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Preface

Cardiovascular disease continues to be the number
one source of morbidity and mortality in our coun-
try. Despite a 35% reduction since 1964, these
diseases, particularly coronary heart disease
(CHD), claim nearly 1,000,000 lives each year in
the United States (Havlik & Feinleib, 1979).

The Framingham study, among others, has iden-
tified three major risk factors implicated in the de-
velopment of CHD: smoking, elevated serum cho-
lesterol, and high blood pressure (Castelli et al.,
1986). Given that these factors account for less
than 50% of the variance associated with CHD
(Jenkins, 1976), it has become obvious that addi-
tional risk factors must be identified if further pro-
gress is to be made in disease prevention and
control.

During the past twenty years, health researchers
have given increased attention to behavioral, psy-
chosocial, and environmental variables as potential
contributors to the spectrum of risk factors. Initial
studies focused on the association of various per-
sonality types, behavior patterns, and life events
(stressors) with the prevalence of CHD, hyperten-
sion, and sudden cardiac death. Although these
studies produced somewhat equivocal results,
there appeared to be sufficient positive findings to
warrant continued investigation. Yet investigators
from the various disciplines engaged in indepen-
dent research on these topics were somewhat
stymied as to how best to proceed.

Approximately ten years ago, a small group of
distinguished health scientists gathered to share
their collective frustrations with the seeming in-
ability of the biomedical and behavioral science
communities to come to terms more effectively
with the diversity of variables related to prevention
and control of chronic diseases. From these and
subsequent discussions, the concept of ‘‘behav-
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ioral medicine’’ was developed and shaped into the
following definition:

Behavioral medicine is the interdisciplinary field con-
cerned with the development and integration of behav-
ioral and biomedical science knowledge and techniques
relevant to the understanding of health and illness and
the application of this knowledge and these techniques
to prevention, diagnosis, treatment and rehabilitation.
(Schwartz & Weiss, 1978)

This concept of ‘‘biobehavioral’’ collaboration
challenged scientists and clinicians of many disci-
plines to consider how they might more effectively
develop diagnostic, treatment, and prevention
strategies by merging their perspectives to address
simultaneously, among others, behavioral, psy-
chosocial, genetic, physiological, biochemical,
and cellular factors, i.e., to attempt to address the
problem at all levels at which it presented itself
(Schwartz, 1981).

Three related principles guided their formula-
tions:

1. Behavioral/psychological factors might have
an interactive as well as an independent contri-
bution to disease processes.

. Demonstrating an association between behavior
and disease state would not in itself be suffi-
cient; one would also have to ultimately identi-
fy mechanisms of action to understand the
causal relationships between behavioral and
disease processes as well as to develop specific
strategies of intervention and prevention.

. Advances in noninvasive, nonmintrusive bio-
instrumentation have permitted simultaneous,
continuous measurement of physiological and
biochemical responses to psychological/envi-
ronmental challenge. Such opportunities would



allow us to assess the range of such responses as
well as *‘resting state’’ values.

With respect to cardiovascular behavioral medi-
cine, the first principle extends the multifactorial
perspective to include interaction among putative
risk factors that may produce an effect in addition
to, and perhaps qualitatively as well as quanti-
tatively different from, the independent contribu-
tion of such factors. For example, although diet
and psychosocial stressors are reputed to exert in-
dependent effects on the development of athero-
sclerosis, the combination of these factors pro-
duces a synergistic response that is greater than the
additive contributions. Traditional research de-
signs have preferred single-factor independent var-
iables, but the complexity of biobehavioral studies
requires factorial designs that also assess the
unique properties associated with combining vari-
ables across different system levels (see, e.g.,
Schwartz, 1981). Thus, the interactive as well as
the independent contributions of implicated risk
factors must be understood before the ‘‘mosaic’’
of factors responsible for the development and pro-
gression of the cardiovascular diseases can be fully
comprehended.

Another issue that needs to be understood is how
biobehavioral variables influence susceptibility to
(or protection from) disease (Smith, Galosy, &
Weiss, 1981). Epidemiological and clinical inves-
tigations have effectively established associations
between putative risk factors and disease occur-
rence and progression. Those studies addressing
behavioral variables as potential contributors have
also produced encouraging findings. Recent ad-
vances in bioinstrumentation now permit simul-
taneous and continuous measurements of behav-
ioral, physiological, and biochemical processes,
which provide the critical gateway to exploring
mechanisms of action (Herd, Gotto, Kaufmann, &
Weiss, 1984). Such studies provide the basis for
understanding how behavioral factors, indepen-
dently and in conjunction with other risk factors,
influence the physiological and biochemical pro-
cesses that, over time, render one susceptible to (or
protected from) disease.

In cardiovascular behavioral medicine, the vari-
ous regulatory processes and systems appear par-
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ticularly responsive to neural input involving both
central and peripheral influences. A better under-
standing of such mediating factors will permit in-
creasingly sophisticated investigations of behav-
ioral-neural—cardiovascular interactions. Again,
one must include interaction with biological vari-
ables to capture the synergistic potential inherent
in such multifactorial paradigms.

The third related principle addresses the ability
of our newly developed biotechnology to assess
biobehavioral interactions in response to behav-
ioral/environmental challenge.

Until recently, the lack of such technology lim-
ited us to ‘‘resting state’’ measurements of the
state of the organism. From such measurements,
epidemiological studies established associations
with presumed processes. Now we are gradually
acquiring the capability to measure the processes
directly in the presence of the behavioral or en-
vironmental perturbations that may influence these
processes in health- or disease-enhancing direc-
tions (Matthews et al., 1986).

Understanding the physiological/biochemical
reactivity of the organism to acute laboratory
stressors will provide a theoretical basis for extrap-
olation to a chronic system disregulation as a pre-
cursor contributor to disease. Noninvasive, non-
intrusive ambulatory field monitoring will provide
additional ‘‘snapshot’’ information that will fur-
ther support the validity of such extrapolations.
The continued development of sophisticated bio-
instrumentation will provide the means to better
understand the intricacies of biobehavioral interac-
tions and their impact on health.

It is essential that our theoretical formulations
keep pace with technological developments, lest
we become too technology-driven, constantly
compiling data in search of explanatory principles
rather than systematically testing experimental hy-
potheses. It is also essential that our measurement
strategies incorporate similar levels of sophistica-
tion and comparable procedures to establish a cred-
ible data base for these theoretical formulations.

Finally, the experimental design and statistical
analyses performed should be appropriate to the
complexity of the issues under investigation. In
reviewing the ‘‘state of science’’ in cardiovascular
behavioral medicine research, it became obvious
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that the multiplicity of standards of measurement,
the inconsistency of types of measures taken across
studies, and the variations in design and analysis
made it extremely difficult to develop a cohesive
picture of exactly what was known—and what was
needed to advance the field. These variations also
produced inconsistencies in results by investigators
ostensibly concerned with the same phenomena, a
circumstance that created credibility problems for
this area of science as well as confusion among the
investigators themselves.

In discussing these problems with respected sci-
entists in the field, the idea of developing a hand-
book as a ‘‘gold standard’’ for measurement, de-
sign, and analysis strategies was conceived. On the
one hand, such a resource would undoubtedly re-
solve many of the concerns noted above. On the
other hand, how could individual authors, replete
with their own biases and predilections, reflect the
consensus of the field on the myriad topics to be
covered in such a handbook? One could foresee
editorial chaos in trying to ensure balanced exposi-
tions by having two or three reviewers for each
chapter independently offering their assessments,
opinions, and requested modifications. The pros-
pect of multiplying this scenario by the 42 chapters
of the handbook gave the senior editors serious
pause. Into this context was born the idea of an
“‘editorial conference,’’ in which each chapter au-
thor, selected on the basis of prominence in the
field, would be prepared to have his or her work
simultaneously reviewed by five or six colleagues.
The ‘‘peer review’’ concept, cornerstone of the
NIH system of scientific merit review, was modi-
fied to provide direct written and oral feedback to
each author from primary, secondary, and tertiary
reviewers, followed by discussion chaired by the
section editor. In this way, all contributions to this
handbook received the benefit of both independent
and consensus review during an intensive three-
day meeting, cosponsored by the National Heart,
Lung and Blood Institute and the University of
Miami. Parenthetically, chapter authors felt the
process was constructive as well as instructive, and
provided them with information they would not
have been likely to receive by the more traditional
review process.

This handbook is divided into six sections, each

xi

of which covers a different methodological do-
main. In some instances, the material in a given
chapter could also have been included in another
section, in which case editorial considerations usu-
ally determined its final assignment.

Assessment of cardiovascular function, a major
consideration in behavioral medicine and psycho-
physiological research, is covered in Section I.
Many tests that formerly required invasive pro-
cedures can now be performed noninvasively, in-
cluding complex hemodynamic measures. As car-
diovascular performance often depends on effective
functioning of other systems, this section also in-
cludes techniques for measuring renal and auto-
nomic nervous system function that are likely to be
of interest in studies of human subjects. In many
instances, it is also important to understand the
mechanisms that underlie changes in cardiovascu-
lar regulation, and whether these are due to changes
on the input side, such as transmitters, hormones,
or receptors, or on the output side, such as myocar-
dial contractility. Section II of the handbook, there-
fore, deals with laboratory assays for electrolytes,
catecholamines, the renin—-angiotensin—aldoster-
one system, corticotropin-releasing factor, vaso-
pressin, atrial natriuretic peptide, and other neuro-
active peptides that may be relevant to behavioral
research, particularly in relation to stress.

Most inferences drawn from laboratory experi-
ments ultimately must be tested in a field setting.
Obtaining reliable and valid measures from am-
bulatory subjects often requires procedures that are
specifically adapted to situations in which far less
control can be exerted over extraneous variables!
Thus, Section III deals with measurement of a va-
riety of parameters of cardiovascular function, in-
cluding on-line electrocardiographic analysis,
which enables one to relate specific life events to
episodes of transient myocardial ischemia. For
those concerned with urine and blood chemistry,
this section also discusses special problems related
to the drawing and preserving of specimens from
ambulatory subjects.

Section IV deals with laboratory procedures and
tasks that provoke cardiovascular reactions in the
subject. Many of the procedures are especially val-
uable in studies of cardiovascular reactivity, for
which numerous approaches have been devised by
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different investigators. The nature of these tasks
differs along several dimensions, with important
influences on the systems activated, the psycho-
logical effects on the subjects, and the social con-
text in which they occur. All of these act against a
background of individual differences, which are
addressed in the chapters in Section V concerning
psychometric assessment of the individual.

Finally, Section VI deals with research design
and statistical analysis. Obviously, this section is
not intended to be a comprehensive treatise on the
subject, but it does provide, for example, an intro-
duction to power calculations, considerations for
the design and execution of clinical trials, and
metaanalysis, subjects not usually addressed in one
source.

Many of the methodologies covered in this vol-
ume make use of recent technological advances
which in turn open the way for new research op-
portunities. It is this feature of the handbook—
combined with the breadth of material selected to
cover the full range of research methodologies in
cardiovascular behavioral medicine and written by
experts in their fields—that may ultimately be of
greatest interest to experienced investigators and
graduate students alike.

