronger
than the SHG signal from collagen. A value
of 0 means that both signals are similar.
The parameter depends on the relative tissue posi-
tion and requires statistical analysis. The SAAID
correlates with the biological age of healthy

Fig. 7 Vertical section (x,z-scans) can also be generated
with the multiphoton tomograph

112 Multiphoton Tomography 1183



volunteers as shown by in vivo multiphoton
tomography on healthy subjects. Smoking and
tanning influence the SAAID values and show
skin ages older than biological ages.

The multiphoton tomographs employ two or
more photodetectors (photomultipliers). This
allows the simultaneous imaging of the elastin
fiber network by AF and the collagen network
by SHG within one scan. The detectors can
operate in the analogue mode (signal intensi-
ties) and in the single-photon counting
(SPC) mode.

For quantitative imaging, two approaches are
currently undertaken. The first one is based on the
computation of the mean intensities or counts of
AF and SHG signals. The second one is based on
pixel densities.

The company L’Oreal developed an automatic
3D segmentation software to analyze the dermal-
epidermal junction (DEJ), the skin surface, and
the elastin-collagen networks (Decenciere
et al. 2013). In particular, they calculated a 3D
SAAID index where a huge number of voxels
from the upper dermis was considered. A mean
epidermal thickness of young vs. old European
skin of 66 μm versus 59 μm was determined. The
density of elastic fibers was found to be increased
with age, whereas the density of collagen did not
differ between young and old skin. The SAAID
decreased with age.

The company Beiersdorf named the elastin-to-
collagen ratio as the ELCOR parameter. ELCOR is
indirectly proportional to the SAIID index. As
expected, an increase of the ELCOR values with
age was measuredwhen studying the volar forearm
skin of chronically sun-exposed with sun-protected
skin (Puschmann et al. 2012).

The company Procter & Gamble studied cellu-
lar metabolism in dependence on age by measur-
ing the NAD(P)H values in the stratum
granulosum of 59 Japanese female indoor
workers (Miyamaoto and Kudoh 2013). Interest-
ingly, they found statistically different NAD(P)H
levels of 38.8 vs. 32.7 in the young group
(20s) compared with elderly women (60s), respec-
tively. New cosmetic care products for aging skin
focus.

5 FLIM Tomography to Study
Dermatitis

In addition to the three spatial dimensions, a
fourth dimension can be added based on fluores-
cence lifetime imaging (FLIM). In principle, the
arrival times of the emitted photons with regard to
the femtosecond excitation pulses are measured
using time-correlated single-photon counting
(TCSPC). The typical temporal resolution is
270 ps. The fourth dimension fluorescence life-
time can be depicted as color-coded signal per
pixel where the color reflects, e.g., a mean fluo-
rescence lifetime per pixel based on a
bi-exponential deconvolution. SHG can be
detected as component with a lifetime “zero.”

The hospital at the University of Muenster,
Germany, is using the FLIM module to measure
the skin inflammation and to study the effects of
cortisone treatment to patients suffering from
severe dermatitis (Huck et al. 2016). The clini-
cians found a strong correlation between the
strength of disease and the mean autofluorescence
lifetime of the epidermis and observed a lifetime
change as a result of treatment effects (Fig. 7).

Other groupswork onmultiphoton FLIM tomog-
raphy to evaluate the clinical potential for early
tumor diagnostics (Arginelli et al. 2013; Manfredini
et al. 2013; Seidenari et al. 2012b, c; Koehler
et al. 2012; Benati et al. 2011; Patalay et al. 2011).

The FLIM modality in the multiphoton
tomographs is based on SPC. Typically, 100 pho-
tons are counted within 1 pixel for 12 μs beam
dwell times. SPC provides therefore real photon
numbers from region of interests that can be used
for quantitative imaging and the generation of
intratissue concentration maps.

6 CARS of Psoriasis

The multiphoton tomograph MPTflex-CARS is
employed in clinical studies on the Charite, Ber-
lin, on patients suffering from skin cancer, the
head and feet syndrome, and psoriasis (König
et al. 2011a, Breunig et al. 2012, 2013). The
tomograph was employed to visualize the C=H
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stretch vibration which mainly indicates lipids.
Figure 8 demonstrates one section out of an
optical biopsy that contained information on
AF, and CARS. The autofluorescence image
depicts mainly the distribution of the reduced
coenzyme NAD(P)H, whereas the CARS image
shows the lipid distribution of the exact same
intratissue section. As seen, the CARS image
provides additional information. In the study
on patients suffering from psoriasis, significant
modifications of the lipid distribution were
found compared to healthy skin areas. Multiple
clinical studies are currently going on trace che-
motherapeutics in the sweat pores and their

microenvironment of cancer patients as well as
to study drug delivery.

7 Conclusion

Multiphoton tomography (MPT) is a novel, high-
resolution, and safe (Fischer et al. 2008) high-
tech skin imaging modality based on near-
infrared femtosecond laser technology. MPT
provides morphological and functional optical
biopsies (e.g., Balu et al. 2013) within seconds
and with submicron resolution without any
labeling.

Fig. 8 Multiphoton CARS tomography. (a) Optical AF section showing NAD(P)H distribution. (b) Optical CARS
section showing lipid distribution. (c) Overlay (König 2011a)
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It has the potential to reduce significantly the
number of physically taken skin biopsies, to sup-
port personalized medicine by evaluating thera-
peutic strategies and providing rapid diagnostic
images, as well as to measure drug delivery. One
major application is the early diagnosis of
pigmented lesions. Fig. 9 shows typical optical

sections of a patient suffering from malignant
melanoma.

Multiphoton tomography is also employed in
research and test centers of major cosmetic com-
panies to prove the biosafety of sunscreen and
make-up nanoparticles and the efficacy of
antiaging products.

Fig. 9 Multiphoton tomography can be used in early detection of malignant melanoma. Melanocytes can be easily
imaged as well as cell-cell distances, irregular morphology, and pleophorism
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Storage Conditions of the Skin
Affect Tissue Structure and In Vitro
Percutaneous Penetration
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Humans are exposed dermally due to
unintentional occupational skin exposure as well
as following intentional use of cosmetics and top-
ically applied pharmaceutical drugs. In all cases
valid information on the potential for percutane-
ous penetration and temporary deposition of the
relevant chemical or drug within the skin is
needed to perform an initial and credible hazard
assessment.

In vivo studies are often seen as the gold stan-
dard for this kind of assessments. However, for
ethical, logistic, and cost-related reasons, we need
alternative methods that can replace in vivo stud-
ies in humans as well as experimental animals.
The implementation of more recent legislation in
Europe banning the use of experimental animals
in relation to testing of cosmetic products has

further pushed forward the replacement of
in vivo methods and refinement of experimental
in vitro models to study skin penetration.

Different organizations have issued recom-
mendations and guidelines for the study of
in vitro percutaneous penetration. One of the
most cited of these guidelines is the OECD guide-
line 428 (OECD 428 2004). As a guideline it does
not describe a single ideal in vitro method, but
rather outlines different options and choices to be
made when doing this kind of experiments. The
different decisions to be taken relate to using static
or flow-through systems, using full-thickness skin
or dermatomed skin, using animal or human skin,
using one or the other donor and receptor fluids,
and using fresh or frozen skin. Thus, several
in vitro methodological procedures are acceptable
as long as they are based on valid arguments –
valid in the sense that the experimental model
reflects the problem to be addressed and will
allow a trustworthy answer to the research
question.

As stratum corneum is seen as the main barrier
for percutaneous penetration, especially for the
vast majority of compounds dependent on passive
diffusion, the status of the epidermal barrier is
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significant. Being composed of a stacked layer of
dead cells, the storage by freezing of the skin for
later in vitro experiments has long been accepted
instead of using fresh skin, though it has more
recently been questioned.

The problem is relevant, as it for logistic and
other practical reasons is difficult to perform
in vitro studies on percutaneous penetration on
fresh human skin obtained directly from surgery.
Skin samples are therefore stored until experimen-
tal procedures can be initiated. Skin samples may
be kept viable at 4 �C for 2–4 weeks (DeBono
et al. 1998), though gradually losing its metabolic
capacity within days (Fahmy et al. 1993). The
physical characteristics responsible for barrier
properties and integrity in relation to passive dif-
fusion across the skin are maintained for longer
(Bronaugh et al. 1986). Storage at low tempera-
tures may generate small ice crystals, which may
potentially impair the structure and thereby the
integrity of the skin depending on degree and
length of freezing conditions. As a consequence,
most guidelines for experimental studies on per-
cutaneous penetration address this issue.

However, requirements stated in different
guidelines are not all that specific as to storage
conditions. Some recommend storage at �20 �C,
whereas others also accept storage at lower tem-
peratures. Recommendations from the European
Centre for the Validation of Alternative Methods
(ECVAM) and the International Programme on
Chemical Safety (IPCS) state that storage of the
skin at �20 �C for up to a year is acceptable
(Howes et al. 1996; IPCS: Dermal absorption
2006), whereas the EU Scientific Committee on
Consumer Products (SCCP) states that the skin
can be stored at �20 �C or lower (SCCP/0970/06
2006). All recommendations appear to rely on a
single paper published in 1986 stating that human
skin can usually be stored at �20 �C for up to a
year with no changes in water permeability, but in
some cases with apparent deterioration of the bar-
rier (Bronaugh et al. 1986). Moreover, this study
from 1986 did not actually judge the influence of
storage at �20 �C on a comparison with fresh
skin, but based the evaluation on cadaver skin.
Given that cadaver skin has most often been sam-
pled following unknown conditions for an

unspecified time period, this might not be the
optimal skin source as a basis for all existing
guidelines on storage of the skin before experi-
mental studies. The present OECD guideline
428 for the testing of chemicals avoids this
dilemma by not describing specific requirements
concerning storage conditions, but instead
requires that evidence should be presented that
the barrier function of the skin is maintained
(OECD 428 2004).

Recently, imaging techniques based on
nonlinear optics have been developed to an extent
that allows pictorial description of skin structures
including visualization of the different skin strata
and associated dynamical information (Masters
and So 2001; Brewer et al. 2013; Bloksgaard
et al. 2013). For example, the two-photon excita-
tion fluorescence microscopy (TPEFM) technique
is noninvasive and based on a nonlinear process in
which a fluorophore absorbs two photons simul-
taneously. This mode of excitation offers advan-
tages compared to traditional laser scanning
confocal fluorescence microscopy (LSCM). As
infrared light is utilized as excitation source, the
penetration depth can be up to 900 μm, almost
fivefold higher than regular confocal fluorescence
microscopy, allowing in-depth, three-dimensional
examination of relatively thick biological speci-
mens (Bloksgaard et al. 2013).

Based on this technique, a recent image analy-
sis of the skin stored at�20 �C and�80 �C (Niel-
sen et al. 2011) revealed clear discrepancies from
the normal distribution of keratinocytes in fresh
skin as well as extensive cell desquamation in
stratum corneum and apparent swelling of cells
causing a larger average cell size in the deeper
layers of the skin and an induction of broader
canyons between polygonal clusters of the epider-
mis (Fig. 1). The structural changes in upper as
well as deeper regions of epidermis observed via
imaging techniques demonstrate that storage of
human skin at �80 �C induces significant struc-
tural changes in the skin that will potentially affect
percutaneous penetration of chemicals (Nielsen
et al. 2011). The structural effects on the skin
stored at �20 �C were less prominent and
appeared limited to the upper strata of stratum
corneum (Nielsen et al. 2011).
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The limited more recently published data in the
open literature on the influence of storage of the
skin at�20 �C on the percutaneous penetration of
topically applied chemicals is presented in Table 1.
From each of the available studies, the ratio
between the comparable groups with fresh skin
and skin frozen at �20 �C is calculated. It should
be noted that all numbers on flux come with
significant standard deviations and together with
an often limited group size, this causes the differ-
ences compared to fresh skin experiments to
remain statistically insignificant for most cases
including all cases with human skin. However,
in those cases with statistical differences, the
flux is always increased following freezing indi-
cating a varying degree of damage to the skin

barrier. It is perhaps also noteworthy that the one
case deviating significantly from the other cases
was performed on the skin from the ear (Sintov
and Botner 2006), whereas the rest of the experi-
ments were performed on abdominal skin (Sintov
and Botner 2006; Payne et al. 2013; Nielsen et al.
2011; Dennerlein et al. 2013).

Only but a few studies have tested the influence
of storage temperatures lower than�20 �C on the
percutaneous penetration of different penetrants.
These studies include testing the penetration of
caffeine through human skin after storage at
�80 �C, measuring penetration of the T-2 toxin
(a mycotoxin) through human and monkey skin
after storage at �60 �C, and evaluating the pene-
tration of N,N-dietyl-m-toluamide through pig

Fig. 1 Representative stratum corneum autofluorescence (TPEFM) images of human skin after storage at �20 �C and
�80 �C. Scale bar is 20 μm (Reproduced from Nielsen et al. (2011) with permission from Karger Publishers)

Table 1 Summary of data available in the open literature on the influence of skin storage at �20 �C on percutaneous
penetration rates (Flux).Flux through skin stored at�20 �C is given as the estimated percentage of flux through fresh skin
from the same experiment

Skin source Penetrant Flux(%) Reference

Rat, abdomen Diclofenac 96 Sintov and Botner (2006)

Hairless Guinea pig, abdomen Diclofenac 150a Sintov and Botner (2006)

Pig, ear Diclofenac 517a Sintov and Botner (2006)

Pig, abdomen 3H2O 124a Payne et al. (2013)

Human, abdomen Caffeine 100–120 Nielsen et al. (2011)

Human, abdomen Anisole 89 Dennerlein et al. (2013)

Human, abdomen Cyclohexanone 146 Dennerlein et al. (2013)

Human, abdomen 1,4 dioxane 75 Dennerlein et al. (2013)
aStatistically increased compared to penetration rate through fresh skin
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skin stored at �80 �C (Nielsen et al. 2011;
Kemppainen et al. 1986; Hawkins and Reifenrath
1984). These three studies all demonstrate signif-
icantly increased penetration rate through the skin
stored at these low temperatures.

The image analysis demonstrates that storage
of human skin at �20 �C causes visible struc-
tural changes in only but the upper epidermal
strata of the skin. The upper strata will be
expected to act as a stronger barrier to hydro-
philic compounds as to lipophilic compounds
due to its more lipophilic character. A structural
damage to the upper layers could therefore be
expected to have a more pronounced effect on
the penetration of hydrophilic compounds as
compared to lipophilic compounds. This sug-
gestion fits well with observations demonstrat-
ing that applying hydrophilic compounds in a
lipophilic microemulsion eliminates the influ-
ence of freezing on the percutaneous penetration
(Sintov and Botner 2006). The suggestion that a
specific stratum of the epidermal membrane acts
as a stronger barrier toward hydrophilic com-
pounds and another stratum for more lipophilic
compounds requires, however, more supporting
evidence from experimental studies.

The observed effect of storage at�20 �C on the
percutaneous penetration through human skin is
less than 50 % (Nielsen et al. 2011; Dennerlein
et al. 2013). Considering the inherent variability
in these studies related to interindividual variability
between skin donors (50–60 %) and interlaboratory
variability (up to ten times), the observed effects of
skin storage at �20 �C are relatively limited.
Instead of prescribing specific storage conditions,
the more pragmatic and functional approach, until
more documentation is available, is therefore to
follow the recommendations given in the OECD
guidelines that skin specimens used for in vitro
studies on percutaneous penetration should have
intact barrier integrity, which can be tested and
reported based on different well-describedmethods.

Based on presently available data, it can be
concluded:

1. Storage of human skin at �80 �C causes sig-
nificant structural changes in upper as well as

more deeper parts of stratum corneum. These
more severe changes correspond to signifi-
cantly increased percutaneous penetration of
chemicals applied to skin specimens stored at
very low temperatures. Storage of human skin
for later use in in vitro studies on percutaneous
penetration is therefore not recommended at
these low temperatures.

2. Storage of human skin at�20 �C causes struc-
tural changes in the upper stratum corneum
observable with image techniques such as
TPEFM. The presently available literature
does, however, not support that the observed
structural damage to the integrity is sufficient
to cause a general and significantly increased
in vitro percutaneous penetration across
human skin stored at �20 �C. The use of the
skin stored at �20 �C for in vitro studies on
percutaneous penetration therefore seems
acceptable as long as the barrier integrity is
documented.
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1 Introduction

Healthy full-term newborn skin is well developed
and functional at birth, despite being exposed to
water and amniotic fluid for 9 months. The epi-
dermis is thick and the stratum corneum (SC)
layers are well formed. Transepidermal water
loss (TEWL) is very low at birth for full-term
infants and equal to or lower than adults, indicat-
ing a highly effective skin barrier (Cunico
et al. 1977; Yosipovitch et al. 2000). However,
the question is, how does the full-term infant
develop an excellent barrier while in water? Usu-
ally, continuous exposure to water causes signifi-
cant skin damage, including maceration of the SC
and disruption of its well-organized structure and
injury to the epidermis. Typically, skin cultures
have to be exposed to dry conditions for cornifi-
cation to occur. If the epidermis is covered with
water, the SC does not form (Supp et al. 1999).
Yet, in utero, the SC forms to cover the epidermis
in the high water environment.

Vernix caseosa is the mixture of sebaceous
gland secretions, lanugo, and desquamated epi-
thelial cells that covers the skin of the fetus during
the last trimester of gestation and appears in vary-
ing amounts on newborn infants. Vernix from full-
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term infants is a remarkably consistent mixture of
80 % water, 10 % protein, and 10 % lipid frac-
tions, consisting primarily of cornified cells
embedded in an amorphous lipid matrix (Hoeger
et al. 2002; Pickens et al. 2000; Rissmann
et al. 2006). There are flat, differentiated
corneocytes with cell envelopes are 1–2 μm
thick. The cells lack distinct nuclei,
corneodesmosomes, and organization. They
have lower keratin levels than mature stratum
corneum cells, varying in stage of keratinization
(Pickens et al. 2000; Agorastos et al. 1988). Most
of the water is localized to the intracorneocyte
region, but small, round structures have been
observed in the nonlamellar lipid matrix (Pickens
et al. 2000; Rissmann et al. 2006). They are
believed to be hydrated domains and pools of
rapidly releasable extracorneocyte water
(Tansirikongkol et al. 2008).

This chapter will address this question: based
on the structure and composition, what could
vernix do for the epidermal barrier?

2 Vernix Composition
and Structure

2.1 Formation

Vernix begins to coat the fetal skin surface from
head to toe and back to front during the last
trimester, presumably under hormonal control
(Hoath et al. 2006). Vernix includes lipids of
the types made by sebaceous gland (Rissmann
et al. 2006; Nicolaides et al. 1972), and the
cornified cells may originate from hair follicles,
analogous to the production of terminally differ-
entiated infundibular keratinocytes in acne
(Kurokawa et al. 2009). Vernix extrudes onto
the interfollicular epidermis through the hair
shaft, spreads over the surface throughout gesta-
tion (Hardman et al. 1998) and, presumably, pro-
tects the epidermis from exposure to amniotic
fluid (Fig. 1; Youssef et al. 2001). It is likely
that fetal epidermis has a high water flux poten-
tial driven by osmotic gradients since cornifica-
tion is incomplete. Isolated vernix corneocytes

can swell and contract as a function of a
hypoosmotic or hyperosmotic environment
(Hoath et al. 2006) supporting a potential role
for vernix in osmoregulation intra-amniotically.
Vernix may impose a semi-regulated barrier
and/or physiological gradient for transepidermal
water and nutrients in utero, facilitating cornifi-
cation via increased DNA and lipid synthesis.
The asymmetric submerged culture model is
consistent with this hypothesis (Thakoersing
et al. 2010).

2.2 Lipids

Vernix contains free lipids including sterol esters,
wax esters, dihydroxy wax esters, squalene, triglyc-
erides, diacylglycerol, monoacylglycerol, phospho-
lipids, cholesterol, fatty acids, and ceramides
(Rissmann et al. 2006; Tollin et al. 2005). The
vernix lipids bound to the corneocytes include
ω-hydroxy acids (bound to corneocyte envelope),
fatty acids, ω-hydroxyceramides CerA (sphingo-
sine), andCerB (6-hydroxysphingosine) (Rissmann
et al. 2006). Unlike native SC where cholesterol,
free fatty acids, and ceramides constitute 80 % of
total lipids, these classes represent 10 % of vernix
lipids, and nonpolar species are the major compo-
nents. The free fatty acids are dominated by satu-
rated chain lengths C16:0 (14 %) and C24:0
(24.5 %). C18:lin-9 (6.4 %) is the most abundant
monounsaturated fatty acid, and C18:2n-6 (9.6 %)
is the highest polyunsaturated fatty acid (Tollin
et al. 2005). Branched chains are 29 % of the fatty
acids and include 30 different chain lengths, from
11 to 26 carbons (Ran-Ressler et al. 2008). In
contrast, SC fatty acids are straight chained and
generally 22 or 24 carbons (Wertz 2006). The
lower levels of long chain ceramides and high frac-
tion of unsaturated or branched chains may lead to
the more fluid, nonlamellar organization seen in
vernix (Rissmann et al. 2006). Covalently bound
lipids comprise about 1 % of vernix (Rissmann
et al. 2006), generally the same as in SC, although
vernix has higher levels ofω-hydroxeicosanoic acid
and nearly absent levels of ω-hydroxyacid with
30 C-atoms (Rissmann et al. 2006).
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Vernix from female and male newborns differed
significantly in wax esters and triglycerides; two
classes are believed to originate from the sebaceous
glands. For both, the relative amounts of longer-
chain-length lipids were greater in females versus
males (Mikova et al. 2014). The shorter carbon
chain species were higher in males versus females.
Given that the composition of epidermal lipids
changes during gestation, it is possible that the
vernix composition changes throughout the last
trimester. In infants of 31–40 weeks gestation, the
cholesterol/squalene ratio decreased around
36 weeks, reflecting increased squalene and
suggesting a surge in sebaceous gland function
near birth (Wysocki et al. 1981). The variation as
a function of gestational age and the implications
for SC development is largely unexplored.

2.3 Proteins

An analysis of vernix (n = 34 infants) using liq-
uid chromatography and tandem mass spectrom-
etry identified 203 proteins and grouped them via
protein analysis software (Holm et al. 2014). The
major classes were hydrolases (14.4 %), proteases
(10.8 %), enzyme modulators (10.8 %), cytoskel-
etal proteins (9.8), structural proteins (6.9 %),

transfer/carrier proteins (5.6 %), calcium-binding
proteins (5.6 %), immunity proteins (5.6 %), and
signaling molecules (4.9 %) (Table 1).
Polyubiquitin-C regulates innate and adaptive
immunity and calmodulin-like protein 5 is associ-
ated with late keratinocyte differentiation and SC
formation. Both were negatively associated with
the development of atopic dermatitis by 24months
compared to infants without disease (Holm
et al. 2014). The SC proteins keratins 1, 10, and
11, involucrin, and filaggrin are present in vernix
(Narendran et al. 2010; Visscher et al. 2011a).
Analysis of the free amino acid (FAA) component
of natural moisturizing factor (NMF) revealed
higher levels of glutamic acid and histidine and
lower levels of glycine and serine compared to the
amino acid profile of filaggrin (McKinley-Grant
et al. 1989) ( p < 0.05, Table 2).

2.4 Antimicrobial Activity

Vernix contains antimicrobial agents, including
proteins and lipids, and exhibits a range of bio-
activity against common fungal and bacterial
pathogens (Tollin et al. 2005; Akinbi
et al. 2004; Marchini et al. 2002; Yoshio
et al. 2003). The innate immune proteins,

Fig. 1 Vernix formation.
Vernix extrudes onto the
interfollicular epidermis
through the hair shaft and
spreads over the surface
throughout gestation and,
presumably, protects the
epidermis from exposure to
amniotic fluid
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calgranulin A, B, and C, cystatin A, and UGRP-1
have been identified (Tollin et al. 2005).
Lactoferrin, lysozyme, secretory leukocyte pro-
tease inhibitor, and human neutrophil peptides
1–3 were found in vernix from healthy full-term
births (Akinbi et al. 2004). These antimicrobial
peptides appear as hydrated inclusion bodies that
may result from process-induced coalescence
(Fig. 2). The presence of a quick release pool of
soluble antimicrobials would be a major benefit

for the fetus faced with chorioamnionitis or other
intrauterine infection, although this hypothesis
has not yet been tested. Vernix samples had
muramidase activity and were active against the
growth of group B Streptococcus,
L. monocytogenes, and K. pneumoniae. The
cathelicidin LL-37, known to protect
keratinocytes from apoptosis (Bouzari
et al. 2009), was found and demonstrated antimi-
crobial activity against B. megaterium Bm11
(gram positive) (Marchini et al. 2002). Combina-
tions of vernix lipids and LL-37 in ratios of 3:1
and 7:1 displayed greater antimicrobial inhibi-
tion than LL-37 alone, indicating synergetic
innate immunity. Vernix and amniotic fluid
from healthy infants showed activity to Bm11
and C. albicans (Yoshio et al. 2003).

3 Treatments

Epidermal barrier treatments based on vernix
derive from the chemical composition, the physi-
cal structure, and the resulting properties that they
confer (impart). The properties of vernix suggest
several uses for treating the epidermal barrier for
common skin maladies.

3.1 Hydration/Moisturization

Vernix has a higher than typical water content
compared to conventional ointments. It loses

Table 1 Classes of proteins identified in vernix caseosa
(Holm et al. 2014)

Class Percent Class Percent

Hydrolase 14.4 Signaling
molecule

4.9

Calcium binding 5.6 Enzyme
modulator

10.8

Cytoskeletal 9.8 Defense/
immunity

5.6

Structural 6.9 Transfer/
carrier

5.6

Protease 10.8 Membrane
traffic

0.3

Extracellular
matrix

2.6 Transcription
factor

0.7

Transporter 3.9 Chaperone 1.0

Transferase 2.3 Cell junction 0.3

Oxidoreductase 3.9 Surfactant 0.7

Lyase 1.3 Storage 0.3

Cell adhesion
molecule

2.9 Isomerase 1.6

Ligase 1.0 Receptor 2.0

Nucleic acid
binding

2.3

Table 2 Amino acid composition of vernix relative to fully hydrolyzed filaggrin (McKinley-Grant et al. 1989)

Vernix (pmoles/μg soluble
protein)

Indexed to
glycine

Filaggrin (pmoles/μg
filaggrin)

Indexed to
glycine

Glycine 78.5 � 19 1.0 2981 1.0

Serine 114.6 � 13 1.4 2640 0.9

Glutamic
acid

284.6 � 27 3.6 1100 0.4

Histidine 459.4 � 92 5.8 900 0.3

Arginine 151.4 � 12 1.9 500 0.2

Citrulline 134.6 � 13 1.7 70 0.02

The values are from the HPLC analysis as pmoles amino acid per μg soluble protein (extracted from tapes) for native
vernix and adult skin. For comparison, the relative amino acids in filaggrin are given as pmoles per μg of protein based on
the composition from full acid hydrolysis (McKinley-Grant et al. 1989). The FAAs for vernix, adult skin, and filaggrin are
also shown as indices, i.e., normalized to glycine
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and resorbs water, indicating a use for SC
hydration (Tansirikongkol et al. 2008). The
free amino acid levels in vernix are about 0.3
μmol per cm2 which may account in part for
the slow water release and water resorption.
The water holding capacity for vernix-treated
adult volar forearm skin was higher than an
untreated control ( p < 0.05) (Bautista
et al. 2000). The water holding capacity for
skin treated with a water-in-oil cream
(Eucerin#), an anhydrous barrier (petrolatum),
and a low-water cream (Aquaphor#) did not
differ from untreated skin (Fig. 3). The water-
binding capacity (peak sorption following
application of exogenous water) of vernix-
treated skin was higher than the untreated con-
trol, while values for Eucerin, petrolatum, and
Aquaphor were lower ( p < 0.05).

Infant skin hydration decreases over the first
day and then increases during the first 2 weeks, in
contrast to mother’s skin where hydration is rela-
tively constant, suggesting adaptive changes to
the postnatal environment (Visscher et al. 2000).
Vernix was left on the skin in one group of new-
borns and wiped off for another group. Vernix-
treated skin was significantly more hydrated and
less erythematous at birth and 24 h later versus
skin where vernix was removed ( p < 0.05)
(Visscher et al. 2005). Vernix-retained skin had
higher levels of FAA 24 h after birth ( p < 0.05),
paralleling the higher hydration.

3.2 Skin Surface Acidity

An acidic skin surface is necessary for the effec-
tive functioning of enzymes in stratum corneum
formation and integrity, i.e., lipid metabolism,
bilayer structure, ceramide synthesis, processing
of GlcCer precursors to form ceramide for SC
lipids, and desquamation (Schmid-Wendtner and
Korting 2006; Rippke et al. 2002; Holleran
et al. 2006), for bacterial homeostasis, skin colo-
nization, and inhibition of pathogenic bacteria
(Aly et al. 1978; Puhvel et al. 1975; Fluhr
et al. 2001). Acidification enhances SC integrity
and cohesion in neonatal and aged skin (Hachem
et al. 2010; Hatano et al. 2009). The apparent skin
pHwas lower for infants with vernix retained after
birth and 24 h than when vernix was removed
( p < 0.05) (Visscher et al. 2005). Vernix may
facilitate colonization with commensal
organisms.

3.3 Stratum Corneum Barrier
Repair

Alteration of the skin environment after SC dam-
age has profound effects on the rate and effective-
ness of barrier repair. Damaged SC treated with
semipermeable films recovers more quickly than
under complete occlusion or no occlusion, as
reported after tape stripping and in premature

Fig. 2 Electron
micrographs of vernix
showing antimicrobial
peptides. Lactoferrin,
lysozyme, secretory
leukocyte protease
inhibitor, and human
neutrophil peptides 1–3
were found in vernix from
healthy full-term births.
These antimicrobial
peptides appear as hydrated
inclusion bodies that may
result from process-induced
coalescence as shown in
electron micrographs of
vernix stained for
lactoferrin and lysozyme
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infants (Schunck et al. 2005; Visscher et al. 2001;
Bhandari et al. 2005; Mancini et al. 1994). This
artificial barrier can be provided by creams,
ointments, films, or dressings. Vernix films are
semipermeable, with water vapor transmission
rates of 19–70 g/m2/h, depending upon thickness,
while petrolatum-based films are in the occlusive
range (Gunt 2002; Tansirikongkol et al. 2007a;
Visscher et al. 2002).

The effects of twice-daily application of vernix
and a petrolatum-based cream (PBC) (both
2.5 mg/cm2) on early-stage SC repair were com-
pared versus a fully occlusive film and untreated
skin (tape stripped, no occlusion) in adult forearm
skin tape stripped to achieve TEWL of 29–50 g/
m2/h, comparable to values for infants <

30 weeks gestation (Visscher et al. 2011a; Sedin
et al. 1983). Vernix and PBC facilitated barrier
repair with higher rates of recovery than full
occlusion ( p < 0.05) (Fig. 4a). Both were com-
parable to the recovery for untreated (stripped)
skin. Skin hydration (immediate reading) was
higher for PBC than vernix and untreated.
Vernix-treated skin tended to be more hydrated
than untreated ( p = 0.06). Taken together, the
data suggest that vernix treatment results in a
more hydrated SC than without treatment
(no occlusion). Visual erythema was higher for
full occlusion than untreated (stripped, no occlu-
sion) vernix and PBC ( p < 0.05). Visual dryness

was greater for full occlusion versus no occlusion
and vernix ( p < 0.05). PBC was drier than no
occlusion ( p < 0.05) and directionally drier than
vernix ( p = 0.09) (Fig. 5). Following complete
SC removal via tape stripping in hairless mice,
TEWL was 79 g/m2/h. One application of vernix
and PBC (both at 5 mg/cm2) enhanced SC barrier
repair versus no treatment, but recovery was more
rapid with vernix than PBC (Fig. 4b). Skin treated
with PBC was more erythematous than with
vernix or untreated (Oudshoorn et al. 2009a).

3.4 Wound Healing

Wounds at the epidermal and superficial dermal
level were created on a minipig with an erbium:
YAG laser at ablation depths of 20 or 25 μm and
treated twice daily with vernix, a PBC (both at
2.5 mg/cm2), or left untreated (wounded, no occlu-
sion) for 7 days (Visscher et al. 2011b). Wounds
from 20 μm ablation recovered more quickly with
vernix or PBC versus no treatment, and the recov-
ery was greater on day 2 for PBS versus vernix.
Repair rates were similar for all sites on day
7, although recovery was not complete, i.e.,
76–88 % (Fig. 4c). Both vernix and PBC produced
similar recovery for 25 μm ablation. Wound-
healing effects of vernix on lower extremity ulcers
have been reported (Zhukov et al. 1992).

Fig. 3 Water holding
capacity for vernix, PBC,,
and a water-in-oil cream.
The water holding capacity
for vernix-treated adult
volar forearm skin was
higher than an untreated
control ( p < 0.05). The
water holding capacity for
skin treated with a water-in-
oil cream (Eucerin#), an
anhydrous barrier (PBC),
and a low-water cream
(Aquaphor#) did not differ
from untreated skin.
*Indicates significantly
different from all other
treatments ( p < 0.05)
(Adapted from Bautista
et al. 2000)
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The free amino acids in vernix may have a role
in wound healing. Repair rates were increased,
and infection was controlled for wounds, includ-
ing burns and diabetic ulcers, when nutrients
(amino acids, salts, ascorbic acid, D-glucose poly-
saccharide) were applied after daily debridement
(Silvetti 1981). Sericin, a mixture of silk proteins,
peptides, and amino acids, healed wounds more
quickly than the PBC control in rats (Aramwit and
Sangcakul 2007). Treatment with four amino
acids (glycine, L-lysine, L-proline, L-leucine) and

hyaluronic acid increased wound healing
(Corsetti et al. 2009).

3.5 Synthetic Vernix

Topical creams based on native vernix caseosa
as a prototype have been reported. Formulas
with high water content and vernix-like lipids
have water release profiles similar to native
vernix and water vapor transport rates in the

Fig. 4 (a, b, c)Effect of vernix on barrier recovery. The
effect of vernix treatment on epidermal damage in three
investigations is shown in a, b, and c. (a) The effects of
twice-daily application of vernix and a petrolatum-based
cream (PBC) (both 2.5 mg/cm2) on early-stage SC repair
were compared versus a fully occlusive film and untreated
skin (tape stripped, no occlusion) in adult forearm tape-
stripped skin. Vernix and PBC facilitated barrier repair
with higher rates of recovery than full occlusion ( p <
0.05). Both were comparable to the recovery for untreated
(stripped) skin. *Indicates significant difference versus
untreated, tape-stripped skin. (b) One application of vernix
and PBC (both at 5 mg/cm2) enhanced SC barrier repair in
hairless mice versus no treatment, but recovery was more

rapid with vernix than PBC. Skin treated with PBC was
more erythematous than with vernix or untreated.
(c) Wounds from 20 μm laser ablation in the minipig
recovered more quickly with vernix or PBC versus no
treatment, and the recovery was greater on day 2 for PBS
versus vernix. Repair rates were similar for all sites on day
7, although recovery was not complete, i.e., 76–88 %.
Both vernix and PBC produced similar recovery for
25 μm ablation. *Indicates significant difference from
untreated (damaged) and vernix ( p < 0.05) (a adapted
from Visscher et al. 2011b; b adapted from Oudshoorn
et al. 2009a; c used with permission from Visscher et al.
2011b)
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“semipermeable” range (Tansirikongkol
et al. 2007a). Synthetic lipid mixtures, based on
the vernix lipid composition and formulated to
match the thermal and structural properties, were
comparable to native vernix and provided
increased barrier repair versus a PBC in the hair-
less mouse (Rissmann et al. 2008). Formulas with
lipid-coated microgel particles in a ratio of 2:1
particles/lipid most closely resembled the water
release profile of native vernix (Rissmann
et al. 2009). Synthetic formulations with hydrated
moieties, a version with the physiological lipid
mixture, and native vernix were more effective
than PBC for SC barrier repair (Oudshoorn
et al. 2009b).

4 Summary

Vernix has multiple physical and biological func-
tions that are provided simultaneously, e.g.,
wound healing with antimicrobial activity, during
gestation and immediately after birth. They are
multifunctional compared to conventional
creams. Vernix functions as a skin cleanser
(Moraille et al. 2005). In vitro, it has a low surface
energy, suggesting that it creates a protective

hydrophobic layer around the fetus (Youssef
et al. 2001). Vernix contains multiple cytokines,
including IL1α, IL1β, TNFα, IL-6, IL-8, and
MCP, although the role is the subject of future
investigations (Narendran et al. 2010). Vernix
contains the SC lipids, cholesterol, ceramides,
and fatty acids (e.g., oleic, linoleic, and long
chain species) and non-SC lipids, e.g., sterol
esters, triglycerides, and squalene (Rissmann
et al. 2006; Tollin et al. 2005). The ceramide
component, e.g., type and ratio to other lipid clas-
ses, influences the barrier properties in SC model
systems (Kessner et al. 2008). Vernix films
impede penetration of the exogenous enzyme chy-
motrypsin (found in meconium) in vitro
(Tansirikongkol et al. 2007b) and, hypothetically
establish epidermal-amniotic fluid gradients of
water, nutrients, and electrolytes necessary for
normal architecture and barrier formation
(Thakoersing et al. 2010). Vernix films are semi-
permeable, unlike those of petrolatum-based
creams. Premature infants of 26.2 weeks GA
(mean) were treated with PBC twice daily and
compared to a cohort without daily application
(PBC applied only to local dryness or compro-
mise) (Edwards et al. 2004). Nosocomial infec-
tion rates were higher for the PBC infants of

Fig. 5 Effect of vernix on skin dryness. The effects of
twice-daily application of vernix and a petrolatum-based
cream (PBC) (both 2.5 mg/cm2) on early-stage SC repair
were compared versus a fully occlusive film and untreated
skin (tape stripped, no occlusion) in adult forearm tape-
stripped skin. Visual dryness was greater for full occlusion

versus no occlusion and vernix ( p < 0.05). PBC was drier
than no occlusion ( p < 0.05) and directionally drier than
vernix ( p = 0.09). *Indicates significantly different from
no occlusion and vernix. #Indicates directional difference
versus vernix and a significant difference from no occlu-
sion (Adapted from Visscher et al. 2011b)
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501–750 g. Since PBC at levels> 1 g/cm2 are
occlusive to water vapor transport (Gunt 2002;
Joseph 2002), the applied amount may be been
sufficiently occlusive to delay SC barrier devel-
opment and/or to permit growth of coagulase-
negative Staphylococcus (Visscher 2003).

Overall, vernix facilitates development of the
stratum corneum protective barrier in the normal,
full-term infant through a variety of protective and
adaptive mechanisms. Very premature infants are
born before vernix is fully distributed on the skin
in utero and, consequently, may be deprived of the
benefits. Epidermal barrier treatments based on
vernix may protect them from vulnerabilities
including delayed barrier maturation, delayed
acid mantle formation, infection, and water loss.
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Near the end of the 1980s, the first research results
concerning skin property changes resulting from
covering the skin with diapers and garment fabrics
(fiber-based materials) appeared in the literature
(Zimmerer et al. 1986; Hatch et al. 1987; Wester
et al. 1985). The bioengineering instruments used
were a focused microwave probe to determine the
water content of the SC, an evaporimeter to assess
the rate of evaporation of transepidermal water from
the skin surface, and a laser Doppler velocimeter
instrument to measure capillary blood. Low interest
in using bioengineering instruments to study the
effect of diapers (Campbell et al. 1987; Davis
et al. 1989; Wilson and Dallas 1990; Berg
et al. 1994; Akin et al. 1997; Grove et al. 1998,
2002; Odio et al. 2000a, b; Partsch et al. 2000;
Zhai et al. 2002; Visscher et al. 2000) and garment
fabrics (Hatch et al. 1990a, b, 1992a, 1997; Barker
et al. 1990; Markee et al. 1990, 1991; Cameron
et al. 1997) has continued. Research results about
the effects of washing the skin with cloth towels
(textile products) and baby wipes (paper products)
using bioengineering instruments have become
available (Priestley et al. 1996; Farage 2000; Odio
and Friedlander; Odio et al. 2001).

This chapter reviews studies whose results have
advanced our knowledge about the effects of fiber-
based materials on the human skin with the use of
bioengineering instrumentation. The emphasis is on
how fiber-based materials change properties of the
skin they cover and/or contact. Readers are referred
to sources of information about the bioengineering
instrumentation used (Berardesca et al. 1995; Elsner
et al. 2002; Hatch et al. 1992b). Our purpose is to
encourage further work in this area.

1 Diapers/Incontinence Products

1.1 Specifications and Aims

Cloth diapers and incontinence products may be a
large rectangle piece of fabric which has to be
folded by the caregiver, a large rectangle of cloth

prefolded and sewn to create a multiple-layered
product, or a form-fitted multilayer textile prod-
uct. Cloth diapers are intended to be laundered
after each use and reused. The fiber content of the
fabric comprising cloth diaper is usually cotton
because this fiber is absorbent, soft, and resistant
enough to acids, alkalis, and abrasive action to
make a satisfactory diaper. Some cloth diapers
are made with a polypropylene section, a section
that contacts the wearer’s skin. Waterproof pants
are usually put on over the cloth diaper to reduce
contamination of the environment as the diaper
becomes soiled. In contrast, disposable diapers
and disposable incontinent products are one-time
use products made entirely or partially of paper
products. Minimally, they have a top (liner) sheet
that contacts the skin when the diaper is worn, an
absorbent core layer, and a bottom sheet (back or
outer) that serves the same function as the water-
proof pants in the cloth diaper ensemble. Dispos-
able products may have six layers: top sheet,
intake layer, secondary layer, absorbent core, tis-
sue layer, and bottom sheet (Grove et al. 1998).

The engineering of a diaper/incontinence prod-
uct system is based on keeping the diapered area
of the skin as close to the hydration level as it
would be if un-diapered. Keeping the diapered
area as close to normal hydration as possible is
of considerable interest because it has been shown
that skin permeability, CO2 emission, frictional
trauma, and growth of pathogenic microorgan-
isms are increased as skin hydration increases,
and the skin’s barrier properties are also
compromised (Aly et al. 1978; Zhai and Maibach
2001a, b, 2002). The clinical consequence of such
an environment under diapers is erythema, mild
rash, and outright diaper dermatitis, conditions
unpleasant to the wearer and care provider.

Wearing of cloth or disposable diapers by
infants or the wearing of cloth or disposable
incontinence products by incontinent individuals
creates a fairly closed environment; how closed it
is depends on the fit of the product, the specific
materials used, and the specific layering system.
Fit influences (1) the amount of air passing
between the product and the skin surface and,
therefore, the amount of water carried out of the
system as vaporous water and (2) how close
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moisture (urine) is to the skin surface when the
diaper becomes wet. The type of materials influ-
ences moisture properties, softness, and the coef-
ficient of friction. Which properties are needed
depends on the location of the material in the
assemblage (system). Desirable features of top
sheet materials are low absorbency and high
wickability, plus a low coefficient of friction
because it is in direct contact with the skin. Prop-
erties for the absorbent layer’s material are high
absorbency and high water retention. Properties
for the bottom sheet are high water vapor perme-
ability (breathability) and high waterproofness
(high resistance to the passage of liquid water).

This section reviews those studies in which
bioengineering instrumentation was used to com-
pare marketplace products, to develop improved
diapering systems, and to enhance experimental
produces for studying the effects of diapers/incon-
tinence product on the skin. They are presented in
chronological order that best reveals the advance-
ment in diapers/incontinence product design and
adjustment of methodologies to detect differences
due to product design.

1.2 Evaluating Conventional
Disposables and Cloth Diapers

Zimmerer et al. (1986), the first team to publish
study results, were interested in the alteration in
skin wetness due to covering the skin with wet and
dry conventional disposable and cloth diapers. In
addition to assessing skin wetness, they assessed
changes in skin friction, the skin’s susceptibility to
abrasion damage, its permeability, and its support
of microbial growth. Adults wore prepared diaper
patches on their arms which had been preloaded
with synthetic urine, a procedural method that the
research team had established was as valid as
placing the materials on infants in the diapered
area. An evaporimeter was used to measure the
rate of evaporative water loss off the skin surface
following removal of the diaper materials from the
subject’s forearms. Evaporative water loss (EWL)
rates were proportional to diaper wetness. The
wetter the diaper patches, the greater the EWL
rate. At equivalent water loadings, cloth diaper

material produced greater EWL rates than the
disposable diaper. Increased EWL rates were
accompanied by undesirable increases in the coef-
ficient of friction, abrasion damage, skin perme-
ability, and microbial growth. An increase in the
coefficient of friction results in the skin more
easily damaged by abrasion and that exhibits a
reduced barrier capacity.

1.3 Evaluating Absorbent Core
Materials

Absorbent gel disposable diapers were compared
to reusable cloth and conventional disposable dia-
pers in a study by Campbell et al. (1987). Differ-
ences in skin health were expected because adding
the gel material to the absorbent middle layer of
the diaper would increase absorbent capacity and
moisture holding/binding capability relative to the
other two diaper designs. In this investigation,
1,614 infants were assigned to wear the three
different diapers. Like Zimmerer et al. (1986),
the main focus was studying the hydration state
of the skirt. An evaporimeter was used to collect
EWL rate data. The measurement sites were
located in the suprapubic and buttock areas and
assessment was done before and immediately
after the diaper was removed. The skin under the
absorbent gel disposable diapers was significantly
less wet, closer to normal skin pH, and had a lower
degree of diaper dermatitis than the skin under the
conventional disposable or reusable cloth diapers.
The results were consistent with the researchers’
hypothesis that better control in the diaper area of
skin wetness, skin pH, and prevention of the
mixing of urine and feces produce a better diaper
environment.

Fluff absorbent and fluff plus absorbent poly-
mer diapers were used in a study by Davis
et al. (1989). Differences were expected because
the addition of absorbent polymers to the absor-
bent inner layer of the diaper should improve fluid
binding and help control the pH in the diaper
environment. Skin effects were assessed for the
change in skin hydration, alteration of skin pH,
and occurrence and severity of diaper dermatitis.
The clinical study involved approximately
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150 infants over 15 weeks, with each infant wear-
ing fluff diapers and absorbent polymer diapers.
Again, an evaporimeter was used as well as an
electrical conductance instrument to assess water
content. Urine loads in the diapers were deter-
mined gravimetrically. Expert graders also evalu-
ated infants’ diapered skin. Results showed that
diapers with absorbent polymer provided a better
skin environment than those with fluff because
skin wetness was lower and pH control better
compared to the fluff absorbent only diaper. In
addition, the clinicians’ grades indicated a direc-
tional reduction in diaper rash severity under the
diaper with the absorbent polymer.

Five brands of superabsorbent (SA) diapers
were compared to five brands of reusable cloth
diapers and four brands of conventional dispos-
ables by Wilson and Dallas (1990). Using the
Zimmerer et al. model, they asked 80 healthy
volunteers to wear a 2 in. wet diaper patch on
their volar forearms for 2 h. This team was inter-
ested in the relationship between diaper wetness
(the amount of synthetic urine remaining in the
patch at the end of 2 h of skirt contact) and skin
wetness at that same time. The same amount of
synthetic urine was placed in each patch
(preloaded); the amount represented a moderate
amount based on the previous work of Zimmerer
et al. (1986). An evaporimeter was used to mea-
sure excess skin wetness attributed to the patches.
The amount of moisture retained in the patches
was determined at the time of removal. The SA
disposable diapers kept the skin drier and retained
more synthetic urine than cloth reusable and con-
ventional disposable diapers. The SA brands eval-
uated did an equally adequate job in keeping the
skin dry and in retaining moisture. Conventional
disposable diapers were less able to keep the skin
dry than SA diapers and were not superior to cloth
products in most instances. Cloth diapers’ ability
to lower skin wetness depended on their construc-
tion: those with several layers of the same fabric
were less successful in keeping the skin dry than
ones that contained middle layers of unwoven
components. Among these results, the most inter-
esting one is that the diapers that retained the most
preloaded moisture during the 2 h wearing period,
the SA type, were also those where the skin was

the least hydrated. So the amount of moisture in
these diapers was not related to increased skin
hydration. This result makes sense when one real-
izes that the underlying idea for the SA diaper
design is to move moisture away from the skin
and retain it at a distance from the skin surface so
it is not available to hydrate the skin. Odio and
Friedlander (Odio and Friedlander) suggested that
the reason significant differences were not found
among the SA brands was that the methodology
was not designed to detect these differences.

Akin et al. (1997) worked to design a method-
ology to more reliably and realistically assess the
effectiveness of absorbent articles in mitigating
skin hydration. Changes made were to (1) cover
a greater amount of skin surface, (2) measure the
amount of water retained in the core (absorbent
layer) and in the top sheet rather than total water
retained, and (3) load the diaper with urine after its
placement on the skin rather than preloading it.

They wrapped disposable diapers with differ-
ent absorbent structures around the forearms of
adult volunteers, then loaded the diaper with urine
substitute, and held the wet diaper in place for l h.
Then they measured the hydration of the volar
region by evaporimeter and compared that data
to data obtained by measuring skin hydration in
the diaper region of children who had worn
control-loaded diapers in the usual way. The
amounts of fluid retained in various portions of
the diaper were measured. One result was that
evaporative water loss measurements on adult
forearms were a reliable test for comparing the
effectiveness of absorbent articles in preventing
skin hydration provided that (1) the complete
garment was used and (2) fluid was loaded into
the garment in a manner that simulated normal
urination. Other results were that (1) the skin on
adult forearms and skin in the diaper region of
children were concordant in their response to wet
diapers, and (2) skin wetness was directly related
to the amount of liquid retained in layers close to
the skin. This methodology was used by subse-
quent researchers.

Also, highly important to note here is a study
by Berg et al. (1994) which was conducted to
evaluate the strength of the association of diaper
dermatitis with skin wetness and pH. Data was
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collected in four diaper clinical trials involving
1,601 infants and over 15,000 individual mea-
surements of skin wetness, skin pH, and observa-
tions of diaper rash severity. The data was
statistically analyzed. Subjects wore their own
diaper product for 4 weeks to establish baseline
data, then wore a test diaper product for 8 weeks,
and then their own diaper again for 4 weeks. Berg
et al. (1994) provide no description of the test
diaper but it is likely it is a superabsorbent dispos-
able given the year in which the study was
conducted and the company that employed the
authors. The skin of the diapered area was visually
evaluated for evidence of diaper dermatitis by
trained graders every 2 weeks of the l6-week
trial. Skin wetness and skin pH measurements
were taken at each grading session. Mean EWL
values for each infant were calculated as the mean
of front and back readings at all-time points,
minus a control value obtained on undiapered
skin of the thigh. Areas of dermatitis were
avoided.

Diapered skin wetness was significantly ele-
vated compared with that of adjacent undiapered
skin. Therefore, both pH and skin wetness have an
impact on diaper dermatitis. At each grading
period, elevated physical measurements were
associated with elevated diaper dermatitis grades.
Skin wetness was more strongly associated with
diaper dermatitis than pH at each grading period.

A retrospective evaluation of 12 clinical stud-
ies conducted before and after the introduction of
absorbent gelling materials by Odioet al. (Odio
and Friedlander) was undertaken to determine
whether utilization of these absorbent materials
was associated with a marked reduction in the
severity of diaper dermatitis. Six of the clinical
trials were conducted before the introduction of
the new diapers and six following involving 4,000
children. The severity of diaper dermatitis was
less after the new core material introduction.

1.4 Evaluating Bottom Shoot
Materials

Superabsorbent diapers that differed in type of bot-
tom (back) sheet material were studied by Grove

et al. (1998). One diaper (E) had a waterproof
breathable bottom sheet and two others (A and B)
had a conventional waterproof bottom sheet.
Except for the bottom sheet, diaper E was identical
to B. Inwaterproof breathable bottom sheet diapers,
the microporous membrane used for the back sheet
is permeable to air and water vapor (is breathable)
but impervious to liquid (waterproof). In the study,
an intact diaper was attached to the adult forearm or
a child wore the diaper. The diapers were loaded
with liquid, simulating urination during actual use.
After a 1 h exposure period, the hydration state of
the underlying skin was evaluated using computer-
ized evaporimetry as well as by using electrical
conductance. Comparative studies were also run
in the diaper region of children who wore both
types of SA diapers. Test diapers were dissected
and fluid distribution within various layers was
measured gravimetrically.

Both the adult and child model methods gave
identical evaporimeter readings of skin hydration
for the three test diapers. In each case the diapers
were shown to be significantly different from each
other with p < 0.001. Commercial diaper A left
the skin wetter while the experimental breathable
diaper E kept the skin significantly dryer. The
correlation coefficient of adult and child tests
was 0.895. The adult EWL measurements were
higher than children’s due to differences in probe
placement.

Conductance (skin hydration) data also
showed the same differences as evaporimetry but
there was more variability in the data. Although
diapers A and B contained superabsorbent poly-
mer (SAP) at about the same levels, diaper A
caused significantly more skin hydration in all
tests with all procedures. The apparent cause of
this difference was thought to be due to differ-
ences in the liquid distribution in the diapers – in
diaper A almost 12 % of the total fluid volume
remained in the skin-accessible layers and was
able to contact the epidermis. In diaper B, virtu-
ally all of the fluid was locked into the absorbent
core and away from the skin surface. This differ-
ence in liquid distribution is consistent with the
skin dryness performance of the two products.
Diaper E caused the least amount of skin hydra-
tion. It had a breathable bottom sheet (outer layer).
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Lane et al. (1990) confirmed that disposable
diapers containing absorbent gelling material
resulted in fewer occurrences and less severe
diaper dermatitis after testing 140 infants dia-
pered in either conventional cellulose core dis-
posable diapers and diapers containing the
cellulose core plus the gel material. Akin
et al. (2001) later determined that children who
wore gel diapers with a breathable outer layer
had fewer occurrences of Candida and common
diaper dermatitis than when wearing gel diaper
without the breathable outer layer. They also
provide a water vapor transmission rate for the
breathable film as >3,000 g/m2/day and for an
occlusive bottom sheet film as zero.

1.5 Evaluating Top Layer Materials

A disposable diaper designed with a top (inner)
layer supposedly capable of delivering to the skin
a formulation intended to protect that skin from
over-hydration, and irritation was studied by Odio
et al. (2000a, b). The objectives of the first phase
were to (1) determine the extent of the delivery of
the formulation from the top sheet during normal
use of the diaper and (2) whether the amount
transferred was sufficient to have an impact on
the skin surface microtopography. The objective
of the second phase was to assess skin condition.
The formulation incorporated into the top layer of
the experimental diaper was petrolatum because
this formulation has a history of promoting health-
ier skin in diapered areas by enhancing SC’s bar-
rier function and rendering it more resilient to
hydrating, irritant, and mechanical insults.

To study the delivery of the petrolatum, 60 chil-
dren, 16–24 months of age, were assigned ran-
domly to one of two groups. Group one children
had two tapes attached to their buttocks. After
wearing the experimental diaper for 3 h, one tape
was removed, and after a second experimental
diaper was worn for 3 h, the other type was
removed. Group 2 children also had two tapes
affixed to their buttocks. These children wore
experimental diapers for a 24 h period, times for

diaper changes being done according to the par-
ent’s normal routine.

Parents were not to wipe the tapes. One tape
was removed at 18 h. When these children
returned to the laboratory at 24 h, the second
tape was removed. Subsequently, the tapes were
extracted and the amount of petrolatum trans-
ferred was calculated. Results were that during
normal diaper use, formulation transfer from the
diaper to the skin occurred in a cumulative, time-
dependent manner.

To study the effect of the delivered petrolatum
on skin microtopography, two independent,
blinded, and randomized clinical trials were
conducted on 110 children. In time period 1 at
the first visit, a skin surface replica was taken on
each buttock of each child in an area free of
evidence of skin damage. Children were then
assigned to a group in which they would only
wear the control diaper for 9 days or to a group in
which they would wear only the experimental
diaper for 9 days. The control diaper was identi-
cal to the experimental diaper except for the
absence of the petrolatum formulation. The con-
trol diaper was the superabsorbent type (the core
being AGM/cellulose). Parents were given
instructions about bathing and diapering the
child. On day 10, a second skin replica was
made. Children who wore the experimental dia-
per were dismissed from the study. Those who
had worn the control diaper were then assigned
randomly to a group to remain on the control
diaper or to use the experimental diaper for
l week. All children returned to the lab on day
18 and another skin replica was taken the same as
for visits l and 2. The day 10 roughness measure-
ment served as the baseline against which the day
18 roughness measurements could be compared.
Importantly, one set of this comparison data (day
10–18) is for children who had worn a high-
quality control diaper for an extended period of
time before wearing the experimental diaper.
Results were that the use of the formulation-
treated diaper was associated with significant
reduction in skin surface roughness compared
to the control diaper.
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In phase two, two studies were conducted. The
first was designed to determine whether repeated
use of the formulation-treated diaper would
improve the erythema profile of diapered skin
relative to that of infants wearing the control dia-
per. The second study determined the effect of the
test diaper on the diaper rash profile of children
during a 4-week period of use of the control and
test products. A noticeable reduction in the sever-
ity of erythema occurred among the infants who
used the test diaper compared to those who wore
the control product. There was also a noticeable
reduction in the severity of erythema for the
infants wearing the control diaper, establishing
that wearing a high-quality formulation-free dia-
per assists with diapered area skin health. Even
though the rash scores varied markedly over time
for both groups, results were that there was a
consistent reduction in diaper dermatitis among
children using the test product compared to the
control product.

1.6 Other Investigations

Partsch et al. (2000) and Grove et al. (2002) eval-
uated change in the scrotal, skin, and/or core
temperatures under the diapered area of young
boys. The procedure used by Partsch et al. was
to record scrotal temperatures over a 24 h period
in the child’s home using a Thermoport device
which was designed for long-term monitoring in
adult males. One series of temperatures was taken
while the child wore a disposable diaper (German
Pampers Premium, Proctor and Gamble) and
while wearing a reusable diaper (whether a pro-
tective cover was worn or not is not known). They
found that mean scrotal temperatures under the
disposable diapers were significantly higher than
under the reusable diapers. The procedure used by
Grove et al. (2002) was to continuously monitor
scrotal and skin surface temperatures under con-
trolled laboratory conditions using temperature
probes designed for pediatric studies. Tempera-
ture of the tympanic membrane was measured
using an infrared thermometer as an estimate of

core temperature for each individual at various
times during the 2 h session. The subjects were
70 normal healthy boys, 3–25 months old. The
diapering situations included reusable cloth dia-
pers used with and without a protective cover and
various disposable diapers. The findings were that
scrotal temperatures were the same during the
wearing of disposable diapers and reusable cloth
diapers with protective cover. Scrotal temperature
was lower when the reusable diaper was worn
without the cover. On average scrotal temperature
was significantly lower than core temperature.
Skin surface temperatures increased when cov-
ered by a diaper.

Zhai et al. (2002) investigated the relationship
of stratum corneum hydration and skin permeabil-
ity as a result of covering adult skin with wet
occlusive patches and wet diapers for 10 min,
30 min, and 3 h. Nine women wore the patches
on their forearms after baseline values for water
evaporation rate (WER), skin blood flow volume
(BFV), capacitance (Cap), and redness (a*) were
determined. Immediately after removal of the
patches, either 20 μL of methyl or hexyl nicotinate
was applied to various sites. WER and Cap read-
ings were recorded at designated sites 0, 5, 10, 15,
and 20 min after nicotinate application. The a*
and BFV measurements were made on each
nicotinate-challenged site 5, 10, 15, 20, 30, 40,
and 60 min after the nicotinate application. Find-
ings were that wet patches and diapers increased
skin hyperhydration proportional to exposure
time. Permeation of nicotinate increased for
hydrated skin versus control, as soon as 10 min
of patch exposure. There was no evidence of
increased permeation rates with increased
hyperhydration once a relatively low threshold
of hyperhydration was achieved. The researchers
concluded that there were no meaningful differ-
ences in permeation following either diapering
simulation and suggested that the “WER-Area
Under the Curve Method was superior to capaci-
tance for measuring the absolute extent of
hyperhydration.”

Visscher et al. (2000) investigated (1) the nor-
mative features of newborn SC hydration and
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barrier properties during the first month of life,
(2) identified differences in skin hydration and
barrier properties of diapered skin versus
undiapered control sites, and (3) compared the
barrier properties and hydration of infant skin
with those of adult skin under similar environ-
mental conditions. One purpose of the study was
to determine whether newborn children’s
mothers’ volar forearms might be used to learn
about the hydration effects of diapering newborns.
Thirty-one term infants were evaluated in the hos-
pital on postnatal day l and at home on days 4, 7,
14, 21, and 28 for a total of six visits. Measure-
ments included baseline skin hydration, continu-
ous capacitive reactance, and environmental
conditions. The skin sites were below the waist-
band of the diaper above the symphysis pubis and
above the waistband. Measurements were taken
25 min after diaper removal to allow evaporation
of surface moisture. Changes in epidermal barrier
properties over the first 4 weeks of life included an
increase in surface hydration, a decrease in
transepidermal water movement under occlusion,
a decrease in surface water desorption rate, and an
increase in surface pH. Diapered and undiapered
regions were indistinguishable at birth but
exhibited differential behavior over the first
14 days, with the diapered region showing a
higher pH and increased hydration. Maternal mea-
surements remained constant throughout the
period. They concluded that healthy newborn
skin undergoes progressive changes in epidermal
barrier properties over the first 28 days. Adult skin
testing does not replicate newborn skin during the
first month of life.

2 Garment Fabrics

2.1 Specifications

Fabric is a thin, planar material whose smallest
material unit is a textile fiber, a unit of matter that
is characterized by having a length at least
100 times its diameter or width and which can be
spun into yarn or made into fabric. The diameter of
textile fibers is small – generally, 0.0004–0.002 in.
(10–50 μm). Their length varies from �7/8 in.

(�1.8 cm) to many miles. The other material com-
ponent of fabrics is yarn, long thin structures com-
posed of fibers. In addition to fiber content, a fabric
may also have a colorant content (dyes and pig-
ments) and a chemical finish content. Fabric is the
most suitablematerial for covering the human body
because it usually allows insensible perspiration
(TEW) to pass through it and it moves as the
body moves (bends, stretches, etc.).

Placing garment fabric over the skin does not
usually create nearly the occlusive environment
that results from the wearing of diapers/inconti-
nence products. However, placing any garment
fabric on the skin has the potential to change
skin properties. Fabrics differ from each other in
water vapor permeability (a property commonly
called breathability), in absorbance of water
vapor, in capability to absorb, adsorb, and imbibe
liquid water, in wicking ability (the ability to
move water from one surface to the other by
capillarity), in softness (ease of bending), and in
surface characteristics. Like diapers, garment fab-
rics may become saturated with water, the water in
this case being most often perspiration or rainwa-
ter. Continuing to wear wet fabrics after swim-
ming, snorkeling, and other water activities keeps
a water supply near the skin surface. Wetted fabric
may be a source of water to increase SC hydration.
Wetted fabric may lie closer to the skin surface
than dry fabric and may alter the degree of friction
of the fabric on the skin.

The motivation for studying the effect of fabric
on skin properties does not lie in the need to
reduce a singular major skin health such as under-
lies the study of the effect of diapers on the skin
they cover. Rather, the motivations have been to
learn (1) under what wearing conditions can
changes be detected and (2) what properties of
the fabric may account for the differences in the
magnitude of change. The long-termmotivation is
that test procedures might be developed that
would aid in evaluating high-performance sports
apparel and occupational protective garment sys-
tems (systems in which the outer layer of the
system provides a barrier to wearer generated
moisture dissipation).

In this section, we review a series of studies in
which the effect of garment fabric on the skin was

1216 J. Leong et al.



studied. These studies are grouped by the type of
fabric used in the experiment.

2.2 Triacetate and Polyester Fabrics
Experiment

In the earliest study (Hatch et al. 1987), our objec-
tive was to (1) determine whether a change in SC
hydration could be detected after being covered
by a fabric swatch using available bioengineering
instrumentation and (2) whether the fiber compo-
sition of the fabric made a difference in the hydra-
tion state of the skin lying under it. Two woven
dress weight fabrics that were alike except in fiber
composition were selected. The fiber composition
of one was polyester (a manufactured synthetic
fiber with poor moisture absorption) and the other
triacetate (a manufactured cellulosic fiber with
moisture absorption capacity about five times
greater than polyester). Swatches of each of
these fabrics were placed on a sedentary subject’s
forearms with and without a covering of occlusive
plastic film. A focused microwave probe was used
to assess SC water content and an evaporimeter
measured rate of transepidermal water loss
(TEWL) before and after removal of the fabric
swatches.

Placement of either triacetate or polyester on
the forearm without a covering of film did not
cause detectable changes in water content or evap-
oration measured immediately after fabric
removal even when the fabric had been in contact
with the skin for 90 min. SC water content and
evaporation increased as the fabric film remained
on the forearm longer. SC water content was gen-
erally greater at polyester/film-covered forearm
sites than at triacetate/film-covered sites, but
there was not a significant statistical difference
due to fabric type (fiber composition). Forearm
water evaporation after fabric swatch removal was
also greater for polyester/film sites than for triac-
etate/film sites; this difference was statistically
significant. Occluded fabric placed on the skin,
therefore, influenced SC water content and water
evaporation rate. The data suggest that fiber
absorption differences influenced the hydration
of the covered skin. The triacetate fabric was

absorbing more of the transepidermal water than
the polyester fabric.

Encouraged by these results, our team decided
to undertake a study in which we would investi-
gate changes in skin hydration due to (1) activity
level of subject (sedentary, vigorously active, and
resting after activity), (2) the exercise environ-
ment (hot-humid and hot-dry), and (3) the mois-
ture holding capacity of the fabric of the exercise
garments. Another objective was to assess com-
fort sensations (wet sensation and skin contact
comfort) of the fabric to confirm differences in
the bioengineering instrumentation results. We
also were interested in whether the stiffness of
fibers might alter capillary blood flow and
designed this experiment to include this objective.

2.3 Jersey Knit Garments
Experiment

Three jersey knit fabrics were made. The fabric
construction, jersey knit, is that one usually used
for the manufacture of T-shirts. One fabric was
made entirely from cotton fibers, one from l.5
denier polyester, and one from 3.5 denier polyes-
ter. Cotton fiber, known to be highly absorbent,
and polyester fiber, known to absorb little or no
moisture, were of interest because of the large
difference in absorbent capacity. Two deniers
(weight per unit length) of polyester fiber were
used so that the stiffness of the fibers were be
different. A 3.5 denier polyester is the maximum
size polyester fiber used for garment fabrics. The
fabric made from it was noticeable rougher than
the fabric made from the 1.5 denier fiber. Each
fabric was characterized instrumentally for its
comfort properties (absorption, heat conductivity,
etc.) (Hatch et al. 1990a) and its mechanical and
surface properties related to wearing comfort
(Barker et al. 1990).

The three jersey knit fabrics (100 % cotton,
100 % 1.5 denier polyester, 100 % 3.5 denier
polyester) were made into long sleeve T-shirts
and pants of various sizes. The upper back section
was designed with a zippered section so that
instrumental measurements could be taken on
the upper back. Ten female subjects were enrolled
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into the study alter it was ascertained that they
were capable of doing the exercise routine in the
experimental environments. For each session,
they first acclimated in the exercise chamber,
and baseline measurements were taken including
rate of evaporative water loss using an
evaporimeter, water content of the SC using a
focused microwave probe, and capillary blood
flow using laser Doppler velocimetry. In six ses-
sions, each subject exercised and rested in a hot,
humid environment wearing each of the three
garments and then in a hot, dry environment wear-
ing each of the three garments. Garments were
laundered between sessions. Cutaneous assess-
ments (rate of evaporative water loss, water con-
tent of the SC, and capillary blood flow) were
made under the fabric 20 min following place-
ment of the fabric on the skin, after 40 min of
vigorous exercise, and 20 min after exercise
ceased. Subjects we’re asked for their perceptions
of contact comfort using a standard contact com-
fort scale.

2.3.1 Skin Hydration Results
Rate of skin evaporative water loss from the skin
surface was lower in the higher humidity environ-
ment at all TEWL measurement times (Hatch
et al. 1990b). More water accumulated in the sub-
jects’ SC when they exercised in the humid envi-
ronment. Capillary blood flow was not
significantly influenced by environment. Skin
temperature statistically differed in the two envi-
ronments, but differences were negligible. Statis-
tically significant differences in the physiological
measurements did exist as a result of fabric type.
The researchers speculated that the results might
have been different with snugger garments.

There were no significant differences in water
evaporation or SC water content due to the type of
fabric (Markee et al. 1991). Calculation of
thermophysiological comfort limits (Hatch
et al. 1990a) for each of the fabrics based on
heat and moisture measurements supported the
nonsignificant results. The large differences in
water absorption capability of the fabrics did not
influence skin hydration state. This result proba-
bly reflects the fact that the fabrics did not lie on
the skin surface. All three fabrics increased the

level of SC water content and water evaporation
due to placement on the skin surface. Exercise
level (sedentary, vigorous, resting) significantly
influenced skin wetness state. Further, subjects
did not indicate differences between the fabrics
for wetness or thermal sensations, a result explain-
able in terms of the extremely small differences in
water and heat transport fabric data and the statis-
tically insignificant differences in SC hydration
and evaporative water loss from the skin surface
(Hatch et al. 1990a). The regression model for
wetness sensation showed that SC water content
and evaporative water loss were statistically sig-
nificant determinants.

2.3.2 Effect on Blood Flow
No statistically significant differences in capil-
lary blood flow were detected at upper back
measurement sites when ten female subjects
exercised in garments made from the jersey knit
fabrics of differing fiber contents (Markee
et al. 1991). This occurred even though the char-
acterization testing showed that the fabrics dif-
fered in fiber and fabric stiffness as well as in
other low-stress mechanical properties (Barker
et al. 1990). Unfortunately, we probably took
the laser Doppler measurements on the wrong
skin site. We had noted redness at the tops of
the shoulders of the subjects with the fairest skin
following 40 min of exercise when the 3.5 denier
polyester garment was worn. However, no laser
Doppler measurements were taken at these sites
during the exercise protocol. We speculated that
the stiffness of the polyester fiber was causing the
redness, and the skin/fabric contact at the tops of
the shoulders was greater enough in this region
for the redness to develop.

The link between blood flow and perceived
sensations was addressed by regression analysis
(Markee et al. 1990). Skin temperature was a
significant determinant of perceived thermal
comfort in the regression model, but capillary
blood flow was not. Capillary blood flow was
the only physiological factor with a statistically
significant effect on overall comfort. The
researchers suspected a link between the mechan-
ical and surface features of the fabric and capillary
blood flow.
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2.4 Jersey Knit Fabric Swatch
Experiments

Further work was undertaken with the jersey knit
fabrics because we were surprised to observe that
our female subjects’ upper back SC were as
hydrated under their cotton exercise garments as
under their polyester exercise garments (Hatch
et al. 1992a). This was particularly noteworthy
because the cotton T-shirts were wetted more
with sweat over the measurement sites than the
polyester T-shirts. We expected to find a signifi-
cant difference in SC hydration, not only under
the cotton and polyester garments but also under
the two polyester fabrics that contained different
denier fibers. The purpose of this study was to
determine the effect of fiber type and fabric
moisture content on SC hydration. The six com-
binations of treatments were cotton at regain,
38.6 %, and 75 % moisture content; 3.5 % poly-
ester at regain and at saturation (38.6 %), and 1.5
denier polyester at saturation (38.6 %). Using an
occluded plastic dome, fabric swatches were
placed on both normal and hydrated volar forearm
skin of subjects for a specified time period and
then removed. Two minutes alter removal, evap-
orative water loss and skin temperatures were
measured. The design of the study was a random-
ized complete block with all possible treatment
combinations applied to each subject. Data were
analyzed using analyses of variance on the linear
and quadratic coefficients of best fit lines and
Bonferroni t-tests.

For normal skin, SC hydration generally
increased as fabric moisture content increased.
The SC was significantly drier after being in con-
tact with cotton fabric at regain than at the two
moisture content levels above regain and also
under polyester fabric. For hydrated skin, the
hydration state was significantly lower under the
cotton fabric at regain than at 38.6 % moisture
content and at saturation, but was not significantly
different under the polyester fabric at regain and at
saturation.

Some of these results were not as expected and
needed yet further examination. We wondered
whether the observed decrease in evaporative
water loss from time 30 to time 60 was statistically

significant for the cotton/44 % and polyester/35 %
treatments, and also if the observed increase in
evaporative water loss from time 30 to time
60 was statistically significant, for the cotton/
75 % treatment. Further, we wondered whether
the explanation we offered in that paper about
these results was correct. This was our first exper-
iment in which the fabrics were wet prior to place-
ment. We designed an experiment to monitor the
amount of moisture in the fabric as well as the
alteration in evaporative waterless from the SC. In
the last of this sequence of studies (Hatch
et al. 1997), the objective was to examine the
relationship between fabric moisture content at
the time of fabric removal and level of SC hydra-
tion so that the role of fabric moisture might be
better understood.

Three fabric/moisture treatments were placed
on the SC – 3.5 denier polyester fabric with an
initial moisture content of 35 % and cotton fabrics
with either 44 % or 75% initial moisture content –
then covered with an occlusive dome. SC evapo-
rative water loss (EWL) is measured before treat-
ment placement and after 30 and 60 min of
contact. The amount of moisture in the fabric at
time of removal was calculated in two different
ways; the three analyses of variance were done
using the evaporative water loss and the two fabric
final moisture content data sets. The rate of TEWL
is significantly higher alter 30 min of treatment
contact with SC than alter 60 min of contact. The
amount of moisture in the fabrics is significantly
less at time 60 than at time 30, implying that the
SC is more hydrated at 30 min than at 60 min.
However, the fabrics contain less moisture when
removed at 60 min than at 30 min. As fabric
moisture content decreases, SC hydration
decreases. The question we are not able to answer
is “Where does the moisture go that is initially in
the fabric?”

2.5 Wool Fabric

Wester et al. (1985) were interested in whether the
insulating nature of certain fabrics altered human
capillary blood flow. Capillary blood flow was
measured using laser Doppler velocimetry, a
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noninvasive low-power laser light optical tech-
nique. Two fabrics that differed significantly in
thermal conductivity, a fourfold difference as
determined by the guarded hot plate method,
were placed on the upper arm often on female
volunteers. Blood flow was significantly higher
under the fabric with the lower thermal
conductivity.

Wester et al. (1985) also investigated whether
the abrasive nature and/or prickly nature of certain
fabrics might alter capillary blood flow. Two wool
fabrics were selected that differed substantially in
contact sensation – one was soft, the other coarse.
The thermal effect was controlled by layering the
fabrics before they were worn under a tricot top on
the upper back. On one side of the upper back, the
coarse fabric contacted the skin, and on the other
side, the soft fabric contacted the skin. Skin blood
flow increased from 0 to 3 h, but there was no
statistically significant difference between the fab-
rics. Six of the nine volunteers, however, showed
higher blood flow when the coarse fabric was next
to the skin than when the softer fabric was next to
the skin. The researchers concluded that fabric
influences skin blood flow but that it is not
known whether the prickling or abrasive action
of the fabric’s fibers on the skin altered blood flow
or whether any flow alteration was undetectable
due to instrumentation and methodological
limitations.

2.6 Multiple Fabric Skin Hydration
Experiment

Cameron et al. (1997) investigated the effects of
fabric made from natural and synthetic fibers and
film on transepidermal water loss from the SC
using an occluded system. Sixteen fabrics differ-
ing in fiber type and construction were placed on
the volar forearm of 35 female subjects in a dry
state (standard moisture regain) and a wetted state.
Each fabric was in place for 40 min before TEWL
was measured. There was no statistically signifi-
cant difference in TEWL measurements on a con-
trol skin site from the beginning to the end of the

75-min test session in a controlled, conditioned
environment. Placement of dry fabrics on the skin
did not significantly affect the hydration level of
the SC, though all dry fabrics did increase the
hydration level slightly. Wetted wool and cotton
fabrics significantly hydrated the SC when levels
were compared to either normal skin or skin cov-
ered by dry fabrics. Of the seven synthetic fiber
fabrics tested in the wetted state, three acrylic,
PTFE, and spun nylon significantly increased the
SC hydration level. These three fabrics and the
natural fiber fabrics had comparable wetted mois-
ture content.

In summary, much remains to be accomplished
in studying the effect of garment fabrics on the
skin. Using bioengineering instrumentation
remains a viable avenue for the development of
high-performance fabrics in which moisture man-
agement is a key issue.

3 Cleansing Cloths for Infants

Cleansing cloths to clean the diapered area of
infants are of two major types: cotton wash cloths
which are textile products and disposable wipes
which are usually considered paper products. Dis-
posable baby wipes have been used in North
America for over 30 years and cotton wash cloths
for even longer. Which of the two types of prod-
ucts and which type of disposable wipe is the
safest to use have been recently investigated
using bioengineering instrumentation.

3.1 Effect on Skin pH

Priestley et al. (1996) investigated changes in skin
pH after the use of disposable baby wipes. They
enrolled 317 babies with non-diseased skin ages
4–12 months of both genders into the study. They
set up a double-blind safety in use comparison of
four different brands of baby wipes over a
10-week period. For the first 2 weeks, the babies’
skins were cleaned with only soap and water after
each diaper change. Then, in the next 8-week
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period, each baby was allocated one or other of the
products for normal home use. The wipes differed
in cleansing lotion formulation (emollients, pre-
servative, pH) and fibrous composition.

Results were that there were no clinically
detectable differences (erythema, frequency of
rashes, edema, and desquamation) among the
wipes. There were significant changes in the pH
of pubic and buttock skin inside the diaper area. In
particular, the brand of wipes with the lower pH
(2.8) in the lotion reduced the mean skin pH from
5.6 to 5.0 ( p < 0.01), and those with a pH of 5.5
had no significant effect. Wipes of pH 3.7 gave a
final skin pH of 5.4, but the downward trend was
not statistically significant. The authors note that
skin pH was depressed by topical application of
lotion in the wipes during the experimental period
which was only a fraction of the total time wipes
might be used on each infant. A longer time frame
should be used to know the long-term effect.

3.2 Forearm Test Method
Development

Farage (2000) developed a modified forearm-
controlled application test method for evaluating
the mildness of disposable wipe products on the
skin. The procedure developed includes a semi-
occlusive patch system, a system intended to
mimic the hydrated conditions common to the
skin in the diaper area, and repeated washing
cycles. Visual scoring is done for erythema and
dryness and instrumental scoring for redness
(chromometer) and transepidermal water loss
(evaporimeter). The procedure includes details for
obtaining the hydration level recommended, apply-
ing the test products, and test duration to achieve
significant endpoints for all product assessments.

Four baby wipe disposable products were
selected once the protocol was established. Dif-
ferences were found among the products on all
assessments. The products were not described.
What characteristics of the products accounted
for the differences in skin state is therefore not
available.

3.3 Suitability of Wipe Use
on Dermatitis Skin

Odio et al. (Odio and Friedlander) investigated the
suitability of using infant wipes on children with
dermatitis skin. They looked for possible differ-
ences in rates of skin repair at a tape-stripped skin
site that was not wiped and at a tape-stripped site
that was wiped with a high-quality baby wipe. The
tape stripping was done on the volar forearm of
adults until a stable rate in transepidermal water
loss was achieved at approximately 30 g/m2/h
above base rate (a condition thought to correspond
with that observed on the skin of children who are
experiencing a moderate to severe diaper derma-
titis reaction). One tape-stripped site served as a
control, and the other was rubbed with the wipe in
a manner simulating the amount of wiping a
child’s skin might experience in a normal day.
A single grader, who did not know which treat-
ment was applied to each site, scored the sites for
degree of erythema. Results were that erythema
scores declined at a relatively uniform rate during
the course of the 4 days of the study at both control
and wipe-treated sites; importantly, scores
remained comparable between sites through the
entire study, and by day 4, erythema was almost
completely gone at the control and test site. It was
concluded that the use of a high-quality infant
wipe does not interfere with the normal process
of skin repair.

3.4 Cotton Washcloth and Water
Versus Disposable Baby Wipes

Odio et al. (2001) designed four experiments to
study the effects on skin cleansed with water and a
high-quality cotton washcloth intended for
hygiene care of children and with two different
brands of high-quality disposable baby wipes.

Study 1 was an 8-day in-use skin mildness
comparison of the products on 82 children. All
children were in good health at the enrollment
visit, weighing 16–28 lbs, were disposable diaper
wearers, and had Fitzpatrick skin types I–III.
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None had known contact allergies, presented with
moderate or greater erythema or rash in the diaper
area, or took medication that might influence skin
condition or might increase stool frequency. They
all wore the same disposable diaper immediately
following enrollment in the study. Usual cleansing
practices at diaper changes were done during the
first week but no lotions, creams, or powders were
used after cleansing. Half of the infant then
cleansed with one of the wipe products for
8 days and the other half with the cotton wash-
cloths and water. Again, no lotions, creams, or
powders were used. No instructions were pro-
vided for cleansing. Assessments were visual
skin erythema by an experienced grader, skin
barrier status by evaporimetry, and skin surface
microtopography.

Skin redness observed in the genital region of
infants who were cleansed with the cloth and
water was not different than that of infants who
were cleansed with the disposable wipe. However,
in the perianal area, where cleansing tends to be
more vigorously done for hygiene reasons, skin
redness scores were statistically higher for the
children cleansed with cloth and water than for
those cleansed with the disposable wipe. No sig-
nificant changes occurred in TEWL as a result of
cleaning with both products. Surface roughness of
skin increased for infants cleansed with cloth plus
water, but not for those cleansed with the dispos-
able baby wipe, but the difference was not statis-
tically significant.

Study 2 was a 2-week study to evaluate change
in baseline transepidermal water loss due to con-
trolled cleansing using (1) a washcloth with water,
(2) a washcloth with soap and water, and (3) a
baby wipe on degradation of skin barrier integrity
using the Farage test procedure (Farage 2000) on
24 females 18–45 years old. They were in good
health, had skin types I–III, and agreed to adhere
to specific skin-cleansing routines and not use
skin care products that might interfere with the
study. They were not taking medication that
would affect skin condition, nor were they preg-
nant or lactating.

Subjects suspended the use of all skin care
products on forearms l week before the first clinic
visit, a visit during which volar arm skin sites

were demarcated and assigned a treatment.
Cleansing was done at the clinic on days 1 through
5, spaced at 90 min intervals. There were three
cleansing session of 30 s duration and one of 60 s
duration. TEWL loss was assessed on day 1 prior
to initial cleaning and on day 5, 90 min after the
last cleansing.

Repeated, daily cleansing using disposable
wipes yielded no detectable change in skin barrier
integrity (elevated TEWL). However, cleansing
with the washcloth (both with water and with
water and soap) resulted in a statistically signifi-
cant increase from the baseline indicating detect-
able degradation of the epidermis. The
degradation was greater when soap was used.

Study 3 was a 5-day study to evaluate the rate
of skin repair following controlled cleansing with
two brands of disposable wipes and with the cloth
plus water. On day 1, erythema scores and base-
line TEWL measurements were taken at a control
and two treatment volar forearm sites of 24 female
subjects. Subjects met the same criteria for inclu-
sion as in study 1. Sites were tape stripped until
the rate was about 50 g/m2/h. Cleansing of the
treatment sites was done in the clinic on four
consecutive days. Erythema scores and TEWL
measurements were taken each day.

Skin repair, as evidenced by a return of TEWL
measurements to the baseline measurement, and
reduction of skin redness scores proceeded at
comparable rates at sites cleansed with disposable
wipes and the control site. In contrast, the sites
cleansed with the washcloth and water showed a
pronounced delay in the rate of barrier recovery.

Study 4 was designed to determine stinging
sensation of wipe lotions on compromised skin,
especially nasolabial folds. One side was exposed
to wipe lotion and the other to water (negative
control). Neurosensory response was scored from
0 (no sensation) to 5.0 (extreme stinging).
Females eligible for this study had to have no
evidence of epidermal damage in the study area
and had a sting response to 10% lactic acid. Facial
skin care products were not used for 1 week
except the use of soap for cleaning. TEWL mea-
surements were taken on day 1 and 2, the days the
subjects became familiar with the sting test. On
day 3, TEWL is taken and then the skin tape
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stripped. This was repeated on the afternoon of
day 3, the morning and afternoon of day 4, and the
morning of day 5. On the afternoon of day 5, a
final TEWL measurement was taken at each
nasolabial fold. Water was applied to onefold
and lotion to the other. Two minutes later each
subject graded the sensation. Fifteen minutes
later, lactic acid was applied to both folds and
the subjects rated the sensation to verily the sting
sensitivity of the subjects.

Sting responses were not statistically different
for water application and wipe lotion application
to the compromised skin of the female subjects.
The sensations evoked by both treatments were
below the sting range of the scoring scale.

Overall, the results of the four studies showed
that cleansing with high-quality baby wipes leads
to less compromised skin. The results of this study
should not be generalized to all wipe products as
there are many brands available in the
marketplace.

4 Disperse Dye Effects on the Skin

4.1 Evaluating Commercial
and Pure Textile Dyes

Malinauskine (Malinauskiene et al. 2011)
explored disperse dyes, D Orange 1 and D Yellow
3, and its sensitizers present in the commercial
dye. Two disperse dye azo-dyes (D Orange
1 and D Yellow 3) were tested because they
were found to most frequently result in a positive
testing in their dermatitis department. The tests
were carried out on ten patients who previously
tested positive for reactions with D Orange 1 and
D Yellow 3. The test was carried out using com-
mercial dye and purified dye. Diluted purified dye,
water-soluble residues of D Orange 1 and D Yel-
low 3 diluted to a concentration of 1.0 % w/v in
distilled water, and naphthalene sulfonate 1.0 %
aq w/v were used for the patch testing. The com-
mercial dye was separated into its water-soluble
and fat-soluble fractions where the samples were
then diluted to a concentration of 1.0 % w/v using
distilled water. The patch testing for the commer-
cial dyes was done using thin-layer

chromatography to separate the dye from any
impurities. The separated spots are then cut from
the TLC and placed on the back of the patients for
48 h using Scanpor tape. The pure dyes did not
require any separation using TLC for patch test-
ing. The test showed that there was some reactiv-
ity on different spots of the TLC which indicates
that there are sensitizers present in commercial
dyes DO1 and DY3 that are not present in purified
DO1 and DY3.

4.2 Interaction Between Skin
Bacteria and Textile Dyes

Malinauskine et al. (2012) further investigated the
effects of human skin bacteria breaking down textile
dyes into corresponding aromatic amines. Studies
have also show that a cross-reactivity between dis-
perse dyes and para-amino compounds could result
in positive reactions or cross-sensitization. This test
was carried out on ten patients who have previously
tested positive for reactions with D Orange 1 and D
Yellow 3. Possible azo degradation pathways for
both D Orange 1 and D Yellow 3 were found to be
p-aminodiphenylamine, 4-Nitroaniline,
4-Aminoacetanilide, and 2-Amino-p-cresol. Fur-
thermore, the para-amino compounds, black rubber
mix, and p-phenylenediamine (PPD) were also
patch tested. Black rubber mix contains a mixture
of N-cyclohexyl-N0-phenyl-4-phenylenediamine
(CPPD), N,N0-Diphenyl-4-phenylenediamine
(DPPD), and N-Isopropyl-N0-phenyl-4-
phenylenediamine (IPPD). Pure samples of each of
these chemicals were obtained for the test. High-
performance liquid chromatography was done
on the pure samples D Orange 1 and D Yellow
3 to confirm that none of the azo-degraded
chemicals were present. The patch tested was
done using purified DO1 and DY3, PPD,
CPPD, DPPD, and IPPD all dissolved in acetone
and prepared as 1.0%wt/vol. The patients were also
tested with different concentrations of the purified
dyes; previous patients who reacted +++ to 1.0 %
concentrations were tested with 0.01 %, while peo-
ple who previously did not react to the dyes were
tested with the highest concentration, 1.0 %. The
patients were also tested with possible azo-dye
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degradations, p-Aminodiphenylamine,
4-nitroaniline, 4-aminoacetanilide, and 2-amino-p-
cresol, at concentrations equimolar to the dilution
series of DO1 and DY3 starting at 1.0 % wt/vol.
Patch testing were done using Finn chambers on
Scanpor tape using 15 uL and left on the back for
48 h. Results showed that all patients who react
positive to DO1 also react positive to
p-aminodiphenylamine, a possible metabolite of
the former. Also, patients who reacted positively to
DY3 also reacted positive to 2-Amino-p-cresol,
which is a precursor to DY3. The results of the test
show that it is possible that major sensitizers inACD
from DO1 and DY3 can be due to their metabolites,
p-aminodiphenylamine, and 2-Amino-p-cresol,
respectively, which might be formed through the
azoreductase pathway of skin bacteria.

5 Footwear Dermatitis

Svecova (Švecová et al. 2013) investigated con-
tact dermatitis due to the mold inhibitor, dimethyl
fumarate (DMF), found in footwear. DMF has
been shown to be a potent sensitizer in very low
concentrations and may acute dermatitis. Tests
were carried out on nine female patients who
were admitted to the University Hospital Depart-
ment of Dermatology in Bratislava, Slovakia for
footwear acute contact dermatitis associated with
DMF. Patch testing was done using textile lining
from the patients’ boots that caused their contact
dermatitis and 0.1 % of commercially prepared
DMF. The patch testing was carried out on the
patients using Curates patch test chambers which
were left on for 2 days. Furthermore, chemical
analysis was used on the footwear that caused
the patients’ skin reactions. The shoes were
extracted for samples then tested using gas chro-
matography/mass spectrometry (GC/MS), atomic
absorption spectroscopy (AAS), and UV-Vis. The
results of the patch testing confirmed that the
patients’ ACD was caused by their footwear.
Additionally, seven of the nine patients tested
positive to the 0.1 % DMF patch test. Chemical
analyses of the sample material from the patients’
shoes detected DMF at concentrations of
25–80 mg/kg, much higher than the allowed

concentration of 0.1 mg/kg in EU. The analysis
of the textile lining confirmed that DMF is the
only chemical that could cause ACD. The lining
of the material could have also contributed to the
development of ACD due to its insulating and
chemical properties which results in warmth,
humidity, and occlusive environment, conditions
that would contribute to the leaching of any aller-
gens. Skin penetration can also be enhanced by
sweating which can result in an increased pene-
tration of the allergen. The results of the tests
confirm the presence of DMF and its contribution
of causing ACD in the patients.

6 Conclusion

The use of bioengineering instruments has
allowed the study of the effects of fiber-based
materials on the skin they cover and/or contact.
The development of diapers and incontinence
products has been enhanced because the effects
of changing components of the system on the skin
environment can be assessed instrumentally as
well as by trained clinicians. Additionally, the
safety of using baby wipe products has been
advanced because skin effects can be assessed
instrumentally using adult subjects. Effects of
garment fabrics on human skin are not as well
studied, but promising outcomes can be achieved
by the use of these instruments.

7 Interpretation: Skin Tolerance

As noted here, we have some information on how
skin tolerates (or does not) fabric. Even though
considerable progress has been made, the experi-
mental data remains sparse – and would benefit
from further in-depth data such as effects of eth-
nicity, age, gender, regional anatomic variation,
and climate.

As to safety (dermatotoxicology and percuta-
neous absorption) of chemical transfer from fabric
to skin, much remains to be done. At present, the
safety of nano-silver is being investigated, yet this
represents but one chemical class. Ngo details the
15 principles of percutaneous penetration
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including transfer (from fabric) and a critique of
knowledge of percutaneous penetration of nanos
such as silver-treated fabric (Mai et al. 2012,
2013).
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1 Modeling TEWL-Desorption
Curves

1.1 Introduction

The accurate assessment of skin barrier function
represents a challenge, one that has been under-
taken by multiple approaches. TEWL is tradition-
ally recognized to be indicative of this skin
property (Lotte et al. 1987; Pinnagoda and Tupker
1995); however, several works have reported a
poor correlation between damage inflicted to the
skin and changes in TEWL values (Chilcott
et al. 2002; Bashir et al. 2001). Additionally, the
methodology is limited by providing only instan-
taneous data susceptible to great variability (ana-
tomical, climatic, circadian, sweat gland activity).

Dynamic strategies have been developed to
overcome the pitfalls of this variability. The skin
response to determined stimuli can be evaluated,
enabling a more thorough investigation of the
factors that influence the skin water dynamics in
the superficial and in the deeper layers. The plastic
occlusion stress test (POST) is an example of this
approach, based on a prolonged skin occlusion
(usually 24 h). It aims to noninvasively quantify
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functional parameters of the stratum corneum in
order to better assess barrier function (Turek
et al. 1982; Werner et al. 1982; Berardesca
et al. 1990, 1993; Berardesca and Maibach 1990;
Piérard-Franchimont et al. 1995). Initial protocols
fitted the skin surface water loss (SSWL) curves
obtained when occlusion was terminated, either
using bi-exponential regression analysis or by
transforming the data in log and then using simple
regression analysis (Berardesca and Maibach
1990; Fluhr et al. 1999). It can be argued that
these models are too simplistic to describe the
complex water balance between the different
layers of the skin.

Further developments on the mathematical
modeling of the TEWL curves that result from a
POST (Rodrigues et al. 1999; Rosado et al. 2005)
have enabled a more detailed quantitative charac-
terization of the dynamic water balance
established between the deep and the superficial
skin structures (Pinto et al. 2002). In this section,
the discriminative capacity of the model to two
different types of variation in the cutaneous bar-
rier is presented – insults inflicted to the skin (tape
stripping, skin surface biopsy, and lipid extraction
with ether:acetone) or differences in two distinct
anatomical regions.

1.2 Methods

Fourteen volunteers (mean age 27.2 � 9.8) par-
ticipated in this study after informed consent. A
total of nine volunteers were tested in each type of
study conducted: effect of tape stripping, effect of
lipid extraction, effect of skin surface biopsy, and
difference between wrist and mid volar forearm
(Rosado et al. 2005). The procedures followed
were in accordance with the ethical standards of
the responsible committee on human experimen-
tation and with the Helsinki Declaration.

One site was marked in each volar forearm of
the volunteer. One arm was assigned as the
untreated control, and on the other arm (treated
site) one of three different insults to the skin barrier
was performed: 20 tape strips, lipid extraction with
a 1:1 mixture of ether:acetone, or four skinsurface
biopsies (SSB) with cyanoacrylate (Marks and

Dawber 1971). Both sites (control and treated)
were then covered with an occlusive patch for
24 h, after which the desorption curves were
recorded. The same procedure was applied to the
study of anatomical differences. The occlusion and
measurements were conducted in the same arm, on
one site in the mid volar forearm and another in the
wrist. After patch removal, TEWL measurements
were continuously registered for 30 min. The
mathematical model was adjusted to the data
points using a specially modified simplex routine
and the software ADAPT written in Fortran. Cal-
culated parameters considered relevant to the
study were t1/2evap (evaporation half-life) and
DWM (dynamic water mass) (Rodrigues
et al. 1999). Nonparametric comparative analysis
(Wilcoxon sign-rank test) was used in this study. A
0.05 significance level was adopted.

1.3 Mathematical Model

A bi-compartmental model was employed to
describe the in vivo mechanisms of water distri-
bution (Rodrigues et al. 1999). There is no direct
correspondence with the histological organization
of the human skin: compartment 1 represents the
skin barrier with poor water content and compart-
ment 2 represents the fully hydrated deeper layers
of the skin.

Occluding the skin with a patch dramatically
changes the water balance between these two
compartments. From the water flux established
according to Fick’s first law of diffusion and the
compartmental model defined, the variable
TEWL can be modulated by a set of two linear
first order differential equations (Rodrigues
et al. 1999). After solving, in order to compart-
ment 1, the solution is in the form of an algebraic
sum of two exponential terms (Eq. 1).

TEWL ¼ Bþ I e�Kevap�t � e�Khydr�t
� �

(1)

where:

B – baseline effect
I – multiplicative parameter common to both

exponentials
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Kevap – evaporation rate constant (used to evaluate
the barrier function)

Khydr – hydration rate constant related to the dis-
tribution of the water through both
compartments

The two exponentials are affected by the
macroconstants Kevap and Khydr. The latter repre-
sents the water initially eliminated and is related to
the occlusion period and to the water retention
capacity of the stratum corneum. Kevap describes
the evaporation process to the exterior and is
affected by changes to the barrier function.
These are the most important parameters provided
by the model. The baseline effect is also relevant
and represents the basal finite amount of water
continuously lost through the skin. The model
describes this physiological process using the
variable B, which at t = 0 is equal to TEWL.

A transformation of Kevap is suggested, to sim-
plify data interpretation (Eq. 2)

t1=2evap ¼
Ln 2ð Þ
Kevap

(2)

where t½evap represents the evaporation half-life
period – the time the system takes to reduce its
water loss to half.

Dynamic water mass (DWM) represents the
relevant water mass involved in the desorption
process. The area under the curve from tmax

obtains this parameter until the end of the process.
The final analysis of this work was performed

adjusting the experimental data to the model to
obtain the most important and relevant parame-
ters, namely Kevap, t½evap, tmax, and DWM.

1.4 Results

The different desorption curves obtained after a
24 h occlusion are represented in Fig. 1. It can be
seen that in the site where fourskin surface biop-
sies (SSB) were performed (Fig. 1a), the decay in
the curves is faster than that obtained in
the untreated control site. This fact is reflected in
t1/2evap (Table 1), which was lower in the SSB site

( p = 0.008); however, DWM was not signifi-
cantly different from the controls ( p = 0.735).
The difference between the parameters obtained
in the tape stripped and lipid extraction sites and
the controls is less marked and never reaches a
statistical level of significance (Table 1).

The results reflecting anatomical differences
are quite distinct. When a 24 h occlusion is
performed in the wrist, the decay in the curves is
slower than that occurring in the mid volar fore-
arm (Fig. 1b). These results are expressed by an
approximately twofold increase in the t1/2evap and
in the DWM (Table 2). There are statistically
significant differences between the parameters
obtained in the two anatomical sites ( p = 0.018
for t1/2evap and p = 0.028 for DWM).

1.5 Discussion

Dramatic differences in the hydric dynamics of
the skin submitted to SSB, the most aggressive
insult applied, are clearly revealed by the data
obtained by this work. Additionally, well-defined
anatomical differences were found between the
skin of the wrist and the mid volar forearm.

The lower t1/2evap obtained in the site where
SSB was performed can be attributed to reduced
water accumulation in the stratum corneum, since
this layer has been “thinned” by the procedure.
Superficial water accumulates during the occlu-
sion period, but because it is not bound, it is
released immediately as soon as occlusion ceases.
This is supported by the fact that DWM is not
different to that of the control, since the faster
decay rate observed in the SSB sites is then com-
pensated by a faster decay to basal values. Inter-
estingly, these results also indicate that even
though many layers of corneocytes have been
removed, no significant damage to skin barrier
function is observed.

The results obtained in the wrist have a differ-
ent interpretation. The corneocytes in this anatom-
ical region have a smaller diameter than in the
volar forearm (Rougier 1994), large blood vessels
are closer to the surface, and basal TEWL is
significantly higher (Rodrigues and Pereira
1998). These differences contribute to the higher
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Table 1 Parameters obtained in the study of the impact of different insults to the skin barrier (mean � SD, n = 9)

Insult performed t1/2evap (min) DWM (g/m2)

Lipid extraction
Control

3.03 � 1.19
3.64 � 0.52

p > 0.05 833.9 � 138.8
722.4 � 61.6

p > 0.05

Tape stripping
Control

3.33 � 2.04
3.60 � 1.26

p > 0.05 727.4 � 235.0
793.9 � 153.0

p > 0.05

Skin surface biopsy
Control

1.94 � 0.85
4.30 � 1.36

p = 0.008 833.2 � 144.2
836.3 � 226.0

p > 0.05
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Fig. 1 POST desorption
curves obtained after 24 h
occlusion: (a) insults to the
barrier – SSB (mean values,
n = 9), (b) anatomical
differences – mid volar
forearm and wrist (mean
values, n = 9)

Table 2 Parameters obtained in the study of anatomical differences (mean � SD, n = 9)

Anatomical site t1/2evap (min) DWM (g/m2)

Wrist 13.73 � 5.49 p = 0.018 1513.7 � 421.0 p = 0.028

Mid volar forearm 3.67 � 1.13 875.3 � 120.3
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values of t1/2evap and DWM. More water accumu-
lates during the occlusion, and the different func-
tionality of the barrier at this site slows down its
release and allows more water to be lost.

The other perturbations of the skin barrier
caused more subtle changes in the water dynamics
which could not be so clearly assessed by this
methodology, and the results likely reflect the
“milder” impact of these procedures. Solvent mix-
tures are reported to extract primarily the superfi-
cial lipids, including sebaceous gland lipids,
cholesterol, and free fatty acids. Work conducted
by Jokura et al. (1995) showed that lipid extrac-
tion of intact stratum corneum with ether:acetone
(1:1) did not induce any significant change in the
nuclear magnetic resonance spectrum and did not
significantly affect stratum corneum elasticity.
Visscher et al. performed a similar study where
the impact of ether:acetone in TEWL and Mois-
ture Accumulation Test (MAT) was assessed
(Visscher et al. 2003). This group observed sig-
nificant increases in TEWL but no effects in MAT.

In contrast, there are conflicting reports in the
literature regarding the extent of damage inflicted
by tape stripping (Cernasov and Macchio 1997;
Ohman and Vahlquist 1994; Rosado and Rodri-
gues 2003), and it is widely accepted that
depending on the adhesive and pressure applied,
differing amounts of cells are removed in each
tape strip (Bashir et al. 2001).

In conclusion, the work shows that compart-
mental modeling of the TEWL desorption curves
provides detailed information on the water reten-
tion capacity of the skin and on cutaneous water
dynamics.

2 Applications
of the Methodology

2.1 Assessment of Dry Skin

2.1.1 Introduction
One the most widely occurring skin disorders is
dry skin, or xerosis. It is the result of a range of
environmental and pathological factors that affect
epidermal proliferation and differentiation
(Engelke et al. 1997). The stratum corneum lipid

bilayers and the epidermal components are
altered, which results in a decrease in the water
content and reduced barrier function (Rogers
et al. 1996).

In the clinical practice, xerosis is commonly
evaluated by subjective visual scoring systems
(Kligman 1987; Serup 1995). The most com-
monly employed strategies to quantitatively
assess xerosis have been measurements of skin
capacitance and/or transepidermal water loss
(TEWL), both with limitations that have been
previously discussed.

In this section, the methodology of mathemat-
ical modeling of POST TEWL curves is applied to
the quantitative assessment of differences
between normal and dry skin.

2.1.2 Material and Methods
Twenty healthy female volunteers, aged between
20 and 55 (mean 30.4 � 13.4 years old), partici-
pated in this study. Ten volunteers were classified
with normal skin and ten with dry skin. The work
was developed in accordance with the ethics
requirements and following the relevant experi-
mental guidelines. The skin type was evaluated by
self-assessment and clinical scoring systems
(Kligman 1987). Since xerosis is generally more
severe in the frontal aspect of the leg, the entire
study was conducted on this anatomical site.
There was a 1 week pretrial period, during which
volunteers were requested to refrain from apply-
ing any product containing moisturizing ingredi-
ents to the test sites, and bathing habits were
standardized.

All volunteers were submitted to the POST
methodology previously described (Rosado and
Rodrigues 2006). The mathematical model was
adjusted to the data points and relevant parameters
were calculated.

Nonparametric comparative analysis
(Wilcoxon sign-rank test) was used in this study.
A 0.05 significance level was adopted.

2.1.3 Results
The desorption curves obtained after removal of
the occlusive patch, applied for 24 h, are
represented in Fig. 2. It can be readily appreciated
that dry and normal skin present different profiles.
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In normal skin, the decrease in TEWL after occlu-
sion is rapid and pronounced. Conversely, when
dry skin is occluded, TEWL decreases at a slower
pace. These results are translated in a higher t1/
2evap for dry skin, almost double of that obtained
in normal skin, and in a more elevated DWM
(Table 3). There is a marked statistical difference
between the t1/2evap results ( p = 0.018) and a less
pronounced difference for DWM ( p = 0.059).

2.1.4 Discussion
The first attempts to quantify skin dryness were
essentially based in the visual observation and
grading of parameters such as flake size, rough-
ness, and color (Kligman 1987; Serup 1995). This
approach is subjective, but nevertheless, in the
clinical perception of dry skin there is an evident
need for the integration of different parameters
which can only be perceived through the human
intervention (Grove et al. 2002). Many noninva-
sive bioengineering devices using electrical prop-
erties or photothermal or acoustic techniques have
been developed over the last three decades with
applications in this area (Imhof et al. 1990; Pines
and Cunningham 1981). These devices are very
useful to study stratum corneum function and

competence in moisture content and retention.
However, dynamic tests are in general more infor-
mative, principally because they are not reliant on
single measurements.

The marked differences observed in the results
of this study confirm the applicability of the meth-
odology. Subjects with dry skin presented a greater
water accumulation capacity and different water
dynamics. The higher DWM can be explained by
two factors. First, the weakened barrier function
causes a higher loss of water through the skin.
Additionally, dry skin has an increased rate of
proliferation of epidermal cells, but the desquama-
tion of corneocytes is impaired, which contributes
to epidermal thickening. This leads to a greater
capacity to accumulate water and, therefore, to
the higher amount of water released after occlu-
sion. The t1/2evap is extended because the mass of
water being released is greater.

These findings confirm that the modeling of the
TEWL curves resulting from a POST is a sensitive
methodology, able to detect differences in the
water dynamics and barrier function of normal
and dry skin. This advocates its potential applica-
tion to efficacy testing of products that are used to
reestablish skin hydration.
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Fig. 2 Desorption profiles
obtained after removal of
the occlusive patch (mean,
n = 10)

Table 3 Parameters obtained in the study (mean � SD, n = 10)

t1/2evap (min) DWM (g/m2)

Normal skin 2.03 � 0.91 p = 0.018 497.46 � 80.87 p = 0.059

Dry skin 3.95 � 1.90 613.58 � 130.99
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2.2 Assessment of Moisturizers and
Barrier Function Restoration

2.2.1 Introduction
Moisturizers are among the most universally
employed personal care products. Many formula-
tions aim not only to increase skin hydration but
also to treat the underlying causes of dryness and
restore barrier function and have even been clas-
sified by some authors as “therapeutic moistur-
izers” (Kligman 1987).

One of the most consensually accepted
approaches to the study of the efficacy of mois-
turizers is the regression method developed by
Kligman (1987), where after application of the
product for 2 weeks, the rate of regression to the
original state is measured, usually using a visual
scoring system. One of the main drawbacks of this
methodology is the fact that it must be conducted
for a period of a minimum of 5 weeks. Other
strategies based in the measurement of skin capac-
itance or TEWL provide insufficient information.

In this section, the discriminative capacity of
the mathematical modeling of POST TEWL
curves is applied to the efficacy testing of mois-
turizing products.

2.2.2 Methods
Fifteen female volunteers with severe dry skin
participated in this study, after informed consent

(mean age 43.9 � 11.6 years) (Rosado
et al. 2009). The entire study was conducted on
the lower leg. All volunteers exhibited marked
xerosis, as well as uniform dryness across contra-
lateral sites. The work was developed in accor-
dance with the ethical requirements and following
the relevant experimental guidelines.

There was a 1 week pretrial period, during
which volunteers were requested to refrain from
applying any product containing moisturizing
ingredients to the test sites. Bathing habits were
also standardized.

A moisturizing cream containing 15 % urea
(Kératosane® 15, Uriage, France) was applied to
the test areas twice daily by all volunteers for
2 weeks. At the end of the 2 week application
period, all volunteers were submitted to the
POST methodology previously described
(Rogiers 2001; Pinnagoda et al. 1990). The math-
ematical model was adjusted to the data points and
relevant parameters were calculated.

2.2.3 Results
The TEWL desorption curves obtained in the con-
trol and treated sites after removal of the occlusive
patch are represented in Fig. 3. It can be seen that
in the site that was treated for 2 weeks with cream,
the decay in the curves is slower than that obtained
in the untreated control site. Additionally, the area
under the curve is lower in the control (untreated)
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Fig. 3 TEWL decay
profiles obtained in the
study (mean � SD, n = 12)
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dry skin. The previously mentioned features have
been transformed in quantitative parameters by
the mathematical model adjusted to the TEWL
data points (Table 4). The obtained parameters
show statistically significant differences between
the different kinetic parameters obtained in the
control and treated sites (nonparametric Wilcoxon
rank-sign test): a slower Kevap in the treated site, as
well as a higher t1/2evap and DWM.

2.2.4 Discussion
Moisturizers are widely used, and almost every
type of cosmetic incorporates moisturizing ingre-
dients. Even though dry skin is far from being a
life-threatening condition, the symptoms of
severe xerosis are unpleasant, and for these
patients the use of moisturizers is important to
maintaining quality of life. Some formulations
claim not only to improve barrier function but
also to create an environment optimal to healing
and prevention of recurrent damage (Yokota and
Maibach 2006).

The regression method developed by Kligman
(1987) measures the rate of regression to the orig-
inal state using a visual scoring system after appli-
cation of the product for 2 weeks. One significant
drawback of this methodology is the fact that it
must be conducted for a period of a minimum of
5 weeks.

The use of noninvasive bioengineering equip-
ment has led to other strategies, such as measure-
ments of electrical capacitance. Other methods
use a model that examines regeneration of skin
barrier function after aggression (usually with
aqueous solutions of sodium lauryl sulfate),
when compared to irritated untreated skin (Held
et al. 2001). Another approach investigates the
efficacy, the tolerance, and the effects of moistur-
izers on quality of life (Giordano-Labadie
et al. 2006).

One of the earlier attempts to use TEWL mea-
surements and occlusion (that is, inhibition of

water evaporation from the skin surface) to assess
moisturizers was performed by Rietschel (1978).
The moisturizers were applied to a plastic film and
the skin, and an objective rank ordering of mois-
turizers was achieved by monitoring moisture
enhancement of applied substances.

