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INTRODUCTION

As pointed out in the first chapter of this volume, inhalation therapy is not new!
Granted, the drugs delivered to the lungs by this method, the propellants, and the
methods themselves are undoubtedly new and constantly improving, but let’s ad-
mit it: the basic principles were established a thousand years ago.

Asthma is certainly one of the diseases, if not the disease, that has bene-
fited most from this therapeutic approach.

In the nineteenth century, one of the “Renaissance men” in the field of
asthma therapy was Henry Hyde Salter, a Fellow of the Royal College of Physi-
cians and a physician at Charing Cross Hospital. He was a strong advocate of in-
halation therapy but, at least by today’s standards, his remedies were horrifying.
Indeed, one was tobacco!

That may be hard to believe, but just read the following: “For tobacco to
cure asthma, as a depressant, it must produce collapse; as a sedative it merely
produces that confusing and tranquilizing condition with which smokers are so
familiar.” And the story goes on, stating that even children may be cured with to-
bacco, but “in carefully measured quantities.”

In his book On Asthma: Its Pathology and Treatment, Salter suggests
many other remedies for the treatment of asthma.

The point of all this is that inhalation therapy has long been recognized as
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a treatment (not cure) of asthma. Of course, today we use pharmacological
agents that are certainly more effective. Asthma is a disease that can be con-
trolled, undoubtedly because of the inhalation administration of the many avail-
able drugs.

Since its beginning, the Lung Biology in Health and Disease series of
monographs has recognized the importance of asthma and, at the same time, of
finding better ways to administer medications for this disease and other condi-
tions as well. This has led to the publication of many volumes on inhalation ther-
apy, covering the methodology and the choice of medications as well.

Drug Delivery to the Lung is a different and timely addition to the se-
ries. As the editors point out in their preface, it is “aimed at clinicians, nurses,
and respiratory therapists interested in the role of aerosol delivery for optimal
management of lung disease.” The beneficiaries of this interest will unques-
tionably be the patients.

I am grateful to the editors and the authors for this major contribution to
the series. The series gains immeasurably from the opportunity to present this
volume to its readership.

Claude Lenfant, M.D.
Bathesda, Maryland
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PREFACE

Aerosolized delivery of drugs to the lungs has dramatically improved the treat-
ment of a variety of respiratory diseases. For example, bronchodilator and anti-
inflammatory aerosol medications are the cornerstone of asthma treatment;
antibiotics, DNase, and hypertonic saline are established treatment options in
cystic fibrosis; and nebulized adrenaline and steroids have been used to treat
croup. There is great interest in using the lungs as a portal of entry for systemic
drug therapy. Measles vaccination has been successfully administered via the in-
haled route and the possibility of diabetics inhaling as opposed to injecting in-
sulin is becoming a reality.

Aerosol drug delivery allows treatment to be targeted to the lower airways
and total systemic exposure to be reduced. The device chosen has a major impact
on aerosol delivery, and it should be considered an integral part of any prescription
or drug approval. To date, this is rarely reflected in treatment guidelines for condi-
tions such as asthma and cystic fibrosis, nor in day-to-day clinical practice or drug
labeling. Inconsistent terminology, variations in study methodology and design,
and the absence of guidelines have all led to confusion among practitioners.

Device development and documentation are driven by many different
needs. For patients, important factors include device size, simplicity, irritants,
taste and odors, and interactive features. Such factors impact on compliance,
which is the main hindrance for effectiveness of aerosol treatment. The needs of
the patient change significantly with age. On the other hand, clinicians require
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knowledge of the fraction of drug likely to reach the lungs when different deliv-
ery devices are used for patients of different ages. Finally, health regulators tend
to emphasize only in vitro reproducibility. The choice of drug defines the need
for accurate estimation of drug delivery; for example, less accurate dosing of
ß2-agonists is acceptable due to their wide therapeutic index. Steroids and in-
sulin, with narrower therapeutic indices, require more accurate drug delivery.
Impact on the environment is an important concern, and risk of exposure of
caregivers should be considered. Efficient devices may be a priority since they
reduce the loss of drug, which improves safety of treatment as well as cost ef-
fectiveness. Such a multitude of needs determines the development, documen-
tation, and, eventually, choice of device.

Aerosol treatment is maturing technically with recent advances in the un-
derstanding of lung dose and major innovations in device technology. If the im-
portant knowledge gained within this area is to have an impact on the
management of our patients, it is mandatory that aerosol standards and principles
be clearly communicated to the health professional. With this aim, a group of
leading experts joined together to develop a milestone publication on the state-
of-the-art knowledge in the area of aerosol treatment. This volume has compiled
their very comprehensive knowledge into an easily readable text with an empha-
sis on clinical implications.

This book is intended for clinicians, nurses, and respiratory therapists in-
terested in the role of aerosol delivery for optimal management of lung diseases.
The content was inspired by a debate between the authors, with the editors serv-
ing as referees. This process was fertilized by a workshop in the spring of 1999,
which defined the general principles and emphasized clinical relevance to the
practitioner. The practical implications of the issues communicated have been
strongly emphasized. Therefore, we hope this book will act as a bridge between
basic aerosol science and good clinical practice in the treatment of lung diseases.

This meeting and the resulting book have been made possible through an
educational grant from AstraZeneca. We wish to express our gratitude to the edi-
tor of this series, Dr. Claude Lenfant, for his interest and support.

Hans Bisgaard
Chris O’Callaghan

Gerald C. Smaldone
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The History of Inhaled Drug Therapy

CHRIS O’CALLAGHAN OLA NERBRINK

University of Leicester AstraZeneca R&D
Leicester, England Lund, Sweden

MIKA T. VIDGREN

University of Kuopio
Kuopio, Finland

I. Introduction

The treatment of respiratory disorders such as bronchial asthma has varied
greatly. Therapies have included hot and cold compresses or baths, concentrated
showers to the back of the head, as well as dried fox lungs, owl blood in wine,
and chicken soup (1). In this chapter we outline the history of inhaled medica-
tions in the treatment of respiratory disease.

II. Smokes and Vapors

Inhalation therapy was first described in Ayurvedic medicine more than 4000
years ago (2). The leaves of the Atropa belladonna plant, containing atropine,
were smoked in diseases of the throat and chest (3). Often a paste consisting of
Datura species was dried and fixed into a pipe. The length of the pipe controlled
the strength of the inhalant. The Hindu physician Charaka advised the use of
spices, gum resins, and fragrant wood that were ground into powder and made
into a paste. The paste was then smeared over thin tubes or sticks and lighted.
The smoke was inhaled to treat diseases of the throat and chest (3). A number of
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other ancient cultures recommended inhalation of a variety of substances for
medicinal purposes. The ancient Greeks sent consumptive patients to the pine
forests of Libya (3) to benefit from volatile gases released there. Ancient Egyp-
tians inhaled vapors released when plants of Hyosycamus muticus were placed
on hot bricks (4). Even Hippocrates supported the use of hot vapors for inhala-
tion purposes (5).

More recently, in 1664, Bennet (3) employed inhalation therapy for the
treatment of tuberculosis. In 1810, Laennec (3) used vapors released from a vari-
ety of sources including aromatic plants, balsams, and sulfur for the treatment of
chest infections. In 1802, the Indian use of Datura was introduced into the
United Kingdom (6). It was initially smoked in a pipe alone or in a mixture with
tobacco. At the same time, Datura stramonium was substituted by Datura ferox
for relief of the paroxysms of asthma. Later the Datura-tobacco mixture found
its way to the cigarette (Fig. 1). Best known were Potter’s asthma cigarettes,
which contained shredded D. stramonium leaves (7). Since smoke is by defini-
tion a two-phase system where solid particles are mixed with a gas phase, ciga-
rette smoke can be considered as a colloidal dry-powder aerosol system. The
clinical effects of Potter’s asthma cigarettes were studied by Elliot and Reid (8)
in the randomized crossover study, which illustrated that smoking Potter’s

2 O’Callaghan et al.

Figure 1 Asthma cigarettes containing shredded stramonium leaves.



asthma cigarettes caused a bronchodilator effect analogous to that seen with the
inhalation of ipratropium by aerosol.

III. Inhalation of Droplets: The Early Nebulizers

Until the beginning of the nineteenth century, all inhalation therapy had relied on
the use of vapors. In the late 1820s the inhalation of liquid droplets was devel-
oped and the use of nebulizers in inhalational therapy became established
(3,9,10). In 1829, Schneider and Walz (10) constructed the first apparatus that
could break liquid up into droplets. Later, Auphan constructed an “inhalato-
rium,” where liquid in the form of mineral water was thrown against the walls of
a room to form water droplets. In 1860 Sales-Girons presented a portable device
(Fig. 2) constructed by Charrières. From this time an increasing number of de-
vices were described and the inhalation of liquid droplets for inhalation therapy
became more popular. The devices were often referred to as an apparatus for the
“pulverization of liquids.” Almost simultaneously, steam-driven devices such as
the Seeger steam apparatus (11) were developed. Later on, compressed oxygen
was also used to drive the atomization process. In 1872, the term nebulizer was
defined in the Oxford dictionary.

There are many similarities between these early devices and modern nebu-
lizers. Many of the devices had a detached “drug” container. Liquid was sucked
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Figure 2 The Sales-Girons portable device from 1860. (From Ref. 12.)



to the atomization point by the negative pressure generated by steam or oxygen,
under pressure, suddenly expanding at the exit nozzle. Baffle systems were not
incorporated into the early nebulizer. Looking back, we would now define such
early devices as atomizers. Today, nebulizers are regarded as atomizers that in-
corporate a baffle system to select out smaller particles for inhalation. This
“modern” type of nebulizer appeared in the early twentieth century.

The inhalation of nebulized aerosols was advertised as beneficial for many
ailments. The Sales-Girons device was advised for pharyngitis, laryngitis, bron-
chitis, pain, catarrh, asthma. tuberculosis, and sleeplessness (12). The liquids and
substances inhaled varied widely and included mineral water containing sulfur,
iodine, and chlorine; sedatives; antiseptics; and belladonna. In 1882, Yeo (3) pre-
scribed the use of a mixture of creosote, carbolic acid, eucalyptus, or turpentine
with equal parts of spirit and chloroform in his oronasal inhaler. The Yeo inhaler,
which is poorly described, is probably more of a vaporizer than an early nebu-
lizer. Earlier, in 1878, Lee (3) performed antiseptic experiments using a jet of
steam containing a mixture of phenol and water. Iodoform, iodine, thymol, and
terebene were also used (3).

Aerosols were advocated for other uses. In 1870, Sir Joseph Lister, profes-
sor of clinical surgery at Kings College, presented a method for the sterilization
of the air during surgery (13). It consisted of a nebulizer apparatus called the Lis-
ter steam spray (Fig. 3). The nebulizer produced a steam containing carbolic acid
by sucking the carbolic acid/water mixture, contained in a separate vessel, to the
atomization point, with the aid of the expanding steam. The method was used to
sterilize the air and to create an atmosphere where the surgical instruments could
be kept without the danger of contamination. According to Pennington (13), the
spray was also used when changing dressings. Less than 10 years after its intro-
duction, it was questioned by von Bruns (14). Criticism of this method grew and
Lister abandoned the technique in 1887. In his paper of 1890 (15), he com-
mented, “I feel ashamed that I should have ever recommended it for the purpose
of destroying the microbes of the air.”

The question of whether aerosols, or “pulverised liquids,” reached the
lungs was debated intensively; that they did was not widely accepted until
1862, when Poggiale presented his report to the Paris Medical Academy (16).
This triggered further investigations into the inhalation and deposition of
aerosolized liquids in the airways. In 1872, Waldenbourg (17) conducted and
presented several studies on the bronchial deposition of pulverized liquids. He
concluded that approximately 25% of the dose was deposited in the mouth and
larynx and approximately 30% passed beyond the larynx. Accordingly, he rec-
ognized that bronchial deposition depended on the physical characteristics of
the patient, such as the position of the tongue in the mouth and the inspiratory
volume, in addition to the patient’s pathological conditions. As a conclusion,
he even recommended gargling after the treatment. Heubner’s (18) experi-
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ments, reported in 1923, helped to convince others that aerosolized liquids
reached the lungs.

Multiple large nebulizers with substantial output capabilities were used to-
gether as a collective inhalation chamber in the coal mines in South Africa and
Germany in the 1930s (18). The nebulizer used was an 8- or 16-nozzle device
placed in a cabinet in a corridor (Fig. 4). The corridor could be several hundred
meters long and could contain a number of nebulizer cabinets (Fig. 5). The nebu-
lizer was filled with what was considered to be a mucolytic and bronchodilating
solution. At the end of the miners’ shift, nebulization was commenced, and the
miners walked slowly through the mist-containing corridor, inhaling the aerosol.
A further example of collective inhalation was found in Germany (J. Heyder,
personal communication). A large aerosol generator was located in a hallway of
about 100 m long with piles of branches at the side. Salt solutions were allowed
to drip onto the branches. Each time a falling drop struck a branch, smaller
droplets were generated. Patients walked in the hallway inhaling the particles.
This was considered a simple and efficient way to produce large volumes of ther-
apeutic aerosols for inhalation.

The development and use of adrenaline in the treatment of asthma was a
major advance. In 1900, Solis-Cohen (19) injected crude adrenal extract into pa-
tients with asthma and hay fever. Shortly afterwards, Bullowa and Kaplan (20)
reported the successful use of adrenaline injection. This became established as a
standard therapy for relief of severe attacks of asthma. By 1911 a nasal spray
containing adrenaline was in use for asthma and as a decongestant for hay fever
and rhinitis.

The History of Inhaled Drug Therapy 5

Figure 3 The Lister steam spray of 1870. (From Ref. 59.)



6 O’Callaghan et al.

Figure 4 Collective inhalation device used in Germany and South Africa (1930). A 16-
nozzle nebulizer is fitted in a wall-mounted cabinet. (From Ref. 18.)

Figure 5 Collective inhalation device; the exposure corridor. (From Ref. 18.)



In 1911, Zeulzer (21) described the use of Glycerinan, a mixture of Epire-
nan, an adrenaline analogue, in water and glycerine. It was given via a Draeger
nebulizer (constructed by Professor Spiess) to patients with chronic bronchitis,
chronic laryngitis, croup-related pneumonia, interstitial pneumonia, and tubercu-
losis. The nebulizer used compressed air or compressed oxygen and was oper-
ated at 5 or 12 L/min. The first report of adrenaline being administered by an
inhaler in the United Kingdom came from Guy’s Hospital when it was used in
the nebulized form in 1929 (22).

The Draeger or Hirth apparatus (22) and also a nebulizer called Apneu (23)
became popular. Bulb nebulizers, where the patient operated the device by press-
ing a rubber bulb connected to the nebulizer to generate the gas flow, became
popular (23). These nebulizers generated an aerosol with a wide droplet-size dis-
tribution and a large fraction of nonrespirable droplets. In the 1930s, glass-bulb
nebulizers such as the DeVilbiss No. 40 and equivalent (Fig. 6) and the
Vaponephrine nebulizers (Fig. 7) were popular. The Vaponephrine nebulizer was
one of the first with a baffle close to the generation point. Not surprisingly, sub-
sequent investigations showed that the DeVilbiss device produced larger
droplets than the Vaponephrine device (24).

In 1946, electrical pumps providing a continuous flow of air were advo-
cated. The Collison nebulizer (25), made of ebonite with a plate baffle to fil-
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Figure 6 The Dyspne-Inhal. Laboratoire Du Dyspne-Inhal, Clermont-Ferrand, France,
a copy of the DeVilbiss 40 nebulizer. (Courtesy of Kurt Nikander, AstraZeneca.)



ter out large drug particles, became the most popular nebulizer in the United
Kingdom. The Collison had one serious defect: the liquid was fed into the spray
through three blind holes in an ebonite spray unit. Since most liquids used in
nebulizers tended to form a deposit, these holes invariably became blocked and
were difficult to clean. The glass spray-type of nebulizer had two serious defects.
First, the sprays varied a good deal in their efficacy because they were “hand
made.” Second, the feed pipe of the spray was liable to become blocked after a
period of use and attempts to clear it were often associated with breakage. In
1958, Wright (26), working in the pneumoconiosis research unit of the Medical
Research Council, designed a nebulizer bearing his name, which was robust and
easy to clean. It was entirely made of Perspex. In addition to being practically
unbreakable and easy to clean, one of the criteria used as an indicator of good
performance, was the ability of the nebulizer to produce droplets ranging in size
between 1 and 6 µm in diameter at a given gas flow.

In 1945, the introduction of penicillin was followed swiftly by attempts to
nebulize it directly to the lungs. A device know as the Deedon inhaler (Moore
Medicinal Products Ltd., Aberdeen, Scotland) was a neat, hand-held inhaler
made entirely from plastic and intended for the administration of penicillin or
antispasmodics. It was suggested that the fine mist of penicillin was likely to
penetrate as far as the small bronchi and bronchioles. Penicillin, in 30% glycer-
ine, placed in the reservoir was administered in 6 to 7 min by squeezing the rub-
ber bulb at each inspiration. The makers also advertised an electric pump, at a
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Figure 7 The Vaponephrine device with baffle (B). This was a blown-glass construction.



cost of £20, which was considered expensive by the Lancet (27). Other com-
pounds, such as streptomycin, were also nebulized.

The next major advance in inhalational therapy for asthma was the intro-
duction in 1951 of isoprenaline. In 1940, Konzett of Boehringer Ingelheim found
that an analogue of adrenaline, its N-isopropyl derivative (28), helped to relieve
the bronchospasm of asthma when inhaled. Knowledge of its development be-
came available when the U.S. State Department investigated work carried out by
German chemical manufacturers during the war. The drug, named isoprenaline,
produced the bronchodilating effect of adrenaline, but was relatively free from
troublesome pressor activity (29). The compound was introduced into clinical
use in 1951.

The first ultrasonic nebulizer was introduced in the 1960s (11). It operated
by vibrating a piezoelectric crystal inducing high-frequency waves, which
caused droplets to break free from the surface of a liquid. Further developments
of the nebulizer are dealt with in later chapters.

IV. The Pressurized Metered-Dose Inhaler

The most important development in antiasthma drug delivery was the advent of
the metered-dose inhaler in 1956, which resulted in a huge increase in the use of
antiasthma therapy. Sales of pressurized metered-dose inhalers now run at ap-
proximately 500 million per year. However, the introduction of this device was
not without problems. This section of the chapter covers the early use of propel-
lants in atomization, the origin of the metered-dose inhaler, and the epidemic of
asthma deaths.

The power of propellants to atomize liquids was realized in the late nine-
teenth century. Helbing and Pertsch (30), from Lyon, France, described a patent
for improving the preparation and application of coatings and insulating materials
for medical purposes. Methyl and ethyl chlorides were mixed with certain
“gummy or fatty materials.” The heat of the hands surrounding the vessel in
which the mixture was contained immediately caused the ethyl or methyl chloride
inside the vessel to evaporate. Evaporation increased the internal pressure and
the solution was ejected through the orifice in a fine jet or spray. On the surface of
the target, the methyl or ethyl chloride in the ejected solution evaporated rapidly,
leaving the residue as a uniform coat, layer, or varnish. Helbing and Pertsch felt
that their invention would be particularly useful in forming a protective coating to
a wound. At the turn of the century, Gebauer (31) found that partial vaporization
of a propellant liquid prior to final atomization at the spray nozzle produced a
finer spray; he went on to describe the first use of a twin-orifice expansion cham-
ber. The discovery of freon propellants—such as 11, 12, 22, and 114 in the 1930s
and 1940s—made liquefied gas generators a realistic option. The first commercial
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systems using propellants, introduced during the 1940s, were nonmetered devices
designed for spraying insecticides.

The pressurized metered-dose inhaler (pMDI) for the delivery of anti-
asthma drugs originated in the U.S. cosmetic industry. George Maison, the presi-
dent of Riker Laboratories, and Irvin Porush, who worked in Riker’s
pharmaceutical development laboratory, are credited with the development of
the first pMDI (32). Experiments were conducted to formulate pressurized
aerosols of isoproterenol and epinephrine, which had been dissolved in alcohol,
using the freon propellants 12 and 114.

In 1954, Philip Meshburg invented and patented a metering valve, in-
tended for use by the perfumery industry, which allowed approximately 50 µL to
be dispensed (33). The Meshberg valves were attached to plastic-coated glass
vials that were used elsewhere as containers for the delivery of perfume aerosols.
This initial MDI was connected to a 3-in. plastic mouthpiece, probably to de-
crease the impact of the inhaler’s 50% ethyl alcohol solution on the oropharynx
(Fig. 8). This mouthpiece was the forerunner of the modern extension tubes that
are used to decrease the oropharyngeal deposition of drug. Initial clinical trials
were carried out by Dr. Karr of the Veterans’ Administration Hospital in Long
Beach, California, in 1955 (32). The first published clinical trial showing suc-
cessful treatment was by Friedman in 1956 (34). In March 1956, the Medihaler-
Iso and Medihaler Epi were approved and launched.

At this very early stage, the possibility of using the lung to deliver sys-
temic medication was considered possible. Other drug formulations intended for
use in an MDI were also patented. These included both nicotine and insulin. Al-
though insulin was shown in animal experiments to cause hypoglycemia, the ef-
fect was very variable and this initiative was not then pursued. It is of interest
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Figure 8 The original metered-dose inhaler with its 3-in. plastic mouthpiece. It was made
of glass with a Meshburg metering valve attached. (Courtesy of 3M Pharmaceuticals.)



that inhaled insulin is now in phase 3 trials and may become a standard therapy
for diabetic patients.

The next major development was by Dr. Charlie Thiel, a chemist at Riker
(35). He used a surfactant, sorbitan trioleate (span 85), as a dispersing agent
mixed with a suspension of micronized drug and propellant. The suspension
aerosols appeared to deliver a respirable drug considerably more efficiently than
the early alcohol solution formulations and allowed poorly soluble drugs to be
aerosolized. In 1957, bronchodilator products were switched to suspensions.
This switch resulted in many complaints because—although the suspensions ap-
peared more effective—patients missed the taste of the alcohol, which they asso-
ciated with a subsequent feeling of well-being!

Over the next years, the MDI was altered in a number of ways to im-
prove the reproducibility of its output. It was noted very early on that if it
stood upright for any length of time, it did not release a dose when fired for
the first time. Significant drug was delivered only on the second shot. There-
fore, a cup was introduced within the MDI, surrounding the valve, with an en-
trance at the top, so that the liquid formulation would not drain out when the
valve sat upright. This markedly reduced loss of prime, although as we know
that loss of prime with standing still occurs, as described in detail by Cyr and
colleagues (36).

V. Asthma Deaths

The popularity of the MDI grew with advertisements for its use, which first ap-
peared in the British Medical Journal in the early 1960s (Fig. 9). During the
1960s, in the United Kingdom and in a number of other countries, there was a
sudden rise in the mortality of patients with asthma. From 1961, there was a
steady and progressive rise in asthma mortality, which was most marked among
patients aged 5 to 34. Reports of three deaths in which excessive use of a pMDI
was considered to be a contributory factor were published in Australia in 1964,
and a warning from the Autralian Minister of Health was given (37). In August
1965, Greenberg (38), a thoracic physician from Cambridge, sent a letter to the
Lancet in which he recorded eight deaths associated with the use of the new
MDI. In 1967, Greenberg and Pine (39) stated in the British Medical Journal
their suspicion that patients with asthma were killing themselves with excessive
use of MDIs. Richard Doll and Frank Spizer from Oxford and Peter Heaf and
Leonard Strang from London (40) reported that there had been a 42% increase in
the overall death rate between 1959 and 1964. The most seriously affected group
were children between the ages of 5 and 14 years.

In June 1967, the Committee of Safety in Medicines (41) issued a warning
about the need for care in prescribing and using aerosols, emphasizing their great
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value in treatment, but advising patients or parents to call their doctors if they
failed to achieve the relief they usually experienced. From 1968 on, MDIs of an-
tiasthma medications could be obtained in the United Kingdom only by prescrip-
tion, having been available over the counter prior to this. In 1969, Bill Inman and
Abe Edelstein (42), from the Committee on the Safety of Drugs, published a pa-
per in the Lancet entitled “The Rise and Fall of Asthma Mortality in England and
Wales in Relation to the Use of Pressurised Aerosols.” In this paper, the true ex-
tent of the scale of asthma mortality was revealed.

When the changes in death rate were compared with estimates of prescrip-
tions, it could be seen that the rise and fall in the death rates had followed the
graph of sales of pressurized aerosols almost exactly (Fig. 10). In children 4 years
of age and below, there had been no change in death rates. These patients had not
been prescribed aerosols because they were not old enough to use them appropri-
ately. Between the ages of 15 and 34, it was calculated that there had been more
than 960 deaths, and in those over age 35, approximately 2300 in excess of those
expected. Inman and Adelstein (42) proposed the subsequent fall in mortality
might have been brought about either by a reduction in the number of patients
using aerosols or by a reduction in the amount used. It was suggested that both
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Figure 9 An early advertisment for pressurized metered dose inhalers appearing in the
British Medical Journal in the early 1960s. (Courtesy of the British Medical Journal.)



doctors and patients may have been lulled into a false sense of security by effec-
tive bronchodilators. When medication failed to produce the expected relief, the
patients may have continued to use the aerosol and thus to overdose. The doctor
may have failed to recognize the resistance to treatment while the patient contin-
ued to deteriorate. The reason for the fall in the death rate may have been the
greater understanding of the serious nature of an asthma attack and earlier ad-
mission to hospital with more effective treatment. It has been suggested that
many lives would have been saved if steroids were started, or the dose already
employed increased, whenever asthma deteriorated (43). Evidence that asthmat-
ics actually overdosed themselves is circumstantial and is mainly derived from
the accounts of those who witnessed the patients’ excessive use of aerosols or
who found such patients lying dead and clutching empty or partially empty can-
isters. Concentrations of isoprenaline or orciprenaline present in the body after

The History of Inhaled Drug Therapy 13

1959

Sales &
prescriptions
(  1000)

Deaths

0

0

10

100

200

300

400

500

600

700

20

30

40

'60 '61 '62 '63 '64 '65 '66 '67 '68

Direct sales

Total sales

Prescriptions
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death were not determined in these cases, and there were no characteristic post-
mortem changes attributable to the overdose.

However, the main toxicity of excess usage of an MDI was thought to be
related to the fluorocarbon propellants. At a similar time as the asthma deaths
were being investigated, there were reports from the United States that sudden
deaths had occurred among individuals who were abusing aerosol propellants by
filling plastic bags with them and then inhaling their contents (44). The mecha-
nism of death was assumed to be cardiac arrhythmias, because autopsy failed to
reveal any other cause. In the United Kingdom, the mechanism of death among
asthmatics has never been clearly established.

It was shown that conscious dogs breathing moderate concentrations of
fluorocarbon for 5 min would develop severe ventricular arrhythmia when chal-
lenged with intravenous bolus doses of adrenaline (45, 46). Dollery and col-
leagues (47), from the Hammersmith hospital, studied the toxicity of propellant
gases in humans. The eight patients who volunteered for the study had severe
asthma and took either one or two inhalations from their inhalers at intervals of
30 or 60 s. The arterial peak concentration of fluorocarbon occurred 10–20 s af-
ter the last inhalation. The fall in the concentration in arterial blood was rapid
and declined to half in 18–38 s with fluorocarbon 11 and 12–24 s with fluorocar-
bon 12. The predicted peak myocardial levels were 10% or less than the pre-
dicted myocardial concentrations that sensitized the myocardium of dogs studied
by Clark and Tinsten (46). To test extreme conditions, one volunteer took an in-
halation from a pressurized aerosol placebo dispenser on every breath for 30, 60,
and 120 s, breathing at a rate of 12 breaths per minute. The predicted peak my-
ocardial concentration considerably exceeded the value that would sensitize the
dog heart to circulating or injected adrenaline (48).

The results suggested that there should be a factor of safety of about 10
when the inhaler is used in the manner recommended by the manufacturers. As
long as several normal breaths are taken before the inhaler is used again, the
alveolar and thus the arterial and myocardial concentrations fall rapidly. Dollery
(47) concluded that there was unlikely to be a hazard from the propellants if the
inhaler was used as recommended, but there could be a hazard in conditions of
excessive overdose. There are some concerns with regard to this interpretation,
as in one of the dog experiments, one of the dogs tested was very much more
sensitive than the others. In addition, we now know that in patients with severe
asthma, the actual deposition of drug within the respiratory tract may vary
greatly between patients. The effect of these factors and the use of isoprenaline,
a nonselective beta2 agonist, in patients during acute attacks of asthma (when
they are likely to be hypoxic) can only be guessed.

The lesson that must not be forgotten is that any new treatment must be in-
troduced gradually and under close supervision. The importance of pharma-
covigilance and reporting cases of possible toxicity cannot be overemphasized.
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VI. Dry-Powder Inhalers

The first inhalation system delivering solid drug particles was introduced in the
late 1800s. This system, called the carbolic smoke ball, was patented by Freder-
ick Augustus Roe in England in 1889 as a device to facilitate the distribution, in-
halation, and application of medicated powders (49). The device consisted of a
rubber ball containing fine powder charged with carbolic acid (phenol) (Fig. 11).
Remedies such as glycyrrhiza and white hellebore (Veratrum veride) were com-
monly packed into the ball. The drug dose was released in puffs and inhaled via
the mouth or nostrils. The carbolic smoke ball became a popular asthma and hay
fever remedy (50). The product was marketed by offering a reward of £100 ster-
ling to anyone contracting influenza after using the product three times daily for
2 weeks (Fig. 12). This resulted in several claims against the company (49) and
the withdrawal of the offer.

Adrenocorticotropic hormone (ACTH) and cortisone became available in
the 1940s (51). In 1949 Bordley and colleagues (52) reported the beneficial ef-
fect of intramuscular ACTH given to five asthmatic patients. Reeder and Mackey
(53) reported that nebulized cortisone delivered directly to the lungs by inhala-
tion in a patient with bacterial pneumonia caused remission of symptoms. Fol-
lowing this report, Gelfand (54) gave nebulized cortisone to five asthmatic
patients. The drug was delivered via a DeVilbiss nebulizer on an hourly basis be-
tween 9 A.M. and 10 P.M. A total of 50 mg per day was given. In four of the five
patients, a favorable response was observed. By the end of the seventh day, al-
most all signs of bronchospasm had disappeared. Relapses were observed in
three of the four successfully treated cases 4 to 5 days after treatment had
stopped. In 1955, Foulds (55), a registrar in ophthalmic surgery, and colleagues
delivered hydrocortisone powder to 15 patients with bronchial asthma. The parti-
cle size of hydrocortisone powder was said to be less than 5 µm. Although the
powder inhaler was not described, an estimated 7.5–15 mg was inhaled per day.
After using hydrocortisone powder for 2 to 3 weeks, patients were given car-
tridges containing an inert powder for the same period. After this, some of them
were changed back to hydrocortisone. In 11 patients, the treatment caused a def-
inite improvement of the asthma with the number of isoprenoline inhalations
dropping to half or less. When inert powder was substituted, the improvement
persisted for up to 3 weeks. When the asthma had returned to its former severity,
resumption of hydrocortisone again brought about relief. In contrast to these
studies, a nebulized solution of hydrocortisone was found to be ineffective when
trialed by Brockbank and colleagues in 1956 (56).

Although a number of patents for powder delivery devices for medicinal
purposes were filed from the middle of the twentieth century, the first widely
used powder inhaled was sodium cromoglycate.

In the mid-1950s, Khellin analogues were being investigated as potential
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bronchodilators. Active compounds were examined in sensitized guinea pigs ex-
posed to aerosols of egg white in order to induce a laboratory model of an
asthma attack. Roger Altounyan, a physician who had severe asthma, tested
compounds thought to have antiasthma properties on himself by inhaling a
preparation of guinea pig hair, which he knew would induce an asthmatic attack.
By 1958, he had found that several analogues of Khellin were protective. One in
particular had no bronchodilating activity and afforded animals no protection
against histamine; however, it protected Altounyan from the effects of guinea pig
hair. The medication was effective only if inhaled, but as inhalation was found to
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Figure 11 The India rubber carbolic smoke ball.
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Figure 12 Advertising for the carbolic smoke ball. A reward of £100 was offered to
those who genuinely caught influenza following use of the carbolic smoke ball.



irritate the lungs, the project was abandoned. However, in 1963, it was found that
one of the compounds was contaminated with a highly active material. A series of
bischromones were subsequently prepared for Altounyan to inhale. In 1965, he re-
ported that sodium cromoglycate (57) was an ideal protective drug when inhaled.
Altounyan and Howell, a company engineer, developed a special device that en-
abled the drug to be inhaled as a dry powder liberated from a pierced capsule. The
results of the first clinical trial (58) were reported in 1967. Sodium cromoglycate,
delivered in powder form from the Spinhaler, was marketed with great success.

The worldwide market for inhaled drug delivery is now approaching £5 bil-
lion each year. The drug delivery devices now used are described in detail in the re-
mainder of this book. It will become obvious to the reader that while improvements
have been made in aerosol drug delivery, further developments are still needed.
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I. Introduction

If inspired particles were carried only convectively with the bulk of airflow,
losses of these particles in the respiratory tract would be negligible. However, all
inspired particles experience a nonzero chance of being lost. This is due to parti-
cle transport toward airway and airspace surfaces as a result of mechanical and
electrical forces acting upon the particles. Upon contact with these surfaces, the
particles are deposited. The human respiratory tract can therefore be considered
as an “aerosol filter,” removing particles from the inspired air. The effectiveness
of this filter depends on

The physicochemical properties of the inspired particles
The breathing pattern and morphology of the subject inspiring the particles
The mode of breathing (nasal or oral)
The distribution of particles in the inspired air

The following pages discuss how the “filter characteristics” of the human
respiratory tract or its regions are affected by these factors and what implications
this has for an efficient aerosol therapy. This chapter also summarizes the devel-
opment of the field over the last two decades:
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Experimental determination of particle deposition in the human respiratory
tract under laboratory conditions (summarized in Ref. 1).

Development of a semiempirical deposition model based on these experi-
mental laboratory data (2).

Adaptation of the model to all available experimental deposition data and
extension of the model to ultrafine particles by the International Com-
mission on Radiological Protection (ICRP) (3).

Current applications of the ICRP model for predicting deposition of phar-
maceutical particles.

Since pharmaceutical particles often look like spheres and these particles
are usually administered per os, the behavior in the respiratory tract of orally in-
spired spherical particles is the focus of attention in this chapter.

II. Particle Transport onto Airway Surfaces

Because of the mechanical and electrical forces acting upon inspired particles,
particle trajectories are different from airstream lines, so that particles are trans-
ported toward surfaces of the respiratory tract. However, whereas all inspired
particles are exposed to mechanical forces, only charged particles are exposed to
electrical forces. Since pharmaceutical particles are usually not heavily charged,
particle transport in the human respiratory tract is governed by mechanical trans-
port: diffusional, gravitational, and inertial (Fig.1). Since diffusional and gravita-
tional transport are time-dependent transport phenomena, particles are
simultaneously transported by both mechanisms. However, when particles cover
more than about 30 µm s-1 by diffusional transport, the contribution of gravita-
tional transport becomes negligible. When they cover more than about 30 µm s-1
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Figure 1 Illustration of particle transport onto airway surfaces.



by gravitational transport, the contribution of diffusional transport becomes neg-
ligible. On the other hand, inertial transport is a velocity-dependent transport
phenomenon. It becomes effective for particle deposition only when particles
cover more than 30 µm s-1 by this transport phenomenon.

A. Diffusional Particle Transport (Diffusion)

Aerosol particles of dimensions comparable with the mean free path of gas mol-
ecules (about 0.06 µm) recognize their gaseous surroundings as composed of in-
dividual molecules, and every collision of a particle with a gas molecule changes
its kinetic energy and direction of motion; as a result, the particle moves at ran-
dom through the gas (Brownian motion or diffusion). The random displacement
a particle covers by this transport increases with time and with decreasing parti-
cle diameter. It is independent of the particle density.

In the respiratory tract, only ultrafine particles (particles smaller than 0.1
µm in diameter) are deposited solely due to diffusion, since those particles
cover more than 30 µm s-1 by diffusional transport (Fig. 2). For all ultrafine
particles of the same size, deposition is the same regardless of their density.
Because of the time-dependence of diffusional particle transport, it is antici-
pated that diffusional deposition of ultrafine particles occurs mainly in lung re-
gions of maximum residence time of the tidal air—i.e., in small airways and in
the lung periphery.

B. Gravitational Particle Transport (Sedimentation)

Particles larger than 0.1 µm are less and less transported by diffusion but settle
more and more under the action of gravity. The displacement of a particle by
gravitational transport increases with time and with particle diameter and den-
sity. In the respiratory tract, spheres of 3 g cm–3 density larger than 0.5 µm, unit
density spheres larger than 1 µm, and spheres of 0.1 g cm–3 density larger than 3
µm in diameter are no longer deposited due to diffusion but solely due to sedi-
mentation, since those particles settle more than 30 µm s–1 (Fig. 2). Because of
the time-dependence of gravitational particle transport, it is anticipated that
gravitational deposition of particles occurs mainly in lung regions of maximum
residence time of the tidal air—i.e., in small airways and in the lung periphery.

C. Inertial Particle Transport (Impaction)

In the branching network of airways, the inspired air is changing its velocity and
direction of motion all the time while it is penetrating into the lungs. Particles car-
ried with the air are therefore exposed to inertial forces all the time. For particles
of sufficient mass, these forces result in an inertial displacement and thus in a par-
ticle transport toward airway surfaces. This displacement increases with particle
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velocity, diameter, and density. In the respiratory tract, inertial transport con-
tributes to particle deposition for spheres of 3 g cm–3 density larger than 1 µm,
unit density spheres larger than 2 µm, and spheres of 0.1 g cm–3 density larger
than 6 µm in diameter, since these particles cover more than 30 µm s–1 by inertial
transport (Fig. 2). Because of the velocity-dependence of inertial particle trans-
port, it is anticipated that inertial deposition of particles in the respiratory tract oc-
curs mainly in regions of maximum airflow velocity—i.e., in large airways.

D. Summary

In summary, particle transport onto airway surfaces depends on four parameters:
particle diameter, particle density, particle velocity, and the time available for
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transport onto airway surfaces. Usually breathing cycle period and respiratory
flow rate are used as substitutes for time and velocity; the dependence of the
mean diffusional, gravitational, and inertial particle displacement on these four
parameters can be summarized as follows:

Particle Particle Breathing 
size density cycle period Flow rate

Diffusional displacement Decreases Independent Increases Independent
with size of density with time of flow rate

Gravitational displacement Increases Increases Increases Independent
with size with density with time of flow rate

Inertial displacement Increases Increases Independent Increases with
with size with density of time flow rate

III. Particle Deposition—Definitions and Fundamental
Considerations

Deposition of ultrafine particles is due solely to diffusional transport. Deposition
of larger particles is due to gravitational and/or inertial transport. It is therefore
anticipated that the efficiency of the human respiratory tract to collect inspired
particles decreases with particle size as long as deposition is governed by diffu-
sion and increases with particle size when deposition is governed by sedimenta-
tion and/or impaction (Fig. 3). Deposition assumes a minimum when deposition
due to diffusional transport is equal to that due to gravitational transport. For
particles of 3 g cm-3 density, the lowest deposition is observed for 0.26-µm
spheres; for unit-density particles, it occurs for 0.36-µm spheres. The shape of
the fundamental filter characteristic of the respiratory tract schematically shown
in Fig. 3 is typical for oral breathing of aerosols. The actual shape, however, is
determined by particle density, breathing pattern, and gas volume in the lungs. It
must therefore be emphasized that any statement about the filter characteristics
of the respiratory tract is incomplete without mention of particle density, breath-
ing pattern, and gas volume in the lungs for which it was obtained.

More time is available for transport toward airway surfaces for a particle
inspired at the onset of a breath than for a particle inspired at the end of the
breath. Therefore, even when indentical particles are inspired with the tidal air,
the chance of being deposited will be different for each particle; thus the follow-
ing definition is generally accepted:

Definition: The fraction of inspired particles deposited in the respiratory tract, DF,
is the mean probability that a particle inspired with the tidal air during steady-state
breathing from functional residual capacity is deposited in the respiratory tract. DF
is called total deposition throughout this chapter.
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Consequently, DF = 0.5 means that half the particles inspired per breath are de-
posited anywhere in the respiratory tract. Nevertheless, it is possible that all par-
ticles inspired at the onset of a breath are deposited but none of the particles
inspired at the end of the breath.

The same considerations apply for particle deposition in regions of the res-
piratory tract:

Definition: The fraction of inspired particles deposited in region X of the respira-
tory tract, DFx, is the mean probability that a particle inspired with the tidal air dur-
ing steady-state breathing from functional residual capacity is deposited in region
X. DFx are called regional depositions throughout this chapter.

Since each particle inspired with the tidal air can be deposited in only one re-
gion, the sum of all regional depositions equals total deposition.

As far as the behavior of aerosol particles is concerned, the respiratory
tract can be partitioned into four regions:

Extrathoracic region: airways in head and neck
Upper bronchial region: trachea and bronchi (large ciliated thoracic 

airways)
Lower bronchial region: bronchioles (small ciliated thoracic airways)
Alveolar region: nonciliated thoracic airways and airspaces
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Consequently, total deposition, DF, is the sum of extrathoracic deposition, DFE,
upper bronchial deposition, DFUB, lower bronchial deposition, DFLB, and alveo-
lar deposition, DFA:

DF = DFE + DFUB + DFLB + DFA

IV. Total Deposition

A. Experimental Methodology

According to the definition, total deposition is simply given by

DF = 1 – (number of expired particles / number of inspired particles)

It must therefore be determined during steady-state breathing of well-defined
monodisperse aerosols by counting the number of inspired and expired particles
per breath. Since aerosol photometry is usually applied for monitoring particle
number concentration, c, in inspired and expired tidal air and combined with
pneumotachography for monitoring flow rate, Q, during breathing of the aerosol
(Fig. 4), total deposition can be calculated by

DF = 1 – (∫ c |Q| dt / ∫ c |Q| dt)
te ti

where ti (te) is the time available for inspiration (expiration) of the tidal air.
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Total deposition can also be determined by measuring the mean particle
number concentration in samples taken from inspired and expired aerosols over
periods of several breaths and taking into account particle losses due to the sam-
pling procedure.

However, regardless of the technique used, the particle number concentra-
tion of the inspired aerosol must remain constant during the entire inspiration. In
case the particle number concentration increases during inspiration, deposition
will be different from that obtained for the case of a decreasing inspiratory parti-
cle number concentration. It must therefore be recognized that it is necessary to
use only aerosols of uniform particle number concentration for the experimental
determination of total deposition.

B. Effect of Particle Dynamics

The dependence of total deposition on particle dynamics is demonstrated in this
chapter for monodisperse spherical particles of 0.9 and 3.2 g cm–3 density and di-
ameters between 0.2 and 10 µm orally inspired with the tidal air from functional
residual capacity by three subjects at patterns illustrated in Fig. 5 (1).
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For all particle sizes deposition increases with time (Fig. 6, top). At a flow
rate of 250 cm3 s-1 deposition is governed by sedimentation but at 750 cm3 s-1

flow rate by impaction. Therefore, the time-dependency of deposition is less pro-
nounced when the aerosols are respired at the high flow rate. When these data are
plotted to illustrate the influence of flow rate on deposition (Fig. 6, bottom) it be-
comes obvious that inertial transport is not effective for deposition anywhere in
the respiratory tract of orally inspired particles smaller than 2 µm in diameter.

In Fig. 7, top the effect of particle density on total deposition is demon-
strated, and it can be seen that 2 µm particles of 3.2 g cm–3 density are deposited
with the same efficiency than 4 µm particles of 0.9 g cm–3 density. This ambigu-
ity can be eliminated by considering the aerodynamic size of the particles.
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C. Concept of Aerodynamic Particle Diameter

Definition: The aerodynamic diameter of a particle is the diameter of a fictitious
sphere of unit density which, under the action of gravity, settles with the same ve-
locity as the particle in question.

From Fig. 7 (top) it is obvious that the transport properties of a small heavy
sphere can be identical with that of a large light sphere. When both spheres are
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transported with the same velocity, they exhibit the same aerodynamic behavior
and thus the same deposition. This velocity is determined by the geometrical size
and the density of the particles. All particles of diameter, d, and density, ρ, behave
aerodynamically in the same way as long as the value of the product (ρd2) is the
same. In this case, all these particles experience identical gravitational displace-
ment. Since both gravitational and inertial transport are dependent on (ρd2) they
also experience identical inertial displacement.

In reality it is not entirely true, that particles characterized by identical
(ρd2) experience identical displacement due to the action of mechanical forces.
The displacement is influenced by interactions between a particle and the gas
molecules surrounding it. The so-called slip correction accounts for these inter-
actions. If a particle is smaller than the mean free path of the gas molecules this
correction is substantial. It decreases, however, for increasing particle size and
becomes negligible far particles much larger than the mean free path of the gas
molecules. In consequence, no correction has to be applied for estimating the
transport of particles larger than 1 µm in diameter.

Considering a sphere of unit density, ρo, and diameter, dae, for which (ρo-

dae
2) = (ρd2), its transport properties are identical with those of all particles char-

acterized by the same value of (ρd2). Its diameter is called the aerodynamic
diameter. The behavior of this fictitious sphere is representative of all particles
collected with the same efficiency by the respiratory tract regardless of their den-
sity. Or, in other words, this sphere represents all these particles as far as their
transport properties are concerned. However, it does not represent them as far as
their physical properties are concerned (particle diameter, particle density, and
consequently particle mass).

For each monodisperse aerosol with spheres of 0.9 and 3.2 g cm–3 density
used to study deposition of the respiratory tract, the aerodynamic diameter can
be calculated by

dae = d (ρ/ρ0)
0.5

and total deposition can be plotted as a function of their aerodynamic diameter.
For both flow rates, deposition is an unique function of the aerodynamic diame-
ter (Fig. 7, bottom) and thus the concept of the aerodynamic diameter obviously
applies to particle behavior in the human respiratory tract.

D. Limitations of the Concept of Aerodynamic Particle
Diameter

This concept is confined to particles transported by gravitational sedimentation
without interference of diffusion and, consequently, to particles larger than 1 µm
in aerodynamic diameter. For smaller particles an aerodynamic diameter is not
defined. Therefore, the abcissa in Fig. 7 (bottom) has to have a 1-µm origin.
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Since both gravitational and inertial transport are dependent on (ρd2), the
aerodynamic diameter concept also applies in principle to inertial transport of
particles larger than 1 µm in aerodynamic size. Inertial transport contributes to
particle deposition in the human respiratory tract for particles larger than 2 µm in
aerodynamic diameter. Therefore, particle deposition for spheres of different
density is an unique function of the aerodynamic diameter.

Very often inertial deposition in impactors is used to characterize the aero-
dynamic behavior of aerosol particles. However, much larger inertial forces are
applied for particle deposition in impactors than are available for particle deposi-
tion in the human respiratory tract. The particle size obtained by this technique is
the “inertial diameter.” This diameter is defined in the same way as the aerody-
namic diameter but based on inertial rather than gravitational particle transport.
When a particle is not only inertially but also gravitationally transported its iner-
tial diameter is identical with its aerodynamic diameter.

Even ultrafine particles which are solely deposited in the lungs by diffu-
sion can be classified with impactors. The inertial sizes of these ultrafine parti-
cles are however not suitable for estimating particle deposition in the respiratory
tract. For instance, a 0.05-µm sphere of 3 g cm–3 density behaves in the lungs like
a 0.05-µm particle. However, its inertial diameter is about 0.09 µm.

It must also be recognized that when only the aerodynamic diameter of a par-
ticle is known, its deposition efficiency in the respiratory tract can be estimated but
it remains unknown what mass this particle delivers to the surfaces of the respira-
tory tract. This mass can be estimated only when either the density or the geometri-
cal diameter of this particle is known. For instance, the mass of spheres that are 2
µm in aerodynamic size decreases by more than a factor of 5 when their density in-
creases from 0.1 to 3 g cm–3 (Table 1). Although the particles are deposited with
equal probability in the human respiratory tract, the mass they deliver to airway and
airspace surfaces is far from being equal. For all spheres of equal aerodynamic size,
the sphere with the lowest density carries the greatest mass into the lungs.

E. Intersubject Variability

Total deposition varies considerably among healthy individuals breathing
monodisperse aerosols with identical pattern (Fig. 8). This huge variability is de-
termined by the intersubject variability of airway and airspace morphometry.
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Table 1 Mass (m) of Spheres of Equal Aerodynamic 
Diameter (dae) but Different Density (ρ)

dae (µm) 2.0 2.0 2.0
ρ (g cm-3) 0.1 1.0 3.0
d (µm) 6.3 2.0 1.2
m (pg) 13.1 4.2 2.4



Airway and airspace dimensions of these individuals estimated from deposition
of 1-µm particles due to gravitational transport during end-inspiratory breath-
holding are closely correlated with the total deposition of the individuals. The
respiratory tract of individuals with wide airways collects particles less effi-
ciently than that of individuals with narrow airways.

This huge intersubject variability of particle deposition has serious conse-
quences for the therapeutic application of aerosols: monitoring the inspired mass
of a drug is not sufficient; monitoring the deposited mass of the drug is neces-
sary. A safe aerosol therapy with drugs of narrow therapeutic width requires
therefore individual dosimetry.

V. Regional Deposition

A. Experimental Methodology

Determination of regional deposition is usually based on measurements of particle
removal from the respiratory tract after short-term steady-state breathing of radio-
labeled particles relatively insoluble in body fluids. First of all, total deposition can
be partitioned into extrathoracic and thoracic components by external detection of
the amount of radiotracer deposited in head and neck and in thorax immediately
after particle administration with a number of scintillation detectors placed around
head or thorax as schematically shown in Fig. 9. Thoracic deposition can then be
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partitioned into a bronchial and an alveolar component by external detection of the
amount of radiotracer retained in the thorax over a couple of days after particle ad-
ministration (Fig. 10). During this time the thoracic activity decreases in two dis-
tinct phases: a fast phase, complete within 40 h, due to mucociliary transport of
particles to the glottis and subsequent swallowing of the particles, and a slow
phase due to macrophage mediated particle removal from the thorax. The activity
removed by mucociliary transport from the thorax is associated with particles de-
posited on surfaces of ciliated airways and that removed by macrophages with par-
ticles deposited on surfaces of nonciliated airways and airspaces. This radiotracer
technique is confined to particles larger then 0.1 µm. Its sensitivity is not sufficient
for studying regional deposition of ultrafine particles.

It has recently been recognized that a fraction of particles deposited on sur-
faces of ciliated thoracic airways is not removed from these airways within 40 h
but retained for longer periods (4). This long-term retention phenomenon was
observed for particles smaller than 6 µm in diameter. Although particle removal
from thoracic airways is therefore overestimated by the radiotracer technique, it
affects bronchial deposition by less than 10%.

B. Effect of Fluid Dynamics

When an aerosol enters the respiratory tract, its particles first experience inertial
transport onto airway surfaces in the extrathoracic and upper bronchial region.
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Figure 9 Scheme of the scintillation device for determining the amount of radiotracer
deposited in head, neck, and thorax. The configuration of scintillation detectors and
shielding allows detection of particle removal from the thorax regardless of the spatial
distribution of particles within thorax and stomach.



As it penetrates further into the respiratory tract the efficacy of this transport di-
minishes and the efficacy of gravitational transport is enhanced. The upper respi-
ratory tract can be considered as an impactor and the lower respiratory tract as an
elutriator. This is due to the fluid dynamics of the respiratory tract.

An inspired aerosol flows through the upper respiratory tract at high veloc-
ity and remains in this region only for a short period, so that particle deposition
is governed by inertial impaction. On the other hand, the long residence time of
the aerosol in the lower respiratory tract is associated with low velocity, so that
particle deposition is governed by diffusional and gravitational transport. Conse-
quently, with increasing particle size and/or flow rate, the site of deposition is
shifted from the lower to the upper respiratory tract. Because of the limitations
of the radiotracer technique, this anticipation is, however, verified experimen-
tally only for particles larger than 0.1 µm in diameter.

C. Effect of Particle Dynamics

To demonstrate the dependence of regional deposition on particle dynamics
monodisperse radiolabeled spherical particles of 3.2 g cm–3 density and diame-
ters between 0.3 and 10 µm were orally inspired with the tidal air from func-
tional residual capacity by three subjects at the slow and fast patterns illustrated
in Fig. 5 (1). Slow breathing is characterized by a breathing cycle period of 8 s
and flow rate of 250 cm3 s–1; fast breathing by a 4-s cycle period and flow rate of
750 cm3 s–1. Total and regional depositions are presented in Fig. 11 as functions
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Figure 10 Temporal variation of thoracic retention.



of the diameter of unit-density spheres which, for particles larger than 1 µm, is
identical with the aerodynamic diameter.

Unit-density spheres smaller than about 2 µm in aerodynamic diameter are
deposited in the alveolar region and deposition in other regions is undetectable
(Fig. 11). Larger particles are already removed from the inspired air in extratho-
racic as well as ciliated thoracic airways during inspiration with the result that
alveolar deposition decreases with particle size in the range above 3 µm. Al-
though alveolar deposition of 1- and 7-µm particles inspired at flow rate of 250
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Figure 11 Experimentally determined deposition in extrathoracic, bronchial, and alve-
olar regions of the human respiratory tract for slow oral tidal breathing of unit-density
spheres from functional residual capacity (lines: 8-s breathing-cycle period and flow rate
of 250 cm3 s–1) and fast oral breathing of unit-density spheres (dashed lines: 4-s breathing-
cycle period and flow rate of 750 cm3 s–1).



cm3 s–1 is about the same, the behavior of these particles in the respiratory tract is
entirely different. All inspired 1-µm particles penetrate to the alveolar region,
where only a few of them are deposited. Although only a few of the inspired 7-
µm particles penetrate to this region, all of them are deposited there. Above 8-µm
bronchial deposition also decreases with particle size.

In the extrathoracic region, more particles are deposited during fast than
during slow breathing (Fig. 11) and particle deposition is solely due to impaction
in the larynx during inspiration. In the oral cavity, deposition is negligible, so
that extrathoracic and larygeal deposition are identical.

In the bronchial region, particle deposition is less dependent on flow rate
and breathing-cycle period (Fig. 11). It is due to impaction in upper thoracic air-
ways and due to sedimentation in lower thoracic airways.

In the alveolar region, more particles are deposited during slow than dur-
ing fast breathing (Fig. 11) and particle deposition is due to diffusion and/or sed-
imentation.

VI. Modeling of Particle Deposition

Experimentally determined regional deposition data have been used to obtain
detailed insight into particle transport onto airway surfaces with a semiempir-
ical deposition model, which considers extrathoracic, bronchial, and alveolar
region of the respiratory tract as a series of aerosol filters (2). This model re-
quires no assumptions with respect to either the geometric configuration of
the respiratory tract, the particle dynamics in the respiratory tract, or the effi-
ciency of each airway to collect inspired particles. However, it permits the
conversion of regional deposition values into regional efficiencies, which can
be used to estimate the contribution of particle transport mechanisms to re-
gional deposition. In addition, this model can also be used to partition the
bronchial region into an upper portion, in which deposition is mainly due to
inertial particle transport, and a lower portion, in which particles are mainly
collected by gravitational transport. Hence, it yields empirical analytical ex-
pressions for calculating deposition in extrathoracic airways, ciliated upper
and lower bronchial airways, and the nonciliated portion of the lungs for oral
breathing of aerosols with particles of a wide range of sizes and densities at a
wide range of breathing patterns.

This model has been adopted by a Task Group of the International Com-
mission on Radiological Protection (ICRP) to all available experimental total
and regional deposition data and extended for calculating regional deposition of
ultrafine particles (3). For oral breathing of unit-density spheres at rest, total and
regional depositions calculated with the ICRP model are shown in Fig. 12.
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VII. Consequences for Aerosol Therapy of Particle
Behavior in the Respiratory Tract

In aerosol therapy, particles are used to carry pharmaceuticals into the respira-
tory tract, where they become available upon deposition for the treatment of top-
ical or systemic diseases. It must, however, be recognized that particle
deposition in the human respiratory tract discussed so far is confined to particles
with hydrophobic surfaces and fully entrained in the inspired air. However, in
aerosol therapy, these ideal conditions are often not fulfilled. It must also be rec-
ognized that the deposited mass (dose) or the mass deposited per unit surface
area (surface dose) rather than the number of deposited particles is of interest in
aerosol therapy. Therefore, particles are suitable for therapy only if they deliver a
sufficient dose of a pharmaceutical to the respiratory tract. These particles are
usually larger than 1 µm in diameter.
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Figure 12 Total deposition and deposition in extrathoracic, upper and lower bronchial,
and alveolar regions estimated with the ICRP semiempirical deposition model (3) for oral
breathing of unit-density spheres at the reference resting pattern for an adult Caucasian
male sitting awake (9): 15-s breathing-cycle period and flow rate of 300 cm3 s–1.



A. Mass Deposition of Polydisperse Particles 
(Deposited Dose)

Usually, monodisperse aerosols are not available for aerosol therapy, but polydis-
perse aerosols are. For monodisperse aerosols, deposition is the same whether it is
related to the number or the mass of inspired particles, but it is different for polydis-
perse particles. Regional mass depositions of polydisperse particles can be obtained
by partitioning the polydisperse mass distribution (particle mass as a function of the
geometric particle diameter) into monodisperse fractions, calculating regional depo-
sitions for each fraction and adding up these values for each region. For instance, if
the mass of 1-µm particles in a polydisperse aerosol is 1 mg, and 20% of the 1-µm
particles are deposited in the alveolar region, they contribute 0.2 mg to the mass de-
posited in this region. If the total mass inspired is 5 mg, the contribution of 1-µm
particles to alveolar deposition is 4%. This procedure has to be performed for all
monodisperse fractions and all regions. Alveolar mass deposition of 0.33 means that
one-third of the inspired particle mass is deposited in this region.

For oral breathing at rest of unit-density spheres with log-normal mass dis-
tributions, regional mass depositions are illustrated in Fig. 13. Deposition for
particles with a mass median diameter (MMD) of 1 µm occurs almost entirely by
gravitational sedimentation on surfaces of small ciliated thoracic airways and on
surfaces beyond these airways, and for particles with a MMD of 3 µm on sur-
faces throughout the respiratory tract but still mainly on surfaces comprising the
alvolar region. When MMD increases alveolar deposition decreases, deposition
in the lower bronchial region remains at a level observed for particles of 3-µm
MMD, but deposition in extrathoracic airways increases considerably.

These data are confined to particles fully entrained in the inspired air.
When particles are, however, inspired from propellant-based metered-dose or
dry-powder inhalers, their velocity is much greater than that of the inspired air,
and only a small mass fraction (nonballistic fraction) escapes inertial deposition
in the oropharynx and enters the trachea. The mass fraction of particles deposited
in the oropharynx (ballistic fraction) can be determined experimentally. It com-
prises more than 50% of the mass released from inhaler devices and therefore is
much larger than that deposited in the larynx. It is usually assumed that the bal-
listic fraction is equal to the mass fraction collected in an induction port placed
in front of a cascade impactor. Collection of particles in the impactor allows the
estimation of the mass distribution of particles entering the respiratory tract. Fi-
nally, these distributions can be used to calculate regional mass depositions with
a deposition model.

This approach for studying deposition in the human respiratory tract of
ballistic and nonballistic mass fractions released from inhaler devices is thus
based on
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The experimental determination of extrathoracic (oropharyngeal) mass
deposition.

The experimental determination of the mass distribution of the particles
entering the respiratory tract.

The mathematical determination of regional mass depositions.

Using the ICRP deposition model, Pritchard et al. (6) were able to demonstrate
that this approach is suitable to predict extrathoracic (oropharyngeal) and tho-
racic mass deposition of particles released from a dry powder inhaler obtained
by the radiotracer technique (Fig. 14). The ballistic fraction comprised 50–70%
of the particle mass but only about 12% were deposited in thoracic airways and
airspaces of 19 patients.

B. Targeting Respiratory Tract Surfaces with Inspired Particles

Pharmaceutical particles are gravitationally and inertially transported onto air-
way and airspace surfaces. Extrathoracic and upper bronchial surfaces collect
them by impaction and lower bronchial and peripheral airspace surfaces by sedi-
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mentation. Targeting regions of the respiratory tract is therefore feasible. Opti-
mum targeting can be obtained for the following conditions:

Targeting of extrathoracic airway surfaces can be achieved by inspiring at
high flow rate particles much larger than 1 µm in aerodynamic size and
suspended in tidal air of small volume.

Targeting of upper ciliated bronchial surfaces is not possible.
Targeting of lower ciliated bronchial surfaces can be achieved by inspiring

as extremely low flow rate particles much larger than 1 µm in aerody-
namic size and suspended in tidal air of large volume (5).

Targeting of peripheral airspace surfaces can be achieved by inspiring at
low flow rate particles in the aerodynamic size range of about 1 µm and
suspended in tidal air of large volume.

These conditions are specified in Fig. 15. More than 50% of the mass de-
posited in the entire respiratory tract can be specified in the extrathoracic, lower
bronchial, and alveolar regions. Only targeting of the upper bronchial airways is
not possible. However, when extrathoracic and upper bronchial regions are com-
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bined to an upper respiratory tract region and lower bronchial and alveolar re-
gions to a lower respiratory tract region, targeting can considerably be improved
and, even more important, targeting is independent of the particle size distribu-
tion. The inhalation of monodisperse particles and log-normally distributed poly-
disperse particles of identical mass median diameters result in a targeting
efficiency of more than 90% for both the upper and lower respiratory tract re-
gions (Fig. 16).

C. Hygroscopic Growth of Inspired Particles

In case of hydrophilic surfaces, particles absorb water vapor from the moist air
in the respiratory tract. They grow therefore in size and diminish their density
while they are penetrating with the convective air flow into the lungs. Conse-
quently, when particles of identical size and density but different surface proper-
ties are inspired, the site of deposition is different. Particles with hydrophilic
surfaces are deposited more proximal in the respiratory tract than those with hy-
drophobic surfaces.

Hygroscopic growth of monodisperse, solid 0.7-µm sodium chloride parti-
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cles in the human respiratory tract is demonstrated in Fig. 17. These particles
were inspired within small aerosol boluses and carried to volumetric lung depths
up to 800 cm3 and recovered from these depths upon expiration. Their number
concentration was so low that the photodetector of the respiratory aerosol probe
(Fig. 4) received scattered light only from single particles so that the respiratory
aerosol probe operated as a particle size spectrometer, and thus the particle size
in inspired and expired air could be measured (7). When the 0.7-µm particles
penetrated beyond 300 cm3 lung depth, they were grown to 4-µm particles when
expired. This was anticipated for water vapor exposure of the particles at 0.995
relative humidity, which is the maximum humidity generated by a saline solu-
tion. In lung depths smaller than 300 cm3, the particles grew less in size, indicat-
ing that the relative humidity in these depths was less than 0.995.

The hygroscopic growth of pharmaceutical particles is usually less than
that of sodium chloride particles. It is, however, not negligible, although it is of-
ten neglected in aerosol therapy. This was shown for a number of pharmaceutical
aerosols. Particles were produced by nebulization of aqueous solutions of drugs,
exposed to dry air and passed through a differential mobility analyzer for selec-
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tion of a monodisperse fraction in situ. The selected particles were then exposed
to air of increasing relative humidity, and their size was analyzed with another
differential mobility analyzer and a condensation particle counter. For instance,
when the humidity was raised to 0.98, bricanyl particles increased their size by a
factor of 2.44 (8).
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I. Introduction

The success of therapy using aerosolized medications depends on the ability to
deliver sufficient drug to appropriate sites in the lung with minimal side effects.
The recognized advantages of using aerosols compared with other forms of ther-
apy include ease of administration, effectiveness with smaller doses than re-
quired for systemic administration, and rapidity of response to a drug in aerosol
form. However, depositing aerosol in the lung involves not only generating suffi-
cient quantities of suitable-sized particles or droplets but also ensuring that suffi-
cient aerosol reaches the most appropriate region of the respiratory system. The
efficacy of aerosol therapy is significantly related to the amount of drug de-
posited in the airways (1). This, in turn, depends on aspects of airway anatomy
and physiology, which will alter with age and disease (2–4) and therefore need to
be understood in considering both drug delivery and deposition.

As discussed below, airway size, structure, and branching pattern will all
influence the delivery and deposition of aerosols. Airway caliber—which may be
reduced due to bronchoconstriction, inflammation, edema, increased secretions,
or simply age at both ends of the spectrum—is a major influence on site of depo-
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sition of aerosol in the lung. Considerations for delivering inhalant therapy to in-
fants and children are similar to those for adults. However, in younger subjects,
breathing pattern—with respect to higher respiratory rates, reduced tidal vol-
umes, and the tendency to nose-breathe—is a prime influence in determining
how much aerosol is inhaled into the lung.

Anatomic and physiological differences, together with the increased
susceptibility of the very young and the elderly to respiratory problems, pre-
sent a particular challenge in terms of developing efficient aerosol therapy for
a variety of diseases throughout life. This challenge is one that is unlikely to
be met without a firm understanding not only of the basic structure and func-
tion of the respiratory system but also of how these change with age. The pur-
pose of this chapter is to provide such a background. In the space available, it
is obviously both impossible and inappropriate to describe the anatomy and
physiology of the respiratory system in detail, particularly when so many ex-
cellent reviews are already available (5–10). Instead, this chapter focuses
specifically on those aspects of respiratory structure and function that are rel-
evant to inhalation therapy, with particular emphasis on developmental
changes.

II. Structural Organization of the Respiratory System

The respiratory system consists of the airways that carry the air to the alveoli, the
gas-exchanging region of the lung, and the chest structures responsible for mov-
ing air in and out of the lungs—the respiratory pump. The lung is also supplied
by blood vessels both to nourish the airways and for gas exchange. The respira-
tory system is divided into the upper and lower airways, the upper extending
from the external nares to the larynx, the lower from the larynx to the respiratory
bronchioli and alveoli. The lower airways exhibit a pattern of branching that
maximizes efficient delivery of air to all parts of the lung as well as providing the
maximal area for gas exchange (Fig. 1).

A. Functional Anatomy of the Respiratory Pump (Chest Wall)

The lungs are attached to the thoracic cage—which consists of the ribs, sternum,
thoracic vertebrae, diaphragm, and intercostal muscles—by the visceral and
parietal pleura. The two pleural membranes are sealed together by a film of
pleural fluid that enables the lungs (which themselves contain no skeletal mus-
cle) to be expanded and relaxed by movements of the chest wall. The balance be-
tween the inward recoil of the lung and the outward recoil of the chest wall
determines the volume remaining in the lung at end expiration (functional resid-
ual capacity, or FRC) (Fig. 2).
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Diaphragm and Rib Cage

The diaphragm, which is innervated by the phrenic nerve, is the principal muscle
of inspiration. Diaphragmatic activity is responsible for around 75% of the in-
haled gas volume during quiet breathing, the remaining 25% being attributable
to rib-cage movement. Contraction of the diaphragm leads to an increased depth
of the thoracic cavity and an increase in abdominal pressure. The latter displaces
the ribs outward and upward, thus enlarging the thoracic cage and lung and caus-
ing air to be drawn into the lungs by bulk flow. At end-inspiration, the respiratory
muscles relax, allowing the lungs to recoil to FRC. During forced expiration, ac-
cessory muscles in the abdominal wall contract, thereby increasing abdominal
pressure and forcing the diaphragm higher into the thorax.

Efficiency of breathing is reduced in the presence of hyperinflation (e.g.,
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emphysema), due to the flattening of the diaphragm that occurs under these con-
ditions. In adults, the downward-sloping ribs allow a significant increase in both
the anteroposterior and lateral diameters of the thorax when the diaphragm de-
scends. Infants have a limited ability to increase tidal or minute volume in re-
sponse to increased ventilatory demands. This is largely because of their
horizontally placed ribcage (11) (Fig. 3).

The adult rib-cage configuration develops gradually during the first 2 years
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of life. The external intercostal muscles play a vital role in stabilizing the rib
cage. Although lung recoil is similar to that in adults, the outward recoil of the
chest wall is low in infants and young children (12–14) (Fig. 4). Since FRC is
determined by the balance of lung and chest wall recoil forces, this reduction in
chest wall recoil will lead to a marked reduction in FRC unless it is maintained
by other mechanisms (Fig. 5).

However, during the first months of life, infants partially compensate for
this mechanical disadvantage by dynamically elevating their FRC. This is
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achieved by the combination of a short expiratory time (rapid respiratory rate)
and modulation of expiratory flow by both laryngeal and postinspiratory di-
aphragmatic activity, which lengthens the expiratory time constant (15,16). End-
expiratory volume is dynamically elevated until about 6 to 12 months of age,
after which the passive characteristics of lung and chest wall appear to determine
FRC, as in older subjects (17). While being an important physiological response
to the anatomic immaturity of the chest wall, such modifications of breathing
patterns, which are highly dependent on sleep state, may at times have an unpre-
dictable influence on aerosolized drug delivery.

Maturational Changes in Chest Wall Compliance

The reduced chest wall compliance in early life may also have a marked effect
on airway patency in infants, since, by supplying less distending pressure to the
intrathoracic airways, there will be an increased tendency to airway closure dur-
ing tidal breathing (18) (Fig. 6). Airway closure during tidal breathing (i.e.,
above FRC) is one of the main causes of hypoxemia in the very young as well as
the elderly and will have a marked effect on the distribution of ventilation and
inhaled aerosols (Sec. III.D) The highly compliant chest wall in young infants
also increases the tendency to chest wall recession, particularly in the presence
of lung disease and following premature delivery. This, in turn, increases the
work of breathing, since much of the inspiratory effort is wasted in distorting the
chest wall and may lead to respiratory failure in the presence of severe respira-
tory disease. Such chest wall distortion will also cause marked regional differ-
ences in transpulmonary pressure, which will affect distribution of inspired
particles (Sec. III.B).

Ossification of the rib cage, sternum, and vertebrae begins in utero and
continues until about age 25, while calcification of the costal cartilage can con-

52 Stocks and Hislop

A. Normal recoil B. Reduced recoil

Figure 6 Effect of distending pressure on airway caliber.



tinue into old age. There is a progressive decrease in chest wall compliance with
aging, due both to this increased calcification and narrowing of the intervertebral
disk spaces. This results in lower force-generating capabilities, as reflected by
the age-related decline in forced volumes and flows (19). Compliance is also re-
duced when the mobility of the chest wall is impaired (e.g., ankylosing spondyli-
tis) and by obesity. This, together with decreased respiratory muscle strength in
elderly patients, may have an adverse influence on their ability to generate high
enough peak inspiratory flows (PIF) to actuate certain types of aerosol devices
effectively (Sec. III.B, under “Peak Inspiratory Flow”).

B. Normal Airway Anatomy

Air may enter the respiratory passages via the nose or mouth (Fig. 1), although—
as a result of anatomical differences—babies rarely breathe through their mouths
until at least 3–6 months of age (20,21). The route of inhalation during aerosol
therapy is therefore difficult to standardize until children are old enough to use a
mouthpiece, which is usually around 3 years of age.

The Nose

The function of the nose is to warm, humidify, and filter the air and to provide ol-
faction. Regrettably for those requiring aerosol therapy, it also acts as a very effi-
cient barrier, with lung deposition being approximately halved during nose
versus mouth breathing (22) (Sec. III.A, “Inhalation Route—The Influence of
Nose Breathing”). The nasal vestibule, which is located immediately posterior to
the external nasal opening, is lined with stratified squamous epithelium and nu-
merous hairs that filter out large particulate matter. This vestibule funnels air to-
wards the nasal valve. This part of the airway accounts for approximately 50% of
the total resistance to respiratory airflow between the nostril and the alveoli, the
relative contribution appearing to remain similar throughout life (23–25) (Sec.
III.A, “Inhalation Route—The Influence of Nose Breathing,” and Sec. II.B, un-
der “Partitioning of Resistance”).

The pattern of airflow changes from laminar before and at the nasal valve
to that of a more turbulent nature posteriorly. The latter encourages impaction of
large inhaled particles. The lateral nasal wall has turbinates or conchae that in-
crease the nasal mucosal surfaces. When the mucous membrane is inflamed or ir-
ritated by head colds or allergic reactions, it swells and the entire nasal cavity
may become blocked, again severely limiting aerosol delivery to the lower air-
ways in nose-breathing subjects (26). It has been argued that the relatively large
upper airway in infants (27) together with absence of nasal hair in the preadoles-
cent, may make nasal breathing less of a problem for aerosol delivery in young
children than might be expected. However, the upper airway appears to be a
more efficient aerodynamic filter in infants than in older subjects (28).
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The entire nasal cavity is lined by pseudostratified squamous epithelium with
a cover of a thin layer of mucus providing immune and mechanical protection. Cilia
beat in the mucus about 1000 times per minute and surface material is moved along
at a rate of 3–25 mm/min. This transport is unidirectional and moves mucus and any
trapped inhaled particles back toward the nasopharynx, where it is periodically
swallowed. Drug delivery to the lung is therefore likely to be markedly reduced in
the presence of excess mucous secretion. Further details of the anatomy and physi-
ology of the nasal cavity can be found in published reviews (24,29,30).

The Pharynx and Larynx

Having passed through the nose or mouth, air and any inhaled particles it con-
tains enters the pharynx, a funnel-shaped tube that starts at the internal nares
(nasal passages) and extends to the level of the cricoid cartilage (the laryngeal
cartilage lying immediately above the trachea) (Fig. 1). Its wall is composed of
skeletal muscles and lined with mucous membrane. The pharynx is again a major
site of impaction, particularly in the presence of high flows and large particle
size. Age-related anatomic changes in the shape of the throat influence patterns
of aerosol deposition (31). A recent study demonstrated that the deposition pat-
tern of aerosolized rhDNase in patients with cystic fibrosis (CF) is strongly influ-
enced by developmental changes in respiratory physiology and the clinical status
of the patient. In children with CF, as much as 48% of the deposited aerosol was
found in the pharynx. With increasing age and tidal volume, there was a decrease
in upper airway deposition and more particles reached the lungs. Similarly, en-
hanced pulmonary deposition was found in patients with more severe airway dis-
ease (32). Deposition of particles in the upper airway is reduced if the subject
inhales against an external resistance due to changes in the shape of the oropha-
ryngeal aperture. Some drug delivery devices have been designed to take this
into account in order to increase lung deposition (33).

The lowest portion of the pharynx (laryngopharynx) divides into the lar-
ynx, through which air passes on its way to the trachea and lungs, and the esoph-
agus. The larynx, or voice box, is composed of pieces of cartilage and is lined
with mucous membrane. The small larynx of young children is particularly sus-
ceptible to spasm when inflamed and may become partially or totally obstructed
causing severe respiratory distress and inspiratory stridor (croup). As mentioned
previously (Sec. II.A, under “Diaphragm and Rib Cage”), the larynx also plays a
major role in modulating patterns of breathing, especially in young infants,
which may, in turn, influence drug delivery to the lung.

The Trachea

The trachea is a cylindrical tube, 10–12 cm long, about half of which is extratho-
racic and half intrathoracic. The trachea is lined with ciliated epithelium, which
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assists in filtering and warming inspired air. Its wall is composed of 16–20 in-
complete (C-shaped) rings of cartilage joined together by fibrous and muscular
tissue that provide rigidity to the trachea and prevent collapse when airway pres-
sure becomes negative during inspiration. During coughing, the elastic, muscu-
lar posterior wall moves forward and narrows the trachea to a U-shaped slit.
Coughing should therefore be avoided, if at all possible, during aerosol delivery.
At the level of the fifth thoracic vertebra the trachea divides into the two primary
bronchi. There is an internal cartilaginous ridge at the point of bifurcation, called
the carina. This is lined with mucous membrane and is an extremely sensitive
area, closely associated with the cough reflex (34).

The right bronchus is a shorter, wider tube than the left and the angle of
branching from the trachea is only 20–30°. Consequently any foreign bodies that
enter the trachea are more likely to be inhaled into the right main bronchus. This
may also influence the distribution of aerosol delivery to the lungs. The trachea
is funnel-shaped at birth, with the upper end wider than the lower, but it becomes
cylindrical with increasing age. Tracheal growth is fastest during the first few
years of life (35), but the ratio of cartilage to muscle appears to remain constant
throughout childhood.

Intrapulmonary Airways

For air to reach the alveolar surface, it must pass through a series of branching
airways that become progressively more numerous and smaller in diameter. The
first divisions within the lung give rise to lobar and segmental main branches.
This pattern of division varies and is probably genetically determined (36). The
branching pattern resembles that of a tree, with large branches giving rise to suc-
cessively smaller branches. Occasionally these are true dichotomous branches,
but the subdivisions are more commonly of unequal diameter and length. The
number of branches between the hilum and periphery varies between 8 in some
segments of the upper lobe to 24 in the longest segments of the lower lobes. It is
thus difficult to describe the lung in terms of a simple model, though many have
tried (37–40). Whichever model is used, it appears that the diameters of the con-
ducting airways are well designed to ensure optimal conditions for airflow.

The average number and dimensions of airways in the different orders are
given in Fig. 7. This branching pattern is the most efficient way of producing a
large surface area within a small volume. The decrease in airway caliber (from
1.8 cm to 0.6 mm) together with a relatively small increase in cross-sectional
area (from 2.5 to 180 cm2) between the trachea and terminal bronchioles pro-
vides optimal conditions for bulk flow of air through the conducting airways.
Dichotomous branching continues in the terminal airways that comprise the res-
piratory zone and acini, but there is very little subsequent reduction in diameter
of the respiratory bronchioles and alveolar ducts with each new generation (0.6
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to 0.3 mm). Consequently, total cross-sectional area of the airways virtually
doubles with each generation beyond generation 16 [rising from 180 to 10,000
cm2 ( 100 m2)]. The cross-sectional alveolar surface area in adults approaches
150 m2, considerably larger than that of a tennis court! The way in which air-
way dimensions change between the trachea and the peripheral airways has a
marked influence on the partitioning of airway resistance, ventilation, velocity
distribution of airflow, and both the distribution and deposition of inhaled parti-
cles (Sec. II.B, under “Partitioning of Resistance”, and III.D, “Distribution of
Ventilation”).

The airways are known as bronchi while they contain cartilage in the
wall; thereafter they are called bronchioles or bronchioli, which in the adult are
usually less than 1 mm in diameter. There are approximately 8–13 divisions
from the trachea to the smallest bronchi, depending upon the length of the main
pathway, with a further 3–10 divisions of bronchioli before the terminal bron-
chiolus. The bronchioli have an internal diameter of 0.3–1 mm, the total num-
ber in the two lungs being about 25,000. The cartilage provides essential
support to the extrathoracic airways, preventing deformation against the nega-
tive airway pressure that develops during inspiratory efforts. The anatomic
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structure of the large airways generally prevents any significant reduction in air-
way patency due to bronchospasm or abnormalities of the mucosa and renders
the caliber of the intrathoracic bronchi less dependent on changes in lung vol-
ume than that of smaller peripheral airways.

The diameter of the bronchioli reaches a peak in the fourth decade and de-
clines thereafter. Declining small airway diameter may contribute to the decre-
ment in expiratory flow with ageing. However, since peripheral airways
contribute marginally to total resistance of the airways in adults (Sec. II.B, under
“Partitioning of Resistance”) age has no significant effect on airway resistance
when adjusted for lung volume (41).

Partitioning of Resistance

The extent to which different types of airways contribute to total airway resis-
tance has a major impact on manifestation of airway disease at different ages. It
also influences the methods used to assess the nature, severity, and response to
therapy of such disease, and the design of devices that aim to deliver drugs di-
rectly into the lungs. During normal, quiet respiration, the largest component of
airways resistance resides in the upper airways, with nasal resistance contribut-
ing approximately 50% total resistance during nose breathing. During mouth
breathing, the trachea represents the site of the smallest airway cross-sectional
area and highest resistance and, together with the glottis and larynx, is responsi-
ble for almost 70% of total airway resistance. Within the lung itself, resistance is
mainly in the larger airways, those with diameters of 3–8 mm, contributing up to
20% during mouth breathing. Although the small airways are themselves tiny,
the dichotomously branching pattern of the bronchial tree results in an increas-
ingly large number of airways in peripheral generations (Sec. II.B). This results
in very low resistance of each generation of small airways, so that in total they
contribute only about 10% of total airway resistance. Consequently, most of the
small airways can be damaged or obstructed before any symptoms occur and be-
fore conventional lung function tests, in particular measures of airway resis-
tance, show any functional loss. This is why the small airways are sometimes
labeled “the silent zone of the lung” (42). Newer methods of aerosol-derived air-
way morphometry should make it easier to distinguish small airway and alveolar
dimensions (43).

Structure of the Airway Wall

Since so much aerosol therapy is directed toward reducing airway inflammation
and/or minimizing bronchoconstriction, some knowledge of airway wall struc-
ture is essential for those prescribing and administering such treatment (44). The
left and right main bronchi have the same wall configuration as the trachea.
Within the lung, the horseshoe-shaped cartilage gives way to irregular plates of
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cartilage; these reduce in number and size as the airways decrease in diameter. In
addition, within the wall, there are bundles of smooth muscle cells and submu-
cosal glands. Bronchioli have a wall of connective tissue and smooth muscle.
The walls of bronchi and bronchioli are supplied with oxygenated blood by the
bronchial circulation. The terminal bronchiolus is the last subdivision of the
bronchial tree in which the lumen is surrounded by a continuous layer of
cuboidal epithelium and a subepithelium (Fig. 7).

The portion of the lung distal to one terminal bronchiolus is called an aci-
nus. Beyond each terminal bronchiolus there are two to five generations of respi-
ratory airways, which have part of their wall lined by cuboidal cells and part by
flattened alveolar cells. A typical acinus contains about 14 of these respiratory
bronchioli, each of which has shallow alveoli in its wall. Beyond these are alve-
olar ducts (approximately 100 per acinus) lined by alveolar epithelium. These
have a diameter ranging from 0.6 to 2 mm and an increasing number of alveoli
opening from their walls. Between the alveoli is a thin spiral of collagen and
elastin that acts as a scaffold but is also able to lengthen like a spring. In the adult
lung there are between 300 and 600 million alveoli, each measuring about
250–300 µm when expanded (45). As a result of the enormous increase in sur-
face area, bulk flow of air decreases rapidly within the respiratory zone until
movement of air within alveoli is entirely by diffusion.

Surface Epithelium

The airways condition the inspired air before it reaches the gas-exchange region
by warming and humidifying the air and removing pollutants. While this partly
depends upon the branching pattern, the cells lining the airways also play an im-
portant part. In the trachea and the major airways, the epithelium is pseudostrati-
fied and columnar; that is, all cells rest on a basement membrane but not all
reach the airway lumen. Further into the lungs the epithelium is columnar, and
by the terminal bronchioli, the cells are cuboidal in shape. In the human, four
major cell types make up the surface epithelium (46).

Ciliated cells are present throughout the airways as far as the respiratory
bronchioli. The surface of the ciliated cell is covered by cilia, about 200 per cell,
which beat synchronously with those on adjacent cells, the stroke being gener-
ally in a cranial direction (47). The cilia move the overlying mucous layer only
with their tips, which have hooklets that probably help grasp the mucous layer.
Genetically determined defects in this arrangement may lead to dyskinetic or im-
motile cilia and impairment of mucociliary transport. In the human trachea there
are between 6 and 7 thousand mucus-secreting goblet cells per square millimeter
(48). Their density decreases toward the periphery, with few found in the bron-
chioli. In the adult between 30 and 40% of the total cells in the larger airways are
mucous cells. The number of mucous cells increases in chronic bronchitis and in
smokers. The basal cells are thought to be the major stem cell from which cili-
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ated and mucous cells drive. They may also strengthen the adhesion of the over-
lying columnar cells to the basement membrane. In the adult, surface epithelium
is replaced slowly, with less than 1% of the cells undergoing division (49).

In addition, there are Clara cells, which are restricted to the terminal bron-
chioli, where they make up 20% of the cell population; they are the principal
stem cells of the small airways. They may produce a bronchiolar surfactant and
have oxidase activity as well as being involved in fluid absorption.

The alveolar epithelium is made up of type I cells or pneumonocytes,
which cover most of the alveolar surface. These prevent fluid loss and form the
thin gas-exchange barrier. Type II cells are cuboidal and are twice as numerous
as the type I cell but cover only about 7% of the surface area. They are metaboli-
cally active and responsible for both epithelial cell renewal and synthesizing sur-
factant, a phospholipid that reduces surface tension forces in the lung (50).
Airway epithelium is differentiated by 12 weeks’ gestation, whereas alveolar ep-
ithelium differentiates from 23 weeks of gestation (51).

The Submucosal Glands

The submucosal glands are continuous with the epithelium and are found from
the trachea to the end of the small bronchi. A narrow ciliated tract is continuous
with a collecting duct that leads into mucous and serous tubules. The submu-
cosal glands are the major source of tracheobronchial mucus and increase in
chronic bronchitis and asthma. Glands appear early in gestation; during child-
hood, the gland area is relatively large in comparison with that in the adult (52).
This may have implications for relative hypersecretion in small airways during
early life (53). Any airway obstruction as the result of excess secretions or mu-
cus will obviously have a deleterious effect on aerosol delivery to the more dis-
tal airways.

Bronchial Smooth Muscle

Bronchial smooth muscle is found in the gaps between the cartilage plates in the
trachea and extrapulmonary bronchi, whereas in the intrapulmonary airways,
muscle entirely circles the lumen internal to the cartilage. This is in two spirals
such that, with contraction, the airways shorten and constrict. Muscle first ap-
pears at 6–8 weeks of gestation and has been found in all the airways to the adult
level by 26 weeks of gestation (54). The muscle in the airway wall in humans is
structurally mature at birth and has been since the third trimester. At this time hu-
man lung buds demonstrate spontaneous contractions and also respond to carba-
chol, acetylcholine, and isoproterenol (55).

Measurements of bronchial smooth muscle in fetal life and infancy show
that there is an increase up to 1 year of age. There is a particularly rapid increase
in the relative amount of bronchiolar smooth muscle immediately after birth
(54), which is probably related to the change to air breathing. There is excessive
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bronchial smooth muscle in babies who have been artificially ventilated, those
with bronchopulmonary dysplasia, and in children with asthma (54,56,57),
which increases reactivity and may affect aerosol delivery due to the resultant
diminution of airway caliber. Relative changes in bronchial reactivity through
life remain controversial (Sec. III.C, under “Maturational Changes in Airway
Responsiveness”). In animal studies, maximal airway narrowing during bron-
choconstriction has been shown to be greater in immature than mature rabbits
and may result in increased ventilation inhomogeneity in early life (58,59).
However, while changes in airway resistance are reflected by morphometrically
assessed changes in airway caliber during methacholine challenge (58), the
mechanisms underlying this association have yet to be elucidated (60) (Sec.
III.C, under “Maturational Changes in Airway Responsiveness”).

Bronchial Arteries and Veins

The bronchial arteries originate from the aorta or intercostal arteries, and there
are commonly two to each lung entering at the hilum. They divide to form a
subepithelial plexus and an adventitial plexus on either side of the bronchial
smooth muscle layer. The blood flow to these arteries is about 1% of the cardiac
output, but it covers a large surface area. True pulmonary veins drain the trachea
and upper bronchi and return blood to the right atrium, while the veins in the
more peripheral airways drain via the pulmonary veins to the left atrium. The
bronchial supply appears at the end of the first trimester and extends down the
airway wall as the bronchial smooth muscle, cartilage, and glands differentiate.
There are also bronchial blood vessels in the adventitia of large pulmonary arter-
ies and veins.

The primary function of the bronchial circulation is to supply oxygen and
nourishment to the lung, but by maintaining the fluid balance it also facilitates
efficient mucociliary clearance. It also responds to inhaled noxious substances
by vasodilatation (61). Sympathetic and parasympathetic nerves control the
bronchial vasculature. Stimulation of the α receptors causes vasoconstriction,
while stimulation of the β receptors results in vasodilatation. Changes in temper-
ature of the inspired airflow will influence blood flow. However, neuromodula-
tors given by aerosol do not have a great effect on blood flow (62). The bronchial
circulation is important for the uptake of drugs from aerosols in that any drug
passing through the epithelium will diffuse into the bronchial vessels. It will then
move downstream to the periphery of the lung or will return to the heart via the
bronchial veins and thus into the systemic system. This will lead to modification
of effect on peripheral smooth muscle. The bronchial circulation may therefore
be of assistance in delivering drugs to other areas in the lung and elsewhere in
the body but could also decrease delivery to the more peripheral airways. A va-
sodilator administered at the same time as aerosol therapy will increase ab-
sorbency of a drug that could be exploited therapeutically (63).
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Interstitium

The framework of the lung is made up of bundles of elastic and collagen fibers,
which extend from the larger airways to the alveoli and pleura. During develop-
ment, collagen appears first in the primitive airways and blood vessels, while im-
mature elastin appears in what will become the mouths of the alveoli. Both types
of fiber increase in number after birth, with elastin contributing approximately
12% of dry lung weight by about 6 months. The proportion of collagen continues
to increase throughout childhood. Though collagen and elastin are relatively in-
distensible, they can move with respect to each other, thereby facilitating lung
expansion. They also make a major contribution to the elastic recoil of the lung
(approximately equal to that of surface tension forces), thereby providing an es-
sential traction to maintain airway patency and influencing the pattern of ventila-
tion distribution throughout the lungs (Secs. III.C. and III.D).

Innervation and Receptors

Within the lung there are nerve bundles running alongside airways and blood
vessels as far as the acinar region; within the alveolar region, individual fibers
are found. Nerve plexuses supply the submucosal glands, bronchial smooth mus-
cle, and epithelium. The lungs are innervated by afferent sensory nerves and ef-
ferent motor nerves. Sensory nerves respond through a central nervous
system–mediator reflex arc. Irritant or rapidly adapting receptors within the ep-
ithelium and between smooth muscle cells respond to chemical or particulate ir-
ritants. Afferent C-fibers are also located in the epithelium and between smooth
muscle cells and are activated by chemical and mechanical stimuli. Both lead to
reflex bronchoconstriction via efferent cholinergic motor nerves. Slowly adapt-
ing sensory receptors in the smooth muscle of central airways respond to airway
stretch and maintain respiratory drive.