NEIL SCHNEIDERMAN
STEPHEN M. WEISs
PETER G. KAUFMANN
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SECTION I

Cardiovascular Measurement in
Behavioral Medicine Research

Section Editor: William R. Lovallo

The purpose of this unit of the handbook is to
describe a variety of techniques for measuring car-
diovascular, renal, and autonomic nervous system
functions likely to be sampled in studies of human
subjects participating in behavioral medicine and
psychophysiological research.

The organization and content of these chapters is
based on two guiding principles. The first is that
the study of a given physiological function vis-a-
vis ongoing behaviors, emotional states, or person-
ality traits must proceed from an understanding of
the complex biological context surrounding that
function, Many studies in the field attempt to relate
a physiological parameter to a behavioral or emo-
tional concomitant, and thus a strong temptation
exists to view the physiological data as a simple
expression of the ongoing emotional or behavioral
process. This approach may lead the investigator
to lose sight of the fact that the heart rate, as one
example, reflects the primary cardiac function of
maintaining blood supply to the body. In view of
this fact, the extent to which heart rate may reflect
behavioral or emotional states is limited by ne-
cessity.

William R. Lovallo  Behavioral Sciences Laboratories, Vet-
erans Administration Medical Center and University of
Oklahoma Health Sciences Center, Oklahoma City, Oklahoma
73104,

The second consideration in interpreting data
presumed to reflect the behavioral-physiological
interplay is to be aware of the degree to which a
physiological function is itself controlled or con-
trolling and how directly it may be capable of par-
alleling ongoing behavior processes. For example,
blood pressure is often used to estimate the physio-
logical response to a variety of behavioral manip-
ulations. An increase in pressure is usually viewed
as reflecting a state of stress or increased arousal,
although it is in fact an outcome of the operation of
at least two controlling parameters, cardiac output
and systemic vascular resistance, which in turn are
each influenced by multiple factors. A given level
of, or change in, blood pressure may thus mean
different things at different times and is not subject
to a unitary mechanistic interpretation. Along the
same lines, systolic and diastolic pressures are
often viewed as equivalent reflections of stress-
related arousal such that increases in both pres-
sures are expected as arousal level increases. In
fact, they are each influenced differently during
responses to challenge. For example, increased 3-
adrenergically mediated activity may increase sys-
tolic pressure due to increased cardiac activity
while simultaneously producing a slight drop or an
attenuated increase in diastolic pressure, reflecting
vasodilation due to the influence of B receptors in
the arteries of the skeletal muscles.



These considerations alert us to beware of con-
struing simple physiological ‘‘indices’’ as reflect-
ing behavioral or emotional states, and they alert us
to be cautious in interpreting different physiological
parameters as though they were equivalent reflec-
tions of such states. They alert us to be wary of
interpreting change in a given direction to reflect a
state of ‘‘activation’’ or ‘‘stress.”” These points
have been raised effectively by Obrist (1981, pp.
1-7).

This section of the handbook is therefore in-
tended to present a biologically based orientation
to problems of measurement in behavioral studies
of cardiovascular function. The choice of what
physiological response to measure and the in-
terpretation of changes in activity should proceed
from an appreciation of the multiple determinants
of that function and of its role in the system.

A further set of considerations may be useful in
comparing and choosing among alternative meth-
ods. Experience indicates that behaviorally fo-
cused research is best conducted using minimally
obtrusive techniques. The question then arises,
which measurement method is best? The following
factors should be considered: safety, degree of in-
trusiveness on the behavioral situation, cost, re-
peatability, and duration of recording. For many
methods of measurement, the most accurate,
“‘gold standard’’ method comes up short on most
of these points, particularly if the method is highly
invasive.

Two major issues then apply in the final choice
of any technique. The first issue is the extent to
which the method directly measures a known phys-
ical quantity reflecting a physiological function,
and second, how accurately it does so. Most meth-
ods, however invasive, rely on a model relating the
physiological function in question to the output of
the measuring system by means of a more or less
well-known physical relationship. Some methods
have well-known relationships based on physical
principles. Measurement of blood pressure via a
mercury manometer is one example in which the
height of the mercury column in relation to the
Korotkoff sounds directly reflects pressure within
the artery, and hence has a one-to-one-relationship
with the underlying blood pressure. Most methods
employ less well-known or more imprecise mod-
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els. For example, photoplethysmographic estima-
tions of pulsatile skin blood flow rely on applying
some numerical interpretation to an analogue wave
form using a model having certain assumptions
about the physical, and hence, physiological
causes of the changes in light level reaching the
sensor. The presumed relationship between the
wave form and the original physiological process
is the basis of our interpretation of the meaning of
the wave form. Obviously, the stronger the model
and the better known the physical relationship, the
stronger is the inference about the underlying
function.

The second issue concerns the accuracy of the
method. In fact, two questions arise here. How
well does the mean of a set of measurements target
the underlying process being measured (validity)?
Second, how well do successive measurement at-
tempts approximate each other (reliability)? A
method with a known, consistent direction and de-
gree of deviation may be preferred over one that is
more accurate in the long run but that has a wider
dispersion and hence is less reliable, Accuracy and
reliability must therefore be considered in the con-
text of the researcher’s goals.

Bearing these considerations in mind and with
the philosophical orientation expressed above, we
proceed with our discussion of specific measure-
ment techniques. In order to reinforce the impor-
tance of placing each candidate dependent variable
in its systemic context, this section of the hand-
book opens in Chapter 1 with a concise review of
the cardiovascular system by Dr. Robert Rushmer,
who addresses the higher-order integrative controls
to which this system is subject as well as the renal
system with which it interacts. Following this in-
troduction, Wilson, Lovallo, and Pincomb in
Chapter 2 review a variety of current methods for
measuring the activity of the heart, including its
electrical activity, structural and functional charac-
teristics, contractile state, and volume output. This
review should introduce a variety of possible meth-
ods suitable to different purposes. Chapter 3 by
Saini and Verrier presents a detailed review of
methods to assess normal and abnormal electrical
conduction of the myocardium during behavioral
manipulations. This very informative approach to
studying behavioral—cardiovascular interactions
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should find wider application as the methodology
becomes better understood and the technology be-
comes more readily available.

The next two chapters deal with measuring the
activity of the vascular tree. In Chapter 4, Picker-
ing and Blank provide a focused review of blood
pressure measurement techniques, their relative
strengths and weaknesses, and special problems of
measurement in elderly and obese adults. Chapter
5 by Anderson discusses Doppler and plethysmo-
graphic techniques to determine arterial flow and
techniques to measure venous tone.

The final three chapters in this section present
methodologies for measuring functions which are
noncardiovascular but which interact importantly
with that sytem. In Chapter 6, Dunlap and Pfeifer
discuss techniques for inferring the degree and
type of activity of the cardiovascular portion of the
autonomic nervous system. Chapter 7 by Anderson
and Mark deals with the related issue of measuring
sympathetic nervous influence on the blood vessels
of the muscles and skin using the direct recording
technique of microneurography. This technique
could well find useful applications in studies de-
signed to assess changes in skeletal muscle activity
related to preparation for motor activity, induction
of the defense reaction, fear, or anger, among oth-
ers. Finally, in Chapter 8, Falkner discusses mea-
surement of fluid volume regulation by the renal

system. It is included here because no considera-
tion of cardiovascular function can be considered
complete without a recognition of the importance
of fluid volume. While the cardiovascular system
is responsible for flow and distribution of blood,
the renal system plays the intimately related role of
regulating the volume of blood available to the
heart and blood vessels. Measurement of renal
function will play an increasingly significant role
in evaluation of behavioral-physiological interac-
tions in studies of precursors of hypertension or
other states in which volume regulation interacts
with cardiovascular function.

The chapters in this section should be viewed as
brief presentations of specialized measurement
techniques. They are intended as introductions
only, and the researcher wishing to apply any one
of them should examine the references related to
that particular method. Finally, many methods re-
quire considerable skill in their technical applica-
tion, and their use in research is advisable only
after a period of hands-on training with an already-
skilled practitioner.

Reference

Obrist, P. (1981). Cardiovascular psychophysiology: A per-
spective. New York: Plenum Press.



CHAPTER 1

Structure and Function of the
Cardiovascular System

Robert F. Rushmer

Introduction

Growing interest in behavioral medicine has
focused attention on the function and control of the
cardiovascular system, partly because of its invol-
untary responsiveness to emotional and stressful
situations, The external manifestations of car-
diovascular responses provide objective indica-
tions of the changing psychological status of nor-
mal subjects and patients. An expanding array of
noninvasive techniques open opportunities for new
and exciting research regarding the potential roles
of psychological and behavioral factors in the de-
velopment of dysfunction and discase. Current
concepts of cardiovascular psychophysiology have
been presented in a comprehensive overview edit-
ed by Obrist (1981),

The cardiovascular system must be capable of
adapting rapidly and effectively to changing re-
quirements to enable the relatively small blood
volume to serve the vital needs of the millions of
cells in the various organs of the human body.

Living cells survive, function, and thrive only in
stable chemical and physical environments from
which they can easily extract the gssential nutrients
and oxygen while eliminating toxic waste products

Robert F. Rushmer « Center for Bioengineering, University of
Washington, Seattle, Washington 98105.

derived from their metabolic activities. Primitive,
single-celled organisms originated in the oceans
where they were surrounded by large volumes of
fluid with relatively stable composition and tem-
perature. Their essential nutrients derived from
these fluids by a process of diffusion resulting
from the universal tendency for substances dis-
solved or suspended in a liquid to move from re-
gions of higher concentration to regions of lower
concentration. Each specific substance moves at a
rate determined by its concentration gradient, i.e.,
the difference in concentration over a specified dis-
tance. Metabolic activity depletes the intracellular
concentration of nutrient materials and oxygen
which are replaced by diffusion from outside the
cell at rates dependent on the concentration gra-
dient for each. Similarly, waste products accumu-
late within the cell and diffuse outward through the
cell membrane into the surrounding fluid and be-
yond. Obviously, increased metabolic activity pro-
duces faster utilization of nutrients, steeper con-
centration gradients, and accelerated diffusion into
and out of the cells.

The movement of molecules by simple diffusion
(without mixing) occurs extremely slowly along
shallow concentration gradients (e.g., over long
distances), For example, a cylinder of tissue cells 1
cm in diameter, suddenly exposed to 100% oxy-
gen, would become 90% saturated with oxygen in
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about 2 h. In contrast, a single cell only 7 pm in
diameter would be 90% saturated in about
0.0054 s. For this reason, organisms consisting of
large cell masses have developed various intricate
mechanisms for maintaining relatively constant the
film of fluid immediately surrounding each cell.
Some simple organisms move through the fluid,
others pump fluid in and out of hollow interiors. In
large and complex organisms with specialized
tissues and organs having widely varying levels of
activity, highly adaptable circulatory systems have
developed expressly for the purpose of conveying
a specialized fluid (i.e., blood) into the immediate
vicinity of each cell in the body. The layer of fluid
Just outside each cell represents a small sample of a
tropical ocean continuously maintained at nearly
constant composition by flow of arterial blood into
networks of capillaries widely distributed in imme-
diate proximity to all the body cells. The capillar-
ies are only about 0.017 mm in diameter and bring
circulating blood to within about 0.1 mm from
most cells. Their combined length would amount
to 60,000 miles. The capillary networks present an
enormous surface area to the tissues so that only
about 5 liters of blood can serve the body of a 170-
kg person.