Further developments on the mathematical
modeling of the TEWL curves that result from a
POST have contributed to a more accurate quan-
titative description of the cutaneous water mass
balance over time (Rodrigues et al. 1999), and it is
reasonable to assume that the method could be
used in the study of moisturizing products.

The results obtained in this investigation
established significant differences between the
different kinetic parameters obtained in the con-
trol and treated sites. The data obtained in the site
treated with cream exhibit a slower decay in the
TEWL values and a higher water mass released
after removal of the occlusion. This can be attrib-
uted to the presence of hygroscopic excipients
(urea, glycerine, lactic acid, and pyrrolidone car-
boxylic acid sodium). The increase in the DWM
and t1/2evap can be explained by two factors: the
previously explained higher accumulation of
water in the stratum corneum and the keratolytic
action of urea that leads to a thinning of the
stratum corneum, which in turn leads to a higher
TEWL than that occurring through the thicker dry
skin. Urea has been associated to improved epi-
dermal lipid biosynthesis and improved barrier
performance (Loden 2000). The alterations
observed in the water dynamics indicate the pre-
viously mentioned effect and confirm the efficacy
of the cosmetic formulation.

The efficacy testing approach developed in this
study is compatible with home application of the
product, which is an important factor to ensure
compliance by the volunteers. When the method-
ology is compared to the regression test, its main
benefit is that it can be completed in 3 weeks and,
if the volunteers are experienced, it is possible to

Table 4 Parameters obtained in the study of the efficacy of moisturizers (mean � SD, n = 12)

kevap t1/2evap (min) DWM (g/m2)

Treated site
Control site

0.102 � 0.083
0.334 � 0.170

p = 0.002 11.43 � 8.42
2.54 � 1.39

p = 0.005 955.7 � 266.6
650.3 � 104.8

p = 0.010
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reduce the number of visits to the research center
to two.

2.3 Assessment of Barrier
Impairment in Sensitive Skin

2.3.1 Introduction
Sensitive skin is a subjective and vague affliction
that almost half of the world’s population declares
to suffer from, and the skincare market offers
numerous products that claim to be particularly
suitable for this type of consumer (Kligman
et al. 2006; Willis et al. 2001). The characteriza-
tion of sensitive skin is difficult, due to the wide
variety of causes and symptoms that it may
include (Pons-Guiraud 2004), ranging from obvi-
ous cutaneous alterations such as redness or dry-
ness to complaints that are subjective and sensory,
with signs such as stinging, burning, or itching
(Frosch and Kligman 1982).

Skin sensitivity seems to be associated to an
impaired skin barrier function (Kligman
et al. 2006), enabling the penetration of sub-
stances that stimulate the keratinocytes and
Langerhans cells to produce mediators that are
involved in its characteristic inflammatory
response (Willis et al. 2001; Frosch and Kligman
1982; Farage et al. 2006). Another factor that may
equally contribute to a higher cutaneous suscepti-
bility is a neurosensory hyperreactivity, causing
the self-perceived sensations of discomfort when
sensitive skin is exposed (Willis et al. 2001).

The lack of visible clinical signs and the high
subjectivity associated to sensitive skin have ham-
pered the development of a simple method to
diagnose and quantitatively analyze this condi-
tion. The more common approaches are scoring
of signs of irritation, assessment of the subjective
(neurosensory) responses, and skin function tests
(Primavera and Berardesca 2005; Issachar
et al. 1997; Yosipovitch and Maibach 1998; Lee
and Maibach 1995; Marriott et al. 2005; Gean
et al. 1989; Seidenari et al. 1998; Bornkessel
et al. 2005).

In this section, the mathematical modeling of
POST TEWL curves is applied to the quantitative
analysis of sensitive skin.

2.3.2 Methods
A total of 33 healthy female volunteers partici-
pated in the study (Pinto et al. 2011). Fifteen
volunteers constituted the group of subjects with
self-perceived sensitive skin (age range 23–64,
mean age 54 � 10 years). The remaining 18 vol-
unteers formed the control group, with self-
perceived normal skin (age range 20–58, mean
age 34 � 10 years). The work was developed in
accordance with the ethical requirements and fol-
lowing the relevant experimental guidelines.

A site was selected in the back of the hand of
each volunteer, between the thumb and the index
finger, and the baseline TEWL values were regis-
tered with a Tewameter TM 300®

(CK Electronics, GmbH, Germany), following
published guidelines (Rogiers 2001). All subjects
were then submitted to the POST methodology
previously described (Rogiers 2001; Pinnagoda
et al. 1990). The mathematical model was
adjusted to the data points and relevant parameters
were calculated.

Nonparametric comparative analysis
(Wilcoxon sign-rank test) was used in this study.
A 0.05 significance level was adopted.

2.3.3 Results
The mean basal TEWL values exhibited by the
volunteers of the two groups (normal and sensi-
tive skin) were compared, and no statistically
significant differences were found ( p = 0.059).

The desorption curves obtained after a 24 h
occlusion, as well as the model fitting to the
experimental data are represented in Fig. 4. It
can be seen that the decay in the curves obtained
in volunteers with normal skin is faster than that
obtained in the sensitive skin subjects. Addition-
ally, the area under the curve is smaller in the
normal skin group.

Relevant quantitative parameters were deter-
mined by the mathematical model adjusted to the
TEWL data points (Table 5). These results epito-
mize statistically significant differences between
the different kinetic parameters obtained in the
two groups, translated in higher t1/2evap and
DWM in the sensitive skin volunteers.

The continuous lines observed in Fig. 4 repre-
sent the calculated data obtained by application of

116 Human Epidermal Barrier May Be Quantitatively Described by Compartmental Analysis of. . . 1235



the model to the median individual parameters.
These data points are within the range of standard
deviation of the mean experimental results, indi-
cating that a good fit was achieved between the
data generated by the model and the
experimental data.

2.3.4 Discussion
Multiple attempts have been made to find the ideal
method to test sensitive skin. Irritant reactivity
tests measure objective signs of irritation after
long-term application of model substances under
occlusion; however, this does not reflect the real-
life situation. Sensory reactivity tests are based on
the sensory information that is reported by the
individuals, normally expressed in a subjective
magnitude scale. Dermal function tests relying
on bioengineering methodologies have had a lim-
ited application, since negligible differences were
found in the baseline biophysical parameters of
individuals with sensitive skin.

Sensitive skin is a multifactorial skin condi-
tion, attributed to neurosensory hyperreactivity, a
lower discomfort threshold, and an incompetent
cutaneous barrier. It is irrefutable that TEWL
measurements constitute an essential tool to ascer-
tain barrier function; however, its limitations have
been described earlier and may explain the diffi-
culties experienced by researchers attempting to
detect differences in subjects with sensitive skin
(Seidenari et al. 1998; Distante et al. 2002), as
well as the results from this study that were
described previously in the text.

This study aimed to identify unequivocal sub-
stantiation of barrier impairment via the modeling
of the TEWL curves resulting from a POST. This
methodology would then be used as the basis of a
reproducible, noninvasive, and cost-effective test
to assess sensitive skin.

The results obtained in the present work con-
firm the previous assumptions. Statistically signif-
icant differences were established between the
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Fig. 4 POST desorption curves obtained after 24 h occlusion (mean� SD); the continuous lines represent the calculated
data obtained by application of the model to the median individual parameters

Table 5 Parameters obtained in the study (mean � SD)

Group t1/2evap (min) DWM (g/m2)

Sensitive skin 33.81 � 39.72 p = 0.005 1216.45 � 299.83 p = 0.0001

Normal skin 10.15 � 5.34 787.51 � 196.98
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different kinetic parameters obtained in the nor-
mal and sensitive skin groups. The scrutiny of the
kinetic data and desorption profiles obtained in the
subjects with sensitive skin points to a slower
decay in the TEWL values and a higher water
mass released after removal of occlusion, which
translate into higher values of t1/2evap and DWM.
An increase in both parameters can be explained
by an impaired barrier function. The impaired
barrier causes more water accumulation during
the occlusion. Thus, a higher mass of water is
lost with a higher half-life time once the patch is
removed.

In conclusion, this investigation successfully
correlates the elusive sensory complaints with
impairment in the cutaneous barrier. A new clin-
ical relevance to this quantitative strategy has
emerged, one that can be applied both in the
early diagnosis and characterization of the skin
sensitivity syndrome and in the efficacy assess-
ment of topical products designed for individuals
with this skin condition.

3 Conclusions

TEWL is one of the most popular noninvasive
variables from skin bioengineering and has
become the main indicator of in vivo epidermal
barrier function. Differing measurement guide-
lines have been known for quite some time and
have been progressively adopted, but only a few
papers have focused on the need to assess such
variables from a dynamic point of view. In 1982,
Hachiro Tagami and coworkers (1982) did set a
basis for the measurement of epidermal hygro-
scopicity, motivating the development of stress
tests such as the POST (Berardesca et al. 1990;
Berardesca andMaibach 1990; Jokura et al. 1995)
to quantify skin water modifications following
occlusion. Gioia and Celleno (2002) proposed an
original physical model to simulate the dynamics
of epidermal (free) water evaporation and TEWL
in hydrated skin. The model was developed to
study the behavior of hydrated skin when
occluded by permeable/impermeable materials
and was applied to the effect of diapers on normal
and nonnormal skin. TEWL modeling was also

applied to analyze the barrier and the driving force
components of TEWL in irritancy testing (Endo
et al. 2007).

To our knowledge, none of these approaches
have been able to equate to other practical appli-
cations involving the quantification of the in vivo
skin barrier. In contrast, our model was applied to
different testing conditions and its discriminative
capacity clearly proven. In fact, our model is
inspired by the particular histological-functional
organization of the human skin, justifying the
compartmental analysis approach. This means a
close relationship between the model and the
in vivo physiology from the conceptual point of
view, strengthening the value of the kinetic
assumptions behind the simulation of the mecha-
nisms of water distribution in vivo following
occlusion (POST).

Thus, the compartmental modeling of the
TEWL desorption curves clearly describes the
cutaneous water dynamics in different conditions,
providing a unique way to rigorously quantify this
central characteristic of human in vivo skin. Fur-
thermore, its conceptual frame and construction
allows an easy access to common users, motivat-
ing the development of current easy-to-wear pro-
grams that will help to improve TEWL data
quality and expand the utility of this variable.
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1 Applications

Cosmetology (tests of tolerance, selection of sub-
jects for tolerance tests), Regulation acts fulfil-
ment (identification of primary irritants),
Occupational medicine (detection of subjects at
risk and health-hazard products, measurement of
skin alterations of occupational origin),
Allergology (identification of irritants and
orthoergic reactions).

2 Definition

The terms reactivity and irritation proneness,
although close, are not synonyms. Reactivity
implies the capacity to develop certain symptoms
following an external stimulus, whatever the type
of symptom induced (erythema, papule, pustule,
visible desquamation, pigmentation. . .). Irritabil-
ity on the other hand applies only to the capacity
to produce an erythema or an unpleasant subjec-
tive feeling (tension, burning sensation, itch).
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However all these cutaneous signs are “intoler-
ance reactions” of a so-called “orthoergic” mech-
anism, therefore implying no immunological
factor; allergic reactivity is described in the fol-
lowing ▶Chap. 118, “Cutaneous Testing: Detec-
tion and Assessment of Allergy.”

Usually an acute (primary) “irritant” is a prod-
uct which produces an intolerance reaction in
more than 90 % (in fact, more than 50 %) of
healthy subjects when it is applied on the skin in
usual conditions (concentration, vehicle, mode of
application) (Wahlberg and Maibach 1980). Such
compounds are called “primary irritants” and a list
of them has been established by the European
Union (Annexe à la Directive 92/69 CEE du
31 juillet 1992). The interest of this list is twofold:
(1) to entice manufacturers to find a substitute,
(2) if this is not possible, to inform about possible
health hazards and specific precautions to be
taken. The legal obligation to evaluate the poten-
tial irritating effect of all the products that may be
in contact with the human skin has led to perform
a series of tests in healthy subjects.

This first selection is of little interest in cosme-
tology where the purpose is to detect in much less
aggressive compounds, those who are susceptible
to induce very moderately noxious or unpleasant
side-effects in a minority of people. It is therefore
necessary to seek subjects whomay be intolerant to
these products, subjects with “sensitive” skin, who
make only a small portion of healthy population. It
is difficult to identify them because of the variabil-
ity of reactions and the dependence on both ambi-
ent conditions (temperature, wind, humidity, sun
exposure) and physiological conditions (menstrual,
circadian and annual cycle, etc.. . .). In this case, the
measurement deals with the subject irritability
rather than the product agressivity.

3 Detection of Acute (Primary)
Irritants

Screening tests are used to determine if a product
should be classified among primary irritants. This
may be associated with the study the reactivity of
subjects who professionally may come in contact
with such products. This practice is considered

non ethical in some countries, because it would
lead to selection of workers on a basis of the
possible occurrence of orthoergic dermatitis,
which often is not severe enough to justify a
ban. However it may be useful before job for
people prone to contact allergy because the latter
(which would justify a ban) is considerably acti-
vated by orthoergic dermatitis.

3.1 Lists of Primary Irritants

They indicate the concentration limit above which
the product is considered irritant for healthy peo-
ple. The lists below are not comprehensive.

European Union list (Annexe à la Directive 92/69
CEE du 31 juillet 1992)

Based on the Draize test in rabbits, it
remains valid until it can be replaced by tests
in humans.

Willis et al. list (Willis et al. 1988)
After a 48-h application in a small Finn

chamber, the products listed below have been
registered as irritants because about 75 % of
the subjects studied have developed a
2 + erythema:

Benzalkonium chloride 0.5 % in water

Sodium lauryl sulfate 5 % in water

Croton oil 0.8 % yellow petrolatum

Dithranol 0.02 % yellow petrolatum

Nonanoic acid 80 % propane-1-ol

Propylene glycol 100 % in water

NaOH 2 % in water

Frosch and Kligman list (Frosch and Kligman
1976)

Ninety products are assessed by the
chamber-scarification test.

York et al. list (York et al. 1996)
The irritant effect is evaluated compared to

20 % sodium lauryl sulphate (SLS), graded as
“irritant” by the EU. SLS 20 % caused irrita-
tion in 45–50 % of the subjects after a 15-min
to 4-h exposure in York et al.’s experiment. For
example this test classifies NaOH 0.5 % as an
“irritant” (60 % of the subjects were “irritated”
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at 1 h, compared to 12 % by SLS 20 %). The
list includes 27 products already registered by
the EU and shows 8 points of discrepancy with
the EU classification.

3.2 Assessment of the Irritating
Effect

Not all products are irritating to the same extent and
in the same way. In other words, the plot irrita-
tion = f(concentration) and irritation = f(exposure
duration) are not identical, which complicates the
implementation and interpretation of the tests. Fur-
thermore, the type of irritation depends on the bio-
logical effect, which leads to the use of specific tests
for tensioactives, organic solvents, acids, alkalis,
pro-inflammatory substances, mechanical irritants,
etc.. . . To compensate for the use of the product
over a long time by the future consumer,
maximisation is often necessary (e.g., by using
concentrations beyond real life situations, or
through preliminary skin damage). It is also possi-
ble to perform tests with repeated exposure. The
possible part played by the vehicle must not be
overlooked because it may have its own irritability
and/or enhance the penetration of the active prod-
uct. Irritation can be delayed; hence the necessity to
read the test not only at the end of exposure but also
up to 72 h later. Table 1 shows the most common
problems and their answers.

It is essential to use an internationally admitted
positive standard which plays two parts: valida-
tion of the test and classification in relation to
other studies. It must have an accurate chemical

definition, an average pH and should have been
designed in order to meet three specific conditions
regarding its innocuousness: absence of general
toxicity, carcinogenicity, sensitiveness potential.
As a general standard as well as a detergents
standard, sodium lauryl sulfate (= sodium
dodecylsulfate) (SLS) is widely accepted. Its
properties and mode of use have been the subject
of extensive general review (Tupker et al. 1997).
Taking the European Union list as a reference, a
20 % concentration has been proposed (Basketter
et al. 1994). This high concentration is valid only
for the determination of primary irritants.

The selection of a standard solvent is more
delicate because the irritation potency varies con-
siderably from one solvent to another and raises
steeply with concentration (Frosch and Kurte
1994). The mixture chloroform-methanol has
been suggested (see Sect. 4.2, third item).

Various standard vehicles have been used:
water, ethanol, petrolatum gelly, talc powder,
vanishing cream USP, according to the vehicle
chosen for the test, depending on anticipated con-
tact conditions.

3.2.1 Open Tests
– Alkali resistance test (Burckhardt 1964;

Locher 1962) (▶Chap. 12, “Measurement of
Skin Surface Acidity”)

– Test of resistance to organic solvents (Leder 1943)
and chloroform-methanol (Klaschka et al. 1972).
The latter has been modified by Frosch and Kurte
(1994) (cf Sect. 4.2 Burning test).

– Test with ammoniac, benzalkonium chloride,
croton oil, kerosene, DMSO

Table 1 Ten main difficulties to overcome during primary irritants detection tests

Problem Possible solution

1. Current use over a long time period Maximisation

2. Repeated use Repetitive tests (Cumulative Irritation Assay)

3. Variation in the time for reaction Immediate reading by at 72 h

4. Various types of reaction Use the reactivity limit or perform a specific test

5. Interindividual variability Panel of very sensitive subjects

6. Need to avoid strong reactions Stop application early enough

7. Intraindividual variability Use positive (standard irritant) and negative control

8. Influence of the vehicle Specific test with standard vehicle

9. Different investigators Instrumental measurements

10. Quantification is of little use Observe the irritation threshold only
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These tests mainly apply to corrosive or very
irritating substances, thus justifying very short
exposure times (seconds or minutes). Their
aggressiveness pose ethical problems. For this
reason, most of them are abandoned, especially
as alternative methods in vitro are available for
most of them (Rougier et al. 1994; Whittle 1993).

3.2.2 Kligman and Wooding Test
(Kligman and Wooding 1967)

The object of this test is to take into account the
effect of repeated applications (from 10 to
20 days). It is based on the measurement in
each subject of the onset time of the reaction,
which is more easily detected than intensity. This
eliminates almost completely the risk of over-
reaction which is often unpredictable because
of the very large variability of individual sensi-
tivity. The objective was also to determine the
irritation threshold according to the rules of tox-
icology and to have a unique test for all types of
reaction.

The authors noticed that, for a given concen-
tration, the % of irritated patients versus duration
of application fits a sigmoid curve. Hence their
idea to measure, for each concentration, the dura-
tion of application which induces a reaction in
50 % of studied subjects (Irritative Time IT50),
and for a 24 h application, the minimal

concentration inducing reaction in 50 % of sub-
jects (Irritative Dose ID50). The first index is used
for mild irritants, the second one for stronger
irritants. A standard substance, used as a base to
classify products, is introduced into the test. The
test is performed on the back of the subject using
occlusive patch-tests, (its sensitivity was found
similar to that of the face). The authors indicate
that the variability from one observer to the other
is lower when assessing whether irritation does
exist or not than the degree of irritation, because it
is easier for the naked eye to detect the smallest
erythema than to evaluate its intensity.

Bahmer and Feldmann (1995) updated this
clever method by replacing patch-tests by appli-
cations in large Finn Chamber (diameter 12 mm,
surface 113 mm2); the studied areas (volar fore-
arm) are examined every 24 h including a new
application of the product exactly in the same
place, the maximal application duration being
12 days. The proportion p(t) of patients showing
irritation onset at time t is obtained by the formula
p(t) = 1/[1 + (τ/t)λ] where τ is IT50 and λ is the
slope of the sigmoid curve at time τ, which indi-
cates the rate of irritation increase when applica-
tion is protracted (Fig. 1). This method becomes
also applicable to moderately irritant products.
The following table is an example (Bahmer and
Feldmann 1995):

Fig. 1 Kligman and
Wooding test as modified
by Bahmer and
Feldmann. Percent of
irritated subjects versus
0.05 % SLS application
time. The curve was drawn
from experimental points
and § 2.2.2 formula.
Intersection with the
horizontal dotted line
corresponds to irritation
occurring in 50 % of tested
subjects
(IT 50 % = 6,8 days)
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SLS
concentration

τ
(days)

λ (% irritated subjects per
application supplementary
day)

0.05 % 6.8 12.5

0.10 % 5.2 22.7

0.25 % 3.6 29.4

3.2.3 Other Global Occlusive Tests
(Non Comprehensive List)

– The classic occlusive patch test read at 24, 48
and 96 h should be abandoned because of the
risk of false negatives (Frosch and Pilz 1995).

– The Chamber Scarification Test (Frosch and
Kligman 1976) consists in making eight
crossed scarifications (using a 30 gauge nee-
dle) on the tested area in order to increase the
skin irritability. The product is then applied in a
D€uhring chamber (diameter 12 mm, 113 mm2)
once a day for 3 days. Reading takes place
30 min after the last application, grading inten-
sity from 0 to 5. The “scarification index”
(irritation threshold on healthy skin/threshold
on irritated skin) expresses the capacity of the
tested product to irritate the skin in these con-
ditions. In this way the irritant potency of
70 substances has been classified in four cate-
gories: low 0–0.4; mild 0.5–1.4; moderate
1.5–2.4; strong 2.2–4.0.

On the other hand, the authors propose constitut-
ing very sensitive panels of “hyperirritable” sub-
jects selected because they have shown a bright
erythema with oedema and small vesicles follow-
ing application of SLS at 5 % in water for 24 h on
volar forearm. Because of its irritative potency
2–50 times higher than an ordinary patch, this
test is rarely performed today.

– The Basketter test (Basketter et al. 1994) pur-
pose is to classify primary irritants without
causing severe lesions in volunteers. The irri-
tant standard is 20 % SLS. To lessen variability
between investigators, only the irritation
threshold is considered. To obviate intense
reaction, the successive exposure times are
progressive: 1/4, 1/2, 1, 2, 3, 4 h (maximum)
with interruption of the process as soon as
intolerance appears (1/4 h and 1/2 are optional

for a priori poorly irritant substances). A Plain
Hill Top Chamber (diameter 25 mm, surface
490 mm2) has been selected in order to
increase the irritative effect. Out of 30 subjects,
the number of subjects who have developed
intolerance is counted for each concentration.
The tested concentration is graded “irritant” if
this number is not significantly lower than the
number obtained with 20 % SLS.

4 Detection and Assessment
of Hypersensitivity Reactions

These measurements have two objectives: to
detect hypersensitive subjects and to assess toler-
ance of products which are not primary irritants.
They involve mostly cosmetologists, but also
allergologists who are interested in non allergic
irritation.

4.1 Irritation Patterns

Intolerance to SLS, a standard compound of irri-
tants and detergents, is manifested by erythema
and desquamation which evolve in skin surface
fissuring (Tupker et al. 1997). Irritation may also
be only subjective: stinging, burning sensation,
feeling skin tensed, itch. All these signs are
never found in the same subject altogether and
are not connected. Accordingly specific tests and
selective subjects panels are needed to let them
appear.

The most sensitive subjects are those in the
course of an eczema or who in the past experi-
enced eczema or orthoergic dermatitis. Otherwise
they are women, children, subjects with very clear
skin and I and II phototypes. The least sensitive
subjects are men and subjects over 50.

Skin irritability increases in winter and when
the absolute atmospheric humidity is low (Uter
et al. 1998; Basketter et al. 1996). It increases also
in the pre-menstrual phase (Agner et al. 1990),
and if the skin is warm (Clarys et al. 1997). It
intensifies with any other simultaneous aggres-
sion (sun, wind, mechanical factor. . .) (Frosch
1992).
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Irritability depends on the body site: in decreas-
ing order (Frosch 1992): face, back, elbow crease,
forearm, leg, wrist. It increases in parallel to the
application area. Prior application of W/O emul-
sion or urea cream decreases it (Loden and
Andersson 1996).

It is essential to consider all these factors when
implementing the test and reading the results. It is
therefore mandatory to use a positive control
(in addition to the negative control) so as not to
be influenced by the possible variation of the
overall panel sensitivity with time.

4.2 Irritability Testing

4.2.1 General Tests
For clinical assessment it is recommended to
determine the irritation threshold, for which the
eye or touch have a high discriminating power.
Tests will assess either the irritant minimal con-
centration for a constant application time, or the
minimal application time for a constant concen-
tration. The Kligman &Wooding test modified by
Bahmer and Feldmann (1995) may be used, as
well as the Basketter’s test (Basketter
et al. 1994), but as a positive control, with substi-
tution of 20 % SLS by a lower concentration for
example 0.05 %, 0.10 % or 0.25 %.

4.2.2 Sting Test (Sensory Irritation)
(Frosch and Kligman 1977)

Some people complain of a stinging sensation
following application of certain creams. Typically
the stinging feeling starts one or two minutes after
application of the cosmetic, intensifies during the
following 5–10min when it becomes intense, then
subsides and disappears in 15–20 min; it is rarely
associated with an erythema. It must be differen-
tiated from a burning sensation or itch, the latter
being typically associated with the desire to
scratch the skin.

The purpose of the Sting Test is to select a
panel of subjects able to detect substances that
could cause this type of reaction. Because of the
rarity of the phenomenon, it has to be performed

on women (size of the panel: 5–10) who have
already developed similar episodes or believe
they have a “sensitive skin” (Grove et al. 1984).

The typical protocol consists firstly in inducing
a profuse (thermal) sweating of the face. A cotton
bud impregnated with a water solution of lactic
acid at 5 % is rubbed on the area between nose
and cheek, with the symmetrical side as a control.
The feeling is assessed as soon as the product is
applied (immediate scoring), then at 2.5 min,
5 min and 8 min (retarded score = mean of the
last 3 scores) by a scale from 0 to 3+. The “sting-
ing potential” of a subject is evaluated as follows:
light for a score between 0.4 and 1, moderate
between 1 and 2, and important between 2 and
3. The test can be performed at ambient tempera-
ture and without sweating using 10 % lactic acid
(Grove et al. 1984).

Only the face is responsive to this phenome-
non, with the following decreasing sensitivity:
paranasal creases > cheeks > chin > lower
eyelid > retroauricular area.

Stinging is enhanced by actinic erythema, skin
irritation, stripping of the stratum corneum.

The origin of the stinging phenomenon may be
an abnormal sensitivity of the skin to acids or a
particular reactivity of the acidic coat of the skin
surface. The skin pH, which decreases immedi-
ately after application of lactic acid, is restored
faster in “stingers” in the 15–30 min following
application (Issachar et al. 1997).

4.2.3 Burning Test (Grove et al. 1984)
The object of this test is to identify (and possibly
select for a specific panel) the subjects who have a
propensity to burning sensation (often associated
with propensity to stinging) following the appli-
cation of some cosmetics.

A depression is produced in the skin using the
greased extremity of a cylindrical metal bar
(diameter 8 mm). Then 10 μl of a chloroform-
methanol mixture (20:80) is poured into this hol-
low which is immediately sealed with a plastic
film. The appearance time of an intense burning
sensation is measured with a chronometer and the
product immediately removed. On the face, where
this test is usually performed, it varies from 3 to
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30 s. The paranasal creases are the most
sensitive site.

4.2.4 Histamine Itching Test (Grove
et al. 1984)

This test has been developed to identify the (rare)
people who often feel itchy after applying cos-
metics. 10 μl of 4 % histamine are placed in a
depression in the skin produced using the same
procedure as in the burning test. The subject indi-
cates the intensity of the pruritus on a scale from
0 to 3+, after 2.5 min, 5 min and 10min. At the end
of this process, the histamine papule which always
appears even in the absence of pruritus (about
50 % of cases) is measured. Contrarily to the sting-
ing and burning sensations which are easily identi-
fied, feeling itchy is more difficult to recognise and
requires the training of the volunteers.

4.2.5 Soap Chamber Test
The objective is to assess the irritancy potential of
soaps and detergents specifically. The typical test
(Frosch and Kligman 1979) consists in applying
100 μl of a 8 %watery solution of the soap, heated
at 40 �C, on the forearm, in a D€uhring chamber.
The application lasts 24 h the first day (on a
Monday) and 6 h the 4 following days. Reading
is done 3 days later (the next Monday), looking
for erythema (4 grades), desquamation (3 grades)
and fissuring (3 grades). The delay between the
end of the test and the reading permits specific
effects to appear. The final score is the sum of the
means of the three parameters.

For the assessment of mild soaps which alter the
stratum corneum barrier prior to induce an ery-
thema, Simion et al. (1991) proposed the following
modifications: first reading 3 h after the first appli-
cation of 24 h (in order to stop the experiment for
the 3+ reactive subjects); then renewed application
for 21 h and final reading 3 h later. They also
suggest to use water as a positive control. In order
to increase the test efficacy, they recommend using
a panel of volunteers selected from their being
intolerant to detergents, and to reject subjects with
TEWL > 8 gm�2h�1. At each reading, the clinical
score is completed by an instrumental erythema
and TEWL measurement.

4.3 Clinical Assessment of Irritation

The eye is a remarkable detector of the erythema
threshold. But it is less effective in evaluating
intensity. The same applies to desquamation.
Conversely the touch and eye are not reliable
to evaluate the small alterations of the skin
relief. Non instrumental erythema measurements
are discussed in this book, ▶Chap. 105, “Skin
Barrier Function.” As for the other signs, a few
examples of structured scales which have already
been used are listed below:

Clinical scoring of skin dryness (Paye et al. 1994)

0 No squames or dandruff: smooth relief

1 A few squames, or slightly irregular relief

2 Mild dandruff, squames, small wrinkles

3 Noticeable desquamation, evident wrinkles

4 Severe desquamation, very visible wrinkles

Clinical scoring of superficial fissuring (Frosch
and Kligman 1979)

0 No change

1 Thin cracks

2 1 or several fissures

3 Large fissures with exsudation or haemorrhage

Clinical scoring of desquamation (sight and
touch) (Frosch and Kligman 1979)

0 No visible desquamation

1 Mild

2 Moderate

3 Severe with large squames.

Purely subjective symptoms (dryness feeling,
tense skin sensation, pruritus, stinging
and/or burning) are better appreciated by their
threshold (the symptom exists or not) than by
their intensity. However it is sometimes useful
to record intensity, even in a very approximate
way (Finkey 1987), or to use a device
designed for autoevaluation as in the measure-
ment of pruritus (this book, ▶Chap. 131, “Itch
Metrology”).
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4.4 Sensitive Skin

Sensitive or reactive skin is a fairly common con-
dition. Being still poorly defined and almost
purely subjective, its definition, actual prevalence,
recognition, testing and treatment make a chal-
lenge for both dermatologists and cosmetologists.
A valuable attempt to answer most of these ques-
tions was made in a recent thesis from which were
drawn the following data (De Lacharrière 2002).

The condition has been termed “status
cosmeticus” in 1990 (Fisher 1990), but was first
recognized as an entity in 1986 by Thiers who
wrote (Thiers 1986) “Usually one deals with a
woman aged about 30 years, often with a clear
complexion. . . . From a short time, she complains
that her face, seldom her hands too, badly react to
every applied product, whether sophisticated or not.
In a couple of seconds the patient feels a warm and
burning sensation rather than itch. The treated skin
at once strongly reddens, but without immediate
weal neither late vesicle formation. Within a few
hours, sometimes only the day after, all symptoms
subside. When redness has faded out, one or two
days later, a fine and transient desquamation
appears. One is impressed by the intensity of the
erythema, and of the burning sensation, the scanty
desquamation, the absence of any sign of allergy
such as urticaria, or eczema. Once the reaction has
settled, any new attempt induces a relapse.”

In a survey conducted in a randomly selected
British population (2058 women and 260 men)
(Willis et al. 2001), the incidence of the self-
reported condition was 51.4 % for women and
38.2 % for men, and 10,0 % and 5.8 % respec-
tively for a “very sensitive” skin. In another pop-
ulation in the USA (800 women) comprising
Afro-Americans, Asians, Euro-Americans, and
Hispanics, the prevalence was similar (52 %)
(Jourdain 2002). Among 2000 Chinese women
(Yang et al. 2002) the mean incidence was
36.1 % and showed a regular decreases with
aging (e.g., 49.1 % and 20.1 % in the 18–20 y
and 51–55 y groups, respectively).

The conditions (as found in 887 English
women with sensitive skin (De Lacharrière
2002)) involves sensorial signs: itching, stinging,
burning, and skin tightness sensation occurring on

the face (nose paranasal, forehead, perioral area,
cheekbone, chin). Erythema was absent or faint.
“Dry skin” was often associated, but was not so
dry as to induce increased roughness and desqua-
mation (both assessed (De Lacharrière 2002)). In
another survey (1037 randomly selected English
women (De Lacharrière 2002)) the condition was
found not associated with present or past allergy
(atopic dermatitis, contact eczema). This was con-
firmed later (De Lacharrière et al. 2001). In Cau-
casians the symptoms are mostly triggered either
by contact with hard water, soap, make-up
removers, or by environmental factors (wind,
cold or warm weather, fast temperature change),
or by both. Spicy food may also generate skin
reaction especially in the Asians (Jourdain 2002;
Yang et al. 2002). In England proneness to
blushing and seborrhea are also predisposing fac-
tors. The stinging test (10 % lactic acid cotton tip
gently rubbed 10 times) showed positive in 48 out
of 88 English subjects, that is only in “moder-
ately” and “very” (not in “slightly”) reactive
skins (De Lacharrière 2002).

Neither an increased TEWL (De Lacharrière
2002) nor an increased sensitivity to SLS
(0.5–3 %) (Reiche et al. 1998) implying an
impaired skin barrier, were found associated with
sensitive skin. The skin hydration (capacitance)
was normal (De Lacharrière 2002). But the
sebum excretion rate (as found with Sebutape)
was significantly increased (De Lacharrière 2002).

All these data led the author to presumably rely
the condition to an increased superficial skin ves-
sels and/or sensorial nerves reactivity. Accord-
ingly testing with capsaicin was undertaken:
0.05 ml of 0.075 % capsaicin in a cream
(Zostrix®) over 4 cm2 on the jaw angle, with
scoring at 3, 5, 10, 20, and 30 min for stinging
(0–3), burning (0–3), itching (0–3)
(De Lacharrière et al. 1997). Both stinging and
itching scores were significantly higher in sensi-
tive skin, increasing in parallel with the severity of
the condition. In contrast, no difference was
observed in patients with and without contact
allergy (De Lacharrière et al. 1997). Brain acti-
vated areas during a lactic acid stinging test were
examined in nine women with sensitive skin as
compared with nine control women, using
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functional magnetic resonance imaging (Querleux
et al. 2002). Whereas in controls only the opposite
side Sylvian nose paranasal area was activated, in
sensitive persons activation was bilateral and
associated with that of the prefrontal (as in pain
sensation) and cingular areas. This experiment
suggests that sensitive skin may be a functional
neurosensory condition close to hypersensitivity
to pain (Querleux et al. 2002).

The conclusion of this set of experiments is
that sensitive skin can be detected using an appro-
priate questionnaire and confirmed by testing with
lactic acid and capsaicin. Owing to the lack of
difference between the author’s grade 1 (slight)
sensitive skin and controls, “true” sensitive skin
should perhaps be restricted to grade 2 (moderate)
and 3 (very) sensitive skin, that is people
experiencing.

4.5 Instrumental Assessment
of Irritation

4.5.1 Invisible Erythema
and Vasodilatation

Some devices are more sensitive than the eye and
capable to detect “infra-clinical erythemas.” Con-
trary to allergic or actinic reaction, these mild or
minimal irritations are characterised by vasodilata-
tion limited to the sub-epidermal vascular plexus,
the deep blood flow keeping barely elevated or
normal. They are therefore better assessed by the
techniques specific to superficial skin blood flow
(reflectometry or spectroreflectometry (Nangia
et al. 1996), green laser-doppler, capillaroscopy)
(see ▶Chap. 133, “Assessment of Erythema
and Pallor”). Laser-doppler may be useful to
detect stingers, independently of an erythema
(Lammintausta et al. 1992).

4.5.2 TEWL
In mild erythemas induced by irritation TEWL is
increased in proportion to the severity of the
irritation. Because this water flux reflects the
permeability of the stratum corneum its intensifi-
cation is observed following a barrier damage
due to detergents and other substances aggressive
to the horny layer. It is sensitive to SLS and reacts

in a dose-dependent and linear way, which is not
the case of the clinical response (Tupker
et al. 1997). Following an occlusive test, TEWL
must always be measured at least 1 h after the end
of application, the skin being left uncovered
(Tupker et al. 1997). Furthermore, a high basal
TEWL has a prospective value (Murahata
et al. 1986), indicating a more permeable stratum
corneum and a resulting increased tendency to
irritation.

4.5.3 Impedance
The measurement of conductance has given
inconstant results. The quotient of the absolute
impedance at 20 kHz by the impedance at 1 Mhz
(irritation index) decreases when the irritation
increases (Ollmar and Emtestam 1992). This
would be an indirect measurement of the
intercellular oedema of the viable epidermis.

Whilst TEWL and stratum corneum capaci-
tance remain unchanged, the sorption–desorption
test and moisture-accumulation test detected a
barrier alteration one hour after a 15-min applica-
tion of 0.1 % SLS, through significant reductions
of hygroscopicity (water sorption), water holding
capacity and moisture accumulation (Treffel and
Gabard 1996).

4.5.4 Skin Relief (Using Silicon Polymer
Replicas)

On the volar forearm, hyperhydration is associ-
ated with the narrowing of the furrows and the
dilatation of the plateaus, the surface of which can
become wrinkled. After application of an irritant
for 24 h, the normal triangular pattern recedes,
desquamation occurs, the crests crossing the pla-
teaux become larger, and in particular the furrows
become deeper. These alterations seem reproduc-
ible and related to the intensity of the irritation
(Kawai et al. 1992; Sato et al. 1996). They are
similar to what is observed when the stratum
corneum is dehydrated.

4.5.5 Desquamation (Agache 2004)
A static quantification (D-Squames, turbine
method) and a dynamic measurement (reduced
stratum corneum renewal time) have been used
to detect and assess some damage of the horny
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layer and alteration of the viable epidermis behav-
iour, respectively.

4.5.6 Dansyl Chloride Test
(Fluorescence Under Wood Light)

This test measures how the storage of dansyl chlo-
ride (DC) by the stratum corneum is reduced under
the effect of the application of the tested product; it
seems to be associated with its irritating effect (Paye
et al. 1994). It is not known whether the DC is
extracted by the detergent or whether its absorption
by the living tissue is facilitated. The sensitivity of
the test may be similar to that of TEWL.

On two areas on the volar forearm DC 5 % in
petrolatum gelly (vaseline) is applied under
semi-occlusive patch for 18 h later. After patch
removal the skin is thoroughly rinsed with tap
water and the homogeneity of the fluorescence
under Wood light is checked. During the follow-
ing 7 days, no soap or detergent is applied, there-
fore the test begins 8 days after DC application.
In the morning, on one of the areas (the other
serving as control) 0.15 ml of the tested prepara-
tion heated at 40 �C is applied in a Hill Top
Chamber for 30 min and the skin is thoroughly
rinsed. The same procedure (30 min application,
ablation, rinsing) is renewed twice in the same
day, with a minimum interval of 1 h 30. After the
last operation, a visual measurement of the
reduction of fluorescence compared to the con-
trol site is achieved, using a scale from 0 to 4. The
authors found it to be correlated with the irrita-
tion grade (even in absence of erythema) (Paye
et al. 1994).

4.5.7 Corneosurfametry (Stratum
Corneum Alteration Test)
(Piérard et al. 1994, 1995; Goffin
et al. 1995)

As the stratum corneum acts as a barrier against
penetration of foreign substances into the living
tissue, its integrity is essential in the protection
against irritation. Piérard et al. noticed that the first
sign of alteration of the stratum corneum by deter-
gents was an increase of its colorability by Poly-
chrome Multiple Stain (a mixture of fuchsine and
toluidine blue). Corneosurfametry consists in
measuring this effect on the most superficial

layers obtained by stripping with cyanoacrylate
glue. It is, therefore, an in vitro test carried out
on material that has been sampled in vivo.

Each sampling is put in contact with the tested
product for 2 h at 20 �C. It is then rinsed with tap
water and stained for 3 min. Its color is then
measured with a Chromameter CR200 according
to the system L*a*b*. It is also possible to observe
the type of stratum corneum alteration using a
microscope. The authors use 3 parameters:
(i) the ratio luminance/chroma, named CIM (Col-
orimetric Index of Mildness), (ii) the global dif-
ference in colour with the effect of water
application called CSMI (CorneoSurfaMetry
Index), (iii) the added differences of both previous
indices with water indices, called ODC (Overall
Difference in Corneosurfametry)1.

The CSMI after application of detergents dif-
fers significantly from the CSMI after application
of water. This permits to classify the products in
relation to water and a standard detergent, for
example 1 % SLS. Furthermore the effect of
water alone is a way to detect and assess the
stratum corneum fragility and makes it possible
to compare or rely this factor with the skin irrita-
bility. In this way the authors have found different
proneness to irritation in six body sites, as well as
a different stratum corneum stainability in sub-
jects with dermatitis of the hands and forearms
(Henry et al. 1997).

4.5.8 Mediators of Inflammation
Assessment in Stratum Corneum
(Perkins et al. 1999, 2001)

This method uses the ability of stratum corneum
to store peptides up to its uppermost layers origi-
nating in the viable tissue. Consequently, inflam-
matory mediators such as Interleukin-1” (IL-1”)
can be collected at the skin surface to detect a

1CIM = L*-(a*2 + b*2)0.5; CSMI = [ΔL*2 + Δ(a*2 +
b*2)]0.5; ODC = [(ΔCIM)2 + (ΔCSMI)2]0.5. However,
CIM is redundant because L* and (a*2 + b*2)0.5 are
inversely correlated; furthermore it evolves parallel to
CSMI. The ODC index is also redundant because it adds
up the same variation expressed differently. Only the CSMI
index has a clear significance: the colour difference in
colour between treatment with water and with the tested
product.
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cutaneous inflammation even in the absence of
clinical signs. The authors used Sebutape, applied
for only 1 min, to collect a thin layer of stratum
corneum in which human IL-1”, its receptor
antagonist IL-1RA, and IL-8 could be assessed
using specific ELISA kits (R&D Systems, Min-
neapolis, MN, USA.). Total protein in the sample
was also assessed, using the Pierce enhanced
microtiter assay (Pierce, Rockford, IL, USA)
with bovine serum albumin used as the standard,
in order to calculate the ratio cytokine/protein
which is independent of the amount of stratum
corneum collected. IL-1” was recovered from all
normal subjects, at a level depending on the body
site, whereas IL-8 was absent. No age related
differences were found. The ratio IL-1”/IL-1RA
was higher in sun exposed areas (face, lower leg in
females) as compared to covered sites (upper
back, upper arm, under arm, upper leg), most
probably signaling subliminal inflammation.
Upon skin irritation (heat rash, erythema, diaper
rash in infants) IL-1” levels were significantly
elevated. In babies suffering of diaper dermatitis,
a correlation was found between the rash grade
and IL-1” level. In these infants, IL-8 was also
found in the Sebutape samplings at measurable
level. Skin application of 20 % SLS for 1 h was
followed 24 h later by a strong increase of both IL-
1” and IL-8, while water application only induced
a smaller but clear cut augmentation. Conse-
quently, the method seems promising for detec-
tion and monitoring sub-clinical skin irritation.
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Patients often turn to dermatologists because of
problems of skin allergy, either of an external
origin (contact allergy) or associated with aller-
genic compounds intake (endogenous allergic
reaction). Skin tests are also frequently used to
confirm the allergic mechanism of noncutaneous
diseases (asthma, conjunctivitis). Investigations
apply mainly to either immediate IgE-mediated
Gell and Coombs’ type I allergy or delayed, cell-
mediated type IV allergy. The reading is also
immediate or delayed, depending on the mecha-
nism involved.

1 Immediate Hypersensitivity
(or Allergy) Testing

The principle of these tests is to reproduce the
Lewis triad within 20min by applying the allergen
on or into the skin. (Hypersensitivity refers to a
general mechanism, whereas allergy refers to its
clinical manifestations.) Common uses of imme-
diate hypersensitivity tests in dermatology are
atopy, investigation about possible allergy to
molds or foods, contact urticaria, reaction to
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medicine, oral syndrome, anaphylactic shock, and
some visceral diseases (Castelain and Castelain
1992; Lachapelle andMaibach 2012). One should
always keep in mind that hypersensitivity refers to
a general mechanism, whereas allergy refers to its
clinical manifestations.

In order to interpret the test, patients must meet
some requirements. The skin must be able to
develop a type I reaction; this response may be
disturbed by drug intake (Table 1) or by aging
(it decreases with age). The response may also
be different with the tested body site.

1.1 Immediate Hypersensitivity

1.1.1 Intradermal Skin Tests
It was the first allergy test to be described (-
Mantoux 1908; Lachapelle and Maibach 2012;
Bernstein and Storms 1995a, b). A solution with
the allergen is injected into the superficial dermis.
Usually, 0.02–0.03 ml produces a 3–5 mm diam-
eter papule. Reading is done by comparison with a
negative control (the vehicle alone) (Fig. 1). The
advantages of this method are good reproducibil-
ity, sensitivity, and the possibility to use a dilution
series (the only method that can assess the thresh-
old and intensity of the allergic reaction). Its draw-
backs are the pain it may induce, the necessary use
of injectable substances only (e.g., medicine,
venom, airborne allergens prepared for such
test), and mainly the risk to generate a systemic
anaphylactic reaction. Some believe that the sen-
sitivity of this test is too high and poses a risk of
false positivity; the use of control “healthy sub-
jects” may overcome this risk, but raises ethical
questions. The risk of inducing a sensitization is
also discussed.

1.1.2 Prick Test

Method
Described as early as 1924 by Lewis and Grant,
this test became widely used only after its modi-
fication by Pepys in 1972 (Pepys 1975). A drop of
the allergenic mixture is put on the skin, and then a
puncture is made of the skin through the drop,
avoiding bleeding; reading takes place after
15–20 min. For a well-trained operator, the punc-
ture is practically standardized. The usually tested
sites are the volar forearm and the back. A mini-
mum distance of 4 cm between tests is essential to
avoid reading problems in case of strong positiv-
ity. Disposable pins are mandatory. Common
material is in plastic (Stallerpoint, Allerbiopoint).
The prick through the allergen-containing drop
should be done on the skin tensed between
thumb and forefinger, without twisting the pin
(Fig. 2). For the purpose of standardization, the
Coated Phazest® which contains the allergen was
tried.

The prick test differs from

– The open test: the product such as a cosmetic
product is placed on the skin without epidermal
wounding.

– The open patch test, such as SAFT (Skin
Application Food Test), where the allergen is
placed on the skin, and sometimes occluded for
15 min, but without epidermal wounding.

– The linear nonstandardized non-bloody epider-
mal scarification, on which the allergen is
placed afterwards.

– The intradermal test.

These tests are read after 15–20 min,
sometimes more.

Table 1 Causes of false negative prick tests

Skin hyporeactivity (positive controls are negative): deficient mastocytes and/or neuromediators

Current 15 min is not the proper reading time: incorrect allergen formulation, very low allergen penetration

Medicine weakening effect: it can be detected through the controls
H1 antihistamines, imipramine, phenothiazine, and dopamine induce constantly false negatives
Hypnotics, theophylline, beta-mimetics, nonsteroidal anti-inflammatory drugs, and paracetamol may induce false
negatives
Long-term corticosteroid systemic or topical therapy can render prick tests difficult to interpret
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Allergens
There is no “standard kit” of allergens. Samples
are on the market, most of them in a phenyl-
glycerol-saline solution. Some allergens (e.g.,
dermatophagoides, cat hairs) are standardized,
and their dilution is expressed in reactivity index
(IR) defined by the reaction of the prick carried
out in specific conditions compared to the
codeine control, but most of them are not, and
variations are possible between kits. They must
be refrigerated and shaken before use. Regard-
ing food samples, the allergens on the market
can be used, but in most cases crude or frozen
pieces of food or more reactive freshly made
mixtures are tested. Medicines are used at their
usual concentration or with dilution depending

on clinical history. The skin reactivity is tested
by positive control (histamine 10 mg/ml) and a
negative control (the allergen vehicle). The drop
is wiped off at the time of the reading.

Reading
After 15/20 min, the whole tested area is patted
dry with absorbing paper. When tests are patted
dry one after the other, care should be taken not to
carry the allergen from one prick to another. The
Lewis triad pattern varies with age: vivid ery-
thema in newborn babies and papule only in old
subjects.

Negative criteria: A test is negative if compa-
rable to the negative control, while the positive
controls are clearly positive. A papular negative

Fig. 2 Prick testing; a drop
of allergen is put on the skin
and then pricked through
the stretched skin

Fig. 1 IDR, positive
reaction at 20 min
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control indicates dermographism; in that case a
similar reaction with tested compounds should be
considered as negative.

Positive criteria: The reading of the prick tests
is not standardized. Pruritus, pseudopodia, and the
comparison of the papule and erythema (flare)
diameters with those of the positive controls attest
a positive test. Reading is not quantitative; no
dilution series is used. Pseudopods are interesting
to be noted; they are seen mainly if the reaction is
allergic (Fig. 3).

Dubious tests: The test cannot be interpreted if
positive controls are negative or if the negative
control produces a reaction (Fig. 4).

Late reaction: Some allergens induce a flare
and papule reaction which appears within 12 h
and may last up to 48 h (e.g., cockroach test).
There is no explanation to these types of reaction
which cannot be used in diagnosis, except in
adverse drug reactions where they point to a pos-
sible delayed hypersensitivity.

Modulating Factors of Prick Tests
The skin reactivity is altered by strong pressure,
thinness of the skin, mastocyte density, and sub-
stance P concentration. Treatment by beta
blockers or IMAO does not seem to interfere
with reactivity of prick tests; however the efficacy
of adrenaline in case of anaphylactic reaction may
be hindered. The prick tests’ reproducibility is

good only if the possible enhancing or attenuating
factors have been eliminated at the time of the test.

Enhancing Factors and False Positive Tests
Tests performed while clinical signs of allergy are
present (e.g., a seasonal rhinitis) will be more
strongly positive. Some allergens (e.g., hymenop-
tera venom, Gruyère cheese) contain vasoactive
substances and can produce positive tests by
direct histamine release. A test may be considered
as indicating a type I hypersensitivity only if at
least ten healthy controls (a debated figure) tested

Fig. 3 Prick test: Lewis triad and pseudopods

Fig. 4 Prick testing,
positive reaction at day
2 with drugs
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in the same conditions remain negative or if IgE
specific of the allergen are found in the patient’s
blood.

Attenuating Factors and False Negative Tests
Tests performed too near a severe allergic bout
with total mastocytes degranulation can be false
negative. Some medicines (e.g., corticosteroids,
antihistamines) make the tests attenuated or neg-
ative. Desensitization weakens positive tests to
the allergen. Some peripheral neuropathies might
render prick tests negative, but children suffering
from spinal dysraphism can be tested in the anes-
thetic zone without any problem.

Adverse Effects
Since 1987 no death has been attributed to prick
tests, but nonstandardized allergens may generate
anaphylactic reactions or delayed and persisting
inflammatory reactions (e.g., plant sap). Focal
reactions are possible; it is necessary to have at
one’s disposal corticosteroids, epinephrine/adren-
alin, and injectable antihistamines as well as respi-
ratory ventilation material.

Diagnostic Value of Prick Tests
The prick test is an easy to use method whatever
the subject’s age; several allergens can be tested
in one consultation; the specificity of the method
is good; however its sensitivity is poor
(250 times less sensitive than the intradermal
test) (Menardo et al. 1982). Faced with a sug-
gestive clinical case and a negative prick, it is
possible to repeat the test and maybe to complete
it with an intradermal test. A prick test positive
alone does not mean that the patient is allergic.
Interpretation must always be connected to the
clinical history, and if any doubt arises the prick
test can be followed by provocation tests, but it
raises ethical questions. The assumed mecha-
nism of a positive reaction to an allergen may
be confirmed by the specific IgE assessment; if
its blood level is abnormally high, then the
patient obviously presents a type I sensitization,
but allergy is based on clinical signs only. The
results of the prick test are not quantitative and
cannot be used to quantify this allergy nor type I
sensitization.

1.1.3 Other Tests
Other tests are used, but in a more unusual way:
open test, scratch test, and prick test followed by
occlusion. The principle is always the same: to
reproduce the Lewis triad.

The most interesting test is the open test. The
allergen is placed onto the skin, in conditions
similar to when it induced reaction. The test is
positive if the Lewis triad appears within 20 min
or more. The test is indicated in case of anaphy-
lactic reaction to an allergen for which there is no
standardized extract (drugs, cosmetics); if it is
negative, then a prick test can be carried out.

The labial provocation test can be used, with
caution, especially for food (Menardo et al. 1982).
The piece of food is held for 2 min by the hand
inserted in a vinyl glove on the vermilion border
of the lower lip. The test is positive if redness and
pruritus appear within 20 min. As penetration
through mucus membranes is fast and high, there
may be in case of high hypersensitivity a risk of
excessive lacrimation, nasal discharge, bronchial
spasm, and shock.

Oral provocation tests are always thought over
for awhile before implemented. Their main use is
the detection of food allergy in atopic children
(Rancé and Dutau 1997) when the labial provo-
cation test is negative. For drugs, provocation
tests are questionable.

Usage tests are contraindicated in case of con-
tact urticaria as they bear a nonnegligible risk of
anaphylactic shock.

Reintroduction tests are only aimed at
confirming the innocuousness of a drug that was
suspected in the first place then cleared, especially
to make the patient feel secure. These tests must
be carried out in a hospital ward because there is a
nonnegligible vital risk (Bock 1991).

2 Delayed Hypersensitivity

The principle of these tests is to reproduce the
lesion of delayed hypersensitivity (eczema in
type) by the “mini-reintroduction” of the allergen
into the target organ, namely, the skin. Indications
are contact dermatitis, atopic dermatitis
(Lachapelle et al. 1992; Giordano-Labadie
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et al. 1999; Isolauri and Turjanmaa 1996), adverse
drug reactions (Barbaud et al. 2001; Lachapelle
and Tennstedt 1998), and atypical contact
dermatitis.

The test can be interpreted correctly (Pons-
Guiraud 1995) only if the patient is compliant
and well informed.

He must have normal cellular immunity, and
one should remember that the latter is reduced
during pregnancy and is strongly weakened by
cyclosporin, azathioprin, corticosteroid therapy,
and ACTH and when CD4 lymphocytes are
lower than 500/cm3. Topical ultraviolet ray or
immunodepressive drug on the tested zone in the
preceding month should be banned.

2.1 Main Tests of Delayed
Hypersensitivity

2.1.1 Epicutaneous Patch Testing

Material and Method
The main clinical sign of contact allergy is an
eczema localized primarily at the site of contact
with allergen (Lachapelle and Maibach 2012;
Lachapelle et al. 1992). The patch test aims at
reproducing the disease on a small area. It is
usually achieved on the back by applying the
allergen under occlusion, formerly under a gauze
pad, today in a metal or plastic chamber (Finn
Chamber, square chambers of Van der Bend,
etc.) (Lachapelle 2010). Following removal of
the chamber protecting lid, a minimal amount
(from 15 μl in Fin Chambers to 20in Van der
Bend of liquid or 20 mg allergen in petrolatum
jelly deposited with a syringe (Bruze et al. 2007;
Fig. 5)) is placed at its center. If necessary the
surplus is wiped off, and then the preparation is
attached to the patient’s skin. The place and con-
tent of each chamber are carefully recorded in the
patient’s file, usually using a sketch. The material
is maintained in place with Mefix ®. The chamber
is removed after 48 h, and their positions are
marked on the patient’s back with a fluorescent-
yellow pen (which will necessitate a wood lamp
for detection 72 or 96 h later) or with a
dermographic pen (marketed by companies

selling equipment for patch testing). When posi-
tive, the test shows the typical eczematous lesions,
namely, erythema, edema, and vesicles. A first
reading is made immediately after the chamber is
removed; the patient has to return 1 or 2 days later
for a second reading. The patients should be
informed before the tests so that they can make
necessary arrangements.

The manual positioning of allergens in the
chambers is a worrying source of variation. The
TRUE Test® is a standardized patch test method
where the chamber contains the allergen in an
inert gel; it is found on the market at a free prize
(more than € 15 or US $ 12 for a standard ICDRG
series which contains allergens that are not
updated).

Allergens
Those on the market have a definite concentra-
tion and a vehicle adapted to skin penetration
(Lachapelle 1995; Fischer 1995). There is stan-
dard series (or baseline series) that contains
allergens whose overall positivity rate is 1 %
at least, when used systematically in people
suffering from contact allergy. Its contents are
updated at regular intervals. It palliates some
failings in the patient history evaluation, and it
can be complemented by an additional series
also “routinely” used and set up from the phy-
sician’s experience (Raison 2012). Baseline
series vary according to geographical areas;
the International Standard Series recommended
by the ICDRG (International Contact Dermati-
tis Research Group) contains 21 allergens, and
the European baseline series contains 28 aller-
gens. Depending on the information provided
by the patient, additional series can also be
used (hairdressers, textiles, cosmetics, eyelids,
feet, etc.), as well as the patient’s own products
(nonfoaming cosmetics and medical topics are
tested under occlusion). For the emergent aller-
gens, concentration is empirical or based on
multicentric studies and subject to frequent
revision (de Groot 2008).

Patch Test Reading
Reading takes place after 48 h, 72 h, or 96 h. It
should conform to a fixed standard. The ICDRG
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international score is used, based on the presence
or absence of eczema basic lesions (Lachapelle
and Maibach 2012; Vigan 1995).

A positive test of irritant type has no value as
far as allergy is concerned. Such effects are the
so-called soap effect, shampoo effect, follicular
vesicles, croton effect, blistering effect, and
necrosis.

If the positive test is of allergic type, it is then
scored in cross (Table 2). The reading of
epicutaneous patch tests is mainly clinical; the
contribution of histology is limited because in
case of doubt, it is also uncertain. TEWL mea-
surement, colorimetry, and laser Doppler have
been used, but the results were not convincing
enough to be used in current practice.

The ICDRG grading records semiquantita-
tively the intensity of the allergic reaction. The
appearance time (often the quicker is the appear-
ance time, and the more sensitized is the patient) is
also a way to assess this intensity. Pruritus is not
considered in the score, whereas it is a typical
symptom of eczema because it is too subjective.
Calibration of this patch test reading is necessary
(Svedman et al. 2012).

Unwanted Effects
They are rare (Castelain 1995; Inerot and Möller
2000; Kamphof et al. 2003; Vigan 1996) and take
the following forms:

– False positive reactions: impurities contami-
nating the allergen, allergy to the support or
the vehicle, angry back syndrome, irritation
from too long application time, or too high
concentration.

– Negative false reaction: too early reading,
inappropriate testing, antigenic extinction phe-
nomenon, too low concentration, too short
occlusion, and photo allergy.

– Irritant reaction and atopic dermatitis outbreak
on the tested area.

– Persistent depigmentation and complication
special to some allergens (vegetables, p-amino
compounds, acrylates, etc.).

– Keloid scars or persistent pigmentation, usu-
ally due to a technical error (Fig. 6).

Table 2 Reading score of epicutaneous patch tests

Europe USA

NT NT Not tested

- 0 Negative reaction (but false negative
are possible)

+? 1 Doubtful reaction = erythema only

+ 2 Weak reaction = erythema and slight
infiltration, possible small papule
(no vesicle)

++ 3 Strong reaction = erythema,
infiltration, and vesicles

+++ 4 Extreme reaction = erythema,
infiltration, coalescent vesicles, and
blister

IR IR Irritant reaction (false positive)

Fig. 5 20 mg of each
allergen in petrolatum
should be in the Finn
Chambers
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– Immediate-type reaction with a risk of anaphy-
laxis; this reaction is often revealed at first by
the patient who complains about a pruritus
during the test and confirmed when a urticarial
papule is seen when the chamber is lifted. The
allergen must then be removed immediately
and the patient kept under observation and
treated if necessary.

– Distant eczema outbreak or flare up: the area
affected by eczema is reactivated although it
has healed.

– Active sensitization: they should be considered
when the test becomes positive beyond 1 week
(Van Ketel 1973) and when the allergen is
tested again, the new test reacts in usual read-
ing. Active sensitization has to be differenced
from booster effect (Vigan et al. 1997).

Interpretation of Positive Tests
A positive test is valid only when its relevance is
established, that is: (i) when the allergen is found
in products in contact with the patient, (ii) when
the topography of the skin lesions is compatible

with this contact, and (iii) when eviction induces
recovery (Dooms-Goossens 1996). Contact may
be direct, or by proxy, or airborne, or transmitted
by the hands. Systemic contact ought to be con-
sidered sometimes. Relevance may be actual or
past. Some tests are relevant only through crossed
reactivity. The test is all the more relevant if its
score is ++ or +++, but this varies according to the
allergens.

A positive test is of diagnostic value for type
IVallergy (late or delayed hypersensitivity) in the
following conditions: (1) if the allergen is known
and standardized or (2) if the allergen is unknown
and the patient reacts to increasing dilutions,
whereas control subjects remain negative.

2.1.2 Open Test
It is used to test foaming products or
manufactured products of uncertain composi-
tion and pH 3 � 9 (Dooms-Goossens 1990). A
drop of the product investigated is placed on the
skin of the patient’s back. When dried, if there is
no reaction, it is covered by a microporous adhe-
sive. Reading takes place as for patch tests. If the
application area becomes red or whitish before
being covered, the product is immediately rinsed
by an adapted solvent (petrolatum for a lipo-
philic product, water for a hydrophilic
substance).

2.1.3 ROAT (Repeated Open
Application Test)

It is used whenever the patch test is not possible,
(in case of allergic reaction to some cosmetic
allergens, the patient may try a ROAT for any
new cosmetic; this obviates the absence of label-
ing) or if it is negative, while the clinical signifi-
cance is obvious, or if a manufactured product has
a weak (+?, +) positive reaction (Dooms-
Goossens 1995). The patient applies the tested
substance on the elbow crease, or the outer side
of the arm, every morning and evening (Fig. 7).
No reaction within 15 days implies that the test is
negative.

2.1.4 Usage Test
If all the tests are negative in spite of their
obvious pertinence, the product may be used

Fig. 6 Patch testing, keloid scars due to a technical error

1260 M. Vigan



again in normal conditions, as a test for con-
firmation or denial of allergy. This test is rarely
used. In case of positivity, it is often difficult to
confirm the type IV hypersensitivity
mechanism.

2.1.5 Intradermal Test
Its main use is to detect hypersensitivity to tuber-
culin, a particular type of cellular (= late =
delayed) hypersensitivity. Reading takes place
after 48 h and semiquantification indicates the
degree of hypersensitivity. It is today largely
replaced by multipuncture kits. Tests to microbial
and fungal antigens have been gradually aban-
doned because of the difficulty in determining
relevance. Tests to drugs may give delayed reac-
tions even in the absence of immediate reactions;
they are then often associated with positive patch
tests to the drug (Fig. 8). These delayed reactions
can evolve during weeks and result in residual
atrophy. To avoid such a complication, it is pref-
erable to start testing medicines with open tests or
prick tests with immediate reading, to continue
with epicutaneous tests with monitoring during
30 min to detect an immediate reaction under
occlusion, and then perform the reading after
48/72 h; finally in the absence of delayed reaction
terminate by an intradermal test. This attitude is
not valid for all medicines and all type of reaction
(e.g., curares, because curare allergy is always
type 1).

3 Hypersensitivity to Cosmetics

3.1 Allergy to Cosmetics, Testing,
and Risk Assessment

Immediate hypersensitivity reactions can be diag-
nosed by open immediate reading tests and if they
are negative, immediate reading pricks tests;
sometimes the test can turn positive in 1 h, so
patients have to be survey longer than for other
prick tests (Lauriere et al. 2006; Chinuki
et al. 2011). These tests must be carried out in a
hospital ward because there is a nonnegligible
vital risk. Delayed hypersensitivity reactions can
be diagnosed by adapted tests, with delayed read-
ing. In the case of cosmetics, it is necessary to be
aware of false positive tests, due to the presence of
lauryl sulfate, for example, and false negative tests
due to the low concentration of allergen in the
finished product. To test some components of a
finished product which has induced a positive
reaction, it is essential to know their INCI name,
concentration, vehicle, and pH. A too acidic or too
alkaline pH precludes tests with the nonmodified
compound.

3.2 Assessment of the Allergic
Potential

It is not possible to assess the type I allergic
potential of a new component of cosmetics in
humans using a predictive test because of possible
systemic unwanted effects (anaphylaxis); how-
ever, the allergic potential can be evaluated retro-
spectively through cosmetovigilance (Chinuki
et al. 2011).

The various predictive methods of the type IV
allergic potential are confronted with the fact that
conditions in which the assessment takes place are
different from the actual conditions of use
(Kligman and Basketter 1995) and to the ban
prohibiting the sale of cosmetic products tested
on animals.

Epicutaneous patch testing achieved before
marketing in (well informed) volunteers suffering
of contact allergy to other products and thus more
susceptible to develop allergy may be useful and,

Fig. 7 ROAT, positive reaction to a cream at day 4
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in case of positivity, prevent the marketing, but the
negativity of these tests does not provide any
conclusion, and it raises ethical questions. Usage
tests on control subjects and ROAT can have the
same usefulness, but they raise epidemiological
questions. So this kind of methods to predict the
allergic potential tend to be given up and to be
replaced by alternative method and Quantitative
Structure Relationship method (Grace
et al. 2004).

Active “cosmetosurveillance” (Vigan
et al. 1996) implies the epicutaneous patch testing
of all newly introduced products. This may be
done in well-informed patients in addition to
their being tested with the standard series. In this
way an allergenic potential can be early detected.
When negative, the test read at 48 and 72 or 96 h
as usual, must be reevaluated after 15 days to
detect a possible active sensitization. Some ethical
questions have to be solved.

Cosmetovigilance can detect emergent aller-
gen (Salverda et al. 2013).

4 Conclusion

Methods which assess allergy by skin tests require
soundness and rigor to avert risks for the patient.
Some of them are vital (anaphylaxis); others are
irreversible (scars, depigmentation). The physi-
cian who performs these investigations is liable

for them and must be in a position to foresee the
risk in order to assume responsibility. Skin tests in
humans are the only method to detect allergic
reactions; they are more reliable than in vitro tests.

Skin tests are the only possible methods to
detect allergens and set up actions for individual
and collective prevention. However it is essential
that test reading is done in sound conditions (good
lighting, proper time) and by an experienced phy-
sician; a positive test may affect the patient’s life
(Frimat 1995).

Intensity of type I sensitization can be assessed
only by intradermal tests, whereas epicutaneous
testing is the best method to evidence type IV
reactions. Patch testing implementation is opti-
mized by standardization which permits
semiquantification. For a well-known and stan-
dardized allergen, the ICDRG grading and the
positivity appearance time are the two parameters
of the intensity of the reaction. For an unknown
allergen, an idea of this intensity will be given by
the reactions with different dilutions. Finally,
cutaneous tests cannot always be used to predict
the allergic potential of a substance, but through
active cosmetosurveillance and cosmetovigilance
they can help to detect and assess it as soon as it
appears.

Some patch testing device suppliers:

– Hermal, Kurt Herrmann AG, PO box 28, 2057
Reinbeck, Hamburg, Germany

Fig. 8 IDR, positive
reaction at D4, in the same
time patch test are positive

1262 M. Vigan



– Chemotechnique Diagnostics, PO box 80, 230
42 Tygelsjö, Malmö, Sweden
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Man regulates his internal body temperature
within a normal range, with limits around 37 �C.
This endothermia relates only to the internal part
of the body (core), as the peripheral part,
represented by the skin, can vary greatly (from a
few degrees up to 44 �C).

Regulation of the body temperature at a con-
stant level is under the control of the thermoregu-
latory system located within the hypothalamus.
The hypothalamic centers, which are also sensi-
tive to the circulating blood temperature, are con-
stantly informed of the thermal state of the various
parts of the body. For that purpose there are
peripheral (cutaneous) thermoreceptors, which
respond specifically to warm or cold stimulation.
Some of these sensors operate in static mode
(temperature level), while others operate in
dynamic mode (rate of temperature change) or
both. The various thermal information is inte-
grated inside the thermoregulatory center, which
is, according to the thermostat principle (with a set
point at 37 �C), sensitive to any perceived devia-
tion compared to the set point (error signal) and
triggers the thermoregulatory reactions involved
in the adaptation to increased cold or heat.

The thermoregulatory adjustments required for
the maintenance of endothermia aim toward
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equilibrating the heat gains and heat losses of the
human body, and obtaining a heat balance of zero
(thermal equilibrium). This balance (B) corre-
sponds to the sum of the internal heat production
(M, metabolic) and various heat fluxes (occurring
at the skin surface at a pulmonary level): convec-
tive (C), conductive (K), radiative (R), and evap-
orative (E)

B ¼ M� R� C� K� E

The metabolic heat production (M) associated
with cellular activity in a resting condition is
minimal (50 W.m�2), but can be greatly
increased (500 W.m�2) during intense physical
exercise. Heat, which is almost exclusively pro-
duced at the core level, is then carried away
towards the skin, the site of thermal exchanges
with the environment. This transportation is car-
ried out by either tissue conduction or blood
convection:

– Tissue conduction (Hk,t), is the transfer of heat
by contact between different tissues, but this is
of little importance as this process accounts for
only 10–15 % and is reliant upon the formula:

Hk, t ¼ hk, t Tco � Tsk

� � � Ak in W

where Hk,t represents the coefficient of the tissue
conductance, Tco the core temperature, Tsk the
mean skin temperature, and Ak the tissue area
where heat exchange occurs by conduction.

– Blood convection represents the most impor-
tant means of the core–skin heat transfer, and is
reliant upon the following equation:

Hc ¼ Fsk � cb � ϱ � Tar � Tvð Þ in W

where Fsk represents the global skin blood flow, cb
the specific heat of the blood, ϱ the blood density,
and (Tar � Tv) the temperature difference
between arterial blood and venous blood. There-
fore the arterial-venous network is a true heat

conducting system, removing heat from the mus-
cles and active organs toward the other parts of the
body, although it is mainly at the skin level that
heat can be lost.

1 Heat Transfer between the Skin
and the Environment

Heat transfer between the skin and the environ-
ment occurs by conduction (K), convection (C),
radiation (R), and evaporation (E).

– Heat exchanges by conduction (K) occur by
direct contact between the skin and the envi-
ronment and are reliant upon the formula:

K ¼ hk Ts � Tskð Þ � Ak in W

where hk represents the thermal conductivity of
body parts in contact with each other, Ts the tem-
perature of those parts, Tsk the skin temperature in
contact, and Ak the contact area.

– Heat exchanges by convection (C), used for
instance when warming the air of a room
(by an electric resistance heater), are reliant
upon the formula:

C ¼ hc Tdb � Tsk

� � � Ac in W

where hc represents the heat exchange coefficient
by convection, Tdb the dry bulb (air) temperature,

Tsk the mean skin temperature, and Ac the area
where the exchange takes place. The air velocity
increases these convective heat exchanges signif-
icantly by modifying hc according to the formula:

hc ¼ Kc � V0, 6
a

where Kc depends upon the shape of the body and
Va is the air velocity. In the absence of wind,
convection is said to be natural convection; in
the presence of wind it is said to be forced con-
vection. Note that the reading of the dry bulb
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thermometer gives us the exact value of the air
temperature.

– Heat exchanges by radiation (R) are a little more
complex to understand. Any body, living or inert,
emits a radiation called radiance (R), which relies
upon the formula: Rt = εσT4, where Rt is the
body emissivity, a is the Stefan-Boltzmann con-
stant (5.67 � 10�8 W.m�2 � K4), and T the
absolute body temperature in Kelvin (K).

Any body surface which faces any other sur-
face exchanges heat by radiation. Knowing that
for infrared heat exchange the skin has an emis-
sivity of almost 1 (0.97), the intensity of the heat
exchange between the skin and the environment
can be rewritten as follows:

R ¼ hr Tr � Tsk

� � � Ar in W

where hr is the linearized heat exchange by radia-

tion, Tr the mean radiant temperature of the
environment, Tsk the mean skin temperature, and
Ar the exchange surface.

As we generally do not know the value of Ar

exactly, we express it as:

Ar ¼ Ar

Ad

� Ad

where Ad is the DuBois area (total skin surface
area) given by the formula:

Ad ¼ 0, 2025 M0, 425 � T0, 725

where M(kg) = body mass = weight/9.81 m.s�2,

and T(m) = height; Ar

Ad
corresponds to the percent-

age of the skin area which exchanges heat with the
environment, generally 70 % (the remaining 30 %
corresponds to the human bodypartswhich exchange
between themselves: the inside of the legs, the inside
of the arms, between the chin and torso, etc.).

– Heat exchanges by evaporation (E) occur
when sweat evaporates from the skin surface:

for every gram of sweat that evaporates 2.42 kJ
are eliminated. This is reliant upon:

E ¼ hc Pa � Pskð ÞAe in W

where he is the heat exchange coefficient by con-
vective evaporation, which is linearly linked to the
heat transfer coefficient, Ae is the evaporating
surface, and (Pa � Psk) is the difference between
the ambient water vapor pressure and the satu-
rated water vapor pressure at skin temperature.
Pa generally being unknown, one can write

Ac ¼ Ad � Ae

Ad

where Ad is the DuBois area (total skin surface

area; see above for calculation) and Ae

Ad
is the skin

wettedness expressed as a percentage. The con-
cept of skin wettedness is interesting because it
describes fairly well the severity of the heat strain.
A 30 % skin wettedness is associated with dis-
comfort; at 50 % skin wettedness sweat starts to
drip from the body; at levels higher than 85 %
skin wettedness corresponds to very severe expo-
sure. For any given situation (he, Ae fixed), the
heat exchange by evaporation will be proportional
to the water vapor pressure difference (Pa � Psk).
As a consequence, the closer Pa is to Psk (5.8–6.6
kPa), the less evaporation takes place and the
more sweat drips from the body without any effi-
cient thermolytic effect.

In summary, the heat exchanges by K, C, and
R are called dry heat exchanges, because they are
essentially proportional to the difference between
the skin temperature and that of the environment
(Tsk, Tdh, and Tr). Heat exchange by evaporation,
also called latent heat exchange, is essentially
proportional to the water vapor pressure differ-
ence between air and skin. These exchanges are
linked to the skin temperature and therefore under
the control of the thermoregulatory system. They
can be assessed for the overall body (because
thermal equilibrium is required for maintenance
of endothermia) but they can also be assessed
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locally (because they are at the origin of the ther-
mal sensation and this may cause discomfort).

1.1 Additional Heat Exchanges
Originating at the Level
of the Respiratory System

Inspired air enters the respiratory tract at the dry
bulb temperature, but leaves at approximately
35 �C, thus some heat exchange occurs by respi-
ratory convection (Cresp). In the same way,
inspired air enters the lungs at a humidity
corresponding to the humidity level of ambient
air. It leaves completely saturated at 35 �C; thus,
some heat exchange also occurs by respiratory
evaporation (Eresp). These heat exchanges (Cresp +
Eresp) are not regulated because they are not
under thermoregulatory control. Their intensity
depends totally upon the ambient conditions and
the respiratory ventilation rate. They are often
negligible, except during intense physical exer-
cise in dry environments.

2 Heat Balance Equation

The heat balance equation B = M + K + C +
R + E is defined as the sum of different compo-
nents, which, by definition, will be allocated a
positive (+) value if they correspond to a heat
gain, and a negative (�) value in the case of heat
loss. Given this, the equation is written:

B ¼ M� K� C� R� E in W:m-2

So:

– M is always positive, as it is an internal heat
production

– E is always negative, as it always heat loss
(except in special cases where condensation
could occur on the skin)

– K, R, and C can either be positive or negative
depending upon the temperature difference
between the skin and the environment.

Therefore, B can either be zero
(thermoequilibrium), positive or negative.

In summary, when the heat balance equation is
zero (B = 0), heat gains and heat losses are bal-
anced and endothermia is maintained.

When heat gains and losses are unbalanced
(B 6¼ 0), heat storage (S) can occur: this fre-
quently happens during heat exposure and/or dur-
ing physical exercise. On the other hand, heat debt
(D) will take place especially during exposure to
cold. In these two cases endothermia is at risk
from the dangers of hyperthermia (heat) or hypo-
thermia (cold).

2.1 Heat Balance in Cold
Environments

The zero thermal balance in a cold environment
dictates that M = �R � C � K � E, which
means that the metabolic heat production Mmust
offset all the heat losses (R, C, K, and E) to
maintain endothermia. Therefore, two thermoreg-
ulatory reactions can be triggered against the cold:

– A reduction of heat losses by increasing the
cutaneous insulation: peripheral vasoconstric-
tion (diverting blood from the skin) leads to a
decrease in the mean skin temperature, there-
fore reducing the temperature difference.

– An increase in internal heat production by
either shivering, which corresponds specifi-
cally to muscular activity in the fight against
the cold, and can reach between 200 and
250 W.m�2, or by voluntary physical activity
(up to 500 W.m�2). Nevertheless, neither shiv-
ering nor physical activity can be maintained
for long periods of time, rendering man partic-
ularly susceptible to the cold.

– Other heat sources may exist, notably the spe-
cific dynamic action of food intake, which has
negligible importance. Regarding the
non-shivering thermogenesis, well known in
rodents, it is unlikely to occur and if so only
in the case of developing adaptive
mechanisms.

1268 J. Bittel and V. Candas



In summary, without the help of clothes or
heated areas, in humans the cold climate often
results in an unbalanced heat equation leading to
a heat debt (hypothermia), the importance of which
depends upon the intensity of the cold stress, its
duration, and the type of environment the body is
exposed to (water > air). The skin, thanks to the
thermal insulation induced by peripheral vasocon-
striction, plays a major role in the reduction of heat
loss. It is the excessive physiological insulation
that plays a part in the appearance of frostbite.
Some adaptive mechanisms appear to reduce the
intensity of the skin heat losses; for example,
increased subcutaneous fat thickness which
reduces peripheral thermal conductivity.

2.2 Heat Balance in Hot
Environments

The balanced thermal equation in the heat is writ-
ten E = M � R � C � K, which means that
evaporation of sweat is the only means of heat
loss compensating for the internal (M) and exter-
nal (R � C � K) heat gains. Thus endothermia is
maintained if E = M � R � C � K, and
E represents the required evaporation (Ereq) nec-
essary to achieve zero thermal balance. The ambi-
ent evaporative capacity restricts the evaporation
of sweat to an Emax value, which mainly depends
upon the temperature and the humidity of the
ambient air. Thus, when Emax > Ereq endothermia
can be guaranteed, but when Emax < Ereq, heat
storage (S) will occur, leading to hyperthermia,
the importance of which depends upon the sever-
ity of the climatic conditions, the activity level of
the person, and the duration of heat exposure.

Hyperthermia in the form of heat stroke is a seri-
ous condition which often results in death. A
limitation of the thermolytic capacity depends
upon the maximum sweating capacity of the sub-
ject. This can reach between 2 to 3 litres of sweat
per hour, but this sweating rate can only be
maintained for short periods of time. On the
other hand, sweat losses, if not correctly
counterbalanced by fluid intake, can lead to dehy-
dration associated with hypothermia, tachycardia,
and osmotic imbalance.

3 Conclusion

The skin is the site of heat exchanges between
man and his environment. Its capacity to modify
the intensity of these exchanges via vasomotor
control means that it plays an essential role in
the fight against environmental thermal stress.
The development of millions of sweat glands
allowing secretion and excretion of sweat makes
it a unique location for heat loss in warm
conditions.
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It is worth noting that an international standard
(ISO 9886) provides guidelines for measurement
and interpretation.

1 Thermal Shivering

1.1 Qualitative Aspect

Shivering corresponds to the isometric contraction
of certain muscles, all the energy of which is
converted into heat. It can easily be detected from
the electromyographic activity of the muscles that
are commonly involved. The detecting electrodes
are generally located above the masseter muscles or
on the scapular area. Shivering is at first localized
and then tends to spread to meet the required heat.
Electromyography permits accurate detection of the
onset of shivering: this is interesting, for instance,
when studying the cold adaptation process,
although it does not allow quantitative analysis.

1.2 Quantitative Aspect

As muscular activity requires energy (see
▶Chap. 121, “Functional Assessment of Ther-
moregulation in man”), shivering results in an
increase in oxygen consumption. In normal condi-
tions, when the respiratory quotient is normal (=0.8)
(from combined oxidation of fats, carbohydrates, and
proteins), each liter of oxygen consumed per hour in
addition to the resting metabolism generates 5.6 W.
Shivering assessment under hypothermic conditions
is therefore carried out by measurement of the oxy-
gen uptake and carbon dioxide elimination (knowl-
edge of the respiratory quotient MCO2/MO2 gives a
better estimation of the O2 energy equivalent). For

instance, a mild hypothermia which would require a
heat production of 100 W corresponds to an addi-
tional oxygen consumption of 300 ml/min, which
imposes an approximately twofold increase in the
oxygen consumption observed at rest to maintain a
stable core temperature.

2 Rectal Temperature

The thermosensor (with a disposable probe, or a
probe which can be sterilized and used again with
the same subject) is introduced into the rectum
approximately 10–12 cm beyond the anal sphinc-
ter. Although inert, it is influenced by its location
inside the rectum, i.e., whether it is in direct con-
tact with the rectal wall, by the temperature of the
venous blood returning from the inferior limbs. To
avoid a possible injury it is essential to ensure that
there are no hemorrhoids.

3 Esophageal Temperature

The thermosensor is introduced via the nose into the
esophagus, aided by swallowing at the opportune
moment small amounts ofwater stored in themouth.
Generally, a distance of about 40 cm between the
probe and the nasal passage is necessary to give an
accurate measurement. When located in the esoph-
agus the sensor gives an accurate reading of the
arterial blood temperature (due to the proximity of
the heart and the aorta (Brengelmann et al. 1979)).
This measure can be affected by a high respiratory
rate (during effort) and is of course directly
influenced by the temperature of ingested fluids
and the resulting local evaporation.

4 Tympanic Temperature

In the case of a contact measurement (Brinnel and
Cabanac 1989), the probe is usually at the tip of a
very soft spring. Nevertheless the contact of the
probe with the membrane is painful and is associ-
ated with the perception of a loud noise. The ear
canal must be very clean (no wax) and well
protected against external influences (e.g., ear
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plugs and monaural headphones filled with isolat-
ing material) to avoid mistakes linked with the
environmental temperature. Indirect measurement
using an infrared thermometer seems easier
because it is less invasive. However, it implies a
rectilinear auditory canal, no obstruction, and
expertise of the operator. Often an incorrect mea-
sure of the tympanic temperature is in fact a cor-
rect measure of the auditory canal temperature.

5 Sublingual Temperature

Sensors (with a disposable probe) are introduced
underneath the tongue as deeply as possible. The
subject must be asked to breath only through the
nose to ensure a correct measure (Mairiaux
et al. 1983). Any breathing through the mouth
will lead to an underestimation of the temperature
due to saliva evaporation. Measuring the oral tem-
perature under physical activity is difficult; con-
sequently it can be done during a short resting
period between two phases of activity.

6 Digestive Tract Temperature

The sensor (consisting of a radiobattery) is ingested
by the subject and moves along the digestive tract,
allowing a radiologic tracing to bemade. The sensor
transmits variations in core temperature and is sub-
ject to fluctuations related to its location (contact/no
contact with the feces or the intestinal walls).

7 Vaginal Temperature

This non-invasive measurement gives a correct
value of the core temperature.

8 Mean Skin Temperature
(Agache 2004)

Measurement of the local skin temperatures can
be extrapolated to the total skin area, which is
termed mean skin temperature. Local

measurements are carried out by either contact
or infrared thermometry. If the measurement is
made by contact, the point of contact should not
be under any pressure nor covered with anything
that would insulate the sensor or restrict any
evaporation that may occur locally. Calculation
of the mean skin temperature is then carried out
by averaging the local measures, each of them
proportionally weighted to the percentage of the
body surface it represents. Increase in the local
skin temperature is usually lower than its
decrease under cold stress. It does not depend
upon internal heat production except in the case
of intense physical exercise (see ▶Chap. 121,
“Functional Assessment of Thermoregulation in
man”). Nevertheless, it is not totally indepen-
dent of the adjustment of the hypothalamic ther-
mostat, as demonstrated by the cutaneous
hypothermia under fever conditions.

9 Heart Rate Measurement

Counting the QRS complexes on the electrocar-
diogram gives a measurement of the heart rate.
This has become easy since personal, portable
cardiofrequency meters (e.g., the Sport-tester
model) became available. Ignoring the extra-
cardiac activity associated with emotional influ-
ences, one can state that the heart rate is the sum of
three components, each of which is subject
dependent:

– A basal component, which can be assessed at
rest under thermal neutrality

– An activity component linearly related to the
intensity of the physical effort involved in car-
rying out a standard task

– A thermal component directly proportional to
the heat storage, which originates from both
environmental conditions and metabolic heat
production

Indirect assessment of the thermal strain
through heart rate measurement therefore requires
previous knowledge of the subject’s physical and
thermal reactivity (Vogt et al. 1973).
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10 Sweat Rate Measurement
(Agache and Candas 2004a, b)

Assessments of the total sweat lost over a time
interval can be achieved either by weighing the
subject before and after, and eventually adding the
quantity of sweat lost in the clothing, or by mon-
itoring the subject’s weight. The body mass
variation is a reflection of the water losses due to
sweating, after taking into account the body
mass losses due to respiratory gas exchange and
respiratory evaporation. Sweating can sometimes
be divided into two parts; first the evaporative
rate and second the dripping rate (the latter with-
out cooling efficiency). To do this it is necessary
to use two scales, one to measure the total body
mass over time, the other to weight the dripped
sweat (usually using an oil-containing tub located
underneath the subject (Candas et al. 1980)). The
evaporation rate is obtained by subtracting the
dripping rate from the total sweat rate.

The measurement can be made at one body site
only, either by collecting the sweat dripped from a
determined surface area in a plastic pouch container
(Risson et al. 1991), or by assessing the change in
water content of a gas before and after it passes over
the skin in a chamber (Graichen et al. 1982). How-
ever, extrapolating the results of suchmethods to the
whole body area will usually give an overestimated
figure. In the first method monitoring of the sweat
rate is not possible, and themethod is mostly used to
estimate the electrolyte content of the collected
sweat (detection of cystic fibrosis) (Boisvert
et al. 1997). Furthermore, the obtained data are
overestimated because the absence of evaporation
increases the local skin temperature, which in turn
stimulates the secretory process. But they could also
be underestimated, because local excessive skin
moisture can trigger a negative feedback of the
sudomotor capacity (this phenomena is described
as hidromeiosis) (Candas et al. 1979). In the second
method the difference in water content of the gas
entering and leaving the chamber is determined by a
hygrometric technique. The method enables moni-
toring of the sweat rate. Such a technique is difficult
to set up as it is not mobile and requires expensive
devices (measurement of ventilation rate, of air

temperature, and of its humidity content). However,
the obtained results certainly represent the most
accurate sweating intensity figure.

11 Skin Blood Flow (see ▶Chaps.
48, “Skin Blood Flow:
Histophysiology,” ▶ 53, “Skin
Capillaroscopy,” ▶ 56,
“Epicutaneous 133-Xenon
Clearance,” ▶ 58,
“Transcutaneous Oxygen
Pressure,” ▶50, “Skin
Microcirculation: Choosing the
Appropriate Method,” ▶49,
“Photoplethysmography in the
Evaluation of Skin Conditions,”
▶ 52, “Assessment of
Cutaneous Microvascular
Function Using Laser Doppler
Flowmetry and Acetylcholine
Iontophoresis,”
Agache 2004a, b)

The individual capacity to withstand the heat is
reliant upon vasomotor reactions. Indeed, exposure
to heat, physical activity or both implies vasodila-
tion in order to remove the internal heat towards the
periphery, where it will be lost. Cutaneous blood
flow (or more accurately, its variation) can be
assessed either by plethysmography on a limb (for
example a strain gauge placed around the arm) or on
small skin areas by thermal clearance, or through the
Doppler effect (laser-Doppler), which monitors
local skin blood flow changes in arbitrary units.

12 Selecting a Method
for Assessing Resistance
to Hyperthermia

Selection of the appropriate thermal stimulus and
physical parameters depends on what you are
looking for and on financial constraints. To
achieve hyperthermia in the absence of a climatic
chamber, a heated room or a sauna can be used. It is
simpler andmore controllable to put the subject into
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a hot bath. Ergometric bicycles, rowing machines,
and treadmills are also able to induce thermoregu-
latory responses. The wearing of clothes, especially
those that are impermeable, accelerates the process,
leading to heat storage. Nevertheless, it is worth
knowing that regardless of the mode of stimulation,
at least 40 min are necessary in order to establish
steady body temperature and associated
thermophysical reactions. Finally, local sweat col-
lection will take an additional 15–20min for correct
measurement of the sweat flow.

Therefore, the functional investigation of the ther-
moregulatory system requires a one-hour test for its
complete implementation, except if the constraint is
such that the heat storage is intense and continuous,
in which case accidents may occur rapidly. During
this time, all of the above-mentioned variables can be
recorded. Whichever method is used, the internal
temperature must not exceed 39 �C (102.2 �F) and
the heart rate must permanently stay under the figure
(190 minus age) for safety reasons. In such a case
after 1 h, the total body water loss should not exceed
700–800 g. The localflow from the stimulated area is
equal to or slightly lower than 1 mg.min�1.cm�2 at
rest, and can reach 2–3 mg.min�1.cm�2 during
intense exercise.
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1 Resistance to Heat

With the exception of local sweating stimulation
to determine the sweating capacity or the electro-
lyte content of the sweat, there is no simple test
allowing assessment of the individual capacity to
face thermal stress. All techniques require either
the use of a climatic chamber or physical exercise
of a certain duration so as to provoke an increase
in core temperature, which elicits thermoregula-
tory processes.

It is obvious that it is the combination of both
work and heat that triggers the most important
responses. The exposure will be yet more severe
if the ambient humidity level is higher, as the
possible evaporation will be reduced.

This chapter was originally published under the
ISBN 978-3-540-01771-4 with the following book title
Measuring the Skin. The content has not been changed.

V. Candas (*)
Ex Research Director at CNRS, Strasbourg Cedex 2,
France
e-mail: v.candas@orange.fr

J. Bittel
Cepa, CNRS, Strasbourg Cedex, France

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_71

1277

mailto:v.candas@orange.fr


1.1 Parameters Involved
in Assessing Heat Tolerance

Although the most interesting variable for the
physician or the physiologist is the core tempera-
ture (because it is a regulated quantity and a sur-
vival factor), the skin temperature is also a major
one. In fact, for a man at rest who has an internal
metabolic production of around 100 W, internal
heat transfer towards the periphery is possible
only because there is a difference of a few degrees
(3 or 4) between the core and skin temperatures.
Any exposure to heat reduces the difference
between the temperature of the core and that of
the skin. This thermal difference is an index of
heat tolerance (Pandolf and Goldman 1978). If the
skin temperature became equal to or higher than
the core temperature, the body would become
unable to eliminate its own internal heat. Never-
theless, the thermal difference between the core
and the skin can be as low as some tenths of a
degree (2 or 3 tenths). In the more tolerant sub-
jects, a more rapid sweating onset, a higher sweat-
ing rate, and a better vasomotor response allow
this difference to remain around 1 �C. Passing
from a non-adapted state (e.g., 0.2 �C difference
between core and skin) to a more tolerant one
(e.g., 0.6 �C) would reduce the cardiovascular
cost by 300 %. The total metabolic heat must be
transported by the blood from the active cells
towards the periphery. The additional cardiac
cost is a function of the core-skin thermal gradient
amplitude because the heart rate has to compen-
sate for the reduction in internal heat transfer due
to a reduced thermal gradient. Therefore the heat
rate is a good index for thermal stress assessment
(Vogt et al. 1973) as far as the metabolic strain can
be disregarded. Recently, Israeli colleagues have
proposed an assessment of heat tolerance called
cumulative heat stress index (CHSI), which inte-
grates the heart rate variations and those of the
core temperature (Frank et al. 1996).

The sweating rate is, of course, a good reflec-
tion of the thermoregulatory capacities. The
higher the sweating rate, the greater is the evapo-
rative capacity, capable of preventing excessive
heat accumulation. An adequate distribution of
sweat production is more beneficial than local

oversweating because it is only the evaporated
sweat that cools the body down. The evaporation
is more effective if it takes place all over the body.
It is because the sweat evaporation is faster and
greater that the skin temperature increases less in a
tolerant subject. And it is because the subject
becomes more tolerant that the skin temperature
increases less, therefore reducing the core temper-
ature increase. All these thermophysiological
parameters are interdependent, and this is the rea-
son why one cannot favor the measurement of one
or another.

The simplest parameter to measure is the heart
rate. In a tolerant subject it increases on average
by 30–35 beats per minute for each degree
increase of the core temperature. In less-tolerant
individuals, the increase in heart rate can be much
higher. Next is the core temperature (rectal, esoph-
ageal, tympanic, vaginal, sublingual, auditory
canal): it reflects the internal heat storage. Then
comes the assessment of the sweating rate, which
can easily be done by weighing the subject before
and after heat exposure. Precise measurement of
local sweating requires special laboratory equip-
ment (Agache and Candas 2004a). Determination
of themean skin temperature is somewhat complex
because it requires the use of several sensors
(a minimum of four, an optimum of ten) to take
into account the non-uniformity of the cutaneous
thermal state. However, the core-skin temperature
gradient may not be not a good predictor of the risk
of hyperthermia in cool or cold conditions. While
the core temperature may increase drastically due
to high internal heat production, the skin tempera-
ture, which mainly depends on the thermal envi-
ronment, may not change in such cases, and the
core-skin thermal gradient can be high without
avoiding the risk of hyperthermia. It is worth not-
ing that certain hormones, notably those which
regulate the body water content (ADH, renin-
angiotensin, natriuretic factor), are also secreted
in cases of severe heat exposure. Cortisol has
been shown to be a good index of thermal stress
in man exposed to heat (Follenius et al. 1982) but
hormonal assessments are invasive and do not
allow rapid diagnosis.

Finally, heat exposure often involves a large
vasodilation; the non-resistant subject rapidly
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reddens facially, does not exhibit complete
wettedness (only some sweat droplets are visible
instead of generalized sweating), and checking the
pulse indicates an obvious tachycardia. Such sim-
ple observations make it possible to conclude that
the subject exhibits poor heat tolerance. Con-
versely, the quantitative determination of heat tol-
erance requires more sophisticated methods.

1.2 Inducing Hyperthermia

Three types of thermal stress can be used and
combined to induce heat storage:

– External strain: heat exposure
– Internal strain: performing physical exercise

(both of these have a direct effect since they
trigger an accumulation of heat either received
or produced)

– Indirect external strain, which by reducing the
likely evaporation will reduce the capacity to
remove heat either received or produced.

1.2.1 Use of a Climatic Chamber
(Exogenous Thermal Strain)

It is obvious that to increase the core temperature,
exposure to heat is required. Climatic chambers
are specially designed for this. If the experimenter
(or the practitioner) wishes to control the hyper-
thermia, he or she must first control the experi-
mental equipment. Existing climatic chambers are
regulated by a collection of sensors that make the
provided environment stable.

Air temperature is the most important factor to
control. As for a heat source, any heat generator
may be used. But to maintain a constant air tem-
perature, air renewal is required. This can be
achieved by injecting new air, at a rate that
depends on air velocity (and vice versa). Determi-
nation of the air velocity is therefore important to
ensure the correct renewal rate, but also because
the air velocity modifies the convective and evap-
orative heat exchanges (see ▶Chap. 119, “Ther-
mal Exchanges in Man”).

As explained in Agache (2004) heat exchange
between man and his environment is also depen-
dent upon the temperature of the surrounding

surfaces. It is difficult to effectively control all of
the wall surfaces of the climatic chamber. The
simplest way is to use as a chamber a small enclo-
sure such as a box or a tunnel constructed of two
walls, between which water can be circulated.
Control of the water temperature is easy provided
the enclosure has suitable external thermal insula-
tion. In the case of a larger room (similar to a
normal-sized living room), an easy and cheap
way of rapidly obtaining controlled wall temper-
atures is to force them to have the same tempera-
ture as the air. To do this, the walls are doubled
inside the room by a polyurethane film which
is stretched tight against all surfaces (except for
the floor), the internal side of this film (the
one facing the wall) being aluminized, thus
reflecting the radiant heat, and then to actively
circulate the room ambient air between this film
and the walls.

The most difficult parameter to control is the
air humidity level, corresponding to the ambient
water vapor partial pressure. This parameter is
very important for the evaporative rate (Agache
and Candas 2004b). To humidify the air, it is
necessary to vaporize water or to inject the
vapor: this can be done by pouring water onto
hot solids (as in a sauna), or by blowing over-
heated and water-saturated air onto temperature
controlled surfaces (like the air escaping out of a
pressure cooker valve). Nevertheless, mainte-
nance of a constant level in the water vapor partial
pressure is difficult and its regulation requires
measuring tools, humidifiers and/or absorbers,
which are expensive. Only specialized laborato-
ries have them.

1.2.2 Thermal Strain Due to Effort
(Endogenous Thermal Strain)

In the case of muscular exercise, heat is produced
directly within the muscle and distributed inside
the body. To be strictly endogenous, the strain
should be imposed on a naked individual exposed
to a thermal environment of 33 �C. In fact, in such
a case the dry heat exchanges (convective and
radioactive) are equal to zero. Since the difference
between ambient and skin temperatures is zero, all
the heat produced is of metabolic origin and must
be eliminated by evaporation of sweat.
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To carry out this physical and thermal strain,
the tools generally used are:

– The ergometric bicycle
– The treadmill
– The rowing machine
– A staircase or a “step test”

The very low mechanical output of the human
body at work (from a few to 22 %) implies that the
majority of the effort results in heat production.
The main physiological difference between the
external heat load and the strictly internal heat
load lies in the recruitment of the cardiovascular
system. For the same resulting sweating intensity
due to either of these two methods, the heart rate
always increases more under effort because the
redistribution needs of the blood supply are obvi-
ously more important when exercising.

1.2.3 Combined Heat Strain
The possibilities of combined heat stresses are
numerous and result from the addition of heat expo-
sure and effort. In everyday life conditions, the heat
exposure is more radiative (themost frequent exam-
ple in our climates is the presence of intense solar
radiation), or sometimes more convective (in cases
of warm air), but it is always combined.

1.2.4 Indirect Thermal Strain
The human body fights against hyperthermia by
producing sweat and then evaporating it at the sur-
face of the skin. Any increase in the ambient humid-
ity level, or any hindrance of the evaporative
capacity (for instance, by insulating some or all of
the skin with non-permeable garments) will result in
a more or less important reduction in the possible
evaporation and therefore in some heat accumula-
tion. The same is true in the case of exposure in
warmwater since no evaporation can occur in water.

1.3 Modifying Factors to Heat
Tolerance

The acclimatization or acclimation (Acclimatiza-
tion is increased tolerance to heat induced by a

prolonged stay in hot climates. Acclimation is the
same phenomenon artificially produced, for
example by repeated exposures in a heat-
controlled room) phenomenon (that is: heat adap-
tation) increases the capacity to fight against the
thermal environment, as a result of:

– The time reduction of sweat onset (the subject
sweats sooner)

– The increase in the sweating sensitivity (cen-
tral and local effects allow the subject to sweat
more)

The increased thermolytic capacity notably
increases the difference in temperature between
the core and the periphery, therefore reducing the
cardiac cost linked to the internal heat transfer.

The electrolyte concentration of the excreted
sweat decreases with heat acclimation but the total
electrolyte losses are nevertheless increased due
to a larger sweat loss. This higher water loss
increases the risk of dehydration and is associated
with detrimental consequences (tachycardia,
hypovolemia, osmoconcentration, hyperthermia,
and heat stroke).

2 Resistance to Cold

Man is relatively well equipped to fight against the
heat, but his resistance to cold is weaker. In fact,
without any technological help (houses, shelter,
clothing) he would never be able to leave tropical
or subtropical areas. Human resistance to cold
(Bittel and Savourey 1995) is assessed using two
criteria: pain and heat debt (hypothermia).

2.1 Cold Resistance and Pain

This resistance, or more precisely cold tolerance,
is directly dependent upon the mean skin temper-
ature level (Tsk). In fact, if Tsk is around 33 �C
(i.e., within the thermal comfort range), any cold
exposure induces a drop in the mean skin temper-
ature by the direct cold effect and by peripheral
vasoconstriction associated with cold exposure.
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The intensity of this drop is a function of both the
cold stress intensity and its duration. Thus a Tsk of
31 �C is felt as a cold sensation, a Tsk of 30 �C as
an uncomfortable cold stress associated with shiv-
ering, and a Tsk of 28 �C as extremely cold. A Tsk
of 25 �C represents a threshold limit of tolerance
with intolerable pain and numbness.

Fortunately, some skin areas (notably those at
the extremities; hands and feet) exhibit much
lower thresholds. For instance, at the hand level,
a 20 �C Tsk is felt as uncomfortably cold, 15 �C as
extremely cold and 5 �C represents the threshold
tolerance with an unsupportable pain. This 5 �C
threshold is commonly used to determine the cold
sensitivity of the extremities and to quantify the
beneficial effect of the cold adaptation.

The skin temperature of the extremities may
also reach negative values, leading to frostbite
characterized by frozen tissues. This frostbite is
enhanced by increased peripheral vasoconstric-
tion limiting the heat losses.

2.2 Cold Tolerance and Heat Debt:
Hypothermia

Hypothermia is an undesired decrease in the core
temperature, below 35 �C and is generally measured
in the rectum (Tre). It is a consequence of the heat
imbalance, the heat production being lower than the
heat losses (see ▶Chap. 119, “Thermal Exchanges
inMan”) Again, the intensity of the hypothermia is a
function of both the intensity of the cold stress and
its duration. The cold tolerance, and as a conse-
quence the survival prediction, is dependent upon
the depth of the hypothermia. Hypothermia is said to
be ‘light’ for a core temperature between 34 �C and
35 �C: the subject is conscious and shivering, the
skin is pale and cold with gooseflesh, and the sur-
vival forecast is good. Hypothermia is ‘moderate’
for a Tre ranging between 32 �C and 34 �C and
‘severe’ or ‘deep’ for a Tre between 25 �C and
32 �C.Of course, the number of observed symptoms
and their seriousness increase with the intensity of
the hypothermia. Nevertheless, in each case the skin
is cold and dry, sometimes thickwith awaxy appear-
ance, and the extremities are cyanotic.

Some obvious signs allow assessment of the
intensity of hypothermia: shivering disappears
below 32 �C and is replaced by muscular rigidity.
At 30 �C the subject is unconscious and the stretch
reflexes have disappeared. Between 28 �C and
30 �C ventricular fibrillation generally appears,
which signals the beginning of death. Below
25 �C, the muscular rigidity disappears and the
subject becomes limp. The assessment of the
degree of hypothermia defined by the rectal tem-
perature remains a subject of debate, as this tem-
perature is only one of the local core temperatures.
In fact, the temperatures of the vital organs (e.g.,
heart, brain) may not always be at this same level.
Nevertheless, the rectal temperature remains the
classic criterion to determine the degree of
hypothermia.

2.3 Factors Affecting Cold
Tolerance

Physical exercise, through metabolic heat produc-
tion, is a beneficial factor favoring cold resistance
(Bittel et al. 1988). In the same way, the calorie
intake should be increased in relation to the inten-
sity of the cold stress. On the other hand, contrary
to popular belief and habits, alcohol intake under
cold stress is contraindicated for preventative or
therapeutic reasons. In fact, alcohol has an anes-
thetic effect on the thermoregulatory centers and
is detrimental to the thermal balance. In addition,
pain, which is an important alarm signal, is
reduced or may even vanish under alcohol
intoxication.

Finally, clothing insulation remains the
main way for the human body to resist the
cold. The insulation must be adapted to the
intensity of the cold and to the physical activity
of the subject. Some other physiological factors
may favor resistance to cold: subcutaneous
fat thickness (fat is three times more insulating
than the skin) provides a real ‘physiological
garment’, and the level of maximum oxygen
uptake capacity (VO2 max) corresponds to a
heat quantity capacity related to the level of
fitness.
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2.4 General Cold Resistance Tests

The overall cold tolerance is measured during a
whole-body cold exposure, which triggers the
thermoregulatory responses. The peripheral vaso-
constriction is sudden, thereby decreasing the skin
temperatures and thus reducing the heat losses.
Several minutes later, metabolic heat production
is increased as a result of shivering (the time to
onset of shivering = d ). This time, and the inten-
sity of shivering are both related to the intensity of
cold stress and its duration. Nevertheless, the
shivering heat production cannot exceed a maxi-
mum value corresponding to approximately five
times the resting heat production, which means
5 � 50 = 250 W.m�2. When the cold stress is
relatively important the heat debt appears, reveal-
ing hypothermia. Cold tolerance tests can be car-
ried out either in air or in water.

2.4.1 Cold Tests in Air
Cold tests in air are usually performed in labora-
tories capable of calculating the heat balance
equation. A climatic chamber is used in which
the ambient parameters are controlled and repro-
ducible. There is no real standard cold test that has
been widely adopted; however, the most widely
used in France is that of the Centre de Recherches
du Service de Santé des Armées (Army Health
Research Center) thermophysiology department.
It consists of exposing a naked subject, at rest in a
supine position, for 2 h to a 1 �C ambient temper-
ature, 30 % relative humidity and 0.8 m.s�1 air
velocity, an environment leading to maximum
shivering intensity.

During this overall exposure to cold, all the
ambient parameters are measured (air tempera-
ture, air humidity, wall temperatures, air velocity)
as well as the physiological variables required to
calculate the heat balance (the methods for these
assessments have been described in ▶Chap. 120,
“Thermophysiological Parameters in Man”).

The core temperature usually considered is
either the rectal or the esophageal temperature. It
must be noted that the tympanic temperature and,
even worse, the oral temperature are not reliable in
the case of cold exposure. The local skin temper-
atures are measured at ten sites so as to calculate a

mean skin temperature. Assessment of the mus-
cular activity (shivering) against the cold is
obtained by three cutaneous electrodes placed on
the anterior aspect of the thigh (quadriceps) and at
the thoracic level (pectoral muscles). Metabolic
heat production produced by shivering is mea-
sured by respiratory techniques: ventilation rate
measurement (Fleisch flow meter or ultrasound)
and the CO2 and O2 concentration in expired air. It
is then possible to calculate the oxygen uptake and
the metabolic heat production once the oxygen
energy equivalent is known from the respiratory
quotient (CO2/O2). Finally, the electrocardiogram
is continuously recorded to ensure the safety of
the investigation. The cold test performed in air, in
a thoroughly controlled environment, makes it
possible to calculate an accurate heat balance
equation and to precisely determine the heat debt
(in kJ). The latter can be expressed in terms of a
core temperature decrease on the following basis:
3.48 kJ.kg�1 correspond to a 1 �C drop in mean
body temperature (i.e., a 244 kJ heat debt for a
70 kg man). On the other hand, this test never
leads to a core temperature decrease below
35.5 �C, except in exceptional cases.

2.4.2 Cold Tests in Water
The resting naked subject is completely (except for
the head) immersed in water, the temperature of
which varies between 15 �C and 18 �C. This corre-
sponds to a severe cold stress because water has a
heat conductance 25 times that of the air. In these
conditions, the heat debt occurs rapidly, and the
threshold of 35.5 �C core temperature, signaling
the suspension of immersion, is reached within a
relatively brief time (between 15 and 45 min
depending upon the subject’s cold tolerance). The
cold tolerance is then expressed as a duration
corresponding to the time necessary to reach the
35.5 �C level. Repeated cold immersions are used
to develop the overall cold adaptation phenomenon.

2.5 Local Tests for Cold Exposure

These tests are used to quantify the local tolerance
of the extremities (mainly the hands). The most
common one consists of hand exposure in stirred
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water at 5 �C (Savourey et al. 1992). In this
situation, taking certain technical precautions, it
is possible to measure the local skin temperature
(sites in hands and fingers) and also the local
cutaneous and subcutaneous skin blood flow
(laser Doppler technique).

As soon as the hand is immersed, its tempera-
ture drops rapidly, to stabilize within a few
minutes around the level of the water temperature
(5 �C). At this level, for subjects who are not
locally adapted the pain is intense and becomes
unsupportable after 5 min of immersion.

If immersion is sustained, paradoxical vasodila-
tion, called cold-induced vasodilation (CIVD),
occurs at the level of the immersed extremities
(Lewis phenomenon, “hunting reaction”). This
CIVD provokes an increase in the local skin tem-
perature by a few degrees, leading to reduced pain
intensity. CIVD lasts for a few minutes and is
repeated at regular intervals more or less frequently
depending upon the level of cold adaptation.
Repeated immersions (once or twice a day) over a
period of several weeks (1 month) leads to an
efficient local adaptation and therefore a marked
increase in cold tolerance. In this case, CIVD
occurs sooner and is reproduced more frequently
and more intensively. Therefore, local cold toler-
ance of the extremities can be characterized by a
tolerance time (onset of unsupportable pain), and
adaptation will be characterized by a longer time
(1 h or more) associated with an increased local
skin temperature (Savourey et al. 1996).

Thus, where the whole-body or local cold tol-
erance is concerned, skin behavior plays a major
role in its level, not only through its insulation
associated with vasoconstriction, but also through
the pain generated under periods of intense cold.
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1 Introduction

As an interface between the environment and the
body core, the skin plays a vital role in protecting
the body and maintaining a thermal equilibrium
around 37 �C. Autonomic responses serve to
maintain thermal balance by initiating several
physiological responses. However behavioral
thermoregulation reduces the need for autonomic
thermoregulation as humans make a conscious
decision to protect their thermal status. This is
often based on emotional feelings associated
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with their thermal state and comfort/discomfort
(Li 2001). It usually involves taking off or putting
on clothing, moving into shaded areas, or
adjusting indoor temperatures. This suggests that
our sensation of temperature change is directly
linked to our primary behavioral response.