The efferent nerves to the airways are autonomic excitatory cholinergic
nerves and inhibitory nonadrenergic, noncholinergic (NANC) nerves. Choliner-
gic nerves release acetylcholine into the bronchial smooth muscle and submu-
cosal glands to cause bronchoconstriction and an increase in the production of
mucus. NANC nerves provide inhibitory bronchodilation via vasoactive intesti-
nal peptide (VIP), and recent evidence suggests that neural nitric oxide may also
be involved. There are no functional adrenergic nerves to the bronchial smooth
muscle, but they do help regulate mucus production and bronchial and pul-
monary blood flow. Bronchoconstriction can, however, be inhibited by circulat-
ing epinephrine acting via β receptors. In addition, the airway epithelium
produces a relaxing factor, which may be nitric oxide (64). Further discussion on
the pharmacology of airways and receptors is beyond the scope of this chapter
but has been the subject of several excellent reviews (65–69).

In humans, the nerves appear early in development alongside bronchial
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smooth muscle; at birth, the infant has as many nerves as the adult. In vitro stud-
ies show a similar level of responsiveness of tracheal muscle between 36 days of
gestation and birth but a decrease in response to acetylcholine after 4 weeks of
age. A greater number of neuropeptides causing bronchodilation has been re-
ported in the newborn than in children over 3 years of age (70). We have little in-
formation on the development of receptors, although functional studies by
Tepper (71) suggest that they are present in the first year of life. Indeed, despite
the minimal bronchodilator response in young infants, there is clear evidence
that β2-adrenoreceptors are present and functional in the airways from birth.
During infancy, nebulized salbutamol reduces the response to inhaled histamine
or nebulised water (72–75). Current data suggest that the number of β2-receptors
may remain relatively consistent through life. However, the level of sensitivity
appears to peak in early adult life, with a progressive increase throughout the
early childhood years and a decline in responsiveness with increasing age in pa-
tients over 40 years of age (76) (Sec. III.C, under “Maturational Changes in Air-
way Responsiveness”).

C. Factors Influencing Airway Structure and Function

Anything that influences the size and elasticity of the lungs or airway caliber
may affect the efficacy of aerosol therapy in any particular individual. There is
increasing recognition that the level of airway function may be established dur-
ing fetal development and the first year of life, with little subsequent remodeling
(77–79). Adverse events during fetal life and infancy may therefore have long-
term and irreversible effects throughout life and have a significant effect on
aerosol delivery and deposition (2,4,80). Since airway structure and function in
the adult are dependent on normal growth and development of the lung during
early life, an appreciation of the sequence and timing of the major developmen-
tal changes is an important prerequisite to understanding respiratory disease and
its treatment. Several recent articles have described pre- and postnatal lung
growth in detail (51,81,82).

Early Lung Development

The lung appears as a diverticulum of the foregut at 4 weeks of gestation. As a
result of dichotomous branching of this bud within the surrounding mes-
enchyme, all airways to the level of the terminal bronchiolus are present by 16
weeks of gestation (83) (Fig. 8). Further division leads to the development of the
respiratory airways, nearly all of which are present by birth. Airway wall struc-
ture is mature by 26 weeks of gestation (54,84), and by this stage type II cells in
the respiratory region are capable of producing surfactant. Although gas ex-
change is feasible earlier, as witnessed by the survival of some extremely prema-
ture infants from about 23 weeks gestation onward, true alveoli first appear at
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around 30 weeks of gestation. By term, approximately one-third to one-half the
adult number are present (85,86). The blood/gas barrier is the same thickness as
in the adult. The alveolar stage is followed by an additional and final stage in
lung development—that of microvascular maturation (87). In the human lung,
rapid alveolar multiplication occurs during the last few weeks of intrauterine life
and the first few months of postnatal life. A large proportion of the human lung
looks mature by 6 months of age in that many parenchymal septa no longer ex-
hibit the double capillary network needed for the formation of new interalveolar
walls. This does not, however, mean that alveolar formation is terminated A
slower phase probably continues up to at least 2 years of age. In the adult lung,
there is collateral ventilation between alveoli via the pores of Kohn. These are
not present at birth or for the first year of life; they then gradually increase in
number. This will influence the distribution of inhaled particles, especially in the
presence of airway obstruction. Lung volume is closely related to the weight and
length of the infant (85,88,89), but there is more controversy about the relation-
ship between airway and lung or body size (2–4), as discussed below (Sec. II.C,
under “Dysanaptic Growth”).

Postnatal Lung Growth

While most of our knowledge about prenatal lung growth comes from struc-
tural studies, information about postnatal growth has been largely derived from
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lung function studies. In the first 2 years after birth, alveoli multiply with their
accompanying arteries and veins. The time point of completion of alveolar for-
mation remains the subject of debate. Studies have suggested varying times
between 2 and 20 years of age, but it seems likely that most human alveolar
development is virtually complete by 18 months of age (90,91). The final adult
number depends upon size and lung volume, but from early in development
boys have more alveoli than girls for their height (45,91). After multiplication
is complete, the alveoli increase in diameter and surface area as lung volume
increases. Alveoli are 50–100 µm at birth, increasing to 300 µm in the adult.
Once multiplication is complete, airways and alveoli appear to grow in a pro-
portionate (i.e., isotropic manner) at least until puberty (Sec. II.C, under
“Dysanaptic Growth”).

In healthy individuals, most parameters of respiratory function remain re-
markably constant when related to either surface area or body size, reflecting the
fact that respiration is closely attuned to the metabolic requirements of the body
(Table 1). However the underlying factors determining these parameters may
vary considerably according to age (2,4,89). Indeed, the rapid somatic growth
that occurs during the first year of life is accompanied by major developmental
changes in respiratory physiology that may influence both the pattern of respira-
tory disease (92,93) and that of aerosol delivery.

Lung volume increases approximately 10-fold between 1 month and 7
years (Table 1), but it then slows down until the age of 18 years (Fig. 9). The as-
sociated increase in elastic recoil pressure combined with a progressive de-
crease in closing volume will affect patterns of aerosol distribution and may
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Table 1 “Typical” Values of Lung Function in Healthy Individualsa

Preterm Newborn 1 Year 7 Year Adult

Body weight (kg) 1 3 10 25 70
Crown–heel length (cm) 35 50 75 120 175
Respiratory rate (min–1) 60 45 30 20 15
Tidal volume (mL) 7 21 70 180 500
Anatomic dead space (mL) 3 6 20 50 150
Maximal flow at FRC (mL·s–1) 80 150 300 — —
Functional residual capacity (mL) 25 85 250 750 2100
Lung compliance (mL·kPa–1) 15 50 150 500 2000
Airway resistance (kPa·L–1·s) 8 4 1.5 0.4 0.2
Specific compliance (kPa–1) 0.6 0.6 0.6 0.7 0.8
Specific conductance (s–1·kPa–1) 5.0 2.9 2.7 2.7 2.3

aFor approximate conversion from SI to traditional units (kPa to cmH2O), divide lung compliance,
specific compliance, and specific conductance by 10 and multiply airway resistance by 10 (1 kPa=
10.2 cmH2O).



explain the increased mixing efficiency in children during growth (18,93,94).
Lung growth is rapid as children enter puberty and continues until the comple-
tion of skeletal growth in girls and for 2 to 3 years beyond that in boys (95).
Forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC) in-
crease up to about 20 years of age in females and 27 years of age in males.
These then diminish with advancing age, this decline being greater in males
than females and more rapid in patients with increased airway reactivity (41).
The factors determining residual volume (RV) change with age. In young
adults, it is reached when the respiratory muscles cannot compress the lung any
further; whereas in children and older adults, it reflects the patency of small air-
ways and the duration of expiratory effort. RV increases by approximately 50%
between 20 and 70 years of age due to air trapping and loss of lung recoil (Fig.
5). During this same period, vital capacity (VC) decreases to about 75% of the
best values achieved within an individual.
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Postnatal Airway Growth

In a study of fetal and infant lungs, a linear and continuous increase in airway
size, which was not interrupted by birth, was observed (54). Between birth and
adulthood, airways increase in diameter and length symmetrically throughout
the lung two- to threefold in total (54,96). While Horsfield reported that the pe-
ripheral airways were large relative to the proximal airways (38), Hogg et al.
(97) suggested that the peripheral airways may contribute more to total airway
resistance in the first 5 years of life than in older subjects, though this has never
been confirmed. Functional studies suggest that airway caliber is relatively large
compared to lung volume at birth and is enhanced in females (92,98–100). Thus,
while airway resistance is much higher in infants than adults due to the small ab-
solute size of the airways, specific airway conductance (the reciprocal of resis-
tance, corrected for lung volume) is similar in a nose-breathing infant and in a
mouth-breathing adult (101) (see Sec. III. A, “Inhalation Route—The Influence
of Nose Breathing”). As mentioned previously, the lack of outward chest wall re-
coil has a marked influence on the caliber of the peripheral airways during early
life and predisposes their closure during tidal breathing (2) (Sec. II, A). This not
only impairs gas exchange but, together with the small absolute size of the air-
ways, renders the infant and young child particularly susceptible to airway ob-
struction and contributes to the high prevalence of wheezing during the first year
of life (92,93,102).

Longitudinal estimates of lung and airway growth demonstrate a high de-
gree of tracking within individuals, with increase in age and lung volume; in
other words, an individual’s airway function tends to remain in the same relative
position within a population throughout life (3,103–106).

Dysanaptic Growth

The concept of dysanapsis [i.e., disproportionate growth of the airways and
lung parenchyma (Fig. 10)] is potentially relevant to aerosol therapy. The rela-
tionship of airway to lung volume may play a major role in determining the
pattern of deposition of inhaled particles in the bronchial tree (107). Many au-
thors have concluded that airways and lung parenchyma develop dispropor-
tionately in size at least during the first few years of life (105,108–113)
because the conducting airways are complete in number at birth and increase
only in size, whereas alveoli increase both in size and in number (85, 91, 96).
After about 2 years of age, parenchymal growth is mainly due to alveolar en-
largement. It is therefore likely that airways and airspaces grow isotropically
(i.e., in proportion to each other) thereafter throughout childhood (3). A recent
longitudinal study suggested that airways and airspaces continue to grow
isotropically in boys during adolescence, whereas in girls, airway growth lags
behind that of the parenchyma at this stage (114).
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Effect of Gender

Gender-and age-related differences in airway function and their implications
have been discussed previously (3,4). Although lung volume and alveolar num-
ber are greater in boys than girls (115–117), airway function is diminished in
boys compared with girls during both infancy and childhood (118–123). Girls
have larger expiratory flows than boys (99,118,124), and the narrower peripheral
airways of boys seem to predispose them to wheeze (77,113,122,125,126). The
relatively lower airflow in boys prepubertally may also result in gender differ-
ences in aerosol delivery and distribution.

During growth, vital capacity increases more slowly in girls than boys, as
indicated by the rise in RV/TLC during growth among girls. Thus, although girls
have wider and/or shorter airways in childhood than boys, by adulthood boys
have larger airways relative to lung size than girls. This enhanced airway growth
in adolescent males (3,121) may partly explain the more marked clinical im-
provement in males with respiratory disease as they become adults (114,127,128).
Tracheal size does not differ between sexes during early life (129), but adult
males have larger tracheas than do females (109,110).
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Effect of Ethnic Group

Marked ethnic differences in infant mortality and respiratory morbidity have
been reported (130). Prematurely delivered Afro-Caribbean infants are less
likely to develop the respiratory distress syndrome (RDS) than white infants of
similar gestational age (131), which suggests that the respiratory system is either
more mature or that airway function is enhanced in black preterm infants (132).
Some of these differences may be attributed to differences in nasal anatomy,
since the lower total airway resistance found in Afro-Caribbean infants when
compared with Caucasian infants of similar age and weight (101) was accounted
for by their lower nasal resistance (23). Such differences would be expected to
influence both breathing patterns and the distribution of inhaled aerosols.

In adults and older children, lung volume and forced expiratory flows are
lower in black than white subjects, based on values predicted from standing
height (133,134). These discrepancies have been largely attributed to ethnic dif-
ferences in trunk–leg ratio, since no such discrepancies are observed when respi-
ratory function is related to sitting height.

Aging

Changes in respiratory function associated with aging have recently been re-
viewed (19). Physiological aging of the lung is associated with:

Dilatation of alveoli, enlargement of airspaces, and a decrease in surface
area for gas exchange.

Reduction in lung elastic recoil to support peripheral airways, which con-
tributes to an increased residual volume and FRC (Figs. 5 and 6).

Diminished chest wall compliance.
Decreased respiratory muscle strength.
Diminished expiratory flows suggestive of small airway disease.
Increased inhomogeneity of ventilation/perfusion (V̇/Q̇) distribution due to

premature closing of dependent airways (see Sec. III.D, under “Deter-
minants of Regional Ventilation”).

Decreased carbon monoxide transfer, reflecting the loss of surface area.

D. Adverse Developmental Influences on Airway Caliber

In addition to the natural influences of factors such as growth, gender, and aging
that affect all individuals, there are numerous additional factors that may affect
lung and airway function. Adverse influences during infancy and early childhood
may operate by:

Diminishing airway or alveolar growth and hence maximal lung and air-
way size attained.
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Increasing airway responsiveness to allergens, viruses, and air pollutants
in later childhood or adult life.

Impairing development of collagen and elastin in the lung parenchyma,
with secondary effects on airway function or by some combination of all
three of the listed factors.

The age-related decline in respiratory function commencing in mid-adult life
may be more rapid or reach a critical threshold at an earlier age in those in whom
maximal fetal and early childhood growth potential has not been achieved
(77,135–137).

Early Influences

Recent epidemiological evidence has shown a relationship between adult air-
way function and birth weight (77,138). During early intrauterine life, adverse
factors will influence airway growth (135,139,140), while factors having their
effect in later weeks of gestation and infancy will affect alveolar development
(141). Abnormalities in airway branching cannot be corrected once the period
of airway multiplication is complete. Thus airflow is likely to be abnormal in
these subjects throughout life. Infants with congenital diaphragmatic hernia, re-
nal agenesis and dysplasia, and thoracic dystrophy all have reduced airways and
subsequently fewer alveoli (142,143). Both pre- and postnatal experimental
studies have shown that nutrition, gas tensions, hypoxia, or hyperoxia, amnio-
centesis, drugs, and nicotine all affect alveolar growth and airway responsive-
ness (144,142).

Pre-  and Postnatal Therapy

The use of glucocorticoids to accelerate lung maturation or prevent inflamma-
tion may affect lung growth, especially since lung morphogenesis is regulated
by glucocorticoid-affecting growth factors (145,146). To date, human func-
tional studies have not demonstrated differences in lung function between ba-
bies who have been treated with betamethasone and those who have not (147).
However, it must be remembered that the tools currently available for assess-
ing lung volumes and airway caliber in infants (89) are not able to detect a re-
duction in alveolar number if this has been compensated for by increased
alveolar size. Experimental structural studies in animals (144,148,149) have
shown that the administration of glucocorticoids prevents normal alveolar de-
velopment (87,150) and reduces the multiplication of bronchial smooth muscle
cells in culture (151).

Inhaled terbutaline does not seem to affect epithelial appearance (152) but
β-agonists do appear to inhibit proliferation of smooth muscle cells (153). Long-
term use of bronchodilators may therefore lead to abnormally small amounts of
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muscle in the airway walls, which, in turn, could lead to changes in airway
growth and responsiveness Such factors must be taken into account in prescrib-
ing corticosteroids during fetal and early postnatal life and warrant long-term
follow-up studies of subsequent lung growth.

Influence of Exposure to Tobacco Smoke and Nicotine

Exposure to tobacco smoke, whether pre- or postnatally, has a detrimental effect
on lung health and respiratory function throughout life (154). The age-related de-
cline in airway function is accelerated in those who smoke, and the prevalence of
respiratory illness greatly increased (155–160). The potential effects of smoking
during pregnancy on lung and airway development may include structural alter-
ations (161) as well as interference with the control of respiration (162,163) and
the developing immune system (164). Animal studies have shown that maternal
exposure to cigarette smoke or nicotine results in offspring with small lungs and
decreased airspaces (144), reduced elastin production (165), and increased colla-
gen around the airways (166). These findings fit with results from functional
studies in human infants shortly after birth, which have shown changes in the
pattern of breathing and diminished airflow in those whose mothers smoked dur-
ing pregnancy (100,167,168). Recent measurements in preterm infants have
shown that these changes are evident at least 7 weeks before an infant is due to
be born (124). Such changes in airway function may be sufficient to alter both
the need for and response to aerosol therapy.

Neonatal Lung Disease and Subsequent Airway Function

Premature delivery has little effect on overall alveolar multiplication or airway
growth (54,85,169), although there is some evidence of increased bronchial re-
activity in later childhood among those born very preterm (170–172). Artificial
ventilation leads to long-term abnormalities of alveolar growth and architec-
ture and also influences airway wall structure (54,56,173), these changes being
worse in infants who develop bronchopulmonary dysplasia (BPD) after venti-
latory assistance (174–176). Wheezing occurs more frequently in adolescents
and young adults who had BPD in infancy than in age-matched controls of
similar or normal birth weight (177). Follow-up studies have suggested rela-
tively mild long-term sequelae in survivors (178), although an increased
prevalence of symptoms and/or reduced airway function is still present in
adults (179). With the increased survival of severely affected infants and more
sophisticated methods of assessment, recent studies have demonstrated a
greater prevalence of abnormalities. Abnormal central and peripheral airway
function has been detected in survivors with chronic respiratory symptoms,
while there is evidence of unequal ventilation (see Sec. III.D) even in those
without symptoms (135,180,181).
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Asthma and Cystic Fibrosis

Two of the commonest diseases for which aerosol therapy is prescribed during
childhood are asthma and cystic fibrosis. Asthma might be expected to interfere
with normal development of the lungs and airways. However, despite intensive
investigation, this remains a very controversial area (182). Although reduced ex-
piratory flows have been documented prior to bronchodilator therapy, several
longitudinal studies have suggested that anti-inflammatory treatment improves
airway caliber to within the normal range (183–185). Airways of symptomatic
teenagers with asthma seem to grow in parallel with those of their asymptomatic
peers, albeit with airway size remaining smaller. Asthmatic adults who have had
symptoms since childhood have lower flows for any given lung size, and airway
closure occurs at a greater lung volume when they enter adulthood. These differ-
ences may reflect irreversible processes such as smaller airway geometry, re-
duced alveolar attachments, or reduced lung elastic recoil (186).

In cystic fibrosis (CF), the structural abnormalities appear to result from
the repeated injury of infections that initially affect the small airways, causing
serious impairment of growth of the intraacinar structures (187–189). Further
damage is caused by the collapse of nonventilated lung parenchyma and ab-
scesses, and airways become obstructed by mucus (190–192). In view of the
thick mucous secretions and inflamed airways, specialized devices may need to
be developed to optimize drug delivery to the lung of patients with CF, espe-
cially during infancy and childhood (193–197).

III. Developmental Changes in Respiratory Function
That Will Influence Aerosol Therapy

Having discussed relevant aspects of lung and airway structure that may influ-
ence the efficacy of aerosol therapy, it is important that we consider the potential
impact of differences in respiratory function between individuals as a result of
age, maturity, or clinical status. Particular problems may be encountered in de-
livering drugs to the respiratory tract of young children as a result of anatomic
and physiological variations due to age (198). The most relevant aspects of respi-
ratory physiology with respect to aerosol therapy include the

Route of inhalation
Pattern of breathing
Airway caliber and responsiveness
Distribution of ventilation

A. Inhalation Route—The Influence of Nose Breathing

Nasal filtration has been shown to reduce pulmonary deposition of inhaled
aerosol by up to 50% of that observed during mouth breathing (22). This presents
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a particular problem in infants who are preferential nose breathers (20) and chil-
dren who are too young to use a mouthpiece Thus, while lung deposition of jet-
nebulized medications varies from 8 to 17% in adults (199–202), as little as 1%
may be deposited in the lungs of wheezy infants (203).

Patient-related factors in nebulised drug delivery to children have been re-
viewed recently (204,205). During childhood, nasal deposition appears to in-
crease with age. This may reflect the influence of changes in tidal volume and
flows (Sec. III.B, “Pattern of Breathing”) as much as any structural changes with
growth, since nasal deposition increases with increasing flow and particle size
(206). Although most young children nose breathe at rest, the mode of breathing
during nebulization is unclear, making estimations of drug delivered at this age
particularly difficult. Every attempt must therefore be made to train young chil-
dren to breathe through a mouthpiece at the earliest opportunity—a task facili-
tated by the recent development of novel devices (207). This is particularly
important, since use of a face mask and absorption through the nasal mucosa
may lead to unwanted local as well as systemic side effects (208). It should also
be remembered that nasal resistance, which contributes approximately 50% total
airway resistance (Sec. II.B, under “Age-Related Changes in Aerosol Deposi-
tion”), will be included when measuring resistance in infants. This may mask
changes in lower airway resistance with disease or therapeutic interventions, es-
pecially if there has been a recent upper respiratory infection.

B. Pattern of Breathing

As a result of its direct influence on the efficacy of aerosol therapy, the effect of
changes in breathing pattern has been intensively investigated (205,209,210).
During larger breaths, aerosol is likely to penetrate further into the lung, increas-
ing peripheral deposition. Conversely, with the higher flows associated with
deep or fast breathing, turbulence is more likely to occur with increasing inertial
deposition in the upper airway and major bronchi.

Minute Ventilation

Both tidal volume and respiratory rate vary enormously according to age and
clinical status, with resting minute ventilation being approximately 6 L/min in an
adult compared with less than 1 L/min in an infant (Table 1). The rapid respira-
tory rates (ranging from 20–90 breaths per minute) (211) and lower tidal vol-
umes (20–100 mL—i.e., approximately 7–10 mL/kg ) (212–214) found in
infants translate into reduced drug delivery when compared with older, larger
subjects. High respiratory rates usually result in increased deposition in the more
proximal airways; a reduction in breathing rate can therefore result in improved
lung deposition in children (215).

During inspiration, gas enters the lung by the process of bulk flow, in
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which molecules travel together by convection generally to the level of the alve-
olar ducts, after which gas movement occurs only by diffusion. Shallow, rapid
breathing should be avoided during inhalation therapy, since the smaller the tidal
volume, the greater the proportion that will he wasted in the dead space. Dead
space varies with age and body size but is relatively large in infants due to the in-
creased size of their heads in relation to their bodies (27). Normal elderly sub-
jects breathe with identical minute ventilation to that of younger adults at rest,
but with a smaller tidal volume and higher respiratory frequency and hence an
increased ratio of dead space to tidal volume (19). This decreased alveolar venti-
lation will, in turn, influence patterns of aerosol deposition.

Peak Inspiratory Flow

The success of most inhaled therapy is dependent on the subject producing an
adequate inspiratory flow. During childhood, peak inspiratory flows (PIF)
range from less than 0.05 to over 40 L/min, depending on age, maturity, and
clinical status (197). PIF is reduced in children and in the presence of severe
asthma. However, even during acute exacerbations, most subjects over the
age of 6 can generate an adequate PIF (i.e., > 30 L/min) to actuate most of the
commonly used devices, particularly if a pattern of deep, forceful breathing is
encouraged (216). In considering topical bronchodilator or anti-inflammatory
treatment with a powder inhaler for older subjects, determination of PIF may
be relevant, since lung deposition of such drugs is flow-dependent with many
currently available devices, and the very elderly may not be able to achieve
the recommended minimal inspiratory flows (217). In infants and young chil-
dren, inability to coordinate breathing patterns with actuation, together with a
lower PIF, usually requires the use of specialized delivery devices (204,218).
The dead space of such devices, including the spacer, needs to be considered
carefully, since the combination of a small tidal volume and large spacer dead
space will markedly reduce the amount of drug inhaled with each breath
(205,209,210,219,220).

While nebulizer output is usually diluted as a result of air entrainment in
children and adults, infants may inhale pure nebulizer as a result of their low
PIF (221) (Fig. 11). The quantity of aerosol that can be inspired, including that
deposited in the nose and upper airways, appears to be similar in children and
adults once inspired flow exceeds nebulizer flow, and minute ventilation is
high enough to ensure that the entire nebulizer output is inhaled. The former
appears to be the case in most young children after 6 months of age (Sec. III.B,
“Age-Related Changes in Aerosol Deposition”). However, the smaller minute
ventilation means that younger infants will not inspire all the nebulizer output
(221), unless a breath synchronized device and prolonged administration time
are used (220).
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Pattern of Airflow

Changes in airway caliber, will alter the pattern and speed of gas through the air-
ways, and hence influence the distribution and deposition of inhaled particles. As
mentioned in Sec. II.B, under “Intrapulmonary Airways,” and II.B, under “Parti-
tioning of Resistance,” airways are of small diameter in the periphery of the
lung, but there are so many of them that the total cross-sectional area is large.
Hence air moves relatively slowly in a streamlined or laminar manner. By con-
trast, central airways are much larger, but—since there are fewer of them—total
cross-sectional area is smaller. For any given flow, velocity is much higher in
such airways, which may result in turbulence, gas molecules then traveling
transversely across the airway as well as longitudinally. Under these conditions,
frictional resistance is markedly increased.

In the trachea, flow is partly turbulent during quiet breathing, but it be-
comes progressively more turbulent with increasing minute ventilation. By
contrast, in the bronchi, the gas stream only becomes turbulent at flows of
around 5 L/s, whereas in the bronchioles it remains nearly laminar at all levels
of ventilation except at bifurcations, where there are local eddies that dissi-
pate energy. These flow profiles may differ in early life, with relatively low
flows through the narrow trachea in infants favoring more laminar flow
through the upper airways than found in older subjects. This, together with
the diminished traction in the presence of a high chest wall compliance (Sec.
II.A, under “Maturational Changes in Chest Wall Compliance”), could alter
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the relative partitioning of resistance throughout the respiratory tree (Sec.
II.B, under “Partitioning of Resistance”), with the peripheral airways con-
tributing relatively more than in older subjects (93). This despite the fact that,
anatomically, the airways at birth appear to be a miniature of those found in
the adult (Figs. 7 and 8) and to grow symmetrically thereafter. The complex
relationships between the structure and function of the respiratory system (4)
must be borne in mind when attempting to predict patterns of aerosol distribu-
tion from simple anatomical models.

Duty Cycle

The amount of aerosol inhaled depends not only on minute or alveolar ventila-
tion but also on the duty cycle—i.e., the ratio of inspiratory (t1) to total respira-
tory cycle time (t101) (221) (Fig. 12). Since most of the aerosolized output is
delivered during inspiration, any reduction in duty cycle, as may occur in the
presence of obstructive airways disease, will lead to a reduction in the inhaled
mass of the drug. Duty cycle is remarkably constant in healthy infants and young
children at around 0.42 (213,222), but in the presence of airway disease, it may
be significantly lower. During crying, duty cycle may be so low that virtually no
drug will be inhaled. Every effort must therefore be made to ensure that infants
and young children are calm before any attempt to administer aerosolized treat-
ment is made (28) (Fig. 13). In older children and adults, duty cycle tends to
range from 0.32 to 0.50 in health, but again may be considerably lower in the
presence of disease (K. Nikander, personal communication).
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Age-Related Changes in Aerosol Deposition

Several models have been proposed to calculate deposition of particles within
the respiratory tract of children, but these remain highly controversial because of
the assumptions about the breathing pattern and structure of the upper and lower
respiratory tract that have been made (223,224). Drug delivery to the very young
child is enhanced by the fact that infants with PIFs below 100 mL/s (6 L/min—
generally those less than 6 months of age) will inhale pure aerosol from a nebu-
lizer, whereas air which does not contain aerosol will be entrained in older
subjects, resulting in some dilution of the delivered dose (Fig. 11) (221,225).
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Since airway resistance is inversely related to the fourth power of airway
radius, any degree of airway narrowing due to bronchospasm, inflammation,
secretions, or simply small body size may result in a considerable increase in
resistance, which will encourage central airways deposition. It has therefore
been suggested that optimal particle size for inhaled therapy in children may
be smaller than in adults and smaller still for children with bronchoconstric-
tion. However, if smaller droplets are produced, more may be exhaled. Fur-
thermore, it may be impractical to nebulize some medications in small enough
particles to produce a therapeutic effect. There have been relatively few depo-
sition studies of nebulized aerosols in children, but those published have gen-
erally reported increased lung deposition with age (22,226,227). Using
radiolabeled budesonide, Wildhaber et al. showed that mean lung deposition
was significantly correlated with age, peak inspired flow, and height when dry-
powder inhalers were used (227). Nevertheless, lung deposition was generally
satisfactory even in the younger children in this study, since all those over 6
years of age could produce a PIF greater than the required 45 L/min. Indeed,
while there may be relatively poor drug deposition in infant lungs during
aerosol therapy due to low minute ventilation and nasal breathing, this is at
least partially compensated for by the small body size and lack of air entrain-
ment. Consequently, the final weight-corrected dose reaching the lungs may in
fact be similar in infants and adults (221) (Fig. 14).

It is of course not just the weight-corrected dose of inhaled aerosol that is
relevant but also the regional distribution and the ratio of peripheral to centrally
deposited particles (Sec. III.D). Prediction of the effect of age on patterns of
aerosol distribution is difficult. In young children, the smaller airways will favor
central deposition by impaction, but the lower flows will tend to decrease im-
paction in central airways. Decreased residence time (faster respiratory rate) will
tend to decrease peripheral deposition by reducing diffusion and sedimentation.
Lower inspired flows in the very young may reduce absolute levels of nasal de-
position, but smaller noses are more effective filters. Severity of lung disease
will also affect efficacy of aerosol deposition and distribution by changing both
airway caliber and the relative partitioning of resistance (Sec. II.B).

C. Factors Influencing Airway Caliber and Responsiveness

The flow-resistive properties of the airways are of major relevance to aerosol
therapy in that they directly influence the pattern of distribution and deposition
of inhaled particles within the lungs. Airway resistance increases, and hence
aerosol delivery will be reduced, if the airways become partially blocked or nar-
rowed by factors such as bronchospasm, inflammation, or secretions. Small
changes in airway caliber can have dramatic effects on airway resistance. In a
healthy adult, airway resistance is approximately 0.2 kPa/L/s (2 cmH2O/L/s)
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during mouth breathing; whereas in a newborn infant, it is some twenty times
higher (Table 1). However, the airways are relatively large in the very young in
relation to lung volume, with specific conductance (a measure of airway caliber
corrected for lung volume) in a nose-breathing infant being similar to that in a
healthy adult during mouth breathing (23). Airway caliber and the maximum
speed at which air can flow through the airways is the result of a delicate balance
between forces generated by the airway smooth muscle and a number of oppos-
ing factors (228) and may be affected by numerous physical, chemical, and
neural factors (Fig. 15).

Changes in Lung Volume and Elastic Recoil Pressure

Resistance falls during inspiration and rises during expiration due to changes in
intrathoracic pressure surrounding the airways. Although the larger airways are
well supported by cartilage, the cross-sectional area of the smaller airways de-
pends heavily upon the elastic properties of the lung parenchyma. Destruction of
elastic tissue and loss of recoil due to aging or emphysema results in reduced
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traction to the airway walls and decreased peripheral airway caliber, especially
during expiration, when airway closure may occur (Fig. 6).

Smooth Muscle Tone

As discussed previously (Sec. II.B), bronchial smooth muscle tone is under auto-
nomic control. Cold air and stimulation of receptors by irritants such as cigarette
smoke, dust particles, and sulfur dioxide can also cause increased tone and hence
bronchoconstriction (229). Bronchomotor tone is also modulated by vagal
stretch reflexes and varies inversely with lung volume. Paradoxically, the rise in
bronchomotor tone and/or increase in FRC during an attack of asthma may par-
tially reverse the reduction in airway caliber that occurs in this condition, mak-
ing assessment of response to therapy complex. Similarly, bronchodilators have
been shown to cause paradoxical reductions in airflow and desaturation in some
infants with history of wheeze, a phenomenon that has been attributed at least
partially to changes in airway wall compliance (230–232).

Lung Volume—Airway Interdependence

The way in which airway dimensions change with lung volume is of great im-
portance for the manifestation, assessment, and treatment of airway disease, but
it is a poorly understood area. The effect of smooth muscle contraction on
lung–airway interdependence is even less well understood. Recent measure-
ments in dogs using high-resolution computed tomography have suggested that,
contrary to previous hypotheses, relaxed bronchi do not expand isotropically
with the lungs. Rather, they are highly compliant at low lung volumes close to
FRC but very noncompliant at high lung volumes. By contrast, in the presence of
even moderate bronchoconstriction, such airways become much stiffer, so that it
may be impossible to achieve maximal airway caliber even when very high air-
way pressures are applied (233). These findings are in keeping with the observa-
tion that inability to dilate airways during lung inflation appears to be a primary
defect in asthma (234).

Maximal Airway Responsiveness In Vivo

Previous observations have suggested that, in contrast to asthmatic subjects,
healthy individuals usually exhibit an airway response plateau effect during
bronchial challenge (235). However, this concept has recently been challenged,
since it has been shown that when airways constrict in vitro, they do not exhibit a
plateau effect but continue to constrict to increasing concentrations of agonist
until complete airway closure occurs (236). The same authors found that while
airway responses reached a plateau when a standard aerosol challenge was used
in vivo, airways could easily be narrowed to complete closure at normal agonist
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concentrations where methacholine was delivered directly to the airway luminal
surface. Since neither the elastic recoil of the lung nor limitations of smooth
muscle shortening can be responsible for these observations, the apparent
plateauing of the dose-response curves in vivo is probably attributable to diffi-
culties in delivering high concentrations of agonists by the aerosol route. These
findings are of considerable relevance in attempting to optimize drug delivery to
the lungs in individuals with airway obstruction, whether it is due to bron-
chospasm or other causes.

Maturational Changes in Airway Responsiveness

Reviews of the etiology and control of bronchial hyperresponsiveness in chil-
dren have been published recently (237). In infants, heightened responsiveness
may result not only from anatomically small airways or increased smooth mus-
cle tone but also from relatively thicker airway walls, decreased chest wall re-
coil, increased airway wall compliance (225,231,238), or excess secretions.
Together with the difficulties in estimating the dose of agonist that will actually
be delivered to the lung in infants and young children (Sec. III.B, under “Age-
Related Changes in Aerosol Deposition”), such factors currently make it virtu-
ally impossible to determine relative changes in bronchial reactivity during the
first few years of life (225).

While airway reactivity is clearly present from early life (71), the response
to bronchodilators is less clear. Failure of infants and young children to respond
to inhaled bronchodilators may be partially attributed to difficulties in delivering
adequate amounts of aerosolized drugs in this age group (Sec. III.B, under “Age
Related Changes in Aerosol Deposition”), but this is unlikely to be the only ex-
planation. It may also be due to differences in the underlying pathology, with air-
way narrowing and wheezing in younger children being more due to
congenitally small airways (77) (Sec. II.D), airway wall edema, and/or secre-
tions than to smooth muscle shortening. Whereas increased airway responsive-
ness is evident in asthmatic adults and older wheezy children, this is not
routinely the case in wheezy infants (239,240). The degree of bronchodilator re-
sponse appears to be age-related, being minimal or absent below 18 months of
age (72,73,241–243) but well established by 8 years of age (244,245). Several
recent studies have suggested that reactivity appears to rise between 2 and 9
years of age and then to decrease somewhat (246,247). Bronchial reactivity is
more prevalent in boys than girls prepubertally, and children who are not atopic
are most likely to outgrow such hyperreactivity as they enter adolescence (248).

Functional Effect of Changes in Airway Caliber and Resistance

The functional consequences of alterations in bronchial tone depend on the site
at which the change occurs. Bronchoconstriction of the large airways is more
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commonly the result of neural stimulation and mainly causes changes in airway
resistance. By contrast, bronchoconstriction of the smaller airway, which is usu-
ally due to humoral factors such as histamine, prostaglandins, or changes in PCO2

,
primarily influences lung volumes and the distribution of ventilation. The deter-
minants of airway resistance and maximal expiratory flow remain controversial
(249,250) (see Fig. 15). A recent investigation of the relationship between struc-
ture and function of the airways found that airway obstruction correlated well
with lung elastic recoil and airway conductance but not with airway collapsibil-
ity or the amount of airway cartilage present (251). When airway narrowing does
occur, it does not affect all airways equally. Regions where the airways are most
affected incur the greatest reduction in ventilation. In this way a high airway re-
sistance often causes very uneven distribution of inspired air, which may, in turn,
decrease the efficacy of aerosol therapy (Sec. III.D).

Assessment of Airway Disease and Response to Therapy 

Tests of pulmonary function provide objective, quantifiable measurements that
are used for various purposes (232). The fact that forced expiratory maneuvers
are relatively independent of the resistance of the upper airways and hence more
sensitive to changes in intrathoracic caliber has made these measurements a pop-
ular means of assessing airway disease and response to aerosol therapy.

Airway elastic properties and cross-sectional area interact to determine
maximum flow through the airways (249,253) (Fig. 15). Generally, flows mea-
sured during forced expiration reflect the functional anatomy of more central air-
ways at high lung volumes and more peripheral airways at lower lung volumes
(254). However, the interdependent airway-emptying behavior tends to mask air-
way nonhomogeneities. This potentially diminishes the usefulness of such mea-
surements for assessing disease severity or response to therapy unless particular
care is taken to inspect the shape of the resultant flow-volume curves (255) and
to relate changes in ventilatory capacity to absolute lung volume (TLC) rather
than FVC (256–258).

D. Distribution of Ventilation

The efficiency of inhalation therapy depends not only on the weight corrected
dose of aerosol that is delivered to the lung but also on the pattern of aerosol dis-
tribution and deposition throughout the respiratory system. This, in turn, is criti-
cally influenced by the way in which ventilation is distributed (259–261). By
using inert radiolabeled gases, it has been shown that the first gas to be inhaled
during slow inspiration goes to the upper parts of the lung, whereas during
midinspiration, air is distributed throughout the regions. By contrast, toward
end-inspiration, a larger proportion goes to the lower regions until, at near total
lung capacity, the apex is almost fully inflated and the last air to be inhaled goes
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mainly to the bases. During expiration, the emptying of different lung regions
occurs in a reverse order from inspiration, with the bases tending to empty be-
fore the apices, hence “first in is last out” (262).

In the presence of regional ventilation inequalities, the precise distance
and distribution of the inhaled particles depends on numerous factors including
breathing pattern, the lung volume at which the inhalation is made (259), and the
degree of the inequalities. Lobar and segmental atelectasis may be considered an
extreme form of ventilation maldistribution, where alveolar ventilation is zero.
However, less obvious regional differences in ventilation will still have a marked
influence on aerosol distribution and deposition. New methods of investigating
regional deposition may help to clarify the way in which inhaled particles are
distributed and retained within the airways. This, in turn, may help to optimize
the therapeutic effects of aerosolized medications in the future (263–265).

Determinants of Regional Ventilation

The determinants of regional ventilation can best be understood by considering
the simplified equation of motion (7,8), which states that pressure applied during
a breathing cycle is that required to overcome the combined elastic and resistive
forces of the lungs and airways—i.e.,

∆Ppl = ∆V/C + ∆V′ × R

where: ∆Ppl = the tidal change in pleural pressure (the driving pressure)
∆V = the local tidal volume change
C = the local static inspiratory compliance
∆V′ = local inspiratory flow
R = the local airway resistance

When flow and/or resistance are small compared with ∆V/C (as is the case in
normal lungs), ∆V is proportional to ∆Ppl × compliance. Since the change in
pleural pressure during a breathing cycle is reasonably uniform over most of the
lung surface, regional changes in volume vary directly with local compliance,
which in health depends primarily on the shape of pressure-volume curve of the
lung (Fig. 16).

In the normal erect adult, both ventilation and perfusion are preferentially
distributed to the lower zones as a result of gravity. This normal gravitational
distribution of ventilation is determined by the weight of the lungs, which in
adults creates a vertical pressure gradient of approximately 0.8 kPa (8 cmH2O)
from top to bottom of the lung. The more negative pleural pressure surrounding
the upper zones means that they are more distended than the lower ones, and re-
gional alveolar volume is therefore greater. However, this greater background
distending pressure also means that they lie on the flatter (stiffer) upper portion
of the sigmoid pressure/volume curve of the lung (Fig. 16a). Since local com-
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pliance is lower, there is a decreased change in volume for any given change in
pleural pressure. Lung units in the upper zones therefore resist expansion more
than those in the lower zones that lie on the steeper central portion of the pres-
sure-volume curve (7).

Thus, alveoli in the apices of the lung are well inflated but poorly venti-
lated, whereas those toward the base are poorly inflated but better ventilated. In
normal subjects in the erect posture, the ratio of alveolar ventilation to volume in
the upper parts of the lung is approximately 60% of that at the lung bases. In the
lateral (decubitus) posture, the inferior (dependent) lobe has better ventilation
than that which is superior; whereas in the supine position, the ventilation per
unit of lung volume is relatively uniform. These gravitational differences disap-
pear at total lung capacity, when all alveoli are fully expanded.

The preferential distribution of ventilation to dependent parts of the lungs
is not observed in either the young or the elderly due to the reduced recoil pres-
sure from the chest wall and lung respectively (Sec. II. A, under “Maturational
Changes in Chest Wall Compliance”). In both these age groups, the upper por-
tions of the lung lie on the central steep portion of the pressure/volume curve and
therefore tend to be better expanded and ventilated than dependent areas (Fig.
16b). Indeed, the low distending pressure in dependent parts of the lungs predis-
poses to airway closure, inhomogeneity of gas exchange, and development of
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patchy atelectasis in infants and preschool children (266,267). This may have a
significant effect on aerosol distribution in infants. Similar changes may occur in
the elderly due to loss of lung recoil (19).

Influence of Airway Disease

In health, these regional inequalities cause minimal interference with intrapul-
monary gas exchange because of concurrent regional distribution of pulmonary
blood flow (7,268). However, in the presence of disease, regional differences in
alveolar ventilation will cause considerable disturbances in gas exchange. In dis-
eased lungs, the distribution of ventilation will be compromised by units with
high local resistance or low compliance (increased stiffness). The sequence of fill-
ing during inspiration is determined by the relative time constants of the various
acini or lung units. The time constant is a measure of the filling/emptying time
and is the product of local compliance and resistance. Lung units with a short
time constant (in other words, alveoli that have a low compliance and/or are
served by airways with a low resistance) tend to fill quickly and hence early in the
inspiration. By contrast, those which are served by relatively narrow airways
(high resistance and hence a long time constant) tend to fill later on in inspiration,
thereby causing temporal inequalities in ventilation distribution (Fig. 17). Fur-
thermore, regions with a short time constant will tend to receive proportionally
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more of the common deadspace than those with a long time constant, whether the
latter is due to increased resistance (narrow airways) or high compliance (e.g.,
emphysematous loss of elastic recoil) (7,250).

Whether or not there are also spatial inequalities, i.e., in the proportion of
ventilation (and hence aerosol) that is delivered to different regions will depend
both on the duration of inspiration and the extent to which there are local differ-
ence in compliance as well as resistance. If compliance is equally distributed and
inspiration is prolonged, then, for a given change in pleural pressure, all alveoli
will eventually achieve the same expansion ratio. However, if inspiration is
brief, lung units having a high resistance will expand less than the low-resistance
units (Fig. 18). In the presence of airway disease and a rapid respiratory rate,
there may be insufficient time for the inhaled aerosol to reach the most relevant
areas of the lung, in terms of treatment effects, before exhalation commences.

Where there are coexistent differences in local compliance due to either
normal gravitational effects (Fig. 16) or disease, the situation becomes even
more complex. Under these circumstances, some units may fill and empty slowly
due to the high resistance of the airways supplying them; yet, provided inspira-
tory time is long enough, they may receive a large proportion of the ventilation
due to a local loss of elastic recoil (high compliance), whereas others may fill
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C. Early expiration

A. Inspiration

D. End expiration

B. End inspiration
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1 2

Figure 18 Effects of uneven time constants in the lung on ventilation distribution.



rapidly but receive very little ventilation due to a combination of stiff units sup-
plied by normal airways. The resultant mix of spatial and temporal inequalities
in ventilation distribution makes prediction of the pattern of aerosol distribution
in the presence of disease extremely complex. In addition, this pattern may vary
within individuals on a daily or even hourly basis according to clinical status and
response to therapy.

When two compartments have different time constants due to differences
in resistance or compliance, gas can be flowing out of one at the same time as it
is flowing into the other. This “pendelluft” phenomenon reduces effective tidal
volume results in frequency dependence of dynamic compliance and resistance
measurements, and again makes prediction of aerosol distribution in the pres-
ence of disease highly complex (269) (Fig. 18).

Distribution of Inhaled Aerosols

In the healthy lung, the distribution of inhaled aerosol is largely due to
convective mixing and nonreversal of the axial streaming. However, nonuni-
form distribution of ventilation due to regional differences in pulmonary resis-
tance and compliance may become an increasingly important factor affecting
aerosol distribution in the presence of lung disease (270–273). Enhanced pul-
monary deposition of aerosolized rhDNAase occurs in CF patients with more
severe airway disease (32). There is more central deposition in adults with
bronchoconstriction than in those with normal lung function, and there may be
marked regional differences in peripheral lung deposition This pattern may be
due to functional narrowing of the large airways during expiration at flow-limit-
ing segments. In the presence of chronic obstructive airway disease, dynamic
airway compression at these flow-limited segments may reduce peripheral and
enhance central deposition of inhaled particles (273–274). As the lungs shift
from a single, well-ventilated system towards a multicompartment system with
both healthy and obstructed lung regions, aerosol recovery (which is the ratio of
exhaled to inhaled particles) decreases. Increased residence time in slow re-
gions and sites of airway obstruction with ventilatory inhomogeneities may en-
hance regional deposition in poorly ventilated areas if aerosol is conveyed to
smaller airway dimensions than would occur with more uniform ventilation pat-
terns (224,270,272). Again, this makes it very difficult to predict pattern of
aerosol distribution or optimal dosage in the presence of severe disease.

IV. Conclusions and Future Directions

During recent years, there have been considerable technological advances in
aerosol therapy and increasingly sophisticated methods of assessing how such
aerosols are distributed and deposited throughout the lung. However, in order to
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optimize aerosol therapy, it is essential to consider the influence of the structure
and function of the respiratory system and the effect that normal growth and de-
velopment, aging and disease will have on airway caliber and patterns of airflow.
The major physiological factors influencing aerosol delivery include the route of
inhalation, pattern of breathing, airway caliber and responsiveness, and the dis-
tribution of ventilation. Anatomic and physiological differences in the very
young and the elderly present particular challenges in delivering sufficient
aerosol to appropriate parts of the lung according to the age and clinical status of
the individual. Developmental changes in airway structure and function that will
influence aerosol deposition are summarized in Table 2.

The complexity of the relationship between structure and function of the
airways means that mathematical models based simply on gross airway
anatomy—without taking into account the influence of the chest wall, lung
parenchyma, airway compliance and pattern of airflow—are unlikely to provide
accurate prediction of aerosol deposition in vivo. Similarly, the results of studies
using animal models must be interpreted with caution, since aerosol deposition
is critically dependent on branching pattern, and that of the dog or rat does not
necessarily reflect that of the human. The search for a relevant animal model in
which to investigate both short- and long-term effects of various interventions on
the developing lung is therefore critical. It is also very difficult to extrapolate re-
sults from adults to infants and young children, particularly since the latter have
such high chest wall compliance, lower flows, and the tendency to nose breathe.
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Table 2 Summary of Developmental Changes in Airway Structure and Function That
May Affect Aerosol Therapy

• Body size is a major determinant of lung and airway size, and hence function.
• Airway resistance is very high in infants and young children but decreases with

growth.
• Lung growth is most rapid during late fetal life and the first year postnatally. Adverse

influences during this period may have long-term effects on airway caliber. Thus, if
airway function is diminished during infancy, it is likely to remain so throughout life.

• Infants are preferential nose-breathers.
• Airway function is enhanced in girls as compared with boys throughout childhood; this

relative advantage is reversed after puberty.
• Dysanaptic (disproportionate) growth probably occurs during infancy and early

childhood, with lung parenchyma and volumes increasing faster than airway caliber.
Thereafter lung and airway growth is likely to be more isotropic, at least until puberty,
when growth may once again become dysanaptic in females.

• Distribution of ventilation is likely to be more uneven in the very young and the elderly
due to the diminished elastic recoil from the chest wall and lung tissue respectively.

• Aging is associated with a gradual decline in airway function.



In the past, knowledge about in vivo airway caliber has been severely lim-
ited by the rather blunt tools available for assessment of lung function. However,
the introduction of exciting new techniques based on aerosol-derived morphome-
try, using high-resolution computed tomography, promises to provide far more
accurate information about aerosol distribution and deposition in the near future.
Nevertheless, caution will again need to be exercised in trying to extrapolate the
results of these studies to young children, in whom such investigations may be
less feasible. Future challenges include the need to develop more sensitive, non-
invasive tests for longitudinal and cross-sectional studies. These would enable
more precise measurements of normal lung growth and development to be made,
thereby improving our ability to evaluate the effects of disease and individual re-
sponse to therapy in patients of all ages. Longitudinal measurements of lung
growth and development are essential if we are to identify any potentially adverse
side effects from delivering various agents directly into the lung during critical
phases of growth and development or to assess any sparing effects of early inter-
ventions on subsequent airway remodeling in “at risk” subjects (63,186).

For many drugs, the optimum site of action remains unknown, and the
dose of many therapeutic agents may be less pertinent than their delivery profile
down the tracheobronchial tree. Whereas it is likely that steroid therapy for
asthma is best delivered to the larger airways, antibiotics for cystic fibrosis may
need to be delivered to the more distal airways and alveoli. However, further im-
provements in aerosol and nebulizer technologies may be required before anti-
inflammatory agents can be effectively delivered to the periphery of the lung.

In conclusion, if the potential of recent technological advances in im-
proved aerosol delivery devices is to be fully realized, it is important that we fo-
cus on how to get the aerosol to the right site according to the age, maturity, and
disease status of the individual. This can be achieved only if both drug delivery
and assessment of effectiveness are based on a firm knowledge of the underlying
structure and function of the respiratory system in the individual concerned.
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I. Introduction

The relationship between a pharmaceutical aerosol product’s physical perfor-
mance and its clinical safety and efficacy are of primary importance to product
developers, regulators, and prescribing physicians alike. Being able to predict
lung deposition, and the resulting safety and efficacy of a product, from physical
characteristics measured on the laboratory bench has therefore been one of the
“holy grails” of pharmaceutical aerosol science. With the advent of better labora-
tory sizing techniques and more accurate in vivo lung deposition methodologies,
the grail is nearer than ever to being found. However, as one would expect from
the diverse array of aerosol generation systems used in the delivery of inhaled
medications, the correlations, such as they are, between laboratory and clinic are
complex and to a large extent product- or at least modality-specific.

Beyond their potential value in predicting lung deposition, in vitro labora-
tory tests are a major component of the quality-control and product-release
process for pharmaceutical aerosol products. In this context they are not required
to have any in vivo predictive power. Demonstrating that different batches of
product possess the same physical characteristics is all that is needed. However,
understanding a test’s relevance to clinical performance is important.
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When considering the performance of an inhalation aerosol, the important
in vivo parameters are the total dose that reaches the patient (a measure of the to-
tal drug exposure to the body and hence safety) and the deposition pattern of the
inhaled dose in the airways (a measure of the drug distributed between the phar-
macologically active and nonactive sites hence a measure of safety and efficacy).
In principle the former of these can be measured in vitro using simple filter tech-
niques. However, because of the effects that breathing patterns and peak flows
can have on aerosol generation, this simple measure does not always return a
valid in vivo prediction. Obtaining realistic estimates of delivered dose can be
far more complex than would initially be expected. The second parameter, depo-
sition and distribution of the inhaled aerosol within the airways, can by defini-
tion be determined only in vivo. In vitro laboratory tests must therefore use a
surrogate measurement. Deposition patterns in the human airways are controlled
by three major factors: airway geometry, the aerodynamic particle size distribu-
tion of the inhaled aerosol and the inhalation flow rate at which it is inhaled. The
first of these is strictly a patient characteristic and, although of major importance,
is not related to the aerosol generation system. However, the latter two can both
be characteristics of a delivery device/formulation. The particle size because the
device is generating the aerosol that is being inhaled. The inspiratory profile be-
cause a devices resistance characteristics can and does influence inspiratory
flows. Of these two factors, it is the aerodynamic particle size that is the “surro-
gate” for deposition. However, a devices effect on inhalation profiles and the in-
teraction of the dynamics of the aerosol with the airways must always be taken
into account when carrying out laboratory tests. For this reason a variety of ap-
proaches are used to determine delivered dose and aerosol size distributions. The
popular techniques and methods are discussed below. Suffice to say here that dif-
ferent modalities often require very different instrumental approaches if useful
“predictive” data are to be obtained.

Assuming that a reliable aerodynamic size distribution has been deter-
mined in vitro, the theoretically correct way to proceed in order to compute lung
deposition is to carry out a mathematical convolution of the aerosol size distribu-
tion with the functions describing deposition in the various compartments of the
airways. In principle this can be done using deterministic type approaches to
lung deposition modeling (1) or by using empirical correlations that approximate
deposition in the various lung compartments (2). For a stable nonhygroscopic
aerosol that is traveling at the same velocity as the inspired airstream under nor-
mal tidal breathing conditions, this type of calculation usually result in reason-
able estimates of the average deposition in the airways. For example, we will see
later that this approach appears to work reasonably well for nebulized aerosols
delivered under normal tidal breathing conditions provided the droplet size is
measured in an appropriate manner (3). However, in general, these calculations
are tedious and, because of the highly dynamic nature of some aerosols, such as
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pressurized metered-dose inhaler (pMDI), and the “artificial” breathing patterns
used when inhaling most medical aerosols, this approach rarely results in correct
predictions without considerable data manipulation being performed. A further
complication is that the nature of dynamic aerosols results in sizing data that are
very often dependent upon the particular apparatus used to measure them. In
most cases, therefore, deposition estimates are made from correlations relating
the fraction of the inhaled aerosol in the particular size range, with the potential
to penetrate and deposit in the lungs, to actual deposition values determined by
scintigraphy or pharmacokinetics. This aerosol fraction is usually referred to as
the fine particle fraction (FPF) or fine particle dose (FPD) and is discussed in
more detail below. FPF and FPD are, however, at best, only measures of aerosol
quality that correlate with deposition and no single size fracion, no matter how
carefully chosen, can ever truly represent the complex convolution of deposition
probabilities with an aerodynamic size distribution. In the search for the holy
grail, we should not necessarily look for as close a numerical prediction as possi-
ble but instead look for a technique that gives the lowest variability in “pre-
dicted” lung deposition. Provided a good correlation can be demonstrated, the
actual lung deposition could be easily calculated.

The following sections detail existing in vitro/in vivo correlations for the
major aerosol modalities and, where appropriate, comparisons are made with
lung model predictions. Measures of particle diameter, particle size statistics,
and aerosol test methods are also discussed. Aerosol test methodologies are in-
cluded in the discussion because, as described above, sizing results are highly
dependent upon the method and apparatus used. The correlations that have been
developed and any predictions that can be made from them are therefore specific
to the use of particular experimental methods, and it is important that the applic-
ability of the different instruments/methods be understood.

II. Aerosol Characterization Techniques

A. Aerosol Size

There are many ways to describe the “size” of an aerosol particle. For example it
may be described by its longest dimension or by a sphere of equivalent volume.
It may be described by its light scattering properties or by the way it behaves in
an airstream. In a very real sense there is no such thing as the “correct” size or
diameter of an aerosol particle. There are as many “correct” diameters as there
are ways of measuring it, and it is up to the researcher to measure a size parame-
ter relevant to the particular application under investigation. From a deposition
perspective, it is the inertial behavior of the particle in an airstream that defines
how and where it will deposit (Chap. 2). This characteristic diameter is known as
the aerodynamic diameter and is the characteristic diameter that is normally
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measured for inhalation aerosol products. It is defined as the diameter of a sphere
of unit density which has the same settling velocity in air as the aerosol particle
being measured. Mathematically this is

Where dae is the aerodynamic diameter, ρp is the particle density, and dp is
its physical diameter. For a sphere, dp is the sphere’s diameter; for an irregular
particle, dp will depend on particle shape. By definition, a water droplet with
density of 1 g/cm3 will have the same aerodynamic and physical diameter. It is
the aerodynamic size distribution which is measured as the in vitro surrogate for
inhalation aerosols.

The Log-Normal Distribution Function

Aerosols generally consist of particles or droplets with a range of sizes. It is advan-
tageous to describe these size distributions by distribution functions. Many func-
tions are in use (4); however, it is the log-normal distribution that is generally used
to describe inhalation aerosols. Mathematically, this is described by the function

where σg is the geometric standard deviation (GSD) and represents the width of
the distribution, dp is particle diameter, and 

–
d is the median diameter (50% of the

particles are larger than the median and 50% are smaller). The distribution can
be expressed in particle number terms, in which case the median diameter is the
count median, or particle mass, in which case it is the mass median diameter. In
drug delivery, it is the mass of drug at a particular deposition site (or, more cor-
rectly, the concentration of drug at a particular site) that is important. It is there-
fore the mass median aerodynamic diameter (MMAD) and the associated GSD
that are usually used to describe pharmaceutical aerosol size distributions. Fig-
ure 1 illustrates mass and count distributions for a log-normally distributed
aerosol with a GSD of 2. The conversion between the count and mass distribu-
tion was performed using the Hatch Coate equations (5). The equation for con-
version from MMAD to count median diameter (CMAD) is shown in the figure
insert. Also shown are the FPFs for 3 and 5 µm (see below). It should be noted
that when the distribution is expressed as a count distribution, the aerosol “ap-
pears” to be much finer. This is a ploy that is sometimes used when trying to
make an aerosol distribution appear to be of a much higher quality than it really
is. Statements such as “the number of particle less than 5 µm” should always be
regarded as indicating a poor-quality aerosol.
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Fine Particle Fraction and Fine Particle Dose

As discussed above and elucidated below, because of the highly dynamic na-
ture of inhalation aerosols, it is often erroneous to try and calculate deposition
from in vitro size distributions and mathematical lung models. For this reason,
and to simplify data interpretation, FPF or FPD is often used to describe the
quality of an inhalation aerosol. FPF refers to that fraction of an aerosol that is in
a size range with the potential to penetrate and deposit in the airways. FPD refers
to the mass of drug in the potential deposition size range. The particular size
ranges chosen can vary greatly and are usually defined more as a matter of ex-
perimental convenience than as an exact representation of that fraction of the
aerosol that would deposit in the lung. For example, a value corresponding to a
particular cut-off diameter for the cascade impactor being used to measure the
size distribution may be chosen (FPF4.7µm for stage 3 of the Andersen impactor)
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or a diameter corresponding to a particular channel on a diffraction analyzer
(FPF5µm for channel 22 on a Malvern Mastersizer) may be used. Although some-
what arbitrary, the diameter ranges are loosely based on the 1- to 5-µm aerody-
namic size range believed to be capable of the greatest penetration into the
intermediate and peripheral lung. However, FPFs may vary in range from as
small as 0.5–3 µm to as large as 1–10 µm, depending upon what purpose it is be-
ing used for and by whom it is being defined. Although, in general, these FPFs
and FPDs do not represent lung deposition per se; (in fact, they are usually over-
estimates of lung deposition (see below)). They do serve as a relative measure of
aerosol quality and they are often used as the independent variable in in vitro/in
vivo deposition correlations.

In Vitro Aerosol Characterization Techniques

Inertial Impaction

As described above and elsewhere in this text, it is the inertial behavior and the
aerodynamic properties of an inhalation aerosol which dictate its deposition pro-
file within the airways. It should therefore not be too surprising that an inertial
separation method should constitute the “gold standard” for in vitro characteriza-
tion of inhalation aerosols. Although there are a variety of ways of embodying
inertial separation into a sizing instrument, it is the jet and impaction plate, and
the cascade or multistage versions of it, that have proven to be the most effec-
tive. In this technique the airflow carrying the aerosol is directed by a jet, or noz-
zle, at an impaction plate. The airflow is forced to make a sharp turn as it
impinges on the plate and the particles with the highest inertia, which cannot
make the turn, impact out. “Finer” particles with less momentum follow the flow
lines more easily and pass the plate without impacting. By carefully controlling
the flow rate, or air velocity, impinging on the plate and geometry of the collec-
tion plate itself, a fairly precise aerodynamically size-selective instrument can be
produced. When a size distribution is required, a “cascade” of jets and impaction
plates are employed. Each successive stage is designed to increase the velocity
of the airstream emanating from the jet(s) so that particles with successively less
and less mass, or smaller and smaller aerodynamic diameters, are impacted out.
In practice, because of the limitations of stage geometry, the capture efficiency
of an impactor stage varies with particle diameter and usually exhibits a sigmoid
nature. Impactor stages are therefore defined by their d50 or “cutoff” diameters—
that is, the aerodynamic diameter for which the probability of capture is 50%. In
most cases, over a reasonable range of operational flow rates, the d50 varies in a
manner consistent with a dimensionless number known as the Stokes number.
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where ρp is particle density, Cc is Cunningham’s slip correction factor, dp is parti-
cle diameter, Q is volumetric flow rate, η is air viscosity, and Dn is the nozzle di-
ameter. This leads to the conclusion that the d50 for an impactor stage generally
scales as Q1/2 (i.e., d2Q = const) (6,7).

One of the main problems with cascade impaction is carryover of the parti-
cles to lower or “finer” stages than their aerodynamic diameter would suggest.
This can occur either because of reentrainment into the airstream or simply be-
cause particles bounce of the collection plates (4). A detailed description of the
methods used to minimize these phenomena can be found elsewhere. Suffice to
say here that a variety of impactor designs have evolved to combat these issues
and to facilitate assay of impacted drug. Figure 2 presents schematics of the
three most popular instruments used in pharmaceutical aerosol testing (6). The
Andersen cascade impactor, originally developed for environmental monitoring,
and the Multi-Stage Liquid Impinger, originally developed for airborne bacterial
sampling, have enjoyed the highest popularity with regulators and pharmaceuti-
cal scientists. More recently the Marple-Miller impactor was developed with the
intention of minimizing the labor involved in impactor analysis. Calibrations
have been developed for these instruments that allow them to be operated across
a reasonably wide range of flows. (Tables 1 and 2) (6, 8, 9).

As can be seen, the cutoff diameters generally follow the Q1/2 relation, as
would be expected from the Stokes relationship described above. The ability to
operate an impactor over a wide range of flow rates is particularly important in
testing dry powders inhalers (see below).

After inertial separation of the particles within these instruments, it is nec-
essary to quantify the amount of drug in each of the size fractions in order to de-
rive an aerosol size distribution. This is usually performed by chemical assay for
drug substance and may entail a variety of analytical techniques. However, it is
important that drug substance be assayed, because most pharmaceutical aerosols
contain excipients and the distribution of the drug and excipients will not neces-
sarily be uniform and in equal proportion across the entire size distribution.

One last obstacle remains before cascade impactors can be effectively
used for the analysis of pharmaceutical aerosols; that is, how to introduce the
aerosol into the instruments. From a practical perspective, most aerosol prod-
ucts deliver their aerosols in the horizontal plane and cascade impactors have
generally been designed to operate in the vertical plane. An inlet bend or mani-
fold is therefore required. Additionally, as described below, the dynamic nature
of some aerosols requires that the inlet mimic the oropharyngeal cavity. For
these reasons a variety of inlet bends or “throats” have been developed. Figure
3 presents seven popular inlet configurations (10). They range from oropharyn-
geal casts to simple right-angle bends. Traditionally, despite their limited repre-
sentation of the oral cavity, the twin impinger inlet and USP-2 inlet have been
used the most. Although, with the advent of advanced imaging techniques such
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as magnetic resonance, spiral computed tomography and stereo lithography,
replica oropharyngeal casts are becoming more popular. A consortium of phar-
maceutical companies in Europe is currently developing, if possible, a range of
standard anatomic casts, beginning with adults.

Light-Scattering Techniques

As described above, inertial cascade impaction is the gold standard for charac-
terization of pharmaceutical aerosols. However, it is not the only method avail-
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able, and a number of other characterization techniques are being used. The two
most popular are the laser diffraction technique and the single particle aerody-
namic sizer.

Diffraction Analyzers

Diffraction instruments were initially developed to size liquid droplet fuel
aerosols (11). They have therefore found a natural application in the characteri-
zation of the liquid droplet aerosols produced by nebulizers. In the diffraction
analyzer, the aerosol droplets are illuminated with a monochromatic, spatially
expanded laser beam. The resulting far-field diffraction pattern produced by the
droplets is a function of their size distribution and is generally described by a
set of first-and second-order Bessel functions. Large droplets scatter light at
small angles; small droplets scatter light at high angles. With the aid of mathe-
matical techniques, the diffraction pattern can be analyzed and inverted to pro-
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Table 1 Nominal Cutoff Diameters of the MLI in the
Flow Range 30–100 L/Min

Stage Cutoff Diameter (µm) at Flow Rate Q (L/min)

Stage 1 ECD50%,Q = 13.0(Q/60)–1/2

Stage 2 ECD50%,Q = 6.8 (Q/60)–1/2

Stage 3 ECD50%,Q = 3.1 (Q/60)–1/2

Stage 4 ECD50%,Q = 1.7 (Q/60)–1/2

ECD = Effective cut-off diameter.
Source: Ref. 9.

Table 2 Nominal Cutoff Diameters for the Mark II Eight-Stage
Andersen Impactor at Flow Rates of 28.3 and 60 L/Min

Operational Flow Rate Operational Flow Rate
28 L/min 60 L/min

Stage dae50 Theory dae50 Actual dae50 Actual

0 9.0 8.6 5.6
1 5.8 5.9 4.3
2 4.7 4.6 3.4
3 3.3 3.1 2.0
4 2.1 2.0 1.1
5 1.1 0.9 0.5
6 0.7 0.5 0.3
7 0.4 0.2 0.1

Source: Ref. 6.



duced the size distribution of the illuminated droplets. The technique’s advan-
tages are that it is extremely quick, requires no chemical assays, and can mea-
sure droplet diameters immediately as droplets exit a nebulizer mouthpiece (3).
A typical experimental configuration is shown in Fig. 4. In general, for aqueous
solutions, the physical diameter measured is equivalent to aerodynamic diame-
ter, since the density of nebulized droplets is close to unity. However, the tech-
nique does have its disadvantages, it suffers from lack of resolution for aerosols
of the order of 1 µm and the inversion routines can produce erroneous results if
the refractive index of the droplets is not known. Also, diffraction analysis can-
not be applied to suspension nebulizer formulations, since it measures droplet
size and cannot determine which droplets contain drug particles. The use of the
technique in developing predictive deposition correlation for nebulized aerosols
is described below (3).
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Single-Particle Counters

A number of single-particle counting instruments have also been used for pharma-
ceutical aerosol characterization. The most popular of these are the so-called time-
of-flight instruments (12, 13). These devices measure the deceleration of aerosol
particles as they are injected into a laser sensing zone. Since they measure aerody-
namic behavior, they do give a direct measure of aerodynamic size. However,
while they are valuable research instruments with undoubted application to the
study of pharmaceutical aerosols, they have not been used extensively because of
severe experimental limitations. Like all light-scattering instruments, they do not
measure the size distribution of the drug but rather the combined distribution of the
drug and excipients. Also, they are limited in terms of the aerosol concentration
they can operate with, and usually considerable aerosol dilution is required. This
introduces experimental sampling problems and the possibility of large sampling
errors. They also primarily determine aerodynamic number distributions, and as
described above, it is really the mass distribution that is required when working
with pharmaceutical aerosols. In the single-particle analyzer, mass distribution is
always a calculated quantity. In general, then, these instruments have been used,
but great care should be taken in interpreting the data they produce.

Testing of Pharmaceutical Aerosols 115

Y

Pw

Receiving optics

100mm lens

X

Nebulizer mouthpiece
(8 l/min)

Impactor or air extraction
(28.3 l/min)

For 100mm lens:

X max = (28-½Pw)mm
Y min = 23 mm

Expanded laser beam

Figure 4 Experimental configuration of laser diffraction analyzer used to measure
droplet distributions produced by aqueous nebulizers. Droplet collection may be by im-
pactor, as shown, or by simple filtration. (From Ref. 3.)



The second class of single-particle counting instruments that have been
used with pharmaceutical aerosols are the phase Doppler analyzers (PDA)(14).
PDAs use two intersecting laser beams to generate a set of interference fringes.
As the droplets, or particles, traverse the interference zone, the Doppler signal
generated by passage through the light and dark interference bands gives infor-
mation about both the size and velocity of the droplets. The main limitations of
this approach are that the sensing zone is small, it requires spherical droplets if
“accurate” sizing data are required, and, off course, the instrument determines a
number distribution as its primary distribution function. As with the time-of-
flight instruments, weight distribution is a calculated quantity. The small inter-
ference zone means that measurements can be made at specific positions in a
spray plume, thus affording spatial resolution that is not available with other
techniques. However, while this is advantageous if spray structure is being in-
vestigated, a technique for averaging over an entire spray plume has to be devel-
oped if the overall size distribution of the spray is required. Dunbar et al. (15)
have used the PDA to investigate pMDI spray structure. Finlay et al. (16) have
successfully developed and applied an averaging technique and used it in con-
junction with a deposition model to estimate lung doses from commercial nebu-
lizer devices.

III. In Vivo Characterization Techniques

It might at first seem that correlations between in vitro data and the clinical effi-
cacy of an inhaled pharmaceutical compound would be far more useful than cor-
relations with deposition. However, because clinical measures of efficacy are
generally much less precise than lung deposition measurements and since differ-
ent molecules have different sites of action within the airways, this approach has
not enjoyed much favor. Correlations based on lung deposition have a much
broader application, are generally molecule-independent, and better describe de-
vice or delivery system performance. There are two classical ways of measuring
lung deposition, scintigraphy, and pharmacokinetics.

A. Scintigraphy

In gamma scintigraphy, the formulation is labeled with a gamma ray–emitting
isotope, and the fate of the inhaled drug, together with that retained in the deliv-
ery device, is followed by an external gamma camera (17). The labeling process
varies from ad hoc mixing, resulting in a “loose” association of label and drug, to
more sophisticated molecular labeling if a suitable atomic species is present.
However, molecular labeling has been used only once as means of following a
drug moiety, and direct mixing, using a variety of techniques, is the really the
mainstay of the scintigraphy technique. The general process employed in aerosol
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scintigraphy is outlined in Fig. 5. The imaging technique normally used for phar-
maceutical aerosols is planar scintigraphy (17). That is quantification of the de-
posited dose is performed from 2D images of the thorax and head. Although 3D
imaging, by the way of single particle emission computed tomography, has been
used and has advantages in terms of spatial resolution, it requires more sophisti-
cated cameras, more complex data handling, longer acquisition times, and a
higher level of radioactivity.

Two main difficulties exist with scinitgraphy. The first is labeling of the
formulation and ensuring that the label follows the active drug sufficiently well
to act as a valid marker for its aerodynamic behavior. The second is interpreta-
tion of the activity images in terms of anatomy and lung structure. The labeling
techniques generally result in a label that associates with the aerosol in a way
that mimics the size distribution of the drug and, as described above, it is rare
that the molecule itself is labeled. Validation of the labeling process is performed
using cascade impaction. Drug-specific assays are compared to radioactivity for

Testing of Pharmaceutical Aerosols 117

Add label

“Raw powder”

Tc plus
DTPA,

Sulfur colloid,
HSA.

DPPC.

99m

Labeled powder

Filling

Capsule
Blister

Device reservoir

Validation

Label and drug
match by

cascade impactor

Labeled
capsule/device

Drug labeling

C
I

P

Oral deposition
(head+stomach)

Device
retention

Lung
deposition

P/C ratio

Image analysisDeposition pattern

Gamma
camera

Deposited aerosol

Inhalation

Flow rate
Inhaled volume

Breath hold

Figure 5 Schematic illustration of the application of gamma scintigraphy to the estima-
tion of airway deposition profiles.



each stage fraction. The standard way of analyzing lung images is to use so
called “regions of interest.” These are defined arbitrarily and range from stan-
dard box matrices placed over the right and left lung images (19) to sophisticated
routines that outline the lung and divide the image into central and peripheral
zones by equal division of radius vectors or by area (20). The problem in all
cases, however, is being able to interpret the “regions of interest” in terms of
anatomic structures—i.e., conducting airways versus peripheral alveolar sacs.
Some work has been done to calibrate peripheral-to-central (P/C) ratios (21,22)
in terms of 24-h clearance measurements, but the relationships are fairly broad
and certainly cannot be used on a individual basis. [Such 24-h clearance mea-
surements are used to define deposition in the nonciliated region of the airways.
Since the majority of insoluble particles deposited in the conducting ciliated air-
ways are cleared by the mucociliary ladder and swallowed within 24 h, activity
remaining after 24 h therefore represents alveolar, or at least nonciliated, airways
(23) deposition.] Because of this lack of anatomic resolution, most of the in
vivo/in vitro correlations that have been developed for pharmaceutical aerosols
focus on whole-lung deposition rather than deposition patterns within the lungs.
Gamma scintigraphy,however, does have an advantage over other techniques of
assessing deposition profiles in that a “mass balance” (more correctly an activity
balance) can be performed easily. The distribution of drug (label) throughout the
delivery device, the body, including the distribution within the lung, and the ex-
haled air can be quantified individually. It is also noninvasive. For these reasons
the technique has become the mainstay of in vivo drug deposition investigations.
The major criticism of the technique is that the labeling process invariably re-
sults in manipulation of the product being tested and hence a product can never
be tested in its original “unadulterated” form. In practice this concern can usu-
ally be mitigated by the demonstration of correspondence of the original and la-
beled aerosol size distributions.

B. Pharmacokinetics

The pharmacokinetic estimation of whole-lung deposition is based on the
fact that, for some drug molecules, either because of their intrinsic properties
or because their oral absorption can be blocked, drug appearing in the sys-
temic circulation (24) or urine (25) represents drug initially deposited in the
lung. This approach requires that the molecule not be metabolized in lung
and that either oral absorption be intrinsically negligible or can be blocked
by ingestion of an absorbing agent such as charcoal. Figure 6a and b summa-
rize the steps involved in determining whole-lung deposition using the char-
coal-block method. For molecules with negligible oral absorption, the
ingestion of charcoal is obviously not necessary. Borgström (24) and others
have used this technique effectively for terbutaline, budesonide, formoterol,
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salbutamol, sodium cromoglycate, nedocromil sodium, and ipratrpium bro-
mide. Biddiscombe (26) has recently applied it to salbutamol. The main lim-
itation of the technique is that it determines only the total amount of drug
absorbed from the lung, and no information on regional distribution can be
obtained. However, delivered dose, device retention, and the amount of drug
exhaled can be quantified simultaneously by chemical assay techniques and
the fraction of the nominal or inhaled dose deposited in the lung can be 
calculated. Borgstrom et al. (27) have shown that pharmacokinetically deter-
mined lung deposition is in agreement with that determined scintigraphi-
cally, both in terms of the mean fraction deposited and in terms of
intersubject variability. A number of studies investigating the correlation be-
tween charcoal-block determinations of lung deposition and in vitro data
have now been reported (see below).

IV. In Vitro Characterization: Issues and Limitations

A. Nebulizers

The production of aqueous droplets by pneumatic shear forces probably repre-
sents the oldest method of therapeutic aerosol generation. In more recent times,
high-frequency ultrasonic transducers, low-frequency ultrasonic meshes, and
mechanical extrusion have also been used. All of these systems generate liquid
droplet streams that are entrained in humid airflows. In the pneumatic devices,
the droplet distribution produced at the atomizer is usually very coarse (∼ 50–80
µm) and baffles are needed to condition the aerosol and ensure that only “fine”
droplets are inhaled by the patient. The recirculation caused by this baffling
process can represent in excess of 95% of the atomizer flow. The air being
pumped through the nebulizer therefore emerges moist and in quasiequilibrium
with the vapor pressure of the droplets. Indeed, the major component of the tem-
perature drop seen in the solution reservoir of a nebulizer during nebulization is
caused by evaporation from these recirculated droplets. The other forms of nebu-
lization also generally result in a humidified airstream in quasiequilibrium with
the droplets. The term quasiequilibrium is used to describe the relationship be-
tween the droplets and the transporting airstream because they are not in true
equilibrium and are unstable to evaporation/growth. The curvature of a droplet
surface causes an excess vapor pressure, described by the Kelvin equation (4),
which is proportional to the exponent of the inverse of the droplet diameter. The
Kelvin effect means that a droplet size distribution can never be truly stable un-
der uniform relative humidity conditions.

However, a further and much more important stability issue is that any en-
trained ambient air that enters the sizing instrument can be considerably drier
than the humidified droplet-laden airstream emanating from the nebulizer. This
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can result in rapid droplet evaporation. The problem that these instabilities in-
duce from a characterization perspective is that it is difficult to characterize an
aqueous aerosol in a reproducible manner and in a way that is relevant to its de-
position kinetics. Evaporation or growth can also take place in the airways after
inhalation, and thus it is also questionable as to what diameter is actually “seen”
during passage through the airways. This latter issue has led to a number of com-
plex deposition models that incorporate, and try to account for, hygroscopic
growth effects (29). The pragmatic approach of measuring the distribution in a
reproducible way and correlating either MMAD or FPF has also been used (3).

There are only two experimental strategies that have the potential to yield
reliable “predictive” results for nebulized aerosols. The first is to measure the
droplets in their fully hydrated state. This can be done either immediately as they
exit the mouthpiece, using a real-time sizing instrument, or by reducing the
evaporation kinetics sufficiently to allow measurement downstream with an off-
line technique such as inertial cascade impaction. The second is to completely
dry the aerosol, size the dry particles, and then calculate back to obtain the origi-
nal size distribution. Measuring the aerosol at intermediate hydration states be-
tween these two extremes is obviously problematic because the hydration state
would have to be measured in order to correct the size distribution back to the
original “inhaled” size.

The latter approach—completely drying the aerosol—while valid, is diffi-
cult to perform experimentally (29). The low solids content of pharmaceutical
nebulizer solutions results in dry aerosols that are too fine for reliable enough
measurements to be made to allow back calculation with any accuracy. For ex-
ample a typical nebulizer droplet distribution with a mass median diameter of 3
µm generated from a 0.1% drug solution would result in a dry particle distribu-
tion with a mass median diameter of ∼0.1 µm. Obtaining size distribution data
with any reasonable resolution at this size is very problematic. A further issue is
that the solids content of the original droplets must be known in order to perform
the calculation, and this can vary considerably during the course of nebulization.
This technique has therefore not been used extensively.

The former approach, attempting to measure the droplets in their fully hy-
drated state, has enjoyed more widespread use. Experimentally, this has been ac-
complished in a number of ways. The use of low-flow impactors that entrain
minimal quantities of ambient air and hence maintain the quasiequilibrium hu-
midity exiting the nebulizer is one approach (30). Adding humidified dilution air,
rather than ambient air, to a high-volume cascade impactor is another. Cooling
the impactor to the same temperature as the nebulizer cloud (reservoir) has also
been shown to be an effective way of providing sufficient stabilization for
aerosol measurement purposes (31). However, a technique that has been used ex-
tensively in conjunction with a large number of deposition studies is laser dif-
fraction (3). As described above, this technique measures the physical diameter
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of aqueous droplets by deconvolution of a laser-derived diffraction pattern. It has
the advantage that it can be used to measure the droplet distribution immediately
as the aerosol exits the nebulizer mouthpiece, and the physical diameter it mea-
sures is equivalent to aerodynamic diameter for aqueous solutions with a density
close to 1 g/cm3. However, the diffraction technique is limited in that it can be
applied only to nebulized solutions. Where suspension are to be measured and
droplet occupancy is an issue, inertial impaction and chemical assay appears to
be the only viable option.

B. Pressurized Metered-Dose Inhalers

The aerosol cloud delivered from a pMDI consists of a collection of evaporating
droplets moving at high speeds (32). At the spray orifice, the droplets can be as
large as 30–40 µm, and they can be moving at velocities of 30–60 m/s. As the
plume moves away from the spray orifice and into the respiratory tract, the
droplets evaporate and the cloud slows down. This highly dynamic behavior is at
the heart of the problem of developing techniques to characterize pMDI clouds
in a way that allows prediction of their in vivo performance. The difficulty stems
from the fact that the aerodynamic size surrogate that can be used for nebulizer
clouds and passive dry-powder aerosols no longer adequately describes the vari-
ables that control deposition. The probability of inertial impaction is controlled
by an aerosol particles stopping distance ψ,

where ρ is the particle density, υ is the particle velocity, d is the particle’s aero-
dynamic diameter, and η is the viscosity of air. Here, ψ is literally the distance
it takes an aerosol particle to stop when it is injected into still air at velocity υ.
(Note: ψ is a special dimensional case of the nondimensional Stokes number
described above in the context of inertial impactors.) As can be seen, the proba-
bility of impaction is dependent upon particle velocity as well as aerodynamic
diameter. Thus, for pMDI clouds, with their high-velocity plumes, it is impera-
tive that velocity be taken into account. The stopping distance of a unit-density
3-µm particle in the mouth when inhaled at 30 L/min is approximately 0.030
mm. The stopping distance of the same particle moving at a typical pMDI cloud
velocity of 20 m/s in the mouth is 4 cm. It is for this reason that instruments
such as single-particle counters or diffraction analyzers, which measure only
droplet or particle size, are of little use in developing in vitro/in vivo correla-
tions for pMDIs.

From an experimental perspective two basic approaches are possible. The
first is to characterize the droplet/particle distribution and the velocity distribu-
tion separately and then compute some measure proportional to ψ. The second is
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to take a more empirical approach and use an apparatus that resembles the mouth
and oropharynx. This latter approach is by far the most popular. However, its
adoption has led to a wide selection of inlet manifolds or “throats” being used as
entry ports for cascade impactors (Fig. 3), and since different throats can result
in different values for FPFs and FPDs this has made it difficult to develop true
global correlations that are useful for the prediction of deposition.

Cascade impaction has also been the method of choice for pMDI aerosols
because they are generally multicomponent systems and drug assays are required
if the drug size distributions are to be obtained. It is of course where the drug de-
posits and hence the drug size distribution that is of importance.

Spacers and Holding Chambers

A spacer puts distance, or “space,” between a pMDI’s actuator and a patient’s
pharynx so as to allow the initial velocity of the aerosol cloud to decay and the
large propellant droplets to evaporate. A holding chamber, in addition, facilitates
aerosol actuation into a chamber from which the patient can inhale without the
need for coordination.

In order to assess the “efficacy” of a spacer at performing its task in vitro,
it is necessary to take the aerosol cloud’s velocity and droplet kinetics into ac-
count. Spacer testing is therefore carried out with similar test configurations to
those used for standard pMDIs. Outside of the need for an inlet throat, a further
and more subtle issue is whether flow through the spacer and sizing apparatus
should be initiated before or after aerosol actuation. In that spacers still require a
fairly high degree of coordination when used by a patient, and the intention is to
actuate the aerosol during inspiration, it would appear that flow initiation prior to
actuation is the most appropriate.

The possible pMDI exception to the use of model inlet throats is the charac-
terization of the clouds produced by valved holding chambers. Holding chambers
are designed to hold the aerosol cloud so that the initial velocity completely decays
and the droplets evaporate prior to the patient’s inhalation. From this perspective
the aerosol inhaled from a holding chamber is “stable” and will travel at the same
velocity as the airstream when it is inhaled. There is therefore no need for model
inlets because, in principle at least, the standard deposition factors apply, and it is
only aerodynamic particle size that is important. Thus, simple measurement of
aerodynamic size distribution should correlate with deposition and lung model
predictions. However, in reality, a lot of the work carried out with spacers and
chambers in the in vitro setting is aimed at comparing efficiencies between the
valved chambers, spacers, and standard pMDIs. As a result, oropharyngeal models
are still popular. One of the golden rules of pharmaceutical aerosol science is that,
wherever possible, the same methodology should be used if attempts are being
made to compare the quality of different aerosols. Since valved holding chambers
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are designed to be used by the patient in a delay mode, fired, and then inhaled,
aerosol testing should be performed by actuation and followed by flow initiation
rather than with a continuous flow through the sizing apparatus/chamber.

C. Dry-Powder Inhalers

Dry-powder aerosol delivery offers yet another set of challenges from an in vitro/in
vivo correlation perspective. There are two main types of dry-powder inhaler; those
that are “passive” and rely on the patient’s inspiratory effort to generate the aerosol
and those that are “active” and use some form of internal power source. Examples
of the former would be the Turbuhaler, Accuhaler/Diskus, and the like. Examples of
the latter are the Dura Spiros and the Inhale pulmonary delivery system. Character-
izing the aerosol clouds generated by these devices in a manner useful for deposi-
tion predictions can require different experimental approaches.

For the passive devices it is the patient’s inspiratory effort that supplies the
energy to disperse the powder and to draw the aerosol from the device (33). The
aerosol particles are therefore moving at the same velocity as the airstream when
they pass into the airways and, at least in principle, there is no need to consider
the dynamics of the aerosol cloud when carrying out an in vitro characterization
experiment. However, passive DPIs vary greatly in their resistance to airflow and
as a result there are considerable differences in the flow rates at which different
inhalers are used. Since the efficiency of powder dispersion and hence the parti-
cle size of the delivered aerosol is usually dependent upon effort and flow rate,
the problem from an in vitro characterization perspective becomes “What is the
appropriate flow rate to test at and what is the size fraction that should be used to
define FPF or FPD?” The flow rate at which to test a device can be determined
empirically by simply asking a group of patients to inhale through a device and
recording their flow profiles, or by using one of the published relationships be-
tween device resistance and peak inspiratory flow. Figure 7 presents a typical
flow/resistance correlation for healthy volunteers (54). The definition of the FPF
size range, however, is a little more subtle. As described elsewhere in this book,
the capture efficiency of the oropharynx and upper airways is a function of flow
rate. The stopping distance parameter ψ, described above, would suggest that it
is d2Q that is the important parameter (where Q is the inhalation flow rate, which
in this case is proportional to the air and particle velocity). Hence, it has been
suggested that the size fraction considered to be “fine” should decrease as the
square root of the inhalation flow rate or, since inertial impactors generally oper-
ate under the d2Q law (see above), that the fraction below a particular stage be
used to define FPF regardless of the flow rate at which a test is carried out. A fur-
ther proposal is the use of the oral deposition function developed by Stahlhofen
et al. to define FPF (14). The idea behind this approach is that it is oropharyngeal
filtering which prevents most of the inhaled aerosol particles from reaching the
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lung and hence it is how oropharyngeal deposition varies with flow rate that
should define FPF. While this function generally follows the d2Q law, the expo-
nents are slightly modified to compensate for changes of oropharyngeal geome-
try with inhalation flow rate. The Stahlhofen equation (2) states that

where ηoral represent the probability of capture in the oropharyngeal region of the
airways and V is the inspired volume. This function leads to FPForal being based
on the d50, or cut-off diameter, for the oropharynx, where the d50 is defined as

d
oral = (57.74/Q0.3)V=4 liters µm

In some cases, however, the fraction below a fixed size—for example,
FPF5µm—regardless of the test flow rate has been used to compare DPI perfor-
mance; hence the effect of flow rate on particle behavior has not been accounted
for correctly.
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In nearly all cases, cascade impactors with inlet throats are used for the
analysis of DPI clouds. In most instances this is because DPI clouds contain
excipients as well as drug particles, and chemical drug-specific assays are re-
quired in order to measure the drug size distribution. Although inlet bends are
not strictly necessary, because the aerosol particles are moving at the same
speed as the “inhaled” air, they are usually used as a matter of experimental
convenience.

For active devices the situation can be similar to the passive case in terms
of the device resistance dictating the inhaled flow rate and hence the flow rate at
which the device should be tested. However, just like the pMDI, if the device
generates an aerosol that has a velocity relative to the inspired airstream, some
form of stopping distance measurement, such as an oropharyngeal cast or inlet
bend, is mandatory.

V. Predicting Lung Deposition

A. In Vitro/In Vivo Deposition Correlations for Nebulizers

Outside of the droplet sizing difficulties described above for nebulizer clouds,
some further problems arise when trying to make droplet size/deposition correla-
tions for use in predicting lung deposition from an inhaled dose. These are re-
lated to the interpretation of gamma camera images and fall into two categories.
Experimental problems associated with accurately quantifying the deposited
dose as a fraction of the inhaled dose and the use of different data reduction tech-
niques by different investigators. The common practice is to express the lung
dose as a fraction of that placed in the nebulizer or as a fraction of that deposited
in the body and not as a fraction of the inhaled dose. This is mainly because of
the experimental difficulty of splitting and separately quantifying the inhaled and
exhaled aerosol. The former of these two practices is not useful in developing
general droplet size deposition correlations because nebulizer efficiencies vary
greatly from one device to another. The latter is more useful, but it is limited be-
cause it cannot be directly related to the dose inhaled by the patient, since—for
nebulized aerosols used in a normal tidal breathing mode—a large fraction of the
inhaled aerosol is exhaled, and this exhaled fraction is, as would be expected,
also a function of droplet size. For these reasons the literature data that can be
correlated must be presented as lung or peripheral dose expressed as a fraction,
or percentage, of that deposited in the body, and the dose deposited as a fraction
of that inhaled must be inferred by calculation from lung deposition models.
This approach seems reasonably reliable, since, as will be seen below, deposition
models appear to give reasonable predictions for nebulized aerosols.

This approach has been taken by Clark et al. (3), and the correlation plots are
shown in Figs. 8 and 9. Fig. 8 presents a compilation of the available data relat-
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ing volume median droplet diameter, as measured by laser diffraction, to whole-
lung deposition. For the reasons described above, lung dose is expressed as a
percentage of the total dose deposited in the body rather than a fraction of the in-
haled dose. It can be seen that an excellent correlation exists, although there is a
fairly large spread in the data. However, this variability is perhaps no more than
would be expected from studies involving different groups of volunteers and from
the application of the laser sizing methodology at different laboratories. (Unfor-
tunately there are no data enabling one to distinguish between these two causes
of variability.) Figure 9 presents a similar compilation for peripheral deposition
as a function of droplet size. Peripheral deposition is expressed as a percentage
of the dose deposited in the body and was determined by the 24-h clearance tech-
nique using human serum albumin. Again there is a good correlation between
droplet size and deposition. In this case there is apparently less variability, but
this may simply be due to fewer data on which to base the correlation. In both
figures the deposition curves predicted by an empirical model have been overlaid
on the data. It can be seen that there is generally good agreement between the
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model (2) and experimental data. This confirms the validity of the size measure-
ment technique and gives confidence in the application of the model to the calcu-
lation of deposited dose as a function of that inhaled.