The many different functions of tissues require
different and widely varying blood flow rates un-
der various conditions. An extreme example is the
transition from rest to vigorous exercise during
which the blood flow through large muscle masses
increases many fold in response to their greatly
increased metabolic activity and energy release. At
the same time, blood flow to the skin is increased
to dissipate heat. Despite curtailed blood flow
through inactive tissues, the total blood flow
through the systemic circulation is increased and
the pumping action of the heart is both accelerated
and enhanced instantaneously or even in anticipa-
tion of exertion. Diverse, integrated patterns of
response occur automatically under many different
circumstances induced by neural and hormonal
controls.

These involuntary control systems respond to
various emotional or psychological stresses by car-
diovascular responses such as blushing, pallor,
rapid pulse, -fainting, or ‘‘palpitations’ of the
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heart. More subtle, reliable, and reproducible indi-
cators of psychophysiological status can be derived
by objective physical and chemical measurements
of appropriate cardiovascular variables. Recent
technical advances provide new and exciting op-
portunities to monitor performance of the heart,
changes in blood pressure, variations of blood
flowing through easily accessible tissues, altera-
tions in blood volume, and changing concentra-
tions of many crucial chemical constituents of
blood and body fluids. This book is designed to
present a broad spectrum of modern methods avail-
able to explore human psychobiology.

General Characteristics of the
Cardiovascular System

The function and control of the human circulato-
ry system are so complex that they defy com-
prehension. The fundamental functions of its
component parts can be more readily visualized in
terms of a simple, basic hydraulic model as illus-
trated in Figure 1. A common configuration is
driven by a piston pump, powered by an external
source of energy. The pumping chamber fills from
an adjacent reservoir as the piston withdraws dur-
ing the filling phase. At the end of the filling
phase, the inlet valves close and fluid is propelled
through opened outlet valves into a rigid pipe. An
adjacent chamber contains air which is compressed
by the rising pressure and cushions the violent im-
pulse that would otherwise occur during the ejec-
tion phase. The compressed air also serves to store
energy, sustaining the driving pressure while the
pumping cylinder is refilling. If the repetition rate
of the pump is set so that each successive ejection
occurs while the pressure in the outflow channels
is still falling, a pulsatory inflow is converted in a
fluctuating but continuous outflow through the
exchanger.

Control valves are situated at the entrance of
each of the many parallel channels. These valves
can be adjusted to manipulate the distribution of
flow through alternate channels in the exchanger.
The resistance offered by these valves determines
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Figure 1. (A) Cardiovascular function and contro] are illustrated
by a simple hydraulic model. A pulsatile pump propels fluid
through a distribution system with a high driving pressure main-
tained by a feedback control system with input from pressure

the rate of outflow through the various parallel
channels. If some of the control valves are opened
wider so that the total resistance is lowered, the
pumping rate must be correspondingly increased to
avoid a drop in the driving pressure. The balance
between the inflow and outflow of the high-pres-
sure distribution system is maintained so long as
the mean driving pressure remains constant. A
control system for maintaining the driving pressure
within a narrow range is illustrated in Figure 1.
Pressure sensors transmit signals to a ‘‘black box”’
control system that automatically regulates the out-
put of the pump (cycle rate) and at the same time
adjusts the outflow valves to maintain a constant
average driving pressure in the system.

Corresponding components can be identified in
the human cardiovascular system. The left ventricle
serves as the pump, forcibly ejecting blood into the
aortic arch having walls rich in elastic fibers. The
elastic expansion of the aortic wall serves to damp-
en violent pressure surges as does the compression
chamber in the mechanical model.

Pressure sensors (baroreceptors) in the walls of
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sensors and output to both the pump and the valves controlling
outflow. (B) The human circulatory system has corresponding
features and similar functions. From Rushmer (1976); reprinted
by permission of Saunders.

the aorta and the carotid artery transmit impulses to
the central nervous system at frequencies related to
the fluctuating arterial pressure. The signals are
processed within the nervous system and deliver
efferent impulses along the autonomic nerves
(vagus and sympathetic) distributed to heart and
peripheral circulation. The hormones released at
their nerve terminals influence heart rate, the vigor
of cardiac contraction, and adjust the resistance to
flow through terminal arterioles and precapillary
sphincters in the myriad microcirculatory beds in
all parts of the body. The actions of these neural
control mechanisms are supplemented by circulat-
ing hormones acting generally throughout the sys-
tem. In addition, local controls of blood flow
through capillary networks are manifest by ac-
cumulating metabolic products in active tissues,
which produce vasodilation by relaxing tension in
the smooth muscle cuffs in arterioles and precapill-
ary sphincters.

This greatly simplified portrayal of the human
cardiovascular system provides some insight into
the basic mechanisms by which it serves a vital



role in supplying the widely varying demands of
the many tissues and organs of the human orga-
nism. The driving pressure required to preserve the
function of the brain is assured by reflexly curtail-
ing flow through nonessential organs when the
total demands of the body exceed the capacity of
the heart to increase its output.

The complex mechanisms maintaining systemic
arterial pressure and adjusting the distribution of
blood flow to the widely varying demands of the
tissues and organs are only one of many different
control systems. Obvious examples are the inte-
grated responses to changes in posture, exercise,
or environmental temperature. Not so obvious are
the multitude of control mechanisms which main-
tain the chemical composition and physical charac-
teristics of the blood and body fluids. For example,
the total quantity of body fluids is maintained with-
in remarkably narrow limits despite wide varia-
tions in the intake of fluids and foods and con-
tinually changing outputs of liquids through many
different channels, including bowels, bladder,
lungs, and skin. Even more remarkable is the fact
that the chemical and cellular composition of the
blood is maintained within narrow limits despite the
continually changing input—output relationships of
dissolved gases, electrolytes, small organic mole-
cules, proteins, hormones, blood cells, and the
many products of metabolism.

The various constituents of the blood and body
fluids must be independently regulated since their
sources and ultimate fates are all different. During
the past half-century, our understanding of control
mechanisms has been expanding at a prodigious
rate with respect to the several organs (i.e., lungs,
liver, gastrointestinal tract, kidneys) involved in
maintaining the appropriate input—output relations
of the various chemical and cellular species. How-
ever, great gaps persist regarding the integration
and control of these processes by neural and hor-
monal mechanisms. The emerging discipline of
behavioral medicine is envisioned as a means of
addressing some of the overriding influences of the
higher levels of the nervous system on organ func-
tions in health and disease. These considerations
extend to the significance and clinical relevance of
health habits, life-styles, environmental stresses,
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and social pressures as they affect the health and
well-being of people in today’s world.

Technical Specifications for the
Cardiovascular System

The intricacy and complexity of the human car-
diovascular system is brought into sharp perspec-
tive by listing some of the essential features that
would be contained in engineering specifications
for developing an artificial counterpart. The human
cardiovascular system must conform to the follow-
ing essential features, among many others:

1. The circulatory system must develop and
maintain remarkably constant the chemical
and cellular composition of arterial blood
within very narrow ranges by replacing oxy-
gen, electrolytes, small organic molecules,
proteins, hormones, and cells as they are
utilized or eliminated.

2. This specialized fluid must be delivered from
a single source to the immediate vicinity of
each of the millions of body cells through a
successively branching system leading to
millions of capillaries smaller than human
hairs.

3. Appropriate pressure gradients must be
maintained from arteries to veins through
capillary networks at all levels from head to
toe despite widely varying flow rates re-
quired to meet the changing requirements of
various organs.

4. The volume flow of blood through each
tissue must be regulated independently in ac-
cordance with its specific function and level
of activity.

5. General and local control mechanisms must
promptly respond to changing levels of ac-
tivity in diverse organs while maintaining
adequate perfusion of vital organs and sup-
porting essential functions of the organism as
a whole.

6. The capacity of the venous reservoir system
must accommodate changes in blood volume
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and its distribution during changes from
supine and standing positions or from rest to
exercise.

7. Neurohumoral control mechanisms must be
capable of rapidly inducing appropriate pat-
terns of circulatory adjustment to conditions
such as exercise and changes in posture, en-
vironmental conditions, or psychological
stresses.

Structure and Function of the Heart

The specifications listed above can be met only
by components of a system endowed with most
remarkable structural and functional character-
istics. For example, the normal heart contracts
around 70 times per minute, more than 30,000,000
times a year for 70 years or even more. It functions
without interruption for maintenance or repair and
rarely rests longer than a second or two at most. Its
ignition system is represented by a specialized
pacemaker under exquisitely precise neural con-
trol. If the pacemaker fails to function for a very
few seconds, a new pacemaker site automatically
takes over. Indeed, virtually any site in the heart
muscle can assume the role of pacemaker or source
of extra beats.

The normal heart ejects liquid more forcefully
and reaches peak velocity faster than the best me-
chanical pump. In all respects, the most advanced
of the available artificial hearts are crude, primi-
tive, and inept substitutes for the normal human
heart. Similarly, the arteries, capillary networks,
venous system, and lungs all display functional
characteristics that defy duplication in any man-
made substitute.

The simultaneous contraction of the myocardial
bundles in the walls of the two ventricles develops
the pressures necessary to force the blood through
the systemic and pulmonary circuits. The thin-
walled right ventricle ejects blood into the low-
pressure, low-resistance pulmonary circuit in the
lungs. The powerful, thick-walled left ventricle
impels blood under high pressure into the high-
resistance systemic vascular tree that serves the
remainder of the body. The walls of the two ventri-
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cles are comprised of sheets and bundles of myo-
cardial fibers complexly intertwined something
like the windings of a turban. On the external or
epicardial surface, the fibers generally spiral from
the base toward the apex of the heart where they
undergo an abrupt twist and continue to spiral back
toward the base of the heart on the inner or endo-
cardial surface. In the wall of the left ventricle, a
thick cuff of muscle fibers encircles the chamber,
interposed between the inner and outer spiral
layers. It serves as the powerful constrictor of the
cavity capable of ejecting blood into the aorta at
very high peak velocities (see Figure 3).

Myocardial Mechanics

Experimental studies of myocardial samples
have consistently demonstrated that their contrac-
tile tension develops rapidly and is well sustained
if they are prevented from shortening, the so-called
isometric contraction. In general, greater contrac-
tile tension is generated if the relaxed bundles of
fibers are lengthened over their functional range
before stimulating contraction. When myocardial
bundles contract to move a load, their maximum
rate of shortening occurs immediately after the
onset and contractile tension falls off rapidly as
shortening proceeds (Sonnenblick, 1962). These
properties of isolated strips of myocardium are
clearly represented in the characteristics of left
ventricular ejection.

The left ventricular configuration and the prop-
erties of its myocardial bundles are well suited to
the task of forcefully propelling blood against the
high pressures in the aorta. In contrast, the right
ventricular chamber is roughly crescent shaped in
cross section, enclosed between the relatively thin
free wall and the thick interventricular septum. Its
internal surface area is large because its shape re-
sembles a pocket. It functions like a bellows and is
capable of propelling large volumes through the
low-resistance vasculature of the lungs with pres-
sures about one-fifth of the systemic circulation
(Rushmer, 1976). The atria and their adjacent
large central veins serve as immediately accessible
reservoirs of blood for rapid filling of the ven-
tricular chambers during each diastolic interval.
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Each ventricle is equipped with inlet and outlet
valves so strong and flexible that they close and
seal against high pressures without backward leak.
The roots of these valves are attached to fibrous
rings that insulate the ventricles from the corre-
sponding atrial chambers during their excitation.