The mechanisms associated with behavioral
thermoregulation involve the thermoreceptors,
which upon stimulation relay information to the
brain about the surrounding environment. They
are distributed around the periphery (skin) and
central locations, including major organs and
along the spinal cord (Bullock et al. 2001). The
location, density, and distribution of thermorecep-
tors in the skin play an important role in our
perception of temperature. These receptors tran-
siently increase or decrease their firing rates
depending upon the direction and magnitude of
the change in skin temperature, and this ultimately
influences the thermal sensation experienced
(Bullock et al. 2001). Differences in perceptions
of heat and cold are related to several factors
including the reported larger numbers of cold-
activated sensors than warm-activated sensors
and a faster firing rate of the receptors upon cold
stimulation compared to warm stimulation
(Hensel 1981). The variation of thermoreceptors
distribution across the body surface and the
unequal number of warm and cold receptors
helps explain why regional differences in thermal
sensation exist.

2 Methodological Considerations

Different methodologies have been employed to
investigate regional thermal sensitivity, and this
can produce confounding results if the techniques
used are not fully understood. The two main
methods to assess thermal sensitivity are measure-
ments of (1) thermal thresholds, which are the
upper and lower limits for detection of cold or
warm thermal sensations, and (2) thermal inten-
sity rating (magnitude estimation) which is the
estimation of the level of cold or warmth in
response to a given stimulus. These methods pro-
duce different findings as one location may be
sensitive enough to detect small temperature

changes, but the degree of sensation it experiences
for a given stimulus temperature may be lower
than other locations. Both techniques can deter-
mine the sensitivity across regions, but the type of
sensitivity is different and it is therefore important
for researchers to define and differentiate between
the methods used.

2.1 Thermal Thresholds

Three different types of thermal thresholds exist,
namely, the absolute threshold, difference thresh-
old, and terminal threshold.

Measuring the absolute threshold, also referred
to as threshold detection, involves applying a
stimulus, and participants respond to the stimulus
once they sense a temperature change. It is the
highest stimulus temperature capable of produc-
ing a cool sensation (cool threshold) or the lowest
stimulus temperature capable of producing a
warm sensation (warm threshold). Absolute ther-
mal thresholds are measured with the method of
limits, which consists of exposing a participant to
a stimulus of changing intensity, starting from a
neutral temperature. It is crucial that the stimulus
temperature changes with a low and constant rate
of change, as the measurement would be other-
wise inaccurate due to the important influence of
rate of change in temperature on thermoreceptors’
activity. The participant is asked to indicate the
first onset of a cool or warm sensation.

Difference threshold is the extent of change in
a stimulus necessary to produce a noticeable dif-
ference. It is measured in the same way as the
absolute threshold described above, but is
presented as a change in temperature from neu-
trality needed to provoke a cool or warm thermal
sensation (Lee et al. 2010).

Terminal threshold is the magnitude of a stim-
ulus above which there is no further increase in the
perceived intensity of the appropriate nature of
that stimulus. For example, if thermal sensation
values increase with an increasing stimulator tem-
perature up to 40 �C, but do not increase any
further with a further rise in temperature, then
the terminal threshold is 40 �C. Above the termi-
nal thermal threshold level, pain usually occurs.
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In all thresholds discussed above, skin thermal
sensitivity is related to a specific temperature; the
lower the temperature for warmth and the higher
the temperature threshold for cold, the more sen-
sitive the area is. The values reported can be
compared between body sites to a given tempera-
ture or one specific body site compared to a vari-
ety of different temperatures. One limitation of the
method of limits is that a reaction time artifact
exists, which can increase the value of the abso-
lute threshold considerably (Yarnitsky and Ochoa
1990). The reaction time artifact is larger for
warming than cooling, since the primary afferents
are slower conducting, and is most extreme for
more distal body sites. It can however be dimin-
ished by using a slow rate of temperature change
(Yarnitsky and Ochoa 1990). Furthermore,
another disadvantage of this method is that the
subject may become accustomed to reporting
that they perceive a stimulus and may continue
reporting the same way even beyond the threshold
(error of habituation). Conversely, the subject may
also anticipate that the stimulus is about to
become detectable or undetectable and may
make a premature judgment (error of expectation)
(Meilgaard et al. 2007). Hence the order of
presenting stimuli should avoid any anticipatory
knowledge.

2.2 Intensity Rating

The degree of the sensation experienced in
response to a fixed stimulus is known as magni-
tude estimation or intensity rating. An area of the
skin is stimulated with a thermal stimulus at a
fixed temperature, and participants rate the degree
of sensation experienced on a predetermined per-
ceptual scale (see below for more information).
The intensity rating is driven by the difference
between skin temperature and stimulus tempera-
ture. As the skin temperature will change upon
contact with the stimulator, the temperature dif-
ference between skin and stimulus will reduce
over time. Apart from a strong response at the
start of any stimulus (Hensel 1981), this initially
stronger stimulus leads to a stronger “transient
response” at the start and then a more stable

“steady-state” response (typically after 10–20 s;
Ouzzahra et al. 2012).

Transient responses must take into account
initial skin temperature and the initial sensations
reported expressed relative to that value. As skin
temperature naturally varies across the body, one
option to accommodate for this is to adjust the
stimulus in order to create the same stimulus mag-
nitude relative to the local skin temperature before
the stimulus. This is done by measuring the local
skin temperature before application of the stimu-
lus and then setting the stimulus to a fixed tem-
perature change in relation to the actual local skin
temperature. Alternatively, a transient response
(TS) could be divided by the difference between
pre-stimulus skin temperature (Tsk) and stimulus
temperature, often expressed as TS/ΔTsk. Both
approaches will allow for comparison across mul-
tiple sites where Tsk is known to vary across the
body in a variety of conditions (Choi et al. 1997;
Fournet et al. 2013). When the stimulus is held for
long enough to cause skin temperature to
approach or reach stimulus temperature, this is
referred to as a steady-state response (Ouzzahra
et al. 2012). As a result this removes the effect of
the initial Tsk and absolute values in thermal sen-
sation should be reported and compared across
regions. The choice for any of these approaches
should be guided by the application of the
research. This may be related to a fixed stimulus
value (e.g., effects of a constant room or water
temperature) or relative (e.g., effects of a chang-
ing room or water temperature). Finally, Tsk in
some locations may not reach the stimulus tem-
perature, depending on the interplay of insulative
fat layers and local blood flow. For example,
Nakamura et al. (2008) found that applying the
same cold stimulus at different areas of the skin
resulted in different levels of Δ Tsk and suggested
that these regional differences in heat loss are
likely caused by differences in skin blood flow
due to vasomotor status and tissue vascularity. In
that case, if one wants to calculate sensitivity in
terms of TS/Δ Tsk, one needs to track Tsk during
the stimulus. This can be done using a very thin
thermocouple which will determine “contact tem-
perature” (Jay and Havenith 2003, 2004, 2006) or
by measuring local Tsk immediately before and
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after application of the stimulus (e.g., by an infra-
red thermometer; Ouzzahra et al. 2012; Gerrett
et al. 2014).

In both cases, on a scale ranging from 0 to 10 or
neutral to extremely hot/cold, a more intense
absolute or relative local thermal sensation repre-
sents a more sensitive body site, and values can be
compared between sites for intensity scores or
individual sites compared to a variety of different
temperature.

2.3 Perceptual Scales

The scales used in the literature vary but most
often are unipolar or bipolar Likert scales ranging
from 0 or “neutral” to extreme cases such as
“extremely hot” or “extremely cold.” The most
frequently reported are modified versions of the
ASHRAE thermal sensation scale (ASHRAE
1997). The original scale ranged from 1 (cold) to
7 (hot) with 4 designated as “comfortable.” It has
been modified by numerous researchers and typ-
ically ranges from �10 (extremely cold) to +10
(extremely hot) with a “neutral” zero (Gerrett
2012). The purpose of this was to allow assess-
ment in extreme environments, and it can also be
argued that this prevents a “ceiling effect” when
rating thermal sensations. Scales have also been
altered slightly and numbers have been inserted
between each category vote to increase the sensi-
tivity of the scale. More recently, visual analogue
scales (VAS) are being used which involves
presenting the participant a straight line
(no numbers) with labels at either end. Partici-
pants are asked to rate a construct (sensation,
comfort, regional sensations, etc.) by marking a
point along the line which reflects their current
status (Leon et al. 2008). They are reported to
have a greater accuracy for detecting humans’
perceptions as the participant is not forced to
make ratings according to numbers or restricted
to verbal categories which may not reflect their
true current status (Leon et al. 2008). Davey
et al. (2007) compared VASwith ASHRAE Likert
scale in stable and dynamic thermal environ-
ments, and their evidence supports the notion

that VAS has greater reproducibility and reflects
body temperature more so than Likert scales.
Research has also combined elements of a Likert
scale with a VAS (see Fig. 2) to assess thermal
sensations in response to a thermal stimulus
(Ouzzahra et al. 2012; Gerrett et al. 2014).

2.4 Stimulation

Specific details about the stimulus used are
extremely important and can influence reported
thermal sensitivity. Of primary importance is the
temperature of the stimulus as both direction and
magnitude will influence thermal sensitivity when
using intensity rating/magnitude estimation. A
greater gap between the stimulus temperature
and that of the stimulated skin will result in more
intense thermal sensations. When deciding upon
the stimulus temperature, consideration needs to
be given to the range of temperatures stimulated
by different thermoreceptors. Recent knowledge
suggests that the principal temperature sensors in
the nerve endings belong to the transient receptor
potential (TRP) family which are activated by
distinct temperatures (Schepers and Ringkamp
2008; Ständer and Luger 2009). Table 1 highlights
the TRP family, the temperature range of stimula-
tion, and the sensation they evoke once
stimulated.

When using threshold detection techniques,
the rate of change in stimulus temperature will
have a strong influence upon thermal sensitivity.
A fast temperature change causes the firing rate of
the receptors to overshoot, sending strong signals
to the brain. This has been shown to cause strong
thermal sensations in comparison to slow contin-
ual changes in temperature (Hensel 1981). In
addition, when the skin is exposed to changing
temperatures, the thermal threshold is influenced
by the initial temperature and the rate of change of
temperature (Hensel 1950). The surface area
exposed to the thermal stimulus will also impact
thermal sensitivity. For example, when submerg-
ing a whole hand into a flask of warm water and a
fingertip in another (of the same temperature), the
water would feel warmer when it surrounds the

1288 N. Gerrett et al.



whole hand in comparison to the fingertip (Ross
and Murray 1996). Stevens et al. (1974) found the
larger the area for a given stimulation, the greater
the magnitude estimation. This condition refers to
the spatial summation, in that the sensation is
relative to the surface area stimulated and there-
fore to the number of thermoreceptors activated.

In the literature the thermal stimulus has been
applied using contact or non-contact methods,
such as thermal radiant lamps (Nadel
et al. 1973), water-perfused suits (Cotter and Tay-
lor 2005), thermal probes (Gerrett et al. 2014;
Ouzzahra et al. 2012), or specialized clothing
garments where the microclimate temperature is
changed (Zhang et al. 2004). Non-contact
methods are more difficult to implement, espe-
cially in regional sensitivity studies due to the
difficultly in isolating specific areas on the body.
However, they do ensure that only the thermore-
ceptors are stimulated. Contact methods such as
thermal probe application or water-perfused suits
are more common and easily implemented. How-
ever, the possibility of a “dual” neural stimulus
between mechanoreceptors and thermoreceptors
of any region cannot be excluded, particularly in
areas sensitive to touch.

2.5 An Example Method

Regional differences in thermal sensitivity should
provide specific instructions about assessing the
exact locations for both dependent and indepen-
dent samples. Recent research by Gerrett
et al. (2014) measured 31 locations across the
body and Fig. 1 provides an overview of potential
measurement areas. Washable pen markings may

be used on the body to indicate each measurement
site for the application of the thermal probe. The
testing sequence of the segments should be ran-
domized or in small groups balanced using a Latin
square type approach, to prevent any order effects.

Participants should be allowed to rest in the
testing area to allow skin temperature and physi-
ological responses to stabilize. During the rest
period, participants should be familiarized with
the sensation scales and allowed to practice rating
their sensations to a range of stimuli strengths
across different regions on the body to reduce
response variability. After the rest period, the
thermal sensitivity of each area to the desired
stimulus should be determined. Each test area
should be subjected to the following: the measure-
ment of Tsk using an infrared thermometers or skin
thermistors followed by probe application for the
desired duration. The probe should be applied to
the skin by the same investigator to ensure con-
sistent pressure applied to each location and indi-
vidual. Alternatively, a pressure gauge may be
applied to the probe to ensure equal pressure
during testing (see Filingeri et al. 2014). Partici-
pants should rate their thermal sensation on a
predetermined perception scale (see Fig. 2 as an
example) at designated times.

A thermal stimulator typically consists of a
temperature controller and temperature stimula-
tor. Some researchers have used patches of
water-perfused tubes as stimulus (Nakamura
et al. 2008) or water-perfused suits with local
control (Ouzzahra 2012). Most recent studies
have used an electrical stimulator (Fig. 2) (Fow-
ler et al. 1987: Gerrett et al. 2014; Ouzzahra
et al. 2012). The stimulator has a Peltier element
which cools down or warms up the stimulator,

Table 1 Description of the transient receptor potential (TRP) family, the temperature range of stimulation, and the
sensation they evoke once stimulated (Ständer and Luger 2009)a indicates myelinated fiber

Receptor Stimulated by. . . Sensation evoked

TRPV1 Noxious heat (>42 �C), protons, capsaicin, anandamide, Cold, heat, burning pain

TRPV2 Noxious heat (>52 �C) Pain induced by heat

TRPV3 Warmth (>33 �C) Warmth

TRPV4 Warmth (~25 �C) Warmth

TRMP8 (on Aδ fiber)a; Cold (8–28 �C and menthol) Cold

TRPA1 Noxious cold (<17 �C), wasabi, horseradish Pain induced by cold burning
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depending on the direction of the current. The
stimulator shown in Fig. 3, also referred to as
thermal probe, is a metal block that comes in
various sizes which can be set at temperatures
ranging from 5 to 50 �C. Its cooling or warming
depends upon the applied current direction,
which can be changed by the controls situated
on the temperature controller. The probe also
encloses a temperature sensor for close control
of the stimulus temperature, which is directly
connected to the digital readout of the tempera-
ture controller.

To avoid an effect of surprise on transient
responses, a verbal warning of the location of
each out-of-sight body area prior to stimulation
(e.g., “lateral lower back”) should be given. Dis-
tractions should be minimized throughout any
thermal sensitivity test. Any sweat produced dur-
ing testing should be wiped away before the probe
application to avoid the skin surface conductivity
being affected.

3 Results: Body Mapping

Regional sensitivity data has been reported in
tables or graphs (Cotter 1997; Nakamura
et al. 2008), but this can be quite cumbersome to
interpret, especially with a large number of
regional comparisons. Gerrett et al. (2014) and
Ouzzahra et al. (2012) generated body maps (sim-
ilar to the body mapping of sweating by Smith &
Havenith 2012) to display regional differences in
thermal sensitivity to warmth (40 �C) and cold
(20 �C). In order to generate the body maps,
Ouzzahra et al. (2012) and Gerrett et al. (2014)
used similar procedures detailed below.

After measuring skin temperature using infra-
red thermometer, a fixed temperature probe
(Fig. 3) was placed directly onto the skin and
participants were instructed to rate thermal sensa-
tion immediately after contact (transient thermal
sensation), and/or 10 s after contact (steady-state

Fig. 1 Distribution of
sample locations across the
body in Gerrett et al. (2014)
and Ouzzahra (2012)
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thermal sensation). The thermal sensation scale
for innocuous cold or warmth stimuli shown in
Fig. 2 was used. This procedure was repeated for
numerous locations across the body at rest and
during an exercise bout consisting of cycling at

30 % _V-O2 max . Results are presented as body
maps assuming symmetry (e.g., Claus et al. 1987;
Meh and Denišlič 1994) and are presented utiliz-
ing color codes to highlight the differences in
thermal sensitivity (see Figs. 4, 5, 6, 7, and 8). A
greater number has a darker color and represents a
skin region which is more sensitive to warmth in
terms of response magnitude.

3.1 Gender

Gender differences in thermal sensitivity to cold
(20 �C) and warmth (40 �C) exist, not only in
terms of the overall sensitivity but also in terms
of its regional distribution. Females had signifi-
cantly stronger thermal sensations (i.e., more sen-
sitive) than males to both a warm (40 �C) and cold
stimulus (20 �C) at all locations. This finding adds
to the current body of literature surrounding the
general concept of perception to a variety of stim-
uli between genders. Previous research has found
females to be significantly more sensitive than
males to cold and warmth using the method of
limits (Golja et al. 2003; Lautenbacher and Strian

Fig. 2 Example of a thermal sensation scale

Fig. 3 Thermal sensitivity tester (left) and its application onto the skin (right)
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1991; Kenshalo 1986), and this study confirms
such gender differences using an intensity rating
method. The greater thermal sensitivity to cold
and warmth found in females may be attributed
to several physiological and morphological differ-
ences between genders. Differences in the density
of thermoreceptors are likely to play a major role
in thermal sensitivity differences between

genders. Using 3 mm punch biopsies, Gøransson
et al. (2004) found that the density of epidermal
nerve fibers at the leg is significantly greater in
women compared with men. It is widely accepted
that thermoreceptors distribution varies across the
body (e.g., Strughold and Porz 1931), and it is
possible that this regional distribution varies
between genders, although no study has

Fig. 4 Regional steady-
state thermal sensations in
response to a cold stimulus
(20 �C) in males (a) and
females (b) at rest
(Ouzzahra et al. 2012)
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systematically investigated thermoreceptors dis-
tribution across the body in males and females.

Morphological factors such as hair density
may also explain some of the differences found.
Ouzzahra et al. (2012) showed some of the largest
differences at the abdomen, posterior lower arm,
and anterior thigh between males and females to a
cold stimulus. Although females were not ana-
lyzed for hair density, these sites coincide with
body areas which are naturally more hairy in men
than women. Men’s hair may have therefore acted
as an insulator for the skin, introducing thermal
resistance between the stimulus (thermal probe)

and the skin. This would not be the case in the
female participants who do not tend to have
abdominal hair and usually shave their legs. Hair
distribution and shaving have been previously
mentioned as potential factors playing a role in
the gender differences in thermal and pain sensi-
tivity (Caissie et al. 2007). Moreover, skin thick-
ness may also be a factor involved in the greater
sensitivity in the female group (Golja et al. 2003).
Indeed, it has been shown that females’ skin is
thinner than that of males (Sandby-Moller
et al. 2003), and it is therefore possible that
males’ thicker skin act as a barrier between the

Fig. 5 Male regional
steady-state thermal
response to a warm stimulus
(40 �C) during rest and
exercise. All areas were
significantly lower than
females ( p < 0.05). Areas
shaded in black were not
investigated
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thermal stimulus and the thermoreceptors, thereby
reducing the intensity with which these are effec-
tively stimulated. Finally, the differences in ther-
mal sensitivity to cold and warmth between males
and females could perhaps be explained on the
basis of previous observations in another cutane-
ous sensory system such as pain. In addition it has
been suggested that the menstrual phase may have
unique interacting effects on pain thresholds
(Giamberardino et al. 1997). All things

considered, it is likely that the complex interaction
of these factors resulted in the differences between
males and female across the body found in the
present and previous studies.

3.2 Regional Distribution

The results from both Ouzzahra et al. (2012) and
Gerrett et al. (2014) showed that regional

Fig. 6 Female regional
steady-state thermal
response to a warm stimulus
(40 �C) during rest and
exercise. All areas were
significantly higher than
males ( p < 0.05). Areas
shaded in black were not
investigated
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variations in thermal sensation exist for both
genders, but are more prominent for females.
In agreement with the literature, the pattern
over the body indicated a higher sensitivity at
the head and the torso and the lowest at the
extremities. This regional variation in thermal
sensation may be due to several physiological

variables. The two most commonly reported
parameters are the uneven distribution of cuta-
neous thermoreceptors and the existence of a
weighing of thermoafferent information by the
integration center in the central nervous system
(Burke and Mekjavić 1991). The rate of change
in skin temperature (ΔTsk rate) may also explain

Fig. 7 Regional steady-
state thermal sensations in
response to a cold stimulus
(15 �C) during rest (a) and
exercise (b) in male
participants (Ouzzahra
et al. 2011)
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the differences in thermal sensitivity between
body sites. Indeed, it is well established that
different areas of the body lose their heat con-
tent more readily than others due to regional
differences in skin blood flow (Nakamura
et al. 2008).

Another similarity in these studies was that the
lateral areas of the torso were more sensitive than
the medial areas. As stated earlier, the thermal
probe makes contact with the skin, and in doing
so, it stimulates both thermoreceptors and mech-
anoreceptors simultaneously. The possibility of a

Fig. 8 (continued)
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“dual” neural stimulus between mechanorecep-
tors and thermoreceptors of any region cannot be
excluded, particularly in areas such as the lateral
torso which may be more sensitive to touch.

3.3 Rest and Exercise

In another study, Ouzzahra et al. (2011) investi-
gated the effects of exercise on thermal sensitivity
to cold (15 �C) on 28 sites across the upper and
lower body (see Fig. 7). Participants were more
sensitive to cold stimuli at rest than during exer-
cise, and this was significant in 11 of the skin sites
tested. One logical explanation for this is the
increase in Tsk with exercise, resulting in thermo-
receptors being stimulated with a greater ΔTsk,
which will increase the impulse frequency and in
turn influence thermal sensation. The present data
confirmed that Tsk may in part explain the
decrease in sensitivity to cold, as suggested by a
significant increase in mean Tsk. Similarly, Gerrett
et al. (2014) found that exercise caused a reduc-
tion in thermal warmth sensation to a hot thermal
stimulus in males but only at select locations for
females (Figs. 5 and 6). Interestingly, the

distribution of sensitivity to cold was more
homogenous during exercise, but this was not
observed in response to a warm stimulus.

Exercise itself has been reported to cause a
reduction in perception to a variety of stimuli,
particularly tactile and pain sensitivity due to
exercise-induced analgesia (EIAs) (Guieu
et al. 1992; Kemppainen et al. 1985, 1986;
Pertovaara et al. 1984; Paalasmaa et al. 1991).
EIA is thought to be due to a reduction in the
transmission of sensory information to the thala-
mus and somatosensory cortex associated with
one of the following: movement, increased activ-
ity in proprioceptive and muscles afferents,
increase in arousal, and reduction in attention
(Koltyn 2000). As the thermal state of the body
did not change from rest to exercise in the
presented study of Gerrett et al. (2014), changes
in thermal sensitivity may be a result of EIA.

3.4 Ethnicity

Lastly, Ouzzahra (2012) also investigated differ-
ences in thermal sensitivity to cold between
groups of individuals from different ethnic

Fig. 8 Regional steady-state thermal sensations in response to a cold stimulus (20 �C) in males from three different ethnic
groups: (a) British, (b) Chinese, (c) Nigerian (Ouzzahra et al. 2012)
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backgrounds. A total of 29 participants all living
in the UK were recruited: 10 Caucasians from
Great Britain, 10 Asians from China, and 9 Afri-
cans fromNigeria. Thermal sensitivity to cold was
tested at 27 body sites with a 20 �C thermal probe,
and participants reported their local transient and
steady-state cold sensations. Photos of the partic-
ipants’ front torso, arms, back, and legs were then
taken, and local hairiness density was rated at nine
sites using a five-point scale (Garn 1951). Body
maps of cold sensations were created and are
presented in Fig. 8 (steady state).

Results revealed that areas of high thermal
sensitivity to cold included the lateral abdomen
in all groups, the medial lower back in the Chinese
group, and the medial upper abdomen in the Nige-
rian group. A total of 13 significant differences
and trends (0.05 � p � 0.1) were found between
ethnicities before Bonferroni corrections for the
steady-state thermal sensations (see Ouzzahra
(2012) for specific details). Most of these were
between the British and the Chinese groups, with
a greater (colder) thermal sensation found in the
Chinese group. The Nigerian group was also more
sensitive to cold than the British group at the
central upper abdomen ( p= 0.052) and the dorsal
foot ( p = 0.017).

The idea that thermal sensitivity may vary
between humans of different geographical ori-
gins has been suggested before. For example,
the extinct Fueguian tribes of South America
were known to tolerate freezing conditions with
minimal thermal protection. It is widely believed
that selective forces within these populations
favored extraordinary cold tolerance (Hernandez
et al. 1997). Another example is the prehistoric
Polynesians who, similarly to the Fueguians,
lived in a cool and wet marine environment.
Visser and Dias (1999) examined skulls of
two prehistoric Polynesian groups from
New Zealand, the Moriori and Maori, and of
one contemporary Indian group. They analyzed
the sensory nerve dimensions, based on the area
of cranial nerve foramina. These features are of
interest, because the cross-sectional area of a
nerve is directly proportional to the number of
axons and hence the number sensory receptors
represented. Comparisons showed significantly

lower cranial cutaneous sensory nerve foramina
size in the prehistoric Polynesian groups, com-
pared with the contemporary Indian group. This
was interpreted as a lower facial cutaneous sen-
sory nerve supply in the Polynesians. The
authors proposed that reduced skin sensory
nerve supply may have been selected as an adap-
tation to a cool and wet environment.

Besides these potential neurological differ-
ences, research has also explored several physi-
ological characteristics which differ between
ethnic groups and may result from environmental
factors. These include adaptations in body mass,
body shape and surface area, cranial morphol-
ogy, skin color, body composition, metabolic
rate, and peripheral vasoconstriction (see Lam-
bert et al. 2008 for a complete review). One
factor which may explain the thermal sensation
differences found between ethnicities in the pre-
sent study is the density of body hair. Despite the
small sample used, the present results confirm
the widespread notion that European individuals
have a greater body hair density than their Asian
and African counterparts. More importantly, the
significantly higher body hair density found in
the British group corresponds well with their
lower thermal sensitivity, compared to the Chi-
nese group. In humans, hair mainly has an insu-
lation role and therefore serves to protect from
the cold (Johnson et al. 1993). It seems reason-
able to suggest that, in the present experiment,
hair may have acted as an insulator for the skin,
introducing thermal resistance between the stim-
ulus (thermal probe) and the skin. This was in
agreement with the significant correlation found
in the cold sensation versus body hair density
analysis, indicating that body regions with
lower levels of local hairiness were associated
with greater (colder) local thermal sensations.
According to Hooton (1946), the loss of body
hair in man must have taken place in a tropical
climate, since such an adaptation is unlikely to
take place in a cold environment. Other theories
suggest that the loss of hairy covering in man is
associated with an increase in subcutaneous fat
layers. According to Keith (1912), humaniza-
tion, which resulted in a richer variety and a
more ample command of food all year round,
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may be one of the reasons for the loss in human
body hair. Indeed, such an improvement in pre-
and postnatal nutrition may have brought about
the increase in fat deposition, which in turn may
have rendered body hair less needed, since a
subcutaneous fat layer similarly preserves the
warmth of the body (Hooton 1946). Prior to
modernization, individuals indigenous to cold
climates were typically relatively muscular, and
the regional distribution of muscle and fat char-
acteristics of these people is thought to maximize
insulation (Beall and Steegmann 2000). As
pointed out by Hooton (1946), it is also perfectly
possible that some human groups may have
retained, or even redeveloped, body hair at a
late period of human evolution.

4 Conclusion

In order to test regional thermal sensitivity, the first
step is to define sensitivity and determine whether a
magnitude estimation or thermal threshold
approach is most appropriate, and in the first case,
whether to work with a fixed stimulus temperature
or with a stimulus temperature relative to local skin
temperature. Following this the desired tempera-
ture to stimulate designated TRP receptors must be
determined. The duration of stimulation and the
surface area will influence thermal sensitivity, but
these should be standardized across regions. Tran-
sient responses can be expressed relative to the
change in skin temperature. Steady-state responses
should not be taken before skin temperature stabi-
lizes and/or the response is stable. The correct
timing for this should be determined during pilot
studies. Strict care should be taken over assessing
regional differences and ensuring precision over
testing the same location within and between indi-
viduals. When presenting the data from multiple
locations, body maps prove to portray this infor-
mation most clearly.
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1 Principle

The human body is endothermic. Human skin
functions as an interface between the body core
stable temperature (around 37 �C) and the variable
environment temperature. Except in extreme
cases such as strong sun-heat exposure, the skin
surface is cooler than the blood. Therefore it
should be possible to measure the variation of
the skin blood perfusion by those of the skin
surface temperature.

In normal conditions the latter depends on the
outside temperature, the heat coming from the
blood (variable with its location in the skin and
transfer ability), and the heat generated by the skin
(mostly the epidermis and appendages) metabolic
activity. When inflammation or a high metabolic
rate tumor develops within the skin or close
deeper tissue, a heat conductive transfer is
added. Practically the production of metabolic
heat by healthy skin (0.16 cal min�1 cm�2)
(Houdas and Ring 1982) or even psoriatic skin
(0.27 cal min�1 cm�2) is too low to interfere.
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1.1 Contact Measurements:
Thermometry

When a thermometer is applied on the skin, its
temperature and the skin temperature are both
modified at the point of contact (St€uttgen
et al. 1989; Ring 1995). For the temperature at
equilibrium to be very near the initial skin tem-
perature, it is essential to comply with the follow-
ing items: small contact area, low thermal sensor
inertia, and moderate initial difference between
temperatures. Furthermore, the skin heat being in
continuous production induces its accumulation
as soon as there is an occlusion of the skin surface.
Contact skin temperature measurements must
therefore be brief as possible.

1.2 Point Measurement

Thermometers use a variety of physical princi-
ples: thermocouples, electric resistance, thermis-
tors, and semiconductors.

Thermocouples are an application of the
thermal-electric effect. In a circuit made of two
different metals (e.g., copper-constantan), a volt-
age is produced if the junctions are at different
temperatures. This type of thermometer consists
in a small applicator located at one of the junc-
tions, the other being maintained at a stable tem-
perature (reference temperature). A galvanometer
records the generated voltage. The result is imme-
diately displayed.

Metal resistance thermometers have an electric
circuit consisting of a generator and a resistance
(in nickel or platinum) which varies with temper-
ature. The resistance is in the applicator which
consequently has a large application area. How-
ever it is possible to find Pt sensors with a small
contact area (less than 1 mm2). The results are also
displayed instantaneously.

Thermistors are also resistance thermometers,
but provided with complex linearization electron-
ics. Unfortunately they do not age well and it is
necessary to recalibrate them regularly. Dispos-
able probes are now available thus eliminating the
need of cleansing and disinfection.

Semiconductors are based on a similar princi-
ple: the resistivity of the sensor varies with tem-
perature. They are more durable and stable than
thermistors and do not require frequent
recalibration.

During application of contact thermometers,
pressure must be avoided: this alters the blood
flow, and the recorded temperature can be more
like the interior of the skin, while the purpose of
the measurement is to record the skin surface
temperature.

For a point measurement, application should
be made for 1 or 2 s only to prevent a disturbance
of the temperature from occlusion or pressure.
Metallic resistance and thermistor thermometers
can have a preheated sensor, which may slightly
modify the skin temperature. As a consequence
they are preferably used for temperature monitor-
ing over time, such as in intensive care.

The skin temperature in resting and neutral
thermal conditions (i.e., the subject is naked, in
resting position; in a room where the air and the
walls are at the same temperature, close to 30 �C,
the relative humidity is below 50 %, and the
movement of the air is low (0.1 m to 0.2 m/s))
varies with body sites (Table 1), because each of
them has its own vasculature pattern due to its
anatomy and reactivity and has a specific ther-
mal environment. Such diversity explains why
the assessment of mean or average skin temper-
ature requires measurements in numerous
places. Modern infrared cameras can now
image a whole body anterior and posterior from
which total body mean temperatures can be
readily calculated. Table 1 shows firstly the fore-
head as a relatively stable temperature and the
large variability of the temperature in the
extremities and then the homogenization of the
temperatures in hot conditions and, in the oppo-
site situation, great topographical diversity in
cold conditions.

Skin temperature has a considerable inertia
when compared to the variations in the arterial
supply it depends on. For example, for a blood
flow increase over 4 min followed by a plateau,
the skin temperature rise may be seen only 6 min
later and may plateau in 7 min.

1304 F.J. Ring



1.3 Bidimensional Measurements
(Mapping)

1.3.1 Noncontact Measurement:
Thermography

Any warm surface emits an electromagnetic radi-
ation whose energy is a function of the fourth
power of its absolute temperature, according to
the equation E = σεT4 where σ is the Stefan-
Boltzmann radiation constant and ε the surface
emissivity. Between 32 �C and 36 �C
(305–309 K), the skin surface emission is mainly
at 10.5 μm, in the infrared (IR). It is therefore
possible to measure, at a distance, the skin surface
temperature by its IR radiation. Since water
absorbs IR, the detected radiation is emitted by
the stratum corneum, not by the underlying living
tissues which are in a water environment. Like
contact thermometry, thermography measures
the skin superficial temperature. It provides the
absolute temperature, but is mainly used to reveal
topographical differences and follow variations
on a quantitative image. Mapping of temperature
distribution, absence of contact, and possibility of
sustained observation provide many advantages
over the contact methods. In recent years there has
been a dramatic rise in the use of tympanic mem-
brane radiometry, which has in many hospitals
and clinics become more commonly used than
contact thermometers for routine temperature
assessment.

1.3.2 Thermal Imaging Cameras
IR cameras are of different types, depending on
the IR detector, the image capture mode, and its
processing (Ring et al. 2009). Cameras with
cooled indium antimonide (AGA system) mainly
detect 2–5.5 μm IR, which are wavelengths out-
side the absorbing zones of water. Mercury cad-
mium telluride IR cameras mainly detect
7–12.5 μm IR.

There are now a number of infrared cameras
that use a focal plane array detector that can oper-
ate over a broader spectral band. Most of these do
not need the cooling required for earlier detectors.
There are continuous improvements and increas-
ing numbers of detector elements. As a result
modern systems are much easier to use in medi-
cine. Excellent images can be obtained from
640 � 480 focal plane arrays. Compared to the
earlier single-element scanners, they provide high
resolution at high speed (real time). These
improvements, together with a range of
IR-transmitting lenses, also result in smaller com-
pact cameras. In most cases now, a digital output
signal can be directly fed to a small computer
(earlier systems required the signal to pass
through an analogue to digital converter, which
increased the risk of calibration drift). With
decreasing costs and improved reliability, thermal
imaging is more available to clinicians who wish
to use the technique. It is still recommended that
the user purchases a blackbody temperature

Table 1 Current temperature on various body sites in an adult subject naked and lying supine in various environmental
temperatures (Houdas and Ring 1982)

Body site Cool (20 �C) Thermal neutrality Warm (40 �C)
Forehead 32.0 34.8 36.1

Palm 24.0 32.9 36.6

Volar forearm 27.7 33.6 36.7

Arm, anterior aspect 28.0 33.4 37.3

Chest, anterior 31.9 34.5 36.8

Close to umbilicus 31.3 34.4 36.2

Iliac fossa 30.7 34.7 36.1

Thigh anterior aspect 27.9 33.4 36.3

Leg, anterior aspect 25.8 32.7 36.4

Dorsum foot 20.0 31.1 37.0
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reference source, which is needed to make regular
checks on calibration of temperature, especially
with the uncooled cameras. The thermographic
signal is normally examined by computer image
analysis.

1.3.3 Thermographic Image
The ranges of grays or colors indicate the differ-
ence of temperature (maximal thermal resolution
0.2 �C) in relation to a reference temperature
selected by the operator. The larger the thermal
resolution, the smaller the displayed temperature
range. To obtain a good topographic discrimina-
tion, it is therefore necessary to choose the appro-
priate range, based on a reference temperature
close to the average temperature of the zone
investigated.

Finding both the temperature difference among
body sites and especially hot or cold areas is easier
in cool environmental conditions (Table 1), hence
the choice of 22–23 �C as a usual examination
room temperature.

For a selected ambient temperature, the skin
temperature distribution is remarkably constant in
the same individual. The fingertips are normally
colder than the dorsal hands except in reactive
hyperemia (Fig. 1a), but if the difference is over
2 �C, it indicates a vascular disease of the extrem-
ities (Fig. 1b). The warmest area is the head and
the coldest the toes, and the difference is 4 �C in
neutral thermal conditions, exceeding 10 �C in
cold environmental conditions.

Reactive hyperemia, systemic or local cold
test, heat test, and various pharmacological tests
can be followed by thermography in real time with
image registration at regular intervals or at some
important times. For example, to measure the
degree of a Raynaud syndrome and follow up
the treatment, the generally used procedure is
(Ring 1995):

– The patient remains seated in the examination
room for 15 min, in neutral thermal conditions
(in a room where the air and the walls are at the
same temperature, close to 30 �C, the relative
humidity is below 50 %, and the movement of
the air is low (0.1 m to 0.2 m/s); in practice, the
subject is neither cold nor too hot and does not
feel any hot or cold air flow) with his forearms
undressed.

– Thermogram of the dorsal side of both hands.
– The hands, in thin and transparent plastic

gloves, are immersed up to the wrists in a
20 �C water bath for 1 min.

– Thermogram 10 min after removing the hands
from the bath.

1.3.4 Interpretation
The thermograph image indicates an excessive or
deficient heat supply to the skin surface. It may be
due to a variation (increase or decrease) of the skin
perfusion by the warm blood coming from the
deeper parts or of a thermal transmission from
underlying tissues.

Fig. 1 (a) Reactive hyperemia in normal hands post-cooling by 1min 20 �Cwater (hand protected by thin plastic gloves).
(b) Thermogram of hands of a Raynaud’s phenomenon patient after same water immersion as above
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The first case applies to active (i.e., arteriolar)
vasodilatation: opening of the “skin radiator”
valve. A passive vasodilatation, for example, by
increase of the venous pressure only (standing up
from lying), remains invisible. The “skin radia-
tor” is the subepidermal vascular plexus; there-
fore, any active erythema has a thermographic
version. But the skin can be normally perfused
and warm without erythema, and thermography
can then show the topography of this invisible
active vasodilatation. In inflammation, thermog-
raphy is a means of assessing the extent of the
process and its intensity (by the degree of ther-
mal increase).

In the second case, a deeper source of heat,
without involvement of the subepidermal plexus,
is shown by thermography. The skin is warmer
along the subcutaneous normal veins and varicose
veins. The warm thermographic image of actively
growing tumors depends on their intense angio-
genesis, which usually connected with their pro-
liferating activity.

Thermography detects the transmission to the
skin surface of heat produced in deeper tissues.
Any disruption in this transfer, such as edema or
thickened tissues, impairs the image. A typical
example is the papular urticaria. Accordingly a
hyperthermia in an edematous zone would be
most likely related to active vasodilatation of the
subepidermal plexus.

These principles have resulted in some of the
most interesting uses of thermography:

– Detection and delineation of invisible cutane-
ous, subcutaneous, or deeper tissue inflamma-
tion, since without erythema: for example, the
persistent peri-lesion vasodilatation after
healing in psoriasis, the lymph or blood drain-
age path of a tumor, and the degree of inflam-
mation of a joint.

– Invisible vasoconstriction detection (St€uttgen
and Flesch 1985) (e.g., in healed psoriasis
lesions) or analysis (the blanched area induced
by topical corticosteroids spreads beyond the
area of hypothermia, which would indicate a
preferential effect of the drug on capillaries
rather than arterioles).

– Investigation of angiodysplasias in order to
discern hyperperfused (warm), stagnant
(cold), and normally perfused zones and to
follow them up during treatment.

– Assessment of malignant tumor growth (gen-
erally associated with hyperthermia).

– The dermatological use of thermography is
well developed and illustrated in the work of
St€uttgen and Flesch (1985).

2 Good Practice

2.1 Examination Room

– An air lock is an ideal way to reduce tempera-
ture changes and drafts occurring on entrance
or exit. This air lock may also be used as a
cubicle for the patient to undress (Ammer and
Ring 2013).

– The volume of the room must include air con-
ditioning. Surface: 8–12 m2. Maximal height
2.5 m in order to reduce temperature differ-
ences between the floor and the ceiling,
which are reproduced between the patient’s
feet and head in standing position.

– Thermal insulation of the walls of the room can
improve thermal stability.

– Air conditioning is essential, preferably set at
22–23 �C, so that the skin temperature differ-
ences are clearly revealed but allowing the
undressed patient to feel comfortable. It is
most efficient if left to operate day and night
continuously. The relative humidity must not
exceed 50 % since the stratum corneum hydra-
tion alters its emissivity.

– To reduce thermal currents to the minimum, it
is recommended to block up the windows
because they let the cold and the sun in.

– Avoid reflecting materials (aluminum, steel) or
paint any reflecting surfaces. Walls should also
be covered in nonreflecting paint.

– Room lighting should be operated by cold light
or fluorescent tubes providing indirect lighting.

The central heating radiators should be placed as
far as possible from the examination table, in any
case not less than 2 m.
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2.2 Method

– The subject should stay at least 15 min at room
temperature before the examination takes
place.

– Clothes strongly modify the thermal environ-
ment of the skin. The subject must therefore be
undressed 15 min before the test.

– Alcohol or spicy food must be avoided 2 h
prior to the examination to avoid the risk of
facial, thorax, or extremity flush, in spite of the
absence of erythema.

– The skin must be dry as humidity absorbs
IR. Wet skin looks cold. A wound can appear
to be 2 �C below its actual temperature.

– The subject must be placed at least 15 cm from
the nearest wall, to avoid heat reflection, and
2 m from any source of heat.

– There should be no entrance or exit from the
room during the examination.

2.3 Commercial Equipment

Most modern infrared cameras today are better
equipped with faster detectors than the earlier
systems of more than 30 years ago. Focal plane
arrays are fast and efficient, providing images at
real-time video speeds. There is now a wider
range of cameras that operate successfully for
medical applications without the need for detector
cooling (Ring et al. 2009). However, it is always
recommended that such systems should be used
with an external blackbody reference temperature
source. Time to reach stability can vary, and it is
necessary to take a series of images for measure-
ment from a known stable temperature reference
source to verify when an individual camera is
ready for image capture and temperature measure-
ment. Modern systems also generate a digital
thermal image, so that connection to a computer
can be by fire wire or by wireless transmission. In
many cases, a storage provision within the camera
itself can be used, allowing the operator to down-
load to the computer at a later time for detailed
image analysis. In recent years the image and
temperature resolution has increased. Currently
many systems provide thermal images at

320 � 240 pixels, with 640 � 480 and upward
becoming readily available at higher cost. Manu-
facturers and agencies exist now in many coun-
tries around the world. A large company that has
integrated several well-known manufacturers is
based in Sweden and the USAwith a wide range
of systems for many different applications in med-
icine science and industry. Whatever the choice of
camera system selected for medical studies, it is
important that regular maintenance by the com-
pany be undertaken. A thermal camera may per-
form to the manufacturer’s specification for a
period of time from leaving the factory, but is
subject to offset drift, and multielement detectors
can be affected by individual pixel and detector
loss, which the manufacturer needs to deal with on
a regular basis.

Reproducible results with thermal imaging
depend on rigorous technique by the operator.
Standardized procedures are now commonly
adopted and can be found in the literature.

3 Clinical Applications

A number of modern reviews indicate that some
applications have become more widely accepted
in clinical medicine than others (Ring and Ammer
2012; Lahiri et al. 2012). Inflammatory lesions
such as those found in the arthritides, rheumatoid
arthritis, osteoarthritis, gout, psoriatic arthropa-
thies, scleroderma, etc. can be effectively moni-
tored by thermal imaging. The effect of anti-
inflammatory treatments can be objectively mon-
itored and has been documented in controlled
clinical trials. Topical agents applied to the skin
may be observed as a dynamic process (Fig. 2). In
peripheral vascular diseases, skin temperature
monitored by thermal imaging can be efficiently
studied, particularly where a thermal or pharma-
cological challenge has been applied. Raynaud’s
phenomenon and vibration injury (hand-arm
vibration syndrome) and complex regional pain
syndrome are examples.

Due to the international concerns of pandemic
influenza and the massive increase in air travel,
attention has been focused on the use of thermal
imaging in fever screening. The International
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Standards Organization has published two docu-
ments that specify the minimum technical require-
ments for this and also the required procedure to
capture meaningful information from a close-up
thermal image of the face. It is now shown that
from such a close-up image, the temperature mea-
sured at the inner canthus of the eye can provide
discriminatory evidence of systemic fever in chil-
dren and adults compared to nonfebrile subjects
(Fig. 3a, b) (Ring et al. 2013).

4 Conclusion

The technical performance of thermal imaging
cameras, together with the power of computing
and image processing, has transformed this
technique in recent years. As a result the phys-
iological knowledge of skin temperature in
health and disease has also improved. From
noninvasive monitoring of treatments to studies

Fig. 2 Response to
nicotinic acid spray to
the calf

Fig. 3 (a) Thermogram of the face of a young male
without fever. The checks and nose are the coolest areas.
(b) Thermogram of the face of a young male with fever.

The forehead checks and nose are cooler due to sweating.
There is increased heat at the inner canthi of the eyes
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in high-performance sport science, infrared
thermal imaging has matured and when
correctly performed can be a valuable and
reliable objective imaging procedure in
certain aspects of clinical medicine. The very
high costs of the past have fallen, and perfor-
mance has risen, making this technique more
accessible than in the former years of its
development.
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By measuring the skin temperature (Tsk), there are
a lot of factors, which could influence the results
(Fernández-Cuevas et al. 2015). Among them,
validity and reliability are two of the most impor-
tant ones to take into account in order to obtain the
more accurate and consistent results. Those adjec-
tives – accurate and consistent – seem to be similar
but they are not. On the one hand, accuracy is
directly related to validity, and validity refers to
whether a measurement is well founded and corre-
sponds accurately to the real world. One the other
hand, reliability is related to consistency because it
refers to the degree to which the measurement
gives the same result in repeated measurements.

Infrared thermography (IRT) is a rapid and non-
invasive technology widely used to assess Tsk. In
this case, the validity refers to how well IRT mea-
sures Tsk and, consequently, permits appropriate
interpretation of Tsk scores. However, the reliabil-
ity of IRT shows if this technology gives the same
results in different situations (with different
observers or software). Besides, Tsk reproducibil-
ity is related to the concept of reliability, and it is
used here to describe the consistency of the tem-
perature of the skin itself along the time.

In this chapter, a review of results about valid-
ity and reliability of IRT and reproducibility of
Tsk will be shown, as well as a discussion about
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the convenience of using manual methods or soft-
ware to analyze IRT images.

1 Infrared Thermography

Infrared thermography (IRT) is a safe, noninva-
sive, and low-cost technique that allows the rapid
and noncontact recording of the irradiated energy
released from the body (Akimov and Son’kin
2011; Merla et al. 2005; Ng 2009; Costello
et al. 2012; Hildebrandt et al. 2012). IRTmeasures
skin temperature (Tsk), and since it started to be
used with human beings (the early 1960s), the
development of this technique focused on discov-
ering the validity of IRT to diagnose pathologies
(Liu and Xu 2000). Due to conflicting results and
a lack of methodological standards and quality
assurance (Head and Elliott 2002), the IRT was
replaced by emerging and more accurate technol-
ogies such as X-rays, ultrasound devices, or mag-
netic resonance: from initial enthusiastic interest
to almost complete obscurity.

However, the technological improvements of
IRT in the last years have made possible a resur-
gence of this technique (Jiang et al. 2005; Vainer
2005; Cheng et al. 2009; Spalding et al. 2008;
Skala et al. 2011), paving the way to new applica-
tions of IRT for humans not only focused on the
diagnosis (Marins et al. 2015). Even if IRT has
been widely used in pathological conditions,
there are much less data available from healthy
subjects (Zaproudina et al. 2008). Moreover, the
increase of interest on the application of IRT, not
only in the medical sector but also in other fields as
the physical activity with healthy subjects, makes it
more necessary to increase the knowledge
concerning the factors affecting the application of
IRT on humans (Costello et al. 2012; Zaproudina
et al. 2008; Ring and Ammer 2012), as well as the
reproducibility of IRT measurements in different
potential groups of application as children, elderly,
overweight, disabled, or physically active subjects.

Ring recently defended and described the new
features of IRT technology and the improvement
on standardization protocols (Ring and Ammer
2012). Nevertheless, most research groups keep
on analyzing IRT images using the software

packages provided by the camera manufacturers,
which are mainly created for industrial or archi-
tectural purposes, rarely adapted to human analy-
sis (Murawski et al. 2003). Specific IRT software
for humans is rare, but its reliability results are
excellent by comparing with manual techniques.
Therefore, there is a remarkable necessity of a
larger supply on software to analyze IRT images
of human beings.

2 Validity

As it was mentioned, validity refers to whether a
measurement is well founded and corresponds
accurately to the real world. In the case of IRT,
validity would be the ability to estimate tempera-
tures of an object’s surface from its infrared radi-
ation as recorded using a thermal camera.
Burnham et al. (2006) demonstrated a good valid-
ity of a skin infrared thermometer (r = 0.92), but
only Sherman et al. (1996) published a study of
the validation of “video thermography.”

Among the several technical improvements
that have been made in IRT in the previous
decades, certain aspects, such as the number of
frames per seconds, the resolution, and the weight
of the equipment, have notably improved.

Accuracy is directly related to the validity of
IRT given that it refers to how close the thermal
readings of an IRT camera are to the true temper-
ature. Even if the accuracy has improved,
IRT-based measurements are more than 1 �C
(or 1 %) different from the actual temperature
(in the best cameras). This is not a large error in
the evaluation of a building or in an industrial
setting. However, considering how important pre-
cision is in measuring human temperatures (more
than 0.25 �C of side-to-side asymmetry is consid-
ered to be abnormal), poor accuracy could repre-
sent one of the weakest points of IRT.
Nevertheless, since we work by comparing Tsk
from bilateral ROIs on the same image, the poten-
tial error will be the same, and therefore it will not
affect the final results in terms of asymmetry.

The validity of IRT as a diagnostic tool has
been conclusively demonstrated in the context of
several pathologies and injuries, including reflex
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sympathetic dystrophy (Bruehl et al. 1996), stress
fractures (Goodman et al. 1985), pneumothorax
(Rich et al. 2004), dermatological pathologies
(George et al. 2008), and diabetes (Sivanandam
et al. 2012). However, studies of its validity have
been performed only for specific applications
(Owens et al. 2004; Roy et al. 2006).

Burnham et al. (2006) demonstrated a good
validity of a skin infrared thermometer (ICC =

0.92) (see Table 1), but only Sherman et al. (1996)
published a study of the validation of “video ther-
mography,” that is to say IRT.

To avoid the potential errors in IRT camera
measurement accuracy (�2 % or �1 % in the
best cases), certain authors place a constant and
known temperature source into the thermogram to
calibrate the measurement of the thermal imager.
Ring and Ammer (2000) assert that, despite the

Table 1 Reliability results (ICC) of several published articles about IRT validity

Year Author N Sample Pathology Technique ROI ICC

1991 Plaugher 19 Healthy IRT Paraspinal 0.5–0.8

1999 Oerlemans 13 Patients Reflex sympathetic
dystrophy (RSD)

IRT
thermometer

Hands 0.94

2003 Ammer 1 Healthy IRT Arm 0.48–0.87

2004 Owens 30 Healthy IRT scanner Paraspinal 0.92–0.97

2004 Varju 91 Patients Hand osteoarthritis IRT Hands 0.899

2006 Burnham 17 Healthy IRT
thermometer

Different
ROIs

0.97

2006 Selfe 9 Patients Anterior knee pain IRT Knee 0.82–0.97

2007 Hart 30 Healthy IRT scanner Spine >0.75

2008 Spalding 5 Patients Wrist arthritis IRT Wrist 0.99

2008 Zaproudina 16 Healthy IRT Different
ROIs

0.47

2009 Gold 45 Patients
and
healthy

Upper extremity
musculoskeletal disorder
(UEMSD)

IRT Hands 0.46–0.85

2009a Hildebrandt 15 Patients
and
healthy

Knee injuries IRT Knee 0.75–0.85

2010 Denoble 30 Patients
and
healthy

Knee osteoarthritis IRT Knee 0.5–0.72

2011 McCoy 100 Healthy IRT scanner Spine 0.95–0.97

2011 Pauling 15 Healthy IRT Hands 0.83–0.96

2012 Fernández-
Cuevas

22 Healthy
overweight

IRT Different
ROIs

0.989

2013 Costa 62 Patients
and
healthy

Temporomandibular
disorder (TMD)

IRT Face and
neck

0.85–0.99

2012 Christensen 62 Healthy IRT Face ?

2012 Fernández-
Cuevas

32 Healthy IRT Different
ROIs

0.68–0.99

2013 Choi 28 Patients Complex regional pain
syndrome (CRPS)

IRT Limbs 0.865

2013 Rodrigues-
Bigaton

30 Patients
and
healthy

Temporomandibular
disorder (TMD)

IRT Face 0.84–0.87

2014 Rossignoli 24 Patients Wheelchair users (WCUs) IRT Different
ROIs

0.39–0.79

2015 Dibai-Filho 24 Healthy IRT Trapezius 0.62–0.92
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internal reference temperature of many current
thermal systems, using a reference source for cal-
ibration is highly recommended to improve the
IRT results (Simpson et al. 2008). We therefore
suggest the use of a calibration source for using
IRT on humans until camera providers improve
the imager’s accuracy within the 20–50 �C range.

3 Reliability

Reliability refers to the degree to which the mea-
surement gives the same result in repeated mea-
surements. Likewise, repeatability and
reproducibility are sub-terms of reliability, all of
them related to consistency. In quantitative
research, reliability studies aim to prove the con-
sistency of analysis methods or instruments, as for
example, if a manual analysis methodology gives
the same results independently of the observer
who takes the IRT image. Reproducibility is
more related to the consistency of results along
the time, which means, to investigate if Tsk is
consistent now, in 5 s, 24 h, or 2 months (see
Fig. 1). Repeatability is related to the consistency
of findings obtained after the same procedure was
repeated (Bartlett and Frost 2008).

However, both concepts are often mixed in the
literature, and reliability is with no doubt the most
used to describe the consistency of Tsk.
According to statistics, there are different ways
to investigate the reliability and reproducibility.

Intra-class correlation coefficient (ICC) is the
most common coefficient to describe the consis-
tency (intra- and inter-examiner). In addition to
this two-way mixed model, coefficient of varia-
tion (CV) represents another useful coefficient to
show the dispersion of data, but less current in the
literature. Lastly, Bland-Altman plots are an illus-
trative way to visualize the dispersion of data with
agreement limits (see Fig. 2).

Although Tsk should be constant over time
(Frim et al. 1990) and symmetric on both sides
of the body (Uematsu et al. 1988; Niu et al. 2001),
the list of the factors that affect the skin tempera-
ture is tremendously large (Ring and Ammer
2000) that the infeasibility of controlling for all
of these factors could be considered one of the
weakest points of IRT.

Therefore, to improve the applicability of IRT,
better cameras with more advanced features
should be developed, and the behavior of skin
temperature due to the influence of different
extrinsic and intrinsic factors should be studied.

3.1 IRT Software Reliability

Traditionally, human IRT images have been
processed manually using IRT applications that
were designed for other purposes or sectors (i.e.,
industry, construction, etc.). In this sense, certain
authors reported inter-examiner variations
(Plaugher et al. 1991; Zaproudina et al. 2008;

Fig. 1 Representation of
the difference between
reliability and
reproducibility study design
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Costa et al. 2013) due to the difficulty of manually
selecting the region of interest (ROI) from the
human IRT images (Ammer 2003).

Therefore, in addition to the efforts that have
been made to create standardized protocols and
guidelines (Ring and Ammer 2000; Schwartz
2006; Ammer 2008), there is a remarkable neces-
sity of specific software program to make this
difficult task more simple, efficient, and reliable.
Nowadays, the supply of specific software is poor.
On the one hand, there are some laborious solu-
tions created by some research groups to analyze
IRT images automatically (Murawski et al. 2003;
Vardasca 2008; Fournet et al. 2013). On the other
hand, a few specific software to investigate and
analyze IRT images of humans are developed and
sold by private companies, as TotalVision™
(infrared screening), Meditherm IRIS™ (breast
cancer company), and Termotracker® and its
new version ThermoHuman® (ThermoHuman,
from sports sector).

From all of them, Termotracker® is the only
one to have published reliable results (Fernández-
Cuevas et al. 2012). This software uses a computer
vision algorithm, which automatically identifies
the body shape and ROIs from the IRT images,
generating a database with the primary data of the
considered ROI. The reliability results of
Termotracker® are almost perfect (Fernández-

Cuevas et al. 2012), and the new version
ThermoHuman® will improve those results. By
comparing the results with those that were
obtained by manual methods (Zaproudina
et al. 2008), the higher reliability, even with
respect to the ICCs for the intra-examiner data,
may be due to the automatic ROI identification
process, a task that was performed by an observer
in similar studies (Selfe et al. 2006; Hildebrandt
et al. 2009b; Denoble et al. 2010).

In general terms, some studies that have exam-
ined inter- and intra-examiner reliability of IRT
cameras reported good results (Selfe et al. 2006;
Littlejohn 2008; Spalding et al. 2008; Zaproudina
et al. 2008; Hildebrandt et al. 2009b; Denoble
et al. 2010; Pauling et al. 2011), but none achieved
such excellent ICCs as the results that are reported
in Fernández-Cuevas (2012), and the reason lies
surely in the fact of applying a computer vision.
The automation on the process of determining the
ROIs improves the IRT reliability and allows for a
more rapid and more efficient IRT analysis of the
thermograms from humans. Although the results
reached by Termotracker® are not perfect (ICC =
0.999), there is no doubt that software solutions
are faster and more accurate to analyze IRT
images than manual methods, and therefore,
there is a clear necessity of further investigation
and supply of new specific software.
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95% C.I. = [− 0,2184°C , 0,1922°C]
3,87% of the observations (31 of 800) are outside the 95% CIs
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Fig. 2 Example of Bland-
Altman plots for intra-
examiner agreement
between the same observer
in two thermograms
(separated by 5 s) showing
dispersion of data
(Fernández-Cuevas 2012)
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3.2 Reproducibility of IRT Values

IRT reliability has been examined in several
works, both with patients (Selfe et al. 2006;
Spalding et al. 2008; Hildebrandt et al. 2009b;
Denoble et al. 2010; Costa et al. 2013; Choi
et al. 2013) and healthy subjects (Zaproudina
et al. 2008; Littlejohn 2008; Pauling et al. 2011).
The majority of these studies achieved ICCs that
ranged between 0.4 and 0.9 (see Table 1). How-
ever, certain of these studies reported the influence
of factors, such as technical errors, the physiolog-
ical variability from 1 day to another (Zaproudina
et al. 2008), or the existence of previous injuries
(Hildebrandt et al. 2009b). Recently, a study was
performed (Fernández-Cuevas 2012) with only
one examiner, following an adaptation of the
guidelines from the European Association of
Thermology (EAT) (Ammer 2008). Three consec-
utive thermograms from healthy subjects were
taken, separating the first two thermograms by
only 5 s and waiting 24 h to record the third
thermogram under similar conditions as the two
first assessments. With this study design, the aim
was to identify the influence of time on Tsk vari-
ability and to avoid the potential influence of the
factors that are mentioned in previous research.

According to the Littlejohn (2008) classifica-
tion of ICC values (poor: 0–0.39, Fair: 0.40–0.59,
Good: 0.60–0.79 and Excellent: 0.80–1.0), the
results of this study (Fernández-Cuevas 2012)
revealed excellent ICC values between the two
first thermograms (5 s between readings), both in
terms of the Tsk values (mean ICC = 0.991) and
the side-to-side differences (ΔT) (mean ICC =
0.953); these results are nearly perfect. They sug-
gest that the slight variation between the first two
readings may be due not to the variability of Tsk
but to small variations in the infrared camera;
therefore, a calibration system with a black body
was used (Plassmann et al. 2006). Moreover,
when comparing the results of Tsk from thermo-
grams 1 and 3 (separated by 24 h), which were
conducted in similar conditions as other authors
have used (Zaproudina et al. 2008; Hildebrandt
et al. 2009b), the ICC outcomes differed
depending on the ROI. With respect to Tsk values,
the better ICCs were those from the muscle and
central ROIs (i.e., abdominal, back, thigh, lumbar,

dorsal), and the worst ICCs were for the joint
ROIs (i.e., knee, ankle, elbow). These results are
similar with those of Zaproudina et al. (2008),
who demonstrated lower ICC values for the distal
and joint ROI, such as the knee.

Moreover, there is a growing use of thermal
asymmetries in the application of IRT on humans
(Feldman and Nickoloff 1984; Uematsu
et al. 1988; Niu et al. 2001; Vardasca 2008) to
calculate the side-to-side differences (ΔT) in
selected bilateral ROIs. A recent study
(Fernández-Cuevas 2012) indicated that, when
tracking a single ROI over time (e.g., monitoring
an injury), muscular and central ROIs measure-
ments are more reproducible. However, when
examining asymmetries or bilateral values (ΔT),
which are actually very useful tools with which to
detect pathologies (Niu et al. 2001) or injury risks
(Gómez Carmona 2012), the most reliable ΔT
values are for the joints and the central ROI (i.e.,
the pectoral and shoulder ROIs).

4 Conclusions

The validity of IRT to assess Tsk has been proven,
but it could improve if infrared cameras would be
conceived to human applications. Although there
are differences in the methodology among studies,
most of them show good reproducibility results.
However, it has been also demonstrated that the
reproducibility of the Tsk measurements slightly
decreased with some factors as the regions of
interest (ROI) analyzed and the time between
measurements. Regarding reliability results, spe-
cific software solutions seem to be the best option
to analyze IRT images, but the supply of them is
still poor.
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1 Introduction

The skin is the largest organ of our body covering
approximately 6 m2 and providing us with a
waterproof protective barrier between our body
structures and the environment. However, as a
thermal interface, the skin is remarkably adept at
managing heat transfers between the metabolic
core and the environmental conditions. In cold
environments, vasoconstriction of the blood flow
within the skin layers functions as an outer body
insulator, protecting the core organs from hypo-
thermia. In hot environments, blood flow can be
dramatically increased to the skin to transform the
tissue into a surface radiator that encourages heat
transfers into the environment. The ratio of radiant
heat emitted is 0.98 as compared to a black body
perfect emitter of 1.0 (Flesch 1985), with no
wavelength differences observed between skin
colors as detected by infrared imaging (Jones
and Plassmann 2008). Thus, the skin can be
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thought of as a thermal chameleon, which alters its
function in response to the core-environment heat
transfers to provide precise core temperature reg-
ulation maintained within a small critical
survival zone.

2 Neural Control of the Skin
Surface

Neural vasomotor control of the vascular topog-
raphy within the cutaneous skin layers regulates
the appropriate core to skin to environment heat
transfers for thermoregulation. The reflex neural
regulation modulates the blood flow by way of
sympathetic vasoconstriction or vasodilation of
the arterial branches that feed the transverse
(perforator) vessels which culminate in numer-
ous cutaneous circulatory plexus. Further blood
flow regulation occurs in the acral tissue regions
(finger/toe digits, ears, nose, cheeks, lips, palmer
surfaces of the hand and feet) that are structurally
supplied with arteriovenous anastomoses
(AVAs). The AVAs are thick-walled, low-
resistance vessels that have a direct vascular
pathway between the arterioles and venules that
regulates plexus blood flow by sympathetic
adrenergic vasoconstrictor activity. In the
nonacral tissue regions (legs, arms, and chest),
blood flow is under the dual control of adrener-
gic (vasoconstriction) and noradrenergic (vaso-
dilation). For a more in-depth review of the
regional sympathetic reflex regulation and skin
blood flow, the reader is directed to Johnson and
Proppe (1996), Charkoudian (2003), and Pascoe
et al. (2006). It is important to recognize these
differences in regional blood flow regulation
when investigating, measuring, or interpreting
the skin temperature surfaces across the various
regions of the body.

3 Mean Skin Temperature
Calculations

An understanding of the dynamic responses of the
skin to internal and external thermal environments
and measurements of a mean skin temperature has
been a challenge due to the skin’s contoured sur-
face area and the constraints of the equipment used
to measure the skin surface. The earliest published
skin temperature measures were made by Davy in
1814 by holding a thermometer against the skin
surface (Burton 1934). The advent of the skin
thermocouple at the turn of the century provided
greater measurement accuracy, improved testing
procedures, and has been the dominant measure-
ment device over the past century.

A “precise” mean skin temperature would
require an accurate measurement device and
would be derived from an infinite number of
body temperature points. All mean skin tempera-
ture formulas rely on the assumption that a finite
number of skin temperature measures can provide
a correct and reliable estimate of mean skin tem-
perature (Teichner 1958). Thermistor measures
also assume that areas within the body regions are
homogeneous in temperature and representative of
the mean skin temperature for that surface area.
Intuitively, the more sites a researcher measures,
the more representative and reliable the measure of
mean skin temperature will be for either regional or
whole-body measures. To address this issue,Wins-
low et al. (1936) produced pivotal research that
examined the convective and radiant exchanges
of humans under varying environmental condi-
tions. From this research, it has been advocated
that 15 recommended sites could provide a
“reasonable” maximum for conducting investiga-
tions related to the thermal exchanges from the skin
surface area. The 15 recommended sites are located
in seven regional areas defined as (Fig. 1):

Mean Ts ¼ Ts Head Aþ Bþ Lð Þ=3
þTs Arms Dþ Fð Þ=2þ Ts Hands Gð Þ
þTs Trunk Cþ EþMþ Nð Þ=4
þ Ts Thighs H þ P0=2þ Ts Legs J þ Qð Þ=2þ Ts Feet Kð Þð
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This has been identified as the “optimal method”
to determine whole-body mean skin temperature
and the standard method used to compare the
“accuracy” of other proposed formulas. The
“accuracy” of the estimated mean skin tempera-
ture formula is determined by the agreement fre-
quency percentage, which calculates the number
of values that are within� 0.2 �C when compared
to standard measure, where the 0.2 �C allows for

the error of the thermocouple device measure-
ment. Using the same 15 sites, Winslow
et al. (1936) proposed that the seven DuBois
regions could be reduced to four by combining
the arms and hands into the upper extremity and
combining the thighs, legs, and feet into the lower
extremity.

The research literature has focused on four
basic formula approaches: (1) unweighted
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14%           2
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35%           5
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5%           1

19%           3
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13%           2

Feet
7%           1
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100%           15

Fig. 1 Site locations, percent of relative area, and approximate integral proportions. Illustration of the 15 “optimal”
measurement sites (Image drawn by Jason Adams, Auburn University)
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average of the sites recorded; (2) weighted for-
mulas based on regional surface averages as
defined within population norms; (3) variable
weighting based on individually determined sur-
face areas, often determined by the DuBois linear
formula; and (4) weighted formulas that incor-
porate factors that describe both the surface area
and the thermoregulatory response to thermal
stimuli (Nadel et al. 1973; Crawshaw
et al. 1975). This fourth approach recognized
that while the surface areas of the various regions
help to explain the exposed surface available for
heat exchange (conduction, convection, and
radiation), differences in regional blood flow,
temperature, and sweat gland distribution that
contribute to measurable differences in the
regional area’s ability to dissipate heat through
evaporation may not be adequately expressed.
Comparative evaluations for various formulas
used for mean skin temperature calculations can
be found in the following research articles:
Mitchell and Wyndham (1969), Lund and Gisolfi
(1974), Olsen (1984), and Choi et al. (1997).

Due to the complexity of using 15 site mea-
sures, researchers have investigated the validity of
monitoring fewer sites from which numerous
mean skin temperature formulas have emerged.
Mean skin temperature formulas have been
devised using 3–15 measurement sites. Under
resting conditions, the core environment is often
considered homeothermic where the regional
peripheral blood flow and temperatures are vari-
able (poikilothermic) and more dependent upon
environmental conditions. In colder external envi-
ronmental conditions, regional skin temperatures
are more heterogeneous, and variances across the
region can be substantial. In warmer conditions,
the skin temperature is more homogeneous and
fairly consistent across the surface area.
According to prevailing environmental condi-
tions, some researchers have altered the number
of measurement sites for the sake of convenience
and reduced data handling to avoid measurement
situations that would interfere with the research
variables. Olsen (1984) used stepwise regression
analysis of more than 800 tests from which he
concluded that in warm environments 2–4 sites
may be adequate, neutral conditions would

require 4–8 sites, and cold environments would
require between 8 and 12 sites to demonstrate a
high degree of accuracy. Other researchers
(Teichner et al. 1958; Veghte 1965; Jirak
et al. 1975; Olsen 1984) have analyzed multiple
data sources and have stated that at least six to
seven sites need to be measured to assure accuracy
of the estimated mean skin temperature. Some of
the increased variance in regional skin tempera-
tures in the cold can be attributed to the distribu-
tion of subcutaneous fat often associated with
lower temperatures in areas of greater fat disposi-
tion (Livingston et al. 1987). Furthermore, the
external environment, exercise metabolism, and
clothing create an insulation effect (clo) that
strongly influences thermal comfort and creates a
microenvironment and thermal barrier that can
alter or inhibit the skin surface thermoregulatory
responses (Mairiaux et al. 1987; Mehnert
et al. 2000). It is also important to recognize that
these factors strongly influence the “accuracy” of
mean skin temperature measures as determined by
the agreement frequency percentage calculation
such that a formula could be expected to perform
differently under varying conditions, especially
environmental temperature.

Potential errors in probe measurement can be
attributed to poorly defined probe locations,
regional point-to-point variations in temperature,
different assigned numerical factoring values that
try to account for regional contributions to the
thermal status of the individual, and discrepancies
created when comparing weighted calculations to
the proportional unweighted measures of mean
skin temperature. The regional point-to-point var-
iation will be greatly influenced by the environ-
ment, where the magnitude of temperature
variations has been reported from 7.2 �C to
3.6 �C (Jirak et al. 1975; Firm et al. 1990; Hunold
et al. 1992) and deviations of microcirculation in
the skin of 300 % within a few centimeters
(Hunold et al. 1992). The accuracy of the probe,
probe shape, mounting pressure, and adjoining
wiring and the microenvironment created by
skin surface attachment have provided methodo-
logical challenges. However, the thermocouple
probe is still the favorite device for skin tempera-
ture measures under clothing.
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4 Thermographic Measurements
of the Skin Surface

In the 1960s, the development of infrared thermo-
graphic devices provided researchers with a
method of obtaining a noncontact “thermal map”
or thermal pictures of the skin surface area. In
principle, this device detects the heat that is emit-
ted (reminder: skin emissivity is 0.98) from the
skin surface which greatly increases the number
of measurement sites from a few probes to more
than 10,000 digital pixel temperature-imaging
points. The noncontact image removes
researchers’ concern over the influence of probe
attachment to skin temperature measures while
providing a very sensitive increment of measure
(0.05 �C). From these images, thermography
imaging programs can quickly provide the mean,
high, low, and standard deviation of the selected
skin surface region. While this imaging may
appear to provide all thermal points of interest,
there may be a 10 % loss of image accuracy
around the border of the body image (projection
angle more than 45�) and another 10 % that may
be influenced by a thick hair cover (Choi
et al. 1977). Additionally, the detection of heat
emitted from the skin using infrared thermogra-
phy is altered by clothing, more specifically the
ability of heat transfers to pass through the cloth-
ing fabric.

The measured skin surface temperature is a
combination of radiant heat from the core and
environment and the influence of convective air
movements, evaporative cooling during sweating,
and conductive heat transfers when the skin is in
contact with other surfaces. The radiant source of
heat coming from the core is delivered to the skin
via peripheral blood flow into the skin vascular
plexus. Infrared imaging does not measure blood
flow, but the skin temperature measures are
strongly correlated to the anatomical distribution
and blood flow to the surface area (Fig. 2).

These thermatomes, skin surface temperature
patterns, allow the researchers to identify and
understand the temperature distribution across
the skin surface area, which negates the problem
of probe placement. Within regional skin surface
areas, the thermal image will have distinct areas

with the same temperature (isotherms). These iso-
therms represent the blood flow distribution to the
skin vascular plexus and the conduction of heat to
the adjacent skin tissue layers. Within thermocou-
ple research literature, researchers have observed
regional skin surface areas that have a homoge-
neous temperature distribution that may practi-
cally be used to estimate the mean skin
temperature of a region. This depends upon the
proportional size of the isotherm in the region and
the potentially sizeable variances in tissue temper-
atures across the skin surface that may shift the
mean away from the isotherm mean temperature.
These isotherms can change in accordance to
exposures to varying environmental temperatures
(see Fig. 3; Livingstone et al. 1988; Hunold
et al. 1992), with greater heterogeneity in the
surface temperatures observed when the skin is
exposed to colder environments. As such, a same
site probe location can provide discrepant mea-
sures due to the varying distribution of skin tem-
peratures and fluctuating isothermal patterns.

Thermography is more adept than thermocou-
ples when observing and measuring differences in
local skin temperature as a result of radiant heat
transfers due to posture and adjoining body parts
(arms and torso) and the impact of convective air
flow created by movement (mostly arms and
legs). Additionally, the importance of the acral
regions in heat transfers that modulate thermoreg-
ulation cannot be overlooked. As an example, if
you feel hot while in bed at night, the simple act of
sticking a foot outside of the bed covers changes
your thermal status. A single thermal probe is
unlikely to adequately describe the thermal
response of acral regions (e.g., hands, feet),
whereas thermography views the entire skin sur-
face thermal response.

To understand the variances in skin temperature,
Pascoe et al. (2012) investigated the mean skin
temperatures within body regions in men and
women while exposed to three environmental con-
ditions (20, 30, 40 �C; all trials at 40 % relative
humidity). Participants equilibrated on separate
days within an environmental chamber for 20 min
prior to thermographicmeasurements. The regional
skin temperatures were determined from the mean
temperature calculated (thermal image program)
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from the combined pixels within each regional
surface area. No significant differences were
found between men and women, so their data
were combined. The regional skin temperatures in
Figs. 4 and 5 demonstrate several key points:

1. The distribution and differences in regional
thermal skin temperatures are linked to the
environmental conditions.

2. The torso regional temperatures show a more
homogeneous distribution when compared to

Fig. 2 Vascular image and thermal image. Images depicting the close correlation between the skin vascularity and skin
temperature (Image provided by Dr. Robert Ensley)

Front Torso

20°C 30°C 40°C

Back Torso

0.0500*C 24.08*C 36.63*C

Scale: Sensitivity: 0.05 °C Temperature Range: 24.08–36.63 °C

Fig. 3 Isotherm images. Images taken at 20, 30, and 40 �C to illustrate the different patterns in the thermal isotherms
(Image taken by Khalil Lee, Vincent Santucci, and David Pascoe)
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heterogeneous thermal responses of the periph-
eral regions.

3. The greater variance of temperatures within the
extremities can be attributed to the heat transfer
properties of the acral regions (mostly hands
and feet), which explains why the skin in the
proximal portions of the limbs responds differ-
ently to the same environmental stressor
(Clark). This observation illustrates the impor-
tance of the arteriovenous anastomoses within
the acral regions for heat exchange and
thermoregulation.

4. The variance in the temperature measures
within and between regions suggests the

potential for research error that can be
observed when using formulas that vary in
measurement site location, exposures to differ-
ent environmental conditions, and the number
of sites.

This potential error may be compounded by
adding a “weighting” factor whose estimate of
the mean skin temperature accuracy, as deter-
mined by the agreement frequency, varies
according to environmental conditions and
whether the individual is nude or clothed
(Teichner 1958; Choi et al. 1977; Livingstone
1987).
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In Fig. 6, the range of temperatures within a
region (high minus low measurement) demon-
strates the variance in temperatures within and
between regional skin temperatures surfaces.
The figure clearly depicts the greater variance in
regional areas during the colder exposure. This is
consistent with the research literature and sup-
ports the need for using more thermistor probes
when investigating mean skin temperature in
colder environments (Olsen 1984). Unlike therm-
istors where a site may or may not represent the
regional mean, thermographic skin temperature
measures are able to capture all pixel sites from
which a mean temperature is determined.

It is important to remember that the skin serves
as an interface between the core thermal environ-
ment and the external environmental conditions.
A majority of the research studies investigating
mean skin temperature have been performed in
the nude during resting conditions. Clothing can
interfere with the normal regulatory processes,
often creating a microenvironment that increases
both temperature and humidity. The increased
humidity reduces the skin to air vapor pressure
which interferes with evaporative cooling. The
wearing of loose clothing may reduce some of
the thermal stress through clothing movement
(pumping action) that increases the convective
air movements. The insulation effect of clothing,

clothing layers, and location of clothing all affect
the distribution of skin temperatures (Nielsen and
Nielsen 1984). In the clothed individual, the abil-
ity to access the skin surface area for infrared
imaging may dictate whether the researcher uses
thermistors or thermography. During work/exer-
cise, the increase in the metabolic heat production
must be regulated by skin heat transfers. Using
thermography, Clark et al. (1977) observed an
initial drop in skin temperatures with the initia-
tion of exercise with a subsequent increase in skin
temperatures over active muscle areas. They con-
cluded the change in distribution patterns from
the resting state were due to the direct heat trans-
fer from the muscle tissue to the skin surface.
While sweating would be expected to provide
evaporative cooling, the wiping of sweat from
the skin did change the thermal pattern. This
demonstrated that the wetness of the skin does
not significantly influence the skin surface
emissivity.

5 Summary

When reviewing and interpreting the literature on
mean skin temperature, the reader must be cogni-
zant of the experimental influence of the follow-
ing factors:
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1. Measuring device and measuring accuracy:
thermistor probes, attachment, infrared
thermography-defined surface area, and
sensitivity;

2. Environmental conditions: temperature,
humidity, wind, and direct/indirect radiant
heat sources [sunlight, incandescent lights,
and heaters];

3. Activity level of the participants: passive or
exercising [intensity, duration, mode of exer-
cise, exercise or body movements that increase
the convective air flow across the skin surface];

4. Layers of clothing, clothing fit, and heat trans-
fer and moisture transport properties of fabric;
and

5. Choice of mean skin temperature formulas:
number of sites being evaluated, weight or
unweighted.

All of these conditional factors explain the dif-
ferences observed in the measures of mean skin
temperature and research citations, but these factors
also complicate our understanding of the thermo-
regulatory responses observed through the modu-
lation of perfusion to our interactive skin tissue.
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Sensory epidermal formations are mainly nerve
fibers and Merkel cells. Skin innervation is highly
dense, but with density and morphology variable
with body site. Merkel cells (less than 1 % of
epidermal cells) are neuroendocrine cells. Their
distribution is also variable.

1 Cutaneous Innervation (Reznik
1996; Misery 2000; Saxod 1996)

In theskin,onlyaxonsarefound,andespeciallynerve
endings,whereasnervecellswhichcontainnuclei are
localized in spinal nerve ganglions. These nerve
fibers are immunoreactive for PGP9.5, neurofi-
laments, and some neurotransmitters. They are asso-
ciated to Schwann cells, which express S100 protein
and produce myelin. Skin nerve supply is double:
from the sensitive or somatic nervous system and
from the autonomic or vegetative nervous system.

1.1 Autonomic Nervous System
Fibers

Autonomic nervous system fibers usually come
from the sympathetic chains and are notmyelinated.
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They innervate vascular network, hairmuscles, and
sweat glands. They express tyrosine hydroxylase
and contain many neurotransmitters (catechol-
amines, neuropeptides). Acetylcholine is only
expressed by parasympathetic fibers and sympa-
thetic fibers of sweat glands (the only case in the
sympathetic system). The nervous network is
superimposed on the vascular network. Sweat
glands are surrounded by numerous nerve fibers,
mainly around secretory coils but also along excre-
tory ducts. Sebaceous glands are not innervated,
and they are not neuropeptide- but hormone-depen-
dent (Lever and Schaumburg-Lever 1983).

1.2 Sensitive Axons

Sensitive axons come from sensitive ganglions
and define skin territories, which are named der-
matomes (Figs. 1 and 2). They are myelinated in
the dermis and not in the epidermis. From a plexus
in the deep dermis, nerve fibers ascend toward the

surface and form a second plexus at the junction
between reticular and superficial dermis (Fig. 2a.
Nerve endings can be free, dilated or corpuscular.

In both dermis and epidermis, free nerve end-
ings are very numerous (Figs. 1 and 2a, d, e).
Their diameters vary from 1–2 μm (C fibers) to
2–5 μm (Aδ fibers). They express neuropeptides,
such as substance P or calcitonin gene-related
peptide (CGRP). Hairs are surrounded with a
dense network of nerve fibers, which is modulated
by hair cycle (Fig. 2c). Free nerve endings are
found at the opening of sebaceous glands.

Dilated endings are lanceolated endings and
Merkel-Ranvier disks. Lanceolated endings have
a lance-shaped ending and are localized around
the hair close to the outer root sheath. Merkel-
Ranvier disks are in contact with Merkel cells but
are localized at the dermal side of the dermo-
epidermal junction (Fig. 2a, f).

Corpuscular endings are not numerous. They
are mainly localized on the face, hands, feet, and
genitalia. Several types are described. Ruffini end-
ings are ovoid and 0.2–1 mm in length (Fig. 2a, b);
they predominate around hair follicles and blood
vessels. Wegner-Meissner corpuscles are bulboid
endings (30 � 150 μm) in the dermal papillae
(Fig. 2a). Vater-Pacini corpuscles are onion-like
and reach 1–2 mm in length (see ▶Chap. 118,
“Cutaneous Testing: Detection and Assessment of
Allergy”). They are located between the deep der-
mis and the hypodermis. Muco-cutaneous corpus-
cles, 50 μm in diameter, do not possess a well-
defined capsule. They are found on the lips, anus,
and genitalia. Golgi-Mazzoni corpuscles are
bulboid; they are more frequent in the mucosae
than in the skin.

2 Merkel Cells (Saxod 1996;
Gaudillère and Misery 1994;
Tachibana 1995) (Fig. 3)

Merkel cells are hybrid cells. They are neuroendo-
crine cells because they produce neurotransmitters
and hormones, secreted in neurosecretory granules
then excreted. They express neuroendocrine
markers, such as neuronal specific enolase

Fig. 1 Schematic view of the sensory corpuscles location
within the skin. a Free nerve endings; b Ruffini corpuscle;
c Meissner corpuscle; d Pacini corpuscle (above which a
sweat gland is shown); e nerve of the piloarrector muscle;
f nerve of a Merkel complex; g free nerve endings around a
hair follicle; h perifollicular lanceolated corpuscle (above
which piloarrector muscle and sebaceous gland are
shown); i nerves to sweat glands; j perivascular sympa-
thetic plexus (Courtesy of Professor Michel Reznik, Uni-
versity of Liège, Belgium)
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(NSE), S100 protein, PGP9.5, chromogranin A or
synaptophysin. But they are also epithelial cells
because they express cytokeratins 8, 18, 19, and
20 or epithelial membrane antigen (EMA). They
probably originate from the same stem cells as do
keratinocytes.

They are found in larger number on lips,
palms, and finger extremities. Localized in the
basal layer of the epidermis (Fig. 2a, f) and the
epidermal appendages, they possess dendrites
and neurosecretory granules (Fig. 3). They are
usually single but can be arranged into Merkel
corpuscles or complexes (Fig. 3a). During
embryonic life, nerve fibers develop towards
these cells to constitute Merkel-Ranvier disks
(Fig. 2f). Merkel cells are usually associated
with a nerve terminal (Fig. 3). The function of
the association between the Merkel cell and the
nerve ending remains unclear but seems to be
sensory.

N N
N

Ruffini

Pacini

Schwann
cell

Myelin sheath

Basal epider mal
cell

Merkel cell Nerve
terminal

M
M

SC
b

c

fe
d

a

Mc
Ms

Fig. 2 (a–f) Cutaneous
nerve endings: A in hairless
skin. M Merkel cell, Mc
Merkel corpuscle, Ms
Meissner corpuscle,
P upper dermis neural
plexus, SC stratum
corneum. Ruffini
corpuscles (close to blood
vessels). Pacini corpuscles
are located in the subcutis.
B Ruffini corpuscle (detail).
C Hair follicle receptor. D,
E Free nerve terminals.
F Merkel corpuscle: note
the Merkel cell convoluted
nucleus and desmosomes
(After (Brodal 1981),
modified, with permission)

Fig. 3 Merkel cells (green) associated with nerve endings
(red)
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3 Cell Innervation (Chédotal
and Hamel 1993; Misery 1997)

Nerve fibers are known to be in contact with
cutaneous cells. These data are commonly
accepted for skin vascular cells, sweat gland
cells, and hair follicle cells. These contacts do
not appear to be synapses. Neurotransmitter secre-
tion is paracrine. True synapses are only observed
with hair arrector muscles.

Synapse-like connections between an axon and
a cutaneous or an immune cell have been
described recently. Hence, close contacts between
the membranes of nerve endings and non-neural
cells are probably the sites where exchanges take
place. Such connections have been observed with
cells of the skin immune system: mast cells, der-
mal dendrocytes, and Langerhans cells. In the
epidermis, most Langerhans cells, many melano-
cytes, and some keratinocytes have synapse-like
connections with nerve terminals.

Skin is the organ of the fifth sense, rich in
neurosensory formations. Hence, it is an

important source of information for the nervous
system. But the reverse also holds true.
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The functional characteristics of the various
types of skin receptors are better known thanks
to electrophysiological studies in animals and
microneurographic studies in humans which
allow to record the unitary fibers response to an
electrical or sensitive stimulation.

Three types of receptors are distinguished: the
low threshold mechanoreceptors, the thermore-
ceptors and the nociceptors. The functional char-
acteristics of the skin autonomic nervous system
will be briefly treated at the end of this chapter.

1 Low Threshold
Mechanoreceptors

They are now well individualised (Iggo and
Andres 1982) and their structural characteristics
are described in ▶Chap. 128, “Sensory Function
of the Skin.” Their distribution varies according to
the type of skin, either hairless or hairy, and this is
associated with their function. Microneurographic
recordings and the study of the receptive fields
have allowed to distinguish four types of primary
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afferent fibers (PAF) distributed in two units
(Johansson and Vallbo 1983).

1.1 Type I Units

Type I units have small and distinct receptive
fields. They have several high sensitivity zones
because each PAF is connected to several mecha-
noreceptors in different places. Type I units
comprise:

1. Fast adaptating fibers I (FA I): the discharge
occurs only during stimulus initialization or
interruption. Their response is therefore phasic
and they code for low frequency sinusoidal
stimuli perceived as a localized shiver. They
are connected to the Meissner corpuscles

2. Slow adaptating fibers (SA I) which are active
over the whole duration of the stimulus (tonic
activity). They also respond on a phasic mode,
with a lower and more constant threshold than
the FA I. They are connected to the Merkel
complexes.

1.2 Type II Units

On the opposite, type II units have wide receptive
fields with imprecise limits and overlapping areas.
The following fibers types are found:

– Fast adaptating fibers (FA II) which are acti-
vated by high frequency sinusoidal stimuli
(100 Hz) and perceived as vibrations of the
sub-cutaneous tissues. They are connected to
the Pacini corpuscles;

– Slow adaptating fibers (SA II) which respond
to sustained or phasic depressions of the skin
surface. They are connected to the Ruffini
corpuscles.

1.3 Distribution and Function

These physiological data must be correlated to the
distribution of the different under-types of mech-
anoreceptors in order to understand their specific
functions.

Type I units are more numerous on the palm
with maximum density on the fingertips (FA I,
140/cm2; SA I, 70/cm2). On the opposite the
type II units distribution is more uniform with a
lower density (Knibestöl and Vallbo 1980).

FA I and SA I mechanoreceptors are partic-
ularly involved in tactile discrimination. In
1835, Weber showed that humans could per-
ceive two distinct stimuli at a distance of
1–2 mm on the fingertips. Since then different
experimental paradigms have shown that this
distance could be reduced to 0.84 mm, even
0.17 mm (Johnson and Pkillips 1981; Loomis
1979). SA I are also plainly involved in the
perception of shapes, roughness and surface
sampling (Johnson and Hsiao 1992). Inversely,
even when the FA I are activated by a moving
stimulus, the perception of movement on the
skin surface requires a sub-cortical and cortical
somesthesic coding.

Finally types SA I and SA II units have a
dynamic sensitivity (phasic activity proportional
to the movement rapidity) and a static sensitivity
(tonic activity which in case of a sustained joint
position, for example, is proportional to the flex-
ion angle) which can be compared to that of the
neuromuscular units. They may therefore be able
to inform the nervous system about the joints
position and movement.

2 Thermoreceptors

The morphological aspect of the thermoreceptors
does not allow to differentiate them from other
neuron free endings. They can only be differenti-
ated by their functional characteristics (Spray
1986). They have a low basal tonic activity asso-
ciated with the skin temperature. However they do
not respond to mechanical stimuli. Their response
mode is of a phasic type with a low activation
threshold, contrary to the nociceptors.

2.1 Sensitivity to Heat

The neuron free endings involved in heat sensi-
tivity are mainly of type C. They are less numer-
ous than those which code for cold. Their
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receptive fields diameter is 1 mm. They are acti-
vated for temperature variations between 30 �C
and 45 �C with a maximal sensitivity between
41 �C and 45 �C. Above 45 �C the thermal
nociceptors are also activated while the thermore-
ceptors discharge frequency decreases.

2.2 Sensitivity to Cold

It corresponds to thermoreceptors activation
(fibers Aδ and C). Their receptive fields are
small, with a diameter of about 100 μm. They
code for thermal variations within the range of
0.5–20 �C from the basal skin temperature. In
this range they are activated by a sharp drop in
temperature and inhibited when the temperature
variation returns to basal state. There is therefore
an overlapping zone between both types of ther-
mal sensitivity (30–40 �C). In this range
corresponding to the skin physiological tempera-
ture, both fibers types are active.

In some particular conditions receptors to cold
can be activated by a warm stimulus. When a tem-
perature of 45 �C is applied on a small area of the
skin, the receptors to cold are activated with a per-
ception of “paradoxical cold” (Vallbo et al. 1979).

3 Nociceptors

They are mainly constituted by slightly or not mye-
linated free ends. Contrary to mechanoreceptors,
their activation threshold is high and their response
increases parallel to the stimulus intensity. Two types
of nociceptors are distinguished and their function
is now better known (Chaouch and Besson 1986).

3.1 Mechanonociceptors

They are traditionally associated with the slightly
myelinated Aδ fibers. Their receptive fields are
large (1–2 cm) and separated by zones where
stimulation is inefficient. They give a quick and
well located stinging, pinching or cutting sensa-
tion. Their response is proportional to the stimulus
intensity but reduced by its repetition (inactivation
phenomenon).

3.2 Polymodal Nociceptors

Their primary afferent fibers are mainly of type C
and not myelinated, but a smaller number of Aδ
fibers has been described in monkeys and humans
(Adriaensen et al. 1983, 1984; Torebjörk and
Hallin 1974). Their receptive fields area varies
from 1mm2 to 1 cm2 and has either a homogenous
sensitivity zone or maximal sensitivity zones.
They respond to sharp and strong mechanical
stimulations with functional characteristics iden-
tical to those of the mechanonociceptors. Then
can also code temperature rises above 43 �C as
painful. In this case the subject may feel a sharp
sudden heat followed by a longer delayed heat
sensation. This type of perception corresponds to
the initial activation of fast conduction Aδ fibers
(5–52 m/s) then slower C fibers (0.5–1.4 m/s).
Finally they respond to chemical stimuli, espe-
cially to pain-generating substances which are
found in inflammation (bradykinine, histamine)
and to irritants.

As in the case of Aδ fibers, a repeated stimulus
can cause an inactivation phenomenon, and espe-
cially sensitization. In this situation for a stimulus
of a given intensity the response threshold
decreases and the polymodal nociceptors dis-
charge frequency increases.

Furthermore recent works have shown the
presence of C fibers, called silent, in the skin,
viscera and joints which are inactive in physiolog-
ical conditions (Michaellis et al. 1996). Their acti-
vation may be induced by the inflammation
neuromediators. Could they be a “new” type of
nociceptors with a very high activation threshold?
Or are they part of a peripheral physiological stage
in the sensitization process of the central nervous
system responsible for secondary hyperalgesia?
Both hypotheses are still debated.

4 Role of the Autonomic Nervous
System

As mentioned in▶Chap. 128, “Sensory Function
of the Skin,” the skin autonomic innervation
belongs to the sympathetic nervous system
(Reznik 1996; Vallbo et al. 1979). It regulates
sweating, skin and muscular blood flow as well
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as piloerection during sudden changes in our outer
or inner environment (“fight and flight”). Finally,
there is probably a physiological connection
between the polymodal nociceptors and the auto-
nomic nervous system, especially in the phenom-
enon of neurogenic inflammation.
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Sensory function (touch) is one of the most impor-
tant functions of the skin-nervous system but is
not the only one (Misery 1997). Autonomic ner-
vous system controls vasodilatation (and thus
thermoregulation), pilo-arrection, sebaceous
excretion, and sweat secretion and excretion. Sen-
sory nerve fibers are also able to strongly modu-
late skin immunity, skin trophicity, hair growth,
cutaneous effects of ultraviolet light (photo-
protection and immunosuppression), keratinocyte
differentiation or proliferation, and all other func-
tions of the skin, thanks to an antidromic secretion
of neuropeptides and neural growth factors.
Hence, they also modulate wound healing and
inflammation and exert effects on the time course
of skin diseases.

1 The Cutaneous Sensitivity

Following an external stimulus, the signal gener-
ated in the skin is conveyed by activated C and Aδ
fibers of the neurosensory system to the neuron
cell (Reznik 1996; Boulais and Misery 2007). At
this level the information is received through a
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receptor, and then the electric potential of the cell
membrane is altered and neurotransmitters are
produced. The nervous impulse is conveyed to
sensitive ganglions then to the spinal cord. A
second neuron, via the spinothalamic funiculus,
transmits the information to the thalamus, at the
brain basis. A third neuron conducts the impulse
to the temporal cortex. At all levels, the “gate
control,” exerted by intermediary neurons, regu-
lates the system.

In the epidermis, Merkel cells (Boulais and
Misery 2007) have a specific sensory function,
especially in mechanoreception, in a close inter-
action with Aβ fibers. Other epidermal cells
(mainly keratinocytes) could also have sensory
functions because they express sensor proteins
(Boulais and Misery 2008), and the epidermis
can be considered as the forefront of the sensory
system (Denda et al. 2007).

Anatomical and functional classifications of
cutaneous neuroreceptors are not superimposable.
Indeed, a same anatomical type of nerve endings
is able to receive and transmit different types of
information. Four functional types of receptors
are defined: mechanoreceptors, thermoreceptors,
nociceptors, and pruriceptors (Table 1).

1.1 Mechanoreceptors

There could have a slow accommodation
(response over the whole duration of stimulus)
or a rapid accommodation (response at the begin-
ning and the end of the stimulus).

In non-hairy skin, type I receptors (Merkel cells
and Meissner corpuscles) have small and well-
limited receptive fields and the conduction velocity

is 55–60 m/s. Type II receptors (Ruffini and Pacini
corpuscles) have broader and less limited receptive
fields and the conduction velocity is 45–50 m/s.
In hairy skin, mechanoreceptors are perifollicular
free nerve endings, Merkel complexes, lanceolated
endings, and Ruffini corpuscles.

1.2 Thermoreceptors

They are mainly C fibers and have a very slow
conduction velocity (0.5 m/s). The impulse fre-
quency is proportional to the stimulus intensity
and frequency. Two different receptors have been
isolated: cold receptors (<30 �C) and heat recep-
tors (32–48 �C). There is an overlap area around
30–40 �C, where variations of temperature are
more important than temperature for activation of
these receptors, which explains the possibility of
paradoxical cold. Temperatures lower than 20 �C
or higher than 45 �C are discerned as painful.

1.3 Nociceptors

They are unmyelinated free nerve endings
(Cesaro 1994). Three types are described:

– Aδ fibers, sensitive to strong mechanical stim-
ulations (bite, pinching, cut)

– Common C fibers, sensitive to mechanical,
thermal, and chemical stimuli and to numerous
mediators (neurotransmitters, cytokines, eicos-
anoids, etc.)

– “Silent” C fibers, activated only after a chem-
ical or biochemical sensitization, especially by
mediators of inflammation

Table 1 Sensory receptors in the skin

Type Subtype Stimuli Type of nerve ending

Mechanoreceptor Type I Quivering, touch Meissner, Aβ, C
Type II Vibration, pressure Pacini, Ruffini, Aβ

Thermoreceptor Cold <30 �C C, Aδ
Heat 32–48 �C C

Nociceptor Mechano- Excessive mechanostimulation Aβ, Aδ
Polymodal Inflammatory mediators C

Pruriceptor See Table 2
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1.4 Pruriceptors

These receptors have been recently isolated
(Schmelz et al. 1997) and are specific of pruritus
or rather selective for pruritus. Itch is specific of
the skin and some close mucosa and seems to
originate in epidermal and maybe subepidermal
nerve fibers, Aδ fibers, and mainly C fibers.

It has been initially shown that there were
mechano-insensitive and heat-insensitive C
fibers that discharged upon histamine iontopho-
resis and whose firing frequency paralleled the
itch magnitude rating on a visual analog scale
(Schmelz et al. 1997). Then histamine-sensitive
mechano-insensitive spinal neurons with very
low conduction velocity and conveying
impulses to a distinct part of the hypothalamus
were discovered in the cat (Andrew and Craig
2001). These data point to “a specific population
of chemo-nociceptors responsible for itch
forming a labeled line for itch processing”
(Schmelz 2002).

Since these discoveries, many others have been
performed and the following classification of
pruriceptors can be proposed, dividing them in
two types (Misery and Ständer 2010) (Table 2):

– Histamine-dependent pruriceptors
– Histamine independent that are mainly acti-

vated by cysteine or serine proteases like
mucunain or tryptase, through PAR-2
receptors.

2 Pain

The international definition of pain is “a sensory
and emotional experience, which is disagreeable
and linked to a potential or existing tissular lesion,
or described as such a lesion” (Cesaro 1994). It
corresponds to an excess of nociception, and
accordingly, pain appears beyond a threshold.
Cutaneous pain is mainly acute, and generated
by physical, chemical, or thermal traumas, but
can be chronic. Pain is not so frequent in the
course of skin diseases (mainly in leg ulcers or
in de-epidermization processes like in Lyell’s syn-
drome) but it can be present in the course of

neurological or neuro-dermatological diseases.
The central integration of pain plays an important
part, through its psychological repercussions.

From nociceptive receptors, painful informa-
tion is conveyed by the usual ways (see above).
Intimate mechanisms of pain remain far from
elucidated. External painful stimuli as well as
numerous chemical substances, such as bradyki-
nin, histamine, serotonin, prostaglandins,
interleukin-1, etc., are able to modify or induce
nociceptor activation. Substance P is the most
well known and the most important mediator of
pain, but others have been more recently
described (CGRP, somatostatin, glutamate, etc.).

At all levels (the skin, spinal cord, brain), a
“gate control” is permanently in operation. Sero-
tonin and norepinephrine but particularly endor-
phins and enkephalins have endogenous analgesic
effects. Pain is usually due to an excessive stimu-
lus but can be also related to a lack of normal
sensation gate control.

3 Itch

Pruritus or itch is an unpleasant sensation that
causes a need to scratch (Misery and Ständer
2010; Bernhard 1994). Pruritus does not appear
as a minimal pain, as it is often thought, because
they are two different sensations. It occurs on the
skin and external mucous membranes (genitalia,
lips) rather than internal ones; it induces scratching,
is exacerbated by heat or morphine-related drugs
and soothed by cold, and can be triggered by very
low stimuli. Pain is not specifically cutaneous,
induces withdrawal, is exacerbated by cold and
soothed by heat and morphine-related drugs, and
is experienced beyond a relatively high threshold.

Pruritus can be acute or chronic. It occurs in
a variety of circumstances: inflammatory skin

Table 2 Pruriceptors

Fibers C
Histamine
(H1R)

Cowhage
(PAR-2)

Mécano-insensibles
(TRPV1�)

+ �

Mécano-sensibles
(TRPV1+)

+ +
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diseases, accumulation of toxins (related to liver
or kidney diseases), and systemic diseases (mainly
blood and endocrine diseases). Exogenous agents
(chemical products, drugs) can induce itch. But it
can be only neurogenic or psychogenic.

Central integration of pruritus is very impor-
tant, but there is no one itch center because itch is
related to interactions between sensory, motor,
and affective areas in the brain. Gate control prob-
ably exists at different levels. Senile pruritus and
maybe diabetic pruritus or certain neurological
pruritus seem to be due to desafferentation.

Histamine is the most well-known mediator of
itch, but it plays no role in most cases. That
explains why antihistamines are usually ineffec-
tive. Substance P, serotonin, and prostaglandins
are probably more important factors. Endogenous
or exogenous morphine-related compounds can
also induce pruritus, as well as cytokines such as
interleukin-2 or interferon-α, some proteases (tryp-
sin, papain), or kinins (kallikrein, bradykinin), and
can be soothed by substances such as ciclosporin.

References

Andrew D, Craig AD. Spinothalamic lamina 1 neurons
selectively sensitive to histamine: a central neural path-
way for itch. Nat Neurosci. 2001;4:72–7.

Bernhard JD. Itch. Mechanisms and management of pruri-
tus. New York: Mac Graw-Hill; 1994. 454 p.

Boulais N, Misery L. Merkel cells. J Am Acad Dermatol.
2007;57:147–65.

Boulais N, Misery L. The epidermis: a sensory tissue. Eur J
Dermatol. 2008;18:119–27.

Cesaro P. La douleur. La Revue du Praticien. N� Spécial.
1994;44:1863–938.

Denda M, Nakatani M, Ikeyama K, Tsutsumi M, Denda
S. Epidermal keratinocytes as the forefront of the sen-
sory system. Exp Dermatol. 2007;16:157–61.

Misery L. Skin, immunity and the nervous system. Br J
Dermatol. 1997;137:843–50.

Misery L, Ständer S. Pruritus. London: Springer; 2010.
348 p.

Reznik M. Structure et fonctions du système nerveux
cutané. Path Biol. 1996;44:831–7.

Schmelz M. Itch: mediators and mechanisms. J Dermatol
Sci. 2002;28:91–6.

Schmelz M, Schmidt R, Bickel A, Handwerker HO,
Torebjork HE. Specific C-receptors for itch in human
skin. J Neurosci. 1997;17(20):8003–8.

1340 L. Misery



Quantitative Neurosensory
Exploration of the Skin 129
Loïc Rambaud

Contents

1 Tactile Sense . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1341

2 Temperature Perception and Pain . . . . . . . . . 1342
2.1 The Boundaries Method . . . . . . . . . . . . . . . . . . . . . . 1342
2.2 The Levels Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 1343
2.3 Forced Selection Method . . . . . . . . . . . . . . . . . . . . . 1343

3 Sympathetic Nerve Functioning . . . . . . . . . . . 1344

4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1344

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1344

Keywords
Boundaries method • Forced selection method
• Laser stimulators • Levels method • Peltier’s
effect • Stairs method • Tactile sense • Thermal
sensory analyser (TSA) • Threshold value

The clinical investigation of the skin sensory
function is well codified. For long, a cotton pad,
a needle, a diapason (100 or 128 Hz), hot or cold
water have been the main tools used by clinicians.
Pieces of different fabrics or other various objects
in metal, wood, or plastic which can be calibrated
can also be used. It is then possible to investigate
the perception of shapes, weights and textures.
However these tools are not standardised and
their main drawback is their selection by the
investigator. Quantitative exploration, more
adapted to clinical research and psychophysiol-
ogy, requires several standardised and reproduc-
ible techniques which necessitate a more costly
and complicated equipment.

1 Tactile Sense

Blix and Von Frey were the first to develop a
standardised method. They used human or horses
hairs which are better because of their stiffness
and changeable diameter and length. The pressure
exerted by a hair on the skin, measured in g/m2,
allowed to test the skin low threshold receptors.
Von-Frey (1897) developed a standardised system
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involving one hair placed in a graduated beaker.
The pressure could be adjusted by the investiga-
tor. Depending on its intensity, a touch sensation,
then a pressure sensation could be induced.
Beyond a certain threshold and(or) according to
the tested site (mucous membrane, cornea), it was
possible to obtain a painful sensation. The interest
of this method was to provide reliable and repro-
ducible results. This technique is still valid,
although its implementation is often time-
consuming.

Since then, laboratories have developed more
sophisticated stimulators using computer technol-
ogy and robotics (Dotson 1997). These systems
have been set up to meet the specific requirements
of some groups working on peripheral neuropa-
thies (reviewed in Dick et al. (1993)). The patient
is placed in comfortable conditions in a quiet
room and the stimulator is placed on different
sites selected by the investigator (hand, foot,
face, etc.). In these conditions :

1. The stimulus is measured by the device. Its
physical characteristics are therefore constant
from one experiment to the other;

2. The device proposes varied and reproducible
experimental paradigms. They permit
obtaining normative values established in
each laboratory on healthy subjects. They are
used as references to assess the sensitive
thresholds in patients. These paradigms, inde-
pendent from the stimuli physical characteris-
tics, are described in the following chapter;

3. It is possible to select the type of stimulus
(pressure, vibration, differentiation,
shifting. . .) and its intensity, and therefore to
study with accuracy the different types of
receptors or fibers affected by a disease.

Sensitivity to skin mechanical distension has
been measured using a suction device (Cutometer
SEM 474, C + K Electronik, Köln, Germany)
(Martalo et al. 2001). Two parameters were
selected : the pull sensation threshold during a
progressing suction force (25 mbar/s), and the
pull sensation threshold following sudden suc-
tions at increasing force. The latter was found
significantly lower. The authors speculate that a

progressive suction might stimulate slow
adaptating nerve endings whereas sudden suction
would involve fast adaptating nerve endings.
Accordingly the method could permit measuring
separately these two types of mechanoreceptors.

2 Temperature Perception
and Pain

The most accessible method is the one using a
Peltier’s effect based thermode. Many authors
use the Thermal Sensory Analyzer
(TSA-2001®) developed by the MEDOC com-
pany. This stimulator, attached to the skin, con-
sists of a contact plaque (30 � 30 mm), three
thermistances and a water circuit. In the Peltier’s
effect, an electric current runs through a semi-
conductor and produces a temperature gradient
in the contact plaque. The gradient direction
depends on the current direction. The water cir-
cuit permits to cool down or heat up the surface
opposite the contact plaque. The stimulator
mechanism allows temperature changing rates
of 0.3 �C/s up to a maximum of 2–4 �C
depending on the type of stimulation, cold or
heat respectively. The thermistances allow to
continuously monitor the contact plaque and the
hydraulic circuit temperatures, the latter acting as
a safety device. The patient has at his disposal a
response box with two buttons: one is for affir-
mative answers, the other for negative answers.
The whole TSA-2001 system is connected to a
computer which selects and rules the different
stimulation methods

2.1 The Boundaries Method

The temperature applied on the skin rises gradu-
ally at a constant rate starting from a neutral tem-
perature (no thermal sensation). When the patient
feels the selected sensation (heat, cold, pain) he
presses the YES key, thus establishing a threshold
value. This test is repeated and the final threshold
value is defined as the mean of all test. The thresh-
olds obtained with this method are often over-
evaluated.
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2.2 The Levels Method

In this technique, prior to the test, the investigator
chooses the temperature step which will be added
to the adaptation temperature during the first stim-
ulation. This step must be sufficiently high. If the
subject answers YES, this step is divided by two
and again added to the adaptation temperature. If
the answer is NO, the temperature is increased by
the full step. This operation is repeated in order to
refine the threshold value which is defined as the
mean of the last positive value and the last nega-
tive value.

The stairs method is a variant in which the
investigator chooses three stimulation steps
(large, intermediate and fine) to refine the thresh-
old search.

2.3 Forced Selection Method

Its principle is to propose two stimulations to
the subject, at random (one is significant, the
other neutral) to which he must answer by yes
or no. The efficient stimulation is generally
selected among three pre-defined steps. The
threshold admittedly corresponds to the inten-
sity which generates 50 % of positive
responses. This method takes longer than the
previous ones, but is the most rigorous (Arendt-
Nielsen 1990) because it reduces the bias obvi-
ously associated with both the subject and
investigator.

The TSA 2001 device is therefore perfectly
adapted to the study of threshold to heat and
cold (whether painful or not). The radiant stimu-
lator (Socrel Model DS 20® Ugo Basile, Varese,
Italy) is used in some studies, however less fre-
quently since it provides one type of stimulus only
(heat).

Since its development by Mor et al. (1975),
the laser (type CO2 or Argon) has been of
increasing interest in the investigation of
nociception. Investigators have at their disposal
a stimulation unit which controls the laser CO2

activation intensity and frequency. However
the constraints of this technique must be con-
sidered :

1. Stimulation of various sites is possible
only if the device is equipped with an
articulated arm comprising sophisticated mir-
ror sets. This accessory is mandatory in skin
exploration;

2. High intensity or high frequency stimulations
generate an erythema, and sometimes a blister.
The damage will appear even more easily if the
stimulation is delivered to aged or fair skinned
subjects.

3. Both the investigator and the control subject or
the patient must wear protecting glasses. They
prevent cornea lesions caused by the CO2 laser
if the beam accidentally veers off course. This
type of laser cannot be responsible for retinal
lesions because it is absorbed in the cornea.

4. Only the investigator and the patient should be
allowed in the room.

The laser CO2 generates a very steep rise in
temperature (600 �C/s) in the most superficial
layers of the epidermis thus activating in a syn-
chronous manner the polymodal receptors to heat,
either Aδ or C fibers. The skin basal temperature is
reached again in 200 ms. The sensation perceived
by the patient is either heat attributed to C fibers, or
a more or less burning sting attributed to Aδ fibers.
Above a certain intensity which varies according
to individuals, the patient perceives two sensa-
tions, first a burning sting (Aδ fibers) followed
by delayed heat involving the concomitant activa-
tion of the slow C fibers. A work by Bromm and
Treede (1984) using microneurography showed
that the Aα and Aβ fibers do not respond to this
type of stimulus. Taking into account the distribu-
tion of the polymodal receptors, it is therefore
possible to stimulate preferentially Aδ or C recep-
tors according to the stimulus diameter (Bragard et
al. 1996). The latter can be adjusted through lenses
integrated in the stimulator.