The data presented above are derived using light-scattering techniques.
However, it was also stated earlier that either low-volume impactors, humidifi-
cation of entrained air, or possibly cooling the impactor results in sufficient
quenching of the evaporation kinetics to be able to obtain droplet sizes by cas-
cade impaction. The predicted deposition profiles presented above should thus
be applicable to impactor-derived MMADs if they are determined appropri-
ately. Indeed, Price et al. (35) have shown excellent agreement between
LUDEP (23) (a deposition program developed by the NRPB, Chilton, UK) and
lung deposition estimated by gamma camera for three studies carried out by
Newman’s group. The impactor technique also has an advantage over the light-
scattering approach with respect to nebulizer suspensions such as budesonide.
As discussed above, light-scattering measures the droplet distribution and cas-
cade impaction coupled to drug assay can measure the distribution of the drug
within the droplet distribution.
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B. Model Predictions for Nebulizers

Figure 10 presents model calculations for normal airways when nebulized
aerosols with a GSD of 2.2 and a median droplet diameter in the range 0.5–10
µm are “inhaled.” The model does not make allowances for droplet size changes
due to hygroscopic growth and does not represent diseased lungs (see below).
The important features of the deposition predictions are that the total deposition
in the body decreases as the median droplet size decreases, due to a higher pro-
portion of the aerosol being exhaled. At the same time, the fraction of the aerosol
deposited in the oropharynx and central airways shows a concomitant decrease.
The net result of these effects is that peripheral deposition peaks at approximately
3 µm. However, over the 1- to 6-µm range, peripheral deposition varies by less
than 20%, ranging between 30 and 38% of the inhaled dose. This means that the
dose deposited in the peripheral lung remains almost constant over the size range
1–6 and that the only reason to use a “fine” nebulized aerosols in a reasonably
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healthy airway is to avoid oral and conducting airway deposition, not to enhance
the dose deposited in the lung periphery. However, for diseased lungs, the situa-
tion may be different.

C. Effects of Hygroscopic Growth

The data presented in Figs. 8 and 9 obviously take into account any changes in
droplet size during passage of the aerosol through respiratory tract, since they
summarize in vivo deposition studies. However, the modeling curves in the fig-
ures do not. It is thus instructive to ask what effect allowing for hygroscopic fac-
tors would have on the calculated deposition. A number of models incorporating
growth kinetics have been developed. However, most assume infinite sink condi-
tions, i.e., that the growth or evaporation of droplets does not affect ambient air-
way conditions. More recently, however, two-way coupled heat and mass
transfer models have been developed (28). These models suggest that the iso-
tonic nature of current nebulizer products would result in only small deviations
from the simple deposition models. The two-way models generally predict a
slightly higher lung deposition than would be expected for a given droplet size,
but the predictions are within the scatter in Fig. 8. Finlay et al. (28) did show ex-
cellent agreement with two published studies for their model.

D. In Vitro/In Vivo Correlations for pMDIs and DPIs

Numerous attempts have been made to correlate lung deposition data for
pMDIs and DPIs with in vitro FPF measurements. The most comprehensive re-
ports are those presented by Newman et al. (36) and Olsson et al. (37). Newman
et al. compared gamma camera data with FPFs determined with either a stan-
dard or high-precision MLI equipped with a glass bulb inlet or a standard USP
inlet for 11 clinical studies. Olsson et al. used the charcoal-block pharmacoki-
netic method applied to studies involving salbutamol to determine whole-lung
deposition as a function of FPFs determined by an Andersen impactor equipped
with either a glass bulb inlet or an oropharyngeal model. The oropharyngeal
model was based on a design developed by Swift. These studies involved a mix-
ture of pMDIs, with and without spacers, and DPIs. Figure 11 presents a compi-
lation of the data from both groups in terms of FPF5.0µm versus whole-lung
deposition. It will be seen that there is a general correlation between FPF5.0µm

and lung deposition, higher FPFs giving higher whole-lung deposition. How-
ever, FPF5.0µm overestimates lung deposition by a factor of approximately 1.7
and variability is high. The data indicate that a 20% FPF5.0µm could result in lung
deposition as low as 8% or as high as 20%, depending upon the particular prod-
uct under investigation. The correlation using standard inlets is therefore not
very powerful as a predictive tool.

The two groups both implemented experimental improvements designed
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to enhance the agreement between FPF and lung deposition. Newman redefined
the FPF as FPF5.0µm (equivalent to the drug deposited on stage 4 and filter of the
MLI). Olsson utilized an orophayngeal model in an attempt to more realistically
represent the orophryngeal airspace. Figure 12 present Newman’s FPF3.1µm corre-
lation. Figure 13 presents the oropharyngeal model FPF5.0µm correlation of Olsson.
It can be seen that Newman’s approach improves the agreement and results in a
slope of approximately 1, but fails to improve variability. Olsson’s method on the
other hand reduces variability, but it continues to “overestimate” lung deposition
by a factor of 1.7. From the deposition data presented in earlier chapters this over-
estimate of lung deposition when using FPF5.0µm would seem quite logical in that
none of the deposition models predict complete deposition of this size fraction. It
would also be expected that an oropharyngeal model would bring pMDI data
more in line with DPI data and reduce scatter since it deals more correctly
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with the dynamic plume. From Newman’s data, FPF3.1µm appears to predict deposi-
tion more accurately—i.e., the linear fit gives a gradient close to the line of identity.
However, this is probably because it underestimates the size range over which parti-
cles have some finite probability of deposition. Again, no single size fraction can re-
ally represent the complex convolution of a size distribution with the deposition
probability equations that describe aerosol behavior in the human respiratory tract.
As was stated above, a method that shows lower variability, not necessarily one that
predicts the race more accurately, will take us closer to finding the holy grail.

E. Modeling Predictions for pMDIs and DPIs

A number of attempts have been made to use lung deposition models and in vitro
size distributions to predict deposition profiles for both DPIs and pMDIs. These
studies have always been performed in hind sight and are limited in extent be-
cause of the expense of performing lung deposition studies in human volunteers.
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A lot of the studies have also been carried out using numerous and varied in vitro
sizing techniques and this makes data evaluation doubly difficult. It was noted
above how aerosol size distributions can be instrument- and technique-depen-
dent. It should also be apparent that the mathematical calculation techniques
used for DPIs and MDIs have to be different in order to take the different aerosol
cloud dynamics into account.

Theil (39) recently proposed a method for dealing with pMDI “prediction”
calculations. As described above, the main issue with pMDIs is the ballistic na-
ture of the aerosol plumes they produce. Theil’s approach is simply to remove
the ballistic component, that fraction retained on the inlet “throat” of the im-
pactor, from the deposition calculations by assuming it will all deposit in the
mouth. Using only the data from the stages of the impactor and a proprietary fit-
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ting routine, he fits a log-normal distribution to the data and calculates a MMAD
and GSD. The deposition prediction is then performed by applying a deposition
model to the log-normal distribution to calculate the deposition pattern. Theil
chose an empirical algebraic model, suitably modified to include a breath-hold-
ing pause after inhalation. Having determined the split between head and lungs
for the nonballistic aerosol, the ballistic or “throat” fraction is then added to the
calculated oral deposition to complete the calculation. Table 3 summarizes
Thiel’s calculations for five clinical studies comparing gamma camera deposi-
tion measurements with deposition model calculations. It can be seen that there
really is a remarkable agreement between the model’s “predictions” and the ex-
perimentally determined deposition. Typical differences between prediction and
reality are less than 5%. This is all the more remarkable when one considers the
huge intergroup variability highlighted in the nebulizer correlations shown
above and the large individual variability seen in most deposition studies.

Clark et al. (40) developed what is a mathematically similar approach to
Theil’s, which was applied to both DPIs and pMDIs plus spacer and chambers.
(Clark et al. deliberately avoided using data from pMDIs alone because of the
difficulties associated with the ballistic nature of the plume.) The basis of the
technique is the assumption that lung deposition is simply the inhaled dose mi-
nus that deposited in mouth and oropharynx. This approach does not require the
application of a lung deposition model and is justified for most DPIs and pMDI
since the fractions exhaled after a typical 5- to 10-s breath-hold are always close
to zero. As an oral deposition function, Clark et al. chose to use the function pro-
posed by Stahlhofen et al. and Rudolf et al., which is then numerically integrated
with the size distribution derived from cascade impactor data to calculate oral
deposition. Subtracting oral deposition from the inhaled dose allows calculation
of the lung dose. Clark used gamma camera data from seven clinical studies,
four DPI and three pMDI, to evaluate the approach. On analysis, it was seen that
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Table 3 Comparison of Theoretical and Actual Deposition for Thiel’s
Model

% Lung deposition

Aerosol Measured Theoretical Prediction

Albuterol 35.1 33.8
Terbutaline DPI 32.4 31.6
Nacystelyn MDI with spacer 49.5 53.2
Albuterol DPTI 41.6 39.9
Steroid –50, breathing pattern A 50.9 49.7
Steroid –50, breathing pattern B 39.6 36.21

Source: Ref. 39.



calculated deposition is higher than actual deposition, suggesting that the oral
deposition function, originally developed for application to environmental expo-
sure situations, underestimates oral deposition from pharmaceutical aerosols.
The approach generally overestimates lung deposition by a factor of 1.7. It
should also be noted that this conclusion is not model specific and that convolu-
tion with other oropharyngeal functions, such as those proposed by Phalen or Yu,
was also shown to result in a similar underestimation.

A further data set generated using LUDEP has been developed by
Pritchard and colleagues (35,41,42). In series of three reports, they used a com-
bination of LUDEP, and the Theil approach to ballistic fractions, to compare
modeling predictions and deposition from the clinical work reported by Biddis-
combe. Deposition was estimated using the charcoal block pharmacokinetic
technique for four pMDI and three DPI formulations containing salbutamol. It
was concluded that there is generally good agreement between theory and prac-
tice. However, the LUDEP model does not make allowances for a breath hold
pause and always dramatically overestimates the exhaled fraction. There also ap-
pears to be a systematic underestimate of oral deposition in the data set. While
these two generally compensate for each other and lead to the correct calculated
lung deposition it does appear to be a case of two wrongs making a right. If lung
deposition is assumed to be inhaled dose minus oral deposition the combined ap-
proach of ballistic component plus LUDEP underestimates oral deposition and
overestimates whole-lung deposition, again suggesting that oral deposition for
pharmaceutical aerosols is higher than predicted by the functions used by the en-
vironmental aerosol community.

Figure 14 presents a compilation of the data sets discussed above. In the case
of the data generated by Clark and Pritchard, the data have been plotted as 100%
minus oral deposition versus lung deposition. In the case of Theil, since his model
included a breath-hold, the calculated lung deposition is reported against actual
lung deposition. It can be seen that Clark’s approach overestimates lung deposition
by a factor of 1.7, Pritchard’s approach, suitably modified to account for the ex-
haled fraction, overestimates it by 1.3 and Theil’s approach appears to predict lung
deposition correctly. It is interesting to speculate as to why Theil’s approach ap-
pears to be so successful when Clark’s and Pritchard’s calculations show an over-
estimate of lung deposition. This is particularly perplexing as all three model’s are
based in the same empirical deposition equation’s developed by Stahlhofen and
Rudolf. It is even more fascinating since, because of the high oral deposition of the
> 10 µm fraction and the low exhaled fractions, the three techniques appear to be
mathematically equivalent. Unfortunately, direct comparison between the data sets
is not possible because different clinical data were used by each group. It would
appear that more work is needed before this issue will be resolved. However, these
problems do highlight the fact that great care must be taken when attempting to
predict deposition using in vitro sizing coupled to lung modeling.
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F. In Vitro Versus In Vivo Variability

The data reported in the sections above may, if viewed in a favorable light, lead
to the conclusion that there are reasonable correlations between in vitro sizing
data and mean lung deposition determined in vivo. (The predictive power of
these correlations is discussed in more detail below.) However, one of the other
factors that determines the suitability of an inhalation product for use with a
particular drug is variability of deposition. As one would perhaps expect a pri-
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ori, in vitro and in vivo variability can be very different. In vitro variability is
made up of intrinsic product variability (differences in particle size distribution
and delivered dose from shot to shot) and variability in the experimental meth-
ods. In vivo variability consists of product variability, variability caused by the
way the product is used (for example, coordination with a pMDI or inhaled flow
rate with a DPI) and anatomic differences between volunteers or patients.
Borgström (43) investigated the relationship between in vitro and in vivo vari-
ability for a pMDI and a DPI, Turbuhaler, both of which delivered terbutaline.
In addition the variability of lung dose determined by the charcoal block and
gamma scintigraphic methods was compared. Table 4 summarizes the data. It
can be seen that the in vitro and in vivo variability is reversed for the two prod-
ucts. The pMDI being the most reproducible in vitro and the DPI being the most
reproducible in vivo. This is perhaps not too surprising, since pMDIs require a
good deal of coordination in order to ensure correct delivery whereas DPIs only
require the patient to inhale through them to ensure delivery. These data
strongly suggest, for Turbuhaler at least, that the variability in aerosol quality
that is caused by variations in the flow rate at which patients inhaled is far
smaller than variability caused by incorrect coordination for the pMDI. These
data illustrate that interpretation of in vitro dose uniformity data in terms of
clinical variability is far from straightforward.

G. The Effect of Lung Disease

With some minor exceptions, the data presented above were obtained in healthy
volunteers and patients with mild to moderate asthma. In part the heterogeneity
of the volunteer groups may have contributed to the variance and spread of the
data in the correlation plots. Theoretical calculations presented in the figures
where derived from an empirical model based on mean deposition data in
healthy volunteers. It is thus instructive to consider how airways disease would
affect deposition. A detailed discussion is beyond the scope of this chapter.
However, in general, airways disease affects the caliber of the airways and
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Table 4 Comparison of In Vitro and In Vivo variability
(CV%) for Terbutaline pMDI and Terbutaline DPI
(Turbuhaler)

Turbuhaler pMDI

In vitro FPF5.0µm (n = 100) 18.2 6.4
Intrasubject variation (n = 4) 32.9 64.7
Intersubject variation (n = 12) 28.4 61.8

Source: Ref. 43.



would therefore be expected to affect regional deposition within the lung but
not necessarily the total dose entering and depositing in the lung. This appears
generally to be the case, with constricted airways causing higher central deposi-
tion. Indeed, Melchor et al. (44) have shown that, for DPI and pMDI products,
regional distribution, not total lung deposition, is altered in disease. However,
the situation with nebulized aerosols may be a little more complex, because the
lack of a breath-hold pause during nebulizer therapy means that the total dose
deposited in the lung may be dependent upon airway caliber. That is, the frac-
tion of the dose lost to exhalation may be reduced due to higher lung deposition
at airway constriction sites.

VI. Summary

The purpose of this chapter has been to review the literature and data that are
available in relation to predicting lung deposition from in vitro measurements of
pharmaceutical aerosols. In vitro test methods where described and discussed in
the context of the dynamic behavior of inhalation aerosols, the issue being that
an understanding of the behavior of the aerosol, coupled to and an understanding
of the principles of operation of the sizing instruments, leads to a more detailed
appreciation of the value and limitations of the correlations between in vitro and
in vivo data.

Over the past few decades different sizing strategies have evolved for the
different modalities and the relationships between in vitro tests and lung depo-
sition have been studied more in terms of correlations than modeling predic-
tions. Recently, as more clinical data has become available, attempts have been
made to use lung deposition models to more accurately predict in vivo deposi-
tion. However, because of the complex interplay of aerosol generation and pa-
tient use, predictions of deposition from mere aerosol sizing data are and
probably always will be limited. The work of Borgstrom et al. (39) on in vitro
versus in vivo variability is an excellent example of this issue. The differences
in the way a device is “used” in vitro by the researcher and in vivo by the pa-
tient are critical in determining how useful or useless an in vitro/in vivo corre-
lation can be. Despite these problems, correlations have been developed.
Generally FPFs or FPDs are used as a measure of aerosol quality and in a very
general sense, although extra care must be taken when comparing different de-
livery systems, larger FPFs usually mean higher lung deposition. However, the
correlations, such as they are, being based on particular sizing techniques are
far from the point of being able to give accurate lung deposition predictions.
For example the 95% confidence intervals for FPF5.0µm for the DPIs and pMDIs
(Figs. 11 and 13) are extremely broad: 3 to 1 in terms of predicted lung dose.
However, it should also be remembered that these data have typically been ob-

138 Clark and Borgström



tained using simple inlet bends and in some cases have been generated without
due consideration for in vivo test conditions. As in vitro tests are carried out
under more and more in vivo–like conditions—i.e., anatomic throats and ap-
propriate test flow rates—variability would be expected to improve and predic-
tive power to increase.

If the potentially more “precise” modeling techniques are applied to size dis-
tributions, rather than the simple FPF values, the picture becomes better. However,
scatter between studies is still high and predictive power is still limited. Currently it
would appear that mean deposition from nebulizers is amenable to the application
of modeling techniques, whereas there is still some confusion over the application
of deposition models to DPI and pMDI clouds. Three groups applying essentially
the same techniques obtained different degrees of agreement between modeling and
reality. It would appear that accounting for breathing patterns of individuals brings
modeling calculations more in line. However, even though this may make the mod-
elers happier, it does not improve the predictive power of the technique in the nor-
mal clinical situation were breathing is not controlled or measured.

The in vivo data presented above are also limited to studies involving
healthy volunteers and as such say little about the relationship between in
vitro characteristics and deposition profiles in diseased airways. However, it
does appear that in general total deposition is similar, but profiles within the
lung are changed in disease. Correlations between in vitro data and deposition
in children and infants have also not been discussed. Because of the different
airway structure in young children and the different breathing profiles, depo-
sition patterns and the relationships between laboratory and clinic are likely
to be different.

References

1. Clark AR, Egan MJ. Modelling the deposition of inhaled powdered drug aerosols. J
Aerosol Sci. 1994:25, 1:175–186.

2. Rudolf G, Kobrich R, Stahlhofen W. Modelling and algebraic formulation of re-
gional aerosol deposition in man. J Aerosol Sci. 1990; 21 (suppl 2):403–406.

3. Clark AR. The use of laser diffraction for the evaluation of the aerosol clouds gener-
ated by medical nebulizers. Int J Pharm 1995; 115:69–78.

4. Hinds WC. Aerosol Technology; Properties, Behavior, and Measurement of Air-
borne Particles. New York: Wiley, 1982.

5. Hatch T, Choate SP. Statistical Description of Size Properties of Non-Uniform Parti-
cle Substances. Franklin Institute, 1929: 207, 369.

6. Marple V, Olson BA, Miller NC. The role of inertial particle collectors in evaluating
pharmaceutical aerosol delivery systems. J Aerosol Med 1998; 11(1):S139–S153.

7. Rao AK, Whitby KT. Non-ideal collection characteristics of single stage and cas-
cade impactors. Am Ind Hyg Assoc J 1977; 38(4):174–179.

Testing of Pharmaceutical Aerosols 139



8. Nichols SC, Brown DR, Smurthwaite M. New concept for variable flow rate Ander-
sen cascade impactor and calibration data. J Aerosol Med 1998; 11(1):S133–S138.

9. Asking L, Olsson B. Calibration of the multistage liquid impinger at different flows.
Pittsburgh, PA: AAAR, 1995;185.

10. Dolovich M, Rhem R. Impact of oropharyngeal deposition on inhaled dose. J
Aerosol Med 1998; 11(1): S112–SS115.

11. Felton PG, Hamidi AA, Aigai AK. Measurement of drop-size distribution in dense
sprays by laser diffraction. Proceedings, ICLAS-85. Third International Conference
on Liquid Atomization and Spray Systems (The Institute of Energy, London, 1985),
IVA/4/1.

12. Mitchell JP, Nagel MW. Time-of-flight aerodynamic particle size analyzers: their
use and limitations for the evaluation of medical aerosols. J Aerosol Med 1999:
12(4):217–240.

13. Mitchell JP, Nagel MW, Archer AD. Size analysis of a pressurized metered dose in-
haler–delivered suspension formulation by API aerosizer particle size analyzer. J
Aerosol Med 1999; 12(4): 255–264.

14. Clifford RH, Ishi I, Montaser A. Dual beam light-scattering interferometry for si-
multaneous measurements of droplet-size and velocity distributions of aerosols
from commonly used nebulizers. Chemistry 1990; 62:309–394.

15. Dunhar C. An experimental investigation of the spray issued from a pMDI using
laser diagnostic techniques. J Aerosol Med. 1997; 10 (4) 351–358.

16. Finlay W, Stapleton K, Zuberbuhaler P. Variations in predicted regional lung deposition
of salbutamol sulphate between 19 nebulizer types. J Aerosol Med 1998; 11 (2):65–80.

17. Snell NJC, Ganderton D. Assessing lung deposition of inhaled medications. Respir
Med 1999; 93:123–133.

18. Perring S, Summers QA, Fleming JS, Nassim MA, Holgate ST. A new method of
quantification of pulmonary regional distribution of aerosols using combined CT
and SPECT and its application to nedocromil sodium administered by metered dose
inhaler. Br J Radiol 1994; 67:46–53.

19. Newman SP, Morén F, Trofast E, Talace N, Clarke SW. Deposition and clinical effi-
cacy of terbutaline sulphate from Turbuhaler, a new multi-dose powder inhaler. Eur
Respir J 1989; 2:247–252.

20. Smaldone G, Perry R J, Bennett W D, Messina M S, Zwang J, Ilowite J. Interpreta-
tion of “24 hour lung retention” in studies of mucociliary clearance. J Aerosol Med
1988; 1:11–20.

21. Agnew JE, Lopez-Vidriero MT, Pavia D, Clarke SW. Functional small airways de-
fense in symptomless cigarette smokers. Thorax 1986; 41:524–530.

22. Newman SP, Hirst PII, Pitcairn GR, Clark AR. Understanding regional lung deposi-
tion data in gamma scintigraphy. In: Respiratory Drug Delivery VI. Hilton Head,
SC, 1998:19–26.

23. International Commission on Radiological Protection. Human respiratory tract model
for radiological protection. 1994. ICRP Publication 66. Ann ICRP, 24, nos 1–3.

24. Borgström L, Nilsson M. A method for determination of the absolute bioavailability
of inhaled drugs. Pharm Res 1990; 7:1068.

25. Richards R, Dickson C, Renwick A, Lewis R, Holgate S. Absorption and disposition

140 Clark and Borgström



kinetics of cromolyn sodium and the influence of inhalation technique. J Pharmacol
Exp Ther 1987; 241(3): 1028–1032.

26. Biddiscombe M. The radiolabelling of salbutamol with technetium-99m and its ap-
plication to the study of salbutamol deposition in the human respiratory tract. Ph. D.
thesis, University of London, 1994.

27. Borgström L, Newman S P, Weisz AA, Moren F. Pulmonary deposition of inhaled
terbutaline: Comparison of scanning gamma camera and urinary excretion methods.
J Pharm Sci 1995; 81:753–755.

28. Finlay WH, Stapleton KW. The effect on regional lung deposition of coupled heat
and mass transfer between hygroscopic droplets and their surrounding phase. J
Aerosol Sci 1995; 26:655–670.

29. Portstendörfer J, Gebhart J, Robig G. Effect of evaporation on the size distribution
of nebulized aerosols. J Aerosol Sci 1977; 8:371–380.

30. Smaldone GC, Diot P, Groth M, Ilowite J. Respirable mass: vague and indefinable
in disease. J Aerosol Med 1998; 11(1): S105–S111.

31. Finlay W, Stapleton K. Undersizing of droplets from a vented nebulizer caused by
aerosol heating during transit through an Anderson impactor. J Aerosol Sci 1999;
30(1): 105–109.

32. Clark AR. MDIs: physics of aerosol formation. J Aerosol Med 1996: 9(suppl 1):
S 19.

33. Clark AR. Medical aerosol inhalers: past, present, and future. Aerosol Sci Tech
1995; 22: 374–391.

34. Clark A, Hollingworth A. The relationship between powder inhaler resistance and
peak inspiratory conditions in healthy volunteers—implications for in vitro testing.
J Aerosol Med 1993; 6(2):99–110.

35. Price A, Rowland M, Aarons L, Pritchard J, Falcoz C. The use of LUDEP, as a
tool, in the prediction of total and regional deposition: advantages, limitations
and possible developments of the package. In: Drug Delivery to the Lungs IX,
The Aerosol Society, 1998:51–55.

36. Newman S. P. How well do in vitro particle size measurements predict drug delivery
in vitro. J Aerosol Med 1998; 11(1):S97–S103.

37. Olsson B. Borgström L, Asking L, Bondesson E. Effect of inlet throat on the corre-
lation between measured fine particle dose and lung deposition. In: Respiratory
Drug Delivery V. Phoenix AZ: 1996.

38. Swift DL. The oral airway—a conduit or collector for pharmaceutical aerosols? In:
Respiratory Drug Delivery IV. Richmond, VA: 1994.

39. Thiel CG. Can in vitro particle size measurements be used to predict pulmonary de-
position of aerosol from inhalers? J Aerosol Med 1998; 11(1):S43–S51.

40. Clark AR, Newman SP, Dasovich N. Mouth and oropharyngeal deposition of phar-
maceutical aerosols. J Aerosol Med 1998; 11(1):S116–S121.

4l. Pritchard J, Burnell P. Interpretation of in vitro particle size data from dry powder
inhalers. In: Respiratory Drug Delivery VI. Hilton Head, SC, 1998: 401–404.

42. Pritchard J, Layzell G, Miller J. Correlation of cascade impactor data with measure-
ments of lung deposition for pharmaceutical aerosols. In: Drug Delivery to the
Lungs VII, The Aerosol Society, 1996: 101–104.

Testing of Pharmaceutical Aerosols 141



43. Borgström L, Asking L, Beekman O, Bondesson E, Kallen A, Olsson B. Discrep-
ancy between in vitro and in vivo variability for a pressurized metered dose inhaler
and a dry powder inhaler. J Aerosol Med 1998; 11(1):S59–S64.

44. Melchor R, Biddiscombe M, Mak V, Short M, Spiro S. Lung deposition patterns of
directly labelled salbutamol in normal subjects and in patients with reversible air-
flow obstruction. Thorax 1993; 48:506–511.

142 Clark and Borgström



5

Factors Affecting the Clinical Outcome 
of Aerosol Therapy

ERIC DEROM LARS THORSSON

Ghent University Hospital AstraZeneca R&D
Ghent, Belgium Lund, Sweden

I. Introduction

The major advantage of topical administration of a drug is the possibility to
achieve high local concentrations and to avoid high systemic concentrations.
In clinical practice, the decision of a physician to initiate a treatment with in-
haled β2-agonists or glucocorticosteroids in patients with asthma or chronic
obstructive pulmonary disease (COPD) is easy, as their efficacy is beyond any
discussion. Adverse reactions to aerosolized drugs are rare (1) and may be cir-
cumvented by choosing an alternative formulation or an alternative drug. To
deposit in the airways, the drug must be aerosolized, for which an inhalation
system is necessary. Pressurized metered dose inhalers (pMDIs), dry-powder
inhalers (DPIs), and nebulizers are the currently used delivery systems. Health
care providers involved in aerosol therapy should be critically informed about
these systems in order to make appropriate comparisons and intelligent choices
for their patients. Indeed, each formulation is a unique combination of a drug
and a device, and it is that combination, rather than the drug itself, that causes
a portion of the emitted dose drug to be deposited in the airways to elicit the
clinical effect.
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Depending on the device used, a more or less important portion of the in-
haled drug will impact on the tongue or back of the pharynx (Fig. 1). This por-
tion will be swallowed down (unless the patient rinses his or her mouth) and will
either in part or totally be absorbed from the gastrointestinal (GI) tract. Part of
this will be inactivated by first-pass metabolism in the liver. Only the fraction es-
caping this inactivation will contribute to systemic effects. Thus, as currently
prescribed drugs are not inactivated in the lung, a major fraction of the systemi-
cally available drug emanates from absorption via the lungs and another fraction
from the GI tract. In addition to pulmonary and extrathoracic deposition, a large
number of other factors will influence the success of a treatment with an
aerosolized drug. In this chapter, the main focus is on DPIs and pMDIs as used
in outpatients. Some of the issues mentioned in some sections of this chapter
also apply to nebulizers. These devices are, however, discussed in Chap. 8.
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Figure 1 The fate of an inhaled drug. The total amount of drug in the systemic circula-
tion is the sum of the systemic absorption via the lungs and via the GI tract.



II. In Vitro Performance of the Formulation

A. Background

Measurements of the quantity and quality of the aerosolized drug allow charac-
terizing the dosing properties of inhalation devices in vitro. Multistage im-
pactors are used to assess particle mass and mass distribution of an aerosol, and
methods are available to estimate the mass median aerodynamic diameter
(MMAD) of the aerosol as well as the dose of delivered from and retained
within an inhalation system.

B. Current Use of In Vitro Measurements

Measurements of the total amount of drug emitted as well as its size properties
were originally developed to estimate the quality of a manufactured aerosol. In
vitro measurements have also been used to investigate whether a generic formu-
lation is equivalent to the originator in terms of dose and size properties. In addi-
tion, such measurements make it possible to assess whether the addition of a
radiolabel to the drug alters its composition or particle size distribution and to
examine the potential effects of handling or mishandling of a device on aerosol
output and quality.

In recent years, attempts have been made to predict the in vivo behavior
and clinical effect of aerosolized drugs by comparing in vitro measurements of
emitted dose and size properties delivered via different devices (2). Fine particle
dose is, however, not the only variable influencing pulmonary deposition. Inertia
of the particles, the applied negative pressure and inhalation flow, breathing pat-
tern, and alterations in flows within the respiratory tract caused by disease-re-
lated changes in local geometry of the airways will inevitably modify
aerodynamic behavior and pulmonary deposition of aerosolized drugs.

For pMDIs, in vitro studies do not take hygroscopic growth in the airways
or the differences in plume geometry into account. The ability of the cascade im-
pactor to predict the behavior of aerosolized drugs in vivo in a reliable way has
been recently questioned. Indeed, it has been demonstrated that several generic
pMDIs with fine particle fractions comparable to the original formulation (as
measured in vitro) appeared to behave differently in vitro once attached to a
large-volume spacer (3–5).

C. Clinical Relevance

It is generally accepted that in vitro measurements are important in monitoring
the production process of aerosolized drugs, as they allow an estimation of repro-
ducibility of dose and particle size distribution of the aerosol delivered by a given
formulation. The clinical relevance of specific in vitro measurements has to be
evaluated for each parameter. For instance, recent data show that the variability in
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pulmonary deposition of terbutaline inhaled via Turbuhaler is lower than with the
corresponding pMDI in healthy volunteers and in patients with asthma (6), de-
spite the fact that the in vitro dose variability is greater with Turbuhaler than with
the pMDI formulation (7).

A good description of the particle size properties of an aerosolized drug may
give some predictive information on its gross behavior within the tracheobronchial
tree. Pulmonary deposition studies will, however, always be necessary to bridge
between in vitro measurements and the clinical effect. Therefore, determinations
of therapeutic equivalence of different formulations should not rely on in vitro
measurements alone. Pharmacokinetic measurements of the systemic absorption
are used to evaluate whether two formulations are equivalent. In addition, thera-
peutic equivalence, pharmacodynamic investigations, and, in some instances, in
vivo radiolabel deposition studies should be taken into account (8–10).

It is generally accepted that in vitro studies may be informative in two par-
ticular areas. First, the interpretation of pulmonary deposition studies, as deter-
mined by gamma scintigraphy, is difficult if the radiolabeled formulation has not
been properly validated in vitro (11). Second, in vitro studies have provided use-
ful information in the assessment of the impact of inappropriate handling of a de-
vice on aerosol delivery. For instance, in vitro studies have demonstrated the
importance of storing devices at different temperatures and humidity (12), the
relevance of priming or shaking the pMDI canister before actuation (13), and the
effects of delay, multiple actuations, and spacer electrostatic charge on drug out-
put from a spacer device (14,15).

III. Patient Preference

A. Background

The development of new devices has generated a number of studies in which
preference is assessed.

B. Possible Impact on Clinical Outcome

Most studies do not provide relevant information on patient preference and pa-
tient compliance, as study periods rarely exceed 7 weeks (16–19).

C. Clinical Relevance

Although it is reasonable to assume that preference for one or another device
may affect patient compliance, the clinical significance of this phenomenon re-
mains difficult to value. Furthermore, studies looking at patient’s preference that
are sponsored by the pharmaceutical industry often tend to have a biased ques-
tionnaire in favor of their own products, and new products tend to be preferred
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over old. As patient’s preference is one of the determinants of compliance, long-
term comparative studies on the effect of a drug inhaled via different devices on
compliance are probably more informative than studies on patient preference.

IV. Patient Compliance

A. Background

Compliance to treatment is defined as adherence to treatment by the patient, as
prescribed by the physician. Various causes of noncompliance may be identified:
(1) patient-related causes, e.g., the patient does not understand the processes be-
hind the disease or the aim of the treatment, a problem that might be more
specifically encountered with inhaled glucocorticosteroids than with β2-agonists,
as the immediate effects of inhaled corticosteroids are not perceived; (2) inhaler-
related causes, e.g., inhalers that are impractical, not portable, or difficult to use;
(3) financial causes, e.g., insufficient reimbursement of the treatment, an issue
that may vary from one country to another.

B. Possible Impact on Clinical Outcome

Poor compliance has detrimental effects, as the occasional or systematic omis-
sion of a dose excludes the patient to benefit from the expected effects. Lack of
compliance in patients who need a chronic treatment with inhaled glucocorticos-
teroids or inhaled long-acting β2-agonists may result in a less optimal control of
the disease and persistent morbidity from asthma (20). It is also a major cause of
apparent treatment failure (21) and causes excess in mortality (22).

C. Clinical Relevance

Self-reported compliance and canister-weight measures of adherence suggested
an overall compliance of 70% over a 2-year follow-up period in patients partici-
pating in the Lung Health Study, in which a pMDI containing an anticholinergic
was prescribed (23). Other clinical studies, in which inhalers equipped with elec-
tronic monitoring systems were used, have indicated that up to 40% of the pa-
tients tend to underuse (24) and about 20% to overuse their medication despite
adequate study supervision (25). Whether the characteristics of the device may
affect compliance remains to be investigated. Retrospective data from New
Zealand indicate that for inhaled glucocorticosteroids, the mean daily inhaled
dose was significantly higher for DPIs than for pMDIs (26).

It has been shown that compliance may be improved by regular instruction
and education (27–29) as well as by a reduction of the number of daily inhala-
tions (30). In this context, it is likely that the combination of a glucocorticos-
teroid with a long-acting β2-agonist in one formulation may improve compliance
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and control of asthma, as a fixed combination of a glucocorticosteroid with a
short-acting β2-agonist has been shown to do so (31).

V. Pharmacodynamic and Pharmacokinetic Properties
of the Inhaled Drug

A. Background

Drugs are generally characterized by their pharmacodynamic and pharmacoki-
netic properties, such as receptor binding affinity, retention in lung tissue, distri-
bution volume, and clearance. Important differences in pharmacokinetic
properties do exist for different drugs within a specific drug class—e.g., β2-ago-
nists and glucocorticosteroids. Aerosol therapy is also influenced by device-,
drug-, and formulation-related factors, which determine pulmonary and systemic
bioavailability and hence clinical and systemic effects.

Pharmacodynamic Aspects: Selectivity, Agonism, and Antagonism

β2-Agonists

These drugs exert their effects on airway function by mediation of β2-receptors
located on the surface of the smooth muscle and other tissues of the airways. β1-
and β2-receptors are, however, distributed throughout the body. Stimulation of
these receptors are considered to be responsible for side effects, such as tachy-
cardia, arrhythmias, prolongation of the Q-Tc interval, tremor, and decrease in
serum potassium, and become generally apparent when higher than conventional
doses are inhaled (32–34). The relationship between increase in FEV1 and the in-
haled dose of a β2-agonist is not linear but consists of a steep part followed by a
“plateau” (34).

Some β2-agonists, such as isoprenaline and fenoterol, behave as full ago-
nists of the β2-receptor, whereas salbutamol and terbutaline are partial antago-
nists. Moreover, fenoterol is less selective than salbutamol or terbutaline for
β2-receptors (35). These differences have important clinical consequences. For
example, fenoterol has greater cardiovascular effects than salbutamol and
greater intrinsic myocardial effects than terbutaline in healthy volunteers and
in patients with asthma (32). It also appears that the maximum response
elicited by fenoterol in terms of reduction in plasma potassium, increase in
heart rate and inotropy is greater than that by salbutamol, and that the dose re-
quired to reach 50% of maximum response is substantially lower for fenoterol
than for salbutamol (35).

Glucocorticosteroids

Glucocorticosteroids exert their effects by binding to glucocorticosteroid recep-
tors, which are localized in the cytoplasm of target cells. There is only one single
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class of glucocorticosteroid receptors, with no evidence of subtypes of differing
affinity in different tissues (36). Glucocorticosteroid receptors are widely distrib-
uted within the human lung, in particular in airway epithelial cells and bronchial
vascular endothelial cells. Glucocorticosteroids may control airway inflamma-
tion in asthma by inhibiting many aspects of the inflammatory process, such as
increasing the transcription of anti-inflammatory genes and decreasing the tran-
scription of inflammatory genes.

In general, dose-response studies show marked and statistically significant
differences between treatment with different doses and placebo, but most often
fail to show statistically significant differences between adjacent doses, unless
these differ by a factor of more than 4 in dose (36). This makes it difficult to use
clinical effect as an outcome measurement to discriminate between different
drugs or devices, even if the true difference would be as large as two- to three-
fold. As with β2-agonists and other drugs, the dose-response curve flattens once
higher doses are used (36).

Potency and Receptor Affinity

β2-Agonists

A good knowledge of the in vivo potency of β2-agonists is important, as this al-
lows determining the therapeutic equivalence of the bronchodilating dose for
inhalation on a weight for weight basis for a given device. Moreover, it helps
the clinician to adapt the dose when switching from one drug to another. Cau-
tion is, however, necessary toward equivalence studies in which different in-
halation devices are used. Indeed, if the comparison is not performed on the
steep part of the dose-response curve, a failure to discriminate between the two
formulations may be due to the fact that the response measured is on the flat
part of the dose-response curve.

Glucocorticosteroids

Glucocorticosteroids also differ in their receptor affinity and potency. Relative to
dexamethasone, fluticasone has he highest affinity (22.0), followed by beclametha-
sone monopropionate (BMP) (13.0), the active metabolite of beclamethasone
diproprionate (BDP), and budesonide (9.4). Conversely, triamcinolone and flu-
nisolide exhibit much lower affinities (36,37). In vitro studies on receptor binding
affinity of different glucocorticosteroids suggest that fluticasone is at least twice as
potent than BDP and budesonide. The in vivo potency is, however, heavily depen-
dent on the drug delivery to the site of action (the airways), and different formula-
tions have been shown to vary severalfold in this respect (38). A lower receptor
binding affinity can thus be compensated by an increase in pulmonary deposition
or by an increase in dose. In addition, a drug with higher receptor affinity is likely
to be more potent with regard to systemic effects (36,37).
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Local Retention

β2-Agonists

β2-agonists have been characterized as those that directly activate the receptor,
such as salbutamol; those that are taken up into a membrane depot, such as for-
moterol; and those that interact with a receptor-specific auxiliary binding site, such
as salmeterol (39). These differences in retention are reflected in the kinetics of air-
way smooth muscle relaxation and bronchodilatation. Indeed, in vitro studies have
shown that, in the guinea pig trachea, salmeterol produces relaxation that is longer
than that of salbutamol and persists significantly after washout. Similar data have
been reported with formoterol (40). For salmeterol, it appears that in patients with
asthma, the enhanced retention in lung tissue is at the expense of the onset of ac-
tion, which is slower than that of salbutamol (41) or formoterol (42,43).

Glucocorticosteroids

Retention in lung tissue of inhaled glucocorticosteroids has not been studied ex-
tensively. It appears that differences between glucocorticosteroids exist in terms
of tissue binding and lipophilicity. Association with intracellular formation of
long-chain fatty acid esters has been reported with budesonide (44), whereas
prolonged retention of fluticasone in central lung tissue has been reported (45).
Data obtained in experimental conditions are, however, not necessarily predic-
tive for duration of action in vivo, and clinical studies will always be required to
confirm their relevance.

Volume of Distribution

After inhalation, a fraction of the drug is deposited in lungs, the major fraction of
which is rapidly absorbed and reaches the systemic circulation. Plasma concen-
trations thus reflect pulmonary absorption as well as the fraction of the drug that
is absorbed from the GI tract, escaping the hepatic first-pass inactivation. Vol-
ume of distribution allows an estimation of the distribution of a drug into plasma
and other tissues. A large volume of distribution indicates a high degree of distri-
bution into body tissues other than plasma.

β2-Agonists

Distribution volume of the currently prescribed β2-agonists is similar for salbuta-
mol and terbutaline, and slightly higher for fenoterol. Side effects, associated
with β2-agonists, such as increase in heart rate and tremor, appear to be corre-
lated with plasma concentrations, although a great variability among patients has
been reported (46).

Glucocorticosteroids

The volume of distribution has been reported to differ markedly between inhaled
glucocorticosteroids and to be positively correlated with the lipophilicity of the

150 Derom and Thorsson



drug. Although plasma concentrations and systemic effects correlate for a given
drug, the magnitude of their concentration is in itself not predictive of systemic
effects. Indeed, high doses of inhaled fluticasone results in greater cortisol sup-
pression than comparable doses of budesonide in healthy volunteers (47–49) and
patients with asthma (50,51), despite the fact that fluticasone plasma concentra-
tions are up to six times lower than those of budesonide (52).

Clearance and Elimination Half-Life

Elimination half-life is a function of both volume of distribution and clearance.
It affects the amount of drug present in the body at steady state as well as the rate
and extent of accumulation. Accumulation is more likely to occur if the dosing
interval is of the same magnitude as or shorter than the elimination half-life of
the drug in question.

β2-Agonists

All β2-agonists are cleared rapidly, such that drug accumulation does not occur (46).

Glucocorticosteroids

Although clearance is similar for most currently used inhaled glucocortico-
steroids, vast differences in elimination half-life between inhaled glucocortico-
steroids appear to exist. Fluticasone, for which volume of distribution averages
12 L/kg and half-life ranges between 8 and 14 h has been shown to accumulate
(52). The half-life of fluticasone is substantially longer than that of triamcinolone
or budesonide, having a half-life of only about 2 to 3 h (53). This difference in
half-lives may explain the aforementioned difference in suppression of cortisol
secretion between fluticasone and budesonide in healthy volunteers and in asth-
matic patients observed after 3–5 days of treatment.

B. Clinical Relevance

Physicians often overlook pharmacodynamic and pharmacokinetic properties of
aerosolized drugs. Differences in β2-selectivity and the presence of a partial an-
tagonistic activity make that salbutamol and terbutaline, are thought to be less
associated with disturbing side effects and asthma mortality than fenoterol (54).

Increased potency has sometimes been claimed to be an advantage, as
smaller amounts of drug will lead to a similar therapeutic effect. It should be
emphasized that the maximal effect, elicited by inhaled β2-agonists or gluco-
corticosteroids, is not affected by the potency of the drug. Prolonged pul-
monary retention of an inhaled drug, however, may represent an advantage, as
is now clear from studies with long-acting β2-agonists in asthmatic patients
(55). Although differences in lung retention between inhaled glucocorticos-
teroids appear to exist, the potential clinical relevance of this finding—less
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systemic exposure, reduced dosing frequency, and hence a better therapeutic
compliance—remains to be investigated. Prolonged elimination half-life is,
however, of some relevance, as it causes accumulation of the drug and may
lead to measurable systemic effects. The clinical relevance of a measurable
systemic effect, such as a suppression of adrenal function or an alteration in
serum markers of bone metabolism, remains unknown. However, the relation-
ship between a measurable systemic effect and the development of a clinically
relevant side effect—such as cataract, osteoporosis, or reduced growth—re-
mains to be established. In fact, only the relationship between inhaled gluco-
corticosteroids and skin thinning or easy bruising is generally accepted to be
causal of nature (56,57).

VI. Handling and Maintenance of the Inhaler

A. Background

Handling and mishandling of the inhaler involves all the different actions or the
omission of these actions needed to cause optimal delivery of an aerosol from
the inhaler. The number and the complexity of the actions or steps patients must
undertake to deliver the aerosol differ from one device to another. Incorrect han-
dling is more likely to occur with systems that require a high number of complex
actions (e.g., nebulizers) than with less complex systems, such as a pMDI and
even simpler devices, such as a DPI. The use of an inappropriate inhalation flow
will not affect the amount and characteristics of drug emitted from a pMDI but is
of relevance for a DPI, since the deaggregation of the powder into fine particles
is highly dependent on the negative pressure applied by the patient (58,59). In-
correct handling of nebulizers includes the use of an incorrect flow setting or of a
wrong dilution of drug in the solvent.

DPIs and pMDIs do not require any maintenance, whereas nebulizers
do. Poor maintenance may lead to contamination of the wet parts of a nebu-
lizer and cause bacterial respiratory tract infections (60). For spacers and add-
on devices, the amount of electrostatic charge present may depend on how
much the device has been used and on washing procedures (8,61,62) (see
Chap. 12).

B. Possible Impact on Clinical Outcome

Incorrect handling affects the efficacy of the treatment to a lesser extent than
noncompliance. For example, in vitro studies have shown that omission to
shake the pMDI before use reduced total and fine particle dose by 25 and 36%,
respectively, while two actuations separated by 1 s decreased fine particle dose
by 16% (13). The same authors also demonstrated that storing the pMDI stem
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down reduced total and fine particle dose of the next actuations by at least
23%. New spacers with high electrostatic charge deliver 23% less salbutamol
particles of < 6.8 µm than used ones, whereas washing them with an anionic or
cationic detergent resulted in an increase of 55–70% in small particle delivery
compared to delivery from new spacers (14,63).

Experimental data indicate that when Turbuhaler was inadequately stored
with the cap off, a humid environment decreased the fine particle fraction (64).
In addition, exhaling into Turbuhaler perturbed the fine particle fraction for
three subsequent shots (64). For another DPI, salmeterol/fluticasone Diskus/Ac-
cuhaler, storage at humid conditions also decreased the delivered fine particle
fraction (65). In this case, there is no cap to protect against moisture ingress and
the device must be packed in an aluminum foil bag when marketed in the
United States.

C. Clinical Relevance

The way the patient should handle the device should be taught, practiced, and
checked regularly. Patients should also receive clear instructions about mainte-
nance of inhalers. Indeed, inappropriate use of inhalers and mistakes in the in-
halation technique occur frequently. In a study of 281 patients with asthma or
COPD using either pMDIs or DPIs, it was demonstrated that 88% made at least
one mistake (66). Follow-up studies indicate that problems with device han-
dling may reappear as soon as 2 weeks after initial instruction, thereby mandat-
ing the prescribing physician to reinstruct patients periodically (67). As it has
been shown that patients unable to use one device tend to do better with another
system, physicians should develop a rational inhaler strategy, taking various
factors such as age, ability to learn the correct use, and patient preference into
account (68).

Inappropriate use of inhalers or mistakes in inhalation technique reduces
the dose delivered and compromises the efficacy of the treatment. For example,
it was demonstrated that the increase in FEV1 was 80% of maximum achievable
after inhalation from the unprimed pMDI, compared to 92% after inhalation
from the primed one (69). In one study with plastic spacers, priming of the
spacer by actuating the pMDI a few times increased pulmonary deposition of
glucocorticosteroids in asthmatic patients by 40–50% (70), whereas in another
study, pulmonary deposition of salbutamol was doubled if the spacer was
coated with benzalkonium chloride (71). For Turbuhaler, pulmonary deposition
decreased by 50% if the flow applied to inhale was reduced from a normal flow
of 60 L/min to a suboptimal flow of 30 L/min (72), whereas in others studies,
the bronchodilating effect was similar at 30 and 60 L/min in both children and
adults (73,74).
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VII. Relationship Between Pulmonary Deposition 
and Clinical Effect

A. Definitions

In order to inhale an aerosolized drug, the patient should activate the inhaler,
from which a dose is subsequently emitted (Table 1.). Some of this metered dose
is retained in the inhaler, adapter, spacer, or mouthpiece (retained dose). Only a
fraction of the delivered dose will reach the airways, since some of it may be lost
into the air or on the face, another fraction will be deposited in the oropharynx,
and a small part of the drug will be exhaled (Fig. 2).

In clinical studies, pulmonary deposition of a drug delivered from a given for-
mulation is generally expressed as a fraction of a reference dose, which may be the
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Table 1 Dose Definitions

Expression Definition

Nominal dose Dose written on the package label; also called labeled dose
Metered dose Amount of drug leaving or contained in the metering unit
Delivered dose Amount of drug leaving the device
Fine particle dose Amount of drug contained in particles < 5 µm
Retained amount Amount of drug retained in the device
Inhaled dose Amount of drug entering the subject through inhalation
Exhaled amount Amount exhaled
Recovered amount: Amount recovered from, e.g., wiping the face and hands with a

tissue
Dose to subject Inhaled dose minus the amount of drug leaving the subject through

exhalation and mouth rinsing
Lung dose Amount of drug deposited in the lungs

Delivered
dose

Inhaled/insufflated
dose

Metered
dose

Retained amount
(in adaptor, mouthpiece, spacer etc.)

Amount in mouth rinsing water

Exhaled amount
Undefined losses of drug

(into air, on face etc.)

Dose-to-subject

Figure 2 Illustration of dose definitions and drug losses of an inhaled formulation on its
way to the lung.



metered or delivered dose. The nominal dose can be based on either the metered or
the delivered dose. This issue is important, as, for example, budesonide delivered
via a pMDI attached to a Nebuhaler, with a high retention in the spacer, has a pul-
monary deposition of 34% with reference to the normal metered dose, compared to
76% with reference to the dose delivered from the spacer (75, 76). In this section,
nominal dose will be used as dose reference, unless otherwise mentioned.

B. Background

The amount of topically available drug, relative to the nominal dose, is deter-
mined by a number of factors: delivery characteristics of the inhaler, handling of
the device, inhalation technique of the patient, and patient-related physiological
factors, such as airway narrowing, airway closure, and mucus plugging. The
mechanisms by which handling of the inhaler and inhalation technique critically
determine drug delivery (and hence, pulmonary deposition) are outlined in a pre-
vious section of this chapter. This section will focus on the relationship between
pulmonary deposition and clinical effect and the clinical relevance of differences
in pulmonary deposition between inhalers containing the same drugs.

It is also possible to estimate regional deposition of drugs within the tra-
cheobronchial tree, and differences between devices have been shown to exist in
this regard (38). The clinical relevance of regional deposition and targeting drugs
to certain areas of the tracheobronchial tree are beyond the scope of this chapter;
they are discussed in Chap. 7.

C. Relationship Between Inhaled Dose and Clinical Effect

The relationship between the pulmonary deposition and the airway effects of in-
haled β2-agonists and glucocorticosteroids consists of an initial slope followed
by a plateau. The existence of a sigmoid dose-response relationship has two im-
portant consequences. First, a higher dose of drug inhaled by the patient and de-
posited in the lung will induce a higher response only if the lower dose of the
drug yielded a response that was still on the slope of the dose response curve.
Second, once the plateau or level of maximal response is reached, further in-
creases in dose will not add to the pulmonary effects but could contribute to the
development of systemic side effects, as pulmonary deposited drugs will be ab-
sorbed and reach the systemic circulation.

At appropriate doses, a twofold increase in dose of an inhaled β2-agonist
has been shown to result in a statistically significant increase in bronchodilating
effect (11). Conversely, it appears to be much more difficult to assess this rela-
tionship for inhaled giucocorticosteroids, as an at least fourfold increase in dose
is necessary to obtain a statistically significant difference in effect (36). The next
paragraphs of this section therefore focus mainly on the relationship between
pulmonary deposition and clinical effects of β2-agonists.
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D. Pulmonary Deposition and Inhalation Technique

In a study with pMDIs containing radiolabeled Teflon particles, Newman
demonstrated that pulmonary deposition was markedly improved by the use of a
longer breath-holding time (10 versus 4 s), a low inhalation flow (30 versus 80
L/min), and by actuating at the beginning of inspiration (77,78). Others have
subsequently confirmed these findings (79). Flow-dependent deposition of
pMDIs was further demonstrated in studies showing that the use of a breath-ac-
tuated pMDI increased pulmonary deposition in “poor” coordinators (80).

In patients with reversible airway obstruction (81), the greatest bronchodi-
latation was obtained when the pMDI containing terbutaline was actuated during
a slow inhalation (25 to 30 L/min) and actuation is followed by a breath-hold
lasting 10 s. A significant correlation between mean bronchodilator response for
the different inhalation modes and pulmonary deposition of labeled Teflon parti-
cles obtained in the aforementioned studies was reported (77). Studies with other
β2-agonists inhaled via pMDI have given similar results (82) and confirmed the
clinical relevance of flow dependency of pulmonary deposition for pMDIs.

The inhalation flow affects pulmonary deposition but not the properties of
the aerosol delivered by a pMDI Conversely, the intrinsic properties of the
aerosol emitted from a DPI—a breath-actuated device—are highly dependent on
the inhalation effort of the patient (83), and the inhalation flow must always be
sufficiently high to produce an aerosol containing the optimal amount of fine
particles (72,84)

The impact of flow-dependency on pulmonary deposition has been as-
sessed for Rotahaler in healthy volunteers using the charcoal block method: the
use of a low and high inhalation flow resulted in a pulmonary deposition of 3.6
and 7.0%, respectively of the nominal dose (85). Studies with Turbuhaler have
yielded depositions ranging from 16.8% in a first study and between 20 and 27%
in later studies, when an inhalation flow of approximately 60 L/min was applied
(72,86,87). Pulmonary deposition was reduced by half once the inhalation flow
fell below 30 L/min (72).

Although, in one study with children, a significantly greater increase in
FEV1 was obtained when salbutamol was inhaled via Rotahaler at a higher flow
of 90 to 120 L/min that at an inhalation flow of 30 to 50 L/min (31), most studies
in which the effects of terbutaline inhaled via Turbuhaler were assessed showed
that at a low inhalation flow of 30 L/min, a less pronounced improvement of ex-
piratory flow was obtained than at a higher inhalation flow (60 L/min) (88). In
another study, it could be shown in children who inhaled terbutaline via Tur-
buhaler at flows of 13, 22, 31, and 60 L/min that the bronchodilating action was
flow-dependent once the inhalation flow was below the critical value of 30
L/min (74). It should, however, be underlined that even an extremely low flow,
13 L/min, resulted in a bronchodilating effect.
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E. Differences in Pulmonary Deposition Between Devices

Differences in pulmonary deposition between devices have been reported. The
pulmonary deposition varies from 5% for Spinhaler and 20–30% for Turbuhaler
(11) to 38% for pMDIs with large-volume spacers (38) or Respimat (89,90) if
the optimal inhalation technique is used for each of the devices. Numerous stud-
ies have been conducted in which the efficacy of inhalers containing the same
drug has been compared and their relative effectiveness established. Both cumu-
lative and noncumulative dose designs have been used, and clinical response
tends to be higher after the same total dose has been given as a cumulative dose
rather than a single dose. Noncumulative dose designs seem to be more sensitive
(11). The best way to establish the relationship between pulmonary deposition
and clinical effect is to measure both variables at the same time point. This has
been done in only a small number of studies. In two studies, terbutaline was ad-
ministered via Turbuhaler and pMDI in patients with mild to moderate asthma.
For Turbuhaler, a peak inspiratory flow of 60 L/min was aimed for, whereas pa-
tients were asked to generate a flow of 90 L/min for the pMDI. In these studies,
inspiratory volume and breath-holding time were also standardized. In the first
study, the effect of 0.5 mg of terbutaline inhaled via Turbuhaler or pMDI on the
increase in FEV1 was similar (91). Pulmonary deposition was 22.6% of the nom-
inal dose after Turbuhaler and 8.8% after pMDI. As the discrepancy between the
difference in deposition and the similarity of the bronchodilating effect might
have been caused by the administration of too high doses, a second study was
conducted (92); it also included a 0.25-mg terbutaline dose. In that study, pul-
monary deposition was similar to that obtained in the first study. The 0.25-mg
terbutaline dose given by Turbuhaler resulted in a significantly higher FEV1 re-
sponse than 0.25 mg inhaled via pMDI. The increase in FEV1 after the 0.5-mg
dose given via pMDI and the 0.25-mg dose inhaled via Turbuhaler were similar,
indicating that the amount of drug reaching the effector site, the lungs, deter-
mined the clinical effect. In addition, the difference in clinical effect between
0.25 and 0.5 mg given by Turbuhaler did not reach statistical significance, indi-
cating that 0.25 mg terbutaline administered via Turbuhaler already resulted in a
close to maximum effect.

Several clinical studies have focused on the bronchodilating effects of
salbutamol inhaled via pMDI and via Diskhaler, Rotahaler, and Turbuhaler. Con-
flicting results have appeared for multidose comparisons between Rotahaler and
pMDI, as in some studies identical dose-response curves were obtained (93,94),
whereas the difference was in favor of the pMDI in other studies (95). For
Diskhaler and Autohaler, only inconclusive single-dose studies have been pub-
lished, whereas at equal nominal doses, salbutamol delivered via Turbuhaler
generally gave responses that were superior to those from Diskhaler (96) and
pMDI (97).
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F. Clinical Relevance

A good knowledge of the two most important factors affecting pulmonary depo-
sition of inhaled drugs is of clinical relevance, because the eventual pulmonary
deposition rather than the delivered dose determines the clinical effect of inhaled
bronchodilators. For years, improper inhalation technique has been recognized
as a frequent cause of treatment failure (98). Lack of insight of the deposition
characteristics of the prescribed formulation is, however, at least as important.
Inhalers characterized by a high pulmonary deposition may represent an advan-
tage, as a switchover from “device A” with low pulmonary deposition to “device
B” with high pulmonary deposition might lead to an improvement in symptoms.
Conversely, if a device with a higher pulmonary deposition is used, attempts
should always be made to reduce the prescribed dose of the drug in patients
whose disease is well under control in order to avoid unnecessary exposure of
the patient to intrapulmonary and hence systemic concentrations of the drug.

Most of the work on the relationship between pulmonary deposition and
clinical effect has been done with β2-agonists, since the immediate effect these
drugs is easy to measure. Although it is more difficult to conduct comparative
studies with inhaled glucocorticosteroids and anticholinergics, it is very likely
that the same concepts also hold true for these drugs, as some studies clearly
suggest (99,100).

VIII. Extrathoracic Deposition, Local Side Effects,
and Systemic Effects

A. Background

The major fraction of the drug delivered by an inhaler will deposit in the orophar-
ynx (Fig. 1) This extrathoracic fraction may contribute to local side effects and, if
swallowed, to systemic effects. Indeed, although most of drug will be metabo-
lized and inactivated in the gut and/or in the liver by the first-pass metabolism,
some of the swallowed drug may reach the systemic circulation. The extrapul-
monary fraction will, however, contribute to systemic effects for inhaled drugs
that are only incompletely inactivated by the first-pass metabolism. Conversely,
systemic effects of inhaled drugs, which are almost completely inactivated by the
first-pass metabolism, will result almost entirely from the fraction of the drug that
is deposited in the airways and subsequently absorbed from them.

B. Clinical Relevance of the Extrathoracic Fraction for Local
Side Effects

As β2-agonists do not exert local side effects of any clinical significance whereas
the local side effects of anticholinergics are mainly bad taste and mouth dryness,
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extrapulmonary deposition does not represent a clinically relevant issue that
should affect the choice of an inhalation system. Conversely, it has been shown
that oral candidiasis, one of the local side effects of inhaled glucocorticosteroids,
occurs in 5% of the patients using a pMDI and is somewhat related to the dose
deposited in the oropharynx. Indeed, reduction of the deposition by use of large-
volume spacers (101) or a Turbuhaler (102) results in a decreased incidence of
candidiasis. Hence, systems characterized by a high pulmonary and a low pha-
ryngeal deposition of inhaled glucocorticosteroids, such as the combination of a
pMDI with a large-volume spacer or the recently developed Respimat (89),
could represent an advantage in this regard.

C. Clinical Relevance of Extrathoracic Fraction 
for Systemic Effects

β2-Agonists

Systemic absorption of the extrapulmonary fraction through the GI tract has
been reported for β2-agonists. Only 7% of a nominal dose of terbutaline deliv-
ered via a pMDI reaches the systemic circulation via the GI tract (103), whereas
approximately 35% of a dose of salbutamol (104) reaches the systemic circula-
tion by GI absorption. These differences in GI absorption may well explain dif-
ferences in systemic concentrations between β2-agonists, but the clinical
relevance of this difference is minimal, in particular since there is no clear rela-
tionship between systemic concentration of β2-agonists and side effects

Inhaled Glucocorticosteroids

Extrathoracic deposition of inhaled glucocorticosteroids may contribute to the
development of systemic effects if these are not completely inactivated by the
first-pass metabolism. For that reason, the extrathoracic fraction of fluticasone,
which is inactivated for 99% by first-pass metabolism, does not contribute to the
development of systemic effects. It may, however, be expected that the extratho-
racic fraction of budesonide and even more of beclomethasone may lead to sys-
temic effects, as 11% (53) and 20% (105) of the respective drugs eventually
reaches the systemic circulation through GI absorption. Reductions in systemic
effects with high doses of inhaled BDP have been documented if the pMDI was
attached to a large-volume spacer (106). Rinsing the mouth and blocking the GI
uptake with charcoal reduced plasma concentrations of budesonide inhaled via
Turbuhaler in children by approximately 20% (107) The observation that sys-
temic bioavailability of budesonide inhaled via a pMDI attached to a spacer was
virtually not affected by administration of activated charcoal (75) indicates that,
for this formulation, the main contribution to the system originates from the pul-
monary, and not from the extrathoracic, fraction.
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IX. Lung Versus Total Bioavailability Ratio (L/T Ratio)

A. Background

The amount of aerosolized drug reaching the effector site, the lung, determines
the elicited effect. The systemic effect will be caused by the drug deposited in the
lungs (pulmonary bioavailability) and the fraction deposited in the oropharynx
that will be absorbed in the GI tract but not inactivated by the first-pass metabo-
lism (oral bioavailability). Each combination of active drug and device is unique
in terms of division of delivered drug between lungs and oropharynx and hence of
balance between the desired local activity and undesired systemic activity.

B. Possible Impact on Clinical Outcome

It is possible to evaluate the balance between pulmonary bioavailability and sys-
temic bioavailability if the following data are known: retention of the drug in the
inhaler, the percentage pulmonary and oropharyngeal deposition of the drug, the
degree of GI absorption, and the inactivation by the first-pass metabolism. From
these data the L/T ratio (L = local bioavailability; T = systemic bioavailability)
can be derived.

Calculations have shown that for terbutaline, the L/T ratio averages 0.55
for a pMDI and 0.81 for Turbuhaler (108). For salbutamol, the L/T ratio aver-
ages 0.35 for pMDI, 0.15 for Rotahaler, 0.24 for Diskhaler, and 0.45 for Tur-
buhaler (108). The differences in value between salbutamol and terbutaline are a
reflection of inherent differences in GI absorption and first-pass metabolism be-
tween these drugs.

For budesonide, similar calculations have yielded 0.59 for pMDI, 0.84 for
Turbuhaler, and 0.95 for pMDI with Nebuhaler (109).

A higher L/T ratio will always indicate a more favorable ratio with respect
to the balance between desired and undesired effect resulting from a good target-
ing ability of the combination of substance and device, or from a low contribu-
tion of the GI tract. It may be a guide in the choice between devices containing
the same the substance. A high L/T ratio also implies that it is the pulmonary
bioavailability that determines the systemic activity.

C. Clinical Relevance

The clinical relevance of L/T ratio, a theoretical concept, is, however, less clear.
Indeed, the L/T ratio is useful only in comparing the same drug substance in dif-
ferent inhaler devices. Comparisons between drugs should not be made, as differ-
ent substances may differ in terms of relative activities in lungs and systemic
circulation. For example, inhaled glucocorticosteroids, such as fluticasone, with
minimal GI bioavailability and hence a very high L/T ratio, have been shown to
exert systemic effects (51). The L/T ratio should thus always be verified clini-
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cally. The L/T ratio informs the physician about the potential for dose reduction if
a switch to a device with a higher L/T ratio is made. The L/T ratio helps to explain
why cortisol suppression is less pronounced if BDP is inhaled via pMDI attached
to a large-volume spacer (106). It also explains why pulmonary deposition of
budesonide via Turbuhaler is approximately twice that via a pMDI, whereas the
systemic bioavailability is only increased by approximately 50% (75). From a
theoretical point of view, a treatment provided via a device with a higher L/T ratio
is more cost-effective, in particular for formulations containing expensive med-
ications. The savings induced by dose reduction may, however, be counterbal-
anced by a more expensive device or by a decrease in patient compliance.

X. Studies in Healthy Volunteers

A. Background

Sometimes data on side effects or on pulmonary or extrapulmonary deposition
obtained in healthy volunteers are used to make predictions about what may oc-
cur in patients with asthma or COPD, in particular if such studies in patients are
not available. There is, however, some evidence that differences may exist be-
tween the behavior of an aerosolized drug in healthy volunteers and that in a pa-
tient with airflow obstruction. Although total pulmonary deposition seems to be
comparable in normal subjects and asthmatic patients, pharmacokinetics (P. J.
Anderson, personal communication) and regional distribution may differ (109).
Indeed, recent scintigraphic studies indicate a more central distribution in pa-
tients after inhalation of budesonide via Turbuhaler (38) or of sodium cromogly-
cate administered via pMDI attached to a spacer (110).

Another discrepancy between asthmatic patients and healthy volunteers is
the difference in systemic effects of inhaled glucocorticosteroids. High doses of
inhaled glucocorticosteroids (budesonide 1600 µg/day via Turbuhaler, fluticas-
one 2000 µg/day via Diskhaler) for 4 to 7 days suppressed cortisol secretion by
34 and 55%, respectively, in healthy volunteers (47) and by 16 and 34%, respec-
tively, in patients with mild to moderate asthma (51). This difference, which may
be related to the disease itself, previous treatment with corticosteroids, or inter-
actions with other treatments remains to be elucidated. Healthy normal subjects
are preferred over asthmatic patients for safety testing in order to obviate the po-
tentially confounding effects of past or current steroid therapy in the degree of
airways inflammation and obstructive impairment, which could act to reduce the
power of the assay (111)

B. Clinical Relevance

Although it is much easier to assess a number of aspects that pertain to
aerosol therapy in healthy volunteers, extrapolation of these results to patients
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should be made with caution. For example, the systemic activity of different
formulations and drugs may very well be compared in healthy volunteers, 
but the clinical relevance of these should always be verified in pulmonary 
patients.

XI. Cost-Effectiveness

A. Definition and Causes

In the past, attention has always been focused on the efficacy of a therapy and its
ability to modify the physiological alterations caused by the disease. In recent
years, the economic impact of the disease itself as well as its treatment has re-
ceived increased attention. In such an analysis, it is essential to consider both di-
rect costs (medication, hospitalizations, and use of the emergency department) as
well as indirect costs (time off work or school, early retirement). The high preva-
lence of asthma and COPD makes that this economic issue is of increasing rele-
vance for society. For asthma, several studies have shown that treatment with
inhaled drugs is cost-saving in terms of direct health care costs (22,112). In order
to determine which asthma treatment with inhaled glucocorticosteroids and in-
haled β2-agonist is cost-effective, not only the drugs but also the inhalation de-
vices should be taken into consideration.

B. Possible Impact on Clinical Outcome

Several studies have performed an economic evaluation of the different meth-
ods to deliver aerosolized drugs in hospitalized patients (113). Conversely,
data on efficacy and cost-effectiveness of two equivalent treatments, adminis-
tered via different devices to outpatients with asthma are scarce. Efficacy,
measured as the total number of exacerbations, days with exacerbations and
hospitalizations, and healthcare utilization were measured over a period of 52
weeks in 445 patients, treated either via pMDI or via Turbuhaler in Canada
(114). In this study, effectiveness of treatment and cost differences were in fa-
vor of the DPI.

C. Clinical Relevance

Trials in which cost-effectiveness of treatments are compared provide extremely
useful information, but a study period of several months or years is needed to ob-
tain a realistic estimation of overall health care expenses. Indeed, such trials pro-
vide an integrated view on efficacy of the treatment provided, since efficacy
takes factors such as patient compliance, efficacy of the drug, preference, accep-
tance, handling, and ease of use of the device into account. However, differences
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in cost and patient preference (often related to cultural background) make it diffi-
cult to extrapolate data obtained in one specific country.

XII. General Conclusions

Although it has sometimes been claimed that variety of factors may affect the
clinical outcome of aerosol therapy, only a limited number of these are of real
clinical relevance. Differences in reproducibility of delivered dose, geometric
characteristics, and fine particle mass between devices may be detected in vitro.
It is, however, difficult if not impossible to extrapolate in vitro findings directly
to clinical relevance. Patient compliance is undoubtedly of great importance, as
clinical improvement cannot be expected in patients who do not take the pre-
scribed medicines. Conversely, the impact of patient preference for one or the
other device is less clear, as this variable is difficult to assess. Each formulation
is a unique combination of a drug and a device, and the pharmacodynamic and
pharmacokinetic performance of the drug is of a great clinical relevance. This is
a complex area, as not only one by one but also a whole spectrum of variables—
such as receptor affinity, drug retention, and pulmonary deposition—should be
compared. Handling and maintenance is another clinically relevant factor that
may affect the outcome of the treatment, as this can lead to a several-fold vari-
ability in drug output. Clinicians should have a good knowledge of the existing
differences in pulmonary deposition between devices, as it may range between 5
and 50% of the nominal dose. This is an issue of particular interest if different
formulations for a given drug are available. There is a good relationship between
pulmonary deposition and clinical efficacy, as long as the maximum effect has
not been reached. For most currently available drugs and formulations, extratho-
racic deposition contributes minimally to the development of systemic effects
and is thus a matter of lesser importance. Low oropharyngeal deposition of in-
haled glucocorticosteroids is, however, an issue of some clinical relevance in pa-
tients suffering from oral candidiasis. The L/T ratio may be useful to compare
different formulations of an inhaled glucocorticosteroid with a relatively low
first-pass inactivation. Studies in healthy volunteers are useful to compare drugs
and devices with regard to differences in pulmonary deposition or systemic ef-
fects and to bridge between in vitro findings and clinical studies in patients. The
clinical relevance of the different outcomes has to be systematically verified in
patients, since differences in sensitivity to systemic effects and in regional distri-
bution within the lungs may exist between healthy subjects and patients with
pulmonary disease. Finally, it is difficult to make general statements from com-
parisons between cost-effectiveness of different formulations because of large
differences in terms of cost and general acceptance of formulations from one
country to another.
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In Vivo Measurements of Lung Dose
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I. Introduction

Over recent years there has been increasing interest in the in vivo assessment of
drug delivery to the lungs when using aerosolized therapy. This surge of interest
has resulted from a desire to understand the strengths and limitations of current
aerosol systems and a wish on the part of some to understand basic mechanisms
in order to develop improved delivery systems in the future. It should be remem-
bered that current aerosol delivery systems utilize technology that has been
around for many decades and that these devices were brought to market long be-
fore direct assessment of drug delivery to the lung was attempted. Jet nebulizers
first appeared more than 60 years ago, pressurized metered-dose inhalers
(pMDIs) more than 40 years ago, and dry-powder systems 30 years ago. Spacers
and holding chambers were first produced some 20 years ago to try and over-
come many of the problems known to be associated with the use of pMDIs. All
these devices were brought to market on the basis of pharmacodynamic studies
which suggested that useful therapeutic effects could be obtained. Nominal or
prescribed doses were chosen empirically without any need to assess the likely
lung dose in vivo.
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A. Aerosols for the Treatment of Pulmonary Disease

The results of in vivo deposition studies undertaken in the past decade have
highlighted the high intersubject variability in lung dose and the operator-depen-
dent nature of these devices. Such studies have, along with pharmacodynamic
and in vitro studies, provided information that allows us to compare delivery
systems and to make recommendations regarding optimization of inhalation
technique and strategies to minimize potential side effects (1–3). However, they
have not altered the only effective guide to choosing the prescribed drug dose
when using one of the current delivery systems, which is to use the lowest dose
that produces the desired therapeutic response (2)—an approach that maximizes
the “therapeutic index” by ensuring efficacy while reducing the chance of sys-
temic side effects. We currently do not know what lung dose is required in treat-
ing an asthmatic patient with inhaled steroids or the optimal lung dose in
administering nebulized antibiotics to a patient with cystic fibrosis. Furthermore,
we cannot accurately predict the lung dose that will be achieved when an indi-
vidual patient uses a particular delivery system.

Despite all these uncertainties, we know that valuable therapeutic effects
can be obtained using the inhaled route, and it is worth recalling the reasons that
the inhaled route has been used for many centuries to treat pulmonary disease (4).

For drugs such as β-agonists, the onset of action is much more rapid
when they are given by inhalation and bronchodilation is achieved within min-
utes compared with several hours when administered orally (5). Portable in-
halers were developed to provide patients, wherever they are, with rapid relief
of symptoms.

Furthermore, by administering drugs “directly to their site of action,” the
systemic exposure can be reduced, resulting in an improved the “therapeutic ra-
tio” for a variety of drugs including corticosteroids, sympathomimetic agents,
and antibiotics such as aminoglycosides. However, it should be remembered that
the pattern of distribution via the inhaled route is likely to be much less uniform
than if drug is delivered via the systemic route. In addition, drugs that cannot be
delivered via the GI tract, such as sodium cromoglycate, must be delivered via
the inhaled route.

By necessity, the respiratory tract excludes foreign material, in contrast to
the GI tract, which is adapted to take in large foreign bodies. The challenge for
aerosol scientists has been to produce devices that generate aerosols containing
sufficient drug in “respirable particles” to produce a therapeutic effect. This chal-
lenge was met in part many decades ago but, in contrast to almost all other areas
in medicine, the technology used to deliver therapeutic aerosol has evolved little
over recent decades. Current devices remain generally inefficient but, more im-
portantly, remain difficult to use effectively, in large part because the method of
use is not obvious.
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Devices currently available are able to generate aerosols that will deliver
therapeutic doses of drugs into the lungs. However, because they are so operator-
dependent, coupled with the interindividual variability in airways geometry and
the distribution of airways disease, it is not possible to accurately predict lung
doses in individual patients. Though this lack of precision may seem far from
ideal, it should be remembered, for example, that we do not know the likely in-
trapulmonary concentrations achieved in using oral antibiotics. However, clini-
cal studies have demonstrated efficacy and safety with empirically chosen doses.
Indeed, there has probably been as much or more time and effort invested in in
vivo assessment of delivery to the target organ using the inhaled route as there
has been in most other therapeutic areas. The reasons that this work has not
translated into improved delivery systems are that current devices have, on the
whole, proven to been adequate in terms of efficacy and safety (when used as ef-
fectively) and because of the focus by many pharmaceutical companies on the
drug rather than the delivery system.

Though it is well known that most current devices are difficult to use opti-
mally and are frequently misused, useful therapeutic effects are still obtained,
and therefore there has been relatively little pressure to produce devices appro-
priate to the twenty-first century. This may change due to developments in other
therapeutic areas.

B. Novel Agents

People have been interested in using the respiratory tract as a route for delivering
systematically acting drugs for many years (6–9). Indeed, it was proposed that
insulin could be delivered via the respiratory tract soon after the arrival of both
jet nebulizers in the 1930s and pMDIs in the mid 1950s, though this approach
was soon abandoned in both cases because of the unacceptable variability in de-
livery to the lung. The advent of novel systems with much lower variability is set
to change this situation. It is, in many ways, easier to produce reproducible drug
delivery to the lungs for systematically acting drugs such as insulin, as these
drugs are targeted at the distal airways. By producing an aerosol containing par-
ticles between 1 and 3 µm in diameter, variability in deposition in the upper air-
ways is greatly reduced. However, more importantly, the manufacturers have
concentrated on developing devices that will deliver reproducible doses and that
can be used effectively by patients with little or no training.

It has been proposed that a variety of peptides can be administered as
aerosols. Furthermore, novel therapies for pulmonary disease—including gene
therapy, immunomodulatory therapies such as gamma interferon (10) surfactant,
and chemotherapeutic agents—are being formulated for inhalation. However, it
will not be possible to exploit such approaches until we have a better understand-
ing of how to manipulate the aerosol to achieve these ends. In vivo assessment of
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drug delivery has now become a vital part of device/drug combination develop-
ment for both traditional therapeutic areas and, more importantly, for the novel
forms of therapy.

C. Surrogates for In Vivo Data

Accurate predictions of in vivo lung dose using in vitro data obtained from mul-
tistage impingers and laser diffraction (11–13) has not been successful, though
there is a reasonable correlation between some parameters and lung dose
(14–17). In vitro work has been of value in device development and in quality
control during manufacture but has been much less valuable in producing mean-
ingful information regarding deposition of drug from a given device within the
respiratory tract of patients even when delivery occurs under optimal conditions.
Improved in vitro techniques using approaches such as anatomically correct up-
per airways and inspiratory profiles derived from patients (18) will mean that in
vitro modeling information should become increasingly valuable, particularly if
these techniques can be validated against results obtained in vivo. However,
while this may reduce the need for extensive in vivo studies, it is unlikely that
they will ever completely replace the need for well-designed in vivo assessment
of delivered dose.

D. Techniques for In Vivo Assessment of Drug 
Delivery Systems

This chapter focuses on techniques available for measuring aerosolized drug
delivery to the respiratory tract from therapeutic devices. These are essentially
radiolabeled deposition studies and pharmacokinetic studies. Other approaches,
such as the aerosol bolus technique (19–22) and the administration of monodis-
persed therapeutic aerosols (23), are used for assessing the behavior and deposi-
tion of particles in the respiratory tract, but these cannot be applied to standard
delivery systems. Attempts to directly quantify drug in the lung have involved
assaying drug concentrations in resected lung tissue (24), bronchoalveolar
lavage (BAL), and sputum (25). Interpretation of data, particularly from studies
involving the latter two methods, is fraught with difficulty, as the inherent het-
erogeneity associated with BAL and sputum production introduces considerable
variability.

II. Imaging and Pharmacokinetic Approaches

The two basic approaches to the direct assessment of lung dose are pharmacoki-
netic techniques and imaging techniques. The former is divided into classical
pharmacokinetic techniques and indirect measurements, such as the urinary or
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plasma salbutamol techniques, while the latter is divided into 2D planar gamma
scintigraphy or 3D single photon emission computed tomography (SPECT) and
positron emission tomograpy (PET).

Information that can be obtained from such studies includes

Total lung dose
Extrapulmonary delivery
Distribution within the airways
Total systemic exposure
The influence of factors such as disease and inhalation technique on depo-

sition throughout the respiratory tract
Clearance of particles from the lungs
Intra- and intersubject variability
Relationship between lung dose and therapeutic effects

The information that is actually obtained from a study will depend upon the de-
sign of the study and the quality of information or data obtained from the study.

A. What Value Are Such Studies?

There is currently no ideal technique that will provide all of the above informa-
tion. In vivo studies are clearly of interest in that they improve our understanding
of aerosol therapy in general and may contribute to the development of improved
delivery systems. Undoubtedly they have highlighted the weaknesses of current
devices and they have emphasized that these devices are inefficient, with high in-
tra and intersubject variability even when used by trained volunteers.

In addition to providing information that satisfies scientific curiosity
and contributes to product development, such studies are increasingly been
undertaken to provide information required by regulatory authorities, though
the regulatory authorities’ interpretation of such studies does not appear to
take into account the difference between results obtained in a controlled envi-
ronment and those obtained in the “real world,” where patient issues such as
cognition and beliefs play a major role. These issues are partly and indirectly
addressed in clinical trials. It has also been suggested that one of the advan-
tages of undertaking studies using gamma-emitting nucleotides is that they
provide “visually striking images for promotional material” (26), though
whether this can be justified as the principal reason for a study involving ra-
dionuclides is debatable.

It is also important to realize that gamma camera images can be extremely
misleading, since the image can be changed significantly by altering the gain on
the camera. Two apparently completely different images can be produced from
the same data, and therefore no image should be interpreted without first calcu-
lating doses in the separate compartments.
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B. Limitations of In Vivo Assessment of Lung Dose

It should be remembered that results from such studies must not be overinter-
preted. Methodologies vary significantly between laboratories performing appar-
ently similar studies, and there may be highly significant differences in their
approaches to radiolabeling the drug, validating the effectiveness of the radiola-
bel, and analyzing the data, including factors such as tissue attenuation of activ-
ity and definition of lung regions. It has been estimated that, under ideal
circumstances, planar imaging can achieve an accuracy of approximately 10%
for lung dose, provided that drug is uniformly distributed and that all the
methodological problems are addressed (27). Ideally, in comparing devices or
techniques, this should be done within individual patients and not using results
obtained from different studies from different centers, as variation in techniques
will significantly affect the accuracy of results.

Clinicians and patients wish to have a delivery system/drug combination
that reliably delivers a therapeutic dose to the site of action while minimizing
side effects. Interpretation of deposition studies cannot alone predict the thera-
peutic index. For instance:

A given device may increase the amount of drug delivered to the lung
compared with another device and therefore appear “safer.” If the quan-
tity of drug delivered on both occasions is on the steep part of the dose-
response curve, improved therapeutic effects may be see and indeed the
therapeutic index will have improved; but if the doses are on the
“plateau,” increased side effects resulting from increased pulmonary ab-
sorption may be observe for little increase in therapeutic effect.

A device may appear to have a good “therapeutic index” when used opti-
mally, but when used suboptimally it may have a very poor index. For ex-
ample, a pMDI utilizing a steroid with only partial first-pass matabolism
may have good therapeutic index when used optimally, but if a patient ac-
tuates the device in the mouth but does not inhale, the index will be very
poor. In vivo studies in trained volunteers do not address this issue.

The debate over the value of developing a solution based beclomethasone
pMDIs highlights the fact that we understand even less about the how
altering the pattern of drug deposition within the lung will affect the
therapeutic index. The pattern of drug delivery is altered using this solu-
tion, based the pMDI increasing the proportion of drug in the periphery
of the lung. Whether this alters the therapeutic index significantly, either
positively or negatively remains unclear and can be determined only in
pharmacodynamic studies (28,29).

Gamma scintigraphy can provide visually striking pictures, an idea of total
lung dose, and an indication of the likely intrapulmonary distribution when using
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one device compared with different formulations, and this is of undoubted inter-
est. However, the results cannot tell clinicians what they really want to know,
which is:

For a given therapeutic effect, which device is likely to be safer in clinical
practice? and

Are any differences noted in the results from scintigraphic studies of any
clinical relevance given the need to use the lowest dose that works with
whichever device is chosen?

Such problems should not detract from the value of in vivo assessment
of drug delivery. But in considering designing a study or interpreting a study,
such limitations must be borne in mind. Such studies will never replace clini-
cal studies assessing safety and efficacy but will provide useful and often in-
teresting complementary information and are likely to be increasingly
important in product development as our understanding and interpretation of
such studies improves.

C. Summary

Both pk and imaging studies have limitations for the measurement of de-
livered lung dose and response. In the former, no direct information is
provided for distribution within the airways, while with the latter tech-
nique, the assessment of lung dose is foremost dependent on the accu-
rate radiolabeling of the drug and sensitive imaging of the lung.

Comparisons between devices and/or inhalation techniques should be un-
dertaken in the same group of subjects.

No standards for imaging techniques have been established.
Differences in techniques between centers mean that direct comparisons

between studies is rarely possible.
Changes in lung dose may translate into alterations in clinical response

and therapeutic index, depending on the position on the dose-response
curve.

The effect of altering the penetration index is poorly understood.
While pk and imaging studies in normals can provide benchmark data,

measurement should be undertaken in the intended population for the
therapy being evaluated.

D. Choice of Technique

The choice of technique is influenced by factors such as the strengths and limita-
tions of each approach, the expertise available, and the type of question that
needs to be answered. At present there is no “gold standard,” with all pharmaco-
kinetic and imaging techniques having advantages and disadvantages.
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III. Imaging

As noted above, there are three main imaging methodologies:

Planar gamma scintigraphy
Single photon emission computed tomography (SPECT)
Positron emission tomograpy (PET)

Advantages of Using Imaging

The first approach provides a 2D image, the latter two, 3D information. The first
two approaches utilize gamma-emitting radionuclides, while positron emitters uti-
lize isotopes. Such approaches have a number of advantages over pharmacokinetic
studies but inevitably have important limitations and cannot be viewed as superior
to pharmacokinetic techniques. Their greatest strength lies in the ability to localize
deposition within compartments of the respiratory tract. Pharmacokinetic studies
can generally identify the contribution to the total systematic load that can be at-
tributed to pulmonary deposition and that entering via the GI tract but does not
provide more precise localization of deposition. In many circumstances, this is
probably not a problem; indeed, some argue that these data are more than adequate
for most purposes (28). However, there are undoubtedly examples of information
being provided by gamma scintigraphy that could not be provided in other ways.
These include the observation that drug delivery to areas of the lung most severely
affected by a disease process is reduced compared with less affected areas (30,31)
and the nonhomogeneous distribution when a drug is inhaled with the patient in an
upright position (32). Again the clinical significance of these observations remains
to be: determined (33). In children, such studies have highlighted the poor delivery
to the lungs when very young children are upset (34,35), but this has also been
demonstrated using an indirect pharmacokinetic study (36).

Disadvantages at Imaging Techniques

All imaging techniques utilize radionucleotides, which pose a health risk to the
subjects, the radiopharmacist preparing the formulation, and the individual ad-
ministering the device. Indeed, it is likely that for most studies the risk is greater
for those preparing the formulation than those inhaling it, as most aerosol devices
contain multiple doses requiring high doses to be manipulated during formula-
tion. Planar imaging can generally be achieved with a lung dose of 1–4 MBq. The
doses required increase significantly for SPECT, often requiring up to 30 MBq to
be deposited in the lungs, and exposure is increased further if computed tomogra-
phy (CT) is employed to provide precise localization of lung borders (37). Doses
for PET scanning are higher still, but because of the much shorter half-lives of the
positron emitters, the overall risk is probably comparable (38). Though studies
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need to pass stringent safety regulations, there is still a finite risk, with all of these
studies, that an untoward consequence will be manifest many decades later. The
risk for most planar studies appears to be very low and often comparable to the ra-
diation received in a 12-h flight or from a few weeks’ background radiation. How-
ever, oropharyngeal and tracheal doses and the presence of “hot spots” of
deposition within the lungs will have a significant impact on the level of risk (39).
Because the effects may not be manifest for many decades, the risks are relatively
greater in children than in older subjects. Moreover, though adverse genetic ef-
fects in the children of subjects exposed to radiation for research purposes have
not been observed, this remains a further source of concern in studying children
and young adults. The issues surrounding the risks of using radiation for in vivo
assessment have been discussed previously (40,41). In essence it is essential to
conduct studies in a manner that will minimize risk and to limit the use of this ap-
proach to studies that will provide answers that cannot be obained in other ways.
The design of the study should ensure that administered doses adhere to the
ALARA principle (as low as reasonably achievable) and exposure be within the
annual effective aggregate dose (42). The minimum number of subjects should be
used to answer a specific question unequivocally.

Methodological Challenges

All the imaging techniques involve a number of methodological problems, in-
cluding the need to correct for attenuation of radiation by body tissues and the
need for correction due to both natural decay of activity and biological decay
with time. The latter represent absorption of the radionuclide from the airways.
The half-life of TcO4 once separated from the drug is in the order of 11 min
while that in the oropharynx may be as high as 25 min.

The activity of the radionuclide will decline with time and it will also be
cleared from the lung through absorption and mucociliary clearance. The former
is relevant in that there may be a delay of some hours between formulating the
radiopharmaceutical and administering it to a subject. Since the physical rate of
decay of the isotope is known, this effect can be quantified. As noted above,
some radionuclides are absorped very rapidly from the lungs, and this is of par-
ticular relevance when using SPECT, which may require acquisition times of
5–20 min. To date there is no entirely satisfactory method for correcting for this
problem, particularly as the radionuclide present in the bronchial and pulmonary
circulations will contribute to the image as time passes. However, defining an
area of tissue away from the lung field (e.g., the thigh) can provide information
on circulating levels of radioactivity. The t1/2 obtained from this data can be ap-
plied to calculate the biological t1/2 lung and the t1/2 effective. It is this latter t1/2

value that is applied to the deposition counts from the camera to correct for de-
cay and absorption but not mucociliary clearance.
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It is important to recognize that, other than when using PET emitters
very few radiolabeling studies involve directly labeling the drug. Most studies
utilize gamma-emitting isotopes, such as 99m technetium (99mTc) that are as-
sociated with but not part of the drug particle in suspension or drug in solu-
tion (43). As such, useful information from these studies will be obtained only
if the label accurately follows the drug during inhalation. Unless firmly
bound, the label and drug rapidly dissociate after being deposited and the la-
bel no longer provides a marker for the drug. 99mTc has a short half life, on the
order of 6 h (44), and—more importantly—when inhaled as pertechnatate
(TcO4

–), it is also cleared very rapidly from the lungs, with a half-life on the
order of 10–15 min (44). PET permits direct labeling of drugs, but the very
short half-life of the label may preclude lengthy imaging to determine drug
redistribution. For imaging studies to be in any way an accurate representa-
tion of the behavior of the drug, the techniques used must be precise and vali-
dated. Many studies have been published in the past without clear evidence
that the label did indeed follow the drug accurately or that correction for fac-
tors such as tissue attenuation, effective decay of the isotope, and background
radiation were made.