Excitation of the Heart

The functional properties of the heart are depen-
dent on the unique characteristics of heart muscle
(myocardium). Myocardial cells are striated and
have contractile mechanisms like those of skeletal
muscles. However, myocardial cells are not acti-
vated by nerves but instead are excited by the
spread of excitation from one cell to its contiguous
neighbors. Myocardial cells are cylindrical in
shape with branchings joined end-to-end to pro-
duce a dense meshwork. This syncytial arrange-
ment of branching fibers provides uninterrupted
pathways from any site in the atria or in the ventri-
cles to all other contiguous parts of the same
chamber.

The excitability of myocardial fibers is depen-
dent on the existence of electrical potentials across
the cell membranes. In common with all living
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cells, the concentrations of electrolytes (particu-
larly sodium and potassium) are distinctly different
inside the cell membrane as opposed to those in the
extracellular fluid (see Figure 6). This separation
of ions functions like a battery and produces an
electrical potential of about —90 mV. If this mem-
brane potential is reduced below a specific thresh-
old level, the membrane permeability to ions
abruptly changes and the membrane potential rises
rapidly, briefly overshooting the zero potential
level (Figure 2A). Following the peak, the mem-
brane potential exhibits a plateau and then rapidly
returns to the stable polarized resting condition.
The myocardial fibers contract during the plateau
while the membranes remains depolarized. When
the membrane potential returns to the stable resting
level, the myocardial fibers relax.

Sinoatrial Node: The Pacemaker of the Heart

A club-shaped collection of specialized myocar-
dial cells, called the sinoatrial (S-A) node, is lo-
cated in the wall of the right atrium near the point
of entrance of the systemic veins (Figure 2D).
These spindle-shaped cells normally serve as the
‘‘pacemaker’’ of the heart, originating successive

Figure 2. (A) Myocardial cells are excited to contract
during a prolonged action potential that spreads to
adjacent cells of the branching syncytial network. (B)
In pacemaker cells, the resting membrane potential
spontaneously rises to reach threshold and activates an
action potential that invades contiguous myocardial
fibers. (C) Autonomic nerves influence heart rate by
modifying the slope of the resting membrane poten-
tial. (D) Waves of excitation originating at the S-A
node spread throughout the atrial walls and through
special conducting bundles to activate the right and
left ventricles.
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waves of excitation which rapidly envelop the
walls of the right and left atria and then invade the
two ventricles. In contrast to the stable resting po-
tential of the typical myocardial cells, the spe-
cialized cells in the S-A node exhibit a spon-
taneous rise in membrane potential toward the
threshold level and initiate the next wave of excita-
tion (Figure 2B). The structure, function, and con-
trol of the sinus node are presented in great detail
in a book devoted to this single subject (Bonke,
1978).

Autonomic Regulation of Heart Rate

The interval between successive heart beats is
determined normally by the rate at which the mem-
brane potential of an S-A nodal cell rises to cross the
threshold level. The rate at which the membrane
potential of these cells moves toward threshold is
influenced by the action of sympathetic and para-
sympathetic (vagus) nerve endings, concentrated
in or near the S-A node (Figure 2C). Acetylcholine
discharged by vagus nerve endings decreases the
rate of rise of the membrane potential, increases the
interval between beats, and slows the heart rate.
Conversely, sympathetic nerve discharges cause
the S-A nodal membrane potentials to rise more
steeply toward the threshold and quicken the heart
rate. This reciprocal innervation of the heart by the
autonomic nerves provides rapid responses of the
heart rate, often within the interval of a single
cardiac cycle. Sympathetic stimulation which ac-
celerates the heart rate also enhances the functional
performance of myocardium as discussed below
and in subsequent sections.

Because the cells of the heart are arranged in a
branching syncytium, a wave of excitation in one
cell will spread to all adjacent fibers, rapidly in-
vading the walls of both atria. The wave of excita-
tion spreads so rapidly that all the myocardial cells
in both atrial chamber walls contract almost simul-
taneously (Figure 2).

Excitation of the Ventricles

Fibrous rings connect the atria with the ventri-
cles-and block the spread of excitation into the
ventricles except by way of a specialized bundle of
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conducting tissue. At the upper end is the atrio-
ventricular (A-V) node, which is located in the
partition between the two atria and serves as a kind
of one-way gateway to the ventricles. A common
bundle of rapidly conducting fibers passes across
the connective tissue barrier and into the inter-
ventricular septum at velocities of about 1 m/s
(Figure 2D). This common bundle divides into two
main bundle branches that are distributed over the
endocardial surfaces of the two ventricles. Termi-
nal branches extend into the wall of the ventricles,
particularly in the thick-walled left ventricle. The
spread of excitation along the rapidly conducting
fibers activates the full thickness of the two ven-
tricular chambers and induces coordinated contrac-
tion of these main pumping chambers.

Sequence of Events during Typical Cardiac
Cycles

The importance of this normal pattern of con-
tractions is illustrated by the fact that abnormal
sequences of excitation produce contractions that
are neither as forceful nor as complete as normal
beats (see also Chapter 3).

The pattern of excitation described above pro-
scribes an optimal time sequence for the cardiac
cycle. During the diastolic interval, blood gushes
into each ventricle from the corresponding atrium
and the large central veins during early diastole. At
normal or slow heart rates, the latter part of di-
astolic filling slows or plateaus. Atrial contraction
propels an additional increment of blood into the
ventricle, producing eddy currents that help to
bring the open inlet valves into apposition. Syn-
chronous excitation of the ventricular walls pro-
duces almost simultaneous contraction of the two
ventricles with both inlet and outlet valves closed.
Although no blood is ejected at this time, the long
axis of the left ventricle shortens and its powerful
cuff of muscle is stretched just before it begins to
contract. Contractile tension in the left ventricular
myocardium abruptly elevates the intraventricular
pressure to reach and exceed the pressure at the
root of the aorta. The brief interval during which
all four cardiac valves are closed is commonly
called the isometric contraction because the myo-
cardial fibers develop tension but do not eject
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blood from the chambers until the aortic and pul-
monary valves open. The maximum tension devel-
opment and the most rapid ejection of blood occur
immediately after the onset of ventricular contrac-
tion producing an initial impulse of great power
particularly in the left ventricle.

Initial Ventricular Impulse

The power cuff of the left ventricle is excited to
contract just as its myocardium is stretched. Dur-
ing the phase of isometric contraction, left ven-
tricular pressure rises extremely steeply until it ex-
ceeds the pressure in the aorta and the aortic valve
opens (Figure 3). The sudden overshoot of ven-
tricular pressure over aortic pressure represents a
steep pressure gradient providing a powerful im-
pulse to the ejection velocity. During this initial
impulse, ejection velocity rises precipitously to a
sharp peak in early systole (Rushmer, 1964,
1976). This steep upward slope in ejection velocity
denotes rapid rate of change of velocity or acceler-
ation (dV/dt) of the blood. Thus, the forceful ven-
tricular ejection accelerates the blood flow into the
elastic aortic root at rates of 3000 cm/s per s to
rapidly reach peak velocities of some 200 cm/s

Figure 3. The left ventricle functions like an impulse generator,
characterized by a precipitous rise in ventricular pressure which
overshoots the aortic pressure and rapidly accelerates outflow to
a peak velocity in early systole. Performance of the ventricle is
best expressed by the rate of change of velocity (acceleration,
dV/dt), rate of change of pressure (dP/dr), or rate of change of
diameter (dD/dt).
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during the initial phase of systolic contraction
(Spencer and Greiss, 1962; Noble, Trenchard, &
Guz, 1966).

After reaching its peak, the outflow velocity
rapidly declines. In other words, the velocity of
blood flow in the aorta rapidly diminishes because
the myocardial contractile tension falls off and the
blood is carried forward by its own momentum.
This sequence of events indicates that the initial
impulse of ventricular contraction more closely re-
sembles striking a piston with a mallet than a sus-
tained milking action or clenching of a fist.

It is common experience that the heart pounds
with excitement or fear. Indeed, the impulse of
each heart beat shakes the entire body as can be
directly observed by standing on a sensitive scale
and noting the oscillations synchronous with each
heart beat. The displacement of the body in syn-
chrony with the heart beat was the basis for the
development of a device designed to record the
recoil of the body from the acceleration induced by
the contracting ventricles (e.g., the ballistocardio-

graph).

Factors Affecting Output of the Heart

The output of the heart per minute (cardiac out-
put) is determined by the heart rate (the number of
beats per minute) and the stroke volume (the quan-
tity of blood ejected during ventricular contrac-
tions). The stroke volume represents the difference
between the ventricular volume at the end of the
filling period (end-diastolic volume) and the vol-
ume of blood remaining in the ventricular chamber
at the end of its contraction (end-systolic volume).

All of these ventricular volumes are subject to
change under various circumstances. For example,
the end-diastolic volume depends on the filling
pressure (central venous pressure) and the disten-
sibility of the ventricular walls plus the increment
added by atrial contraction. The ejection fraction is
the proportion of the end-diastolic volume ejected
during ventricular contractions. The end-systolic
volume (and the ejection fraction) are greatly influ-
enced by a wide variety of factors, including the
length of the myocardial fibers (diastolic volume),
the tension developed and sustained in the con-
tracting myocardial walls, the rate of myocardial
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shortening, and the impedance to ejection offered
by the pressure in the arterial channels.

As all of these factors are subject to change un-
der various conditions, efforts at describing and
measuring the overall performance of the heart
have proved to be extremely complicated and con-
fusing. For example, changes in the functioning of
the heart during exercise, stimulation of sym-
pathetic nerves, or injection of catecholamines
(e.g., epinephrine) produce many and varied ef-
fects on the pressures, dimensions, and flow rates
in and near the ventricular chambers. It is obvious
that the ventricles beat more forcefully or more
vigorously under these conditions but appropriate
criteria for these changes in function have re-
mained controversial.

The Concept of Contractility

The term contractility is generally employed to
cover the changes in ventricular performance that
cannot be attributed to length of the myocardial
fibers as influenced by diastolic filling pressure
(preload) or by impedance to ejection imposed by
the arterial pressure (afterload). A variety of crite-
ria have been proposed as indicators of contrac-
tility, including rate of rise of ventricular or arterial
pressure (dP/dt), ejection fraction, maximal ve-
locity of myocardial shortening (V,,,,), peak flow

max

Figure 4. Sympathetic stimulation induces profound ef-
fects on left ventricular pressures, outflow, and dimen-
sions, characterized by steeper slopes or rates of change
of flow, velocity, pressure, or diameter as well as short-
er systolic intervals and smaller diastolic and systolic
dimensions. These dynamic changes in ventricular func-
tion are all implicit in the expression ‘‘increased con-
tractility.”’ From Rushmer (1976); reprinted by permis-
sion of Saunders.
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velocities, and acceleration at the root of the aorta
among many others. Direct recordings of the rele-
vent dimensions, pressures, flow rates, and de-
rived variables have demonstrated that sympathetic
stimulation of the heart produces profound effects
on many different aspects of ventricular function.