Laser stimulators, still at a development stage,
are mainly used to study the cortical projections of
the spinothalamic paths in humans (Bromm et al.
1991; Valeriani et al. 1996). It is then possible:
(1) to record evoked responses on the scalp using
surface electrodes; (2) to observe metabolism mod-
ifications in functional imaging; (3) to test the effi-
ciency of analgesics or topical preparations such as
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EMLA ointment or capsaicin (Beydoun et al.
1996).

It is also possible to activate the mechanono-
ciceptors with a stimulator which delivers a force
expressed in g onto the skin surface (Basile
algometer®; Ugo Basile, Varese, Italy).

3 Sympathetic Nerve Functioning

A direct correlation was found between firing rate
and amplitude of the sympathetic nerves and the
sweat response on palms and soles (Macefield and
Wallin 1996), measured in terms of the number
and amplitude of spontaneous skin conductance
waves. This was used to investigate the develop-
ment of the sympathetic nervous system associ-
ated with arousal in the first year of life. The mean
skin conductance level at 88 Hz, the number of
waves per second, and the amplitude of the waves
were measured during spontaneous skin conduc-
tance changes, and after auditory stimulation
(Hernes et al. 2002).

4 Conclusion

The various techniques to study the skin
neurosensorial functions are more adapted to clin-
ical research than current practice. Their imple-
mentation is heavy and requires important and
costly logistics (computer scientists, technicians,
engineers. . .). It often implies work in collabora-
tion with people in the industry. Their interest is
growing however, especially as they open the
way to more accurate studies on the skin
neurosensorial functions.
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1 The TSA-ii Model, and How It
Works?

TSA-ii unit is connected to a laptop or computer
for user interface and control of functions of the
unit through the unit’s software that can be loaded
onto the CPU. A thermode that delivers tempera-
ture/pain sensations to the subject is also attached
to the TSA-ii unit and is controlled by the software
on a computer. Also attached to the TSA unit is a
handheld control that can terminate the tempera-
ture signal coming in from the unit through the
thermode if the subject feels pain in pain threshold
testing as well as communicate sensation percep-
tion (hot/cold) to the machine once a sensation is
appreciated, simply by pressing a button on the
handheld control. The software records this
threshold and also automatically compares the
subject’s threshold perception of sensation to
his/her age-specific normal values.

The machine uses a Peltier’s effect-based
thermode and is, in effect, a thermal stimulator.
This thermode is attached to the skin and has a
contact plaque (or contact surface) of 30 �
30 mm, three thermistors (that measure the local
skin surface temperature), and a water circuit. An
electric current runs through a semiconductor and
produces a temperature change in the contact sur-
face of the thermode. The water circuit allows for
cooling and heating of a surface opposite to the
contact surface. Temperature can be changed at a
rate of 0.3 �C, up to a maximum of 2–4 �C. The
thermistors continuously check the temperatures
of the contact surface and the hydraulic circuit
temperatures (which act as a safety device). As
described above, the patient has a control box with

two buttons: one for affirmative responses and the
other for negative responses. Finally, the whole
TSA is also connected to a computer, which pro-
vides the interface to select and control different
stimulation methods.

2 Receptors Involved in Thermal
Sensation Induced by TSA
Machine

Thermoreceptors: Contrary to nociceptors, ther-
moreceptors have a low activation threshold. The
neuron-free endings that are sensitive to heat are
comprised of type C fibers and are less numerous
than those sensing for cold. Their diameters are
1 mm and activated for temperature variations
between 30 �C and 45 �C with max sensitivity
between 41 �C and 45 �C. Above 45 �C, nocicep-
tor nerve endings are activated and the thermore-
ceptor decreases its firing.

Cold sensitivity is conveyed through the ther-
moreceptor nerve ending activation carried by
fibers A-Delta and C. The receptive field is small
as the free nerve ending has a diameter of 100 μm.
They fire sensory signals when the temperature
range is 0.5–20 �C; in this range they are activated
especially if there is a sharp drop in temperature.
They stop firing once the temperature range is
back to the body’s basal level. In the temperature
range of 30–40 �C, both cold and warm fiber types
can be active.

Nociceptor: These receptors are innervated by
slightly or nonmyelinated nerve endings. These
fiber types have a high threshold of activation,
and their response increases in parallel to the inten-
sity of the stimulus. Two types of nociceptors exist:
mechanonociceptors and polymodal nociceptors.

Mechanonociceptors: These are slightly mye-
linated A-Delta fibers. Receptive fields are large
(1–2 cm) and these are involved in quick and well-
located stinging, pinching, and cutting sensations.
Response is proportional to intensity but decreases
on repetitive stimuli (inactivation phenomenon).

Polymodal Nociceptors: Primary afferent
fibers are Type C and not myelinated; there are a
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smaller number of A-Delta fibers as well. Recep-
tive field is 1 mm2 to 1 cm2. These receptors
respond to sharp and strong mechanical stimula-
tions; they also code for temperature rising above
43 �C as painful. In this case, the subject feels a
sharp, sudden heat followed by a longer delayed
heat sensation. This is an example of initial fast
conducting A-Delta activation and then activation
of slower C fibers. C fibers respond to chemical
stimuli such as bradykinin, histamine, and other
irritants as well (Fig. 1 and 2).

3 Clinical Applications

Different medical conditions that utilize the TSA’s
abilities and testing are fibromyalgia, painful neu-
ropathies, lumbar radiculopathies, small fiber
allodynia in Complex Regional Pain Syndrome
(CRPS), underlying central nervous system
impairment in difficult-to-diagnose patients,
early detection of diabetic neuropathy of
small caliber fibers, entrapment and toxic neu-
ropathies, testing to detect malingerers, and nerve
root compression/inflammation.

4 Clinical Experiments Utilizing
the TSA

4.1 Antipruritic and Thermal
Sensation Effects
of Hydrocortisone Creams
in Human Skin

This experiment measured the effects of topical
corticosteroids on thermal sensation and itch
induced by histamine injections that were intra-
dermal (Zhai et al.).

Itch was measured via (i) itch magnitude and
(ii) duration; and thermal sensation was mea-
sured using the TSA unit, with categories of
warm sensation (WS), cold sensation (CS),
cold pain (CP), and warm pain (WP). Itch mag-
nitude was measured each minute for 10 min
using a Visual Analogue Scale (VSA).

Histamine was injected in four separate areas
spanning both forearms, and these four areas
were each applied with (i) hydrocortisone 1 %,
hydrocortisone 2.5 %, placebo, and histamine
ONLY, which may have served as control. This
was a double-blind, random, comparative, con-
trolled, single-dose, and single-center study
involving 18 subjects; 2.5 % hydrocortisone
considerably reduced itch duration from 12.6
+ or – 11.0 min (mean + or – SD) to 8.6 + or –
8.2 min (reducing rate being 32 %) as well as
itch magnitude at minutes 3, 6, 7, and overall
( p = 0.03). Placebo, 1 % and 2.5 % hydrocor-
tisone significantly altered cold sensation
threshold (p < 0.05).

The data suggest that topical application of
2.5 % hydrocortisone may be significantly bene-
ficial for histamine-induced itch.

4.2 Quantitative Sensory Testing:
Effect of Site and Skin
Temperature on Thermal
Thresholds

Objective was to determine the effect of different
sites and local skin temperature on thermal thresh-
olds. Cool and warm detection (coolDT,
warmDT) and cold and heat pain thresholds
(coldPT and heatPT) were compared in 46 normal
volunteers at the (i) thenar eminence (TE),
(ii) dorsum of hand (DH), (iii) volar surface of
the wrist (VW), and (iv) dorsum of foot
(DF) (Hagander et al.).

The hand was more sensitive to warm and cool
sensation than the foot. In regards to the upper
limb, TE was more sensitive for warm than DH
and VW, although this difference is clinically
negligible. DH and VW were equally sensitive
to warm, and TE, DH, and VW are equally sensi-
tive to cool sensation. Interindividual variance is
least at TE. Warm and cool thresholds are inde-
pendent of local skin temperature (range
27–37 �C). TE is less sensitive for cold pain, but
otherwise the hand and foot are equally sensitive
to thermal pain.
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TE is preferred for thermal sensation thresh-
olds as it has least interindividual variability.
TE is also preferred in evaluating hyperalgesia
to cold due to the higher threshold to cold
pain.

By determining the effect of different anatom-
ical locations, as well as local skin temperature, on
thermal thresholds, the goal is therefore to essen-
tially compare and contrast the thermal thresholds
at different sites of the human body: hand, wrist,
and foot areas in general; and if there are any
differences of thermal threshold sensation/pain at
these sites, a preferred site of testing for a partic-
ular sensory threshold can be identified. Thus,
four thermal modalities as mentioned above
were tested (coolDT, warm DT, coldPT, and
heatPT), and the effect of local skin temperature

on cool and warm thresholds at the hand and the
need to warm or cool the skin prior to testing was
also tested.

4.3 Effect of Venlafaxine
on Ongoing and Experimentally
Induced Pain in Neuropathic
Pain Patients: A Double-Blind,
Placebo-Controlled Study

A randomized double-blind placebo controlled
study investigated the effectiveness and safety of
Venlafaxine XR (SNRI reuptake inhibitor) 75 and
150 mg, on ongoing pain and quantitative sensory
testing in 60 patients with neuropathic pain for
8 weeks (Yucel et al. 2005).

Fig. 2 (a) 30 � 30 mm thermode. (b) 16 � 16 mm thermode. (c) 5 � 5mm thermode (From: http://www.medoc-web.
com/products/tsa-ii/tsa-ii-accessories)

Fig. 1 TSA-
iiNeuroSensory Analyzer
System, with a laptop
showing the loaded
software interface (From:
http://www.medoc-web.
com/products/tsa-ii)
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Allodynia and pin-prick pain showed a signif-
icant decrease in venlafaxine groups compared to
placebo. Pain threshold and summation threshold
for electrical stimuli, as well as summation thresh-
old for heat stimuli, showed that these thresholds
increased significantly following treatment with
venlafaxine, that is, more stimulus is required to
produce the sensation.

Moreover, the degree of summation of electri-
cal and heat stimuli decreased in the venlafaxine
groups compared to placebo.

Therefore, Venlafaxine has significant effect
on pain as well as electrical and thermal temporal
summations.

4.4 Concentration-Effect
Relationships for Intravenous
Alfentanil and Ketamine
Infusions in Human Volunteers:
Effects on Acute Thresholds
and Capsaicin-Evoked
Hyperpathia

Ketamine and Alfentanil both decreased
capsaicin-induced pain and increased the thresh-
old of von Frey hair induced pain. Alfentanil also
increased the thresholds for cool and warm sensa-
tion detection (Wallace et al. 2002).

Furthermore, the authors state that these stud-
ies provide a usefulness in human pain models for
phase 1 clinical trials, as these experiments can
help define efficacy of analgesics.

4.5 Oral Opioid Administration
and Hyperalgesia in Patients
with Cancer or Chronic
Nonmalignant Pain

This study challenged the finding of previous
research that after parenteral administration of
opioids, animals had an increased latency for
paw withdrawal to heat and mechanical stimuli,
that is, after the opioid, they would more quickly
withdraw their paws on painful stimulation and
that, likewise, there is an increased pain sensitivity

in humans after postoperative infusions of short-
acting opioids, or in drug addicts (Reznikov
et al. 2005).

This study explored any possibility of differ-
ence between opioid and nonopioid analgesic
treatment in cancer-related or chronic
nonmalignant pain subjects.

The results showed no differences were found
for gender, age, duration of pain, or duration of
treatment. No differences were found in punctu-
ate, pressure, and heat pain thresholds or
suprathreshold heat pain intensity.

Therefore, like nonopioid analgesics, common
doses of opioid analgesics do not result in abnor-
mal sensitivity to pain as purposed by previous
research.

4.6 fMRI Measurement of CNS
Responses to Naloxone Infusion
and Subsequent Mild Noxious
Thermal Stimuli in Healthy
Volunteers

Using the fMRI machine (functional magnetic
resonance imaging) and thermal stimuli via
TSA, a study was done to understand the effects
of naloxone on opioid systems and the drug’s
effect on the CNS response to mild noxious heat.
Out of the two groups, normal saline and nalox-
one, naloxone group shows more cortical and
subcortical activation. With a 46 �C stimulus,
there was activation in insula, orbitofrontal cortex,
thalamus, and hippocampus, in contrast to the
normal saline group.

These results show that naloxone has effects
in brain regions (cortical & subcortical) when
given alone, that is, without psychophysical
(heat) stimulation, and with heat stimulation
has effects in different regions of the brain
producing activation in regions with high
levels of mu-opioid receptors that maybe
involved in endogenous analgesia. Further-
more, the authors add that this study shows
that fMRI can detect subtle changes in brain
activation due to pharmacological agents with-
out cognitive effects.
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4.7 Dexmedetomidine
Pharmacodynamics: Part II:
Crossover Comparison
of the Analgesic Effect
of Dexmedetomidine
and Remifentanil in Healthy
Volunteers

Sigmoid curves shift to the right for both
remifentanil and dexmedetomidine; however, the
curve is less steep for dexmedetomidine (Cortinez
et al. 2004).

In conclusion, dexmedetomidine is not as
effective an analgesic as remifentanil, and the
difference may be attributed to different mecha-
nisms of actions of each drug. Dexmedetomidine
does have a sedative effect, although authors con-
clude remifentanil is superior as an analgesic.

4.8 Effect of Remifentanil
on the Heat Pain Threshold
in Volunteers

This study investigated analgesic properties of
remifentanil using heat pain threshold delivered
via TSA, and it showed that there were dose-
dependent increases in heat pain threshold with
the drug. Analgesic effect was opioid mediated,
and 0.05 μg Kg(�1) min(�1) was found to be an
effective and safe increment in healthy volunteers.
Remifentanil led to an increase in heat pain
threshold differing significantly from placebo
(Gustorff et al. 2001).

4.9 Placebo-Controlled Comparison
of a Morphine/
Dextromethorphan
Combination with Morphine
on Experimental Pain
and Hyperalgesia in Healthy
Volunteers

Both morphine alone and in combination with
dextromethorphan decreased painful or noxious
thermal stimuli delivered via TSA and had some-
what of an effect on secondary hyperalgesia

delivered by brush and von Frey hair stimulation
when compared with placebo. However, in clini-
cal trials with humans, morphine/dextromethor-
phan combo did not provide superior analgesic
effect, although this finding is opposite to the
preclinical animal trials with the same drugs
where there was a potentiation of analgesic effect
with the combo.

Thus, adding 1:1 dextromethorphan and mor-
phine combo does not improve analgesia over
morphine alone in regards to noxious thermal
stimuli and cutaneous sensitization.

This study allows for a possibility of determin-
ing optimal dosing or dose ratios in opioid anal-
gesic combination studies.

4.10 Age Differences in Orofacial
Sensory Thresholds

This study divides its subjects into two bimodal
groups those <45 years of age and those
>65 years of age and undertakes testing that
aims to determine threshold differences between
the two groups, involving thermal (executed by
TSA) as well as pain and others. Therefore,
thresholds for warm, cool, pain, touch, two-point
discrimination, and taste were done (Heft and
Robinson 2010).

All thresholds were elevated in the older indi-
viduals, and males were less sensitive to females
to cool at the chin, touch, and sour taste. The study
concludes that there are elevations in sense thresh-
olds for multimodal somatosensory and gustatory
senses.

4.11 Disturbances of C-Fiber-Mediated
Sensibility in Lumbosacral Disk
Disease

This study takes nine patients with lumbosacral
disease and compares them with nineteen healthy
individuals. Comparison is made between the sen-
sory function of dermatomes in the feet ipsilateral
to and contralateral to the leg with lumbosacral
disk disease. These results were compared with
19 healthy individuals (Lautenbacher 1994).
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Warmth threshold was increased ipsilateral to
the lesion, but heat pain threshold is decreased
contralateral to the lesion while normal ipsilat-
eral to the lesion. Warmth threshold is normal in
the contralateral dermatome. Hence, there is
speculation that lumbosacral disk disease may
increase sensitivity to pain due to nerve root
compression.

4.12 Comparative Study
of the Cutaneous Sensation
of Leprosy-Suspected Lesions
Using Semmes-Weinstein
Monofilaments and Quantitative
Thermal Testing

This study compared warm perception thresholds
(WPT), cold perception thresholds (CPT), and
warm and cold perception intervals (WCPI) with
touch-pressure thresholds measured via Semmes-
Weinstein monofilament (SWM), and hence,
these thresholds are described using SWM.
These tests were done on leprosy-suspected skin
lesions (patch); 108 were total participants, 82 of
which were diagnosed with leprosy. Further, the
touch-pressure thresholds were measured at via
SWN at 0.05 g, 0.2 g, 2 g, 4 g, 10 g, and 300 g
(Villarroel et al. 2007).

The results showed a sensitivity of 81.7 % and
specificity of 96.1 %, while warm perception
threshold (WPT) was 90.2 % and cold perception
92.2 %, with combined 100 % specificity. In those
diagnosed with leprosy, lesions that had SWN
0.05 g showed significantly different WPT, CPT,
and WCPI values when compared to skin lesions
of different etiologies.

In leprosy subjects, as the touch-pressure
thresholds (SWN) rise, so do the WPT, CPT, and
WCPI. Some exceptions with SWN of 0.05 and
0.2 g did not have increased WPT or CPT. How-
ever, all patients with SWN 2.0 g or above did
have altered WPT and CPT. In regards to the
WCPI, subjects with 0.05 g pressure thresholds
had altered WCPI in the skin lesions.

In conclusion, although thermal testing is more
sensitive, pressure thresholds also act as valid
screening methods to detect cutaneous forms of

leprosy, and these results can help extrapolate the
thermal thresholds based on the results above.

4.13 A Comparison of Quantitative
Sensory Testing with Skin Biopsy
in Small Fiber Neuropathy

This study correlated QST testing and skin biop-
sies in small nerve fiber neuropathy. It determined
that assuming skin biopsies are the gold standard
for detecting small fiber neuropathy, the sensitiv-
ity of QST for detecting similar neuropathies is
high provided that both warm and cold sense
thresholds are tested, but the specificity is low at
46 % (Scott et al. 2003).

4.14 Clinical Applications
of Quantitative Sensory Testing
(QST)

4.14.1 Diabetes Mellitus
QSTwas used for evaluating and staging diabetic
polyneuropathy (PNP). It was set of criteria for
assessing severity of diabetic neuropathy based on
warm and cold threshold abnormality that was
suggested. A significant correlation was found
between thermal abnormalities and clinical exam-
ination of small fiber function and suggested that
these criteria can be used for long-term manage-
ment of patients (Zaslansky and Yarnitsky).

Combining thermal and vibratory tests gave a
joint sensitivity of 92–95 %, with specificity of
77–86 %.

A “warmth sensitivity index,” the range
between warmth sensory threshold and heat pain
threshold, was suggested as a sensitive tool for
detection of neuropathy in diabetics with no clin-
ical evidence of neuropathy.

Natural history of diabetic neuropathy by QST
parameters: 201 well-established NIDDM
patients were followed for 2 years. The increase
for vibratory and thermal thresholds during this
period was significant between baseline and first
year, and between first and second years; for
example, warm sensory thresholds increased
from 2.6 �C (median value) at baseline to 3 �C
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after 1 year, and 3.4 �C after 2 years. Similarly,
cold thresholds were 1.9 �C, 2.3 �C, and 2.7 �C,
respectively, for baseline, first year, and second
year. In contrast, 71 newly diagnosed NIDDM
patients had only slight deterioration in VT at the
feet over 5 years.

Polyneuropathy was assessed by a pain score,
sensory clinical exam, NCS, autonomic function,
and thermal and vibratory thresholds of the foot.
The only parameters to change were a significant
reduction in thermal scores that paralleled a
decrease in pain scores, which confirms the
importance of thermal sensation quantification in
patients with diabetic neuropathy.

4.14.2 Alcoholic Polyneuropathy (PNP)
Fifty chronic alcoholics were examined for PNP.
All had history of alcohol abuse for more than
7 years, daily alcohol consumption more than
100 g and a positive Munich Alcoholism Test.
Six thermal sensation parameters were tested
behind the internal malleolus, using the method
of limits (Zaslansky and Yarnitsky).

Thresholds for cold sensation were raised in
62 % of patients, warmth sensation in 24 %, and
heat pain in 22 %.

4.14.3 Vincristine and Cisplatin
Neurotoxicity

Vincristine was seen to have vibratory and ther-
mal sensation alterations, while cisplatin only had
vibratory changes (Zaslansky and Yarnitsky).

4.14.4 Acute Inflammatory
Demyelinating
Polyradiculoneuropathy
(Guillain-Barre Syndrome (GBS))

Twenty-two patients with GBS were tested with
the TSA; average was 49 (range 17–49), being
tested at outset of disease, at peak disease, and at
resolution. At initial sensory testing, 68% patients
had at least one thermal threshold abnormality; at
peak of disease, cold sensation at ankle and wrist
was abnormal in 73 %, and heat thresholds at
ankle and wrist were abnormal in 55 % and
50 % of patients (Zaslansky and Yarnitsky).

4.14.5 Myotonic Dystrophy
Myotonic dystrophy is a pure motor/muscular
disorder without any sensory components, but
thermal testing revealed otherwise. Twenty-four
patients with 0.2–22 years duration of clinical
symptoms were tested, and thermal thresholds
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were abnormal in 83 %, more at ankle (79 %)
than wrist (50 %). Heat sensation was more
frequently abnormal than cold sensation. Vibra-
tory sensation at the foot was also deranged in
21 % of patients. Therefore, researchers con-
clude that Myotonic dystrophy is not a pure
motor disease.

The TSA machine is of great use in under-
standing the thermal thresholds of subjects and
more importantly these thresholds in patients
with peripheral nerve disease. Not only thermal
thresholds can be assessed, but nociceptive
nerve function as well, by inducing heat and
cold pain through the TSA machine: nerve

endings can code for pain stimuli if the tem-
perature rises above a certain threshold as
described above through the different
experiments.

This allows researchers and clinicians to assess
a person’s sensory function by comparing the
person’s threshold results to normative data,
which is available in the software of the TSA
machine. As a result, diabetic patients, others
with peripheral neuropathies, and their physicians
can have a better understanding of how a particu-
lar disease process is affecting the patient by pick-
ing up any deviations from normative thermal
thresholds delineated by the TSA machine. This

Fig. 4 Cool and warm
detection thresholds for
different anatomic sites.
Rectangles measuring the
median, 75th, 25th
percentiles. Bars measuring
95th and 5th percentiles
(Modified from Hagander
et al.)
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can be valuable for doctors and patients in diag-
nosing, managing, as well as prognosing the dis-
ease involving the peripheral sensory nerves.
Hence, the TSA is an indispensable machine in
medicine, and there is no doubt about its precision
and accuracy as it inputs data based on the direct
responses of the subject, by clicking of the con-
troller, and therefore, the TSA provides an inti-
mate measurement of thermal perception (Figs. 3,
4, and 5).
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Itch or pruritus is defined as “disagreeable cuta-
neous sensation inducing the need to scratch.”
These two words are nowadays used as syno-
nyms, “pruritus” being more a medical word
than “itch” (Bernhard 1994; Misery and Ständer
2010).

Pathophysiology remains partially unknown
but huge breakthroughs have been recently
performed (see chapter . . .). Therapeutic possibil-
ities are relatively limited, except etiological treat-
ments. Itch metrology is difficult. However, it is
indispensable to evaluate itch in clinical and ther-
apeutic studies. Itch is usually evaluated through
human or animal in vivo models. The main instru-
ments of measure are itch experience and
scratching.
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1 Experimental Induction
of Pruritus

Itch can be induced by intradermal injection of
histamine, serotonin, substance P, 48/80 com-
pound, codeine, kallikrein, bradykinin, papain,
or trypsin or by intravenous injection of
morphinics or interleukin-2 (Wallengren 1993;
Theunis et al. 2008). In practice, experimental
induction of pruritus is usually obtained by intra-
dermal or subcutaneous injection of 48/80 com-
pound (3–100 μg), substance P (10–300 μg), or
histamine (3–300 μg) or codeine (Theunis
et al. 2008). There is a dose effect but too high
doses lead to pain rather than pruritus. The induc-
tion of pruritus by cowhage (Mucuna pruriens)
(Papoiu et al. 2011), which activates PAR-2+
pruriceptors, is a new used technique but a limi-
tation is that the release of proteases is not
controlled.

Pruritus can also be provoked by low electric
currents. This technique is still discussed because
electric currents should induce paresthesia
(or pain) rather itch. They are also able to inhibit
itch by stimulation of afferent nerve fibers
(Ekbom 1995). However, electrical stimulation
with stimulus durations> or= 2 ms and frequen-
cies > or = 50 Hz seems to evoke a pure itch
(Ikoma et al. 2005).

The mechanical induction of itch by
esthesiometer (WEST-itch ™, Connecticut
Bioinstruments Inc.) has been proposed. This
device is formed by nylon fibers with different
diameters (Weinstein et al. 1995). Five bundles
of nylon fibers allow different levels of stimula-
tion. This equipment is simple but somewhat
expensive.

2 Qualitative Aspects of Pruritus

The evaluation of qualitative aspects of pruritus is
based on clinical examination and anamnesis
(Misery and Ständer 2010; Misery 2012). Clinical
examination is focused on scratching lesions
(quantity, deepness, localization, disposition), pru-
rigo lesions, dermographism, and lichenification.

Cutaneous or systemic symptoms can be associ-
ated and they can orientate etiological diagnosis.
A glazed aspect of nails is in favor of intense and
old itch. History specifies itch features:

– Date and mode of beginning (sudden or
progressive)

– Course (acute, paroxystic, or chronic)
– Chronology (moment of the day, period of the

year)
– Intensity (discomfort in working, everyday

life, affective life, or sleep)
– Topography
– Aggravating factors (sweating, sport, bath,

shower, meal) or soothing factors (cold,
relaxation)

– Associated context (diseases, drugs, chemical
products)

– Collective pruritus or not
– Effects of treatments

It is necessary to discriminate what is really
pruritus and what is paresthesia, dysesthesia, or
pain (that could be associated with itch, especially
in neuropathic pruritus). It may be difficult in
certain languages, especially in Africa or in Mid-
dle East, because there is no traditional word to
differentiate these sensations.

There is no universally accepted questionnaire
on pruritus (Weisshaar et al. 2012), whereas there
is some on pain. In order to study qualitative
aspects of itch, the Eppendorf itch questionnaire
(Darsow et al. 1997) or the Brest questionnaire
(Brenaut et al. 2013) could be used.

3 Intensity Measurement
of Pruritus

The intensity of pruritus can be correctly evalu-
ated only by the transcription of its experience by
a human being. The appreciation by an observer is
a bad method. Measurement of scratching inten-
sity is possible with animals or humans but is only
an indirect reflection of pruritus (see below). The
measurement of itch intensity is difficult because
it is subjective and dependent of experimental
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conditions (e.g., deepness of injection of an itch
inducer). Nonetheless, several methods have been
proposed for the evaluation of itch intensity. They
are inspired by pain evaluation scales.

Measurement scales are available. Some types
are possible: nominal, ordinal, interval, or ratio
scales. Nominal scales are the most simple (e.g.,
pruritus or not). Ordinal scales are semiquantita-
tive (no pruritus, weak pruritus, moderate pruri-
tus, severe pruritus). Interval scales are more
accurate (from 1 to 8, from 1 to 10, from 0 to
11 for the Esthesiometer®). Ratio scale is more
efficient because a true zero is defined and
2 means the double of 1. In therapeutic scales,
the three first scales are the most often used.
Statistical analysis of these scales is parametric
(interval, ratio) or not (ordinal, nominal).

Ratio estimation scales allow comparisons of
intensity of pruritus between themselves. The sub-
ject estimates intensities of itching induced by
electric current of different intensities, saying,
for example, “30 % more” or “30 % less.” This
method is criticized and is not used on itching
induced by diseases.

With magnitude estimation scales, the subjects
can choose a number without any limitation. This
type of scale is relatively reliable and has been
used in the measurement of various human
sensations.

Graphic rating scales are simple, convenient,
well validated, and the most commonly used. We
personally prefer them. The subject indicates by
a mark on a vertical or horizontal line the inten-
sity of pruritus. Each extreme of the line repre-
sents “no itch” or “maximal itch.” Most often a
10-cm scale is used, with or without cutoff
points. The investigator converts the marking to
a score by measuring the distance between the
zero end (no itch) and the perpendicular mark on
the line with a grid. The advantages of such
scales are simplicity, sensitivity, and reproduc-
ibility. Nonetheless, some subjects may cluster
their rating marks at the midpoint and the
extremes of the scale. Others may have a
decreased ability to think abstractly. Results are
comparable in a same subject but not between
several subjects.

Numerical rating scales are sometimes used for
therapeutic studies. There is a need to propose a
limited but discriminating quantity of numbers, as
3, 5, or 10 numbers. The validity of these scales
has been shown for ratings of pain, but it is not yet
the case for itch because numerical rating scales
have been rarely evaluated for itch research.

Itch can be recorded by some proceedings.
Itching is induced and then the subject indicates
what he experiences with a pen or a plotter related
to a potentiometer (Ekblom et al. 1984). The time
interval between itch provocation and start/stop of
itch is recorded as well as the perceived itch
intensity. This allows the calculation of several
itch variables: latency before itch, duration
of itch, peak value of itch, and a total itch index
(= area under the curve). This index reflects both
the intensity of itch and its duration. A computer-
ized system (PainTrack™ or SymTrack™, Styrex
AB, Uppsala, Sweden) allows the continuous
recording of itch sensation, as for arterial pressure.
This proceeding could be the best to evaluate
itching and to estimate efficacy of a treatment
but it is little used.

The International Forum for the Study of Itch
gives some recommendations (Ständer
et al. 2013) to clarify the measurement of the
intensity of itch:

– Visual analogue scale (VAS) is not an optimal
instrument, but currently it cannot be
dispensed with.

– Alternatively, numerical rating scale (NRS)
can be used.

– VAS or NRS should be used in combination
with verbal rating scale.

– Explanation and test run are recommended.

4 Measurement of Scratching
Intensity

The appreciation of pruritus through scratching in
humans or in animals is often used but its interest
is limited. A weak pruritus does not induce
scratching. Paresthesia, dysesthesia, or pain can
induce scratching. The presence of probes on the

131 Itch Metrology 1357



skin surface can induce pruritus or be embarrass-
ment for movements. Nonetheless, some tech-
niques are available to measure scratching
(Savin 1995).

The intensity of scratching can be estimated by
quantity and size of excoriations, prurigo lesions,
or dermographism lesions. A video record can be
useful to observe scratching.

The recording of scratching is not easy because
scratching is not a regular activity. Duration, fre-
quency, intensity, direction, amplitude, and local-
ization of scratching actions are highly variable. It
is difficult to separate one movement of scratching
from the next. Several methods have been
invented in order to measure one or several
parameters of scratching.

The amplitude of movements can be regis-
tered, thanks to special wristwatches measuring
the duration of scratching through movements in
space by detectors of electromagnetic movements
(Summerfiled and Welch 1980). This method is
particularly interesting for studying pruritus dur-
ing sleeping time.

Beds with detectors of vibrations can be used
to detect movements of scratching. These move-
ments are different from other movements by their
irregular and repetitive characteristics (Felix and
Shuste 1975).

Electrodes posed on forearms can measure
muscular movements (Savin et al. 1973). This
technique is convenient and reproducible. Begin-
ning and end of the movements as their amplitude
and their number can be assessed. This exam can
be associated with registration of sleep to detect
variations according to different phases of sleep.

Electroencephalogram can be coupled with
measurements of pressure induced by scratching,
thanks to probes on hands or nails (Brown and
Kalucy 1975). More accurate measures are
allowed by a proceeding inspired by this one and
associating a computer and vibration transductors
(using piezoelectric current) (Bergasa and Jones
1991).

Another proceeding has been recently pro-
posed (Endo et al. 1997). Scratch-Monitor® is a
little box with button which detects variations of
pressure and a recording module attached to one

hand. Number of movements is counted. Sensi-
tivity is moderate.

5 Conclusions and Perspectives

Quantitative measurement of pruritus is difficult.
Clinical examination and anamnesis allow an
individual but inaccurate evaluation. For scientific
working, especially therapeutic assays, there is a
need to use simple techniques of measurement of
pruritus or scratching. Scales of pruritus will prob-
ably remain the main methods to assess itch.

In our opinion, the methods revolutioning
studies on pruritus in the future could be:

– In vitro studies, on a reconstructed skin asso-
ciated with nerve fibers or on cocultures of
nerve fibers and epidermal cells (Pereira
et al. 2010)

– Studies on the cerebral integration of itch, by
using positron emission tomography (PET) or
functional resonancemagnetic imagery (fRMI)
(Bergeret et al. 2011)
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Morphometry embraces a number of methods
aimed at measuring images or objects of irregular
contour or shape as well as image density within a
frame, using simple means associated with
counting. As skin diseases mostly develop in the
plane of the body surface, two-dimensional mor-
phometry can be a valuable tool for the dermatol-
ogist who requires rapid and inexpensive
measurement. However, the method is poorly
known in dermatology because it was principally
developed for research in tissue microscopy and
ultrastructure.

1 Lesion Area

Point counting is the accurate method (Bahmer
1997). The rationale is that in a large area divided
into equal squares, the center of each square can
represent its area. Thus, when a squared grid with
lines d cm apart is superimposed on a skin lesion,
counting how many squares lie inside the lesion
can be replaced by counting how many centers lie
inside the lesion. As the square centers themselves
can be replaced by the grid crossing points, the
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lesion area (A) is the count of crossing points
(n) multiplied by the unit square area (d2). The
formula is straightforward:

A ¼ n d2

(points falling just on the outline should be
taken).

Example To find the area of a leg ulcer, a trans-
parent sheet on which a grid with lines 1 cm apart
has been printed is applied on the lesion. If
26 crossing points have been counted inside the
lesion or on its border, the ulcer area is 26 cm2.
See also Fig. 1.

Caution To avoid uncertainties with thick lines,
a crossing point is defined as the precise outline of
the upper right angle of the cross, and not its
center, as shown below:

Accuracy The method is valid only if either the
lesion has a random outline or the grid has been
randomly superimposed on the lesion. The
method is only an estimate, but surprisingly ade-
quate. For a given object, the smaller the grid
interval, and the higher the number of counted
points, the more accurate the assessment
is. Using a grid with lines 0.5 cm apart: for
a circle 1.6 cm in diameter: π2 = 2.01 cm2,
A = 0.25 � 9 = 2.25 cm2 (+12 %); for a
circle 2.6 cm in diameter: πr2 = 5.31 cm2,
A = 0.25 � 21 = 5.25 cm2 (�0.9 %). In the
same way, using grids with small intervals favors
more reliable measurement. The most appropri-
ate grid spacing can be deducted from Weibel’s
nomogram (Weibel 1979). The theoretical effi-
ciency of point counting has been studied by
Gundersen (Gundersen et al. 1981; Gundersen
and Jensen 1987).

2 Lesion (Line) Contour (Length)

A squared grid (interval width = d) is randomly
applied on the lesion or the linear feature to be
measured (Bahmer and Smolle 1992). Counting
the number (N) of intersections of the grid’s both
horizontal and vertical lines with outline gives the
perimeter (P) or the feature length, using the
formula:

P ¼ Nπd=4

Examples Examples include measuring the
perimeter of a leg ulcer (Fig. 1) or the length of
telangiectasias (Fig. 2).

Accuracy Using a 0.5-cm interval grid, accuracy
is as follows:

– For a circle 1.6 cm in diameter: 2πr = 5 cm,
P = 0.5 � 12π/4 = 4.7 cm (�6 %)

– For a circle 2.6 cm in diameter: 2πr = 8.2 cm,
P = 0.5 � 20π/4 = 7.9 cm (�3.7 %)

Fig. 1 Fictitious contour of a leg ulcer as seen through a
0.5-cm-spaced grid. As 31 crossing points lie inside the
ulcer and 3 lie exactly on the border (n = 34), the ulcer
area is 34 � 0.52 8.5 cm2. As the grid crosses the outline
24 times vertically and 25 times horizontally, n = 49 and
P = 0.5 � 49π/4 = 19.2 cm. RF = 64 � 34/π
492 = 0.29 cm�1
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3 Shape Regularity

A shape regularity factor RF (Bahmer and Smolle
1992) can be computed using the above-
mentioned n and N parameters of the lesion
irrespective of the grid interval, with the formula:

RF ¼ 64n=π N2

The RF lies between 0 (extremely irregular) and
1 (circle).

Example See Fig. 1.

Accuracy Using a 0.5-cm interval grid: for a
circle 1.6 cm in diameter: RF = 64 � 9/
122π = 1.27; for a circle 2.6 cm in diameter:
RF = 64 � 21/20π = 1.06.

4 Area Fraction and Distribution

In disseminated lesions, counting their number
and mean area is a way to assess the extent of the
disease. A reference area, within which lesions
will be counted, is determined on the grid. It
may be the area of the printed sheet (e.g.,
210 � 297 mm or a 7.25 � 10.500 sheet) or any
other whose number of crossing points is known
or easy to compute. To prevent errors it has been
stated that the boundaries of the reference area
must be divided into two parts: upper and left
sides (marked by thin lines in Fig. 3), and lower
and right sides (marked by thick lines in Fig. 3).
The latter should be extended beyond the
boundaries in order to solve the problem
of corner points (Weibel 1979; Bahmer and
Smolle 1992).

The grid is put on the skin and all lesions
located within the reference area, or crossing or
touching its boundaries, except those touching
the thick line (also called the forbidden lines
(Gundersen et al. 1981)) even beyond the refer-
ence area, are counted. The ratio of this number
to the number of crossing points in the reference
area gives the lesion average area as a fraction of
the reference area. As the latter is known, the
lesion’s absolute average area is obtained. If
needed, the distribution of lesions according to
area can be found by counting separately the
lesions including one point (area = d2), two
points (area = 2 d2), etc.

An imperative rule for counting is that only the
lesions or features that do not touch or are not
crossed by the limits of the reference area can be
counted: accordingly, the latter should be clearly
delineated on the grid.

Taking into account the biological variation
and the frequent fuzziness of boundaries,
counting approximately 100 points provides a
satisfactory precision (Gundersen et al. 1981).
The most appropriate grid spacing can be
deducted from Weibel’s nomogram (Weibel
1979). The theoretical efficiency of point
counting has been studied by Gundersen
(Gundersen et al. 1981; Gundersen and Jensen
1987).

Fig. 2 Tracing of several telangiectasias in the medial
aspect of the thigh as seen through a 0.5-cm-spaced grid.
The lengths are: 1 4.3 cm, 2 5.5 cm, 3 6.3 cm, 4(ramified)
10.2 cm, 5 4.7 cm, 6 4.3 cm
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5 Field of Application

Disposable plastic or acetate sheets can easily be
printed with a grid with adequate spacing using
current squared paper (usually 5 mm spacing) or
home-drawn (e.g., 2 mm spacing for small
lesions, 10 mm and 20 mm spacing for
larger ones).

Leg ulcer shape assessment takes only a few
minutes, the main difficulty being determining the
outline of the lesion. Such rapidity makes it pos-
sible to follow the progress of lesions over time in
current practice as well as in drug trials. Changes
in nail fungus involvement area with time is
another possible application.

In psoriasis, showing a small number of
lesions, following up plaque areas over time is
easy and fast. The method has also been proposed
to improve PASI rating (Bahmer 1989).

Atopic dermatitis extent can be assessed the
same way, although lesion delineation is more
difficult. Obviating the problem and in addition
rating disease severity has been proposed by

Bahmer et al. (1991) (see ▶Chap. 136, “Clinical
Scoring of Atopic Dermatitis”).

Area is a parameter of positive prick or patch
tests. Its quantification is quickly done using a
2-mm interval grid. The latter may easily be
made on paper by the clinician and then
photographed at the desired reduction on a trans-
parent sheet.

Superimposing a grid on the computer screen
displaying a videocapillaroscopy image can cal-
culate the vessel diameters and lengths and the
fraction of dermis occupied by blood vasculature.

Morphometry can also be performed on pho-
tographs, preferentially enlarged so that more
points can be counted, or on slides projected on
a grid printed screen. This is an easy task for
clinicians. For example, following the number
and size distribution of pigmented nevi during
adolescence, quantifying the size and distribution
of skin lesions in leprosy, following the number
and size distribution of bullae in bullous diseases
during treatment, quantifying vitiligo, etc., make
this technique very useful in current dermatolog-
ical practice.

In assessment of sweat or sebum excretion by
mapping the gland output, the global area, aver-
age area, and size distribution of spots can be
easily obtained using the area fraction and distri-
bution method on an enlarged photograph or
image. In the same way, microscopic dimen-
sions, such as cell sizes, the size and shape of
nuclei in malignant/benign tumors, etc. can be
assessed rapidly. Indeed for decades, biological
research was the only field of application for
morphometry.

6 Other Morphometry
Parameters

Point counting is especially useful for assessing
morphological parameters of two-dimensional
shapes or features, as is the case of most skin
lesions. Morphometry can also be used to assess
the three-dimensional morphology of microscopic
objects; when focusing at various depths, each

Fig. 3 Fictitious skin lesions. Assessment of area fraction
and distribution. This figure is aimed at showing (1) the
layout of the so-called forbidden lines (thick lines) and
(2) the objects (lesions) that should be taken for counting
crossing points, and those which should not be taken (in
gray) because they touch the forbidden lines. The grid is
omitted purposely to simplify the image
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plane can be considered as a slice and assessed
separately. It is a fast and easy task (Loud and
Anversa 1984).

Videocapillaroscopy images obtained at differ-
ent depths in the skin can be processed in this way
using point counting in a 3D setting; as the vessel
diameters and lengths are known, the overall vol-
ume and size of the skin vasculature can be
obtained. The same holds true for cutaneous inner-
vation in health and sensory neuropathies. For
histological preparations, special tools (dissector,
fractionator, nucleator) have been designed
(Gundersen et al. 1988a, b; Elias and Hyde 1983;
Aherne and Dunhill 1982; Russ 1986).
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Healthy skin has a red component which comes
from the subepidermal vascular plexus visible
through the stratum corneum. The deeper vessels
are invisible or look bluish if they are voluminous.
The purpura is visible only if it is located in the
superficial dermis. It is brighter in color because
the red blood cells are extravascular. The red
component of the skin depends on the subepider-
mal plexus volume, the vasodilatation level, and
the overlying epidermal thickness and translu-
cency. A thin epidermis above a rich plexus
gives the skin color a homogeneous pink compo-
nent, as in the case of newborn babies.

Erythema is defined by the accentuation of the
skin’s red component. Whether macular like in
morbilliform or roseoliform rashes, or diffuse
like in erythematous patches or scarlatiniform
erythemas, the excessive coloring is induced by
the vasodilatation of the subepidermal plexus,
with or without deeper vasodilatation. As far as
measurement is concerned, two main types of
erythemas are distinguishable: those generated
by the isolated vasodilatation of the subepidermal
and perifollicular plexuses, and those which
concern all of the skin’s vascular networks,
including the subcutaneous plexus.

– In the first category, only the skin color mea-
surements are helpful, the assessment of the
absorption wavelengths of hemoglobin, and
capillaroscopy.

– In the second category (assessment of superfi-
cial and deep vasodilatation), it is possible to
use photoplethysmography, laser Doppler,
thermal clearance, epicutaneous xenon clear-
ance, and skin thermometry (see the dedicated
chapters).

Only valid methods for measuring isolated
superficial vasodilatation are described below.

Consequently, these are only the ones that can
measure the erythematous component of global
vasodilatation. Quantitative capillaroscopy, a
most promising one, is detailed in ▶Chap. 60,
“Evaluation of Port-Wine Stains and Its
Treatment.”

1 Psychosensorial Techniques

It is common to assess erythema on a five point
scale: 0, (+), +, ++, +++. Only four of them
quantify the erythema, and the zero value
describes the adjacent healthy skin. Some authors
use a seven point scale (Westerhof et al. 1986) or a
ten point scale (Kollias et al. 1997). The aim of the
assessment is to work out two parameters:
whether an erythema exists, and its intensity.

– To determine the erythema threshold, it is
important, especially in photobiology, to find
the minimal erythema dose (MED). In an
investigation in 21 subjects and 42 photo
tests, Lock-Andersen and Wulf (1996) studied
the variability of two groups of four observers,
well-trained people in one group and less
trained people in the second one, working dou-
ble blind with a five point scale. To detect the
onset of a poorly delineated erythema, the var-
iation coefficient was 4.6 % for the untrained
group and 7.3 % for the other one, with 11.9 %
and 23.2 % detected respectively for the MED
(threshold dose for a well-defined erythema, as
used in photobiology). These data tend to show
that the poorly delineated erythema threshold
is better detected with the naked eye than a
well-defined erythema threshold and that train-
ing has no influence at this level. The
intraindividual agreement in two double blind
measurements of the same erythema threshold
was 90.5 % in the untrained group and 92.9 %
in the other.

– The measurement of the erythema intensity,
following stepwise actinic exposures increas-
ing by 25 % each time, was studied in the
course of the same experiment. The agree-
ment between observers decreased with the
erythema intensity, reaching 54.8 % only in
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the untrained group and 52.0 % in the other
one, for class 5 (+++) erythemas; the agree-
ment between two measurements by the same
observer was 64.3 % and 71.4 %, respec-
tively. These figures show the large variabil-
ity of visual measurements, even done by
specialists.

Erythema is the more difficult to detect and
assess when the skin is pigmented. It is, therefore,
essential to be aware of seasonal variations of
pigmentation, even moderate, when comparisons
are to be made. In black people, the measurement
is only slightly reliable, especially since the basic
color is often variable and nonhomogeneous.

In every psychosensorial assessment, the
lower and upper limits of the measurement
scale should be specified. For the measurement
of the red component in healthy skin, zero is
bloodless skin (pressure with a glass plate, prox-
imal occlusion). To measure a localized redness
(erythema), zero is the adjacent healthy skin. At
the other end, what is a very severe erythema? It
may be useful to set up reproducible conditions,
but which ones?

The human eye is therefore not able to assess
an erythema properly, but only to estimate its
intensity. However, it is very sensitive in the
detection of redness, but as visual memory is
short and unreliable, to detect and grade small
differences the areas need to be studied simulta-
neously and side by side.

2 Visual Assessment Using
a Color Chart

2.1 Red Color Chart

A range (ten grades, increasing in 10 % incre-
ments) of saturated red Kodak gelatin films
(CCR series) placed between two Plexiglas sheets
was used as an erythema assessment scale in pig
and mouse (Argenbright and Forbes 1982). The
films were placed one after the other on the skin,
beginning by the lowest grade (lightest color), and
the first grade making the erythema limits invisi-
ble was considered the appropriate measure. The

advantages and drawbacks of these color charts
are described in▶Chap. 6, “The Measurement of
Skin Color.”

2.2 Gray Levels Color Chart

If the skin is examined through green glasses
(which convert red into black) the erythema
looks gray. When observed simultaneously, it
can then be compared to the gray levels of a
chart whose luminance (% of clearness) is
known. Erythema is then quantified by its degree
of luminance. The adaptation of a green filter on a
pair of glasses does not present technical diffi-
culty. The gray levels can be easily computer
generated and calibrated with a colorimeter.

The advantages of this technique are the
absence of contact with the skin, the possibility of
eliminating the specular reflection by selecting the
angle of vision, and the reference to international
physical units which permits comparisons. How-
ever, the sensitivity of this method is poor because
luminance is weakly influenced by erythema.

3 Photography

Color photography does not provide a reliable
quantification of erythema (see ▶Chap. 6, “The
Measurement of Skin Color.”). Monochromatic
photography uses the same principle as the color
chart with gray levels. The skin is photographed
(annular flash) with white light through a green
filter (540 nm) in the center of a circular chart of
21 levels of gray each varying by 2 % luminance
(Breit et al. 1982). The filter and the color chart are
attached to the camera so that the incidence angle
of the light remains constant. The measurement
consists of finding the level of gray matching the
erythematous area on the photograph. The device
can be achieved with any good camera. The chart
has to be made and then calibrated by the user, as
explained in the previous chapter. Unfortunately,
this simple and cheap method does not measure the
chromatic component of the erythema (red), which
is its main element, but only the decrease in light-
ness of this chromatic component.
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4 Colorimetry

The red component of healthy skin is measured by
colorimeters from the reflectance of three wave-
lengths, located in the red, green, and blue, and
then expressed by parameters L* and a* of the
Commission Internationale de l’Eclairage (see
▶Chap. 6, “The Measurement of Skin Color”).
This absolute classification system determines the
position in a 3D virtual space for any color. The
vertical dimension L* defines its lightness
(or value, or luminance) from zero (black) to
100 (maximal lightness). In each horizontal
plane its hue (or chromaticity, or chroma) is
defined along two perpendicular axes, one in
abscissa (from -a* = green to + a* = red), and
the other in ordinate (from�b* = blue to + b* =
yellow). In the final plane, the distance to the
origin characterizes its purity, or saturation, or
brightness. An erythema increases the parameters
a* which is a measure of the intensity of red, and
reduces the parameter L* which expresses the
skin lightness. However, L* is less correlated
than a* to erythema. Measuring the parameter a*
is equivalent to measuring the quantity of hemo-
globin (HbO2) in the superficial dermis. The ery-
thematous component of 23 body areas studied in
winter on ten subjects with the Minolta CR200
chromameter, using the parameters a* and L*,
were measured by Serup’s group (Takiwaki
et al. 1994).

It is possible to study the red component of the
skin by considering L* and a* simultaneously in a
vertical plane formed by axes L* and a*. In this
plane, all the red components of the normal skin of
the back in Caucasians (established with the
Minolta CR200 chromameter) were found located
within a curvilinear area centered on a* = 12; its
extreme coordinates were 53 and 75 % for L* and
+2 to +17 for a* (Fig. 1) (Lock-Andersen
et al. 1998). The more a subject’s skin was
pigmented, the darker the red component, and
therefore located in the lower part of the area.
Mediterranean type and black subjects show L*
values less than 50 %. As each skin color is
defined by its coordinates L*, a*, and b*, ery-
thema and healthy skin can be distinguished by

their coordinate differences (ΔL*, Δa* and Δb*).
The difference in hue is (Δa*2 + Δb*2)0.5 and the
difference in lightness and redness is (ΔL*2 +
Δa*2)0.5, formulas which are deduced easily
from the orthogonal tridimensional structure of
the colors’ virtual space.

5 Reflectometry (Takiwaki
and Serup 1995)

Erythema is related to the dilatation of the subepi-
dermal vessels, therefore to the increased amount
of hemoglobin (HbO2 and/or Hb) in the superficial
dermis. As the pigment concentration varies like
the inverse of the reflectance (IR), reflectometry is
a way to assess this quantity. The technique uses
the logarithm of IR (LIR). However, these
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Fig. 1 Envelope in the L*a* plane of the skin’s red com-
ponent in Caucasians (dorsum foot).e very light, ○ light,
Δ intermediary, ▽ pigmented. Arrow pointing downward
indicates the skin color shift when skin pigmentation
increases (From Chardon et al. (1991), with permission)
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wavelengths are also absorbed by melanin. The
amount of the latter is determined at wavelengths
not absorbed by HbO2, then subtracted from
the LIR.

Reflectometers use green light (from 546 to
568 nm, depending on device), to measure LIR
at 543 and 576 nm (HbO2 absorption peaks),
554 nm (Hb absorption peak), and above
620 nm (red, melanin absorption) where absorp-
tion by HbO2 is negligible but that of Hb,
although low, is not (Fig. 2). These devices are
small and portable and provide HbO2 and melanin
indices immediately. The Erythema Meter
(Dia-Stron, Andover, UK) uses a white light
(accordingly it is barely influenced by the ambient
light) and measures the reflectance at 546 nm
(green) and 672 nm (red). The Derma-Spectrometer
(Cortex Technology ApS, Hadsund, Denmark) uses
electroluminescent diodes emitting at 568 nm
(green) and 655 nm (red). It adjusts the possible
contamination by ambient light and allows the mea-
surement at different temperatures. The Mexameter
Mx 16 (Courage + Khazaka Electronic, Cologne,
Germany) uses electroluminescent diodes emitting

at 568 nm (green), 660 and 880 nm (red and infra-
red). The constant application pressure is ensured
by a spring. A beep warns of any excessive pene-
tration of exterior light into the probe. UV-Optimise
(PBI Medical, Denmark) uses 555 and 660 nm
wavelengths; it does not provide indices, but quan-
tifies the pigmentation and the red component of the
skin independently, each on a scale between 0 %
and 100 %, with the zero corresponding to blood-
less skin and 100 % a very dark facial nevus
flammeus (purple).

The distribution of the erythema index on
23 body sites in ten subjects showed a remarkable
correlation with the value of the parameter a* in the
same location (Takiwaki et al. 1994; Takiwaki and
Serup 1995).

6 Spectrophotometers
and Spectrocolorimeters

These devices are based on the same principle as
the reflectometers, but are more accurate and
effective because they can use all the spectrum

1.4 HbO2

Hb

Bilirubin

Melanin
1.2

1.0

0.8

0.6

0.4

0.2

0
400 500 600 700 nm

Fig. 2 Hemoglobins,
bilirubin, and melanin
absorption spectrums
(Modified after Rox
Anderson and Parrish
(1981))
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wavelengths. According to Clarke et al. (1981), to
assess the skin’s red component (HbO2 + Hb), the
interval 415–425 nm (Soret’s band) is the most
reliable. They have thus evaluated the differences
in complexion of 34 pairs of twins.

Andersen and Bjerring (1990) calculated the
melanin index by using the interval 360–390 nm
(near UVA). To distinguish HbO2 from Hb he
analyzed the reflectance at 543 and 576 nm
(HbO2 absorption peaks) and at 554 nm
(Hb absorption peak) taking into account the mel-
anin index. The skin received the polychromatic
light of a xenon arc (Osram XBO 150), carried by
an optic fiber (Hirschmann, Germany). The
retrodiffused light was collected by an integration
sphere and conducted by optic fiber to a mono-
chromator (Jobin and Yvon H 20, France) which
takes a measurement at every 5 nm between
355 and 700 nm. Each reflectance is detected by
a photomultiplicator (Hamamatsu, Japan), digita-
lized, then computer analyzed.

Kollias calculated the melanin index from the
620 and 720 nm wavelengths (both in red)
(Kollias and Baqer 1986), and the blood pigments
apparent concentrations were measured at
560, 577 and 630 nm after correction for melanin.
The light source of a spectrophotometer
(HP 8452A DAS) was replaced by a tungsten
halogen lamp, and the light conducted to the
skin by optical fiber. The retrodiffused light col-
lection was also carried out by a beam of quartz
optical fibers. The device scanned the spectrum
every 2 nm between 400 and 820 nm.

7 Green Light Laser Doppler

This device (Periflux 4001 Master; Perimed,
Stockholm, Sweden) lights the skin with a
543 nm (green) monochromatic light and mea-
sures the wavelength shifted retrodiffused light
due to contact with moving red blood cells (Dopp-
ler effect). The absorption of green by hemoglobin
considerably reduces the signal and limits the
investigation to the subepidermal plexus. An
index of the subepidermal blood flow is provided
through multiplication of the retrodiffused light

amount (the moving blood cells’ concentration)
by the average wavelength shift (the cells average
speed). This is the main interesting feature of this
device, as no other equivalent equipment is
available.

8 Conditions for a Reliable
Measurement

– These devices are designed to be used on flat
surfaces, which is not the case for skin. Relief
may let ambient light penetrate the
retrodiffused light collecting chamber. It is
necessary to shave the hairy areas and place
the subject in a position which reduces any risk
of deep creases of the surface.
– For the same reason, measurement in exces-

sive light (direct sunlight, etc.) should be
avoided.

– Wet skin or skin with ointment may facilitate
specular reflection and artificially alter the
data provided by colorimeters and reflectom-
eters. Between 5 % and 7 % of the incident
light is diffused by the skin microrelief. The
application of a topical that fills the furrows
increases light penetration.

– Hydration increases the stratum corneum
translucency and can increase the erythema
index as well as the parameters L*a*b*.
This is more obvious for substances with a
refraction index close to that of the stratum
corneum (stratum corneum 1.54; air 1.00).
As glycerol and acetic acid refraction indi-
ces are close to 1.54, these compounds are
still more efficient than water (Solan and
Laden 1977).

– The device needs to be recalibrated prior to
each use with the standards provided:
– It should be held perpendicular to the skin
– Excessive pressure which could alter the

erythema should be avoided
– A control measurement on the adjacent

nonerythematous skin is mandatory
– As the skin color is often nonhomogeneous

(lentigo, achromias, etc.), only average
indices from three iterative measurements
should be used
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– Erythema assessment using a reflectometer is
valid only on barely pigmented skin, because
the subtracted melanin index, which is mea-
sured in red light, is supposed to be identical in
green light. However, this is not true, particu-
larly with darker pigmentation, because the
melanin spectrum linearly decreases from
green to red, with a slope all the steeper
because pigmentation is intense (Fig. 3). Con-
sequently, it is not possible to compare the
erythema indices of body sites with different
melanin indices.

– As pigmentation reduces light retrodiffusion
considerably, erythema measurements on dark
skin are unsound.

– When interpreting the results, it is essential to
consider the relative proportion of HbO2 and
Hb, their color being that of arterial and venous
blood, respectively. In the absence of venous
backflow or hindrance to normal venous flow,
the skin blood is of arterial type. This is also the
case in erythemas of active vasodilatation such
as in inflammation or from a reactive hyper-
emia. The measurement of (ΔL*2 + Δa*2)0.5

or HbO2 is then appropriate. Inversely, in case
of blood stasis or venous backflow, the vaso-
dilatation is passive and the reduced Hb frac-
tion may be important, and induce some
change of the color of erythema. Such is the

case in dependent limbs or when the skin has
been compressed over a long period of time by
the body weight. The measurement of HbO2

may then be insufficient. It is also important to
remember that reduced Hb may augment the
melanin index, while skin pigmentation stays
unchanged (Agner 1992; Takiwaki and Serup
1994). Consequently, to detect the shift in skin
hue due to higher Hb levels colorimetric mea-
surement of (Δa*2 + Δb*2)0.5 must supple-
ment that of (ΔL*2 + Δa*2)0.5.

9 Choosing the Appropriate
Method

The suitable method to assess a red component or
an erythema will depend on its origin and the
physical characteristics of the method.

9.1 Selection According
to the Characteristics
of the Device

– Colorimeters reconstitute the color of the ery-
thema from reflectance and provide its L*a*b*
components. Their capacity to characterize any
color, thus erythemas of various hues, is their

80

60

40

20

0
400 500 600

C

B

A

700
nm

Fig. 3 Skin reflectance
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main advantage. However, these parameters
are indirectly associated with the chromophore
skin content (Kollias et al. 1995) and are
obtained from three wavelengths only.

– Inversely, the erythema indices given by reflec-
tometers are directly associated with the amount
of chromophore, both HbO2 and Hb since their
absorption peaks are very close. They should
therefore theoretically be more specific. Com-
parative studies have shown their results
strongly correlated with parameter a* (Takiwaki
et al. 1994; Barel et al. 1998), but with a varia-
tion coefficient lower than that of a*.

– Spectrophotometers provide more accurate
measurements than the above mentioned
devices because many more wavelengths are
used. They allow the measurement of Hb and
HbO2 separately.

– The green laser Doppler signal is associated
with the amount of chromophores and the
speed of the blood cells in the subepidermal
vascular plexus (Ubbink et al. 1996a; J€unger
et al. 1996).

– Instrumental techniques which measure the
global skin blood flow rely more heavily on
deep circulation whose volume and flow rate
are much more important. Therefore, their
results sometimes seem in conflict with those
of reflectance based methods. The difference is
obvious with the measurement of the skin tem-
perature which is very sensitive to global active
(arteriolar) vasodilatation, but seems to ignore
the superficial blood flow when it is increased
separately (Lock-Andersen et al. 1998).

– Since the laser Doppler only deals with circu-
lating red blood cells, it may indicate an
increased flow during skin blanching by vaso-
constriction, a surprising result probably due to
blood flow acceleration. When a limb is lifted
higher than heart level its signal increases
while the erythema index decreases, and
inversely when the limb is lowered (Chardon
et al. 1991). Laser Doppler is, therefore, not
sensitive to blood stasis, even in deeper dermis
or subcutis.

– Clearance methods (thermal clearance,
epicutaneous xenon clearance) also based on

the skin blood flow rate, ignore erythemas by
passive vasodilatation.

– Conversely, photoplethysmography is an
excellent method to measure global variations
of the blood volume, associated with active
or passive vasodilatation. However, this tech-
nique, which uses red or near infrared light,
ignores superficial circulation.

9.2 Selection According
to the Erythema

– All important active erythemas have a deep
component, and therefore are measurable by
all the skin blood flow measurement tech-
niques. The relationship between the stimulus
intensity and the ensuing signal is linear until
clinical assessment grade (++). Beyond this,
the signal is saturated, probably because vaso-
dilatation is near its maximum.

– Actinic erythema implies superficial and deep
vasodilatation, seemingly from the beginning.
It can therefore be measured by all techniques.
However, slight erythemas (belowMED) seem
more reliably measured by reflectance than by
imaging laser Doppler (Lock-Andersen
et al. 1998).

– Allergic erythemas also seem global and
likely to be measured by all techniques. For
example, thermography shows that skin tem-
perature rises over allergic patch tests, but not
always over irritation patch tests (Baillie
et al. 1990).

– Irritative erythemas over a small area seem to
mainly involve superficial microvasculature.
In such cases, colorimetry (Gawkrodger et al.
1991), reflectometry, and spectrocolorimetry
are preferable. For example, irritation induced
by 1 % sodium lauryl sulfate under occlusion
for 2 days increased the erythema index much
more than the LDF signal, and the erythema
index at D2 and D4 was more important than in
allergic erythema (Gawkrodger et al. 1991).
Moderate and intense irritations are associated
with both superficial and deep vasodilatation.
The green laser Doppler seems a promising
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tool, but has not been used yet for this
indication.

– To ascertain if an erythema has a deep compo-
nent, thermography is a more appropriate tech-
nique because it seems insensitive to
vasodilatation limited to the superficial dermis,
and in particular to the red component changes
(Lock-Andersen et al. 1998).

– To detect an infraclinical erythema, that is a
vasodilatation of the subepidermal vessels with-
out visible erythema, colorimetry, reflectometry,
spectrophotometry and green laser Doppler are
the favored methods. During irritation induced
by 1 % sodium lauryl sulfate under occlusion
for 2 days, the erythema index increased before
the appearance of the clinical erythema [19].
The same was obtained after application of anti-
pyrine 5 % in water under occlusion for 24 h
(Nangia et al. 1996). However, remember that
the increased signal may be also related to the
sole increased permeability of the stratum
corneum to light (especially when it is hydrated,
as after occlusion), or to the sole reduction of
regular reflectance from an attenuated skin
microrelief, and/or from the furrows being filled
with a substance whose refraction index is close
to that of the stratum corneum (e.g., glycerol
(Solan and Laden 1977)).

– Quantitative capillaroscopy (now useable on
any body site, see ▶Chap. 118, “Cutaneous
Testing: Detection and Assessment of Allergy”)
together with green laser Doppler may become
the reference method to assess superficial vaso-
dilatation, especially at the preclinical stage.
Capillaroscopy is sensitive to both active and
passive vasodilatations (venular backflow)
whereas green laser Doppler is sensitive only
to active ones (Ubbink et al. 1996b). To our
knowledge the use of these techniques to assess
erythemas has not yet been published.

– Laser Doppler might be able to detect deep
vasodilatations, such as in actinic or allergic
erythema (Wahlberg 1989) and in some irrita-
tive erythemas, during their infraclinical stage
(Wahlberg and Wahlberg 1984, 1985).

– Irritative erythemas (sodium lauryl sulfate
(Kollias et al. 1995), retinoic acid (Kollias

et al. 1997), trauma (e.g., after a slap) (Feather
et al. 1988) are associated with the isolated
increase of HbO2. The actinic erythema is
associated with the joint increase of HbO2

and Hb (Andersen and Bjerring 1990). Stasis
erythema, especially by increase of the hydro-
static pressure, is associated with the isolated
increase of Hb (Kollias and Baqer 1986;
Feather et al. 1988).

10 Pallor

Vasoconstriction is an important physiological
phenomenon which is worth measuring in some
diseases, such as excessive sensitivity to cold or
arterial hypertension. It has also been used to
assess the activity of topical corticosteroids or
their cutaneous absorption in relation to the formu-
lation (Poelman et al. 1984). All the methods used
to measure vasodilatation are not valid to assess
vasoconstriction. Laser Doppler particularly,
which is only sensitive to moving blood cells,
may not give out any signal although the clinical
blanching is obvious (Noon et al. 1996). Further-
more, a pseudo skin blood flow increase has been
shown by imaging laser Doppler (red light) during
blanching induced by topical corticosteroids
(Sommer et al. 1998), probably caused by blood
cells acceleration under vascular narrowing.

10.1 Direct Measurement
of Vasoconstriction

Assessment of blanching is reliable using reflec-
tometry by the simple difference of the erythema
indices (Noon et al. 1996; Feather et al. 1982;
Lévêque et al. 1985). However, because of the
time required before the appearance of vasocon-
striction (several hours), time during which the
blood flowmay be altered, replacing the erythema
index of the treated zone by the difference
between this index and that of an adjacent
untreated zone is recommended (Sommer
et al. 1998).
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Using a spectrophotometric (therefore more
accurate) measurement of reflectance, Andersen
et al. (Andersen et al. 1993) have shown that the
blanching induced by corticosteroids of small and
moderate strength came from a decrease of
reduced Hb (venuloconstriction) and that the
HbO2 content (arteriolar constriction) was
reduced only by the most powerful corticoste-
roids. The measurement must also consider the
kinetics of the phenomenon, which is biphasic,
following the application of betamethazone valer-
ate. Venoconstriction begins about 3 h after cream
removal, and peaks at about the 12th hour. By the
24th hour, the condition has gone back to normal.
However, by the 32nd hour, a vasodilatation
appears although the corticosteroids blood con-
centration is at its highest level, and peaks by the
72nd hour while the corticosteroids plasmatic
concentration is still elevated (Andersen 1997;
Andersen and Maibach 1995).

Colorimetry also detects blanching and pro-
vides a classification of corticosteroids similar to
visual classification, but it seems less accurate
(Queille-Roussel et al. 1991; Broby-Johansen
et al. 1990).

Green laser Doppler seems a promising tech-
nique to measure blanching, but it has been used
until now only to show superficial vasoconstriction
to cold (Czastrau et al. 1996; Jepsen et al. 1996).

10.2 Reactive Hyperemia Test
with Vasoconstrictor

Reactive hyperemia is easily measured by laser
Doppler. Its reduction following topical cortico-
steroids can be measured by the same method
(Bisgaard et al. 1986). Techniques based on
reflectance measurement can also be used. How-
ever, the latter method is indirect, which intro-
duces an additional risk of variability.

In conclusion, the whitening induced by topi-
cal corticosteroids is a venular vasoconstriction of
the subepidermal plexus easily detectable with the
naked eye and possibly accompanied by the accel-
eration of the skin blood flow. Reflectometry and
spectrophotometry presently appear to constitute
the most reliable measurement methods. Methods

present too many hazards and should therefore be
replaced, whenever possible, by instrumental
techniques. To assess blanching in relation to
deep vasoconstriction, such as the one induced
by cold, all methods of skin blood flow measure-
ment are usable because the phenomenon is global
and concerns all types of vessels.
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Cosmetic facial skin type or cosmetic skin type is
not a term that has been defined either scientifi-
cally or medically (Youn et al. 2002). Neverthe-
less, most people commonly use this term to
explain their usual sebum-associated facial skin
condition and to efficiently select facial cosmetics
so as to prevent problems caused by skincare
products that are not appropriate for their facial
skin condition (Choi et al. 2013; Youn et al. 2013).
This terminology was in the territory of myth,
consisting of subjective feelings about the skin
expressed by people with problematic skin and
even by people with normal skin. Thus, the sub-
jectivity inherent in the concept of cosmetic skin
type always represented a hurdle for dermatolo-
gists. With recent improvements in bioengineer-
ing techniques for the skin, cosmetic skin type is
now objectively measurable and classifiable
(Youn et al. 2002; Youn 2010).

1 Definition of Cosmetic Facial
Skin Type

In general, cosmetic facial skin is classified into
three major types: oily, normal, and dry (Youn
et al. 2005a). The oily and dry types are at the
extremes of a subjective feeling of oiliness or dry-
ness. The normal type is intermediate between the
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oily and dry types. Cosmetic skin type is a term that
was spontaneously developed by laypersons, as
mentioned earlier. Consequently, clear-cut criteria
for classification that exclusively fit each skin type
did not exist. In the past, questionnaires describing
skin type-related symptoms (STRS) (Choi
et al. 2013) were used to differentiate cosmetic
facial skin types (Table 1). Classification by these
STRS questionnaires inevitably results in an over-
lap of skin types. The combination type is the
fourth cosmetic skin type and is themost frequently
encountered type (Youn et al. 2005a). Combination
skin type indicates regional differences in sebum-
associated skin type on an individual’s face.

Following the development of sebum measur-
ing devices, there have been some efforts to incor-
porate the concept of cosmetic skin type into the
scientific field (Youn et al. 2002, 2005a; Choi
et al. 2013; Youn 2010). The Sebumeter® is the

most commonly used bioengineering device for
sebum measurement. The SM 815 is the most
recent model and canmeasure surface sebum secre-
tion amounts in the range 0–350μg/cm2. To define a
cosmetic skin type with the Sebumeter® or another
sebum measuring device, one should keep in mind
that regional sebum secretion amounts vary from
one facial site to another. Thus, sebummeasurement
should be controlled and remeasured from time to
time. Youn et al. suggested that sebum should be
measured at five sites on the face, and the forehead
(mid-glabella), nose (tip of the nose), both cheeks
(the most protruding areas of the zygoma), and chin
(mental prominence) are the controlled measure-
ment points (Youn et al. 2002). Among these five
sites, the forehead, nose, and chin constitute the
high sebum-secreting zone (the so-called T zone),
while the cheeks constitute the low sebum-secreting
zone (the so-called U zone). By integrating these
five points into a whole, we can simply calculate the
sebum amounts at these five sites. This calculation
is termed the mean facial sebum excretion (MFSE)
(Youn et al. 2002). It can be easily memorized and
calculated, but this arithmetic mean cannot reflect
the exact areas of high sebum secretion or low
sebum secretion contributing to whole face sebum
secretion. Area weighting is needed to correct this
inequality in sebum secretion. The new area-
weighted formula for the evaluation of facial
sebum secretion is as follows (Youn et al. 2013):

AW whole face sebum excretion

¼ 6� forehead sebumþ 1� nose sebum þ 2� chin sebumþ 5� right cheek sebumþ 5� left chin sebum

19

This equation was previously suggested for the
calculation of mean facial pH (Youn et al. 2013)
and was derived from the rule of fours (Yoon
et al. 2008) for the estimation of regional facial
areas. The rule of fours calculation introduced
the area-weighted concept by considering the
proportional area of the facial region and could
also be applied to the mean of the facial sebum.
However, the arithmetic mean has been used in
most research dealing with sebum secretion.

In fact, when attempting to classify cosmetic
facial skin types, the mean sebum secretion of the

whole face is not meaningful. It is necessary to
divide the face into a high sebum-secreting T
zone and a low sebum-secreting U zone and
calculate the mean of each zone (Youn
et al. 2005a). The T zone and U zone have fun-
damentally different basal sebum secretion
amounts, and the same standard values cannot
be applied to each area. Choi et al. suggested a
95 % confidence interval of the casual sebum
secretion amount in each area for the four cos-
metic facial skin types (Table 2) (Choi
et al. 2013). The definition of the combination

Table 1 Skin type-related symptoms for the classification
of cosmetic facial skin types

1. Dryness

2. Tightness

3. Coarseness

4. Washout of makeup

5. Quick production of sebum

6. Feeling differences in oiliness

7. Frequencies of acne lesions

8. Oiliness
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type is different from those of the other three
types (Youn et al. 2005a). The combination
type should show a mismatch of sebum secretion
amounts between the T zone and the U zone.
Examples of combination skin types are an oily
T zone with a normal U zone, a normal T zone
with a dry U zone, and an oily T zone with a dry
U zone. In general, the MFSE of combination
skin types is in-between those of the oily skin
type and the normal skin type (Youn
et al. 2005a).

2 Factors Affecting Cosmetic
Skin Type

Cosmetic skin type is always affected by the
amount and change of facial sebum secretion
and partly by the facial hydration status. In fact,
the degree of hydration changes according to the
environmental humidity and can also be changed
by the application of moisturizers. Thus, facial
sebum secretion, which can be affected by exter-
nal factors to a relatively lesser degree than hydra-
tion status, is the main determining factor of
cosmetic skin type.

Cosmetic facial skin type is not fixed through-
out a person’s lifetime because the sebum secre-
tion amount is not steady. This variation in the
sebum secretion amount is affected by either inter-
nal or external factors. The sebum secretion
amount shows diurnal variations, and therefore
set measurement conditions are needed to achieve
precise sebum measurements in standard condi-
tions for the purpose of comparing intra- or inter-
personal changes. The major external factor that
substantially impacts sebum secretion is seasonal
change. Sebum secretion is highest in the summer,
and summer sebum secretion values are statisti-
cally different from those of the other three

seasons. This means that there is a certain possi-
bility for facial skin type change, especially for a
change into a more oily skin type in the summer
season (Youn et al. 2005a; Sakuma and Maibach
2012). Interestingly, cosmetic skin type as mea-
sured by sebum amount does not show any
change toward a more dry skin type in the winter
season (Youn et al. 2005a).

Aging is a major internal factor that affects
sebum secretion amount. Sebum secretion
amounts in males remain stable with increasing
age, whereas sebum secretion amounts in females
progressively decrease (Luebberding et al. 2013;
Choi et al. 2011). This means that aging women
could show a change of cosmetic skin type from
an oilier type to a drier type over their lifetimes.

3 Measurement by
Bioengineering Devices

As mentioned earlier, the Sebumeter® is the most
commonly used scientific device for measuring
sebum amounts. The main strength of the
Sebumeter® for cosmetic skin type classification is
that it is a simple, fast, and easily quantifiable
device. Other sebum measuring devices or tools
like the Sebufix® (Dobrev 2007) or Sebutape®

(Clarys and Barel 1995) cannot measure sebum
numerically in a convenient way. The Sebumeter®

is also valuable for cosmetic skin type determina-
tion because many reports exist on its use in the
assessment of sebum-related normal skin physiol-
ogy. Practically, this is a relatively expensive device
for the routine assessment of cosmetic facial skin
type. Cheaper informal devices are used in cos-
metics shops for cosmetic facial skin type
determination.

There are some imaging devices with CCD cam-
eras and UV illumination that could be used to

Table 2 The casual sebum level of four cosmetic skin types according to the facial zone (Adapted from the study by Choi
et al.)

Dry Normal Combination Oily

T zone 120.8–174.9 139.8–206.7 190.4–223.6 204.6–235.4

U zone 55.4–113.6 78.8–150.8 109.8–145.5 120.6–153.7

Whole face 97.3–147.6 118.7–180.9 159.8–190.6 172.5–201.1

The unit of sebum amount is μg/cm2 as measured by the Sebumeter®
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determine cosmetic facial skin type (Kim et al. 2013)
by analyzing sebum amounts from UV photographs
using computer software. Most of these types of
devices are not fully validated by clinical studies
with large numbers of normal subjects.

4 Association with Acne Vulgaris

Two main interests triggered by the concept of
cosmetic facial skin type are the selection of skin
type appropriate cosmetics and the association of
skin type with the development of facial skin
lesions such as acne vulgaris (Youn 2010; Youn
et al. 2005b; Kim et al. 2006).

Increased sebum secretion is one of the main
pathogenetic mechanisms of acne, and it is usu-
ally observed that acne patients subjectively
regard their facial skin type as oily without any
objective evidences. In a study (Choi et al. 2013)
of 709 acne patients, subjectively determined skin
type results as assessed by STRS indicated
302 oily type patients, 303 combination type
patients, 40 normal type patients, and 64 dry
type patients. Most acne patients feel that they
have oily or combination skin types. The study
also objectively reevaluated the acne patients’
cosmetic skin types with Sebumeter® measure-
ments. This revealed a skin type distribution of
126 oily type patients, 379 combination type
patients, 143 normal type patients, and 61 dry
type patients. Interestingly, the number of objec-
tively determined oily skin type patients was
lower than the number of subjectively determined
oily type patients. Combination type is the most
common skin type in acne patients. This finding
may be attributed to ordinary people’s prejudice
that acne patients have oilier skin compared with
people with normal skin. Most combination types
show an oily type T zone and a normal type U
zone. This suggests that the increased sebum
secretion caused by androgen activity is mainly
located in the T zone area. Alternately, we can
postulate that the sebaceous glands located in the T
zone start functioning earlier than the sebaceous
glands in the U zone. Regarding this assumption,

it is worth noting that early-onset, adolescent type
acne is mainly distributed in the T zone (Choi
et al. 2011). By contrast, late-onset, postadolescent
acne generally presents with more acne lesions in
the U zone as compared with adolescent acne.

Additional very useful information provided
by the former study (Choi et al. 2013) is that
subjective skin type as determined by the subjec-
tive assumptions of general people is relatively
well correlated with objective determinations
made by bioengineering measurements. There-
fore, even when expensive measuring devices
are not available, we can simply determine sub-
jects’ cosmetic skin types by using reliable STRS
questionnaires. To increase the validity of the
questionnaire, clearer differentiation between the
oily type and combination type is needed. Many
people with combination type skin
mischaracterize their skin as the oily type because
they focus on the oilier T zone when evaluating
their cosmetic skin type (Youn 2010).

5 New Cosmetic Skin Area:
O Zone

When we attempt to measure facial sebum secre-
tion in all regions of the face, it is obvious that
there are regional differences in the amounts of
sebum secretion. The concept of a high sebum-
secreting T zone and a low sebum-secreting U
zone existed even before facial sebum could be
measured quantitatively. Differences in sebum
secretion between these two zones are so obvious
that laypersons may discriminate between them
without measurement. However, in the current
bioengineering era, we were able to identify a
third, different zone that shows distinctive char-
acteristics as compared with the other areas. The
perioral area, which was formerly a part of the T
zone, has intermediate sebum-secreting character-
istics that fall between those of the T zone and the
U zone. A study that described the perioral area as
a new cosmetic zone named it the “O” zone (Youn
et al. 2014). The mean sebum secretion amount of
the T zone excluding the perioral area was
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218.04 � 126.28 μg/cm2 and the U zone sebum
secretion amount was 122.63 � 110.99 μg/cm2.
The mean sebum secretion amount was
193.26 � 125.84 μg/cm2 for the O zone, and
while this value was closer to the sebum secretion
amount of the T zone than the U zone, it showed a
statistical difference from the T zone amount.
Therefore, the O zone is a moderate to high
sebum-secreting zone that differs from the other
areas, especially from the former T zone.

The difference of sebum secretion capability
in the O zone would be somewhat affected by
the age-related lesion distribution pattern in
acne patients. Additionally, perioral dermatitis
also implies that the O zone area possesses cer-
tain physiological and pathological differences.
This regional difference of the O zone area
should be elucidated in more detailed topo-
graphic studies.

6 Future of Cosmetic Skin Type
Determination

Converting the general public’s common sense
beliefs into those based on academic science is
always difficult. While cosmetic skin type is a mea-
surable element that has been studied by many
researchers, it remains in the layperson’s domain.
This is because subjective skin type assessment is
very cheap and more easily accessible than objective
assessment and because most people do not require
further scientific evaluation for the selection of facial
cosmetics. Thus, researchers who try to develop an
easy way of measuring skin type should incorporate
objectivity into subjective skin type determinations.
Another important aspect of cosmetic skin type
determination is simultaneous wide multifocal mea-
surement. Current sebum measurements have been
limited to the anatomical focus of the small applica-
tion area of the Sebumeter® cassette. Direct contact
quantitative measurement of all areas of interest is
ideal for approaching the real sebum secretion
amount. Innovative technological improvements
will ultimately achieve this goal.
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1 Introduction and Definition

Cellulite is a very common clinical condition in
which there is modification of skin topography
evident by skin dimpling and nodularity, giving
an orange peel, cottage cheese, or mattress aspect
to the skin (Segers et al. 1984; Scherwitz and
Braun-Falco 1978; Hexsel et al. 2009a; Khan
et al. 2010), more commonly presenting on the
buttocks, lower limbs, and abdomen. It is a local-
ized metabolic and a complex architectural multi-
factorial disorder of the subcutaneous tissue
(Hexsel et al. 2009a; Khan et al. 2010). This
condition can be found in different age groups
and in both sexes, but the prevalence is higher in
females after puberty and in obese patients, being
reported as a normal manifestation of obesity
(Hexsel and Mazzuco 2000). On the other hand,
cellulite is also present in nonobese individuals
(Hexsel et al. 2009a; Khan et al. 2010).

The pathophysiology of cellulite is complex,
and there are many theories to elucidate it. The
majority of the theories involve alterations to the
adipose tissue and microcirculation causing
fibrosclerosis of the connective tissue. It is con-
sidered a noninflammatory, degenerative

D. Hexsel (*)
Brazilian Center for Studies in Dermatology, Department
of Dermatology, Pontificia Universidade Catolica do Rio
Grande do Sul (PUC-RS), Porto Alegre, RS, Brazil
e-mail: doris@hexsel.com.br

C.L. Hexsel
Brazilian Center for Studies in Dermatology, Porto Alegre,
Brazil

F.N. Bastos
Universidade Luterana do Brasil, Canoas, Brazil

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_93

1385

mailto:doris@hexsel.com.br


condition, producing alterations to the hypoder-
mis producing irregular undulations on the skin
overlying the affected areas (Hexsel et al. 2010).

Differences in subcutaneous tissue architecture
between men and women may explain the female
sex predominance of this condition (N€urnberger
and M€uller 1978). In women, bands of connective
tissue are oriented radially or perpendicular to the
skin surface (N€urnberger and M€uller 1978; De la
Casa et al. 2012). As the fat layer expands, herni-
ation of subcutaneous fat within fibrous connec-
tive tissue occurs, leading to a puckered
appearance of the skin (Querleux et al. 2002;
Piérard et al. 2000). In men, these septa adopt an
oblique zigzag pattern, which holds the fat layer
and prevents the projection of the adipose tissue
on the skin surface (De la Casa et al. 2012;
Querleux et al. 2002; Piérard et al. 2000) (Fig. 1).

The skin surface alterations are comprised of
depressed and raised areas, compared to normal
adjacent skin. Depressed lesions occur due to the
presence of fibrous septa that pull the skin surface
down, and raised areas are the projection of under-
lying fat to the skin surface (Hexsel et al. 2009a).
Recent studies have shown the anatomic struc-
tures involved in cellulite. One of those studies
utilizing MRI analysis concludes that cellulite

depressions on the buttocks are associated with
the presence of underlying fibrous septa, (Hexsel
et al. 2009b) which pulls the skin surface down,
projecting the underlying fat to the skin surface
and resulting in the raised areas (Hexsel 2001). It
was found that all fibrous septa in the examined
areas were perpendicular to the skin surface and
most of them were ramified (Hexsel et al. 2009a).

Despite the morphological basis which
explains the clinical presentation of cellulite, the
pathophysiology of cellulite is still not fully elu-
cidated. It seems to be a physiological phenome-
non or at least that it has a physiological origin
(De la Casa et al. 2012). It is a multi-causal disor-
der, with the coexistence of a number of factors
that trigger, perpetuate, or exacerbate it (De la
Casa et al. 2012). Flaccidity, laxity, or sagging of
the skin further aggravates morphological alter-
ations in the majority of patients (Hexsel
et al. 2009a). Minor factors, such as weight gain
or loss, localized tissue vascularity and
postinflammatory changes, hormonal and genetic
influences, and lifestyle, may also have an impor-
tant role in cellulite’s pathogenesis (Khan
et al. 2010).

With the purpose of measuring cellulite sever-
ity and the effects of treatment modalities, a

Fig. 1 Sequence of magnetic resonance imaging of a
patient in an area with a cellulite depression. The first
slice (a) shows a skin marker identifying the cellulite

depression. The second slice (b) shows typical, thicker,
ramified, and perpendicular fibrous septum
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comprehensive objective method of measuring
cellulite was developed and is presented in this
chapter, the new Cellulite Severity Scale (CSS)
(Hexsel et al. 2009a). It considers important clin-
ical and morphological aspects involved in the
cellulite for its classification.

2 Classification and Scoring

Cellulite classification and scoring is of great rel-
evance to accurately follow up treatment out-
comes. This is also important to determine the
more appropriate treatment for each patient. The
evaluation of a patient with cellulite is mostly
performed with clinical examination, and two
classifications have already been developed
aiming to determine different degrees of this con-
dition. Cellulite must be evaluated with patients in
standing position with relaxed muscles, so as to
correctly identify the depressed and raised lesions
of cellulite that are clearly apparent, regardless of
pinch test or muscular contraction (Hexsel and
Mazzuco 2000).

N€urnberger and M€uller (1978) have described
the most widely used classification until the last
few years. They classified cellulite in degrees
0 to III, which varied from the complete absence
of cellulite to its occurrence in a more severe
degree (Table 1). A pinch test can be done to
make the lesions more evident or to differentiate
grades 0 from I.

Although largely used and practical, the
abovementioned classification does not comprise
all important additional morphologic aspects of cel-
lulite and, thus, is not comprehensive enough to
identify individual needs for treatment and to eval-
uate different treatment responses. Aiming to fulfill

this gap, Hexsel, Dal’Forno, and Hexsel published
the Cellulite Severity Scale (Hexsel et al. 2009a)
(Table 2), which is based on five important clinical
and morphological aspects of cellulite providing a
more detailed classification for cellulite: (A) number
of evident depressed lesions, (B) depth of depres-
sions, (C) morphologic appearance of skin surface
alterations, (D) grade of flaccidity or sagging skin,
and (E) grade of cellulite. Each of these items is
graded from zero to three. The total sum of the
scores of each item indicates the cellulite grading
as mild, moderate, or severe, as shown in Table 3.

The Cellulite Severity Scale (Hexsel
et al. 2009a) is an alpha-photonumeric scale. Its
main advantage is that it can indicate which mor-
phological aspect is the most significant compo-
nent of cellulite for each patient, allowing the
physician to determine the most suitable treatment
for the patient. For example, a patient with impor-
tant laxity (e.g., grade 3 of letter D) and mild
depressed lesions (e.g., grade 1 of letter B) should
be treated for laxity to have an important improve-
ment in cellulite grading rather than undergoing a
Subcision®, which aims the treatment of
depressed lesions.

De La Casa Almeida and cols (2013) assessed
the intra- and interobserver reliability of the appli-
cation of the CSS to a Spanish female population.
They observed excellent reliability and internal
consistency when used to evaluate cellulite on
the buttocks and back of the thighs considered
together. However, they considered that the
dimension grade of laxity, flaccidity, or sagging
skin does not contribute positively to the final
consistency of the scale and suggested further
analysis in greater depth in future studies.

The CSS has been used in some studies for the
assessment of cellulite improvement after

Table 1 Classification of cellulite based on clinical criteria (Piérard et al. 2000)

Grade or
stage Clinical characteristics

0 (zero) Skin surface is smooth

I The skin surface is smooth while the subject is standing or lying, but the alterations to the skin surface
can be seen by pinching the skin or with muscle contraction

II The orange skin or mattress appearance is evident when standing, without the use of any manipulation
(skin pinching or muscle contraction)

III The alterations described in grade or stage II are present together with raised areas and nodules
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different treatments, being an objective and reli-
able tool to evaluate clinical trial outcomes
(Hexsel et al. 2011, 2013; Knobloch et al. 2010).

Alexíades-Armenakas (Alexiades-Armenakas
et al. 2008) and cols used a quantitative four-

point grading scale to assess cellulite in a clinical
trial that studied the use of unipolar radio-
frequency treatment to improve the appearance
of cellulite. However, there is no reference of
validation of this scale (Table 4).

Table 2 Hexsel, Dal’Forno, and Hexsel e Cellulite Severity Scale (CSS) (Hexsel et al. 2010)

(A) Number of evident depressions

This item refers to the total number of evident depressions by visual inspection in the area to be examined. The scores are
expressed as follows:

ZERO = None/no depressions

1. A small amount: 1–4 depressions are visible

2. A moderate amount: 5–9 depressions are visible

3. A large amount: 10 or more depressions are visible

(B) Depth of depressions

This item evaluates the depth of depressions by visual inspection of the affected areas; comparison to the pictures of CSS
is recommended

ZERO = No depressions

1. Superficial depressions

2. Medium depth depressions

3. Deep depressions

(C) Morphological appearance of skin surface alterations

Item C assesses the different morphological patterns of skin surface alterations; comparison with the pictures of CSS is
recommended

ZERO = No raised areas

1. “Orange peel” appearance

2. “Cottage cheese” appearance

3. “Mattress” appearance

(D) Grade of laxity, flaccidity, or sagging skin

Laxity, flaccidity, or sagging skin confers the affected skin a draped appearance. This effect aggravates the appearance of
cellulite. Item D assesses the grade of flaccidity, and comparison to the pictures of CSS is recommended

ZERO = Absence of laxity, flaccidity, or sagging skin

1. Slight draped appearance

2. Moderate draped appearance

3. Severe draped appearance

(E) Classification scale by N€urnberger and M€uller

This item is based on the current classification of cellulite shown in Table 1. Patients should be evaluated in the standing
position with relaxed gluteus muscles. However, if the patient has no evident depressions, they should be asked to
contract their gluteus muscles or the pinch test should be applied (by pinching the skin between the thumb and index
finger) in order to differentiate between scores 0 and 1 (see Fig. 1, item E – contracted)

ZERO = Zero grade

1. First grade

2. Second grade

3. Third grade

Table 3 New classification of cellulite based on the results of scores of Cellulite Severity Scale

Points New classification of cellulite

1–5 Mild

6–10 Moderate

11–15 Severe
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Table 4 Comprehensive cellulite grading scale

Grade Contour Dimple density
Dimple
distribution Dimple depth Diameter % change

0 Smooth 0 0 0 100� {[pre-post]/pre}

1 1 indentation 1–2/site 1 site Shallow (1–2 mm)

2 2 indentations 3–5/site 2 sites Moderate (3–4 mm)

3 3 indentations 6–8/site 3 sites Advanced (5–6 mm)

4 >3 indentations >9/site 4� sites Deep (>7 mm)

Sites (graded individually): buttock, anterior thigh upper, anterior thigh lower, posterior thigh upper, posterior thigh lower;
upper refers to upper one-half and lower to lower one-half of thigh length
Diameter: mean difference in diameter (mm) on photographic superimposition
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1 Introduction

Atopic dermatitis (AD) is a common inflammatory
skin disease, affecting approximately 10–30 % of
children and 2–3 % of adults (Bieber and
Bussmann 2012; Eichenfield et al. 2014; Williams
et al. 1999). Atopic dermatitis is characterized by
eczematous skin eruptions, often accompanied by
other atopic disorders such as asthma and allergic
rhinoconjunctivitis. Pathogenesis of AD involves
genetic, immunologic, and environmental factors
causing skin barrier dysfunction as well as
immune dysregulation leading to the constellation
of clinical findings. Pruritus, dry skin, erythema,
edema, erosions and excoriations, oozing and
crusting, and lichenification are key clinical man-
ifestations of AD. AD, also known as atopic
eczema, is a chronically relapsing course. Provid-
ing better care for affected individuals highlights
the need for comprehensive evaluation of disease
activity and measurements of disease severity.
This chapter reviews validated scoring methods
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developed for comprehensive evaluation of dis-
ease severity in atopic dermatitis.

2 Diagnosis

AD is diagnosed clinically based on history, mor-
phology, distribution, and other clinical signs.
Hanifin and Rajka developed the first formal diag-
nostic criteria in 1980 (Hanifin and Rajka 1980).
Several groups have proposed other diagnostic
criteria, but the most widely accepted set of
criteria is developed by the United Kingdom
(UK) Working Party (Williams et al. 1994, 1999;
Haileamlak et al. 2005; Gu et al. 2001). Both the
Hanifin and Rajka and UK Working Party diag-
nostic principles have been validated and tested in
different populations and are presented in Table 1
(De et al. 2006; Mevorah et al. 1988; Loden
et al. 1998; Samochocki et al. 2000).

3 Clinical Scoring

Measurement of disease activity is key in clinical
management and monitoring of individual
patients. Standardization of measurement tools
and harmonizing outcome measures is critical, in
evidence-based practice. Considering high dis-
ease burden of AD, multiple scoring methods
have been developed over the past decades
(Table 2), but a few are considered reliable and
validated.

Disease severity in atopic dermatitis can be
measured based on subjective assessment of
symptoms, objective measurements of clinical
features, and tools to assess quality of life. Addi-
tional data may be obtained from epigenetic test-
ing, bioengineering methods, and some
inflammatory markers; however, these methods
are not validated for measurements of disease
activity (Gutgesell et al. 2002; Rodriguez
et al. 2014).

The need for standard, reliable, and clinically
meaningful outcome measures prompted founda-
tion of the Harmonising Outcome Measures for
Eczema (HOME) initiative in 2008, with the goal

to facilitate evidence-based multidisciplinary con-
sensus on core outcome sets (COS). Two levels of
COS include outcome domains and outcomemea-
sures (The HOME (Harmonising Outcome Mea-
sures for Eczema) 2014). In general, outcome
domains relate to the concept that needs to be
measured (e.g., clinical signs of atopic eczema),
and outcome measures relate to the methods that
are used to measure them (e.g., the Eczema Area
and Severity Index (EASI) to measure signs)
(Fig. 1; The HOME (Harmonising OutcomeMea-
sures for Eczema) 2014; Schmitt et al. 2007, 2013,
2014; Sidbury et al. 2014).

In a recent systematic review on properties of
outcome measures for clinical signs of AD, two
scoring methods, namely, Eczema Area and
Severity Index (EASI) (Tofte et al. 1998) and
Severity Scoring of Atopic Dermatitis
(SCORAD) index (Severity scoring of atopic der-
matitis: The SCORAD index. consensus report of
the european task force on atopic dermatitis
1993), were found to have the best measurement
properties. The Six Area, Six Sign Atopic Derma-
titis (SASSAD) (Berth-Jones 1996) severity score
and Three-Item Severity (TIS) (Wolkerstorfer
et al. 1999) score fulfill some quality criteria, but
unclear about all required measures. Patient-
Oriented Eczema Measure (POEM) (Charman
et al. 2004) was found reliable and responsive
but had inadequate content validity for assessing
clinical signs of AD. This chapter focuses on these
scoring methods.

4 Severity Scoring of Atopic
Dermatitis (SCORAD) Index

Severity Scoring of Atopic Dermatitis is a com-
posite scoring index based on objective data
(extent and intensity of involvement) and subjec-
tive symptoms (itching and sleep loss) (Severity
Scoring of Atopic Dermatitis 1993). SCORAD
was developed in the early 1990s by the
European Task Force on Atopic Dermatitis and
remains a major scoring method. The score is
calculated based on the following measures
(Fig. 2):
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(A) Extent of involvement; rule of 9 is applied in
adults and modified in children (see Fig. 2).
Score for each area is added up, and the total
area is referred to as “A” (maximum score is
100 referring to100 % body surface area).

(B) Intensity of the signs in the representative
area of eczema is scored as none (0), mild

(1), moderate (2), or severe (3). The assessed
signs are:
• Erythema
• Edema/papulation
• Oozing/crusting
• Excoriations
• Lichenification

Table 1 Diagnostic features of atopic dermatitis (Hanifin and Rajka 1980; Williams et al. 1994; Williams 2005)

Hanifin and Rajka criteria UK Working Party’s diagnostic criteria for ADa

Major features (3 out of 4 present) Must have

Pruritus An itchy skin condition (or parental report of scratching or rubbing
in a child)Typical morphology and distribution of

skin lesions

Chronic or chronically relapsing
dermatitis

Personal or family history of atopy

Minor features (3 out of 23 present) Three or more of the following

Xerosis History of involvement of the skin creases such as folds of elbows,
behind the knees, fronts of ankles, the neck, and around the eyesb

Ichthyosis/palmar hyperlinearity/keratosis
pilaris

A personal history of asthma or hay fever (or history of atopic
disease in a first-degree relative in children under 4 years of age)

Immediate (type I) skin test reactivity A history of generally dry skin in the last year

Elevated serum IgE Visible flexural eczema (or eczema involving the cheeks/forehead
and extensor limbs in children under 4 years of age)

Early age of onset Onset under 2 years of age (not used if child is under 4 years of age)

Tendency toward cutaneous infections/
impaired cell-mediated immunity

Tendency toward nonspecific hand or foot
dermatitis

Nipple eczema

Cheilitis

Recurrent conjunctivitis

Dennie–Morgan infraorbital fold

Keratoconus

Anterior subcapsular cataract

Orbital darkening

Facial pallor/erythema

Pityriasis alba

Anterior neck folds

Pruritus when sweating

Intolerance to wool and lipid solvents

Perifollicular accentuation

Food intolerance

Course influenced by environmental/
emotional factors

White dermographism/delayed blanch
aModified in 2005
bOriginal 1994 guidelines also included the cheeks in young children
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• Dryness (this is assessed in an area where
there is no inflammation)
The intensity scores are added together to

make “B” (maximum score is 18).
(C) Subjective symptoms for the last 3 days or

nights include:
• Pruritus (visual analog scale 0–10)
• Sleep loss (visual analog scale 0–10)
These scores are added to give “C” (maxi-
mum score 20).

The SCORAD for each individual is calculated
based on this formula A=5þ 7B=2 þ C.

5 Eczema Area and Severity Index
(EASI)

EASI is an objective scoring method that mea-
sures both extent and severity of involvement in
four anatomical areas (Tofte et al. 1998). The
intensity of clinical signs of inflammation includ-
ing erythema, induration/papulation, excoriation,
and lichenification is assessed as defined below.
Symptoms like pruritus, as well as secondary
signs like xerosis, and scaling are excluded from
assessments. Anatomic regions include the head
and neck, upper extremities, trunk, and lower

Table 2 Named eczema outcome measures

ADAM (Charman et al. 1999b) Atopic Dermatitis Assessment
Measure

ADASI (Bahmer et al. 1991; Bahmer 1992) Atopic Dermatitis Area and
Severity Index

ADAS (Baek et al. 2015) Atopic Dermatitis Antecubital
Severity

ADSI (Van Leent et al. 1998) Atopic Dermatitis Severity Index

BCSS (Verwimp et al. 1995) Basic Clinical Scoring System

EASI (Tofte et al. 1998) Eczema Area and Severity Index

FSSS (Mastrandrea et al. 2005) Four-Step Severity Score

IGADA (Schachner et al. 2005) Investigator’s Global Atopic
Dermatitis Assessment

Leicester (Berth-Jones and Graham-Brown 1993) Leicester Index

NESS (Emerson et al. 2000) Nottingham Eczema Severity
Score

OSAAD (Sugarman et al. 2003) Objective Severity Assessment of
Atopic Dermatitis

POEM (Charman et al. 2004) Patient-Oriented Eczema Measure

PO-SCORAD (Stalder et al. 2011) Patient-Oriented Scoring of Atopic
Dermatitis

RL Score (Rajka and Langeland 1989) Rajka and Langeland Score

SA-EASI (Housman et al. 2002) Self-Administered Eczema Area
and Severity Index

SASSAD (Berth-Jones 1996) Six Area, Six Sign Atopic
Dermatitis severity score

SCORAD (Severity scoring of atopic dermatitis: The SCORAD index. consensus
report of the european task force on atopic dermatitis 1993)

Severity Scoring of Atopic
Dermatitis index

SIS (Kagi et al. 1992) Skin Intensity Score

SSS (Costa et al. 1989) Simple Scoring System

TBSA (vanJoost et al. 1994) Six-Area Total Body Severity
Assessment

TISS (Wolkerstorfer et al. 1999) Three-Item Severity Score

WAZ-S (Silny et al. 2005) (Polish acronym for atopic
dermatitis severity score)
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extremities. The percentage of areas involved in
each of the four body regions is assigned a pro-
portional score from 0 to 6 during the analysis:
none (0), 1–9 % (1), 10–29 % (2), 30–49 % (3),
50–69 % (4), 70–89 % (5), and 90–100 % (6). The
intensity of erythema, induration/papulation/
edema, excoriation, and lichenification of the
eczema is assessed as none (0), mild (1), moderate
(2), and severe (3).

Calculation methods are summarized in Fig. 3,
and case scenario is presented to better clarify
these calculations:

A 6 year old girl presents with a flare of atopic
eczema. She has involvement of neck with mild
erythema and scant excoriations (about 20 % of
head and neck involved), bilateral antecubitals and
forearms are involved with moderate erythema,
several excoriations and moderate lichenification
(about 15 % of upper limbs involved), on flexor
knees she has deep dark erythematous plaques with
moderate edema, several excoriations and moderate
lichenification (9 % of lower limbs are involved).
On trunk she has mild xerosis otherwise clear. The
four intensity scores are added up for each body
regions as follows:
• Head and neck (mild erythema and scant exco-

riations) � (area of involvement 20% of head

and neck)� (0.2 for age<7) = (1 + 0 +1+0)� 2
� 0.2 = 1.2

• Upper Limbs (moderate erythema, several exco-
riations and moderate lichenification) � (15 %
of upper limbs) � 0.2 = (2+0+2+2) � 2� 0.2 =
2.4

• Trunk (xerosis) = 0
• Lower limbs with deep dark erythema, moderate

edema, several excoriations and moderate
lichenification) � (9% of lower limbs) � 0.3 =
(3+2+2+2) � 1 � 0.3 = 2.7

EASI = 1.2 + 2.4 + 2.7 = 6.3

The EASI is a valid and internally consistent
scoring method with adequate intraobserver reli-
ability, intermediate interobserver reliability, and
adequate responsiveness (Schmitt et al. 2013).
The use of (at least) EASI in future atopic eczema
trials is recommended for improved evidence-
based communications (Schmitt et al. 2015).

5.1 Three-Item Severity (TIS) Score

Three-Item Severity (TIS) score is a simple objec-
tive scoring method based on only three intensity

Core Outcome Set (COS)
is a consensus-derived

minimum set of outcomes
to be assessed in a specific

clinical condition

Core Outcome Domains:
Relate to “what” elements

of a disease arer being
measured

Core Outcome Measures:
Relate to “how” the domain

measurements are done

Examples of domain:

- Signs

- Symptoms

- Cost

- Safety

- Quality of Life

- SCORAD

- EASI

- SASAAD

- TIS

Examples to measure
Signs for Eczema:

Fig. 1 Core outcome domains and core outcome measures (The HOME (Harmonising Outcome Measures for Eczema)
2014; Schmitt et al. 2015)
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items (erythema, edema/papulation, and excoria-
tions) (Wolkerstorfer et al. 1999). Similar to
SCORAD, each item is scored based on the most
representative lesion, meaning that different items
may be scored on different sites. Intensity of the
signs in the representative area of eczema is
scored as none (0), mild (1), moderate (2), or
severe (3). The assessed signs are:

• Erythema
• Edema/papulation
• Excoriations

The range of TIS score lies between 0 and
9. TIS score is a reliable and simple scoring
system with good content validity. It is applica-
ble in routine clinical practice and for screening
purposes in clinical trials (Wolkerstorfer
et al. 1999).

6 Six Area, Six Sign Atopic
Dermatitis (SASSAD) Severity
Score

In this method, disease activity is assessed by
grading six signs (erythema, exudation, excoria-
tion, dryness, cracking, and lichenification), each
on a scale of 0 (absent), 1 (mild), 2 (moderate),
or 3 (severe), at each of six sites: arms, hands,
legs, feet, head and neck, and trunk (Berth-Jones
1996). The maximum score is 108. This method
eliminates risk of unreliable body surface
area measurements by inexperienced observer
(Berth-Jones 1996; Charman et al. 1999a). As an
outcome measure, SASSAD meets some quality
items and has the potential to be recommended in
clinical trials, depending on further validation
studies.

Severity Scoring of Atopic Dermatitis index  (SCORAD)

A: Extent (percentage of area involved)

Figures within parenthesis are used
For children under 2 years

B: Intensity

(8.5%)(8.5%)

18%
18%

4.5% 4.5% 4.5% 4.5%

9% 9% 9%9%

(6%) (6%)

4.5%
4.5%

C: Subjective Symptoms (Pruritus and Sleep loss)

Criteria Intensity Means of Calculation

Edema/papulation

Oozing/Crusting

Erythema

Excoriations

Lichenification

Dryness*

Visual analog scale
(average for the last 3
Days or nights)

Pruritus (0-10)

Sleep Loss (0-10)
0 10

SCORAD : A/5 + 7B/2 + C

Intensity items [average
representative area
0=Absence
1=mild
2=moderate
3=sever

*Dryness is evaluated on
uninvolved skin

1%

Fig. 2 Severity Scoring of Atopic Dermatitis (SCORAD) index (Severity scoring of atopic dermatitis: the SCORAD
index. consensus report of the european task force on atopic dermatitis 1993)
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7 Patient-Oriented Eczema
Measure (POEM)

This is a subjective scoring system based on a
questionnaire focusing on seven symptoms,
using a simple 5-point scale of frequency of
occurrence during the previous week (Charman
et al. 2004). The maximum total score is 28.
Patients are asked to circle one response for each
question. Questions are as follows:

1. Over the last week, on how many days has your/your
child’s skin been itchy because of the eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

2. Over the last week, on how many nights has your/your
child’s sleep been disturbed because of the eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

(continued)

3. Over the last week, on how many days has your/your
child’s skin been bleeding because of the eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

4. Over the last week, on how many days has your/your
child’s skin been weeping or oozing clear fluid because
of the eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

5. Over the last week, on how many days has your/your
child’s skin been cracked because of the eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

6. Over the last week, on how many days has your/your
child’s skin been flaking off because of the eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

7. Over the last week, on how many days has your/your
child’s skin been felt dry or rough because of the
eczema?

No
days

1–2 days 3–4 days 5–6 days Every
day

Eczema Area and Severity Index (EASI)
Body regions•

•

•

•

Scoring of areas of Involvement in each anatomical region (Area)

Calculation of Intensity

Criteria

Erythema (E)

Excoriation (Ex)

Lichenification (L)

Head/Neck

Upper limbs

Trunk

Lower limbs

EASI Sum of the above four body areas Total score =

Infiltration/Papulation (I)

None Faintly detectable erythema,
very light pink

Barely perceptible elevation

Scant evidence of excoriation
No erosion or crust

None

None

None

0 1 2 3

Calculations

–     Head/neck
–     Upper limbs
–     Trunk
–     Lower limbs

0 1 2 3 4 5 6

No eruption <10% 10%-29% 30-49% 50-69% 70-89% 90-100%

Light thickening of skin
discernable only by touch

Dull red, clearly distinguishable

Clearly perceptible elevation

Several linear mark, some erosion
or crust

Definite thickening of skin with
exaggerated markings and markings
and visible criss-cross pattern

Deep, dark red

Extensive elevation

Many erosive and/or
crusty lesions

Thickened Indurated skin
and visible exaggerated
criss-cross pattern

(E+ I + Ex + L)  x   Area  x   0.1

(E+ I + Ex + L) x   Area  x   0.2

(E+ I + Ex + L) x   Area  x     0.4

(E+ I + Ex + L) x   Area  x     0.3

(In children 0-7 years (E+ 1 + Ex + L) x  Area x 0.3)

(In children 0-7 years (E+ I + Ex + L)  x  Area x 0.2)

Fig. 3 Eczema Area and Severity Index (EASI) (Tofte et al. 1998)
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POEM is a useful tool in clinical monitoring of
patients with atopic eczema, but it is not
recommended as a sole outcome measure in clin-
ical trials.

8 Conclusion

The need to establish core outcome sets for atopic
dermatitis is a priority for advancing evidence-
based treatments. Harmonising Outcome Mea-
sures for Eczema (HOME) initiative has defined
clinical signs, symptoms, quality of life, and long-
term control of atopic dermatitis flares as core
outcome domains for atopic dermatitis trials
(Schmitt et al. 2015). In systematic review of
measurement instruments for assessment of clini-
cal signs of atopic dermatitis, EASI and SCORAD
have been identified as extensively validated
(Schmitt et al. 2015). However, the objective of
SCORAD, despite providing adequate validity,
responsiveness, and interobserver reliability,
lacks clear intraobserver reliability. In a recent
international consensus study, EASI was identi-
fied as the preferredmeasurement instrument to be
used in future atopic eczema trial (Schmitt
et al. 2015). Additional information and recourses
are available and highly recommended through
http://homeforeczema.org.
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1 The Body Surface Area

The main methods for assessing the severity of
psoriasis incorporate an estimation of involved
surface area (Ashcroft et al. 1999). One side of a
flat closed hand is thought to represent an area of
1 % of the total body surface area. Nevertheless,
planimetric investigations give another estimation
of the hand surface, which in fact represents
0.70–0.76 % of the body surface area (BSA)
(Long et al. 1992).

The rule of nines method assumes that the
total BSA comprises the head (9 %), anterior
trunk (upper, 9 %; lower, 9 %), posterior trunk
(upper, 9 %; lower, 9 %), each leg (anterior,
9 %; posterior 9 %), each arm (9 %), and geni-
talia (1 %).
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2 The Psoriasis Area and Severity
Index

Four main body areas are assessed by the Psoriasis
Area and Severity Index (PASI) (Fredriksson and
Pettersson 1978): head (h), trunk (t), upper
extremities (u), and lower extremities (1),
assumed to weigh 10 %, 20 %, 30 %, and 40 %
of the total body area, respectively.

The extent of psoriatic involvement of these
four main areas (Ah, At, Au, and At) is given a
numerical value: 0 = no involvement;
1 = <10 %; 2= >10 %, but <30 %; 3 =
>30 %, but <50 %; 4= >50 %, but <70 %;
5= > 70 %, but <90 %, and 6 = 90–100 %.

In order to evaluate three clinical signs, ery-
thema (E), infiltration (I), and desquamation
(D) are assessed using a 0–4 scale, where
0 = no; 1 = slight; 2 = moderate; 3 = severe;
4 = very severe.