In assessing a radiolabeled study, it is necessary to review:

The radiolabel used
The validity of the label as assessed by in vitro testing, using particle siz-

ing techniques to ensure that the distribution of drug and label are the
same, thus indicating that the label provides a useful surrogate for drug
distribution

Measurement of dose-to-dose reproducibility in terms of drug and ra-
dioactivity

The labeling process must not affect the properties of the drug formula-
tion; that is, the labeled drug must behave in the same way as the stan-
dard unlabeled formulation when tested both in vitro and in vivo

Tissue and device attenuation corrections
Definition of lung borders and lung regions
Correction for background radiation as applied to the images
The issue of rapid clearance from the lungs of certain radionuclides is con-

sidered, particularly for techniques such as SPECT, which require rela-
tively longer acquisition times than planar imaging

Total accountability of dose or “mass balance” (rarely attempted)
Expression of the results of lung dose as a percentage of the emitted or

nominal dose
Information regarding the sensitivity and resolution of the gamma camera
Time required to acquire the image

Various approaches to these issues are discussed below.
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A. Planar Gamma Scintigraphy

This is the most widely used approach for assessing the deposition of aerosols
from drug delivery systems. Its advantages over the other imaging modalities are
that it is relatively cheap and analysis of the data is relatively straight forward.
Time to acquire the images can be short (1–4 min), minimizing the problem as-
sociated with the very short biological half life within the lungs of the most com-
monly used label, 99mTcO4

–. Techniques have been developed for labeling drug
solutions (but not suspensions), pMDI and dry powder formulations so that this
approach can be applied to many drug formulations dispensed from these deliv-
ery devices.

Doses used can be relatively low and striking 2D images can be produced;
familiarity with such images engenders confidence that valuable information is be-
ing provided. This is undoubtedly true provided that the information is interpreted
within the limits of the technique. Many such studies have now been published in-
volving a range of subjects, including preterm ventilated and nonventilated infants
(46), young children (47), adults, and the elderly (30,31) and have included a vari-
ety of disease states such as bronchopulmonary dysplasia, asthma, chronic ob-
structive pulmonary disease, and cystic fibrosis. However, the majority of such
studies involve relatively young, healthy volunteers.

Such studies have frequently been used to compare one device with an-
other with the object of claiming benefits of one over another. This needs to
be borne in mind in considering extrapolating from such studies to routine
clinical practice.

Though planar imaging does permit some quantification of aerosolized
drug distribution within the lungs, it provides only a 2D representation of an ex-
tremely complex 3D structure, and it is inevitable that a considerable amount of
the drug depositing in the “central zone” will be resident in the distal airways
and alveoli (48,49).

B. Single Photon Emission Computed Tomography (SPECT)

SPECT imaging is more complex than planar imaging in that, rather than obtain-
ing anterior and posterior images of the thorax, the gamma camera rotates
through a full 360 degrees and subsequent manipulation of the data using comput-
ers permits 3D images to be constructed (37,50). This approach has potential ad-
vantages in that it may improve the accuracy of assessing the pattern of
deposition within the lungs. However, it has the associated disadvantages of long
acquisition times and relatively high doses. Newer, multihead dual and triple
cameras are now available but are not widely used for these studies. The per-pixel
resolution is similar to or greater than that of the gamma camera (8–10 mm).

At least one study has shown that SPECT scanning, with its 3D resolution,
gave a statistically significant improvement in the accuracy of assessing central
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and peripheral deposition (51). This has not been universal, though in each study
there was a tendency toward improved resolution (52–54). SPECT scanning cur-
rently requires higher doses and much greater imaging time, usually 15–20 min
(50), compared with the 1–4 min that is usual for planar imaging. Even in those
few units with multiheaded gamma cameras specially designed for this purpose,
imaging times are still on the order of 5–10 min (50).

Over recent years the techniques has been refined using either computed
tomography (CT) or magnetic resonance imaging (MRI) to improve anatomic
definition of lung borders. When combined with complex mathematical models
and computers, SPECT can provide much more sophisticated information re-
garding the pattern of radionuclide deposition in the airways (55,56). However,
because the CT or MRI image is obtained on a separate machine, the images
must be aligned with the SPECT ones, and this may introduce further errors in
the analysis.

Expressing the deposited dose per airways generation has highlighted the
fact that, with most current devices, the bulk of drug is deposited beyond gener-
ation 16—that is, beyond the conducting airways (48,49,55,56). However, be-
cause of the enormous surface area peripherally, the concentration of deposited
drug is greater in the central regions of the lung, and this has been borne out in
studies involving lung resection (24). Again, such information is of consider-
able interest, though for current drugs the significance of these observations is
often unclear.

The cost, complexity, and radiation doses involved currently limits this
more sophisticated approach to the analysis of SPECT data to a relatively small
number of centers.

C. Positron Emission Tomography (PET)

Positron emmission tomography (PET) is a 3D functional imaging technique,
providing accurate and highly specific information about the dose and distribu-
tion of an inhaled or injected PET tracer in the lung (57,58). A series of transax-
ial slices through the lungs are obtained, comparable to a CT scan. The transaxial
information is used to reconstruct, postimaging, the lung activity for the other
two planes, enabling coronal and sagittal images of the lungs to be viewed. PET
resolution is approximately 4–6 mm per slice (twice that of SPECT), enabling
upto 120 slices per plane to be obtained. Because of the nature of the emmissions
and the use of coincidence counting, scatter is minimal and location of the pixels
or voxels (volume unit) containing the radioactivity is precise.

Correction for the natural decay of the PET isotope used is incoporated
into the software protocols; correction for tissue attenuation of the radioactivity
is made directly using PET and following each procedure by acquiring a trans-
mission scan with an external source of radioactivity. The advantages are that the
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Figure 1 (A) Selection of PET transmission scans from the coronal, transaxial, and
sagittal planes in a subject with cystic fibrosis. Each slice is 6 mm thick. As shown, lung
geometry changes with lung depth. (B) The emission (aerosol) data are overlaid on its
specific transmission slice and corrected for attenuation voxel by voxel, thus resulting in
a more accurate calculation of delivered dose. Regional lung data are calculated for each
slice based on the area of the specific transmission slice.

(A)



geometry is constant, as the patient remains in the same position under the scan-
ner as for the original investigation, and that the corrections are applied to each
voxel in each slice of each plane. Applying attenuation correction to the deposi-
tion data allows absolute amounts of radioactivity to measured per cubic mil-
limeter of lung tissue, giving the actual topographic distribution of drug
throughout the lung. The transmission image is also used to define the lung bor-
ders, providing landmarks from which to regions of interest. When the lungs are
imaged over time, the kinetics of the drug can be described for the whole lung as
well as for specific regions. As with SPECT, multiple regions of interest, concen-
tric about the hilum, can be defined and the deposition data per region of interest,
reconstructed in all three planes.

D. Labeling

PET emitters that are used in the lungs are the short-lived isotopes of carbon,
oxygen, nitrogen, fluorine, and neon, with physical half-lives ranging from 2 to
110 min. Positron emitters are produced in a cyclotron, usually situated in close
proximity to the PET scanner. The isotopes can be inhaled directly, for example,
to compare the 3D distribution of therapeutic aerosols (69,60), or incorporated
into other molecules, such as albuterol. Thus, a number of drug molecules used
to treat lung diseases can be labeled directly with 18F or 11C and the isotope then
incorporated to complete the synthesis of the drug. Once completed, the pharma-
ceutical formulation to be tested must be manufactured, incorporated into the in-
haler being tested (pMDI, DPI, or nebulizer), and the emitted dose and particle
size validated. Given the short half-lives of the PET isotopes, this is clearly not a
simple process. Positron emitters can also be inhaled as solution aerosols or
gases for assessing lung physiology (62,63) PET permits accurate 3D imaging
and could potentially be used for investigations into a wide range of topics re-
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lated to disease processes, biological function, and drug action within the respi-
ratory tract (62). Hence PET might prove to be a very valuable and informative
mode of imaging, but currently its applications are limited by the very short half-
life of the positron-emitting nuclei and the limited number of centers with access
to this form of technology.

E. Labeling Drugs or Drug Surrogates for Planar and SPECT
Imaging

Nebulizers

The traditional method for labeling drug solutions delivered from both jet and ul-
trasonic nebulizers has been the so called “soup” method, in which a drug solution
is mixed with a gamma-emitting radionuclide. This approach has been used for
more than a quarter of a century (61) and it has been assumed, quite reasonably,
that the droplets generated by the nebulizer contain drug and radiolabel in propor-
tions determined by the solution from which they are generated. Since the particle
size characteristics of the aerosol are largely determined by the design of the nebu-
lizer and the driving gas flow used, it is also reasonable to assume that the particle
size characteristics will be little altered by the addition of most radionuclides. Rel-
atively few studies have attempted to determine whether these assumptions are
valid for a particular combination of drug and radionuclide, but those that have
found that the drug did follow the label (62,63) and the radioisotope had little ef-
fect on the particle size characteristics of the aerosol (62,64). As the radiolabel
travels with the drug in droplets but is not bound to the drug, information on depo-
sition can be obtained. If a nonabsorbable tracer is used e.g., 99mTc-albumin or
99mTc-sulfur colloid, imaging can occur over a longer period of time, enabling both
deposition and mucocilary clearance to be measured (64). However, if drug and la-
bel dissociate rapidly after deposition, these studies will not provide any informa-
tion regarding clearance of the drug following deposition. It is possible to directly
label some drugs such as pentamidine (65), and hence the fate of drug once inhaled
can be assessed (provided that the labeling involves isotope substitution), but it is
doubtful if information relating to the pattern of deposition can be improved.

Technetium-labeled compounds such as human serum albumin (HSA) can
be inhaled from nebulizers to measure deposition and clearance in disease and
pre- and post–drug therapy (66). They can also be used to compare delivery sys-
tems, but no clinical outcomes can be assessed if the drug is not included.

The “soup method” is of course not suitable for drug suspensions, such as
the steroid preparations for use with nebulizers, since the drug may not be uni-
formly distributed in either the suspension or the droplets generated by the neb-
ulizer. However, radioactive particles whose characteristics are similar to the
drug particle may be useful surrogates for suspension aerosols inhaled from
nebulizers (67).
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Studies utilizing jet nebulizers should take into account the great variation
in nebulizer output and particle size that can occur between nebulizers of the
same make, even those from the same batch (68–70). Some manufacturers have
started to address this problem by using improved molding techniques. Another
potential problem, ignored in many studies, has been the use of inappropriate
methods for obtaining particle size measurements. It is frequently not realized
that marked drying of wet aerosols occurs when cascade impactors are used, re-
sulting in much finer droplet sizes than would be obtained with laser particle siz-
ing systems (13), which can measure the size characteristics of the aerosol
droplets as they leave the nebulizer. Thus laser particle sizing is the method of
choice for measuring the output from nebulizers containing drugs in solution, as
the information obtained using this approach may permit more accurate predic-
tion of the site of deposition (13).

Laser particle sizing cannot be used for suspensions as it does not distin-
guish between drug and carrier. The potential for aerosols to change in size due
to hygroscopic growth or drying also means that the characteristics of an aerosol
can be significantly altered if a length of tubing is introduced between the nebu-
lizer and patient (71).

It is well known that intersubject variation can be very large when study-
ing deposition of aerosol from a nebulizer. It should be remembered that intra-
subject variability is also significant when studies utilizing nebulizers are
repeated, and this must be taken into account in deciding upon subject numbers
(72). Much of this variability probably stems from differences in inhalation pat-
terns (73), hence variability may be reduced to some extent by using predeter-
mined patterns of inhalation, but this does not mimic the clinical situation.

Pressurized Metered-Dose Inhalers and Dry-Powder Inhalers

During the past decade there has been a relative explosion of deposition studies
using “direct” labeling techniques, though other approaches have been used. One
involved direct labeling of the ipratropium bromide molecule using 77Br for the
bromide moiety (74), while others have utilized labeled monodisperse Teflon
particles to replace drug particles (75,76) or spray-dried uniform particles of cro-
moglycate (77). However, the chemical and physical properties of a system uti-
lizing Teflon rather than drug are almost certainly different from those of a
system containing active drug. In 1988, Kohler et al. described a method in
which 99mTc was added to a pMDI canister together with propellants, surfactant,
and drugs (78). Subsequent workers (79–83) have modified and improved the
technique such that no alterations to the contents of the canister are required
other than the addition of the radiolabel. These methods are not applicable to all
pMDI products; hence careful in vitro validation is essential before undertaking
deposition studies.
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Figure 2 Coronal slices and projection view obtained after inhaling a 1.5 µm aerosol of
18FDG from the Ultravent jet nebulizer (Mallinckrodt, St. Louis, MO). Slices are shown
from the anterior, midsection, and posterior lung for a normal subject (right) and a subject
with cystic fibrosis (left). Greater detail of lung distribution of the aerosol is provided by
the PET scan. The cumulative or projection scan (all the coronal slices summed) would be
comparable visually to 2D images obtained with a gamma camera.



The term direct labeling is misleading in that the radiolabel is not part of
the drug structure but is associated either with the micronized drug particles or
the surfactant coating, depending upon the drug/surfactant combination used
(81). Many studies utilizing this approach have been performed during the last
decade. Similar techniques have been used for labeling powders (47,83,84),
though for some powders particular adaptations are required.

Validation of Labeling

As noted above, essential to these techniques is in vitro verification of the accu-
racy of the labeling techniques (85), and details of this have frequently been
omitted in publications. Accuracy of labeling should be confirmed by means of a
cascade impactor or similar particle sizing device using assays for both drug and
radioactivity. It should be shown that:

The radiolabel follows the drug—that is, they are deposited in equal pro-
portions on each impactor stage.

The radiolabeling procedure does not alter the dose and particle size distri-
bution of the aerosol in comparison to the unlabeled drug.

The labeling procedure does not alter the dose delivered.

Published data show that the particle size distribution may be affected to
some extent by the process and that there is frequently a difference between the
distribution of the radiolabel and drug. These differences are often small but may
have a significant effect on the results obtained in vivo.

As with jet nebulizers, inhalation patterns can be prescribed or sponta-
neous. For example, subjects using powder inhalers may inhale at maximal in-
spiratory flows, as advocated in the clinical setting, or taught to aim for a
predetermined inspiratory flow(86). Deposition results will vary depending upon
the inspiratory flow used (87,88).

F. Assessment of Deposition

In any experiment, a number of parameters should be assessed. These include:

The dose of radioactivity deposited within the respiratory tract of the
subject.

The distribution of radioactivity within the body.
The distribution of radioactivity within the lungs.

In addition it is desirable where possible to assess the clinical response to
an administered radiolabeled drug, but this will be valid only if the drug is unal-
tered by the labeling process.
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Total Delivered Dose of a Radiolabeled Drug

In the measurement of deposition of aerosolised drugs using radioactivity, it is
the radioactivity and not the drug that is being measured directly. Accurate
quantification requires addressing all the issues noted above, including correc-
tions for attenuation in various parts of the body, background radiation, and
camera sensitivity.

Dose Accountability (Mass Balance)

It should be noted that the delivered dose can vary from dose to dose due to the
way devices are handled (47,88,90) and to a lesser extent due to innate variabil-
ity of the device. Therefore, one cannot be entirely confident that the dose deliv-
ered during previous in vitro testing accurately reflects the dose to a subject
during a deposition study. A calibration routine to measure emitted doses, in
terms of radioactivity and drug, from a number of individual actuations from
the pMDI of DPI should be standard practice. Moreover, attempting to account
for all of the dose, including that retained within the devices and that exhaled, is
essential to minimize potential errors resulting from unrecognized variability in
delivered dose.

If all the correction factors were valid, then the total dose delivered during
a study—that is, the dose retained in the actuator, the dose in the upper airway,
that swallowed, the dose in the lungs, and the dose exhaled—should, when sum-
mated, come to very close to the “total dose” or nominal dose of radioactivity.
Unfortunately, few studies use this approach to validate their results, with most
authors simply preferring to express the lung dose as a percentage of the body
dose and then expressing this, in turn, as a percentage of the dose of drug and not
radioactivity they believe had been delivered, so that there is no internal check
that the device has performed as expected during dosing.

What is detected by the imaging system is radioactivity; therefore, the top-
ical radioactivity data should be related only to the dispensed and measured
emitted dose of radioactivity.

It is important to recognize that the exhaled dose when inhaling from neb-
ulizers and indeed some pMDIs without breath-holding may be as high as 20%;
therefore an exhalation filter is essential to obtain an accurate mass balance.

Some investigators have tried to quantify the total dose deposited by using
a controlled pattern of breathing and drug collection on filters (25) or by modify-
ing the aerosol bolus/photometric method to quantify the dose deposited (91).

For studies using dry powders and pMDIs, the predicted emitted dose of
activity can be obtained by collecting a dose onto a filter, applying a suction flow
comparable to what would be used during the study. It must be remembered that
as much as 20% of the nominal dose can be retained within the actuator when us-
ing pMDIs (80); similarly, for DPIs, significant amounts of drug remain within
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the device (45,47). It is also important to remember that the retained dose will
vary depending upon the inspiratory flow being applied (47).

Distribution of Deposited Radioactivity Within the Body

Planar Imaging

A large number of methods for analyzing data and presenting the results have
been used in lung deposition studies. As a result it is frequently difficult to com-
pare the results obtained from different laboratories in any meaningful way.

Depth of Source. The measurement of the absolute quantity of radioac-
tivity within the respiratory tract is complicated by attenuation and scatter of
gamma rays within the body. In addition, for planar imaging, correction must be
made for the effect of distance of activity from the gamma camera, as deposition
occurs in 3D. If a simple anterior image were obtained, activity deposited poste-
riorly would generate fewer counts per second than an equal quantity deposited
anteriorly. To correct for this, the geometric mean of counts obtained from ante-
rior and posterior images of the chest is calculated. This measurement is largely
independent of lung depth (92).

Attenuation. Several methods have been devised in an attempt to correct
for attenuation when using 2D planar imaging and 3D SPECT. These include the
administration of a known dose of radiadation intravenously in the form of mi-
croaggregates, which are assumed to be entirely trapped within the pulmonary
circulation (91,93–95); the use of “phantoms,” in which a radiation source is
placed within a block of material which is designed to simulate the chest wall
(96,97); calculations based upon reference values for different chest thicknesses
(98,99); body-mass index (99); and the use of “flood sources” (100,101) to ob-
tain transmission images for each subject. Attenuation of activity in the stomach
and oropharynx is significantly greater than that for the chest, and different cor-
rection factors for these areas must be included. Indeed, attenuation from central
and peripheral regions of the lung differs significantly, though local corrections
are rarely applied.

The microaggregate method is often regarded as the gold standard for de-
termining attenuation within the chest but there are inevitably some differences
between the distribution of injected microaggregates of albumin (MAA) and radi-
olabeled therapeutic aerosols (94). More importantly, this method may be unsuit-
able for most studies because of the increased radiation dose required. However,
a decreased dose of Tc-MAA can be used along with longer imaging time to re-
duce this dose. Little work has been done to assess the accuracy of the other
methods until recently. Forge and colleagues (101) showed that phantom meth-
ods significantly underestimated the dose within the lung in adults. Perhaps more
importantly, the same correction factor is often used for all subjects, which can
introduce significant nonsystematic inaccuracies (92). Calculation of an attenu-
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ation factor using a “flood source” tended to slightly overestimate the dose
within the lungs but was considerably more accurate. This method involves
recording an image of a source of gamma rays, usually 99mTc, using a gamma
camera. The subject is then placed between the gamma camera and the flood
source and a second image is recorded. The attenuation factor for each subject is
calculated for each subject from the difference in counts and is specific for the
individual gamma camera. Further advantages of this method are that the lung
outlines can be defined and attenuation factors for both head and stomach can be
calculated, though this is rarely done. The additional radiation exposure using
this method is low. The study found that two “buildup factor” methods, which
have not been used in deposition studies, were the most accurate, but these are
more complicated than the geometric mean/flood source method which was felt
to be sufficiently accurate (101).

Fok et al. (85) compared amounts of radioactivity detected in intact right
and left rabbit lungs by the gamma camera to the absolute amount of radioactiv-
ity in the same excised lungs measured by a gamma counter. The gamma-camera
counts were converted to microcuries using a tissue attenuation factor obtained
from perfusion scanning. The results from both methods were the same.

More recently Pitcairn and Newman (98) attempted to assess the validity
of a range of correction factors in 10 healthy young adults and found that failure
to use a method for correcting for attenuation significantly underestimated lung
dose. However, they found relatively little difference in the results obtained with
transmission scans, using a method based on chest wall thickness and a perfu-
sion technique with mean lung doses being estimated as being in the range
24.8–29.7% with one inhaler and 10.2–12% for a second. In all cases the same
data was used and differences resulted from the attenuation correction factor
used. For the two inhalers the mean calculated lung dose without correction fac-
tor being applied were 19.6 and 6.5%. A more recent study still using simulation
to calculate lung dose noted again that for a limited number of healthy males, the
chest-wall-thickness method gave good approximation to the actual value(99).
The authors noted that body mass index provided better precision but also com-
mented that as they had used data from healthy adults, the general applicability
of these techniques will still require testing in a wider population.

The attenuation of gamma rays from the stomach is approximately twice
that from the lungs while attenuation of signal from the oropharynx and mouth
can be quite variable. It should be remembered that inhalation from a pMDI or
DPI results in high oral deposition with much less in the oropharynx. Attenua-
tion correction factors (ACFs) will be different for these two regions of the upper
airway as indeed it will be for different areas of the chest. It is unclear whether
more precise calculation of ACFs within regions of the chest will be of signifi-
cant benefit given the approximations required during labeling and in imaging.
However, failure to apply local ACFs can influence calculation of the “penetra-
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tion index,” and it has been suggested that in this respect the transmission scan
or correction based on a perfusion scan (99) or the use of corrections based on
the distribution of inhaled xenon (102) may prove superior.

Deposition within the upper airways is frequently assumed to be the differ-
ence between the calculated lung dose and the delivered dose and is frequently
not directly quantified. As noted above, this can introduce significant inaccura-
cies, particularly if the lung dose is expressed as a percentage of the body dose.

Scatter. It appears that for isotopes such as 99mTc, ignoring the effects of
scatter does not lead to excessive errors(27).

Distribution Within the Lungs. For planar studies, it has been conven-
tional to divide the images into central and peripheral regions of the lung, with
the implication that central regions contain predominantly large airways and the
peripheral regions predominantly alveoli. However, because of the 2D nature of
the image, there is inevitably much overlap of conducting airways and alveoli,
particularly in the central region (48). Consequently the “penetration index”—
that is, the ratio of peripheral to central deposition, obtained from planar im-
ages—is relatively intensive to changes in patterns of deposition (99,102).
Moreover, there has been no standard method of defining central and peripheral
regions, and many arbitrary methods for dividing the lung into central and pe-
ripheral regions have been used. This makes it extremely difficult to compare re-
sults from different investigators.

Calculation of penetration index can be greatly influenced by minor mis-
alignment of regions of interest. The use of a transmission scan, or, better still, a
ventilation scan to define the lung margins can significantly reduce errors due to
misalignment and the use of arbitrary regions of interest based on the deposition
image (99,102). The use of a ventilation scan permits the central to peripheral
(C/P) ratio to be corrected for ventilation using counts derived from the ventila-
tion scan (102,103).

In an attempt to define the dose deposited in nonciliated peripheral re-
gions, formulations such as 99mTc HSA, which are absorbed very slowly from the
alveoli, have been used. Images obtained immediately after delivery are com-
pared with those 24 h later allowing for decay of activity. The assumption has
been that residual activity lies within the alveoli, the activity within the conduct-
ing airways having been removed by mucociliary clearance (27,66,104). This as-
sumption is an oversimplification and clearance of such products is probably
more complex than previously assumed (27,99). This technique also greatly in-
creases the residence time of the radionuclide within the lung, resulting in an in-
crease radiation dose to the target organ and the body.

Perhaps more importantly, it is frequently unclear what the significance of
a “good” penetration index is. For a drug like pentamidine, good peripheral de-
position is obviously desirable, as its site of action is the alveoli. For drugs such
as steroids and antibiotics in cystic fibrosis, their site of action is likely to be the
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conducting airways (106); hence alveolar deposition is probably undesirable.
However the surface area of distal airways is much greater than that of earlier
generations and in order to deliver adequate doses to smaller conducting air-
ways, significant deposition beyond the conducting airways is likely since cur-
rent devices, which produce polydisperse aerosols, cannot accurately target
specific regions. Indeed as noted above, current devices deliver the majority of
the drug to distal airways. For highly soluble drugs such as bronchodilators, re-
distribution of drug from central to more peripheral regions through the
bronchial circulation may obviate the need for good peripheral deposition, but
this is unproven. The influence of disease on deposition is also a major factor.
Any significant airflow obstruction has a major impact on the pattern of deposi-
tion of conventional polydispersed aerosols. Airways disease results in much
greater central deposition, and indeed such trends can be observed before signif-
icant spirometric changes are detectable in groups such as smokers (30,31).

SPECT and PET

As mentioned previously, the use of SPECT scanning has, in some studies, im-
proved resolution when compared with conventional planar scanning but the in-
creased dose and complexity involved makes it debatable whether these
techniques can be justified routinely in children. This may change with improved
equipment. A further technical problem with SPECT is that the relatively long
acquisition time causes problems with radionuclides such as 99mTc–sodium
pertechnetate that are rapidly cleared from the lungs and subsequently appear in
the pulmonary circulation.

The major advances reported by Fleming and Martonen in SPECT image
analysis greatly increase the power of this approach but the complexity of the
techniques have prevented widespread use of this technique to date.

G. Summary of Issues for Imaging Studies

Radiolabeling

The validity of the labeling should be assessed in vitro using a multistage device
such as the Andersen cascade impactor (ACI), which is able to detect clinically
significant changes. It has been suggested that for a DPI, method 1 of the Euro-
pean Pharmacopoeia should be used employing a five-stage high-precision liq-
uid impinger operated at a flow corresponding to a pressure drop of 4 kPa
through the device and pulling 4 L of air through the device (105). However, the
resolution is not as good as with the ACI, which can also be operated at 60 L/min
with corrections to the stage cutoff diameters.

In particular, the labeling procedure should not alter the total amount of
drug delivered or the particle size distribution of the drug when aerosolized. Fur-
thermore, the distribution of drug and label should be the same when assessed in
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vitro. Validation data should include total dose delivered from both standard de-
livery systems and labeled devices together with a detailed description of the par-
ticle size distribution of the standard formulation, the labeled drug, and the
distribution of label most conveniently presented as a histogram. Data relating to
dose retained within the delivery system should also be included.

The suggestion that the labeling is satisfactory provided that the ratio of
fine-particle fraction of radiolabeled drug to unlabeled drug is +/– 20% empha-
sizes that this is not a precise technique, particularly as labeling is only one
source of potential error (105).

Such validation should be undertaken using the amount of activity to be
used in studies as there are instances where the procedure appears to be effective
during validation using low doses, but the labeling has been shown not to be sat-
isfactory using the full dose.

Validation on Study Day

The validation procedure should be undertaken for each study device. The
data for the drug will not be available during the study day as the drug will
still be “hot” and therefore not available to be assayed, but this will ensure
that any anomalies are identified. An assessment of the unit-emitted dose and
the distribution of label will provide some reassurance that the labeling proce-
dure is likely to have been adequate prior to administering the radiopharma-
ceutical to subjects.

Dose of Radioactivity to Be Used

Administered dose will depend upon the technique in question. The lowest dose
compatible with adequate data should be used to minimize radiation exposaure.

Correction for Attenuation and Background Activity

Transmission scans provide a means of obtaining individualized correction fac-
tors for attenuation though there is evidence that chest wall thickness will pro-
vide a guide to attenuation correction, at least in relatively fit young adults.
Attenuation varies significantly between sites in the body with that for activity
deposited in the lungs being significantly less than for the stomach, mouth and
oropharynx. Even within the lung attenuation varies significantly. A transmission
scan has the additional advantage that it will also permit the edges of the lungs to
be identified. Alternatively, an inhaled gas such as krypton or xenon can be used
to outline the edges of the lungs and can be used to correct for both attenuation
and volume.

Studies are still being published without any attempt at correcting for at-
tenuation (107). In such cases the results should not be expressed as an absolute
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figure though intra-subject comparisons of devices can be undertaken using the
same subjects.

Presenting Data

Attempts should be made to account for all the activity administered including
that retained within the device. That is, drug in the lungs, upper airways, stom-
ach, exhalation filter, and device must be quantified. Failure to do so can lead to
spurious conclusions. If correction factors are accurate, then the sum of all the
calculated lung dose, upper airways, and swallowed dose together with the ex-
haled dose should match the expected delivered dose. Simply expressing data as
a percentage of the body dose as occurs in most publications permits inaccura-
cies in the method to be obscured.

A mass balance is essential if the accuracy of the results are to be valid and
images obtained from such studies should be viewed with suspicion as the “mes-
sage” contained in and image can be altered be manipulated very simply. It is vi-
tal to present the calculated dose to each compartment.

Correction for Decay and Absorption

The activity of the radionuclide will decline with time and it will also be cleared
from the lung through absorption and mucocilary clearance. The former is rele-
vant in that there may be a delay of some hours between formulating the radio-
pharmaceutical and administering it to a subject. Since the physical rate of decay
of the isotope is known this effect can be quantified. As noted above, some ra-
dionuclides are absorped very rapidly from the lungs and this is of particular rel-
evance when using SPECT, which may require acquisition times of 5–20 min. To
date there is no entirely satisfactory method for correcting for this problem par-
ticularly as the radionuclide present in the bronchial and pulmonary circulations
will contribute to the image as time passes.

Intrapulmonary Distribution

No standardized approach has been devised, and again only conclusions
drawn from studies comparing results within the same subject can be used with
any confidence.

IV. Pharmacokinetic Studies

There have been fewer pharmacokinetic studies than imaging studies involving
inhaled therapy largely due to difficulties involved in measuring the small quan-
tities of drug delivered to the patient and in obtaining complete sample collec-
tion. This problem has largely been overcome by the improved analytical
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techniques currently available and the use of analysis of sparse data. The phar-
macokinetics of variety of inhaled drugs have been studied in many patient
groups, including very young children and health volunteers (36,90,108–121).

Imaging has gained popularity because of the visual representation of drug
deposition. However it can be argued that more clinically relevant data maybe
obtained from pharmacokinetic studies in that they permit investigators to quan-
tify the total systemic exposure to a drug. They also quantify the total amount of
drug absorbed from the lungs, and it is argued that this may provide a valuable
index of the quantity of drug likely to reach it site of action, since most current
drugs are almost entirely absorbed into the systemic circulation once they reach
the epithelium. It has been argued that some drug deposited centrally in the air-
ways is removed by mucociliary clearance and that this fraction accounts for
some of the differences in results obtained using imaging and pharmacokinetic
approaches. This drug will be quantified as “pulmonary” using imaging tech-
niques but will not contribute to the therapeutic effect (28). The magnitude of
such an effect is the subject of much debate. If imaging times are kept short, mu-
cociliary clearance is less of a problem. However, pK samples are collected over
much longer time intervals.

Pharmacokinetic techniques have provided information that cannot be
obtained through conventional imaging. This includes the observation that pul-
monary clearance of terbutaline is increased in smokers (122) and by exercise
(123). Further advantages derived from using pharmacokinetic techniques in-
clude the ability to avoid the use of radiation and for some techniques the abil-
ity to repeat the studies several times in the same subject. Moreover, standard
formulations can be used avoiding the risk of altering the formulation during
labeling (124).

A. Methods

There are currently no techniques that will directly quantify local concentrations
within the target organ, the lungs, but it is possible to determine pulmonary dose
indirectly by measuring drug concentrations in the circulation or more indirectly
still, the urine. Techniques available include:

The use of drugs not absorbed from the GI tract
Charcoal-block methods
Correction for drugs of known bioavailability
Indirect methods, such as 30-min urinary excretion

The biggest single challenge is to distinguish drug reaching the systemic
circulation via the lungs from drug reaching the systemic circulation via the GI
tract. Certain drugs such as sodium cromoglycate (36,108,109) and fluticasone
proprionate (116–118) are either not absorbed from the GI tract or essentially
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fully metabolized by the liver after absorption. If no drug reaches the systemic
circulation from the GI tract, it can be assumed that the quantity of drug reaching
the systemic circulation represents the lung dose when inhaling through the
mouth provided that there is no drug metabolism within the lungs. For patients
inhaling from a face mask via the nose this may not be the case, as significant ab-
sorption via the nasal mucosa can occur (125).

For other drugs, GI absorption can be blocked using activated charcoal
(110–115), and this approach can used for a number of drugs. To use this ap-
proach, drug must be fully absorbed from the lungs and not metabolized during
transit. A reference intravenous dose is also required. In the method described by
Borgstrom et al. subjects urine was collected for 48 h after inhalation and a refer-
ence formulation of deuterium-labeled analogue of terbutaline was administered
intravenously. In these studies, higher pulmonary doses were found using the
gamma scintigraphy method. The reason for this is unclear and may reflect inac-
curacies in one or both methods or perhaps the lower values achieved in the
pharmacokinetic studies reflect mucociliary clearance of drug from central air-
ways. In contrast studies using inhaled steroids have generally noted higher pul-
monary values using pharmacokinetic techniques than imaging techniques. The
reasons are unclear.

In order to avoid the need for activated charcoal, some investigators calcu-
late the lung dose by correcting for the GI contribution, using oral bioavailability
data (90). This can be applied only to drugs administered to subjects in whom
the oral bioavailability has been clearly established in the subject group.

B. Indirect Technique

The charcoal-block method attempts to collect all drug absorbed through the
lungs. The 30-min urinary salbutamol method has been used in a number of
studies to compare devices and inhalation techniques (126–128). The method is
based on the observation that, in the majority of subjects, little if any of the swal-
lowed drug is excreted in the urine in the first 30 min after administering the
drug. It should be noted, however, that a proportion approximately (approxi-
mately 10%) of subjects do excrete significant amounts of orally administered
drug in the first 30 min. In those in whom this is not the case, the amount of drug
excreted in 30 min reflects the pulmonary dose.

A similar approach has been to measure plasma salbutamol levels at 30
min (129–132). These studies have often included pharmacokinetic components,
such as the effect of the beta agonist on heart rate tremor and serum potassium. A
major problem with this approach is that multiple doses are required, with as
many as 12 doses being used in the studies involving plasma levels to detect both
the drug and the pharmacodynamic responses, while the urinary salbutamol
method generally involves four inhalations.
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The results from these type of studies do not provide an absolute lung dose
but do allow comparison between devices when used by individuals. The tech-
nique appears relatively robust with intrasubject variability being reported as
around 10%, results similar to data from other types of studies. Whether these
techniques can be applied to other drugs is unclear.

V. Choice of Subjects

The choice of subjects clearly has a major influence on the validity of a study.
Most studies attempting to assess the delivery of therapeutic aerosols using
imaging or pharmacokinetic studies involve relatively few subjects. This is
largely influenced by the cost and logistical difficulties involved, though obvi-
ously it is desirable to use the lowest number of subject compatible with a clear
answer to a given question.

In some studies specific patient groups have been included. Clearly there is
no way of substituting for a ventilated infant or for cystic fibrosis patients with se-
vere pulmonary damage. Such studies provide valuable information regarding the
performance of a given device in clinical practice. Many more studies have utilized
well-trained healthy volunteers to assess the performance of a device. These studies
are performed under carefully controlled conditions, which, on occasion, go as far
as controlling the inhalation flow using pneumotachographs and flow profiles. The
results obtained using these well-trained, supervised volunteers inhaling under opti-
mal conditions are of interest, but the results do not necessarily reflect use in the real
world. The pattern of deposition will be quite different to that in an individual with
significant airflow obstruction, while even apparently minor deviations from stan-
dard operating procedures can have a major impact on the results. For instance, a re-
cent study found a 48% reduction in lung dose in a carefully controlled study during
which the investigator forgot to shake the pMDI before use (90).

Because of concerns regarding the potential for late effects in using ra-
dionuclides, females of childbearing age should be screened to ensure that they
are not pregnant, and in general such techniques should only be used in children
if the information is likely to add significantly to our knowledge and contribute
to improved therapy in the future.

Previous studies have indicated that intersubject variability is high with
current devices even under controlled conditions. This can be attributed to a
variety of causes, including anatomic differences, but the largest single cause
is likely to be variation in inhalation technique. There has been far less work
looking at intrasubject variability. The high intra- and intersubject variability
causes problems when trying to compare results from different studies particu-
larly where different techniques have been employed. Ideally crossover de-
signs should be used to compare devices.
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VI. Relationship Between Drug Delivery and Effect

To date there has been relatively little work correlating the pattern of deposi-
tion with the therapeutic outcome or pharmacodynamic effects (118,124,
133–135). This perhaps is not too surprising, as most β-agonists are adminis-
tered at or close to supramaximal doses and therefore generally administered
close to the plateau of the dose response curve, while the therapeutic effects of
inhaled steroids are observed over weeks and indeed for bronchial hypersre-
sponsiveness further benefits are still being observed after a couple of years of
therapy.

VII. Summary

Aerosol therapy has, to date, been used almost exclusively to treat pulmonary
disease, but the era of using the respiratory tract to deliver potent systemic drugs
and novel agents for pulmonary disease is dawning.

Most drug delivery systems currently used to treat pulmonary disease were
developed and introduced into clinical practice long before assessments of pul-
monary drug delivery were undertaken. The pharmaceutical companies have
seen little reason to improve on the current devices, utilizing technology that is
many decades old, because the current systems do produce useful therapeutic re-
sponses and are relatively safe (“therapeutic index”) if used effectively.

Measuring deposition under controlled conditions will provide an upper
limit of deposition from that particular delivery device in the population studied.

Studies have indicated that, even in tightly controlled settings, current sys-
tems are highly operator-dependent, and that it is not possible to predict pul-
monary doses in clinical practice. Pharmaceutical companies—and, perhaps
more importantly, regulatory authorities—have not addressed this issue of oper-
ator dependence and intrasubject variability. The advent of novel delivery sys-
tems that do address these issues will force the pharmaceutical companies and
regulators to consider these issues in some detail in the future.

Assessment of airways deposition alone does not provide us with an index of
the therapeutic ratio for a given drug, as the therapeutic index will change dramati-
cally if the device is used inappropriately. For instance, actuating a pMDI but not
inhaling will result in extremely high oral deposition with no therapeutic effect.

The approach chosen to determine the in vivo lung dose achieved with a
given device in a given patient group will be influenced by the resources avail-
able and the information required. A variety of approaches are possible, all of
which have advantages and disadvantages.

Imaging can be chosen if information regarding distribution of drug within
the airways is required. The amount of information available increases with the
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complexity of the method chosen. However, such information comes at a cost in
terms of expense, complexity, and radiation exposure. Pharmacokinetic tech-
niques provide an index of total lung dose and systemic exposure, and it could be
argued that for many studies this approach would be appropriate. For more com-
plex studies designed to further our understanding of the fate of drugs, sophisti-
cated techniques such as PET may be required.
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I. Introduction

For inhaled medications to be efficacious, an adequate dose of the drug must
deposit in the lungs. This means minimizing losses in the oropharynx. Minimiz-
ing drug losses in the oropharynx should also enhance the therapeutic index of
some drugs (i.e., the ratio of benefit to adverse effects). In addition, it is likely
that targeting the inhaled mass for deposition in regions of the lungs that con-
tain the drug’s effector cells and/or receptors will also improve efficacy. For ex-
ample, a bronchodilator aerosol will probably be most efficacious when
targeted to deposit in the tracheobronchial region of the lungs compared to de-
position in the alveolar region, which lacks smooth muscle and thus will be un-
affected by the drug’s bronchodilatory action. On the other hand, drugs that are
administered to the lungs for systemic delivery will probably benefit from tar-
geted deposition in the alveolar region, compared to the conducting airways,
because of the larger surface area for absorption and minimal mucociliary clear-
ance and proteolytic enzymes.

To achieve effective targeting within the lungs, known factors that govern
aerosol deposition—including particle size, inspiratory flow rate, lung volume at
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the time of inhalation and breath-holding time—must be understood. Each of
these factors interacts with several mechanisms of deposition. A short review of
these mechanisms of deposition is presented below. For a more detailed review,
we refer the reader to Chap. 2.

II. Polydisperse Versus Monodisperse Aerosols

Many of the basic principles of aerosol deposition theory have been validated
with laboratory-generated monodisperse aerosols, which means that the particles
are all the same size. A perfectly monodisperse aerosol has a geometric standard
deviation (GSD) of 1.0, but an aerosol is said to be acceptably monodisperse if
the GSD is less than 1.22 (1).

Unlike laboratory-generated aerosols, aerosolized drugs are almost in-
variably polydisperse, which means that the particles cover a wide range of
sizes. They may be irregular in shape as well. In 1966, the Task Group of the In-
ternational Committee on Radiological Protection (IRCP) suggested that the
size distribution of a polydisperse aerosol is best described by its mass median
aerodynamic diameter (MMAD) and GSD. The Task Group defined aerody-
namic diameter as the diameter of a unit-density sphere that has the same set-
tling velocity as the particle in question. Settling velocity was defined as a
constant speed of settling that occurs when the force of gravity equals the air re-
sistance. Redefining particle size in this way made it possible to compare irreg-
ularly shaped polydisperse particles by normalizing them in terms of their
settling velocities (2).

III. Mechanisms of Deposition

In 1935, Findeisen published his “Uber das Absetzen kleiner in der Luft sus-
pendierter Teilchen in der mensliche Lunge bei der Atmung,” which was the first
attempt to calculate the deposition of aerosols (3). The Findeisen model included
four mechanisms for deposition of particles. These were (1) impaction, (2) sedi-
mentation, (3) Brownian diffusion, and (4) interception. This review focuses
only on the first two mechanisms proposed by Findeisen, because Brownian dif-
fusion affects particles <1 µm; these are usually too small for therapeutic pur-
poses and interception is normally insignificant except for elongated particles
such as fibers. For more information about diffusion and interception, we refer
the reader to Chap. 2.

Electrostatic precipitation is another mechanism for particle deposition; it
is important when aerosols are administered from holding chambers or spacers.
We refer the reader to Chap. 12 for more information about electrostatic charge
and aerosol delivery systems.
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A. Impaction

The predominant mechanism for deposition of particles >3 µm is inertial im-
paction. Inertial impaction occurs primarily in the oropharynx, trachea, and
larger conducting airways. This is because these particles cannot follow the sud-
den airflow changes in these airways, and they collide with the airway wall.

Impaction in the Oropharynx

We said above that successful targeting of inhaled medications assumes minimal
losses of drug in the oropharynx. The major determinant of losses of inhaled
drug within the oropharynx is particle impaction as a result of inertial forces. Im-
paction of particles within the oropharynx occurs primarily at the 90-degree
bend in the posterior oral cavity and at the larynx. Newman et al. used gamma
camera imaging technology to show the effect of particle size on aerosol im-
paction in the oral cavity (4). Seven patients with cystic fibrosis (CF) inhaled ra-
diolabeled aerosols of the antibiotic carbenicillin on two different occasions.
Aerosols were generated by two different nebulizers and were characterized as
having mass median diameters (MMDs) of 7.3 or 3.2 µm. Although the GSD for
each aerosol was not reported, it is likely that the GSDs were similar, since each
was generated from a liquid, using standard nebulizer systems.

Figure 1 shows the gamma camera images of the lungs of one CF patient
after inhaling the two aerosols. The contour lines represent lung outlines at 15 and
30% of the maximum count rate, respectively. Dose deposited within the lungs
was expressed as a percent of the dose deposited in the lungs and oropharynx
combined. Dose deposited within the lungs was greatest for the 3.2-µm aerosol
(right image), whereas a larger fraction of the 7.3-µm aerosol was retained in the
oropharynx (left image) and was swallowed (visualized as stomach activity).

Impaction of aerosols within the oropharynx occurs not only because of
large particle size but also because of high aerosol velocity, either due to some
feature of the delivery system, such as the use of a pressurized propellant, or as a
result of inhalation at a high inspiratory flow rate. Figure 2 shows the effect of
high aerosol velocity associated with a pressurized propellant on the deposition
of 3-µm monodisperse Teflon particles in a patient with chronic obstructive pul-
monary disease (COPD). Newman et al. quantified the fraction of particles la-
beled with technetium 99m (99mTc) in the mouth, lungs, and stomach with a
gamma camera (5). Average deposition within the lungs (n = 8), expressed as a
percentage of the inhaled dose, was only 8.8%, while 80% was deposited in the
mouth. These high losses in the oropharynx were due to a combination of fac-
tors. First, incomplete evaporation of the propellants that coated the particles led
to a large particle size. Second, the high aerosol velocity attributed to the parti-
cles by the propellant increased the probability of particles impacting on the air-
way surface.
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The patient’s inspiratory flow rate also affects impaction of aerosol par-
ticles in the oral cavity. Data from a study by Anderson et al. show the effect
of increasing inspiratory flow rate on oropharyngeal deposition of an aerosol
with 3.0-µm MMAD (6). In that study, the authors increased flow rate from
0.4 to 1.2 L/s in a group of normal subjects. The aerosol was generated by
nebulizer, so there was no additional effect of pressurized propellant. As in-
spiratory flow rate increased, average deposition in the oral cavity increased
from 20 to 38%.

Laube et al. (7) compared oropharyngeal deposition over a narrower
range of inspiratory flow rates. Three normal subjects inhaled a radiolabeled
aerosol, generated by nebulizer (MMAD = 2.3 µm), at increasing inspiratory
flow rates. Single-probe gamma detectors, collimated to record counts only
from the bronchopulmonary region (below the larynx) or the oropharynx,
were used to quantify total deposition fraction. Counts within the oropharynx
region were expressed as a percentage of total deposition. Fractional deposi-
tion in the oropharynx was reproducibly minimized when patients inhaled be-
tween 13 and 35 L/min, averaging from 10 to 20% of the total activity
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Figure 1 Gamma camera scans of aerosol deposited in the lungs (L), oropharynx (O),
and stomach (S) of a CF patient after inhaling radioaerosols composed of 7.3- (left) or
3.2-µm (right) particles. (From Ref. 4.)



deposited. Above 35 L/min, there was a dramatic increase in oropharyngeal
deposition.

Farr et al. also examined the effect of inspiratory flow rate on deposition.
For those experiments, they measured the lung deposition of a radiolabeled
aerosol delivered by metered-dose inhaler (MDI) using the Smartmist device,
which detects inspired volume and flow rate. With this device, a trigger point can
be established for a predefined flow rate and volume. A microprocessor gives a
signal to an electromechanical device, which then actuates the MDI. Table 1
summarizes their results. For the same lung volume, the investigators found that
lung-deposition was higher when inspiratory flow rate was 30 L/min as opposed
to 270 L/min (8). This increase in lung deposition meant that oropharyngeal de-
position was reduced at the lower flow rate as compared with the higher rate.

Targeting the Lungs with Therapeutic Aerosols 215

Figure 2 Gamma camera image of the head, lungs, and stomach of a patient following
inhalation of radiolabeled Teflon particles from a pressurized canister. (From Ref. 5.)
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B. Sedimentation

Smaller particles deposit as a result of gravity or sedimentation. However, this
process requires enough residence time for completion. In the larger airways of
the tracheobronchial region of the lungs, where the air velocity is high, residence
time is at a minimum. However, air velocity slows in the smaller airways of the
tracheobronchial region and in the alveolar region, resulting in greater residence
time. For this reason, sedimentation is the predominant deposition mechanism in
the smaller airways and alveoli, affecting particles smaller than 3 µm and larger
than 0.5 µm.

Clearly, any increase in residence time will enhance the probability that
smaller particles will sediment. Two factors that enhance residence time and
thereby increase the probability of deposition in the smaller airways are an in-
crease in the lung volume during inhalation and an increase in breath-holding
time. Landahl modeled the effect of inhalation volume on total deposition. He
revised the Findeisen model of deposition by adding the influence of lung vol-
ume and showed that larger inhaled volumes would lead to increased total depo-
sition within the lungs (9). Landahl validated his model by administering
monodisperse 0.11- to 6.3-µm particles to healthy volunteers. Inhalation vol-
umes increased from 450 to 1350 mL. Inspiratory flow rate was constant at 300
mL/s. Total deposition was quantified as the difference between the number of
inhaled particles and the number exhaled (10). Table 2 shows that increasing the
volume of inhaled particles air resulted in enhanced total deposition for all parti-
cles, presumably because of increased residence time.

Newman et al. showed similar results in patients with lung disease. They
incorporated 3.2-µm Teflon particles labeled with the radioisotope 99mTc into
MDIs. Then they asked a group of patients with COPD to actuate the MDI while
they inhaled at 30 L/min, starting from different lung volumes: 20, 50, and 80%
of the vital capacity (VC). After inhalation, patients held their breaths for 4 s.
Measurement of lung, alveolar, and conducting airway deposition fractions re-
vealed that when actuation started at the lowest volume (i.e., 20% VC), signifi-
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Table 1 Fractional Deposition as a Function of Inspiratory
Flow Rate

Trigger point Lung deposition (% dose)

Firing flow: 30 L/min 14.1
Volume at time of firing: 300 mL
Firing flow: 270 L/min 8.4
Volume at time of firing: 300 mL

Source: Adapted from Ref. 8.



cantly more particles deposited in the lungs than when actuation began at the
higher volumes (11). These findings are shown in Table 3. They demonstrate that
under these breathing conditions, the deeper inspiration (starting from 20% VC)
resulted in higher total and regional lung deposition fractions compared to more
shallow inspirations starting from 50% and 80% VC.

Newman et al. (12) repeated the same experiments in another group of pa-
tients with COPD who were told to hold their breaths for 10 s after completing
the inhalation maneuver. Under those conditions, the investigators found that the
deposition fraction for the whole lung was the same whether patients began their
inhalation at the low or higher lung volumes. Similar results were reported for
deposition fraction in the conducting airways and alveoli. These findings are due
to the increase in breath-holding time (10 s), which enhanced the residence time
and resulted in increased deposition by sedimentation, regardless of the lung vol-
ume at the time of inhalation.
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Table 2 Effect of Changes in Inhalation Volume on Total Deposition (% of inhaled)

Inhalation mode (flow and volume)

Particle Size (µm) 300 mL/s, 450 mL 300 mL/s, 900 mL 300 mL/s, 1350 mL

0.11 34 36 46
0.25 32 32 41
0.55 17 23 33
1.4 26 53 65
2.9 52 69 82
3.8 59 72 89
6.3 86 93 96

Source: Adapted from Ref. 10.

Table 3 Effect of Changes in Lung Volume at the Time of
Inhalation on Deposition Fraction (% of dose)

Lung volume at actuation

Deposition fraction 20% VC 50% VC a 80% VC

Conducting airways 7.4 5.0 4.2
Alveoli 3.0 1.9 2.0
Whole lung 10.4 6.9 6.2

a Vital capacity.
Source: Ref. 11.



IV. Factors That Affect Aerosol Targeting

Particles that penetrate beyond the oropharynx and enter the lower airways may
deposit in two broad regions of the lungs: the tracheobronchial zone and the pul-
monary zone, as shown in Fig. 3 (13). Anatomically, it is assumed that the tra-
cheobronchial zone is composed of the trachea and the larger conducting
airways, whereas the pulmonary zone contains the smaller airways and alveoli.
The extent to which particles deposit in either region is dependent on particle
size, inspiratory flow rate, and lung volume at the time of inhalation (14).
Whether a particle will impact or sediment also depends on the value of these pa-
rameters. For example, a small particle can deposit by impaction mechanisms
when inhaled fast or by sedimentation when inhaled slowly.

A. Particle Size

Several investigators have modeled deposition within the lung as a function of
particle size. Gerrity related particle size and regional deposition on a per air-
way generation basis, as shown in Fig. 4 (15). His calculations took into ac-
count the Landahl equations (9) and the Weibel-A lung model (16). This model
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predicts that large monodisperse particles will deposit in the proximal airways,
while smaller ones will deposit in the distal airways. This model also predicts
that deposition will be spread over many airway generations. This “spread” in
deposition will be enhanced with polydisperse aerosols. In addition, according
to the model, large particles may reach the distal airways in low numbers. So
when an abundant number of large particles are inhaled, the burden to the alve-
oli may be significant.

Yeh and Shum developed a model for regional deposition on a per lobe
basis instead of per airway generation. Airway dimensions to the terminal
bronchioles were obtained from measurements of the cast of the lungs from a
human cadaver. Information for generations beyond the terminal bronchioles
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was estimated from the Weibel lung model (16). Regional deposition was de-
fined as tracheobronchial (TB) and pulmonary (P) in each of five lobes. Ac-
cording to this model, total and regional deposition in each of the lobes will
increase with increasing particle size (i.e., between 1 and 3 µm). These data are
shown in Table 4.

The model also predicts that regional deposition in the tracheobronchial
region will be greatest in the lower left lobe for 1-, 2-, and 3-µm particles;
whereas deposition in the pulmonary region will be greatest in the lower right
lobe for these same particles (17).

B. Inspiratory Flow Rate

Studies by Laube et al. (18) and Farr et al. (8) show the effect of changes in in-
spiratory flow rate on regional deposition in human subjects. Figure 5A and B,
taken from Laube et al. (18), shows the change in deposition pattern within a
human lung following fast (∼60 L/min, A) and slower (∼12 L/min, B) inspira-
tions of an aerosol (MMAD = 1.5 µm) that was radiolabeled with 99mTc and gen-
erated by jet nebulizer. The distribution of radioaerosol within the lungs was
quantified with a gamma camera. The amount of radioactivity detected in an in-
ner (large conducting airways) and outer lung zone (smaller airways and alve-
oli) was expressed as an inner versus outer zone ratio (I/O ratio). Higher I/O
ratios indicated increased deposition in the larger, central airways. In nine sub-
jects, I/O ratios averaged 2.91 after the fast inspiratory maneuver. This was re-
duced to 1.84 after the slower inspiration, indicating enhanced deposition in the
smaller airways.

Similarly, using the Smartmist device described earlier, Farr and associ-
ates (8) reported that, for a given lung volume of 300 mL, the central/periph-
eral ratio (an indicator of deposition in the larger airways versus the lung
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Table 4 Percent Deposition Per Lung Lobe

d (µm) Region UR MR LR UL LL

1 TB 0.32 0.14 0.62 0.33 0.68
P 1.91 1.01 3.40 1.69 0.32

2 TB 0.56 0.25 1.12 0.57 1.21
P 2.85 1.50 5.17 2.57 5.02

3 TB 0.79 0.37 1.61 0.80 1.74
P 3.09 1.63 5.66 2.83 5.50

Key: UR, upper right; MR, middle right; LR, lower right; UL, upper left;
LL, lower left; TB, tracheobronchial; P, pulmonary; d, aerodynamic parti-
cle size.
Source: Ref. 17.



periphery) was significantly enhanced when inspiratory flow rate was 270
L/min versus 30 L/min.

C. Inhalation Volume

Pavia et al. randomly assigned inhalation volumes ranging from 0.11 to 0.88 L to
44 patients with airways obstruction and measured the alveolar deposition of ra-
diolabeled polystyrene particles (5 ± 0.7 µm) generated from an MDI. The pa-
tient’s FEV1 and inspiratory flow rate were also measured. A multiple regression
analysis of the alveolar deposition, inhalation volume, FEV1 and inspiratory flow
rate revealed that for every liter increase in inhalation volume and for every liter
increase in FEV1, the alveolar deposition rose by 40 and 11%, respectively. In
contrast, alveolar deposition decreased by 0.75% for every 1 L/min increase in
inspiratory flow rate (19).

D. Conclusions

The data presented above suggest the following:

Targeted delivery of aerosolized medications to broad regions of the lungs
(i.e., large, central airways versus smaller airways and alveoli) can be
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Figure 5 Gamma camera scans of lungs and trachea of an asthma patient after rapid
(A) and slow (B) inhalation of radiolabeled aerosol. (From Ref. 18.)
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achieved by manipulating particle size, inspiratory flow rate, and inhala-
tion volume.

Targeting of therapeutic aerosol particles to specific airway generations is
not possible because both monodisperse and polydisperse aerosols will
deposit over several generations.

For particles that deposit by impaction mechanisms (i.e., particles > 3 µm),
high inspiratory flow rates (>30 L/min) lead to enhanced losses of drug
in the oropharynx and increased deposition in the trachea and larger
central airways. Slower inspirations should enhance deposition of these
particles in the lung periphery.

For particles that deposit by sedimentation mechanisms (i.e., particles 
> 0.5 µm and < 3 µm), an increase in inhalation volume and the use of a
breath-hold will enhance deposition in the distal lung as a result of in-
creasing the residence time.

V. Therapeutic Aerosols and Their Targets

To optimize the efficacy of an inhaled drug, it is necessary to deliver an adequate
dose beyond the oropharynx and, if possible, to direct deposition to a specific
broad region(s) of the lung that contains the target cells and receptors. In the sec-
tions below, we discuss various sites and/or cell populations to which different
classes of inhaled drugs should be directed when the lung is the target organ
(e.g., bronchodilators and anti-inflammatory drugs) and when the lung is an al-
ternative route for delivery to the systemic circulation (e.g., insulin). We review
the available data for the location of the target cells and/or receptors for each
type of drug as follows:

Bronchodilators: smooth muscle cells and β-adrenergic/cholinergic receptors
Steroidal anti-inflammatory drugs: eosinophils and glucocorticoid receptors
Nonsteroidal anti-inflammatory drugs: eosinophils and mast cells
Histamine: H1 and H3 receptors
Methacholine: smooth muscle cells and muscarinic (M3) receptors
Drugs intended for systemic delivery: the alveolar region

A. Bronchodilators

Bronchodilators have a clear target in the lungs. Smooth muscle β2-agonists,
such as albuterol, relax smooth muscle by occupying β2-receptors, while anti-
cholinergic drugs, such as ipratropium bromide, prevent constriction of smooth
muscle by occupying cholinergic receptors. It is clear that for optimal effect,
these drugs should be directed to those regions of the lung where the amount of
smooth muscle and the populations of these receptors are highest.
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Smooth Muscle Distribution

During autopsy, Hossain et al. determined the amount of smooth muscle in the
airway walls of patients who died of asthma. She then compared her findings to
the amount of smooth muscle found in the airways of healthy controls. She
found that the amount of smooth muscle decreased from the larger airways to-
ward the lung periphery in the controls. In the asthmatics, there was an increase
in the amount of smooth muscle in all airways compared to the controls and less
of a decrease in the amount of muscle toward the lung periphery (20).

Another group of researchers found that patients with asthma can be subdi-
vided into two types based on the amount of muscle present in the airways at au-
topsy. Their data are presented in Table 5. Lungs were selected from patients
with or without bronchial asthma. Type 1 patients showed an increase in the
amount of muscle in the larger airways, whereas type 2 patients demonstrated an
increase in the amount of muscle in large and smaller airways (21).

β-Receptor and Cholinergic-Receptor Location

In experiments in ferret lungs, Barnes et al. showed that β-receptors were located
near airway smooth muscle and their numbers increased in the smaller airways.
They also found that a large number of these receptors was present in the alveoli
(22). In other experiments, they found an increase in both α- and β-receptors in
peripheral airways and a decrease in cholinergic receptors (23). These investiga-
tors have also shown that a similar distribution pattern for β-receptors is found in
the human lung (Table 6) (24).

B. Anti-Inflammatory Drugs

Steroidal and nonsteroidal anti-inflammatory drugs such as corticosteroids,
sodium cromoglycate, and nedocromil sodium, respectively, are used to treat
asthma and COPD. In the sections below, we present potential targets for these
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Table 5 Thickness (µm) of Airway Smooth Muscle
in Various Patients with Disease and in Control
Subjects

Group Large bronchi Small bronchi
2<R<3 mm 0.3<R<0.4 mm

Controls 12.4 5.6
Asthma, type 1 64.6 5.6
Asthma, type 2 32.8 11.5
Emphysema 26.8 6.6

Source: Ref. 21.



drugs in patients with asthma because their usefulness in treating asthma is clear
and well established.

In delivering aerosolized steroidal and nonsteroidal anti-inflammatory
drugs to patients with asthma, one cell population that should be targeted is the
eosinophil. This is because asthma is generally believed to involve an
eosinophilic type of inflammatory reaction (25). Steroids reduce the number of
eosinophils in circulation, the recruitment of eosinophils to local tissue sites, the
survival of eosinophils in the presence of cytokines, and the production of cy-
tokines responsible for or involved in all of these processes (25). Cromolyn in-
hibits the ability of eosinophils to kill complement-coated schistosomula
organisms and to express, upon stimulation, complement C3b and Fcγ receptors
(26). Nedocromil inhibits the release of proteins from eosinophil granules and
leukotriene (LTC4) formation by eosinophils (27,28).

Eosinophil Cell Distribution

Faul et al. (29) sampled the cellular contents in proximal and distal airways from
five patients who died of an asthma attack within an hour after onset. Table 7
summarizes the results of that study, which indicate a heavier cellular infiltrate in
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Table 6 Location of β-Receptors in Human Airways

Grain count/1000 µm2 β1 (%) β2 (%)

Bronchial epithelium 213 0 100
Bronchiolar epithelium 129 0 100
Bronchial smooth muscle 28 0 100
Bronchiolar smooth muscle 92 10 90
Alveolar wall 513 30 70

Source: Ref. 24.

Table 7 Number of Cells (×104/µm2) Present in Proximal
and Distal Airways of Asthmatic Patients Who Died Within
1 h After the Onset of Symptoms

Proximal airways Distal airways

T cells 10.9 7.7
Macrophages 9.7 3.4
Eosinophils 1.7 0.3
Activated eosinophils 1.14 0.3

Source: Ref. 29.



the proximal airways for all cell types including eosinophils. These data suggest
that inflammation was centrally located in these patients.

Azzawi et al. reported similar results (30). They compared the number of
leukocytes, T cells, B cells, and eosinophils in a 115-µm deep layer beneath the
lamina reticularis of intrapulmonary bronchi in healthy people who died of
drowning or in road accidents and in those who died of an asthma attack lasting
for several hours. These data are summarized in Table 8.

From this table, it is clear that the asthmatics differed from the healthy
subjects in the number of leukocytes, T cells, and eosinophils in these larger
airways. Azzawi and colleagues also correlated the number of eosinophils pre-
sent and the duration of the terminal episode, which ranged from a few hours
to several days. The longer the duration, the higher the eosinophil count in the
airways (30).

Synek et al. counted and compared the number of inflammatory cells (mast
cells, activated and resting eosinophils, monocytes/macrophages, neutrophils,
and CD3+/CD8+ T cells) in the large (diameter >2 mm) and smaller (diameter <2
mm) airways of subjects who died of asthma and in those who died of nonasth-
matic causes. The results showed that for the smaller (<2-mm) airways, the cell
count did not differ, indicating that the severity of inflammation in these airways
was similar in the two groups. However, in the larger airways, some differences
were present. In the airway wall but not in the epithelium, a greater number of
eosinophils were present in the subjects who died of asthma. The CD3+/CD8+ T-
cell count, on the other hand, was lower in the large-airway epithelium (31).

The combined data from the above studies suggest that there may be a
greater cellular infiltrate of eosinophils in the larger central airways than in the
smaller airways of patients who die of asthma. However, most asthma patients
do not die of their disease, so it is not clear how these findings pertain to those
patients. Hamid et al. addressed this question by obtaining lung tissue from asth-
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Table 8 Number of Cells per Millimeter
Length of Epithelial Basement Membrane
Present in Intrapulmonary Bronchi of
Asthmatic Patients and Controls

Asthma Controls

Leukocytes 96.9 41
T cells 72.8 27.9
B cells 12.4 13.0
Eosinophils 62.7 1.0
Activated eosinophils 35.7 0

Source: Ref. 30.



matics who needed surgery for concomitant lung carcinoma. Comparing large
and small airways within the asthmatic group revealed a slight increase of acti-
vated but not total eosinophils in the small airways (p<0.05) (32). They then
compared cell counts from these samples with those from nonasthmatic carci-
noma patients. Sample airways were divided into <2 mm (small airways) and >2
mm diameter (large airways). Mast cells, activated and resting eosinophils,
macrophages, neutrophils, and T cells were counted. With the exception of the
macrophages and neutrophils, the asthmatic airways showed an increase in cel-
lular content. Mast cells were most abundant in the larger airways of the asth-
matic patients.

Carroll et al. divided the airways into three classes: <6 mm, 6–16 mm, and
>16 mm (membranous, small, and large cartilaginous, respectively). Eosinophils
and lymphocytes were counted in all three classes of airways in subjects, who
(1) died of asthma; (2) were asthmatics but died of other causes; and (3) controls.
For lymphocytes, the number decreased toward <6 mm airways, and no signifi-
cant differences were noted between fatal and nonfatal asthmatics. Eosinophils
were most abundant in the large airways of those who died of asthma. This was
also true for those with nonfatal asthma, but the difference in numbers for the
classes of airways was less dramatic (33).

Kraft et al. (34) studied the distribution of eosinophils in transbronchial
(alveolar tissue) and endobronchial (fourth and fifth airway generations) biopsies
from patients with nocturnal and nonnocturnal asthma. They found that the num-
ber of eosinophils was slightly higher in the alveoli for both groups of patients.
However, as lung function deteriorated during the night for the patients with
nocturnal asthma, Kraft noted that the number of eosinophils increased.

Glucocorticosteroid Receptor Location

Another approach to targeting aerosolized steroids is to target the glucocorti-
costeroid receptor. Adcock et al. examined the distribution of glucocorticos-
teroid receptors in 3 asthmatics who were undergoing heart transplantation and
in 15 nonasthmatic controls. Glucocorticosteroid receptor mRNA was found in
every cell type in the lungs. But the highest concentrations were recovered from
the alveolar walls, endothelium, and smooth muscle cells of the bronchial and
pulmonary vessels. Lower amounts were found in airway epithelium and
smooth muscle. There were no differences between asthmatics and controls. Vi-
sualization of glucocorticosteroid receptor protein by antibody staining re-
vealed that most protein was found in the alveolar walls, endothelium, and
smooth muscle cells of vessels. Again, no difference was found between asth-
matics and controls (35). Vachier et al. confirmed these results. They also re-
ported no difference in receptor mRNA or protein for healthy subjects and
asthmatics (36).
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Mast-Cell Location

As mentioned above, nonsteroidal anti-inflammatory drugs, such as sodium cro-
moglycate and nedocromil sodium, inhibit various aspects of eosinophil expres-
sion and secretion. It is also assumed that this class of drugs stabilizes the
membrane of the mast cell, thereby preventing cell degranulation and the release
of inflammatory facilitating compounds. For this reason, the mast cell also ap-
pears to be a good candidate for targeting this class of inhaled drugs.

The two distinct types of mast cells in humans are distinguished by differ-
ences in their secretory granule protease constituents. MCTC cells contain chy-
mase, carboxypeptidase, cathepsin G-like protease and tryptase. They are the
predominant type of mast cells found in the skin and in the gastrointestinal sub-
mucosa. MCT cells contain only tryptase and are the predominant type of mast
cell found in the lung, particularly in the alveoli, and in the small intestinal mu-
cosa (37,38). Although one of these mast cell types often predominates in a
given tissue, smaller amounts of the other mast cell type are also usually present.
In addition, the relative amount of each type of mast cell within the tissue may
change with tissue inflammation or fibrosis (39).

C. Histamine

H1- and H3-Receptor Location

Histamine plays a central role in immunologic and anti-inflammatory responses,
particularly in the immediate hypersensitivity response. Three subclasses of hist-
amine receptors have been identified: H1, H2, and H3 receptors. H1 receptors are
involved in mediating increased vascular permeability, pruritus, contraction of
smooth muscle in the respiratory and gastrointestinal tracts, release of mediators
of inflammation, and recruitment of inflammatory cells. Among other effects, H3

receptors mediate the negative feedback control of histamine synthesis and re-
lease and may play some defensive role against excess bronchoconstriction. H1

and H3 receptors are both found primarily in bronchial smooth muscle in the hu-
man respiratory tract (40).

D. Methacholine

M3-Receptor Location

Methacholine acts through muscarinic (M3) receptors to contract smooth muscle.
It is often aerosolized and delivered in increasing concentrations during bron-
choprovocation challenge. Asthma patients typically respond to inhaled metha-
choline at lower doses than do subjects who do not have asthma. Thus, it is often
used to differentiate between asthmatic patients and non asthmatic subjects. It is
also used to determine the effectiveness of inhaled medications that act to pre-
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vent smooth muscle contraction. The degree of its effectiveness, in terms of
bronchoconstriction, is probably related to the distribution of smooth muscle and
the location of M3 receptors within the airways.

We have discussed what is known about the distribution of smooth mus-
cle in human airways earlier in this section, under bronchodilators. As for
muscarinic receptors, in general, radioligand binding and autoradiography
studies reveal that they are present in high density in the human lung. The dis-
tribution of these receptors is greatest in the large airways and least in the pe-
ripheral airways. More specifically, M3 receptors are found in large and some
peripheral airways as well as in submucosal glands (41,42). Given the distrib-
ution of these receptors, it is not surprising that a muscarinic antagonist has
been shown to cause selective dilation of large, central airways when given as
an aerosol (43).

E. Drugs for Systemic Delivery

Alveolar Region

One of the most important determinants for optimizing treatment outcome
with drugs that are administered to the lung by inhalation, as an alternative
route of delivery to the systemic circulation, is the site of deposition within
the lungs. This is because the bioavailability of these drugs is dependent upon
absorption of the drug across the epithelial and endothelial membranes, and
absorption in the alveolar region of the lungs is probably superior to that in
the larger conducting airways.

The mucosa of the lung constitutes one of the largest resorptive surfaces of
the human body (i.e., approximately 75 m2), and most of this surface area is
found in the alevolar region of the lungs (16). For this reason alone, the alveolar
region of the human lung is the ideal region for targeting deposition of inhaled
drugs for systemic delivery. Several other features make this region the best tar-
get for systemic delivery of inhaled drugs. First, mucociliary clearance mecha-
nisms are minimized in this region (44), so drugs remain on the mucosal surface
for a longer period of time. This should enhance absorptive mechanisms. Sec-
ond, this region of the lungs provides an extremely thin (0.1-µm) and vesiculated
cell barrier, which further promotes absorption (16,44–46). Quantitation of indi-
vidual cell size and number of vesicles reveals that in both endothelial and ep-
ithelial cells, more than 70% of the total plasma membrane is located in vesicles
that may function as a transcellular shuttle for proteins (46).

F. Conclusions

We have summarized the possible targets for various classes of aerosolized drugs
below. Some targets are clearer than others.
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Bronchodilators: β2 Agonists

Based on observed differences in the distribution of smooth muscle
cells in patients at autopsy, some asthmatics may profit from a more
diffuse deposition pattern including both large and smaller bronchi,
while the optimal deposition pattern for others may be the larger
bronchi.

Based on the distribution of β2 receptors, the optimal target appears to be
the smaller airways in patients with asthma.

Steroidal and Nonsteroidal Anti-Inflammatory Drugs That 
Target Eosinophils

Data obtained from asthma patients who have died from their asthma sug-
gest that there may be a greater infiltrate of eosinophils in the larger air-
ways than in the smaller airways.

Data from living subjects do not support these findings. Therefore, it is un-
clear where drugs should be deposited in the lungs if they are designed
to target eosinophils.

Steroidal Anti-Inflammatory Drugs That Target 
Glucocorticosteroid Receptors

Since high concentrations of glucocorticosteroid receptor mRNA have
been reported in the alveolar walls, endothelium, and smooth muscle
cells of bronchial and pulmonary vessels, these may be possible targets
for steroidal anti-inflammatory drugs.

Nonsteroidal Anti-Inflammatory Drugs That Target Mast Cells

The alveolar region of the lung may he a possible target, since MCT cells
are the predominant mast cell found in the lung and are found primarily
in the alveolar region.

H1 and H3 Receptors

Since H1 and H3 receptors are both found primarily in bronchial smooth
muscle in the human respiratory tract, this region of the lungs appears to
be the best target for the delivery of H1- and H3-receptor antagonists.

Muscarinics and Antimuscarinics

Based on the distribution of M3 receptors, inhaled muscarinics and an-
timuscarinics should be targeted to the larger central airways of patients
with asthma.
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Inhaled Drugs for Systemic Delivery

The alveolar region of the human lung is the ideal region for targeting de-
position of inhaled drugs for systemic delivery.

VI. The Clinical Effects of Targeting

Since aerosol deposition can be targeted to several broad regions of the lungs—
as a result of alterations in particle size, inspiratory flow rate, and inhalation
volume—it is logical to review the clinical effects of targeting as a function of
these parameters. We emphasize changes in clinical measures such as increased
bronchodilatation or a reduction in bronchial reactivity. Experiments in which
changes in deposition pattern are directly measured using a gamma camera are
also presented. But changes in deposition pattern alone cannot predict changes
in clinical effects. Ideally, the two approaches should be combined such that im-
provement in the clinical effect is demonstrated when deposition pattern is al-
tered in a particular way. Results from the few studies that utilize this
combination approach are also presented.

A. Altering Particle Size Distribution

Bronchodilators (β2 Agonists)

The clinical effect of alterations in the particle size of bronchodilators has been
studied by several investigators. Clay et al. (47) compared the efficacy of terbu-
taline aerosol composed of particles with an MMAD of 10.3, 4.6, or 1.8 µm in
terms of improving pulmonary function in patients with asthma. Aerosols were
generated by three different nebulizers. Eleven asthmatics inhaled a fixed vol-
ume of 700 mL at 14 breaths per second. The dose was estimated to be 2.5 mg
terbutaline. All three aerosols elicited significant and similar FEV1, FVC and
peak-flow changes with respect to baseline. Nevertheless, the smallest aerosol
was more potent than the other two aerosols in terms of improving the MEF50,
and MEF25. This difference in the effect on MEF50 and MEF25 may have been
due to a greater dose being deposited in the smaller airways with the 1.8-µm
aerosol compared to the others. This is because Clay later showed, in a different
set of patients, that 80% of the 1.8-µm aerosol particles deposited in the lung,
compared to 60 and 44% of the 4.6- and 10.3-µm aerosols, respectively (48).

Other data indicate that bronchodilator particles that are ≤5.6 µm are more
efficacious than larger particles. Rees et al. (49) incorporated terbutaline crystals
into standard MDIs and generated polydisperse aerosols characterized by three
different MMADs: 5.6, 9.1, and 13.6 µm. In 10 patients with asthma, they found
that only the smallest aerosol (5.6 µm) significantly improved the FEV1, sGaw,
and MEF50. Since the two other aerosols had no significant bronchodilating ef-
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fect, the investigators concluded that the efficacy of this bronchodilator could be
enhanced if the aerosol particles were ≤5.6 µm.

Johnson et al. (50) also found that particles <5.6 µm appear to be more po-
tent than larger particles. In that study, 8 patients with chronic, stable asthma in-
haled albuterol aerosols composed of 3.3- or 7.7-µm particles. They found that
the percent improvement in FEV1 was significantly higher after inhalation of the
aerosol consisting of the smaller particles compared to the aerosol with larger
particles. Radiolabeling studies did not show significant differences in the ratio
of peripheral-to-central deposition for the two aerosols but did show a higher to-
tal lung dose for the aerosol with the smaller particle size. This finding indicated
that the 3.3-µm aerosol penetrated beyond the oropharynx to a greater extent
than the 7.7-µm aerosol, and this difference in deposition fraction could explain
its increased potency.

The importance of the mass of aerosol that is deposited in the lung was
also shown by Persson et al. (51), who modified the mouthpiece of terbutaline
Turbuhalers so that they delivered either 90, 40, or 5 µg as <5-µm particles.
When pulmonary function was measured before and after administration of these
three aerosols in a group of patients with asthma, the FEV1 was least improved
when the low dose (i.e., 5 µg) was delivered. The two higher doses did not differ
from each other.

Ruffin et al. (52) investigated the effect of altering particle size below the
5.6-µm cutoff, as suggested by Rees (49) and others. They compared changes in
pulmonary function after administering isoproterenol aerosols with MMADs of
3.3 and 1.5 µm to six asthmatics. The isoproterenol was admixed with the ra-
dioisotope 99mTc, so that the dose and distribution of each aerosol could he quan-
tified from analyses of gamma camera lung scans obtained after inhalation of the
radioaerosol. Lung distribution was quantified in terms of an inner/outer (I/O)
ratio. Higher ratios indicated enhanced deposition in the larger, central airways.
Radiolabeled isoproterenol was administered in increasing doses, followed by
gamma scintigraphy of the lungs and pulmonary function testing. Drug adminis-
tration continued until the patient complained of tremor, the heartbeat increased
by more hart 40 beats per minute, or changes in the patient’s FEV1 indicated a
predetermined maximum response.

I/O ratios for the 1.5-µm aerosol ranged from 2.1:1 to 3.2:1. In contrast,
the I/O ratio for the 3.3-µm aerosol ranged between 3.4:1 to 8.0:1. In 3 of 6 pa-
tients, Ruffin found that the cumulative dose-response curves and the ED50 for
the 3.3-µm aerosol were significantly shifted to the left of the 1.5-µm aerosol
curves. ED50 is the effective dose that caused 50% of the maximum possible re-
sponse. An example of this shift in the dose-response curve for one of the sub-
jects is shown in Fig. 6.

These patients also demonstrated large differences in their I/O ratios for
the two aerosols. The aerosol with the larger particles resulted in higher I/O
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ratios, indicating a more central deposition pattern compared to the aerosol with
smaller particles. These results suggested that the 3.3-µm aerosol was more po-
tent than the 1.5-µm aerosol in terms of bronchodilatation in these three patients,
and this change in potency appeared to be related to a difference in the site of de-
position for the two aerosols. In the other three patients, there was little differ-
ence in the I/O ratio or the FEV1 response for the two aerosols.

Patel and coworkers (53) used a spinning-top generator to manufacture
monodisperse isoproterenol aerosol composed of 2.5- and 5-µm particles. In pa-
tients with mild asthma, dose-response curves for all lung function parameters
were shifted to the left for the aerosol with the 2.5-µm particles compared to that
with the 5-µm particles, indicating a higher potency for the former aerosol. The
authors concluded that this increase in potency could be due to an increase in the
dose of drug delivered. These results were similar to those of Ruffin et al. (52)
and Johnson et al. (50), because they also indicated that bronchodilator particles
appear to be most effective when formulated in the 2.5- to 3.5-µm range.

In contrast to these findings, Mitchell et al. (54) found that altering particle
size below ≤5.6 µm did not change the bronchodilator effect. They generated 1.4-
and 5.5-µm salbutamol aerosols using two different nebulizers. Deposition frac-
tion within the lung periphery was quantified by radiolabeling the aerosols and
quantifying deposition with a gamma camera. In 8 patients with chronic severe

232 Zanen and Laube

Central
Isoproterenol

Diffuse
Isoproterenol

0.1 1.0 10 100

Central
ED50

Diffuse
ED50

0

50

100

FEV (% maximum response)1

Figure 6 Cumulative right lung isoproterenol dose (µg) after inhalation of 1.5- and
3.3-µm aerosols. (From Ref. 52.)



but stable asthma, the authors found that peripheral lung deposition was similar
for both aerosols (i e., 60%). Mean increases in FEV1 were also similar for the
two aerosols.

Hultquist et al. (55) reported similar results. They compared the efficacy of
1.5- and 4.8-µm bronchodilator particles generated by two different nebulizers
and could not show an advantage for the smaller aerosol. Sixteen patients with
chronic, moderately severe but stable asthma inhaled the two aerosols. Neither
the cumulative FEV1 dose-response curves nor parameters for gas exchange
showed significant differences.

The data on the relationship between alterations in particle size and the
clinical efficacy of β2-aerosols are summarized in Table 9. From this table, it is
clear that, for a β2-agonist aerosol, most studies indicate that particles should be
≤5.6 µm. Some studies indicate that the actual particle size below 5.6 µm is irrel-
evant (54,55). Other researchers found that differences in the particle size below
5.6 µm affected the degree of bronchodilatation (47,50,52,53).

These contradictions may be due to the experimental design of the studies.
Most of the studies used different nebulizers to generate smaller or larger poly-
disperse aerosols. However, differentiating between the effects of different poly-
disperse aerosols can be confounded by considerable overlap in size
distributions and the possibility that total and regional deposition for these
aerosols may not be different. Another confounder could be differences in nebu-
lizer output. It is well known that different types of nebulizer have different mass
outputs (56,57). Thus, a nebulizer that generates an aerosol composed of large
particles but has a high mass output could be more efficacious than a nebulizer
that produces an aerosol with smaller particles and a lower output. This is espe-
cially important in comparing the effects of an aerosolized drug such as a bron-
chodilator, which has a broad window of dosing efficacy.

Zanen and coworkers (58) avoided the above confounders by generating
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Table 9 Summary of the Relationship Between the
Potency of β2-Aerosols and Particle Size

Most potent
Reference MMAD of aerosol (µm) Aerosol

52 1.5 3.3 3.3
49 5.6 9.1 13.6 5.6
47 1.8 4.6 10.3 1.8
54 1.4 5.5 No difference
50 3.3 7.7 3.3
53 2.5 5 2.5
55 1.5 4.8 No difference



β2-aerosols that were monodisperse and by controlling the inhaled dose and
breathing maneuvers. Aerosols were generated by a spinning-top generator,
while the particle size distribution and the aerosol mass were constantly moni-
tored. In one experiment, eight stable asthmatics inhaled three salbutamol
aerosols composed of 1-, 2.8-, or 5-µm particles and a placebo. They inhaled
doses of 5-, 10-, 20-, and 40-µg salbutamol with each aerosol, and after each
dose, the improvement in lung function was quantified. The findings of Zanen et
al. are summarized in Table 10.

The resulting dose-response curves showed a clear difference from
placebo for all three of the salbutamol aerosols. For measurements of FEV1,
MEF75, MEF50, and MEF25, the 2.8-µm aerosol was significantly more effica-
cious than the 5-µm aerosol. For measurements of PEF, the 2.8-µm aerosol was
significantly more efficacious than the 1.5-µm aerosol. These results suggest
that, in mild asthmatics, the particle size of choice for a β2-aerosol should be
close to 2.8 µm. These results are similar to the previous findings of Ruffin et al.
(52), Johnson et al. (50), and Patel et al. (53).

Corticosteroids

The reformulation of beclomethasone MDI formulations using HFA propellants has
provided us with some insight as to the relationship between the particle size and
the aerosol velocity of corticosteroids delivered by MDI and their clinical effect.
Particles generated from an HFA-MDI containing the newly formulated be-
clomethasone aerosol primarily are composed of 1.1- to 2.1-µm particles, compared
to 3.3- to 4.7-µm particles generated by the older CFC-MDI (59). At the same time,
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Table 10 Mean (SD) Improvement in Lung Function (Percent Predicted)
After Inhalation of Salbutamol Aerosols with Different Particle Sizes

Significantly
Lung function

Particle size
different

parameter 1.5 µm 2.8 µm 5 µm aerosols

VC 7 (7.8) 8.1 (9.4) 6 (8.9) NS
Rtot –27.6 (93) –84.3 (92) –52.7 (62.1) NS
FVC 8.9 (5.6) 9.6 (9.3) 7.9 (6.6) NS
FEV1 12.8 (4.3) 14.6 (6.5) 10.1 (4) 2.8 vs. 5
MEF25 12.1 (6.6) 14.9 (9.5) 9.2 (7.9) 2.8 vs. 5
MEF50 15.2 (6.7) 18.5 (9.4) 12.1 (6.2) 2.8 vs. 5
MEF75 17 (4.4) 21.4 (9) 14.6 (5.6) 2.8 vs. 5
PEF 9 (7.1) 15 (7) 13.1 (7.9) 2.8 vs. 1.5

Source: Ref. 58.



the velocity of the aerosol particles generated by the HFA-MDI is significantly
slower than that of the CFC-MDI (59).

Such changes in particle size distribution and aerosol velocity are likely to
affect the amount of drug that penetrates beyond the oropharynx and deposits in
the lungs. This hypothesis was confirmed by Leach et al., who added a radiolabel
to a CFC- and HFA-beclomethasone MDI and quantified lung deposition in
healthy volunteers as a percent of the dose that deposited in the lungs and
oropharynx combined. Deposition patterns for the two formulations are shown
in Fig. 7A and B. For the HFA-MDI, 55–60% of the dose deposited in the lungs
(Fig. 7B, right), while 29–33% deposited in the oropharynx. In contrast, only
4–7% of the CFC-MDI aerosol deposited in the lungs (Fig. 7A, left), while
≥90% deposited in the oropharynx (60). These differences in dose deposited for
the two formulations need to be confirmed in other, independent laboratories.

A change in particle size and aerosol velocity as a result of the HFA refor-
mulation could also lead to an alteration in the site of deposition of beclometha-
sone (BDP) within the lung compartment, perhaps favoring the lung periphery to
a greater extent than the CFC formulation. Such a change in the site of deposi-
tion is suggested from data by Seale et al., who showed that the area under the
curve (AUC) of 200 µg of the HFA formulation of BDP was similar to that of
400 µg of the CFC formulation in patients with mild to moderate asthma (61).
Cmax was higher for the HFA formulation. These results suggest that more of the
HFA formulation was being absorbed into the systemic circulation compared to
the CFC-formulation, perhaps because more of the HFA-formulation was de-
positing in the alveolar region than the CFC-formulation. These results are sum-
marized in Table 11.
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Figure 7 Lung deposition with CFC-MDI (A) and HFA-MDI (B). (From Ref. 60.)



A comparison of the therapeutic efficacy of the 800-µg/day HFA and 1500-
µg/day CFC formulations of beclomethasone has shown that the two prepara-
tions have similar clinical effects (62). In that study, patients with asthma were
randomized to use the HFA or CFC preparation for 12 weeks. Peak flow and
FEV1 were measured at regular intervals. Statistical analysis showed that the two
formulations were equivalent in terms of improvement in these two parameters.
Another study showed equivalence for the HFA formulation compared to the
CFC formulation in terms of possible adverse effects—measured as acute tolera-
bility, urinary free cortisol, and adrenal responsiveness (63).

It is not clear why half the daily dose of beclomethasone administered
as an HFA formulation was not more effective than the full dose administered
as the CFC formulation, since the deposited dose appears to be 7–8 times
greater than the CFC formulation (60). One explanation may involve differ-
ences in the site of deposition for the two aerosols: lung parenchyma for the
HFA formulation versus the conducting airways for the CFC formulation.
Such a difference in the site of deposition for the two aerosols is supported by
the AUC data, which indicate that the smaller particles and slower velocity
associated with the HFA formulation resulted in increased absorption and loss
of drug into the systemic circulation compared to the CFC formulation. If air-
way deposition is key to the clinical response to this drug, a peripheral depo-
sition pattern could lead to a decrease in the effectiveness of the HFA
formulation and possibly more systemic side effects, due to enhanced absorp-
tion, compared to the CFC-formulation.

Sodium Cromoglycate

Using a spinning-disk nebulizer, Godfrey et al. (64) generated 2- and 11.7-µm
sodium cromoglycate particles. Approximately 30 mg of drug was inhaled by
patients with exercise-induced bronchospasm (EIB). Subsequent exercise testing
showed that the therapeutic effect of the 11.7-µm aerosol was no different from
that of placebo. Only the smaller 2-µm aerosol was effective in reducing EIB.
This is probably because not enough of the drug with the larger particles pene-
trated beyond the oropharynx to provide protection.
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Table 11 Summary of Pharmacokinetics for HFA-BDP and CFC-BDP

200 µg HFA-BDP 400 µg HFA-BDP 400 µg CFC-BDP

Cmax (pg/mL) 590 1191 410
Tmax (h) 3 3 4

AUC (pg × h/mL) 2339 4962 2092

Source: Ref. 61.



Methacholine

Schmekel et al. (65) examined the effect of altering particle size on the clinical
effect of methacholine (muscarinic-receptor agonist) in eight patients with mild
asthma and documented airway hyperresponsiveness to methacholine. In these
experiments, two different nebulizers were used to generate and administer simi-
lar doses of methacholine as small particles (MMAD = 2 µm) or larger particles
(MMAD = 9 µm). The radioisotope 99mTc was added to the methacholine solu-
tions so that the deposition patterns of each aerosol could be quantified using
gamma camera imaging technology. The specific airway conductance (sGaw) was
measured at baseline and immediately after each challenge to assess any changes
in lung function. Analyses of the lung images showed that the methacholine
aerosol composed of the larger particles deposited predominantly in the larger,
central airways, whereas deposition of the aerosol with the smaller particles fa-
vored the more peripheral airways. Decreases in sGaw from baseline values were
also significantly different for the two aerosols in the two cases, with the most
pronounced decreases associated with the aerosol composed of the larger parti-
cles and the central airway deposition pattern. These findings suggest that the
pulmonary response to inhaled methacholine can be significantly augmented by
targeting the aerosol to deposit in the larger, central airways, perhaps because of
an increase in muscarinic receptors in that lung region.

Ipratropium Bromide

Zanen et al. (66) investigated the optimal particle size for ipratropium bromide
(a muscarinic receptor antagonist). Using a protocol that was similar to the one
they followed for salbutamol (see β-receptors, above), they found ipratropium
bromide aerosols comprising 1.5- or 2.8-µm monodisperse particles resulted in
significantly greater improvements in FEV1, MEF50, and MEF25 as compared
with an aerosol composed of 5-µm particles. Results from that study are summa-
rized in Table 12.

It is unknown if these findings were the result of superior targeting to the
site of muscarinic receptors by the aerosols with the smaller particles or if the
smaller particles were more potent because more drug penetrated beyond the
oropharynx compared to the larger particles. This is because imaging of the de-
position pattern for the three aerosol particles was not included in the experimen-
tal protocol.

Insulin

Pillai and colleagues (67) evaluated the importance of differences in aerosol parti-
cle size on the observed therapeutic effect of inhaled insulin in rhesus monkeys.
They compared the performance of two nebulizer systems, an ultrasonic nebulizer
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(MMAD = 4.2 µm; GSD = 2.0) and a jet nebulizer (MMAD = 0.81 µm; GSD =
1.8), in terms of their effectiveness in lowering blood glucose levels. The mass of
insulin deposited below the trachea was quantified by admixing the radioisotope
99mTc with the insulin solution to be aerosolized and imaging the lungs with a
gamma camera after inhalation. The average dose of insulin that deposited in the
lungs using the ultrasonic nebulizer was 0.38 U/kg body weight versus a dose of
0.14 U/kg body weight for the jet nebulizer.

Although the lung dose was higher for the ultrasonically nebulized
aerosol, the bioavailability of insulin, determined from area under the insulin
concentration-time curves, was lower when compared to the jet nebulizer. The
efficacy of the ultrasonically nebulized aerosol in terms of lowering blood glu-
cose levels was also less, averaging only a 40–45% decrease compared to a
50–55% decrease with the jet nebulized aerosol.