Autonomic Influences on Cardiac Contraction

The effects of sympathetic stimulation on ven-
tricular performance are illustrated in Figure 4.
They include faster heart rate, shorter systolic and
diastolic intervals, higher peak ventricular pres-
sures, and steeper upslope and downslope (dP/df)
along with more forceful ejection with greater ac-
celeration to higher peak outflow velocities, earlier
deceleration, shorter ejection period, with little or
no increase in stroke volume. The ventricular di-
mensions often display a smaller diastolic volume,
more complete systolic ejection, and larger ejec-
tion fraction. Conversely, stimulation of vagus
nerves to the heart is now believed to have a de-
pressive effect on the heart rate and on ventricular
performance (see Levy and Martin, 1984).

There is growing conviction that such dynamic
indicators of cardiac performance as those in Fig-
ure 4 are valuable additions to more traditional
measures such as stroke volume, cardiac output,
and systemic arterial pressure (Lambert, Nichols,

SYMPATHETIC
DISCHARGE

FAST HEART RATE
systole shorter
diastole much shorter
VENTRICULAR PRESSURE
A atrial contraction higher
B. steeper pressure upslope
C. higher ventricular pressure
D. steeper pressure downslope
.-~ E. deeper pressure dip
VENTRICULAR OUTFLOW
F greater acceleration
G higher peak flow rate
H. earlier deceleration
I. sharper backflow
J. briefer ejection
note. stroke volume slightly
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VENTRICULAR DIMENSIONS
K. reduced diastolic size
, L. faster ejection
/ M.more complete ejection
! N faster early filling
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& Pepine, 1983; Levy, Targett, Bardou, & Mcll-
roy, 1985).

Dynamic Indicators of Ventricular Performance

The outflow acceleration, peak flow velocity,
rate of change of pressures (dP/df), or rate of
change of ventricular dimensions (i.e., dD/df) are
greatly exaggerated by sympathetic nerve stimula-
tion and circulating catecholamines (Rushmer,
1976). Since the left ventricle normally functions
as an impulse generator, its performance is more
accurately represented by the dynamic properties
listed in Figure 3 than by the systolic pressure,
stroke volume or cardiac output.

Comprehensive analysis of cardiac function em-
ploying continuously recording sensors in intact
animals has helped to specify the kinds of mea-
surements which would be most useful in monitor-
ing changing ventricular performance in human
subjects and patients (see Chapter 2, this volume).
Newly developed ultrasonic flow sensing devices
can detect outflow velocity and acceleration in hu-
mans by placing a transducer at the sternal notch
(Huntsman et al., 1983; Bennett, Barclay, Davis,
Mannering, & Mehta, 1984). The noninvasive
monitoring of this key aspect of ventricular perfor-
mance is becoming widespread in its acceptance
and application to clinical research and manage-
ment.

The Arterial Distribution System

The arterial tree serves both as a highly branched
distribution system and as a pressure reservoir to
maintain during diastole the driving pressure re-
quired to propel blood through the multitude of
microcirculatory beds and back to the heart through
the venous system. For this purpose, arterial perfu-
sion pressure normally fluctuates between 120 and
80 mm Hg at heart level.

The level of systematic arterial pressure is ulti-
mately determined by the balance between the car-
diac output and the total peripheral resistance to
outflow through the terminal arterioles, precapill-
ary sphincters, and capillary networks. An uncom-
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pensated reduction in either the output from the
heart or the total peripheral resistance necessarily
results in a fall in blood pressure.

Arterial blood pressure may be elevated either
acutely or chronically but is reflexly prevented
from falling below some critical level of about
60/40 mm Hg lest perfusion of the brain be insuffi-
cient to sustain consciousness or the functional
integrity of vital organs be jeopardized.

The periodic contraction of the ventricles pro-
duces widely fluctuating pressure pulses in the ar-
terial system which are partially dampened by the
resilience of the arterial walls. During the diastolic
period while the relaxed ventricles are filling,
blood flows out of the arterial system through the
terminal arterioles and myriad microcirculatory
beds.

Arterial Pressure Pulses

The vigorous contraction of the left ventricle
abruptly impels a bolus of blood through the aortic
valve, precipitously elevating the arterial pressure
in the aortic arch. The inertia of the long columns
of blood in the arteries prevents instantaneous ac-
celeration along their length. Instead, the stroke
volume initially piles up in the elastic arch of the
aorta, increasing the tension in the walls. This lo-
calized increase in tension propels blood forward
into the next section which in turn is stretched. By
this mechanism, a pulse of pressure (and flow)
travels rapidly along the aorta to the peripheral
arterial channels at about 1 m/s.

Distortion of the Arterial Pulse Wave

The leading edge of this arterial pulse wave is
reflected backward from branch points while the
main body of the pulse wave is still advancing. For
this reason, the arterial pulse wave in peripheral
arteries ascends more rapidly to a higher peak than
at the root of the aorta. This distortion of the ar-
terial pressure pulse is reminiscent of the peaking
of an advancing oceanic wave as it encounters a
wave reflected from a breakwater. The two waves
summate to produce steeper slopes to higher peak
values.



1 o

Factors Affecting the Arterial Pulse
Pressure

When the peak systolic pressure is 120 mm Hg
and the diastolic pressure is 80 mm Hg, the differ-
ent between the two is 40 mm Hg and is called the
pulse pressure. The peak arterial or systolic pres-
sure is elevated by numerous factors including
larger stroke volumes, more rapid ejection, or re-
duced arterial elasticity. The diastolic pressure is
influenced by the stroke volume or heart rate (di-
astolic interval) but reflects most notably the
changes in the total peripheral vascular resistance
as it is influenced by the vasomotor control of
sphincters leading to microcirculations in the vari-
ous tissues and organs of the body. The regulation
of blood flow through the microcirculations in
tissues with widely varying requirements is vested
in diverse local mechanisms that adapt the caliber
of terminal resistance vessels to the level of ac-
tivity of the individual tissue or organ (see
Granger, Borders, Meininger, Goodman, &
Barnes, 1983).

When several different organs are active simul-
taneously, the reduction in peripheral resistance
could precipitate a fall in the arterial perfusion
pressure unless there is a concomitant increase in
the output of the heart and/or an overriding vas-
oconstriction in active or nonessential tissues. For
this purpose, generalized neurohumoral controls
act to maintain the systemic arterial pressure and
the blood flow through vital organs (i.e., brain and
heart) which otherwise could sustain permanent
damage by lowered arterial blood pressure and in-
adequate perfusion.

Peripheral Vascular Control Mechanisms

The quantity of blood flowing through vascular
beds within the different tissues of the body de-
pends on the pressure gradient from arteries to
veins and on the caliber of the sites of controlled
resistance at the terminal arterioles and precapill-
ary sphincters. The metabolic requirements of the
various tissues are extremely diverse and variable.
For example, the metabolism of the brain is re-
markably constant and the cerebral vascular bed is
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remarkably insensitive to any vasomotor influ-
ences (with the possible exception of carbon diox-
ide). In contrast, blood flow to skeletal muscle or
skin is strongly influenced by neural, hormonal,
and chemical influences.

Local Vascular Control Mechanisms

Tissues with widely varying levels of metabolic
activity generally exhibit a diversity of local con-
trol mechanisms which automatically sustain the
blood flow in the face of changes in perfusion pres-
sure or adjust the blood flow to the functional re-
quirements of the local tissue cells. As examples,
skeletal muscle, myocardium, and skin exhibit
profound vasodilation after release of temporary
restriction or interruption of blood flow for a few
minutes. This response, commonly called ‘‘reac-
tive hyperemia,’” is an example of an intrinsic,
automatic regulatory mechanism modulating blood
flow in accordance with changing metabolic re-
quirements of specialized tissues.

Blood flow in skeletal muscle at rest is rather
modest (e.g., 5 ml/min per 100 g of tissue) but
may increase 10- to 15-fold with intense physical
exercise primarily through action of chemical vas-
odilators from increased metabolic activity (Figure
5). Potential mechanisms for vasodilation in skel-
etal muscle include:

1. Inhibition of sympathetic vasoconstriction.
2. Activation of sympathetic vasodilator sys-
tem.
3. Circulating L-epinephrine acting on 8 recep-
tors.
4. Increased carbon dioxide, diminished Oxy-
gen tension.
5. Autoregulation:
a. Metabolic: Related to level of functional
activity.
b. Mpyogenic: Intrinsic responses of smooth
muscle.

Muyogenic Autoregulation

The maintenance of cellular environments of
tissue cells under widely varying levels of func-
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tional activity is generally believed to depend on
intrinsic feedback responses affecting the terminal
arterioles and precapillary sphincters within indi-
vidual microcirculatory networks. For example,
many tissues of the body exhibit responses that tend
to sustain perfusion rates in the face of experimen-
tally induced changes in arterial pressure, venous
pressure, arterial oxygen tension, or metabolic ac-
tivity. Such autoregulation can be demonstrated in
tissues lacking neural or hormonal influences or
even in organs removed from the body and perfused
by artificial means. It is commonly ascribed to a
natural tendency for vascular smooth muscle cells
in terminal resistance vessels to contract when
stretched by elevated internal pressure or to relax
when the perfusion pressure is lowered.

Metabolic Autoregulation

The multitude of mechanisms that modulate
blood flow in response to increased metabolic ac-
tivity are most apparent in the case of vigorously
contracting skeletal muscle. Specifically, the tone
of microvascular smooth muscle is affected by the
levels of oxygen tension and carbon dioxide in the
surrounding tissue. Actively contracting muscles
deplete the oxygen and elevate the carbon dioxide
levels in the tissue fluid that bathes both the muscle
fibers and the adjacent microcirculatory channels
(Figure 5). The vasodilation produced by these
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Figure 5. The control of blood flow and its
distribution through typical capillary net-
works is vested in smooth muscle cuffs sur-
rounding the terminal arterioles and precapil-
lary sphincters. Flow through the capillary
networks is influenced by sympathetic
nerves, circulating hormones, and local con-
trol mechanisms.

factors may be supplemented by other chemical
vasodilator influences such as acid radicals, ADP,
and possibly other factors that have not been fully
elucidated. This imposing array of metabolically
related mechanisms is believed to be effective in
those tissues that exhibit reactive hyperemia in re-
sponse to temporary interruption of their blood
flow, notably heart muscle, certain abdominal
organs, and skin. Regulation of blood flow
through skin involves some additional mecha-
nisms, including changes in ambient temperature,
release of histamine from physical damage to
tissues, as well as expressions of emotions such as
blushing or pallor. The ready accessibility of skin
for study renders the diversity of control mecha-
nisms particularly relevant to psychobiological
investigations.

Interaction between Myogenic and Metabolic
Controls

Myogenic and metabolic control mechanisms
may act synergistically when reduced perfusion is
accompanied by falling oxygen tensions (i.c., di-
minished perfusion pressure). Conversely, in-
creased intravascular tension may be accompanied
by diminished capillary flow during venous
obstruction. Under these conditions, the myogenic
influence would induce constriction but the meta-
bolic mechanisms would promote vasodilation.
The resultant changes in blood flow would indicate
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which mechanism was dominant under a particular
set of circumstances.