The PASI is the sum of each area score. The
formula is as follows:

PASI ¼ 0, 1Ah Eh þ Ih þ Dhð Þ
þ 0, 3 At Et þ It þ Dtð Þ
þ 0, 2 Au Eu þ Iu þ Duð Þ
þ 0, 4 A1 E1 þ I1 þ D1ð ÞMaximum

¼ 0, 1� 6� 12ð Þ þ 0, 3� 6� 12ð Þ
þ 0, 2� 6� 12ð Þ þ 0, 4� 6� 12ð Þ

¼ 72

Example:

1. Involvement � weight of area

Head 5 (75 % involved) � 0.1 = 0.5

Upper limbs 3 (1/3 area involved) � 0.3 = 0.9

Trunk 1 (less 10 % involved) � 0.2 = 0.2

Lower limbs 0 � 0.4 = 0

2. Clinical signs (maximum possible for each
area: 4 � 3 = 12)

Head Erythema (E): 2

Infiltration (I) 1

Desquamation (D) 2

Total 5

(continued)

Upper limbs Erythema (E): 2

Infiltration (I) 3

Desquamation (D) 4

Total 9

Trunk Erythema (E): 2

Infiltration (I) 2

Desquamation (D) 2

Total 6

Lower limbs 0

Total for head 0.5 � 5 = 2.5

Total for upper limbs 0.9 � 9 = 8.1

Total for trunk 0.2 � 6 = 1.2

Total for lower limbs 0

Total PASI score 11.8

3 The Self-Administered Psoriasis
Area and Severity Index

The Self-Administered Psoriasis Area and Sever-
ity Index (SAPASI) (Fleischer et al. 1994;
Feldman et al. 1996) is a structured instrument
for measuring the severity of psoriasis. It allows
patients to assess the severity of psoriasis
accurately.

Patients rate the color, induration, and scali-
ness of an average psoriatic lesion using three
modified visual analog scales.

As in the original PASI score, the SAPASI
weights the involvement of the head, upper extrem-
ities, trunk, and legs as 10 %, 20 %, 30 %, and
40 % of the total body area, respectively.

SAPASI ¼ 0,1�AHð Þþ 0,2�AUð Þ
þ 0,3�ATð Þþ 0,4�ALð Þ 4

� VASEþVAS1þVASSð Þ=VAS len

where:

AH: Head score
AU: Upper extremity score
AT: Trunk score
AL: Lower extremity score
VAS: Visual analog scale
VASE: VAS erythema score (mm)
VASI: VAS induration score (mm)
VASS: VAS scale score (mm)
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4 The Lattice System Global
Psoriasis Score

The Lattice System Global Psoriasis Score
(LS-GPS) (Ellis and Langley 2002) is a method
for rating psoriasis. It correlates well with the
PGA (r > 0.8). However, the LS-GPS is better
defined and appears to be more reproducible.

The LS-GPS is proprietary, and there may be
fees for its use.

5 The Evaluation for Prognosis
with Average PASI

Evaluation for Prognosis with Average PASI
(E-PAP). (Sugai et al. 1998) is derived from
PASI. The authors modified PASI for evaluating
clinical symptoms throughout the observation
period by adding a time parameter (the number
of days) to PASI.

The E-PAP value is calculated as follows.
First the mean value of PASI for two consecu-
tive observation days is calculated. The accu-
mulated PASI for a short term (Apn) is
determined by multiplying the mean PASI by
the number of days in this short term. Then, all
individually calculated Apn values during the
entire observation period are summed. The
accumulated Apn value is divided by the total
number of observation days. The final value is
the E-PAP value.

6 The Salford Psoriasis Index

The Salford Psoriasis Index (SPI) (Kirby
et al. 2000) is derived from combining a score of
current severity of psoriasis based on the PASI, a
score indicating psychosocial disability, and a
score based on historical information (Ellis and
Langley 2002). The resultant three-figure SPI
(signs, psychosocial disability, interventions) is a
paradigm similar to the TNM classification for
cancer staging.

The first figure of the SPI transforms the PASI
into a number from 0 to 10, with each number
corresponding to a band of PASI values.

PASI Extent Score

0 0

0.1–3 1

3.1–5 2

5.1–8 3

8.1–11 4

11.1–14 5

14.1–18 6

18.1–23 7

23.1–29 8

29.1–36 9

>36 10

The second figure indicates the psychosocial
impact of psoriasis on each patient using a 0–10
visual analog scale (VAS). Patients are asked to
mark on the scale (10 = completely affected, and
0 = not at all affected) the extent to which they
perceive that their psoriasis is affecting their day-
to-day life at the time of assessment.

The third figure reflects historical disease
severity as judged by the need for systemic treat-
ment or admission to hospital and by the number
of episodes of erythroderma.

Calculation of historical disease severity
scores for the Salford Psoriasis Index

1 point for each individual systemic treatment
including PUVA

1 extra point for each treatment received for
>1 year

1 extra point if patient has received >200 treat-
ments or >1000 J/cm2 of PUVA

1 point for every five hospital admissions for the
treatment of psoriasis

1 point for every episode of erythroderma

7 The Dermatology Index
of Disease Severity

The Dermatology Index of Disease Severity
(DIDS) (Faust et al. 1997) focuses on two factors:
the percentage of involved BSA and functional
limitation, in forming a five-stage scale ranging
from stage 0 to stage IV.
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0 No evidence of clinical disease

I Limited disease

II Mild disease

III Moderate disease

IV Severe disease
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1 Introduction

Research on acne vulgaris, a common dermatosis
encountered by dermatologists worldwide with
significant individual and societal impact, is hin-
dered owing to the absence of a universal, consis-
tently applied standard for acne severity. Optimal
patient care in the field of dermatology which
predominantly relies on the clinical evaluation of
patient necessitates a validated outcome measure
which objectively monitors the disease severity
over time without much inter- or intraobserver
variability. As far as assessing the severity of
acne vulgaris is concerned, more than 25 different
grading systems exist in literature till date, indi-
cating the lack of consensus on this issue resulting
in the absence of a global standard grading system
(Tan et al. 2013; Ramli et al. 2012). The difficulty
in assessing acne severity and the presence of
multiple assessment systems could be attributed
to the polymorphic nature of acne vulgaris, its
varied extent of involvement, and variations
occurring during the natural course of the disease
(Adityan et al. 2009). This limitation is likely to
have an impact on patient care by hindering the
translation of results from interventional studies
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and epidemiologic research to clinical practice
(Tan et al. 2013).

Cutaneous diseases have a significant impact
on the quality of life (QOL) which can be as
complex as those from more debilitating and
life-threatening diseases, and acne vulgaris has
been described to cause more psychic trauma
and suffering that does other cutaneous diseases.
Hence QOL measures which are not reflected in
measures of skin disease severity, like psycho-
logic stress, embarrassment, stigma, physical dis-
comfort, etc., need to be assessed while assessing
disease severity (Anderson and Rajagopalan
1997; Koo 1995). In addition, both active disease
and damage from burnt out disease can cause
significant patient morbidity. Hence scoring sys-
tems are essential for both acne vulgaris and its
sequelae – post-acne scarring.

2 Classification of Scoring
Systems in Acne

The scoring systems in acne can be classified into
the following six types (Ramli et al. 2012; Faure
et al. 2009; Barratt et al. 2009; Witkowski and
Parish 2004):

• Qualitative scales – degrees of severity: mini-
mal, moderate, and severe

• Semiquantitative scales – numerical score:
ranging from 0 to 10

• Quantitative scales – based on lesion counting
• Photographic scales
• Acne-specific quality of life scales
• Post-acne scarring scoring system

Carmen Thomas of Philadelphia was the first
person who used a scoring system for acne
vulgaris by using lesion counting in the 1930s
(Witkowski and Parish 1999). The various scoring
systems for acne vulgaris published in literature
are summarized in Tables 1, 2, and 3, and the
scoring systems for acne scars are summarized
in Table 4. The various quality of life (QOL)
scales specific for acne vulgaris which can be

used to monitor change during therapy include
the following (Barnes et al. 2012):

• Acne Disability Index (ADI)
• The Cardiff Acne Disability Index (CADI)
• The APSEA (Assessment of the Psychological

and Social Effects of Acne) from Leeds
• The acne QOL

3 Advantages and Disadvantages
of Various Acne Scoring
Systems

3.1 Grading System

Grading is based on observing the dominant
lesions, evaluating the presence or absence of
inflammation, and estimating the extent of
involvement. It is simple, reproducible, and
quick to use during serial clinic visits. It estimates
the full extent of involvement and also allows the
clinician to observe the dominant lesions and to
evaluate the presence/absence of inflammation. It
has also been suggested that an overall grading
system can replace spot counting but it may not be
so in the setting of therapeutic trials where lesion
counting, a more sensitive method, would be pre-
ferred. The subjective nature and presence of mul-
tiple variables may result in interobserver
variability with the grading system. In addition,
grade assessment is complicated by the presence
of erythema and scaling which might be attributed
to the side effects of topical treatments rather than
the worsening of acne per se. Some grading tech-
niques use photographic standards as reference
scales which have their own drawbacks which
will be discussed later (Adityan et al. 2009;
Barratt et al. 2009; Burke and Cunliffe 1984).

3.2 Lesion Counting

Lesion counting being an objective measure and a
more sensitive technique by distinguishing small
effects in therapeutic response far better than an
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Table 1 Grading systems based on the description of lesions

S. no Authors Grading

1. Pillsbury et al. (1956) (Ramli et al. 2012) Grade Description

1 Comedones and occasional small cysts
confined to the face

2 Comedones with occasional pustules and small
cysts confined to the face

3 Many comedones and small and large
inflammatory papules and pustules, more
extensive but confined to the face

4 Many comedones and deep lesions tending to
coalesce and canalize and involving the face
and the upper aspects of the trunk

2. James and Tisserand (1958) (Ramli
et al. 2012; Witkowski and Parish 2004)

Grade Description

1 Simple noninflammatory acne comedones and a
few papules

2 Comedones, pustules, and a few pustules

3 Larger inflammatory papules, pustules, and a
few cysts; a more severe form involving the
face, neck, and upper portions of the trunk

4 More severe, with cysts becoming confluent

3. Pochi et al. (1991) – Report of the
Consensus Conference on Acne
Classification

Grade Papules/pustules
(papules –
inflammatory lesions
<5 mm in diameter;

Nodules
(inflammatory lesions
�5 mm in diameter)

pustules – visible
central core of
purulent material)

Mild Few to several None

Moderate Several to many Few to several

Severe Numerous and/or
extensive

Many

4. Doshi et al. (1997) – Global acne grading
system (GAGS)

The face, chest, and back divided into six areas and assigned a
factor based on size

Each type of lesion is given a value depending on severity

The score for each area is the product of the most severe lesion,
multiplied by the area factor

Total score = sum of individual scores

Location Factor Severity Local
score

Acne
severity

Forehead 2 0 Nil Factor X
Severity

Mild
1–18

Right
cheek

2 1
Comedone

Moderate
19–30

Left cheek 2 2 Papule Severe
31–38

Nose 1 3 Pustule Very
severe
>39

Chin 1 4 Nodule

Chest and
upper back

3

(continued)
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overall grade would be a preferred technique in
therapeutic trials. Lesion counting quantifies the
types of lesion present and gives some insight into
the morphogenesis and evolution of acne lesions

before and during treatment. The major limitation
is that it is time-consuming and requires practice,
hence may not be practical to use in routine clin-
ical evaluation. It is also dependent on external

Table 1 (continued)

S. no Authors Grading

5. Gollnick et al. (2003) Grade Description

1 Mild comedonal

2 Mild papulopustular, moderate papulopustular

3 Moderate nodular

4 Severe nodular/conglobate

6. Leyden (2003) Grade Description

Mild Comedones

Mild to
moderate

Mild to moderate papular/pustular

Moderate
to severe

Severe nodulocystic

7. US FDA-proposed investigator global
assessment (IGA) (2005)

Static quantitative evaluation of overall acne severity

Grade Description

0 Clear skin with no inflammatory or
noninflammatory lesions

1 Almost clear; rare noninflammatory lesions
with no more than one small inflammatory
lesion

2 Mild severity; greater than Grade 1; some
noninflammatory lesions with no more than a
few inflammatory lesions (papules/pustules
only, no nodular lesions)

3 Moderate severity; greater than Grade 2; up to
many noninflammatory lesions and may have
some inflammatory lesions but no more than
one small nodular lesion

4 Severe; greater than Grade 3; up to many
noninflammatory and inflammatory lesions but
no more than a few nodular lesions

8. Thiboutot et al. (2009) Grade Description

Mild Comedonal; mixed and papular/pustular

Moderate Mixed and papular/pustular; nodular (<0.5 cm)

Severe Nodular/conglobate

9. Layton (2010) Grade Description

Mild Mild to moderate papulopustular acne

Moderate Severe papulopustular acne, moderate nodular
acne

Severe Severe nodular acne, conglobate acne

10. European Guidelines group (2011)
(European Dermatology Forum 2013)

Grade Description

1 Comedonal acne

2 Mild – moderate papulopustular acne

3 Severe papulopustular acne, moderate nodular
acne

4 Severe nodular acne, conglobate acne
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Table 2 Scoring systems based on lesion counting

S. no Authors Scoring

1. Witkowski and
Simons (1966)
(Ramli et al. 2012;
Witkowski and
Parish 2004)

Number of closed comedones, open comedones, papules, pustules, and nodules
counted on one side of face as time-saving measure

Number of lesions on the left side assumed to be nearly equal to those on the right side

Papules and pustules divided into small and large lesions.

Nodules or cysts termed as abscesses

This concept extended with the acne flow form (accurate method of entering and retrieving
information and evaluating progress) and the acne questionnaire (to determine the reasons
for acne flares or failures in response)

This method is more accepted by patients and improves the efficiency of the result

2. Frank (1971)
(Ramli et al. 2012;
Witkowski and
Parish 2004) –
numerical grading
system

Numerical grading of 0–4 of each type of lesion on the face, chest, and back based on
severity

The number of lesions based on types of lesion counted

James and Tisserand’s method of grading used to provide grading

3. Plewig and
Kligman (1975)
(Ramli et al. 2012;
Witkowski and
Parish 2004)

Comedonal and inflammatory acne graded separately based on the number of lesions
and type

Right side of the face, excluding the other side, chest, and back

Grade Comedonal Papulopustular

1 <10
comedones

<10 inflammatory lesions

2 10–25
comedones

10–20 inflammatory lesions

3 25–50
comedones

20–30 inflammatory lesions

4 >50
comedones

>30 inflammatory lesions

4. Michaelson
et al. (1977)

Number of lesions on the face, chest, and back counted

Score given to each lesion type

Severity index: comedones, 0.5; papules, 1; pustules, 2; infiltrates, 3; cysts, 4

Total score of acne severity = sum of product of number of each type of lesion by its
severity index

Drawback scores ascribed to lesions are nonparametric, whereas absolute counts are
parametric data, and hence these two types of data cannot be mixed

5. Christiansen
et al. (1977) (Ramli
et al. 2012;
Witkowski and
Parish 2004)

Lesion counting done in a test area and graded with a six-point scale 4 to �1

The area containing the most lesions used as the test area

Cardboard ring having an inner diameter of 5 cm used for counting

Scale Percentage
of
reduction

Level

4 100 %
reduction

Excellent

3 75–99 %
reduction

Good

2 50–74 %
reduction

Moderate

1 1–49 %
reduction

Insufficient

0 � Unchanged

�1 � Worse

(continued)
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Table 2 (continued)

S. no Authors Scoring

6. Burke and Cunliffe
(1984) – leeds
technique

Lesions divided into inflamed and noninflamed are as follows

Noninflamed lesions – blackheads and whiteheads (intermediate lesions counted
according to their major component)

Inflamed lesions – superficial (papules and pustules) or deep (nodules, cysts, and deep
pustules)

(i) Superficial papules and pustules – 0.1 cm (with minimal erythema) to 0.5 cm (with a
marked macular flare). Smaller less inflammatory lesions were classified as “less active
papules or pustules,” the larger erythematous lesions as “active papules or pustules.”
The lesions were assigned according to its major component

(ii) Deep inflamed lesions – predominantly nodules 0.5 cm or larger

(iii)Macules – resolving phase of either superficial or deep lesions and were either large
or small

Used for detailed work in therapeutic trials to distinguish between active and less active
acne lesions

7. Lucky et al. (1996) Counted each type of acne lesions, and then recorded on a special facial template that
was divided into five segments, which are the right and the left forehead, the right and
left cheek, and the chin

Hairline- and jawline-defined perimeters of the face and the nose area were excluded

Grade Description

Very
mild

Just a few comedones

Mild More comedones and few papules and pustules

Moderate Many papules and pustules

Severe Many papules and pustules with a few nodules

Very
severe

Several comedones, papules, pustules, and nodules

8. Dreno et al. (1999)
Echelle de Cotation
des Lésions d’Acné
(ECLA) or ““Acne
Lesion Score
Scale””

Semiquantitative method

Three factors of severity considered based on the extent of involvement and scarring

Involvement of the face – based on the count of comedones (scored 0–5),
papulopustules (scored 0–5), and inflamed nodules/cysts (counted not scored)

Involvement of other areas (the neck, chest, upper and lower back, and arms) – based on
acne grading (comedones and papules/pustules all taken together) as 0, none; 1, mild;
2, moderate; 3, severe and counting inflamed nodules/cysts

The presence or absence of scarring is noted on the entire acne area

Advantages: entire acne-prone area covered, good intra- and interinvestigator’s
reliability, less time taken, can be used in clinics

Limitations: prior training mandatory

9. Lehmann
et al. (2002)

Grade Description

Mild <20 comedones, <15 inflammatory lesions, or total lesion count<30

Moderate 20–100 comedones, 15–50 inflammatory lesions, or total lesion count
30–125

Severe >5 cysts, total comedo count>100, total inflammatory count>50, or total
lesion count>125

10. Tan et al. (2007)
Comprehensive
Acne Severity
Scale (CASS)

Grade Description

Clear 0 No lesions to barely noticeable ones. Very few scattered
comedones and papules

Almost
clear

1 Hardly visible from 2.5 m away. A few scattered
comedones, few small papules, and very few pustules

(continued)
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variables such as assessor’s visual acuity and
office lighting (Adityan et al. 2009; Barratt
et al. 2009; Burke and Cunliffe 1984).

3.3 Photography

The major advantages of photography include a
permanent record of acne severity and reliable
recording of changes with time. Fluorescence
and polarized light photography have some
advantages over normal color photography in esti-
mating the number of comedones and emphasiz-
ing erythema, but their major drawback is
excessive time involvement and the need for
more complicated and expensive equipment. Pho-
tography is associated with technical problems
requiring constant lighting, constant distance
between the patient and camera, and constant
developing procedures which are difficult to stan-
dardize and maintain accurately. Moreover, pho-
tographs can never detect the small inflammatory
lesions and comedones adequately and may not
reflect disease activity. Residual erythema, pig-
mentary changes, tanning, and redness from nat-
ural or artificial light exposure and excoriations
are minimized especially when the patient has
additional pigment. Finally, photography being
two dimensional can never replace palpation,
resulting in errors in distinguishing deep lesions
from active superficial lesions or macules
(Adityan et al. 2009; Barratt et al. 2009; Burke
and Cunliffe 1984).

3.4 Quality of Life Scales

Quality of life is considered an important outcome
measure of treatment which guides treatment
selection by both patients and physicians. With
acne being a disorder associated with significant
psychosocial issues, the improvement in quality
of life should be considered a major outcome
measure as they assess what the patient experi-
ences (Anderson and Rajagopalan 1997; Koo
1995). But studies (Kokandi 2010; Dreno
et al. 2007b; Ilgen and Derya 2005; Aktan
et al. 2000) have shown that acne severity scores
failed to correlate with the QOL scales, indicating
that clinical severity alone does not affect quality
of life and many other factors might play a role.
Hence, each patient should be treated individu-
ally, taking into consideration that mild disease
does not mean little effect on the quality of life,
and scoring systems should include QOL mea-
sures also to assess response to treatment. In
order for quality of life measures to be used
more frequently in the routine clinical work, they
need to be easy to use, meaningful, and readily
accessible (European Dermatology Forum 2013).

4 Precautions to Be Followed

Whatever is the method used, certain precautions
need to be followed while scoring the severity of
acne in a patient. These include (Burke and
Cunliffe 1984):

Table 2 (continued)

S. no Authors Scoring

Mild 2 Easily recognizable; less than half of the affected area is
involved. Many comedones, papules, and pustules (0–5
papules-pustules)

Moderate 3 More than half of the affected area is involved

Numerous comedones, papules, and pustules (6–20
papules-pustules)

Severe 4 The entire area is involved. Covered with comedones,
numerous pustules, and papules, a few nodules and cyst
(21–50 papules-pustules)

Very
severe

5 Highly inflammatory acne covering the affected area, with
nodules and cyst present (>50 inflammatory lesions)
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Table 3 Scoring systems based on photographic references and newer imaging modalities

S. no Authors Grading

1. Cook et al. (1979) Grade

0 Up to small scattered comedones and/or small papules are
allowed

2 Very few pustules or three dozen papules and/or comedones;
lesion are hardly visible from 2.5 m away

4 There are red lesions and inflammation to a significant
degree; worth treating

6 Loaded with comedones, numerous pustules; lesions are
easily recognized at 2.5 m

8 Conglobata-, sinus-,or cystic-type acne; covering most of the
face

Both sides of a patient’s face photographed on a single exposure using a front-
surface mirror

Five reference photographs used

Proposed for use in larger clinical trials

2. Wilson (1980) Elaborated on the scoring system devised by Blaney and Cookin 1976 and perfected
at the 1978 American Academy of Dermatology meeting by inviting about
800 dermatologists to try his method for office application

3. Allen and Smith
(1982)

A photonumeric method – both grading using lesion counting and photographic
standards

Grade Description

0 The facial skin need not be perfectly clear. A few scattered
comedones or papules may be present but should be visible only
on close examination

2 One fourth of the facial area involved, with small papules
(about 6–12) and comedones (a few pustules or large
prominent papules may be present)

4 Half of the facial area involved, with small papules and large
or small comedones. A few pustules or large prominent
papules are usually present. (If lesions are generally large,
then “grade 4” severity, even if less than half of facial area
involved.)

6 Three fourths of the facial area involved, with papules and/or
large open comedones. (Lesser facial area of involvement is
permissible if inflammatory lesions are large.) Numerous
pustules are usually present, some of which may be large

8 Whole facial area involved, with lesions. Large prominent
pustules are usually visible. Lesions are usually highly
inflammatory. Other types of acne (such as conglobata,
including sinus and cystic types) may be present

Grading scale for comedones

Grade Description

0 No comedones

2 Mild comedonal acne

4 Obvious comedonal acne

6 Severe comedonal acne

8 Extremely severe comedonal acne

(continued)
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Table 3 (continued)

S. no Authors Grading

4. Gibson et al. (1982)
(Gibson et al. 1984)

1. A 0–10 visual-tactile grading system – quick but thoughtful clinical assessment,
overall impression of the clinical picture, both the types of lesions present, area of
the skin involved are taken into account and given a score

2. Lesion counting – a careful count of less active and active papules, less active and
active pustules, deep pustules, nodulo-cysts, and macules

3. Patient self-assessment – worse, no change, fair, good, excellent

4. Photographs (black and white and colour slides)

(1) Severity of acne according to a 0–4 scale with half point ratings

Grade Description

0 No acne

1 Minimal acne

2 Mild acne

3 Moderate acne

4 Severe acne

(2) Change in acne severity using scoring system

Grade Description

�2 Much worse

�1 Worse

0 No change

1 Minimal improvement

2 Fair improvement

3 Good improvement

4 Excellent improvement

Observed good correlation between lesion counts and the severity of acne as judged
by both photographic methods and clinical grading

Lack of correlation between the photographic assessments and clinical grading with
regard to the change in acne severity

Concluded that well-thought-out clinical grading system is the best overall method
as it provides a meaningful assessment with speed and reasonable accuracy

5. Burke and Cunliffe
(1984) – leeds
technique

Graded acne lesions on a scale of 0 (no acne whatsoever) –10 (the most severe acne)
and compared the results with reference photographs

Subdivided 0–2 into 7 subgroups – 0.25, 0.50, 0.75, 1, 1.25, 1.5, 1.75

Physiological acne or “acne minor” – 0.25–1

Clinical acne or “acne major” – �1.5 (1.5–10 subdivided into 0.50 subdivisions)

Three sites graded – the face including the chin and neck anterior to the stern
mastoid muscles; the chest in men from the waist upward, but in women only the
skin between the breasts and above the bra; back in both sexes from the waist
upwards. Shoulders were included for both the back and chest assessment, but the
arms were excluded

Accurate, reproducible, rapid, and suitable for use in the routine clinic

(continued)
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Table 3 (continued)

S. no Authors Grading

6. Samuelson (1985) Graded based on a set of nine reference photographs

Both the patient and physician assessed the severity based on the reference on a
nine-grade scale

The face, chest, and back are included

Degree of change Description

Excellent There was a decrease of three or more grade numbers with
reduced redness and tenderness

Good There was a decrease of two grades with reduced redness and
tenderness

Moderate There was a decrease of one grade with reduced redness and
tenderness

None There was no change

Worse There was an increase of one grade or more or an increase in
redness or tenderness with the same grade

7. Lucchina et al. (1996) Fluorescence photography – Two filters were used for fluorescence photography for
UVA transmittance and elimination of infrared light

Severity of comedonal acne assessed based on a four-point scale

Excluded the chest and back

Grade Scale

0 None

1 Mild

2 Moderate

3 Extensive

8. Phillips et al. (1997) Polarized light photography – the polarizing filter on the camera was oriented at a
right angle with respect to the linear polarizer on the ring flash

Counts of comedones and inflammatory acne assessed

Enhanced visualization of the skin features, color, and lighting and framing made
comedo counts easier

9. O’Brien et al. (1998) –
The Leeds Revised
Acne Grading System

Provides a photographic standard for acne grading of the face, back, and chest –
representations selected over 1,000 photographs by an expert panel of three
dermatologists and four acne assessors

12 grades for the face and 8 grades for the upper chest and back

Body part Mild Moderate Severe

Face Grade 1–grade 4 Grade
5–grade 8

Grade
9–grade 12

Upper chest and
back

Grade 1–grade 3 Grade
4–grade 5

Grade
6–grade 8

10. Rizova and Kligman
(2001)

Parallel-polarized and cross-polarized photography with video microscopy and
sebum production measurement

Since multiple modalities are used, it cannot be used for real-time analysis

11. Hayashi et al. (2008) Standard photographs and lesion counting

First, acne classified based on the number of inflammatory eruption of half the face

Second, the lesions were counted and divided into four groups

The judgments on severity grades were then compared with those of an expert panel
of three dermatologists, who evaluated half-face photographs of the same patients

Total number of
lesions

Group

6–20 Moderate

21–50 Severe

>50 Very severe

(continued)
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Table 3 (continued)

S. no Authors Grading

12. Do et al. (2008) Computer-assisted alignment and tracking of acne

Combined digital photography with photoediting software with alignment
capabilities

Region of interest (ROI) with the most clinically major acne lesions selected – up to
seven ROIs

The lesions were counted in each ROI and classified either as open or as closed
comedones, papules, pustules, and nodules

From the first appearance, numbers were assigned to each new lesion after tracking
inflammatory lesions

Lesion growth monitored every 2 weeks for 12 weeks

This technique eliminated photographic inconsistencies

such as variability of camera angle and framing

13. Fuji et al. (2008) Multispectral imaging (MSI) – 16-band multispectral camera

The spectral information for various types of acne skin lesions, acquired from the
MSI of the lesion used

Combination of several linear discriminant functions (LDFs) used for acne lesion
classification

Three Fisher LDFs and three threshold values used to consider three classes to
classify acne types

The Fisher LDFs were calculated from both reddish papule and pustule, both
pustule and scar, and both reddish papule and scar, respectively

The threshold values for these LDFs were determined experimentally. MSI and the
LDF classifier were able to differentiate several skin lesions such as comedo,
reddish papule, pustule, and scar based on color image

14. Bae et al. (2008) Multimodal facial color imaging modality for objective analysis of skin lesion

Used a conventional color image, parallel and cross-polarization color images, and a
fluorescent color image

Proposed fluorescent image analysis methods for the quantitative evaluation of sebum-
related parameters such as pattern, area and density, average size and diameter of spots

15. Dreno et al. (2011)
Global Evaluation
Acne (GEA) scale for
France and Europe

Photographic and clinical assessment

Grade Description

0 Clear. No lesions Residual pigmentation and
erythema may be seen

1 Almost clear. Almost no
lesions

A few scattered open or closed
comedones and very few
papules

2 Mild Easily recognizable. Less than
half of the face is involved. A
few open or closed comedones
and a few papules and pustules

3 Moderate More than half of the face is
involved. Many papules and
pustules; many open or closed
comedones. One nodule may
be present

4 Severe The entire face is involved,
covered with many papules and
pustules, open or closed
comedones, and rare nodules

5 Very severe Highly inflammatory acne
covering the face with the
presence of nodules

(continued)
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• The patient should be seated comfortably so
that the observer can move around him easily
to count each area.

• In addition to good background fluorescent
lighting, Brighton l001 fluorescent lamp,
which can be easily moved to illuminate both
sides of the patient during the examination, is
recommended.

• In the entire acne-prone area including the
face, chest, back and in each site, the total
area needs to be examined. When counting,
the face should be divided into the right and
left sides, and both sides need to be counted. In
some patients, the lesions are clustered around
the midline, making a right-left division diffi-
cult; in such cases, the forehead, the cheeks,
and the chin should be counted separately and
finally combined.

• Cosmetics should be removed at least 30 min
prior to assessment as erythema due to washing
needs to settle.

• Palpation (without stretching the skin) is man-
datory in counting methods to enable detection
of all comedones and nodules. Though
stretching of the skin and use of magnifying

lens would increase the number of visible
whiteheads and blackheads, they are not per-
mitted as the degree of stretching might vary.

• If a lesion is impalpable and not obvious with
good lighting, then such a vague lesion should
be best ignored.

• In clinical trials, baseline scoring is essential
which should be after at least 3 months of
washout period of the previous treatment.

• Trials should not be conducted in summer to
avoid the anti-inflammatory effect of sun rays
as ultraviolet radiation will camouflage the
noninflamed lesions and make the inflamed
lesions look less inflamed.

• All scales require a minimum observer training
especially for counting methods as the secret of
lesion counting is practice.

• Prior to clinical trials, the assessor’s reliability
needs to be checked – the novice assessor
should select 30 patients and in groups of
10 should count the lesions (under standard
conditions) on 1 day and then 24 h later. The
more spot counting performed, the more spots
will be seen until a plateau is reached. When
this plateau is achieved, then comparison of

Table 3 (continued)

S. no Authors Grading

Simple and practical tool designed for everyday use in routine clinical practice as
well as in clinical trials
Good inter- and intraobserver reliability

Limitation validated for a homogeneous population of polymorphous juvenile acne
of the face

16. Choi et al. (2012) 3D image analysis system

Skin surface roughness and volume of acnes protruding on the skin surface analyzed
quantitatively

Volume of acne lesions may provide more reliable criteria for the topographic
classification of acne lesions because acne lesions usually have irregular shapes, and
hence their diameter in any specific direction may not represent their size correctly

3D image analysis system may supplement the counting or grading system of acne
lesions

Provides novel opportunities to address topographical changes of the skin from the
cosmetic point of view

Clinically less relevant than acne scoring based on pathological severity – could
underestimate severe nodular and cystic acne if they showminimal protrusion above
the level of the surrounding skin

Requires additional methods including visual assessment, spectrophotometric
determination and pathological examination
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data collected on two consecutive days should
give a correlation with a minimum value of
0.80. Only at this stage the physician will be
considered ready to count spots in a clinical
trial.

• Acne scores or grades are distributed on ordi-
nal scale, and absolute counts are distributed
on an interval scale, and these interval scales
would be better for statistical analysis.

5 Problems Encountered

• Prominent follicles are likely to be confused
with noninflamed lesions especially around the
nose and on the chin, especially in
mid-teenagers. Hence, in therapeutic trials, it
is recommended that noninflamed lesions are
not counted either on the nose or around the
edge of the nose.

• Sandpaper acne covering the forehead (usually
�100) are very superficial lesions, which are
impossible to be classified correctly, and such
patients should be excluded from clinical trials.

• Long, uncut hair may mask noninflamed
lesions, and hence counting around the hairline
should be avoided. However, there is usually
no difficulty in recognizing inflamed lesions in
this area.

• Growing mustache or beard during the trial
would complicate the results, and these
patients may develop low-grade folliculitis on
the chin and neck as a result of shaving trauma.
However, the papules and pustules associated
with a folliculitis are much less easily felt than
acne lesions. Patients should shave daily, pref-
erably at a constant time, as stubble can affect
the interpretation of all lesions.

• Other dermatoses like sycosis barbae which
may occur in association with acne and
low-grade seborrhoeic eczema may simulate a
primary irritant dermatitis which can be seen
commonly with treatments with benzoyl per-
oxide (Burke and Cunliffe 1984).

6 Ideal Scoring System

The essential components and features for ideal
acne global grading scale (AGGS) have been cur-
rently established by consensus from clinical and
investigative experts in acne by an online Delphi
process (Tan et al. 2013, 2012). These include four
clinical components and four features as follows:

6.1 Clinical Components

• Primary lesions (no inflammatory and inflam-
matory, evaluated separately)

• Quantity of lesions (evaluated through
counting and numerical range)

• Extrafacial sites of involvement (specifically
the chest, back, neck, and shoulders)

• Extent of involvement (evaluated using pro-
portion descriptors such as one third or less)

6.2 Features

• Clinimetric properties (validity, reproducibil-
ity, discriminatory capacity, and responsivity)

• Efficiency (easy for clinicians, researchers, and
nursing staff to use and easy to teach)

• Acceptability (by researchers, clinicians, and
regulators)

• Categorization of severity (through descriptive
text and/or photographic examples)

7 Future Prospects

Novel emerging techniques like computerized
morphometric analysis of acne lesions and spec-
trophotometric dermoscopy to determine disrup-
tion of the dermal-epidermal junction and assess
quantities of melanin, collagen, and blood within
specific layers of skin to assess acne lesions may
also help in assessing acne severity (Barratt
et al. 2009).
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Table 4 Scoring system for acne scars

S. no Authors Grading

1. Friedman et al. (2002) Optical three-dimensional in vivo skin measurement device – grading device that
focus on 3-dimensional grid-based mapping of lesions and molded skin replicas for
comparison examination

Demonstrated a substantial correlation between subjective clinical assessment and
objective 3D in vivo imaging

Not applicable in practical, daily use by the average physician

2. Dreno et al. (2006)
(Dreno et al. 2007a) –
ECCA grading scale
(échelled’évaluation
clinique des cicatrices
d’acné)

Built on the model of the ECLA grading scale for acne. It is composed of six types of
scar described and associated with a quantitative score (ranging from 0 to 4) and a
weighting factor (ranging from 15 to 50)

This weighting factor is based on clinical approach and is based on the severity, the
evolution, and the morphological aspect of the scars and hence is directly correlated
with the clinical severity

Number of scars – semiquantitative estimation by a 4-point scale:

0 = no scar, 1 = a few scars (<5), 2 = limited number of scars (between 5 and 20),
3 = many scars (>20)

Grading of the different kinds of scars = product of the semiquantitative score and
the weighting factor

V-shaped atrophic scars (weighting factor 15): diameter of <2 mm and
punctiform;

U-shaped atrophic scars (weighting factor 20): diameter of 2–4 mm with sheer
edges;

M-shaped atrophic scars (weighting factor 25): diameter of>4 mm, superficial and
with irregular surface;

Superficial elastolysis (weighting factor 30);

Hypertrophic inflammatory scars (weighting factor 40): <2 years of age;

Keloid scars (weighting factor 50): hypertrophic scars,>2 years of age

Subgrading 1 – grading of the first 4 items

Subgrading 2 – grading of the last 2 items

Global score = subgradings 1 + 2 – varies between 0 and 540

Good interinvestigator reliability

3. Goodman and Baron
(2006a, b)

Quantitative grading system: based on counting of scar type and severity (Goodman
and Baron 2006a)

Reasonably accurate and reproducible with good interinvestigator reliability

(Grade) type Number of
lesions:

Number of lesions: Number of lesions:

1 (1–10) 2 (11–20) 3 (>20)

Milder
scarring
(1 point each)

1 point 2 points 3 points

Macular
erythematous
or pigmented

Mildly
atrophic dish-
like

Moderate
scarring
(2 points
each)

2 points 4 points 6 points

Moderately
atrophic dish-
like

(continued)
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Table 4 (continued)

S. no Authors Grading

Punched out
with shallow
bases small
scars
(<5 mm)

Shallow but
broad
atrophic areas

Severe
scarring
(3 points
each)

3 points 6 points 9 points

Punched out
with deep but
normal bases,
small scars
(<5 mm)

Punched out
with deep
abnormal
bases, small
scars
(<5 mm)

Linear or
troughed
dermal
scarring

Deep, broad
atrophic areas

Hyperplastic
papular scars

2 points 4 points 6 points

Hyperplastic Area
<5 cm2

6 points

Area 5–20 cm2

12 points
Area >20 cm2 18 points

Qualitative grading system – simpler for quick, daily use (Goodman and Baron
2006b)

Grade Level of
disease

Characteristics Examples of scars

1 Macular Erythematous, hyper-
or hypopigmented flat
marks visible to
patient or observer
irrespective of
distance

Erythematous, hyper- or
hypopigmented flat
marks

2 Mild Mild atrophy or
hypertrophy that may
not be obvious at
distances of �50 cm
and may be covered
adequately by makeup
or the normal shadow
of shaved beard hair in
males or normal body
hair if extra facial

Mild rolling, small soft
papular

(continued)
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Table 4 (continued)

S. no Authors Grading

3. Goodman and Baron
(2006a, b)

3 Moderate Moderate atrophic or
hypertrophic scarring
that is obvious at
�50 cm and is not
covered easily by
makeup or the normal
shadow of shaved
beard hair in males or
body hair if extra
facial, but is still able
to be flattened by
manual stretching of
the skin

More significant rolling,
shallow “boxcar,” mild
to moderate
hypertrophic or papular
scars

4 Severe Severe atrophic or
hypertrophic scarring
that is obvious at
�50 cm and is not
covered easily by
makeup or the normal
shadow of shaved
beard hair in males or
body hair
(if extrafacial) and is
not able to be flattened
by manual stretching
of the skin

Punched out atrophic
(deep “boxcar”), “ice
pick,” bridges and
tunnels, gross atrophy,
dystrophic scars
significant hypertrophy
or keloid

Global acne scarring classification by area of involvement and major scar type
(Goodman and Baron 2006b)

Grade Description Subgroup A, focal,
1 cosmetic
unit

B,
discrete,
2–3
cosmetic
units

1 Macular Erythematous 1A 1B

Hyperpigmented

Hypopigmented

2 Mild Atrophic 2A 2B

Hypertrophic

3 Moderate Atrophic 3A 3B

Hypertrophic

4 Severe Atrophic 4A 4B

Hypertrophic

4. Chapas et al. (2008) 3D optical profilometry

Valid and reliable method for assessing improvement in acne scarring

Highly operator-dependent and may produce a variety of artifacts

5. Tan et al. (2010)-
SCAR-S (2010)

Six-category global severity scale

For assessment of acne scarring at each of the face, chest, and back

Practical, validated, global system for acne scar evaluation

Clinically relevant in overall severity grading of acne
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Similarly, various methods and techniques
developed for skin analysis can also be used as
potential computational methods for acne grade
assessment quantitatively. These include the fol-
lowing (Ramli et al. 2012):

• Xu et al. (1999) – automatic method for the
segmentation of images of skin lesions

• Schmid-Saugeon et al. (2003) – computer-
aided diagnosis system for skin lesion bound-
ary detection and quantification of diagnostic
features, the classification into different types
of lesions, the visualization, etc.

• Masood et al. (2008) – unsupervised color
segmentation procedure for skin lesion
classification

Skin detection refers to a common
preprocessing step for analyzing images or videos
of humans aiming to track the human body for
further recognition which includes face detection
and recognition, image content classification, etc.,
and these include the following (Ramli
et al. 2012):

• Skin color thresholding
• Neural network classifier
• Maximum entropy classifier
• Bayes classifier

The descriptions of these techniques are
beyond the scope of this chapter. Readers may
assess those papers to find the details.

8 Conclusion

Avalidated standard acne scoring system is essen-
tial to maintain objectivity in observations while
evaluating the severity of acne, to monitor the
response to therapy, and to evaluate the efficacy
of new drugs. No universal standard exists for
grading acne severity till date. In the absence of
such a score, new therapies cannot be systemati-
cally assessed, and clinical trials conducted

without such standardized outcome measures pro-
duce less reliable results. Essential clinical com-
ponents and features for an ideal scale have been
identified, and the current acne global scales can
serve as foundations upon which an ideal standard
can be developed.
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1 Introduction

Optimal treatment of acne vulgaris depends on the
accurate severity assessment (Rizova and
Kligman 2001). Due to the polymorphic nature
and varied involvement of acne, a simple evalua-
tion is not easy (Adityan et al. 2009). Assessment
has relied on text descriptions, lesion counting,
and photographic methods. Clinical trials require
valid and consistent measures, but with no univer-
sal method, trials rely on subjective assessments
that complicate intertrial comparison (Barratt
et al. 2009). An ideal grading system would be
accurate and reproducible. Ease of use as well as
time and monetary cost should also be considered.
Photography approaches such a system and has a
place in the measurement of acne severity
(Tables 1 and 2).

2 Results

2.1 Photographic Standards

Photography has various uses in evaluating acne,
from having a photographic standard for catego-
rizing acne severity to using a patient’s photo-
graphs to visualize their acne condition.
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Cook et al. (1979) proposed an innovative and
useful acne grading method: the first photographic
standard. Lesion counting is not as simple a
method as it sounds since size and redness of
lesions are not considered and variance can be
great. Even if lesion types are individually
counted, classification still requires subjective
judgment. To develop a user-friendly, precise,
intergrader consistent grading system capable of
documentation for retrospective verification,
Cook proposed an overall acne severity scale of
0–8 with reference photos and text descriptions
illustrating grades 0, 2, 4, 6, and 8. Both sides of
the face were photographed on a single exposure
by positioning the face parallel to a front-surface
mirror. A 35-mm single-lens reflex camera fitted
with lens of 85–105-mm focal length is placed 45�

from the mirror. A strobe flashlight source above
the camera provided sufficient depth of field to
bring into focus both real and reflected images. A
set of five reference photos that elicited the most
consistent 2-4-6 response was selected from
numerous patient photographs by trained graders
and panelists.

This grading scheme was used by two judges
in a trial involving treatment groups, each com-
posed of 20 subjects: (1) placebo capsules and
topical placebo, (2) oral tetracycline and topical
placebo, and (3) topical tetracycline and placebo
capsules. The greatest correlation between the
judges was for overall severity grades for 1 week
prior to treatment and after 8 weeks of treatment
with coefficients 0.785 and 0.891, respectively. A
similar earlier trial (Blaney and Cook 1976) was
conducted with 75 subjects divided into groups:
(1) topical active mixture and oral lactose cap-
sules, (2) topical placebo and oral lactose cap-
sules, and (3) topical placebo and oral
tetracycline hydrochloride capsules. Three sets
of five reference photos each were used to grade
subjects. In addition, both sides of the face were
photographed at each visit with the camera mirror
setup described above. Other trials confirmed that
grading overall severity provided a measurement
of efficacy consistent between graders and more
sensitive to differences between treatments than

lesion counts. However, for studies on experimen-
tal drugs, affected lesions types should be defined
and counted for precise results. For example, tet-
racycline has a greater effect on inflammatory
lesions than comedonal acne. After initial efficacy
trials, overall severity grading may be used for
large-scale trials to save time. Cook concluded
that photographic standards were useful and reli-
able, aiding consistency between sessions and
graders. In addition, photographic documentation
creates a regradable record for verification.
Results showed that a 1.5 grade change consti-
tuted a clinically important difference. Since
images are less powerful than on-site impressions,
1 grade change for photos was determined to be an
important difference.

Through the years, Cook’s photographic stan-
dard has been utilized and expanded on.

In 1980, Wilson (1980) commented on Cook’s
method revised at the 1978 American Academy of
Dermatology meeting with a new set of chosen
reference. Recording objective descriptions for
later evaluation is often difficult, especially for
acne with various lesion types. Patients improve
more rapidly in certain areas than others, and if
not observed for weeks, opinions on improvement
may differ between physician and patient. Wilson
found that while applying the system in clinic,
grading agreed closely with the patient’s opinion.
In conclusion, Wilson praised Cook’s method as a
quick and accurate acne grading system in
practice.

In 1985, Samuelson (1985) elaborated on
Cook with a 9-grade scale of nine reference
photos and descriptions. This scale was used to
evaluate 62 patients in a 12-week study with half
receiving minocycline and the other half tetracy-
cline. Every 2 weeks, both the patient and on-site
investigator evaluated patient condition, and
patient photos were taken. Two reviewers retro-
spectively graded the photos twice: group 1 slides
were completely randomized and group 2 slides
were randomized for each patient. At baseline, the
investigator and patients assigned comparable
grades, but reviewers assigned grades averaging
1–2 units lower. By week 12, all grades agreed
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Table 1 Photographic standards for grading acne severity

Author
Reference Method Comment

References for trials
testing methods

Cook
et al. (1979)

Plain concave mirror (both sides of
patient’s face photographed on a
single exposure)

Provided strong objective data,
placebo versus active, permanent
and regradable record, and
documentation for verification

(Blaney and Cook
1976; Wilson 1980;
Allen and Smith 1982;
Leyden et al. 2005)

Photonumeric 0–8 grading scale,
standards given for grades 0, 2,
4, 6, 8

Standards aid consistency from
session to session and from grader
to grader

Allowed detection of 1-unit grade
change

Cook’s scale and lesion counting
are at least equally reproducible
grading methods

Samuelson
(1985)

Facial acne 1–9 grading scale with
nine photographs and descriptions

Reasonable agreement within one
grade unit between investigator,
patients, and two independent
retrospective reviewers

Color transparency of three-
quarters left profile against surface
mirror obtained

Disagreement seen for lower
ratings by retrospective reviewers
in early stages of study and
agreement was best after 12 weeks
of therapy

Strobe light adjusted to permit
equal lighting of the reflected and
opposite sides of the patient’s face

Burke and
Cunliffe
(1984)

Leeds technique: overall
assessment of acne severity in area
grade 0–10 scale. Graded sites
include the face, back, and chest

Useful for routine clinical
assessment

(Gibson et al. 1984;
Bergman et al. 2009)

Example black and white
photographs of one side of face
given for facial grades 0.5, 0.75,
1.0, 1.5, 2.0, 3.0, 5.0, and 8.0

Intradoctor correlation was good,
especially for the face and back

Interdoctor correlation was
numerically lower but still good,
indicating importance of having the
same rater evaluate a patient
throughout a study or treatment

Meaningful assessment with speed
and accuracy

O’Brien
et al. (1998)

Leeds revised: color photographs
include a wide range of acne
severity

Pictures easily demonstrate impact
of inflamed lesions

(Tan et al. 2012a)

Reference photographs for each
grade in facial grades severity
1–12, back grades 1–8, and chest
grades 1–8. Note for facial
photographs that only right side is
shown, and chest photographs are
only of male subjects

Scale not suited to score
noninflamed lesions, although
photographs for a grading system
1–3 for noninflamed acne is
introduced

Lighting necessary when assessing
acne, especially with noninflamed
lesions

Grading system is not all
encompassing, for example for
patients with disproportionately
localized acne and sporadic and
asymmetrical large nodular lesions

(continued)
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closely. Due to the difference in baseline grades,
improvement was greater according to the inves-
tigator and patients. Investigator and reviewer
grades were substantially different between
groups 1 and 2, possibly since reviewers could
not retain visual impressions. However, according
to Samuelson, complete randomization for group
1 was an unreasonable test anyway. Samuelson
concluded that the scale is a useful research tool,
and disagreement between reviewers and investi-
gator was caused by investigators having a 3D
view, whereas reviewers had a flat perspective.

In 1984, Burke and Cunliffe (1984) presented
the Leeds technique that included a clinical scale
of 0–10 for the overall assessment of acne severity
in particular areas: face, back, and chest. Grading
between 0 and 2 was divided into 0.25 increments.
Reference black and white facial photos were
given for grades 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 5.0,
and 8.0. However, the authors noted that black
and white photos do not accurately reflect clinical
assessment. Intra- and interdoctor comparisons
were made for two physicians assessing patients
with Pearson’s coefficient correlation. Intradoctor
was good with r-values for each of the doctors:
face 0.92 and 0.94, back 0.89 and 0.89, and chest

0.81 and 0.94. Correlations between doctors were
lower but still good with r-values: face 0.89, back
0.87, and chest 0.80. Three drawbacks of photog-
raphy were mentioned: First, difficulty in
maintaining constant lighting, distance to camera,
and developing procedures; second, difficulty in
detecting small noninflamed lesions; and third,
because photos are 2D, difficulty in distinguishing
deep lesions from active superficial lesions or
macules. Grading is also complicated by erythema
and scaling. The authors suggest that although
Leeds is quick, reproducible, and suitable for clin-
ical use, an overall grading system still cannot
replace the counting technique that better distin-
guishes small differences, especially for trials.
When patients have noninflamed and few
inflamed lesions, inter- and intradoctor correlation
is poor, and counting is a better assessment
choice. However, Leeds is useful in clinic as it
requires less practice, and if individual grading is
consistent, interdoctor differences are of little
concern.

In 1998, Cunliffe et al. (O’Brien et al. 1998)
Leeds revised to include reference photos for each
grade of facial 1–12, back 1–8, and chest 1–8.
Standards were selected from 1,000 photographs

Table 1 (continued)

Author
Reference Method Comment

References for trials
testing methods

Photographic grading cannot
compensate for palpation to assess
depth, but this pictorial assessment
is still useful for standardization

Photographs inadequately
represent milder acne grades; still a
need for images that correspond to
a categorical acne scale for the face,
back, and chest

Hayashi
et al. (2008a)

Four rankings: mild, moderate,
severe, and very severe.
Photographs for half of the face
taken at 70� angle from front

Standard photographs make
adjustments for difference of
judgments between estimators,
increasing inter-rater conformity
and precision

(Hayashi et al. 2008b)

Nomination of standard
photographs selected matched the
counting-based classifications

Divisions of number inflammatory
eruptions included in
classifications for counting
conversion to global estimation
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Table 2 Advanced methods for acne assessment

Author Method Comment References

Lucchina
et al.

Fluorescence photography Fluorescence corresponds to protoporphyrin IX
production by Propionibacterium acnes in open
comedones, follicles, and inflammatory lesions

(Lucchina
et al. 1996;
Pagnoni
et al. 1999)Pagnoni

et al.
Not sensitive enough to detect modest changes
but is reliable when variation is clinically
relevant

Culture still necessary when modest changes in
P. acnes cannot be detected with fluorescence

Reliable, quick, and easy way to estimate
suppressive effects of antibacterial agents on
P. acnes

Phillips
et al.

Perpendicular (cross)-
polarized and parallel-
polarized light photography

Perpendicular-polarized photography enhances
subsurface features to better visualize subtle
features of acne that are often missed with
clinical evaluation alone, such as small
comedones, hyperpigmentation, and erythema,
which is important for distinguishing
inflammatory from noninflammatory lesions

(Rizova and
Kligman 2001;
Phillips et al. 1997)

Rizova
and
Kligman

Parallel-polarized photography enhances
visualization of surface features such as
greasiness, scaling, and degree of lesion
elevation

Mean Leeds score from perpendicular
photographs higher than scores from clinical
assessments and flash photographs, indicating
increased sensitivity for more accurate severity
assessment

Do et al. Picture Window Pro 4.0
program

Used to align and track lesions, monitoring
development of open/closed comedones,
erythematous macules, papules, pustules, and
nodules over time

(Do et al. 2008)

The technology tracks effects of acne medication
on lifespan of lesions and characterize natural
history of acne

Choi
et al.

PRIMOS Compact Skin surface measurements before and after
treatment gave quantitative analysis of skin
roughness and lesion volume

(Choi et al. 2012)

3D image analysis system

While acne is usually classified by diameter,
authors argue that lesions are often irregularly
shaped. Thus, volume provides more reliable
criteria for classification

Disadvantage: severity can be underestimated if
lesions only have minimal protrusion

Fuji et al. Extraction method for lesion
classification

Since inferior color reproduction provided by
RGB cameras causes visual differentiation of
lesion types to be difficult, in this computer-aided
diagnosis system, detailed spectral features are
acquired by multispectral images (MSIs) and
lesion types such as papule, pustule, and scar are
classified by applying a combination of linear
discriminant functions (LDFs)

(Fuji et al. 2008)

Bae et al. Multimodal imaging
modality and objective image
analysis methods

Independent modalities standard, parallel- and
cross-polarized, and fluorescent photographs
integrated into one modality to maximize clinical
utility

(Bae et al. 2008)

(continued)
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by the three authors and four assessors. Severity
grading was based on inflammation, size of
lesions, and erythema. Although the system is
not for scoring noninflamed lesions, a 1–3 photo-
graphic scale for noninflamed acne was intro-
duced. Other conditions such as irritant
dermatitis or retinoid-induced dermatitis may
complicate grading. Lighting is also important so
as to not undergrade, especially noninflamed
lesions. Photographic grading more easily dem-
onstrates the impact of inflamed lesions but can-
not easily assess lesion depth. However, the
authors believe that the system’s attempt at quan-
titative assessment of acne is useful in clinic and
recommend that it complement counting.

In 2008, Hayashi et al. (2008a) established a
photographic standard that matched lesion counts
and text descriptions with the following catego-
ries: mild, moderate, severe, and very severe.
Three dermatologists graded 390 half-face photo-
graphs. Complete accordance amongst grades was
observed for 176 faces (45.1 %). Two hundred
sixty-eight faces (68.7 %) had identical classifica-
tions by at least two dermatologists. One thousand
one hundred seventy photographic evaluations
were also compared: 770 decisions (65.8 %)
showed conformity, and 1,165 decisions
(99.6 %) were within one grade difference. After
the comparison of counting lesion types and clas-
sification, counting was limited to inflammatory
eruptions, papules, and pustules. Distribution of
counts was analyzed and divisions were decided:

0–5 mild, 6–20 moderate, 21–50 severe, and
50 plus for very severe on half of the face. Stan-
dard photos that satisfied lesion counting-based
classifications were selected and were believed to
make classification more precise and adjust for
differences between graders. Hayashi
et al. (2008b) evaluated the validity of this method
by calculating conformity for before and after
grades. Eighty-seven members at the 104th meet-
ing of the Japanese Dermatological Association
and 82 members at the 11th Hunchun Symposium
in Seoul were asked to participate, first grading six
patient photos. After presenting the severity clas-
sification and reference photographs, the same six
photos were presented in different orders for grad-
ing. The conformity rate rose from 67.0 % to
88.9 % in Japan and 68.0–79.8 % in Korea. A
reference was made to Leeds revised (O’Brien
et al. 1998) having an approximate conformity
rate of 50 %. However, it was noted that Leeds
grades into 16 groups rather than 4, so comparison
cannot be easily done. The authors conclude that
conformity data shows adequacy of their system
and believe it is a candidate for acne severity
classification at least for Asian patients.

2.2 Photographic Uses
and Improvements

There have been many extensions of Cook’s
method using retrospective assessment of photos

Table 2 (continued)

Author Method Comment References

Each image emphasizes different morphological
and functional skin information, to more reliably
evaluate severity

Polarized images used to analyze skin texture and
compute erythema index and melanin index to
evaluate vascular and pigmented lesions,
respectively

Fluorescent images used to quantitatively
evaluate sebum characteristics such as pattern,
area and density, and average size and diameter
of spots
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and choosing parameters for grading and ways to
increase accuracy of photographic methods.

In 1982, Allen and Smith (1982) used Cook’s
method in two acne treatment studies. One hun-
dred ninety male college students participated in a
first 12-week study, and 141 male college students
enrolled in a second 10-week study. Three judges
evaluated participants every 2 weeks, grading
overall severity by Cook’s method, papule count,
pustule count, and comedo grade. Photos were
taken every 4 weeks for documentation. Pearson’s
correlation coefficient was used to evaluate corre-
lation of inter-judge evaluations and between the
different grading methods. For the first study,
severity grade versus papule count had high
mean correlation coefficient of 0.84. Severity
grade versus pustule count and severity grade
versus comedo grade had correlation coefficients
of 0.64 and 0.54, respectively. High mean corre-
lation coefficients between graders were obtained
for severity grade with 0.82 and papule count with
0.77. For the second study, severity grade versus
papule count had high mean correlation coeffi-
cient of 0.89. Severity grade versus pustule
count and severity grade versus comedo count
had correlation coefficients of 0.59 and 0.67,
respectively. High mean correlation coefficients
between graders were obtained for severity grade
with 0.82 and papule count with 0.86. The authors
conclude that Cook’s scale and counting are at
least equally reproducible grading methods.
Experience gained from study 1 improved corre-
lation between judges for study 2. The authors
believe that overall grading scales, with its ease
of use and high reproducibility, are superior to
laborious lesion counts for clinical evaluation of
acne severity.

In 1984, Gibson et al. (1984) assessed correla-
tion between clinical and photographic methods
for assessing facial acne. Forty-five patients were
evaluated clinically with Leeds (Burke and
Cunliffe 1984) and lesion counting and retrospec-
tively with photos from each visit. Retrospective
assessment was conducted on a 0–4 scale with 0.5
increments and change in severity on a scale of
�2 to 4. Correlation for clinical grading versus
counts, correlation between the three judges

grading photos, correlation for severity judged
by photos versus clinical grading, and correlation
for severity judged by photos versus counts were
all significant ( p = 0.01). Lesion counting
appears objective but is tedious, whereas clinical
grading can reflect disease severity more mean-
ingfully but can lack objectivity. Photographic
methods allow for a permanent record but lack
palpation during retrospective assessment. The
authors conclude that Leeds provides meaningful
assessment with speed and accuracy.

In 2005, Leyden et al. (2005) presented find-
ings from a retrospective photographic assess-
ment study of topical retinoids for acne. Photos
of 577 patients were collected from multiple trials
comparing topical retinoids: tazarotene 0.1 % gel,
adapalene 0.1 % gel, tretinoin 0.1 %microsponge,
tretinoin 0.025% gel, and tazarotene 0.1 % cream.
Complete sets of right, front, and left view of
patient photos before (week 0) and after treatment
(week 12 or 15) were evaluated by five investiga-
tors. Overall severity was assessed with a 7-point
modified version of Cook’s method. 1 grade
change indicated clinically meaningful, and
grade change 2 or more indicated clearly clinically
significant. This study showed intrainvestigator
consistency with no significant differences.
Interinvestigator consistency was also shown
with correlation coefficients between investiga-
tors ranging from 0.648 to 0.836. The authors
note that irritation in early phase of studies could
not be observed since photos were only taken at
the beginning and end of trials, implying that if
photos were taken more frequently, a more com-
plete record of results could be obtained.

In 2009, Bergman et al. (2009) conducted a
study where 300 digital images from 20 patients
were evaluated by two dermatology residents
using total inflammatory lesion count (TILC)
and Leeds (Burke and Cunliffe 1984). A set of
front, right, and left views were taken by either
subjects themselves or staff and reviewed for
adherence to standardization. To test reliability,
Pearson’s coefficient correlation was calculated
for TILC and κ-score for Leeds. Intra-rater reli-
ability was excellent for TILC with r = 0.989
and 0.908, and Leeds κ = 1.0 and 0.879 for raters
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A and B, respectively. Inter-rater reliability was
high for TILC r = 0.871 but low for Leeds
κ = 0.381. However, when agreement within
0.25 unit was considered for Leeds rather than
absolute agreement, κ = 0.74. Although TILC
was indicated as the best measure, since TILC
reliability decreased with greater number of
lesions and the patients studied had mild to mod-
erate acne, a study evaluating a broader range of
severity might indicate a better performance for
Leeds. Inter-rater reliability was also less than
intra-rater for all methods, reflecting the impor-
tance of having the same rater evaluate a patient
throughout a study or course of treatment. The
authors conclude that digital images can reliably
be evaluated for diagnostic purposes and remotely
monitor patient progress.

In 2012, Tan et al. (2012a) believed that text
descriptions and photographs combined could
accurately describe severity categories and
would be more practical and time efficient than
lesion counting in practice. The scales presented
by Cook et al. (1979) and Hayashi et al. (2008a)
included photos and text descriptions but are
limited to facial acne. Therefore, the authors
matched two acne scales that incorporated eval-
uation of the chest and back in addition to the
face, assigning images from Leeds revised
(O’Brien et al. 1998) to text description grades
from the six-category comprehensive acne sever-
ity scale (CASS). Twenty-three dermatologists
graded 56 photos of the face, chest, and back
using CASS. Photographs included 25 patient
photos and the set of 31 photographs from
Leeds revised. Rater consensus was achieved
for Leeds facial inflammatory 2 with CASS
3, 4 with CASS 4, 6 with CASS 4, and 9–12
all with CASS 5. Consensus was also obtained
for Leeds facial comedonal A with CASS
2, Leeds chest 7 and 8 both with CASS 5, and
Leeds back 7 and 8 both with CASS 5. The
authors found that photos in Leeds revised inad-
equately represented milder CASS grades 1 and
2 for facial acne and all CASS grades of the
chest and back except 5 for very severe. Thus,
there is still a need for images that correspond to
a categorical acne scale for the chest, back,
and face.

2.2.1 Fluorescence and Polarized
Photography Have Increased
Accuracy of Acne Evaluation

In 1996, Lucchina et al. (1996) studied fluores-
cence photography for evaluating acne, as fluo-
rescence corresponds to protoporphyrin IX
production by P. acnes in open comedones, folli-
cles, and inflammatory lesions. Thirty-two
patients completed a 12-week study in which sub-
jects applied either clindamycin 1 % topical or
vehicle twice daily. Clinical evaluation with
counting and Leeds (Burke and Cunliffe 1984)
and evaluations of flash and fluorescence photo-
graphs were obtained at baseline and weeks 4, 8,
and 12. Flash photographs were assigned a Leeds
score at baseline and week 12. Fluorescence pho-
tographs were evaluated at baseline and week
12 for facial areas: overall, the nose only and
face excluding nose. Each area was assigned a
fluorescence score within 0–3 and an improve-
ment score within �1 to 4. The treatment group
had less fluorescence compared to baseline and
statistically significant larger decreases in evalua-
tions than the vehicle group. Fluorescence pho-
tography can evaluate acne therapy efficacy by
charting the course of acne treatment.

In 1999, Pagnoni et al. (1999) also studied
fluorescence photography as a quick and simple
method to demonstrate P. acne population. Four-
teen subjects, of which five were controls, partic-
ipated in a study where 10 % benzoyl peroxide
was applied twice daily for 7 days to measure
efficacy. Fluorescence photos of the cheek and
nose and cheek scrub culture samples were taken
at baseline, day 3, day 7, and day 16. The area of
fluorescence in the nose and cheek regions was
calculated by Optimas 6.2 software. A decrease in
fluorescence paralleled a decrease in cultured
P. acnes with treatment. The recolonization of
P. acnes after stopping treatment matched the
reappearance of porphyrins. Correlation in the
treatment group, mean = 0.80, between P. acnes
and fluorescence was good, whereas correlation
for control was poor. Fluorescence photography is
not sensitive enough to detect modest changes but
is reliable when variation is clinically relevant, at
least one order magnitude. Thus, culture may still
be necessary when modest changes in P. acnes
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cannot be detected with fluorescence. The authors
conclude that fluorescence photography is a reli-
able, quick, and easy way to estimate suppressive
effects of antibacterial agents on P. acnes.

In 1997, Phillips et al. (1997) introduced the
use of perpendicular polarized light photography
(originally a method for enhancing subsurface
features in photoaged skin) as a method to
enhance visualization of acne. With standard
photos, small comedones may be missed, and
macular and elevated lesions cannot be differenti-
ated. Features may also only change slightly dur-
ing a 12-week trial. Polarized photography
enhances visualization of features such as ery-
thema, important for distinguishing inflammatory
from noninflammatory lesions. Thirty-two sub-
jects were treated with clindamycin 1 %, and
clinical assessment using Leeds (Burke and
Cunliffe 1984) was performed at baseline and
after 12 weeks. Standard and perpendicular polar-
ized photographs were also taken and retrospec-
tively graded using Leeds. Because reproducible
photographs were required for reliable retrospec-
tive evaluation, the authors concentrated on keep-
ing consistent color, lighting, and framing with
anatomic landmarks. Advantages of perpendicu-
lar polarized photos include enhancing visualiza-
tion of subsurface erythema and hemoglobin-
related structures and better identifying inflamma-
tory lesions and open comedones by removing
glare and surface topography. The mean Leeds
score from perpendicular photos was higher than
scores from clinical assessments and flash photos,
indicating increased sensitivity. The difference in
mean Leeds scores after 12 weeks for polarized
photos was similar to clinical assessments but
significantly higher than flash ( p = 0.03). The
authors conclude that clinical evaluations match
retrospective grading with perpendicular more
than with flash photos.

In 2001, Rizova and Kligman (2001) used
polarized light photography as a noninvasive and
reliable method to assess acne and track lesion
development. Visual assessment is compromised
by viewer subjectivity and is dependent on con-
sistent standards. Although standard photography
with consistent technique can be used for more
objective assessment, visualization of small

comedones and subtle cutaneous characteristics
is inconsistent, and inflammatory lesions are dif-
ficult to differentiate from hyperpigmented mac-
ules. Polarized light photography can increase
accuracy of acne evaluation. Five volunteers
enrolled in a 16-week study with the folllowing
phases: 4-week pretreatment phase to track the
natural progression of lesions, 8-week treatment
with adapalene gel 0.1 %, and 4-week follow-up
after ending treatment to evaluate lesion evolu-
tion. Parallel- and cross (or perpendicular)-
polarized photographs were taken at each visit to
record lesion evolution. Parallel-polarized pho-
tography enhances visualization of surface fea-
tures such as greasiness, scaling, and degree of
lesion elevation, while cross-polarized photogra-
phy improves visibility of subsurface erythema,
hyperpigmentation, small lesions, and inflamma-
tion. The authors believe that serial photographs
using polarized techniques to track lesions can
provide more data for treatment efficacy and the
changing landscape characteristic of acne.

2.2.2 Computational Methods Have
Also Been Used to Improve Acne
Evaluation

In 2008, Do et al. (2008) studied the program
Picture Window Pro 4.0 used to align and track
images of the night sky. Even with standardiza-
tion, position inconsistencies are possible
between photos. By manually selecting alignment
points for anatomic landmarks such as the nose
tip, successive photos could be superimposed to
decrease angle and framing inconsistencies.
Observations such as inflammatory lesions rising
from comedones with a time course of 2–12 plus
weeks were determined by monitoring develop-
ment of lesion types open/closed comedones, ery-
thematous macules, papules, pustules, and
nodules. The authors conclude that such technol-
ogy can track effects of acne medication on the
lifespan of lesions and characterize the natural
history of acne.

In 2012, Choi et al. (2012) used a 3D image
analysis system (PRIMOS Compact) to evaluate
skin texture and acne lesions objectively. From the
successful use of 3D analysis to monitor wrinkles,
the authors applied the method to quantify skin
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surface roughness and acne volumes before and
after 4 weeks of anti-acne cream (acure clarifying
marks eraser®). Skin surface measurements
before and after treatment using the 3D image
system gave quantitative analysis of roughness
and volume of lesions. Roughness was assessed
by parameters: Ra average of values, Rmax max-
imum peak-to-valley value, Rz average of peak-
to-valley values, and Rp maximum peak. Lesions
were analyzed by total number and average vol-
ume. Results indicated that skin texture signifi-
cantly improved after treatment with Ra, Rmax,
Rz, and Rp, decreasing by 6.25 %, 7.50 %,
7.00 %, and 7.70 %, respectively. Volume of
lesions decreased by 19.54 % after treatment,
although lesion count was unchanged. While
acne is usually classified by diameter, the authors
indicate that volume provides more reliable
criteria for the classification of lesions with irreg-
ular shapes. 3D analysis can supplement counting
and grading systems. However, image analysis is
less clinically relevant than grading based on
severity since severity can be underestimated
with minimal protrusion. Image-based analysis
provides opportunities to address topographical
changes in the skin and should be used with addi-
tional visual assessment methods to grade
severity.

In 2008, Fuji et al. (2008) proposed an extrac-
tion method to classify lesion types such as com-
edo, reddish papule, pustule, and scar. Acne
should be classified and counted for accurate
grading, but this takes time. Inferior color repro-
duction of cameras causes visually detecting and
differentiating lesion types to be difficult. Instead,
accurate color reproduction of multispectral
images (MSIs) is better. In the computer-aided
diagnosis system, detailed spectral features are
acquired by MSI, and lesions can be classified
by applying linear discriminant functions
(LDFs). Three LDFs were calculated from papule
and pustule, pustule and scar, and papule and scar.
Results of MSI and LDF classifier on clinical
images showed viability of this method.

In 2008, Bae et al. (2008) introduced a multi-
modal imaging modality and objective image

analysis methods. Independent modalities stan-
dard, parallel- and cross-polarized, and fluores-
cent images were integrated into one modality to
maximize clinical utility. Each image emphasizes
different morphological and functional skin infor-
mation, and the images can be utilized to more
reliably and efficiently evaluate severity. Polar-
ized images are useful for analyzing skin texture,
pigmentation, and vascularity and computing ery-
thema index and melanin index to evaluate vas-
cular and pigmented lesions, respectively.
Fluorescent images are useful for quantitatively
evaluating sebum characteristics such as pattern,
area and density, and average size and diameter of
spots.

There are also existing skin analysis methods
that can be applied to quantitatively assess acne
severity. In 1999, Xu et al. (1999) presented a
segmentation method for images of skin cancer
and pigmented lesions. Lesions are detected in an
image to compute qualities such as diameter, color
variation, etc. In 2003, Schmid-Saugeon
et al. (2003) presented a computer-aided diagnosis
system to assist physicians in analyzing
pigmented skin lesions, such as lesion boundary
detection, visualization, quantification of texture,
shape, and color, and classification as benign or
malignant. In 2008, Masood et al. (2008) intro-
duced a segmentation procedure for lesions in
atopic dermatitis. Improving accuracy of lesion
boundary detection is important for obtaining
objective evaluation of lesions through quantita-
tive attributes and monitoring lesion evolution.
Computerized analysis of position, size, shape,
color, and other features can categorize lesions.

3 Conclusion

The photographic standard introduced by Cook
et al. (1979) is precise, is easy to use, and has
inter-grader consistency. Cook’s method has been
expanded in various ways, from including the
back and chest evaluation to matching lesion
counts with severity grades. Photography also
documents progress for retrospective verification.
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With lesion tracking, the natural history of lesion
development can be determined. In addition, pho-
tographic methods have expanded from flash to
fluorescence and polarized, to improve visualiza-
tion and increase accuracy of assessing acne
severity.

However, drawbacks of photography include
not allowing palpation to determine depth and
minimization of small lesions, comedones, and
erythema. Photographs of patients with pigment
are also difficult to evaluate (Witkowski and Par-
ish 2004). Maintaining consistent settings such as
lighting, distance to camera, framing, and angles
can also be problematic (Burke and Cunliffe
1984). Although many agree that Cook’s
photonumeric method has good inter- and intra-
rater reliability, some criticize that the method is
inaccurate because photographic evaluation is
inherently more subjective than lesion counting
(Doshi et al. 1997). Pigmentation changes from
healing lesions or tanning can affect grading. Dark
skin tones also complicate the visualization and
assessment of lesions (Witkowski et al. 1980).
Some praise lesion counting as more objective
and accurate, despite being tedious and time
consuming.

Even so, there has been much support for a
photographic standard, with trials showing reli-
ability of such assessment and applicability to
clinical practice. In addition, patient photos can
be transferred to other physicians for a second
opinion to ensure accurate assessment. As
supported by Samuelson (1981), who concur-
rently used two methods of evaluation, there is a
close correlation between lesion counting and
overall assessment of photographs. While lesion
count evaluations differed by as much as 20%, the
photographic method only had a 5 % difference,
showing that the photographic method provides a
more accurate evaluation of change. In addition,
change in counts is meaningless if overall severity
remains the same. With counting, a quantitative
measure, statistical evaluation, must be handled
carefully as a count of 10 reducing to 5 does not
necessarily indicate 50 % severity reduction. Dis-
crepancy between raters also increases as count

rises (Bergman et al. 2009), indicating reliability
issues as severity worsens. As evaluated in a sur-
vey conducted by Tan et al. (2012b), severity was
selected as the most important clinical feature. In
clinical practice, acne severity assessment must be
time efficient, and although lesion counting is
important, it is largely impractical in practice.
Thus, severity is often measured by qualitative
methods. Numerical range of lesions for severity
categories with descriptive text and photographic
standards are more appropriate for clinic use.

Methods such as fluorescence and polarized
photography also offer more information about
dermatological conditions than noticeable by clin-
ical observation alone. Computer alignment,
imaging modality, segmentation, quantitative
analysis, and 3D analysis methods expand the
use of images to track lesions and measure objec-
tive characteristics such as the extent of erythema
and lesion attributes. Computational methods also
address issues of inter- and intra-rater reliability,
which can lead to effective acne treatment and
contribute to existing grading systems (Ramli
et al. 2012).

Since the introduction of Cook’s standard,
other photographic extensions and analysis tech-
niques have helped improve accuracy of diagno-
sis. Photography is (1) an objective and usable
technique for measuring acne and (2) a valuable
technique for training and qualifying graders.
Because of its reproducibility, the method can
also help decrease subject sample size in research.
Taken together, the combined experience summa-
rized here strongly promotes the use of the photo-
graphic method – at least as an auxiliary method
in phase 1 and 2 clinical trials. The small defini-
tive intra-subject documentation achieved by
Cook represents a major savings in resources.
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Hair is a major visual demonstration of the human
body, especially in social and sexual communica-
tions. Androgenetic alopecia (AGA) is the most
common form of alopecia, affecting up to 80 % of
men and 50 % of women in the course of their life
(Piraccini and Alessandrini 2014; Shapiro
et al. 2000; Blume-Peytavi et al. 2008). Today,
hair loss is a common complaint in clinical der-
matology. Hair growth assessment is based on the
clinical experience and trichological knowledge
of the assessor. Careful clinical examination is
required in order to establish the differential diag-
noses, which will then inform the choice of
assessment technology made (Shapiro
et al. 2000; Blume-Peytavi et al. 2008). The use
of specific and reproducible scoring systems for
scalp hair by the physician is best approached, as
it facilitates the diagnosis and differential diagno-
sis with other diseases, allows staging of severity,
and monitors the progress of the disease in time
and response to treatment (Piraccini and
Alessandrini 2014).

1 AGA Classification

The most well-known grading systems are
those described by Hamilton-Norwood (for
male) and Ludwig (for female) (Messenger
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2008). However, various classifications for
assessing hair loss score have been proposed
for AGA (Table 1) (Blume-Peytavi et al. 2008;
Lee et al. 2007; Olsen 2003; Thaysen-Petersen
et al. 2015).

1.1 AGA in Men

In the majority of men, AGA involves the fronto-
temporal and the vertex areas, and hair loss pro-
gresses to end-stage blading in 50–60 % of men

Table 1 Different scalp hair assessment scores in androgenetic alopecia

Author Year Classification

Beek 1950 This study was done on 1,000 Caucasian with two aspect (frontal and front vertical
baldness (Beek 1950)

Hamilton 1951 A classification based on the report of eight aspects and three subgroups for male pattern
hair loss and further comparison of the incidence of baldness for Caucasians and Chinese
(Hamilton 1951)

Ogata 1953 Fifteen types of baldness were distinguished from 20 different aspects and classified
them to six groups (Ogata 1953)

Feit 1969 A more detailed classification than Hamilton version. He characterized 12 different
varieties of 16 categorizes aspects (Feit 1969)

Setty 1970 A simplified three-group version of Hamilton’s version: (1). Totopilosis (relates to
Hamilton type I). (2). Indentato-pilosis (Hamilton type II–V). (3). Indentatocirculo-
pilosis (more or less Hamilton VI–VII; confluent/nonconfluent) (Setty 1970)

Ebling and Rook 1972 Classification which differentiates alopecia into 5�: for grades I–III medical treatment is
appropriate; for grade IV, surgical therapy; for grade V, no solution is available (Ebling
and Rook 1972)

Rook and Dawber 1975 A classification of five evolving stages (Rook and Dawber 1982)

Norwood 1975 Norwood modified Hamilton classification, added more details for male pattern
baldness, and described as Hamilton-Norwood classification (Fig. 1) (Norwood 1975)

Bouhanna and
Nataf

1976 A simplified classification in three stages of evolution with or without vertex balding
(Bouhanna and Nataf 1976)

Ludwig 1977 Ludwig classification (Fig. 3) (Ludwig 1977)

Blanchard and
Blanchard

1984 Classification distributed into five stages of evolution by measuring the distance of fixed
landmarks with the borders of alopecia (Blanchard and Blanchard 1984)

Camacho 1988 A classification of AGAwhich involves the hair loss pattern. Male AGA (MAGA.I–V)
and male pattern female AGA (FAGA.M.I–V) are judged with the Ebling classification.
Female AGA (FAGA.I–III) and female pattern male AGA (MAGA.F.I–III) are rated
with the Ludwig classification (Camacho 1988)

Savin 1992 The Savin scale is a photographic depiction of gradations of scalp hair loss in women as
determined by parting width. The patient’s hair is compared with eight computer-
generated pictorial representations of the central scalp hair parted in the middle (Savin
1992)

Bouhanna 2000 A presurgical method to determine the extent of bald and hairy areas, measured by five
distances on the scalp: median sagittal distance, left and right paramedian distances,
transverse supra-auricular distance, temporal anterior spacing distance (Bouhanna 2000;
Camacho 1988).

Koo et al 2000 Classified the type of male pattern baldness into six types according to the English
alphabetical letter shape of the bald area (Lee et al. 2007; Koo et al. 2000)

Sinclair 2004 Described more grade than the Ludwig scale (Fig. 4) (Messenger 2008; Sinclair
et al. 2004; Gan and Sinclair 2005)

Olsen et al. 2004 The scalp is divided in four regions: frontal (F), bitemporal (T), midscalp (M), and vertex
(V). These regions are each assigned a 7-point density scale of 0–6, with 0 being no loss
and 6 being total or near-total terminal hair loss (Fig. 1) (Olsen et al. 2004)

Lee et al. 2007 Basic and specific (BASP) classification. There are four basic types (L, M, C, and U) and
two specific types (F and V). The final type is decided by the combination of the assigned
basic and specific types (Fig. 2) (Lee et al. 2007)
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by age of 70 years (Fig. 1) (Hamilton 1951; Nor-
wood 1975). This process may start at any time
following puberty or sooner. The most wide-
spread use classification method for male AGA
is the one that described by Norwood in 1975,
with refining Hamilton’s classification (Blume-
Peytavi et al. 2008; Lee et al. 2007; Norwood
1975). In some instances, however, men develop
diffuse thinning of the crown with retention of the
frontal hairline with a pattern that resembles the
Ludwig type observed in women (Blume-Peytavi
et al. 2011).

The basic and specific (BASP) classification is
a new scoring method of hair loss which was
introduced by Lee et al. in 2007. BASP was
designed based on the pattern of hair loss, includ-
ing four basic types (the shape of the anterior
hairline) and two specific types (the density of
hair on the frontal and vertex areas). The final

type is decided by the combination of the basic
and specific types (Fig. 2) (Lee et al. 2007).

1.2 AGA in Women

Female pattern hair loss (FPHL) is the most com-
mon hair loss disorder in women and has a com-
plex mode of inheritance. The etiopathogenesis of
FPHL is largely unknown; however, it is hypothe-
sized that FPHL and male pattern baldness share
common genetic susceptibility alleles (Nuwaihyd
et al. 2014). It results from a progressive reduction
in the ratio of terminal hairs to shorter, thinner
vellus hairs, which is known as follicular miniatur-
ization (Bouhanna and Nataf 1976; Blume-Peytavi
et al. 2011). This miniaturization follows usually a
pattern distribution. Inwomen, FPHL typically pre-
sents as a diffuse reduction in hair density over the

Fig. 1 Hamilton-Norwood classification of male balding (Drawing by Ali Rajabi Estarabadi based on Male pattern
baldness classification published by Norwood) (Norwood 1975; Blume-Peytavi et al. 2011)
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frontal and vertex areas, but parietal and occipital
regions may be involved (Bouhanna and Nataf
1976; Blume-Peytavi et al. 2011). So FPHL may
have three different patterns which is a term for
decreasing in different regions of scalp hair density
(Blume-Peytavi et al. 2008; Pragst and Balikova
2006):

1. Diffuse thinning of the crown region with pres-
ervation of the frontal hairline. There are two
scales that describe this pattern: the commonly
used 3-point Ludwig scale and the 5-point
Sinclair scale (Blume-Peytavi et al. 2011).

The Ludwig classification uses three
stages to describe female pattern genetic
hair loss: type I (mild), type II (moderate),
and type III (extensive). In all three Ludwig
stages, there is hair loss on the front and top
of the scalp with relative preservation of the
frontal hairline. The back and sides may or
may not be involved (Fig. 3) (Ludwig 1977;
Olsen 2001, 2008).

2. Thinning and widening of the central part of
the scalp with breach of frontal hairline
described by Olsen scale: Christmas tree pat-
tern (Fig. 5) (Olsen 2003, 2008). Olsen

Fig. 2 The basic and specific (BASP) classification sys-
tem. Four basic types (L, M, C, and U) and two specific
types (V and F) are used in the BASP classification. The
final type is defined by a combination of the basic and

specific type (Drawing by Ali Rajabi Estarabadi based on
BASP classification published by Lee and et al.) (Lee
et al. 2007)
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proposed that frontal accentuation (or the
“Christmas tree” pattern) be considered
another pattern of hair loss in women, which
helps to distinguish hair loss from other poten-
tial hair loss mimicries in women (Lee
et al. 2007; Olsen 2003; Vujovic and Del
Marmol 2014).

3. Thinning associated with bitemporal recession
the same as male hair loss pattern (Hamilton-
Norwood type, Fig. 1) (Olsen 2003; Hamilton
1951; Norwood 1975).

Norwood-Hamilton’s classification for male
pattern of hair loss and Ludwig’s classification

Fig. 5 Olsen scale:
Christmas tree pattern in
female pattern hair loss
(Drawing by Ali Rajabi
Estarabadi based on Female
pattern hair loss published
by Olsen) (Olsen 2008;
Blume-Peytavi et al. 2011)

Fig. 3 Ludwig pattern of
hair loss-3-point (Drawing
by Ali Rajabi Estarabadi
based on Classification of
alopecia in female
published by Ludwig)
(Ludwig 1977; Blume-
Peytavi et al. 2011)

Fig. 4 Sinclair scale (5-point) for grading of female pattern hair loss (Drawing by Ali Rajabi Estarabadi based on the
Sinclair scale) (Sinclair et al. 2004; Gan and Sinclair 2005)
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for female pattern of hair loss are the most com-
monly used classification methods for assessing
AGA worldwide (Blume-Peytavi et al. 2008,
2011; Gan and Sinclair 2005).
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1 Introduction

Hirsutism is a condition where a female develops
a male pattern growth of thick, pigmented
androgen-dependent terminal hair. This is to be
differentiated from overgrowth of nonsexual
(vellus) hair, which is the fine, lightly pigmented
hair covering most areas of the body during the
prepubertal years and is known as hypertrichosis.
Although hirsutism is generally thought to affect
5–10 % of women of reproductive age, it is
important to bear in mind that the incidence is
highly affected by location and ethnicity being
higher in those of African or Mediterranean
descent (Metwally 2012).

The first semiquantitative assessment method
was developed for the of body hair growth by
D. Ferriman and J.D Gallwey, published in 1961
by D. Ferriman and J.D. Gallwey in the Journal of
Clinical Endocrinology. Five gradings based on
densities and areas involved (0–4) were deter-
mined for each of 11 sites: upper lip, chin, chest,
upper back, lower back, upper abdomen, lower
abdomen, upper arms, forearms, thighs, and legsF. Fanian (*)
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Fig. 1 The modified Ferriman-Gallwey scoring model for
quantifying the extent and severity of hair growth in
women. Hair growth is graded using a scale from
0 (no terminal hair) to 4 (maximal growth) in nine different
areas. Themaximum score is 36. A score more than 8 could

be considered as hirsutism and indicated the
hyperandrogenic state (Reproduced from Hatch R,
Rosenfield RS, Kim MH, Tredway D. Hirsutism: implica-
tions, etiology and management. Am J Obstet Gynecol
1981; 140: 815. Copyright #1981 Elsevier)
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(Ferriman and Gallwey 1961). In 1981, Hatch
et al. provided the modified FG scoring model
with nine zones by eliminating forearms and
thighs and legs (Hatch et al. 1981) (Fig. 1).

2 Cutoff Score for Defining
Hirsutism

According to the different studies, the women
with the score of more than 8 are considered to
be hirsute (Hertweck et al. 2012; Hassa
et al. 2005; Rosenfield 2005); however, the
Rong Li et al. considered 4 as the cutoff score
for nonhirsute/hirsute women (Li et al. 2012).
Escobar-Morreale et al. suggested a table of cut-
offs for the modified FG hirsutism score
according to the 95 percentile in different unse-
lected populations of premenopausal women
based on their systematic review published on
2012 (Table 1) (Escobar-Morreale et al. 2012).

3 How Modified Ferriman-
Gallwey Scale is Applicable?

Although the Ferriman-Gallwey scale is a useful
clinical scoring system, there are a number of
potential limitations, one of which is the fact that
the existing scoring system does not take into
account the fact that abnormal amounts of hair
growth may be confined to only a few areas with-
out exceeding the cutoff value in total hirsutism
score. Also it does not include areas such as the
neck, sideburns, and buttocks/perineum where
increased hair growth may be a concern in some
women. Moreover, it is also less prominent in
adolescents and older women and regresses as
women age (Azziz 2004). Hassa et al. in 2005
showed that the areas not considered in FG scale
like buttocks/preneum, sideburn, and neck have a
high score in accordance with the
hyperandrogenic state (Hassa et al. 2005). They

Table 1 Suggested cutoffs for the mFG hirsutism score according to the 95 percentile in different unselected populations
of premenopausal women (Escobar-Morreale HF et al. Hum Reprod Update. 2012) (Escobar-Morreale et al. 2012)

Author, year Year Country Race Ethnicity
Sample
size

Suggested mFG
cutoffa

Tellez and Frenkel (1995) 1995 Chile White Hispanic 236 �6

Asuncion et al. (2000) 2000 Spain White Mediterranean 154 �8

Sagsoz et al. (2004) 2004 Turkey White Middle Eastern 204 �9

Cheewadhanaraks et al. (2004) 2004 Thailand Asian Thai and
Chinese

531 �3

DeUgarte et al. (2006) 2006 USA White Caucasian and
Hispanic

283 �8

Black African-
American

350 �8

Zhao et al. (2007) 2007 China Asian Chinese Han 623 �2

Api et al. (2009) 2009 Turkey White Middle Eastern 121 �11

Moran et al. (2010) 2010 Mexico White Hispanic 150 �10

Noorbala and Kefaie (2010) 2010 Iran White Middle Eastern 900 �10

Kim et al. (2011) 2011 Korea Asian Chinese 1010 �6

Gambineri (2011, personal
communication)

2011 Italy White Mediterranean 200 �9

Escobar-Morreale (2011, personal
communication)

2011 Spain White Mediterranean 291 �10

aAs defined by the 95th percentile of an unselected population of premenopausal women (Escobar-Morreale et al. 2012)
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also revealed that the upper arm, upper back, and
upper abdomen have a low impact on the total
hirsutism score. Although the study population
was too small, the author believes the existing
scoring is open to intra- and interobserver varia-
tions and he proposed to include these three zones
in the visual scoring of hirsutism (Hassa
et al. 2005).

4 Is It Any Concordance Between
Clinicians’ and Patients’ Self
Scoring?

According to the study of Espinos J et al. in 2010
(Espinós et al. 2010), patients’ self-scoring of
hirsutism using the mFG system showed a mean
(SEM) score of 15.1, compared with 12.0 for
clinicians’ scoring (P = .01). For the most
androgen-sensitive areas, patients’ scores were
also significantly higher than clinicians’ scores
(9.4 vs. 8.1; P = .04). A relationship between
patients’ scores and clinicians’ scores was
observed (r = 0.502, P < .007), with a stronger
relationship occurring when only the most
androgen-sensitive areas were considered
(r = 0.599, P < .001). In the logistic regression
analysis, clinicians’ scores of clinical hirsutism
were significantly associated with BMI and TFI.
In contrast, patients’ self-scorings of hirsutism
were not associated with any of the analyzed
parameters. In the multivariable analysis, clini-
cians’ scoring of hirsutism was the only indepen-
dent variable significantly associated with
increased total plasma T levels, with an area
under the ROC curve of 0.939 (95 % confidence
interval, 0.851–1.028) and a sensitivity of 100 %
and specificity of 82.6 % for a mFG score >13
(Espinós et al. 2010).
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1 Part I: Primary Cutaneous T-Cell
Lymphoma

Primary cutaneous T-cell lymphoma (CTCL) is
typically an indolent lymphoma. Mycosis
fungoides is the most common form of CTCL
and 70 % of patients present with patches and
plaques limited to the skin (stage I). Within
10 years from diagnosis, approximately 40 % of
patients will progress to more advanced stages
(stage II–IV) with development of skin tumors,
erythroderma, or lymphadenopathy (Whittaker
et al. 2003). Thirty percent present with advanced
disease and have a poor prognosis with a median
survival of 1-5 years. Sézary syndrome is a leuke-
mic form of CTCL which presents with a triad of
erythroderma, lymphadenopathy, and circulating
atypical lymphocytes (Sézary cells).

In mycosis fungoides and Sézary syndrome,
the skin is staged T1-T4 where T1 is defined by
patches or plaques covering less than 10 % of the
body surface area (BSA), T2 as patches and/or
plaques covering greater than 10 % of BSA), T3
as presence of skin tumors, and T4 denotes
erythroderma where greater than 80 % of BSA is
involved. This staging system is used with staging
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of lymph nodes (N0-3), and the presence or
absence of metastasis (M0–1) to produce a TNM
stage which is used to calculate a Bunn and
Lamberg stage I-IVB (Table 1) (Bunn and
Lamberg 1979). This staging system has been
shown to have prognostic significance (Table 2)
(Scarisbrick et al. 2014). The TNM staging has
recently been revised by EORTC to include a
blood stage (B0-B2) as well as to differentiate
patches and plaques (T1a/b and T2a/b where “a”
denotes patches and “b” plaques) and to record
T-cell receptor clonality in blood and lymph node
(where “a” denotes polyclonality and “b”
monoclonality) (Table 3) (Olsen et al. 2007a).
When more than one T rating might be applied,
the highest is used for staging purposes, but in
situations where both tumors and erythroderma
exist simultaneously, both T ratings should be
recorded (e.g., T4(3)). This provides a means of
tracking patients with erythroderma plus tumors
that may impact a poorer prognosis.

To skin score inMF/SS, the lesion type must be
clearly defined prior to calculating BSA involved
with each lesion type.

2 Part II: Defining Patch, Plaque,
and Tumor Disease in MF

2.1 Patch

A patch disease is defined as flat erythema. A
patch may be any size lesion without indura-
tion or significant elevation above the

surrounding uninvolved skin. A patch must be
flat and barely palpable but there may be light
scaling (Figs. 1 and 2). The presence/absence
of scale, crusting, poikiloderma (Fig. 3), and/or
of hypo- or hyperpigmentation (Fig. 4) should
be noted.

2.2 Plaque

Plaque disease is defined as any size lesion which
is indurated, scaly, and possibly excoriated and
includes keratoderma which is raised above the
surface of the skin. It should be palpable with
induration but without vertical growth or deep
infiltration. Plaques are typically pink or red and
maybe scaly (Fig. 5). Presence or absence of scale,
crusting, ulceration, and/or poikiloderma should
be noted. Histological features such as
folliculotropism or large-cell transformation
(25 % large cells defined as >4� diameter of
normal lymphocytes), CD30+ or CD30�, and
clinical features such as ulceration are also impor-
tant to document.

2.3 Tumors

Tumors are any solid or nodular lesion greater
than 1 cm in diameter with evidence of deep
infiltration in the skin and/or vertical growth.
Ulceration may occur with significant loss of
superficial skin, including the entire epidermis
and some portion of the upper dermis. Tumor

Table 1 Bunn and Lamberg staging system (Bunn and Lamberg 1979)

Stage Tumor (T) Lymph node (N) Metastasis (M)

IA T1: patches/plaques over
<10 % of body surface

N0: no palpable nodes or histological evidence of MF M0: no visceral
involvement

IB T2: patches/plaques over
>10 % of body surface

N0 M0

IIA T1 or T2 N1: palpable node; no histological evidence of MF M0

IIB T3: tumors N0 or N1 M0

III T4: erythroderma N0 or N1 M0

IVA T1–T4 N2, no palpable nodes but histological evidence of MF, or
N3, palpable nodes and histological evidence of MF

M0

IVB T1–T4 N0–N3 M1: histological
visceral
involvement
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lesions are often dome-shaped. There may be loss
of epidermotropism and no scale (Fig. 6).

The total number of lesions, total BSA of
lesions to include the largest size lesion, and
region of body involved may be noted, but the
significance of this finding is not known.

Histological evidence of large-cell transformation
and CD30 positivity is encouraged.

The distinction between patch and thin plaque
lesions and between thick plaques and tumors is
subjective (Olsen et al. 2007a; Oliver et al. 1978;
Lamberg et al. 1984). Whether there should be a

Table 3 Revised TNMB staging for mycosis fungoides and Sézary syndrome (Olsen et al. 2007a)

Stage Tumor (T) Lymph node (N) Blood (B)
Metastasis
(M)

IA T1: patches/plaques
over <10 % of body
surface

N0: no palpable nodes or histological
evidence of MF

B0: <5 % peripheral
blood lymphocytes
atypical

M0: no
visceral
involvement

T1a patches only N0a clone negative B0a clone negative

T1b plaques only N0b clone positive B0b clone positive

B1: >5 % of peripheral
blood lymphocytes are
atypical but <1,000/μl
B1a clone negative

B1b clone positive

IB T2: patches/plaques
over >10 % of body
surface

N0 B0–1 M0

T2a patches only

T2b plaques only

IIA T1 or T2 N1: no histological evidence of MF
(dermatopathic)

B0–1 M0

N1a clone negative

N1b clone positive

N2: early involvement with MF,
aggregates of atypical cells with
preservation of nodal architecture

N2a clone negative

N2b clone positive

IIB T3: tumors, lesions
>1 cm diameter with
deep infiltration

N0–2 B0–1 M0

IIIA T4: erythroderma
>80 %BSA involved

N0–2 B0 M0

IIIB T4: erythroderma N0–2 B1 M0

IVA1 T1–T4 N0–2 B2: >1,000/μl
circulating atypical
lymphocytes (Sézary
cells)

M0

IVA2 N3: lymph nodes involved with
effacement of normal architecture

B0–2 M0

IVB T1–T4 N0–N3 B0–2 M1:
histological
visceral
involvement
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minimum histological depth of infiltrate to distin-
guish plaque from tumor in order to corroborate
this important assignment of T stage based on a
single lesion has not been yet been determined.

2.4 Erythroderma

The ISCL criteria of erythroderma (T4 skin clas-
sification) is at least 80 % BSA involvement with

patch/plaque disease (Fig. 7). In erythroderma the
extent of skin tumor burden may be assessed with
macular erythema equivalent to patch stage MF,
erythema with induration/edema equivalent to
plaque, and the presence of tumors noted.

3 Part III: Assessment of BSA
Involvement in Dermatological
Disease

Estimating BSA has been used in the assessment
of burns for more than 60 years. Burn surface area
determines fluid resuscitation volumes and allows
triage of patients to specialist burn units. Accurate
measurement of burn BSA is therefore critical for
burn assessment.

There are various methods of calculating BSA
which act as guides to assess the percentage of the

Fig. 1 Patch of mycosis fungoides

Fig. 2 Patches of mycosis fungoides over the buttocks

Fig. 3 Poikilodermatous MF – patch stage showing
dyspigmentation, telangiectasia, and atrophy
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total body surface area affected. The three com-
monly used methods of estimating BSA are
(1) palmar surface (Kirby and Blackburn 1981),
(2) Wallace’s “rule of nines” (Wallace 1951), and
(3) the Lund and Browder chart (Lund and Brow-
der 1944).

3.1 Palmar Surface

Palmar surface assessment uses the palmar sur-
face area of the patient’s hand as an estimation
guide (Kirby and Blackburn 1981). The surface
area of the patient’s palm including the fingers is
assumed to be 1.0 % of the total body surface area.
This method is useful to estimate relatively small
affected BSA (less than 15 % of the total surface
area) or larger areas (greater than 85 % when
normal skin is counted), but in the middle ranges,
this method is less accurate, because if the hand
alone is used to assess the BSA affected, this may
be overestimated as actual palmar surface is typ-
ically less than 1 % (Lee et al. 2007). This method
is liable to further inaccuracies as textbook teach-
ing of the definition of the palm or palmar surface
varies (palm +/� fingers +/� thumb) and is
assigned between 0.5 % and 1.5 % of the total
body surface area.

This technique may be used to calculate
affected skin or in a subtraction method by calcu-
lating the unaffected skin.

3.2 Wallace’s “Rule of Nines”
(Wallace 1951)

The “rule of nines” initially defined by Pulaski and
Tennison in 1947 and published by Wallace in
1951 divides BSA into regions of 9 % or multiples
of 9 %, leaving 1% for the genitalia/perineum. TheFig. 4 Patches of hypopigmented MF over legs

Fig. 5 Plaque of mycosis
fungoides
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percentage of involved skin for each body part is
recorded, and the sum of affected areas is calcu-
lated. This tool is convenient when estimating BSA
involvement in an adult, but is less applicable in
young children because of proportion differences.

3.3 The Lund and Browder Chart
(Lund and Browder 1944)

The Lund and Browder chart consists of two body
diagrams, one of the anterior and one of the pos-
terior body, to allow mapping of the affected skin.
The percentage SA of body parts are shown on a
table that varies according to age to reflect body
parts affected by growth. This chart provides com-
prehensible and accurate estimation for both chil-
dren and adults (Hettiaratchy and Papini 2004).

Measuring BSA is subjective and vulnerable to
errors due to inaccurate percentages assigned to
body parts or errors in calculation of body surface
area affected. The latter has been shown to be
particularly vulnerable due to inconsistencies in
published methods of measuring BSA. The pal-
mar method of calculating BSA has proven pref-
erable in many studies because of the relative
speed of calculations. However, review of the
literature shows discrepancies exist over the per-
centage BSA of the hand/palm. The original Lund
and Browder publication designated each surface
of hand as 1.5 %; this was later reduced in the
modified Lund and Browder detailing each sur-
face of hand as 1.25 %. The palmar method
defines the surface of the hand to equal 1 %.

While UK teaching has been that the patient’s
palm represents 1 % of BSA, definition of the
palm is lacking (Jose et al. 2004). The Advanced
Trauma Life Support (ATLS) guidelines define
the palm to exclude fingers and equal to 1 %
(American College of Surgeons 1993) which

Fig. 7 Erythroderma defined as skin involvement greater
than 80 % BSA

Fig. 6 Tumors of mycosis
fungoides
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contradicts UK teaching where the distal wrist
creases to top of the finger tips (palm plus digits
is equal to 1 %) (Kirby and Blackburn 1981).

Planimetry involves using an instrument to
measure the area of a plane figure. Planimetry
may be used to measure hand/palmar surface
area. A review of the literature (Scarisbrick and
Morris 2013) identified several planimetry studies
investigating palm surface area and found the
palm alone to be consistently 0.5 %men, although
may be affected by stature and is relatively smaller
in women (0.4 %) and larger in children (~0.6 %),
and there is also variation with race and BMI. The
palmar surface plus fingers is approximately
0.8 %, while palm alone is 0.5 %. Using the
palm and fingers to equate to 1 %, BSAwill result
in overscoring and inaccurate calculation of BSA
which will be accentuated by a weighted scoring
system as used in CTCL.

Even with a constant BSA assessment method,
there is significant inter-user variability in scoring.
Constant scoring methods are required for future
studies. Where possible the same scorer should
score any individual.

4 Part IV: Skin Scoring
in Dermatology

Measuring BSA affected by skin diseases has
allowed various methods of skin scoring to be
developed in dermatological diseases. These skin
scoring methods have been developed to aid
assessment of disease severity and for use in clin-
ical trials to measure disease response. Scoring
systems for inflammatory diseases such as psori-
asis and atopic eczema have been developed. The
PASI (Psoriasis Area Severity Index) was first
published in 1978 for quantifying skin disease in
psoriasis (Fredriksson and Pettersson 1978). The
body is divided into four sections (head, trunk,
arms, and legs). The percentage involvement of
each of these areas is scored by itself, and then the
four scores are combined into the final PASI. The
Atopic Dermatitis Severity Index (ADSI)
(Bahmer et al. 1991) involves mapping disease
onto body diagrams and evaluating using grid-
point counting (this involves mapping areas of

affected skin onto diagrams and is time-
consuming). SCORAD (SCORing Atopic Der-
matitis) is a clinical tool used to assess the extent
and severity of eczema (Scorad Index 1993). The
sites affected by eczema are shaded on a drawing
of a body and the rule of nines is used to calculate
the affected area.

4.1 Skin Scoring in MF/SS

Distinction between stage T1 and T2 disease is
dependent on the involvement of more than 10 %
of BSA, while T4 is defined as greater than 80 %
involvement. In T3 there is no minimum BSA
involvement and the presence of one tumor
>1 cm diameter defines disease. Skin scoring
provides adjuvant information to staging in myco-
sis fungoides and Sézary syndrome by determin-
ing BSA involved with patch, plaques, and tumor.
Skin scoring utilizes the measurement of affected
BSA and type of skin lesion (patch, plaque, or
tumor) and is used to allow quantification of skin
tumor burden. Stevens et al. (2002) published a
severity-weighted assessment tool (SWAT) which
has been modified to produce the mSWAT which
is now the preferred method of skin scoring in
mycosis fungoides and Sézary syndrome. The
mSWAT calculates BSA involved with patch,
plaque, and tumor separately and then weights
patch �1, plaque �2, and tumor �4 to produce
a numerical value out of 400.

The overall mSWAT may not correlate with
survival as a patient with widespread patches
may have a high-percentage body surface area
involved but a normal life expectancy, whereas
tumors may be small 1-2 cm and cover a much
smaller surface area but portray a poor prognosis
and median survival of 3-5 years. However, the
mSWAT score does allow responses to treat-
ments to be quantified which is essential in
clinical trials.

4.2 Lesion Weighting

For mSWAT calculations, the BSA of patch
lesions are weighted �1, while BSA of plaque
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lesions are weighted �2 to reflect the heavier
dermal infiltrate in plaques and higher skin
tumor burden. Tumor BSA is multiplied by �4.
However, the thickness of the dermal infiltrate of
tumors is far greater than four times that of patches
(Rieger et al. 1989). However, multiplication �4
was agreed because of the variability of investi-
gators in assigning a lesion to plaque versus tumor
(Olsen et al. 2011). Thus, any change in tumor
BSA may be underscored in the total mSWAT
compared to changes in patch and plaques. A
skin scoring for erythroderma may also be calcu-
lated using the mSWAT with summation of BSA
involvement with macular erythema �1, equiva-
lent to patch, plus erythema with induration/
edema �2, equivalent to plaque, and the BSA of
tumors �4. In this way the mSWAT may quantify
extent of tumor burden in erythroderma while
maintaining the ability to simultaneously track
any tumors that may be present but does not
track fissures or scale/exfoliation separately
(Olsen et al. 2011).

4.3 SWAT

The original paper by Steven et al. in 2002
mapped clinical disease onto body diagrams
distinguishing patch, plaque, and tumor. A 1 cm
grid was randomly placed on the drawing, and the
number of grid intersections overlying each lesion
was counted to produce the percentage total BSA
for each type of lesion (a method known as grid-
point counting). Multiplication of patch �1,
plaque �2, and tumor �3 produced a numerical
value or SWAT out of 300. This method was
verified in a study of 1,194 records from 323
(Stevens et al. 2002).

4.4 mSWAT

This SWAT has been modified (modified SWATor
mSWAT) in a number of studies using assessment
of BSA by rule of nines or Lund and Browder
charts as opposed to grid mapping, and multipli-
cation of tumors has been used as �4 in some
papers (Olsen et al. 2001, 2007b). This higher

value for tumors is suggested as the infiltrative
depth of a tumor is relatively greater than ratios
1:3 patch or 2:3 plaque, but higher than �4 may
further increase any discrepancies in BSA calcu-
lation. This modified SWAT is recommended as
the skin scoring tool of choice to provide a global
skin assessment of BSA weighted to skin lesion
type and suggests the palmar method as the pre-
ferred method of calculating BSA. However, the
total BSA of the hand in the modified Lund and
Browder charts used is 5 %. If the palmar surface
is taken as 1 % to represent palm plus fingers
minus thumb, then each thumb would account
for 0.5 % which is disproportional and may
make this calculation invalid. Ensuring an accu-
rate and robust measure of BSA is essential par-
ticularly as this scoring system is weighted and
will multiply inconsistencies.

The mSWAT may be calculated using a chart
(Fig. 8) showing the % BSA for the body regions.
The BSA for patch, plaque, and tumor is calcu-
lated separately and then multiplied by the
weighting factor.

It is recommended that in clinical trials
mSWAT calculations should be performed by the
same investigator at all time points to eliminate
interobserver variability for a given patient (Olsen
et al. 2011). If the same investigator cannot per-
form all the assessments, then all personnel grad-
ing the same patient must have completed prior
training, ideally before study initiation. Standard-
ized photographs of the skin are recommended to
document the appearance of skin lesions at base-
line and times of response/progression.

The recent international consensus paper from
the EORTC (European Organisation for Research
and Treatment of Cancer Cutaneous Lymphoma
Task Force) and International Society for Cutane-
ous Lymphoma (ISCL) provides end points and
response criteria for CTCL and recommends the
mSWAT as the preferred method for determining
skin tumor burden for both mycosis fungoides and
Sézary syndrome (Olsen et al. 2011).

An iPhone application (CL-App) has been
developed with Guy’s and St Thomas’ NHS
Trust (2012) to aid skin scoring in CTCL by
providing interactive body diagrams to score
BSA involved as opposed to standard charts.
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This has the advantage over charts as mSWAT
calculations are made electronically and this is
likely to reduce user error. This application allows
more rapid scoring of mSWATwithin the clinical
setting. The application also provides information
on how to perform scoring. However, the avail-
ability requires access to an iPhone/iPad.

4.5 Discussion

In mycosis fungoides and Sézary syndrome,
the mSWAT is the preferred method of skin
scoring. The palmar surface of 0.5 % should
be used as the measurement tool to skin score
as this is relatively constant with age, stature,
and different races (Scarisbrick and Morris
2013). A constant training method should be
used to teach mSWAT calculations as there is
significant inter-user variability. Where possi-
ble the same scorer should score any individ-
ual. Clinical photography is a useful adjuvant
to represent skin involvement but skin scoring
from photos is difficult.

The mSWATshould be used for skin scoring in
mycosis fungoides and Sézary syndrome and may
allow more accurate comparisons between centers
which is essential for future clinical trials.
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1 Introduction

The term “obesity” suggests several images that
illustrate different personal, social, and/or profes-
sional impacts, explaining the diversity of defini-
tions found for this disease (Longo et al. 2012).
Obesity can be defined as a condition involving an
excess of fatty tissue, which increases the risk of
premature illness and mortality (Villareal
et al. 2005). This definition requires the quantifi-
cation of adipose tissue by the Quetelet index
(weight/height2) kg/m2 (Garrow and Welster
1985), commonly known as the body mass index
(BMI) (Weigley and Adolphe 1976).

The available data on the prevalence of obesity
is substantially affected by its definition, and the
data is not always representative, often hindering
comparison between different studies and groups
(Wang et al. 2007). The most recent studies on the
prevalence of obesity in the United States show
that more than one third of adults and almost 17 %
of children and adolescents were obese in
2009–2010 (Ogden et al. 2007, 2012). It is also
suggested that differences in prevalence between
men and women decreased between 1999–2000
and 2009–2010, with prevalence of male obesity
reaching the same level of the female (Ogden
et al. 2012). Regarding age, the prevalence of
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obesity was higher among older women compared
with younger. These age differences were not
detected in males. In children and adolescents,
the prevalence of obesity was higher among ado-
lescents than preschool children. According to
this same study, no change in the prevalence of
obesity was noted in recent years or even in the
last decade for male (children and adults), but the
same is not true for females (Ogden et al. 2012)
(Fig. 1).

According to the WHO, in Europe in 2008,
over 50 % of men and women were overweight,
and about 23 % of women and 20 % of men were
obese (WHO Europe 2012). Based on the latest
European Union previews, up to 70 % of adults
may be considered overweight, while obesity can
reach 30 % in adults (WHO Europe 2012). The
WHO estimates that the number of overweight
children in Europe has increased steadily between
1990 and 2008, and over 60 % of children who are
overweight before puberty will be overweight in
early adult age (WHO Europe 2012).

Morbidity is well known and documented
(Bray et al. 2009; Shipman and Millington 2011;
Guida et al. 2010), and in most cases, obesity
amplifies the effects of other pathologies such as
skin diseases (e.g., ulcers and healing, or

infections). Specifically, beyond stretch marks,
lymphedema, cellulitis, intertrigo, and lower
limb stasis pigmentation, it has also been related
to scleroderma, gangrene, and acanthosis
nigricans (Shipman and Millington 2011). Never-
theless, it is not clear whether obesity per se is a
cause of skin disease, although biomechanical and
barrier modifications maybe present.