These differences in bioavailability and efficacy were probably due to dif-
ferences in the site of deposition of the aerosols within the lungs. Lung images
obtained after inhalation of aerosol generated by the ultrasonic nebulizer showed
distinct hot spots at the carina and bronchi, suggesting significant deposition in
the larger airways, whereas the jet nebulizer resulted in a uniform deposition pat-
tern and increased deposition in the alveolar region of the lungs.

B. Altering Inspiratory Flow Rate

Sodium Cromoglycate

Laube et al. (68) conducted a study to determine the effect of altering inspiratory
flow rate on the efficacy of sodium cromoglycate (SC). On two different days,
eight patients with asthma underwent an allergen challenge 30 min after pretreat-
ment with SC that was generated by an MDI into a large-volume holding cham-
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Table 12 Mean (SD) Improvement in Lung Function (Percent Predicted) After
Inhalation of Salbutamol Aerosols with Different Particle Sizes

Significantly
Lung function

Particle size
different

parameter 1.5 µm 2.8 µm 5 µm aerosols

VC 13.6 (13) 11.5 (12.5) 7.7 (7.8) NS
Rtot –74.4 (73.2) –114.8 (97.1) –104.5 (135.9) NS
FVC 12.4 (12.4) 13 (12.1) 9.4 (10.8) NS
FEV1 20.3 (8.7) 23.7 (12.1) 15.6 (9.8) 1.5/2.8 vs. 5
MEF25 23.7 (15) 19.3 (14.7) 15.3 (12.7) 1.5/2.8 vs. 5
MEF50 24.7 (10.7) 24.7 (12.1) 17.7 (10.3) 1.5/2.8 vs. 5
PEF 21 (7.2) 22 (13.2) 16.6 (12.4) NS

Source: Ref. 66



ber and inspired fast (70 L/min) or slowly (30 L/min). MMAD averaged 4.3 µm
(GSD = 1.7) for aerosol that was inhaled slowly. Percent decreases in FEV1 at a
common dose of allergen on the two challenge days were compared. Figure 8
shows the allergen-induced decreases in FEV1 after inspiring drug using the two
breathing maneuvers.

FEV1, at a common dose of allergen, decreased an average of 5.4% after
slow inhalation of SC versus a decrease of 12.6% after faster inhalation of the
drug, indicating an increase in the protective effect of SC when inhaled at the
slower rate (∼30 L/min). Since these averages may have been affected by the ex-
treme data, the protective effect of inhaling SC at the slower rate may be more
clinically important in some patients than in others.

Distribution of SC within the lungs was quantified in 7 of 8 patients who
inhaled SC admixed with the radioisotope 99mTc during the slow or faster in-
spiratory maneuvers. Distribution was quantified in terms of (1) an I/O ratio, an
indicator of deposition in the larger, central airways (inner zone) versus the
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smaller airways and alveolar region (outer zone), and (2) skew, an indicator of
distribution uniformity.

Mean I/O ratios and skew values were also significantly decreased after
slow inspiration of SC, indicating that the slow inspiratory maneuver distrib-
uted the drug more uniformly throughout the lungs. Differences in the decreases
in FEV1 and skew values for the two breathing maneuvers were significantly
correlated, suggesting that protection against the allergen exposure was en-
hanced when distribution uniformity of the drug within the lungs was also en-
hanced (Fig. 9).

Histamine

Anderson et al. examined the effect of altering inspiratory flow rate on the re-
gional lung deposition of inert particles and on the pulmonary response to hista-
mine aerosol. In one experiment, six healthy nonsmokers inhaled 6-µm Teflon
particles that were labeled with the radioisotope indium 111 (111In) at 0.04 and
0.5 L/s. Tracheobronchial deposition averaged 50% after inhaling at 0.04 L/s,
compared to 30% after inhaling at 0.5 L/s. Alveolar deposition increased from 1
to 28% with the lower inspiratory rate (69).
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In another experiment, the investigators instructed volunteers to inhale his-
tamine aerosol that was generated by jet nebulizer at 0.6 and 0.055 L/s. They re-
ported that airway resistance was increased after the slower inhalation maneuver
(i.e., 2.83 × baseline) compared to that recorded after the faster inhalation (i.e.,
2.23 × baseline) (p <0.05). Based on their first experiment, the investigators con-
cluded that the enhanced potency in histamine aerosol, observed during the
slower inhalation maneuver, could be due to reduced oropharyngeal deposition
and increased penetration of drug into the lungs (70).

Methacholine

Laube et at. (18) examined the effect of altering inspiratory flow rate on the pul-
monary response to inhaled methacholine. On two study visits, nine patients
with asthma inhaled a saline solution containing the radioisotope 99mTc that was
generated by jet nebulizer (MMAD = 1.5 µm; GSD = 2.47) during a slow inspi-
ratory maneuver (12 L/min) or faster inspiration (60 L/min). Distribution of the
radioaerosol after each inspiratory maneuver was quantified from gamma cam-
era images of the lungs. The faster inspiration resulted in a more central deposi-
tion pattern with hot spots of radioactivity. After the slower inhalation, aerosol
deposition was more uniform with greater penetration to the lung periphery (see
Fig. 5A and B). The deposition pattern was characterized in terms of the inner
outer zone ratio (I/O ratio) and skew, as described above under sodium cromo-
glycate.

On two additional visits, the same patients inhaled increasing concentra-
tions of methacholine aerosol during the same fast or slower inspiratory maneu-
vers until they demonstrated a 20% decrease in their FEV1 (PD20). Methacholine
aerosol was generated by the same jet nebulizer used to generate the ra-
dioaerosol. I/O ratios and skew values were significantly higher after fast inhala-
tions of the radioaerosol (averaging 2.91 and 1.12, respectively), compared to
the slower inhalations (averaging 1.84 and 0.74, respectively). This indicated en-
hanced deposition of the radioaerosol in the larger, central airways with the
faster inspirations. Methacholine PD20 averaged 5.9 cumulative units when the
drug was inhaled rapidly versus 15.7 cumulative units with the slower breathing
maneuver, indicating an increase in the potency of methacholine when it was in-
haled at faster inspirations. Since these averages may have been affected by the
extreme data, the observed increase in potency at 60 L/min may be more clini-
cally important in some patients than in others.

Differences in the values of skew following the two breathing maneuvers
were inversely correlated with differences in methacholine PD20, such that PD20

decreased as skew values, or deposition heterogeneity, increased (Fig. 10).
These studies extend the work of Schmekel et al. (65) who reported simi-

lar results with methacholine that was targeted to the larger, central airways or
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lung periphery by manipulating aerosol particle size. Together, these two studies
clearly show that the site of deposition within the lungs significantly affects the
pulmonary response to inhaled drugs that affect muscarinic receptors and/or air-
way smooth muscle, with the larger, central airways being the more sensitive tar-
get for this class of drugs.

C. Altering Inhalation Volume

Insulin

Farr and coworkers studied the effects of altering lung volume on the effective-
ness of inhaled insulin in terms of lowering blood glucose levels. They found
that a deep inhalation maneuver (inhaled volume 4.1 L) led to a rapid increase in
insulin plasma levels (Tmax 7 ± 6 min) and high Cmax values (30 ± 11 U/mL). Sub-
cutaneous injection in the same volunteers showed considerably slower absorp-
tion. When insulin was inhaled using a shallow maneuver (inhaled volume 2.2
L), the pharmacokinetic profile resembled that of the subcutaneous injection
(71). It is not known how the larger inhalation volume affected the pulmonary
absorption of insulin. However, previous studies of the effect of inhalation vol-
ume on particle deposition indicate that larger inhalation volumes result in an in-
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crease in the total amount of drug deposited (see “Factors That Affect Regional
Aerosol Deposition,” above).

Laube et al. (72) quantified the regional deposition pattern of radiolabeled
insulin diluent aerosol during a slow, deep breathing maneuver in seven patients
with type II diabetes, using gamma camera imaging technology. Then, they re-
lated the deposition pattern, expressed as the ratio of aerosol particles deposited
in apical versus basal regions of the lung (A/B ratio), to the maximum decrease
in blood glucose levels for each of the patients. They found that both A/B ratio
(range = 0.5–1.2) and maximum percent decrease in glucose (range = 27–70%)
varied considerably between patients. They also noted that these two parameters
were significantly related, such that lower A/B ratios (indicating increased depo-
sition of aerosol in the lung base) were associated with greater percent decreases
in blood glucose levels. This relationship is shown in Fig. 11.

These results suggest that, in patients with type II diabetes, enhanced
distribution of insulin to the base of the lungs may lower glucose levels to a
greater extent than distribution that favors the lung apex. One explanation for
this finding could involve the larger surface area for absorption in the base of
the lungs. Another explanation could involve the greater total blood flow per
unit volume in the base of the lung compared to the apices. Both explanations
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could increase the bioavailability of insulin by leading to a more rapid transfer
of insulin to the blood.

D. Using a Spacer with a Metered-Dose Inhaler

Reducing Drug Losses in the Oropharynx

It is well known that only about 10–20% of the dose that is generated by a me-
tered-dose inhaler (MDI) penetrates beyond the oropharynx and deposits in the
lungs (5, 73–75). This is because there is not enough time for the propellant to
evaporate, so particle size is large, and there is only a small distance between the
patients’s mouth and the aerosol actuator, so aerosol velocity remains high. Both
these features enhance impaction and loss of aerosolized medications in the
oropharynx, as discussed previously in this chapter. One way to slow down the
high initial droplet speed and allow liquid propellant to evaporate is to actuate
the aerosol into a holding chamber or spacer device.

Currently many such devices are available. In general, the use of these de-
vices leads to less deposition of drug in the oropharynx, but it does not necessar-
ily improve lung deposition. This is because a large percentage of the drug
deposits in the spacer. A few examples of how spacers reduce oropharyngeal de-
position and their effect on lung deposition are provided below.

Dolovich et al. reported that oropharyngeal deposition was reduced from
65% of the emitted dose to 6.5% in a group of patients with varying degrees of
airflow obstruction who inhaled aerosol from an MDI alone and an MDI used
in combination with the small volume Aerochamber spacer, respectively. Total
and regional lung deposition fractions were unaltered by the addition of the
spacer (76).

Newman studied the effect of using a larger-volume spacer (Nebuhaler) in
combination with an MDI. In nine patients with obstructive lung disease, they
found that oropharyngeal deposition decreased from 80.9% with the MDI alone
to 16.5% with the MDI/spacer. Lung deposition increased from 8.7 to 20.9% (77).

The reduction in oropharyngeal deposition by using a spacer with an MDI
is especially important in the case of inhaled steroids because it also reduces the
incidence of candidiasis. Thus, using a spacer with an inhaled steroid is a good
example of how the therapeutic index of this class of drug can be enhanced.
Nevertheless, there is little evidence to suggest that spacers improve the clinical
outcome of inhaled medications. For more details about spacers, we refer the
reader to Chap. 12.

E. Using Dry-Powder Inhaler Aerosols

Dry-powder inhalers (DPIs) lack the actuation/inhalation coordination problems of
MDIs and are therefore easier to use. The powder formulation is usually composed
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of a blend of lactose and micronized drug. The lactose acts as a bulking agent and
prevents the micronized drug from agglomerating. During inhalation, the inspired
air aerosolizes the blend and separates the drug crystals from the lactose.

In general, DPIs show lower total lung deposition percentages than MDIs.
Melchor et al. (75) radiolabeled pure salbutamol and incorporated it into both an
MDI and a DPI and then measured total lung deposition as a percentage of the
nominal dose. In healthy volunteers, 22% of the MDI dose was detected in the
lungs, compared to 12.5% of the DPI dose. In asthmatics, these figures were 18.2
and 11.4%, respectively. Others have reported similar results (78).

Although total lung deposition is usually less with a DPI versus an MDI,
alveolar deposition sometimes appears to be enhanced with the DPI. This was
shown by Thorsson et al., who measured the systemic uptake of budesonide that
was inhaled by healthy volunteers from a Turbuhaler DPI and an MDI. They re-
ported that the systemic availability was 32% for the Turbuhaler and 15% for
the MDI (79). This was also shown for terbutaline delivered by the Turbuhaler
DPI (80).

The efficiency of DPI devices, in terms of lung and alveolar deposition,
varies with the type of inhaler, the drug formulation, and the inspiratory flow rate
(81). The effect of these factors are discussed briefly in the following para-
graphs.

Type of Inhaler

Deposition is dependent on the type of DPI. This has been shown by Vidgren et
al., who manufactured a radiolabeled sodium cromoglycate/lactose blend and
compared deposition of this “standard” formulation when inhaled from an ISF
inhaler and a Rotahaler. They found that deposition within healthy lungs was
16.4% for the ISF inhaler and 6.2% with the Rotahaler (82). Similar findings
have been reported by Broadhead (83).

Drug Formulation

Other experiments have shown that the drug formulation affects the aerosol par-
ticle size distribution of a powder. Using the same DPI (i.e., Easyhaler), Steckel
et al. reported that 19.9% of the mass of beclomethasone aerosol was <6.4 µm,
while 36% of the mass of salbutamol was <6.4 µm (84).

Inspiratory Flow Rate

In general, efficient delivery of powder from a DPI depends on the inspiratory
flow rate generated by the patient. This requires that the patient overcome a cer-
tain amount of resistance inherent in the DPI. Clark et al. determined the resis-
tance of several DPIs; their data are depicted in Table 13 (85). In addition, Ross

Targeting the Lungs with Therapeutic Aerosols 245



et al. also showed that an increase in the flow through a DPI inhaler leads to a re-
duction in the MMAD and an increase in the mass <5 µm (86).

Bronchodilators

The clinical effects of varying inspiratory flow rate or drug formulation for a
bronchodilator delivered by a DPI delivery system have been studied by a few
investigators. Engel et al. taught patients with asthma to inhale at increasing
peak flow rates through a Turbuhaler (87). They found that the highest flow of 84
L/min led to the release of 86% of a 5-mg terbutaline dose, whereas the lowest
flow of 34 L/min resulted in the release of only 58% of the same dose. Neverthe-
less, no significant differences in terms of bronchodilatation or side effects were
reported. Zanen et al. reported similar results. They found equivalent bron-
chodilator effects when patients inhaled a salbutamol/lactose blend from an ISF
inhaler at 40 or 80 L/min (88).

Varying the drug formulation may affect the clinical response. Nielsen and
coworkers compared absolute changes in FEV1 in 16 children with exercise-
induced asthma, who inhaled a formoterol/lactose blend (instead of salbuta-
mol/lactose), generated by an Aerolizer inhaler, prior to exercise challenges at
3 and 12 h. Patients inhaled drug at different inspiratory flow rates (60 versus
120 L/min) on two different study days (89). The investigators reported that
the effect of the formoterol was dependent on the inspiratory flow rate with
the lower flow rate resulting in a reduced clinical response compared to the
higher flow rate. They attributed this difference to a reduction in the fine par-
ticle fraction when the aerosol was inhaled at the lower flow rate.

These experiments were based on changing the peak flow through the in-
haler. However, it has recently become clear that peak flow may not be the best
parameter to measure. Both de Boer et al. and Everard et al. have shown that the
rise in flow (i.e., the acceleration in flow rate) through the inhaler just after the
start of inspiration may be a better parameter to measure. Using a Pulmicort 200
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Table 13 Resistance of Six Commercial
DPIs

Device Resistance (cmH2O
1/2/L/min)

Rotahaler 0.040
Spinhaler 0.051
ISF inhaler 0.055
Diskhaler 0.067
Turbuhaler 0.100
Inhalator 0.180

Source: Ref. 85.



Turbuhaler DPI, de Boer et al. showed that an increase of 0.5 L/s2 produced a
fine particle fraction of approximately 20%, while a rise of 12 L/s2 led to a fine
particle fraction of approximately 50%. The latter results were independent of
the peak flow reached, which varied between 40 and 60 L/min (90). These data
have been confirmed by Everard et al. who used a 400-µg budesonide Tur-
buhaler DPI (91).

F. Using a Nebulizer

Particle Size

It is well known that the particle size distribution of aerosols generated by vari-
ous nebulizers differs widely. For more information on nebulizers and particle
size, we refer the reader to Chap. 8. It should not be surprising that these differ-
ences in particle size also affect deposition within the lung. Matthys et al. com-
pared several nebulizers and reported a wide range of MMADs, with the
smallest being 2.8 µm and the largest 24 µm. Radiolabeled saline was adminis-
tered to 10 normal subjects using these same nebulizers. Gamma camera images
of the respiratory tract showed that nebulizers that generated particles with an
MMAD >10–15 µm failed to deliver significant amounts of aerosol to the lungs.
Most of the aerosol deposited in the extrapulmonary airways (92).

Botha et al. (93) measured the lung deposition of an aerosol containing
99mTc-labeled macro-aggregates that was generated by six different nebulizers.
They reported a minimum deposition of 0.3% and a maximum of 4.2% after 3
min of nebulization.

Mass Output

Nebulizers also vary in terms of their mass output. Smith and coworkers mea-
sured the size distribution and the mass output of 23 nebulizer/compressor com-
binations. Like Matthys et al. (92), they found a wide range in MMADs:
2.6–16.2 µm. They also reported a broad range in mass output: minimum output
was 47% of a 2.5-mL fill; maximum output was 81%. Figure 12 shows that there
was a weak correlation between the percentage of particles <5 µm and the vol-
ume output over a fixed amount of time (94).

Compressor Flow

Others have investigated the effect of changing the compressor flow on the parti-
cle size distribution of various nebulizers. Using a Cirrhus nebuliser, Everard et
al. increased compressor flow from 4 to 8 L/min. This resulted in decreasing the
MMAD from 7 to 3.7 µm, whereas the percentage of the droplet mass <5 µm in-
creased from 26.8 to 70.8% (95). These data are similar to those reported by
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Newman et al., who demonstrated that the relationship between increasing dri-
ving flow and droplet size <5 µm is valid for many jet nebulizers (96).

Viscosity and Surface Tension

McCallion et al. studied the relationship between viscosity and surface tension
and MMAD. Results from that work showed that there was no significant rela-
tionship between these parameters for jet nebulizers. They did show a weak cor-
relation between MMAD and viscosity for ultrasonic nebulizers, such that
higher viscosity values were associated with larger MMADs (97).

It is not clear how the differences in MMAD and mass output between nebu-
lizers affect the site of deposition of aerosolized medications or if changes in depo-
sition site affect the clinical response to various inhaled drugs. This is because
nebulizers have until recently been used primarily to deliver bronchodilators, which
may be less sensitive to changes in deposition site than other classes of drugs.

G. Conclusions

In this section, we have reviewed the clinical effects of altering the site of depo-
sition of various classes of aerosolized drugs. Clinical effects have been re-
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ported in terms of changes in pulmonary function tests or bronchial reactivity to
specific and nonspecific stimuli. Alterations in deposition site were accom-
plished by manipulating aerosol particle size, inspiratory flow rate, and lung
volume at the time of inhalation. In many cases, it was not possible to directly
confirm that alterations in deposition site were achieved. Nevertheless, clinical
measurements were often significantly affected by manipulations of these deter-
minants of aerosol deposition, suggesting the following preliminary conclu-
sions. Additional studies that combine measurements of changes in clinical
effects with a method for quantifying changes in deposition pattern are neces-
sary to confirm these findings.

β2-Agonist

Nebulizer studies and monodisperse aerosol experiments in mild asthmatics sug-
gest that pulmonary function measurements are most improved when particle
size is approx. 2.5 µm. It is not clear if these improvements are the result of tar-
geting the larger, central airways or because of increased deposition beyond the
oropharynx.

Corticosteroids

Studies with beclomethasone suggest that HFA-MDI formulations produce
smaller particles than CFC-MDI formulations, which may lead to a reduction in
the dosage necessary to control asthma symptoms.

Sodium Cromoglycate

Smaller particles (i.e., 2 µm) appear to be more effective in preventing 
EIB than larger particles (i.e., 11.7 µm). But it is not known if this is 
because the smaller-particle drug is better targeted to eosinophil and/or
mast cell locations than the larger particle or if oropharyngeal losses are 
reduced.

When delivered by MDI into a large holding chamber (MMAD = 4.3 µm), in-
halation at ~30 L/min appears to be more effective in preventing the acute
effects of allergen challenge than inhaling drug at ~70 L/min. This clinical
improvement appears to be related to targeting the drug to the smaller air-
ways.

Histamine

When delivered by nebulizer, slow inhalation (i.e., 0.055 L/s) is more effec-
tive than faster inhalation (i.e., 0.6 L/s) in terms of increasing airway resis-
tance; this enhanced potency could be due to increased deposition beyond the
oropharynx.
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Methacholine

For nebulized methacholine, two studies suggest that bronchoconstriction is
enhanced when methacholine is targeted to the larger, central airways by in-
haling large particles (i.e., 9 µm), or inspiring at a high flow rate (i.e., ∼60
L/min).

Ipratropium bromide

In one study, 1.5- and 2.8-µm monodisperse aerosols were more effective in im-
proving pulmonary functions than 5.0-µm particles. It is unknown if this was the
result of superior targeting of the site of muscarinic receptors with the smaller
particles or if the smaller particles were more potent because more drug pene-
trated beyond the oropharynx.

Insulin

Systemic bioavailability and the efficacy of nebulized insulin, in terms of
lowering blood glucose levels, appear to be enhanced when aerosol is tar-
geted to the alveolar region of the lungs by generating small aerosol 
particles.

Enhanced deposition in the base of the lungs, compared to deposition in the lung
apex, also appears to increase drug efficacy.

A deep inhalation of the drug versus a shallow inhalation appears to increase the
rate of absorption of insulin.

MDI/Spacer Combinations

The use of a spacer device with an MDI reduces drug losses in the orophar-
ynx. It also reduces the adverse effects associated with inhaled steroids (i.e.,
candidiasis). However, it does not appear to improve the clinical response to
inhaled drugs.

DPIs

The use of a DPI may result in less total drug deposited in the lungs compared to
an MDI, but alveolar deposition may be enhanced. It is not known if this differ-
ence in deposition site leads to any clinical benefit.

Nebulizers

Nebulizers vary significantly in terms of their particle size and mass output.
However, it is not clear how these differences effect the deposition pattern and
the clinical response to various inhaled drugs, because, until recently, nebulizers
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have been used primarily to deliver bronchodilators, which may be less sensitive
to changes in deposition site than other classes of drugs.

VII. Targeting the Lungs During Nose Breathing

Pediatricians are frequently faced with small children or babies who need to be
treated with inhaled drugs. But babies (< 1-yr-old) are obligatory nose breathers
and will not breathe through the mouth, while small children frequently cannot
be motivated to mouth breathe or may have difficulty inhaling at high inspiratory
flow rates, which appear to be necessary for proper dosing with some DPIs. For
these reasons, many pediatricians have wondered if it is possible to use nose
breathing for pulmonary drug delivery.

A. Modeling Nasopharyngeal Deposition

The Task Group on Lung Dynamics of the International Radiological Protec-
tion Commission (2) developed a lung/deposition model, which included a na-
sopharyngeal region. This region began at the anterior nares and ended with
the larynx. To calculate nasopharyngeal deposition, the Task Group used the
empirical equation derived by Pattle (98): N = –0.62 + 0.475 D2

a
F, where N is

the fraction of particles of diameter Da which deposit in the nose during an in-
halation of F L/min. They then calculated nasopharyngeal deposition at vari-
ous flow rates. These data are summarized in Table 14. The data suggest that a
high percentage of small particles (<3 µm) inhaled at low flows are capable of
bypassing the nasopharynx.

B. Total and Regional Deposition After Nose Breathing

Experimental data on total and regional deposition during nose breathing were
obtained by Heyder et al. (99) in healthy adult volunteers who inhaled monodis-
perse particles with increasing particle diameter through the nose at a fixed flow
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Table 14 Nasopharyngeal Deposition of Unity Spheres as a
Percent of Particles Entering the Nose

Tidal
volume Diameter of spheres (µm)

0.6 1 2 3 4 6 10

750 cm3 0 3.6 40.6 55.2 65.4 79.9 99.2
1450 cm3 0 27.5 52.2 66.5 77.3 92.3 100
2150 cm3 6.8 37.1 60.7 73.6 84.4 100 100

Source: Ref. 2.



and volume. Volunteers breathed through airtight nose masks with teeth and lips
closed. Fig. 13 summarizes their results.

Heyder et al. found that particles <3 µm do penetrate beyond the nose and
deposit primarily in the alveolar region. However, the number of particles that
bypass the nose appears to be lower than what is predicted from the model (i.e.,
∼20%). In addition, only about 3% of 1- to 5-µm particles deposit in the
bronchial airways during nose breathing. Therefore, if one is interested in target-
ing those airways, it will be necessary to administer large amounts of aerosol to
compensate for the losses in the nose.

The above data were obtained in healthy adult volunteers. Chua et al. (100)
quantified the deposition of a polydisperse aerosol in the lungs of eight children
with cystic fibrosis (median age = 10.8 years; range = 6.3–18.0 years), who
breathed via the nose with a face mask and closed mouth on one occasion and
via the oral route with a mouthpiece on another. Aerosol was generated by nebu-
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lizer from a saline solution containing the radioisotope 99mTc (MMAD = 2.3 µm;
GSD = 2.3). Planar lung images were used to record radioactivity in the lungs
with both routes of administration. Activity deposited in the lungs was expressed
as a percent of the activity emitted by the nebulizer. Chua et al. reported that me-
dian lung deposition for nasal inhalation was 2.7% (range = 1.6–4.4%) in these
children. The median increased to 6.0% (range = 4.9–9.1%) when they breathed
by mouthpiece.

C. Conclusions

In adults and children, the majority of aerosol particles that are inhaled
through the nose deposit in the nose.

Targeting the bronchial airways is difficult, since only about 3% of 1- to 5-
µm particles deposit in those airways during nose breathing.

Targeting the alveolar region appears more feasible, since ∼20% of parti-
cles <3 µm that are inhaled at low flows bypass the nasopharynx and de-
posit in that region during nose breathing.

VIII. Targeting Constricted Airways

In diseased lungs, the airways are often more constricted relative to healthy
lungs, so one might expect significant differences in lung deposition fraction and
deposition pattern (101). The impact of constriction on aerosol deposition is dis-
cussed below. We present deposition data based on models of constricted air-
ways as well as experimentally derived data, taken from healthy subjects in
which constriction was induced by methacholine provocation, and from patients
who are constricted in their baseline state.

A. Mathematical Models of Deposition in Constricted Airways

Kim et al. developed a lung model based on the Weibel-A model in which they
decreased airway diameter by 25 or 40% in both the peripheral and central air-
ways (102). Then they calculated the increases in resistance and deposition.
Their results are presented in Fig. 14A and B. The upper graph represents the sit-
uation after a diameter reduction of 25%, the lower one after a 40% reduction. It
is clear from the graphs that there is no simple one-to-one relationship between
the increase in resistance and deposition. This is to be expected, because resis-
tance relates to airway diameter raised to the fourth power, while deposition does
not. Nevertheless, from both graphs, it is clear that the model predicts that as re-
sistance increases, the increase in deposition will occur mainly in the larger air-
ways (generations 0–7). Deposition in generations 8–16 will be less affected by
the increase in resistance.
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B. Measurements of Deposition in Constricted Airways

Induced Constrictions: Healthy Subjects

Svartengren and coworkers (103) quantified deposition in eight healthy subjects
under control conditions and after constriction was induced by methacholine
challenge. In both situations, inspiratory flow rate was regulated at 0.5 L/s. Un-
der control conditions, alveolar deposition of 6-µm-labeled Teflon particles la-
beled with 111In ranged from 38 to 68% in these subjects. At the same time,
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alveolar deposition correlated significantly with resistance (Raw) (r = –0.72,
p<0.05). Methacholine-provocation increased Raw by a factor of two to three in
these subjects, and this resulted in a further decrease in the alveolar deposition of
the Teflon particles. During induced constriction, alveolar deposition ranged
from 12–24% and was no longer correlated with Raw.

In another experiment by the same group, inhalation flow was reduced to
0.2 L/s. At that flow rate, Raw and alveolar deposition were no longer correlated
under control conditions. However, during induced constriction, alveolar deposi-
tion was still reduced when compared to control conditions (104).

Constriction in the Baseline State: Patients with COPD and Asthma

Many investigators have used gamma camera imaging of the lungs following the
inhalation of a radioaerosol to identify ventilation abnormalities. For example,
Lin et al. imaged the lungs of COPD patients using a 99mTc–colloid aerosol and
found that the aerosol showed a patchy deposition pattern. Hyperdense and hy-
podense areas were found to be next to each other. In addition, penetration of the
aerosol into the smaller airways was often severely limited. Lin and colleagues
also showed that the lower the FEV1/FVC ratio or maximum midexpiratory flow
(MMEF), the lower the alveolar deposition, quantified as the amount of radioac-
tivity that was present 24 h after aerosol administration (r = 0.82 and r = 0.76, re-
spectively) (105).

In 1979, Santolicandro et al. confirmed and expanded the findings of Lin et
al. (104). They reported a centrally oriented deposition pattern for 0.5–1.5 µm
99mTc–labeled particles in patients with asthma. In COPD patients, they found a
patchy, nonuniform deposition pattern (106).

Anderson et al. asked five asthmatic volunteers (mean FEV1 40% of pre-
dicted) to inhale NaCl particles ranging from 0.02–0.24 µm. Total deposition of
these particles was measured as the difference between the inhaled fraction and
the exhaled fraction. When they compared total deposition fraction in the asthma
patients to that observed in a group of normal subjects, they found that the depo-
sition fraction was higher in the patients with asthma. Anderson concluded that
this was partly due to the patients’ constricted airways, but it may also have been
due to a longer residence time for particles in the asthmatic airways, since the
asthmatic volunteers breathed more slowly than the healthy volunteers (6).

Schiller-Scotland et al. (107) measured total deposition of 1- to 3-µm par-
ticles in healthy and asthmatic volunteers. The results of that comparison are
shown in Fig. 15. Although deposition fraction for the two groups was different
when 1- and 2-µm particles were inhaled, there was no difference in deposition
fraction for 3-µm particles (inspiratory flow = 250 mL/s; no breath-holding). A
second finding was that the deposition of 1-µm particles was inversely corre-
lated to the FEV1/IVC ratio and to the MEF50 values. These correlations could
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not be demonstrated for the larger particles. When the experiments were re-
peated with the addition of a 6-s breath-hold, the differences in deposition frac-
tion for the 1- and 2-µm particles disappeared, probably as the result of the
increase in residence time.

Greening et al. (108) further examined the possibility that the deposition
pattern of inhaled aerosols can be related to the degree of airway constriction.
They asked a group of normal subjects and a group of patients with varying de-
grees of chronic airflow obstruction to inhale a 1.2-µm aerosol labeled with
99mTc. Afterward, the deposition pattern within the lungs was quantified by
gamma camera and expressed in terms of a penetration index, with a higher in-
dex indicating greater deposition in the lung periphery. They found that this in-
dex was significantly correlated to FEV1%predicted (r=0.91, p<0.001), such that
lower indices were associated with lower FEV1 values. In addition, the index
was correlated to the residual volume (r=–0.88, p<0.001), such that high RV val-
ues were associated with lower indices. Similar findings were later reported for
1- and 3.6-µm particles and inhaled dry powders (109–111).

Constriction in the Baseline State: Patients with Cystic Fibrosis

Laube et al. administered a 99mTc-labeled aerosol (MMAD = 1.12 µm; GSD =
2.04), generated by a jet nebulizer, on two different study days to five patients
with cystic fibrosis (CF) who had a mean FEV1 of 35% of predicted (112). Dis-
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tribution of the aerosol within the lung compartment was quantified from gamma
camera scans of the lungs following aerosol inhalation and was expressed in
terms of skew (an indicator of distribution uniformity). Gamma camera scans for
the 2 study days are shown in Fig. 16.

Skew values for the CF group averaged 0.95 and 0.80 for the 2 study days,
respectively, which were significantly higher than the average skew values of
0.39, previously measured in nine normal subjects. Images that were obtained on
the 2 study days in the CF group were highly reproducible for each of the pa-
tients because the degree of airways obstruction at the time of aerosol inhalation
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was well matched and other factors known to affect deposition, such as inspira-
tory flow rate and aerosol particle size, were also controlled.

Anderson et al. (113) administered 70-cm3 boluses of 1-µm monodisperse
particles to 11 normal volunteers and 11 patients with cystic fibrosis. In measuring
the spreading of the bolus at expiration and particle deposition, they found that bo-
lus spreading and particle deposition were increased in the CF patients compared
to the normal subjects. Among the patients with CF, pulmonary function parame-
ters indicating obstruction (i.e., FEV1/FVC ratios expressed as a percent of pre-
dicted) were significantly correlated with spreading and aerosol deposition.

C. Conclusions

The impact of constricted airways on aerosol deposition appears to be as follows:

Increases in central airway deposition
Reduces penetration to the smaller, peripheral airways and alveoli
Deposition pattern is patchy or nonuniform, with regions of both high and

lower deposition concentration

IX. Targeting Different Age Groups

A. Deposition in Adults

As long as we remain healthy, it is likely that total deposition within the lungs
does not change significantly with age. This hypothesis was partly confirmed by
Bennett et al. (114), who asked 62 healthy volunteers of various ages to inhale 2
µm carnauba wax particles and measured total deposition as the difference be-
tween the inhaled and exhaled fraction. They found no influence on total deposi-
tion as a result of increasing age. Mean deposition in the group aged 18–49 years
was 29%, while in subjects >60 years, it was 30%.

B. Deposition in Children

Compared to adults, three parameters are different in young children: (1) the di-
ameter of the airways is reduced; (2) the inhalation volume is reduced; and (3)
the breathing frequency is increased. Hofmann et al. (115) designed a mathemat-
ical deposition model, based on airway morphometry as reported by Phalen et al.
in children ranging from 11 days to 21 years (116). A set of tidal volumes and
breathing frequencies was adopted, which simulated the age-specific patterns.
These sets were chosen such that they represented an activity range of low to
maximal. For the small child, the model predicts that tracheobronchial depo-
sition will be higher for all particle sizes compared to the adult. The largest
differences are predicted to be between 7-month-old babies and adults. A
higher tracheobronchial deposition could have a profound effect in terms of dose
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per airway generation. For example, Hofmann calculated that the dose of a 1-µm
aerosol to the fourth airway generation of a 7-month-old baby is 2.2 times higher
than that of an adult. This increase in dose was based on a small increase in de-
position and a significant reduction in surface area, such that the small increase
in deposition is augmented several times (117).

The model also predicts that total deposition (tracheobronchial plus pul-
monary deposition) will be lower in children than in adults. Experimentally de-
rived data support this prediction. Tal et al. (118) quantifed the deposition of
salbutamol aerosol admixed with 99mTc in the lungs of 15 children (mean age =
21 months; range = 3 months to 5 years) with airway obstruction, using gamma
camera imaging technology. Aerosol was generated during one actuation of an
MDI into a spacer with face mask (Aerochamber). Deposition in the lungs of the
children was compared to that measured in the lungs of two healthy adults, aged
46 and 40 years. On average, 1.97% of the initial dose of salbutamol deposited in
the lungs of the children, whereas 19% deposited in the lungs of the adults.

Lung deposition in children may be further reduced by administering
aerosols with large particle-size characteristics. This was demonstrated by Mal-
lol et al. (119), who studied the effect of aerosol particle size on the deposition of
polydisperse aerosols in the lungs of 10 unsedated infants with cystic fibrosis
who breathed via a face mask. Five infants breathed a saline aerosol with MMD
= 7.7 µm (GSD = 1.6). Five other infants breathed an aerosol with MMD = 3.6
µm (GSD = 2.2). Both aerosols were generated by nebulizer and contained the
radioisotope 99mTc. Deposition in the lungs was quantified with a gamma camera
and expressed as a percent of the initial nebulizer dose. The amount of aerosol
deposited in the lungs of the infants who breathed the larger particles averaged
0.76%, which was significantly less than the 2.0% deposited in the lungs of the
infants who breathed the smaller particles. These findings illustrate that, in chil-
dren as well as in adults, it is important to generate aerosols with small particles
when drugs are administered by inhalation.

C. Conclusions

In healthy adults > 18 years of age, total lung deposition (tracheobronchial
and pulmonary) does not appear to change with age.

Models and experimental data indicate that total deposition will be signifi-
cantly reduced in babies and young children compared to older children
and adults.

This difference suggests that adult doses of aerosolized medications
should not be reduced when administered to babies and young children,
because the dose that deposits is already significantly reduced as a result
of decreased airway diameter and inhalation volume and increased
breathing frequency.
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For the small child compared to the adult, models predict that tracheo-
bronchial deposition will be higher for all particle sizes, with the largest
differences predicted to be between 7-month-old babies and adults.
These differences need to be confirmed in vivo.

Such differences could lead to a significant increase in dose of drug on a
per-airway-generation basis in the larger, central airways of babies com-
pared to adults.

X. Summary

Inhalation therapy is currently the cornerstone of the treatment for a variety of
lung diseases. Changing from oral to inhalation therapy has resulted in a signifi-
cant improvement in the ratio of beneficial to adverse effects. This ratio could be
further improved by (1) delivering an adequate dose of the inhaled medication to
the lungs; (2) directing deposition to specific regions of the lung that contain the
drug’s target cells and receptors; and (3) reducing losses in those regions where
the drug has little or no effect.

In this chapter, we have reviewed the state of the art in terms of what is
known about how to improve total and regional delivery of various classes of
aerosolized drugs to the lungs of children and adults in health and disease, with
the targets being either the specific cells and receptor populations within the lung
or the systemic circulation. We have also presented results from studies that have
investigated the clinical effects of targeting broad regions of the lungs known to
contain specific cells and receptors for different classes of inhaled drugs. Many
of these studies examined the clinical effects by quantifying changes in the pul-
monary response to specific drugs when the site of deposition within the lungs
was presumably changed by manipulating the major determinants of aerosol de-
position (i.e., particle size, inspiratory flow rate, and inhalation volume). Other
studies quantified changes in deposition after altering these major determinants
with gamma camera imaging technology and related deposition changes to alter-
ations in the pulmonary response to various specific and nonspecific stimuli.
However, these studies are only preliminary in nature. Further research is neces-
sary in at least three broad areas:

First, extensive research is needed to clearly identify and map the location
of specific drug receptors and cell targets within the lungs. It is likely
this will require new imaging modalities as well as new aerosol-genera-
tion and delivery technologies.

Second, research is needed to quantify the clinical effect of altering the de-
livery of drugs to previously identified specific targets within the lungs.
This will require studies that combine technologies for the quantifica-
tion of the delivery of drugs to site-specific locations, with measure-
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ments of changes in the clinical response associated with alterations in
deposition.

Third, research is needed that focuses on quantifying total and regional de-
position of aerosolized medications in the lungs of babies and young
children. This is because intervention in a disease process at the earliest
time point is now considered to be critical to future clinical outcome. By
understanding aerosol deposition in this age group, it will be possible to
properly dose babies and young children with aerosolized medications
and to develop new aerosol delivery systems for early targeting of cells
associated with lung pathologies.
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I. Nebulizers and the Clinician

An intellectual blow was struck against clinical aerosol science in the 1950s and
60s with the use of aerosolized antibiotics in the intensive care unit (ICU). The
emergence of resistant organisms and the failure to reduce mortality resulted in a
lack of interest in aerosol therapy among infectious disease specialists, surgeons,
and the founders of the developing specialty of critical care (1). For routine
aerosol therapy, pulmonologists and respiratory therapists relied only on
aerosolized bronchodilators, which are extremely safe and easy to use. Com-
pared with other drugs, bronchodilators are inexpensive; therefore, the costs of
bronchodilator therapy are related to salary for personnel and the purchase of de-
livery devices (compressors, spacers, etc). As a result, the fundamental princi-
ples of aerosol delivery and dosing for clinically relevant aerosols were not well
developed or well regulated by scientists and agencies such as the Food and
Drug Administration in the United States.

Aerosolized pentamidine prophylaxis in the AIDS era kindled a new in-
terest in topical therapy to the lung. Questions of dose to the lung were raised
when treatment failures were analyzed. Competition between companies using
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different delivery devices led to the development of new techniques for the
measurement of aerosol delivery. Aerosol dose and response in the lung, as well
as systemic drug delivery to the body using the lung as a portal, have become
important considerations for clinical researchers. In the last decade, a new in-
dustry has emerged reflecting exponential growth in concept and practice re-
garding development of clinically important aerosols. Companies are actively
developing drugs for aerosol therapy in pulmonary inflammatory disease,
aerosolized antibiotics, and systemic therapy; clinical trials are now under way
designed to demonstrate the potential for aerosolized drugs as therapy for major
diseases such as asthma, bronchitis, diabetes, and osteoporosis.

Three basic factors are important in the delivery of aerosolized agents to
the lung: the aerosol itself, the pathophysiology of the human respiratory tract
(e.g., breathing pattern and airway geometry), and the delivery device. The pur-
pose of this chapter is to discuss the clinical aspects of drug delivery via nebuliz-
ers. Other reviews have approached the issues of aerosol distribution and airway
physiology (2,3). The present chapter attempts to provide for the practicing clin-
ician an overview of the factors important to an understanding of drug delivery
via nebulization.

II. Principles

The construction and design of nebulizers is described elsewhere (4). In essence,
to generate an aerosol, energy must be imparted to the medium that contains the
drug. Usually, for a nebulizer, the medium is a liquid solution. Energy is supplied
by the flow of a gas (often air or oxygen) supplied by a tank or compressor. The
gas enters the nebulizer under pressure and is accelerated through an orifice.
High-velocity air creates a low pressure within the nebulizer, and this draws liq-
uid through a capillary tube into the gas stream. Here, the gas and liquid phases
mix under highly turbulent conditions and shear forces create droplets that are
suspended in the gas and carried off by the gas flow. With the distribution modi-
fied by internal baffles, a certain percentage of the original aerosol particles leave
the nebulizer to be inhaled by the patient. The rest are recycled within the device.
The important observation from this qualitative description is that the flow
regime, encompassing an exchange of energy within the device, is chaotic and
therefore difficult to describe by principles of fluid dynamics and physics. Thus,
the design and function of nebulizers is largely empirical in nature. However,
based on these considerations, the performance of a nebulizer will be affected to
some degree by the cohesive forces of the liquid, such as surface tension, the in-
ternal baffle design and surface area of the device, the actual flow of gas entering
the device, and—depending on the design—the flow of gas through the device
created by the patient’s own breathing.
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III. Gravimetric Measurements and the “Standing Cloud”

The simplest method for measuring nebulizer function is the gravimetric
method. By weighing the nebulizer during nebulization, the output can be de-
fined as “change in weight per unit time.” This process seems simple in concept
but has certain fundamental assumptions: specifically, that the change in weight
is related precisely to the delivery of aerosolized drug. Based on this assumption,
many investigators have characterized nebulizers quantitatively for the purposes
of standardizing drug delivery (5) or compared different nebulizers before clini-
cal trials (6). While apparently straightforward, this method suffers from uncer-
tainty regarding actual drug delivery due to differences in the amount of
evaporation between different devices.

The uncertainty in gravimetric measurements has led to the develop-
ment of other techniques designed to directly assess the quantity of drug actu-
ally aerosolized. Figure 1 illustrates the “standing cloud” technique, which
captures particles leaving the nebulizer and thus measures aerosolized drug
directly without any assumptions regarding the vapor losses. This technique is
more complex, in that an assay is required to determine the quantity of drug
captured on the filter. Standard curves can be generated relating aerosolized
drug to a radioactive marker, or the quantity of drug in the aerosol can be
measured directly using chemical assays. Recently, the standing cloud and
gravimetric techniques have been compared by simultaneously weighing neb-
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ulizers and capturing the aerosol produced (7). Figure 2 illustrates the results
of that study. Aerosol particles produced during nebulization and captured on
a filter were measured by radiolabel; for albuterol solution, there was a corre-
lation between the percentage of the amount placed in the nebulizer (nebu-
lizer charge) captured on the filter versus the percentage change in weight of
the nebulizer. Surprisingly, for the conditions of the study, the slope of the
correlation did not appear to be dependent on the brand of nebulizer (nine
were tested) and, it did not seem to matter if the measurements were made
early or late during nebulization (each data point represented a 2-min run).
The slope of the line, however, was 0.62 and clearly demonstrated that there
was not a one-to-one relationship between actual drug aerosolized versus
change in weight. Further experiments carried out during the same study also
demonstrated that the slope of the line would change significantly if the con-
ditions of the experiment changed, particularly the nebulizer flow (Fig. 3).
Thus it appears that for a large number of conventional devices, there is a cor-
relation between production of aerosol and change in weight. On the bench,
evaporation accounts for approximately 30–40% of the change in weight, and
nebulizer flow and driving pressure are the most important variables that in-
fluence this relationship. The available data indicate that for screening pur-
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poses only, gravimetric analysis can be a satisfactory tool for comparing the
function of conventional, continuously operating nebulizers. However, the
widespread availability of drug assays and other important factors in drug de-
livery presented below preclude the use of gravimetric measurements in the
final determination of suitable devices for clinical trials.

IV. Importance of Breathing Pattern

Inspection of Fig. 1, “the standing cloud technique,” indicates that if a patient re-
placed the filter, it would be impossible for him or her to receive all of the nebu-
lized particles, because the patient must exhale during continuous nebulization.
Further, it is difficult to predict how many aerosol particles a patient would actu-
ally inhale depending on the source of the patient’s tidal air—for example, if the
patient breathed completely from the nebulizer or from a Y piece with inspira-
tory and expiratory valves. A common clinical scenario for describing an actual
aerosol treatment is demonstrated in Fig. 4. On the left, the subject is inhaling
from the nebulizer and a Y piece. This allows the flow regime within the nebu-
lizer to remain constant as the patient breathes tidally, inhaling through the inspi-
ratory port on the Y piece and exhaling through the expiratory limb. One-way
valves control the direction of flow in the Y piece. On the right side of the figure,
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Figure 3 Influence of nebulizer flow on correlation between aerosol produced and
weight change of nebulizer. (From Ref. 7.)



a filter is placed just upstream to the patient’s mouthpiece, allowing a direct sam-
pling of particles that would have been inhaled during a standard treatment on
the left. Figure 5 illustrates early data from two nebulizers generating
aerosolized pentamidine (AeroTech II CIS-US, Bedford MA, and Respirgard II
Marquest, Englewood, CO).

V. The Concept of Inhaled Mass and Lung Deposition

Aerosol terminology can be confusing, especially as applied to clinical drug de-
livery. This problem has been recognized and international meetings have been
held to begin to determine standards and definitions (8). For example, as stated
above, the amount of medication placed in the nebulizer is called the nebulizer
charge. The volume of solution placed in the nebulizer is the volume fill. These
definitions are important, because the amount of drug placed in the nebulizer is
not the amount of drug actually deposited in the patient. Failure to recognize this
fact has led to confusion regarding the “dose” of drug in clinical efficacy studies.
To address this issue, the concept of inhaled mass has been proposed (8).
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The actual amount of drug remaining in a patient after an aerosol treatment
is expressed as “deposition” (Eq. 1).

deposition = drug nebulized and inhaled – drug exhaled (1)

drug nebulized and inhaled = inhaled mass (2)

The factors determining deposition are divided into two main components, the
inhaled mass (Eq. 2), which reflects the characteristics of the specific delivery
system (8), and the deposition fraction (DF, Eq. 3):

deposition fraction = deposition ÷ inhaled mass (3)

which is simply a measure of the fraction inhaled that actually deposits. Then
Eq. (1) can be rewritten as:

deposition = inhaled mass × DF (4)

The reason for this separation of terms is that the inhaled mass is a strong
function of the type of delivery system utilized, and this term can often be
measured by in vitro bench experiments. The DF is affected primarily by the
physiology of the patient’s respiratory tract and, for a given patient group, re-
quires in vivo measurement. Failure to make a distinction between differences
in drug delivery systems versus variation in human pathophysiology (i.e., Eq.
4) can lead to inappropriate conclusions regarding factors that ultimately de-
termine the deposited dose in the lung. Depending on the device, and the dis-
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ease, both the inhaled mass and the DF can be affected by the breathing pat-
tern. Thus, breathing pattern is a common link between measurement of both
factors and it should be taken into account in bench testing as well as in clini-
cally based deposition experiments.

In the United States, federal regulation of aerosol “doses” varies with de-
vices. The metered-dose inhaler (MDI) utilizes a metering valve that is highly
regulated and functionally precise. Nebulizers as drug delivery systems are es-
sentially unregulated.

For the same pattern of breathing, the quantity of aerosol inhaled over
time is strongly dependent on the type of nebulizer utilized. As shown in 
Fig. 5, the AeroTech II produces aerosol at a rate approximately six times 
that of the Respirgard II (the difference in slopes). The plateau of each curve
indicates the point at which the nebulizer runs dry and defines the amount 
of drug inhaled by the patient. For the AeroTech II, approximately 20% of 
the nebulizer charge is ultimately inhaled, versus 11% for the Respirgard 
II (9).

A. In Vitro Measurement of Inhaled Mass for Adult 
and Pediatric Aerosol Delivery

Using filters, the inhaled mass can be directly measured for a given patient; in-
deed, this technique can be expanded to measure the deposition of aerosol
within the patient by comparing the amount inhaled versus the amount exhaled.
The amount exhaled can be measured by filters on the expiratory line of the
nebulizer (as shown in Fig. 4). In vivo filter measurements in patients can be
cumbersome when different aerosol delivery devices are being screened in pre-
clinical testing. Therefore, inhaled mass can be measured on the bench by sub-
stituting a mechanical ventilator for the patient (10). Figure 6 is a typical
example. A piston pump (Harvard Pump, Harvard Apparatus, South Natick,
MA) replaces the patient and the pump defines the pattern of breathing. The
nebulizer mouthpiece is replaced by the inhaled mass filter, which captures all
aerosol that would ordinarily be inhaled by a patient breathing with the specific
breathing pattern set on the Harvard pump. To measure aerosol distribution, a
cascade impactor can be interposed. Utilizing this scheme, many different de-
vices can be tested on the bench without inconveniencing patients. In addition,
variables that may affect nebulizer function, such as breathing pattern, are
strictly controlled. European guidelines on the evaluation of nebulizer assess-
ment have finally been drafted to take such factors into account and are men-
tioned briefly in the next chapter.

However, these approaches are best suited for studies pertaining to adults.
Great care is needed in setting up and interpreting such studies in children, as
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breathing pattern varies greatly with age (11). Breathing pattern can also be af-
fected by the nebulizer itself, with factors such as resistance and dead space
likely to be important. This may be particularly true in small children, with in-
creased variability of breathing pattern being a likely cause of the high variabil-
ity of data from younger children in aerosol studies using filters (12).

For continuously operating nebulizers, variables of importance appear to
be tidal volume, duty cycle, and respiratory frequency. An example is shown in
Fig. 7. The HEART nebulizer (Vortran Medical Technologies, Sacramento, CA)
has a 200-mL reservoir so it “never” runs dry; thus, there is no plateau. The
slopes are illustrated for two breathing patterns, adult versus pediatric. There is a
significant difference in inhaled mass over time, all other things being equal ex-
cept the pattern of breathing (13).

Other types of nebulizer modifications are linked to the breathing pattern
and therefore can affect output. These include “breath actuation,” in which the
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nebulizer is activated only during inspiration. This modality can be utilized to
minimize expiratory losses. A relatively recent development in nebulizer design
includes the “breath-enhanced” nebulizer, which requires that the patient’s inspi-
ratory flow pass through the body of the nebulizer, collecting a greater number of
the aerosol particles generated during inspiration than would normally be the
case. The performance of these nebulizers is also likely to be more variable in
young children due to the effects of their more irregular breathing patterns (Fig.
8) (12). Breath-actuated nebulizers can function efficiently at lower compressor
flows and allow flexibility in design of compressor-driven systems. By defini-
tion, they are flow-dependent; therefore, the measurement of inhaled mass can
be a strong function of breathing pattern.

B. Importance of Filter Dead Space

As mentioned above, dead space of the nebulizer can affect the breathing pat-
terns of children receiving nebulizer therapy in vivo by stimulating their breath-
ing. An independent problem exists in bench testing. Dead space, particularly of
the sampling filter, can have a significant effect on the measurement of inhaled
mass. For a fixed pattern of breathing, increasing filter dead space artifactually
lowers inhaled mass. Errors can be detected as dead space exceeds 10% of the
tidal volume. For small tidal volumes in the pediatric range, the errors are of
considerable magnitude, but corrections can be made if tidal volume is adjusted
for filter dead space (14).
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VI. Nebulizer Reproducibility

For a single AeroTech II or Respirgard II nebulizer, the slope and plateau illus-
trated in Fig. 5 describe its function during inhalation of aerosol by a patient. The
slope describes the amount of aerosol produced over time, while the plateau de-
picts the ultimate efficiency of the nebulizer in terms of the quantity of aerosol
produced before the nebulizer runs dry. To test nebulizer brands for interdevice
variation, comparison studies have been performed on 10 examples of each de-
vice (9). Utilizing the slope and plateau as parameters, results for the 10 samples
are plotted in Fig. 9. There is considerable variation between devices when mea-
sured under fixed laboratory conditions. As shown in Fig. 9, the AeroTech II and
Respirgard II demonstrated similar degrees of variability about the mean with re-
spect to the slope of the output curve. Variation in the plateau, however, was
much reduced for the AeroTech II versus the Respirgard II. The variation in
slope between individual devices is likely to reflect molding tolerances within
the nebulizer orifice. In the examples of Fig. 9, the differences in variation in the
plateau between brands of nebulizer may be related to the design of baffles. The
AeroTech II has baffles within the body of the nebulizer, whereas the Respirgard
II utilizes an extra one-way valve in the inspiratory line of the device to regulate
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particle distribution. Because that valve was outside the body of the nebulizer
and upstream to the patient mouthpiece, it may have affected reproducibility. Re-
producibility standards for nebulizer function are presently not defined by regu-
latory agencies.

VII. Components of the Nebulizer Charge

A. Solutions

As stated above, most drugs are nebulized as solutions—that is, the active
principle is dissolved as a solute into a solution (usually aqueous), forming a
continuous phase. Data from Fig. 5 represent typical nebulizer behavior for
aqueous solutions. Other solvents have been used in rare circumstances. For
example, cyclosporine, a drug with potential for topical therapy in lung trans-
plant rejection is insoluble in water. The drug is readily dissolved in polar or-
ganic solvents such as alcohol or propylene glycol (15,16). Profound
differences in nebulizer behavior have been observed for these different sol-
vents. Figure 10 represents the output of an AeroTech II nebulizer filled with
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cyclosporine dissolved in either alcohol or propylene glycol represented as in-
haled mass (as a percent of the nebulizer charge) versus time in minutes. This
is the same representation seen in Fig. 5 for pentamidine. The volume fill of
the nebulizer is 4.8 mL. For both solvents, similar amounts of cyclosporine
were nebulized as indicated by an inhaled mass of approximately 24% for the
alcohol and 27% for propylene glycol solution. There was a marked difference
in the time of nebulization, however. The entire alcohol solution was nebulized
in approximately 6 min, whereas the propylene glycol, which is much less
volatile, is gradually nebulized with a plateau at approximately 40 min of neb-
ulization. These observations have important clinical implications. Obviously,
it is much more convenient to treat a patient in 6 versus 40 min. On the other
hand, the entire nebulized mass of cyclosporine is delivered to the patient in 6
min via alcohol, indicating that the mass of drug per breath is significantly
higher than when delivered over 40 min by propylene glycol. Therefore, for a
constant breathing pattern, the concentration of cyclosporine in the gas phase
inhaled into the respiratory tract is approximately 7 times higher for the alco-
hol than for propylene glycol. In early studies utilizing this drug, investigators
found that the alcohol preparation appeared to be more irritating (15,17). More
recent studies suggest that propylene glycol seems to be better tolerated (16).
Other factors can be important in irritant responses that are unrelated to the
nebulizer solution, such as the site of deposition in the airways and the distrib-
ution of irritant receptors. In clinical trials, it is difficult to separate all of these
factors to clearly delineate the cause of airway irritation. While the reactive
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state of the patients’ airways and sites of deposition are obvious variables, the
points summarized in Fig. 10 can also be important and should be considered
in the design of clinical trials.

B. Suspensions

Suspensions can be successfully nebulized. The fact that there are two phases in
the nebulizer volume fill does not prevent carriage of suspended particles into
the gas phase provided that the construction of the nebulizer accommodates the
physical distribution of the suspended particles. Budesonide, a steroid used to
treat asthma, has been available for some years as a suspension for nebulization.
The influence of the physical state of the liquid on nebulizer function is evident
from the data depicted in Figs. 11 and 12. Figure 11 is a standard graph repre-
senting inhaled mass from two experiments carried out on the same AeroTech II
nebulizer with a fixed pediatric breathing pattern (tidal volume 200 mL fre-
quency 25 breaths per minute, duty cycle 0.5). Two solutions were compared;
the first being a conventional albuterol solution with a volume fill of 2 mL (1.67
mg drug). This simple aqueous solution was fully nebulized in approximately 9
min with an inhaled mass of 17%. Then the same nebulizer was filled with 2.0
mL budesonide suspension (1 mg drug) and nebulization ceased after 6 min with
only 10% of the nebulizer charge captured on the inhaled mass filter. In Fig. 12
are shown the particle distributions measured by cascade impaction for the nebu-
lized albuterol and budesonide. (The measurement of aerosol distributions is dis-
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cussed formally below.) The figure clearly indicates that there was a significant
difference between nebulized budesonide suspension [mass median aerody-
namic diameter (MMAD) 2.45 µm] versus nebulized albuterol solution (MMAD
1.10 µm) captured in the cascade impactor from the same nebulizer at a fixed
breathing pattern. In our experience, the AeroTech II nebulizer usually produces
aerosols of approximately 1.0 µm when the liquid in the nebulizer is an aqueous
solution. The nebulizer’s relatively high efficiency, coupled with small particle
distribution, reflects its internal baffling, which works well for typical aqueous
solutions. For budesonide suspension, the internal baffles that are so important
for the modification of the fine aqueous aerosol probably capture many of the
larger nebulized particles. Milled budesonide has been reported to have a micro-
scopically observed diameter of approximately 2.2–2.9 µm (18). Multiplying the
microscopic diameter by the density of budesonide (1.26 g/mL) results in a
range of MMAD (2.5–3.5 µm) reported for virtually all experimentally tested
nebulizers for budesonide that emit relatively large particles (19).

VIII. The Lung Dose

Is there clinical evidence that the principles illustrated above are important deter-
minants of treatment outcome in patients? To answer that question, a thorough
understanding of the dose-response relationship for a given drug may be neces-
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sary. For aerosol therapy, this includes not just the inhaled mass but also the de-
position in the lung, the regional distribution of the deposited drug, the retention
of the drug within the lung, and, of equal importance, a realistic understanding of
the response. In clinical studies, defining the appropriate response is often a ma-
jor intellectual challenge. In bronchodilator trials, the FEV1 or peak flow is eas-
ily measured. For aerosolized anti-inflammatory agents such as steroids or
aerosolized antibiotics, the response is often vaguely defined and frequently re-
flects many variables besides the tested therapeutic regimen. For example, in the
ICU, mortality is often the only endpoint that can be easily defined. It is not the
purpose of this chapter to review clinical aerosol trials. However, examples that
illustrate the problems and possible solutions are described below.

Monthly aerosolized pentamidine has been utilized as prophylactic therapy
against Pneumocystis carinii pneumonia in high-risk patients with HIV infec-
tion. While effective, this therapy fails in a certain percentage of patients. In the
large clinical trials defining the clinical efficacy of this mode of therapy, the
dose-response curve was not determined. Whether patients who failed prophy-
laxis did so because of inadequate deposition of aerosolized pentamidine or
other unknown factors remained uncertain. Figure 13 represents summary data
from a study in 58 patients receiving directly supervised monthly therapy in

284 Smaldone and LeSouef

2520151050
0

5

10

15

20

Pentamidine inhaled (mg)

Pentamidine deposited (mg)

r = 0.919, p < 0.001

Figure 13 Pulmonary deposition of pentamidine plotted against the inhaled mass of
pentamidine in patients receiving aerosolized prophylaxis. The filled circles describe
those patients receiving prophylaxis who actually developed Pneumocystis carinii pneu-
monia. (From Ref. 20.)



which pentamidine deposition was actually measured and related to success or
failure of aerosolized prophylaxis (20,21). The vertical axis represents pentami-
dine deposition measured by the mass balance filter technique plotted against the
inhaled mass in milligrams. First, the graph indicates a wide range in deposition
between individual patients. Superimposed on the overall relationship are data
points that indicate which subjects failed prophylactic therapy. In spite of the
wide distribution in individual values of deposition, there was a uniform distrib-
ution of prophylaxis failures throughout the group, suggesting that those patients
who failed therapy did so because of factors unrelated to the pulmonary deposi-
tion of drug. An additional observation from Fig. 13 is the close correlation be-
tween pentamidine deposited versus pentamidine inhaled. This would indicate
that patient-related factors such as the deposition fraction (DF, Eq. 4) were not
major variables affecting deposition. Most patients treated with aerosolized pen-
tamidine prophylaxis have relatively normal airways function. If disease is pre-
sent, it is usually “restrictive” rather than obstructive. The nebulizer used, the
AeroTech II (as shown above, Fig. 9), exhibits relatively good interdevice repro-
ducibility, and variation between devices cannot account for the variation in in-
haled mass seen on Fig. 13. These observations suggest that, for patients inhaling
aerosolized pentamidine, differences in deposition were likely to be related to
variation in breathing pattern between patients and that these latter factors (tidal
volume, duty cycle) accounted for the changes in inhaled mass. In any event, as
shown in the figure, failure of pentamidine prophylaxis was not related to differ-
ences in deposition of the drug (21,22). Recent studies would suggest that pa-
tients receiving aerosolized pentamidine failed because of other factors, such as
a change in their immunological status or possible changes in the virulence of
the organism (22).

The cyclosporine experience is a good demonstration of the potential use-
fulness of assessing dose and clinical response of an aerosolized medication be-
fore large-scale clinical trials are undertaken. As described above, cyclosporine
is insoluble in aqueous solvents and the nebulized drug has been given to pa-
tients dissolved in either alcohol or propylene glycol. The nebulizer delivery
system has been well characterized by bench studies, and these studies defined
the clinical approach to therapy. Collaborating investigators have assessed the
response to aerosol therapy in several ways—e.g., histologically from biopsies
before and after therapy, levels of circulating mediators from bronchoalveolar
lavage, and physiologically using pulmonary function testing (16,17). Figure 14
represents published changes that occurred in pulmonary function in lung trans-
plant patients. FEV1 versus time is shown for two groups of individuals who
have received either a single or double lung transplant. The control group con-
sisted of patients suffering from “persistent acute rejection”—a syndrome char-
acterized by lack of response to any form of systemic immunosuppressive
therapy designed to treat organ rejection. Over time, their pulmonary function
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declined; after approximately 450 days of observation, their FEV1 averaged
40% of predicted (22 patients). A similar group of subjects (9 individuals) was
identified with the same clinical syndrome (persistent acute rejection) and ob-
served for 250 days (day –250 to day 0). As indicated on the figure, their de-
cline in function was similar to that of the control group until they were started
on aerosolized cyclosporine (day 0). At the end of the period of observation
(200 days into therapy), there was a statistically significant increase in FEV1 in
the treated group. As indicated by the error bars, there was significant variation
in FEV1 among the treated patients. This variation is analyzed in Fig. 15. On
this figure are compared the change in FEV1 (day 0 to day 120 of aerosol ther-
apy) versus deposited cyclosporine in the transplanted lung (7 of the 9 patients
depicted in Fig. 14). Each of those individuals underwent a deposition study in
which the quantity of cyclosporine actually deposited in the transplant (single
or double lung) was determined by gamma camera imaging. While the numbers
were small, patients who received the lower dose of aerosolized cyclosporine
clearly had a reduced response as measured by FEV1 (16). Prospective random-
ized controlled studies are being carried out in larger groups of patients.

The data from the pentamidine study, which indicated that the lung dose of
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drug was not important in terms of the ultimate therapeutic response, are still ex-
tremely important because those data allowed investigators to contemplate other
mechanisms of failure of therapy. Further, the pentamidine studies provided the
stimulus for the development of many of the techniques described in this chapter
and in this book that have helped to define modern concepts of aerosol therapy.
The cyclosporine data serve as a model illustrating that the interaction between
preclinical testing, knowledge of clinical airways pathophysiology, and measure-
ment of deposition can define the behavior of a given aerosol before the design
of expensive clinical trials.

IX. Measuring Particle Size During Nebulization

Figure 6 represents an in vitro simulation of a patient breathing an aerosol
from a nebulizer and measurement of inhaled mass. An important additional
goal is the assessment of the distribution of nebulized particles in a manner
that represents as closely as possible the aeresol as it is actually inhaled by a
patient. To measure the particle distribution investigators often use cascade im-
paction, described in principle in Fig. 16. The aerosol, which consists of parti-
cles suspended in a gas, enters the cascade impactor at a constant volumetric
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flow. The linear velocity of the carrier gas increases as the aerosol passes
through a series of orifices within the impactor. At each stage, particles either
impact on slides or pass on to the next stage, depending upon their inertia. In
the impactor, particle inertia is determined by the aerodynamic diameter of the
particle and its velocity through each orifice. Smaller particles are able to cir-
cumnavigate the slide and move to the next stage. Knowledge of the flow char-
acteristics of each stage and control of the flow through the cascade impactor
allows the aerodynamic distribution of diameters captured on the various
stages to be quantified and plotted. A typical graphic analysis is called a proba-
bility plot, with the vertical axis representing the logarithm of the particle di-
ameter and the horizontal axis probability. A typical log-normal aerosol
distribution will be represented on this plot as a straight line. An example is
shown in Fig. 12. Thus, for accurate measurement, the flow through the cas-
cade impactor must be constant and carefully controlled. The advantages of
cascade impaction are that the slides, which are removable, allow direct analy-
sis of drug, and the graph depicted in Fig. 12 represents the aerodynamic be-
havior of the actual drug, budesonide. Other devices used to measure the
behavior of aerosol particles primarily use light-scattering techniques and do
not provide a direct measurement of drug behavior. Because of the importance
of the drug analysis, regulatory agencies tend to favor cascade impaction in the
description of an aerosol delivery system.

As stated above, nebulizer function may be dependent on flow through
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the nebulizer. To minimize the influence of the impactor on the function of the
nebulizer during in vitro testing, “low flow” cascade impactors are often used.
That is, the gas flow through the impactor required to carry the aerosol
through the various stages is regulated by a pump running at 1–2 L/min. As
shown in Fig. 6, placing the nebulizer in a “T” arrangement allows the vac-
uum pump to draw a constant flow through the nebulizer without perturbing
nebulizer function. While flow through the nebulizer may resemble a sinu-
soidal breathing pattern, flow through the cascade impactor must be constant.
This is called isokinetic sampling. By placing the filter in the inhaled mass po-
sition, particles entering the cascade impactor do so only during the inspira-
tory phase of the cycle, because all particles that pass the impactor heading
toward the piston pump are captured by the filter and none are available dur-
ing expiration. Under these circumstances, the flow regime in the nebulizer
remains unperturbed and the particles entering the impactor are particles that
have followed the same path as they would have if the patient were doing the
breathing. Conditions of humidity and temperature are similar to the in vivo
situation, because gases exhaled from the patient or the piston pump pass
through the expiratory line on the Y piece. Other types of cascade impactors
designed for quality-control measurement of aerosol plumes operate at high
flows (20–30 L/min) and would obviously be unsuitable for the in vitro con-
figuration demonstrated in Fig. 6.

A. Breathing Pattern and Changes in Aerosol Distribution

Nebulizers modify the aerosol as it is created, using internal baffles in a flow-
dependent manner. If the patient modifies the flow through the nebulizer by
breathing through it, the final aerosol distribution may be altered. This hy-
pothesis was tested in bench studies evaluating different systems for the de-
livery of aerosolized pentamidine. This drug was delivered in early clinical
trials via conventional jet nebulizers (AeroTech II, Respirgard II) and ultra-
sonic devices (e.g., Fisoneb, Fisons, NY). A major factor determining the par-
ticle distribution of ultrasonic systems is the vibrating frequency of the
ultrasonic crystal. Most ultrasonic systems are expected to produce particles
somewhat larger than those generated by small-volume nebulizers (i.e.,
greater than 3 µm). Figure 17 represents a sketch adapting the Fisoneb config-
uration to the in vitro bench testing system described previously for jet nebu-
lizers depicted in Fig. 6. Experiments on this device were carried out in two
configurations. In the first, a “standing cloud” configuration, the nebulizer
was simply operated continuously, with a small internal fan conveying
aerosol to the cascade impactor. The Harvard pump and the inspiratory filter
were removed. The second configuration corresponds to the diagram in Fig.
17, in which the inspiratory filter and Harvard pump were attached with a
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Rudolph valve designed to separate inspiratory and expiratory gases. In that
configuration, the Fisoneb was triggered only during inspiration and the inspi-
ratory gases from the “patient’s” breathing passed through the nebulizer.
Thus, the flow regime within the nebulizer itself was different between the
standing cloud experiment and the experiment when the system was actually
ventilated by the Harvard pump. Cascade impaction experiments were carried
out utilizing Technetium 99m (99mTc) as the radiolabel (Fig. 18). As shown in
the figure, the particle distributions were different for the two experimental
low configurations. The standing cloud MMAD of 5.3 µm was consistent with
the excitation frequency of the Fisoneb crystal. However, when the device
was ventilated with a typical adult breathing pattern (750 mL tidal volume, 20
breaths per minute, duty cycle 0.5) the MMAD decreased to 2.1 µm. The
likely explanation for this phenomenon was the effect of baffles in the ultra-
sonic device, which behaved in a similar manner to the baffles in a jet nebu-
lizer (10). These measurements emphasize the basic principle generally
adopted by committees and agencies setting standards for aerosol characteri-
zation and regulation—that is, that the system be tested in a configuration that
represents the circumstances under which it is to be used clinically.

B. Hygroscopic Considerations

Low-flow cascade impaction may have other technical advantages. The
MMAD is often used to predict deposition in the human lung. However, many
aerosols change their aerodynamic characteristics in real time after they are
generated. For example, particles from MDIs may be mixed with volatile com-
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ponents such as surfactant as well as volatile propellants. Further, the particle
generating system may impart inertia to the particles, so that their behavior
will reflect aerodynamic characteristics that are not fully predicted by MMAD
alone. Finally, the particles themselves may undergo hygroscopic changes. In
addition, devices designed to measure aerodynamic distributions often affect
the aerosol or allow it to change its distribution because of the basic nature of
their design. Light-scattering devices require dilution of aerosol to prevent co-
incidence effects and they do not measure drug directly, so the aerosol that is
described may not be the same as that inhaled. Similar criticisms can be di-
rected toward cascade impaction. High-flow cascade impactors, which are
more suitable for quality-control measurements, will clearly perturb any sys-
tem designed to function under conditions of tidal breathing. Low-flow cas-
cade impactors do not capture all of the generated particles and there is the
possibility that some particles may not be sampled. Cascade impactors are also
not humidified or heated, so volatile aerosols may change when sampled and
the reported results will not reflect body temperature and pressure. However,
few studies have investigated the accuracy of these impressions. Often clini-
cian/scientists are influenced by literature based on precisely controlled exper-
iments performed with low-concentration test aerosols, such as dried salt
particles. These aerosols allow the assessment of theories of particle growth
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and the effects of relative humidity on hygroscopic behavior, but they lack di-
rect relevance to the clinical arena.

In fact, recent studies suggest that “wet aerosols” utilized in clinical envi-
ronments are often relatively stable. For example, lung images obtained using
aerosols characterized by low-flow cascade impaction seem representative of the
MMADs reported (23,24). That is, smaller particles deposit more peripherally
than larger ones. If aerosol droplets produced by wet nebulizers are indeed “sta-
ble,” how can we account for this observation in terms of our knowledge of par-
ticle growth from studies of single particles or dry nuclei in humid atmospheres
that tend to grow rapidly? Recent theories of hygroscopic growth involving
“two-way coupled effects” have predicted stability of wet aerosols in nebulizers
because of the interaction between the large number of particles within an
aerosol cloud and their influence on stability of the vapor (25,26).

For nebulizers, one of the more important effects of two-way coupling
may be its ability to partially or even completely prevent the evaporation of
droplets. Because the mass of water carried by droplets is large, it is possible to
predict stable water aerosols within nebulizer systems. Similar arguments can be
applied to low-flow cascade impactors when they are attached to closed systems,
and this may partially explain why MMAD measured by impactors appears to
have some clinical relevance. More data are needed to further define the impor-
tance of this effect for both nebulizers and cascade impactors.

There are other unexpected “stabilizing effects” within wet nebulizers that
may be related to two-way coupling. The concentration of solute in a continuously
operating nebulizer is known to increase over time. This is related to the fact that
solute is recycled within the nebulizer as water vapor is expelled. This observation
implies that particles (droplets) emitted from the nebulizer late in the phase of neb-
ulizer operation will contain a higher concentration of drug than particles emitted
earlier during nebulization. On the other hand, data from inhaled mass experiments
often demonstrate a linear output of drug from the nebulizer over time, as shown in
Fig. 5. Because the quantity of drug being emitted from the nebulizer is constant
and (from cascade impaction experiments) the MMAD of the aerosol over time is
generally unchanged (9,10), the number of particles emitted in the aerosol must
decrease during nebulization. Thus, MMAD and drug output over time remain
constant in spite of the fact that solute concentration increases during nebulization.

X. Labeling Pharmaceutical Nebulizer Solutions 
for Bench Testing and Deposition Studies

A. Calibration via Cascade Impaction

Aerosol particles generated from nebulizer solutions containing drugs can be la-
beled with a short-acting isotope such as 99mTc. If particles of free technetium de-
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posit in the lungs, they will be readily absorbed and cleared from the lungs by
the circulation. To allow sufficient time to obtain a meaningful gamma camera
image, the 99mTc should be bound to a substance such as sulfur colloid or human
serum albumin.

The assumption should not be made that a drug and its radiolabel have
similar aerodynamic properties. Preliminary bench testing of the pharmaceuti-
cal aerosol with and without the radiolabel is advised. These studies should
confirm that the addition of radioactivity to the aerosol does not change the
aerodynamic characteristics of the drug particles. In addition, the percentage of
the drug inhaled should be shown to be equivalent to the percentage of ra-
dioactivity inhaled. This equivalence is necessary if the drug behavior in the
aerosol is to be traced using radioactivity (e.g., using the mass balance tech-
nique or regional scanning with the gamma camera). Failure to test this rela-
tionship can lead to serious problems if the isotope is to be used to measure
lung dose of the drug. For example, Fig. 19 demonstrates the quantitative rela-
tionship between an aerosolized drug (pentamidine) and a 99mTc radiolabel
mixed with the solution in the nebulizer. Two experiments are shown, repre-
senting pentamidine in the aerosol (captured by cascade impaction) versus
99mTc bound to sulfur colloid (99mTc-SC) or human serum albumin (99mTc-
HSA). Each relationship is well described by a straight line, but they have dif-
ferent slopes. The relationship for 99mTc-HSA is close to the line of identity,
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indicating that for each 1% of drug deposited, 1% of radioactivity will be de-
tected in the lung, whereas the slope of the 99mTc -SC/pentamidine relationship
is only one-third that of 99mTc-HSA. This indicates that 99mTc-SC will underes-
timate pentamidine deposition by a factor of 3 to 1. Both isotope binding
agents are suitable for deposition studies, but knowledge of the slope is neces-
sary for accurate measurement of drug deposition (27).

B. Pediatric Considerations in Labeling Studies

Particular care is needed in designing aerosol deposition studies in children.
Since children have a longer life expectancy than adults, the risk of a given radi-
ation dose may be greater for them, and every effort must be made to minimize
exposure (28). Minimal numbers of children should be used and doses of isotope
should produce radiation levels that are only just enough above background lev-
els to produce reliable data. In addition, only studies that are essential to improve
and optimize aerosol delivery systems for children should use radioisotopes. For
example, studies to assess different nebulizer setups should use in vitro bench
testing rather than in vivo assessments of deposition.

XI. Route of Inhalation

The nose is an efficient filter, and patients should be encouraged to inhale
aerosols through their mouths. Up to 300% more aerosol reaches the lungs if a
nebulized aerosol is inhaled via the mouth rather then the nose (29). In infants
and very young children, use of a mouthpiece is not usually possible, but from
the age of 3 or 4 years, most children can tolerate a mouthpiece. How much the
nose filters large particles and preserves smaller aerosol particles is not known.
However, a deposition study that compared deposition using the two different
routes in children did not show differences in the ratio of central to peripheral
deposition, suggesting that there was no significant change in aerosol size distri-
bution after nasal inhalation (29).

XII. Mechanical Ventilation

A. The Ventilator and Its Influence on Nebulization

Aerosol delivery via mechanical ventilation using nebulizers seems more com-
plex than conventional nebulization. How should the nebulizer be powered?
Where in the circuit should it be connected? Early studies in the ICU suggested
that nebulized particles could be delivered to the lungs of intubated patients only
with great difficulty. Compared to other devices such as MDIs, nebulizers were
inefficient (30) and the endotracheal tube presented an additional barrier to the
passage of particles into the respiratory tract (31). However, by taking the same

294 Smaldone and LeSouef



approach to nebulization via the ventilator as shown above for spontaneous
breathing, the factors important to aerosol delivery using mechanical ventilation
can be defined.

The ventilator and its tubing (endotracheal tube etc.) can be viewed as an
extension of the nebulizer, Further, the ventilator itself often includes an equiva-
lent “compressor” providing the nebulizer flow, and the ventilator (like the Har-
vard pump) defines the breathing pattern. Therefore, in the intubated patient,
inhaled mass can be measured in vitro, using filters, and deposition of particles
can be measured in vivo using the gamma camera. Figure 20 illustrates these
concepts. The nebulizer is inserted into a ventilator circuit and, in this example,
is powered directly by the ventilator. The endotracheal tube is attached to a lung
simulator (VT-1 Adult Ventilator Tester, Bio-Tek Instruments, Winooski, VT).
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The filter measures inhaled mass. In the insert is a sketch of the filter configura-
tion used to measure exhaled particles (and hence deposition) and a gamma cam-
era for regional studies.

The ventilator itself can influence aerosol production. Figure 21 shows
the inhaled mass over time generated by a typical nebulizer for four commer-
cially available ventilators. The breathing pattern was fixed by the ventilator
settings (tidal volume 1.0 L, frequency 15 breaths per minute, duty cycle
0.33). As shown in the figure, the inhaled mass for three of the ventilators
ranged between 10 and 15% of the nebulizer charge in 15–20 min, while one
device nebulized approximately 2.5% in 75 min (32). While all the tested ven-
tilators performed mechanical ventilation within usual tolerances, the nebu-
lizing system for the latter device was inadequate because the operating
pressure in the nebulizer drive line was too low to drive the nebulizers tested.
Manufacturers or regulatory agencies have not set standards for nebulization
via mechanical ventilation.

B. The Nebulizer

Nebulizers can be tested in a given ventilator circuit and, as shown in Fig. 22, the
choice of nebulizer can have a significant impact on drug delivery. Inhaled mass
versus time is shown for a number of common nebulizers, including the devices
first tested in Fig. 5. Devices shown to be efficient for spontaneously breathing
patients are often even more efficient on the ventilator provided that the ventila-
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tor nebulizer flow system supplies adequate flow and driving pressure. The
AeroTech II, for example, demonstrates an efficiency plateau of 35% for a vol-
ume fill of only 3 mL (compared to 22% for 4 mL of pentamidine in Fig. 5). The
reason for this increased efficiency is the fact that when triggered by the ventila-
tor (Bear II, Bear Medical Systems, Riverside, CA), the nebulizer is essentially a
“breath actuated” device. The slope of the output curve is decreased (a treatment
takes longer), but the plateau is increased (27).

C. Humidification

Ventilator circuits are often humidified and heated. Hygroscopic effects are com-
plex in that there is considerable condensation and rainout of water in the con-
necting tubing between the nebulizer and the patient. This liquid is not recycled
and aerosol lost is not recovered. The conditions in ventilator tubing are likely to
be supersaturated and the aerosol particles serve as nuclei. Approximately
40–50% of drug can be lost when the circuit is humidified (for aerosols produced
via nebulizer or MDI (27,33).

The data shown in Figs. 21 and 22 represent aerosol runs performed with
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the humidifier of the ventilator circuit “bypassed”; that is, the output from the
humidifier is recycled directly back into it. This is equivalent to turning it off—a
configuration that is useful when maximal efficiency and deposition are the goals
of therapy (34). The patient still receives some humidified gases from the nebu-
lizer itself (if the solution is aqueous), but the ventilator tubing is not supersatu-
rated. After nebulization, the humidifier bypass is removed and full
humidification restored. For “standard” aerosol treatments with bronchodilators,
humidification is usually maintained during therapy.

D. The Endotracheal Tube

A low-flow cascade impactor can be inserted into the ventilator circuit between
the distal tip of the endotracheal (or tracheostomy) tube and the inhaled mass fil-
ter. Impaction experiments have repeatedly shown that the aerosols leaving the
tube and entering the patient are similar to those produced by small-particle neb-
ulizers such as the AeroTech II. Often the MMADs are about 1.0 µm (27).

Deposition in the tubing can approach approximately 30% of lung depo-
sition (27,31,35). However, recent studies in patients utilizing efficient nebu-
lizers and optimized circuits have shown that approximately half of the
deposition in the tube occurs during expiration, and therefore the tube is not a
major impediment to drug delivery to the lungs (35). Finally, recent in vivo
studies have confirmed that deposition of antibiotics in the airways of tra-
cheostomized patients can exceed that found in spontaneously breathing pa-
tients provided that the factors known to affect drug delivery, described above,
are optimized. Representative data are shown in Fig. 23, sputum levels from
mechanically ventilated patients following aerosolized aminoglycoside ther-
apy averaged 1200 µg/mL (34).

E. Considerations for Ventilated Neonates

The situation is very different for intubated neonates. A typical neonatal ventila-
tor circuit is shown in Fig. 24. The major difference between this system and an
adult ventilator circuit is the presence of a constant flow of gases through the res-
pirator tubing. In the adult system, flow in the inspiratory line is initiated during
inspiration and shuts off at the end of the breath. Therefore, all aerosol particles
entering the neonatal circuit are swept away and only a few pass into the endo-
tracheal tube. Further, flow of gas into the infant can be very small, especially for
very preterm neonates. These losses, coupled with endotracheal tube losses, total
over 90% (36). Because of the small size of neonates, deposition per kilogram
may be adequate, but at a tremendous cost in efficiency. For inexpensive drugs,
this problem may not be significant; but as the costs of drugs increase, losses will
obviously become more important.
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Figure 23 Sputum aminoglycoside level (µg/mL) sampled from patients maintained
on mechanical ventilation. The patients were receiving gentamicin (80 mg every 8 h) and
clinically were in a steady state. The “trough” level was from sputum sampled just prior
to an aerosol treatment. Following aerosol therapy, average values of gentamicin ex-
ceeded 1200 µg. (From Ref. 34.)
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of the endotracheal tube. (From Ref. 36.)



XIII. Summary

In summary, the ability of a nebulizer to deliver drug by aerosol to a patient is
strongly dependent on a number of variables including the nebulizer itself (e.g.,
breath actuation, breath enhancement), the physical properties of the solution,
and the patient’s pattern of breathing (tidal volume, frequency, duty cycle). How
can these variables be controlled to allow a reasonable estimate of dose delivery
in a given clinical situation? The answer lies in preclinical bench testing. Be-
cause it is not possible to predict with certainty the function of any nebulizer
from first principles, the ability of a device to deliver a reasonable amount of
drug must be tested on the bench prior to any clinical trial. The experimental
setup should be designed to simulate as closely as possible the actual clinical sit-
uation. The device should be tested with the actual drug to account for rheology
effects of the liquid in the nebulizer. All tubing and connectors should mimic the
clinical situation. In these tests, care is needed for the breathing pattern to reflect
the actual clinical situation with reasonable accuracy. In adults, given the rela-
tively small range of patient size and therefore breathing patterns, the provision
of an appropriate example of an adult breathing pattern for use with the simula-
tor should produce results that give a reliable estimate of the quantity of drug
available by inhalation to a given patient population. For pediatric tests, more
care is needed owing to the much greater range of inspiratory and expiratory
flows in infants and children. In some instances, in vivo filter tests using children
actually breathing on the apparatus under investigation will be needed to ensure
that the in vitro tests are representative. Failure to perform these studies in ad-
vance of clinical trials may result in inadequate drug delivery to the respiratory
tract or may increase the risk of overdosage and toxicity.
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I. Introduction

Many different devices are available for the inhalation of drug aerosols for depo-
sition to the respiratory tract. Based on pharmaceutical formulation, these de-
vices fall into three categories: pressurized metered dose inhalers (pMDIs),
dry-powder inhalers (DPIs), and nebulizers. pMDIs and DPIs are the most com-
mon means of drug aerosol delivery, though both fall short of the ideal delivery
device due to problems in formulation, dispensing, penetration into the respira-
tory tract, and patient coordination and handling. The traditional view of nebu-
lizers is that they are expensive and bulky as well as inconvenient to handle,
wash, and maintain; also that they are relatively inefficient. As a consequence
they are relegated to third division in the marketplace. However, perhaps as a di-
rect consequence of a lack of pharmaceutical vested interest, nebulizers remain
poorly researched and understood by many clinicians and aerosol scientists. As a
result, nebulizers may hold great potential, yet to be developed. Advancement in
new nebulizer and inhalation technology, together with increased understanding
of the physics of nebulized drug aerosol, offers greatly increased efficiency in
nebulized drug aerosol delivery. At the current time, new nebulizer technologies
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offer convenient alternatives to less efficient pMDIs. It is conceivable that the
development of new, more efficient and convenient nebulizer systems will lead
to the possibility that these systems will eventually become the drug delivery
method of choice in the development of new pharmaceutical products.

II. Background

It may be useful to define terminology that is so often misused in regards to the tra-
ditional nebulizer. Many researchers refer to the nebulizer they have used in their
study simply by the brand name, with little or no consideration to other crucial
component parts of the nebulizer system. Among the most influential are the com-
pressor or line feed applied to the nebulizer resulting in specific air flow rates (for
jet nebulizers), mode of operation (continuous or breath-activated), residual vol-
ume, and the use of face mask or mouthpiece, the latter often being “valved” for
expired air. Each of these significantly influences the total amount received by the
patient during therapy, the rate of nebulized aerosol output, and the aerosol droplet
size distribution. It is far more appropriate to refer to the nebulizer system in its en-
tirety, in which these components play a significant role in influencing nebulized
drug aerosol delivery and its characteristics. Simply identifying the brand of nebu-
lizer used without additional information on the nebulizer system is inappropriate
and confounds the interpretation of many studies. If any significant component
part of a nebulizer system is replaced by another, then the nebulizer system has
changed and the aerosol output characteristics will have been significantly altered.

Characteristics of traditional nebulizer design (1–2) and clinical applica-
tion (3–5) are well documented in the literature. Nebulized drug solutions offer
convenient formulations often unavailable in pMDI and DPI formulations. How-
ever, at the present time manufacturers of pMDIs are struggling to cope with im-
posed change of formulations due to environmental damage caused toy CFC
propellants. DPIs are dependent on the patient’s ability to perform a force-pull
inhalation in order to release and disperse the powder formulation into an
aerosol. This is not the case with any currently available nebulizer. Concurrently,
patented DPI devices are expensive to develop and manufactures continue their
struggle to optimize efficient release mechanisms and delivery of powder formu-
lations for all patient groups. Though pMDIs and DPIs face difficult technologi-
cal challenges, rapid development of nanotechnology, microelectronics, and
battery power, coupled with an inherent ease of aqueous drug formulation, has
provided a massive boost to the development of new and greatly improved nebu-
lizer technology. We are currently in the middle of an exciting developmental
phase in nebulizer-related technology. The aim of this chapter is to introduce this
range of new and emerging nebulizer technologies and to evaluate their potential
impact on drug aerosol delivery and clinical practice.
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Traditional nebulizers are generally regarded as relatively inefficient drug
delivery devices. The amount of drug reaching the lungs from a nebulizer is typ-
ically only 5–20% of the nominal dose placed in the nebulizer. The inefficiency
of the traditional nebulizer principally results from a combination of three fac-
tors. First, a large residual volume (typically 1 mL) is usually left in the nebu-
lizer at the end of treatment, which accounts for the largest proportion of
waste—particularly as most typical nebulizer volume fills are on the order of 2–3
mL. Due to evaporation during nebulization, the remaining drug solution or sus-
pension becomes increasingly concentrated. Thus the 1 mL remaining may con-
tain 20–30% (6) more drug than expected, a situation enhanced in
breath-enhanced jet nebulizer designs, where there is further entrainment of am-
bient air through the nebulizer (7). Second, a significant proportion of the aerosol
generated is released during exhalation or respiratory pauses and will not be in-
haled. Aerosol lost on exhalation is usually emitted into the home or hospital en-
vironment, which may create a health risk to others; though with some nebulizer
designs, waste aerosol can be collected on optional filters or other scavenging
systems. The third factor contributing to the inefficiency of traditional nebulizers
is inappropriate droplet size. Inevitably, a proportion of inhaled aerosol will be
too large to penetrate through the upper airway and will deposit in mouth, nose,
or pharynx, potentially contributing to local and systemic side effects.

However, a pMDI without spacer or a DPI with a poor inhalation maneu-
ver is an equally inefficient drug aerosol delivery device. Further, a greater pro-
portion of drug aerosol from pMDIs and DPIs is usually deposited in the mouth,
throat, and upper respiratory tract, where the drug is of no therapeutic conse-
quence and may contribute to unwanted local or systemic side effects.

Traditional jet nebulizer devices deliver a variety of drug formulations. As
such, for regulatory purposes, there is an effective separation between drug de-
livery device and pharmaceutical preparation. This forms a loophole in which
nebulized drug delivery can bypass regulatory requirements (clinical trials) ap-
plying to pMDIs, DPIs, and other devices sold in combination with drug formu-
lations. This has the disadvantage and risk that nebulized drug delivery is rarely
supported by evidence-based medicine. When evidence from clinical trials is
available, it is often confounded by a reluctance to specify operating conditions
and identify all relevant components of the nebulizer system.