Remote Control of Peripheral Vessels

Neural control of the peripheral circulation is
exerted by the sympathetic nerves that originate in
the intermediolateral cell column of the spinal cord
and are distributed widely to the vasculature of the
various organs of the body (Figure 5).

Neural Control Mechanisms

Sympathetic nerve terminals are located very
near the surface of vascular smooth muscle cells in
arterioles, precapillary sphincters, and venules
(see Figure 5, insert). In these terminals, nor-
epinephrine is synthesized from tyrosine and en-
capsulated in tiny vesicles which are released into
the intervening gap to initiate contraction by bind-
ing to specialized o receptors on the smooth mus-
cle cell surface (Greenberg, Curro, & Tanaka,
1983). The rate of norepinephrine release is deter-
mined by the rate of arrival of impulses along the
nerve fiber.

Stimulation of sympathetic nerves at rates of
about 6 impulses/s releases quantities of nor-
epinephrine sufficient to reduce capillary blood
flow to about a quarter of control values. Active
constriction of precapillary sphincters blocks flow
into some capillaries and reduces the proportion of
capillaries through which blood is actively flow-
ing. Sympathetic vasoconstrictor fibers are dis-
tributed to many areas of the body including skin,
striated muscles, and abdominal viscera.

Sympathetic vasodilation has been described in
experimental animals through release of acety-
Icholine to produce increased blood flow in skin
and striated muscle. Its existence in humans re-
mains debatable.

Hormonal Effects on Peripheral Vessels

The adrenal glands, posterior pituitary, and the
kidneys are the principal sources of hormones in-
volved in circulatory regulation. Norepinephrine
released into the blood by the adrenal glands pro-
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duces patterns of response similar to the effects of
stimulating sympathetic adrenergic nerves produc-
ing constriction of arterioles, precapillary sphinc-
ters, venules, and small veins (Figure 5). Epi-
nephrine has a similar action in most organs but
also has a powerful vasodilator action in skeletal
muscle and myocardium. The demonstration that
epinephrine can induce vasoconstriction or vas-
odilation led Ahlquist (1958) to postulate two dif-
ferent receptor sites: a receptors in vascular
smooth muscle in skin, skeletal muscle, myocar-
dium, and abdominal organs respond by constric-
tion to epinephrine, norepinephrine, and related
catecholamines; (3 receptors respond to similar
stimulation by vasodilation, accelerated heart rate,
and more forceful cardiac contraction and vas-
odilation in skeletal muscle and coronary circula-
tion. Isoproterenol is a synthetic product that mim-
ics the action of epinephrine on the B receptors
(Granger et al., 1983).

Paradoxical Effects of Circulating
Norepinephrine

The direct effects of norepinephrine released by
sympathetic nerve endings in the heart are in-
creased heart rate and more poweful contractions.
Circulating norepinephrine has such a profound
vasoconstrictor action that the arterial blood pres-
sure is elevated. Pressoreceptor reflexes activate
such great vagal discharge that the heart rate
slows, masking the direct effect of the nor-
epinephrine on the pacemaker cells.

Renal Factors in Vascular Control

The kidneys are also ascribed a role in vascular
control through the elaboration of a hormone
called renin when the renal blood flow is dimin-
ished. Renin combines with a plasma protein cir-
culating in the blood to form angiotensin, which
produces elevation of arterial blood pressure
through increased total peripheral resistance. Indi-
rectly, renin is believed to act on the adjacent adre-
nal gland to release a hormone called aldosterone
acting on the kidney to increase blood volume
through retention of salt and water (Figure 5).
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Body Fluid Volume and
Distribution

More than half of the body weight of humans is
due to water. Specifically, an average person
weighing 70 kg contains about 40 liters of water of
which more than half (60%) is located within cells
(intracellular fluid). The extracellular fluid
amounts to about 10 liters (located in the in-
terstitial spaces between cells or in body cavities)
and about 5 liters of blood containing 3 liters of
plasma and 2 liters of cells, primarily red blood
cells (see Figure 6).

Chemical Composition of Body Fluids

The chemical composition of the fluids inside
cells differs greatly from that immediately outside
the membranes that enclose the cellular pro-
toplasm. In addition to the many organic com-
pounds involved in the structure and metabolism of
cells, intracellular fluid has relatively high con-
centrations of certain ions (i.e., potassium; magne-
sium, and phosphate). In contrast, the extracellular
fluid contains much greater concentrations of so-
dium, chloride, and bicarbonate (HCO;). Such dif-
ferences in ionic concentration across the cell
membrane are the result of active transport of ions,
particularly sodium, across the membrane against
steep concentration gradients. The disparity in
ionic composition on opposite sides of the cell
membrane is characteristic of living cells and is
responsible for the electrical potentials essential
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for excitability of some of them (i.e., nerves and
muscles).

The cell membranes are semipermeable so that
differences in total concentration of the various
ions and molecules are equalized by powerful os-
motic attraction that impels water to move from
regions of higher concentration to regions of lower
concentration across such membranes.

The cell membranes are obviously very effective
in inhibiting the movement of some ions and ac-
tively transporting others to maintain the wide dis-
crepancies between the composition of the fluids
inside and outside the cells. On the other hand, the
capillary walls which separate the blood from the
interstitial fluid are comprised of delicate tubes of
endothelial cells which are very permeable to
water, electrolytes, oxygen, carbon dioxide, and
small organic molecules. The relatively unin-
hibited movement of these materials between the
blood and tissue spaces is essential for the prompt
and effective transport of nutrients and waste prod-
ucts to preserve the cellular environment in all the
tissues of the body. The hydraulic pressure re-
quired to propel blood through the capillaries and
back to the heart is sufficient to rapidly deplete the
blood vascular system of its free fluid were it not
for the osmotic attraction of the proteins in the
blood.

Fluid Balance at the Capillary Walls

The hydrodynamic conditions at the capillary
walls vary greatly in different tissues under various

Figure 6. The volumes and chemical composi-
tion of the fluids within body cells are contrasted
with the extracellular fluids which are composed
of the fluids between cells, in body cavities, and
the blood plasma. Strictly speaking, the fluid in
blood cells is intracellular, a distinction not in-
cluded in this diagram.
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conditions but a typical capillary at heart level is
generally illustrated as having an internal pressure
of about 35 mm Hg at the arteriolar end and at or
near venous pressure (i.e., 10 mm Hg) at the ven-
ule. Tissue pressure outside capillaries is difficult
to measure but is generally considered to be less
than 10 mm Hg. Thus, the pressure that propels the
blood through the capillary would also propel the
fluid through the capillary wall into tissue spaces
along its entire length were it not for the osmotic
pressure of the proteins in the blood. The per-
meability of the capillary wall does not extend to
large molecules like the albumin and globulins in
the blood plasma. These proteins are largely re-
tained within the capillary and exert an osmotic
attraction for water in the range of around 25 mm
Hg. This colloid osmotic pressure opposes capil-
lary pressures that promote outward movement of
water into the tissues. Thus, the osmotic attraction
of plasma proteins acts to maintain the blood
volume.

This balance of forces across the capillary walls
is often portrayed as an outward migration of water
at the arteriolar end of the capillary and an inward
movement of water at the venous end where the
colloid osmotic pressure exceeds the effective cap-
illary pressure. This simplistic view of capillary
fluid balance at heart level in resting tissues ne-
glects the conceptual problems that arise when ar-
terioles dilate and elevate capillary pressure to
steepen the gradient and accelerate flow. Even
more troublesome is the maintenance of capillary
fluid balance in dependent portions of the body in
erect humans where a venous pressure as great as
80 mm Hg greatly exceeds colloid osmotic pres-
sure. Under such conditions, water escapes from
the capillaries into the tissues and is returned to the
circulation by way of the lymphatic system.

Such a brief discussion of this complicated sub-
ject neglects nuances and details that are beyond
the scope of the present discussion. Suffice it to
say that the blood volume is maintained within
remarkably narrow limits despite many and varied
circumstances that would appear to threaten its sta-
bility. Since the blood is the transport medium for
all the substances that enter or leave the tissues, it
is intimately involved in the maintenance of the
total body fluids and their distribution among the
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various regions, organs, and tissues. In general,
the osmotic attraction of electrolytes is so great
that water inevitably follows the movement of
those ions that appear in greatest concentration. As
indicated in Figure 6, sodium and chloride are the
dominant ions in the extracellular fluids and reg-
ulation of sodium content by the kidney is a crucial
element in the renal regulation of body fluid
volumes.

Input—Output Balance of Body Fluids

The quantity of fluids, salts, and nutrients in-
gested is extremely varied, depending on such fac-
tors as individual habits, cultural differences, and
environmental conditions. The intake of foods,
salts, and fluids is intermittent during the day and
changes with the seasons and in accordance with
individual preferences or drives. At the same time,
corresponding substances leave the body at widely
varying rates from the intestinal tract, lungs, skin,
and kidneys. The primary role of the kidneys is to
excrete urine having such volume and composition
that the total body fluids and their chemical com-
position remain within remarkably narrow limits
over extended periods of times.

Function of the Kidneys

The kidneys are paired organs situated on either
side of the aorta and each comprised of about 1
million nephrons emptying into collecting tubules
as schematically illustrated in Figure 7. Each
nephron consists of a glomerudus containing a tiny
network of parallel capillaries within a cuplike
structure called Bowman’s capsule. These glomer-
ular capillaries are extremely permeable to the fil-
tration of water and solutes from the blood into
Bowman’s capsule. The glomerular filtrate passes
through a long and tortuous ductile system that
leads ultimately to a collecting tubule and finally to
the urinary tract.

To accomplish its crucial function, a very large
fraction (i.e., 20%) of the total resting cardiac out-
put flows through the multitude of glomerular cap-
illaries (see Figure 7A). The glomerular vessels are
equipped with smooth muscle cuffs at both the
entrance and exit of the glomerular vessels. Thus,
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Figure 7. (A) In maintaining the volume and composition of the
body fluids, the kidneys are perfused by a massive blood flow
(about 20% of the total resting cardiac output). Each minute, a
filtrate of about 120 cm3/min enters the nephron units. (C) Most

both the efferent and afferent vessels of the
glomerulus are sites of controlled vascular re-
sistance. The renal circulation exhibits a remark-
able degree of autoregulation such that the blood
flow through the kidney remains remarkably stable
in the face of either elevation or lowering of the
systemic arterial blood pressure. In addition, sus-
tained obstruction to renal blood flow impels the
kidneys to produce elaborated renin, which con-
verts a circulating precursor into angiotensin,
which in turn produces vasoconstriction and ele-
vates arterial pressure.

The controlled resistance at both the entrance
and exit from the glomerulus also functions to
to maintain the volume of fluid filtering into the
glomerulus at around 120 cm3/min. As the
glomerular filtrate progresses along the tubules of
each nephron, most of the water and solutes are
reabsorbed into a second capillary network that
accompanies each tubule. By this means, essential
ingredients, such as glucose or amino acids, are
restored to the blood. Superfluous solutes, toxic
substances, and certain metabolic products such as
urea are excreted either by the process of reabsorp-
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of the water and solutes are selectively reabsorbed during pas-
sage through the tubules to provide a urine volume of about 1
cm?3/min. Certain excess or toxic materials are actively secreted
into the tubular fluid for excretion.

tion or by active secretion back into the blood by
the tubular cells (see Figure 7B). The most promi-
nent examples of substances which are reabsorbed
or secreted are enumerated in Figure 7C.