In general, the epidermal barrier is designed to
prevent the loss of water and other components
through the skin (Darlenski and Fluhr 2012;
Venus et al. 2010). It is an essential property,
especially dependent on the outermost layer, the
stratum corneum (SC). Due to its constitution, the
stratum corneum is also responsible for the
mechanical strength of the skin. Thus, this barrier
function seems to be closely related to the “enve-
lope” function, and it has been demonstrated that
when the skin barrier function is compromised,
the biomechanical properties of the skin are also
altered (Pederson et al. 2006) (Table 1). From the
structural point of view, this biomechanical
behavior allows the definition of the body contour
even during dramatic shape variations such as in
pregnancy, or when a marked increase or loss of
weight occurs (Darlenski and Fluhr 2012). These
properties illustrate a complex anisotropic
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viscoelastic behavior that determines a nonlinear
response when submitted to a force (physiological
or not, such as the application of suction)
(Darlenski and Fluhr 2012; Wu et al. 2006).

These properties change with age or gender,
and also with many different pathological condi-
tions. However, regarding obesity, modifications
of skin physiology are still poorly described.
TEWL changes have been related to the BMI in
obese patients (Darlenski and Fluhr 2012; Guida
et al. 2010; Löffler et al. 2002). A relationship
between obesity and skin hydration (xerosis),
increased TEWL, and sweat activity has been
reported (Wu et al. 2006). However, most of
these studies still provide insufficient information,
and the information is difficult to compare when
applying different methodologies and individuals.
Therefore, in the present study, the focus is cen-
tered in comparing skin behavior of normal and
overweight individuals in regard to these two
basic properties of in vivo skin – barrier function
and biomechanical behavior.

2 Material and Methods

2.1 Subjects

A convenience sample of 30 healthy female volun-
teers aged between 29 and 46 (36 � 4) years old,
was selected after informed consent, in accordance
with previously established inclusion criteria. The
applied protocols were in full compliance with all
ethical standards set by the Declaration of Helsinki
and its amendments (World Medical Association
declaration of Helsinky 2004).

In order to minimize individual variability and
to make the sample as homogeneous as possible,
noninclusion criteria regarded pregnancy or lacta-
tion, cutaneous signs, pigmentation or scarring in
the experimental area, history of allergy, any skin
treatments and regular practice of sport.

Restrictions were also imposed to reduce exter-
nal interference:

– Application of cosmetics on the skin areas
involved

– Washing the study areas with soap or shower
gel on the day of laboratory measurements

– The use of tight underwear or any cause of
friction in the area under study

– Oral and/or topical medication potentially
interfering with measurements (mandatory to
inform the investigator about any dermatolog-
ical and/or ongoing pharmacological
treatments)

– Sporadic utilization of antihistamines or vita-
mins (vitamin A) preceding the study and dur-
ing its course

– Vaccination in the 3 weeks prior to the study
– Exposure to water via sauna/Turkish bath or

immersion in an ocean/pool in the 2 days
before the study

– Intense sun exposure in the 2 weeks before the
study

– Consumption of coffee and/or tea in the 48 h
prior to the study

2.2 Instrumentation

Taking into account the announced objectives,
the “barrier” function was characterized by the
TEWL, obtained with the Tewameter TM300
(CK electronics, FRG), expressed in g/m2/h,
and by the epidermal hydration, measured by
the Moisture Meter SC (Delphin Technology
D) system, which is based on the measurement
of the “capacitance” and expressed in AU (arbi-
trary units). The “envelope” function was mea-
sured by the Cutometer CM575 systems (in mm)
(Rodrigues and EEMCO 2001; Seidenari
et al. 2006; Darlenski et al. 2009) from CK
Technologies, FRG by several utility

Table 1 Relationship between variables representing the
“envelope” and the epidermal “barrier” functions

Barrier
function

Envelope
function

TEWL � � � * * *

Epidermal hydration +++ * * *

Biomechanical
properties

* * * +++

TEWL transepidermal water loss, +++ positive influence,
��� negative influence, *the published data determine a
connection – see text
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descriptors. The chosen descriptors were the full
recovery of the deformation at the end of the
stress period (Ua), total elasticity of the skin
(Ua/Uf, including pulse stretching and recov-
ery), total elasticity or elastic function (Ur/Ue),
and the viscoelastic ratio (Uv/Ue, e.g., the rela-
tionship between the elastic and the viscoelastic
extension).

2.3 Experimental Design

This study was conducted at the Research Centre
in Biosciences and Health Technologies (CBIOS
from Universidade Lusófona) and the Plastic Sur-
gery Department of the Hospital S. José, in col-
laboration with the service of General Surgery
from the same hospital.

The sample was divided into three groups –
Group I with BMI between 19.9 and 24.9 kg/m2,
Group IIwith BMI between 25 and 29.9 kg/m2, and
Group III with BMI between 30 and 39.9 kg/m2.

After confirming all inclusion and
noninclusion criteria, volunteers were submitted
to the evaluations required for the quantitative
description of the respective “barrier” and “enve-
lope” function characterizations. Volunteers were
allowed to acclimatize for a period of about
20 min to ensure full adaptation of their skin
functions to ambient conditions. All evaluations
were conducted in the laboratory under controlled
temperature and humidity (21 � 1 �C,
45 � 5 %), in the absence of heat sources and
forced convection, according to methodology and
previously published recommendations (Rogiers
and EEMCO Group 2001; Piérard 1999).

2.4 Statistics

Statistical analysis (descriptive and comparative)
was performed using the SPSS (v 20.0) software
by univariate analysis with calculation of mea-
sures of central tendency and dispersion. Pearson
and Spearman tests were also applied, according
to the (normal or non-normal, respectively)

distribution of variables, confirmed via the
t-student and Mann-Whitney tests, and a 95 %
confidence level was adopted. An adjustment for
age was also applied.

3 Results and Discussion

3.1 TEWL and Epidermal Hydration

Some studies indicate that TEWL increases with
BMI, while others suggest that TEWL decreases
in obese individuals, although not stratified by
classes (obese and overweight individuals includ-
ing class I and II, and morbidly obese individuals)
(Guida et al. 2010; Löffler et al. 2002; Nino
et al. 2012; Sotoodian and Maibach 2012). In
our experimental conditions, overweight and
obese individuals have shown lower TEWL
values than individuals with a normal body mass
(Table 2). Until now, the lack of studies with
sample stratification by BMI class has not allowed
comparisons, but our results seem to favor related
previously published data in this direction (Guida
et al. 2010; Nino et al. 2012; Yosipovich
et al. 2007; Millington 2012; Hidalgo 2002;
Brown et al. 2004; Boza et al. 2012). These indi-
viduals (overweight and obese) also show higher
epidermal hydration values than individuals with
lower (normal) BMIs.

Dry skin is a well-known common problem in
obese patients, necessarily related to a poor epider-
mal hydration (Nino et al. 2012; Yosipovich
et al. 2007). However, our results have consistently
shown that individuals with a BMI between 25 and
39.9 kg/m2 had higher values of epidermal hydra-
tion. It appears that increased TEWL values always
correspond to lower values of surface hydration.
Since higher TEWL values correspond to greater
water loss through the skin, this seems also to
reflect lower water retention capacity and thus
lower epidermal surface hydration.

Potentially related, a recent study demonstrated
for the first time a clear influence of dietary habits,
in particular the consumption of water, on skin
hydration and elasticity (Palma et al. 2012a, b).
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3.2 Biomechanics

Previous studies allowed us to consider variables
Ua and the ratios Ua/Uf, Uv/Ue, and Ur/Ue, as
well as the most relevant descriptors of the skin
biomechanical condition. Some of these studies
correlate these descriptors with weight variation
and with subcutaneous adipose tissue. These seem
to be better fitted to approach the ability of the
skin to distend and retract in an immediate or

delayed form, allowing an overview of its
mechanical condition and also a quantitative
description of its plastic, elastic, and viscoelastic
characteristics (Krueger et al. 2011; Ryu
et al. 2008; Verhaegen et al. 2010; Xin
et al. 2010; Paye et al. 2007; Ezure and Amano
2010).

Table 3 shows the results for the registered
biomechanical descriptors. Ua corresponds to the
maximum contractile recovery of the skin

Table 2 Descriptive statistics regarding evaluated variables related with the barrier function (TEWL and epidermal
hydration) in different anatomical areas (see text)

N Mean
Std.
deviation

Std.
error

95 % confidence

Minimum Maximum
Lower
bound

Upper
bound

TEWL zygomatic Normal 10 11.5 4.3 1.4 8.4 14.5 6.6 19.0

Excess
weight

10 7.8 3.3 1.0 5.4 10.1 5.4 16.7

Obese 10 8.4 2.6 0.8 6.5 10.2 5.6 11.8

TEWL forehead Normal 10 10.1 4.1 1.3 7.2 13.0 4.5 17.9

Excess
weight

10 8.0 2.9 0.9 6.0 10.1 1.5 12.4

Obese 10 8.5 2.4 0.7 6.8 10.2 6.0 14.1

TEWL breast Normal 10 13.6 20.8 6.6 �1.3 28.4 2.3 72.4

Excess
weight

10 7.5 5.8 1.8 3.4 11.7 2.8 20.1

Obese 10 9.8 5.4 1.7 5.9 13.6 4.1 18.7

TEWL abdomen Normal 10 7.1 2.7 0.9 5.1 9.0 3.4 11.4

Excess
weight

10 3.5 1.4 0.4 2.6 4.5 1.9 5.9

Obese 10 4.7 2.9 0.9 2.6 6.8 2.1 12.1

Epidermal
hydration
zygomatic

Normal 10 58.6 16.0 5.0 47.2 70.0 30.0 80.0

Excess
weight

10 59.2 22.7 7.2 43.0 75.4 22.0 91.0

Obese 10 67.9 11.9 3.8 59.4 76.4 47.0 86.0

Epidermal
hydration
forehead

Normal 10 57.8 19.8 6.3 43.6 72.0 16.0 86.0

Excess
weight

10 61.7 19.4 6.1 47.8 75.6 18.0 80.0

Obese 10 67.4 17.5 5.5 54.9 79.9 35.0 92.0

Epidermal
hydration breast

Normal 10 53.3 24.3 7.7 35.9 70.7 14.0 83.0

Excess
weight

10 66.5 15.0 4.8 55.7 77.3 43.0 89.0

Obese 10 75.5 20.8 6.6 60.6 90.4 48.0 105.0

Epidermal
hydration
abdomen

Normal 10 51.8 23.8 7.5 34.8 68.8 18.0 91.0

Excess
weight

10 47.9 10.4 3.3 40.5 55.3 33.0 68.0

Obese 10 40.7 15.6 4.9 29.5 51.9 15.0 61.0
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Table 3 Descriptive statistics regarding evaluated variables related with the envelope function (biomechanical descrip-
tors indentified in the text) in different anatomical areas

N Mean
Std.
deviation

Std.
error

95 % confidence

Minimum Maximum
Lower
bound

Upper
bound

Ua/Uf
zygomatic

Normal 10 0.430 0.299 0.095 0.216 0.644 0.132 0.774

Excess
weight

10 0.130 0.036 0.011 0.105 0.156 0.063 0.187

Obese 10 0.119 0.042 0.013 0.089 0.150 0.072 0.219

Ua/Uf
forehead

Normal 10 0.801 0.100 0.032 0.729 0.873 0.689 1.000

Excess
weight

10 0.083 0.068 0.021 0.035 0.132 0.048 0.273

Obese 10 0.063 0.020 0.006 0.049 0.077 0.041 0.098

Ua/Uf
breast

Normal 10 0.884 0.094 0.030 0.817 0.951 0.705 0.980

Excess
weight

10 0.120 0.041 0.013 0.091 0.150 0.076 0.217

Obese 10 0.138 0.049 0.015 0.103 0.173 0.058 0.242

Ua/Uf
abdomen

Normal 10 0.794 0.229 0.072 0.631 0.958 0.233 0.959

Excess
weight

10 0.164 0.046 0.015 0.131 0.197 0.116 0.250

Obese 10 0.149 0.024 0.008 0.132 0.166 0.109 0.187

Ur/Ue
zygomatic

Normal 10 0.436 0.369 0.117 0.171 0.700 0.084 1.005

Excess
weight

10 0.080 0.021 0.007 0.065 0.095 0.043 0.115

Obese 10 0.076 0.024 0.008 0.058 0.093 0.047 0.133

Ur/Ue
forehead

Normal 10 1.032 0.444 0.140 0.715 1.350 0.661 2.043

Excess
weight

10 0.062 0.064 0.020 0.017 0.108 0.034 0.243

Obese 10 0.041 0.011 0.003 0.033 0.049 0.026 0.062

Ur/Ue
breast

Normal 10 1.199 0.378 0.119 0.929 1.469 0.705 1.809

Excess
weight

10 0.086 0.040 0.013 0.058 0.115 0.047 0.187

Obese 10 0.094 0.037 0.012 0.067 0.120 0.037 0.165

Ur/Ue
abdomen

Normal 10 0.980 0.396 0.125 0.696 1.263 0.185 1.480

Excess
weight

10 0.119 0.040 0.013 0.090 0.148 0.071 0.195

Obese 10 0.102 0.028 0.009 0.082 0.122 0.064 0.146

Uv/Ue
zygomatic

Normal 10 0.352 0.334 0.106 0.113 0.592 0.076 1.070

Excess
weight

10 0.073 0.015 0.005 0.063 0.083 0.037 0.085

Obese 10 0.068 0.013 0.004 0.059 0.077 0.043 0.087

Uv/Ue
forehead

Normal 10 0.970 0.614 0.194 0.531 1.409 0.338 2.277

Excess
weight

10 0.072 0.116 0.037 �0.011 0.155 0.028 0.402

Obese 10 0.038 0.011 0.004 0.030 0.046 0.020 0.057

Uv/Ue
breast

Normal 10 0.867 0.315 0.100 0.641 1.093 0.449 1.487

Excess
weight

10 0.070 0.026 0.008 0.052 0.089 0.037 0.117

Obese 10 0.077 0.033 0.010 0.054 0.101 0.036 0.134

(continued)
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(in mm), showing higher values for the normal
weight individuals. Skin adapts to a new body
contour following weight increase, apparently
denoting greater distensibility. Therefore, we
would expect that this recovery could be also
higher in groups corresponding to a higher BMI.
However, in our sample, values obtained in higher
BMIs are lower than those from the normal weight
group. This might imply some loss of resilience,
given that the strain skin has been subjected for so
long. In any case, our results agree with a previ-
ously published study (although performed in
mice), suggesting a negative correlation of Ua
with weight (Ezure and Amano 2009).

Concerning the ratios Ua/Uf, corresponding to
biological elasticity (given by the correlation
between the recovery and the maximum extensi-
bility of the skin), and Ur/Ue, corresponding to the
elastic function variables (the ratio between the
immediate recovery Ur and immediate distension
of the skin Ue), we normally consider for both

ratios. The higher the ratio, the better its biome-
chanical behavior. Our results have shown higher
values for the normal weight group for both ratios.

An inverse correlation between the Ua/Uf ratio
and sagging has been described in obesity (Krueger
et al. 2011; Ryu et al. 2008; Verhaegen et al. 2010;
Xin et al. 2010; Paye et al. 2007; Ezure and Amano
2009, 2010; Barbenel 2006; Blaak et al. 2011).
According to these authors, the larger the value,
the lower the sagging and hence higher firmness
and better biomechanical behavior of the skin.

Another study identified a decrease of Ur/Ue in
obese mice previously subjected to a high-fat diet,
and this parameter correlated well with the degra-
dation of the biomechanical behavior (Xin
et al. 2010).

With weight gain, a better biomechanical
behavior of the skin is expected, in view of the
adaptability to new body contour. Here there is a
negative change in biomechanical behavior with
increasing weight.

Table 3 (continued)

N Mean
Std.
deviation

Std.
error

95 % confidence

Minimum Maximum
Lower
bound

Upper
bound

Uv/Ue
abdomen

Normal 10 0.614 0.296 0.094 0.403 0.826 0.102 1.128

Excess
weight

10 0.086 0.030 0.009 0.065 0.108 0.043 0.133

Obese 10 0.056 0.014 0.005 0.046 0.066 0.035 0.072

Ua
zygomatic

Normal 10 0.361 0.119 0.038 0.276 0.446 0.198 0.583

Excess
weight

10 0.307 0.097 0.031 0.237 0.377 0.124 0.467

Obese 10 0.276 0.128 0.040 0.184 0.367 0.144 0.565

Ua
forehead

Normal 10 0.353 0.245 0.077 0.177 0.528 0.126 0.840

Excess
weight

10 0.173 0.156 0.049 0.061 0.284 0.098 0.609

Obese 10 0.136 0.048 0.015 0.101 0.171 0.077 0.223

Ua breast Normal 10 0.517 0.215 0.068 0.363 0.670 0.259 0.980

Excess
weight

10 0.255 0.102 0.032 0.182 0.328 0.148 0.488

Obese 10 0.307 0.141 0.044 0.207 0.408 0.111 0.613

Ua
abdomen

Normal 10 0.738 0.245 0.077 0.563 0.913 0.419 1.070

Excess
weight

10 0.372 0.140 0.044 0.272 0.472 0.226 0.650

Obese 10 0.296 0.054 0.017 0.258 0.335 0.208 0.371
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Regarding the viscoelasticity, e.g., the ratio
between the immediate and the delayed distension
Uv/Ue, the higher its value, the better the ability of
the skin to react after stretching, and therefore, the
better its viscoelastic behavior. It would be
expected that the skin’s ability to react after
stretching, i.e., its viscoelastic behavior, might
improve with the weight gain as a consequence
of the skin’s progressive adaptation, to a new body
contour. However, our results have shown that the
viscoelastic behavior decreases with the
weight gain.

Previous studies identified statistically signifi-
cant differences among different age groups and
as well as different anatomical areas (Krueger
et al. 2011; Ezure and Amano 2010; Wa and
Maibach 2010). The age adjustment performed
helps to avoid the influence of this factor. Further-
more, our results are consistent with those studies
referring significant differences among anatomi-
cal sites. Nevertheless, our results do not identify
any significant statistical difference between the
BMI groups for most of the anatomical areas. This
is likely due to sample size limitations.

4 Conclusions

Our study clearly demonstrates that excess body
weight alters the in vivo epidermal barrier func-
tion, superficial hydration, and biomechanical
behavior of the skin, depending on the considered
anatomical area. The magnitude of excess body
weight seems to determine different changes –
more pronounced deterioration of the skin biome-
chanical condition is registered with higher BMI,
which also corresponds to higher TEWL. This
might be related with the variety of dermatoses
and other related skin problems observed in obese
individuals when compared to normal weight
individuals. Further studies involving wider
populations, with all classes of BMI, are needed
to better understand the pathophysiological
impact of this condition on the skin’s normal
physiology.
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1 Introduction

1.1 Occupational Skin Health
Surveillance

Occupational skin diseases are very common and
some occupations have a far higher risk than
others. Occupational contact dermatitis (OCD)
of the hands is the most common form and
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accounts for about 80 % of all cases (Andersen
2003). The economic consequences due to days
lost at work from absenteeism and related costs
for industries are significant. Brown summarized
the strategies for prevention of OCD in the work-
place following the hierarchy of control to mini-
mize or eliminate exposure hazards: elimination,
substitution, engineering controls, administrative
controls, and personal protective equipment
(Brown 2004). Despite the lack of supporting
evidence, health and safety legislation requires
that employers offer regular skin surveillance for
their staff where the hazard cannot be eliminated
or adequately controlled (HSE 2011). This
includes workers exposed to chemicals (e.g., sol-
vents), wet work, biological agents, and physical
agents such as low humidity, cold, or heat. The
current UK recommendation is to screen the
workforce at risk on a regular basis (annual or
more frequent depending on the likelihood of
adverse health outcomes) using regular question-
naire surveys or visual inspection by a responsible
person such as a supervisor or line manager (HSE
2008).

Both approaches have their limitations:

• Despite the widespread use of questionnaires
asking about both skin symptoms in the past
and current symptoms, these have not been
validated against clinical assessment. Both
recall bias and the individual’s perception of
their health status and what is normal skin
make these instruments open to misclassi-
fication and under- or overreporting. In some
industries, workers see changes in their skin as
“something that comes with the job” and con-
sider these changes as normal, and so they are
not reported.

• On the other hand, there is also no validation of
screening the workforce by a responsible per-
son. Ideally, this would be done by an occupa-
tional health professional with the appropriate
resources, but in most cases this is done by
someone with no health background. We
don’t know how valid such screening pro-
grams are, and whether underreporting to pro-
tect colleagues from unwanted job changes or
loss of job occurs.

1.2 Teledermatology

Telehealth (long-distance professional health edu-
cation, public health, and health administration)
and telemedicine (long-distance clinical health
care for diagnosis and treatment) (Gershon-Cohen
and Cooley 1950; Strehle and Shabde 2006; WHO
Group Consultation on Health Telematics 1998)
have evolved and gained widespread use since
their origins around 1910 (Romero et al. 2008;
Senel 2010; Preston et al. 1992). Nowadays, the
change from analogue to digital technologies
allows fast transmission and storage of clinical
data around the world. Teledermatology has been
shown to give accurate results with concordant
results of between 80 % and 90 % when compared
to face-to-face consultation (High et al. 2000 ) but
do not always reduce costs compared with tradi-
tional face-to-face consultations with dermatolo-
gists, when using expensive videoconferencing
systems (Loane et al. 2001; Hailey et al. 2002).

Teledermatology implements three different
approaches of telemedicine:

• Store-and-forward technology (S&F) where
digital photographs are taken and sent (with
clinical information) to a specialist for assess-
ment at a convenient time. This method only
requires a digital camera (or even mobile
phone with camera) and an internet connection
to transfer the images.

• The second approach uses a real-time video-
conferencing link (VC) between patient or
local health professional and a dermatologist.
This method is far more resource intensive in
terms of the equipment needed; however,
recent technical developments have reduced
equipment costs considerably. This method
would now be feasible in any practice with a
PC and internet connection. However, this
method requires that both patient and/or local
health professional and the specialist are avail-
able at the time of consultation with the
requirement of scheduled appointments. On
the positive side, the direct interaction between
patient and specialist makes it possible to
obtain clinically useful information for diagno-
sis and management (Loane et al. 2000).
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• The third approach applies both approaches,
S&F and VC, where photographic images are
transferred before or during a VC consultation
so combining the advantages of both systems.

In recent years studies looking into the feasibil-
ity, acceptance by patients and specialists, cost-
effectiveness, and reliability of teledermatologic
assessments and treatment outcomes have been
published. These studies were in settings providing
support to rural areas where direct consultation is
time consuming and expensive (Loane et al. 2001;
Baba et al. 2005; Bergmo 2000; Burgiss
et al. 1997; Finch et al. 2007; Finch 2008; Du
Moulin et al. 2003; Eminovic et al. 2010; Cham-
bers et al. 2012). However, they have had their
emphasis on specific skin condition like psoriasis,
melanoma, or other skin tumors (Kroemer
et al. 2011; Singh et al. 2011; Warshaw
et al. 2009a, b, 2010), or looking into the treatment
success in other specific conditions (e.g. treatment
of leg ulcers) (Binder et al. 2007). Other studies
were conducted in settings where a multitude of
different skin conditions were seen.

Recent studies in these areas suggest a good
agreement between clinical face-to-face examina-
tion and S&F teledermatology, reporting a kappa
– the chance-corrected agreement between two
modalities – of 0.71 and 0.86 for S&F
teledermatology (Edison et al. 2008; Rubegni
et al. 2011). Parsi et al. reported cost reductions
in teledermatologic care of psoriasis patients of
1.7 times less compared to face-to-face consulta-
tions (Parsi et al. 2012), and Moreno-Ramirez
et al. reported a similar cost reduction of 1.6
times for skin cancer patients (Moreno-Ramirez
et al. 2009).

All these conditions were looking into clini-
cally ill patients for various dermatological con-
ditions, examining the reliability to make the
correct diagnosis and/or to monitor treatment pro-
gress and outcomes. Only one study was identi-
fied looking into the diagnostic accuracy of
teledermatologic assessment of dermatitis and
skin rashes, a condition probably closest to what
one would expect to see in an occupational health
clinic. Heffner et al. reported the diagnostic con-
cordance in 137 pediatric patients with skin rashes

between direct visual assessment and tele-
dermatologic assessment with history and digital
images alone by a board-certified dermatologist.
The intra-rater concordance by the primary der-
matologist was 82 % with a kappa of 0.8 (95 %-
CI, 0.73–0.88); the inter-rater concordance
between two dermatologists was reported for pho-
tographs only and photograph versus inpatient
assessment with 73 % respective 69 % and a
kappa of 0.69 (95 %-CI, 0.61–0.77) respective
0.65 (95 %-CI, 0.58–0.73). Clinically relevant
disagreement occurred in 12–16 % of cases
depending on modality. However, this study
included many different diseases and aimed to
make a correct differential diagnosis for these
conditions.

2 Results

In occupational medicine and specifically in occu-
pational health surveillance for skin diseases, the
signs for skin lesions are often minor, but their
recognition is important to avoid progression to
more severe or chronic disease. The early detec-
tion of workers with damaged skin can also sup-
port the health and safety processes in a company
to identify areas and work tasks with an increased
risk and implement preventive measures
according to the hierarchy of risk control. Apart
from many examples of telemedical applications
in an occupational context, especially in the mar-
itime environment (Schlaich et al. 2009),
teledermatologic applications are almost
nonexistent.

However, two recent studies have been identi-
fied using a teledermatologic approach to occupa-
tional health surveillance (Steiner 2011;
Baumeister et al. 2009). Both studies were
looking into the early detection of occupational
hand dermatitis.

Baumeister et al. reported teledermatological
skin examinations using digital images in
100 metal workers. All workers were assessed
for hand dermatitis in their workplace by a phy-
sician including completing an initial interview-
based questionnaire related to working condi-
tions, the use of protective equipment, and
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medical history. The skin was then examined and
classified into four categories no, discrete, mod-
erate, or severe skin change. Subsequently the
skin was assessed using a quantitative scoring
system developed by the authors (Weistenhofer
et al. 2011) where 54 areas of the hands were
scored for several primary (erythema, vesicles,
papules) and secondary skin changes (scaling,
erosions, fissures, lichenification) and the
corresponding severity between 0 (absent) and
3 (severe). The hand eczema score for occupa-
tional screenings (HEROS) has been validated in
a separate study for its intra-observer and inter-
observer validity and shown to have a compara-
ble reliability to three other scoring systems for
distinct hand eczema, namely, the hand eczema
severity index (HECSI) (Held et al. 2005), the
Osnabrueck hand eczema severity index (OHSI)
(Skudlik et al. 2006), and Manuscore (John
2001). After the examination digital photo-
graphs using an Olympus SP-350 camera
mounted on a tripod against a green background
were taken of the dorsal and palmar aspect of
both hands. After several weeks, the digital
images were analyzed by two physicians using
the same scoring system. The results in their
study showed that the mean scores were signif-
icantly higher in the teledermatological exami-
nation (16.3) compared to the face-to-face
examination (13.1) with a predominance of
higher scores for secondary skin lesions. No
difference was found for the primary lesions.
Mean scores for the four subjective categories
of skin damage were reported as 5.6 in the face-
to-face examination respective 6 in the
teledermatologic assessment for no skin
changes, 14.6 respective 16.7 for discrete
changes, and 33.8 respective 9 (only one case)
for moderate skin damage. No assessment of
concordance and reliability for the agreement
in the subjective categories “no skin change,”
“discrete,” “moderate,” and “severe” between
the two modalities of face-to-face examination
and teledermatologic assessment, but a calcula-
tion from the numbers provided in the paper the
kappa (quadratic weighted kappa) was 0.1 (95
%-CI, -0.09–0.23) providing only a poor intra-
agreement between both modalities.

The second study in the field of tele-
dermatologic assessment of occupational skin dis-
eases has been conducted by this author and was
looking into the development of a toolkit taking
standardized photographs regardless of environ-
mental influences and its assessment for diagnos-
tic accuracy and reliability using calibrated
equipment (Steiner 2011). Despite proven reli-
ability and technical advances, the reasons
teledermatology is not widely practiced are (Arm-
strong et al. 2010, 2011):

• Lack of appropriate training in taking photo-
graphs to high standards

• Costly and inefficient software platforms
• Need for better integration in existing practice

systems
• Lack of reimbursement for telemedical ser-

vices but also cost-attractive implementation
models

This study aimed to address the first two points
with the development of a cost-effective photo-
graphic tool for taking standardized photographs
without the need for specialist training.

Elimination for the need of user interaction
controlling camera settings and taking reproduc-
ible photographs independent of time, location,
and operator in workplaces where no control
over lighting conditions was guaranteed led to
the development of a toolkit under the following
premise:

• Easy to transport, robust, and set up as the
toolkit was for use in different workplaces

• Use of standard components to keep the costs
low

• A compact digital camera which could be
remotely controlled by a laptop or PC (tethered
shooting)

• Give reproducible lighting condition and
reduce environmental influences from other
light sources

• Assessment of the digital images using a stan-
dardized setup with color-calibrated equipment
avoiding differences in classification of skin
damage and scoring results due to technical
issues
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Standardized lightning conditions were
achieved by a setup blocking out environmental
light sources and using a reproducible light output
of defined light quality (camera flash). The camera
was controlled via tethered shooting in the follow-
ing aspects: (a) live preview of the picture on the
PC, (b) zoom control, (c) autofocus, (d) flash out-
put control, and (e) full control over the exposure
settings (ISO, shutter speed, aperture, and white
balance). Figure 1 shows the final toolbox in its
dismantled and fully setup stage.

For the second objective to assess the diagnos-
tic validity and reliability between face-to-face
and teledermatologic assessment in occupational
skin health surveillance, a web platform was
developed presenting the photographs on color-
calibrated monitors. Four occupations at
increased risk of hand dermatitis (Forrester and
Roth 1998; Meyer et al. 2000) were selected:
health-care workers in an intensive care unit
(ITU), engineering workers from engineering
workshops in the Aberdeen area, hairdresser
apprentices from several colleges in North East
Scotland, and due to anecdotal evidence of
increased hand dermatitis, nursery nurses from

several children’s nurseries in the region were
included.

Next to a qualitative assessment into “normal
skin,” “dry skin,” or “dermatitis,” the quantitative
hand eczema severity index (HECSI) (Held
et al. 2005) was used.

The participants were examined during their
working hours so the time for the face-to-face
assessment had to be kept short, and the quantita-
tive HECSI and qualitative assessment was
blinded to additional information. Arrangements
were made to examine the participants on a
monthly basis over a 7-month period if available.

Three pictures of the hands were taken at each
time point from every participant: (1) dorsal
aspect of the hand, (2) palmar aspect of the hand
with fingers stretched out, and (3) fingers lifted to
see the fingertips. Toward the end of the study, a
fourth picture (4) was added displaying the inner
lateral aspect of the fingers. Figure 2 gives an
overview over the four positions of the hands
which took only about 1–2 min including
checking and entering the participant identifier.
A standard reference color card (Gretag Macbeth
Color Checker Mini-Chart, X-Rite Inc.) was used

Fig. 1 Photographic toolbox used for taking standardized photographs in the workplace
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regularly to permit checking of the photographs
for correct exposure settings (with regard to color
casts).

Overall 1,217 face-to-face assessment in
332 participants were available for analysis of
intra- and inter-observer agreement. The
teledermatologic assessment was based solely on
the visual appearance of the hands in the photo-
graphs without additional supporting information.
Analysis for agreement between face-to-face
inspection and teledermatologic assessment for
the subjective categories “normal skin,” “dry
skin/minor dermatitis,” and “dermatitis” using
unweighted kappa gives intra-rater agreement of
87.8 % with a kappa of 0.79 (95 %-CI, 0.76–0.82)
and an inter-rate agreement between the physician
and the dermatologist of 57.2 % with a
corresponding kappa of 0.16 (95 %-CI,
0.12–0.21). Using quadratic weighted kappa, the
intra-rater agreement increases to 95.1 % with a
weighted kappa of 0.82 (95 %-CI, 0.78–0.85) and
respective 80.1 % with a weighted kappa of 0.27
(95 %-CI, 0.20–0.33). HECSI scores were only
complete for the intra-rater assessment and

showed a spearman correlation of coefficient of
0.76 HECSI discriminated well between the three
categories of skin health independent from factors
like occupation, age, or sex. Overall this study has
shown a very good intra-rater agreement between
face-to-face and teledermatologic assessments in
occupational skin surveillance for hand dermatitis
but presented a poor inter-rater agreement.

3 Discussion

Teledermatology has been established and widely
used in clinical settings supporting the general
practitioner in rural areas with dermatology
input, reducing costs and times for patients and
specialists specifically when using S&F technol-
ogy. Teledermatology has also shown a good
diagnostic agreement between face-to-face con-
sultation and teledermatologic assessment for sev-
eral skin conditions, mainly skin tumors,
melanomas, or psoriasis, and to monitor treatment
success in specific disease conditions (Pak
et al. 2007). Baumeister et al. presented a case

Fig. 2 Example of photographs taken from each participant at each session
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study where teledermatology was successfully
used supporting an occupational physician to
make a diagnosis and identify the probable source
for an inflammatory condition in six railroad
workers (Baumeister et al. 2007) and later tested
the performance and correlation of two hand
eczema scoring systems for early hand eczema
in teledermatological settings (Baumeister
et al. 2010). Only two studies to date have used
teledermatology in the setting of occupational
health surveillance despite its potential attractive-
ness to offer a method which is quick and
wouldn’t disturb the work process. The results
from both studies are inconclusive as one showed
a poor intra-rater reliability (Baumeister
et al. 2009), the other promising results in terms
of intra-rater agreement, but a poor inter-rater
reliability (Steiner 2011). What are the potential
reasons for these results and how can they be
addressed? Diagnostic concordance in other stud-
ies between dermatologists in face-to-face consul-
tations is about 78 % (Ribas et al. 2010 ), and one
would expect that teledermatology would offer a
similar reliability.

The first study doesn’t report if the settings for
taking photographs have been standardized and if
precautions had been taken to avoid misclassi-
fication due to technical issues. This can be a
major issue in failing an accurate assessment in a
teledermatological setting. Figure 3 shows an
example of the same photograph presented on
the same monitor when viewed at different angles
and illustrates the importance to standardize every
step in the pathway using teledermatology for
occupational screening for skin conditions.

The second study addressed all possible issues
around the standardization taking hand photo-
graphs and the assessment, and similar sugges-
tions can now be found in the practice guidelines
for teledermatology published by the American
Telemedicine Association (Krupinski
et al. 2008). The study was able to show a very
good agreement between face-to-face and
teledermatologic assessment but showed only a
poor to moderate inter-rater agreement between
clinical RF and the dermatology consultant. Both
trained the scoring for hand dermatitis in a clinical
outpatient setting on patients with distinct hand
dermatitis. The presentation of the photographs
was randomized and blinded, and bias was
reduced to a possible minimum. Two probable
reasons for the disagreement between both asses-
sors are likely (a) the dermatologist scored only
participants when subjectively identified with
hand dermatitis and therefore relied on the first
overview of the hands not looking closer for spe-
cific signs and (b) different threshold when
assessing patients with minor skin changes or
skin damage between specialties. The dermatolo-
gist consultant only sees patients in the clinic with
moderate to severe hand dermatitis, and rarely
patients present with minor skin changes on the
hands which would require clinical treatment. In
contrast the clinical RF and occupational physi-
cian is confronted with workers where the hands
show only minor skin changes, which need to be
addressed to avoid their deterioration with possi-
ble time off work or job loss and to suggest pre-
ventive measures for the workforce. This makes it
likely that both assessors had a different view

Fig. 3 Appearance of the same photograph under minimal changes of the viewing angle on a calibrated laptop screen
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according to the settings in which they normally
work. Another drawback in the performance of
the teledermatologic method is the fact that some
skin lesions might be too subtle to be easily rec-
ognized in photographs. This is true to some
extent for minor scaling as presented, for exam-
ple, in occupations exposed to wet work. Such
skin changes are only recognized by experienced
assessors and can easily be missed. The provision
of additional occupational and clinical data is
likely to increase the accuracy in the assessment
of such minor changes.

Both studies showed that skin conditions are
scored worse in the teledermatological setting
compared to the face-to-face inspection. A likely
reason for this might be the ability to zoom into
the picture into greater detail than possible by
visual inspection, and minor changes are studied
in more detail with more time in the digital
images. This does lead to higher scores in using
established scoring tools but didn’t have an effect
on the subjective assessment for dermatitis in the
second study.

Based on the very good intra-rater agreement
using standardized equipment, teledermatology
offers an attractive method for occupational skin
surveillance for signs of hand dermatitis, with the
advantage that it wouldn’t take much of a workers
time (minutes only) or disrupt working processes
and that it can be done at convenient times for the
worker and employer. It also offers the advantage
that the assessment can be done at convenient
times by a health professional without blocking
valuable clinical times and that the progress of
preventive measures or treatments can be moni-
tored over time and documented using a reproduc-
ible method. The easy standardized setup allows
to produce photographs which are repeatable and
which can be integrated in the documentation
process of occupational skin surveillance but
also allows frequent follow-up in the clinical set-
ting or clinical studies in the treatment of hand
dermatitis.

For the assessment of hand dermatitis, several
scoring systems are available and validated, and
despite some of these were developed to monitor
clinical treatment progress of distinct HE
(HECSI, Manuscore), the studies have shown

that they are able to distinguish also for minor
skin changes like their alternatives (HEROS,
OHSI). The methods for taking photographs
and for the remote assessment however have to
be standardized all the way through to allow for
reproducible results. Further studies into the
inter-rater reliability of teledermatologic occupa-
tional skin surveillance should be initiated to
identify further shortcomings or prove the valid-
ity of this concept.

Important factors for a toolkit to be used for
occupational skin surveillance are:

• A setup that does not need user interaction
controlling camera settings and lighting condi-
tions for reproducible photographs

• An assessment environment using standard-
ized workstation settings and calibrated
equipment

• Assessors which are sufficiently trained in rec-
ognizing minor skin damage; later might be
best achieved in assessment centers with
trained staff, regular training, and cross-
validation of random samples between
assessors

Future developments of such toolkits might
include:

(a) A setup where staff cards can be used to start
up the system for the specific staff member
without further user input and real-time user
instructions as to how to position their hands
for a set of four photographs

(b) The use of polarized light sources to allow a
more detailed inspection of either surface
structures (e.g. for scaling using parallel-
polarized photographs)

Due to the fact that all camera manufacturers
discontinued compact camera models which
allow tethered shooting, new alternatives are nec-
essary: either one could make use of more expen-
sive digital SLR cameras which would increase
the costs for the teledermatologic tool or the
development of a solution using a credit card-
sized computer (Raspberry Pi) with a camera
module or a mobile phone app making the use of
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a dedicated laptop for controlling the camera and
storing the photographs obsolete.
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1 Introduction

Although extensively studied (Agner 1992),
sodium lauryl sulfate (SLS) has been rarely used
on the face to investigate mechanisms of irritation
(Cua et al. 1990).

Because of the particular skin sensitivity of the
face and the neck and because of the regional and
age-related variabilities detected in these areas to
compounds inducing contact urticaria (Shriner
and Maibach 1996; Marrakchi and Maibach
2006), we conducted this study with SLS 2 %
under occlusion for 1 h.

Because baseline TEWL has been speculated
as a predictive parameter to skin susceptibility to
SLS (Tupker et al. 1989) and changes in hydration
of superficial epidermis suspected to be responsi-
ble for the seasonal variability of skin irritation
induced by SLS (Agner and Serup 1989), we
measured the baseline TEWL and capacitance
before SLS application and studied their correla-
tion with changes in TEWL (@TEWL), 1 h and
23 h after patch removal (Agner 1992).
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2 Material and Methods

2.1 Subjects

Two age groups were examined: ten young sub-
jects, aged 25.2 � 4.7 years ranging from 19 to
30, and ten older subjects, aged 73.7 � 3.9 years
ranging from 70 to 81.

2.2 Methods

Eight areas of the skin (forehead, nose, cheek,
nasolabial and perioral areas, chin, neck, and
volar forearm) were studied.

After 15 min of rest, necessary to suppress
excess water evaporation, baseline TEWL was
measured using an evaporimeter, Tewameter TM
210* (Courage + Khazaka, Cologne, Germany),
and baseline capacitance was measured with a
Corneometer CM 820 PC (Courage + Khazaka,
Cologne, Germany).

Sodium lauryl sulfate (Sigma, St Louis, MO)
2 % (w/v) in water was then applied to each of
the eight areas for 1 h under occlusion using a
saturated absorbent filter paper disk (0,8 cm
diameter) in Finn Chamber aluminum disks
(Epitest Ltd Oy, Finland). On the contralateral
side, water was applied in the same conditions as
control.

To assess skin irritation, TEWL was measured
1 h and 23 h after patch removal.

Transepidermal water loss values of the areas
tested were corrected according to the changes in
the control areas:

TEWL ¼ TEWL measured� @TEWL H2O

where TEWLmeasured is the measured TEWL in
the tested area at 1 h or 23 hand @TEWL H2O

¼ TEWL control� baseline TEWL H2O where
TEWL control is the measured TEWL value in
the control area at 1 h or 23 h.

The skin reactivity to SLS was assessed by the
changes in TEWL (@TEWL = TEWL – baseline
TEWL)

2.3 Statistical Analysis

To compare the skin reactivity (@TEWL) of the
regions within each group, the two-tailed Student
t test for paired data was used. The two-tailed
Student t test for unpaired data was used to com-
pare the two age groups.

Simple linear regression and correlation anal-
ysis between basal TEWL and skin irritation
(@TEWL) and between baseline capacitance
and @TEWL for each skin location combining
the data of the two age groups was used.
@TEWL was considered as the dependent
variable.

3 Results

3.1 Skin Reactivity

Sodium lauryl sulfate 2 % under occlusion for 1 h
induced in most of the cases a subclinical irritation
and sometimes minimal erythema.

The absolute TEWL values taken after 1 h and
23 h did not show significant differences. Since
the 23 h measurements demonstrated lower stan-
dard deviation values, only the irritation assessed
at 23 h will be considered.

3.1.1 Comparison Between the Regions
In the young group, all the areas reacted to SLS
except the forearm. Skin irritation induced by SLS
and assessed by @TEWL was greater in the cheek
and chin when compared to the neck and forearm
( p < 0.05).

The highest @TEWL mean values were found
in the cheek and chin (Table 1), but no statistically
significant differences with the remaining regions
of the face were detected.

All the other regions except the forehead
showed a significantly higher irritation than the
forearm.

In the old group, all regions reacted to SLS
except the nose, perioral area, and forearm. The
cheek and chin showed the highest @TEWL mean
values (Table 1). Significantly ( p < 0.05) higher
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reactivity of these two areas was found when
compared to the forearm and when the chin is
compared to the forehead.

3.1.2 Comparison Between the Two
Age Groups

The mean @TEWL values were higher in all the
areas studied in the young than in the older group
(Table 1). Only in the chin ( p = 0.035) and
nasolabial area ( p = 0.005) were the differences
significant.

4 Correlation Study

4.1 Correlation Between Baseline
TEWL and @TEWL

Table 2 summarizes the correlations in each area
between baseline TEWL and @TEWL 23 h after
patch removal.

The forehead and the neck showed the stron-
gest correlations (r = 0.6474, p = 0.002 in the
forehead; r = 0.6273, p = 0.003 in the neck).

Table 1 Reactivity of regions in the young and old group

Area @TEWL (Mean � SD) g/m2 h p value

Young group Old group

Cheek 15.1 � 12.8 6.8 � 7.3 0.093

Chin* 13.5 � 9.9 6.0 � 3.3 0.035

Forearm 1.9 � 2.1 1.1 � 1.5 0.354

Forehead 10.4 � 13.9 2.3 � 2.3 0.086

Neck 6.8 � 6.0 3.6 � 3.7 0.165

Nasolabial area* 12.4 � 6.3 4.4 � 4.8 0.005

Nose 8.6 � 7.6 5.0 � 6.0 0.251

Perioral area 10.7 � 10.0 4.2 � 4.1 0.074

@TEWL = TEWL 23 h after patch test removal corrected to the control – baseline TEWL
*Difference between the young and old group statistically significant ( p < 0.05)

Table 2 Correlations in each area between baseline TEWL (BTEWL) and reactivity of the skin to SLS, 23 h after patch
removal (@TEWL)

BTEWL (Mean � SD) TEWL 23H (Mean � SD) @TEWL (Mean � SD) r p

Cheek* 15.63 � 6.70 26.63 � 15.30 10.96 � 11.01 0.4616 0.040

Chin* 20.87 � 6.37 30.47 � 12.08 9.77 � 8.13 0.3535 0.126

Forearm 8.64 � 3.97 9.70 � 4.92 1.51 � 1.83 – –

Forehead* 14.10 � 5.71 20.40 � 14.96 6.39 � 10.53 0.6474 0.002

Neck* 11.55 � 4.35 16.63 � 8.54 5.18 � 5.12 0.6273 0.003

Nasolabial* 28.74 � 8.56 36.93 � 13.44 8.40 � 6.78 0.4831 0.031

Nose* 19.04 � 6.03 25.27 � 11.15 6.77 � 6.92 0.3218 0.166

Perioral 24.25 � 8.93 29.98 � 14.6 7.47 � 8.17 0.4547 0.044

Areas which reacted to SLS: statistically significant ( p < 0.05) difference baseline TEWL and TEWL 23 h after patch
removal
r coefficient of correlation
p significance (significant correlation when p < 0.05)
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The nose and chin did not demonstrate a sig-
nificant correlation between basal TEWL and
TEWL changes induced by SLS. The forearm
was not studied since this area did not react to
the surfactant.

4.2 Correlation Between Baseline
Capacitance and @TEWL

The baseline capacitance was not correlated to the
skin irritation induced by SLS in any area studied.

5 Discussion

Sodium lauryl sulfate, an anionic surfactant, is
widely used to study the sensitivity of the skin to
irritants. Little information on the susceptibility of
the face to SLS is available (Cua et al. 1990).

It has also been demonstrated that SLS could
greatly increase the capacity of rigid nanoparticles
to serve as transdermal drug carriers (Lopez
et al. 2011).

In this study, we investigated the influence of
age and regional variability on SLS irritation with
a focus on the skin of the face.

We considered only TEWL 23 h after patch
removal because of the lower SD when compared
to the 1 h values. This difference in SD might be
explained by the “transient damage to the water
barrier of the skin” described by Agner and Serup
(1993) and induced by exposure to water. This
transient increase of TEWL not related to SLS
nor to the evaporation of additional water lasts
between 1 and 3 h after patch removal.

Considering the increase of TEWL after SLS
exposure (@TEWL), the young group had a higher
irritant response than the old group in the chin and
nasolabial area. In the remaining regions includ-
ing the neck, @TEWL mean values were higher in
the young group although the differences were not
significant. This lack of significant differences
might be explained by the high SD values
(Table 1) in these regions. Previous studies (Cua
et al. 1990; Elsner et al. 1990) investigated the
influence of age on the susceptibility to SLS and

reported a decrease of the sensitivity in the elderly
which is in concordance with our results.

Various protocols (concentrations, application
time) use SLS in water solution to induce skin
irritation (Wilhelm et al. 1989; Van Neste and De
Brouwer 1992). In our study, since the face was
suspected to be more sensitive than the remaining
regions of the body, and for a practical purpose,
SLS 2%was applied only for 1 h under occlusion.
This protocol was sufficient to induce subclinical
irritation in most of the areas of the face but not in
the forearm confirming that the face is more sen-
sitive than the forearm.

Although the cheek and chin showed the
highest @TEWL mean values, no regional varia-
tions were detected between the various regions of
the face in both age groups, but the cheek and chin
were more sensitive than the neck in the young
group. This lack of significant differences
between regions might be explained by the high
SD observed in @TEWL values.

To see whether significant differences in skin
irritation induced by surfactant exist between the
regions of the face, higher SLS concentrations
should be tested as well as repeated open applica-
tions which may better reflect the common use of
potential irritants on the face.

The correlation study showed a significant cor-
relation between basal TEWL and @TEWL in five
of the seven areas which have reacted to SLS
(Table 2).

The correlations between baseline TEWL and
TEWL 23 h after patch removal were more obvi-
ous. All the areas which reacted to SLS (all the
areas studied except the forearm) showed a strong
correlation coefficient varying between 0.76 and
0.88 with a highly significant p value < 0.001.

However, we think that the correlation between
basal TEWL and the absolute TEWL value after
irritation does not imply that higher basal TEWL
values predispose to higher skin sensitivity, but
only the correlation between baseline TEWL and
the changes in

TEWL after irritation (@TEWL) may have this
significance. Even if for different basal TEWL
values, the changes in TEWL are the same, a
positive correlation could be found because
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TEWL is considered as a stable parameter
(Oestmann et al. 1993).

The tendency that reactivity of the human face
to SLS decreases with age is sustained by findings
in the literature that TEWL measured in the face
of a large group of Asian volunteers decreases
with age (Tagami 2008).

Not only the face but also volar forearm, a
seemingly homogeneous skin area, demonstrated
regional variability to react to SLS (Bock
et al. 2007).

Further studies are needed to detect the partic-
ipation, with baseline TEWL of biophysical, bio-
chemical, or anatomical parameters in the
susceptibility of the face to irritants.
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1 The Risk Factors Associated
with Foot Blister Creation

Foot blisters can form in people of all ages and
activity levels, but those at increased risk are
athletes (Institute for Preventative Foot Health
[Internet]. National Foot Health Assessment;
[cited 2014]; Brennan 2002), hikers (Kogut and
Rodewald 1994), those wearing incorrect foot-
wear and hosiery (Dai et al. 2006) and military
staff (Akers and Sulzberger 1972; Mailler-Savage
and Adams 2006; Sian-Wei Tan et al. 2008).
Moreover, the formation of blisters during endur-
ance training can be the cause of further injury
(Van Tiggelen et al. 2009; Bush et al. 2000). The
primary risks associated with foot blisters are
local sepsis and consequent cellulitis (Hoeffler
1975; Knapik et al. 1995).

There are a range of suspected (but not fully
verified) factors that place foot skin at increased
risk of blister. Some of these factors can be manip-
ulated in order to reduce the risk; others are intrin-
sic to the nature of the skin (Table 1). Proactive
measures to reduce the risk of blistering can be
successful to a degree, the primary target being
that of moisture reduction within the shoe andF. Hashmi (*)
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sock and consequently the surface of the skin. A
number of other risk factors have been referred to
in the literature but have not yet been tested in the
context of foot skin blister, such as skin elasticity
and thickness.

The majority of foot blister research studies
have focused largely on prevalence and severity
of blisters in response to specific activities as the
sole outcome measure. Such studies have not
been conducted in controlled conditions, but
“in the field,” for example, obtaining blister
counts from groups of people after military
training exercises or at the end of hiking ses-
sions. Due to the practical nature of these stud-
ies, and the consequent methodological
limitations, the physiological events (and the
causes) that take place prior to the visible
appearance of the blisters are overlooked. As a
result, advances in the development of effective,
preventative interventions are stunted. There are
some seminal pieces of work in the field of
tribology that have contributed to a greater
understanding of how foot skin might respond
to specific external forces. The next section
describes the early works that formed the foun-
dations of knowledge in this area.

2 Early Work on the
Measurement of Skin Trauma
Due to External Forces

It was the detrimental impact of foot blisters on
military staff that motivated the research
conducted by Naylor and Sulzberger in the
1950s and 1960s (Naylor 1955; Sulzberger
et al. 1966). Naylor reported an inverse relation-
ship between the number of ‘rubs’ required to
form a blister and the frictional force applied
(Naylor 1955). Sulzberger and associates gener-
ated a large body of evidence that corroborated
and added to Naylor’s findings (Akers 1977).
Both authors conducted laboratory-based
research on anterior shin, forearm, and palmar
skin sites (in vivo), by systematically rubbing
the skin to the point of pain, blister, and/or abra-
sion. Akers and Sulzberger (1972) further
explored the effects of temperature and moisture
on blister formation on these skin sites using
strain gauge technology to allow for the precise
quantification of forces applied to the skin. The
apparatus used a system of weights and pulleys to
apply a loading probe that could be moved

Table 1 Risk factors associated with blister creation

Differences in
structure and
function of skin References

Susceptibility to high
pressure points during
walking References Inshoe microclimate References

Sex: females are
more likely to
blister compared
to males

Patterson
et al. (1994)

Structural or bony
foot deformity: flat
feet (pes planus)

Knapik
et al. (1998)

Inshoe humidity:
increased during
exercise

Hennig
et al. (2005)

(Van
Tiggelen
et al. 2009)

Race: increased
risk in
Caucasian skin
type

Reynolds
et al. (2000)

Altered biomechanics
of the foot during
walking: forefoot
varus alignment

Reynolds
et al. (2000)

Sock fiber: fibers that
allow for wicking of
moisture way from the
skin reduces risk

Herring and
Richie
(1993)

Patterson
et al. (1994)

Knapik
et al. (1996)

(Dai
et al. 2006)

Bogerd
et al. (2011,
2012)

Inherent
differences in
moisture, i.e.,
hyperhidrosis

Reynolds
et al. (1995)

Footwear fit: too tight
or too loose

Manna
et al. (2001)

Bush
et al. (2000)
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manually in a linear direction across the surface
of the skin allowing for the simultaneous mea-
surement of friction loads at the interface of the
probe and the skin (Fig. 1). The elegance of this
work involved altering the frictional loads while
maintaining constant normal (or perpendicular)
loads. This was achieved by systematically
applying substances to the skin that would alter
the coefficient of friction (CoF), for example, oil
or talcum powder. Their results showed that a
greater number of load cycles were required to
cause tissue trauma, using these substances, com-
pared to skin without any substance being
applied. Conversely, Naylor found that increased
skin surface moisture caused an increase in CoF
(Naylor 1955), and El Shimi (1977) later found
that dry skin has a relatively low friction response
(Shimi 1977). On closer inspection of Naylor’s
data, it is plausible to suggest that a reduction in
CoF of approximately 30 % could increase the
number of load cycles required to cause skin
trauma by threefold. He therefore demonstrated
that by keeping the compressive forces constant
and manipulating only the friction loads, skin
damage could still occur.

This early work paved the way for the science
of tribology, where a range of motorized,
laboratory-based devices were developed that pri-
marily involved the application of a controlled
normal load to a skin site on the body and the
detection of the resistance of the skin to the move-
ment of that applied load. The direction of the load
movement of these devices tended to be either

linear (Comaish and Bottoms 1971; Koudine
et al. 2000; Asserin et al. 2000; Sivamani
et al. 2003a, b) or rotational (Shimi 1977; Highley
et al. 1977; Prall 1973; Cua et al. 1990; Elsner
et al. 1990). During this time the focus of research
shifted from testing skin on the lower limb to sites
elsewhere on the body, mainly skin on the fore-
arm. In fact, published work of this nature on foot
skin is rare, and many blister prevention interven-
tions are informed by the work conducted on skin
other than on the foot.

3 The Application of Knowledge
in Tribology and Tissue
Mechanics to Foot Skin
Function and Blistering

In the 1970s, the basic principles of friction in
relation to skin were beginning to be challenged.
According to Amonton’s law, the dynamic fric-
tion coefficient, generated when two relatively
stiff materials (with smooth surfaces) pass across
one another, remains constant despite changes in
normal load and velocity of the relative move-
ment. However, in the case of a stiff material in
contact with viscoelastic skin, at the contact phase
between the two materials, there is a nonlinear
deformation of the skin with increasing load trans-
fer to the deeper tissues. This load is referred to as
shear load (Fig. 2). Several investigators have
tested this behavior of the skin and have con-
cluded that it does not follow Amonton’s law

Fig. 1 The friction measurement devices designed by (a) Naylor (1952) and (b) Sulzberger et al. (1966)
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(Shimi 1977; Comaish and Bottoms 1971;
Koudine et al. 2000). This scenario of increased
shear forces within the skin places the
dermoepidermal junction vulnerable to physical
rupture. It follows that increased friction can lead
to increased shear forces in the deeper tissues.
This is even more relevant in the case of foot
skin where the friction and shear components of
contact loading are influenced by the repetitive
forces generated not only between the shoe and
foot skin during walking but also between the
contoured bony prominence (of the heel or meta-
tarsal head) and the adjacent subcutaneous tissue.
It is these additional factors that influence friction
and shear forces to reach a critical level causing
abrasion, blistering, or ulceration of foot skin.

During walking, each area of the skin on the
foot (in particular plantar and posterior heel skin)
is subjected to a combination of perpendicular and
parallel loads. The generation and decline of these
loads relate to the changes in the gait cycle as well
as the nature of the soft tissues that respond to
these loads. These loads vary greatly from site to
site on the foot and between different stages of the
gait cycle. The peak compression and shear loads
do not necessarily take place at the same time. The
majority of the research focusing on the reduction
of skin trauma from repetitive loading has con-
centrated on peak compression levels only. How-
ever, it is clear that the true nature of repetitive
loading involves a friction and shear element, for
example, low, repetitive peak loads are damaging

when a significant component of the load is par-
allel to the surface of the skin. An example of this
is chaffing of the skin.When this shear component
is large, damage to the skin can take place rela-
tively early (i.e., after a few load cycles). Con-
versely, when the friction component is small, it
takes more load repetitions to cause skin damage.
The level of friction loads is governed by the CoF
and the direct contact pressure. To add to this
complex picture, there is considerable variability
in CoF measures within the general population,
i.e., the skin of one person may respond to loads
differently to that of another.

With these factors in mind, Hashmi
et al. (2013) designed a series of experiments on
posterior heel skin (in vivo), where the incidence
of foot blisters is most common, and the architec-
ture of the underlying bone is likely to influence
tissue damage (Hashmi et al. 2013). The authors
generated 30 heel blisters from a population of
healthy adults, using a device that applied a stan-
dard, intermittent load/unload pattern on the skin
that mimicked the contact between the posterior
heel skin and the counter of the shoe during walk-
ing (Fig. 3). The degree of tissue trauma during
load application was monitored and quantified
using medical thermography (Fig. 4). This acted
as a surrogate measure for trauma due to friction
and shear loads. The experimental design was
similar to those of other devices used in tribolog-
ical studies but with a focus on effectively apply-
ing load to the contoured, bony surface of the

Compression load

High CoF
between the
block and
skin

Direction of sliding
motion

Epidermis

Dermoepidermal
junction

Dermis

Shear loads at the interfaces
between the layers of the skin

Fig. 2 Diagram illustrating
the generation of shear
loads in response to
compression and friction
forces
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posterior aspect of the heel while being able to
visually inspect and measure the degree of inflam-
mation in response to tissue trauma. The results

showed that the initiation of friction heel blisters
took place at a temperature of approximately 5 �C
above the normal skin temperature of the foot.

Although understanding the architecture of the
foot and its relationship to the biomechanical
properties of soft tissues is vital, the common
factor that increases the susceptibility of skin to
blistering on any site on the body is that of
increased moisture. Therefore, in the context of
foot blistering, the interaction between the skin
and footwear materials and the accumulation of
moisture within the shoe is an important consid-
eration when implementing clinical solutions.

4 The Effect of Hydration on Foot
Skin Friction and Shear Forces

Water on the surface of skin has the effect of
making the skin more pliable when in contact
with the loading surface. This in turn allows for
closer contact between the skin and the material

Fig. 3 Load application mechanism for applying intermit-
tent normal and friction loads to the posterior aspect of the
heel (Hashmi et al. 2013)

Fig. 4 Thermal images of
four different heels at the
point of blister creation.
Each image depicts a ‘hot
spot’ (in red) representing
the area where the blister
has formed
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and therefore increases the CoF. The converse is
the case with dry skin in that the loading surface
does not achieve as much contact with the skin and
slides more easily over the surface. This has been
tested in skin dried using isopropyl alcohol
(Sivamani et al. 2003a) and in patients with clini-
cally dry skin (Lodén et al. 1992). However, the
maintenance of constant moisture on the skin sur-
face under experimental conditions is difficult to
achieve, therefore producing varied CoF results
(Shimi 1977; Sivamani et al. 2003a; Highley
et al. 1977; Nacht et al. 1981).

A similar observation was made by Kirkham
et al. (2014), who hydrated foot skin using a water
foot bath and subjected the skin to the same com-
pression and friction loads, as reported by Hashmi
et al. (2013). These data were compared to the
skin on contralateral feet that were not hydrated
and showed that the time taken to achieve skin
trauma (akin to a preblistered state) was signifi-
cantly less in the hydrated foot skin compared to
the relatively dry skin. Contrary to the data gen-
erated from other skin sites, Kirkham et al. found
no significant, positive correlation between heel
skin hydration and elasticity (Kirkham
et al. 2014). This is not surprising as the measure-
ment of elasticity was conducted using suction
pressure; therefore, the inclusion of the dermis in
the measure could not be avoided, whereas the
hydration readings were that of the superficial
skin layers. Also, it may be reasonable to assume
that the evaporation of the water from the surface
of the skin may occur relatively quickly compared
to the time taken to conduct the experiment, as
well as water being absorbed into the deeper
layers of the skin. The changes in hydration of
foot skin during exercise have not been reported;
therefore, the work by Kirkham cannot be put into
the context of the behavior of skin within the shoe.

In addition, a clearer understanding of how the
friction, compression, and shear forces act collec-
tively on the skin around bony prominences of the
foot is necessary. Researchers in the field of pros-
thetics and orthotics have tried to address this ques-
tion in the context of pressures applied at the
interface between a limb stump and a prosthetic.
The most notable research in this area is that
conducted by Sanders and colleagues (1992, 1993,

1997, 1998, 2004; Sanders and Daly 1993), who
designed shear load sensors that quantified shear/
friction forces at various prosthetic socket wall loca-
tions. This technology has allowed peak friction
loads on “at-risk” locations to be varied by making
known changes in the interface CoF at those loca-
tions using a variety of common cushioning mate-
rials with known CoF (Sanders et al. 1998, 2004).
From their data, a number of material combinations
could be selected, representing a significant range of
CoF values. It would be helpful to apply these
methods to exploring the interaction between the
foot and shoe in order to understand and interpret
foot skin mechanics duringwalking. It is only when
translation of this knowledge is achieved that the
development (based on scientific evidence) of effi-
cacious prevention treatments for blisters, calluses,
and ulcers can truly be successful.

5 Hydration and the Inshoe
Environment

Skin trauma as a result of changes in the microcli-
mate within the skin – clothing system and the
transfer of heat and moisture within it – has been
extensively reviewed (Zhong et al. 2006); how-
ever, minimal work has been generated with regard
to the inshoe microclimate and foot skin irritation.
The degree of foot skin hydration is largely
influenced by two factors: inherent susceptibility
to the production of sweat and the accumulation of
moisture within the shoe. Therefore, the appropri-
ate choice of footwear, socks, and topical preven-
tative therapies is imperative for those who are
prone to hyperhidrosis and blistering. The few
papers published in this area have concentrated
on measuring the prevalence and size of blisters
in response to different types of sock materials. For
example, the outcomes of a double-blind study by
Herring and Richie showed that acrylic fiber socks
reduced the prevalence and size of foot blisters
after long-distance running (Herring and Richie
1993). Knapik et al. (1996) conducted a similar
study onmilitary trainees and found that the denser
sock materials increased the prevalence and size of
foot blisters (Knapik et al. 1996), the implication
being that the denser the material, the greater the
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potential for accumulating moisture within
it. Others have attempted to test the effects of
antiperspirants on the incidence and severity of
friction foot blisters (Reynolds et al. 1995; Knapik
et al. 1998). These works showed no positive
effects of preventing blisters after hiking activities.
In fact, an increased rate of irritant dermatitis was
reported. Despite these works, the prevalence and
severity of blisters in response to activities and
preventative treatments are poorly understood.
This will remain the case until a more detailed
identification of the specific changes in the func-
tional behavior of foot skin in different microcli-
mates is made. In short, more sensitive measures of
change in skin are required to counteract the vari-
ations seen between people.

There are several approaches that can be
implemented to combat the challenges of
predicting inshoe responses of foot skin to changes
in microclimate and force generation during walk-
ing. In the absence of designing controlled labora-
tory studies and the presence of multiple variables,
finite element modeling (FEM) may be the future
direction for research in this field. An example of
one such work is that conducted by Dai and col-
leagues, who used FEM to understand the effects of
specific sock materials on friction forces at the skin
to sock and sock to shoe interfaces (Dai
et al. 2006). These researchers found that wearing
a sock with low friction against foot skin was more
effective in reducing plantar shear force than on the
skin than with a sock with low friction against the
insole of the shoe. This is valuable knowledge
when considering the motion of the foot within
the shoe. As the philosophy behind the design of
blister prevention treatments focuses on the reduc-
tion of moisture at the skin material interface, it
would be valuable to develop models to test this
and further apply the results to predicting the effi-
cacy of blister prevention treatments.

6 Conclusions and Future
Directions

The importance of hydration as a risk factor for
friction blisters is evident. What is agreed among
all researchers in this field is the multifarious

etiology of foot blisters and the limitations that
these place on study designs. It must be acknowl-
edged that the work conducted to date, by
researchers in all scientific disciplines, has endorsed
the impact of hydration on foot blister risk. How-
ever, it is evident that the data generated from these
studies may now have reached a saturation point,
and in order to be able to translate these data to have
meaningful clinical impact, the use of modeling
technology may be the logical progression. Incor-
poration of existing clinical study data into specific
foot skin models may bring us closer to predicting
the efficacy of interventions. Advances in this direc-
tion may also prove fruitful avenues for investigat-
ing the role of friction and the potential value of
friction management in reducing foot ulceration
and excessive callus formation.
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Abbreviations
A-A-A Acetyl aspartic acid
Cmap Connectivity map
COLIV Collagen IV
CYPs Cytochrome P450-

dependent enzymes
DEJ Epidermal–dermal junction
ECM Extracellular matrix
HRIPT Human repeat insult patch
MMPs Matrix metalloproteinases
RA All-trans retinoic acid/

tretinoin
RALDH Retinol dehydrogenases

(RDH) and retinal
dehydrogenases

RAR Retinoic acid receptors
RHE’s-
SkinEthic
model

Human reconstructed
epidermis

ROI Region of interest
RXRs 9-cis-retinoic acid receptors

1 The Use of the Connectivity
Map in Drug Development

In 2006, an innovative method, named the “con-
nectivity map” (Cmap), was reported by Lamb
et al. (2006). The investigators created a large
public database containing hundreds of gene
expression profiles, called “reference gene signa-
tures,” of cultured human cells treated with
>1,000 bioactive small molecules, attached to a
pattern-matching tool.

The most recent version contains 7,056 gene
expression profiles from 1,309 bioactive com-
pounds, representing 6,100 individual treatments
in five different human cell lines.

Researchers can access that database via the
Internet and can compare gene signatures of

interest with the Cmap database. The pattern-
matching software scores and ranks similarities
between the researcher’s and the reference signa-
tures and can lead to unexpected connections
between the researcher’s gene profiling data and
small molecules and therefore lead to new treat-
ment strategies in a number of diseases.

2 Applications of Cmap in Drug
Discovery

In this section, we discuss some of the applica-
tions of Cmap in the context of therapeutic
research. With the use of this method, novel
agents have been identified mainly for use in the
treatment of cancer (Sirota et al. 2011; Chen et al.
2011; Yang and Agarwal 2011; Siu et al. 2008;
Claerhout et al. 2011; Hassane et al. 2008;
Wang et al. 2011; Reka et al. 2011). Recently
agents have also been identified for drug develop-
ment within Gaucher disease (Chen et al. 2011),
pain management (Chang et al. 2010), muscle
atrophy (Kunkel et al. 2011), inflammatory
bowel disease (Dudley et al. 2011), smoking ces-
sation (Boyle et al. 2010), and Alzheimer’s dis-
ease (Chen et al. 2013) (as outlined in Table 1).
Within the dermatology field, however, there is
only one study published so far on the use of
connectivity mapping. The Shiseido research
group has identified a potential repurposing
opportunity for the promiscuous antipsychotic
drug, fluphenazine, to be used as a novel hair-
growth inducer candidate by means of Cmap anal-
ysis (Ishimatsu-Tsuji et al. 2010).

3 The Use of Retinoids as an
Antiaging Strategy

One of the most studied classes of skin-targeted
compounds is all-trans retinoic acid (RA) also
referred to as tretinoin. RA and its synthetic or
natural derivatives (retinoids) affect epidermal

1496 J.M. Gillbro et al.



Table 1 Drugs identified and key findings through gene arrays with corresponding connectivity mapping and the disease
that these drugs could be used as a treatment

Disease Drug identified Key finding Validation Reference

Muscle
atrophy

Ursolic acid Identified opportunity to
repurpose ursolic acid to, for
example, muscle atrophy

In vitro
and
in vivo
(rodent)

(Kunkel
et al. 2011)

Lung cancer Cimetidine (an antiulcer drug) Predicted new indications for the
164 drugs in the Cmap and
validated cimetidine as a
candidate therapeutic for lung
adenocarcinoma

In vitro
and
in vivo
(rodent)

(Sirota
et al. 2011)

Hepatocellular
carcinoma
(HCC)

Chlorpromazine and
trifluoperazine

Identified therapeutic candidates
for HCC, with in vitro anti-tumor
activities validated for 28 drugs
and in vivo for 2 drugs
(Chlorpromazine and
trifluoperazine)

In vitro
and
in vivo
(rodent)

(Chen
et al. 2011)

Hair growth Fluphenazine (an antipsychotic
drug)

Identified a list of candidate
agents with mimic patterns to the
hair growth inducer cyclosporine
and validated fluphenazine
in vivo

In vivo
(rodent)

(Ishimatsu-
Tsuji
et al. 2010)

Osteoarthritic
pain

Phenoxybenzamine
(an antihypertensive drug)

Predicted analgesic activity for
phenoxybenzamine

In vivo
(rodent)

(Chang
et al. 2010)

Inflammatory
bowel disease

Topiramate (an anticonvulsant
drug)

Predicted new use option for
topiramate as a drug to treat IBD

In vivo
(rodent)

(Dudley
et al. 2011)

Lung cancer Polyphyllin D (a potent cytotoxic
saponin)

Predicted polyphyllin D as a
potential endoplasmic reticulum
stress inducer to be used for
anticancer treatment

In vitro (Yang and
Agarwal
2011)

Breast cancer
(tamoxifen
resistant)

Phenothiazines (antipsychotic
and antihistaminic drugs)

Identified and validated three
compounds from phenothiazine
family as potential therapeutics
for drug-resistant breast cancers

In vitro (Siu
et al. 2008)

Gastric cancer Vorinostat (for cutaneous T-cell
lymphoma)

Identified vorinostat as a
candidate drug for gastric cancer

In vitro (Claerhout
et al. 2011)

CNS injury Piperazine (antipsychotic drug) Identified piperazine as promoters
of CNS neurite growth

In vitro (Johnstone
et al. 2012)

Acute
myelogenous
leukemia
(AML)

Celastrol and 4-hydroxy-2-
nonenal

Predicted and discovered new
agents that can effectively
improve AML

In vitro (Hassane
et al. 2008)

Smoking
cessation

Geldanamycin (HSP90 inhibitor) Predicted that geldanamycin may
suppress smoking-induced
transcriptome changes as an
antiemetic of tobacco

In vitro (Boyle
et al. 2010)

Cancer Terpineol (a bioactive
component from essential oil
extract)

Elucidated cytotoxicity and
potential antitumor utility and
mechanism of NF-kappaB
inhibition for terpineol

In vivo (Hassan
et al. 2010)

(continued)
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growth and differentiation (Eckert and Rorke
1989). Synthetic retinoids are today used widely
in the treatment of psoriasis and other disorders of
keratinization (Saurat 1999; Pavez Loriè
et al. 2009a). Acne has been widely treated with
various forms of natural and synthetic retinoids
for more than 40 years (Kligman et al. 1986; Titus
and Hodge 2012). Retinoids have also been used
in the treatment of hyperpigmentation disorders
such as post-inflammatory hyperpigmentation
and melasma (Griffiths et al. 1993). Separate
from the effect of retinoids in skin disease,
Kligman and Willis were the first to introduce
retinoids for use as anti-photoaging agents
(Kligman and Willis 1975). After its application,
the authors noticed improvement of skin depig-
mentation and rejuvenation (Kligman et al. 1984,
1986). Today, retinoids are extensively used for
this indication (Babamiri and Nassab 2010;
Bellemère et al. 2009).

Further studies have shown that RA’s clinical
effects include improvement of wrinkles, surface
roughness, mottled pigmentation, and skin appear-
ance as a whole when used on photodamaged skin
(Kang et al. 1997; Liu et al. 2009). At a cellular

level, retinoids are known to modulate the
proliferation and differentiation of epidermal
keratinocytes (Fuchs 2007; Fuchs and Green
1981; Asselineau et al. 1989) by binding to nuclear
retinoic acid receptors (RAR) and 9-cis-retinoic
acid receptors (RXRs) which results in
upregulation or downregulation of the transcription
of target genes (Ghyselinck et al. 2002).

RA is the biologically active form of vitamin A
(retinol). Endogenous production of RA by epi-
dermal keratinocytes involves the uptake of
preformed vitamin A from the surroundings
followed by a series of metabolic activation
steps involving retinol dehydrogenases (RDH1,
RDH4, RDH10, and DHRS9) and retinal dehy-
drogenases (RALDH1, RALDH2, and RALDH3)
(Kurlandsky et al. 1996; Vahlquist 1999; Napoli
2012).

While endogenously produced or exogenously
applied, RA is transported through the cytoplasm
by specific intracellular retinoic-binding proteins
(CRABP2) (Bellemère et al. 2009).

Once synthesized, the cellular levels of RA are
controlled by several cytochrome P450-dependent
enzymes (CYPs), CYP26A1, B1, and C1, which

Table 1 (continued)

Disease Drug identified Key finding Validation Reference

Lung cancer HDAC inhibitors, HSP90
inhibitors, PI3K inhibitors, and
others

Predicted HDAC inhibitors such
as 17-AAG among several other
compounds as potential
candidates for treating lung
cancer

In vitro (Wang
et al. 2011)

Cancer
metastasis

LY294002, 17-AAG, rapamycin Identified potential
epithelial–mesenchymal
transformation inhibitors of
rapamycin, 17-AAG, LY294002
that may be used in preventing
metastasis

In vitro (Reka
et al. 2011)

Gaucher
disease

Comparison of signature from
microarray profiling of spleen
and liver cells obtained from
GD1 and wild-type mice

Use of Cmap to query signature to
yield a hierarchical list of novel
compounds that share common
mechanisms with GBA1

In vivo
rodents

(Zhao
et al. 2012)

Colon cancer Mebendazole (anthelmintic
drug)

Repositioning of the anthelmintic
drug mebendazole for the
treatment for colon cancer

In vitro (Nygren
et al. 2013)

Alzheimer’s
disease

Comparison of different brain
regions in AD and the
corresponding gene signatures

Identified small molecules, such
as histone deacetylase (HDAC)
inhibitor, may be candidate drugs
in the treatment of AD

In vivo
rodents

(Chen
et al. 2013)
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metabolize RA into 4-hydroxy-RA, 4-oxo-RA, and
18-OH-RA (White et al. 1997; Taimi et al. 2004).
CYP26B1 is known to be expressed higher than
both CYP26A1 and CYP26C1 in human
keratinocytes (Pavez Loriè et al. 2009b).

Over the last quarter century, 532 genes have
been validated to be regulated by RA (Balmer
2002). In some cases this control is direct, driven
by a liganded RAR:RXR heterodimer bound to a
DNA response element; in others, it is indirect,
reflecting the actions of intermediate transcription
factors, nonclassical associations of receptors
with other proteins, or even more distant
mechanisms.

Cell cultures have been studied extensively to
characterize and prophesy the effect of retinoids
on epidermal differentiation and growth (Fuchs
and Green 1981; Asselineau et al. 1989; Eckert
and Green 1984; Gilfix and Eckert 1985; Varani
et al. 1989; Asselineau and Darmon 1995).

In addition, a selection of genes using RT–PCR
has been studied in full-thickness skin treated with
retinoids.

Today, recent gene array techniques allow the
characterization of the mRNA expression status of

a large number of genes in cells or tissues after
retinoid treatments with more than 170 studies
conducted.

Some studies using gene arrays to evaluate the
effect of RA have also been carried out on
reconstructed epidermis and human epidermis
in vivo (Bernard et al. 2002). In 2013, the first
gene arrays were conducted investigating the
effect of RA in organocultures of human skin
(Gillbro et al. 2014).

4 Retinoic Acid as a Lead
Compound to Find New Active
Antiaging Ingredients

Due to the well-known and studied activity of RA,
this has been used as a lead compound to identify
new active ingredients for antiaging purposes
(Gillbro et al. 2014).

To investigate the effect of RA on 30,000
genes with corresponding Cmap analysis, an
organoculture of human skin was firstly
conducted (Fig. 1). Briefly, the skin from surgi-
cal waste material from breast reductions was

Fig. 1 Establishment of a
skin organoculture. Briefly,
the skin from surgical waste
material from breast
reductions was collected
directly after surgery and
immediately put in DMEM
(a). All subcutaneous fat
was removed with a scalpel
to ensure full diffusion
nitrification of the tissue.
Eight millimeter punch
biopsies were taken from
the skin and referred to as
full-thickness skin explants.
Thereafter, the explants
were put on Millipore
Millicell culture plate
inserts (12 mm Ø) (b)
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collected and immediately put in DMEM at 8 �C
(Gillbro et al. 2014). All subcutaneous fat was
removed with a scalpel to ensure full diffusion
nitrification of the tissue. Eight millimeter punch
biopsies were taken from the skin and referred to
as full-thickness skin explants. Thereafter, the
explants were put on Millipore Millicell culture
plate inserts (12 mm Ø) (Millipore Corporation,
Stockholm, Sweden). Inserts containing skin
explants were put in six-well plates (one insert/
well) and supplemented with keratinocyte
medium (M154) (Life Technologies, Stock-
holm, Sweden) to allow survival of the explants.
Cream containing RA (tretinoin) (0,05 %)
(Aberela®, Janssen-Cilag) at a concentration of
5 mg/cm2 was applied topically on each explant,
using positive displacement pipettes. Five milli-
gram per square centimeter is a typical finite
dose applied on skin penetration tests and con-
sidered as a nonocclusive dose (OECD guidance
notes on dermal absorption 2010; Scientific
committee on consumer safety SCCS Basic
criteria for the in vitro assessment of dermal
absorption of cosmetic ingredients 2010). The
study was vehicle controlled with a cream
containing all ingredients except for RA,
referred to as placebo.

The explants were incubated with the RA
cream for 24 h at 37 �C in 5 % CO2 humidified
air. At the end of the incubation period, two Ø
3 mm biopsies were taken from each explants for
RNA extraction. Total RNAs were extracted from
skin samples using QIAzol Lysis Reagent
(Qiagen) according to the manufacturer’s proto-
col. Two-hundred fifty nanograms of total RNA
from each sample was used to prepare
biotinylated fragmented cRNA according to the
GeneChip® 30 IVT Express Kit Manual
(Affymetrix Inc., Santa Clara, CA). Affymetrix
GeneChip® expression arrays (Human Genome
U133 Plus 2.0) were hybridized for 16 h in a
45 �C incubator, rotated at 60 rpm. The arrays
were washed and stained using the Fluidics Sta-
tion 450 and finally scanned using the GeneChip®

Scanner 3000 7G (Affymetrix).

Subsequent analysis of the gene expression
data was carried out in the freely available statis-
tical computing language R (http://www.r-project.
org) using packages available from the
Bioconductor project (www.bioconductor.org).
The raw data was normalized using the robust
multi-array average (RMA) method (Irizarry
et al. 2003; Li and Wong 2001). In order to search
for the differentially expressed genes between the
X sample and the Y sample groups, an empirical
Bayes moderated t-test was then applied using the
“limma” package (Smyth 2004). To address the
problem with multiple testing, the p-values were
adjusted using the method of Benjamini and
Hochberg (Benjamini et al. 2001). The enrich-
ment analysis was performed to determine the
probability that gene ontology groups are specif-
ically overexpressed in RA-treated skin as com-
pared to vehicle-treated skin. For this analysis
investigators are often using DAVID bioinformat-
ics database (http://david.abcc.ncifcrf.gov/). The
enrichment score of each gene is determined by
calculating the relative expression in the
RA-treated skin compared to placebo-treated
skin (Gillbro et al. 2014).

To do subsequent enrichment analysis,
researchers normally compare gene expression
between control and experimental cells with fold
changes 2� and p-values � 0.05) for selection
(Huang et al. 2009).

5 The Identification of Genes
and Biological Groups Affected
by RA in an Organoculture
of Human Skin

Microarrays simultaneously measure the levels of
22,000 mRNAs. We showed that 93 genes were
significantly regulated by RA. Out of these
93 genes, 60 genes were upregulated
and 33 downregulated (Gillbro et al. 2014).
The clusters with the smallest p-value (p < 0.05)
which were retrieved after 24 h stimulation with
RA are presented in Fig. 2 and Table 2.
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When summarized, the functional categories of
the genes upregulated by RAwere found to be more
than 30 % within one of the following ontological

categories: clusters (lipid, hormone, and retinoid
metabolism) and in development (organ, tissue,
and epithelial development) (Gillbro et al. 2014).

Fig. 2 Heat map of hierarchical clustering of 93 genes in
RA-treated explants compared to placebo. Hierarchical
clustering was performed using the Genesis software,
with default settings (e.g., Euclidean distance, average
linkage) of genes differentially expressed more than

twofold, i.e., 93 genes. Green indicates reduced expres-
sion, black indicates the unaltered expression, and red
indicates increased expression in RA-treated as compared
to placebo-treated explants (n = 3). The color scale bar is
shown at the top of each figure
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6 The Identification of New Novel
Cmap Compounds Mimicking
the Gene Profile of RA
Treatment in an Organoculture

As for the identification of new compounds
stimulating hair growth using cyclosporine as
lead compounds (Ishimatsu-Tsuji et al. 2010),

the gene signatures of the RA-treated skin were
queried in the Cmap database to identify novel
antiaging actives. Agents that were highly
ranked in Cmap were identified as potential
antiaging ingredients. Solely compounds of
natural origin were selected for further analy-
sis. One example of an identified agent through
this approach was quercetin (unpublished

Table 2 The corresponding genes to the clusters shown in Fig. 2, with gene name, gene symbol, gene ID, and fold
change compared to placebo

Gene name Gene symbol Gene ID Fold change

Cluster 1a, metabolism

Cytochrome P450, family 26, subfamily A, polypeptide 1 CYP26A1 206424_at 22,61

Dehydrogenase/reductase (SDR family) member 9 DHRS9 224009_�_at 11,96

Cytochrome P450, family 26, subfamily B, polypeptide 1 CYP26B1 219825_at 5,26

Acyl-CoA synthetase long-chain family member 3 ACSL3 201662_s_at 3,66

Proprotein convertase subtilisin/kexin type 5 PCSK5 213652_at 2,69

Nuclear receptor subfamily 3, group C, member 1 NR3C1 201866_s_at 2,36

Mitogen-activated protein kinase 14 MAPK14 211561_�_at �2,13

Retinol dehydrogenase 12 (all-trans/9-cis/11-cis) RDH12 242998_at �2,42

Diacylglycerol O-acyltransferase homolog 2 (mouse) DGAT2 226064_s_at �4,58

Arachidonate 12-lipoxygenase ALOX12 207206_s_at �4,73

Serine carboxypeptidase 1 SCPEP1 218217_at �6,41

Cluster 1b, retinoic acid metabolism

Cytochrome P450, family 26, subfamily A, polypeptide 1 CYP26A1 206424_at 22,61

Dehydrogenase/reductase (SDR family) member 9 DHRS9 224009_�_at 11,96

Cytochrome P450, family 26, subfamily B, polypeptide 1 CYP26B1 219825_at 5,26

Retinol dehydrogenase 12 (all-trans/9-cis/11-cis) RDH12 24998_at �2,42

Serine carboxypeptidase 1 SCPEP1 218217_at �6,41

Cluster 2, development

Keratin 4 KRT4 213240_s_at 26,97

Cytochrome P450, family 26, subfamily A, polypeptide 1 CYP 26A1 206424_at 22,61

Dehydrogenase/reductase (SDR family) member 9 DHRS9 224009_�_at 11,96

Epithelial membrane protein 1 EMP 1 213895_at 7,31

F-box protein 32 FBXO32 241762_at 6,39

Paired-like homeodomain 1 PITX1 209587_at 4,54

Sciellin SCEL 1554921_a_at 4,06

Nuclear receptor-interacting protein 1 NRIP1 202600_s_at 3,70

Heparin-binding EGF-like growth factor HBEGF 38037_at 10,8

Ephrin-B2 EFNB2 202669_s_at 3,18

Proprotein convertase subtilisin/kexin type 5 PCSK5 213652_at 2,69

Nuclear receptor subfamily 3, group C, member 1 NR3C1 201865_�_at 2,11

Sprout homolog 1, antagonist of FGF signaling (Drosophila) SPRY1 212558_at �2,12

Mitogen-activated protein kinase 14 MAPK14 211561_�_at �2,13

Dystroglycan 1 (dystrophin-associated glycoprotein 1) DAG1 205417_s_at �2,28

Crystalline, alpha B CRYAB 209283_at �2,66

Prolactin receptor PRLR 227629_at �3,28

Nebulin NEB 205054_at �4,53

Chromosome 1 open reading frame 68 C1orf68 217087_at �5,92
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data). The use of quercetin as an antiaging
compound has also been noted previously, but
RA mimicking action has not been investigated
(Chondrogianni et al. 2010; Casagrande
et al. 2006).

7 Identification of New Novel
Cmap Compounds Mimicking
the Gene Profile of Topical RA
Treatment in a Clinical Study
on Nine Female Subjects

In addition, the gene profile of RA treatment was
investigated in an in vivo study conducted on nine
healthy Caucasian female volunteers aged 56.78
� 6.87 (Mean � SEM) exhibiting moderate to
severe photodamage on their lower outer fore-
arms. Tretinoin (Retin-A®, 0.025 %) and placebo
were applied once daily on randomly assigned left
or right forearm test sites for 7 days (Gillbro
et al. 2015a).

Topical stimulation of nine females for
7 days with RA resulted in less significant
gene alteration compared to the explant study
on three subjects.

Eighteen genes were upregulated and one
downregulated according the selection criteria.
As for the study on topical application of
RA in an organoculture (Gillbro et al. 2014),
the in vivo study showed genes overrepre-
sented in development process (Fig. 3 and
Table 3).

Within the cluster of development process,
KRT4 was highly upregulated.

Interestingly, genes involved in retinoid
metabolism such as CYP26 were not induced in
the clinical study as for the study in
organocultures (Gillbro et al. 2015a). This could
be due to greater variance between the subjects in
the clinical in vivo study compared to the study in
organocultures. Another explanation could be that
mRNA levels of CYP26 are induced after acute
short-term treatment and not after long-term
treatment.

The gene signature of this in vivo study was
then queried in the Cmap database.

8 Cmap Analysis Connects
the Gene Signature of RA-
Treated Skin to Acetyl Aspartic
Acid (A-A-A)

The genes that were significantly upregulated
(18 genes) or downregulated (1 gene) more than
twofold were entered into the Cmap. Forty-eight
compounds (data not shown) were highly ranked
as comparable to the RA gene signature. Impor-
tantly, tretinoin (RA) was ranked highest (1) in the
Cmap list with highest specificity ( p-value
0,00002) which was an important proof that the
gene expression profile for RA in the tested cell
lines was similar for RA-treated skin in this study.
Interestingly, also compounds with antibiotic
character were listed among the identified com-
pounds. This is in line with recent discoveries on
inhibition of retinoid catabolism/metabolism by
antibiotic drugs (Regen et al. 2015).

In total, six natural compounds were identified
out of in total 48 RA mimicking agents.

Once we had identified the RA gene signature
in photodamaged human skin, we conducted
corresponding Cmap analysis which revealed six
natural compounds showing similar activity on
the gene level compared to the applied
RA. These were tomatidine, cyanocobalamin
(vitamin B12), docosahexaenoic acid ethyl ester,
riboflavin (vitamin B2), N-acetylmuramic acid
(peptidoglycan), and N-acetyl-L-aspartic acid
(A-A-A).

Further restrictions on low molecular weight
(<500 g/mol), chemical properties, and potential
sourcing resulted in selection of N-acetyl aspartic
acid (A-A-A) with the enrichment score 0,673
( p-value 0,02) (Table 4).

A-A-A is a derivative of aspartic acid. The
actual chemical name is (2S)-2-acetamidobu-
tanedioic acid; cas number is “997-55-7,” with a
formula of C6H9NO5 and a molecular weight of
175 g/mol, and a log P of �1.1. In the Cmap, the
dose which other scientists worldwide have used
to get the expression profile was also revealed
(i.e., 23 μM). Therefore we continued using a
range of 2,3–230 uM for further activity testing
in vitro.
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The next step was to investigate whether
A-A-A could be used as a cosmetic ingredient.
In vitro studies showed relief of the fibroblast
stiffness marker (F-actin) together with increased
keratinocyte regeneration and inhibition of matrix
metalloproteinases (MMPs) (Gillbro et al. 2015b).

Safety studies were conducted (see section
below on “Safety Testing of A-A-A”) as well as
testing the skincare benefits in terms of skin firm-
ness. Skin firmness was used as a testing param-
eter since RA is known to increase skin firmness
(Ho et al. 2012), and RA was used as the lead
compound in the Cmap studies described herein.

9 Safety Testing of A-A-A

The first stage in the safety assessment of A-A-A
was a complete literature review of its toxicolog-
ical profile. There was sufficient data in the liter-
ature to give a complete picture of its hazard
potential with the exception of skin irritation and
skin sensitization.

An in vitro skin irritation study on human
reconstructed epidermis (RHE’s-SkinEthic
model) according to OECD Guideline 439 was

therefore conducted in the first instance. After
application of the test substance (pure) on RHE’s
for 42 min and a 42 h posttreatment incubation,
cellular viability was measured by the transforma-
tion of MTT into blue formazan crystal. Under the
conditions of the assay, the test substance tested
pure was classified as nonirritant.

The lack of sensitization potential of A-A-A
was confirmed in a Human Repeat Insult Patch
(HRIPT) study after review of structurally similar
materials. The study was a single-center, evalua-
tor-blinded, within-subject randomized patch
application study. The objective was to confirm,
in a panel of healthy adult subjects, that the appli-
cation of A-A-A tested neat, under maximizing
conditions of exposure, did not induce delayed
contact sensitization (Daly and Moran 2015).

Healthy men or nonpregnant women ages
18–68 of Caucasian origin with skin phototypes
I–III were screened to enroll a sufficient number to
achieve a minimum completion rate of 100, a
sample size standard for these studies (Jordan
and King 1977).

The methodology used was an adaptation of
that described by Marzulli and Maibach (1976).
The volunteers were treated with neat A-A-A
under occlusive patch nine times to the same site
(induction site) over a period of 3 consecutive
weeks followed by a challenge phase after a min-
imal 2-week rest period, under patch, to the induc-
tion site and to a virgin site for 48 h.

In conclusion, under the experimental condi-
tions adopted, the repeated application of A-A-A,
tested neat, under occlusive patch on a panel of
107 test subjects with all types of skin on the body,
induced no allergic reaction. The studies were
conducted in accordance with the Declaration of

Table 3 The corresponding genes to the clusters shown in Fig. 3, with gene name, gene symbol, gene ID, and fold
change compared to placebo

Development

Gene name Gene symbol Gene ID Fold change

Keratin 4 KRT4 213240_s_at 4,72

S100 calcium-binding protein A7 S100A7 205916_at 4,04

Cellular retinoic acid-binding protein 2 CRABP 2 202575_at 1,33

Caspase 14, apoptosis-related cysteine peptidase CASP14 231722_at 1,14

Internexin neuronal intermediate filament protein, alpha INA 204465_s_at 1,12

Table 4 The connectivity scores for RA and A-A-A iden-
tified through Cmap, through the transcriptional activity to
RA in a clinical study of nine healthy Caucasian female
volunteers

Cmap name
Connectivity score
(enrichment) P-value

Tretinoin
(RA)

0,512 0.00002

A-A-A 0,673 0.02
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Helsinki and good clinical practice (GCP)
guidelines.

10 Clinical Testing
of the Antiaging Effect of A-A-A

As a first effort to investigate the antiaging effect
of A-A-A, a clinical study on 16 Caucasian
healthy female volunteers age range 55–75 years
(mean age 64) with visible signs of moderate
photodamage on the skin of the lateral forearms
was conducted (Gillbro et al. 2015c).

The study was designed as a placebo-
controlled, assessor-blinded, within-subject com-
parison of 12-day treatment phase of three test
sites under occlusion (Finn Chambers 12 mm in
diameter). One site was a blank chamber that was
used as negative control.

Two extracellular matrix (ECM) proteins, colla-
gen IV (COLIV) and fibrillin-1 were investigated
using histological analysis of the 3 mm Ø punch
biopsies taken from the sites. One of the ECM pro-
teins, COLIV, expressed in the epidermal–dermal
junction (DEJ) is important for dermal support to
protect against wrinkle formation (Uitto 1986;
Mays et al. 1995; Boisnic et al. 1999). Fibrillin-1
is a glycoprotein and shown to be important for the
formation of elastic fibers (Sakai et al. 1986).

After 12-day topical application with A-A-A,
both ECM proteins, COLIV and fibrillin-1, were
statistically significantly increased compared to
placebo and untreated skin, visualized by immuno-
histochemical stainings using diaminobenzidine
(DAB) in brown (Fig. 4a). A-A-A treatment
increased COLIV protein expression with 13,2 %
versus placebo and 17,6 % versus untreated skin.
Fibrillin expression increasedwith 6,4% compared
to placebo-treated skin (Fig. 4b).

COLIV was primarily expressed in the DEJ
which separates the epidermis from dermis.
Fibrillin-1 showed strong staining in DEJ as well
as throughout the dermis. The DEJ was defined as
region of interest (ROI) in the analysis of COLIV,
and for fibrillin-1, DEJ plus 200 μm in dermis was
defined as ROI.

Since the lead compound RA is known to
improve skin firmness (Ho et al. 2012; Tucker-

Samaras et al. 2009), we investigated the effect of
the identified Cmap compound, A-A-A, on skin
firmness using a Cutometer MPA580 (Courage +
Khazaka Electronic GmbH, Cologne, Germany)
on the inner forearm of 12 healthy female volun-
teers aged 50–65 years. In this double-blind vehi-
cle-controlled study, three products were tested.
All products were based on the same simple for-
mulation only further characterized by the addi-
tion of A-A-A (1 %) in Product A and of retinol
(0.1 %) in Product B. Product C was the vehicle
(no active compound). Retinol was chosen as the
cosmetically used precursor of RA, i.e., retinol
(Tucker-Samaras et al. 2009).

In preparation of the study, volunteers
followed a strict washout phase for 7 days during
which no topical products could be used on the
forearms. That restriction was observed for the
whole length of the study.

On the first day of the study, four standard
sites were identified and marked on the forearms
of each volunteer (two on each forearm), leaving
one site as untreated control. The assignment of
each test products to a particular test site was
randomized via a standard procedure prior to the
start of the study. A baseline measurement of
skin firmness was performed on all sites after a
30 min acclimatization in controlled conditions
(T�: 21 � 1 �C; RH 50 � 5 %). Subsequently to
the baseline, measurement products were
applied at an approximate dose of 2 mg/cm2,
twice daily for 28 days. Final Cutometer mea-
surements were performed on all test sites at the
end of the study.

The Cutometer enables the investigation of the
viscoelastic properties of the skin via the principle
of repeated cycles of suction and release of the
skin through the aperture of the probe (2 mm). It is
an established standard technique for the measure-
ment of skin firmness and elasticity (Barel and
Courage 1995). The F4 area parameter represents
skin firmness, i.e., the resistance of the skin to
suction over the set of repeated cycles (20 in
total). A decrease in F4 corresponds to an increase
in skin firmness.

Changes in F4 after 28 days of product appli-
cation in the treated areas were compared to the
changes in the untreated control (shown in Fig. 5).
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Both retinol- and A-A-A-containing products
were found to enhance significantly skin firmness
after 28 days of treatment, whereas the vehicle did
not. Further comparison of the active products
with the vehicle showed that A-A-A significantly
increased skin firmness compared to placebo after
28 days of treatment. This effect was comparable
to retinol (Gillbro et al. 2015c).

11 General Conclusion

The studies presented in this chapter show the
Cmap approach is highly functional to identify
novel antiaging ingredients. This chapter described
studies using Cmap to identify new compounds of
medical and cosmetic interest. To our knowledge,

Fig. 4 a Application of A-A-A resulted in increased
expression of COLIV, the basement membrane of the
dermo-epidermal junction of photoaged skin (c) compared
to vehicle (b) and untreated skin (a). Arrows indicate the
location of the presence of this staining. Fibrillin-1 expres-
sion was also increased after 12-day treatment with A-A-A
(c) compared to vehicle (b) and untreated skin (a).

(b) Quantification of immunostaining in (a) represented
in graph. A-A-A treatment increased COLIV protein
expression by 13.2 % vs vehicle and 17.6 % vs untreated
skin. Fibrillin-1 expression increased by 6.4 % compared
to vehicle-treated skin. Statistical analysis using paired t-
test; *p = 0.02, **p = 0.004, mean � SEM
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Oriflame Cosmetics is the first company using the
Cmap approach to identify new ingredients for
antiaging purpose. Organocultures of human skin
and a preclinical clinical study on photoaged skin
of human forearm were used to identify new com-
pounds with antiaging benefits. A-A-Awas identi-
fied and based on our criteria continued in in vitro
screening where it was shown to have activity on
both keratinocytes and fibroblasts. In vitro irritation
study confirmed A-A-A to be nonirritant and
HRIPT testing confirmed lack of sensitization
potential. Furthermore, A-A-Awas clinically tested
in a vehicle-controlled study and shown to signif-
icantly increase protein expression of two ECM
proteins, COLIV and fibrillin-1, which was trans-
lated in improved skin firmness in a similar manner
to retinol using Cutometer assessment on human
forearm.

In conclusion, Affymetrix® gene arrays with
corresponding connectivity mapping have been
proven to be a useful method to identify new
lead compounds with antiaging activities.
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1 Introduction

Active and passive cellular biomechanics based
on the stability provided by the cytoskeleton
impact many essential cellular functions such as
motility, division, and mechanosensitivity
(Bereiter-Hahn et al. 1994; Fletcher and Mullins
2010). Previous studies have shown that biome-
chanical properties are connected to cell functions
that are regulated by mechanical forces (Ingber
1997; Janmey and Weitz 2004). Individual cells
are able to sense mechanical signals and transduce
them into a biochemical response. There is a link
between the fibroblasts’ collagen production and
mechanical forces acting on the cells when com-
paring the cells’ synthesis activity in stressed ver-
sus relaxed collagen gels (Kessler et al. 2001;
Fluck et al. 2003). Moreover, it has been shown
that a functionally intact cytoskeleton is crucial to
build up contraction forces in a three-dimensional
collagen lattice (Kolodney and Wysolmerski
1992; Brown et al. 1996). All these cell functions
are essentially needed for the homeostasis of
the skin.
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Considering the importance of cellular biome-
chanics for correct physiologic functioning, the
mechanical behavior of isolated skin cells is
accessible by new sophisticated biotechnological
tools.

2 Biomechanical
Characterization of Cells

Different types of measurement techniques have
been developed to quantify the mechanical prop-
erties of biological cells and to investigate the
relation between structural response and cytoskel-
etal composition. The majority of these studies
imply a correlation of cellular stiffness to cell
status.

In general, a defined force or stress is applied to
the cells and the resulting deformation is ana-
lyzed. Most techniques deform local regions of
the cell, while only a few methods are capable of
assessing the cells’ whole structural response
(global deformation techniques). One of the
most common methods is the micropipette aspi-
ration (Hochmuth 2000) that works by applying
locally a negative pressure to adherent cells while
measuring the linear extension into the pipette.
Using this method, it was shown that malignantly
transformed fibroblasts are significantly softer
than their normal counterparts (Ward

et al. 1991). In addition micropipette aspiration
was used to determine the elastic properties of
polymer gels (Boudou et al. 2009) and cell adhe-
sion forces (Sung et al. 1996). A more recently
developed technique is scanning-force micros-
copy (SFM) that allows the measurement of bio-
mechanical properties of cells, tissues, and even
molecules (Rotsch and Radmacher 2000).
Besides imaging biological samples at nanometer
resolution, an SFM is capable of probing cellular
elasticity by using a hard indentor to measure the
relation between applied force and local deforma-
tion of adherent cells. Thereby, defined forces are
exerted to the cell membrane by a fine tip that is
attached to a flexible cantilever. When in contact
with the sample, the cantilever deflection is
detected by a laser beam reflected from the back
of the cantilever to a photodiode detector
(Fig. 1a). Figure 1b shows a typical force-distance
curve measured by a SFM. The cantilever tip is
pushed into the cell (approach) and then retracted
again, while recording the height and deflection.
Based on a theoretical model developed by
Heinrich Hertz, which analytically describes the
elastic deformation of two homogeneous spheres
pressed against each other (Hertz 1881), the cell’s
local Young’s modulus can be calculated if the
force constant of the cantilever is known. The
SFM technique has been improved by attaching
micron-sized beads to the cantilever tip that pre-
vent penetration of the plasma membrane and

Fig. 1 Elasticity measurement by scanning-force micros-
copy. (a) The SFM basically consists of a flexible cantile-
ver that is deflected by the sample. The reflected IR laser
beam changes its position, which is detected by the photo-
diode. (b) The force exerted by the cantilever can be

calculated from the deflection signal. Fitting the measured
data of applied force and sample indentation with an
appropriate analytical model allows for extracting cell
elasticity
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assures a well-defined geometrical shape
(Mahaffy et al. 2000). Since the Hertz model
assumes linear elastic materials and does not con-
sider the cells’ cytoplasmic viscosity, it was
extended by Mahaffy et al. to obtain information
about the frequency-dependent viscoelastic
response.

Using the so-called force mapping mode, the
SFM can provide two-dimensional elasticity
maps of a sample by scanning the cantilever
over the cell and measuring a force-distance
curve for each point of the map. A disadvantage
of this method is the high measurement duration.

In case of magnetic bead microrheology, the
viscoelastic properties of adherent cells are mea-
sured by exerting forces via micron-sized mag-
netic beads that are coated and bound specifically
to integrin receptors at the cell membrane (Fabry
et al. 2001). The microbeads are twisted by an
external homogeneous magnetic field that is vary-
ing sinusoidally in time. Analysis of the bead
displacement allows to calculate viscoelastic
material properties. Optical tweezers can also be
used for cell deformation experiments when beads
with appropriate optical properties are bound to
the membrane and serve as handles for the force
application (Sleep et al. 1999). Besides an active
deformation of the sample, there are also passive
methods where the cytoskeleton is interspersed by
fluorescent beads. Here, the Brownian motion,
which is influenced by the mechanical properties
of the polymer network, is measured. A disadvan-
tage that all bead experiments have in common is
the fact that it cannot be known if and how the
beads are attached to the sample. In case of active
deformation techniques, differences in contact
area would cause a varying mechanical stress. In
addition, coating of the beads with antibodies
makes these methods tedious and cost intensive.
Another critical point, which also applies for the
micropipette aspiration technique, is that the dis-
placement of microspheres can provide inaccurate
measurement data if the plasma membrane
detaches from the cytoskeleton during
deformation.

While the already mentioned methods probe
cell elasticity predominantly over a relative small
area of the surface (local deformation), the

mechanical response of whole cells can be
assessed by microplate manipulation, where the
rheological properties of cell monolayers are mea-
sured by shear experiments (Fernandez
et al. 2007). Nevertheless, these measurements
can only provide an average value rather than
the true single cell behavior and suffer from arti-
facts due to the influence of cell-cell and cell-
substrate adhesion.

The optical stretcher is a recently developed
technique that permits measuring large numbers
of individual cells without any mechanical contact
(noninvasively). Deformation experiments by
direct contact can cause problems due to an
unsymmetric stress distribution or not predictable
active cell reactions. The microfluidic optical
stretcher is an optical trap that allows trapping
and controlled deformation of single suspended
cells by using two counter-propagating laser
beams (Guck et al. 2000). Cellular extension is
caused by a momentum transfer acting on the cell
surface. The applied global stress permits the
measurement of whole cell elasticity that charac-
terizes the integral effects of molecular changes
on the cytoskeleton. A disadvantage of this tech-
nique is that probing rheological properties of
cells in suspension may be considered as
unphysiological, because of the lack of cellular
contact to the extracellular matrix. Nevertheless,
the symmetric shell-like structural design, the
broad and continuous distribution of stress over
the cell surface, and the avoidance of artifacts due
to mechanical contact are the reasons for the low
variability within the measured properties of the
cell populations and the reproducibility of this
method. The use of optical deformability as a
sensitive cell marker has already been demon-
strated for the characterization of individual der-
mal fibroblasts at different donor ages (Schulze
et al. 2010).

3 Optical Cell Stretcher

Optical traps have been used to exert forces and
manipulate dielectric particles for quite a long
time (Ashkin 1970). Soon, the great potential to
use optical techniques like optical tweezers to
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noninvasively analyze biological samples was
realized (Ashkin et al. 1987). The forces that
can be exerted on biological matter by light are
in the range between pico- and nanonewtons,
which might appear small compared to other
micromanipulation tools like SFM. However,
these forces are perfectly suited to noninvasively
hold and manipulate individual biological cells
without causing damage and contamination. The
optical stretcher is a recently developed
two-laser beam trap that uses two counter-
propagating divergent beams integrated into a
microfluidic system to probe the viscoelastic
behavior of suspended cells. Since the laser
beams are not focused, there is no problem with
radiation damage, which minimizes the light flux
through the cells in comparison to other optical
traps.

In this paragraph, first the basic working prin-
ciple of stretching dielectric particles with light is
introduced, followed by the experimental setup of
the optical stretcher and a description of data
analysis.

3.1 Basic Principle

When light hits the surface of an object with
higher optical density, forces are generated that
act normal to the surface and point away from the
optical denser medium. This physical effect can
be used to exert forces on single biological cells in
suspension to analyze their deformation behavior.
The optical stretcher basically consists of two
laser beams with Gaussian intensity distribution
that form a symmetric trap geometry. The cells are
typically deformed by a constant stress profile
causing a characteristic, passive, viscoelastic
response. The surface forces can be attributed to
a transfer of momentum at the interface between
the cell (high refractive index) and surrounding
medium (low refractive index) according to New-
ton’s second law. The theoretical description of
the interaction between laser radiation and small
dielectric particles strongly depends on the ratio of
particle size and the used wavelength λ. In case of
optical traps, the wavelength is usually in the
range of 600–1200 nm, whereas the cell diameter

d is an order of magnitude larger d >20 μm. For
that reason the surface forces can be quantitatively
explained using the Mie regime, which is also
called ray-optics regime. The approach in this
regime is to decompose the laser beam into indi-
vidual rays that propagate in a straight line and are
described by geometric optics. The theoretical
explanation in case of d � λ is highly nontrivial
and requires the exact solution of the Maxwell
equations, whereas problems in the limit d << λ
are specified by the Rayleigh regime.

At first, one might expect that a soft dielectric
particle hit by two counter-propagating laser
beams is rather compressed than stretched. In the
Mie regime, the ability of light to exert forces on
dielectric samples can be explained by simple
momentum transfer. To illustrate the basic princi-
ple of cell stretching, the following section out-
lines changes of momentum when a light ray
passes at normal incidence through an optically
denser object. For each ray or photon with the
energy E = h∙v the relativistic energy-momentum
relation predicts the momentum p as (Ashkin and
Dziedzic 1973)

p ¼ n � E
c0

(1)

where n is the refractive index of the medium, c0
is the speed of light in vacuum, h is the Planck
constant, and v is the frequency. Since the
momentum is directly proportional to the refrac-
tive index, the light gains momentum as it enters
the object. According to the law of conservation
of momentum, the same amount of momentum
change is transferred to the surface in the oppo-
site direction. As the light exits the optical
denser medium, it loses momentum which
causes a transfer of momentum to the surface
at the back in the direction of light propagation.
Further, at both interfaces, a fraction of light is
reflected, which leads to additional transfer of
momenta in the direction of light propagation. In
case of biological cells interacting with an infra-
red laser, the fraction of reflected light is less
than 0.5 %. Therefore, the contribution of reflected
light to the surface forces is considerably smaller.
The resulting forces acting on the front and back
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surface are directed in opposite directions and will
cause a stretching of soft objects.

In this example the asymmetry between both
surface forces would cause a net force acting on
the center of mass and pushing the cell away from
the laser source (so-called scattering force). A
second light ray passing through the object from
the opposite site would compensate this net force,
so that only surface forces are left, which are
additive.

If a light ray with momentum pi ¼ nmedium

�E=c0 hits the surface of a spherical object
like a cell under arbitrary angle of incidence,
it has to be considered that not only the
absolute value of momentum but also its
direction changes (Fig. 2). This is described
by Snell’s law:

nmedium � sin α ¼ ncell � sin β (2)

where nmedium and ncell are the refractive indices
and α and β the angles of incidence and refraction.
The angle of reflection is identical to the angle of
incidence.

The momenta of the reflected light ray pr and
the refracted (transmitted) light ray pt are given by

pr ¼
nmedium � E

c
� R αð Þ (3)

pt ¼
ncell � E

c
� 1� R αð Þð Þ (4)

where R(α) is the reflection coefficient, which
represents the ratio of reflected and incident inten-
sity and can be calculated by Fresnel’s equations.