Without regulatory input and without a clear indication of safety and ef-
ficacy of nebulized drug delivery, patients receiving nebulized drugs are per-
haps more vulnerable than those receiving drugs from more controlled
delivery systems. It is conceivable and perhaps inevitable that patients receiv-
ing nebulized drugs from the new generation of nebulizer devices, with in-
creased efficiencies, will receive greatly increased doses of drug aerosol if the
same nominal dose is prescribed. Without proper understanding of the antici-
pated improvements in nebulized drug aerosol generation and delivery, and
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effective monitoring and modification of prescribing habits in clinical prac-
tice, problems will occur. However, if appropriate action is taken to review
and modify prescribing habits in relation to the efficiency of new-generation
nebulizers, the technology offers greater portability, ease of use, speed of
drug delivery, and control of dose delivered.

III. New Nebulizer Technology

For the purposes of this chapter, new nebulizer technologies include technology
developed and introduced after 1990 that further, are regarded as fundamentally
different from traditional nebulizers. New nebulizer technology introduced in
this chapter is presented as four classes:

1. New adaptations of existing jet nebulizer technology to produce dosi-
metric systems for conventional generic nebulized drug delivery—
e.g., Halolite and Circulaire

2. New ultrasonic nebulizer technology for conventional generic drug
delivery—e.g., AeroNeb and Omron.

3. New nebulizer delivery devices designed to deliver specific drug for-
mulations that have undergone clinical trials to establish safety and ef-
ficacy as part of the regulatory process—e.g., Respimat and AERx.

4. New nebulizer designs that are only just emerging whose nebulized
aerosol applications have not yet been fully defined—e.g., Touch-
Spray, Microjet, and Gañan-Calvo technology.

Classes 1 and 2 are modifications of conventional nebulizing therapy in the per-
spective that these have operational times lasting minutes or more. The last two
classes introduce novel nebulizer technology that is fundamentally different in
that delivery time for drug aerosol is very short, typically 1 or 2 s. Further, the
latter two classes offer the convenience and portability more common to the DPI
or pMDI than to traditional nebulizers.

New nebulizer technologies present an opportunity that should transform
the stereotypical image of the traditional inefficient nebulizer. Some of these new
technologies offer the convenience, portability, and ease of use of more popular
pMDIs and DPIs. For some drugs, new nebulizer technology should have fewer
and potentially easier technological and formulation problems to solve. Many
new nebulizer technologies offer greatly improved efficiency in aerosol delivery.
It remains largely up to prescribers of nebulized drugs to fully appreciate how in-
creased efficiency will result in a corresponding increase in dose delivery with
new and emerging nebulizer technologies. This understanding would be im-
proved with more cooperation and involvement from both nebulizer and phar-
maceutical companies together with participation of regulatory authorities.
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IV. The Ideal Nebulizer

It may not be possible or even necessary to accommodate all the features of an
“ideal” nebulizer system. Below is a “wish list” of desirable features.

1. A minimum residual volume (< 0.5 mL)
2. Aerosol delivered only during inhalation
3. No waste aerosol released to the environment
4. Aerosol delivered with a droplet size distribution suitable for pul-

monary or tracheobronchial deposition
5. Small and portable: similar to the more popular pMDIs and DPIs (and

ideally no more expensive)
6. Rapid treatment time, quiet and unobtrusive in use
7. Finally, perhaps also a means to monitor patient compliance

At present, there is little understanding of nebulizer performance by the
typical decision makers within a hospital or community health care organization.
Usually the bottom-line factor dictating which nebulizer system to purchase is
cost. Consider what would result if an ideal nebulizer design, incorporating the
desirable features described above, were to be made available and was proven to
be both efficient and cheap. Competitive marketing of desirable features and low
cost would quickly convince most decision makers and prescribers to adopt this
design for use by their patients. Previous therapies given with relatively ineffi-
cient nebulizers would presumably be prescribed in the same manner—i.e., X mg
dose in Y mL diluent volume. If the traits of the ideal nebulizer shown above
were real, an increase in actual dose delivered to the patient would result. Half
the residual volume would double the dose, and aerosol release only during in-
halation would double it again. The increase in nebulized aerosol dose received
by the patient may be even greater if increased compliance were taken into con-
sideration. Adverse noticeable side effects may well provide feedback to reduce
subsequent doses prescribed, though this would not apply to all nebulized drugs.
It is unclear whose responsibility it is to regulate nebulized drug delivery and to
ensure minimum standards of safety and efficacy. Nevertheless, if the conse-
quences of choosing different “generic” nebulizer/drug combinations were ap-
parent to the prescriber and the effect of improved and more accurate drug
delivery obvious, resulting better therapy would decrease patient relapse involv-
ing hospitalization. A small increase in costs of purchasing new nebulizer tech-
nology would be small compared to potential savings from patient
hospitalization. If true, a decrease in net cost should appeal to decision makers
within hospitals and community health care organizations.

In the absence of clinical trials to establish safety and efficacy, assessment
of efficiency of nebulizer systems relies largely on in vitro assessment of nebu-
lizer performance. However, a number of factors conspire to confuse under-
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standing of in vitro nebulizer performance. Nebulized aerosol does not behave in
the same way as aerosols from pMDIs or DPIs. Extending in vitro methods of
MDI assessment to nebulized aerosol is simply wrong if the objective of in vitro
assessment is to reflect clinical use. The mode of drug inhalation is different be-
tween nebulizers and pMDIs and DPIs; the stability of droplet size is also differ-
ent. Evaporation of the pMDI propellant is more rapid than the evaporation of
water from nebulizer droplets. In vitro methods for pMDIs and DPIs using, for
example, high-flow (continuous at 28.3 or 60 L/min) cascade impaction have
been designed in part to reflect in vivo (variable-flow) conditions of the pMDI
breath maneuver and dose delivered with it. The high airflow and evaporation ef-
fects will assess the generated droplet size distribution differently and most cer-
tainly give markedly different results for the pMDI, DPI, and nebulizer
respectively. The continuous tidal breathing associated with nebulizer therapy is
very different and requires different in vitro methods to assess aerosol output and
size of nebulizer design performance if in vitro tests are to be predictive of in
vivo performance.

A basic lack of understanding of nebulized aerosol physics, the impact of
nebulizer design on aerosol generation, and the influence of patient breathing
patterns on nebulizer output have given rise to a plethora of different methods of
measurement. This has resulted in a wide range of different in vitro methods to
assess nebulizer performance. Because in vitro assessment of nebulizer system
output will continue to be an important consideration in assessing the potential
benefits of most new nebulizer technologies, this chapter includes a brief intro-
duction and description of two European initiatives. The first relates to the pend-
ing publication of a new European (Comité Europeen de Normalisation, or
CEN) standard incorporating clinically reflective in vitro standard methods to as-
sess nebulizer system performance for aerosol output and droplet size distribu-
tion. The second is an introduction to the pending publication of Clinical
Nebulizer Guidelines through the European Respiratory Society, which will in
part rely on the new European in vitro standard. From a clinical perspective, the
development of evidence-based clinical guidelines for nebulizers should be of
interest, as this presents a forum in which the development and introduction of
new nebulizer technology with potentially greatly improved efficiency can be as-
sessed and monitored to guide clinical practice. The authors are not aware of any
similar developments in North America or elsewhere to assess and control nebu-
lized drug aerosol delivery.

Nebulizers are principally used by children (<5 years) and adults (<55
years) who have difficulty coordinating the use of MDIs and DPIs, by patients
with severe asthma or chronic obstructive pulmonary disease (COPD), and in the
emergency room for acute episodes of bronchospasm. Today the bulk and cost of
nebulizers relative to MDIs and DPIs makes them inappropriate for the majority
of patients. However, pMDIs using chlorofluorocarbons (CFCs) contribute to
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ozone depletion (8), with subsequent environmental and public health impacts.
The pending ban on CFCs for use in medical aerosols has resulted in research be-
ing directed toward providing efficient alternative methods for pulmonary deliv-
ery of drugs, particularly using alternative propellants such as hydrofluoroalkanes
(HFAs) or alcohol, DPIs, and new nebulizer delivery systems. Presumed environ-
mental problems with the HFAs may further promote development of new nebu-
lizer technologies as well as further DPI development.

Examples of recent developments in new nebulizer technologies and sig-
nificant new modifications to traditional nebulizer technologies are considered in
turn below.

V. Examples of New Nebulizer Technologies

A. Traditional Nebulizer Technology Modified for Improved
Generic Use (Halolite, Circulaire)

Both the Halolite and Ciculaire nebulizer systems aim to deliver a more con-
trolled aerosol dose to the patient by different means. The Halolite emits aerosol
for a fraction of each inhalation cycle before ceasing when a preset cumulative
dose has been delivered. Circulaire uses a reservoir bag to conserve continuously
emitted aerosol, which in principle increases the amount of aerosol available for
inhalation. Both these systems rely on preexisting jet nebulizer technology de-
signs which have then been adapted to provide dosimetric systems. In the case of
Halolite, the doses delivered are relatively small, though reproducibility of dose
delivery is considerably better than that from Circulaire, whose aerosol dose de-
livery is related to the total aerosol output of the nebulizer less deposition in the
nebulizer system.

Halolite Medic-Aid

Halolite is a hand-held delivery system incorporating a jet nebulizer operated
from a dedicated compressor (Fig. 1). The Halolite uses a software-driven moni-
toring and control system marketed as adaptive aerosol delivery (AAD). AAD
monitors patient breathing parameters known to influence the aerosol delivery
and respiratory tract deposition such as inhalation flow, breath frequency, and in-
spiratory time. This is done by monitoring the last three breaths in a continuous
fashion, thereby allowing calculation of an appropriate aerosol pulse time.
Aerosol is delivered within the first half of each predicted inhalation and the
AAD system continues to adapt to changes in breathing pattern throughout the
treatment. The system software is intended recognize when a patient has tem-
porarily ceased breathing through the system (for example, to cough or speak),
and the nebulizing process is suspended until the patient resumes treatment. This
ensures that a precise preset dose is delivered to each patient, independent of his
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or her breathing pattern or any interruption to the treatment (Fig. 2). The system
indicates when treatment is complete after a preprogrammed total nebulization
time has passed—nebulization time in this regard is linearly related to aerosol
dose emitted and delivered to the patient. In a laboratory trial of 19 patients,
Halolite reportedly demonstrated delivery of a preset dose with a CoV = 17% (9)
and a high proportion of treatments delivered to the preset dose (10). Compared
with traditional nebulizers the Halolite nebulizer system shows a significant im-
provement in the control of delivered doses irrespective of the patient’s adher-
ence to regimen (10).

The Halolite nebulizer system can also incorporate a patient logging sys-
tem, which records the date, time, and dose received for each treatment. This al-
lows objective measures of compliance to be made. Halolite provides a delivery
system that can react to the patient’s breathing pattern and target aerosol delivery
to help ensure that aerosol is delivered only during the initial inspiratory phase of
the patient’s inhalation cycle in an effort to maximize lung deposition. The sys-
tem is relatively simple to use. Once appropriately connected to the compressor
and switched on, the Halolite system is fully automatic, requiring no individual
adjustment, and is thought to be suitable for patients from 3 years of age. The
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provision of patient feedback helps promote effective and consistent delivery of
the preset dose. The Halolite may be used with existing liquid drug preparations
and unit-dose vials. The device is still cumbersome and requires the same rigor-
ous cleaning regime as a reusable traditional nebulizer system.

Circulaire WestMed

Traditional nebulizers are made particularly inefficient by having a high residual
volume and continuing to emit aerosol during patients’ breath-holds and exhala-
tions. The solution presented in the Circulaire nebulizer system (Fig. 3) was to
add an exhalation valve and plastic reservoir bag intended to minimize waste
aerosol. In theory, assuming a near balance between total nebulizer compressed
airflow and overall patient inspiratory rate, no aerosol released from the nebu-
lizer would be emitted to the environment. Any aerosol generated during patient
breath-hold or expiration is stored in the flexible reservoir until the next inspira-
tion, though it is not clear how much drug aerosol is deposited on the bag walls.
Though this system does nothing to reduce the drug solution lost as residual vol-
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Figure 2 Schematic illustrating adaptive aerosol delivery from Halolite. Solid boxes
represent periods of aerosol delivery for four different breathing patterns. Aerosol is only
delivered during the first half of each inspiration. The HaloLite system indicates when the
preprogrammed dose has been delivered. In each of the four examples, the dose delivered
is the same but the treatment time will be different. The treatment time is dependent on
the ratio of inspiratory to expiratory time and the number of breaths per minute. (From
Ref. 11.)



ume within the traditional nebulizer, it does potentially eliminate aerosol wasted
to the environment. Instead, a proportion of this aerosol is made available for in-
halation thus increasing the overall dose.

The Circulaire nebulizer system increases the rate and total aerosol dose
delivered to the patient compared to the traditional constant-output nebulizer
alone, and this has savings in treatment time as well as potentially reducing costs
(12). Further, aerosol wasted to the environment is minimized, which, in turn,
minimizes occupational exposures to drug aerosol (13,14). As with the Halolite
system, the Circulaire is cumbersome and complicated to clean.

Synopsis

The Halolite uses existing drug formulations, which have been registered sepa-
rately. The AAD technology allows the Halolite to deliver accurate doses to the
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Figure 3 Circulaire nebulizer system. A traditional constant output jet nebulizer pro-
duces aerosol continuously by compressed air (compressor not shown). During patient in-
halation, aerosol is drawn from the system by patient inspiration. During patient breath
hold and exhalation (through one-way valve adjacent to mouthpiece) decompressed jet
nebulized air containing aerosol fills an inflatable plastic bag for inhalation during subse-
quent breaths.



patient with minimal wastage; the feedback to the patient might improve patient
compliance. These features overcome many of the disadvantages of conven-
tional nebulizers while using the existing drug formulations, but they do necessi-
tate consideration of what delivered dose is required for different drugs rather
than prescribing volume fill.

The reservoir incorporated within the Circulaire nebulizer system may
help increase the inhaled proportion of aerosol from a given fill volume com-
pared to the same driving nebulizer without incorporation of the valved reser-
voir bag system. Like the Halolite, this implies reconsideration of prescribed
doses and volume fills of drug solution to avoid overdosing. The extent to
which the droplet size from conventional nebulizers is affected by adaptations
in Halolite and Circulaire nebulizer system is not clear. Meaning in vitro mea-
surements (e.g., European standard) characterizing droplet size from either sys-
tem is not available.

The small amounts of aerosol generated by a system such as Halolite are
produced over relatively short time period (< 1 s) in a discrete bolus. This bolus
is entrained with ambient air during patient inhalation and one would expect a
considerable amount of mixing to occur. As ambient air has a significant capac-
ity to absorb water vapor from nebulized aerosol (relative humidity normally
<70%), evaporation of aqueous aerosol would be inevitable and rapid. The re-
duction in droplet size would be expected to be inconsistent, as the rate of evap-
oration will depend on the speed of inhalation which defines degree of dilution
as well as temperature and humidity of ambient air. In contrast, aerosol-laden air
inhaled from the Circulaire nebulizer system will entrain little ambient air and is
therefore relatively less sensitive to any reduction in droplet size due to evapora-
tion. To what extent evaporation reduces droplet size from Halolite is not known
and deserves further investigation.

B. New Generic Nebulizer Technology: Omron and Aeroneb
Ultrasonic Nebulizers

Omron Ultrasonic Nebulizer

Though ultrasonic nebulizer technology is not new in itself, an ultrasonic nebu-
lizer that works reliably with both solutions and suspensions would be new, as
many past devices have been either unreliable, have been unable to nebulize sus-
pensions, and/or have produced droplets too large to penetrate to the lower respi-
ratory tract.

Omron launched a battery-operated hand-held nebulizer in 1994 (in
Japan, model NE-U03) (15), which has recently been updated (in Japan, model
NE-U14). The Omron nebulizer employs a ceramic mesh and double-horn os-
cillator that combine to release a fairly fine liquid aerosol with relatively low
power consumption. A unit is pictured in Fig. 4 and its operation schematically
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represented in Fig. 5. Desirable features of the Omron ultrasonic nebulizer in-
clude portability (150 g), with power supplied by four AA batteries, there is a
relatively minute residual volume (0.3 mL), and little degradation of complex
drug formulations (16).

Limitations of the first Omron product include an inability to control nebu-
lization of drugs present as suspensions due to incorporation of a small mesh
hole size (between 3 and 4 µm), which could trap suspension droplets (Omron,
unpublished data). The latest unit operates at 6 MHz (compared to 65 kHz for
the previous unit) and is reported to generate finer aerosol droplets with a lower
dependence on mesh size, which has been increased to 5 µm for the newer model
(K. Kuki, personal communication 1999). Though published performance data
on the unit are limited (17), manufacturer’s data (unpublished) suggest that the lat-
est unit (NE-U14) has a sufficiently large mesh hole size (5 µm) to facilitate pas-
sage and nebulization of drug suspensions, though this remains controversial. If
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Figure 4 Omron NU-14.



true, however, practicalities of cleaning and maintenance require further investi-
gation. A further subtle technical limitation of the early Omron nebulizer was a
constant power function that did not have the ability to change with different
medications, so a medication with very high viscosity or a medication with a
very low surface tension could alter the rate of nebulization and also affect
droplet size. However, the latest unit (NE-U14) has a power control/feedback
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system, which reportedly allows it to more consistently nebulize a wide range of
medications (manufacturer, personal communication).

AeroNeb Aerogen

The AeroNeb is a silent, portable nebulizer system (Fig. 6) which is designed to
nebulize most liquid drug formulations. In principle it is ultrasonic-like in its op-
eration. The atomization technology eliminates the compressor required with a
pneumatic nebulizer; no tubing is needed, thereby reducing costs and mainte-
nance. The AeroNeb is low-power (1 W), and this allows it to operate from a
portable battery pack using AA batteries or, alternatively, from an AC power sup-
ply or a car cigarette lighter.

AeroNeb comprises a reservoir cup for storing the liquid drug. A capillary
system supplies the liquid drug to the rear surface of a shell containing an array
of conical holes. A piezoelectric crystal generates a vibratory energy that bends
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Figure 6 AeroNeb.



or oscillates the shell, which induces instability in the liquid jets emitted from
the holes in the shell, causing the liquid to break up into uniform small droplets.
Droplet size distribution is reported to range from 1 to 6 µm, with over 80%
mass of the drug in a respirable range. The aerosol leaves the shell with little mo-
mentum and therefore has a low velocity. Current nebulizers typically require a
minimum reservoir volume of 0.5–1.0 mL to be operational, so some drug re-
mains in the system after nebulization is complete. The AeroNeb reservoir can
hold up to 6 mL of liquid and nebulize virtually the entire drug solution, mini-
mizing waste and increasing drug aerosol delivery.

In principle, both the AeroNeb and Omron nebulizer system incorporate
desirable features that are absent in conventional nebulizer designs. Both sys-
tems are hand-held, portable, and reusable; both have have low running costs.
However, it is worth bearing in mind that few clinicians and/or users will be
aware of the higher doses of nebulized drug aerosol being delivered, given the
current prescribing conventions detailing drug per volume fill as opposed to drug
delivered to patient Significantly higher doses may produce unwanted clinical
side effects. Given a patient coping well with a traditional nebulizer prescription,
it might be prudent to consider reducing the drug prescribed in the Omron or
AeroNeb systems in order to approach an equivalent delivered dose. However,
as with all nebulizer systems, it has been difficult, to date, to obtain reliable and
meaningful comparative figures on nebulizer performance.

Synopsis

The performance of new nebulizer technology incorporated in Aeroneb and Om-
ron is not too dissimilar to that of traditional nebulizer technology. Both generate
aerosol on a continuous basis that is not synchronized with the patient inhalation.
There is a facility on the latest version of the Omron device to manually activate
the nebulizer during patient inhalation only, though this requires a high degree of
coordination and compliance from the patient. In any case, the development of
low-power battery-operated ultrasonic nebulizer technology offers the conve-
nience of portability. In both units, the battery power consumption is sufficiently
low to facilitate use over many treatments before recharging. Efficient design of
solution-holding chambers within the internal nebulizing units of each system
has been developed to ensure that only a minimum reservoir volume remains in
the nebulizer on cessation of nebulization. This, coupled with reasonable rates of
aerosol output, should ensure that the nebulized dose delivered from both of
these units will be substantially greater than nebulized drug aerosol output from
traditional nebulizers, given similarly prescribed drug dose and volume. These
systems are clearly more convenient and efficient than traditional technology,
and this deserves consideration in their clinical application. In nebulized drug
applications where side effects are not an issue and the goal is to deliver as much
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nebulized aerosol as possible within a time frame most acceptable to the patient,
the new technology presented by both Omron and Aerogen offers superior sys-
tems compared to traditional nebulizer technology.

C. New Nebulizer Technology Developed for Specific Drug
Applications: Respimat and AERx

In recent years, the advent of new methods of aerosolization of solutions without
propellants and the improvement in microelectronic dosimetric systems has led
to the development of more efficient designs, two of which, Respimat and
AERx, combine the drug formulation and delivery system. Though these sys-
tems are in principle nebulizers, their application is more analogous to pMDIs
and DPIs in terms of regulatory development, portability, and use. However,
they may prove to offer significant advantages over pMDIs and DPIs in terms of
drug delivery efficiency, and patient compliance.

Respimat Boehringer Ingelheim

Technically, Boehringer Ingelheim’s Respimat technology does fall within the
definition of a nebulizer, as Respimat transforms aqueous liquid solution to liq-
uid aerosol droplets suitable for inhalation. In recognition that the Respimat is
a new type of device, Boehringer Ingelheim has coined the phrase soft mist in-
haler (SMI). Respimat differs in important respects from traditional nebulizer
designs in that it is a single-phase pneumatic system in which the delivery de-
vice is matched to particular drug solutions. Because it is sold as a matched
drug-device delivery system, it has developed under FDA regulatory control.
Respimat is a propellant-free, hand-held (Fig. 7) multidose inhaler, that emits a
metered dose of drug solution of 15 µL volume, with high lung deposition. The
low volume delivered implies a higher concentration of the drug in the solu-
tion, which will present formulation challenges to the pharmaceutical com-
pany. It retains the convenience and ease of use of MDIs while not requiring a
spacer or a battery-driven power source and can be reused by replacing the
drug cartridge.

Respimat uses a new, propellant-free propulsion method schematically il-
lustrated Fig. 8. The device is prepared for use by turning the lower half of the
device through 180 degrees, thereby compressing a spring. Simultaneously, a
measured amount of drug solution is drawn up from the drug cartridge into the
dosing system. Actuation of the device by pressing the dose button releases the
spring. This raises the pressure and forces the solution through a nozzle structure
within a uniblock, which has two narrow outlet channels 8 µm in diameter,
etched using microchip technology (18). The two jets of drug solution converge
and the impact generates a polydisperse respirable aerosol. Respirability of neb-
ulized droplets is determined by both droplet size and velocity of air within
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which they are inhaled (19). To avoid blocking of the nozzles, Respimat contains
two prefilters within the silicon uniblock.

The aerosol fine droplet fraction from Respimat is reported to be approxi-
mately double that for a CFC-MDI (20), though the in vitro methods used to
characterize droplet size of the rapidly evaporated pMDI residue aerosols cannot
be meaningfully applied to characterizing largely aqueous nebulized aerosol
droplets. More importantly, the aerosol emitted from Respimat is released very
slowly and with a velocity approximately four times less than that from CFC
MDIs. This greatly reduces the potential for drug impaction in the oropharynx
(18), which remains a great limitation of pMDIs. In addition, the relatively long
duration over which the dose is expelled from Respimat (about 1.2 s, compared
with 0.1 s from pMDIs), would be expected to greatly reduce the need to coordi-
nate actuation and inspiration, thus improving the potential for greater lung de-
position. Improved drug delivery to the lungs has been confirmed in
scintigraphic deposition studies (21), where Respimat has been shown to pro-
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duce a two-to threefold increase in lung deposition of drug in comparison with a
pMDI. In general the oropharyngeal deposition when drugs are inhaled from
Respimat is much less than from a pMDI (22). Further, clinical studies of in-
haled fenoterol alone or combined with ipatropium bromide in asthmatic patients
indicated that lower doses administered by Respimat can produce a bronchodila-
tory effect and safety profile similar to that obtained with standard doses admin-
istered via a pMDI (23).

AERx Aradigm

Like Respimat, the AERx system is a drug- and device-specific nebulizing sys-
tem. As such it can be formulated with different drug solutions that have been or
currently are going through the regulatory process, and a considerable amount is
becoming known concerning its clinical effectiveness. AERx is a portable hand-
held system (Fig. 9) consisting of a disposable dosage form containing
prepacked doses as individual packets or on a blister strip enclosed in a dispos-
able cartridge. The device contains aerosol generation hardware and electronics
associated with breath actuation and compliance monitoring (24,25).

One of the design principles behind development of the AERx system is to
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reexamine and improve on deficiencies with pMDIs and DPIs in terms of the
amount and consistency of delivered dose. The AERx system is designed to ob-
viate the requirement for patients to remember and comply with instructions for
use. Perhaps one of the most significant variables in drug aerosol delivery from
pMDIs, DPIs, and most nebulizer systems resides in breathing patterns within
and between patients. AERx technology should help reduce these variables by
encouraging optimum breathing through flow-sensing technology linked to elec-
tronic feedback to the patient to optimize a full exhalation, followed by actuation
of the device early in inspiration and a relatively low inspiratory flow AERx vi-
sually guides the patient to inhale in the optimum range of the inspiratory flow
and delivers the aerosol pulse only at a predetermined combination of inspired
volume and inspiratory flow; it provides the user with a timer to control the
breath-holding maneuver. The aerosol is not emitted unless the patient is breath-
ing at the correct flow and there is still enough inspired volume reserve to allow
the drug to clear the physiological dead space of the lung. In this way, if a patient
initiates the inhalation at a high velocity and subsequently corrects this guided
by the appropriate LED indication, the aerosol may still not be emitted if the in-
spired volume is excessive (I. Gonda, personal communication, 1999).

Currently the AERx system yields an emitted dose in a range of 60–75%
of the dose inserted. A schematic diagram depicting the operation of AERx is
shown in Fig. 10. The formulation is contained in a predosed blister with a vol-
ume of 50 µL and beside it a multilayer lid. The lid has a micromachined array of
holes that are sealed from the blister. On pressurization of the blister, the seal
breaks, which forces the liquid formulation through the nozzle array into the in-
halation path. In order to reduce variability due to changes in ambient condi-
tions, a temperature-controlling module is used to warm inspired air before the
generation of aerosol. The authors believe that this last innovation is an impor-
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tant development, as no other nebulizer design even attempts to control the dy-
namic droplet size characteristics of liquid aerosols affected by ambient temper-
ature and humidity conditions. A drawback is the fact that heating consumes
energy that has to come from the battery source and this in turn increases the size
of the device. The improved precision and reproducibility of dose delivery from
AERx is reported to be substantially greater than the comparative imprecision of
dose delivery from pMDIs and DPIs (I. Gonda, personal communication, 1999),
though this deserves further investigation.

Technology underlying the AERx system provides a simple system for the
patient to use and provides effective feedback on the efficiency of aerosol deliv-
ery. This is important for the accurate dose delivery of systemically acting drugs
with a relatively narrow therapeutic index. The disposable dosage vial provides
stable drug storage in a single-use aerosolization system, minimizing the risk of
contamination or device malfunction. As a nebulizer system, AERx represents a
great improvement over existing technology in terms of consistency, efficiency,
and precision of nebulized drug delivery. The AERx system is being developed
for the delivery of specific drugs requiring accurate control of dosage, including
insulin (phase II); morphine (phase II); a drug to aid mucociliary clearance in
COPD in collaboration with Inspire (INS 365), currently in phase I; proteins, in
early phase II; recombinant human deoxyribonuclease with Genentech (phase I);
and nonviral gene therapy, which is currently preclinical stage (I. Gonda, per-
sonal communication, 1999).
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Synopsis

The characteristics of both Respimat and AERx clearly differentiate them from
traditional nebulizers and those traditional nebulizer systems that have been
modified to increase output (Circulaire) or deliver discrete doses (Halolite). Both
are being developed and marketed in conjunction with specific drugs that subse-
quently undergo clinical trials. Both are dosimetric in operation, are reported to
have very low residual volumes, have low or no electrical power requirements,
and both Respimat and AERx are thought to have good dose reproducibility.

D. Emerging Nebulizer Technology: TouchSpray and Microjet

Two new nebulizer technologies have only recently been introduced in principle;
their specific system design and application have not yet been publicized. Each
utilizes distinctly different new nebulizer technology. Each would be expected to
offer exciting new applications in nebulized aerosol therapy, though this will de-
pend in part on how the technology is fully developed in collaboration with in-
dustrial partners.

TouchSpray TTP

TouchSpray can best be described as a vibrating-orifice ultrasonic nebulizer and
was developed by the Technology Partnership (TTP), U.K. This technology has
only recently been announced and little is as yet published (26). This new
method for aerosol generation is compact (Fig. 11) and based on sound pres-
sure, which forces fluids through small holes in a membrane. Unlike traditional
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jet or ultrasonic nebulizers, the primary aerosol generated by TouchSpray is al-
ready of a sufficiently small droplet size for respirable drug aerosol delivery.
Two components, a membrane and a piezoelectric element, are at the core of
this nebulizer. The membrane consists of a circular, wafer-thin metal plate with
small holes (Fig. 12). A ring-shaped piezoelectric actuator excites the mem-
brane to vibrate, driven by an electronic circuit. During the vibrational motion,
sound pressure is built up in the vicinity of the membrane, thus ejecting the
fluid through the holes as droplets and creating the aerosol. The technology is
very similar to the technology used by Aerogen in their nebulizer, the AeroNeb.
This method of droplet generation is different from that of a traditional ultra-
sonic nebulizer, where surface acoustic waves generate the aerosol. TouchSpray
technology would seem to offer the ability to circumvent difficulties in the ul-
trasonic nebulization of suspension, though to the authors’ knowledge this has
not been as yet been proven.

The power consumption of the vibrating membrane is low; allowing small
batteries to power the device. Because the additional components (fluid reser-
voir, electronics, mouthpiece, and valves) do not require large volumes, it should
be feasible to develop a small, portable nebulizer with a self-contained battery
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power source. The outlet velocity of the aerosol is expected to be similar to that
of Aeroneb.

The proportion of respirable aerosol output from TouchSpray technology
has not yet been fully evaluated. However, the manufacturer reports a high pro-
portion of respirable aerosol due mainly to the aerosol generation process,
which produces a fine primary aerosol; thus no filtering of the larger droplets
using baffle structures within the nebulizer interior is required. The rate of
monomodality of the aerosol produced has yet to be verified. The lack of need
for a baffle system minimizes the wetted area of the nebulizer and the retention
of droplet impaction on the walls. In this respect, the TouchSpray technology is
similar in principle to the Omron ultrasonic generation system, which also
avoids use of baffle structures. There is additional benefit from the feeding
mechanism of the drug, which allows a nearly complete nebulization, thus min-
imizing residual volumes.

Microjet Pneumatic Nebulizer Ganan-Calvo

Ganan-Calvo and colleagues at Seville University have recently published a
novel pneumatic technique to generate steady capillary microjets (27). In the
near future, this technology could be applied to a number of applications in-
cluding combustion, coating, microencapsulation, high-quality fiber or pow-
der production, as well as therapeutic application in pulmonary drug delivery.
The basic physical mechanism is based on the generation of a steady micro-
scopic liquid jet by a coaxial, highly accelerated laminar gas stream. Under
certain conditions, the breakup process of the jet stream is predicted by
Rayleigh theory and the resulting spray approaches a monodisperse distribu-
tion. Depending on the conditions used, droplet size distributions with mass
median aerodynamic diameters ranging from 0.1 to 10 µm can be realized. It
was clear that a single jet nozzle producing 1-µm droplets has a very low out-
put, though this could be increased by a nozzle array assembly that increases
the output but does not alter the droplet size (27). However, to the authors’
knowledge, this technology is in very early stages of development, and it is
not yet clear how it will eventually appear as a means of delivering nebulized
drug aerosols.

Synopsis

Commercial development of TouchSpray and Microjet technology has not yet
occurred and we can only speculate on how each will be developed. TouchSpray
seems to offer potential as an MDI replacement but also offers traditional nebu-
lization applications with convenience and portability, given its small size and
low power requirements. If it is manufactured in high numbers, the overall costs
would be expected to be low. TouchSpray technology developed from ink-jet

New Nebulizer Technology 325



printing technology—the latter now a commonplace and relatively inexpensive
consumer product. Microjet technology relies on a source of compressed air, and
this has clearly been a barrier in the development of new nebulizer technology,
in adding a large component penalty to aerosol generation and portability. It is
not correct to speculate and comment further on either technology given the rel-
atively early stage of their development.

VI. Assessment of Performance of New 
Nebulizer Technology

Because of regulatory loopholes (see Sec. II), most new nebulizer technologies
will be made available with little or no evidence of safety and efficacy. In the ab-
sence of good in vivo data, reliance is based on laboratory studies. However, in
vitro data describing aerosol output and size supplied by each manufacturer can
be based on a range of methods and, further, is often not validated by indepen-
dent laboratories. How then can clinicians make informed and reliable decisions
on what nebulizer system is best for their patient groups? The authors believe
that common misunderstanding between many scientists and research physicians
is so great that a standard is required in the nebulizer field. Furthermore, the au-
thors hold that standards should reflect as closely as practicable conditions of
clinical use; this was also a unanimous decision taken during an International
Society of Aerosols in Medicine Focus Symposium (28) by a significant number
of aerosol scientists, pharmaceutical company scientists, and clinicians. In vitro
data providing a consistent and clinically relevant estimate of aerosol output and
droplet size would help clarify performance of available systems. Standard
methods to estimate nebulizer output and size are being developed. If widely
adopted, these should provide a consistent and meaningful comparison of nebu-
lizer system performance to help guide clinicians in choosing the most appropri-
ate nebulizer system for their patients. Given the present situation, a meaningful
comparison is not possible.

A. British Standard on In Vitro Assessment 
of Nebulizer Performance

The first attempt by any nation to establish a standard method for assessing neb-
ulizer performance was made in the U.K. in 1994. Though now outdated and
technically limited (29), this published standard set a precedent and a foundation
for further research and development of test methods. Much has happened to
progress the understanding of nebulizer performance in recent years which has,
in part, led to the development of the widely resourced European standard in as-
sessing nebulizer performance.
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B. European Standard on In Vitro Assessment 
of Nebulizer Performance

A draft European Nebulizer Standard (30) has been submitted for formal ap-
proval to CEN (Comité Européen de Normalisation: European Committee for
Standardization). CEN is responsible for European standardization in all fields
except Electrotechnical (CENELEC) and Telecommunications (ETSI). Publica-
tion of the European Nebulizer Standard is expected during 2001. Included
within the European standard are detailed descriptions of two test methods for
(1) assessing nebulizer aerosol output “inhaled” using breath simulation similar
to that described previously and (2) assessing nebulized aerosol droplet size us-
ing “low-flow” cascade impaction. Because this standard is expected to be
adopted throughout Europe (and possibly more widely), a summary of its con-
tents may be useful to readers.

Aerosol Output Measurement Using Breath Simulation

It is well documented that much of the drug aerosol emitted from many tradi-
tional types of continuously operating nebulizers is emitted during patient ex-
halation and either passes into the environment or is collected on waste filters
or by scavenging systems. With the exception of diagnostic applications using
dosimetry, nebulizer therapy is given over a period of time during tidal breath-
ing at rest. During this time, traditional nebulizers continue to emit and/or
waste aerosol. Breath enhanced nebulizer designs increase aerosol output dur-
ing inhalation by channeling inhaled air through the nebulizer which temporar-
ily increases output. By incorporating a simulated breathing pattern (Fig. 13)
similar to that described earlier (see Chap. 8), the test method becomes more
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space in the tubing and filter is required to be <10% of tidal volume (i.e., <5 mL).



clinically representative of patient nebulizer use. Partly as a response to the
need to harmonize with other European standards and partly as a practical
technical issue, a sinus flow breathing simulation of 15 breaths per minute and
500 mL tidal volume has been adopted within the standard. It is well known
that patients’ breathing patterns are complex and varied (30) and that this influ-
ences aerosol deposition. Despite this, practical problems in limiting the num-
ber of permutations of breath simulation coupled with known difficulties of
standardizing any flow regimen other than sinus flow led the European stan-
dard working group to adopt this largely artificial but fairly representative
standard breathing pattern. It should be borne in mind that although the Euro-
pean standard will require use of this standard sinus flow pattern within its test
protocols, manufacturers will be able to include additional flow patterns to em-
phasize specific therapeutic applications (e.g., pediatric use requiring smaller
tidal volumes with greater frequency).

Aerosol Size Measurement Using Low-Flow Cascade Impaction

Since the 1970s laser sizers have offered convenient and rapid estimation of the
optical size distributions of nebulized aerosol size distributions. However, just as
weight loss as a measure of aerosol output is confounded by evaporation, droplet
size distributions are now clearly understood also to be affected by evaporation
once the aerosol cloud is mixed with drier ambient air. The methodology adopted
within the European standard was inevitably a compromise but may arguably
present the most representative clinical compromise.

A simulated inhalation flow fixed at 15 L/min was selected as a standard
test condition. This total inhalation flow is positioned (operated by pump or vac-
uum line) in the patient’s mouth; it is made up of both the primary flow of com-
pressed air through the jet nebulizer (e.g., 8 L/min) the remainder (e.g., 7 L/min)
drawn from the ambient environment (Fig. 14). A flow at 15 L/min was chosen
for two reasons. First, 15 L/min represents the midpoint flow of the standardized
breathing pattern (15 breaths per minute × 500 mL) as well as approximating the
average inhalation flow of an adult during tidal breathing.

A cascade impactor operating at 15 L/min would provide an ideal instru-
ment to employ in this standard. Unfortunately, no such device is available.
Furthermore, even it were, an impactor operating at 15 L/min would not be able
to cope with extension studies requiring lower airflow rates in, for example, pe-
diatric applications. There are a limited number of devices which operate at
lower flows of 1, 2, or 3 L/min; of these, the Graseby Anderson 290 series im-
pactor was selected and, in collaboration with the manufacturer, was modified
to accommodate nebulized aerosol. This low-flow impactor has additional
physical features that help to produce a meaningful estimate of nebulized
droplet size, including
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1. Relatively short residence time.
2. A low thermal capacity to warm the cooled nebulizer output air-

aerosol mixture, which has been reported with other cascade im-
pactors to further evaporate liquid aerosol and confound interpretation
of droplet size measurements (32).

3. Relatively high capacity to load impaction stages when fitted with ab-
sorbent glass fiber filter substrates.

This last feature is particularly important in obtaining high-resolution
droplet size distributions, as the maximum loading capacity on any particular
stage determines the total amount of aerosol that can be collected. This implies
that on less popular stages, the actual amount of aerosol impacted can be very
small in comparison to that impacted on the most popular stage, and this has im-
plications for analytical detection limits. Droplet bounce could confound inter-
pretation of size distribution results and has been known to be a problem in
sizing dry aerosol with this impactor (V. Marple, personal communication,
1999). However, droplet bounce has been demonstrated not to be a factor with
wet Liquid droplets (unpublished data).

This low-flow cascade impaction method differs in a subtle but impor-
tant manner from methods described earlier (Chap. 8, Fig. 7) in which the low-
flow cascade is incorporated within a simulated breathing pattern. Here the
cascade samples at a relatively low constant flow (2 L/min) within a sinus flow
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Figure 14 In vitro assessment of droplet size measurement in the European Standard.
Simulated patient inhalation at 15 L/min draws air over (or through) the nebulizer where
entrained ambient air mixes with nebulized aerosol. A sample of the air at 2 L/min is
drawn into a Marple Series 290 cascade impactor, which sizes aerosol droplets in relation
to aerodynamic diameter. Impacted aerosol solute (e.g., NaF or drug) can be subsequently
desorbed and quantified from each impaction stage.



breathing pattern, which creates overall flows between 0 and approximately 20
L/min. During the beginning and end of the sinus flow–simulated inhalation,
the low-flow cascade impactor samples aerosol whose droplet size has not
been affected by any entrained ambient air. This aerosol is suspended in air
that has been saturated with water vapor (100% relative humidity) from the
nebulizer reservoir. Aerosol sampled during these initial and final phases is
concentrated compared to aerosol sampled at the middle of the inhalation
phase, which has been considerably diluted (perhaps by as much as 1:5) with
ambient air. At the middle of the sinus flow, the entrained ambient air not only
dilutes the aerosol-laden air but rapidly absorbs water vapor from the liquid
droplets until it reaches saturation (100% RH). Thus any measure of droplet
size distribution within the cascade impactor is a composite and dynamic mix
of (1) concentrated unevaporated nebulized aerosol and (2) less concentrated
nebulized aerosol droplets diluted by various degrees by entrained ambient air,
which causes evaporation of solvent from the nebulized aerosol droplets. Pre-
liminary calculations of the net affect of the sampling ratio within the simu-
lated breathing pattern suggest that the resulting size distribution would be
heavily biased in favor of the low-dilution aerosol and the analyzed droplet
size distribution (R. Sugg, personal communication, 1999). For this reason, the
CEN committee developing the European standard developed the aerosol siz-
ing method shown in Fig. 14, which is believed to provide a clinically repre-
sentative measure of nebulized aerosol size distribution.

During development of the European standard, an interlaboratory trial was
organized involving six laboratories within Europe to follow a defined protocol
to assess aerosol output and size from two fundamentally different nebulizer sys-
tems. Results demonstrated that the methods were repeatable within +/– 10% of
mean return for both aerosol output and aerosol size (unpublished data). Results
of preliminary research investigating the correlation between in vivo response
and in vitro estimate of aerosol output and size show a promising correlation
(33), though further work is needed in this area.

VII. Development of Clinical Nebulizer Guidelines Within
the European Respiratory Society

A decision to establish an ERS Task Force to draft clinical nebulizer guidelines
was made by the ERS executive in early 1998. Technical (34) and clinical
workshops (35) have since helped formulate draft guidelines, which will be
submitted to the ERS Executive in 2000. An important aspect of the ERS nebu-
lizer guidelines is that they will recommend performance data obtained from
European standard methodology to help guide clinicians in chosing a suitable
nebulizer system.
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VIII. Summary

Manufactures of pMDIs continued struggle to overcome technological problems
in propellant reformulation and require a space- or breath-actuated system to
achieve reasonable amounts of aerosol deposition in poor coordinators. Both
pMDIs and DPIs have a potentially greater dependence on active patient cooper-
ation and coordination than many of the new nebulizer technologies introduced
above. DPIs seem to offer more efficient drug aerosol delivery compared to
MDIs; but for most applications, difficulties and expense of DPI drug formula-
tion and technical difficulties in designing effective aerosol release mechanisms
prove a disadvantage compared to the apparent ease of formulation and delivery
of nebulizer solutions. Over the last decade, rapid technological development in
nanotechnology, microelectronics, and advanced battery technology have driven
development of new nebulizer technologies, which will provide far greater effi-
ciency of aerosol drug dose delivery than traditional nebulizers. The full impact
of the new nebulizer technologies introduced and described in this chapter is not
yet know but should offers realistic alternatives to the pMDI and DPI aerosol de-
livery systems.

The devices described above all fall into the category of new nebulizer
technology. However, because they are new (some having emerged only in the
past year or so), it is difficult to compare their output performance characteristics
and less data exists to evaluate their clinical value. For some of the devices, a fi-
nal design has not yet been fully developed. For others, where output data are
available, they are obtained using a wide variety of in vitro methods, which
makes meaningful comparison impossible without details of test methodology.
This would be of little interest to the reader and is beyond the scope of this chap-
ter. Despite these limitations, a summary of important design characteristics of
each device compared to a typical traditional jet nebulizer is presented in Table
1. It is clear that some of the new technology should enable therapy to proceed
more efficiently. Higher outputs imply faster rates of delivery, lower residual
volumes imply higher dose delivery; portable and quite operation may imply
better compliance, which leads again to higher dose delivery.

New devices like Respimat and AERx will undergo the same regulatory
procedure as DPIs and pMDIs, as they are drug- and device-specific. The out-
come will benefit the end user, as the dosing properties, accuracy, and clinical ef-
ficacy will be proven. However, many of the new technologies described above
will be supplied as device only, without drug, and as such are exempt from regu-
latory involvement. This new nebulizer technology presents greatly improved
convenience, output rates, doses, and even dose accuracy of drug aerosol deliv-
ery compared to traditional nebulizer technology. To ensure continuation of ap-
propriate drug aerosol delivery, care must be taken in clinical practice when
transferring patients from less efficient traditional nebulizers to the increasingly
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more efficient new nebulizer technologies. Safety and efficacy are particularly
problematic given commonly used methods of prescribing drugs for delivery by
nebulizer, as the relative efficiency of the nebulizer delivery system is not taken
into consideration. Given the lack of formal regulatory control over separate
supply of drug and device in relation to nebulized drug delivery, it seems appro-
priate for respiratory societies, at both the national and international levels, to
take further interest in the development and pending integration of new nebulizer
technologies.

The new generation of nebulizer technology requires a more comprehen-
sive study and dissemination of in vitro test results to characterize performance.
Clinicians could then use in vitro–based assessments of output in deciding which
system is most appropriate for their application.

The European Standard presents a set of in vitro methods that are expected
to reflect in vivo deposition and have been shown to provide repeatable and con-
sistent results. It is clear that some nebulizer designs cannot easily be adapted
into this or any other standard and that some flexibility is required in interpreting
and applying such to these systems. In particular, obtaining a realistic profile of
aerosol size distribution from the small aerosol boluses mixed with entrained
ambient air from the Halolite, Circulaire, and AERx is particularly problematic.
However, such technical difficulties can be overcome and realistic measures of
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Table 1 Summary of Relative Designed Aerosol Output Characteristics of New
Nebulizer Technologies Compared with a Traditional Nebulizer and a Typical pMDI

Delivers
multiple

doses
Integrated Single/ before
drug and Clinically continuous Breath- reloading
device trialed operation activated is needed

Traditional No No Cont No No
nebulizer
system

Typical pMDI Yes Yes Single No Yes
Halolite No Partly Cont/single Yes No
Circulaire No No Cont No No
Omron No No Cont No No
Aeroneb No No Cont No No
Respimat Yes Yes Single No Yes
AERx Yes Yes Single Yes Yes
Touchspray ? No ? ? ?
Microjet ? No ? ? ?



aerosol size obtained with prudent adaptation of test methods. Within the pro-
posed ERS Clinical Nebulizer Guidelines, it is important that it is made clear
what type of products the guidelines apply to. All the devices introduced above
convert liquid into an aerosol using a range of different aerosol generation tech-
nologies. They include both multidose and unit dose systems. The term nebulizer
in the clinic is typically applied to a device used to generate an aerosol from an
aqueous drug solution or suspension, the drug being supplied separately to the
device as a unit dose vial. It is important that clinicians and users understand
how to use a device correctly, and the general classification of devices can be
useful in selecting the appropriate device for a patient. However, this approach is
not helpful if it leads to the wrong instructions being given. This issue is of in-
creasing importance due to the proliferation of delivery devices on the market. In
any case, clinical use of both Respimat and AERx will be outside the normal
scope of nebulizer guidelines, as they have been developed and are being mar-
keted as drug-device combinations in which patient safety and drug efficacy
have been proven.

Nebulized drug delivery is possibly the most confused area of clinical
practice, largely as a result of little or no regulatory control. New nebulizer tech-
nology offers greater convenience and portability and a significant increase in
aerosol dose delivery. On one hand, this new, more efficient technology offers
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Table 1 Continued

Requires
cleaning Proportion of Residual Quiet
after each initial charge volume as during
dose is delivered to proportion of treat-
given Cost lungs initial charge ment Portable

Yes Low Low High No No

No Low Low Low Yes Yes
Yes High Low High No No
Yes Med Med High Yes No
Yes High High Low Yes Yes
Yes High High Low Yes Yes
No Med High Low Yes Yes
No High High Low Yes Yes
? ? ? (high) Low Yes Likely
? ? ? ? ? ?



obvious benefit to patients. On the other hand, adoption of this new and im-
proved nebulizer technology without due consideration of the consequences of
increased dosing presents potential risk if drug regulatory bodies or academic so-
cieties are not willing or able to help manage the transition.

XI. Final Note

Descriptions of new nebulizer technologies included in this chapter have vari-
able lengths. This may give the reader the false impression that some technolo-
gies were more favorably presented than others. This was not intended, as it was
more the scarcity of published data relating to some new nebulizer technology
that proved limiting.
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I. Introduction

Many drugs have been formulated for use with pressurized metered-dose in-
halers (pMDIs) (Table 1). The main market for these devices is in the treatment
of asthma, allergic diseases, and chronic obstructive pulmonary disease (COPD),
for which approximately 500 million pMDIs are produced each year. Their ma-
jor selling points are that they are cheap and portable. Despite their huge sales,
there is increasing concern that the dose of drug patients with asthma receive
will vary considerably due to their inhalational technique and to a lesser extent to
the variability of dose delivery from the pMDI. It is likely, however, that the
popularity of pMDIs will continue due to various modifications and additions
that are aimed to help with inhalational technique and improve drug delivery.
Examples of these include breath-actuated devices, discussed in this chapter, and
spacer devices discussed in a subsequent chapter.

The initial part of this review focuses on the traditional chlorinated fluoro-
carbon (CFC) pMDIs that are still by far the most common formulations avail-
able at present. Developments in pMDI technology relating to the ongoing
switch to non-CFC pMDIs (hydrofluoroalkanes, or HFAs) are highlighted to-
ward the end of this chapter.
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II. What Is a Pressurized Metered-Dose Inhaler (pMDI)?

The pMDI (Fig. 1) delivers a metered dose of a CFC or HFA drug suspension or
solution. It consists of three major components:

1. A reservoir, containing drug suspended or dissolved in liquefied gas
propellant

2. A metering valve, which when depressed delivers a known volume
3. A spray actuator, which, combined with the stem of the metering

valve, comprises a twin orifice expansion chamber and spray nozzle

A. Formulation

A typical pMDI contains:

Drug substance
Up to three different propellants
One or more surfactants or lubricants

Most current CFC-containing pMDIs are formulated using micronized or spray-
dried drug particles held in suspension. Surfactants are used to disperse drug par-
ticles in suspension and for valve lubrication. Surfactant molecules interact with
each other, with drug particles, and with the propellant, to stabilize drug particles
in a predominantly nonpolar propellant environment (1). Oleic acid, sorbitan
mono-oleate(Span80), sorbitan tri-oleate (Span85) and phosphatidyl lecithin
choline are the commonly used surfactants in CFC containing pMDIs in concen-
trations typically around 0.1% w/w but sometimes as high as 2%w/w. High con-
centrations of nonvolatile surfactants increase emitted droplet size, as they do
not evaporate from the surface of drug particles and may slow down evaporation
of volatile propellants.

At low drug concentration, emitted droplets will contain a single drug
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Table 1 Drugs Formulated for
Administration via pMDIs

Beta2 agonists
Ipratropium bromide
Isoprenaline
Epinephrine
Sodium cromoglycate
Steroids
Ergotamine



particle and approximate to the original micronized size (2). However, at
higher drug concentrations, droplets containing multiple drug particles will be
produced, leading to an increase in droplet size and reducing drug delivery to
the lungs.

The final particle size of solution formulations, in contrast, will depend on
the initial droplet size, the concentration of nonvolatile components in the
droplet, and the ambient conditions. It is possible to use the drug concentration
to alter the final particle size. In practice, it is often difficult to dissolve drug in
CFC propellants, and drug may be lost to the elastomers in the MDI valve (3). As
will be discussed later, the problems of solution aerosols of steroids using HFA
propellants have recently been overcome. Dissolved mint extracts and mi-
cronized saccharin have been added to formulations in an attempt to improve pa-
tient acceptability.

B. Metering Valves

The main function of the metering valve is to deliver a reproducible amount of
the liquid phase of the formulation in which the medication is either dissolved
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Figure 1 A schematic section through a typical pressurized metered dose inhaler
(pMDI).



or dispersed. Each valve consists of several components made of inert materi-
als. The metering tank contains a single dose of drug, usually in the range of
25–100 µL (Fig. 2). Some valves such as the 3M Neotechnic are surrounded by
a larger reservoir known as the retaining cup, which contains the next few
doses of drug. When the valve is actuated by depressing the valve stem, the
communication between the metering tank and the retaining cup is closed, and
the metering tank empties through the opening of the valve stem. The metered
dose is ejected from the metering chamber under the pressure of the boiling
liquid propellant. The vapor/liquid drug mixture then flows through the valve
stem orifice into the valve stem. When in the valve stem, it expands by further
vapor formation before discharge through the spray orifice. The atomization
process at the final spray orifice is a two-phase gas/liquid air blast (4). How-
ever, after droplet formation has taken place, the droplets of the emerging
cloud quickly evaporate and lose their forward velocity (5). It is the CFC’s ca-
pacity to both generate sufficient vapor to produce sufficient two-phase atom-
ization without the need for an external power source and to evaporate quickly
after droplet generation has taken place that makes the pMDI such a successful
inhalational delivery system. After actuation, the spring returns the valve to the
resting position and the metering tank refills from the retaining cup. The re-
taining cup may hold as many as four or more doses depending on the pMDI.
The retaining cup is refilled from the main reservoir through the opening in its
base. The concentration of suspension mixture available at the inlet between
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Figure 2 The metering valve of one variety of pMDI. The metering chamber holds the
next dose. In the resting state, it communicates with the contents of the larger retaining
cup (tank) holding further doses. This, in turn, communicates with the main reservoir. The
retaining cup allows the inhaler to be used until it is virtually empty. When the inhaler is
activated by compressing the valve stem, the communication between the metering tank
and the retaining cup is closed and the metering tank empties through the opening in the
valve stem. After actuation, the spring returns the valve stem to the resting position and
the metering tank refills from the retaining cup. The retaining cup is refilled from the main
reservoir through an opening in its base. (From Ref. 5.)



the main reservoir and the retaining cup is therefore very important in metering
subsequent doses. If the concentration of drug is low at the inlet, a low drug
dose concentration will appear in the retaining cup and the metering tank and
the patient will inhale a low dose. Variation in drug delivery due to this prob-
lem is discussed later in this chapter.

C. Aerosol Containers

Both aluminum and glass aerosol containers are available. Aluminum aerosol
canisters are light, impervious to light, robust, and cheap to make. Glass contain-
ers are now very rare. Typically they are laminated or plastic-coated so they can
withstand pressures of up to 150 psig. Occasionally the inert nature of glass con-
tainers makes them a more suitable choice for some solution formulations.

D. Mouthpiece Design

Mouthpieces are usually made of polypropylene or polyethylene materials. The
stem of the MDI fits into the actuator part of the mouthpiece, against which the
valve of the MDI is pressed. Depression of the valve allows discharge of the
aerosol through the small jet orifice of the mouthpiece. The aerosol cloud gener-
ated after depression of the valve stem is dependent on the geometric size of the
active drug particles (in the case of suspension), the volume of the metering
chamber, the vapor pressure of the propellant formulation, and the diameter of
the jet orifice in the mouthpiece. The diameter of this orifice controls the rate of
spray of the formulation (6) and has a critical effect on the aerosol particle size
produced. To make sure that this orifice does not become blocked during re-
peated use with medications with a high drug load, such as sodium cromoglycate
5-mg pMDIs, regular removal and washing of the mouthpiece is recommended.
Drying is essential prior to further use.

III. pMDI  Technique

Surprisingly the optimal method of pMDI use is still debated. Newman et al.
(7,8) demonstrated maximal bronchodilatation and lung deposition with the
MDI in the mouth (the closed-mouth technique), (Table 2) slow (about 30
L/min), deep inhalation, and a 10-s breath-hold. Faster inhalation was less ef-
fective, with more aerosol impacting on the oropharynx, while a shorter period
of breath-holding allows insufficient time for sedimentation of particles in the
airways. Extending the breath-holding pause to 20 s has not been shown to en-
hance bronchodilatation (9). Others have found a greater bronchodilator re-
sponse at an inhalation rate of 64 L/min compared to a very high inhalation rate
of 192 L/min (10).
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Hindle and colleagues (11), using urinary salbutamol excretion, have as-
sessed the closed-mouth technique in detail. A greater relative lung bioavailabil-
ity of the drug was observed with inhalation to residual volume, slow inhalation
with MDI actuation, and a 10-s breath-hold following inhalation. In contrast,
Dolovich (12) obtained the greatest delivery of radiolabeled aerosol to the lungs
and Thomas (13) the greatest degree of bronchodilatation using the open mouth
technique with the pMDI held 4 cm from the wide open mouth. Others have not
found this method beneficial (14–16).

There is even disagreement as to the lung volume at which the aerosol
should be inhaled. Newman and colleagues (7,8) found that actuation at 20% of
vital capacity gave greater or similar bronchodilatation and lung deposition than
that achieved following actuation at 80% of vital capacity. Riley et al. (17,18)
found that isoprenaline was more effective when actuated at a vital capacity of
80% as compared with a vital capacity of 20%. Although patients are usually
told to inhale maximally, beginning at residual volume, inhalation of a fenoterol
aerosol starting at functional residual capacity has been shown to be equally ef-
fective (19).

The time interval between successive doses of bronchodilator has been de-
bated. Although manufacturers often recommend a 1- to 2-min interval between
successive actuations, a longer time interval of 10–20 min has been suggested.
This has the theoretical advantage of allowing the second dose to penetrate fur-
ther into the airways (20). Other factors influencing dose delivery from pMDIs
are discussed below (Table 3).

A. Shaking the pMDI and Low First-Spray Drug Contents 
from pMDIs

Patients are always instructed to shake their pMDI prior to inhalation because of
the potential problem of separation of drug particles from the suspension (21).
Berg (22) visually demonstrated the importance of shaking a MDI prior to in-
halation. She was able to transfer budesonide suspension from a pMDI to a
pMDI with a glass canister that allowed the behavior of the micronized drug sus-
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Table 2 Correct Metered-Dose Inhaler Techniquea

1. Remove the cap and shake the canister thoroughly.
2. Hold the canister upright and breathe out fully.
3. Place the mouthpiece between the lips, or 3–4 cm in front of the open mouth.
4. Fire the inhaler while inhaling slowly and deeply.
5. Hold the breath for 10 s, or for as long as possible.
6. Wait approximately 1 min before taking a second dose.

a In very severe airways obstruction more than one actuation may be necessary.



pension to be observed (Fig. 3). As the drug particles in the suspension were less
dense than the propellants, drug gradually separated from the formulation, form-
ing a cream-like layer at the top of the propellant/surfactant mixture. Thus, the
concentration of drug substance in the lower, metering valve end of the pMDI
decreases. If the drug particles were denser than the propellant, however, they
would settle in the reservoir of the pMDI, thus increasing the drug concentration
near the metering valve. Whether drugs either cream or settle depends upon the
difference in densities between the drug substance and the propellant mixture.

Berg (22) made a theoretical calculation of the effects of occasional fail-
ure to shake the pMDI on the dose of drug released following actuation. The
marked variation in the dose of drug delivered is shown in Fig. 4. This work
was based on a sequence of 10 consecutive doses with shaking prior to actua-
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Table 3 Factors Influencing Dose Delivery
from pMDI

Coordination requirements
pMDI design
Reformulation from CFC to HFA propellants
Distance from actuation orifice
Temperature
Separation of drug and solvent

Figure 3 The behavior of the contents of a pMDI in glass-walled containers. The
pMDI contains a suspension of micronized budesonide identical to that used in the pro-
duction pMDIs. It was shaken immediately before time zero. Separation of the contents
begins as soon as the pMDI is left in an undisturbed state. Complete separation of the
contents has occurred within 60 min of shaking. (From Ref. 22.)



tion followed by one dose without shaking. This sequence was repeated until
200 doses had been released. Berg’s assumptions for this were that the drug
creams without shaking, the retaining cup contains two doses, more than 1 h
has elapsed since shaking for the unshaken dose, and complete mixing has oc-
curred in the retaining cup. The next dose to be delivered enters the metering
valve when the last shot has been fired, thus shaking of the pMDI should occur
immediately prior to actuation to reduce the effect of creaming or sedimenta-
tion of a drug in suspension.

In laboratory trials of pMDIs, the inhalers are usually primed by actuating
on several occasions before testing to encourage reproducible performance.
However, patients do not routinely prime their pMDI by firing shots to waste be-
fore actuating and inhaling. Cyr and colleagues (23) showed that this might re-
sult in considerable variation in the amount of drug they receive. They studied
the output of salbutamol from pMDIs of three different manufacturers. Each
pMDI was primed and then stored valve-down for 3 h. The pMDIs were then
shaken for 5 s and actuated. This was repeated on three occasions and the salbu-
tamol content of each puff measured. Five groups of three actuations were col-
lected from each pMDI, beginning at actuation 10, 50, 100, 150, 198. The
intervening actuations were discharged to waste. The drug content in the first
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on the dose released. The tank retaining cup holds two doses, and the calculation has been
based upon the sequence of each 10 consecutive doses with shaking followed by one dose
without shaking. It is assumed that the drug floats (“creams”) and that complete separa-
tion from the liquid propellant/surfactant has occurred before the unshaken dose is admin-
istered. (From Ref. 22.)



spray was found to be very erratic and was usually substantially less than the 100
µg claimed on the label. However, occasional first sprays contained very high
levels of drug, up to 208 µg, for a label claim of 100 µg. The mean drug contents
of the second and third sprays were much closer to the label claim and less vari-
able (Fig. 5).

Byron (24) also investigated the dose of salbutamol released from salbuta-
mol inhalers under various conditions and found that when the pMDI was
primed, shaken, and immediately fired, the average dose per spray was close to
the “label claim,” with a low variability. When a 30-s delay was introduced be-
tween shaking and firing, the first dose per actuation was a mean of 87.5% of the
label claim. Subsequent doses were close to the label claim. Storage valve down
for 24 h after shaking gave a first dose per actuation of 49.5% of the label claim.
The second dose after shaking was 63% of label claim and the third and fourth
were close to label claim. If the inhaler was shaken before the first dose after a
24-h delay in the valve-down position, the first dose was a mean of 81.3% of the
label claim and subsequent doses were close to 100%. If the inhaler was shaken
before the first dose after a 24-h delay in the valve-up position, the doses were
very close to the label claim. In the more likely clinical scenario of the inhaler
being shaken before the first dose, after a 24 h delay with the inhaler stored on its
side, the first and subsequent actuations were very close to the label claim. Ever-
ard et al. (25) found that not shaking a salbutamol pMDI before use reduced the
total and “respirable dose” by 25 and 35%, respectively. They also found that
very rapid actuations could reduce the dose delivered per actuation, but that a
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salbutamol pMDI can be actuated immediately after a 10-s breath-holding pause
without affecting the dose delivered.

To overcome the need for repriming, Schultz and colleagues (26) devel-
oped a design where the fixed metering tank is eliminated and each dose is
drawn directly from the main reservoir. A more consistent dose is delivered even
after 24 h of storage in the valve-down position. Valois has an ACT valve, aimed
at solutions, where the fixed metering chamber is eliminated. Information re-
leased from manufacturers regarding the new valves designed for use with the
new HFA metered-dose inhalers show very little variation in dose output com-
pared to the CFC inhalers. This is discussed later in the chapter.

B. When Is a pMDI Empty?

To obtain regulatory approval, manufacturers must demonstrate consistent and
accurate medication concentration for actuation up to a specified number of actu-
ations per canister (27). Beyond this specified number of actuations, some drug
may still be expelled from the canister. Pharmaceutical companies now have to
provide data in their registration dossiers to show an acceptably fast tail-off. It
has been suggested that using MDIs beyond the maximum number of specified
actuations may possibly be a contributing factor for the rise in asthma morbidity
and even mortality (28). Ogren and colleagues (29) found that 54% of the pa-
tients they surveyed were unaware of the specified maximum number of actua-
tions listed by the manufacturer for the inhalers they were using, and only 8%
counted the number of actuations they were using. The group looked at the most
commonly taught method of assessing whether a replacement MDI was re-
quired—that is, the flotation technique. It has been claimed that pMDIs float in
water when they have delivered their licensed number of doses and suggested
that they should be replaced at this time (30). As can be seen from Fig. 6A, a full
MDI should lie on the bottom of a container of water, whereas an empty canister
floats on top. Ogren (29) clearly demonstrated that this is a very inappropriate
technique, as there was no universal flotation status when the inhalers had
reached their respective specified maximum number of actuations (Fig. 6B).
Concern also exists that immersing the pMDI in water may cause the valve stem
to become clogged with a thick drug paste.

Dose counters are already available for dry-powder inhalers (DPIs), and
there is little doubt that they will also become a feature of pMDIs.

IV. Airway Deposition and the Effects of Anti-Asthma
Drugs Delivered from MDIs

There are three main components to inhalation therapy. The first is the dose de-
livered from the inhaler, the second the pulmonary deposition of some of the de-
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livered dose, and third the functional response to the deposited dose. The first
two steps are covered in this chapter. The third step involves the nature of the
drug, such as its potency, full or partial and agonist activity, and whether the in-
haler constituents can induce irritation or even bronchoconstriction.

Initial deposition studies were performed in healthy volunteers by Davies
(31), who found lung deposition to be less than 10%. The approximate lung dose
was calculated from a difference in isoprenaline metabolism when the drug was
administered via the intravenous and inhaled routes. Radiolabeling of inhaled
drugs was first used in the early 1980s to study lung deposition of aerosolised
drugs (12,32,33). Pauwels et al. (34) have recently reviewed the airway deposi-
tion and airways effects of antiasthma drugs delivered from pMDIs. Table 4
shows the lung deposition after inhalation of different substances via pMDIs.
When available, data on inhalational flow or other inhalational parameters are
given. Unfortunately, in many reports these parameters have not been docu-
mented. Pauwels and colleagues (34) concluded that in general there is a good
relationship between pulmonary deposition and pulmonary effects for both bron-
chodilators and steroids. The information is still rather limited for inhaled
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Table 4 Lung Deposition After Inhalation of Different Substances via pMDI

V’1 Lung 
Inhaler Substance L-min1 dose Ref. Comments

pMDI Isoprenaline — <10 31 HV
Ipratropium — –16 33 HV(n=4)
Teflon 20 13 32 20% VC, Pts. (n=10)
particles 120 5
Terbutaline — 2.9 90 Pts, range 0.8–10.0%
Teflon 30 14.3 77 20% VC, BHT=10 s Pts. (n=10)
particles 14.3 50% VC

13.8 80% VC
11.8 20% VC, BHT = 4s
6.5 50% VC
6.8 80% VC

Teflon 30 12.8 8 20% VC, BHT=4 s, Pts. (n=8)
particles 7.5 50% VC

7.2 80% VC
8.4 20% VC
7.0 50% VC
6.0 80% VC

Terbutaline 86 8.2 91 HV (n=11)
DSCG — 9.2 92 HV (n=7)
Rudesonde 40 15 93 HV (n=24)
DSCG 30 8.8 100 HV (n=10), 5-mg dose
Salbutamol — 21.6 94 HV (n=10)

18.2 Pts (n=19)
Salbutamol — 24.1 95 HV (n=6)
Terbutaline 34 16.7 96 HV (n=8)
Terbutaline 37 10.7 97 HV (n=8)

151
pMDI Salbutamol — 18.6 69 Pts. good coordination, (n=10)
BA pMDI 11.2a

pMDI 10.4 Pts. bad coordination, (n=8)
BA pMDI 7.2a

SmartMist/ Salbutamol 30 14.1 98 HV (n=9)
pMDI 90 18.6

270 7.6b

Gentlehaler Salbutamol — 18.8 99 pMDI, Pts. (n=10)
19.6 Gentlehaler

Key: pMDI, pressurized metered-dose inhaler; VC, vital capacity; BHT, breath holding time; BA,
breath-actuated measured by scintigraphy.
a Measured by charcoal-block method.
b Late actuation.
Source: Ref. 34



steroids; this may be explained by the difficulty in obtaining a dose-response re-
lationship for their clinical effects. Pauwels et al. also point out that the develop-
ment of an increasing number of inhalational devices will result in increasing
demand for studies comparing the efficacy of the different devices. The need for
comparative clinical studies using these different devices will obviously remain.
However, methods for estimating pulmonary deposition by in vitro, pharmacoki-
netic, or radioisotope studies could help in optimizing inhalation therapy with re-
gard to both inhalation technique and inhalation device.

C. Incorrect pMDI Technique

As far back as 1965, Saunders (35) found that 14 out of 46 patients studied were
not using their inhalers correctly, and 11 of these were not achieving maximum
therapeutic effect. It is now accepted that many adults and most children use
their pMDIs incorrectly (35–41), and most health care workers are also uncertain
about their correct use (42–47). It is estimated that between 25 and 38% of pa-
tients who use a pMDI have never received verbal instructions on how to use
their device from a health care professional (37,48) and many patients do not re-
ceive follow-up assessment and retraining (48,39).

The most common errors are the inability to coordinate inhalation with
MDI actuation, to inhale too quickly, and to exhale without a breath-hold
(12,49,50). Crompton (49) identified 215 patients with inadequate inhaler tech-
nique. Of these, 50% failed to synchronize aerosol release with inhalation and
36% stopped inhaling when the propellant spray hit the back of the throat. Pa-
tients may stop breathing in when propellants impact on the back of the throat
and rapidly evaporate, causing almost instantaneous cooling in that area. This is
known as the “cold freon” effect (51). It is difficult to argue with the advice that
old patients, young patients, and anyone else should be assumed to be unable to
use pMDIs properly unless proved otherwise (49). Nasal inhalation is also a
common error among children (51).

V. Use of pMDIs in the Very Young and in the Elderly

It is now widely accepted that pMDIs should not be used alone by children 6
years of age or less. Even children older than this should probably avoid using a
pMDI unless in the form of a breath-actuated inhaler or via a spacer device.

Older adults may be at an increased risk of incorrect pMDI use because of
associated disease or physical and cognitive decline (52,48). Increased risk for in-
correct pMDI technique is greater in those with reduced cognitive status (53,52).
A low score on a mental state questionnaire is associated with both incorrect
pMDI technique and inability to learn correct pMDI technique despite retraining
(52). The fact that pMDI performance is influenced by cognitive status may
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explain the conflicting results on the influence of age on inhaler technique. Gray
and colleagues (53) did not find age to be a predictor of incorrect inhaler tech-
nique in patients ranging from 50 to 87 years, which is consistent with previous
reports that have included all age groups (37,39). Others have reported signifi-
cantly lower rates of correct use in many older patients and the inability of many
older patients to learn correct techniques despite retraining (48,54). This variation
in findings may be due to the failure to assess cognitive function among subjects
or to control for it. As impaired cognitive status is more common in the elderly,
poor pMDI technique may be related more to cognition than to age. Cognitive
status should be controlled for in any subsequent studies on inhaler technique.

Gray and colleagues (53) recently investigated whether hand strength and
various demographic variables were predictive of correct use of pMDIs in older
subjects. They found hand strength to be an independent predictor of correct pMDI
technique, even though subjects had enough hand strength to depress their canister.
This suggests that adequate hand strength beyond the minimum required to depress
the pMDI canister is important. Potentially, decreased hand strength may interfere
with coordination of inhalation with actuation. From a practice point of view, it is
recommended that patients demonstrate their ability to depress the canister to their
health care professional. This is now considered essential, as Armitage and
Williams (48) found that one-third of the older patients they tested did not have ad-
equate strength to generate the minimum force required to actuate their inhalers.

It is uncertain whether the use of breath-actuated inhalers offer an advan-
tage over the pMDI for patients with neurological deficits or other conditions
that cause decreased hand strength. However, Chapman et al. (55) found that
pMDI-familiar and pMDI-naive elderly subjects preferred a breath-actuated de-
vice over the pMDI.

VI. Safety of pMDIs

Patients and physicians need to be aware that although antiasthma drugs inhaled
from pMDIs do not usually produce adverse effects, they can make symptoms
worse. Paradoxical bronchospasm has been associated with the use of beta2 ago-
nists and corticosteroids inhaled from MDIs (56–58). Decreases in FEV1, of more
than 10% have been reported to occur in as many as 4.4% of subjects (59). Nick-
las (58) reviewed adverse reaction reports submitted to the Center for Drug Eval-
uation and Research of the FDA between 1974 and 1988; of these, 126 reports
associated with the use of these drugs by MDI, which were consistent with the
diagnosis of paradoxical bronchospasm, were observed. More recently, Wilkin-
son et al. (60) reported paradoxical bronchoconstriction in asthmatic patients af-
ter inhaling salmeterol by a pMDI but not via a DPI.

The additives in the pMDI are probably causative agents of adverse effects
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of paradoxical bronchoconstriction linked to pMDI use, as similar bronchocon-
striction occurs after inhalation from a placebo pMDI, but not when beta2 agonist
is inhaled from a DPI or nebulizer (60–62). It is still unknown whether new HFA
pMDIs will perform better in this respect. In clinical practice, the bronchodilator
drugs administered often mask bronchoconstriction of this kind. Alcohol present
in inhalers might also produce bronchospasm (63).

Safety concerns have been raised with regard to the large amount of
oropharyngeal deposition of drug combined with a relatively unpredictable dose
to the lungs when pMDIs are used. Oropharyngeal deposition is some 50–80%
of the nominal dose (8,64,65), while the lung dose is variable. Lipworth (101)
has shown that the vast majority of systemic activity of inhaled steroids is due to
the dose of drug reaching the lungs. With some inhaled steroids, a small but still
significant contribution to the systematic availability of the steroid is due to gas-
trointestinal absorption. This is especially true for beclomethasone dipropionate.
Oropharyngeal deposition and related systemic absorption may be very greatly
reduced by use of a spacer device.

VII. Breath-Actuated MDIs

Although it is likely that breath-actuated MDIs will be more popular than the
standard MDI in many countries, the clinical data available on these devices is
surprisingly limited. Crompton (66) first described a breath-actuated inhaler, de-
signed by Charlie Theil of 3M, in 1971. This early model, containing isopre-
naline, was unsuccessful for several reasons. It was bulky, some patients had
difficulty in generating a sufficient flow to trigger the valve mechanism, and its
operation was somewhat noisy and violent. The Autohaler replaced this device.

A. The Autohaler

This is a compact device (Fig. 7); it is quiet in operation and functions at a low
inhaled flow rate that is easily achieved by patients with obstructive airways
disease (67).

The features that distinguish it from a standard inhaler are that:

The aerosol canister is completely enclosed within the body of the device.
There is a latching lever at the top of the inhaler, which the patient lifts to

prime the device prior to inhalation.

To operate the device, the patient:

Removes the mouthpiece cover.
Lifts the priming lever.
Inhales through the mouthpiece.
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The act of inhalation actuates the metering valve and allows a dose of drug to be
released, eliminating the need for coordination.

Elevation of the priming lever compresses a spring above the base of the
MDI. A mechanical obstruction prevents movement of the aerosol canister
within the plastic moulding until the patient inhales. Inhalation rotates a small
vane within the mouthpiece, removing the obstacle and allowing the aerosol can-
ister to move down sufficiently to actuate the MDI. Unscrewing the removable
sleeve can open the Autohaler. This allows the MDI to be removed and the
mouthpiece adapter to be washed (68).

Newman and colleagues (69) studied the radioaerosol deposition and bron-
chodilator response to 100 µg salbutamol administered from a conventional MDI
and from the Autohaler in 18 asthmatic patients. In the 10 patients who could co-
ordinate actuation and inhalation of their own MDIs, deposition of aerosol in the
lungs and bronchodilator response were equivalent. In contrast, for the 8 patients
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Figure 7 The Aerolin Autohaler. Arrows indicate the direction of movement of the
catch and vane. The lever at the top of the device has been pushed into an upright posi-
tion, thus compressing the spring. When the patient inhales, the vane moves, allowing the
compressed spring to force the MDI downward and the valve to actuate. (From Ref. 69.)



who could not coordinate, the mean (SEM) percentage of the dose deposited in
the lungs with their own inhaler technique was lower [7.2% (3.4%)] than when
they were taught to use their MDI correctly [23% (2.5%)] or when an Autohaler
was used [20.8%(1.7%)]. The increase in FEV1 was significantly greater in the
group taught to use their MDIs correctly and in the Autohaler group than in those
who used the device incorrectly. The Autohaler will not, however, help patients
who stop inhaling at the moment of actuation (70) (Fig. 8).

The data on drug delivery to children via the Authohaler are limited. Rug-
gins and colleagues (71) compared the effect of giving salbutamol via the Rota-
haler (400 µg) and the Autohaler (200 µg) in 51 children aged from 4–13. They
found no significant difference in peak expiratory flow rate between the two de-
vices. Only 11 children less than 6 years were studied, of whom one 4-year-old
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was unable to trigger the Autohaler. Of the other 10 children, only 50% showed
some improvement in peak expiratory flow rate. None of the children of 6 years
or less were able to clear the Rotahaler of salbutamol. Caution is required in the
interpretation of these results, as the inclusion criteria were biased in that the
children needed to be able to perform the measurements of peak inspiratory and
peak expiratory flow rates. From these data it is clear that breath-actuated de-
vices should not be the device of first choice in children aged 5 or less.

B. The Easi-Breathe Inhaler

The Easi-Breathe is a breath-actuated metered-dose aerosol inhaler developed by
Norton Healthcare. The device is primed when the mouthpiece is opened. When
the patient breathes in, the mechanism is triggered and a dose is automatically
released into the airstream. The inhaler works on a pneumatic principle. An in-
ternal vacuum restrains an operating spring. A valve that is operated in response
to the patient’s inhalation that allows the spring to fire the canister releases the
vacuum. It can be actuated at a very low flow of approximately 20 L/min (72).
Not surprisingly the device scored better than a pMDI on a number of features,
including ease of use and having an attached mouthpiece cover. Practice nurses
found it easier to teach and patients easier to learn to use than a conventional
pMDI (73).

The Optimiser is a small-volume open-tube spacer device that was devel-
oped for use with the Easi-Breathe beclomethasone dipropionate inhalers. It is a
plastic 10-cm tube with a volume of 50 mL that can be slotted onto the end of the
Easi-Breathe device. Hardy and colleagues (72) compared drug delivery from Be-
cotide 100 Easi-Breathe alone and with the Optimiser, Becotide 100 with a
Volumatic, and Baker Norton’s standard 100-µg MDI with and without training.
Eight volunteers inhaled radiolabeled beclomethasone dipropionate (100 µg)
from each of the inhalers on two separate occasions. The Easi-Breathe and Opti-
miser combination produced significantly better lung deposition than the other
devices. Oropharyngeal deposition was markedly reduced using the Easi-Breathe
and Optimiser combination, with 55% of the dose remaining in the Optimiser.

Again, the clinical data on using these devices are limited. There are no di-
rect clinical trials comparing the efficacy of beclomethasone dipropionate deliv-
ered via the Easi-Breathe with that of BDP delivered via the pMDI.

C. The Easidose

The Easidose (74) is best characterized as a breath coordinated device as op-
posed to a breath-activated system. At rest no (or minimal) airflow can be
achieved through the device. The stem of the valve is linked to a spring-biased
vane, incorporating lost motion. When the patient fires the MDI unit, the vane
moves open allowing airflow before the valve fires the dose. So as the patients
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begin to inhale from the device, they cannot do so. However, when they press the
inhaler down, a valve opens, resulting in airflow through the device. Thus, the
patient is inhaling when actuation of the inhaler occurs.

D. Microprocessor-Controlled MDIs

Optimizing the lung deposition, regional distribution and reproducibility of an
inhaled drug could improve its therapeutic efficacy. Optimized delivery will be
essential if the inhaled route is to provide a viable method for delivering sys-
temically active drugs that are poorly absorbed from other sites of administra-
tion. For example, differences in regional distribution profoundly affect the
bioavailability of macromolecular drugs such as insulin following delivery to
the lung (75).

The SmartMist (Aradigm Corporation, Hayward, CA) is a hand-held breath-
actuated microprocessor-controlled accessory for use with MDIs. The device is
shown in Fig. 9. It can be loaded with some of the standard pMDI canisters. It con-
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Figure 9 Cutaway view of the Smart Mist device loaded with a pMDI. The Smart Mist
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tains a microprocessor that analyzes an inspiratory flow profile and automatically
actuates the pMDI when predefined conditions of flow rate and cumulative inspired
volume coincide. Inhalation flow is measured before, during and after drug admin-
istration and may be recorded in solid-state memory for computer download.

Farr and colleagues (76) used gamma scintigraphy to determine the lung
dose of salbutamol delivered, using the SmartMist, to a group of healthy volun-
teers using various inspiratory flows (30 L/min, slow; 90 L/min, medium; 270
L/min, fast) combined with different cumulative inspired volumes (early, 300
mL; late, 3000 mL). The SmartMist firing at medium flow and early in the cumu-
lative inspired volume resulted in the highest lung deposition [18.6(1.42)%]. The
slow early setting gave the second highest deposition [14.1 (2)%]. The periph-
eral lung deposition was similar between the medium/early [9.1(0.9)% and
slow/early (7.5(1)%] settings. Improved lung deposition with this system at a
flow of 90 L/min is different to earlier lung deposition studies, mentioned above,
where the optimum inhalation rate was approximately 30 L/min. In these studies
inspiratory flows approaching 100 L/min were considered too fast (77). The rea-
son for these conflicting data is not entirely clear.

VIII. The Synchroner

The Synchroner is a standard metered-dose inhaler with a convenient integral
open-tube spacer that adds little to the size of the MDI. When not in use, the
spacer is folded against the main body of the canister holder and is held in place
by the dust cap. When the inhaler is used, the dust cap is removed and the spacer
with mouthpiece is moved until it is at right angles to the inhaler. The device
provides a 10-cm gap between the aerosol canister and the patient’s mouth,
which slows the aerosol down after it comes out of the MDI.

The Synchroner is also designed to help patients coordinate actuation of
the aerosol canister and inspiration. If the inhalation and actuation are mistimed
when using the Synchroner, the aerosol cloud escapes from the open tube. This
may be seen by the patient and give instant feedback of their poor technique. If
patients inhale correctly no cloud appears.

Newman and colleagues (78), found lung deposition was improved over
the metered-dose inhaler alone at both slow (25 L/min) and fast (100 L/min) in-
halation rates, with the slower inhalation rate achieving the highest total and pe-
ripheral lung delivery. Oropharyngeal deposition was halved.

IX. The Spacehaler

The Spacehaler (Fig. 10) is a relatively new actuator/mouthpiece designed to be
used in conjunction with a pressurized metered-dose canister. The mouthpiece is
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slightly extended compared with the standard actuator. The purported benefits of
this device are that the velocity of the emitted dose is reduced to approximately 2
m/s compared with the 30 m/s commonly seen with a standard actuator.

From depression of the drug canister, material is forcibly expelled and
passes into the transducer inlet at very high speed. It travels along the inlet pas-
sage and into the first expansion chamber, where it encounters a “bluff body.”
This gives rise to a number of standing shock waves and the generation of a large
number of vortices in the immediate vicinity of the bluff body. These vortices
have axes parallel to the bluff body and, owing to the pressure gradient
throughout the expansion chamber, the vortices are compressed and forced to-
ward the outlet orifice. On passing through the outlet orifice into the secondary
expansion chamber, some expansion into a single large vortex takes place. At
this stage the emitted cloud is a rapidly spinning vortex and large particles within
the cloud collide with the side of the actuator tube and some deposition of the
large particles occurs. This has the effect of removing the majority of nonres-
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Figure 10 A cross-sectional view of the Spacehaler. The design slows the aerosol
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pirable drug particles and theoretically increasing the proportion of respirable
particles within the emitted cloud. Published data on the use of the Spacehaler
are limited, particularly its use in childhood.

X. Generic pMDIs—Salbutamol and Steroids

There has been considerable debate on the issue of generic and innovator salbu-
tamol and steroid pMDIs (79,80). In contrast to the procedure for oral medica-
tions, the Medicines Control Agency only required in vitro testing for inhaled
forms of generic salbutamol before licensing. With salbutamol there is some
variation between generic and innovator products in terms of the total dose avail-
able per actuation. However, Clark et al. (81) found no difference in terms of two
generic and innovator formulations of salbutamol MDIs in terms of bioavailabil-
ity. Newman (82) found minor differences in the fine particle mass of an innova-
tor and two generic beclomethasone dipropionate pMDIs. The clinical relevance
of these slight differences is unclear.

XI. CFC-Free MDIs

Over the last 40 years, pMDIs have contained chlorofluorocarbons (CFCs) as
propellants. Although safe for human use when given in the recommended
dosage, chlorine atoms in CFCs have been shown to deplete the earth’s stratos-
pheric ozone layer, which filters out harmful ultraviolet rays from the sun. As de-
scribed in the chapter on propellants, the use of CFCs in pMDIs has continued
under temporary exemptions that were included in the Montreal protocol for “es-
sential users.” This exemption was granted to pharmaceutical companies, giving
them the time to complete thorough safety testing on appropriate alternative pro-
pellants. In response to the Montreal protocol, two propellants were identified as
replacements for chlorofluorocarbons (CFCs). One such compound was the hy-
drofluoroalkane (HFA), 1,1,1,2-tetrafluoroethane (HFA 134a). HFA 134a con-
tains only carbon, hydrogen, and fluorine, replacing the chlorine of the CFCs. It
is used in the HFA pMDIs released to date. The other propellant—1,1,1,2,3,3,3-
heptafluoropropane (HFC-227)—is under active investigation.

Major physicochemical characteristics of HFA 134a had to be overcome
for formulation and manufacture. HFA 134a has a low boiling point (-27°C). The
CFC contained in MDIs currently available—for example, those produced by
3M—contains CFC11 and 12 that have boiling points of +24°C and -30°C re-
spectively. CFC11 has a high boiling point, so that, at room temperature, it is a
liquid in which the drug can be dissolved or dispersed. This mixture is then me-
tered into a canister, the valve crimped into place, and CFC12, which provides
the driving force for atomization of the drug, can be pressure-filled through the
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valve. HFA 134a is equivalent to CFC12 in that it provides the propelling force,
but a replacement for CFC11 has not been identified. Thus a new manufacturing
process was developed. However, ethanol is used as a cosolvent and this can
take the place of CFC11.

The surfactants commonly used in CFC pMDIs, such as oleic acid and
lecithin, are insoluble in HFA134a. Possible solutions to this problem involved
the removal of the surfactant, the use of an HFA-soluble surfactant, or the addi-
tion of ethanol to aid the dissolution of the surfactant. The Ventolin Evohaler, for
example, contains drug and HFA 134a propellant only, as does the CFC-free flu-
ticasone propionate. The surfactant has been eliminated. To prevent drug from
being deposited on the inhaler walls, the internal surface of the ventolin Evo-
haler is coated with a Teflon-like fluoropolymer with a low surface energy, pre-
venting drug from being attracted to it. Rubber seals have also been changed
within the valve system.

The Ventolin (salbutamol) Evohaler from GlaxoSmith Kline comprises a
suspension of micronized salbutamol sulfate in liquefied CFC-free propellant
(HFA 134a) contained in an aluminum alloy canister. The canister is sealed with
a metering valve that contains a peroxide-cured nitrile rubber seal. The actuators
are identical to those used for the ventolin inhaler. Advantages of the new valve
system with the ventolin Evohaler are that drug delivery has been shown to be
reproducible regardless of storage orientation of the inhaler between actuations.
The dose delivered is also consistent throughout the intended life span of the de-
vice (83). The fine particle mass of the ventolin Evohaler has also been shown to
be comparable to that of the conventional ventolin inhaler, allowing a direct ex-
change of the product.

Ross and Gabrio (84) compared various aspects of the function of a new
CFC-free MDI containing salbutamol sulfate (Airomir, 3M) with traditional
CFC-containing salbutamol pMDIs. In addition to the new formulation of HFA
134a propellant drug, a new inhaler was developed incorporating a new metering
valve with seals made of elastomers compatible with the HFA propellant. A
smaller valve size of 25 µL and a smaller actuator spray exit orifice diameter
were also incorporated into the product. The new actuator features are a reshaped
round mouthpiece that is intended to open the patient’s mouth wider. The follow-
ing performance aspects of the new salbutamol inhalers were studied:

Consistent dosing through to the end of canister life: The valves currently
used on salbutamol CFC pMDIs do not uniformly deliver drug when the
canister is nearly empty because of inconsistency of filling up the meter-
ing tank. This is referred to as tail-off. If the canister is used beyond the
label number of doses, the delivered dose may become unpredictable
and subject to wide variation (85). The tail-off pattern of the new CFC-
free salbutamol inhaler (Airomir) shows that once valve delivery
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dropped below 85% of the baseline value, very little drug was delivered.
The authors consider that this would present a clear indication to the pa-
tient that the inhaler was empty. In contrast, the CFC salbutamol product
they studied had an erratic dose pattern at the end of the canister life,
fluctuating between normal and low doses before consistently falling
below 85% of the baseline drug delivery. The authors suggest this may
make it difficult for the patient to determine if the canister is nearly
empty (Fig. 11).

Storage orientation effects: Studies on the CFC-free MDIs stored either
valve up or valve down without disturbance for up to 14 days demon-
strated that the first dose actuated consistently delivered the drug label
claim (86) (Fig. 12). This is a clear advantage over the CFC-containing
salbutamol MDIs and the findings of Cyr et al. (23)
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Effect of storage temperature: CFC-free salbutamol was shown to deliver a
more consistent dose and a more consistent fine particle mass over a
range of temperatures from –20 to 20°C. Only at temperatures less than
–10°C did the fine particle mass as a percentage of the initial dose, de-
crease, and then only to approximately 65%.

Spray plume temperature: Proventor HFA (Schering-Plough, Madison, NJ)
produced a significantly softer and warmer aerosol spray than other
products tested. Plume temperatures for various CFC and CFC-free
salbutamol pMDIs are shown in Fig. 13.