Control over the excretion of sodium and related
electrolytes is largely vested in the action of al-
dosterone, a hormone produced by the adrenal
glands in response to changes in the composition
of extracellular fluids. The major action of al-
dosterone occurs at the distal convolution of the
tubules just before entrance into the collecting tu-
bule (see Figure 7C).

The kidneys are capable of excreting either large
quantities of dilute urine or small quantities of
highly concentrated urine depending on the water
intake, among other things. The final adjustment
in the excreted volume occurs in the collecting
tubule under the influence of an antidiuretic hor-
mone (ADH) excreted by cells in the hypoth-
alamus at the base of the brain. It is generally
conceded that sensors responsive to changes in the
osmotic concentrations of extracellular fluids initi-
ate the release of this important control mech-
anism.
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The magnitude and diversity of renal function
are illustrated by the fact that about 1 cm? of urine
is formed each minute from a filtrate of 120 cm?/
min derived from a renal blood flow of about 1200
cm?3/min. In the process, the total quantity of many
different substances in the body fluids is controlled
within narrow limits by a complex process that
deals individually with a great diversity of solutes.
This challenging objective involves intrinsic renal
mechanisms under the influence of external neural
and humoral regulatory mechanisms.

Neural Origins of Cardiovascular
Responses

The autonomic nervous system plays prominent
roles in many aspects of cardiovascular control.
The parasympathetic nervous system acts through
the vagus nerves to slow heart rate but has little
direct influence on the peripheral vascular system.
Conversely, the sympathetic nervous system acts
to accelerate heart rate, enhance the force of car-
diac contraction, and can produce patterns of pe-
ripheral vascular responses that are appropriate for
vigorous exertion. Since some of these reactions
may emerge in anticipation of exercise, the central
nervous system is the logical site of their origin.
The hypothalamus has long been recognized as an
important source of neural outflow through the in-
termediolateral cell columns of the spinal cord out
to the sympathetic chain and its widespread distri-
bution.

In search of the origins of integrated patterns of
cardiovascular responses, stimulation of selected
sites in the hypothalmus elicited cardiovascular re-
sponses that closely resembled those recorded dur-
ing spontaneous exercise by experimental animals
(Smith, Rushmer, & Lasher, 1960). In some in-
stances, running movements of the legs were
produced by the same stimuli that induced the car-
diovascular responses. The cardiovascular re-
sponses to psychological or emotional stimuli
clearly establish the brain as an important source of
integrated patterns of autonomic discharge. A
great deal of interest and effort focused on identi-
fying the neural pathways and connections be-
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tween the higher levels of the brain and the outflow
to the sympathetic nervous system (Rushmer &
Smith, 1959).

Cardiovascular responses that would be ex-
pected to accompany severe emotional displays of
rage, anger, or defense have been obtained by
stimulating particular sites in the amydala. The
cardiovascular response includes fast heart rate,
increased arterial pressure, vasoconstriction in the
kidneys, intestines, and skin, and vasodilation in
skeletal muscles.

Hypothalamic Areas Controlling Emotional
Responses

Using an operationally defined conditioned
emotional response in conjunction with a variety of
recording techniques to monitor cardiovascular re-
sponse in unanesthetized animals, Stebbins and
Smith (1964) demonstrated patterns of responses
associated with emotion that could be reproduced
repeatedly. The same cardiovascular response
could be elicited by electrical stimulation of the
medial portion of the lateral hypothalamus. Dis-
crete destruction of this area led to complete disap-
pearance of the previously observed response
when the animals were again retested for the con-
ditioned emotional response. The anatomical
site(s) which produced these effects was desig-
nated hypothalamic area controlling emotional re-
sponses (Smith & DeVito, 1984). This area pro-
jects directly and indirectly on the sympathetic
outflow to the cardiovascular system. The demon-
stration of direct connections to the sympathetic
outflow suggests a very precise and specific output
stemming from higher centers of the nervous
system.

Summary

The cardiovascular system is known to respond
in diverse ways to both physiological and psycho-
logical stresses. Initiation of most of these re-
sponses stems from the central nervous system act-
ing through the autonomic nervous system,
primarily the sympathetic outflow to the heart and
sites of peripheral resistance in the peripheral ves-
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sels. The circulatory manifestations which accom-
pany changes in psychological state have been the
central focus of investigations exploring behav-
ioral responses. In recent years, many and varied
new technologies have emerged that provide new
opportunities to monitor changes in human car-
diovascular parameters more or less continuously
without discomfort or hazard. The emergence of
such technologies promises to greatly extend the
tools available for research in psychobiology. This
book is intended to illuminate and elucidate these
modern techniques and their potential utilization in
behavioral research.
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CHAPTER 2

Noninvasive Measurement of Cardiac
Functions

Michael F. Wilson, William R. Lovallo, and Gwendolyn A. Pincomb

Introduction

The preceding chapter summarized the physiology
of the cardiovascular system and suggested ave-
nues, especially neural and hormonal mechanisms,
through which behavioral or psychological factors
might influence its regulation. The focus of this
chapter will be to describe methodologies for ob-
serving changes in cardiac function which are par-
ticularly suitable for behavioral studies in humans
due to their low risk, noninvasiveness, and for
some methodologies, their unobtrusiveness.
Techniques for measuring cardiac function may
be organized according to the cardiac function
measured. These are: (1) the rate and rhythm of
cardiac activity; (2) the specific events within the
cardiac cycle and their inter- or intrarelationships;
(3) the quantification of cardiac output and related
cardiac volumes; and (4) the estimation of changes
in cardiac contractility. In practice, the major
methods described in this chapter may yield data
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about several different cardiac variables which
may be applicable to one or more categories; and
frequently more than one method can be used to
obtain information about a particular variable.
Thus, the specific measurements or variables with-
in each category, possible applications to behav-
ioral studies, and relevant techniques for measur-
ing these variables will be briefly summarized.
The remainder of the chapter provides an intensive
examination of four major methods which have
significant potential as tools for exploring how be-
havioral manipulations may alter cardiac function:
electrocardiography, echocardiography, nuclear
cardiography, and impedance cardiography.

Cardiac Function

Rate and Rhythm

Heart rate (HR; the number of ventricular con-
tractions within a given time interval) is designated
in beats per minute (bpm) with normal adult rest-
ing rates ranging from 60 to 100 bpm and a tre-
mendous reserve capacity to more than triple these
rates during challenge. HR is highly sensitive to
behavioral manipulations including changes in
posture or emotional state, engagement in psycho-
motor or cognitive tasks, the performance of phys-
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ical exercise, and eating. Determinants of resting
HR and HR response include gender, age, physical
conditioning, constitutional reactivity, cardiovas-
cular disease risk, and perhaps many other psycho-
logical/behavioral factors. Also, HR is an essential
component in the regulation of cardiac output and
blood pressure.

Periodic normal fluctuations in HR which are
entrained to respiratory cycles are called sinus ar-
rhythmias; and these are characterized by accelera-
tion during inspiration and deceleration during ex-
piration. The magnitude, frequency, and phase
relationship of these respiratory-induced changes
reflect complex interactions between reflex mecha-
nisms and centrally integrated vagal stimulation.
Sinus arrhythmias tend to become less pronounced
with increasing age and more prominent when res-
piration or blood pressure is increased. Newer
techniques employing spectral analysis of sinus ar-
rhythmias may reveal that they are sensitive to a
variety of individual difference factors and behav-
ioral manipulations.

Various abnormal fluctuations in cardiac rhythm
may occur, some of which have clinical signifi-
cance. Diagnostic evaluation of these arrhythmias
generally requires information about electrical ac-
tivity throughout the cardiac cycle and not simply
HR. Central sympathetic and parasympathetic ac-
tivity play significant roles in determining whether
underlying physiological preconditions result in
the expression of arrhythmias. Arrhythmogenic
mechanisms and their regulation are described
more thoroughly in Chapter 3 (this volume). With
respect to measurement considerations, it is impor-
tant to note that behavioral manipulations may in-
fluence the occurrence and frequency of ar-
rhythmias; these abnormal cardiac cycles may be
accompanied by aberrant changes in HR and other
measures of cardiac function, especially cardiac
volumes and contractility. These changes are usu-
ally transient, but depending on the sampling pro-
cedure used, they may result in a significant source
of artifact unless the arrhythmias are themselves a
focus of investigation.

Heart rate and rhythm are among the simplest
cardiac functions commonly measured. HR can be
counted during manual palpation of the pulse, but
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automated techniques have the advantages of un-
obtrusiveness, greater precision, and the ability to
obtain continuous beat-to-beat information that can
even be precisely time-locked to behavioral manip-
ulations. These automated techniques are varied,
but all rely on measuring some physical manifesta-
tion of each beat and include: oscillometric mea-
surement of pressure fluctuations, plethysmogra-
phy, and phonocardiography, as well as the four
major methodologies discussed in this chapter (see
Table 1). Electrocardiography provides the most
information about alterations in cardiac rhythm.

Cardiac Cycle

Each cardiac cycle involves a complex orches-
tration of electrical events, and mechanical events
reflected by hemodynamic changes in pressure,
volume, and flow, and valve action. The temporal
relationships between these events are depicted in
Figure 1. With the exception of atrial, ventricular,
and aortic pressures, all of these functions can be
examined noninvasively. The applicable tech-
niques are listed in Table 1. The ability to record
specific events within the cardiac cycle is crucial to
obtaining measurements of cardiac volumes and
contractility.

Cardiac Output and Volumes

Cardiac output (CO) is a measurement of the
volume of blood ejected by the heart over a given
period of time. Physiologically, this value repre-
sents the goal of complex regulatory processes to
maintain the blood supply at a level appropriate for
the prevailing physical and behavioral conditions.
Along with vascular resistance, CO is a major de-
terminant of blood pressure values. Resting adult
values for CO are about 5 liter/min and there is a
reserve capacity of as much as 25 liters/min.

CO is directly determined by three important
cardiac volumes each of which can yield important
information about cardiac function. Left ven-
tricular end-diastolic volume (LVEDV) is the
amount of blood present in the left ventricle after
the mitral valve closes and before ejection occurs.
LVEDV is sensitive to changes in diastolic filling
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Figure 1. Events of the cardiac cycle for the left heart are
expressed in terms of pressures (aortic, ventricular, and atrial),
flows (aortic and mitral), left ventricular volume, heart sounds,
and the electrocardiogram.

which may be influenced by HR, posture, venous
compliance, pulmonary resistance, and other
factors. Left ventricular end-systolic volume
(LVESYV) is the amount of blood remaining in the
left ventricle following ejection after the aortic
valve closes and before reopening of the mitral
valve initiates a new diastolic filling period.
LVESYV is sensitive to changes in preload condi-
tions reflected in LVEDV, to cardiac contractility,
and to afterload conditions related to the opposing
pressure of blood in the aorta and peripheral cir-
culation. Stroke volume (SV) is the amount of
blood ejected (in milliliters) during a single cardiac
cycle and is determined by the difference between
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Table 1. Common Noninvasive Methods

of Measurement
Events ECG Echo Nuclear ZCG

Electrical Direct
Heart sounds Directe
Pressures? Indirect
Cardiac volumes Indirect  Direct
Cardiac output Direct Direct Indirect
Valve motion Indirect  Direct Indirect

aCertain impedance applications include direct phonocardiographic rec-
ording of heart sounds.