The magnitudes of momentum at the backside
of the cell are accordingly given by

pi2 ¼ pt (5)

pt2 ¼ pt � 1� R βð Þð Þ (6)

pr2 ¼ pt � R βð Þ (7)

Taking the vector nature of momentum into
account, the resulting momenta transferred to the
surfaces calculate as

Fig. 2 Schematic of a light
ray incident on a spherical
object with refractive index
ncell, which is refracted and
reflected at the intersurfaces
according to Snell’s law
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Δp1
! ¼ pi

!� pr
!� pt

! (8)

Δp2
! ¼ pi2

�! � pr2
�! � pt2

�! (9)

A dual beam laser trap, such as the optical
stretcher, consists of two counter-propagating,
divergent Gaussian laser beams that function as
stable optical trap where cells can be held
between the two beams and stretched along the
laser beam axis at increasing power. Based on
this simple ray-optics model, the total stress pro-
file σ(α) acting on the surface of the object can be
calculated by considering the total transferred
momentum of the incident beam (Guck
et al. 2000) (Fig. 3):

σ αð Þ ¼ F αð Þ
A

¼ Δp αð Þ
Δt � A ¼ Δp αð Þ

E

E

Δt � A
¼ Δp αð Þ

E
� I z, r, αð Þ (10)

whereΔp(α) is the total momentum transferred on
a single surface element, I(z, r, α) is the local light
intensity that can be calculated at distance z from
the source fiber as follows, and r is the radius of
the particle:

I z, r, αð Þ ¼ 2P

πω zð Þ2 exp � 2 r sin αð Þ2
ω zð Þ2

 !
: (11)

Here, P is the total power of the laser beam and
ω(z) is the beam width. The latter describes the
circumstance that the beam diverges as it exits the
optical fiber with increasing distance and can be
calculated by

w zð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ λz

nmediumπw2
0

� �2
s

(12)

with the beam waist at the exit of the optical fiber
ω0. The peak stress σ0 acting along the laser beam
axis can be calculated by insertion of α = 0:

σ0 ¼ nmediumI

c
R2 � R� 2
� � ncell

nmedium

� 1

� �

(13)

The shape of the stress profile and the magnitude
of peak stress depend on the ratio between beam
width ω and sphere radius r, as well as the ratio of
refractive indices ncell/nmedium. Figure 3 shows the
total stress profiles for a cell that is stable trapped
between the two divergent beams and a cell that is
displaced from the beam axis. All forces act nor-
mal to the surface. In the first case, the profile has
rotational symmetry with respect to the beam axis
and the total force on the center of mass is zero.
When the cell gets displaced, the symmetry is
broken and it experiences a restoring net force
perpendicular to the axis (so-called gradient

Fig. 3 (a) Rotational
symmetric stress profile
acting on a cell trapped in a
two -laser beam geometry
with Gaussian intensity
distributions. (b) When the
cell is out of the center of
the trap, restoring gradient
and scattering forces will
move it back
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force). The gradient force pulls the cell in direc-
tion of the highest light intensity at the center of
the beam.

3.2 Experimental Setup and Data
Analysis

In typical optical stretcher experiments,
suspended cells are trapped by the opposing
laser beams at low power (i.e., 0.1 W per
fiber) and stretched by increasing the laser
power to 1.0–1.4 W per fiber. The setup basi-
cally consists of the fiber laser, a microfluidic

delivery system, an inverted microscope, and a
charge-coupled device (CCD) camera to moni-
tor the deformation over time. As infrared laser
light source, an ytterbium-doped single-mode
fiber laser can be used emitting at a wavelength
of λ = 1064 nm. At this wavelength, light is
barely absorbed by proteins. The two fibers of
the laser are integrated into a microfluidic sys-
tem that guides the cells serially into the trap
through a microfluidic flow channel (Fig. 4).
The microfluidic chamber is positioned on the
stage of a phase contrast microscope where a
digital CCD camera is connected via C-mount
adapter recording the stretching experiments.

Fig. 4 Microfluidic chamber. Using photo-lithographic
structures (SU-8), the optical fibers are aligned perpendic-
ular to a glass capillary that has an inner diameter of 80 μm.

Suspended cells are trapped at low laser power and can be
deformed along the laser beam axis by increasing the
power
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The setup can be automated using a computer-
controlled microfluidic pump and image-
processing software that allows for live detec-
tion of cells in the trapping region of the flow
chamber. Automated optical stretcher setups
enable trapping and stretching of about
150–300 cells per hour.

In order to quantify cellular deformation, it
is necessary to detect the cell boundaries by
image processing. When the time development
of the cell boundaries is given in an analytical
form, the relative deformation along the laser
beam axis Δx/x can be derived (Fig. 5). During
a “step stress” experiment, the cell is stretched
for 2 s at constant laser power, followed by a
relaxation phase, when the laser is switched
back to trapping power. The temporal develop-
ment of strain can be further analyzed to extract

physical material properties. The mechanical
behavior of biological cells under stress can
be quantified using a simple model that illus-
trates the viscoelastic response of the cell to
external forces, as they arise in the optical
stretcher. The stress-strain behavior can be
explained by a mechanical analogon that com-
bines elastic and viscous components and
describes the deformation of the cell under
stress to a sufficient approximation (Wottawah
et al. 2005a, b). This model implies that the
deformation and relaxation is passive and due
to a transiently cross-linked isotropic actin cor-
tex, which is only given for a relative small
strain (linear viscoelastic regime) and short
times of applied stress. Any active cell behav-
ior like actomyosin interactions as well as the
glassy material properties and metastability of

Fig. 5 Viscoelastic deformation of a fibroblast (black).
The cell is trapped at a laser power (red) of 0.1 W per
fiber and then stretched for 2 s at 1.2 W per fiber. When the

laser is switched back to trapping power, the cell’s relaxa-
tion behavior can be observed
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the polymer network (Kollmannsberger and
Fabry 2009; Semmrich et al. 2007) is not con-
sidered in this simple model. Based on the
three-element model described by Wottawah
et al., the relation between applied stress and
resulting strain can be described by the consti-
tutive equation:

σ þ η0 þ η1
E0

σ
• ¼ η1 γ

• þ η0η1
E0

γ
• •

(14)

where η0, η1 and E0 are the viscosities and Young’s
modulus of the mechanical elements (Fig. 6a).
Solving this differential equation for a constant
stress σ between t0 = 1s and t1 = 3s gives the
temporal development of extension and relaxation:

γ tð Þ ¼ σ

E0

1� e
�E0

η0
t�t0ð Þ� 	

þ σ

η1
t� t0ð Þ

for 1 � t � 3

(15)

γ tð Þ ¼ σ

E0

1� e
�E0

η0
t1�t0ð Þ� 	

e
�E0

η0
t�t1ð Þ þ σ

η1
t1 � t0ð Þ

for 3 � t

(16)

Fitting these equations to the strain data (Fig. 6b)
allows for the calculation of several physically
relevant values. When the analytical expression of
the compliance D(t) = γ(t)/σ is known, the time-
dependent Young’s modulus E(t) can be derived
(Wotottawah et al. 2005b) using the substitutions:

b1 ¼ η0 þ η1ð Þ
E0

, a1 ¼ η1, and a2 ¼ η0 � η1
E0

:

(17)

Young’s modulus can be calculated by

E tð Þ ¼ a1b1 � a2

b21
e
� t

b1 þ a2
b1

δ tð Þ: (18)

Fig. 6 (a) Scheme of the three-element model used to fit
optical stretcher data. (b) Fitting of the strain function to
the measured cell extension. The parameters can be used to

calculate the cells’ viscoelastic properties such as the time-
dependent relaxation modulus E(t) (c) and the frequency-
dependent Young’s modulusE� ωð Þ ¼ E0 ωð Þ þ i E00 ωð Þ (d)
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Fourier integration gives the frequency-dependent
complex Young’s modulus describing the behav-
ior in case of an oscillatory deformation:

E� ωð Þ ¼ E0 ωð Þ þ iE00 ωð Þ with (19)

E0 ωð Þ ¼ ω

ð1
0

E tð Þ sin ωtð Þdt

¼ ω2 a1b1 � a2ð Þ
1þ ω2b21

and (20)

E00 ωð Þ ¼ ω

ð1
0

E tð Þ cos ωtð Þdt

¼ ωa1 þ ω3a2b1

1þ ω2b21
(21)

E0, which is also called storage modulus, is a
measure for the part of energy stored during a
periodic strain and corresponds to the elastic part
of the stress response. E00 describes the part asso-
ciated with the viscous dissipation of energy and
is called loss modulus. Typical results obtained for
the dynamic material properties are shown in
Fig. 6c, 6d. Equations 19 and 20 allow for the
calculation of characteristic rheological parame-
ters like the plateau Young’s modulus at high
frequencies:

Ep ¼ lim
ω!1E0 ωð Þ ¼ a1b1 � a2

b21
(22)

and the steady-state viscosity:

Ests ¼ lim
ω!0

E00 ωð Þ
ω

¼ a1 (23)
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1 Introduction

Our skin is surrounded by reactive oxygen species
(ROS) and other free radicals. This is due to
environmental hazards such as UV irradiation
(Thiele et al. 2001), ozone gas, air pollutants,
xenobiotics, or microorganisms (Sander
et al. 2004; Vermeij et al. 2011) but also endoge-
nous radical formation, e.g., by the mitochondrial
respiratory chain (Berger 2005), antimicrobial
mechanisms of leucocytes, and inflammatory
responses (Sander et al. 2004; Berger 2005).
Reactive oxygen species occur during important
physiological processes, e.g., immune defense
and cell signalling (Vermeij et al. 2011; Vermeij
and Backendorf 2010). If an unbalance of oxi-
dants and antioxidants appears in the skin, oxi-
dative stress is the consequence, and the excess
production of ROS can cause severe cell damage
associated with skin carcinogenesis and acceler-
ated skin aging (Sander et al. 2004; Richelle
et al. 2006; Packer and Valacchi 2002). There-
fore, antioxidants are of high importance for
the maintenance of skin health. The skin pro-
vides a variety of enzymatic and nonenzymatic
antioxidants (Thiele et al. 2001; Richelle et al.
2006).

M.C. Meinke (*) • A.-C. Lauer • A. Friedrich • S. Arndt •
S.F. Haag • J. Lademann
Department of Dermatology, Venereology and
Allergology, Center of Experimental and Applied
Cutaneous Physiology, Charité - Universitätsmedizin
Berlin, Berlin, Germany
e-mail: martina.meinke@charite.de;
juergen.lademann@charite.de

# Springer International Publishing Switzerland 2017
P. Humbert et al. (eds.), Agache’s Measuring the Skin,
DOI 10.1007/978-3-319-32383-1_148

1523

mailto:martina.meinke@charite.de
mailto:juergen.lademann@charite.de


Superoxide dismutase, catalase, and glutathi-
one peroxidase are examples for enzymatic anti-
oxidants. Important nonenzymatic antioxidants in
the human body and the skin are carotenoids
(beta-carotene, lycopene, lutein); coenzyme
Q10; glutathione; and the vitamins A, C, E, and
D (Thiele et al. 2001; Shindo et al. 1994). These
antioxidants form protective chains, i.e., they pro-
tect each other against the destructive effects of
free radicals (Valko et al. 2007; Wrona
et al. 2003). Most of these antioxidants cannot
be produced in the human body but have to be
taken in with food, especially with a diet rich in
fruit and vegetables.

Darvin et al. showed that women of compara-
ble age (around 50 years) with a high concentra-
tion of lycopene in the skin have less wrinkles
and furrows compared to women with low values
(Darvin et al. 2008). For the prevention of skin
aging and cancer development, a diet rich in
antioxidants is important. So far the antioxidant
status can be measured in blood samples (Tong
et al. 2013). These invasive investigations only
give information about the short-term antioxi-
dant status, because blood clearance is fast for
most antioxidants. In the skin, antioxidants such
as carotenoids can be stored over a longer time
period (Meinke et al. 2010). For routine investi-
gations, noninvasive methods that measure the
antioxidant status of the skin are more suitable.
One noninvasive method is resonance Raman
spectroscopy, which measures cutaneous carot-
enoids. Carotenoids can be used as a marker
substance of the exogenous skin antioxidants
(Haag et al. 2011), if the nutrition is well-
balanced and no acute changes in nutrition or
life style (e.g., sudden stress) appeared. Should
the endogenous antioxidants be of interest, elec-
tron paramagnetic resonance (EPR) spectros-
copy can be applied to measure the antioxidant
status of the skin, effects of nutrition, or topically
applied antioxidants and the effect of stress can
also be studied.

The EPR spectroscopy is a method, which can
detect paramagnetic species such as free radicals
in the skin. Therefore, it can be used to investigate
the radical scavenging activity of the skin. This
can be performed in two ways:

1. Direct reaction of antioxidants with a topically
applied test radical

2. Radical formation induced by irradiation or
other forms of stress

In the first method, a test radical is applied,
whereby the cutaneous antioxidants react with
the test radical and the EPR signal decreases
over time. Regarding the second method, another
test radical, which does not react directly with the
cutaneous antioxidants, is applied and a stress is
induced to form short-lived radicals. These short-
lived radicals cannot be measured directly. They
react with the applied test radical and decrease its
initial signal. Existing cutaneous antioxidants can
also neutralize induced short-lived radicals and
act as a competitive mechanism.

The two methods can provide information
about:

• Antioxidant potential of the skin
• Sun protection properties
• Lifestyle (nutrition, sleeplessness, smoking,

etc.)
• Topically applied antioxidants

These properties can be measured in vivo with-
out an intervention but also to determine the effect
of supplements, creams, or possible stress effects
such as irradiation in the UV, visible, or near-
infrared spectral range.

In this chapter, the application of EPR spec-
troscopy will be shown to investigate the effect of
supplements containing a fruit and vegetable
extract. Moreover, topically applied antioxidants
are evaluated with regard to their protection prop-
erties against stress such as sunlight.

2 Materials and Methods

2.1 Electron Paramagnetic
Resonance (EPR) Spectroscopy

EPR spectroscopy is based on the resonant
absorption of microwave radiation by paramag-
netic species exposed to a magnetic field.
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Microwave absorption occurs when the applied
radiation matches the energy difference of the spin
state, so that characteristic absorption spectra are
obtained from specific substances (Haag
et al. 2011).

The measurements were performed with the
L-Band EPR spectrometer LBM MT
03 (Magnettech, Berlin, Germany) using the fol-
lowing EPR parameters: microwave frequency
(1.3 GHz), central magnetic field (46 mT),
sweep width (8 mT), sweep time (10 s), and mod-
ulation amplitude (0.15 mT).

2.1.1 Direct Reaction of Antioxidants
with a Topically Applied Test
Radical

In vivo EPR investigations of the direct radical
scavenging activity was performed using the spin
probe TEMPO (2,2,6,6-tetramethyl-1-
piperidinyloxy; Sigma-Aldrich, Steinheim, Ger-
many). Using a 30 mM TEMPO solution, the
spectral shape is optimal for intensity evaluation
by measuring the height of the central line, as
previously described by Haag et al. (Haag
et al. 2011). A typical spectrum of the nitroxide
in the skin is shown in Fig. 1.

Measuring spots were chosen from the middle
third of the inner forearm. All measurements from
one volunteer were performed on the same arm.
The measurement area was prepared by carefully

clipping off all terminal hairs and cleaning the
skin with an ethanol-soaked cotton pad. TEMPO
solution (50 μL) was applied onto a filter paper
(diameter 11 mm; Epitest Ltd Oy, Tuusula, Fin-
land) and occluded with a Finn Chamber (Epitest
Ltd Oy, Tuusula, Finland) for 10 min. The Finn
Chamber and filter paper were then removed, and
the skin was wiped with a paper towel. The arm
was placed on a splint in the EPR and lifted up to
the surface coil with soft pressure. A thin cover
glass (Menzel-Gläser, Braunschweig, Germany)
separated the skin from the surface coil. To
increase the signal-to-noise ratio, four scans per
minute were recorded for a total of 20 min and the
mean spectrum of eight scans covering 2 min of
reaction time was evaluated. The intensities of the
central lines were plotted over time as exemplified
in Fig. 2 and fitted by the equation I = I0exp –kt,
whereas k represents the rate constant of the func-
tion, which characterizes the individual radical
scavenging properties of the skin. The exponen-
tial decay was normalized to the baseline EPR
signal height (Fig. 2). On each visit, measure-
ments were performed in duplicate.

2.1.2 Radical Formation Induced by
Irradiation

For the determination of radical formation, the
nitroxide 3-carboxy-2,2,5,5-tetramethyl-1-
pyrrolidinyloxy (PCA; Sigma-Aldrich) was

Fig. 1 Typical EPR
spectrum of the nitroxide
TEMPO after penetration
into the skin
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used. Compared to TEMPO, PCA hardly reacts
with the skin’s antioxidant system at the concen-
tration used (Haag et al. 2010). However, PCA
reacts well with short-lived free radicals, e.g.,
irradiation induced radicals, which transform the
EPR marker to EPR-silent. This reduction in EPR
signal intensity can be correlated with free radical
formation (Darvin et al. 2010; Herrling
et al. 2003). Preparation of measurement areas
on the right inner forearm was performed as
described above, for the section regarding the
determination of radical scavenging capacity.
PCA solution (100 μL) (43 mM, water:ethanol,
1:1, v:v) was applied to the skin on two paper filter
disks (Epitest Ltd Oy), occluded with a Finn
chamber (Epitest Ltd Oy) and allowed to pene-
trate the skin for 40 min. Subsequently, the arm
was placed in the EPR spectrometer and measure-
ments were started without irradiation for 10 min.
Since the reduction of PCAwas below 5 % with-
out irradiation, the same measurement spot was
used for the irradiation experiment. A solar simu-
lator (Low Cost Solar Simulator, LS0104,
LOT-Oriel Group, Darmstadt, Germany, wave-
length: 420–2000 nm; output: 120 mW/cm2) was
used for in situ irradiation of the skin. Measure-
ments were continued during irradiation for a
further 10 min. To increase the signal-to-noise
ratio, four scans per minute were recorded and
the mean spectrum of eight scans covering 2 min

of reaction time was evaluated. PCA intensity was
derived from the central line of the spectrum.
Measurements were performed in duplicate on
each volunteer.

Measurements After Topical Application

In Vivo
The volunteers applied the verum and placebo
cream to either one of the inner forearms twice
daily for a period of 4 weeks. One-third of the
placebo cream-treated forearm remained
untreated. The last application of the test creams
was, on average, 8.5 h (range 5–12 h) prior to the
measurements, in order to avoid optical influences
of the creams due to occlusive layer development
or different penetration behavior of placebo and
verum cream.

The measurements were performed as
described above.

Ex Vivo
Comparable to the in vivo measurements, the
following samples were prepared from each pig
ear: two samples each without any cream applied,
treated with placebo cream or with verum cream.
The pig ears were first washed, shaved, and
cleaned with ethanol.

Afterwards, the skin samples (d = 19 mm),
fixed onto glass slides, were treated as in vivo

Fig. 2 Peak-to-peak
intensity decay of TEMPO
in the skin over time
following a first order
exponential decay

1526 M.C. Meinke et al.



with slight modifications (50 μL PCA solution,
20-min penetration time, no glass slide) in order to
achieve similar EPR intensities as in vivo. There-
after, the cream, if any, was applied (2 mg/cm2

according to the Colipa standard) and measure-
ments started one hour after penetration.

Measurements without irradiation were
performed for 20 min and subsequently for
20 min under NIR/VIS irradiation. All measure-
ments were performed in duplicate.

3 Results and Discussion

3.1 Cutaneous Antioxidant Status
Before and After
Supplementation

3.1.1 Supplementation of Water
Soluble Antioxidants

In this study, vitamin C (calcium ascorbate) or
chokeberry extract (Aronia energy, Privatinstitut
Galenus, Berlin, Germany) was taken by
33 healthy volunteers. Aronia energy is a powder,
which consists of dextrose, Aronia berry peel
extract, Topinambur extract, and calcium ascor-
bate (<3 %). The major antioxidant part is the
chokeberry peel extract (>70 %). For the vitamin
C sample, calcium ascorbate was prepared in dex-
trose, and as placebo, pure dextrose was taken. All
samples were randomly numbered.

The placebo controlled double blind study
consisted of three groups with 11 volunteers in

each group of placebo, vitamin C (Vit C), and
Aronia (Meinke et al. 2012a).

The antioxidant activity of the samples of the
vitamin C and the Aronia group was adjusted to
the same radical protection factor (RPF,
3600 � 1014 radicals/mg) (Herrling et al. 1998).
This resulted in approximately 100 mg vitamin C
per day.

All volunteers were measured before (visit 1)
and after 28 days with supplementation (visit 2).
The volunteers were measured by EPR spectros-
copy on the inner forearm.

Each volunteer was instructed to take the study
powder by dissolving one spoonful of the powder
in water twice daily, in the morning and in the
evening. After 14 days, nine volunteers of the
vitamin C group were investigated in addition to
the visits 1 and 2. The nine volunteers had been
selected by the study coordinator, whereby the
investigator was not informed as to which group
the volunteers had been allocated, in order to
ensure double blindness.

The radical scavenging of the skin was
enhanced after supplementation, the decrease in
TEMPO is faster and the rate constant increases.
Although the individual values of rate constant
differ strongly in all groups, with the exception
of placebo, significant differences after the intake
of the antioxidants were obtained. Significant
differences could be found between the differ-
ences in rate constants before and after the intake
of both verum groups compared to placebo
(Fig. 3)

Fig. 3 Rate constants after
a 4-week intake of the
different products related to
the initial values before
intake; taken from (Meinke
et al. 2012a)
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No significant differences could be found
between Aronia and Vit C. The relative increase
is 23 % for Aronia and 20 % for Vit C.

Additionally, cutaneous carotenoids were mea-
sured but no significant change could be observed.
Nine volunteers from the Vit C group were mea-
sured after 14 and 28 days with supplementation.
The rate constants increased significantly after
14 days, whereas no further significant increase
appeared after 28 days.

This indicates that both vitamin C and choke-
berry extract increase the antioxidant status of the
skin. The appearance in the skin is within 14 days,
perhaps even faster and did not increase with
further intake.

The intestinal absorption capacity for ascor-
bate is limited by the amount of transporters pre-
sent. In healthy adults almost maximal absorption
is achieved by a single 200 mg dose (Levine
et al. 1996); vitamin C bioavailability decreases
after further increasing oral doses. The amount of
125 mg per day vitamin C in two portions can be
considered to be a moderate dose. This amount is
already sufficient to considerably enhance the
radical scavenging capacity in the skin.

Furthermore, the natural extract, with the
same RPF consisting of different polyphenolic
compounds also increases the antioxidant capac-
ity to the same amount, although the absorption
of dietary polyphenols is, in general, very low
(plasma concentrations of total metabolites are in
the nM to low μM range) and the time to reach
maximum concentration ranges between 30 min
and several hours, depending on the site of
absorption (Manach et al. 2003). However, EPR
spectroscopy does not provide the identity of the
antioxidants, which are responsible for the
increased radical scavenging activity. It could
be demonstrated that polyphenols from choke-
berry contribute to the radical scavenging effect
in the skin.

3.1.2 Supplementation of Lipohilic
Antioxidants

In the following study, the effect of a curly kale
extract was investigated (Meinke et al. 2013a).
The supplements were provided for a time period
of 8 weeks. The verum capsules LutexskinTM

(BioActive Food GmbH, Bad Segeberg, Ger-
many) consist of a curly kale extract (Brassica
oleracea convar. acephala var. sabellica L.), sea
buckthorn oil (Hippophae rhamnoides L.), and
olive oil, containing a high amount of carotenoids.
The dosage for 1 day provided the following
moderate amounts of carotenoids: 2200 μg lutein,
1000 μg beta carotin, 50 μg alpha carotin, 400 μg
lycopin, 700 μg zeaxanthin, and 100 μg
cryptoxanthin. As a control, a placebo capsule
containing olive oil with almost no antioxidants
was given.

Twenty-four healthy volunteers were recruited.
The study included four visits and lasted
20 weeks. As starting time, autumn was chosen
in order to reduce a possible influence of the sun.
The volunteers took the supplements for a time
period of 8 weeks. On visit 1 the volunteers were
randomly assigned to either the verum group or to
the placebo group. Supplementation started in the
evening of visit 1. The second visit took place
after 4 weeks, the third visit 8 weeks after admin-
istration of the supplements. After a further
12 weeks without supplementation, the fourth
and final visit took place.

The following measurements were performed
at each visit: (1) Resonance Raman spectroscopy
was conducted to determine cutaneous caroten-
oids. (2) By means of EPR spectroscopy the rad-
ical scavenging capacity of the skin was
determined. (3) Determination of radical forma-
tion in the VIS/NIR spectral range in order to
acquire information about the photoprotection of
the skin against oxidative stress.

At visits 1 and 4, the volunteers completed a
questionnaire in order to ensure that neither their
life style nor their eating habits had changed.

Radical Scavenging Activity
In order to determine the radical scavenging activ-
ity of the supplement itself, the RPF value was
determined using the highly reactive test radical
2,2-diphenyl-1-picrylhydrazyl (DPPH), which
resulted in 180 � 1014 radicals/mg. However,
the supplement did not react with the test radical
TEMPO that is used for the determination of the
skin radical scavenging capacity in a time frame
of 6 h.
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Nevertheless, the radical scavenging capacity
of the skin changed after the supplementation with
the curly kale extract. A stronger decrease of the
test radical TEMPO in the verum group was
observed at V3 with an increase in rate constant
(Fig. 4, right).

The bioavailability of the curly kale extract in
the skin was measured using resonance Raman
spectroscopy. Regarding the rate constants, as a
measure of the antioxidant capacity determined
by EPR spectroscopy, the data obtained show a
similar behavior as the increase of the addition-
ally measured cutaneous carotenoids; however,
the differences were less pronounced. The
increase in the rate constant of the verum group
is 27 % after 4 weeks and significantly 48 %
after 8 weeks; furthermore, the difference
between the rate constants of verum and placebo
groups at V3 is significant. After the end of
supplementation, the k-values decreased signifi-
cantly from V3 to V4 to their initial values at V1
within the verum group. Moreover, no differ-
ences between verum and placebo at V4 could
be observed.

Prevention of Radical Formation
Radical formation after VIS/NIR irradiation can
be reduced by topically applied antioxidants. The
question was whether orally applied antioxidants,
such as the administered curly kale extract, can

reduce the radical formation during a 10-min
VIS/NIR irradiation.

Prevention of radical formation induced by
VIS/NIR irradiation was observed after 8 weeks
of supplementation at V3. After 10 min of
VIS/NIR irradiation, the radical formation in the
verum group was significantly reduced by 34 %.
At other time points no significant differences
between both groups were observed.

The estimation of the daily total carotenoid
intake of all volunteers resulted in 2.13mg � 1.97
mg (range: 0.25–6.39 mg).
The RPF value of 180 � 1014 radicals/mg is

rather low compared to other values of antioxi-
dants. This is due to the low reaction efficacy of
carotenoids with the used test radical DPPH
(Herrling et al. 1998). Carotenoids also do not
react with the cutaneously used test radical
TEMPO within 6 h. Nevertheless, the investiga-
tions could show that the topically applied
TEMPO was reduced much faster in the verum
group after supplementation with carotenoids for
8 weeks. Significance could also be achieved
within the verum group between the k-values
before the beginning and after the end of supple-
mentation. This indicates that the radical scav-
enging activity of the skin is enhanced on the
whole, implying that antioxidants interact with
each other and that carotenoids in a natural
matrix affect other antioxidants in such a way

Fig. 4 Left: Cutaneous carotenoid concentration relative
to initial value, right: rate constant relative to initial value,
V1 – before intake, V2 – after a 4-week intake, V3 – after

an 8-week intake, V4 – 12 weeks after stop of intake; taken
from (Meinke et al. 2013a)
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that they increase the antioxidant properties of
the skin.

The reduction in radical formation after irradi-
ation in the VIS/NIR range is in agreement with
the increase in the antioxidant capacity of the skin.
Studies which applied the antioxidants topically
have shown that radical formation was reduced
after irradiation in the VIS/IR range (Meinke
et al. 2011) Furthermore, this result corresponds
to results from UV irradiation with reduced ery-
thema or photodamage in cells after consumption
of carotenoids or other antioxidants (Meinke
et al. 2012b; Heinrich et al. 2003; Bayer
et al. 2011) In this context, synergistic effect
should be mentioned (Wölfle et al. 2013).

3.2 Antioxidant Status After Topical
Application of Antioxidants

3.2.1 In vivo
The aim of these in vivo measurements was to
evaluate a method that measures radical protec-
tion by a cream, containing the Hypericum
perforatum extract (1.5 %), which is rich in
hyperforin and known to reduce radical formation
in the skin ex vivo after IR irradiation. The radical
protection factor (RPF) of the verum cream was
425 [1014 radicals/mg] and the verum cream with-
out HP extract was 39 [1014 radicals/mg]. The
investigated creams were applied in vivo several
times by the volunteers, in order to detect the

long-term effect of the application. EPR measure-
ments were performed during irradiation and the
changes in radical formation of the in vivo inves-
tigations after 4 weeks of cream application are
shown in Fig. 5 left (Arndt et al. 2013).

The increase in radical production decreases
along with time. During the first 2 min, the radical
production is maximal (Haag et al. 2013). A lon-
ger irradiation time than 10 min of the untreated
skin did not increase the radical formation signif-
icantly (data not shown). Untreated skin shows
the highest radical production followed by a sig-
nificant decrease to 55.7 � 8.7 % after a 12-min
irradiation of placebo-pretreated skin and a further
significant reduction to 24.9 � 8.7 % when
verum was applied.

The analysis of the questionnaires did not show
any significant differences in stress, smoking, and
intake of fruit and vegetables.

The topical application increases the neutrali-
zation of ROS in a more pronounced manner than
the so far investigated oral application. A possible
reason is that for topical applications the concen-
tration could be much higher than the
recommended physiological concentration for
supplementation. So far no side effects of topi-
cally applied antioxidants have been reported
(Darvin et al. 2006).

3.2.2 Ex vivo
Ex vivo, the measurements were performed 1 h
after one single application of the creams.

Fig. 5 Changes in radical formation during VIS/NIR irradiation (120 mW/cm2), on untreated, placebo, and verum-
treated skin; left: in vivo on a volunteer’s forearm, and right ex vivo on porcine ear skin; taken from (Arndt et al. 2013)
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Untreated skin was used as control. In contrast to
in vivo measurements, the measurement time can
be extended to longer irradiation times. The
ex vivo results on porcine ear skin are presented
in Fig. 5, right. The radical production did not
decrease within the performed time frame. The
change in radical production could be fitted by a
linear equation. This means that the production of
radicals has a constant value over the irradiation
time, however, this value differs, depending on
pretreatment.

As with in vivo, the untreated skin produced
the highest number of radicals. Taking the fitted
values, placebo and verum reduced the radical
production to 75 � 20% and 26.3 � 8.5 %,
respectively.

A direct comparison of results after a 10-min
irradiation of excised porcine ear skin and the
forearm of the volunteers in vivo showed that
the radical production, due to irradiation in the
VIS/NIR range, is more pronounced in vivo. For
the same irradiation time of 10 min in vivo, the
radical production is 1.9 times higher compared to
ex vivo. This difference can be reduced by a
longer irradiation time ex vivo.

The results have shown that both verum and
placebo cream applied in vivo or ex vivo protect
the skin from VIS/NIR induced radicals. The
effect of placebo could be due to the optical prop-
erties of the cream. Besides antioxidants, high
scattering properties of the creams can reduce
radical formation in the infrared region as shown
for sunscreens applied ex vivo (Meinke
et al. 2013b). This method is also applicable to
the investigations of sunscreens from the UV to
the NIR spectral range.

The fact that in human skin in vivo more rad-
icals are produced in the first minutes compared to
ex vivo in porcine ear skin can be explained by the
oxygen supply in living tissue. Nevertheless, this
should be investigated in more detail using
excised human skin as comparison. The decrease
in radical formation in vivo with time could be
explained by an up regulation of the endogenous
antioxidant network, which neutralizes induced
free radicals (Thiele et al. 2001). This defense
mechanism cannot be studied ex vivo.

4 Conclusion

The different investigations have shown that EPR
spectroscopy is well suited to investigate the anti-
oxidant status and stress of the skin. The investi-
gation can be performed ex vivo as well as in vivo.
The results have shown that during in vivo and
ex vivo investigations the radical formation due to
irradiation is different.

The uptake of hydrophilic and lipophilic sup-
plements could be followed, with the result that
both products increase the radical scavenging
activity in the skin. This even occurs when the
investigated product does not react directly with
the test radical TEMPO, indicating that the cuta-
neous antioxidants interact and protect each other.
It could be shown that compounds which increase
the rate constant also provide protection against
stress induced radicals as formed during VIS/NIR
irradiation.

The effects of water soluble antioxidants were
observed faster in the skin (a saturation is visible
within 2 weeks) compared to carotenoids (satura-
tion not visible after 2 months) which is plausible
due to different transport mechanisms of water
and lipid soluble vitamins.

In comparison to orally applied antioxidants in
physiological concentrations, topical application
of antioxidants in a cream provided higher protec-
tion against stress induced radicals as formed dur-
ing VIS/NIR irradiation.

This leads to the conclusion that a moderate
protection distributed over the whole body could
be achieved by oral application of antioxidants,
and for high protection on sun-exposed areas, an
additional topical application of antioxidants can
be recommended.
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1 Introduction

Artificial dermis is widely used in the treatment of
excessive burn injuries and is also more and more
used in reconstructive surgery. It is an excellent
option for reconstructing defects created by
tumor excision. After an overall description of
the properties of DE, their relevance in the treat-
ment of oncologic surgical defects is assessed
through a review of the literature and our own
experience.

2 Artificial Dermis

2.1 Presentation

Since the 1970s, various types of dermal skin
substitutes have been developed and used as
models in in vitro studies and for therapeutic
use. Thanks to the development of techniques of
cell culture, the reconstruction of the epidermis
(Rheinwald and Green 1975) and the reconstruc-
tion of dermal equivalents (DEs) are now possi-
ble. DE can be cellularized, like the model by Bell
et al. (1981) consisting of a matrix of collagen
contracted by the fibroblasts it contains
(Apligraf®), or constituted by a synthesized matrix
and integrated by the fibroblasts themselves
(TransCyte®). Other types of DE are in acellular
form, such as the model developed by Yannas and
Burke (1980; Yannas et al. 1980). The latter
(Integra® (IntegraLifeSciences®)) ismade of colla-
gen supplementedwith chondroitin-6-sulfate and is
available in single layer or double layer types, cov-
ered by a siliconefilm. Integra®was thefirst dermal
substitute on the market and remained the only
product available for 10 years. Since 2007, new
acellular dermal equivalents have been available in
France: Matriderm® (Medical Z®) is made of a
collagen and elastin matrix; Renoskin® (Perouse

Plastie®) consists of a collagen matrix covered
with a silicone film; Hyalomatrix® (Addmedica®)
is composed of esterified hyaluronic acid covered
with a flexible elastomer film.

Whereas the implantation of the first products
was performed in a two-stage procedure, substi-
tutes allowing to perform the skin graft and the
implantation of the dermal equivalent simulta-
neously have been developed (Integra® single
layer, Matriderm® 1 mm). In research, models are
continuously becoming more complex: either
endothelialized reconstructed dermis, or immuno-
competent substitute, or reconstructed skin includ-
ing the hypodermis (Auxenfans et al. 2009). In this
article, only acellular DE will be reviewed.

2.2 Mode of Action of Acellular
Dermal Equivalents

The DE is implanted on a site where it is suscep-
tible to be colonized by fibroblasts and the process
of vascularization is possible. As a simplified
model of the extracellular matrix of the dermis, it
is integrated in the healing process in order to
recreate the mechanical and nutritional support
of the epidermis. Histological studies have
showed four stages in the process (Moiemen
et al. 2006):

– A phase of inhibition
– A phase of migration of the fibroblasts
– A phase of revascularization lasting 4 weeks

(without associated negative pressure therapy)
– A phase of remodeling and maturation

The 3-D structure of the acellular DE acts like a
frame in the process of connective healing with
the de novo synthesis of a tissue similar to mature
human dermis within a few weeks, without pro-
liferation of the anarchic granulation tissue
(Lakhel-Le Coadou et al. 2000). The colonized
DE behaves like neodermis, not like scar tissue,
thus accounting for aesthetic and functional
results which are similar to the normal cutaneous
layer and superior to those of an isolated split skin
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graft (Dantzer and Braye 2001). From a histolog-
ical point of view, the recolonized dermal skin
substitute is distinct from the original dermis by
the absence of pilosebaceous annexes, the
absence of elastin fibers (absent in Integra®, but
present in Matriderm®), the absence of nerve end-
ing, and a straight dermis-epidermis junction
without the papilla (Fig. 1) (Moiemen
et al. 2006). This accounts for the sensation of
dryness sometimes reported by patients and the
absence of superficial sensitivity. In histology it is
however impossible to differentiate new collagen
from collagen of the local dermis. Regarding the
two most frequently used DE types in France, no
evidence has been found of a difference between
Integra® and Matriderm® in animals in terms of
revascularization or integration of the substitute
(Schneider et al. 2009).

When the implantation of a dermal equivalent
is to be followed by a skin graft in a two-stage
procedure, it is temporarily covered with a silicon
film. This film limits liquid leaks by allowing gas
exchanges and is also a barrier to bacteria. Dermal
substitutes implanted together with a skin graft in
a one-stage procedure are thinner (1 mm) to accel-
erate nutrition of the epidermis from the capil-
laries before the death of the keratinocytes.

2.3 Legislation

Dermal skin substitutes are medical devices
(MD). In the French Code de la Santé Publique
(Public Health Regulations) (Art L5221-1 and
R5211-1), MD are defined as “any instrument,

device, piece of equipment, matter, product, [. . .]
designed by the manufacturer to be used in
humans for medical purposes and whose main
intended action is obtained through neither phar-
macological, nor immunological means, nor
metabolism. . .” (Article L5211). Contrary to
medicine, their commercialization does not need
the authorities’ approval (Autorisation de Misesur
le Marché – AMM), but requires CE marking
which guarantees its conformity to essential exi-
gencies in conception, manufacturing, perfor-
mances, and safety. The main drawback of CE
marking is the quasi absence of exigency in
terms of efficacy demonstrated by clinical evalu-
ation. CE marks are delivered by a certified orga-
nization or by the manufacturer’s self-certification
for class I MD.

There are four classes of MD (I, IIa, IIb, III)
corresponding to increasing levels of risks
(Table 1). This classification is based on the
product’s length of use (from temporary to
implantable), its invasive or noninvasive charac-
teristics, its surgical or nonsurgical features, its
active or non-active characteristics, and the part
of the body in contact with the MD. Dermal
equivalents are class III medical devices (very
serious potential risk). In addition, since dermal
equivalents are considered implantable MD, they
are submitted to compulsory sanitary traceability
according to the procedures of the Code de la
Santé Publique (Article R5212-36 to 5212-42).
The aim is the rapid identification of patients
exposed to risks from a specific batch or series
and the identification of batches of MD used by a
patient.

Fig. 1 Histological section 1 year after application of
dermis equivalent followed by a granulation phase and
then a split-thickness skin graft (patient 2 of the series).
H hypodermis, DRT dermal regeneration template, GT
granulation tissue, E epidermis. Note the rich

vascularization and the cell infiltrate within the granulation
tissue in contrast to the organization of the collagen fibers
of the corresponding area on application of the dermal
equivalent. Standard HES stain, objective X 2.5
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2.4 Technical Applications
of Artificial Dermis

2.4.1 Dermal Equivalents and Burns
Integra®, the first dermal substitute on the market,
was initially developed to improve the manage-
ment of acute burns (Burke et al. 1981). Its
monopolist position and free availability in the
management of burn injuries in many countries
account for the vast amount of literature on this
particular MD, even though recent articles also
show the efficacy of other DE in the same indica-
tions, such as Matriderm® (Haslik et al. 2007;
Ryssel et al. 2008; Kolokythas et al. 2008) and
Hyalomatrix (Gravante et al. 2007).

In the management of severe burns, the free-of-
charge availability of Integra® has been justified by
its specific qualities (Heimbach et al. 1988, 2003):

– Reduced duration of hospitalization (Ryan
et al. 2002)

– Advantageous replacement of allograft of the
skin bank

– Association with split skin grafts allowing
quicker healing of donor sites

– Better quality of skin grafts (texture, supple-
ness, glide space)

– Reduction of hypertrophic scars (Dantzer and
Braye 2001; Branski et al. 2007; Clayman
et al. 2006)

In the treatment of burn sequelae, the use of
Integra® also allows the diminution of contrac-
tures and bridges (Chou et al. 2001; Groos

et al. 2005; Unglaub et al. 2005; Stiefel
et al. 2009); however, usual prevention means
by immobilization and pressure therapy are still
necessary (Hunt et al. 2000; Haertsch 2002).
In some cases, the use of DE avoids implanting
skin flaps after exposure of structures without
spontaneous healing potential (Boyce
et al. 2009).

Patients with burns have reported the follow-
ing problems:

– Sensitivity to infection with two peaks of fre-
quency, on D3 (by accumulation of fluid and
hematoma) and on D14 (Molnar et al. 2004).
The rate of infection in burned patients varies
between 16.3 % (Heimbach et al. 2003) and
40 % (Branski et al. 2007; Muangman
et al. 2006). Infection is mainly due to one
germ (83 %) with predominance of Gram-
negative bacillus.

– The rate of Integra® integration is lower than
with skin grafts (Molnar et al. 2004) and eval-
uated at 76.2 % in the largest series (Heimbach
et al. 2003).

– The cost, which is approximately 5 €/cm2 in
France for Integra®, and the absence of free-of-
charge availability and valorization in some
countries like France.

The infection risk must however be put in
perspective. The bacterial ecosystem and
the immunity of burned patients managed in
specialist care centers are specific, and grafted
surfaces are often large (Bargues et al. 2009).

Table 1 Classification of medical devices and risks

Class Type of device Examples Risk

Class I Noninvasive device Medical beds, wheelchairs Low risk

High risk

Invasive device – continuous use for less than 1 h

Class IIa Invasive device – continuous use between 1 h and
30 days

Urinary catheter

Tracheal tube

Class IIb Invasive device – long-term use (>30 days) Articular prosthesis, bone
cements, non-resorbable sutures

Class III Invasive device – long-term use (implantable device)
designed to be in direct contact with the heart, the
central circulatory system, or the central nervous
system, to have a biological effect, containing medicine
or manufactured from tissue of animal origin

Vascular stents, bone cements
with antibiotics, mammary
prosthesis, etc.
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However, it justifies the use of dressings with
antiseptic properties in very rigorous asepsis
conditions. The risk of complications can be
reduced by two treatments which can be
associated:

– Negative-pressure therapy (NPT)
– Skin grafting and DE implantation performed

in a one-stage procedure

The possibility to implant the thin skin
graft together with the DE in a one-stage proce-
dure (DE (Matriderm® 1 mm, Integra® single
layer) also has several advantages (Ryssel
et al. 2008):

– Single surgical operation
– Reduced risk of bacterial contamination
– Reduced healing time

However, as in full-thickness skin grafts, the
presence of dermis delays the nutrition of the
epidermis from the capillaries and can be at the
origin of a delay in the successful take of the skin
graft. We were able to show this phenomenon in
our investigations with perfusion laser Doppler
imaging and capillaroscopy (Fig. 2).

2.4.2 The Use of Dermal Equivalents
in Cases Other than Burns

The use of DE for loss of substance in plastic
surgery in cases other than the treatment of burns
is more recent. In France it is used in this indica-
tion only occasionally because of a problem of
cost, since no study has shown the economic
benefits of the products. The properties put for-
ward to justify their prescription in plastic surgery
are:

– Improvement of the quality of split skin grafts
– Possibility of glide plane in the mobile areas or

in contact with tendons (Haslik et al. 2008;
Aquilina et al. 2009; Yurugi et al. 2002;
Wang and To 2000)

– Possibility of integration of DE implanted on
tissue without granulation power such as bone
without periosteum (bridge phenomenon)

The latter property makes DE a possible alter-
native to skin flaps, as a structure independent
from the vascular network, and a good option in
this indication. For some authors, DEs are already
an alternative to skin flaps in civilian (Molnar
et al. 2004; Pu 2008) and military (Helgeson
et al. 2007) practice. Clinical cases have shown
successful implants of artificial dermis to cover
loss of substance in cases of skull exposure
(Simon et al. 2008), after purpura fulminans
(Besner and Klamar 1998; Pollard et al. 2008),
on myelomeningocele (Nakazawa et al. 2005), on
tendons (Wetzig et al. 2009), and after breast
reconstruction (Namnoum 2009).

3 Artificial Dermis in Skin Cancer

3.1 Overview

DE can be used in skin cancer:

– To help understand cancer in research with
in vitromodels (Meier et al. 2000; Satyamoorthy
et al. 1999; Berking and Herlyn 2001)

– To treat sequelae on donor sites of skin flaps
used in cancer treatment, especially radial fore-
arm free flap (Wax et al. 2002) and forehead
skin flap (Wang and To 2000)

– To perform primary cover for loss of substance
after excision of cancer lesions

In the latter case, DEs are used:

– To improve the quality of the skin graft
– As an alternative to a skin flap

Aside from any aesthetic consideration, cancer-
related losses of substance have specific features:

– Elderly patients in most cases
– Multi-operated sites
– Lower risk of infection (compared to patients

with burns)
– Absence of compromise with the excision mar-

gins that are sometimes important and neces-
sity of total independence from reconstruction
(except on the face in some cases)
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– Possibility of adjuvant or neoadjuvant radio-
therapy, chemotherapy, and adjuvant immuno-
therapy requiring fast healing process so as not
to delay treatment

– Possibility to have to differ covering of the loss
of substance while waiting for results from
anatomo-pathological analyses of edges and
deep plane

– Non-recommendation of prolonged NPT
(Labler et al. 2009; Jacobs et al. 2008)

– Possibility of local recurrence and relevance of
early detection

– Significant psychological impact

The covering of loss of substance, depending
on its extent, is performed by procedures that can
be simple when it is possible or more complex
when it is necessary: direct suture, skin graft, and
local, regional, or free flaps. In all types of skin
tumor, the skin graft, when it is necessary and
possible, is an option as a cover and has many
advantages:

– Low morbidity, especially in full-thickness
skin graft procedure.

– Its thinness makes local follow-up easy.
– It can be removed and repeated if surgical

revision is required for pathological excision
margins.

– It does not induce an additional scar to the
tumor site.

However:

– The bed that receives it must be able to
revascularize it.

– Its thinness makes it sensitive to mechanical
constraints, to adjuvant radiotherapy.

– It can be unaesthetic because of dyschromia or
depression, depending on the location.

When full-thickness skin grafting is not pos-
sible, a skin flap is the obvious option, but its
implantation can be difficult because of the
patient’s age and susceptibility, the presence of
scars from previous surgery, or a history of pre-
vious radiotherapy. Furthermore, when it is

local or regional, it results in scars near the
tumor site that can alter lymphatic drainage path-
ways. Finally it causes additional morbidity
associated with the donor site morbidity that
can justify the recourse to other covering
procedures.

3.2 Review of Literature

Dermal substitutes can present the advantages
of both skin graft and skin flap with the possi-
bility to be revascularized in bridges in case of
partial implantation on a poorly vascularized
bed. In Tufaro’s series (Tufaro et al. 2007),
Integra® double layer was used without NPT
for cancer-related losses of substance with skin
grafts performed on D21. The mean age of the
17 patients was 54 years old and the defect
surface was 172 cm2 � 260 (20–1,080). In six
cases, Integra® was placed on the bone and in
seven cases on the periosteum, and in three
cases the patients received neoadjuvant radio-
therapy. The author does not report any compli-
cation except premature loosening of less than
10 % of the silicone film from the surface in two
patients and the successful take of the skin graft
superior to 97 % in all cases. Three patients out
of five who underwent radiotherapy presented
with phlyctenules (ophtalmic terme) for
blistering and ulcerations of favorable evolution
in controlled healing.

The Corradino’s series (Corradino et al. 2009)
refers to the cases of eight elderly patients (mean
age 81.5) presenting with scalp tumors. A
two-stage procedure of excision and skin grafting
was performed under local anesthesia (average
loss of substance = 143 cm2). The success of the
graft was very satisfactory in all patients without
using NPT. Two local recurrences were found at
an early stage because of the fineness of the layer
and were treated successfully using the same pro-
cedure. In this series, no removal of the outer table
of the skull was performed contrary to other
authors’ recommendations (Komorowska-Timek
et al. 2005; Koenen et al. 2008).

Giant congenital nevi are particular cases. They
are not actually malignant cutaneous tumors, but
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the risk of degenerescence, recently reevaluated at
0.7 % (Krengel et al. 2006), requires excision and
poses the same problems of reconstruction in a
younger population (Abai et al. 2004). Schiestl
reports the cases of 12 children (mean age
3.8 years, extremes 7 months and 11 years) with
giant congenital nevi representing 1–12 % of body
surface treated with Integra® double layer (Schiestl
et al. 2009). NPT was used in the last treated
patients and biological glue was used in all cases.
In two-third of children, the two-stage procedure
was a success. In a third of the patients, implanta-
tion of Integra® was not successful, among them
one patient with complete failure in a gluteal and
perianal location treated without NPT. The benefits
of NPT, colic preparation, and parenteral nutrition
are herein reminded for gluteal and perianal sites.

In the literature the use of DE after excision of
facial skin carcinoma in patients with xeroderma
pigmentosum (Herlin et al. 2009) is also reported.

3.3 Preliminary Experience in Our
Department

In our department, five patients could benefit from
the use of dermal equivalents after excision of
malignant or degenerative skin lesions: two mel-
anoma, one Darier-Ferrand dermatofibrosarcoma,
one spinocellular carcinoma, and one giant con-
genital nevus (Table 2) (Figs. 3, 4, 5, 6, 7, 8, 9,
and 10). In four patients the lesions were located
on the lower limbs and in one patient on the
supraclavicular region. DE was selected as the
appropriate option for the following reasons:

– To avoid the use of a skin flap because of bone
or tendon exposure after excision (patients 1, 2,
and 3)

– To improve the quality of the skin graft by the
addition of dermis (patients 4 and 5)

The mean surface of losses of substance was
216 cm2 (extremes 20 and 330 cm2). The patients
are listed in Table 1 in chronological order of
treatment in the department. This was our first
experience of the use of DE in the department.

The first three patients received Integra® double
layer without NPT and the last two Matriderm®

1 mm with split skin graft associated with NPT in
a one-stage procedure. After implantation of DE,
the patients without NPT were followed in an
outpatient setting for the renewal of dressings
three times a week. Patients with NPT were hos-
pitalized for the whole duration of the treatment
(15 days) because of circumstances impeding
their follow-up at home. Although implantation
of DE was not complete in two patients for both
types of dermal substitutes, final healing was
always obtained by controlled wound healing.

3.4 Discussion

Our preliminary series reveals the following issues:

– The management of DE in hospitals in France
– The complications of our series and the learn-

ing curve inherent in the acquisition of a new
technique

– The relevance of the association with NPT

3.4.1 Dermal Substitutes in Hospital
Practice

Hospital funding in France is based on T2A
(Tarification A l’Activité: fees in connection with
activity) defining GHS (Groupe Homogène de
Séjour: homogeneous group of hospitalization)
representing fees for all the costs associated with
the patients’ hospitalization defined by the GHM
(Groupe Homogène de Maladies: homogeneous
group of diseases). These fees include the costs of
dermal equivalents except those described in the
“list of implantable medical devices funded in
addition to GHS fees.”

The decision to cover these costs in addition to
GHS fees and the funding of a medical device
belongs to the Ministry of Health, based on:

– The medical and technical recommendations
of the National Committee for the evaluation
of medical devices and health technology
(Commission nationale d’évaluation des
dispositifs médicaux et des technologies de
santé (CNEDiMTS)) (e.g., Commission
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d’Evaluation des Produits et Prestations
(CEPP) de la Haute Autorité de Santé (HAS))

– The medical and economic recommendations
of the Economic Committee for Health Prod-
ucts (Comité Economique des Produits de
Santé (CEPS))

It is then listed in the List of Refundable
Products and Services (Liste des Produitset
Prestations Remboursables (LPPR)). The
CNEDiMTS gives scientific and independent
recommendations on the expected service

determined from the severity of the pathology,
the disability and the quality of life, the ratio
efficacy/risk, the place in the therapeutic strat-
egy, and the interest for public health and on the
improvement of the expected service. Among the
skin substitutes currently marketed in France
(Integra®, Matriderm®, Renoskin®,
Hyalomatrix®), none is on the LPPR list. Only
Integra® has had, since May 27, 2008, a positive
recommendation by the CNEDiMTS with an
expected service estimated to be sufficient and a
moderate improvement of the expected service
(ASA III) in severe burns when a classic skin
graft (autograft or allograft) is not available,
technically possible or presents important risks
of failure and an absence of improvement of the
expected service (ASA V) in the losses of total
cutaneous substance (Haute Autorité de Santé
2008). In conclusion, to this day, the cost of all
the dermal substitutes is included in the GHS.

In 2008, national funding was provided
through the National Program in Favor of Inno-
vating and Expensive Techniques (Programme
National de Soutien aux Techniques Innovantes
et Coûteuses (STIC)) for the medical and eco-
nomic evaluation of Integra® in the cover of
trauma-induced losses of skin substance of the
lower limbs. At the University Hospital of
Besancon, the funding of Integra® has been
guaranteed since June 2009 by this STIC in the
evaluation of treatments in post-trauma losses of

Fig. 3 Patient 2 of the
series. Excision of an
achromic melanoma (Clark
level V, Breslow index
23 mm). Sentinel node
procedure with metastatic
lymph node (T4b N2c M0).
Loss of substance exposing
the inner aspect of the tibia
and the tendons of the
anterior tibial muscle, long
extensor muscle of the great
toe, and long extensor
muscle of the toes after
excision with 3 cm safety
margins. Coverage with
Integra® DL

Fig. 4 Patient 2 of the series. Premature application of the
silicone film on D17 because of Staphylococcus aureus
superinfection, but revascularization of the whole
DE. Split-thickness skin graft applied 20 days after appli-
cation of the silicone film
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cutaneous substances of the lower third of the leg
and foot in comparison with the skin flap tech-
nique and by the GHS for the other indications.
Funding of DE has also been obtained from the
Department of Clinical Research and Innovation
(Département de la Recherche Clinique et de
l’Innovation (DRCI)) of the hospital in the treat-
ment of cancer-related losses of substances

allowing the treatment of eight to ten patients
each year in the department.

With regard to other countries, Integra® is
funded in the United States of America, Greece,
and Hungary for the treatment of burns. In Hun-
gary, the government also provides funding for
Integra® used in reconstructive surgery.

3.4.2 Our Series
Our experience of the use of dermal substitutes
related in this article corresponds to our first
patients treated with DE in our department. In
all our patients, the objectives at the basis of DE
indication have been filled, i.e., to avoid the use
of skin flaps and to improve skin graft quality.
However, the learning curve which is inherent to
the acquisition of any new technique probably
explains the high infection rate (2/5) found in the
first treated cases and the use of controlled
wound healing in some cases. Infection has how-
ever not been detrimental to the success of the
implantation of DE when it occurred after revas-
cularization (patient n�2). This differs from the
results obtained by some authors who may
already be experienced in the use of the product
(Tufaro et al. 2007; Corradino et al. 2009). These
infections are probably prompted by the absence
of NPT in our first cases, with changes of dress-
ings three times a week in an outpatient setting,
and by the absence of knowledge of clinical
follow-up for the detection and early treatment
of infections and effusion. If a patient shows

Fig. 5 Patient 2 of the
series. Outcome at
12 months and locoregional
recurrence with multiple
cutaneous and
subcutaneous lesions. Note
the extension by contiguity
of the melanoma within the
DE and the quality of the
skin graft

Fig. 6 Patient 3 of the series with neglected dermatofi-
brosarcoma protuberans of the supraclavicular region. Out-
line of the excision limits with 3 cm margins and
exhaustive analysis of the edges using modified Mohs
technique

150 Mechanical Properties of Three Different Types of Skin Graft 1545



signs of local infection, the centers specialized in
the treatment of severely burned patients recom-
mend local care with dressings humidified with
alcohol chlorhexidine (Bargues et al. 2009), local
antibiotics such as neomycin and polymyxin B
(Muangman et al. 2006), and irrigations of
mafenide solution every 8 h (Bargues
et al. 2009).

3.4.3 Interest of Negative Pressure
Therapy

The combination of dermal substitute and NPT
was suggested in 2004 (McEwan et al. 2004) and
has several advantages (Sinna et al. 2009):

– Reduction of exogene bacterial contamination
due to the reduced number of dressing changes
(changed every 4 (Molnar et al. 2004) or even
7 days (Schiestl et al. 2009)) and the adhesive
film which isolates the wound from the exterior
environment

– Acceleration of revascularization inside the
dermal substitute with split skin grafts possible
between D4 and D11 for Integra® double layer
(Molnar et al. 2004), whereas the manufacturer
recommends grafting around the 21st day
without NPT (Burke et al. 1981; Heimbach
et al. 1988; Clayton and Bishop 1998; Sheridan
et al. 2001)

Fig. 8 Patient 3 of the series. Application of an Integra®

DL film to cover the exposed bone

Fig. 9 Patient 3 of the series. Premature application of
silicone film on D15 for infection (Pseudomonas
aeruginosa)

Fig. 7 Patient 3 of the
series. Loss of substance
with exposure of the
periosteum clavicle
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– Application of homogeneous “pressure” on the
DE by depression on the whole surface of the
DE with diminution of the risk of collection
(recommended depression – 125 mmHg
(Molnar et al. 2004))

– Possibility to organize NPT at home, hence
shortened hospitalization

Some authors use biological glue, either iso-
lated or combined with NPT (Tufaro et al. 2007;
Schiestl et al. 2009; Greenhalgh et al. 1999; Currie
et al. 2001; Jeschke et al. 2004).

The last two patients in our series received
the association of DE and skin graft at the
same time and NPT with excellent results and
moderate results for gluteal and perianal
locations; the problems related to these loca-
tions have already been mentioned (Schiestl
et al. 2009).

4 Conclusion

DE is beneficial in skin cancer therapy and is well
adapted to this type of pathology. It should not be
substituted to full-thickness skin graft when it is
possible but it can be an alternative to skin flaps.
As is the case in the acquisition of knowledge of
any new technique, it implies a learning curve.
The simultaneous association DE, skin graft, and
NPT seems to be the ideal solution, but the com-
bination of the three techniques increases the cost

whose total amount is included in the GHS, thus
limiting its indications.
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1 Introduction

1.1 Infrared Thermography

The skin emits infrared radiation as a result of
physiological processes. Temperature distribution
depends upon blood perfusion, metabolism, ther-
mal conductivity, drug effects, sympathetic ner-
vous system activity, and environmental
conditions (Wu et al. 2007; Jones 1998; Fujimasa
et al. 2000). Cellular metabolic activity is distrib-
uted at the skin surface as heat and may change as
a result of physiological abnormality
(Wu et al. 2007). In addition, heat exchange
occurs between circulating blood and tissue.
External factors, e.g., thermal energy, also impact
skin surface temperature (Thomas et al. 2000).
Skin lesions result from abnormal processes
including increased cell proliferation, excess
metabolism, and disordered structure and respond
differently from normal, healthy tissue
(Wu et al. 2007). Infrared thermography has
been used to ascertain the physiology for tumors,
lesions, vascular function, and vascular disease
(Fujimasa et al. 2000; Garcia-Romero
et al. 2014; Janicek et al. 2003; Saxena and
Willital 2008). Surface temperature is influenced
by tumor size, i.e., higher with increasing size,
and depth, i.e., inversely with distance of the
vasculature from the skin surface
(Wu et al. 2007; Draper and Boag 1971; Deng
and Liu 2004).

Infrared (IR) thermography records 7.5–13-μm
emitted radiation and provides an intensity map of
thermal energy at the skin surface (Jones 1998).

Static IR captures steady-state conditions at a
point in time. Dynamic IR applies a stress (e.g.,
cooling, heating, pressure) to the skin and alters
the subsurface structures (vasculature). They
respond and restore equilibrium. The patterns,
such as time to prestress temperature, provide
functional tissue information (Pirtini Çeting€ul
and Herman 2011; Di Carlo 1995; Santa Cruz
et al. 2009). As a result, dynamic IR provides
information about metabolism, depth, structure,
and circulatory effects, more information than
can be obtained from static IR (Renkielska
et al. 2006). The time course to return to initial
conditions following a specific stress, reveals
physiological abnormalities (Cetingul and Her-
man 2010; Jiang et al. 2005). The use of IR
thermography in the dynamic mode eliminates
environmental effects on the physiological
response (Fujimasa et al. 2000).

Measurement of skin temperature over time in
the dynamic IR mode has been used to quantify
vascular and neurological conditions such as dia-
betic neuropathy (Jiang et al. 2005;
Bagavathiappan et al. 2010; Lahiri et al. 2012).
IR thermal imaging differentiated superficial
from deep areas in pediatric burns and was used
to estimate graft sizes needed for treatment
(Medina-Preciado et al. 2013). Dynamic IR
methods have been used effectively to determine
burn depth and to predict which burns will heal
within 3 weeks. The quantitative results were
more accurate than clinical assessment of burn
depth (Renkielska et al. 2014). Thermal imaging
over time following skin prick testing has been
evaluated for quantifying and understanding the
mechanisms involved with allergic cutaneous
responses (Rokita et al. 2011). Melanoma lesions
exhibited higher temperatures during recovery
from cold stress compared to benign lesions and
healthy skin using dynamic IR (Pirtini Çeting€ul
and Herman 2011; Ruminski et al. 2007;
O’Reilly and Taylor 1992). Skin erythema
resulting from boron neutron capture therapy
for melanoma was detected as a more rapid
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rewarming response to cold stress compared to
normal tissue (Santa Cruz et al. 2009).

1.2 Infantile Hemangiomas

Infantile hemangiomas (IHs) are benign rapidly
proliferating vascular neoplasms occurring in up
to 12 % of births (Mueller and Mulliken 1999).
They exhibit increased angiogenesis, disorga-
nized structure, increased perfusion, and resul-
tant higher temperatures than uninvolved tissue.
They are most commonly located on the head
and neck (60 %) (Adams and Lucky 2006).
They appear shortly after birth and undergo
rapid growth via endothelial cell proliferation
for 8–18 months, followed by stabilization (pla-
teau), then slowly involute with diminishing cel-
lular activity, reduced blood flow, and fat
deposition for 7–10 years (Marler and Mulliken
2005; Mulliken and Glowacki 1982). About
50 % have involuted by 5 years. Up to 24 %
develop life- or function-threatening complica-
tions including ulcerations, infection, heart fail-
ure, vision impairment, airway obstruction, and
disfigurement (Haggstrom et al. 2006; Holland
and Drolet 2010). They are classified as superfi-
cial, deep, or mixed based on dermal involve-
ment and exhibit wide heterogeneity. Superficial
IHs are bright red, slightly elevated, and
noncompressible reaching maximal size by 6–8
months. Deep IHs are soft, warm, and slightly
bluish and may proliferate for up to 2 years
(Drolet et al. 1999). Most IHs are both superficial
and deep. They are diagnosed by history and
examination of size, color, depth, tactile charac-
teristics, and morphologic subtype (Beck and
Gosain 2009; Chang et al. 2008).

In the clinic, IHs are examined visually and
palpated for temperature and deformation. Color
photographs may be used to judge color and size
and treatment response. These are indirect mea-
sures of IH status as the extent of proliferation or
involution must be inferred. Size, vasculature, and

direction of blood flow can be measured with
gray-scale and color Doppler ultrasound (Verity
et al. 2006), but experienced operators are
required (Spierer et al. 2012). Magnetic resonance
imaging and computed topography are rarely used
due to risks of sedation and radiation exposure
(Spierer et al. 2012; Dubois and Garel 1999;
Baker et al. 1993; Burrows et al. 1998; Argenta
et al. 2006). Conventional histology is impractical
for most cases.

2 IR Thermography Methods

Subjects equilibrated to room conditions for at
least 15 min prior to measurements. To quantify
the characteristics of hemangiomas, or other
cutaneous conditions of interest, IR images of
the region of interest (ROI), including adjacent
regions and uninvolved contralateral control
sites, were taken at 60 cm and perpendicular to
the site with an emissivity of 0.98 (Jones 1998).
A FLIR T400 (FLIR Systems Inc., Wilsonville,
OR, USA) was used for this work. The infrared
range was 7.5–13 μm, and the camera used an
uncooled microbolometer focal plan array detec-
tor, 320 � 240 pixel resolution, sensitivity of <
0.05 �C at 30 �C, and accuracy of� 2 �C (<2 %)
in either the static or dynamic mode. To relate the
thermal information to the IH as visualized clin-
ically, a static IR image was co-registered with a
high-resolution color image. Color images were
taken 30 cm perpendicular to the site with a
digital camera (Nikon D90, Micro Nikkor
60-mm lens, Nikon R1 Wireless Close-Up flash
(Nikon Inc., Nikon Corporation, Tokyo, Japan)),
standardized lighting, and color correction (Can-
ning et al. 2009).

2.1 Static IR

The region of involvement (ROI) was extracted
from the IR image with an algorithm to segment
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the region of higher temperature from uninvolved
control skin (ExaminIR software). A threshold of
three standard deviations above the control IR
image mean temperature was used to isolate the
IH features (Fig. 1) following an evaluation of
multiple IHs and control sites.

2.2 Dynamic IR

In the dynamic IR mode, a cold stress was applied
at 18 � 0.2 �C for 30 s (Jack FrostTM insulated
cold pack, Cardinal Health, McGaw Park, IL).
The consistency and reproducibility of cooling
were determined (subject coefficient of variation
(%CV) of 0.49–1.27 % and cool pack %CV of
2.59 %). The cold stress was removed and
rewarming temperature video recorded
(7 frames/s) for 30 s. The behavior of the

uninvolved contralateral site and that of an area
adjacent to the IH (within the cooled region) were
similar (n = 24, cooled 32.5� � 1.4 �C; contralat-
eral 32.7� � 1.2 �C; p = 0.36). Therefore, adja-
cent sites served as the control to minimize the
number of cooling procedures (Pirtini Çeting€ul
and Herman 2011; Hassan et al. 2004).

For extraction of quantitative outcomes, the
ROI was the IH thermal area above the temperature
of uninvolved tissue at the end of rewarming (30 s).
This ROI was used for the analysis of all other time
points during rewarming (ExaminIR software,
FLIR). Distributions of thermal intensity and area
were determined using Matlab® (R2012a,
MathWorks, Natick, MA, USA). A threshold of
the highest 10 % of thermal pixels immediately
after cooling was selected (Janicek et al. 2003;
Symonds et al. 2012; Wojciech et al. 2010). This
procedure isolates the highest thermal activity

Fig. 1 Static IR threshold determination. Histograms for a
typical hemangioma and contralateral uninvolved control
site are shown. A threshold of three standard deviations

above the control mean temperature was selected to isolate
the thermal activity attributable to the IH
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within the IH, segments it from surrounding
uninvolved skin, and provides a better signal to
noise ratio versus thresholds based on the control
value. Video frames at baseline (cooling removed)
and 5-s intervals for 30 s were used to generate
rewarming curves (Meyer et al. 2013).

Quantitative outcomes were distribution maps
of thermal area and intensity, temperature change
with cooling (after cooling – static), area under
the curve during cooling (AUCcool), area under
the curve during rewarming (AUCrw), time to
maximum temperature (Tmax) during
rewarming, and difference in cooling and
rewarming (AUCcool-AUCrw) (Fig. 2). In this
example, the IH temperature prior to cooling for
30 s was higher than the control site (T static),
indicating greater thermal activity. The tempera-
ture decrease with cooling (T cool – T static) was
greater for the control than the IH, resulting in a
lower AUCcool. The AUCrw is greater for the
IH, and T max is reached about 20 s after the cool
stress is removed.

3 IR Thermography of Infantile
Hemangiomas

Static and dynamic IR thermography coupled
with color imaging was used to evaluate the fea-
tures of IHs over time in a group of patients with
superficial or mixed IHs.

3.1 Subjects

Twenty-five subjects were recruited from the
patient population of the Hemangioma and Vas-
cular Malformation Center of Cincinnati Chil-
dren’s Hospital Medical Center. This
multidisciplinary clinic was composed of spe-
cialists from hematology/oncology, surgery, der-
matology, pathology, cardiology, orthopedics,
and radiology and is a national referral center.
The Institutional Review Board approved the
study, and parents/guardians provided written

Fig. 2 Dynamic IR
imaging outcomes. The
dynamic IR imaging
outcome measures are
shown. In this example, the
IH temperature prior to
cooling for 30 s is higher
than the control site
(T static), indicating greater
thermal activity. The
temperature decrease with
cooling (T cool – T static) is
greater for the control than
the IH, resulting in a lower
area under the curve
(AUCcool). The area under
the curve during rewarming
(AUCrw) is greater for the
IH, and T max is reached
about 20 s after the cool
stress is removed
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informed consent. Clinic physicians determined
the appropriate treatment as propranolol, topical
timolol, or observation (untreated). The 25 sub-
jects with 26 IHs were assessed at each clinic
visit over 17 months The mean age at enrollment
was 7.4 � 8.4 months (range 1.3–38.3) with six
males and 19 females, reflecting the expected
gender distribution. There were 59 evaluation
sessions (mean 3.8 per subject, range 2–9).
Rapid IH growth occurs from 6 to 9 weeks
(Tollefson and Frieden 2012), early proliferation
before 3 months, most growth before 5 months,

and on the plateau for �7 months and involution
takes place after 10–12 months (Chang
et al. 2008). Therefore, the data were stratified
by age at evaluation into four groups: 1–2
months, 3–5 months, 6–9 months, and 10–18
months.

3.2 Region of Involvement

An example of IR (A) and color images (B) of an
IH is shown in Fig. 3a–e. Both images are from
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Fig. 3 IR and color images of the same region. An exam-
ple of IR (a) and color images (b) of an IH is shown here.
Both images are from the same area on the patient. Areas of
highest temperature are white, followed by yellow, orange,
and red in the IR image. The color image shows the visible
area of the lesion. The IR area of involvement extends
beyond the visible borders in the color image. The IR

image has a larger area of elevated temperature as outlined
by the black dashed line. The area visible upon inspection
is outlined in blue. The thermal area of involvement
selected with the IR software is shown in (c). Image
processing creates a temperature distribution map (d).
The map in (e) is for thermal pixels greater than the control
mean plus 3SD threshold
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the same area on the patient. Areas of highest
temperature are white, followed by yellow,
orange, and red in the IR image. The color
image shows the visible area of the lesion. The
IR area of involvement extends beyond the visible
borders in the color image. The IR image has a
larger area of elevated temperature as outlined by
the black dashed line. The area visible upon
inspection is outlined in blue (Fig. 3b). Figure 3c
shows the thermal area of involvement selected
with the IR software. Image processing creates a
temperature distribution map (D). Figure 3e is the
map for thermal pixels greater than the control
mean plus three standard deviation
(SD) threshold. The color area/IR area ratio for
the 59 evaluations averaged 36 % � 19 %,
suggesting that the relevant information about
the IH is not readily visible, i.e., upon clinical
examination.

3.3 IH and Control Skin

For the study population, the IHs differed from
uninvolved (control) skin for all of the dynamic IR
outcomes ( p< 0.05, data not shown). The behav-
ior of the IH and control sites during cooling and
rewarming (Fig. 2) is representative of the overall
results for the 59 evaluations.

3.4 Dynamic IR Responses

An example of the dynamic response to a cold
stress is shown in Fig. 4 for a mixed IH in a
6-month subject. The color and thermal images
were co-registered (Fig. 4a). The IR temperature
distribution maps are shown for the static image
(before cooling) above threshold of mean + 3SD
with an area of 353 pixels (Fig. 4b) and for the
highest 10 % of thermal pixels (Fig. 4c). Figures
4d, e, f and g showmaps at 30 s, immediately after
removal of the cold pack (area 325 pixels), 33 s
(area 496), 36 s (area 932), and 39 s (area 1190),
respectively. The area of thermal activity
increases from 325 pixels after cooling to

1190 pixels 9 s later. Note that the highest temper-
ature was at the top of the IH prior to cooling (Fig.
4c) but that the portion at the bottom responded
more quickly (Figs. 4d, e, f, g). Specifically, the
highest thermal activity is at the bottom, as indi-
cated by the red color. The lowest temperature is
in the center and regions of remaining thermal
activity are toward the outside of the
hemangioma.

The IH was then surgically excised. Histolog-
ical evaluation showed involvement throughout
the dermis but not into the subcutaneous tissue
and closely packed capillary blood vessels lined
with flattened or hobnailed endothelial cells
(Fig. 5a) with pericytes in some regions.
Medium-sized feeding vessels were noted in
lower regions. There was nonuniform prolifera-
tion, some capillary vessel dilatation and slightly
increased paucicellular fibrous stroma, both
suggesting early involution. The response to the
cold stress is shown in Fig. 5b and consistent with
rapid rewarming, presumably due to capillary
blood flow.

3.5 Dynamic Response – IH
Changes Over Time

The mean strata ages were 2.2, 4.5, 8.0, and
12.8 months. The AUCrw decreased over time
( p < 0.05) indicating a slower response to
cooling (Fig. 6). AUC was higher for subjects
aged 1–2 months than all older groups and higher
for infants of 3–5 months (mean 4.5) than 10–18
months.

The dynamic response over time (two visits)
is shown for two subjects. Figure 7 shows an
untreated mixed IH at 5.1 (Fig. 7a) and 22months
(Fig. 7f). There was a visibly detectable change.
IH height from three-dimensional scans (data not
shown) and decreased from 5.1 mm to 3.4 mm.
At 5.1 months, the area increased from 359
pixels immediately after cooling (Fig. 7b) to
1100 pixels within 7 s (Fig. 7c). There were
pixels at higher temperatures, i.e., � 36.5 �C,
14 s (area 1365, Fig. 7d) and 27 s (area 1482,
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Fig. 7e) after cooling. The highest temperatures
are generally outside the superficial portion
(color image, Fig. 7a), suggesting they are from
deeper components. At 22 months (Fig. 7f), the
central areas were slowest to rewarm (Figs. 7g, h,
i, j). The areas were 418 immediately after

cooling (Fig. 7g), 868 at 5 s (Fig. 7h), 1169 at
11 s (Fig. 7i) and 1579 at 24 sec (Fig. 7j). While
the areas were similar, the temperatures were
lower, i.e., indicated by yellow (35.5-36.5 �C)
and green (34-35.5 �C) regions in Figs. 7g, h, i
and j.

0 10

Cooling (sec)
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em
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er
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re
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10
%

26

28
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b

Fig. 5 Histology and dynamic IR outcomes. (a)Histolog-
ical evaluation of the IH in Fig. 4 showed involvement
throughout the dermis but not into the subcutaneous tissue.
The IH had closely packed capillary blood vessels lined
with flattened or hobnailed endothelial cells with pericytes
in some regions. Medium-sized feeding vessels were noted

in lower regions. There was nonuniform proliferation,
some capillary vessel dilatation and slightly increased
paucicellular fibrous stroma, both suggesting early involu-
tion. The response to the cold stress (b) is consistent with
rapid rewarming, presumably due to capillary blood flow
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Figure 8 shows a mixed IH treated with
propranolol. From 11.7 to 15.7 months, the
height decreased from 10.3 to 6.5 mm and
lightness increased (Figs. 8a, f). The thermal
area increased from 769 immediately after
cooling to 2047 at 2 sec (Fig. 8c), 4207 at 9
s (Fig. 8d) and 6358 pixels at 25 s (Fig. 8e),
with the highest temperature in the lower por-
tion (Fig. 8e). Four months later, the areas
were much lower, i.e., 190 pixels immediately
post cooling (Fig. 8g), 456 at 4 s (Fig. 8h),
728 at 11 s (Fig. 8i) and 1131 at 27 s (Fig.
8j). The highest activity was toward the
center.

4 Summary

Dynamic IR thermography was used to investi-
gate the physiological response to stress, namely,
cooling, among subjects with IHs at varying
ages. The slower recovery from this stress over
time is taken to be due to a reduction in

perfusion, blood supply, and/or metabolic activ-
ity as proliferation decreases and involution
occurs. A relatively small decrease in tempera-
ture and area after cooling suggests that sources
of thermal activity are robust. IR thermography
does not quantify blood flow as volume per time
but may be correlated with it (Pascoe et al. 2007).
The method provides physiological information
about IH status that is not visible upon clinical
inspection or with standard color imaging.
Therefore, it shows promise as a viable tool for
the quantitative evaluation of infantile hemangi-
omas and has potential application for other cuta-
neous conditions.
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Fig. 6 Dynamic IR
response over time. The
AUCrw decreased over
time indicating a slower
response to cooling.
AUCrw was higher for
subjects aged 1–2 months
than all older groups and
higher for infants of 3–5
months (mean 4.5) than
10–18 months. * indicates
different versus all other
groups ( p < 0.05). ‡
indicates different from
mean age of 4.5 months
( p < 0.05)
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Body Surface Area 152
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There are many equations available in order to
calculate the body surface area (BSA) based on
the height and weight (Sendroy and Collison
1966). Some of them are as follow:

BSA m2
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
height cmð Þ � weight kgð Þp

3600

Dubois formula:

BSA m2
� � ¼ 0:007184 �Weignt0:425

� Height0:725

BSA m2
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Height in:ð Þ � weight lbð Þp

3131

In 1960, J Sendroy et al. constructed a chart for
calculating the BSA based on the weight and
height. This chart has been adapted for children
shorter than 95 cm (Fig. 1) and the subjects as tall
as 85–200 cm (Fig. 2) (Sendroy and Collison
1966).
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Fig. 1 Dermatomes of the human body surface and their relation to spinal cord segments: C cervical, D thoracic,
L lumbar, S sacral (From Martin and Jessell (1991), with permission)
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Fig. 1 Face profile and ear
(From Langer (1861))

Fig. 2 Arm and forearm
(From Langer (1861))
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Fig. 3 Anterior trunk and
perineum (From Langer
(1861))
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Fig. 4 Posterior trunk and scalp (From Langer (1861)) Fig. 5 Anterior leg (From Langer (1861))
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Fig. 6 Leg, medial aspect (From Langer (1861))

Fig. 7 Hand and foot
(From Langer (1861))
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1 Anatomical Constants
(Averages)

1.1 Tissue Retraction Following
Processing for Histology
(Jouanny et al. 1993)

Young people 38–58 %

Aged people 12 %

1.2 Body Surface Area

– Standard figure in adults � 1.8 m2

– Du Bois and du Bois’ formula A = 71.84 �
Weight0.425 � Height0.725 (Du Bois and du
Bois 1916) (weight in kg, height in cm, and
area in cm2) Example: for 63 kg and 1.61 m the
skin area is 1.66 m2

When the body surface area is less than 0.6 m2,
Boyde’s formula would be more accurate (Pittet
et al. 1979):

– Boyde’s formula A = 3.207 � 10�4 �
Weight(0.7285–0.0188 log weight) � Height0.3

(Pittet et al. 1979)
(weight in g, height in cm, and area in cm2)

– Wallace’s fractional distribution (Wallace 1951):
Head and neck 9 %, each upper limb 9 %,

each lower limb 18 %, anterior trunk 18 %,
posterior trunk 18 %, genitalia 1 %

– Lund and Browder’s fractional distribution (%
of total body surface area) (Lund and Browder
1944):

Age (years) Head Trunk, neck, genitalia Upper limbs Lower limbs

0 19 34 19 28

1 17 34 19 30

5 13 34 19 34

10 11 34 19 36

15 9 34 19 38

Adult 7 34 19 40

At all ages palm area � 1 % of body area

Berkow’s fractional distribution (Berkow 1931):

Body anterior aspect (total = 51%)

Face 3 %

Anterior trunk (total = 20%)

Neck + upper third 7 %

Middle third 6 %

Lower third + genitalia 7 %

(continued)
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Upper limbs anterior aspect (total = 9%)

Arms 3.5 %

Forearms 3.25 %

Hands 2.25 %

Lower limbs anterior aspect (total = 19%)

Thighs 9.5 %

Legs 6.5 %

Feet 3 %

Body posterior aspect (total = 49 %)

Head 3 %

Posterior trunk (total = 18 %)

Neck + upper half 9 %

Lower half 9 %

Upper limbs posterior aspect (total = 9 %)

Arms 3.5 %

Forearms 3.25 %

Hands 2.25 %

Lower limbs posterior aspect (total = 19 %)

Thighs 9.5 %

Legs 6.5 %

Feet 3 %

Children (see also maps, ▶Chap. 152, “Body Surface
Area”)

Trunk 40 %

Head 6 % + (12 minus age) %

Lower limbs 38 % + (12 minus
age) %

1.3 Special Areas

Scalp area, 400–500 cm2

Palm area (Mahler et al. 1983):

Male (n = 22) Female (n = 18)

Area (cm2) 146 � 14 118 � 10

% Body area 0.76 � 0.10 0.70 � 0.07

Forefinger last phalange (ventral aspect) length
(Long and Finlay 1991):

Male 2.6 � 0.15 cm (n = 16)

Female 2.4 � 0.10 cm (n = 14)

1.4 Skin Volume In Vivo (Calculated
for 18,000 cm2 Body Area)

Male 3.8 dm3 for 1.3 mm (mean skin thickness)

Female 3.2 dm3 for 1.1 mm (mean skin thickness)
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1.5 Skin Weight in Vivo (Calculated
for 18,000 cm2 Body Area)

Skin weight in vivo = [in vitro skin density (d =
1.18) � volume] + blood density (d = 1.06) �
500 ml

Male 5.0 kg (of which 0.5 kg blood)

Female 4.3 kg (of which 0.5 kg blood)

1.6 Skin Thickness

1.6.1 Ultrasound (20 MHz)
Measurement (mm) (Black 1969)

Site Male Female

Forehead 2.19 1.79

Cheek 1.83 1.49

Neck 1.61 1.34

Nape 2.09 1.92

Site Male Female

Anterior chest 1.92 1.77

Abdomen 1.88 1.62

Back 2.62 2.33

Loins 2.21 2.09

Arm, anterior aspect 1.53 1.45

Arm, posterior aspect 1.21 1.05

Forearm, anterior aspect 1.31 1.12

Forearm, posterior aspect 1.42 1.36

Dorsum hand 1.50 1.26

Palm 1.48 1.50

Thigh, anterior aspect 1.59 1.42

Thigh, posterior aspect 1.51 1.46

Leg, anterior aspect 1.42 1.34

Leg, posterior aspect, 1.34 1.30

Ankle 2.01 2.08

Dorsum foot 1.74 1.49

Sole 1.60 1.53

Males, 28.3 � 6.2 years
(n = 30)

Females (Spalteholz 1927), 27.8� 8.0 years
(n = 30)

Forehead 1.78 � 0.14 (�SD) 1.55 � 0.20

Volar
forearm

0.92 � 0.09 (�SD) 0.90 � 0.11
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1.6.2 Xeroradiography (Black 1969)
(mm)

Volar forearm

Male 1.3 mm

Female 1.1 m

1.6.3 Magnetic Resonance Imaging
(Querleux et al. 2002)

Upper dorsal thigh

Male 1.71 � 0.24 (n = 23)

Female without cellulite 1.58 � 0.21 (n = 20)

Female with cellulite 1.87 � 0.39 (n = 21)

1.6.4 Neonates Skin Thickness
(A-mode Echography) (n = 48)
(Petersen et al. 1995)

Weight (g) Abdomen (�SD) Back (�SD)

1095 0.47 � 0.05 0.52 � 0.06

1810 0.55 � 0.05 0.71 � 0.04

1940 0.61 � 0.09 0.65 � 0.06

2900 0.65 � 0.09 0.76 � 0.05

3390 0.67 � 0.08 0.78 � 0.06

3890 0.67 � 0.08 0.76 � 0.09

4750 0.80 � 0.08 0.85 � 0.06

1.7 Skin Relief

First order furrows 70–200 μm
Second order furrows 20–70 μm
Small wrinkles 0.2–1 mm

Common wrinkles >1 mm

1.8 Stratum Corneum

Thickness 8–20 μm (Holbrook et al. 1974)

Volar forearm 16.8 � 1.1 μm (Corcuff et al. 1993)

Hip 11.8 � 1.4 μm (SE)
(Anderson and Cassidy 1973)

Palms and soles 0.5–1 mm

(continued)
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Number of cell layers 19 � 1.2 (SE) (Anderson and Cassidy
1973)

Face 9 � 2 (84) (Japanese)
(M � SD, n)

Holbrook et al. (1974)

Eyelid 9 � 1 (8)

Cheek 10 � 3 (43)

Nose 10 � (2)

Nasolabial fold 7 � (2)

Lip 10 � (2)

Ear 7 � 2 (8)

Periauricular 10 � 3 (3)

Scalp 12 � 2 (12)

Neck 10 � 2 (5)

Shoulder 13 � 2 (3)

Chest 13 � 4 (9)

Back 13 � 3 (18)

Abdomen 14 � 4 (44)

Buttock 12 � 4 (20)

Genitalia 6 � 2 (9)

Arm, outer 13 � 4 (13)

Arm, inner 14 � (2)

Forearm volar 16 � 4 (4)

Thigh 16 � 4 (31)

Leg posterior 18 � 5 (5)

Hand dorsum 25 � 11 (10)

Palm 50 � 10 (8)

Foot dorsum 30 � 6 (7)

Sole 55 � 14 (12)

Heel 86 � 36 (5)

Corneocytes number 0.7 � 106 to (Hunter et al. 1956)

(volar forearm) 1.5 � 106/cm2

Corneocytes thickness 0.3 μm (Holbrook et al. 1974)
(Plewig et al. 1983)
(Ya-Zian et al. 1999)

Corneocyte diameter 26–45 μm (Bartolone et al. 1991)

Corneocyte area 1000 μm2 (Plewig et al. 1983)

Corneocyte thickness
of keratin filaments

10–15 nm

Intercellular spaces
width

25 nm (Lundström et al. 1994)

0.1 μm (Ya-Zian et al. 1999)

Corneodesmosomes

Length 290 nm (Lundström et al. 1994)

Thickness 25 nm (Lundström et al. 1994)

Corneodesmosomes Involved fraction of cell
membranes, 6.8 %

(Lundström et al. 1994)
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1.9 Viable Epidermis (Stratum
Malpighi)

Thickness 30–80 μm
Volar forearm 36 � 4 μm (Corcuff et al. 1993)

Volar forearm (23–34
years)

64.2 � 4.9 (n = 7)
(histology)

(Timar et al. 2000)

Volar forearm (44–54
years)

72.2 � 14.1(n = 7)
(histology)

(Timar et al. 2000)

Buttocks 69.6 � 10.2 (n = 67)
(histology)

(Therkildsen et al. 1998)

Number of cell layers 5–10

Volar forearm (23–34
years)

4.4 � 0.5 (n = 7)
(histology)

(Timar et al. 2000)

Volar forearm (44–54
years)

4.6 � 0.4 (n = 7)
(histology)

(Timar et al. 2000)

Epidermal cells number/
mm2

73,952 � 19,426 (from
24 biopsies)

(Bauer et al. 2001)

Keratinocytes number/
mm2

(Corcuff et al. 1993)

Stratum basale 7000

Stratum spinosum 4000

Stratum granulosum 1500

Langerhans cells density 2–4 % of cells (Banchereau et al. 1998)

1/53 other epidermal cells
(1.86 %)

(Bauer et al. 2001)

Langerhans cells number/
mm2

460–1000 (Oxholm et al. 1987)

1394 � 321 (breast, from
24 biopsies)

(Bauer et al. 2001)

Melanocytes 0.3–2.4 % of epidermal
volume

(Zelickson and Mottaz
1968)

Cell diameter 30–40 μm
Melanosome

dimensions
~1 � 0.4 � 0.4 μm

Intercellular spaces 1.5–1.9 % of epidermal
volume

(Zelickson and Mottaz
1968)

Histologic section: 1.1–1.2 (Frost and van Scott 1966)

dermo-epidermal junction:

length versus a straight line

Histologic section: 44 10�4 μm2 (Frost and van Scott 1966)

epidermis area along 1 cm

Histologic section: 9 � 10�4 μm2 (Frost and van Scott 1966)

dermal papillae area along
1 cm

Keratinocyte nucleus
average diameter

4.60 μm (Barton 1988)

(continued)
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Keratinocyte nucleolus
average diameter

1.22 μm (Barton 1988)

Desmosomes length (Lundström et al. 1994)

Basal layer 0.13 μm
Spinous and granular

layers
0.26 μm

Hemi-desmosomes 0.19 μm
Desmosomes: involved
fraction of cell membranes

(Lundström et al. 1994)

Basal layer 4 %

Spinous and granular
layers

11 %

Dermo-epidermal junction
length over a straight line
(interdigitation index)
(histology)

(Timar et al. 2000)

Volar forearm (23–34
years)

1.333 � 0.153 (n = 7)

Volar forearm (44–54
years)

1.106 � 0.090 (n = 7)

1.10 Dermis

Subpapillary dermis thickness 50–100 μm
Peri-adnexial dermis thickness 20–70 μm
Reticular dermis thickness 0.8–1.2 mm

% Area of elastic fibers (by histology) (Timar et al. 2000)

23–34 years (n = 7) 4.9 � 1.9

44–54 years (n = 7) 11.6 � 1.6

% Area of intercellular GAGs
(by histology)

23–34 years (n = 7) (Timar et al. 2000)

44–54 years (n = 7) 10.7 � 2.2

Collagen fibers thickness 2–20 μm
Collagen fibrils wavelength 3 μm
Collagen fibrils thickness 50–70 nm

Reticular dermis

24 weeks fetus ffi50 nm (Quaglino et al. 1996)

At birth ffi100 nm

Adults 110–115 nm

Beyond 60 years ffi100 nm

Elastic fibers thickness 0.1–0.4 μm (Pope 1998)

Oxytalan fibers 13–14 nm (Pope 1998)

Fibrillin fibrils 1.0–1.3 nm (Pope 1998)

Basement membrane thickness 50–100 nm (Timpl and Brown
1996)

Dendritic cells 2–3 % of dermal
cells

(Banchereau et al.
1998)
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1.11 Subcutis

Subcutaneous fat thickness, mm mean � 2 SE,
skin fold (Lever et al. 1983) (Table 1):

Subcutaneous fat thickness at upper dorsal
thigh (magnetic resonance imaging) (Uitto et al.
1989):

Males 6.64 � 3.16 (SE)

Females without cellulite 8.34 � 2.44 (SE)

Females with cellulite 34.02 � 5.42 (SE)

Neonate subcutis thickness (mm) ultrasound
A mode (n = 7) (Petersen et al. 1995):

Body weight (g) Abdomen Back

1095 0.65 � 0.07 0.77 � 0.10

1810 0.78 � 0.13 0.95 � 0.13

1940 1.52 � 0.20 1.53 � 0.16

2900 1.67 � 0.17 1.87 � 0.19

3390 1.80 � 0.16 1.74 � 0.23

3890 1.95 � 0 � 31 1.84 � 0.27

4750 2.90 � 0.22 2.45 � 0.24

Dermis-subcutaneous tissue irregularity index
(Querleux et al. 2002):

Males 1.91 � 0.24 (n = 20)

Females without cellulite 2.08 � 0.12 (n = 17)

Females with cellulite 2.29 � 0.32 (n = 16)

1.12 Blood Capillaries

Nail-fold

Papillary loops number/mm 8.4 � 1 (n = 118) (Jouanny et al. 1993)

7.2 � 1.5 (n = 20) (Gasser and Buhler 1992)

(continued)

Table 1 Subcutaneous fat thickness, mm mean +/�2 SE, skin fold (Carpentier and Maricq 1990)

Age group Males Upper arm Hip n Females Upper arm Hip n

5–9 5.4 � 0.7 14.8 � 1.8 17 6.7 � 0.8 18.4 � 2.2 9

10–14 5.5 � 0.6 16.3 � 1.9 24 8.3 � 1.0 26.4 � 3.2 17

15–19 5.8 � 0.6 10.0 � 1.2 22 10.9 � 1.2 30.5 � 3.8 25

20–29 6.3 � 0.7 9.7 � 1.1 42 10.9 � 1.3 31.3 � 3.5 53

30–39 6.2 � 0.7 8.6 � 1.0 22 10.4 � 1.2 31.5 � 3.9 21

40–49 6.3 � 0.7 9.1 � 1.1 27 10.6 � 1.2 31.6 � 4.0 20

50–69 6.4 � 0.9 9.4 � 1.0 13 11.1 � 1.4 29.1 � 4.1 14

70–91 5.8 � 0.8 8.3 � 1.0 13 9.1 � 1.1 13.3 � 1.8 22
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Ascending loop internal
diameter (i.e. of RBC column)

10.8 � 30 μm
(n = 396)

(Mahler et al. 1983)

Descending loop internal
diameter (i.e. of RBC column)

12.0 � 2.7 μm
(n = 396)

(Mahler et al. 1983)

Ascending loop internal
diameter (plasma, FITC-alb)

15.0 � 2.5 μm
(n = 396)

(Mahler et al. 1983)

Descending loop internal
diameter (plasma, FITC-alb)

16.7 � 3.0 μm
(n = 396)

(Mahler et al. 1983)

Papillary loop

Length 0.3–0.4 mm (Spalteholz 1927)

Papillary loop width 62.6 μm (Spalteholz 1927)

Papillary loop involved skin
area

0.027–0.040 mm2 (Spalteholz 1927)

Volar forearm capillaries
number/mm2

(Prasad et al. 1995)

Using capillaroscopy 31.2 � 7.0 (n = 10)

Using plasma, FITC-alb 28.9 � 5.4 (n = 10)

Subepidermal plexus vessels
external diameter

(Braverman and Keh-Yen
1977)

Horizontal capillaries 10–15 μm
Ascending arteriole 17–26 μm
Post-capillary venule 18–35 μm

Deeper vessels (transfer
vessels) external diameter

Arterioles 30–150 μm
Venules 50–300 μm

1.13 Lymphatic Capillaries (Limbs)

Mean diameter 91 � 22 μm (Bollinger et al. 1981)

1.14 Pilo-Sebaceous Follicles

Total number (Ebling et al. 1979)

Whole body 5 � 106

Head and face 1 � 106

Scalp 1 � 105

Number/cm2 (mean � SEM) (Cunliffe et al. 1976)

Forehead 330 � 20

Chest (medial) 59 � 10

Upper back (medial) 72 � 2

Upper back (lateral) 84 � 4

Hair density (per cm2)

Scalp

Terminal hair 200–300 (Ebling et al. 1979)

(continued)
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Vellus hair 5–15 % (Guarrera et al. 1997)
(Hayashi et al. 1991)

Forehead 439 � 24 (�SEM) (Blume et al. 1998)

Cheek (female) 416 � 37 (�SEM) (Blume et al. 1998)

Shoulder (male) 68 � 5 (�SEM) (Blume et al. 1998)

Chest 57 � 3 (�SEM) (Blume et al. 1998)

Back 85 � 4 (�SEM) (Blume et al. 1998)

Scalp terminal hair thickness

Caucasians 50–90 μm (oval in
section)

Mongoloids 120 μm (round)

Scalp vellus hair thickness <30 μm
Scalp hairs oval in section
diameters’ ratio

0.63–0.91 (Van Neste et al. 1985)

Scalp hair bulb volume

Papilla 338 � 103 μm3 (Van Scott et al. 1958)

Matrix 3370 � 103 μm3

Scalp hair daily growth >0.2 mm/day

Keratin production 0.2–0.3 g/day

Body hairs
Mean length (Dawber et al. 1998):

Males (mm) Females (mm)

Thigh 17.0 5.5

Arm (outer) 9.0 6.0

Maximum length (Blume et al. 1998):

15–20 years (mm) 25–30 years (mm)

(�SEM) (�SEM)

Forehead 2.0 � 0.3 1.6 � 0.5

Cheek (female) 4.1 � 0.5 3.4 � 0.4

Shoulder (male) 6.0 � 0.4 4.3 � 0.4

Chest 4.6 � 0.2 3.9 � 0.4

Back 6.2 � 0.4 5.0 � 0.4

Pilo-sebaceous duct exit size (mm2) (mean �
SEM), (Cunliffe et al. 1976):

Forehead 2.0 � 0.1

Chest (medial) 4.3 � 0.3

Upper back (medial) 3.0 � 0.2

Upper back (lateral) 3.9 � 0.2

Hair cells dimensions:

Cuticle 0.5–1 μm � 45 μm
Cortex 2–5 μm80 � 115 μm
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Hair cortex internal components, (Atkins et al.
1974):

�Helix 1 nm

Protofibril 3–5 nm

Microfibril 8–15 nm

Macrofibril 200–500 nm

1.15 Nails

Total thickness at distal margin:

Fingers 0.3 mm (d5), 0.5 mm (thumb)

Toes 0.5 mm (d5), 0.8 mm (dl)

Nail thickness contributions (Achten and Par-
ent 1983):

Upper dorsal nail 33 % of total nail thickness

Lower dorsal nail 66 % of total nail thickness

Big toe-nail (measurements on eight normal
avulsed nails) (Johnson and Shuster 1993):

Proximal end End of lunula Onychodermal band

% of total length 0 34.8 100

% of maximal thickness 27 19 100

Nail thickness contributions:

Nail bed 22 %

Matrix 78 %

Big toe-nail (measurements on 54 normal
avulsed nails) (Johnson and Shuster 1994):

– Mean thickness:

Male 1.65 � 0.43

Female 1.38 � 0.20

Proximal end End of lunula Onychodermal band

Thickness mean (mm) 0.37 � 0.0004 1.08 � 0.0008 1.38 � 0.01

Thickness range 0.26–0.55 0.85–1.31 0.85–1.76

Onychocytes diameter, (Achten and Parent
1983):

Upper dorsal nail 2.2 μm
Lower dorsal nail 5.5 μm
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1.16 Eccrine Sweat Glands

Total number: 3–4 � 106

Regional counts (Szabo 1962):

Soles 620 � 120

Forehead 360 � 50

Cheeks 320 � 60

Dorsum foot 250 � 5

Forearm 225 � 25

Abdomen and groin 190 � 5

Chest 175 � 35

Back and buttocks 160 � 30

Calf 150 � 15

Arm 150 � 20

Thigh 120 � 10

Eccrine tube:

Length 5 mm

Diameter 0.02–0.05 mm

2 Chemical Composition

2.1 Whole Skin (% Abdomen Skin
Dry Weight) (Weinstein
and Boucek 1960)

Collagen (both sexes) 76.8 � 9.1 (n = 83)

Elastin

Males: 4.45 � 1.4 (n = 17)

Females: 3.95 � 0.9 (n = 10)

Reticulin: 0.4 % skin dry weight (Lundström et al. 1994)

Collagen content (g/cm2 skin) 234 � 72 (SE) (Shuster et al. 1969)

2.2 Sebum: Standard Composition
(in Weight) (▶Chap. 47, “Skin
Wound Healing Assessment”,
Ref. 9)

Squalene 12.0 %

Wax esters 26.0 %

Glycerides and free fatty acids 57.5 %

Sterols (free and esters) 4.5 %
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2.3 Skin Surface Lipids of Epidermal
Origin (in Weight) (▶Chap. 47,
“Skin Wound Healing
Assessment”, Ref. 9)

Glycerides and free fatty acids: 65 %

Cholesterol esters: 15 %

Cholesterol: 20 %

2.4 Stratum Corneum

Proteins (corneocytes) 2.92 � 0.89 μg cm�2

(n = 6)
(Elias 1983)

Cystine 2.9 % Fraser, in (Leveque
1994)

Other amino acids see Fraser, in
(Leveque 1994)

Lipids 10 % (Leveque 1994)

Lipid fractions (of weight) (De Rigal et al.
1992)

Cholesterol esters 15 %

Cholesterol 32 %

Saturated fatty acids 16 %

Ceramides 37 %

Water (for 20–60 % atmospheric relative
humidity)

35 % of volume (Blank et al. 1984)

0.05–0.15 g cm�3 (Blank 1952)

0.12 � 0.01 g cm�3 (n = 6) (Tagami et al. 1994)

2.5 Dermis

Reticular dermis (Quaglino et al. 1996) (all figures
represent percentages) (Table 2):

2.6 Subcutis

Composition: upper dorsal thigh, (magnetic reso-
nance spectroscopy) (n = 67) (Querleux
et al. 2002):

Water 4.7 � 5.6 %

Unsaturated lipids 3.7 � 2.3 %

Saturated lipids 85.3 � 5.9 %
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Fatty acid ratio within lipids (gas liquid chro-
matography) (n = 22 obese women) (Timpl and
Brown 1996):

Arm Thigh Abdominal wall

Saturated fatty acids 39.4 � 5.1 % 33.9 � 4.3 % 35.9 � 4.8 %

Unsaturated fatty acids 60.6 � 4.7 % 66.0 � 4.1 % 67.1 � 4.6 %

Major fatty acids: % within lipids (gas liquid
chromatography) (n = 22 obese women) (Timpl
and Brown 1996):

Arm Thigh Abdominal wall

12:0 6.7 � 2.9 6.4 � 2.9 8.4 � 3.4

14:0 50.1 � 10.6 44.7 � 11.7 50.9 � 9.6
15:0 5.1 � 1.4 5.0 � 1.4 4.9 � 1.4

16:0 278.0 � 40.0 245.5 � 29.3 273.2 � 32.4

16: I 80.3 � 17.7 107.8 � 21.9 82.3 � 23.9
17:0 3.5 � 1.1 3.0 � 1.5 3.5 � 1.1

17:1 4.3 � 0.9 5.1 � 1.3 4.6 � 1.6
18:0 50.7 � 12.2 34.1 � 18.1 48.3 � 16.6

18:1 464.8 � 9.7 485.6 � 31.7 465.5 � 20.2
18:2 48.0 � 30.9 51.9 � 27.5 48.9 � 25.5

20:1 8.4 � 2.4 9.4 � 3.6 9.4 � 4.3

Table 2 Reticular dermis (Quaglino et al. 1996)

24 weeks fetus At birth Adults
Beyond
60 years

Collagen/tissue
ratio

24 ffi60 ffi70 ffi40

Elastic fibers/
tissue

Absent 3–4 3–4 7–8

Mesenchymal
cells

20 4 1.5 1.5

Type I collagen 80 % of total collagen (Uitto
et al. 1989)

Type III collagen 15 % of total collagen (Uitto
et al. 1989)

Collagen type
I/type III

5:1 to 6:1 (Uitto
et al. 1989)

Mature elastic
fiber

(Braverman and
Fonferko 1982)

90 % elastin
10 %

microfibrils
Interstitial fluid 2 % proteins
Suction blister
fluid
4.2 % proteins 55 % albumin, 45 % globulins (St€uttgen 1965)
3.9 � 0.4 g/dl
(n = 6)

=54 % of concentration in plasma (Braun-Falco
and Rupec 1964)

156 Main Skin Biological Constants 1593



2.7 Hair

Standard composition (in weight)

Keratins 85–90 %

Water 10–13 %

Lipids 2 % (Leveque 1994)

Trichochromes

Cystine 7.6 % Fraser, in (Leveque 1994)

Other amino acids see Fraser, in (Leveque 1994)

2.8 Nails: Mean Composition

Cystine 7.4 % Fraser, in (Leveque 1994)

Other amino
acids

see Fraser, in (Leveque
1994)

Water 9–10 % of weight (in vitro big toe-nail,
n = 8)

(Johnson and Shuster
1993)

Nota bene: Dehydration does not change nail
thickness.