XII. CFC-Free Steroids Delivered by pMDI

In contrast to CFC-based formulations, the new beclomethasone dipropionate
available in a CFC-free pMDI is in solution. The solution contains hydrofluo-
roalkane-134a (HFA-134a) and ethanol. There is no added surfactant in this
preparation.
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The solution aerosol has the effect of markedly reducing the particle size
of the drug aerosol. When actuated, 60% of the particles are in the respirable
range and they have an average size three times smaller than with the CFC-BDP
(1.1 versus 3.4–4 µm) (87). Using radiolabeled techniques, the percentage depo-
sition in the lungs is considerably greater with solution BDP than with the CFC-
BDP, while the oropharyngeal deposition is reduced. The actual values when six
normal volunteers were studied are shown in Table 5 (88). Plasma profiles fol-
lowing delivery of CFC-BDP or solution HFA-BDP reflect the relative delivery
of drugs to the airways. In patients, it takes twice as much CFC-BDP to achieve
similar total plasma levels as solution HFA-BDP. Inhaled BDP is rapidly metab-
olized in the lung to the active metabolite 17-BMP and absorbed into the sys-
temic circulation. CFC-BDP plasma levels reach a peak within 2 h and within 30
min with solution HFA-BDP. Across a dose range for 100–800 µg/day, it has
been shown that a 2.6 times higher dose of CFC-BDP is required to achieve the
same level of efficacy (FEV1 response) as solution HFA-BDP. These studies
were in adults and it is suggested that the dose delivery of the HFA-BDP solution
should be half that of the conventional CFC-BDP.

Baker Norton has launched another solution HFA-134a BDP preparation
in certain countries, which is recommended as a direct microgram-for-micro-
gram replacement for CFC-BDP (89). This is surprising, as the particle size and
dose delivered from this preparation is similar to that of the 3M HFA preparation
described above. Serum cortisol levels taken at 9 A.M. were compared following
very large doses of BDP-CFC or BDP-HFA 500 µg for 12 weeks. No statistical
difference was found. It is likely that prescribing different doses of what appear
to be similar HFA-BDP solutions will cause confusion.

XIII. Compliance Monitors

Most compliance monitors will only tell if the pMDI has been actuated, not
whether the patient has taken the dose. For example, actuating the pMDI when
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Table 5 Deposition of a HFA Beclomethasone Dipropionate Solution
pMDI Compared to a CFC Preparation, Expressed as a Percentage of Ex-
Actuator Dose (mean ± SE)

n Oropharynx Lungs Abdomen Exhaled

HFA BDP 3 27±11 60±8 2±1 11±2
Solution 100 µg
CFC-BDP 250 µg 4 84±7 7±1 6±5 2±1



the mouthpiece cap is in place will not be recognized, nor will actuation during
exhalation. A second potential drawback of some devices is that the pMDI can
and valve in question is fitted into the monitoring devices body where the moni-
toring actuator stem and mouthpiece may be different, leading to a modified
aerosol cloud.

There are also two ways to look at compliance monitors, whether they
are to help the patient to follow his or her dosing regime or whether they are
for the physician to check if the patient is following this regime. In the sim-
plest case, numerical dose counters now being fitted to breath-activated in-
halers enable a patient—or perhaps more importantly a child’s parent—to
check if the dose has been taken. This assumes the discipline of keeping track
of the previous dose number.

However, more sophisticated monitors require a power source, usually
batteries, so that more complex information can be recorded and transcribed.
This also requires the use of electronics that are becoming more common; 
but a mass-produced electronic chip will be necessary for low cost. Hence a
number of compliance monitors at present have been developed within com-
panies for internal use, including clinical trials, but are relatively crude proto-
type devices.

Medtrac Technologies (102,103) have the MDI Chronolog, which holds
the canister, and the unit can record the date and time of actuations. This infor-
mation can then be downloaded to a computer for analysis. Other studies (104)
have attached a nebulizer chronology from Forefront Technologies to a MDI,
again to determine the patterns of actuations.

More sophisticated systems have been reported, such as those from Miras
Medical Corporation (105), whose device presents overuse for pain relief pro-
grams with an inhaler. Medtrac Technologies (106) have a patent for an elec-
tronic device that not only measures and records the dosing parameters but also
can control the timing of the dose. Aradigm as well as their standard unit for
recording data reference have a patent (107) for control of actuation.

XIV. Future Research

The pMDI will continue to be one of the most popular drug delivery devices for
inhaled antiasthma drugs. The increasing number of modifications to the stan-
dard inhaler should improve drug delivery.

Future research is required in three main areas: first, to reduce the marked
variability in deposition of drug in the lower airway; second, to reduce the upper
air way deposition of inhaled drug; and third, to include compliance monitors in
the delivery device.
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I. Introduction

The pressurized metered dose inhaler (pMDI) is a pocket sized, hand-held drug
delivery system designed to deliver consistent small doses of medicines directly
to the patient’s lungs. The essential constituents are the medicine, the propellant,
and a storage canister, a metering valve, and an actuator. This chapter is con-
cerned with the propellants. It addresses

Current propellants and why they are being changed
The new propellants and new pMDIs
The process of transition from new to old
Issues for the next 3–5 years
What may happen to propellants and pMDIs over the next 5–20 years

II. The Background

Existing pMDIs contain chlorofluorocarbon (CFCs) propellants. These are a
class of organic chemicals containing chlorine, fluorine, and carbon. The main
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CFCs are CFC-11, CFC-12, CFC-113, CFC-114, and CFC-115. CFCs were
originally developed in the 1930s and, while originally used as refrigerants,
they have been used for a variety of purposes over the last 30 years. Uses have
included air conditioning systems, as cleaning solvents, in foam blowing in the
manufacture of insulation materials, and as propellants in aerosol sprays con-
taining everything from deodorant to insect killers, furniture polish to pMDIs.
The structure of the CFCs used in the production of pMDIs and as propellants
in pMDIs is shown in Fig. 1 and compared with the main replacement propel-
lant HFC 134a.

In June 1974, in an important paper published in Nature, Molina and Row-
land raised the possibility that CFCs could lead to depletion of the ozone layer
(1). They pointed out the increasing use of these chemicals—and that although
they are inert at ground level, they have such long natural lives that they eventu-
ally migrate to the stratosphere where, over time, the sun initiates the process of
their decompensation. CFC 11, for example, has a lifetime of 65 years; CFC 12,
120 years; and CFC 114, a lifetime of 200 years.

CFCs are released into the atmosphere when aerosol sprays are activated,
when there are leaks from air conditioning systems in cars or buildings, and
when refrigerators are broken up. These CFCs pass through the lower atmos-
phere unchanged; but in the stratosphere, around 25 km above the earth’s sur-
face, the effect of pronounced solar radiation breaks them up to release reactive
chlorine fragments (Cl and ClO). Molina and Rowland suggested that these frag-
ments could then initiate an extensive catalytic chain reaction leading to the net
destruction of O3 and O in the stratosphere:

Cl + O3 � ClO + O2

ClO + O � Cl + O2
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It was initially felt that the threat, while real, would be small; but in 1985
the British Antarctic Survey scientists reported thinning of the ozone layer over
the Antarctic (2). Subsequent surveys, satellite studies, and aeroplane sampling
studies have confirmed the accuracy of the predictions of Molina and Rowland,
suggesting a faster onset of likely problems than had been originally realized (Fig.
2, see color plate).

Reduction in thickness of the ozone layer permits increased levels of dam-
aging ultraviolet B radiation to reach the earth’s surface. The potential medical
consequences of this are shown in Table 1 and have been comprehensively re-
viewed elsewhere (3–5).

III. Government Response

Studies performed after Molina and Rowland’s original hypothesis suggested
that their predictions were likely to come true; but even before 1985, when the
British Antarctic Survey scientists were able to demonstrate an accelerated de-
cline in the ozone layer, multinational government action was initiated to address
the problem. In 1981, the United Nations Environment Programme (UNEP) be-
gan negotiations to develop protection of the ozone layer from damage caused
by CFCs, halons, and other ozone-damaging substances. Their actions resulted
in the Vienna Convention for the Protection of the Ozone layer in March 1985.
This initial international government action was concerned with data collection,
exchange of information, and monitoring; as a result of these processes the Mon-
treal Protocol was signed by 24 nations in September 1987. (By 1994 a total of
128 nations covering 100% of the world’s production of ozone-damaging sub-
stances and up to 96% of global consumption had signed the protocol.) The orig-
inal Montreal Protocol limited production of each CFC as shown in Table 2.
However, it was soon clear that the potential rate of damage to the ozone layer
was such that these rates of reduction in CFC production were going to be too
low. In June 1990, governments meeting in London accelerated the targets for
reducing CFC production and ratified a total phase-out by the year 2000—the
London Agreement (Table 3). Scientific study even then showed that the unex-
pected accelerated decline in the ozone layer would mean that such action would
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Table 1 Possible Effects of Enhanced Levels of UVB Radiation

Increase the prevalence of nonmelanoma skin cancers
Increase the incidence of other keratoses, skin aging and sunburn
Possibly affect the incidence of melanomas
Damage the eye (corneal photokeratitis, cataracts, pterygium, retinal damage)
Suppress the immune system
Affect plant life and the food cycle



not reverse the damage for decades; the Copenhagen amendment to the protocol
was therefore ratified in 1992 (Table 3). That this was necessary was shown by
the fact that ozone thinning over Antarctica continued to get worse. Measure-
ments made in 1992 to 1993 were the most severe on record (6). The necessity
for this action is underlined by the long latent period between reduction in pro-
duction and regeneration of the zone layer (Fig. 3).

As a result of the Montreal Protocol, almost imperceptibly, aerosol deodor-
ants, furniture polishes, and hair sprays were reformulated with alternative, often
inflammable propellants, and CFCs were phased out as refrigerants. Such re-
placement propellants were not suitable for use in pMDIs for reasons of flamma-
bility and toxicity, and the Montreal Protocol recognized that some temporary
exemption from the protocol may be necessary to allow identification of alterna-
tive propellants. It provided for this eventuality by means of an “essential-use
exemption” clause. “Essentiality” exists when:

1. There are no technically feasible alternatives to the use of a CFC in
the product.

2. The product provides a substantial health environmental or other pub-
lic benefit that would not be obtainable without the use of the CFC.

3. The use does not involve a significant release of CFCs into the atmos-
phere or, if it does, the release is warranted by the consequences if the
use were not permitted.
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Table 3 Amendments to the Montreal Protocol

Amendments to the Montreal Protocol accelerated the production phase out
of CFCs 11, 12, 13, 114, and 115. Figures shown represent reduction
compared to the 1986 production levels.

London Amendment, 1990 Copenhagen Amendment, 1992

Action 1 Reduce by 50% by 1995 Reduce by 75% by 1994
Action 2 Reduce by 85% by 1997 Total phase out by 1996
Action 3 Total phase out by 2000

Table 2 Modifications to the Montreal Protocol

The original Montreal Protocol signed in September 1987 came into force on January 1,
1989. The production limits for CFCs, relative to 1986 levels, were:

Action 1 Production levels frozen at 1986 levels by 1989
Action 2 Production levels to be reduced by 10% by July 1, 1993
Action 3 Production levels to be reduced by a further 30% by July 1, 1998



Essentiality is reexamined on an annual basis and the signatories to the
Montreal Protocol are advised by a preparatory meeting of a body known as the
Open Ended Working Group (OEWG). The OEWG is advised by three advisory
panels, one of which is the Technical and Economic Assessment Panel (TEAP),
which coordinates the work of seven Technical Options Committees (TOCs),
one of which looks specifically and in depth at aerosol use. This TOC contains a
mixture of technical experts, manufacturers, environmentalists, and clinicians
who do not make policy but make assessments, identify alternatives, highlights
their advantages and disadvantages, answer queries and make recommendations
to the TEAP. With regard to classification of pMDIs as an essential use, the TOC
recognized a number of points before making a recommendation. The most obvi-
ous was that pMDIs represent the bulk of the respiratory therapy worldwide, ac-
counting for three-quarters of all inhaled therapy (dry-powder devices accounted
for most of the rest). The TOC recognized that theoretically there were some cur-
rently available alternatives to pMDIs, such as:

1. Dry-powder inhalers (single-or multidose)
2. Nebulizers
3. Orally administered drugs (tablets, liquids, syrups)
4. Injectable drugs
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Figure 3 The World Meteorological Organization have shown graphically how action
now only leads to satisfactory regeneration of the ozone layer years later because of the
longevity of CFCs in the stratosphere.



Alternatives in the future might also include:

1. pMDIs with new propellants
2. New nebulizers (either handheld and mechanical or electric)
3. New forms of dry-powder inhalers
4. New (more effective) tablet therapies
5. New modalities of treatment

Recognizing the fact that pMDIs were the most widely used form of inhaled
therapy and available in all markets for all types of inhaled respiratory medicine,
it was felt that their use did justify an essential use exemption from the Montreal
Protocol. Dry-powder devices were recognized as an alternative for many, but
they were not available in all countries for all medicines and were not always
suitable for the young and those with low inspiratory flow rates; also, they may
not be suitable in certain humid climates. In some markets their extra cost would
also deprive many of necessary treatment.

Designation of the pMDI as an essential use of CFCs did not cover its use
for all medications. The commonly used treatments for asthma and COPD, de-
livered via the pMDI, were classified as essential. pMDIs used to deliver in-
tranasal steroids were not defined as essential (because mechanical propulsion of
solutions was equally effective), nor was the use of a pMDI to deliver epineph-
rine to the upper airways in cases of laryngeal edema and anaphylaxis (alterna-
tive methods of administration of the drug were regarded as acceptable).

IV. New Propellants for pMDIs

In response to the Montreal Protocol, pharmaceutical users of CFCs had to look
for alternative propellants or alternative methods of delivering medicine to the
600 million people worldwide with airway diseases. While new modalities of
treatment and new forms of inhaler devices were possible for the more distant
future, initial solutions were to lie with the substitution of non-CFC for CFC
propellants. Designation of CFC use as essential gave some breathing space,
but it was clear that with pMDIs being the only remaining user of CFCs, their
production was likely to become unattractive both financially and environmen-
tally, and they may no longer be available long term irrespective of the Mon-
treal Protocol. Stockpiling of large quantities of CFCs was considered but felt
to be inappropriate because accidental loss could suddenly jeopardize pMDI
users and lead to an environmental catastrophe. Recycling of CFCs previously
used as refrigerants was not an option because the CFCs were not of pharma-
ceutical quality. The search for new propellants therefore began, and the length
of the process likely to be involved was predicted as being up to 10 years even
at the outset (Fig. 4).
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The criteria for a propellant for possible use in a pMDI is shown in Table
4. Possible alternatives theoretically included:

Compressed gases
Hydrocarbons
Hydrochlorofluororocarbons (HCFCs)
Hydrodrofluorocarbons (HFCs)

Nonliquefied compressed gases are of no use for pMDIs because “liquid”
is needed for suspension of the drug and the addition of water makes propulsion
of the aerosol in an appropriate manner technically impossible. Hydrocarbons in
general have the wrong density for use as propellants in pMDIs. While suitable
as propellants for some nonmedicinal household purposes, they are difficult to
use in a situation where dose reproducibility is essential, and most are of course
flammable and thus inappropriate for inhalation. The HCFCs are ozone-damag-
ing and additionally have adverse toxicological effects on the heart and some
biochemical hepatic functions.
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Generic timeline (years)
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Regulatory review
and approval

Clinical testing

Stability testing

Component and
package development

Toxicology studies
on formulation

Toxicology testing
on propellants

Formulation
development

Figure 4 Replacement of CFC propellants with non-CFC propellants within an MDI is
far from a simple matter of direct substitution. For use in humans, toxicity testing is
clearly essential, and use of new propellants necessitates redesign of aerosols to accom-
modate the propellants’ differing physicochemical characteristics, followed by extensive
testing when reformulation with each of the medicines involved has been done. The time
scale of this process is shown here. (Redrawn from material originally supplied by the In-
ternational Pharmaceutical Aerosols Consortium.)



Most attention for alternative propellants therefore focused upon new hy-
drofluorocarbons. Working in a collaborative way to save time, consortia of
pharmaceutical companies combined efforts in the identification of propellants,
toxicology testing, and physicochemical evaluation and identified HFC 134a as
being likely to be very suitable for their use in pMDIs. (Groups of chemical
manufacturers had also identified this product as being a suitable replacement for
CFC 12 for refrigeration purposes.) Subsequently HFC 227 was also identified
as being safe when inhaled, and subsequent development has therefore concen-
trated on these two chemicals.

A summary of the differing environmental effects of the old and new pro-
pellants is shown in Table 5.

Reformulation of existing medicines with the new propellants was soon re-
alized to involve far more than simply a matter of direct substitution for CFCs.
Existing inhalers contain medicine, propellant, and surfactant—the latter being
necessary to suspend the drug and lubricate the valve. Conventional surfactants
such as oleic acid, sorbitan trioleate, and lecithin were found to be insoluble in

378 Partridge and Woodcock

Table 4 Criteria for an MDI propellant

An MDI propellant must:
Be nonflammable
Have negligible toxicity
Be a liquefied gas
Be stable chemically
Have appropriate solvency characteristics
Be acceptable to patients (i.e., smell, taste)
Be of appropriate density

Table 5 Environmental Effects of New and Old
pMDI Propellants, CFCs, and HFCs

Propellant ODPa Duration GWPb

CFC 11 1 60 years 3800
CFC 12 1 125 years 8100
CFC 114 0.7 200 years 9300
HFC 134a 0 16 years 1300
HFC 227 0 33 years 2900

aODP = ozone-damaging potential.
bGWP = global warming potential.
Source: Data from the U.N.E.P Aerosol Technical Op-
tions Committee report, 1994.



HFC 134a. Use of HFC 134a also necessitated change of the rubber component
of the valve. When all these new components were combined, it was discovered
that in some cases the aerosol spray had quite different characteristics from its
predecessor, necessitating change in the actuator to produce a spray with the de-
sired particle size (and subsequent respirable mass).

Clinical and regulatory authorities then required adequate clinical studies
for the replacement products, such as

Initial safety, efficacy, and dose-ranging studies
Acute dosing studies to determine the efficacy of short-acting drugs such

as bronchodilators
Chronic dosing studies and/or bronchial challenge studies for anti-inflam-

matory medicines
Safety data—both short-term (acute toxicity) and long-term clinical expe-

rience (and postmarketing surveillance)
Separate studies for adults and children

These studies clearly have to be of sufficient size to avoid type II (statistical) er-
rors and confirm that the two products are truly clinically equivalent.

Clearly the solutions to some of the reformulation problems have varied
from product to product and between manufacturers; some problems have been
solved, with the new product already in the marketplace, while other medicines
may be some years off reformulation if indeed reformulation proves possible.
Not all of the process, however, has been one of redevelopment merely to “stand
still” with an identical product. The reformulation process has in many ways pro-
vided us with more information about our inhaled medication than was previ-
ously known. The process has led to improvements in inhaler design such that
there is greater consistency of dosing from first dose to last with the new inhaler
and fewer problems related to whether the inhaler is stored on its side or upside
down as compared with the older inhalers. For most of the newly reformulated
products, it will now also be more obvious to users when the pMDI is empty.

A. Clinical Trials Using Non-CFC-Propellant pMDIs

Studies on bronchodilators include single-dose and 3-month efficacy and safety
studies. There are satisfactory data on equivalence for two HFC MDIs for salbu-
tamol, and both are launched in much of Europe. In addition more than 2 million
patient-years of experience has now been accumulated with Airomir (3M), and
no unpredicted adverse events have occurred in postmarketing surveillance.

Studies on inhaled steroids are more difficult to design and carry out be-
cause of the insensitivity of markers of efficacy and the difficulty in interpretat-
ing data on systemic effects. In particular there is a flat dose-response curve for
any effects on lung function, which means that studies must be large to be of ad-
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equate power. Generally, studies must be carried out in patients who are capable
of responding to inhaled steroids (nonresponders are likely to show equiva-
lence), with a minimum of 100 patients per group. Inadequate statistical power
has been a historical problem in comparative studies of inhaled steroids and is a
common cause of misinterpretation of clinical equivalence by both authors and
pharmaceutical companies. For example, this is true for almost all trials investi-
gating inhaled steroids in Rotahaler and Turbuhaler devices. More recently intro-
duced DPIs—e.g., the Diskhaler—generally have adequate studies to show
clinical equivalence to MDIs as part of the regulatory application. These studies
show equivalence for fluticasone (7) at the same dose and for beclomethasone
(8) at twice the dose from a Diskhaler compared to a CFC MDI.

Differences in the formulation for HFC MDIs can lead to differences in the
amount of drug deposited in the lung and also where it is deposited. Pharmaceu-
tical data may not predict with precision the relative potency or the therapeutic
ratio in patients. For example, Qvar (3M), the only formulated HFC beclometha-
sone with published information, has a smaller particle size, and radiolabeling
data show that up to eight times the dose is delivered to the lungs, while three
times less is delivered to the oropharynx (9). Clinical studies have shown that
Qvar is equivalent to twice the dose of CFC beclomethasone (10,11)—i.e., the
dose will need to be halved when transition occurs. In contrast, HFC fluticasone
(Glaxo Wellcome) more closely resembles the CFC version, and studies have
shown clinical equivalence at the same dose (12,13).

The size of the problem of reformulation of medicines contained within
pMDIs with new propellants should not be underestimated and is summarized in
Table 6. Over 10 pharmaceutical companies have been involved, with work be-
ing done in 22 laboratories involving an estimated 1400 scientists, and nearly £1
billion have been invested in research and development of the new inhalers and
their production.

From the patients’ point of view, the whole process has been designed to
ensure continuous availability of trusted and effective medication. Nevertheless,
changes in aerosol design necessitated by reformulation with new propellants
have led to some discernible changes in some of the end products. For those prod-
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Table 6 What Has Been Involved in Replacing CFCs in pMDIs?a

Identification of alternative propellants likely to be free of ozone-damaging potential and
global warming effects

Extensive toxicological testing of the new propellants
Redesign of the MDIs to cope with the new propellants
Testing the safety and interaction of the drug/propellant mixture
Clinical trials of efficacy and equivalence

aMany drugs, many manufacturers, many countries!



ucts about which information is currently available, it is clear that reformulation
can result in change to the shape and feel of the inhaler, change in oropharyngeal
deposition of aerosol, changes in taste, and—in some circumstances—changes in
pulmonary deposition of the aerosolized drug, which may necessitate dose
changes (14).

V. Implementing the Montreal Protocol

A. A Transition to New Non-CFC pMDIs

With the process of transition to new propellants now well under way, all in-
volved wish it to be completed as speedily and safely as possible. However the
rate of transition depends on the rate of reformulation of the products, the over-
coming of technical problems, clinical testing, and regulatory approval. Market-
ing of the new products is then necessary, and health professionals must be
informed of the need to change prescriptions; in turn, users of the products must
be prepared for the change.

Driving the whole process as the environmental controller is the Montreal
Protocol. Ultimately, complete transition to new inhalers will take place only when
the final essential use exemption is withdrawn. At present, each signatory govern-
ment to the protocol that manufactures CFC-containing pMDIs makes an applica-
tion, usually 2 years ahead, for a certain tonnage of CFCs, which they anticipate
they will require. This application must include information about planned usage
in the year for which application is made compared to historical usage, justification
for essential use, and information about the proportion of pMDIs for use within
that country and the amount going for export. Some stockpiling of CFCs to allow
for transportation difficulties or other impediments to manufacture is allowed, but
the size of stockpiles is carefully monitored. Each year applications for future uses
of CFCs are carefully scrutinised by the TOC, which gives advice to the TEAP
which makes recommendations to the OEWG. This process of implementation of
the Montreal Protocol is clearly the ultimate control process overseeing phase-out,
with the mechanism by which this happens being the withdrawal of essential use
exemptions and thus the withdrawal of CFCs. It is an ultimate guillotine rather
than a finely tuned process, and the signatories to the Montreal Protocol, in con-
junction with the United Nations Environmental Programme, have recommended
that each country should develop a national strategy for the smooth and planned
changeover from CFC to non-CFC propellant pMDIs.

B. Transition Strategies

Most countries, in preparing transition strategies, have recognized that many dif-
ferent drugs are involved (see Table 7) and that more than one phase-out strategy
can operate in parallel. “Brand-by-brand” transition is without the Montreal Pro-
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tocol, and the term merely describes a situation whereby as a particular pharma-
ceutical company reformulates a branded product with non-CFC propellants,
they withdraw the older CFC-containing product over a period consistent with
constraints of production, supply, and postmarketing surveillance.

The other two modalities of transition are under the control of the Mon-
treal Protocol, involving individual producer countries not applying for essential
use exemption for CFCs in pMDIs once sufficient alternative products are avail-
able. Category-by-category transition considers each of the categories listed in
Table 7 in turn. Thus, in considering steroid inhalers, for example, one nation’s
transition strategy might decree that once two beclomethasone pMDIs and one
budesonide and one fluticasone pMDI (for example) were reformulated with
non-CFC propellants, that country would no longer regard CFCs as essential.
They would no longer apply for any of those propellants for use with inhaled
steroids, the effect being that those manufacturers who had not reformulated
their products would be “starved” of supplies. In drug-by-drug transition, it
could be deemed that once a certain drug is available in a reformulated form and
has undergone a reasonable period of postmarketing surveillance, then, irrespec-
tive of manufacturer, all other CFC-containing versions of that drug would be
withdrawn by removing their source of CFCs. This type of transition could be
varied to permit more than one (two or three) companies to reformulate before
phase-out, and the period of phase-out could also vary.

National strategies will have to vary between countries to reflect national
interests and preferences for different medications and to accommodate differing
regulatory processes. In some countries, licenses to manufacture a particular
medicine can be withdrawn by government order, which could then expedite
transition. In other countries there is no legal mechanism to withdraw a produc-
tion license for a product that is medically safe; therefore withdrawal can only
occur by cutting CFC supply. Whatever the form of a national strategy in any
country, the paramount consideration will be that of patient safety.
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Table 7 The Categories of Drugs Involved in pMDI Transition

A. Short-acting beta-agonist bronchodilators—e.g., salbutamol (albuterol in the United
States), terbutaline, fenoterol

B. Inhaled steroids—e.g., beclomethasone, budesonide, flunisolide, fluticasone,
triamcinolone

C. Nonsteroidal anti-inflammatory agents—e.g., cromoglycate, nedocromil
D. Anticholinergic bronchodilators—e.g., ipratropium
E. Long-acting beta-agonist bronchodilators—e.g., salmeterol, formoterol
F. Combinations of the above—e.g., ipratropium and fenoterol, salmeterol and

fluticasone



C. Special Issues for Developing Countries

Developing countries and countries with economies in transition have a 10-year
grace period before they are required to cease use of CFCs in pMDIs. Some of
these countries currently import finished products from multinational companies
based elsewhere; others have production facilities belonging to multinational
firms based within their countries, while yet others have their own national in-
dustry which, in some countries, involves quite small firms manufacturing CFC-
containing medical aerosol products for local use. As with all environmental
change, the financial burden of transition in these countries may be considerable;
unless effectively undertaken, it will lead to unnecessary suffering where essen-
tial medicines are available to a smaller proportion of those who need them than
had been the case previously. Resolution of these inequities will involve either
medicines being sold more cheaply in those countries, establishment of local
factories by multinational companies, joint ventures, technology transfer, and/or
international World Bank–type subsidy of local manufacturers with subsidy for
reestablishment of production lines for non-CFC-containing pMDIs. How this
problem will be solved is still not clear, and the 10-year grace period may well
be unrealistic if CFCs become unavailable before that time. WHO backed World
Asthma Day in May 2000 focused in a major way on effective medicines being
available for all.

D. Implementation of National Transition Strategies:
The National-to-District Step

Different countries have implemented their national strategies in different man-
ners and within different time frames; some of their experiences will be of inter-
est to those in Article 5 countries who are yet to change. While brand by brand
transition is largely within the control of the individual pharmaceutical compa-
nies, some form of coordinated transition planning group has been recom-
mended to oversee the rest of the national-to-district process (15). An
appropriate cascade of information and advice involves guidance being made
available by governments and health departments and the use of journals and
symposia to inform health professionals of the reasons behind the changeover
and the logistics to be addressed.

In some countries this process began with priming editorials in journals as
much as 6 years before transition really began (16,17), and stakeholders such as
government departments and organizations representing pharmacists, doctors,
nurses, and patients as well as the pharmaceutical industry met in a collaborative
way to identify potential problems and aid in the dissemination of information. At
local levels, some countries have then found it helpful to have district planning
teams to oversee and advise on transition, with these involving primary and sec-
ondary care physicians, nurses, allergists, pediatricians, community pharmacists,
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and local health managers. The advantages of planning transition at a district level
are shown in Table 8.

E. What Does Transition Mean for Patients 
and Health Professionals?

The changeover from CFC-containing pMDIs to CFC-free pMDIs has involved
more patients than any other changeover of medicines throughout history. Health
professionals have needed to understand the reasons behind the change and what
the change involves; because of the numbers involved, the changeover has ne-
cessitated a teamwork approach, for extra doctor/patient consultations with all
users of pMDIs is logistically difficult. The actual changeover at a practice/local
level has involved all or some of the processes shown in Table 9. Whichever
method is used, it is important to remember that 50% of all that is said during a
consultation will be forgotten within 5 min. The spoken word therefore needs to
be reinforced with the written word. In the U.K., the National Asthma Campaign
produced fact sheets on transition and the government’s Department of Health,
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Table 8 Advantages of District Transition Policies

Coordinated district, hospital, or clinic switch strategies have the advantage of:
Coordination of common messages between community pharmacists, doctors, and
nurses
Reducing primary and secondary care interface problems
Utilizing local media to inform patients of transition
Reduction in problems associated with dual availability (unused stock, shortage of 

new products, mistakes, inadvertent switching back, shelf-space problems, etc.)

Table 9 Methods Used to Aid in the Transition of Patients from Use of CFC pMDIs to
non-CFC pMDIs at a Practice/Clinic/Local Level

Informing patients of imminent transition by means of local newspaper articles, posters
in clinics and pharmacies, letters given at time of previous prescription

Use of diagnostic registers to identify patients needing a letter to inform them of
transition, and then planned changeover

Opportunist transition during routine review in asthma clinics or during routine
doctor/nurse consultations

Automatic substitution of old inhaler by a choice of new on computerized prescribing
systems

Brand-by-brand substitution at a community pharmacy level where transition involves
transition to an “identical” product

Reinforcement of spoken messages with written materials, leaflets, use of videotapes, 
etc.



in conjunction with the National Asthma Campaign and British Lung Founda-
tion, produced a leaflet available free for distribution in primary and secondary
care and in community pharmacies.

The key points that need emphasizing to patients are that:

The process affects only pMDIs (not dry-powder devices).
The new inhalers contain exactly the same medicines as previously and have

been fully tested and shown to be as safe and effective as their predeces-
sors. However, a dose change may be necessary with some products.

The previous inhalers were environmentally damaging but in no way dam-
aging to the individual.

The new inhalers may look, feel, and taste different.

F. How Is the Transition Going So Far?

The rate of changeover to new pMDIs has varied from country to country as a
result of different timings for launch of new products, waits for regulatory ap-
proval, health professional practice, and differences within national strategies.
In some countries previous use of dry-powder inhalers (DPIs) represented
60–80% of inhaler usage, and the proportion of inhaler users needing to un-
dergo transition was clearly less. In other countries, dry-powder inhaler usage
represents 20% or less, and transition in those countries will involve change
from CFC-containing pMDIs to either CFC free pMDIs or dry-powder devices.
In some countries few dry-powder devices have historically been available. In
others, where they are available, the cost of dry-powder inhalers has been
higher than that of MDIs, and where that has been the case, it may have acted as
a barrier to change from CFC pMDIs to DPIs. Health professionals therefore
must be made aware of all of the alternatives to CFC pMDIs, so that the best
choice may be made for the individual patient. Even when new CFC-free
pMDIs reach the marketplace their use may initially be low. Early experience
suggests that voluntary changeover occurs most readily with brand-by-brand
substitution driven by individual pharmaceutical companies, and this happens
to the greater degree when the companies impose a voluntary withdrawal of the
CFC-containing product after a certain time interval. Mere launch of a new re-
formulated product will not necessarily be followed by use; for example, in one
country it is estimated that many months after launch of a CFC-free inhaled
steroid, less than 10,000 of 1,150,000 current users had been changed to the
new formulation. Such slow transition may reflect lack of marketing pressure,
reluctance of health professionals to change, lack of clear government or health
department advice, or fear of incurring extra costs. This last is often not, in fact,
a genuine concern, with new products often being introduced at the same price
as the old. Where sizable numbers have changed over to the new inhalers, experi-
ence shows that this has been far less problematic than many had anticipated. In
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the U.K., a National Telephone Helpline run by the National Asthma Campaign
was extended to cope with an anticipated increase in callers concerned by the
CFC transition issue, but in the event calls regarding this issue represented less
than 2% of the total.

VI. The Kyoto and the Montreal Protocol

The next major environmental challenge will be that of global warming. At the
third conference of parties to the Framework Convention of Climate Change, the
Kyoto Protocol, which was concluded in 1997, controlled a basket of greenhouse
gases including carbon dioxide, methane, nitrous oxide, HFCs, PFCs, and sulfur
hexafluoride. HFC use has increased rapidly since 1990, when they were intro-
duced widely as substitutes for ozone-damaging substances (ODS). Although
they have about one-sixth of the global warming potential of CFCs [and zero
ozone-damaging potential (ODP)] it is, nevertheless estimated that they will
constitute approximately 5% of European Union (EU) greenhouse gas emissions
by the year 2005. This must be taken in the context of global emissions for all
greenhouse gases in 2005 (approximately 52.5 billion tons of CO2 equivalent),
of which HFCs in MDIs constitute about 0.07%.

Under the Kyoto protocol, there has been an overall agreement to reduce
greenhouse gases by 5.2% below 1990 levels between 2008 and 2012, although
some parties have agreed to go further than this (e.g., European Union, 8% reduc-
tion; United States, 7% reduction). Initially this will be achieved mainly by attempt-
ing to reduce energy demand via energy taxes and reducing car emissions (even in
the face of increasing numbers of motor vehicles). However, since HFCs have a rel-
atively high global warming potential (GWP) compared to CO2, they are likely to
be an early target for control. They are likely to be replaced in nonmedical aerosols
by hydrocarbons. HFC self-chilling cans are now banned in the United States and
their inventor has agreed to discourage their use. There are alternatives in some ar-
eas, but they are less than satisfactory (e.g., portable compressed-gas dusters, used
in using compressed-air computer cleaners, have fewer blasts per can. Signaling
horns on boats could use hydrocarbons, but these may be hazardous in case of fire).

It is therefore likely that, over the next 10 to 20 years, the use of HFCs as
MDI propellants is likely to come under environmental pressure; as a conse-
quence, a search for new alternatives will continue. Experience shows that it will
have taken almost two decades to phase CFCs from MDIs by the time transition
is completed, and it is likely to be another 20 years before HFCs are entirely
phased out from MDIs. Even the alternatives of aqueous sprays and DPIs are not
environmentally neutral, since their manufacture requires energy. At the present
time, we can speculate that HFCs for MDIs could receive some sort of tempo-
rary exemption/protection under the Kyoto Protocol, just as CFC MDIs were
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deemed essential for patient health and received temporary exemption under the
Montreal Protocol.

VII. MDI Propellants: Where Will We Be in 2015?

The last few years of the old millennium and the first of the new have seen environ-
mentalists, governments, the pharmaceutical industry, health professionals, and pa-
tients involved in the major exercise of changeover from CFC-containing to
non-CFC pMDIs. The cost of this exercise to all concerned has been phenomenal.
As a result of the transition, ozone-damaging substances have been largely elimi-
nated. The new propellants do have some global warming effect, but at a practical
level it can be argued that the effect resulting from use of HFAs in pMDIs is likely
to be very small. No one can anticipate that the industry and others would wish to
now embark on another major transition to non-global-warming propellants, even if
they could be identified. However, we need to recognize that the effect of environ-
mental action on these substances is going to be an ongoing pressure to reduce their
use. As a result, scientific and industrial energy is more likely to be channeled into
new methods of delivering aerosolized medications to the airways than into a search
for new chemical propellants. These new methods are likely to involve newer hand-
held mechanical or electrical nebulizers and increasing moves toward use of breath-
actuated devices and dry-powder devices. As a result, pMDI usage is likely to
decline significantly over the next decade or so, but we need to monitor this situa-
tion to ensure that it in no way disadvantages those in developing countries. In par-
allel with a change in method of delivering medicines to the lung may come a
decline in the prevalence of the airway disorders they are used to treat. After a pe-
riod of rapidly increased suffering due to asthma, there now comes the possibility
that we will shortly be able to offer advice and interventions that may reduce the
likelihood that those with an inherited tendency will develop the condition. If this
were to be paralleled by firm international government action to control the problem
of tobacco use (perhaps a Montreal Protocol on the phase-out of tobaco substances),
then the number of people suffering from smoking-induced airway diseases world-
wide may also decline, and with it the need for inhaled therapy.

We must ensure that today’s patients with asthma and chronic obstructive pul-
monary disease are comfortable with their new inhalers, and that the world is a
safer place for their grandchildren (17).
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I. Introduction

The aerosol cloud from a pressurized metered dose inhaler (pMDI) leaves the
canister at a very high speed after actuation. As a result, coordination of actua-
tion and inhalation can be very difficult, resulting in a high aerosol deposition in
the oropharynx and variation in the lung dose. Spacers and holding chambers
have been developed in an attempt to overcome this problem. In principle, spac-
ers are extensions of the pMDI canister, allowing deceleration and maturation of
aerosol, while holding chambers are valved spacers allowing breathing from a
standing cloud of aerosol. In clinical practice, the term spacer is used to denote
either of such inhalation aids, and this term is used in the present review.

Franklin (1958) developed a spacer to aid delivery of hydrocortisone to the
lungs via pMDI. He used a 14-in. plastic tube, noting that approximately 50% of
the steroid delivered was deposited on the wall of the tube, and that “the use of
the plastic tube unquestionably decreased the dose of steroid administered, but
had the desirable effect of increasing the proportion entering the airway as com-
pared with that retained in the mouth” (1).

Two decades later, various designs—including large-volume spacers,
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small-volume spacers, and tube-extensions—had been developed for general
clinical use (2–4), and the spacer concept was subsequently extended to young
children and infants (5–7). The clinical effects of bronchodilators (ipratropium
bromide, salbutamol) (6–11), and inhaled steroids (8) delivered by pMDI and
spacer for young children were documented.

The requirements for optimal drug delivery from spacers are most critical
in young children with irregular and shallow breathing; although similar princi-
ples apply to all patients, this difficult group makes the greatest demands on a
spacer. The recent interest in spacers for this group of patients has led to in-
creased understanding of the technical requirements for a spacer. Therefore, this
chapter discusses critical aspects of spacer construction in general and with an
emphasis on young children.

II. The Objectives of a Spacer Device

The primary objective of a spacer is to minimize the need for coordination be-
tween actuation of the pMDI and inhalation. In addition, the spacer should en-
sure that the aerosol particles trail the inspiratory flow of the patient, reduce the
proportion of the dose contained in large particles, and increase the proportion
contained in small particles (12). The need for coordination between actuation
and inhalation is reduced by presenting the aerosol to the patient as a standing
cloud of particles, which decreases oropharyngeal deposition. Oropharyngeal
deposition with the actuator alone ranges from 30 to 70%, compared with
5–10% with spacer devices (13,14).

The aerosol cloud should be available over a prolonged period to minimize
still further the need for coordination between actuation and inhalation. This is
particularly important in young children with poor compliance, and shallow and
irregular breathing patterns (Fig. 1). If inspiratory flow and tidal volume are low,
several breaths may be required to obtain the whole volume of aerosol retained
in the spacer. These factors may also be important in older children and adults
with faulty coordination between inhalation and actuation, in whom emptying of
a large volume spacer may be delayed.

When a drug is inhaled from a spacer, the aerosol particles will trail the in-
spiratory flow of the patient. This improves drug targeting to the lungs compared
with an aerosol with an inherent flow, such as that generated by a nebulizer or
pMDI alone, where the flow of aerosol may be misdirected and hence depositing
on the skin or in the oropharynx.

Large particles tend to deposit in the upper airways and, depending on the
drug, this may add to the risk of both local side effects and systemic absorption.
Fine particles add to the desired clinical effect and, by increasing the ratio be-
tween fine and large particles, the therapeutic index of the treatment is improved
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and the cost decreased (15). Obviously such improved therapeutic index and cost
of treatment assumes that the clinician takes advantage of the improved drug de-
livery and reduces the prescribed dose.

The spacer improves the particle profile by two mechanisms. First, the
spacer acts as a settling bag, allowing large particles to impact or sediment. Sec-
ond, the micronized drug particles from a pMDI are wet particles enveloped in
propellant, which evaporates within the spacer and thus reduces the particle size;
only a minor proportion of the propellant flashes immediately into vapor as the
propellants leave the pMDI. Further evaporation of the liquid droplets occurs
during passage through the air. Thus, the size of the drug-containing droplets de-
pends on the time available for evaporation of the propellants and the distance
from the actuator orifice.

Key Points:

• Spacers reduce the need for coordination between actuation and inhalation.
• Spacers may improve the therapeutic index of inhaled therapy.
• Spacers may reduce cost of treatment from improved drug delivery.
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III. When Should a Spacer Be Used?

Determining the suitability of various devices for different patients will im-
prove the response to drug therapy and thus ultimately improve the treatment
of asthma.

Figure 2 presents a suggestion for the choice of device in various age
groups. In brief, nebulizers are rarely indicated for maintenance treatment.
pMDI and spacer with face mask or mouthpiece is the preferred device for main-
tenance treatment until the child is sufficiently mature to reliably use a dry-pow-
der inhaler (DPI) or breath-operated pMDI (12).

The use of a spacer improves the predictability of drug delivery from a
pMDI in patients with a potential coordination difficulty. The clinical benefit of
administering bronchodilators from pMDIs with spacers has been proven for pa-
tients with faulty inhalation techniques but not those who can correctly use a
pMDI alone (16–18). Children often have difficulty coordinating actuation of the
pMDI with inhalation of the aerosol, which leads to inadequate delivery of drug
to the lungs and a diminished therapeutic effect (19). In particular, coordination
is not reliable in young children. In children, therefore, pMDIs should seldom be
used without a spacer. Even adults, however, often use pMDIs ineffectively and
incorrectly; handicapped and aged patients often have considerable difficulty us-
ing pMDIs and indeed may be unable to use these devices.

The use of a spacer improves the safety of treatment with a pMDI com-
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pared to other devices because of the improved particle size profile. In particular,
patients on high-dose topical steroid therapy will benefit from the reduced oral
deposition, as oral deposition presents a risk of local side effects, such as can-
didiasis and hoarseness (20) and may add to the systemic load of drug.

Nebulizers, which may represent the alternative to pMDIs for most young
children and other patients with coordination difficulties, deliver a constant
flow of aerosol during both inspiration and expiration, which may result in ex-
cessive exposure of the patient’s skin and eyes to the drug. Drug loss to the en-
vironment may also result in unwanted exposure of caregivers to a nebulized
aerosol. By contrast, aerosol from spacers reaches the lungs with little loss in
the upper airways and minimal exposure of face and eyes to drug, since the
aerosol passively follows the patient’s inspiration with no inherent flow. Dosi-
metric nebulizers are being developed where the aerosol is delivered on demand
only during the inspiratory phase. Still, they are expensive, bulky, and techni-
cally complicated devices.

pMDIs with spacers are more portable than nebulizers, though the size of
most spacers is inconvenient to older children and adults, for whom more
portable alternatives such as DPIs are available. The time needed for drug ad-
ministration with spacers is much shorter than with nebulizers, which aids com-
pliance. In addition, spacers are less expensive, and intuitively simpler to use
than nebulizers.

For these reasons, a pMDI with spacer should be preferred to a nebulizer
for maintenance treatment; moreover, pMDIs appear to be as effective as nebu-
lizers in patients with acute asthma (21,22). pMDIs with spacers are therefore
convenient for use as first-line treatment of acute severe asthma in primary care
(23). However, it is a common clinical observation (though certainly not evi-
dence-based) that nebulizer treatment is more efficient than treatment with a
pMDI and spacer in young children with acute severe asthma. If this is not
merely a personal bias, it may be explained by the longer aerosol availability
provided by the nebulizer. Furthermore, additives in pMDIs can cause airway ir-
ritation, which is exaggerated during acute severe asthma. In hospital settings,
nebulizers are often the preferred mode of treating acute asthma in children.

Face masks should be used with spacers unless it is certain that the patient
will not entrain though the nose or around the mouthpiece. This is often difficult
to confirm in young children, who should therefore use face masks in most cases
until about the age of 4 years, after which a mouthpiece should be used. The age
at which devices such as DPIs, requiring active cooperation, may be used de-
pends on the individual patient. It should be emphasized that the choice of de-
vice should not be based on the physical ability to achieve certain inhalation
flows but rather on the maturity and willingness of the patient to comply under
all conditions. Young children can often use more demanding devices correctly
under optimal conditions but may not do so at all times, particularly during res-
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piratory distress. From the age of 7 years, however, most children will cooperate
reliably and can be switched to a DPI.

Key Points:

• pMDIs should always be used with spacers in children.
• Nebulizers should not be used for maintenance treatment but may be

useful in children with acute severe asthma.
• Spacers should be used with facemasks in young children until they can

be trusted to inhale from a mouthpiece, usually from around age 4.
• DPIs or breath-operated pMDIs are recommended for patients who can

reliably be expected to cooperate in all circumstances.

IV. Specifications of Spacer Devices

A. Approval

At present, spacers are not considered to be medical products and can therefore
be marketed without any documentation. The performance characteristics of
pMDIs are required to be strictly documented before approval by drug regula-
tory authorities; considering the significant influence of spacers on pMDI perfor-
mance, it would seem logical to require similar documentation of the
pMDI-spacer combination before approval and marketing. Spacers should not be
considered generic devices that can be used with any pMDI. In the future, spac-
ers should be tested for their effect on aerosol delivery with specified pMDIs and
marketed only for use with these pMDIs.

Key Point:

• Spacers should be considered to be medical products, and formal docu-
mentation and approval should be required in the future.

B. In Vitro Measurement of Delivered Doses from Spacers

The delivered dose from spacers is sometimes reported as the dose at the time of
pMDI actuation—i.e., the dose is measured in vitro by emptying the spacer im-
mediately upon pMDI actuation. This, however, does not take account of the de-
layed emptying by children with variable and shallow breathing maneuvers. The
aerosol is lost passively during such a period between actuation of the pMDI and
in vivo emptying of the spacer (Fig. 1). Since the aim of a spacer is to provide a
stable aerosol to avoid the need for coordination between actuation and inhala-
tion, dose measurement concomitant with actuation of the pMDI seems irrele-
vant. The dose from the spacer should be defined after a period of 10 or 20 s,
which would be a more realistic reflection of the situation in clinical use. The pas-
sive loss of aerosol is monoexponential and can be described by its half-life (24).
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Although the initial dose at the time of actuation may be satisfactory, it is of little
use if the half-life is short, since the patient may not be able to empty the aerosol
before a considerable and variable fraction is lost within the spacer. Young chil-
dren often breathe irregularly, with periods of breath-holding and shallow breath-
ing, when presented with a face mask (Fig. 1); thus a stable aerosol with a long
half-life would be advantageous. The longer the aerosol is available after actua-
tion, the less coordination is required between actuation and inspiration. A long
half-life is important to ensure adequate delivery of aerosol to young children; an
aerosol with a short half-life within the spacer increases the need for coordination
between actuation and inhalation and will not deliver a full and predictable dose.
Conversely, a long aerosol half-life improves the predictability of dosing.

Key Point:

• Measurement of drug delivery from spacers should consider the time-
dependent passive loss of aerosol and assess the delayed dose delivered
and aerosol half-life.

V. Sources of Aerosol Loss Within Spacers

One of the aims of spacer devices is the removal of large aerosol particles. How-
ever, the loss of fine particles reduces the cost-effectiveness of treatment (15).
Furthermore, such losses may be variable, leading to unpredictable dosing and
disease control.

The major causes of aerosol loss from a pMDI delivered into a spacer are il-
lustrated in Fig. 3. The larger particles impact on the spacer wall due to the inertia
in the jet of particles from the pMDI. Particles sediment due to the progressively
reduced velocity of the aerosol. In addition, particles can be adsorbed to the
spacer wall if this carries electrostatic charges. Aerosol loss is partly instanta-
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neous due to impaction after actuation of the spray into the spacer, while addi-
tional loss due to the sedimentation and electrostatic attraction is time-dependent.

Aerosol can also be lost in any dead space common to the inspiratory and
expiratory lines in a device; a certain amount of dead space cannot be avoided in
a face mask. Finally, aerosol may be lost because of valve insufficiency and
other leaks.

A mathematical model incorporating impaction, aerosol half-life, spacer
volume, dead space, and leakage was recently developed and validated (25).
This model correctly predicted the aerosol delivery from common spacers.

A. Impaction

pMDIs produce a jet of particles at very high speed (up to 50 m/s). These parti-
cles have to be decelerated within the spacer in order to remain airborne as an
aerosol. The large “ballistic” droplets have the greatest inertia and will impact on
the spacer wall. The impaction of aerosol is critically dependent on the relation-
ship between the speed of the jet and the size and shape of the spacer. Loss due
to impaction occurs before the other factors influencing aerosol loss have had
significant effects. In addition, part of the aerosol jet may escape backward
around the aerosol canister. Such losses account for the major loss of aerosol;
therefore spacer volume and shape are critical to the dose delivered from a par-
ticular pMDI.

The volume of the spacer is critical; the larger the spacer, the greater the
amount of drug that will remain airborne and eventually be delivered (26). The
available fraction of aerosol immediately after actuation of a budesonide pMDI
into the 145-mL AeroChamber spacer was 27%, compared with 63% from the
750 mL-Nebuhaler spacer (25). Similarly, the fine-particle fraction (mass me-
dian aerodynamic diameter, or MMAD, < 5 µm) of salbutamol CFC pMDI from
the 750-mL Volumatic spacer was almost three times that from Aerochamber
(27). In vivo, the lung dose from Nebuhaler with hydrofluoroalkane (HFA)
pMDI was 1.6-fold higher than that from AeroChamber (28).

The vapor pressure and the design of the canister nozzle determine the
aerosol jet and eventually impaction. Low vapor pressure increases drug deliv-
ery from a particular spacer due to a reduced jet and therefore reduced im-
paction. Airomir salbutamol pMDI containing HFA propellant delivered less
drug as fine particles (MMAD < 5 µm) compared with the Ventolin salbutamol
pMDI containing chlorofluorocarbon (CFC) propellant but a higher output from
a spacer, probably due to a lower jet velocity (29).

This interaction between spacer volume and pMDI vapor pressure can
cause a twofold change in the fine-particle output from different pMDI and
spacer combinations (14).

The shape of the spacer may also affect the degree of impaction within the
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spacer to some extent. The volume and shape of spacers have seemingly often
been designed with reference to the visible plume of the aerosol (2). High-speed
video studies have shown that this plume consists of an initial jet phase travers-
ing 5–10 cm, followed by dispersion into a cone-shaped cloud (30). However,
the visible plume consists mainly of propellants and additives and does not cor-
respond to the distribution of drug particles. Thus, cone-shaped spacers may not
be ideal. A spherical spacer apparently causes the aerosol jet to vortex within the
spacer, thereby reducing impaction and increasing dose output (31).

Impaction accounts for most of the large particle trap effect of the spacer.
This is illustrated in Fig. 4, which shows the fine and coarse particle doses ob-
tained from a budesonide pMDI (Pulmicort, AstraZeneca, Sweden) actuated into
a metal spacer. The spacer was initially 23 cm long, and subsequent reduction in
the length of the spacer caused a reduction in both the coarse- and eventually
also the fine-particle doses. Even the initial shortening of the spacer reduced the
coarse particle dose, whereas the fine-particle dose was unaffected; thus, the to-
tal particle dose was reduced, but the ratio between fine and coarse particles was
improved by shortening the spacer. Thus, the spacer length is critical for the
fine-particle dose and the ratio of fine to coarse particles. Different pMDIs have
different vapor pressures and therefore different aerosol velocities and volumes;
as a result, the optimal spacer length is specific to a particular pMDI. Moreover,
the spacer should be adapted to the particular aerosol jet. For this reason, the op-
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timal shape and size of a spacer for use with one pMDI cannot be extrapolated to
other pMDIs.

It is inappropriate to use any pMDI with any spacer without considering
the aerosol characteristics, even if the pMDI adaptor fits. The use of a universal
spacer common to all pMDIs will result in unpredictable dosing.

Key Points:

• Impaction is the single most important factor affecting drug output and
the ratio between large and fine particles.

• Drug output increases with spacer volume.
• The ratio of fine to coarse particles is dependent on spacer volume,

spacer shape, and pMDI vapor pressure.
• Spacer-pMDI combinations should be considered individual entities and

the use of a “universal” spacer for different pMDIs should be avoided.

B. Sedimentation of the Aerosol

Sedimentation of drug particles in the aerosol is another factor that reduces the
available aerosol and shortens the time available for inhalation after actuation.
The velocity of sedimentation is proportional to the aerodynamic diameter of the
particles. In a narrow spacer, the sedimentation distance is short and therefore
the loss of aerosol is faster in small-volume tube spacers than in large-volume
spacers. This principle is taken to its extreme in a vertical spacer, compared with
the traditional horizontal spacer.

The effect of sedimentation was illustrated in an in vitro study in which a
budesonide pMDI was delivered through two different spacers, Nebuhaler (Astra
Zeneca, Sweden) and Babyhaler (GlaxoWellcome, UK) (Fig. 5). Both spacers
are of similar length (200 mm) but have different diameters (80 versus 50 mm);
both were primed before use to prevent electrostatic charge effects (see below).
The total dose was increased in the wider spacer, mainly due to an increased
coarse particle dose, and the half-life of the fine particle fraction was longer (33
versus 23 s).

Key Point:

• Increased sedimentation distance within the spacer increases the total
dose and prolongs the half-life of fine particles at the cost of a higher
coarse-particle fraction.

C. Electrostatic Attraction

Aerosolization induces a static electric charge by triboelectrification of aerosol
particles or droplets, including particles from pMDIs, DPIs and nebulizers. In
addition, all plastic devices, including plastic spacers, carry random electrostatic
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charges. The net effect of these electrostatic charges is attraction of aerosol parti-
cles onto plastic surfaces. This will significantly reduce the drug aerosol avail-
able for inhalation from plastic spacers; the electrostatic activity of plastic
spacers reduces the initial dose available for inhalation and reduce the aerosol
half-life of aerosol in the spacer, thus reducing the time available for inhalation.

In vitro studies have shown that drug delivery is enhanced by the use of an
antistatic lining on a plastic spacer (32), and that a steel spacer (inherently non-
electrostatic) produces a significantly higher dose compared with a plastic spacer
(24,33,34). The dramatic effect of the electrostatic charge on the delivered dose
is illustrated in Fig. 6, together with data on the increased drug delivery resulting
from priming by repeated use of pMDI. Such a priming effect during repeated
use was also seen in a field study of drug delivery to young children from the
Babyhaler plastic spacer; drug delivery measured at home showed a 0.8% in-
crease per day (35). In another study, the fine-particle fraction of salbutamol de-
livered from a plastic spacer handled by several different techniques showed an
inverse correlation with the static voltage on the spacer device (36,37).
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Figure 5 The effect of spacer volume on dose delivery. The aerosol from a budesonide
pMDI was analyzed by the Anderson impactor (U.S. throat) 2 s after actuation (28 L/min)
through Nebuhaler and Babyhaler, both of which had been primed to prevent electrostatic
effects. Both spacers are of similar length but have different diameters (80 versus 50 mm).
The aerosol was airborne for a longer time in the spacer with the larger diameter; corre-
spondingly, the total dose was larger, mainly due to an increased coarse particle dose.



Electrostatic attraction causes a continuous and rapid disappearance of the
aerosol; in plastic spacers, the aerosol half-life is typically 10 s, compared with
30 s if the static charge is abolished (24,37,38). Because of this short residence
time in plastic spacers, the inhalation must be coordinated with actuation of the
pMDI to obtain an optimal dose. This obviously negates one of the major advan-
tages of spacers.

The effect of electrostatic charge has also been shown in in vivo mea-
surements. The lung dose of salbutamol in children, estimated by a pharmaco-
kinetic method, was halved when an ordinary plastic spacer was used
compared with the same spacer after antistatic priming (39). In a similar study
in adults, however, this effect was not apparent (40); this may have been be-
cause adults can empty the spacer in one or two breaths coordinated with actu-
ation, which would reduce the importance of the electrostatic charge. Two
further studies have used scintigraphic estimates of lung dose after administra-
tion of radiolabeled drug to investigate the effect of electrostatic charge
(41,42). In one study, the lung dose improved 1.5-fold, while in the other
study, the lung dose increased fourfold; the latter study reported an unusually
high lung dose of 46% from coated spacers. Such differing results may partly
be ascribed to poor standardization of the scintigraphic method, and they
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Figure 6 The effect of an electrostatics on dose delivery. Dose delivered to filter during
100 consecutive actuations of budesonide pMDI via a metal (nonelectrostatic) spacer
(Nebuchamber) (o) and fluticasone propionate pMDI via a plastic (electrostatic) spacer
(Babyhaler) ( ). (From Ref. 38.)
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should be interpreted cautiously. However, the overall conclusion from in vivo
studies seems to be that electrostatic charges significantly affect the dose deliv-
ered to the lungs from plastic spacers.

The electrostatic charge of plastic spacers may be reduced in various ways.
Priming should coat the inner surface of the spacer with a conducting layer,
thereby reducing electrostatic charge;

1. Antistatic paints have been used successfully (32,43).
2. Immersion in household detergents is also effective, ionic detergents

being more efficient than nonionic detergents (42,44). This effect may
last for several weeks (42), though the data are inconsistent (44). If
detergent is used, it is very important not to rinse the spacer in water
or to dry the plastic with a cloth, since this immediately recharges the
spacer; and the spacer should be stored unwrapped (44).

3. Benzalkonium chloride is effective in neutralizing the electrostatic
charge of plastic spacers (38).

4. Repeated use of the pMDI itself primes the plastic to some extent
(38). This priming effect is time-dependent; the effect is not immedi-
ate but builds up over days (38). As with other priming procedures,
the effect is reversible with ordinary washing.

The various priming options should be compared with respect to the sta-
bility of the effect during routine use. Potential toxicity from inhaled residues
of the chemical used for priming must also be studied. The risk of contact der-
matitis from use of various coating including detergents should be evaluated.
Possible interactions between priming chemicals and the aerosolized drug
should be tested, and patient compliance with priming procedures should be
considered.

Washing the plastic spacer may remove any priming layer, resulting in the
spacer reverting to its original charged state. The spacer could then go through
cycles of high and low drug delivery, as the priming layer builds up on the walls
with use, and is removed during washing. The delivered dose may be low imme-
diately after washing, gradually increasing with use until the spacer is washed
again. This leads to both intersubject and intrasubject variations in dosage, since
patients will clean their spacers in different ways.

It seems obvious that manufacturers of spacer devices should use only
nonelectrostatic materials in the future. Certainly, it is not satisfactory to require
the patient to remember a certain priming procedure, which is likely to jeopar-
dize compliance. Metal is an obvious, robust, and safe choice for a nonelectro-
static spacer (24,34), since it carries no charge no matter how it is handled and
requires no chemical treatment. Alternatively a nonelectrostatic plastic material
(carbon black) has been produced by mixing a conductive material into the
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plastic during the moulding procedure; other nonelectrostatic materials may be
developed in the future.

Key Points:

• Electrostatic charges in plastic spacers cause a clinically significant re-
duction of lung dose.

• Possible priming procedures for available plastic spacers should be
studied with respect to stability, toxicity, drug interactions, and impact
on patient compliance.

• Only nonelectrostatic devices should be used in the future.

D. Valves

The valves controlling inhalation of aerosol from the spacer and exhalation from
the face mask must operate effectively over the entire range of pressures from
those encountered in the shallow breathing of a sleeping child (pressure changes
< ± 0.01 kPa) to those in a crying baby (pressure changes > 0.5 kPa) (25). Leak-
age through an inefficient inspiratory valve blows aerosol out of the spacer dur-
ing expiration. An inefficient expiratory valve dilutes the inspiration with air
from outside the spacer, resulting in delayed aerosol delivery and increased loss
due to passive fallout of aerosol in the spacer. These factors can significantly im-
pair drug delivery.

Some spacer adaptations lack a valve at the expiratory outlet. This may not
be essential in older children and adults, since the volume shift during inspira-
tion is sufficient despite the open expiratory outlet. In young children with shal-
low breathing, however, an open outlet will allow significant air entrainment
during inspiration, attenuating the inspiratory volume shift from the spacer and
thus delaying emptying of the spacer. During this delay, fallout of the aerosol
within the spacer will reduce dose availability (24).

In an in vitro study, the pressure change at the valves varied from between
-0.2 kPa and +0.7 kPa with the high-resistance NebuChamber to between -0.02
and +0.01 kPa with the low-resistance Babyhaler during simulated regular
breathing of toddlers. During tidal breathing, the typical flow varied from 8 to 16
L/min (25). A low-pressure swing at low-resistance valves may not always as-
sure efficient opening and closure of the valves; thus, leakage through the valves
was more common in the low-resistance valves than the high-resistance valves
(25). High-pressure swings present no difficulty to young children or infants (for
comparison, applied positive expiratory pressure in infants with respiratory dis-
tress uses pressures of 0.5–0.8 kPa) and assure more reliable opening and closure
of valves.
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Key Points:

• Inlets should have valves; for use in children, outlets should also have
valves.

• Leakage though valves reduces drug delivery. Leakage is more common
through low-resistance valves.

E. Dead Space

Any volume common to the inspiratory and expiratory lines in a device is dead
space, which means that drug in this volume will not contribute to the lung dose
but will be lost in each breath. A certain amount of dead space cannot be avoided
in a face mask but should be minimized by reducing the volume of the mask.

The effect of dead space on drug delivery from spacers was illustrated in a
study in which the fine particle dose obtained by evacuating the spacer with a
ventilator mimicking the breathing of a young child (tidal volume 195 mL; respi-
ratory frequency 20; inspiratory:expiratory ratio 1:2) was expressed as a percent-
age of the dose obtained by evacuating the spacer by a constant flow (38). The
effect of leaky valves may have added to the loss during breathing. When breath-
ing from a spacer with high-resistance valves with no dead space, 95% of the
dose was recovered, while only approximately 60% was obtained by breathing
from a spacer with low-resistance valves and a 40-mL dead space.

Key Point:

• Drug delivery is reduced by the proportion of dead space to tidal volume.

VI. Effect of Spacer Construction on Dose Delivery

Drug delivery from a spacer is critically dependent on the factors outlined above,
including the volume and shape of the spacer, valves, and spacer material. The
influence of these factors can be illustrated with reference to three of the more
commonly used spacers.

NebuChamber is a 250-mL metal spacer with high-resistance valves and
no dead space between the valves.

Babyhaler is a 350-mL plastic spacer with low-resistance valves and a 40-
mL dead space between inlet and outlet valves.

AeroChamber is a 145-mL plastic spacer with low-resistance valves and
no dead space between the valves.

The comparative efficiency of these spacers has been documented in vitro
(38) and in vivo (24,34,35) by collecting the dose delivered to a filter in front of

Spacer Devices 403



the spacers. The in vitro measurements were performed with a ventilator mimick-
ing the breathing of a toddler, while the in vivo measurements were performed by
sampling aerosol in front of the face mask of young children. The doses measured
were adjusted for the fraction of small droplets (< 4.7 µm) in the aerosol and cal-
culated as percentages of the nominal dose. The delivered doses were 35% from
NebuChamber (budesonide pMDI), 22% from Babyhaler (fluticasone pMDI),
and 13% from AeroChamber (budesonide pMDI) (38). The relative efficiency of
the devices to deliver fine particles could thus be determined by relating the out-
put from Babyhaler to the output from NebuChamber (0.22/0.35 = 63%) and the
output from AeroChamber to the output from NebuChamber (0.13/0.35 = 37%).
From such in vitro estimates, the relative efficiencies of these three devices for the
delivery of fine particles appear to be 10:6:4. This indicates that the nominal dose
used in an AeroChamber should be increased by a factor of 2.5 compared with
NebuChamber to obtain a defined clinical effect in the lungs of a young child.
Suboptimal spacer performance was ascribed to inefficient valve control, dead
space in the inspiratory line, loss of aerosol by residual electrostatic attraction in
the primed plastic spacers, and inappropriate spacer volumes.

Similar differences have been described among other spacers. The fine
particle dose varied by twofold between commonly used “universal” plastic
spacers (45).

Such differences in dose delivery highlight the significance of the
choice of device in relation to dose recommendations and cost-effectiveness
of treatment (15).

Key Points:

• Differences in spacer construction may change drug delivery by several-fold.
• Predictable dosing assumes a fixed combination of pMDI and spacer

VII. The Optimal Spacer for Young Children

The optimal spacer for young children would show the following features:

1. A volume of intermediate size, permitting the chamber to be emptied
in a few breaths, but not so small that the bulk of the delivered dose
from the pMDI impacts on the walls at the moment of actuation

2. Nonelectrostatic material
3. An efficient one-way inspiratory and expiratory valve system to as-

sure opening and closing even during the shallow breathing of a
young baby

4. Minimal dead space in the valve and face mask
5. A long half-life for the aerosol in the chamber
6. A tight-fitting face mask.

Such an optimal spacer is not yet available.
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VIII. Choice of Spacer Depends on Choice of Drug

The drug to be delivered determines the choice of spacer. The requirements for
the delivery of bronchodilators and inhaled steroids are so different that different
devices should be recommended.

A. Bronchodilators

The metered doses of salbutamol and fenoterol in commercially available
pMDIs are several-fold higher than those that produce maximal effects on the
airways (46,47). Therefore, it may be possible to lose a large proportion of drug
through poor inhalation technique, while still obtaining maximal bronchodilata-
tion. Indeed, in one study, no change in bronchodilator response was seen when
actuation of a pMDI was deliberately desynchronized from inhalation (48,49). In
contrast, the metered dose of commercially available terbutaline pMDI appears
to be less than the dose required for maximal bronchodilatation (50), and
changes in the efficiency of the delivery device significantly affect the lung dose
and the clinical response (51).

Bronchodilators have a high therapeutic index and are comparatively inex-
pensive. Thus inefficient or unpredictable drug delivery can be compensated for
by increasing the prescribed dose at little cost, and with low risk of incurring
side effects.

Bronchodilators are used on an “as-required” basis. Therefore, spacers for
bronchodilators should be conveniently portable.

B. Inhaled Steroids

Inhaled steroids have a narrow therapeutic index and therefore it is essential that
the particle profile is optimal, with a high proportion of fine particles and a low
proportion of large particles. Moreover, inhaled steroids are relatively costly and
thus the fraction of the nominal (labeled) dose delivered should be optimized. In-
haled steroids are normally given once or twice daily, and therefore portability is
less of an issue than with bronchodilators.

Price often determines the choice of spacers. However, the price of wasted
drug also contributes to the cost-effectiveness of treatment (15). Optimally de-
signed spacers may be relatively expensive but, in the case of inhaled steroids,
loss of drug from inefficient spacers is probably more costly in the long term
than even the most expensive spacer, since inefficient spacers require higher pre-
scribed doses (15). Such estimates of cost-effectiveness may be less clear for
bronchodilators.

The single most important factor determining drug delivery is the size of
the spacer; large-volume spacers deliver more drug than small-volume spacers.
The optimal size depends on the pMDI, and therefore dedicated spacers should
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be preferred to universal spacers. Small-volume spacers such as AeroChamber
were designed to overcome problems of coordination, rather than to optimize
lung dose (3,52). Accordingly, they provide significantly reduced drug delivery
compared with intermediate- or large-volume spacers (13,24,27,38,39,52–54).

Simple containers may provide suitable aerosols even for infants. Saline
containers (55) and coffee cups (56,57) have been shown to provide clinically ef-
fective bronchodilator aerosol delivery. Undoubtedly, even the simplest of con-
tainers aids coordination between pMDI actuation and inhalation. However, the
loss of drug is likely to be considerable and such containers probably do not im-
prove on the particle profile. Such delivery may suffice for bronchodilators but
not for inhaled steroids.

In large parts of the world, socioeconomic conditions often preclude the
use of more advanced spacers as patients are unable to afford imported devices.
Local production should be encouraged to reduce costs. In fact, simple and effi-
cient spacers that conform to the requirements described above have been pro-
duced for the delivery of bronchodilators (58,59).

Key Points:

• The choice of spacer depends on the drug to be delivered. The require-
ments for delivery of bronchodilators and steroids differ, and different
devices may be required.

• Inexpensive but ineffective spacers may cause expensive loss of drug.
• Spacers developed and documented for particular pMDIs should be pre-

ferred over universal spacers.
• Simple containers or small-volume spacers may be used for bron-

chodilators.
• Optimized spacers are essential for delivery of inhaled steroids.

IX. Use of Spacers

A number of recommendations can be made for the optimal use of spacers. Slow
inhalation is preferable since the impaction of particles is proportional to veloc-
ity and particle size. A slow flow reduces the risk of impaction on valves and
anatomic structures such as the pharynx or vocal cords. In addition, high flow
rates enhance central airway deposition caused by inertial impaction and there-
fore reduce deposition in peripheral airways.

It is essential that a pMDI is shaken before every use (see Chap. 10), since
failure to do this will dramatically reduce drug delivery (60,61). The spacer
should be positioned before actuating the pMDI because the fallout of aerosol re-
duces the available dose over time. Movement of the spacer should be avoided,
as this will reduce the drug available for inhalation due to impaction on the sides
of the spacer wall (62).
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If multiple doses are prescribed, they should be given separately, since si-
multaneous administration causes a significant reduction in the recovered dose
(44,63,64). This may be less of a concern with nonelectrostatic spacers.

The number of breaths required to empty a spacer obviously depends on
the size of the patient and the spacer. The aerosol empties from a spacer in an ex-
ponential manner, since inhaled aerosol is replaced by air thus diluting the re-
maining aerosol. Adults may empty a spacer in one to two inhalations, whereas
in laboratory studies in which ventilators were used to mimick the breathing of
toddlers, commonly used spacers for young children were emptied in two to four
breaths (25). A safe recommendation would be to suggest 10 breaths in infants, 5
breaths in toddlers and 2 slow deep inhalations in older children and adults.

In a previous study, crying did not have an important impact on drug deliv-
ery to the patient (65), but lung deposition has been shown to be much lower in a
screaming child than in quietly and tidally breathing children (66,67). Tidal vol-
ume and inspiratory flows are increased during crying, whereas breathing fre-
quency and the inspiration/expiration ratio are decreased. Such changes in
breathing patterns may greatly influence drug distribution in the patient and thus
lung deposition.

Key Points:

• Slow inhalation is optimal.
• Multiple doses should be given as separate inhalations.
• The spacer should be positioned before actuation.
• Ten breaths in infants, 5 breaths, in toddlers and 2 breaths in older chil-

dren and adults.

X. Use of Facemasks with Spacers

The pressure measured within the facemask is often much lower than that ob-
served in an in vitro situation, which suggests that leakage between the mask and
the face is a common problem (25). Similarly, the recovered dose is lower and
more variable in vivo (24,34) than in vitro (25). This also suggests problems
with the fit of the mask. This leakage is probably an important factor contribut-
ing to variable drug delivery. In addition, the use of a facemask adds to the dead
space, and optimization of facemask design is necessary.

The nose efficiently filters particles from the inhaled air and thus can
potentially reduce the amount of drug inhaled. One study reported that lung
dose was reduced by half in schoolchildren inhaling through the nose as com-
pared with mouth inhalation (68). This filter effect appears to be inversely re-
lated to age, and the lower airways seem to be less well protected in younger
children (69). Interestingly, a recent study reported no difference between
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lung deposition after inhalation via facemask or mouthpiece in forty 3- to 7-
year-old children (70). The efficiency of nasal filtration is unknown in very
young children. Even though the available evidence is conflicting, it is likely
that lung dose is reduced with nasal inhalation in infants as it is in older chil-
dren. Such a filter effect in the nose is unfortunate for at least three reasons.
First, the nasal mucosa readily absorbs most drugs, which thereby bypass
first-pass metabolism in the liver; thus nasal inhalation adds significantly to
the systemic bioavailability of inhaled drugs. Second, nasal breathing reduces
the lung dose, which hampers clinical control and the cost-effectiveness and
safety of treatment. Finally, changing between nasal and mouth breathing will
increase variability of dosing. Inhalation of aerosolized drug for the lower air-
ways should therefore be via the mouth only.

We recently developed a facemask which allows only mouth breathing
(Fig. 7). A septum separates the nose from the mouth within the facemask,
thereby preventing nasal breathing. Since young children are habitual nose
breathers, this may be less acceptable to them at first, but initial experience has
shown that acceptance is soon obtained. In preliminary tests, this facemask suc-
cessfully prevented air leakage from the nose in a group of 0.5- to 4-year-old
children. The facemask is designed to have minimal dead space and the inlet and
outlet valves are integrated into the mask, which avoids any dead space in the in-
halation and exhalation lines. These features can be expected to improve deliv-
ery of aerosol to the lungs.

408 Bisgaard et al.

Figure 7 Prototype facemask occluding the nose. This ensures mouth breathing,
thereby avoiding nasal drug deposition.



Key Points:

• Leakage around the facemask and nasal breathing from within a face-
mask are critical factors in drug delivery from pMDIs with spacers and
facemasks.

• A facemask to prevent nasal breathing is suggested.

XI. Use of Spacers in Neonates and Infants

In recent years, bronchodilator aerosol therapy with pMDIs and spacers has been
shown to be effective not only in mechanically ventilated but also in sponta-
neously breathing preterm and term neonates as well as in infants (71,72). Deliv-
ery of bronchodilators and inhaled steroids by pMDI and spacer has been shown
to have a clinical benefit even in the youngest age group (73,74). Breathing pat-
terns during spontaneous respiration during the neonatal period and infancy dif-
fer from those of older children. Breathing often is irregular and tidal volumes
and inspiratory flows are low and vary greatly (75). The tidal volume is propor-
tionate to the weight. These factors are very likely to have an important impact
on aerosol delivery. In addition, breathing patterns may be altered in respiratory
illnesses and may thus influence drug delivery (76,77). Parameters discussed
previously—such as spacer volume, electrostatic charge, valve systems and dead
volume—greatly influence the efficiency of drug delivery. Especially at the low
tidal volumes characteristic for neonates and infants, the clearance of aerosol is
more efficient in small-compared to large-volume spacers (27). Instrumental
dead space is known to alter breathing patterns and pulmonary mechanics (78).
The spacer for neonates should therefore have a small volume, a low-resistance
inspiratory and expiratory valve system, and a reduced dead volume between the
device and the patient (including the facemask); it should be made of nonelectro-
static material.

Delivery of bronchodilators to spontaneously breathing neonates from a
pMDI through a nonelectrostatic spacer is more efficient than delivery from a
nebulizer (65,79).

Key Points:

• Delivery of bronchodilators through spacers is clinically effective in
spontaneously breathing neonates and infants.

XII. Use of Spacers in Ventilated Patients

In-line spacers have been developed to enhance lung deposition of aerosols
from pMDIs into the ventilator setting. The advantage of a spacer inserted in
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the ventilator circuit is that the actuated aerosol cloud is retained within the
chamber and hence, impaction of the drug within the ventilator circuit is re-
duced. Spacers have been shown to be superior to nonchamber devices (80).
The factors influencing delivery to spontaneously breathing patients do gener-
ally also apply to ventilated patients. Large-volume spacers would be expected
to be more efficient than small-volume spacers due to decreased loss of aerosol
in the spacer. However, when a large in-line spacer without a valve system is in-
serted in the ventilator circuit next to the tracheal tube, it might not be totally
cleared in inspiration and hence will be cleared in subsequent expiration, wast-
ing drug during the expiratory phase. In-line spacers are efficiently cleared only
in inspiration, when the tidal volume exceeds the volume of the in-line holding
chamber (81). Alternatively, a large-volume spacer may be inserted in the inspi-
ratory limb of the ventilator circuit, which will overcome the problem of
aerosol wasting during expiration. Small-volume nebulizers can also effectively
deliver aerosols in a ventilator model (82–84), but in vitro and in vivo studies
suggest that pMDIs are more efficient in aerosol delivery than small-volume
nebulizers (71,85–88). Bronchodilator delivery by pMDI and spacer has also
been shown to be superior to delivery by nebulizer in ventilated infants (89).
Respiratory system compliance improved more after pMDI and spacer than af-
ter nebulizer treatment. In addition to known factors (such as pMDI dose, de-
sign of spacer, and its position in the ventilator setting) specific ventilator
parameters (such as ventilator mode, inspiratory flow pattern, humidity, and
spontaneous respiratory effort) can greatly influence bronchodilator delivery
(84). Delivery shows a linear correlation with both inspiratory time and duty
cycle. A change in the compliance of the lung model while maintaining the
same ventilator settings did not alter drug delivery. Delivery of bronchodilators
is greater under dry than under humidified conditions (82). Humidification may
lead to hygroscopic growth of the aerosols and increased impaction of aerosols
on the chamber surface and hence decreased delivery.

Key Point:

• Spacers are more efficient than nebulizers for aerosol delivery to a ven-
tilated patient.

XIII. Influence of Spacers on Lung Dose

In adults, the lung dose achieved with intermediate- and large-volume spacers is
about twice that obtained with the corresponding pMDI alone (i.e., 20–35% of
the metered dose) (28,61,90–92). In one study, lung doses from pMDIs with and
without a large-volume spacer were similar (93), which may be explained by a
lack of priming of the plastic spacer. The small-volume spacer AeroChamber de-
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livers a lung dose similar to that of the corresponding pMDI (28). In one study
on pMDI dose delivery to young children (3 months to 6 years of age) of salbu-
tamol labeled with technetium 99m (99mTc) and inhaled via a small-volume plas-
tic spacer (AeroChamber), a lung dose of 2% of the delivered dose was obtained
(66). However, these data are difficult to interpret, since codeposition of drug
and isotope was not confirmed. Clinical reports confirm the improved efficacy
achieved with a spacer device in adults (94–96), and children (16,97), although
not with the small-volume AeroChamber (52,98).

In addition to the total lung dose, the distribution of aerosol within the
lungs may affect the clinical response. The aerosol characteristics are changed in
a spacer, resulting in smaller particles that are likely to penetrate into smaller air-
ways. However, little is known about the exact anatomic targets of various drugs
within the airways.

A. Lung Dose and Age

Dose correction is normally based on body size. This may not be appropriate, how-
ever, as airway geometry may reduce lung dose in proportion to body size. In a
pharmacokinetic study of a fixed dose of budesonide inhaled via Nebuchamber
spacer, area under plasma concentration versus time curve (AUC) was similar in
young children and adults (99). As AUC reflects the systemic concentration of drug,
systemic dose reflecting lung dose must have been reduced in the children com-
pared to the adults. This represents a highly important topic for future research, and
if this observation is confirmed, it may lead to revision of current guidelines.

Key Point:

• Lung deposition from spacers depends on device characteristics and
age-specific breathing patterns and airway morphology.

XIV. A Spacer for a Dry-Powder Inhaler

The combination of a spacer and face mask with a pMDI was the breakthrough
that allowed the benefits of inhaled therapy to be offered to the large number of
young patients with wheezing. However, pMDIs have significant disadvan-
tages, including the irritant effect of additives, problems of dose consistency
(see Chap. 10), and environmental concerns over both CFC and HFA propel-
lants (see Chap. 11).

Because of these disadvantages, it has been suggested that a DPI could be
used with a spacer device in young children (100), DPIs lack propellants, lubri-
cants, surfactants, and other potentially harmful additives; thus this concept
maintains the advantages of a pMDI plus spacer without the disadvantages asso-
ciated with pMDIs.
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The working principle of this device is a mechanical “inhalation” from the
DPI into a spacer (Fig. 8). This inhalation is caused by the release of a spring-
loaded piston underneath the spacer chamber. The inhalation draws the metered
dose as an aerosol from the DPI into the spacer. After inhalation, the piston is
compressed upon the spring and locks in place, ready for the next use. As a con-
sequence of the standardized nature of the mechanical actuation, there is no re-
quirement for forced inspiration, and repeatability of dosing is high. The use of a
vertical spacer position opposed to the traditional horizontal position increases
the sedimentation distance, which prolongs the half-life of the aerosol and thus
increases the time available for inhalation.

In vitro tests with the prototype have shown that it produces a remarkably
stable fine-particle aerosol with a MMAD of 2.8 µm. The half-life of the fine-
particle aerosol in the spacer is approximately 1.5 min. Even in the case of a non-
compliant toddler, who may breath-hold or perform periods of shallow
breathing, passive fallout of aerosol will have little effect on the dose obtained.

In summary, the mechanical actuation of a DPI into a spacer provides a
new option for aerosol treatment. In addition to the general advantages offered
by a spacer, this device provides the advantage of a drug aerosol delivered with-
out use of potentially harmful additives and propellants. The mechanical actua-
tion ensures a high repeatability of drug delivery. Finally, the tower-shaped
spacer and its nonelectrostatic properties ensure a stable aerosol, which remains
airborne for a prolonged period. This makes coordination and forced inspiration
unnecessary and should permit effective inhalation, even by children who have
previously been unable to use spacer devices effectively.

In conclusion, this device utilizes the new understanding of the essential
aspects of spacer function that has been obtained in recent years. Such develop-
ments should improve our ability to treat young children with inhaled drug
aerosols.

Key Points:

• The use of a DPI plus a spacer avoids the problems of propellants and
irritants inherent to all pMDIs.

• Mechanical actuation of a DPI into a spacer avoids the requirements of
coordination and forced inhalation.

XV. Conclusion

Spacers reduce the need for coordination, improve the therapeutic index of
aerosol treatment, and reduce the cost of treatment. In children, pMDIs should
not be used without spacers, but pMDIs with spacers are the devices of choice
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Figure 8 DPI with spacer. (A) A section through the device in the resting state. The
drug is dispensed from a standard dry-powder inhaler (Turbuhaler). The spacer chamber
to the right is closed. Beneath the spacer a compressed spring is under tension. (B) The
device is activated by lifting the spacer chamber. The compressed spring is locked be-
tween the bottom of the spacer and a piston. (C) Actuation of the device is accomplished
by twisting the spacer chamber through degrees. This action primes the inhaler via a gear-
ing system and also releases the spring. Release and expansion of the spring creates a par-
tial vacuum, thus drawing air through the inhaler, dispersing the aerosol, and drawing it
into the spacer. (D) The aerosol is available for inhalation. Due to the vertical position of
the spacer and the nonelectrostatic material used in its construction, the aerosol is stable
with a half-life of approximately 1.5 min. A face mask may be fitted for use by younger
children. (E) After inhalation, the spacer chamber is rotated back 90 degrees to its original
position. The spacer chamber is pushed firmly down, compressing the spring and storing
the energy for the next actuation.

A B
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for maintenance treatment in patients who cannot reliably use DPIs or breath-ac-
tuated pMDIs. Spacers should be used with a face masks in patients who cannot
reliably be expected not to entrain through their nose and mouth, and a mouth-
piece should be used until the child can reliably be expected to cooperate under
all circumstances with the inhalation maneuvers required for the use of a DPI or
breath-actuated pMDI.

Measurements of drug delivery from spacers should consider the fallout of
aerosol and provide delayed dose measurements and measurements of aerosol
half-life.

The drug output increases with spacer volume, while the ratio between
fine and coarse particles is dependent on the balance between spacer volume
and pMDI vapor pressure. Electrostatic charges in plastic spacers cause a clin-
ically significant reduction of lung dose; thus, nonelectrostatic devices should
be used in the future. Drug delivery is reduced by the proportion dead space to
tidal volume. Differences in spacer construction may change drug delivery
several-fold. Therefore each pMDI-spacer combination should be considered a
separate entity and the use of a “universal” spacer for different pMDIs should
be avoided.

The choice of spacer depends on the drug to be delivered. The require-
ments for delivery of bronchodilators and steroids differ, and different de-
vices may be advisable. Simple containers or small-volume spacers may be
used for bronchodilators, whereas optimized spacers are essential for delivery
of inhaled steroids. Inexpensive but ineffective spacers may cause expensive
loss of drug.

Aerosol should be inhaled from a spacer by slow inhalation, and multiple
doses should be given as separate inhalations. The spacer should be positioned
before actuation. Infants should empty the spacer by 10 breaths, toddlers by 5
breaths, and older children and adults by 2 breaths.

Leakage around the face mask and nasal breathing from within a face
mask are critical factors affecting drug delivery from a pMDI with spacer and
facemask. A facemask with a septum separating the nasal cavity from the mouth
to prevent nasal breathing is suggested.

Little is known of how to adjust the dose in different age groups; this needs
to be elucidated in future studies. Lung deposition from spacers depends on de-
vice characteristics and age-specific breathing patterns and airway morphology.

The use of a DPI with spacer avoids the problems of propellants and irri-
tants inherent to all pMDIs. Mechanical actuation of a DPI into a spacer avoids
the requirements of coordination and forced inhalation.

Increased understanding of the factors affecting aerosol drug delivery has
provided better spacer devices. The next major step forward depends on the will-
ingness of all involved parties to standardize recommendations based on this
knowledge. This will ultimately improve the treatment of asthma.
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I. Introduction

The first commercially successful dry-powder inhaler (DPI) was Spinhaler, in-
troduced by Fisons 30 years ago for the delivery of disodium cromoglycate
(DSCG) (1). A number of DPIs using different dosing principles have since then
reached the market. Rotahaler (GlaxoSmithKline, UK) (2) and Cyclohaler/
Aerolizer (ISF, Italy; Novartis, Switzerland) use single prefilled capsules, while
Diskhaler (GlaxoSmithKline, UK) (3) is a multidose system using disks with
four or eight doses. The first modern DPI, Turbuhaler (AstraZeneca, Sweden), is
a multidose reservoir-type of inhaler using a dosing disk to meter the dose (4).
Diskus/Accuhaler (GlaxoSmithKline, UK) (5) was launched in the mid-1990s
and has an internal system reminiscent of that used in an old-fashioned cap gun.
This involves a blister strip of double foil, with each of the 60 blisters containing
a set dose of powder. The simplicity and the ability of the new DPIs to deliver
multiple doses of the drug over a prolonged period of time, together with an indi-
cator/warning system allowing the patient to know when devices were running
out, has established dry-powder devices as a major competitor to the pressurized
metered-dose inhaler (pMDI).
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The popularity of DPIs received a major boost following the implementa-
tion of the 1989 Montreal Protocol, which aims to phase out the use of chloro-
fluorocarbons (CFCs) due to their potential to breakdown of the earth’s protective
ozone layer. Since this time, DPIs have appeared to many as an obvious replace-
ment for the delivery of drugs via pMDIs using CFC propellants. A change of
pMDI propellant from CFCs to hydrofluoroalkanes (HFAs) is ongoing, but con-
cerns have been expressed about the global warming potential of HFAs. A major
practical advantage with DPIs as compared with pMDIs is that there is no need to
coordinate actuation and inhalation, since the dose will follow the inhaled air into
the lungs (6). In addition, some patients using a pMDI stop inhaling when they
feel the aerosol cloud in their mouths. Multidose DPIs are as simple to operate as
the pMDIs and their size and compact design make them equally convenient.

The chapter starts with a brief overview of different principles for dry pow-
der formulation and continues with how the particles are generated at inhalation.
Then the importance—for both children and adults—of the intrinsic resistance of
an inhaler for the clinical outcome is discussed. Before enumerating the marketed
and also some investigational inhalers, a quick word on the importance of humid-
ity for their performances is given. Finally, lung deposition and its variability is
dealt with before the chapter is rounded off by some safety aspects of DPIs.

II. Dry-Powder Formulations

An inhaled formulation—be it a pMDI, nebulized, or dry-powder formulation—
is made up of two components: the device and the pharmaceutical formulation
(see Fig. 1). The device determines the aerodynamic and flow properties and the
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Figure 1 An inhaled formulation is composed of the unfilled device and the
pharmaceutical formulation.



pharmaceutical formulation sets the physical and chemical properties of the re-
sulting formulation. Differences in the aerodynamic and mechanical properties
of the inhaler thus will affect the quality of the resulting aerosol. Each combina-
tion of device and pharmaceutical formulation has to be judged on its own mer-
its. Thus, we should not, for instance, take a gelatin capsule for Aerolizer and use
it in Rotahaler to gain information on how the Aerolizer caspule or Rotahaler de-
vice performs. Of special interest for DPIs is the intrinsic inhalation resistance of
a device. All currently marketed DPIs rely on the inspiratory effort of the patient
to lift the powder from the drug reservoir, the dosing disk, the blister, the cap-
sule, etc. The same effort also deaggregates the powder into particles small
enough to have a fair chance to reach the patient’s lungs. A more forceful inhala-
tion through an inspiratory flow driven inhaler will result in better deaggrega-
tion, more fine particles, and a higher amount of drug reaching the lungs (7).

With regard to the pharmaceutical formulation the size of the substance
crystals, or particles, after manufacturing is much too large to allow the particles
to reach the airways at inhalation. The particles in the generated aerosol cloud
should have an aerodynamic diameter of about 2–4 µm (8) or smaller (9) to have
a good chance of reaching the lower airways during inhalation. In addition, it has
been shown that the fine-particle dose, defined as the dose of drug in particles <5
µm, is linearly correlated to the degree of lung deposition for a range of DPIs
(10). Thus, the manufactured large particles must be made smaller, and it is com-
mon to mill or micronize the crystals/particles down to the more optimal particle
size, in most cases around 2–4 µm. An alternative to milling for the production of
the fine powder is spray drying, which allows more control of particle shape, sur-
face properties, and size (11). For example, it has been shown that a spray-dried
powder formulation of DSCG can produce more drug in fine particles than when
the drug is micronized (12). Milling, or spray drying however, generates another
problem. The resulting small particles cannot be handled in the pharmaceutical
production or in an inhaler, as the particles will adhere to most surfaces due to
Van der Waals and electrostatic forces. The particles must be made larger again!
This problem has been solved in two distinctly different ways. The one way is to
use large, about 30- to 300-µm (most often 50- to 150-µm) carrier particles, such
as lactose or glucose, which are blended with the smaller drug particles. The sur-
face of the carrier particles has energy-rich sites and the small drug particles ad-
here to these sites on the carrier particles at blending (13,14). First, the most
energy-rich sites are covered with drug particles and eventually also the less en-
ergy-rich sites. The properties of the resulting, ordered mixture pharmaceutical
formulation, means that the powder now can be handled in the production
process, in the inhaler, and at inhalation (Fig. 2). The adhesion of the small parti-
cles to the carrier must not be too strong as they should detach during inhalation.
The roughness of the carrier and the time and speed of mixing may have a signif-
icant effect on the adhesion of the small particles to the carrier particle. Lactose

Dry-Powder Inhalers 423



with a smooth surface has been shown to deliver a significantly higher fine-parti-
cle fraction than lactose particles with a rougher surface (15,16). For practical
reasons, the different dose strengths of the same formulation use the same amount
of carrier and thus, for the higher doses, each carrier particle carries more drug.
For the higher doses, where also the less energy-rich sites are covered with drug
particles, the mean strength of the drug–carrier binding becomes weaker [e.g., the
500-µg fluticasone Diskus will deliver about 120 µg (24% of the nominal dose) as
fine particles, while the 50-µg fluticasone Diskus will deliver only about 7 µg
(14% of the nominal dose) as fine particles—a 20- instead of the expected 10-fold
difference (17). Optimization of the drug/carrier ratio as well as reduction in car-
rier particle size has been shown to increase the fine-particle fraction of drug in
the aerosol. Additional formulation components such as L-leucine or magnesium
stearate will change the binding forces between drug and carrier and can increase
the fine-particle fraction.