Relative humidity (%) Water content (% of weight) (Finlay et al. 1980)

15–20 5–6

35–45 8–10

60 13

80 16

90 17–21

100 29

Lipid (% of dry weight) (Helmdach
et al. 2000):

Male (n = 31) Female (n = 40)

Cholesterol sulphate 1.45 � 0.50 1.98 � 0.72**

4–6 ceramides 6.12 � 0.08 9.94 � 1.96**

1–3 ceramidesa, b 26.92 � 5.78 25.60 � 4.14

Cholesterol 8.93 � 2.95 13.16 � 2.83**

Free fatty acidsa 30.83 � 9.65 24.20 � 6.53*

Triglycerides 7.34 � 2.20 5.79 � 1.53**

Sterol and wax esters 7.47 � 1.08 8.44 � 0.34**

Squalene 2.71 � 0.48 1.50 � 1.28**

Unidentified 7.56 � 2.38 8.11 � 3.08

Difference between males and females significant at 0.01 (*) and 0.001 (**) levels
aInfants excluded (two males and four females)
bInfants: 1–3 ceramides: mean = 4.59 %; free fatty acids: mean = 12.07 %

1594 P. Agache



2.9 Sweat (▶Chap. 76, “Scalp
Sebaceous Function
Assessment”, Ref. 7)

Na+ (mM) <40

K+ (mM) 4–20

Cl� (mM) <20

CO3H� (mM) 15–20

Ammonia (mM) 0.5–8

Lactates (mM) 10–15

Urea (mg/ml) 0.15–0.25

Glucose (:g/ml) 2–5

Proteins (mg/ml) 0.15–0.25

3 Functional Constants

3.1 Current Minimal Erythema Dose
(MED) for Caucasians

UVB 30 mJ cm�2

UVA 30 J cm�2

3.2 Stratum Corneum Renewal

Daily production 1.15 � 0.09 new layer (Johannesson et al. 1978)

Desquamation

Forearm 1309 � 328 cells cm�2 h�1 (Edwards et al. 1995)

Forehead 2083 � 481 cells cm�2 h�1 (Christensen et al. 1978)

Other body sites See ▶Chap. 25, “Stratum
Corneum Desquamation”,
Sec ▶ 4

Daily protein loss forehead 12.1 � 4.7 μg cm�2 (Christensen et al. 1978)

Renewal time

Overall 15 days

Forearm 18.5 � 4.6 days (Roberts et al. 1980)

Forehead 6.3 � 1.4 days (Baker et al. 1967)

Abdomen 25.9 � 5.4 days (Roberts et al. 1980)

Other body sites (Jansen et al. 1974)

3.3 Stratum Malpighi Renewal

Renewal time 15 days

Basal cells distribution (Mommers et al.
2000)

G0 phase 30 %

Cycling 10 %

(continued)
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Number of mitoses in basal
layer

7.7 per cm length (Frost and van Scott
1966)

1 out of 600 cells (Fischer and
Maibach 1971)

Mitotic index 1.59 (Fischer and
Maibach 1971)

Proliferation index (thymidine
or BrdU)

▶Chap. 36, “Epidermal
Physiology”, Ref. 22

Basal layer only 5–6 % of cells in S-phase

Basal + 3 suprabasal layers 46 % of cells in S-phase

Proliferation index (thymidine) (Marks et al. 1987)

Sun unexposed sites 4.7 � 2.2 (n = 19)

Sun exposed sites 8.6 � 2.1 (n = 19)

Cell cycle duration

G1 phase 7.6 h (Mommers et al.
2000)

S phase 5.3–10.3 h (Galand et al. 1989)

G2 + M phases 11 h (Knaggs et al. 1994)

M phase 1.5 h (Knaggs et al. 1994)

Whole cycle 50–282 h (Knaggs et al. 1994)

28 h (Mommers et al.
2000)

Transit time from basal layer to
stratum corneum

6–27 days (Knaggs et al. 1994)

3.4 Hair Follicle

Proliferation index, 11 % (Knaggs et al. 1994)
Scalp hair common stage formula: Anagen

80–90 %, telogen 10–20 %, catagen <1 %
Scalp hair stages:

Male Female

Anagen with sheath >55 % >65 %

Anagen without sheath >20 >20

Dystrophic anagen <1,5 <1

Catagen <1 1 %

Telogen <25 <15

% anagen hairs Male (�SEM) Female
(�SEM)

Body site (▶Chap. 44,
“In Vivo Magnetic
Resonance Imaging of the
Skin”, Ref. 10)

Forehead 49.5 � 4.8 48.5 � 4.5

Cheek 46.4 � 4.8

Chest 34.7 � 2.9 42.2 � 2.4

Shoulder 32.8 � 2.2

(continued)
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Male Female

Back 32.0 � 2.0 30.9 2.5

Anagen Telogen

Stage duration (Saitoh et al. 1970)

Scalp, terminal hair 3–7 years 3 months

Scalp, vellus hair 4–26 weeks (Ebling et al. 1979)

Arm 9 weeks 15 weeks

Leg 16 weeks 22 weeks

Dorsum finger 8 weeks 10 weeks

Thigh(male) 8 weeks (Saitoh et al. 1970)

Thigh (female) 3 weeks (Saitoh et al. 1970)

Forehead 60.8 � 4.9 days
(�SEM)

(Blume et al. 1998)

Cheek (female) 78.6 � 14.6 days
(�SEM)

(Blume et al. 1998)

Shoulder (male) 51.2 � 4.6 days
(�SEM)

(Blume et al. 1998)

Back (female) 41.8 � 1.8 days
(�SEM)

(Blume et al. 1998)

Back (male) 49.4 � 2.9 days
(�SEM)

(Blume et al. 1998)

Chest 45.6 � 1.9 days
(�SEM)

(Blume et al. 1998)

Anagen duration (days) (▶Chap. 44, ”In Vivo
MagneticResonance Imaging of the Skin”, Ref. 12):

Males Females

Thigh 54 22

Arm (outer) 28 22

Daily growth (mm)

Scalp 0.3–0.5 mm (Saitoh et al. 1970)

Thigh (male) 0.38 mm

Thigh (female) 0.21 mm

Chest 0.44 mm

Beard 0.27 mm

Back 0.134 � 0.010 (SEM) (Blume et al. 1998)

Forehead (male) 0.037 � 0.005 (SEM)

Forehead (female) 0.037 � 0.005 (SEM)

Cheek (female) 0.060 � 0.007 (SEM)

Shoulder (male) 0.119 � 0.011 (SEM)

Scalp: daily hair length production, 30–50 m
(i.e., 0.3 –0.5 g)

Scalp: current (normal) daily hair loss, <70
(Kligman 1961)

Resistance to plucking (g):

Scalp hair 48 � 18 (n = 10) (Cunliffe et al. 1976)

Chest hair 71 � 10 (n = 110) (Chapman 1992)
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3.5 Sebum

Casual level (forehead) 100–200 μg cm�2

Other body sites see ▶Chap. 13,
“Sebaceous Physiology”

Casual level recover time 3–4 h; 50 % within 33 min (Downing et al. 1981)

Infundibulum reservoir content 80 % of casual level

Skin surface sebum spreading
coefficient

1–10 mJ m�2

Maximal spontaneous sebum
creep up the hair shaft

2 cm

Sebaceous gland: cell transit time
from basal layer to excretory canal

3 sem

Sebaceous gland secretion rate 6–25 mg cm�2 h�1 (Jani 1992) (Downing
et al. 1981)

3.6 Nails

Daily linear growth:

Standard figures

Hands 0.1 m

Feet 0.05 mm

Maximal rate (25 years) (Orentreich et al. 1979)

Male 0.9 mm/week

Female 0.7 mm/week

Rate over life 0.5 % decrease per year, to 50 %
reduction by 60 years of age, then
stable

(Orentreich et al. 1979)

Temperature
dependence

0.08 mm/week at 16 �C 2.0 mm/
week at 32 �C

(Orentreich et al. 1979)

Circadian rhythm 5 μm h�1 by midday 1 μm h�1 by
midnight

(Orentreich et al. 1979)

Thickness increase rate, (Johnson and Shuster
1993):

Lunula 0.13 mm/1.41 % length increment

Bed 0.02 mm/0.22 % length increment

3.7 Eccrine Sweat Glands

Fraction of active glands 50 % (Knip 1969)

Sweat excretion frequency 0.3–12 min�1

Excretion rate per gland 4–28 nl min�1

Global sweating rate 1–3 mg min�1 cm�2 (Cotter et al. 1995)

Heat loss per gland working as a
heat pipe

9.68 � 10�6 W

Sweating threshold Max. by 18 h (Crockford et al. 1970)
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3.8 Skin Metabolism

Metabolic oxygen
consumption at 37 �C

2.6 � 10�3 ml g�1

min�1
(Severinghaus et al. 1978)

Metabolic oxygen
consumption at 45 �C (as in
tcPO2 measurement)

Normal skin 3.7 � 10�3 ml g�1

min�1
(Severinghaus et al. 1978)

Psoriasis (diseased skin) 5.4 � 10�3 ml g�1

min�1
(Ott et al. 1984)

Metabolic heat produced by
epidermis

Normal skin 0.16 cal min�1 cm�2 ▶Chap. 58, “Transcutaneous
Oxygen Pressure”

(4 % increase per �C)
Psoriasis (diseased skin) 0.27 cal min�1 cm�2 (Ott et al. 1984)

Total heat lossa at rest and in
thermal neutrality

30 g h�1 m�2

aFrom skin and lung

Skin temperature (naked subject)
(▶Chap. 123, “Skin Thermal Imaging”):

At 20 �C At thermal neutrality

Forehead 32.0 �C 34.8 �C
Forearm 27.7 �C 33.6 �C
Dorsum foot 20.0 �C 31.1 �C
Other body sites, see ▶ Sect. 2.1

3.9 Skin Microbiology (▶Chap. 4,
“The Skin Surface Ecosystem:
A Presentation”)

Microbial density at the skin surface (for details,
see ▶Chap. 4, “The Skin Surface Ecosystem:
A Presentation”, Tables 3 and ▶ 4):

Scalp 1.0 � 106/cm2 to 1.2� 106/cm2

Forehead 4.4 � 106/cm2

Upper limbs (extremity) 1.7 � 103/cm2

Lower limb (extremity) 4.4 � 103/cm2

Axilla 4.8 � 103/cm2

Perineum 4.3 � 107/cm2

Toe webs 1.4 � 107/cm2

Staphylococcus aureus carriage, >106/cm2
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3.10 Skin Blood Flow

Skin blood volume (Martineaud
et al. 1977)

At rest 9 % of total blood volume

Vasodilated skin 12 % of total blood volume

Global skin blood flow (Martineaud
et al. 1977)

At rest 0.5 1 min�1

Moderate exercise 0.9 1 min�1

Intense exercise + high outside
temperature

7 l min�1

Subpapillary dermisa skin blood flow
(volar forearm)

30–45 ml min�1 per 100 g
tissue

Resting skin blood flow (xenon
clearance)

Forearm 5.1 � 1.7 ml min�1 per
100 g tissue

(Sejrsen 1969)

Lateral Malleola 6.2 � 1.1 ml min�1 per
100 g tissueb

(Cardot et al.
1977)

Cheek with beard 15.2 � 3.0 ml min�1 per
100 g tissue

(Sejrsen 1969)

Capillary perfusion pressure (nail-fold
capillaries)

Ascending limb 35.3 � 6.5 torr (St€uttgen
et al. 1989)

Descending limb <?1> 20.8 � 5.6 torr (St€uttgen
et al. 1989)

16–21 torr (Hahn
et al. 1998)

Capillary pulse amplitude 2–5 torr (Hahn
et al. 1998)

a100 g subpapillary dermis – 5000 cm2 skin area (Coleman et al. 1986)
b100 g skin tissue – 850 cm2 skin area

Capillary perfusion pressure (forehead capil-
laries), (Agache et al. 1993) (Table 3):

3.11 Skin Lymphatics

Lymphatic flow rate (dorsum foot) 10.3 � 4.1 μm s�1 (Franzeck et al. 1996)

Intralymphatic pressure (dorsum foot) (Spiegel et al. 1992)

Subject lying 3.9 � 4.2 torr

Subject sitting 9.3 � 3.0 torr

3.12 Circadian Rhythms (Solar Time)

See Table 4.
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Table 3 Capillary perfusion pressure (Tur et al. 1983)

Children Young adults Elderly

Capillary systolic pressure (csp) 25 � 4 torr 65 � 8 torr 150 � 10 torr

Ratio csp/arterial pressure (arm) 42 % 42 % 54 %

Diastolic pressure 15 torr 18 torr 16 torr

Arterioles compliance index
(▶ Sect. 2)

6.0 3.5 1.8

Skin blanching pressure 30 torr (Agache et al. 1993)

Red blood cells velocity
(nail-fold capillaries)

0.7–1.1 mm/s (Hahn et al. 1998)

At 23 �C 0.65 � 0.27 (n = 20) (Gasser and Buhler 1992)

After warming 0.87 � 0.30 (n = 20) (Gasser and Buhler 1992)

After cooling 0.21 � 0.08 (n = 20) (Gasser and Buhler 1992)

Vasomotion frequency 6–10 min�1 (8 waves);
1–2 min�1 (8 waves)

(Kastrup et al. 1989)

Cutaneous intravascular partial (Hansen et al. 1980)

pressure (forearm, 44 �C)
O2 64.3 � 18.4 torr (n = 10)

CO2 46.8 � 3.6 torr (n = 10)

Transcutaneous oxygen partial ▶Chaps. 57, “Carbon
Dioxide Transcutaneous
Pressure” and
▶ 58, “Transcutaneous
Oxygen Pressure”

pressure (tcPO2) at 44 �C
Chest 80 torr

Dorsum foot 72 torr

Forearm 70 torr

Other body sites, variation
with sex and age

▶ Sect. 2.2

Transcutanous oxygen index (Versmold et al. 1979)

(TCI) = tcPO2/PaO2

Premature �1

Child �0.9

Adult �0.8

Mouth-skin (forearm) transit
time

(Hansen et al. 1980)

O2 51 s

CO2 61 s

N2 94 s

He 52 s

tcPO2 decreasing rate under

arterial occlusion (forearm)

At 44 �C 130 torr min�1

At 37 �C 90 torr min�1 (Severinghaus et al. 1978)

Cutaneous veins filling time
(plethysmography)

35 � 12 s
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1 Mass Density In Vitro (kg/dm3)

Whole skin 1.176 Edwards (1988)

Epidermis 1.106 Edwards (1988)

Dermis 1.274 Edwards (1988)

Stratum corneum 1.30 and Weigand et al. (1974)

1.20 � 0.57 (�SEM) Anderson and Cassidy (1973)

Hair shaft 2.32 (60 % relative humidity)

Nail 1.115 Orentreich et al. (1979)

1.33 Finlay et al. (1980)

Sebum 0.910 � 0.048 Butcher et al. (1949)

Subcutaneous fat 0.9007 at 37 �C ▶Chap. 67, “Subcutis Metrology”

Sweat <1,006

2 Acoustic Constants

2.1 Ultrasound (25 MHz) Velocity

Epidermis + dermis �1600 m s�1 Edwards (1988), Escoffier et al. (1986)

Epidermis 1500 m s�1 Edwards (1988)

Dermis 1660 m s�1 Edwards (1988)

Adipose tissue 1450 m s�1

Stratum corneum �2600 m s�1 Agache and Humbert (2004)

Whole skin

Forearm 1566 � 26 m s�1 Guittet (1997)

Face 1598 � 19 m s�1 Escoffier et al. (1986)

Breast 1640 � 16 m s�1 Escoffier et al. (1986)

Whole nail 2459 m s�1 Jemec and Serup (1988)

Nail dorsal 3103 m s�1 Jemec and Serup (1988)

Nail ventral 2125 m s�1 Jemec and Serup (1988)
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2.2 Ultrasound (25 MHz)
Impedance

1 Rayleigh = 106 kg m�2 s�1

Whole skin 1.863 Rayleigh Edwards (1988)

(With respect to hydration) Rayleigh 1.5–1.9

Epidermis 1.659 Rayleigh Edwards (1988)

Dermis 2.115 Rayleigh Edwards (1988)

Stratum corneum 1.534 Rayleigh Edwards (1984)

2.3 Ultrasound (25 MHz)
Attenuation

Whole skin 2.95 � 0.46 dB cm�1 MHz�1 Guittet (1997)

Dermis 4 � 1 dB cm�1 MHz�1 Querleux (1994)

3 Mechanical Constants

3.1 Whole Skin In Vivo (Elastic
Phase)

Elastic strain limit 25 %

Volar forearm 10 %//and 27 % ζ Langer’s lines Ehring (1960)

Quasi-static Young’s modulus in vivo (extension, calf)

//to Langer’s lines 1–4 MPa Wijn et al. (1981)

ζ Langer’s lines 0.06–0.25 MPa Wijn et al. (1981)

Mechanical anisotropy coefficient (A) 16.0 Wijn et al. (1981)

Young’s modulus at elastic limit (posterior calf)

//to Langer’s lines 0.22 MPa Manschot et al. (1986)

ζ Langer’s lines 0.6 MPa Manschot et al. (1986)

Tangent modulus 3.0 MPa Vasselet et al. (1987)

(extension 1 %/s,
forearm)

Tangent modulus
(suction)

0.8 MPa Panisset et al. (1993,1994)

Male Female

Volar forearm 0.11 MPa 0.12 MPa Barel et al. (1998)

Forehead 0.21 MPa 0.25 MPa

Volar forearm 0.14 MPa 0.16 MPa Tokumura et al. (1999)

Forehead 0.23 MPa 0.27 MPa
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Tangent modulus
(torsion)

1.1 MPa Escoffier et al. (1989)

Dynamic modulus 600 MPa Takahashi et al. (1981)

Shear wave (5600 Hz) propagation velocity Bader et al. (1983)

Volar forearm
(n = 34)

//arm axis 50 ms�1

ζ arm axis 40–50 ms�1

Breast (n = 20)

//breast contour 62.0 � 2.2 ms�1

ζ breast contour 36.6 � 1.4 ms�1

Shear modulus (volar
forearm)

1–2 kPa Bader et al. (1983)

Stiffness coefficient
(E/σ) (calf)

0.244 Wijn et al. (1981)

Poisson’s coefficient 0.3–0.4 see ▶Chap. 95, “Skin Mechanical
Function” sect. 2.4

Ballistometry

Restitution
coefficient

Tosti et al. (1977)

Forehead 0.5

Dorsum of hand 0.6

Thigh 0.7

Absorption
coefficient

0.4–1.1 with
respect to age

Tosti et al. (1977)

3.2 Whole Skin In Vitro

In saline (▶Chap. 95, “Skin Mechanical Function”, Ref. 30)

Elongation <40 % (elastic phase) Young’s modulus <7 kPa

Elongation 40 %–70 % yield phase modulus 510 kPa

Rupture: elongation 90 %

In air (▶Chap. 95, “Skin Mechanical Function”, Refs. 32 and 33)

Young’s modulus: 7–50 MPa

3.3 Connective Tissue Fibers In
Vitro

Young’s modulus

Elastic fibers �0.3 MPa Burton et al. (1968) Caro et al. (1978)

Collagen fibers �100 MPa Caro et al. (1978)

�1000 MPa Lapière et al. (1988), Burton (1968)
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3.4 Stratum Corneum

3.4.1 Stratum Corneum

In vivo dynamic (sonic)
Young’s modulus

12.4–13.4 MPa Weigand et al. (1974)

In vitro strain tangent
modulus (volar forearm)

50–210 MPa Koutroupi et al. (1990), Ferguson et al.
(1980), Vasselet (1989)

In vitro strain elastic limit
(volar forearm)

10 % Agache and Humbert (2004)

Resistance to stripping
(kPa)

Marks et al. (1972)

1. Surface layer

Male Female

Forearm 20.07 � 3.20 17.15 � 3.49

Wrist 22.23 � 4.41 20.21 � 3.94

Back 15.30 � 2.18 15.30 � 2.18

2. �18th strip: cohesion twice as strong

Marks (1986)

Resistance to vertical peeling
(1 m min�1) (Leveque 1994):

Force (N) Pressure (kPa) as calculated for
a 15 � 70 mm area

February 2.69 � 0.15 2.56 � 0.14

August 1.65 � 0.16 1.57 � 0.15

3.4.2 Corneocyte

In vitro (in water) elastic modulus (volar forearm) 450 MPa Lévêque et al. (1988)

3.4.3 Corneodesmosome

Stress at rupture (in water) (volar forearm) 26 GPa Lévêque et al. (1988)

3.5 Hair

Hair shaft mechanical parameters when elongated
at a constant rate (25 %/min) at 20 �C (Pierard
et al. (1993)) (Table 1):
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3.6 Nails

Young’s modulus
(GPa) Deflection method Sound velocity method Finlay et al. (1980)

//keratin fibers (i.e.,
⊥ finger axis)

4.3 � 0.6 (n = 7) 4.3 � 0.4 (n = ?)

ζ keratin fibers (i.e.,
//finger axis)

4.0 � 0.7 (n = 2) 2.1 � 0.3 (n = ?)

4 Optical Constants

Non-specular reflection at
the skin surface

<8 % Anderson et al. (1981)

Skin reflectance (for a
perpendicular beam of any
wavelength)

4 %–7 % Anderson and Parrish (1981)

Wavelength emitted by the
skin at 32–36 �C

λ ffi 10.5 μm (i.e., IR ray)

Skin emittance (in IR)

ε = 0.97 for
7 < λ < 12.5 μm
ε = 0.7 for
2 < λ < 5.5 μm

Refractive index

Stratum corneum 1.52–1.54 Greger (1996), See▶Chap.
158, “Physical, Biological and
General Constants of the Skin”

When
strongly
hydrated

1.33 Agache and Humbert (2004)

Between 1.36 and 1.50 from Kn€uttel et al. (2000)

Optical Coherence
Tomography

Viable epidermis 1.39 Hulsbergen et al. (1977)

Scattering coefficient Kn€uttel et al. (2000)

Stratum corneum 1–1.5

Epidermis volar forearm 1.5–2

Palm

Basal layer 4–5

(continued)

Table 1 Hair shaft mechanical parameters when elongated at a constant rate (25 %/min) at 20 C (Piérard et al. 1993)

Relative
humidity

Young’s
modulus (kPa)

σ at elastic
limit (kPa)

ε at elastic
limit (%)

σ at yield
limit (kPa)

Post-yield
modulus (kPa)

σ at rupture
(kPa)

ε at rupture
(%)

30 % 5100 51 1.02 110 416 196 40

60 % 4500 45 1 91 425 190 43

85 % 3300 30 0.93 65 442 186 48

σ, stress; ε, strain
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Granular
layer

6–7

Upper dermis 8–10

Transmittance beyond
dermis

1300 > λ > 600 nm, and
<1 % of received light

Anderson and Parrish (1981)

5 Thermal Constants

Current skin temperature
(Other body sites, (Agache
2004a))

32 �C (extremities)
to 36 �C (forehead)
see ▶Chap. 123, “Skin
Thermal Imaging”
sect. 1.2, ▶ table 1

Houdas et al. (1977)

Houdas et al. (1977)

Radiant fraction of the skin
surface area (relative to
body surface area)

▶Chap. 119, “Thermal
Exchanges in Man”

Sitting or squatting 0.7

Standing 0.8

Saturating watervapor
pressure at skin
temperatures

5.8–6.6 kPa Houdas et al. (1977)

Energy produced by
evaporation of 1 g sweat

2.42 kJ

Thermal conductivity (K) see ▶Chap. 158, “Physical,
Biological and General
Constants of the Skin”

Of skin in vivo (volar
forearm)

0.2–0.6 W m�1 �C�1 Dittmar et al. (1991)

0.2 W m�1 �C�1

(ischemia by tourniquet)
Dittmar et al. (1991)

0.9 W m�1 �C�1

(intense vasodilation)
Dittmar et al. (1991)

Of stratum corneum free
water

0.6 W m�1 �C�1 see ▶Chaps. 29, “Physical
Methods to Measure Stratum
Corneum Water Content In
Vivo” and ▶ 30, “Stratum
Corneum Dynamic
Hydration Test”

Of stratum corneum
bound water

0.18 W m�1 �C �1 see ▶Chaps. 29, “Physical
Methods to Measure Stratum
Corneum Water Content In
Vivo” and ▶ 30, “Stratum
Corneum Dynamic
Hydration Test”

Of adipose tissue 0.0278 W m�1 �C �1

Thermal inertia (KDC) cal2 cm�4 �C�2 s�1 Houdas et al. (1977)

Skin 90 � 10�5–400 � 10�5

with respect to the
degree of vasodilation

Skin (ischemia) 90 � 10�5 see ▶Chap. 158, “Physical,
Biological and General
Constants of the Skin”

(continued)
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Skin in vitro (seeAnnex 5) 55 � 10�5 (dry skin) to
75 � 10�5 (wet skin)

Adipose tissue 22 � 10�5–32 � 10�5

(with respect to
temperature)

Thermal skin–atmosphere Houdas and Guieu (1977)

convection coefficient

No wind 3.7–6.0 W m�2 �C�1

Wind 8.3 U0.5 W m�2 �C�1

(U is the wind speed)

Thermal core–skin
convection coefficient

Houdas and Guieu (1977)

By thermal neutrality 12 W m�2 �C�1

In the cold state 6.5 W m�2 �C�1

In the warm state 80–150 W m�2 �C�1

6 Chemicophysical Constants

6.1 Skin Surface

6.1.1 pH
Adults overall, 4.2–6.1 (▶Chap. 4, “The Skin
Surface Ecosystem: A Presentation” sect. 3.1)

Forehead n Median 5th–95th percentiles Zlotogorski (1987)

Males 282 4.6 4.0–5.5

Females 292 4.6 4.0–5.6

Cheek

Males 282 5.1 4.2–5.8

Females 292 5.2 4.2–6.1

Forearm
(volar)

5.4–5.9 Braun-Falco et al. (1986)

4.5 � 0.2 n = 7 Öhman et al. (1998)

4.87–5.44 n = 16 Yosipovitch et al. (1998)

Forehead 4.93–5.29 n = 16 Yosipovitch et al. (1998)

Back
(upper)

5.14–5.50 n = 16 Yosipovitch et al. (1998)

Shin 4.8–5.5 n = 16 Yosipovitch et al. (1998)

Axilla n = 20 Krönauer et al. (2001)

Morning 5.87 � 0.23

Evening 5.49 � 0.23

Tongue 6.65 � 0.61 n = 32 Yosipovitch et al. (2001)

Bucca 6.68 � 0.65 n = 32 Yosipovitch et al. (2001)

Palate 7.23 � 0.88 n = 32 Yosipovitch et al. (2001)

Lip 6.61 � 0.60 n = 32 Yosipovitch et al. (2001)

Neonates
(first day)

7.08 � 1.70 n = 44
(no difference between sites)

Yosipovitch et al. (2000)

Infants 6.6 � 0.25 n = 40 Gfatter et al. (1997)
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6.1.2 Surface Energy Parameters
Critical surface wetting tension

Volar forearm 27.5 � 2.4 dyn/cm see ▶Chap. 4, “The Skin Surface Ecosystem:
A Presentation” sect. 3.2

Forehead >50 dyn/cm see ▶Chap. 4, “The Skin Surface Ecosystem:
A Presentation” sect. 3.2

Free energy

Volar forearm 38.7 � 6.4 mJ/m2 see ▶Chap. 4, “The Skin Surface Ecosystem:
A Presentation” sect. 3.2

Forehead 42.5 � 3.9 mJ/m2 see ▶Chap. 4, “The Skin Surface Ecosystem:
A Presentation” sect. 3.2

6.2 Viable Epidermis

Water content 88–99 % Blank et al. (1984)

86.4 % (48 mol) Wilson et al. (1989)

83 % (0.83 g ml�1) Diridollou et al. (2000)

Resistance to transepidermal O2

diffusion
Versmold et al. (1979)

Term infants 1.59 � 0.32 103 atm ml�1

min cm2 (n = 7)

Premature 0.58 � 0.27 103 atm ml�1

min cm2 (n = 7)

Adults 1.67 � 0.66 103 atm ml�1

min cm2

(n = 10)

O2 solubility “in skin” (assumed
to equal that of water)

Severinghaus et al. (1978)

At 45 �C 0.0219 ml g�1 atm�1

At 37 �C 0.0238 ml g�1 atm�1

CO2 solubility “in skin” at
45 �C and 40 Torr:

Severinghaus et al. (1978)

1.48 ml g�1 atm�1 (estimated)
(0.47 the value in blood, 3 times
the value in water)

6.3 Dermis and Subcutis

Mean water concentration 88 % Blank
et al. (1984)

Interstitial pressure (limbs) 0.18–0.27 Torr McMaster (1946)

1.10–1.67 Torr after

>15 min
venous occlusion

Suction blister oncotic pressure 4.70–6.84 Torr Schwindt
et al. (1998)

(continued)
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Interstitium/blood partition coefficient
(skin is likened to water)

Severinghaus
et al. (1978)

O2 8 = 0.90

CO2 8 = 0.47

Xenon 8 = 0.7 (adipose
tissue 8 = 10)

Sejrsen (1969)

O2 and CO2 solubility “in skin” See sect. 6.2

6.4 Stratum Corneum

6.4.1 Water Content

In vitro, dry stratum
corneum: strongly bound
water

5 % of dry stratum
corneum

Gournay et al. (1995),
Gilard et al. (1998)

7 % of dry stratum
corneum

Hansen and Yellin
(1972), Leveque et al.
(1987)

In vitro, saturated stratum
corneum

Total water 30–50 % of saturated
stratum corneum

Warner and Lilly (1994)

Bound water 25–40 % of saturated
stratum corneum

Warner and Lilly (1994)

20–30 % of saturated
stratum corneum

Walkley (1972), Inoue
et al. (1986)

Increase in volume when
in water:

>100 % (hair shaft: <5 %) Fluhr et al. (2000)

stratum corneum

In vivo

Water content in
uppermost stratum
corneum

5.2 % (ambient air at 22 �C and
31 % RH)

Diridollou et al. (2000)

22 % (ambient air at 31 �C and
40 % RH)

Wilson and Maibach
(1989)

10–30 % in the 1/3 upper layers
(4–20 % in case of “dry skin”)

Hensen et al. (1980)

Water content in the 2/3 30–35 % (20–35 % in case of
“dry skin”)

Hensen et al. (1980)

deeper layers

Mean water content
during bathing

23.7 % Pirot (1996)

6.4.2 Diffusion Parameters

Water partition coefficient at the skin
surface

Stratum corneum/air 0.413 (if 93 % relative
humidity)

Blank et al. (1984)

Stratum corneum/water 0.9 Scheuplein (1980)

(continued)
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Water partition coefficient at stratum
corneum/viable tissue interface

Stratum corneum/viable tissue 0.162 (if 60 % relative
humidity)

Blank et al. (1984)

Stratum corneum intercellular lipid/
viable tissue

0.06 Potts and
Francoeur (1991)

Water diffusion coefficient 2.15 (0.2–7.7) � 10–9 cm2 s�1 Schwindt et al.
(1998)

3 � 10–10 cm2 s�1 Liron et al. (1994)

Forearm 6 � 10–10 cm2 s�1 Scheuplein (1983)

Forearm 2.54 � 1.2 � 10�9 cm2 s�1

(n = 5)
Burry et al. (2001)

Back 2.34 � 0.82 � 10�9 cm2 s�1

(n = 5)
Burry et al. (2001)

Abdomen 1.38 � 0.42 � 10�9 cm2 s�1

(n = 5)
Burry et al. (2001)

Thigh
(Other body sites, see ▶Chap. 101, “Skin
Photoprotection Function”, Table 1)

2.37 � 1.6 � 10�9 cm2 s�1

(n = 5)
Burry et al. (2001)

Water permeability coefficient
(If 60 % HR)

500 � 10�6 cm h�1 Scheuplein (1980)

21.0 � 10�8 cm s�1, or
756 � 10�6 cm h�1

Horii et al. (1989)

Permeability coefficients for various
products: see ▶Chap. 106, ”In vivo Skin
Absorption and Skin”, Table 2

Ethanol in water permeability
coefficient (Other permeability coefficients:
see ▶Chap. 106, ”In vivo Skin Absorption
and Skin”, Table 1)

500 � 10�6 cm h�1 Scheuplein (1980)

Resistance to transepidermal diffusion (i.e.,
1/permeability coefficient) (forearm)

Wu et al. (1983)

O2 1.79 � 0.92 atm cm2 min:1�1

CO2 62.8 � 28.7 atm cm2 min ml�1

N2 8.49 � 1.81 atm cm2 min:1�1

Resistance to O2 transepidermal diffusion at
44 �C
(as in tcPO2 measurement)

Versmold et al.
(1979)

Premature 0.58 � 0.27 atm cm2 min μl�1

(n = 7)

Term infants 1.59 � 0.32 atm cm2 min μl�1

(n = 7)

Adults 1.67 � 0.66 atm cm2 min μl�1

(n = 10)

6.4.3 Transepidermal Water Loss

Adults

Forehead 20.1 � 4.8 g m�2

h�1
(n = 16) see ▶Chap. 108,

“Transepidermal Water Loss”

10.34 � 0.70 (n = 7 males 20–30 years) Torp et al. (1975)

9.39 � 0.73 (n = 8 females 20–30 years) Torp et al. (1975)

Post-
auricular

8.35 � 0.41 (n = 8) (males 20–30 years) Torp et al. (1975)

Chest 10.7 � 1.3 (n = 16) see ▶Chap. 108,
“Transepidermal Water Loss”

4.73 � 0.26 (n = 8) (males 20–30 years) Torp et al. (1975)

Abdomen 9.9 � 1.8 (n = 16) see ▶Chap. 108,
“Transepidermal Water Loss”

4.40 � 0.51 (n = 7) (males 20–30 years) Torp et al. (1975)

(continued)
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Adults

Arm (upper
outer)

4.24 � 0.35 (n = 8 males 20–30 years) Torp et al. (1975)

5.07 � 0.23 (n = 8 males 45–55 years) Torp et al. (1975)

4.73 � 0.45 (n = 7 males 65–80 years) Torp et al. (1975)

5.12 � 0.35 (n = 7 females 20–30 years) Torp et al. (1975)

Volar forearm
10.4 � 3.1 (n = 16) see ▶Chap. 108,

“Transepidermal Water Loss”

Elbow 2.50 � 0.30 (n = 7) (males 20–30 years) Torp et al. (1975)

Mid 4.00 � 0.32 (n = 8) (males 20–30 years) Torp et al. (1975)

Wrist 7.19 � 0.39 (n = 7) (males 20–30 years) Torp et al. (1975)

Back 4.51 � 0.57 (n = 8) (males 20–30 years) Torp et al. (1975)

Thigh 4.39 � 0.32 (n = 7) (males 20–30 years) Torp et al. (1975)

Calf 9.6 � 1.8 (n = 16) see ▶Chap. 108,
“Transepidermal Water Loss”

First day of
life

Bork (1977)

Palms 31.3 � 8.5

Soles 16.8 � 4.7

Back 11.0 � 2.9

Abdomen 11.0 � 3.4

Forearm 27.5 � 14.8 (n = 44)

Children 1–6
years

Yosipovitch et al. (2000)

Volar
forearm

6.2 � 3.5 g m�2

h�1
(n = 44) (not different from
their parents)

6.5 Sebum

Surface tension 24.16 � 1.29 dyn cm�1 Mathot et al. (1976)

Surface free energy �34 N m�2 Mavon (1997)

Freezing point 15–17 �C Burton (1970)

Melting point of free fatty
acids and triglycerides

20–30 �C D€unner et al. (1946)

Viscosity at 32 �C 0.855 P Butcher et al. (1949)

Between 38 �C and 31 �C η = 4.969–0.047 �C (for details, See
chapter 26 sect. 1.2 (Agache 2004b)

6.6 Sweat

pH 5.0 (moderate sweating) to
7.0 (profuse sweating)

Sato et al. (1991)

6.55 � 0.32 (SE) Shelley et al.(1953)

Osmolality (mOsmol/1) 154 � 40 Dahlgren and Elsnau (1984)

Cryoscopic delta (�C) �0.32

Surface tension 32.2 � 2.5 mN/m�1

(n = 6)
Mavon (1997)

Interface tension sebum-sweat �1.5 mN/m�1 Mavon (1997)
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6.7 Nails

Transonychial water loss

Median Range n

12.4 g m�2 h�1 7.9–18.7 10 Jemec et al. (1989)

75 %–25 % percentile interval 10.1–14.7 10 Jemec et al. (1989)

19.4 g m�2 h�1 11.7–33.5 21 Rougier et al. (2002)

7 Electrical Constants

7.1 Skin

DC resistance of stratum lucidum/corneum inter-
face, 8700 � 3500Ω (n = 50), Zesch et al. (1972)

Current frequency (Hz) 102 104 106

Dielectric constant Yamamoto and Yamamoto (1976)
Stratum corneum 31 15.5 6.8
Viable epidermis 7700 930 80
Resistivity ρ (Ωm) Yamamoto and Yamamoto (1976)
Stratum corneum 50 � 106 84 � 105 79 � 103

Viable epidermis 680 680 170
Stratum corneum dielectric constant at 103 Hz see ▶Chaps. 29, “Physical

Methods to Measure Stratum
Corneum Water Content In Vivo”

Dry �8
Very hydrated �80

7.2 Hair

Resistivity 1012 Ωm Zviak et al. (1988)
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Avogadro
number

6.06 � 1023

Absolute
temperature
(K)

�C + 273

Gravitational
constant

g = 9.806 m s�2 at
altitude zero and
latitude 45�

(Usual figure g = 9.81 m s�2)

Water surface
tension

72.8 dyn/cm

Water
dielectric
constant

�80

Water
diffusion
coefficient

Water into
itself

3 � 10�5 cm2 s�1 ▶Chap. 105,
“Skin Barrier
Function,” Rutter
et al. (1979)

Water vapor
into air

670 g m�1 h�1 Pa�1 ▶Chap. 105,
“Skin Barrier
Function,”
Schwindt et al.
(1998)

Oxygen
solubility in
water

▶Chap. 58,
“Transcutaneous
Oxygen
Pressure,”
Severinghaus
et al. (1978)
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At 37 �C 31.3 10�6 ml g�1 Torr�1

At 44 �C 28.8 10�6 ml g�1 Torr�1

1 Energy

Metabolic rate (basal) (=
minimal energy
production)

~50 Wm�2 ▶Chap. 119,
“Thermal Exchanges in
Man”

Metabolic rate (resting) 59 Wm�2

Oxygen originated energy
(for a respiratory quotient
0.84)

5.6 Wl�1

Oxygen thermal
coefficient (for a
respiratory quotient 0.84)

20.27 kJl�1 ▶Chap. 58,
“Transcutaneous Oxygen
Pressure,” Houdasy et al.
(1977)

2 Thermal Constants

Thermal conductivity Wm�1 �C�1

Air 25 � 10�3

Free water 624 � 10�3 at 37 �Ca

Protein-bound water 180 � 10�3

Thermal inertia (KDC) cal2 cm�4 �C�2 s�1

Human tissues (with respect to temperature)

Muscle 56 � 10�5 to
113 � 10�5

Bone 44 � 10�5 to 68 � 10�5

Materials

Concrete 170 � 10�5

Oak 13 � 10�5

Steel 9 � 10�1

Blood specific heat
capacity

3.64 J �C�1g�1

a▶Chap. 2, “Measurements of the Human Skin: Why and
How?,” Sect. 2.3

Thermal neutrality: subject naked in a room in
which air and walls have the same temperature,
close to 30 �C, relative humidity is below 50 %,
and where air is barely in motion (0.1–0.2 m/s)

Saturating water pressure with respect to
temperature (under 760 Torr atmospheric pres-
sure) (Houdas and Guieu 1977): for given out-
side relative humidity (RHext), outside
temperature (Text) and room temperature (Tint),
the room relative humidity (RHint) is calculated

as follows: RHint = RHext � Psatext/Psatint,
where Psatext is the outside saturating water
pressure, and Psatint is the room saturating
water pressure.

Example: If RHext = 30 %, Text = 9 �C, and
Tint = 21 �C, then HRint = 30 � 8.65/
18.71 = 13.9

Temperature
(�C)

Saturating
pressure
(torr)

Temperature
(�C)

Saturating
pressure
(torr)

�10 2.16 31 33.76

�9 2.34 32 35.72

�8 2.52 33 37.79

�7 2.73 34 39.95

�6 2.94 35 42.23

�5 3.17 36 44.61

�4 3.42 37 47.12

�3 3.68 38 49.75

�2 3.96 39 52.50

�1 4.26 40 55.38

0 4.58 41 58.40

1 4.96 42 61.55

2 5.33 43 64.86

3 5.72 44 68.31

4 6.14 45 71.92

5 6.58 46 75.69

6 7.05 47 79.64

7 7.55 48 83.76

8 8.09 49 88.06

9 8.65 50 92.55

10 9.25 51 97.23

11 9.89 52 102.12

12 10.56 53 107.22

13 11.28 54 112.53

14 12.03 55 118.07

15 12.84 56 123.84

16 13.68 57 129.85

17 14.58 58 136.11

18 15.53 59 142.62

19 16.53

20 17.59

21 18.71

22 19.88

23 21.13

24 22.43

25 23.81

26 25.27

27 26.80

28 28.42

(continued)
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Temperature
(�C)

Saturating
pressure
(torr)

Temperature
(�C)

Saturating
pressure
(torr)

29 30.12

30 31.89

3 Acoustic Constants

Ultrasound (25 MHz)
velocity in water

1480 m s�1

Ultrasound (25 MHz)
acoustic impedance in
water

1.48 Rayleigh
▶Chap. 157, “Main Skin
Physical Constants,”
Edwards et al. (1984)

4 Optic Constants

Stefan Bolzmann universal
radiation constant

Φ = 5.6710�8

Wm�2K4

Refraction indexes

Air 1.00

Glycerol 1.54

Acetic acid 1.54

Water 1.33

Irradiance: midday mean solar
UV-A in summer (mediterranean
countries)

3.5 mW cm�2

Solar energy reaching the ground (normalized
to equator):

Town 21 June Equinox 21 December

Besançon 91.5 68.0 33.5

Nice 93.9 72.6 39.6

Casablanca 98.4 83.5 55.0

Solar energy reaching the ground (normalized
to a blue sky):

Blue
“milky” sky Cirrhus Stratus Stratocumulus

UVB 100 100 80 40

UVA 100 100 80 40

visible 100 95 80 30

(continued)

Blue
“milky” sky Cirrhus Stratus Stratocumulus

IR 95 80 60 10

Light reflection

Snow 85 %

Sand and light
colored soil or walls

17 %

Water 5 %

Grass 3 %

Absorption peaks

Hb 415, 553 nm

HbO2 415, 543 and 577 nm

Light wavelengths seen
by the human eye

560, 530, 420 nm (orange,
green, blue, respectively)

Infrared main absorption bands

Wavelength Stretched
bonds

Measured
substance Referenceμm cm�1

9.65 1036 OH Water

8.94 1118 Protein

6.47 1545
(amide
II)

C-N Protein

6.10 1640 OH Water

6.08 1645
(amide
I)

C═O Protein

5.85 1710 C═O Free fatty
acids

Brancaleon
et al. (2001)

5.75 1740 C═O Fatty
acids
esters

Brancaleon
et al. (2001)

4.76 2101 OH Water

4.3 2326 CO2 Carbon
dioxide

Thiele and
Van
Kempen
(1972)

3.42 2920 CH2

asymmetrical
Lipids Brancaleon

et al. (2001)

3.51 2850 CH2

symmetrical
Lipids Brancaleon

et al. (2001)

3.03 3300 OH Water Brancaleon
et al. (2001)

1.95 5128 OH Water
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5 Biological Constants

Blood density 1.058–1.062

Plasma density 1.025–1.027

Plasma osmolality 302–308 mOsm l�1

Plasma cryoscopic delta �0.56 to �0.57 �C
Blood pH 7.38

Plasma composition

Na + (mM) 140

K+ (mM) 4–5

Cl � (mM) 103

CO3H- (mM) 20–25

Ammonia (mM) 0.025–0.16

Lactates (mM) <2

Urea (mg ml�1) 0.15–0.25

Glucose (:g ml�1) 700–1000

Proteins (mg ml�1) 70–80

Triglycerides density 0.92
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Pressure Units of the Skin 159
Pierre Agache

Keywords
Pressure units • Bar • torr •MSW (metres sea water) • Atmosphere • Pascal

Presently or formerly popular pressure units
include the following:

• Atmosphere (atm)
• Manometric units:

– Centimeter, inch, millimeter (Torr) and
micrometer (mTorr, micron) of mercury

– Height of equivalent column of water,
including millimetre (mm H2O), centimetre
(cm H2O), metre, inch, and foot of water

• Imperial and customary units:
– Kip, short ton-force, long ton-force, pound-

force, ounce-force, and poundal per square
inch

– Short ton-force and long ton-force per
square inch

– FSW (feet sea water) used in underwater
diving, particularly in connection with div-
ing pressure exposure and decompression

• Non-SI metric units:
– Bar, decibar, millibar

• MSW (meters sea water), used in underwater
diving, particularly in connection with diving
pressure exposure and decompression
– Kilogram-force, or kilopond, per square

centimeter (technical atmosphere)
– Gram-force and tonne-force (metric ton-

force) per square centimeter
– Barye (dyne per square centimetre)
– Kilogram-force and tonne-force per square

meter
– Sthene per square metre (pieze)

This chapter provides the correspondence
between different standard pressure units.

The table should be read from left to right
(Table 1). Example: 1 cm H2o is equal to 0.7356
torr and equal to 10�3 kg-force cm�2
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Table 1 Correspondance between different pressure units

Pascal
(MKSA)

Bar
(CGS) = 106

barye
torr
(mm Hg) cm H2O kg-force/cm2 Atmosphere

1 Pascal= 1 10�5 7.498 � 10�3 10.19 � 10�3 1.020 � 10�5 9.865 � 10�6

1 bar= 105 1 749.8 1.019 � 103 1.020 0.9865

1 torr= 133.4 1.334 � 10�3 1 1.359 1.358 � 10�3 1.316 � 10�3

1 cm H2O= 98.11 98.11 � 10�5 0.7356 1 10�3 9.679 � 10�4

1 kg-force
cm�2=

9.807 � 104 0.9807 736.4 103 1 9.686

1 atm= 10.13 � 104 1.013 760 1.033 � 103 1.032 1
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Correspondence between international system units (MKSA) and CGS units

Physical quantity MKSA system
Ratio
MKSA/CGS CGS system

Length
Mass
Time
Electric current

Meter (m)
Kilogram (kg)
Second (s)
Ampere (A)

=102

=103

=1
=1

Centimeter (cm)
Gram (g)
Second (s)
Ampere (A)

Surface
Volume
Mass density
Speed
Acceleration
Force
Work
Power
Pressure
Surface tension
Torque moment
Viscosity

m2

m3

kg m�3

m s�1

m s�2

Newton (N) = kg m s�2

Joule (J) = N m
Watt (W) = J s�1

Pascal (Pa) = N m�2

N m�1

N m
Poiseuille = kg m�1 s�1

=104

=106

=10�3

=102

= 102

=105

=107

=107

=10
=103

=107

=10

cm2

cm3

g cm�3

cm s�1

cm s�2

dyne = g cm s�2

erg = dyne cm
erg s�1

Barye = dyne cm�2

dyne cm�1

dyne cm
Poise = g cm�1 s�1

1 kg force (=1 kg weight) = 103 g force = 9,81 N. It is the force exerted by gravity (9,81 m s�2) on a 1 kg mass
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Index

A
Abrasion, 863
Absorption

blood-borne pigments, 91
epidermal layers, 89
melanin pigmentation, 90

ACD, 1224
Acidity, 888
Acid mantle, 105
Acne, photography. See Photography, acne
Acne scar, 1406
Acne vulgaris (AV), 103, 1382

grading, 1406
ideal scoring system, 1417
lesion counting, 1406–1411
photography, 1411
precautions for scoring, 1411–1417
problems in, 1417
quality of life, 1411

Acoustic constants, 1625
Acoustic wave propagation, 312–313
Actinic keratosis (AK), 497, 500
Actinobacteria, 100
Adamson’s fringe, 722
Aδ fibers, 1338
Adipoblast, 666
Adipomuscular ratio, 672–673
Adipose tissue

assessment, 669–672
fat mass distribution, 672–673
subcutaneous fat layer thickness, 673–678

Aesthetic dermatology, digital photography. See Digital
photography

Age/aging, 116–117, 205, 993, 1007, 1183–1184, 1483
Alexandrite laser, 611
Algorithms, 216
Alginate mould, 508
Allergy, skin, 1222

epicutaneous patch test, 1258–1260
intradermal test, 1254, 1261
labial provocation test, 1257
open test, 1257, 1260
oral provocation test, 1257

prick test, 1254–1257
re-introduction tests, 1257
repeated open application test, 1260
usage test, 1257, 1260–1261

Alopecia, 801, 802
areata, 798
non scarring, 789
scarring, 789

Alpha-photonumeric scale, 1387
Amonton’s law, 378, 379
Anagen, 803, 806
Anatomical constants (averages), 1580–1591
Anatomy, nail, 892–893
Androgenetic alopecia (AGA), 797, 815, 822, 824

classification, 1437–1442
hair assessment scores, 1438
men, 1438–1439
olsen scale, 1441
sinclair scale, 1441
women, 1439–1442

Androgenic alopecia, 798
Anesthesiology, 595–596
Ankle-brachial index (ABI), 573, 574
Anti 5-bromo-2-deoxyuridine (BrdU) antibody, 408
Antioxidant(s), 1046–1047, 1052, 1054, 1058

status, 1524, 1527–1532
Anti-radicals defense, 1046–1047
Apocrine sweat gland, 619, 627
Apoeccrine sweat gland, 619
Area under the curve (AUC), 1097
Aronia, 1527
Arterioles, 532–533
Artificial dermis

dermal equivalents and burns, 1538–1539
skin cancer, 1539–1547
uses, 1536

Atomic force microscopy (AFM), 375
Atopic dermatitis (AD), 101–103

clinical scoring, 1392, 1393
diagnostic principles, 1392, 1393
EASI, 1394–1396
POEM, 1397–1398
SASSAD, 1396–1397
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Atopic dermatitis (AD) (cont.)
SCORAD, 1392–1394
TIS, 1395–1396

Attenuated total reflection (ATR) infrared spectroscopy,
326–327

Attenuation, 86
Auber’s line, 711, 721
Autofluorescence (AF), 1178
Autonomic nervous system, 1335–1336

fibers, 1329–1330

B
Ballistometry, 314, 974, 975
Barbenel’s method, 976
Barrier function, 1165
Barrier treatments, vernix caseosa. See Vernix
Basal cell carcinomas (BCC), 215, 217, 218, 423, 431,

432, 466, 495–497, 500
Basic and specific classification (BASP), 758
Beam laser trap, 1516
Beta-carotene, 1052, 1054
Bi-compartmental model, 1228
Bioelectrical impedance analysis (BIA), 671
Biofilm, 741
Biological constants, 1626
Biopharmacy, 438
Biorhythms

blood flow, 17
disorders, 16

Blaschko’s drawing, 1568
Blaschko’s lines of face, 1568
Blisters. See Foot blisters
Blood capillaries, anatomical constants, 1587–1588
Blood convection, 1266
Blotchy complexion, 161
Body fat mass, 664–665
Body frame size, 707–708
Body mapping, 1290–1299
Body mass index (BMI), 672, 706

Body surface area (BSA), 1401
anatomical constants, 1580–1581
in children and adolescents, 1566
height and weight, 1565
in small children, 1566

Body temperature regulation, 1265
“Bone morphogenic protein” (BMP), 744
Bone scintigraphy, 863
Borge’s method, 976
Bossa Nova Technologies, 170–172
Boundaries method, 1342
Breadth, 706
Breath analysis, 1098
Brillanometer, 166–167
Brown fat, 667
Bucky therapy, 850
Bullous lesions, 589
Bullous pemphigoid, 498, 499

C
Calcitonin gene-related peptide (CGRP), 745
Cancer, 1539–1547
Canfield imaging systems, 172
Capacitance, 143, 145–146, 1484
Capiflow®, 559
Capillaroscopy, 530
Capillary haemodynamics

pressure measurement, 558–559
speed assessment, 559–560

Carotenoids, 1052–1056
CARS. See Coherent anti-Stokes Raman scattering (CARS)
Casual level, 134, 135
Catagen, 803, 804, 808, 811
Cell innervation, 1332
Cell Mechanics, 1512–1513
Cellulite

camera settings, 697
cellulite severity scale, 1387–1389
classification of, 699, 700, 1387–1388
definition, 696–697, 1385–1387
illumination, 698
laser Doppler flowmetry, 699
MRI, 699
pathophysiology, 1385
pinch test, 697
position, 697
thermography, 699
ultrasound imaging, 698

Centra UV-Messgerat®, 1062
CGS system, 1630
Chemicophysical constants, 1614–1618

dermis and subcutis, 1615
nails, 1618
sebum, 1618
skin surface, 1614
stratum corneum, 1616–1618
sweat, 1618
viable epidermis, 1614–1615

Child resuscitation, 595
Chokeberry, 1527, 1528
Chromameter®, 51–52, 55–65
Chromameter CR 200, 164–165
Chromophores, 35, 45
Chronobiology

circadian rhythms, 18
cutaneous clocks, 18–20
DNA damage, 18
proliferation HaCaT cells, 20
skin barrier function, 17
TEWL values, 17
time-keeping mechanisms, 15

CIELAB, 50
CIE XYZ color space, 50–51
Ciliary glands, 724
Circadian, 16, 18
Circadian rhythms (solar time), functional constants,

1600–1602
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Climatic chamber, 1279
Classical photography technique, 42
Clearance method, 531
Clock, 15–20
CMYK model, 50
Coherent anti-Stokes Raman scattering (CARS), 1179, 1184
Cold exposure, local tests for, 1282–1283
Cold pain, 1347, 1353
Cold resistance

and pain, 1280–1281
general tests, 1282

Cold sensation, 1347, 1352
Cold tests

in air, 1282
in water, 1282

Cold tolerance
factors affecting, 1281
and heat debt, 1281

Collagen, 1019, 1024–1025, 1177, 1178, 1184
Colorimeter, 55–65
Colorimetry, 510, 530
Color of nail plate, 856
Color perception, 36
Combined heat strain, 1280
Companion layer (CL), 719
Compounding strategies, oxygen

colloidal formulations, 439–440
gaseous formulations, 438
liquid formulations, 438–439

Compressibility, 973–975
Compression, 1490, 1492
Computed tomography, 675–676
Computer-assisted planimetry, 506
Confocal laser scanning microscopy, 1104
Confocal microscopy

actinic keratosis, 423
basal cell carcinoma, 423
handheld, 418
inflammatory skin diseases, 423–424
instruments, 418
melanoma, 420–421
nevi, 418–420
nonsurgical therapies, 425
psoriasiform disease, 424
RCM, infectious diseases, 424
squamous cell carcinoma, 423

Confocal Raman microspectroscopy, 331–332
Confocal Raman spectroscopy, 1104
Connective subcutaneous tissue, 679–680
Connective tissue fibers in vitro,mechanical constants, 1610
Connective tissue strength, 1013
Connectivity map (Cmap)

activity of, RA, 1499–1500
anti-aging effect of, A-A-A, 1506–1507
applications, 1496
drug development, 1496
genes identification, 1500–1502
hierarchical clustering, 1501, 1504

new compounds, 1502
RA gene, 1503–1505
safety assessment of, A-A-A 1505
skin firmness, 1508
skin organoculture, 1499
topical stimulation, 1503
use of, retinoids, 1496–1499

Contact
dermatitis, 497, 1224
skin/fabric, 1218

Continuous-heating method, 304
Contractile forces, 905
Contrast-enhanced phototrichogram (CE-PTG), 815–820
Core outcome sets (COS), 1392
Corneocyte(s), 267, 270

mechanical constants, 1611
Corneodesmosome, 268, 269

mechanical constants, 1611
Corneodesmosomes, 376, 955
Corneometer®, 320
Corneosurfametry, 366, 1250
Corneoxenometry (CXM), 366
Cortex technology, 165
Cosmetic facial skin type

acne vulgaris, 1382
bioengineering devices, 1381–1382
casual sebum level, 1381
definition, 1379–1381
O zone, 1382–1383
sebum secretion, 1381
symptoms, 1380

Cosmetics, 1183
Cosmetovigilance, 1261
Creep, 966
Crescendo reaction model, 1064
Cryo-electron microscopy of vitreous tissue section

(CEMOVIS), 255, 257
CTCL. See Cutaneous T-cell lymphoma (CTCL)
Culture, 897–898
Curly kale, 1528, 1529
Cutaneous innervation, 1329–1330Cutaneous

microvascular function
clinical findings, 544–545
intradermal delivery, 544
laser doppler flowmetry, 539–540
measuring, iontophoresis, 541–542
QST, 563–564
reproducibility of, 542–543
transdermal iontophoresis, 540–541

and vasomotor responses. See (Vasomotor responses)
Cutaneous T-cell lymphoma (CTCL), 1449–1450

Cuticle, 848
Cutometer, 313, 968
Cyanoacrylate glue, 110
Cyanoacrylate method, 369–371
Cysteine lactose electrolyte deficient (CLED), 111
Cytocrine secretion, 399–400
Cytoplasmic proliferation markers, 409–410
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D
Dansyl chloride (DC), 365
Data analyses

critical surface energy, 195–196
hydrophobic/hydrophilic balance, 195–196
surface free energy, 196–197
water contact angle, 195

Dawber’s technique, 853
Decrescendo reaction model, 1064
Defects, 1536
Dermacatch®, 52–53
Dermagraph, 969
Dermal Torque meter, 309–311, 970
Dermaspectrometer, 165
Dermaspectrphotometer®, 52
Dermatitis, 1183, 1184

diaper, 1213
footwear, 1224
skin, 1221

Dermatoglyphs, 25
Dermatologic ultrasound, 684, 693
Dermatology, 596–597
Dermatology index of disease severity (DIDS), 1403
Dermatomes, 1570, 1571
DermaTOP®, 168
Dermatoscopy. See Dermoscopy
Dermis, 73–80, 452, 455, 460, 903, 946, 1012, 1013, 1016

anatomical constants, 1586–1587
chemical composition, 1592
reticular, 445
and subcutis, chemicophysical constants, 1615

subpapillary and adventitial, 444–445
Dermodiag®, 318
Dermo-epidermal junction, 946

Dermoscopy, 41–42, 795
ABCD rule of, 216–217
actinic keratosis, 220
angiokeratoma, 220
arborizing vessels, 215
atypical pigment network, 213
atypical vascular pattern, 215
basal cell carcinoma, 218
black lamella, 214
blue-gray ovoidal structures, 215
blue nevi, 220
blue white stuctures, 214
broadened network, 213
central white patch, 216
clark nevi, 219
colors, 212
comedo-like openings, 216
congenital nevi, 219–220
dark linear structures, 214
dermal nevi, 220
dermatofibromas, 220
diagnosing inflammatory, 222
discoid lupus erythematosis, 222
dots, 213
eccrine poroma, 221

furuncular myiasis, 223
granuloma faciale, 222
hemangioma, 220
inkspot lentigo, 220
kaposi sarcoma, 221
keratoacanthoma, 220
lentigo maligna, 218
lichen planus, 222
LPLK, 220–221
lupus vulgaris, 223
melanocytic acral, 215
melanocytic facial, 215
Menzies method scores, 217
milia-like cysts, 215–216
molluscum contagiosum, 223
mycosis fungoides, 223
pattern analysis, 216
pigment network, 213
pityriasis rosea, 223
psoriasis, 223
pyogenic granuloma, 220
radial streaming, 214
red lacunae, 216
reticulohistiocytis, 222
scabies, 224
seborrheic keratosis, 220
seborrhoeic dermatitis, 223
7-point checklist, 217
spitz/reed nevi, 218–219
squamous cell carcinoma, 218
structures, 212
symmetrical, 214
3-point checklist, 217
ticks, 224
tinea nigra, 223
tools, 212
trichomycosis palmellina, 223
tunga penetrans, 223
vital nits, 224
white scar-like depigmentation, 214

Descriptive parameters, 965–966
Detergent scrub technique, 109–110
Detrended fluctuation analysis (DFA), 571–572, 574–578
Diabetic neuropathy, 1347, 1351
Diagnosis, 216
Diffuse reflectance spectroscopy, 39–40
Digestive tract temperature, 1273
Digital fringe projection method, 168
Digital photography

aperture of diaphragm and objective lens, 231–232
autofocus system, 232
in clinical practice, 235–236
coding and colour, 236
in dermatology, 242
EXIF data, 237
focal length and zoom, 232
fundamentals, 230
integrated devices/lighting boxes, 235
ISO sensitivity, 232–233
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JPEG format, 237
LCD monitor, 234–235
light and exposure, 231
lighting and flash lights, 232
polarization filters, 233
RAW format, 237
reproducibility, 241
shutter speed, 231
software programs, 238–241
TIFF format, 237
UV light, reflection of, 234
white balance, 236

Digital thermography, 859
DNA microarray, 912–913, 919
DNA repair, 1047
Doppler flowmetry, 546
Drug transport, 392–394
Dry skin, assessment, 1231–1232
Dual flow cytometry, 862
Dual X-ray absorptiometry (DXA), 670
Dual-Wavelength Laser System, 611
DuBois area, 1267
Dubois formula, 1565
Durometer, 985–990
Dye(s), 116
Dye-pulsed light, 612
Dynamic friction coefficient, 198
Dynamic sensitivity, 1334
Dynamic spring rate (DSR), 972
Dynamic water mass (DWM), 1229
Dysbiosis, 29

E
Eccrine sweat gland, 618–619

anatomical constants, 1591
casting method, 625–626
electrometric method, 626
functional constants, 1598–1599
gravimetric method, 624
iodine starch method, 625
painting method, 625
role of, 623
SCMI method, 627

transepidermal water loss, 624
Eczema Area and Severity Index (EASI), 1394–1396
Elastic phase, 1609–1610
Elasticity, 993–1009, 1512, 1513
Elastin, 1177, 1178, 1184
Elaunin fibers, 445
Electrical constants, 1619
Electrical properties

corneometer CM 825, 144
dermalab moisture unit, 144
moisture meter, 144–145
nova dermal phase meter, 145
Skicon 200 EX, 145

Electroencephalogram, 1358
Electron paramagnetic resonance spectroscopy (EPR), 1053

Endocrine secretion, 400–402
Endogenous thermal strain, 1279–1280
Energy, 1624
Entheses, 849
Epicutaneous xenon-133 clearance

principle, 583–584
skin blood flow values, 585
technique, 584–585

Epidermal hydration, 1463–1465
Epidermis, 946
cellular differentiation, 410–413
cytocrine secretion, 399–400
cytoplasmic proliferation markers, 409–410
and dermis, 73–76
endocrine secretion, 400–402
nuclear proliferation markers, 408–409
polyhedrons, 69–73
proliferation and differentiation, 398–399

Eponychium, 848
Erythema, 55–65

appropriate method, 1373–1375
colorimetry, 1370
definition, 1368
green light laser Doppler, 1372
index, 165
induction on back, 58, 62–64
induction on forearms, 57, 58
intensity, 1368–1369
photography, 1369
psychosensorial techniques, 1368–1369
reduction on back, 57, 61–62
reflectometry, 1370–1371
reliable measurement, 1372–1373
spectrophotometers and spectrocolorimeters, 1371–1372
threshold, 1368
visual assessment, color chart, 1369

Esophageal temperature, 1272
Ethic differences, 759
Ethnic, 740–741
Ethnicity, 1297–1299
European Cosmetic companies association (COLIPA), 1071
Evaluation for prognosis with average PASI (E-PAP), 1403
Evaporimeter, 1121
Exercise, 1297
Exogen, 743, 768, 770, 773, 776, 778, 779, 782
Exolift®, 111
Extensometer, 972
Extracellular matrix (ECM)

skin aging, 898–899
skin culture models, 897–898
systemic scleroderma, 900
wound healing, 899

Ex vivo, 429–433

F
Fabric, 1216–1220

jersey knit, 1219
triacetate and polyester, 1217–1218
wool, 1219–1220
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Face, 1482, 1484, 1485
Familial factors, 759
Fast adaptating fibers

type I, 1334
type II, 1334

Fatty acid, 123, 124
Female pattern hair loss, 798
Ferriman-Gallwey scale, 1444, 1445
Fever detection, 1308
Fiber. See Fabric
Fiber optic flathead (FOP), 167

Fibroblast(s), 897–900, 903–908
advanced glycation endproduct, 905
contractile forces, 905
stretch marks, 905
wrinkles, 905

Fibroblast growth factor-18 (FGF-18), 744
Fibrosclerosis, 1385
Fick’s first law, 587
Fick’s law, 662, 1121

diffusion coefficient, 1095
lag time, 1096
partition coefficient, 1094–1095
permeability coefficient, 1095–1096

Filling, 667
Fingertips, 533
Firmicutes, 100
Flat glass electrodes, 115
Flexigrid OpSite, 506
Fluorescence confocal microscopy, 432, 433
Fluorescence lifetime imaging (FLIM), 1178, 1181, 1184
Fluorescent light tubes, 1062
Flying spot, 559
Follicular unit, 797
Foot blisters

Amonton’s law, 1489
hydration, 1491–1493
risk factors, 1487, 1488
shear forces, 1492
in-shoe environment, 1492–1493
skin friction, 1491, 1492
skin trauma, 1488–1489
tissue mechanics, 1489–1491

Forced selection method, 1343–1344
Free amino acids (FAAs), 1199, 1201, 1203
Friction, blisters. See Foot blisters
Friction coefficient, 198–200
Friction properties, stratum corneum

friction coefficients, 382, 383
humidity, 381–383
lipids, 383
moisturizers, 383–385
nanotribometer, 380
tribomechanical parameters, 381

Fringe projection, 178–179
Functional constants

Circadian rhythms (solar time), 1600–1602
eccrine sweat glands, 1598–1599
hair follicle, 1596–1598

minimal erythema dose (MED) for Caucasians, 1595
nails, 1598
sebum, 1598
skin blood flow, 1600
skin lymphatics, 1600
skin metabolism, 1599
skin microbiology, 1599
stratum malpighi renewal, 1595–1596

Functional genomics, 912, 917
Functional imaging, 1177, 1178
Fung’s formula, 948

G
Gardnerella vaginalis, 104
Gas bearing electrodynamometer, 312
Gas-bearing electrodynamometer (GBE), 971
Gaussian distribution, 10
Gender, 117, 206, 883, 885, 887, 1291–1294
Gene array, 1499
Gene expression

biological complexity, 914
biological interpretation, 915
data analyses, 914–915
data normalization, 914
DNA microarray, 912–913
profiling, 918, 921
psoriasis, 917–920
RNAseq, 913

Genetic testing, 920–921
Girths, 705–706
Glass planar electrode, 926
Glossymeter, 166
Glycosaminoglycans (GAGs), 443
GonioLux, 167
Grading acne severity. See Photography, acne
Grading system, 1406
Graduated instrument, 504
Gravimetry, 657–660
Gray levels color chart, erythema, 1369
Green laser Doppler, 530
Growth fraction, epidermis, 398
Guideline protocol, 935–940
Guyton’s technique, 679–680

H
Hair, 795–798

atomic force microscopy, 836–838
axillary hair, 725
beard hairs, 725
chemical composition, 1594
chronological variations, 732–734
cortex, 832
in cosmetics, 836
cuticle, 722
cycle, 772, 777–780, 801, 803, 811
cyclic follicular activity, 726–728
density, 757–759
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electrical constants, 1619
epicuticle membrane, 836
exogen, 726
follicular density, 734–735
follicular formation, 712–718
friction coefficients, 841
gender differences, 730–732
hair fibers, 838–841
hair follicle anatomy, 718–720
hair thickness, 728–730
heterogeneous structure of, 835
intermediate hairs, 722
kenogen, 726
length/linear growth, 730
measurement, 773, 778, 780
mechanical constants, 1611
medulla, 721
metanagen, 726
molecular structure, 836
pluck test see Trichogram
proanagen, 725–726
pubic hair, 725
racial variations, 732
root, 803–806
seasonal changes, 735–736
shedding, 768, 770, 773, 776
structure, 722
teloptosis, 726
terminal hairs, 722
vellus hairs, 722 (see also Healthy hair)Hair follicle(s),

750, 761, 1597
androgens and estrogens, 745
cyclical behavior, 743
functional constants, 1596–1598
growth, 743
IGF-1, 744
involution, 743
rest, 743
stem cell reservoirs, 745

Hair growth
automated computer assisted image analysis, 780
CE-PTG, 773–774
clinical appearance, 770
global imaging, 770–771
hair follicle dynamics, 768
PTG, 771–773
scalp biopsy, non-invasive techniques, 777–780
technological requirements, 774–777

Hair loss, 768, 770, 775–776, 778, 779, 783, 784
classification, 757
score, 1438

Hair shaft, 805, 807, 832, 833
dystrophy, 833
thickness, 796, 797

Hand dermatitis, 1473, 1476, 1478
Hand eczema, 1477
Hand eczema score for occupational screenings (HEROS), 1474
Hand eczema severity index (HECSI), 1475
Hardness of nails, 849–850

hCAP-18, 402
Healthy hair

definition, 739
follicles, 740–741
functions, 739–740
pilo-sebaceous follicles, 740

Healthy subjects, IRT. See Infrared thermography (IRT)
Heart rate measurement, 1273
Heart surgery, 596
Heat and cold, 1286
Heat balance

in cold environments, 1268–1269
equation, 1268–1269
hot environments, 1269

Heat exchanges
by conduction, 1266
by convection, 1266–1267
by evaporation, 1267–1268
by radiation, 1267
level of respiratory system, 1268

Heat resistance, 1277
inducing hyperthermia, 1279–1280
parameters involved in, 1278–1279

Heat shock radicals, 1052
Heat tolerance, modifying factors to, 1280
Heat transfer, skin and environment, 1266–1268
HFUS evaluation

length, 467
shape, 466
tumors depth, 466–467

volume, 466
High-definition OCT (HD-OCT), 494
High frequency ultrasound (HFUS), 466

biological behavior, 466
ex vivo, 470–474
pre surgical, 471

High performance thin layer chromatography, 369
High pressure UVA lamps, 1062
High resolution echography, 466
Hirsutism scoring, 1443–1446
Histidine-rich proteins, 411
Hoepke circular filaments, 719
Hormones, 126–127
Human in vivo, 390–392, 394
Human keratinocytes, 402
Human microbiome project (HMP), 26
Humans, IRT. See Infrared thermography (IRT)
Human skin

body temperature control, 3
chemical barrier, 3
elasticity, 3
environmental factors, 3
general structure of, 2
hydration, 3
immune function, 3
mechanical protection, 3
microcirculation, 3
ossification, 3
self-maintenance and self-repair, 3
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Human skin (cont.)
sensory function, 3
sex, ethnicity, 3
sexual function, 3
skin appendages, 2
skin microrelief, roughness and wrinkles, 3
topographical variations, 2–3

Human skin profile
applied formulations, 488
factor of inhomogeneity, 489–490
in vivo laser scanning microscopy, 489
tape stripping, 488
topically applied absorbers, 489
UV/visible spectroscopic measurements, 488
volunteers, 488

Human skin wettability
contact angle, 193
critical surface tension, 193–194
free skin energy (FSE), 194
hydrophobic/hydrophilic balance, 193–194
measuring, contact angle, 194–195
superficial energy, 193
surface hydrophobicity, 197

Hunting, 517
Hydration, 1200–1201
confocal raman spectroscopy, 146
and in-shoe environment, 1492–1493
OTTER, 145
shear forces, 1492
skin capacitance imaging, 145–146
skin friction, 1491–1492

Hydration, infant skin. See Infant skin hydration
Hydrolipidic layer, 198
Hydrophilicity, 1166, 1173
Hydrophobic/hydrophilic balance, 193–194
Hyperforin, 1530
Hyperhidrosis (HH)

epidemiology, 658, 659
evaluation, 658–659
gravimetric assessment, 657–660

Hyperthermia, 1274–1275, 1281
Hypodermis, 80–83. See also Subcutaneous

tissue
Hypodermis ultrasound. See Subcutaneous tissue

ultrasound
Hyponychium, 849

I
Ideal scoring system, 1417
Identification, 536
Imaging, 891–892
Imiquimod, 495
Immune response, 1047–1048
Immunohistochemical, 536
Immunohistochemistry, 536, 620
Impedance, 143, 145
Imperceptible perspiration, 626
Indirect thermal strain, 1280

Inducing hyperthermia, 1279–1280
In vitro, 1191–1194

experiments, 1166–1168
tape stripping, 283

In vivo
confocal laser scanning microscopy, 291
experiments, 1168–1173
Raman confocal microscopy, 116

Indentation, 313
method, 857

Indentometry, 973–974
Independent component analysis, 44
Individual typology angle, 37
Infant skin hydration

adaptation and time, 151–153
atopy, 155
birth, 150–151
diapers, 156
effect of humidity, 157
fetal skin development, 150
gestational age, effects of, 153–155
relevance, 153
vernix, 151
water exposure, 156

Infantile hemangiomas (IHs), 1553
and control skin, 1557
dynamic response, 1557–1560
rapid–IH growth, 1556–1560
region of involvement, 1556–1557

Inflammatory diseases, 788–791
Inflammatory skin disease, 224, 423–424

lichen planus, 456
psoriasis vulgaris, 455–456

Infrared densitometry
advantages, 282
stratum corneum, 284–287
uses, 282

Infrared imaging, 1323, 1326
Infrared spectroscopy, 1086
Infrared thermography (IRT), 1552–1553

dynamic IR, 1554–1555, 1557
infantile hemangiomas (see Infantile hemangiomas (IHs))
reliability (see Reliability)
reproducibility, 1316
static IR, 1553–1554
technological improvements of, 1312
validity, 1312–1314

Inhomogeneous distribution
optical three-dimensional measuring system, 491
skin pre-treatment, influence of, 491
volunteers and formulations, influence

of, 490–491
volunteer-specific absorbance values, 489–490

Innate immunity, 149
Inner root sheath (IRS), 711, 712, 718, 719
Insulin, 566–567
IntelliStudio®, 698
Interferometry, 509–510
International system units, 1629–1630
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Inter-rater agreement, 292
Interstitial connective tissue

deformability, 663
histomorphology, 661–662
interstitial pressure, 662
looseness, 663
molecular transfer function, 662–663
shape preservation, 663
stiffness, 663

Interval scales, 7–9
In-vivo reflectance confocal microscopy, 788
Involucrin, 412
Iontophoresis, 540–541

blood flow, 541
electric current employed, 541
transdermal, 544

Irritation, 1481–1485
Ischemic lesions, 589
Isotherms, 1323
Itch duration, 1347
Itch magnitude, 1347, 1352
Itch metrology

definition, 1355
experimental induction, 1356
graphic rating scales, 1357
history specifies, 1356
intensity measurement, 1356–1357
numerical rating scales, 1357
perspectives, 1358
qualitative aspects, 1356
ratio estimation scales, 1357
scatching intensity, mesurement, 1357–1358

K
Kelvin-Voigt model, 979
Keratin intermediate filaments (IF), 375
Keratins, 411
Ki67, 408
Kinetic friction coefficient, 198
Knoop indenter, 856

L
Langer’s lines, 948, 976–977

anterior chest, 1578
anterior leg, 1576
anterior trunk and perineum, 1575
arm and forearm, 1574
face profile and ear, 1574
hand and foot, 1577
leg, medial aspect, 1577
posterior trunk and scalp, 1576

Laser beam axis, 1518
Laser doppler devices, 531
Laser doppler flowmetry (LDF), 539–546, 570,

601–602, 699
data analysis, 573
DFA analysis, 574–578

experimental design, 573
instrument, 572
MSE analysis, 578–579
oscillatory components, 570
subjects, 572
wavelet transform analysis, 574

Laser doppler imaging (LDI), 602
Laser speckle contrast analysis (LASCA), 603–604
Laser stimulators, 1343
Lattice system global osoriasis score (LS-GPS), 1403
Lesion counting, 1406
Levarometric method, 313
Levarometry, 976
Levels method, 1343
Light microscopy, 833
Light reflection rheography, 524
Linear nail growth, 853–854
Linear skin rheometer, 972
Lipid morphology, 390–391
Lipodermatosclerosis, 988–989
Lipophilicity, 1166, 1170, 1173
Lithium chloride (LiCl), 1108
Low threshold mechanoreceptors, 1333–1334
Lupus erythematosus, 798
Lycopene, 1052
Lymphatic capillaries (Limbs), anatomical

constants, 1588
Lymphatic endothelial cells

blind-ended vessels, 536
identification, 536
open-ended network, 535
primary cutaneous tumors, 536

Lymphocytes, 445

M
Magnetic resonance imaging (MRI), 477, 699, 862

dermatofibrosarcoma, 481
histological data, 482
intermediate signal, 482

Magnetic resonance imaging (MRI), skin disorders
dermatofibrosarcoma protuberans, 481
glomus tumour, 481
histiocytoma, 482–483
keratinocytic skin tumours, 482
malignant melanoma, 481–482

Malassezia, 104
Mass density in vitro, 1608
Matlab®, 1554
Matrix metalloproteinases (MMPs), 1505
Mean facial sebum excretion (MFSE), 1380, 1381
Mean skin temperature, 1273, 1320–1322
Measurement, 6, 762, 763

comparative, 10–11
data presentation, 9
interval scales, 7–9
nominal scale, 7
ordinal scale, 7
precision, 10
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Measurement (cont.)
reliability, 12–14
sequential analysis, 12
Taguchi designs, 12
unit selection, 9

Measurement, TEWL and skin hydration, 935
Mechanical behavior, skin

compressibility, 973–975
creep, 966
progressive deformation tests, 967
relaxation tests, 967
structure-rheology relationships, 978–981
suction, 967–970
torsion method, 970–971
uniaxial elongation, 971–973

Mechanical properties of skin, 994, 1002
Mechanical properties, stratum corneum, 374

humidity, 375–376
lipids, 376–377
moisturizers, effect of, 377

Mechanical stress, 903
Mechanical testing, 1021
Mechanonociceptors, 1335, 1346
Mechanoreceptors, 1338
Melanin, 55, 56, 58, 60, 64, 1042–1043

barrier, constitutive pigmentation and phototype,
1041–1042

index, 41
photoprotection, 1043
Melanocytes, 398
Melanoma, 217–218, 420–421, 862, 1183
Men, 1438–1439
Merkel cells, 1330
Mesoporous silica nanoparticles (MSN), 1145
Methyl aminolaevulinate photodynamic therapy

(MAL-PDT), 495, 496
Methyl nicotinate, 1116
Metrosexuals, 728
Mexameter®, 52, 57, 65
Mexameter M X16, 41, 165
Microcirculation, 3, 163
Microdialysis, 1100

application in cutaneous biology, 1136–1137
calibration, 1133–1135
history, 1133
limits, 1138
material, 1135–1136
principle, 1133

Microfibril-associated glycoproteins (MAGP), 444
Microfluidic flow channel, 1517
Microorganism sampling methods

contact plates, 108
swabbing methods, 109
tape stripping, 108–109
velvet pads, 108

Microorganism washing methods, detergent scrub
technique, 109–110

Microrelief, 180, 364–365
Microvascular involvement, 600

Minimal erythema dose (MED), 1042, 1063, 1368
for Caucasians, functional constants, 1595

MKSA system, 9, 1630
Modified severity weighted assessment tool (mSWAT),

1457–1458
Modified skin weighted severity score. See Modified

severity weighted assessment tool (mSWAT)
Modified wash test (MWT)

advantages, 830
disadvantages, 830
in physiology, 829

Modulation of nail growth. See Nail growth
Mohs micrographic surgery, 429, 432
Moisture, 633
Moisture accumulation test (MAT), 349–350

anatomical locations, 350–351
skin moisturizers, 351
water accumulation velocity, 350

Moisturizers
and barrier function restoration, 1233–1235
efficacy, 1234

Molecular and knock out studies, 854
Moll glands, 724
Morphea, 987, 988
Morphology, 247
Morphometry, 1361–1365

area fraction and distribution, 1363–1364
field of application, 1364
lesion area, 1361–1362
lesion contour, 1362
point counting, 1364
shape regularity, 1363

videocapillaroscopy, 1365
Multiphoton, 1178–1183

human pathological skin, 1183
principle of, 1178–1183

Multiple scattering correction (MSC)
method, 328

Multiscale entropy (MSE) analysis, 572, 578
Mycosis fungoides (MF)

erythroderma, 1453
lesion weighting, 1456–1457
mSWAT, 1457–1458
patch disease, 1450
plaque disease, 1450
SWAT, 1457
tumor disease, 1450–1453

N
NAD(P)H, 1178, 1180, 1184, 1185
Nail(s)

anatomical constants, 1590
anatomy, 892–893
biting, 849
chemical composition, 1594
chemicophysical constants, 1618
diagnosis, 895
flexometer, 857
fold capillaroscopy, 552–554

1640 Index



functional constants, 1598
measurement, 870–872
mechanical constants, 1612
pathology, 894, 895
plate surface, 886–887
sonography, 893–895
thickness, 855

Nail growth
and environment, 876–877
evaluation, 867–872
and medications, 878–879
nail infections, 878
and physiology, 873–876
and trauma, 877
yellow nail syndrome, 878

Nail plate, PH
interior, 887
unwashed, 885–886
washed, 886–887

Narrow band reflectance spectroscopy, 41
Natural moisturizing factor (NMF), 1199
Nd, YAG laser pulses, 610–611
Near infrared (NIR) densitometry

in vitro data storage, 277
standardized tape stripping, 275–277
total stratum corneum thickness, 277–278

Near infra-red radiometry, 331
Near infrared spectroscopy, 327–331, 1104
Negative pressure therapy, 1546
Neonates, 150, 154, 155
Neonates skin thickness

anatomical constants, 1583
Neurophatic foot, 989–990
Nevi, 219, 418–420
Nicotine, 566
Nicotinic acid esters, 1116–1117
Nociceptors, 1335–1336, 1338, 1346
Nominal scale, 7
Non-clinical settings, TEWL and skin

hydration, 935
Nongaussian series, 11
Non-invasive diagnosis. See In-vivo reflectance

confocal microscopy
Noninvasive imaging, 467, 1025–1027, 1031
Noninvasive imaging techniques (NIIIT), 466
Non-invasive methods, 813

modified wash test, 828–830
pull test, 827–828

Non-invasive therapeutical follow-up. See In-vivo
reflectance confocal microscopy

Non-melanoma skin cancer (NMSC), 495
Normal skin, 484
Nuclear magnetic resonance, 676–678
Nuclear proliferation markers

dynamic method, 409
static methods, 408–409

Nucleotids excision–resynthesis, 1047
Numerical rating scale (NRS), 1357
Nutritive capillaries, 532

O
Obesity

biomechanics, 1465–1468
definition, 1461
experimental design, 1464
prevalence of, 1461, 1462
statistical analysis, 1464
TEWL and epidermal hydration, 1463, 1464

Objective evaluation, 657
Occlusion, 1165, 1167, 1169, 1170, 1173, 1174
Occupation, 934, 938
Occupational contact dermatitis (OCD), 1471
Occupational health surveillance, 1471–1479
Occupational skin diseases, 925
Octanol-water partition coefficient, 1166, 1169, 1173, 1174
Ohm’s classic law, 314
Onychodermal band, 847
Onychomycosis, 862
Open cylinder method, 1121
Open testing, 1260
Opposition method, interval scale, 7
Optical biopsy, 1185
Optical coherence tomography (OCT), 861

actinic keratosis, 497
actinic keratosis, 500
basal cell carcinomas, 495–497, 500
bullous pemphigoid, 498, 499
contact dermatitis, 497
dermatology, 494–495
fibrotic diseases, 498–499
high-definition, 494
interferometric technique, 494
psoriasis, 497
wound healing, 499–500

Optical constants, 1612, 1625
Optical profilometry, 856
Optical spectroscopy, human skin. See Human

skin profile
Optical stretcher

basic principle, 1514–1517
data analysis, 1517–1520
experiments, 1517–1520
ray-optics regime, 1514

Opto-thermal radiometry (OTR), 355
Opto-thermal transient emission radiometry (OTTER),

323–324
Ordinal scale, 7
Organocultures, 1499–1503
Ossification, 3
Outer root sheath (ORS), 711, 712, 718, 719
Overweight, 1312
Oxygen

colloidal formulations, 439–440
description, 436
gaseous formulations, 438
liquid formulations, 438–439
physico-chemistry, 436
physiology, 436–437
skin permeability, 437
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Oxygen (cont.)
supply, 437
therapy, 440–441

Oxygenated free radicals, 1046
O zone, 1382–1383

P
Pacinian corpuscle, 662
Pallor, description, 1375
Papillary dermis, 75
Papillary/adventitial dermis, 444–445
Papillas, 398
Parametric evaluation, 7
Passive diffusion, 1120
Patch testing, 1258–1260
Patient(s), 1316
Patient-oriented Eczema Measure (POEM), 1397–1398
Pattern of hair loss, 757, 759
PCA. See Pyrrolidine-1-oxyl (PCA)
Peachy-colored skin, 161
Peltier’s effect, 1342
Percent of body Fat (PBF), 707
Percutaneous absorption/penetration, 273, 1147, 1166,

1170, 1172, 1173, 1191–1194
absorption and toxicity, 1157
blood flow, 1156
exfoliation and wash effect, 1157
photochemical transformation, 1157
physiochemical properties, SNP, 1152–1153
skin and routes, 1146
skin appendages, 1156
skin surface conditions, 1156
surface area, dose and duration, 1155
vehicle effects, 1153–1155

Perfusion pressure, 516
Perifollicular networks, 514
Perisudoral networks, 514
Permeability, 437
P53 gene, 1047
pH, 1201
pH of nail plate, 850
Photoacoustic effect, 324–325
Photoaging, 905
Photoallergic potential, 1067
Photodermatosis, 1067–1068
Photo diodic detector, 1512
Photoelectric cell, 522
Photographic scale, 1411

Photography, acneCASS, 1432
computational methods, 1433–1434
disadvantage, 1428
fluorescence and polarized photography, 1432–1433
9-grade scale, 1426
interinvestigator consistency, 1431
intrainvestigator consistency, 1431
lesion counting, 1426, 1430, 1431
non-inflamed and inflamed lesions, 1428
Pearson’s correlation coefficient, 1431

1-3 photographic scale, 1430
reference photos, 1428
severity grade vs. comedo grade, 1431
severity grade vs. papule count, 1431
total inflammatory lesion count, 1431

Photo-induced pigmentation/tan, 1045–1046
Photointradermal test, 1065
Photopatch test, 1063–1064
Photoplethysmography (PPG), 521, 532, 586

precautions, 526
volumic, 524–526

Photoprick-test, 1065
Phototoxic and photoallergic reactions, 1064
Phototoxicity, 1066
Phototrichogram (PTG)

advantages, 820
automated PTG, 820–824
CE-PTG, 773–774, 815–850
disadvantages, 820
history, 814–815
outcomes, 824
principle of, 771

Physical quantity, 1630
Physiologically based pharmacokinetic (PBPK)

modeling, 1096
Physiology, 117
Pili torti, 832
Pilo-sebaceous follicles, anatomical constants, 1588–1590
Pinch test, 697, 1387
Plasma level method, 1098–1099
Plastic occlusion stress test (POST), 351–352, 1227
Plateauing reaction model, 1064
Point counting, 1364
Polarized light microscopy, 831, 833
Polarized light photography, 170
Polarizer, 831, 832
Polarographic method, 588
Polyhedrons, 69–73
Polymethylmethacrylate (PMMA), 1075
Polymodal nociceptors, 1335, 1346
Polyurethane film, 509
Porcine ear skin, 282, 284
Porphyria cutanea tarda (PCT), 499
Port wine stains, 615–616

alexandrite laser, 611
description, 609
dual-wavelength laser system, 611
dye pulsed light, 612
intense pulsed light, 611
Nd YAG laser pulses, 610–611
photodynamic therapy, 611–612
pulsed dye laser, 610

POST desorption curves, 1230, 1236
Premature infants, 153–155, 157
Prick testing, 1254–1257
Prick-test method, 1065
Pressure units, 1627–1628
Primitive hair follicles, 714
PRIMOS®, 168
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Profilaggrin, 411
Progressive deformation tests, 967
Proliferating cell nuclear antigen (PCNA), 408
Proliferation indexes, 411
Propionibacteria, 27
Protection, 1052
Proteobacteria, 100
Proximal nail fold (PNF), 854

capillaroscopy, 858
Pruriceptors, 1339
Psoriasis, 497
Psoriasis area and severity index (PASI), 1402
Psoriasis vulgaris (PV), 103–104
Psychometric scale, 631–632
Psychosensorial evaluations, 8–9
Pull test, 827–830
Pulsed dye laser, 610
Pulse-heating method, 304–305
Pyrrolidine-1-oxyl (PCA), 1526

Q
Quality of life scale, 1411
Quantification of skin colour, 55
Quantitative sensory testing (QST), 563–564, 631–632
Quantitative thermal testing, 1351

R
Raman spectroscopy, 1104
Rapid surgical pathology, 432
Raynaud’s Phenomenon, 1308
Reactive hyperemia test, 594
Reactive oxygen species (ROS), 1052, 1057
Receptors, 125–126
Rectal temperature, 1272
Red color chart, erythema, 1369
Reflectance colorimetry, 56
Reflectance confocal microscopy (RCM), 42–43, 861–862

digital staining, 430
fluorescent dyes, 430
technique, 429–430

Reflection, 85
Reflectometry, 530
Region of involvement (ROI), 1553, 1556–1557
Regional thermal sensitivity, 1286, 1299
Regional variations, 1484
Relative humidity (RH), 375, 1108
Relaxation tests, 967
Reliability, 1473, 1475

definition, 1311, 1314
Meditherm IRIS™, 1315
and reproducibility, 1316
Termotracker®, 1315
ThermoHuman®, 1315
TotalVision™, 1315

Relief
fringe projection profilometry and, 178–179
in vivo, 186–188

micro, 180
replicas, 183–186
roughness, 180
wrinkles and macrorelief, 180–183

Replicas, 183–186
Reproducibility, 1316
Research gaps, 1158
Resonance Raman spectroscopy (RRS), 1052–1053
Reticular dermis, 445
Retinoids, 1496–1499
Reviscometer, 972

design, 994
probes, 997, 998
on skin sites, 996
on upper arm, 996
uses, 1007

RGB colour space, 50
Rheometer, 953
Roughness, 180
16S rRNA, 101, 111

S
Salford Psoriasis Index (SPI), 1403
SAMBA system, 170
Scale paper, 506
Scaling, 268
Scalp, 740, 741

assessment, 762
biopsy, 813
sebaceous glands (see Sebaceous glands)
Sebufix F16, 763
Sebumeter SM 815, 763–764
Sebutape#, 762–763
solvents, 762

Scalp, RCM
hair shaft, 789
inflammatory diseases, 789–791
in-vivo RCM, 788
non scarring alopecia, 789
normal scalp, 789
scarring alopecia, 789
skin tumors, 791–792

Scanning force microscopy (SFM), 1512
Scarified photopatch test, 1064
Scattering

dermis, 88
Mie and Rayleigh, 86
reflective-refractive, 86

Scleroderma, 498, 1012–1016
Sclerometry, 863
Score. See Acne vulgaris
Sebaceous glands, 134

activity, 140–141
androgenetic alopecia, 751
assessment of, 751
biologic activity of, 751
cell organization of, 750
density, 140–141
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Sebaceous glands (cont.)
embryology, 121–122
hair follicles, 750
histology, 122
and hormones, 126–127
hyposeborrhoea, 751
immortalized sebocyte lineages, 125
physiology, 122–123
pilosebaceous unit, 749
sebocyte receptors, 125–126
sebocytes, 752–753
sebocytes vs. adipocytes, 123
sebum, 123–125

sebum excretion rate, 751
systemic hormonal status, 751
Sebocytes

vs. adipocytes, 123
animal studies, 124
β-catenin and lymphoid enhancer factor-1, 123
CRH, 126
E6E7, 125
β-oxidation, 124
receptors, 125–126
SEB-1, 125

SZ 95, 125
Sebum, 122–125, 195, 196, 198, 750, 751

chemical composition, 1591
chemicophysical constants, 1618
functional constants, 1598

Sebumeter®, 1380, 1381, 1383
description, 389
drug transport, 392–394
epidermal barrier function, 390–391
in vivo studies, 391–392
Sebufix F16, 763
Sebumeter SM 815, 763–764
Sebutape#, 762–763
solvents, 762
treatment, 394

Sebum excretion rate (SER), 140
follicular reservoirs, 135
glandular parameters, 135
refatting time, 134–135
sebufix tape, 135
sebum casual Level, 134
sebum replacement time, 135
sebum-rich reservoirs, 135

secretion rate, 135Second harmonic generation (SHG),
1177, 1179, 1181

Self-administered psoriasis area and severity index
(SAPASI), 1402

Sensitive axons, 1330
Sensitive skin, barrier impairment, 1235–1237
Sensory epidermal formations, 1329
Sequential analysis, 12
Serum glucose, 544
Severity, acne. See Photography, acne
Severity scoring of atopic dermatitis (SCORAD),

1392–1394

Sézary syndrome (SS)
lesion weighting, 1456–1457
mSWAT, 1457–1458
SWAT, 1457

SHG. See Second harmonic generation (SHG)
Shore units (SU) scale, 985
Silent C fibres, 1338
Silica nanoparticles (SNPs), 1142

amorphous silica, 1143–1146
crystalline silica, 1143, 1144
monodisperse silica spheres, 1145
MSN, 1145
natural amorphous silica, 1143
precipitated amorphous silica, 1145
pyrogenic/fumed silica, 1143–1145
silica gel, 1145
skin absorption and toxicity, 1157–1159
synthetic amorphous silica, 1143–1146

Silicon rubber, 508
Simple gravimetric method, 850
Single-lens reflex camera (SLR), 697
Single-Nucleotide-Polymorphism (SNP), 913, 920–921
Six area, six sign atopic dermatitis (SASSAD), 1396–1397
Skicon-200®, 319
Skin, 273, 275, 277, 429, 437, 892, 893, 895, 898–899,

1500–1506
appendages, 443
barrier function, 390–391, 1126
biomechanics, 1012–1013, 1023–1024
capacitance mapping/imaging, 626–627
chemical composition, 1591–1595
chemicophysical constants, 1614–1618
colorimetry, 51
diseases, 589
electrical constants, 1619
foot, 1488–1492
hardness, 985, 990
hypersensitivity reactions, irritation patterns,

1245–1246
irritation, 1126
lymphatics, functional constants, 1600
mechanical constants, 1609–1612
metabolism, functional constants, 1599
microbiology, functional constants, 1599
microbiome, 100
microrelief, 976–977
moisturization, 1006
receptors, 654
relief, anatomical constants, 1583
stiffness, 1012, 1016
structure, 1192
substitute, 1537
surface stripping, 364
temperature, 1304, 1308
temperature, IRT see Infrared thermography (IRT)
thickness anatomical constants, 1582–1583
tumors, 456–459, 791–792
ultrasound, 684
viscoelasticity, 1012, 1014
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volume in vivo, anatomical constants, 1581
weight in vivo, anatomical constants, 1582

Skin absorption
breath analysis, 1098
confocal laser scanning microscopy, 1104
cutaneous absorption, prediction of, 1104–1106
definition, 1092
descriptive parameters, 1097
difference method, 1101–1103
excreta method, 1097–1098
ex-vivo percutaneous absorption measurement,

1106–1108
Fick’s laws, 1094–1096
local biological effects, 1099
microdialysis, 1100
pharmacokinetic parameters, 1096–1097
plasma level method, 1098–1099
principal phases, 1092–1093
spectroscopic methods, 1104
stratum corneum gradient method, 1103–1104
suction blister method, 1099–1100
surface disappearance/recovery method, 1099
tape-stripping method, 1100–1101

and toxicity, 1157–1159
Skin barrier, 157, 933, 934, 941, 1230

molecular arrangement, 258
research, 256, 257

Skin barrier function
pharmacologically active molecules, 1116
physiological basis, 1115–1116

Skin biochemical parameters
magnetization transfer activity, 483–484
proton density, 483
spectroscopy, 484
T1 relaxation times, 483
T2 relaxation times, 483
water diffusion coefficient, 484

Skin blood flow, 518, 545, 1274
body site and age, 516
capacitive vessels, 517
functional constants, 1600
metabolic and thermoregulation function, 516
microvasculature, 513–515
resistive vessel, 516
vasoconstriction, 517

vasodilatation, 517–518
Skin capillaroscopy

architectural frameworks, 555
arterial hypertension, 555
arterial insufficiency, 556
contact videomicroscopy devices, 551–552
cutaneous capillary loop density, 557
fluorescent tracers, 560–561
geometrical network analysis, 557–558
imaging analysis, 557
morphometry, 557–558
pattern analysis, 557
periungual, 552–554
pharmacological agent, 557

qualitative, 554–555
smoke, 556
systemic diseases, 555–556
venous insufficiency, 555

Skin color changes
after nicotinic acid ester application, 1116–1117
corticosteroid application, 1117
definition, 55
Fitzpatrick, 57
quantification of, 55

Skin flora, 99–101
permanently resident, 26
proliferation, 28–29
temporarily resident, 26

Skin friction coefficient
age, 205
body sites, 206
comparison of, 207
contact surface area, 204
correlation of, 208
gender, 206
material, 204
measurement of, 203–204
normal force, 204
temperature, 204
variation of, 206

Skin hydration
barrier function, 933, 934
capacitance, 935
conductance, 935
endogenous factors, 936, 940–941
environmental andmeasurement-related factors, 936, 941
impedance, 935
in vitro calibration, 938
in vivo measurement, 934
informed consent, 935–936
interpretation of measurement, 940
measurement, 938–940
occupational settings, 934
organic solvents, 934
precise instructions, 936

Skin hydrophobia
applying moisturizer, 197
degreasing and washing, 197
nutritional supplement, 198

Skin irritability, clinical assessment
desquamation, 1247
skin dryness, 1247
superficial fissuring, 1247

Skin irritability testing
burning test, 1246–1247
general tests, 1246
histamine itching test, 1247
soap chamber test, 1247
sting test, 1246

Skin irritation effect, assessment
basketter test, 1245
chamber Scarification Test, 1245
global occlusive tests, 1245
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Skin irritation effect (cont.)
Kligman & Wooding test, 1244–1245
open tests, 1243–1244
sensitive skin, 1248–1249

Skin irritation, instrumental assessment
corneosurfametry, 1250
dansyl chloride test, 1250
desquamation, 1249–1250
impedance, 1249
invisible erythema, 1249
skin relief, 1249
TEWL, 1249
vasodilatation, 1249

Skin irritation proneness, European Union list, 1242–1243
Skin lipid

function, 259–260
structure, 258

Skin mechanical behavior
analog model, 947
compressibility, 951
creep, 949–950
elastic behavior, 947–949
hardening, 951
in vitro, 952–953
mechanical anisotropy, 952
Poisson’s ratio, 951
recovery phase, 950–951
residual deformation, 951

Skin microcirculation
bioengineering techniques, 550
main functions, 550

Skin, morphological analysis
dermis, 479
epidermis, 479
hypodermis, 479–480
stratum corneum, 479

Skin pH
dyes, 116
epidermal functions, 114–115
flat glass electrodes, 115–116
in vivo Raman confocal microscopy, 116
two-photon fluorescence lifetime imaging, 116
variables influence, 116–118

Skin radiance
brillanometer, 166–167
chromameter CR 200, 164
clinical scoring, 172–174
definition, 161
dermaspectrometer, 165
digital fringe projection method, 168
glossymeter, 166
gonioLux, 167
mexameter, 165
polarized light photography, 170
relief, 168–170
SAMBA system, 170–172
skin microcirculation, 163–164
skinglossmeter, 166
translucymeter, 167–168

VISIA, 172
visioscan, 169–170

Skin scoring
ADSI, 1456
erythroderma, 1453
lesion weighting, 1456–1457
Lund and Browder chart, 1455–1456
mSWAT, 1457–1458
palmar surface assessment, 1454
PASI, 1456
patch disease, 1450
plaque disease, 1450
primary cutaneous T-cell lymphoma, 1449–1450
SCORAD, 1456
SWAT, 1457
tumour disease, 1450–1453
Wallace’s ‘Rule of Nines’ 1454–1455

Skin sensory function
anatomical classifications, 1338
emotional experience, 1339
gate control, 1338
itch, 1339–1340
merkel cells, 1338
nociceptors, 1338
pain, 1339
pruriceptors, 1339
rapid accommodation, 1338

thermoreceptors, 1338
Skin surface

16S rRNA, 101
acidic pH, 105
acidity, 30–31
acne vulgaris, 103
atopic dermatitis, 101–103
benefits bacteria, 99
cultural function, 32
gardnerella vaginalis, 104
health, 100
microbial community, 100
psoriasis vulgaris, 103–104
relief, 23–25
social function, 32
tension, 31–32

Skin surface ecology
flora behavior, 26–27
flora, role, 29
pathology, 29–30
proliferation, 28–29
topographical variations, 27

Skin surface lipid (SSL), 762, 763
absorbent paper pads, 136
composition of, 134
frosted glass, 137
gentonite gel, 136–137
plastic film, 137–139
solvents, 135–136

Skin surface, microorganism sampling methods
16S ribosomal, 111
comedone extractor, 110
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contact plates, 108
cyanoacrylate glue, 110–111
detergent scrub technique, 109–110
important factors, 111
swabbing, 109
tape stripping, 108–109
velvet pads, 108

Skin surface pH
age influences, 926
apparent, 926
clinical settings, 928
data interpretation, 929–930
exogenous factors, 927
measurement environment, 928–929
measurement, 926, 929
role of ethnicity, 926
work place settings, 928

Skin surface water loss (SSWL), 351, 352, 1228
Skin type-related symptoms (STRS), 1380, 1382
Skin wetness

biophysical role, 629
discrimination experiment, 632–633
magnitude estimation studies, 633–634
measurement, 650–651
perceptual variable, 630–631
physical variable, 630
protocol, 651–654
quantitative sensory testing, 631–632
skin temperature, 649–650
stimulator, 645–648
sweat production, 638–641

Skinfolds, 704–705
SkinGlossMeter, 166
absorption agents, 88–92
acne severity (see Photography, acne)
autofluorescence, 94
challenges, 94–95
dermis, 73–80
detour effects, 92–93
epidermis (see Epidermis)
fluorescence agents, 93–94
hypodermis, 80–83
3D image analysis system, 1433
in vitro studies, 68
lipid composition, 257
melanosomes, 93
normal, 479–480
perfusion, 602–603
perspectives, 94–95
physiological conditions, 93
physiology, 484
scattering agents, 86–88
segmentation method, 1434
sieve effects, 92–93
surface measurements, 1434
temperature, 600
transmitted, 85
tumors, 480
yellowness, 92

Slow adaptating fibers
type I, 1334
type II, 1334

Snell’s law, 1515
Sodium lauryl sulfate (SLS), 352, 1481

baseline capacitance vs @TEWL, 1484
methods, 1482
neck vs forearm, 1482
skin reactivity, 1482
statistical analysis, 1482
TEWL vs @TEWL, 1483–1484
younger vs older age group, 1483

Soft keratin, 848
Software, 1312, 1314–1315
Solar simulator, 1062
Sonography

solar simulator structures, 461histology, 452
image processing and statistical evaluation, 451
inflammatory skin diseases, 455–456
25 MHz, 448
normal glabrous skin, 452
normal palmar skin, 452–455
skin tumors, 456–459
volunteers and patients, 451

Sorption-desorption test (SDT), 345
anatomical locations, 349
hypertrophic scars and keloids, 347
modified procedure and functional parameters,

346–347
normal skin water kinetics, 346
scaly skin, 347
skin moisturizers, 348–349
test procedure, 346
topical steroids/calcineurin inhibitor, 347–348

Spatial-scan methods, 44
Spectral imaging, 43–45
Specular reflection, 35, 162
Sphygmic wave, PPG

microvasculature pulse wave, 523–524
morphology, 522–523
normal values, 522–523
skin microvasculature, 524
systolic arterial pressure, measurement, 524
use in disease, 524

Squalene, 123, 124
Squame scan, 276
Squamometry, 270
SSL casual level measurement

gravimetric method, 139
photometric method, 140

Stairs method, 1343
Standard deviation, 7
Standardized photograph, 506–507
Standards, 1425–1430, 1435
Staphylococcus epidermidis, 100
Stark’s meethod, 976
Static sensitivity, 1334
Stereophotogrammetry, 508–509
Stiffness, 1511–1520
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Storage conditions, 1192, 1194
imaging techniques, 1192
requirements, 1192

Strain data, 1519
Strain gauge plethysmography, 526, 533
Strain in mechanics, 977
Stratum corneum (SC), 149, 151, 153, 154, 156, 1080,

1146, 1197, 1201–1202
anatomical constants, 1583–1584
barrier function and hydration, 1082–1084
barrier function and skin lipids, 1081–1082
blinding, 291–292
characterization of, 1084–1086
chemical composition, 1592
chemicophysical constants, 1616–1618
clinical subject characteristics, 293
corneosurfametry (CSM), 366
corneoxenometry, 366
cornification, disorder, 268–269
CSSS structural changes, 365
demographic, 293
description, 953
desquamation, 248–249
elastic modulus, 957
endogenous hydration, 343
epidermal renewal rate, 365
exogenous hydration, 343–344
experimental procedures, water distribution, 356
experimental samples, water distribution, 356
extensibility, 269
flexibility, 269
formation of, 246
friction coefficient, 957–960
friction properties, 377–385
glabrous skin, 452
hardness, 956
histogram, 294
hydration depth profiles, 360
hydration gradient information, 357
in vitro mechanical behaviour, 954–956
In vivo Confocal Laser Scanning

Microscopy, 291
maintenance of, 249–251
MAT, 349–351
mechanical constants, 1611
mechanically-forced collection methods, 270
mechanical properties, 374–377
microrelief network, 364–365
molecular organization, 1080–1081
palmar skin, 452–455
permeability, 251
POST, 351–352
Quasi-passive collection methods, 269–270
renewal, functional constants, 1595
results, 293
sampling procedure, 364
SDT (see Sorption-desorption test (SDT))
simulation model, 344
skin physical properties, 374

statistical analysis, 292–293
structure of, 246–248, 374
study population, methods, 290
surface hydration, 357–359
tape stripping, 290–291
thickness, 277–278
thickness map, 357–358
3D, hydration depth profiles, 143, 145, 206–208,

284–287, 358, 390–391, 459, 926, 929, 1165,
1171, 1173

ultrastructural changes, 374
water distribution, experimental apparatus, 356
water transport, 1086–1087

Stratum corneum water content
attenuated total reflection infrared spectroscopy,

326–327
confocal Raman microspectroscopy, 331–332
deformation, 309–313
dermatological and cosmetic aspects, 302
dielectric properties, 315–316
differential scanning calorimetry, 306–308
high-frequency instruments, 318–321
hyperfrequency measurements, 321
indentation, 313
low-frequency instruments, 316–318
near infrared spectroscopy, 327–331
opto-thermal transient emission radiometry,

323–324
photoacoustic effect, 324–325
physicochemical aspects, 300–302
suction, 313
thermal conductivity, 303–305
thermal effusivity, 305

Stratum corneum barrier
pilosity, 1040
horny layer, 1040–1041
surface lipids, 1041
urocanic acid, 1041

Stratum malpighi renewal, functional constants, 1595
Stress proteins, 1047
Stretch marks, 905
Strip patch test (SPT), 290
Structurally based constitutive modelling, 1022
Subcision®, 1387
Subcutaneous adipose tissue

aesthetic function, 667
body fat mass, 664–665
brown fat, 667
energetic function, 665–666
morphology, 664
sub-cutaneous fat, 665
thermal function, 666–667

Subcutaneous tissue
normal anatomy, 684
ultrasound (see Subcutaneous tissue ultrasound)

Subcutaneous tissue ultrasound
calcifications, 692
dermatofibrosarcoma protuberans, 691
edema and fluid collections, 685–692
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epidermal cysts, 686–687
fillers, 693
foreign bodies, 692–693
hemangiomas, 687
lipomatous tumors, 689
lymph nodes, 685–686
melanoma metastasis, 690–691
panniculitis, 685
pilomatrixomas, 689–690
pilonidal cysts, 687
sonographic measurements, 684–685
technical considerations, 684
vascular malformations, 687–689

Subcutis, 449
anatomical constants, 1587
chemical composition, 1592
oxygen partial pressure, 680

Subepidermal plexus, 530–531
Subepithelial networks, 515
Sublingual temperature, 1273
Suction, 967–970
Suction blisters

applications, 1132
history, 1131
limits, 1132–1133
principle, 1132

Sun protection factor (SPF), 1072
Sunscreen(s), 1183

critical wavelength, 1075–1076
determining UVA protection, 1072–1076
PMMA, 1075
SPF determination, 1072
testing protocol, 1074
water resistance, 1076, 1077

Surface anthropometry
breadthmeasurements, 707
equipment, 704
girth measurements, 705–706
methodology, 704–706
practical usage, 706–708
skinfoldmeasurements, 706

Surface biopsies (SSB), 1229
Surface chemistry, hair. See Hair
Surface topography, 168

Sweat, 630, 638–641
chemical composition, 1595
chemicophysical constants, 1618
rate measurement, 1274

Synchrotron X-ray microdiffraction, 863
Systemic phototest, 1065–1066
Systemic sclerosis (SSc)

clinical and histologic findings, 599
description, 599
LASCA, 603
LDF, 601
LDI, 602
microvascular measurement, 600
photoplethysmography, 601

thermometry, 600

T
Tactile, 633, 639

discrimination, 851
TACTILE SENSE, 1341–1342
Taguchi designs, 12
Tape stripping, 281–287, 290–291, 488, 489,

884, 887
evaluation, 274
in vitro, 276
in vivo, 276
NIR densitometry, 275–277
total stratum corneum thickness, 277–278

Tape-stripping method, 1100–1101
Teledermatology, 1472–1473, 1476
Telethermography, 532
Telogen, 804, 805, 808, 811

effluvium, 797, 798
Temperature, 633, 649–650
TEMPO, 1525, 1529, 1531
Tensile strength, 1014–1016
TEWL

and SC morphology, 1085
measurement, 1084–1085

Textile, 1223–1224
Textiles, 1489–1491
Thermal constants, 1613, 1624–1625
Thermal imaging, 1308

examination, 1307
inflammatory lesions, 1308
infrared cameras, 1305–1306, 1308
interpretation, 1306–1307
thermography, 1305, 1306
thermometry, 1304

Thermal neutrality, 1624
Thermal sensitivity

absolute threshold, 1286
ASHRAE thermal sensation scale, 1288
difference threshold, 1286
ethnicity, 1297–1299
gender, 1291–1294
intensity rating, 1287–1288
Likert scales, 1288
regional distribution, 1294–1297
rest and exercise, 1297
stimulation, 1288–1289
terminal threshold, 1286
visual analogue scales, 1288

Thermal sensory analyzer (TSA)
alfentanil, 1349
dexmedetomidine, 1350
diabetic neuropathy, 1347
fiber neuropathy, 1351
fMRI measurement, 1349
itch, 1347
lumbosacral disk disease, 1350–1351
mechanonociceptors, 1346
morphine/dextromethorphan combination, 1350
nociceptor, 1346
opioid, 1349
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Thermal sensory analyzer (TSA) (cont.)
polymodal nociceptors, 1346
remifentanil, 1350
thermal testing, 1351
thermal thresholds, 1347–1348
thermoreceptors, 1346
thresholds, 1350
TSA-ii unit, 1346
venlafaxine, 1349

Thermal shivering
qualitative aspect, 1272
quantitative aspect, 1272

Thermistor probes, 1326
Thermography, 1323
Thermoreceptors, 1334–1335, 1338, 1346
Thickness, 773, 775, 778
Third harmonic generation (THG), 1180
Three Item Severity (TIS), 1395–1396
Threshold value, 1343
Time-scan methods, 44
Tissue conduction, 1266
Tissue mechanics, 1489–1491
Tissue retraction, anatomical constants, 1580
Topically applied formulations, human skin. See Human

skin profile
Torsion method, 309–311
Transcriptomics, 912, 918
Transcutaneous CO2 pressure, 588
Transcutaneous index, 593
Transcutaneous oxygen pressure (tcPO2), 530, 592

applications, 595–597
basal tcPO2 at 37 �C, 594
basal tcPO2 at 44 �C, 592–594
dynamic test, 594–595
kinetic test, 595
practical usage, 597

Trans-epidermal water loss (TEWL), 151, 153, 155, 157,
343, 347, 349, 350, 356, 1080, 1227, 1228, 1231,
1232, 1463–1465, 1482

calibration, 937–938
clinical dermatology, 1126–1127
closed-chamber methods, 935
endogenous factors, 936, 940–941
environmental and measurement-related factors,

936, 941
experimental dermatology, 1126
in vivo measurement, 934
instruments, 936–937, 1121–1122
interpretation of measurement, 940
measurement, 938–940
open cylinder method, 1121
open-chamber method, 935
physiological principles, 1120
practical recommendations, 1125
precision, 1124–1125
reproducibility, 1125
sources of error and variation factors, 1122–1125
theoretical principles, 1120–1121

Transillumination, 858–859

Translucency value, 167
Translucymeter, 167–168
Transparent tracings, 505–506
Trichoglyphs, 741
Trichogram, 801–811

anagen, 803, 804
androgenic alopecia, 806, 807
artifacts, 805–806
broken hairs, 805
catagen, 803–804, 808
dystrophic hair, 804–805
evaluation, 803
nutritional deficiency, 807
plucking procedure, 802–803
plucking procedure, 803
telogen, 804, 805, 808, 811

TrichoScan Professional Version 3 (TrichoScan3), 822
Trichoscopy, 221, 795–798

alopecia areata, 221–222
blood vessels, 798
cicatricial alopecia, 222
hair follicle openings, 798
hair shafts, 796–797
perifollicular epidermis, 798
tinea capitis, 222
trichotillomania, 222

Trichothiodystrophy, 832, 833
Tristimulus spectrophotometer, 40
Two-photon, 1177, 1178
Two-photon excitation fluorescence microscopy

(TPEFM), 1192
Tympanic temperature, 1272–1273

U
Ulcer legs, 905
Ultrasonoography, 859–861
Ultrasound, 509

B mode, 892
doppler, 892
imaging, 674–675
specification, 892

Ultrasound (25 MHz)
attenuation, 1609
impedance, 1609
velocity, 1608

Ultrastructure, 248
Uniaxial extension method, 312
UVA protection

criteria, 1076
critical wavelength, 1075–1076
factors, 1074
in vitro, 1074–1075
in vivo, 1072–1074

V
Vaginal temperature, 1273
Validity, 1311–1316
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Van’t Hoff's Law, 344
Variability, 290, 294
Vascular smooth muscle relaxation, 542
Vasoconstriction, 517, 1375

direct measurement, 1375–1376
reactive hyperemia test with vasoconstrictor, 1376

Vasodilatation, 517–518
Vasomotor responses, 564–567

FLIR, 565
insulin, 566–567
MoorFLPI, 565
nicotine, 566
sensitized skin, 567

Vasomotricity, 858
Vectra XT1®, 698
Venous disease, 989
Venules, 533
Vernix

antimicrobial activity, 1199–1200
formation, 1198
hydration/moisturization, 1200–1201
lipids, 1198–1199
proteins, 1199
skin surface acidity, 1201
stratum corneum barrier repair, 1201–1202
synthetic vernix, 1203–1204
wound healing, 1202–1203

Viable epidermis (stratum Malpighi), 460–461
anatomical constants, 1585
chemicophysical constants, 1614–1615

Videocapillaroscopy, 1365
Video image analysis, 507
Viscoelasticity of skin, 994, 997
VISIA complexion analysis system, 172
VisioScan, 169–170
Visual analogue scale (VAS), 1357
Vitreous membrane, 719
Vulvar skin, 101, 104

W
Waist circumference, 672
Waist to Hip Ratio (WHR), 672, 706–707
Warm pain, 1347
Warm sensation, 1347, 1349
Wash test (modified). See Modified wash test (MWT)
Water contact angle, 195
Wavelength-scan methods, 44
Wax ester, 123, 124
Weathering, 741
Wheatstone bridge, 533
Whole skin blood flow, 531–532
Whole skin in vitro, 1610
Whole skin in vivo, 1609–1610
Whorl, 741
Winged cells, 718
Women, 1439–1442
Wood’s light examination, 857
Workplace measurement, 928
Wound healing, 499–501, 1202–1203
Wound healing assessment

colorimetry, 510
difficulties, 504
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Wrinkles, 177, 180–183, 905

X
Xeroradiography, anatomical constants, 1583
Xerosis, 269
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Yellow-green nail fluorescence, 857
Young’s modulus, 376

Z
Zero method, interval scale, 7
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