The other way to solve the problem with the small particles and the Van
der Waals and electrostatic forces is to tumble the 2- to 4-µm particles to form
larger spheres. The resulting spheres have free-flowing properties, meaning that
they can be handled in the pharmaceutical production and in the inhaler. This
method has been used for the Turbuhaler formulations. The method is the same
whether the pharmaceutical formulation contains only pure drug, as is the case
for Pulmicort (budesonide) Turbuhaler, or when a mixture of pure drug(s) and
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Figure 2 An ordered mixture and a co-spheronized formulation. The active drug
particles are of the same size, while the lactose components are of very different
size in the two formulations.



micronized lactose is used, as is the case for Oxis (formoterol and lactose) and
Symbicort (budesonide, formoterol, and lactose) Turbuhaler. This pharmaceuti-
cal principle will not give rise to any nonlinearity when different strengths of the
same substance are formulated, as the resulting pharmaceutical formulation is a
homogeneous mixture of the micronized components (17).

A third way to formulate a dry powder is to take advantage of the differ-
ence between geometric and aerodynamic diameter. The aerodynamic diameter
of a particle is equivalent to the diameter of a unit-density sphere that has the
same terminal settling velocity in still air, and is the best parameter for defin-
ing the dimension of aerosol particles. It has been suggested that administering
particles with a large geometric diameter to the lungs may increase bioavail-
ability by reducing phagocytosis (18). Porous particles, also known as large
fluffy particles, have been designed to reach the lower airways. They have a
large geometric but a “normal” aerodynamic diameter. Their actual geometric
dimensions can be greater than 30 µm, but as they have a low density, their
aerodynamic diameter can still be less than 5 µm, small enough to deposit in
the lungs (19).

III. Dispersion of Powders in a DPI

There are a number of forces that influence the dispersion of the dry-powder par-
ticles into an aerosolized cloud suitable for inhalation. These include Van der
Waals, electrostatic, capillary, and friction forces. Attraction of like materials—
that is, drug particle to drug particle—are called cohesive forces and attraction of
materials that are unlike each other—for example, the carrier particle to the drug
particle or the drug particle to the delivery device surface—are called adhesive
forces. Within a dry powder, Van der Waals forces are dominant. However, under
special conditions, capillary forces can be very much higher than both Van der
Waals and electrostatic forces. Fortunately, capillary forces are produced only at
humidities that tend to rise to greater than 65%. They are formed by the conden-
sation of water that may form high tensile liquid bridges. The observed electro-
static charge is generated from particles that are separated from the bulk material
or where there is contact to other surfaces. Mechanical interlocking and friction
may be significant between irregular, large carrier particles and small drug parti-
cles. For example, small drug particles may enter into cavities within the carrier
particle, from which it may be difficult for them to escape.

IV. Aerosol Generation from a DPI

When the inhalation starts, the powder is contained in the dosing disk, the
capsule, or the blister. The inhalation initiates the dispersion of particles
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when enough space is created between the particles for them to pass around
and over each other in the direction of the flow. The flow of the particles is
not predictable due to the nonuniform shape of dry powders and the various
adhesive and cohesive forces. When more air is drawn through the powder, it
starts to fluidize. Fluidization is defined as the mobilization of a bulk powder
by air. In gas-assisted fluidization, gas (air) is actually forced through the
powder and fluidization occurs when a low-pressure field is established close
to the powder. A pressure difference between the air contained in the powder
and the motion of air passing over the powder is developed and the powder is
fluidized. Shear force fluidization occurs when a gas stream is passed over a
powder source and the particles on the surface experience reduced interpar-
ticulate forces. Collisions with other particles may occur and the particles
bounce, resulting in incipient fluidization. Vibrational fluidization occurs, for
example, when the powder is shaken and falls through the air by gravita-
tional forces.

Aggregates of carriers and drug particles, or drug clusters, are dispersed
into primary particles in a process known as deaggregation (see Fig. 3). Adhe-
sive and cohesive forces between small particles need to be overcome for deag-
gregation to occur. The principal force leading to deaggregation is thought to be
turbulence. But also shear stress, electrostatics, collision, and relative motion are
involved. In the overall process a portion of the metered dry-powder dose is
turned into an aerosol cloud to be inhaled by the patient. Even for an efficient in-
haler, not more than around 50% of the metered dose is turned into fine particles
that have a good chance of reaching the lungs. The remaining portion leaves the
inhaler as aggregates or is retained in the device. For a general discussion of in
vitro delivery from DPIs see the articles by de Boer (20–22).
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Figure 3 A schematic diagram of the deaggregation of an ordered mixture formula.



V. Particle Size Determination from DPIs

Determination of the aerosol particle size is currently performed using a variety
of impactor systems, including the twin, Andersen, and multistage liquid im-
pingers (see Chap. 4, “Predictability of in Vitro Measurements for Lung Deposi-
tion”). The traditional methods of sizing particles in an aerosol are designed to
study aerosols already generated and presented as a standing cloud of particles at
a defined constant flow. The aerosol passes through the device and is fractionated
with progressively smaller and smaller particles being collected on the distal
stages. A standardized constant flow is a prerequisite for the assumption of a de-
fined particle size at a defined stage of the impactor device. The use of this equip-
ment for studying dry-powder inhalers presents two fundamental problems.

A. Flow

The energy input dispersing the aerosol is related to the flow through and the resis-
tance of the device. Therefore, DPIs of different resistances cannot be compared at
similar flows. Rather the devices should be compared at a similar inspiratory effort
which is reflected in the European Pharmacopoiea recommendation to test DPIs at
the same 4-kPa pressure drop (23). The ability to inhale and generate this effort
could be dependent on age, patient group, etc., and this information should be ob-
tained for the different DPIs—e.g., by measuring flow through various resistances
or inhalers by patients belonging to different groups. The use of effort instead of
flow as comparator has improved the relevance of comparison between DPIs (24).

B. Flow Profile

Particle size impactors operate at constant flows. The aerosol output from DPIs
has often been studied by abruptly increasing the flow through the DPI in a step-
wise fashion. That is, the rise time from zero to desired flow is extremely short
and does not necessarily mimic patient inhalation. Flow acceleration at the start
of inhalation is probably more important in terms of aerosol dispersion than the
actual flow achieved (see below) (25).

A new development in methodology, the electronic lung, has tried to ad-
dress this problem. The patient’s inhalation profile, pressure versus time, through
a device is recorded and subsequently replayed in the laboratory. This allows
aerosol output to be evaluated from each individual patient’s performance in a
laboratory setting with a given device. The recorded inhalation profiles are re-
played and used to control a piston creating a true image of the patient’s inhala-
tion maneuver: The simulated inhalation actuates the DPI into a large metal
holding chamber where the aerosol is available as a standing cloud ready to be
analyzed by a routine impactor method. Bisgaard and colleagues recently used
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this system to study the performance of the Diskus and Turbuhaler DPIs in two
groups of children aged 4 (n=18) and 8 years (n=18), respectively (25). The chil-
dren had been trained intensively in a clinic and by their parents. Initial results
demonstrated a very highly variable inhalation performance both between and
within the children. Second, it became apparent that the peak inspiratory flow
(PIF) was often reached long after the aerosol had been emitted from the DPI.
The initial acceleration of flow seemed a more relevant determinant of the
aerosol characteristics. For a normal inhalation PIF can be seen as a surrogate
parameter for the flow at dose release. A higher PIF will mean that the dose has
been released at a higher flow and a steeper flow acceleration than a lower PIF.

The fine-particle dose in this in vitro setup was significantly increased in
the 8-year-old children as compared with the 4-year-old children for both de-
vices. The relative difference was larger for Turbuhaler. The fine-particle dose
for Turbuhaler in the 8-year-old children was approximately twice that of
Diskus. The coefficient of variation (CV) for the interindividual scatter around
the mean was approximately 28% in the 8-year-olds using Turbuhaler but 10%
from Diskus. The CV was even higher from Turbuhaler in 4-year-olds, while the
CV in 4- and 8-years-olds using Diskus was the same. The results suggested that
the Diskus inhaler might be expected to provide the same dose reproducibility in
children aged 4 and 8. For a discussion on the relevance of in vitro variability for
the in vivo variability see below, under “Variability in Lung Deposition.”

VI. Inhalation Resistance of DPIs

In an acute asthma exacerbation, a constrained situation, it is a common miscon-
ception that the inspiratory flow is heavily reduced. This is not the case! In the
constricted lung, airway resistance increases at expiration due to the increased
pressure on the airways. Expiration becomes slow and difficult resulting in a
heavily reduced maximal expiratory flow. At inhalation, the lung volume in-
creases, pressure on the airways lessens and is reversed, and maximal inspiratory
flow is thus less affected by the asthmatic bronchial narrowing than is maximal
expiratory flow (26,27). Specifically it has been shown that expiratory flow de-
creased from 320 L/min at a low degree of dyspnea to 45 L/min in heavily dysp-
neic subjects (27). Inspiratory flow decreased much less, from 269 to 188 L/min
over the same range of dyspnea; the ratio of mean expiratory versus mean inspira-
tory flow decreased from 1.20 to 0.23. In other words, the asthmatic patient, even
in an acute situation, can generate a high inhalation flow through a DPI, but for a
much shorter time due to the low inhaled volume. What is more, a DPI will prob-
ably perform better than a pMDI in acute asthma, as it is not the inhalation force
that is reduced but rather the inhaled volume. When a pMDI is used in an acute
situation, the coordination of actuation and inhalation becomes more critical.
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Different DPIs have different intrinsic inhalation resistances which govern
the resulting peak inhalation flow generated by the patient at inhalation
(24,28–30). All inhalers need a certain effort to lift the dry powder from the
dose-metering unit and to disperse the powder into a dry-powder aerosol. As-
suming the same inhalation effort, a high-resistance inhaler will perform ade-
quately at a lower inhalation flow than a low-resistance inhaler (Fig. 4). At
inhalation, the lung and the inhaler are in series and the total pressure drop (Rtot)
is the sum of the pressure drop over the inhaler (Rinh) and the airways (Rairw); this
equals the total pressure drop that is developed by the chest muscles: Rtot=Rinh +
Rairw. The smallest cross-sectional area determines the resistance. For high-resis-
tance inhalers, it is the inhaler that determines the resistance: Rinh>>Rairw. For
low-resistance inhalers, both the inhaler and the lung influence the overall resis-
tance: Rinh≈Rairw. This means that the performance of a low-resistance inhaler
will be more sensitive to the patient’s degree of bronchoconstriction than the per-
formance of a high-resistance inhaler. With a low-resistance inhaler, the patient
will not be able to generate the same peak inspiratory flow during a severe bron-
choconstriction compared to when they are well, as the constriction in the lung
now limits the inhalation flow. Turbuhaler has a higher resistance than Rotahaler,
and the flow needed to get a good bronchodilating effect is lower (about 30
L/min) than for Rotahaler (about 70 L/min) (31,32). For the low-resistance Rota-
haler, especially during an exacerbation, the resistance of the airways will proba-
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bly influence the resulting PIF. For Turbuhaler, with its higher intrinsic resis-
tance, the inhaler is the restrictive part while the resistance in the airways has
negligible influence on the resulting PIF. Results in accordance with this theoret-
ical discussion have been presented in two different studies from the same group.
In the first study, using the low-resistance Rotahaler (32), the difference in PIF
through Rotahaler at acute wheeze and when the patient’s pulmonary function
had improved was significant. In the second study, the PIF through Turbuhaler
seemed to be less sensitive to the degree of lung restriction (31).

The difference in inhalation flow can also influence the degree of oropha-
ryngeal deposition as has been shown for pMDIs (33). When a high inhalation
flow is being used, more of the drug will deposit in the oropharynx as compared
with a low inhalation flow, which is more optimal with regard to this parameter.

VII. The Clinical Importance of the Resistance of a DPI

As touched upon earlier, a more forceful inhalation through an inspiratory-flow-
driven DPI will result in better deaggregation, more fine particles, and a higher
amount of drug reaching the lungs (7) until a plateau level of fine-particle dose
and lung deposition is reached. After the plateau has been reached, an even more
forceful inhalation will decrease the amount of the inhaled drug that will impact
on the back of the oral cavity during inhalation. This is due to the inertia of the
particles. A higher degree of impaction will result in a lower amount of drug
reaching the lungs. Theoretically, one could thus imagine a situation where the
balance between deaggregation and impaction for a specific inhaler would tip
over, so that a more forceful inhalation would decrease the amount of drug
reaching the lungs. All DPIs on the market are driven by inspiratory flow and
available information indicates that for these inhalers the flow at which this bal-
ance is reached is probably higher than the upper flow limit that the patient can
achieve. Thus, to achieve a high lung deposition with a DPI, a forceful inhalation
resulting in a high inhalation flow should be aimed at.

On the other hand, for a DPI that does not rely on the patient’s inhalation
effort to deaggregate the powder formulation, we can expect to see the reverse: a
high flow will result in a decrease in the amount of drug reaching the lungs, as
compared with a low flow. This has also been shown to be the case for one in-
haler, Spiros (Dura Pharmaceuticals, USA), which uses an electrically driven
impeller to deaggregate the powder (34,35). The situation is analogous to the one
for pMDIs, where the aerosol cloud is generated by the canister pressure. For
pMDIs, it has been shown that a high inhalation flow will result in a lower lung
deposition and a lower effect than a low inhalation flow (36).

Thus, inhalation flow is of importance for both DPIs and pMDIs, and it is
important to evaluate each DPI, and pMDI on its own merits.
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It is a common misunderstanding that a DPI with a low intrinsic resistance
is a better inhaler than one with a high intrinsic resistance. An interesting exam-
ple of the opposite is given in a study where the same aerosol cloud was inhaled
against a resistance, similar to that in the Turbuhaler inhaler, on one study day
and against no resistance at another study day (37). A marked increase in lung
deposition and a reduced variability in lung dose were seen when the patients in-
haled against the resistance. Inhaling against a resistance probably opens up the
oral cavity and thus reduces the interaction between the inhaled aerosol cloud
and the cavity surfaces.

A. Asthmatic Children

Asthmatic children are often thought to have problems in generating an inhala-
tion flow through a DPI high enough to obtain the full effect of the inhaled drug,
even if the inhaler has been shown to function well in adults. The major differ-
ence between a child and an adult lies not so much in their ability to generate a
good inhalation flow as in the inhaled volume and, for young children, also their
ability to do a reproducible, forceful inspiratory effort. The child’s smaller in-
haled volume is of minor importance when using a DPI, as the dose leaves the
DPI with the first few hundred milliliters of inhaled air (25). With a child’s
smaller inhaled volume, the inhalation time becomes shorter. This could be a
problem for a child when using a pMDI, as coordination of actuation and inhala-
tion is a major obstacle to a well-performed inhalation with a pMDI (6,38,39).
The actually achieved inhalation flow does not seem to differ between children
and adults when the children have been well trained in the inhalation technique.
In a training study, it was shown that 3-year-old children did not improve their
DPI inhalation technique at training, while 4- and 5-year-old children achieved
relevant PIFs after training even if their initial PIFs were low and similar to those
of the 3-year-old children (40).

The effect of using different inhalation flows on clinical performance in
children has been investigated for a few inhalers. Inhalator Ingelheim
(Boehringer Ingelheim, Germany) is a high-resistance inhaler, and the normal
PIF through the inhaler ranges between 14 and 45 L/min in children (41). In a
clinical trial of an 0.2-mg inhalation of fenoterol, a slow (17 L/min) PIF resulted
in a lower increase in FEV1 than a fast inhalation (37 L/min).

The effect in asthmatic children (7 to 14 years) of salbutamol Rotahaler
when used at different peak inhalation flows has been investigated at 30–50
(slow), 60–80 (medium), and 90–120 (fast) L/min (32). The improvement in
FEV1, after inhaling 0.2 mg salbutamol after the two fastest inhalations was sig-
nificantly greater than after the slow inhalation. Aerolizer has been used to de-
liver formoterol to children at two different PIFs (42). In the first part of the
study, it was found that 60–120 L/min was the typical PIF range for children
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aged 3–10 years. In the subsequent clinical part of the investigation, including
children aged 8–15 years (n=16), inhalation of 12 µg formoterol at the low in-
halation flow did not provide a significant bronchodilatation after 4 h or bron-
choprotection at 12 h, while the high-flow inhalation did so. Thus, there was a
tendency to a better effect at 12 h after the high inhalation flow.

A typical PIF through Turbuhaler for 3- to 6-year-old asthmatic children
was 59 L/min, while children aged 7–10 years achieved a mean PIF of 70 L/min
(43). In another study, PIF through Turbuhaler for 265 healthy children, aged
3.5–15 years, was found to correlate to age and typically ranged between 30 and
90 L/min (31). The importance of different PIFs for the clinical outcome was
evaluated after inhaling the β2 agonist terbutaline through Turbuhaler. Fourteen
children aged 7 to 15 years inhaled a low dose of terbutaline, 0.25 mg, through
Turbuhaler at four different inhalation flows, covering a wide range of PIFs. The
study was randomized and crossover and performed on four different study days.
Even a PIF of 13 L/min gave an increase in FEV1; a PIF of 22 L/min, and even
more so 31 L/min, further increased the FEV1. An increase in PIF to 60 L/min,
however, did not further increase the FEV1 in this group of asthmatic children.
To assure that the observed effects were not on the top of the dose-response
curve, a further 1 mg of terbutaline was given at the end of each effect-measure-
ment period and a significant further increase was then observed at each study
day. The observed lack of difference in effect between 30 and 60 L/min thus is
probably not due the fact that the two different inhalations were on the top of the
dose-response curve.

Diskus PIF has also been evaluated in asthmatic children (44). Children
(n=129) aged 3–10 years were included and an almost linear relationship be-
tween age and PIF was found between 3 and 8 years. At the age of 8, PIF
reached a plateau. As almost all children could generate a flow of at least 30
L/min, this was considered to be a relevant lower-target flow in a later part of 
the investigation, where protection by the β2 agonist salmeterol against exercise-
induced bronchoconstriction was investigated in a clinical trial. Twenty-six per-
cent of the children attained 90 L/min, which was therefore considered to be a
relevant upper-target flow for children using Diskus. In the clinical trial, 50 µg of
salmeterol (Serevent) was given to 18 children (aged 8–15 years) with exercise-
induced asthma, and at two different PIFs, 30 and 90 L/min. Exercise challenge
was carried out at 1 and 12 h after the dosing, using the fall in FEV1 as the pri-
mary parameter. There was no difference in protection at 12 h between the low-
and high-flow days.

B. Asthmatic Adults

In adults, some situations are looked upon as critical in the use of an inhaler.
During an asthma exacerbation the expiratory constraints, showing up as a low
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FEV1, do not, however, seem to affect the ability to generate a good inhalation
flow through a DPI. This was shown in a study in acute asthma, where the PIF
for Turbuhaler ranged between 30 and 90 L/min, with a mean value of around
60 L/min (45). In another study on acute asthmatic subjects (n=86), the mean
PIF through Turbuhaler on reporting at the emergency ward was 49 L/min, with
a range from 26–68 L/min (46). In the latter study, the clinical outcome of
salbutamol given via a pMDI plus a spacer or via Turbuhaler was also evalu-
ated. Salbutamol Turbuhaler was given in half the dose as compared with the
pMDI regimen, but no difference in clinical outcome after the two regimens
was observed. The results are in accord with the results from a dose-response
study in stable asthmatics, where it was shown that a given dose of salbutamol
administered via Turbuhaler elicited the same effect as twice the dose given via
pMDI (47).

The salbutamol results are supported by the finding that when terbutaline
was given to patients with acute obstructive lung disease either via Turbuhaler or
via pMDI plus a spacer at the same nominal dose, the Turbuhaler treatment re-
sulted in a significantly better effect as measured by FEV1 (48).

An additional factor to consider in interpreting comparisons between DPIs
and pMDIs in acute asthma is the potential of pMDIs to cause a transient para-
doxical bronchoconstriction on inhalation (49,50). The constriction is probably
caused by the nondrug components in the pMDI formulation.

Spirometry after inhaling terbutaline sulfate via Turbuhaler at 30 and 60
L/min showed that changes in FEF50 and FEF75 were significantly higher after in-
halation at 60 L/min while changes in FEV1 were similar (51). This is in contrast
to the results from a study by Engel and coworkers (52). The elicited effects
measured by spirometry after different inhalation modes were investigated, and
comparable bronchodilation was achieved when the PIF through Turbuhaler var-
ied between 34 and 88 L/min. The low inhalation flow (34 L/min) tended, how-
ever, to result in a slightly reduced bronchodilatation compared with the three
high-inhalation flow modes. In another study, the FEV1 response was higher, but
not significantly so, after the inhalation of 0.5 mg of terbutaline via Turbuhaler at
60 L/min versus inhalation at 30 L/min (53). The increases in FEV1 were 0.6 and
0.4 L, respectively.

Another DPI, Pulvinal (Chiesi, Italy), has been investigated in severe asth-
matics and at two different inhalation flows (54). No correlation between PIF
and efficacy or PIF and severity of asthma could be shown. Neither could it be
shown that efficacy depended on the generated PIF. The 20% difference in lung
deposition seen after a low and a high Pulvinal inhalation flow, in another study,
was obviously too small to show up as a change in effect (55).

Inhalator Ingelheim with fenoterol has been evaluated in adults, and a dif-
ference, although not significant, in elicited effect was observed when the inhala-
tion flow was 15 and 40 L/min, respectively (56).
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Finally, the amount of DSCG reaching the lungs after inhaling via Spin-
haler was investigated in 10 healthy volunteers inhaling at different inhalation
flows (57). PIF for Spinhaler using a standard inhalation maneuver is 120 L/min;
this flow and a flow of 60 L/min were tested. Lung deposition was 13.1% at the
high and 5.5% at the low flow. In a study on asthmatic subjects, the protective ef-
fect against adenosine monophosphate provocation after inhaling DSCG via
Spinhaler at three different flows was investigated (58). A correlation between
PIF and protection and level of DSCG plasma concentration was observed. The
observed differences were assigned to differences in dispersion of the powder
aggregates, resulting in different fine particle doses reaching the lungs at the dif-
ferent inhalation flows.

Available information on the use of DPIs in asthmatic situations clearly in-
dicates that they perform well both in the acute and the stable asthmatic situa-
tion. Inhalation flow can affect the clinical outcome, but for both Turbuhaler and
Diskus no significant differences were observed between a low and a typical or
high inhalation flow. For Turbuhaler, extremely low inhalation flows resulted in
a significantly lower effect, but the decline was gradual. Based on this, we do not
expect to see any sharp drop in drug delivery to the lungs or clinical effect when
lower than normal inhalation flows are used.

VIII. Humidity

A potential problem with inhaled formulations is that the surrounding environment
can affect their performance. For a pMDI, the surrounding temperature affects the
canister pressure and thus the quality of the generated aerosol, while for DPIs, hu-
midity can be a problem. Humidity at storage and humidity at inhalation are two
different aspects and can influence the performance of DPI formulations in differ-
ent ways. Dry-powder formulations, which contain lactose or a hygroscopic active
drug, will eventually be degraded at storage if the protective cap, etc., is not put on
after use. This is analogous to the situation when the lid on a tablet container is not
replaced properly after use; after a while the tablets will degrade. A difference is
that inhaled formulations are more sensitive than tablets, as the quality of the gen-
erated aerosol is heavily dependent on the particle properties, while a tablet can be
taken and can exert the same effect even if it is affected by humidity. For formula-
tions that are protected by a cap when not in use, humidity at storage before being
used by the patient or when in use is no problem, as was shown in a study where
formoterol Turbuhaler was stored at 40°C/75% for 6 months without any sign of
decline in fine particle dose (59). Furthermore, exposure of Turbuhaler to a routine
wash-dry cycle in a domestic washing machine (60°C) did not affect the delivered
or fine particle dose. For formulations that do not come with a protective cap, stor-
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age in a humid environment can be a problem. Thus, it has been shown that storage
of Diskus at, 40°C/75% relative humidity for about 2–3 months will reduce the
fine particle dose to about half (60). This problem can be overcome at least partly
by using a protective foil in which to package the inhaler before it is used by the
patient, as is the case for the Diskus formulation when marketed in the United
States. To minimize the effect of humidity on the dry powder in the inhaler, both at
storage before use ad in use, some inhalers include a desiccant in the inhaler body
to keep the internal milieu at a low relative humidity when the cap is on.

Another aspect is the humidity of the air at inhalation. Humidity at inhala-
tion may lead to an increase in the adhesion between the dry-powder particles. In
general it can be stated that inhalation at a very high relative humidity will tend
to decrease the fine particle dose from a DPI (61,62), although there was no dif-
ference in clinical effect between a salbutamol DPI (Turbuhaler) and pMDI in
hot, humid regions (63).

IX. Dry-Powder Inhalers

A. Aerolizer

Aerolizer (Novartis, Switzerland) is a single-capsule inhaler and is marketed for
the inhalation of formoterol and budesonide. The same inhaler has also been
marketed with salbutamol, beclomethasone, and budesonide under the Cyclo-
haler name. A gelatin capsule is inserted into the inhaler and pierced from the
ends. At inhalation, the capsule is lifted into a chamber and rotated by the in-
haled air, at the same time delivering its contents through the capsule ends.

B. Clickhaler

Clickhaler (ML Laboratories PLC, UK) is a multidose dry-powder inhaler con-
taining up to 200 doses and is available for the delivery of salbutamol and be-
clomethasone dipropionate. The feel of the device is similar to that of a pMDI. A
cone that sits below the drug reservoir has a series of metering cups, which are
filled by gravity as they rotate and carry the dose of drug into the inhalation pas-
sage. There is minimal resistance to airflow through the device. Powder is flu-
idized and also impinges on the internal surfaces of the mouthpiece, providing
further dispersion of agglomerated particles.

C. Diskhaler

Diskhaler (GlaxoSmithKline, UK) is a 4- or 8-dose inhaler based on a disk with
aluminum foil blisters. Before inhalation, a blister is pierced and the ordered
mixture formulation is inhaled.
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D. Diskus/Accuhaler

Diskus/Accuhaler (GlaxoSmithKline, UK) is a multidose inhaler with 60 doses;
the drug is contained in blisters on a foil strip and is blended with lactose as car-
rier. As a blister moves toward the mouthpiece, the covering foil is pulled off it
prior to inhalation. Air is sucked through the inhaler and the powder is
aerosolized by shear-force fluidization. Extra air drawn through the two holes in
the mouthpiece helps with particle deaggregation by providing turbulence.

E. Easyhaler

Easyhaler (Orion Farmos, Finland) is an inhaler with 200 doses in a drug/lactose
mixture. There is a gravitational flow of powder from the drug reservoir into the
metering cylinder cavity. Depression of the cap places pressure on the metering
cylinder, causing it to rotate, and a single dose of powder is transported to the
mouthpiece. As the patient inhales, the aerosol is formed, assisted by turbulent
flow along the narrow mouthpiece of the inhaler.

F. Inhalator Ingelheim

Inhalator Ingelheim (Boehringer Ingelheim, Germany) is a single-capsule device,
and the formulation contains glucose as a carrier. After insertion of the gelatin
capsule, it is pierced at both ends; at inhalation, air is drawn through the bottom of
the inhaler, through the holes in the capsule, and out through the mouthpiece. The
capsule’s emptying is also supported by its vibration in the air stream.

G. Inhale Inhaler

The Inhale inhaler (Inhale Therapeutic Systems, USA) for dry-powder delivery
aerosolizes the dry powder by the assistance of compressed gas. The Inhale sys-
tem is being used to deliver insulin mixed with lactose. Powder ranging from 1
to 3 µm is packaged in unit-dose aluminum blisters. The inhaler is armed by the
patient, resulting in a smaller amount of air being compressed. After the blister is
inserted, it is punctured, and when the device is activated, compressed air is re-
leased through the powder at a very high velocity. The aerosol is thus generated
in a gas-assisted fluidization process. The aerosol is suspended within the spacer
device, from which it is then inhaled.

H. Novolizer

Novolizer (Asta Medica, Germany) is a reusable device. The disposable reser-
voir cartridges contain 200 doses of drug lactose mixture. When actuated, a slide
moves at the bottom of the cartridge and a new dose is gravimetrically metered
to the air channel.
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Table 1 Lung Deposition After Inhalation of Different Substances via Different Dry-
Powder Inhalersa

Inhalation Lung
flow deposition

Inhaler Substance (L/min) (%) Reference Comments

Aerolizer Formoterol Normal 27 66 HV (n=12)
Clickhaler BDP 35–63 31 67 HV (n=10)
Cyclohaler Salbutamol 55 7.0 10 HV (n=11)

107 10.7
DSCG 55–70 16.4 68 HV (n=7)

Diskus Fluticasone - 16.6 69 HV (n=12)
Fluticasone Normal 12.6 70 HV (n=13)

Diskhaler Salbutamol - 12.4 71 HV (n=10)
11.4 Pat (n=19)

- 11.3 72 HV (n=6)
Fluticasone - 11.9 69 HV (n=12)

Easyhaler Salbutamol 58 28.9 73 HV (n=8)
- 23.7 74 Pat (n=12)

Inhalator
Ingelheim DSCG 55–70 16.4 68 HV (n=7)

Normal 20.9 75 HV (n=8)
Novolizer Budesonide 54 20 76 HV (n=13)

65 25
99 32

Pulvinal Salbutamol 28 11.7 55 HV (n=10)
46 14.1

Rotahaler DSCG 55–70 6.2 68 HV (n=7)
Salbutamol 77 3.4 10 HV (n=11)

144 7.0
Spinhaler DSCG 55–70 11.5 68 HV (n=7)

60 5.5 57 HV (n=10)
Spiros BDP 15 40.5 35 HV (n=15);
(Dryhaler) 30 37.5 delivered

60 30.4 dose
Salbutamol 17.3 21.0 34 HV (n=5)

56.5 16.1
Taifun Budesonide Low 29.6 77 Pat (n=10)

Fast 34.3
Turbuhaler Terbutaline 55 26.9b 78 HV (n=6)

21.1c

Terbutaline 58 21 79 HV (n=8)
Budesonide 36 15 7 HV (n=10)

58 28
Budesonide 52 32 80 HV (n=24)



I. Pulvinal

Pulvinal (Chiesi, Italy) is a multidose reservoir inhaler containing 100 doses of
powder mixture. A protecting cap provides a moistureproof barrier. On rotation
of the mouthpiece, a dose is metered volumetrically into a cavity and then trans-
ferred into an aerosolizing chamber. Upon inhalation, air is drawn through the
aerosolizing chamber and the aerosol is transported out through the mouthpiece.

J. Rotahaler

Rotahaler (GlaxoSmithKline, UK) is a single-dose device using powder drugs
such as beclomethasone dipropionate and salbutamol combined with a lactose
carrier and contained in gelatin capsules. A capsule is inserted into the inhaler
and broken; fluidization is then induced at inhalation. Particle deaggregation is
mainly caused by turbulence promoted by the grid through which the drug
passes before entering the mouthpiece.

K. Spinhaler

Spinhaler (Aventis, UK) is one of the first mass-produced dry-powder in-
halers and used for the delivery of DSCG. A single gelatin capsule containing
20 mg of micronized drug without a carrier is mounted onto an impeller in the
inhaler. A piercing mechanism punctures the capsule and inhaled air causes
the impeller and capsule to rotate at a speed dependent on the airflow gener-
ated through the device by the patient. At high flows, the capsule vibrates,
leading to mechanical fluidization (64). This action is supported by capillary
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Table 1 Continued

Inhalation Lung
flow deposition

Inhaler Substance (L/min) (%) Reference Comments

Budesonide 67 26 81 Pat (n=8)
Budesonide Normal 34.1 70 HV (n=13)
Budesonide 58 21.4 76 HV (n=13)
Formoterol Normal 50 66 HV (n=12);

delivered
dose

Salbutamol 30 13.9 10 HV (n=11)
60 23.2

aInhalation flows are given with values or estimates when available (HV=healthy volunteer; pat=pa-
tient; values are given in % of metered dose unless noted).
bBy scintigraphy.
cBy charcoal block.



fluidization due to the pressure drop across the capsule. The drug powder is
then conveyed toward the perforations, where it is discharged into the
airstream. Shear force and relative motion are the predominant mechanisms
of powder deaggregation (65).

L. Spiros

Spiros (Dura Pharmaceuticals) is a reusable device containing either a dispos-
able, prefilled plastic cassette with 30 doses or an aluminum blister disk with 16
doses. The device is breath-actuated and the inhalation flow activates a battery-
driven motor, which spins an impeller that disperses the drug blend.

M. Taifun

Taifun (Leiras, Finland) is a reservoir inhaler containing 200 doses of drug mix-
ture. One dose is gravimetrically metered when the mouthpiece is turned one full
turn. The dose is then transferred from the drug reservoir into the vortex cham-
ber. Upon inhalation, air passes through the vortex chamber, creating a grinding
action that deaggregates the powder.

N. Turbuhaler

Turbuhaler (AstraZeneca, Sweden) contains up to 200 doses of drug stored in a
reservoir. Initially, the micronized drug in Turbuhaler did not contain carrier par-
ticles, but in later formulations the active drug is cospheronized with lactose par-
ticles of the same size. The small pellets of powder disintegrate into their
primary particles during the metering and inhalation process (4). Turning the
bottom of the inhaler rotates the dosing unit. Drug is then scraped into holes
within the dosing unit. As the patient inhales, air passes through the dosing unit,
across the powder bed, which is fluidized by shear force. Capillary fluidization
also occurs. Particle deagglomeration is caused by turbulence in the narrow in-
halation channel, impaction on the bottom of the mouthpiece, and the high shear
stress generated within the mouthpiece.

X. Lung Deposition via DPIs

Lung deposition of inhaled drug can be determined by both scintigraphic and
pharmacokinetic methods.

A collection of relevant data is given in Table 1.
As expected, there is a large range in the degree of lung deposition from

different DPIs. Values range from 5% to more than 30% of the metered dose.
Thus, results from one DPI cannot be extrapolated to another DPI. It should also
be observed that for the DPIs that have been investigated at different inhalation
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flows, there was a difference in the degree of lung deposition. In investigating
lung deposition of DPIs, it is thus recommended that the subjects be asked to in-
hale in a clinically relevant way and that the inhalation flow be recorded.

Diskhaler and Diskus, as well as Rotahaler, use the same pharmaceutical
principle, ordered mixture, and degree of lung deposition: 10–12% for Diskhaler
and Diskus, with Rotahaler giving lower values about 5% (10,68,70–72). The
different values indicate that both formulation and device properties are of im-
portance for the resulting lung deposition outcome.

An interesting observation is that, for Spiros, the flow dependency is re-
versed, as was commented upon earlier. A higher inhalation flow will give a
lower lung deposition. Turbuhaler, finally, has been thoroughly investigated with
respect to lung deposition, and the general picture is that about 20–30% of the
dose reaches the lung, in healthy volunteers and in patients at a typical inhalation
flow, about 60 L/min (7,68,78,80,82–84).

The values given in Table 1 are from healthy volunteers and patients,
and it should be observed that even if the subject has constricted lungs, as in
asthma, this does not influence the total degree of lung deposition as shown
in a study comparing a group of patients and a group of healthy volunteers
using the same inhalation technique (71). This is what can be expected, as it
is the inhalation flow that determines how much of the nominal dose will
reach the lung. The regional distribution is, however, more central in the
presence of airway narrowing (85,86). Very little information on the degree
of lung deposition in children has been presented. In a recent study in chil-
dren with cystic fibrosis (n=21) aged 4–16 years, actual lung dose was mea-
sured after inhaling from a budesonide Turbuhaler (87). The mean dose in
percent of total body dose ranged between 10 and 40% and was clearly re-
lated to the age of child. The age-dependent lung dose may reflect a flow-de-
pendent dose from the Turbuhaler or more likely the effect of the diameter
and anatomy of the oropharynx on delivery in the younger children. In an-
other Turbuhaler study in asthmatic children aged 6 to 16 years (n=23), lung
deposition ranged between 16 and 47% of the metered dose (88). Degree of
deposition was correlated with age, height, and PIF, with correlation coeffi-
cients of around 0.5 for all three parameters. PIF ranged between 45 and 76
L/min.

The importance of the degree of lung deposition for the elicited clinical ef-
fect is discussed in Chap. 5, but generally it can be stated that the amount of drug
reaching the lungs will determine the elicited effect, as the systemic portion of
total lung concentration is of minor importance for inhaled drugs. It should,
however, be observed that many of the published studies comparing different in-
halers and substances are done at doses that give a response that is already on the
plateau of the dose-response curve; and thus cautious interpretation of compara-
tive studies is recommended (89).
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XI. Variability in Lung Deposition

The amount of drug reaching the effector site, in this context the lungs, deter-
mines the elicited effect (84,89). Thus, for inhaled drugs, it is of interest to evalu-
ate not only the amount of drug reaching the lungs but also its variability, as a
large variability in lung deposition could cause a variability in the exerted effects.

The overall delivery of inhaled drugs to the effector site can be described
by a number of steps. The variability in lung deposition thus depends on a large
number of in vitro and in vivo factors—e.g., device performance, handling of the
device, coordination of actuation and inhalation, inhalation flow, patient
anatomy, etc. Variability in the different steps will add up to an overall variabil-
ity in the amount of drug reaching the lungs.

In vitro analyses are done to ascertain a good quality of the manufactured
product and the analyses are done under strictly standardized conditions. The
absolute amount of drug leaving the inhaler and its variability are typical in
vitro parameters. The in vivo analyses include lung deposition, but also the clin-
ical outcome. The measured in vitro variability may account for only a small
portion of the overall in vivo variability observed in the clinical situation.

The variability in amount of drug reaching the lungs has specifically been
determined in two studies one in healthy volunteers and one in asthmatic patients
(90,91). In the two studies, both intra- and intervariability in amount of drug
reaching the lungs when inhaling via a pMDI and a DPI, Turbuhaler, were deter-
mined. It was shown that the DPI, Turbuhaler, delivered a more reproducible
dose to the lungs than the corresponding pMDI.

In the healthy volunteers study, the Turbuhaler and pMDI inhalers were
also analyzed in vitro. Intradevice variability, expressed as a coefficient of varia-
tion (CV), was 6.4% for pMDI and 18.2% for Turbuhaler, a significant (p<0.001)
difference. Also the interdevice variability was significantly higher for Tur-
buhaler than for pMDI; the ratio of CVs was 2.0 (p=0.023).

The observed difference in variability in lung deposition between Tur-
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Table 2 Inter- and Intravariability in Lung
Deposition of Terbutaline Inhaled via pMDI or
Turbuhalera

Patients Healthy volunteers

Device Inter- Intra- Inter- Intra-

Turbuhaler 8.17 39.3 18.5 47.1
pMDI 61.2 39.1 46.7 73.0

aValues are expressed as coefficients of variation (%). Values
are from Beckman (90) and Borgström (91).



buhaler and pMDI probably represents a class difference between DPIs and
pMDIs. This is because the generation of aerosol and inhalation is a continuous
process with DPIs, in contrast to pMDIs, where aerosol generation and inhala-
tion of the generated aerosol are two distinct processes that need to be coordi-
nated by the inhaling subject. This difference can explain the results obtained.

XII. Safety of DPIs

Use of pMDIs plus spacer results in less oropharyngeal deposition of inhaled
drugs compared to delivering the same dose via a pMDI or a DPI. This may re-
duce the risk of local and systemic side effects, but it must be appreciated that
this can vary considerably for the inhaler and drug used. For inhaled steroids and
β2 agonists, it has become clear that the doses deposited in the lungs are the
greatest contributor to the systemic effect, because steroids and β2 agonists are
absorbed directly from the lungs into the systemic circulation. Therefore the ra-
tio between lung dose and extrapulmonary dose (L/T ratio) should be considered
when comparing different treatmens like pMDI, pMDI plus spacer, and DPI
(92). Not only the choice of device but also the degree of first-pass metabolism
of the drug under study will influence the L/T ratio.

For DPIs that produce a very high lung dose or a drug with a high first-
pass metabolism, the problem should not be as great, as both factors will im-
prove the L/T ratio. Consequently, a high lung dose delivered from a given DPI
should allow the nominal dose to be reduced, thus improving safety.

Dry-powder impaction in the oropharynx with local side effects should
also be considered when DPIs are used, compared to pMDIs plus spacers.

Apart from lactose as carrier or filler, DPIs do not have to incorporate the
lubricants and cosolvents needed in propellant driven pMDIs. These additives
may be the cause of commonly observed cough (93) and bronchoconstriction
when a patient is inhaling from a pMDI (50), though the latter is often masked
by the drug effect. As mentioned earlier, the CFC propellant of the pMDI has
been withdrawn due to the detrimental effect of CFCs on the ozone layer. CFCs
have now been replaced by HFA propellants, which should have no effect on the
ozone layer. They are, however, considered as “greenhouse” gases. In fact, they
are several thousand times more potent than carbon dioxide.

XIII. Concluding Remarks

We have discussed the different principles for dry powder formulation and their
potential implications for the quality of the generated aerosol and continued with
how the particles were generated at inhalation. The importance of the intrinsic
resistance of an inhaler for the clinical outcome was considered, and it was sug-
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gested that a high-resistance inhaler would perform in a more reproducible way.
It was then shown that both children and adults can use a DPI, also when con-
stricted. Lung deposition for a range of DPIs was given and the two aspects of
humidity were discussed. The variability between DPIs and pMDIs was com-
pared, and finally some words on the safety on DPIs were given.
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Compliance with Asthma Medicine
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“It is so hard that one cannot really have confidence in doctors and yet cannot do
without them.” Johann Wolfgang von Goethe, 1749–1832.

I. What Is Compliance?

A. Definitions and Interpretations of Compliance, Adherence,
and Concordance

Noncompliance is defined as any behavior of the patient that is inconsistent with
the instructions given by the doctor or health professional. Compliance is behav-
ior consistent with those instructions. Although it seems self-evident that com-
pliance is desirable, it is by no means universally accepted that compliance
defined in this way is “good” and noncompliance is “bad.” There are several rea-
sons for dissatisfaction with the simplistic interpretation of compliance de-
scribed above.

B. The Meaning of Noncompliance in Asthma

The relationship between doctor and patient is unequal in terms of power and
control (1), and the term compliance implies a passive patient who slavishly fol-
lows what the doctor says. The acceptance of passivity on the part of the patient
and omniscience on the part of the doctor may be good for neither party. The
term adherence (2) has been suggested as a way of avoiding the inherent passiv-
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ity implied in compliance. Alternatively, terms such as concordance (3), thera-
peutic alliance (2), or therapeutic contract have been proposed as a way of
showing that the self-management plan followed by the patient is in some way
negotiated between the doctor and the patient and that the doctor is therefore not
omniscient. In addition, the term intelligent noncompliance has been suggested
(4), or rational noncompliance (5), where the patient’s noncompliance is a rea-
soned decision (6). This reasoned noncompliance may, in fact, prove a better al-
ternative to that recommended by the physician. For example, patients may
discover by experimentation that regimen modifications may result in improved
asthma control. At other times, however, “rational nonadherence” may be dan-
gerous and inappropriate, as when patients discontinue prophylactic therapy be-
cause they no longer have symptoms and consider the regimen burdensome.
Thus, the term compliance has to be viewed within a modern culture where pa-
tients are not denied the freedom of choice and where the patient’s own desired
outcome and quality of life is important.

Rather than focus on the difference between instruction and behavior and
its consequences, an alternative perspective on noncompliance—the word com-
pliance seems to persist despite its critics—is that noncompliance represents a
breakdown in communication and in the relationship between the health profes-
sional and the patient. Thus, it is not so much that the patient “is doing the
wrong thing” but the pattern of relationship between the doctor and the patient
is one that is not optimum for health care. Several different patterns may
emerge where the relationship deteriorates between the physician and patient
(1). The patient may feel coerced to comply against the his or her own wishes
by the “powerful” doctor, leading to dissatisfaction and the risk of future non-
compliance. The patient may indicate dissatisfaction with the doctor’s recom-
mendations and maintain that disagreement, leading to dissatisfaction and
disapproval on the part of the doctor. The patient may outwardly agree with the
doctor’s recommendations but do something different, leading to a relationship
that is partially dishonest. Thus, even if noncompliance does not lead to poor
control of disease it is undesirable because of the strains it can place on the doc-
tor-patient relationship.

C. Ethical Issues in Noncompliance

It is common for health care providers to talk about “good patients” and “bad
patients” based on the degree to which they comply with prescribed therapy (7).
As Holm has observed, “Every doctor can tell stories about the diabetic who
‘cheats,’ the epileptic who, without consulting the doctor, stops taking his med-
ication, or the patient who ‘misuses’ her steroid cream” (8). However, this lan-
guage of judgment and critical perspective ignores a core tenet of ethical
medical care, that is, the patient’s right to autonomy. As Coy has described,
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“other things being equal, competent adult patients always have the right to de-
cide what ought or ought not to be done to them (provided that exercising that
right does not infringe on the comparable rights of others)” (9). Clinicians who
believe that compliance with therapy is in the patient’s best interest may violate
a patient’s autonomy by pressing, coercing, or forcing compliance. This tension
can create ethical dilemmas when considering compliance in clinical decision-
making (10).

The term medical paternalism (9) is used when a health care provider,
believing it to be in the best interest of the patient, challenges a patient’s in-
formed, autonomous decision to be noncompliant. While such concerns about
the patient’s well-being are understandable, medical paternalism is never justi-
fiable for informed, competent adults. This means that a patient’s decision to
be noncompliant must be acknowledged and respected by the ethical physi-
cian. In the case of children, noncompliance may be a parental decision, and
the ethical physician should respect the important relationship between child
and parent. Parents react negatively to the suggestion or implication that they
are poor parents, and an antagonistic relationship between clinician and parent
is seldom helpful.

Despite the frustration that may be experienced when patients are noncom-
pliant, it should not lead to the assumption that the patient is rejecting treatment
and that the physician is thus absolved from ethical responsibility. On the con-
trary, noncompliant patients want treatment, and will often attend the clinic regu-
larly, but they are dissatisfied with the treatment which is being given. Blaming
the patient is neither productive nor is it considered ethically justified (11). Im-
proved communication and tailored regimens are ultimately more effective and
rewarding than blame. The quotation at the beginning of this chapter illustrates
the kind of dilemma sometimes experienced by patients, that they are searching
for the “best” form of treatment (12).

D. The Forms of Noncompliance in Asthma and Doctor Guilt

Although noncompliance is common in almost all treatments, the issue of
noncompliance in respiratory disease is particularly complex. First, treatment
for respiratory disease involves inhalers, and problems with technique lead to
unintentional noncompliance which may not occur in other diseases. Inten-
tional and unintentional noncompliance therefore need to be contrasted. Sec-
ond, recommendations for care can vary between prescribing physicians. Not
only are variations possible within the guidelines, but also the way the doctor
communicates and advises patients is very much open to the doctor’s own
judgment and style. In particular the degree to which the patient is empow-
ered to self-manage may vary between physicians. A patient who is noncom-
pliant with one set of instructions may be compliant with another. Third, in
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the case of asthma in particular, compliance involves a repertoire of different
behaviors some of which are needed depending on circumstance—e.g., regu-
lar dosing, increasing dose, peak flow monitoring, calling for assistance, etc.
Thus, there are several different aspects of care with which a patient can be
noncompliant.

A major disadvantage of the word noncompliance is that it can be inter-
preted as implying that there is a single behavior that can be characterized as
noncompliance. The reality is that there are different behaviors and they occur
for different reasons; it is only by understanding these differences that noncom-
pliance can be managed effectively. Understanding the reason for noncompli-
ance in an individual case is essential for management and forms a central part of
this chapter.

The very fact that managing noncompliance is a responsibility of the
physician, coupled with the ethical issues referred to in the previous section,
can lead to feelings of guilt or inadequacy on the part of the physician when
things “go wrong.” There are few physicians who, knowing of one of their pa-
tients was dying from asthma, will fail to have doubts about their provision of
care. Guilt can alter the physician’s behavior, leading in some instances to over-
prescription. However, the corollary of rejecting medical paternalism (9) is that
patients have free choice. The physician can educate and encourage to the best
of his or her ability; however, the choice of behavior is that of the patient. If pa-
tients have free choice, then they cannot be made to behave in ideal way. Guilt
should only occur if paternalism is an accepted part of the doctor-patient rela-
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tionship. A similar argument occurs in religious philosophy, where an omnipo-
tent God is said to experience regret but not guilt about the sins of sinners be-
cause of the existence of free choice. The clinician’s aim should always be to
provide the patient with best possible care, taking into account the sometimes
suboptimal choices of patients. Finding out about those suboptimal choices is
therefore essential for quality care.

• Patients have free choice and will exercise that choice.
• Patients can fail to comply for a variety of reasons.
• The clinician should aim to provide the best possible management of

asthma, accommodating the suboptimal choices of some patients.

II. Measurement of Noncompliance and Prevalence

A. Patient Report

Most physicians rely on patient report when investigating noncompliance. Pa-
tients or parents of asthmatic children can be questioned either by the prescrib-
ing physician or a professional not involved in the care of the patient, the latter
possibly being more reliable as patients may feel that admitting noncompli-
ance may compromise care. In addition, admitting to noncompliance may be
culture-specific. A Japanese physician wrote to the author indicating that non-
compliance is seldom raised as an issue with patients, because admitting non-
compliance will lead to loss of face for both patient and physician.

Studies where patients are interviewed about compliance show, however,
that intentional noncompliance is common. In one study (13), 46% of patients in-
dicated that they complied, 11% that they overused their prophylactic medicine,
28% reported underuse, and 15% reported cyclical use—i.e.,variable over- and un-
deruse. These figures are similar to those obtained from electronic monitoring. In a
study where adolescents were asked about medication, the majority reported not
taking their prophylactic medicine regularly and delayed taking their bronchodila-
tor (14). Others show that it is regular use rather than increases in use during exac-
erbations which is disliked by patients (15). Despite the value of these patient
reports, there are two reasons why patient report might be considered unreliable.
First, studies in both clinical and research settings (16–18) have found that some
patients may deliberately mislead when they report on their use of inhalers. Sec-
ond, patients forget and therefore give an inaccurate report unintentionally. Dispar-
ities between records from electronic inhalers (19) and diary records of inhaler use
suggest that some inaccuracy in reporting may simply be due to incompetence on
the part of the patient. Patients cannot be relied on to remember what they have
done (20), or record accurately what they do in diary cards. To err is human.

Despite these disadvantages patient reports have certain advantages com-
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pared with more objective measures of adherence, such as biochemical measures
and electronic monitors. For example, patient report provides information about
how patients respond to worsening asthma. One of the assumptions of electronic
monitoring is that patients should be taking a constant dose. However, some
adult self-management plans include an increase in dose when asthma exacer-
bates (e.g., a drop in peak expiratory flow). It may be that a failure to increase
when exacerbating has a more serious consequence to outcome than simply not
taking the required dose regularly. Finally, patient report provides reasons why
noncompliance occurs. Not only do some patients admit that they intentionally
fail to comply, but they will also give clearly articulated reasons why they do so.

B. Prescription Monitoring

As computerization of pharmacy data has become more prevalent, it has become
increasingly feasible to monitor patients’ medication compliance by examining
these records. Within an office a physician can track patient’s requests for refills
of asthma medications. Within a pharmacy such databases can provide informa-
tion on the amount of medication dispensed, and the timing of refills. This data
can be used to roughly calculate the average dose per day. In some health care
data management systems prescriptions that are written but never filled can also
be monitored. Pharmacy data review can reveal refill-based adherence patterns
for different classes of medication or dosing regimens. For example, Kelloway et
al. (21) examined pharmacy claims data within a health maintenance organiza-
tion and found that asthmatic patients were significantly more adherent to pre-
scribed tablet medication (theophylline) than with two commonly prescribed
inhaled anti-inflammatory medications (inhaled corticosteroid and inhaled cro-
molyn). Pharmacy review to identify noncompliance has several limitations.
Even when pharmacy data can determine the filling of a prescription, however,
they provide no confirmation of consumption, or appropriate consumption pat-
terns. In addition, pharmacy review cannot determine if medications sit unused;
are hoarded for future use; shared or given to family and friends; or taken inap-
propriately. Nevertheless, as more and more pharmacy data go on line, this com-
pliance measuring strategy has great potential (22).

C. Electronic Monitors

Over the past 10 years, electronic inhaler monitoring devices have been devel-
oped which record the date and time of actuations and can then be downloaded
onto a computer. A record can then be printed which reflects a patient’s pattern of
inhaler use over a period of time. Electronic peak flow meters are also available
which record and store peak flow values, along with date and time information.
While these devices have generally been utilized exclusively for research, im-
proved technologies are increasingly making their clinical application feasible.
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Research with electronic inhalers has examined both prophylactic and
bronchodilator use. In one study of prophylactic medicine use (23), only 50% of
patients complied as defined by within 10% of recommended twice daily dosing,
50% underused and 10% overused. Electronic monitoring of inhaler use has doc-
umented widespread underuse of anti-inflammatory medications in both children
and adults. Mawhinney et al. reported that patients used their medication as pre-
scribed on average for 37% of the days in the 3 to 4 weeks monitoring period
(24). Underuse was observed for over 38% of the monitored days. Coutts et al.
monitored school-age children and observed underuse of the inhaled steroids
was observed on 55% of the study days (16). Similar results on the underuse of
anti-inflammatory medications have been reported elsewhere (25–27).

Nonadherence with asthma therapy can involve not only underuse of pre-
ventive medications but may also overuse or inappropriate use of rescue medica-
tions. A number of researchers have speculated that overreliance on inhaled
bronchodilators may contribute to patient delays in seeking medical care for
acute asthma, or that overuse of beta agonists may pose direct health risks to the
asthmatic patient (28,29). As with inhaled anti-inflammatory therapy, patients
may not be accurate reporters of their level of adherence with this treatment. For
example, when Yeung et al. examined adherence with beta-agonist therapy using
electronic monitors, they found that, in contrast to anti-inflammatory therapies,
patients tended to underreport beta-agonist use (19).

Electronic devices have been used to monitor peak flow measurement,
though the use of regular peak flow monitoring is not always recommended (30).
In a study where patients were unaware of such electronic monitoring and were
asked to monitor daily and keep a written record, 15% of days were missing
from the written peak flow record after 3 weeks but 52% of days were missing
from the electronic records (31). Thus, if patients are advised to monitor peak
flow in order to guide therapeutic change, one should not assume that patients do
as advised.

Although electronic monitoring devices can provide important insights
into patients’ patterns of inhaler and peak flow monitor use, this measurement
strategy has some limitations. For example, electronic inhaler monitors do not
show whether the patient is firing the inhaler into the air or into the mouth, and
repeated actuations may be because the patient is “testing” the inhaler in the air;
but nevertheless, these data overall paint a poor picture of noncompliance. Elec-
tronic records of inhaler use do not show if a patient is failing to increase med-
ication in the event of worsening symptoms. Most importantly, such records do
not show why the patient is engaging in noncompliant behavior.

• Noncompliance can be measured by patient reporting, prescription
monitoring, and electronic inhalers. Each method has advantages and
disadvantages.
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• About 50% of patients fail to comply with twice daily prophylactic
medication.

• Noncompliance takes a variety of different forms.
• Many patients underuse, some overuse, and some sometimes over and

sometimes underuse.
The next two sections examine the several reasons for noncompliance.

They draw partly on patient report but also on the more general literature and
theory in psychology concerning the determinants of health-related behavior. Pa-
tients are not always able to articulate a reason for their noncompliance, so the
reasons for noncompliance cannot rely only on patients. Because it is common to
distinguish intentional from unintentional noncompliance, the next two sections
are organised on that basis. These sections describe reasons for noncompliance,
the behaviors associated with that noncompliance, and management strategies
for dealing with that particular kind of noncompliance.

There are two types of reason for noncompliance:
• Unintentional noncompliance
• Intentional noncompliance

III. Reasons for Unintentional Noncompliance

A. Forgetting: Instructional Problems

Studies that have examined patients’ recall of physicians’ instructions report that
patients’ recall is generally poor (32). Regimens for asthma care can be particu-
larly complex, with multiple inhalers and dosing schedules. Because there are
two kinds of inhaler, a prophylactic and a bronchodilator, patients can forget
which inhaler is which, though there are no clear data on the numbers who forget
in this way. Patients are often taught the terms preventer and reliever, but their
meaning is not always clear to patients. For some patients, the color coding of
blue and brown is the easier memory cue, but the introduction of new inhalers
with other color codings requires extra caution. A simple question such as “How
do you use your inhalers?” can be a useful check, particularly in the case of pa-
tients whose cognitive ability may be poor.

Apart from forgetting the function of the two (or more) inhalers, patients
will also forget to take their inhaler on occasion. In a study of parents of asthmatic
children (33), 60% said they sometimes forget to give their child’s medicine. In-
deed, it seems a normal human characteristic to forget to take medicine on occa-
sion. It will only be the exceptional patient who takes medicine exactly as
instructed every day without fail. An absence of clear instructions in the self-man-
agement plan about what to do when a dose is forgotten is an important omission.

The physiological effect of forgetting to take a dose will vary with the pa-
tient. For patients whose inflammation is barely controlled by the regular dose,
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lack of one dose may lead to increased inflammation and a drop in peak flow.
Such patients may be advised to double their dose when they realize they have
forgotten. For other patients, sufficient anti-inflammatory control is achieved de-
spite the occasional missed dose. Self-management plans should include clear
instructions as to what to do when patients forget to take their prophylactic in-
haler, as they inevitably will from time to time. Clinical approaches to help pa-
tients who have difficulty remembering to take their inhaler should center on
strategies that cue or prompt inhaler use. Positioning the inhaler near the pa-
tient’s toothbrush or kettle, reminder notes on the refrigerator, or even medica-
tion alarms can be helpful for some patients.

B. Device and Technique Problems

Correct use of a meter-dose inhaler (MDI) requires a variety of actions to be
completed, including shaking the inhaler, complete exhalation, slow inhalation,
coordination of actuation with inhalation, and breath-holding. Research shows
that technique is poor in one or more of these actions. For example DeBlaquiere
found that although all patients in a sample had received initial instruction in in-
haler use, only 38% demonstrated proper technique when measured (34). How-
ever, the original training of patients may be responsible for some error (35) as
evaluations of prescribing physicians have also been found to be poor (36,37).
Chapman et al. suggest that physician ignorance on inhaler use arises because
such skills are looked on as prosaic and of little interest to medicine (38). The
use of nurses and physiotherapists in training patients may have advantages. In
addition to incorrect voluntary actions by the patient, patients may also demon-
strate an involuntary constriction of the throat, the “cold freon effect,” which
even with training may be difficult to eliminate.

Difficulties in the way patients use MDIs has been one factor in the devel-
opment of other forms of inhaler, in particular dry-powder inhalers (DPIs) and
breath-actuated MDIs. These newer devices produce better compliance in terms
of technique (whether they affect other reasons for noncompliance is less clear),
but even here, some are better than others. One study of dry-powder inhaler tech-
nique found that that 5% had good technique, 5% were adequate, and 27% were
insufficient (39). For example, in the case of DPI, it is necessary to inhale rea-
sonably fast, though the extent to which the rate of inhalation affects deposition
varies between inhalers. Some DPIs show less variation and are tolerant of lower
inhalation rates compared with others. The wide range of inhalers now available
varies on a number of different criteria, and some inhalers will be more suited to
some patients than others. Devices may not be equally suited to children, young
adults, or the elderly.

Checking of technique can take place in the clinic and normally provides a
reasonably accurate estimate of the patient’s technique when at home. Because
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inhaler technique tends to deteriorate over a period of time, review of technique
should be a regular component of follow-up care.

For patients whose poor inhaler technique cannot be modified, alternatives
include the use of a spacer or switching to an inhaler device or alternative ther-
apy (e.g., oral) with which the patient is more comfortable and competent. A sen-
sible recommendation is that patients should play an active role in choosing the
device which suits them best—for example, they are given a choice from a lim-
ited selection previously decided by the physician. Providing patients with
choice may lead to greater perceived control and hence better compliance.

In some health care systems, the selection of an appropriate device for the
patient is affected by cost. It is important to recognize, however, that although an
MDI with spacer may be the most economic way of drug delivery, providing pa-
tients with a device which is poorly accepted can lead to poor compliance and
may therefore lead to increased health care costs overall. Hence, cost should
never be the only factor taken into account when selecting between devices.

C. Respiratory Insensitivity

The relationship between peak expiratory flow (PEF) and symptoms is good for
some patients, but for others the relationship is very poor (40). Patients with
chronically poor symptom perception may consider their asthma “under control”
and as a result fail to comply with prophylactic therapy. Some patients are un-
aware of worsening asthma, in particular slow declines in PEF. Such patients will
not take appropriate action as specified by their self-management program (e.g.,
doubling the inhaled steroid dose when PEF < 75% best), because they are un-
aware of the drop in PEF. In fact, this disregard for worsening asthma has been
suggested as an important contributing factor in episodes of fatal and near-fatal
asthma (41,42). Respiratory sensitivity is an issue for adults but not for children,
who may be too young to report worsening symptoms. In the case of children,
worsening asthma can be detected symptomatically by parents, but only if parents
are educated about what symptoms to look out for and how to respond to those
symptoms. In the case of children, worsening asthma may require a different and
a more cautious approach (e.g., requiring doctor consultation) than with adults.

The advantage of regular PEF monitoring is clear for such patients. How-
ever, compliance with regular PEF monitoring is poor. Cote and colleagues used
electronically monitored PEF meters—patients were unaware of this monitor-
ing—and found 30% never or almost never used their PEF right from the begin-
ning, and 60% were using their PEF meter <25% of the time at 12 months, with
fabricated PEF entries written onto diary cards (31). However, PEF monitoring
may not be needed for all patients. For some patients, symptoms may be as accu-
rate as PEF in detecting worsening asthma. If regular monitoring of PEF is not
needed (other forms of use include occasional use and checking when symptoms
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occur) then telling patients that PEF measuring is essential may have an adverse
impact on other aspects of compliance, because it increases the burden of treat-
ment. Treatment burden (see later) is one reason for failing to comply.

Patients:
• Forget to take it
• Forget which one to take when
• Forget how to take it
• Do not notice deterioration

IV. Reasons for Intentional Noncompliance

A. Reasoned Action and Treatment Burden

Many human actions are based on reason. Some patients weigh up the advantages
(better asthma control) and disadvantages (inconvenience and cost) of taking their
medicine as recommended and decide to do otherwise. Although from the physi-
cian’s perspective, the patient may not be acting in a rational way, the patient nev-
ertheless thinks that he or she is rational and has come to the best decision. There
are several reasons why patients decide consciously to take more or less medicine
than recommended. For some patients who have a busy lifestyle, the advantage of
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taking their inhaler regularly (i.e., lack of asthma problems) is not considered suf-
ficiently great to justify the time involved. In one study, 17% of patients said that
the inconvenience or embarrassment of taking their asthma medicine was a minor
bother, 9% said it was a major bother (43). Some patients overuse their inhaler by
taking the dose recommended only for exacerbations on the supposition that that
dose must be safe if recommended by the doctor and so why bother to allow exac-
erbation. In both cases, patients weigh up the advantages and disadvantages of
acting according to the recommendation of the physician. Clinicians should raise
the issue of cost and benefits directly when discussing options for asthma man-
agement. Patient compliance will be optimized when patient preference can be in-
corporated into the choice of therapy.

For others it is the financial cost of the medicine. Indeed many patients un-
dermedicate specifically as a cost cutting measure. It should be noted that the
factors determining cost-benefit analysis may differ between asthmatic adults
and parents of children with asthma. Parents may be more prepared to spend
money on their children than themselves, though in some health care systems the
cost of medicines for the child is free.

Where cost is a factor in noncompliance, the patient may attempt to ration
medication by adopting a constant reduced dose. The physician can help the pa-
tient in some cases by change of prescription to a more cost-effective (for the pa-
tient) regimen—though this may not be possible within the constraints of the
health care system. Because patients are often embarrassed to admit to difficul-
ties paying for medications, the first step in addressing this barrier to compliance
is sensitivity and open communication (prior to prescribing) that directly as-
sesses if cost constraints are present.

There are circumstances where it is in the patient’s financial interest to
have symptoms or at least to report symptoms. Patients who realize they can use
their asthma to obtain a state benefit (e.g., the Disability Living Allowance in the
U.K.) may either overreport symptoms or undermedicate specifically to obtain
this benefit. Of course, not all patients use their asthma in this way, but the possi-
bility should be considered if decisions are in the process of being made about
state benefit. A reduction in symptoms after the decision is made is a possible in-
dicator of benefit-induced symptom reporting.

B. Health and Illness Beliefs

It is an interesting paradox that some patients will happily take vitamins but be
reluctant to take their inhaled steroids. Willingness to take one form of medica-
tion (vitamins) but not another (drugs) illustrates the importance of beliefs about
treatment. Patients sometimes distinguish between (1) the improvement of
health and (2) the treatment of illness as being two essentially different
processes. Vitamins, from this perspective, are often thought to improve health,
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whereas medicines are seen as harming health, even though they treat illness. Pa-
tients vary as to the extent to which they are health-focused versus illness-fo-
cused (44); however, many believe in the importance of health independent of
illness. Consistent with this view, studies show that patients do not mind taking
their inhalers for short periods of time when they have exacerbations but do not
wish to take their medicine over long periods of time (45,46). In one study (33),
86% of the parents of asthmatic children said that medicine should not be used
for long periods, 43% said that the medicine was unnatural and harmful to chil-
dren, and 31% said children’s bodies were too small to cope.

The idea that some medicines disturb the body’s “balance” is consistent
with Chinese and Ayurvedic medicine (48); therefore the idea that health-pro-
moting actions (e.g., vitamin taking) create balance whereas illness-treating ac-
tions (e.g., taking steroids) create imbalance may be more common among those
patients sympathetic to complementary or alternative medicine or from cultures
where traditional medicine is practiced. Although the distinction between health
promotion and disease prevention is consistent with modern definitions of health
(49), modern medicine does not accept the idea that the body can be become
“unbalanced”—drugs can produce localized side effect but not this generalized
imbalance which is believed by patients and features in complementary medi-
cine. Thus, doctors and patients have different views about the dangers of
steroids. When doctors say steroids are safe, they mean that they do not have
specific side effects. Patients, on the other hand, worry about something else—
the long-term effect of steroids creating imbalance in a distributed, health-harm-
ing way. Despite being inconsistent with much of modern medicine, patients’
concerns are not theoretically implausible. Recent research on networks suggests
that a more generalized form of network fault may give rise to the known inflam-
matory mediators (50). From the perspective of compliance, however, the impor-
tant message is that doctors and patients interpret the word safe in different
ways. Telling patients that a drug has few measurable side effects will not reas-
sure those who are concerned about long-term, generalized effects on health.

Patient beliefs about illness and therapy are strongly rooted within cultural
norms that may be discordant with the traditional biomedical model of the physi-
cian. Pachter has described clinical encounters as “an interaction between two
cultures—the ‘culture’ of medicine and the ‘culture’ of patients” (51). When there
are differences between the patient’s explanatory model for the causes and treat-
ments of asthma and that of the physician, the resulting miscommunication can
lead to poor compliance with therapy. Some patients may elect to use home reme-
dies as an adjunct to prescribed regimens, or reject prescribed therapies outright,
and these practices will not usually be revealed in the standard consultation.

Some patients simply do not like taking medicine of any kind because of
the potential negative impact on health. As already noted, some patients under-
medicate on their bronchodilator (52). However, some patients particularly dis-
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like steroids, and this particular dislike may stem from misinformation—such as a
misunderstanding of the difference between oral and inhaled steroids and the fact
that the media reports athlete’s steroid taking as a bad thing to do. However, in
other cases, dislike of steroids is based on nothing other than a general mistrust of
powerful drugs coupled with knowledge that steroids can have side effects.

Dislike of medicine can lead to a variety of noncompliant behaviors, in-
cluding a constantly reduced dose and symptomatic use of the prophylactic in-
haler, both behaviors having the intention of minimizing drug intake.

The effect of symptomatic use of a prophylactic inhaler is not always easy
to evaluate. This approach to asthma management is so widespread that informal
clinical report indicates that many health professionals who have asthma, includ-
ing respiratory consultants and respiratory nurses, manage their asthma sympto-
matically. The asthma guidelines have always allowed for an increase in inhaled
steroids and recent guidelines also include information for stepping down. How-
ever, in the case of patients who use symptomatic control, the stepping down is
much more rapid than would be recommended in the guidelines. The exact con-
sequence of this symptomatic control of asthma with inhaled steroids is not
known. To some extent its success depends on the insight the patient has into the
disease process. A patient who responds rapidly to a worsening of asthma with a
higher dose of inhaled steroid may do better than a patient whose response is
slower.

Management of symptomatically controlling patients depends crucially on
outcome. A patient who employs symptomatic use of prophylactic medicine but
has repeated hospital visits needs different management from one who uses this
technique effectively. In the former case, it is a good strategy to explain the clin-
ical disadvantages of, for example, repeated courses of oral steroids in contrast
to a higher maintenance level of inhaled steroids.

Health beliefs are difficult to change but respond best to balanced, two-
sided arguments rather than single-sided arguments. Sensitivity to the patient’s
concerns about medicine will have a greater impact on the patient than a simple
overall assertion that the medicines are safe. In addition, patients who believe
that there is an underlying state of health or balance that is independent of illness
may feel that the evidence that steroids are safe is the wrong kind of evidence be-
cause it does not relate to what they understand by health. Patients who are an-
tagonistic to medicine may be more responsive to “health promoting” advice,
including trigger avoidance, exercise, and diet.

Patients can believe that “powerful” drugs

• Are good at curing illness
• Are harmful for health

The presentation of the drug may affect how powerful it is perceived to be. For
example, once-daily treatment may be perceived as less powerful than twice
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daily therapy. If so, once-daily therapy will be more acceptable for regular use,
with twice-daily accepted for exacerbations when a more powerful treatment is
needed.

C. Self-Perception and Denial

The label asthma is interpreted differently by different people and in different
cultures. However, for some, the stigma attached to the label leads to negative
self-perceptions (53); in general, people are strongly motivated to avoid negative
self-perceptions (54). For some patients, noncompliance reflects the negative
self-perception that arises from taking asthma medicine—that is, the perception
that the patient is an “ill person” which is a message that the use of inhalers can
give. The negative message given by an inhaler is culture-specific, as socially ac-
ceptable means of delivering drugs differ between cultures (e.g., suppositories
are more acceptable in France). Patients therefore fail to comply with treatment
and fail to attend the clinic or school because either of these actions reinforces a
negative self-image.

For example, Adams et al. (55) examined self-perceptions in a sample of
asthmatic patients who had been prescribed prophylactic medications. Over half
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“No . . . . I don’t
have asthma . . . .
Just sometimes

have these
asthma attacks.”



the sample either claimed that that they did not have asthma (despite a clinical
diagnosis and prescribed medications) or reported that they had “slight” or “not
proper” asthma. Interviewing revealed that these patients frequently used their
reliever surreptitiously and that none of these patients were using their pre-
scribed prophylactic asthma medications. All of these individuals refused to ac-
cept the stigmatizing (in their view) label of “asthmatic” and instead relabeled
their breathing problems as an acute, situation-specific problem or as a “bad
chest.”

Asthmatics at any age can be sensitive to the effects of asthma self-percep-
tion, but greater sensitivity may occur in adolescents whose self-concept may be
in flux. Indeed adolescents and young adults are particularly at risk for this rea-
son. It is possible, though by no means certain, that the design of an inhaler will
affect health beliefs. For example, if a child’s inhaler is visually “fun” to look at,
then there may be less of a negative impact on self-perception than with an in-
haler that looks as though it had been issued by a hospital pharmacy. Some man-
ufacturers make stickers which can be added to an inhaler to make the inhaler
more individualized and user friendly. However, not everyone agrees with the
concept of presenting inhalers as a “normal” consumer object due to concern
over misuse. However, for patients for whom the thought of asthma creates neg-
ative self-perceptions, an approach to treatment which appears less medicalized
may help. Less frequent dosing and, when available, effective oral medication
may help for this kind of patient.

D. Coping Style

People cope with the ups and downs of life in different ways. It is common to
distinguish two broad categories of coping, problem-focused coping and emo-
tion-focused coping (56,57). Problem-focused coping means finding a way of
dealing with the problem produced by life stresses (e.g., planning a solution,
finding out how others have coped); emotion-focused coping means dealing with
the emotion produced by life stresses (e.g., complaining to others, distraction,
getting drunk). People vary in the style of coping but some people tend to have a
disposition to be problem-focused whereas others have a disposition to be emo-
tion-focused—many people combine both forms of coping.

In a sense, asthma schools and asthma clinics are designed for problem-fo-
cused copers. They are designed for people who want to find out about asthma
and do something about it. Problem-focused copers generally manage their
asthma well. They are the sort of patients who will find out what they can about
asthma, and follow self-management plans carefully. These may be the kinds of
patients who has found out about asthma on the Internet and come to the clinic
armed with a list of the “best” inhalers. However, asthma clinics are, from a psy-
chological perspective, not designed for patients who are emotion-focused. They
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are not designed for people for whom the experience of going to an asthma clinic
or school is in itself emotionally distressing. Such patients cope with their
asthma by ignoring their asthma, by finding some form of distraction from their
asthma, and by doing anything but deal with the problem directly. Emotion-fo-
cused copers represent a difficult management problem because such patients, by
their very nature, are not predisposed toward effective management. Like those
for whom asthma leads to negative self-perceptions, emotion copers avoid man-
aging asthma as a way of avoiding the emotion caused by recognition of asthma.
Although emotion-focused coping leads to short-term emotional gains, it is less
effective in the long term, as the stressful event is not addressed and the asthma
is not managed.

Emotion-focused copers represent a major problem for asthma manage-
ment. They tend to deny that they have asthma (e.g., “I don’t have asthma, I just
sometimes have asthma attacks”) and appear to accept what the clinician recom-
mends but do something else. An authoritarian approach with such patients is
unlikely to be successful. Instead, the clinician should try to develop a positive
and understanding relationship with the patient, where the patient may be ca-
joled into a different course of action. Sometimes a more conservative manage-
ment plan may be advisable, in which the patient is advised to seek medical
assistance at an earlier stage than normal.

E. Checking/Drug Holidays

Some patients decide to stop taking asthma medicines on specific occasions. For
example, a patient may decide that medicine should not be needed when going
on holiday. This attitude lets the patient off the burden of taking medicine, just as
it lets people off other lifestyle burdens, such as work. Some patients check to
see whether they have been “cured” of asthma and so periodically stop taking
their medicine to see if they are better. In effect, these patients step down their
treatment more rapidly than recommended in the guidelines, but do not, of
course, tell the physician about their experimentation. Such patients clearly pose
a risk for themselves, but only at irregular intervals. Failing to take an inhaler on
holiday is particularly troublesome because, in a new environment, the patient
may be exposed to new allergens for which medical care is uncertain. Ceasing
medication in order to check whether the patient still has asthma is dangerous
only if the patient fails to monitor the worsening of asthma, but patient optimism
may lead to a failure in monitoring.

Management of checking/drug holidays is best achieved through a positive
relationship between the clinician and patient. If the patient thinks that experi-
mentation or changes of action will receive an authoritarian response if dis-
cussed, then the patient is less likely to initiate discussion. The clinician needs to
remember that patients will always do odd things if they want to, but advice
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from the clinician can make those odd things less dangerous if the advice is per-
ceived by the patient as being positive and constructive.

V. Issues in Pediatric Compliance

Despite parents’ good intentions, children’s adherence with asthma therapy has
generally been found to be as problematic as adult adherence with therapy
(16,17,58,59). While the consequences of periodic nonadherence with therapy
among children with mild asthma may be insignificant, for some children drug
holidays or chronic underuse of preventer medications can result in serious
asthma flares (17), unnecessary emergency room visits (59,60), and increased
risk of fatal or near-fatal asthma attacks (61,62). Just as in adult adherence with
asthma therapy, factors which have been associated with increased risk of pedi-
atric nonadherence include knowledge and beliefs about asthma and asthma
therapy (63,64), regimen complexity (16), as well as social and cultural re-
sources and barriers (65,66). Unique to pediatric adherence, however, is the con-
tributing role family conflict and poor family communication have been have
found to play in children’s nonadherence with therapy, particularly among ado-
lescents (67–69).

Pediatric adherence with asthma therapy is necessarily an evolving and de-
velopmentally dynamic behavior. As children grow, responsibility for medica-
tion administration generally shifts from total parent management for a young
child, to shared medication management for the school-age child, to finally,
complete self-management for the older adolescent. Factors such as parent be-
liefs and family functioning will influence the parent’s willingness and ability to
follow prescribed therapy. Parents’ opinions about the value and role of asthma
medications for their children do not necessarily match those of the treating
physician. For example, parental concerns about children becoming “addicted”
to asthma medications or a belief that asthma medicines will loose effectiveness
if used too often, may lead parents to use as little medication as possible (64).
For many parents, daily use of medication is troubling, particularly when a child
is not symptomatic. In some families home remedies or over-the-counter drugs
(teas, coffee, cough medicines, decongestants, etc.) for asthma may be common
and viewed as “safer” than conventional prescribed asthma medications (62,64).

The age at which a child becomes responsible for self-administration of
asthma medications is highly variable and may be based more on family circum-
stances than on a carefully supervised transition of responsibility as the child
matures (70). In some families a child may be expected to manage his or her own
medication administration quite young, less because the child has demonstrated
sufficient responsibility, and more because the parent believes the child is “old
enough to do it” or because family circumstances (e.g., working parents) dictate

466 Hyland and Rand



the need. Medication management responsibility may be shared among a diverse
and changing cast, including the child, parents, day care providers, school health
aides, grandparents, and siblings. In chaotic, troubled families, primary responsi-
bility for medication monitoring may be confused. Because of the potential for
highly variable and often shifting family responsibility for a child’s medication
use, it is therefore necessary for health care providers to review with both the
parent and the child medication use habits in order to develop an adherence pro-
file.

Research in asthma and other chronic pediatric diseases has underscored
the particular vulnerability of the adolescent to medication adherence problems
(67–69). Normal adolescent independence behaviors, including rule-testing, act-
ing out, and rejection of parental authority can significantly interfere with re-
sponsible asthma management. Some adolescents may deny disease severity and
undertreat or ignore asthma symptoms (68,69). While all adolescents may be at
increased risk of nonadherence with therapy, clinicians should be aware that
marked family conflict or a denial of disease severity in an adolescent with se-
vere asthma are red flags for a higher risk of a dangerous asthma event (67).

Tips for managing adolescents

• Sometimes adolescents will admit to noncompliance only in the absence
of their parents.

• It is important to “decriminalize” noncompliance. Discussion should fo-
cus on what the adolescent can manage, not what should or should not
be done.

VI. Diagnosing Noncompliance

A. Clinical Outcome

Not all noncompliance leads to poor outcome, and it therefore seems most time
effective for the physician to concentrate on that compliance which has poor out-
come. When a patient presents with symptomatic, uncontrolled asthma a non-
judgmental, careful review of compliance should be undertaken. Poor outcome
will include reduced quality of life, as well as increased medical care (hospital
attendance, nebulisations, unscheduled visits etc.). Whereas increased medical
attendance is normally obtained from objective data, quality of life requires re-
port from the patient. Some patients experience quality of life deficits but fail to
report them to the doctor because they believe those deficits are worth suffering
if a reduced level of inhaler is taken. An automatic record of unscheduled care
provides the clinician with a useful picture about the patient’s asthma control, as
well as occasional specific questions (e.g., “How many times are you awakened
at night due to asthma?” rather than “Are you often awakened at night due to
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asthma?”). However, poor outcome serves merely as an alert for the possibility
of noncompliance, and further investigation is needed.

A review of compliance should begin with asking the patient to describe in
detail the patient’s understanding of the prescribed therapy. If possible, have the
patient bring in all unused medication and demonstrate how each medication is
used. This approach often uncovers patient confusion about which inhaler to use
on a daily basis or a misunderstanding of the dosing schedule. Discussing pat-
terns of use and “drug holidays” can be illustrative for both the patient and clini-
cian in uncovering the relationship between noncompliance and asthma
exacerbations.

B. Asking Questions and Listening

A good relationship between the physician/health professional and the patient is
an essential first step for understanding asthma management from the patient’s
perspective. While physicians may endorse the importance of assessing patient
compliance with therapy, all too often patients are never directly asked about their
compliance with prescribed treatments. The ability of a physician to effectively
gather compliance information from patients, and identify patient nonadherence
has been shown to be highly variable and dependent on interviewing skill and
style (71,72). Further, physician’s self-assessments of their own communication
skills are not related to observer ratings of their communication skills (73,74).

Physician interviewing skills and the qualities of the patient-provider inter-
action are important in both measuring and facilitating adherence behaviors. Use
of an information-intensive and nonjudgmental style of interviewing has been
suggested as a strategy for improving the accuracy of patient self-reported adher-
ence. Steele et al. (72) examined audiotaped interactions between patients and
providers and concluded that a nonaccusatory, open-ended, information-inten-
sive approach can be a sensitive and productive tool for the diagnosis of a pa-
tient’s compliance status.

Thoughtful, nonjudgmental interviewing presents an opportunity to the
clinician to explore and understand the nature of the patient’s compliance diffi-
culties. Several questions can be asked which provide additional insight into the
patient’s preferred mode of self-management. For example, patients’ use of anal-
gesics, whether they often take painkillers for headaches or whether they prefer
not to take painkillers, is a useful indicator of patients’ attitudes towards medi-
cines in general. Similarly, questions about the patient’s attitudes to vitamins in-
dicates the patient’s preparedness to engage in health promoting behaviour in
contrast to illness preventing behaviour. Questions which elicit information
about coping strategies (for example, whether the patient normally responds to
stress in an emotion-focused way or a problem-focused way), can also be useful
in anticipating how the patient copes with asthma.
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However, the most important (and often scarcest) resource for forming a
relationship with a patient is having the time to listen. Patients will often want to
give the clinician information, information which may not be clinically relevant.
Listening to what a patient wants to say conveys to the patient that the clinician
really cares about the patient as a person. Patients respond to small nonverbal
cues that can have a substantial impact on the relationship and hence the trust of
the patient for the clinician. An example of this is the hospital consultant who
feels the patient’s pulse after looking at the patient’s notes. The message to the
patient is “I know the nurses have taken your pulse, but you are such an impor-
tant patient that I want to check for myself.” Giving that message can motivate
compliance.

C. Bronchodilator/Prophylactic Ratio

As discussed above, pharmacy data can provide insight into a patient’s pattern of
medication use and reveal compliance problems. Because many patients’ non-
compliance takes the form of underuse of anti-inflammatory therapy and over-
use of bronchodilators, a bronchodilator/prophylactic ratio which is inconsistent
with the guidelines may indicate poor asthma control, and possibly poor compli-
ance. Some clinics have an electronic automatic alert facility that alerts the clini-
cian when this ratio becomes too imbalanced, and the ratio is also an important
aspect of asthma audit. However, there are a number of reasons why the bron-
chodilator/prophylactic ratio should be treated with caution.

First, the bronchodilator/prophylactic ratio will not detect the patient who in-
tentionally undermedicates both on bronchodilators and prophylactics. As de-
scribed in the previous section some patients do not like to take any kind of
medicine. Second, the bronchodilator/prophylactic ratio does not guarantee that
the patient has actually taken the medicine for which scripts have been written. It is
not unusual for patients to find their treatment expensive and take only the bron-
chodilator, as it is the treatment which seems to work most effectively. Third, even
when the cashing of scripts is checked so that the clinician knows that patient has
actually purchased or received the inhaler, there is no guarantee that the patient is
actually taking it. There are occasional reports of relatives bringing in a carrier bag
full of inhalers that belonged to someone who has recently died. Inhalers can be
collected at the back of a cupboard. Fourth, and finally, in some health care sys-
tems the cost of medicines differs between family members. For example, in the
U.K., medicine is dispensed at no cost for children but not for adults. Under such
circumstances “inhaler sharing” sometimes occurs, and the clinician cannot really
tell from the clinical records who is using which inhaler within a family.

Despite these disadvantages, the bronchodilator/prophylactic ratio can be
useful as a system of alerting the clinician to possible compliance problems. The
rule is that if the bronchodilator/prophylactic ratio is poor, then there is probably
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a problem. However, if the bronchodilator/prophylactic ratio is good, one cannot
guarantee that there is no problem.

D. Electronic Monitors

Patients can be asked to keep diary records of PEF and inhaler use. However,
such records may be constructed retrospectively by the patient just prior to going
to the clinic. As the technology improves and then cost decreases, electronic in-
haler and PEF monitoring devices will become more commonly available to as-
sess compliance in the clinical setting.

These electronic monitoring devices should be used with care in clinical
practice, because insensitive use can adversely affect the relationship between
clinician and patient. Failing to inform the patient about the electronic monitor
may lead to distrust as patients perceive the clinician is trying to catch them out.
Even where the patient is told about the monitor in advance, the clinician should
be careful not to give the impression that the patient is perceived as lying. How-
ever, such devices can be used effectively if presented to the patient as a shared
tool to be used by the patient and clinician to find out about how the patient is
managing. Clinicians do differ in their opinion on the circumstances in which
electronic monitoring is useful.

When using an electronic monitor to detect noncompliance, the clinician
should introduce the topic from a problem-focused perspective. After discussing
whether the patient has any idea why poor outcome is being achieved, the clini-
cian can outline the options, which include measuring exactly how the medicines
are being used. Statements such as “People find it very easy to forget to take
these inhalers, so we usually check to see how much forgetting occurs” may pre-
sent the monitoring in a normalized and non-emotionally threatening manner.
The important point to remember is that patient must not feel that he or she is be-
ing singled out as a suspected incompetent person.

E. Diagnosing Type of Noncompliance: Summary

The diagnosis of type of noncompliance when it is expected requires skill and ex-
perience. In setting the scene for a positive therapeutic relationship with a patient,
a useful first question is “In what way would you like me to help you with
asthma?” Such a question emphasizes the cooperative, helping role of the physi-
cian in which patients are encouraged to talk about their aims so that the manage-
ment plan is concordant with the patient, rather than reflecting only the objectives
of the clinician. The philosophy of concordance requires a different approach to
managing the patient to the philosophy of the passive compliant patient.

Once effective and open communication has been established with pa-
tients, the clinician should check for unintentional noncompliance by reviewing
the patient’s understanding of the regimen. For example, a check should be made
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of inhaler technique and then some questioning about “how you manage to re-
member to take the inhaler twice a day.” In the case of intentional noncompli-
ance, information about the cost of medicine to the patient and health beliefs
may throw some light on the situation. Particularly in the case of intentional non-
compliance it is important not to appear judgmental. For example, patients may
feel uncomfortable saying that they are reluctant to take the recommended medi-
cine because they cannot afford it. If patients feel that the clinician is on their
side rather than a judge then they are likely to be more honest.

VII. Targeting Device/Oral Therapy According to Patient
Profile and Individualizing Advice

Patients differ in terms of their psychology just as they differ in terms of their
physiology. Two patients whose asthma is identical from a physiological per-
spective may nevertheless need to be treated quite differently due to psychologi-
cal differences. Management needs to be individualized according to the needs
and abilities of patients. A patient with poor cognitive development who wants to
be “told what to do” will respond better to a simpler management plan than an
educated patient who wants to take control of his or her asthma management.
The extent to which the patient rather than the clinician is responsible for
changes in treatment (e.g., stepping up and stepping down) should also be indi-
vidualised according to the patient’s capacities and preferences. Some patients
want to take control of their treatment, and will do so whatever the doctor ad-
vises. Such patients will read a considerable amount of literature on the subject
and will often demand particular types of therapy from the doctor. Other pa-
tients, who have a lower need for control and are more emotionally focused will
want much less involvement in their asthma management. They will need more
support and a simpler management plan.

Equally, not all patients should receive the same inhaler. Different inhalers
have different implications for unintentional noncompliance and they may also
have implications for intentional noncompliance. Selecting the optimum inhaler
is as important as selecting the optimum drug, and giving the optimum instruc-
tions in the optimum manner. The importance of individualizing treatment will
become more apparent as new treatments for asthma are developed which in-
crease the range of options open to the clinician.

VIII. Summary and Further Research

This chapter has shown that there are different types of noncompliance, which
occur for different reasons, and with different outcomes. Rather than managing
noncompliance in a particular, fixed way, the type of noncompliance requires di-

Compliance with Asthma Medicine 471



agnosis before appropriate management can be initiated. Although we know a
good deal about the nature and reasons for noncompliance, we know surpris-
ingly little about optimal strategies for dealing with it in its various forms. For
example, although nurse-led asthma education has been found to be helpful (75),
we do not know exactly which aspects of this kind of intervention is most helpful
and for which kinds of patients. Although we know that many patients would
prefer once-daily therapy (76) to twice daily therapy, we do not know how
changing to once-daily therapy affects compliance.

Future research on noncompliance needs to move away from a theoretical
model where classification implies similarity. Although all asthmatic patients
have the same disease, asthma, they are all psychologically different and these
differences underlie differences in response to different kinds of management.
There is no one single good method of managing noncompliance. The skilled
physician uses a range of methods, appropriately selected for different patients,
and research should build on this intuitive skill—which undoubtedly exists in all
areas of good practice. Further research into asthma requires us to think of pa-
tients as people, people with free choice who have their own agendas on their
own beliefs about their bodies. In conclusion, further research requires (1) a clas-
sification of different types and reasons for noncompliance and (2) an investiga-
tion into how different types of intervention affect those different types of
people.
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