#Direct pressure measurement requires invasive techniques beyond the
scope of this chapter. Aortic pressures, systolic, diastolic, and mean,
are well estimated by the cuff method.

LVEDV and LVESV (SV = LVEDV — LVESV).
By convention, CO is designated as a volume per
minute and obtained from the formula CO(lit-
ers/min) = SV(ml) X HR(bpm)/1000. The com-
parability of these volumes across individuals may
be enhanced by controlling for body surface area
(BSA) based on the formula BSA (m?) =
height®725 (cm) X weight©-425 (kg) X (0.007184).
CO and SV are commonly expressed as cardiac
index (CI = CO/BSA) and stroke volume index
(SVI = SV/BSA).

Until recently, CO and other related cardiac vol-
umes could not be estimated reliably without in-
vasive procedures. The most accurate method is
generally agreed to be based on the Fick principle
which relates oxygen consumption and delivery to
blood flow. Somewhat less accurate but commonly
used procedures are based on the principle of indi-
cator or thermal dilution (Berne & Levy, 1972, pp.
178—182). Each of these methods involves some
sources of estimation error, but their most serious
limitation involves their invasive nature and asso-
ciated risks of injury and infection. Discomfort and
anxiety associated with the procedure can require
medication or produce confounding influences in
cardiovascular regulation which may interact with
changes related to behavioral manipulations. Also,
the impact of fluid for the dilution procedures may
itself produce transient artifacts in cardiac func-
tions. Thus, these techniques have limited direct
application to cardiovascular behavioral research.
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Measurement of CO by indirect Fick and mea-
surement of mixed venous PCO, is a noninvasive
method that has regained popularity for use in the
exercise laboratory (Jones, 1982). This method of
respiratory gas analysis owes its renaissance to ad-
vances in physical detectors and rapid processing
of data. Two approaches are being used: (1) re-
breathing from a bag with low CO, concentration,
and (2) equilibration using a bag with high con-
centration of CO, in oxygen. Reproducibility is
within £20% at rest and improves at higher car-
diac outputs, e.g., during exercise. These deter-
minations are intermittent and moderately obtru-
sive; therefore, we have not given them an in-
depth discussion.

The availability of newer, noninvasive methods
for assessment of cardiac parameters represents a
major technological advancement for behavioral
investigations concerning cardiovascular regula-
tion. Not very many years ago (less than one to
two decades), the four measurement techniques to
be discussed in depth in this chapter would be lim-
ited to the electrocardiogram. Echocardiography
and nuclear cardiac imaging are very recent devel-
opments for clinical noninvasive cardiac assess-
ment. Both are well suited for behavioral medicine
and research where quantitative cardiac and/or
myocardial assessments are part of the experimen-
tal design. The use of impedance cardiography for
cardiovascular behavioral research was pioneered
in our research laboratories with great success.
Table 1 summarizes the methodologies which
yield information based on various volume or flow
relationships.

Muyocardial Contractility

Myocardial contractility is a dynamic concept
which expresses the state of cardiac performance
that is independent from loading conditions, i.e.,
preload measured by end-diastolic volume, after-
load which is a function of aortic blood pressure,
and HR. Under constant loading conditions an
augmentation of cardiac performance indicates in-
creased contractility (positive inotropic effect),
and a depression of cardiac performance a de-
creased contractility (negative inotropic effect). In
the intact cardiovascular system, contractility is an
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important factor in regulating SV, CO, and arterial
blood pressure. Contractility indices which have
been used in humans are listed below.

1. Pressure-related index (dP/dt) is derived
from the development (or increase) in left ven-
tricular pressure (mm Hg) over time (s) after clos-
ing of the mitral valve. This index, which is influ-
enced by afterload, cannot be obtained directly
without invasive instrumentation using cardiac
catheterization.

2. Systolic time intervals (PEP and LVET) can
be derived from noninvasive measurements for in-
tervals within the cardiac cycle (Lewis, Rittgers,
Forester, & Boudoulas, 1977). Preejection period
(PEP) represents the time during which the left
ventricle is contracting isovolumetrically prior to
ejection. Left ventricular ejection time (LVET)
represents the period during which the aortic valve
is open. The ratio (PEP/LVET) has been used to
partially control for preload and afterload condi-
tions. The best methods for systolic time interval
measurements are: (a) impedance, (b) Doppler,
and (c) the carotid pulse/heart sound technique.
The electrocardiogram is used in each as a timing
device.

3. Volume-related indices (ESV and EF) can be
derived noninvasively from estimation of the vol-
umes of blood in the left or right ventricle before
and after ejection. End-systolic volume (ESV) and
ejection fraction (EF = SV/EDV) have been used
extensively for clinical and research applications.
However, both are influenced by loading condi-
tions. Nuclear cardiac blood pool imaging using
multiple gated acquisition (MUGA) is the standard
for left ventricular ejection fraction (LVEF). When
directly calibrated, it is also the most accurate non-
invasive method for ventricular volumes at rest and
with bicycle exercise.

4. Flow-related indices can be derived nonin-
vasively from changes in blood flow through the
aorta or the thoracic cavity (Rushmer, Watson,
Harding, & Baker, 1963). The Heather index of
contractility (HI) is based on ejection acceleration
and is obtained by impedance cardiography. Dop-
pler measurements of aortic flow velocity and ac-
celeration are sensitive parameters for detecting
changes in ventricular systolic function. These in-
dices are influenced inversely by changes in ar-



2 e

terial blood pressure. The most accurate measure
of aortic flow, velocity, and acceleration is with
Doppler echo. Nuclear techniques are equally as
precise for determination of CO. Impedance is an
excellent low-cost method for evaluating CO and
contractility.

5. The systolic pressure/volume ratio (SBP/
LVESV) can be derived noninvasively by nuclear
ventriculographic estimations of LVESV and si-
multaneous measurements of systolic blood pres-
sure. This recently developed index of contractility
shows promise for more widespread clinical and
research applications because of its apparent rela-
tive insensitivity to loading conditions (Sagawa,
Sanagawa, & Naughan, 1985). Quantitative nu-
clear ventriculography is the most accurate and re-
producible noninvasive method for this assessment
of ventricular contractility at rest and also during
maximum exertion (Wilson, Sung, Thadani,
Brackett, & Burow, 1985).

Access to Equipment

Availability of this highly sophisticated instru-
mentation, such as echocardiography and nuclear
imaging techniques, and the skill to properly in-
terpret the data will often depend on an effective
liaison and working relationship between the be-
havioral scientist and cardiologist. Electrocar-
diography at rest, with ambulatory electrocardio-
graphic (Holter) monitoring, and during exercise
stress are performed many times daily by the car-
diologist in the Heart Station. Echocardiography
(M-mode, 2-D, and Doppler) are standard clinical
cardiology procedures; these modalities are rapidly
advancing in technical development under the in-
fluence and auspices of clinical research. At most
academic institutions, nuclear cardiac imaging is
located within Nuclear Medicine, but it is usually
highly dependent on interactions with nuclear
medicine-trained cardiologists for the *‘cutting-
edge’’ nuclear cardiac research and development.
Cost factors, ease of use, and relative merits of one
method compared to another will vary depending
on local developments among institutions. These
various considerations are discussed in more detail
under the individual sections.
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Measurement Technique

Electrocardiography
Description of Technique

Physical Parameter Measured. The electrocar-
diogram (ECQG) is a graphical recording of cardiac
electrical currents measured as voltages (poten-
tials) from the body surface by conducting elec-
trodes attached to a galvanometer, an amplifier,
and recording system. The electrocardiographic
potentials are inscribed on paper moving at a con-
stant speed so that both the sequence and the fre-
quency (HR) of cardiac excitation can be deter-
mined (Goldberger & Goldberger, 1981).

The normal ECG sequence consists of a P wave,
QRS complex, T wave, and often a U wave (Fig-
ure 2). The times between these waves are called
the PR and ST segments. Two intervals of impor-
tance to ECG interpretation are the QT and the R—
R intervals. Each normal heart beat begins with
electrical activation (excitation) of pacemaker cells
in the sinus node located in the upper portion of the
right atrium near its junction with the superior vena
cava (see Chapter 1). This excitation spreads into
the right and left atria where it is recorded from the
body surface as the P wave. When the electrical
activity is coursing through the specialized con-
duction tissue between the atrial and ventricular
myocardial chambers, it is ‘‘silent’’ and not de-
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Figure 2. (Top) Composite surface electrocardiogram with ma-
jor waveforms (P, QRS, T, U), shown at standard recording
speed (25 mm/s) and calibration (1 mV = 10 mm). (Bottom)
Transmembrane action potential from a single ventricular myo-
cardial cell showing that the duration of activation is similar to
the QT interval (onset of QRS to end of T wave).
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tected from the body surface, and the isoelectric
PR segment is inscribed. The QRS complex repre-
sents spread of the active wave of excitation into
the ventricles and the sequential depolarization of
left and right ventricular myocardial cell mem-
branes. The ST segment located between the end
of the QRS complex and the beginning of the T
wave is normally isoelectric. The ST segment rep-
resents the duration of time between completion of
depolarization and beginning of repolarization of
ventricular myocardial cell membranes. The point
of junction between the QRS complex and the ST
segment is known as the J point. The T wave is the
wave of ventricular repolarization (recovery). The
U wave is an ‘‘afterpotential’” wave which follows
the T wave and is normally of low amplitude. The
QT interval describes the duration of electrical sys-
tole and is measured from the beginning of the
QRS complex to the end of the T wave. The QT
interval varies inversely with HR and therefore a
corrected QT interval (QT.) may be calculated
(Manion, Whitsett, & Wilson, 1980). The R-R
interval represents one cardiac cycle and thus is a
reciprocal function of HR.

The electrical activity of the heart, recorded
from the body surface as the ECG, is brought
about through a repetitive sequence of excitation
and recovery of cardiac cell membranes which is
coupled by reversible changes in membrane elec-
trochemical characteristics and ionic currents to
the intracellular contractile machinery (Rushmer &
Guntheroth, 1976). Thus, the electrical events pre-
cede and initiate the mechanical events of the car-
diac cycle (see Figure 1). It is for this reason that
the electrocardiograph is so valuable as a timing
device in the noninvasive measurement of cardiac
functions.

Theory of Technique. Techniques for recording
and interpreting the ECG are based on a composite
picture brought together from the following three
types of information:

1. Electrophysiology of myocardial fibers.

2. Sequence of excitation (depolarization) and
recovery (repolarization) of the heart.

3. An understanding of volume conductor
theory.
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Membrane potentials in resting myocardial
fibers and in other excitable cells (nerve, skeletal
and smooth muscle) are produced by active pro-
cesses requiring metabolic energy. These active
processes cause a separation of ions across the cell
membrane which is semipermeable or selectively
permeable; thus, the cell membrane functions as an
electrical insulating barrier with a selective and
variable resistance to passage by the major ions,
e.g., sodium, potassium, and calcium. Separation
of charges (ions) by an insulator (cell membrane)
is in essence a battery which maintains a potential
difference between the positive and negative poles.
The charge separation and selective permeabilities
at rest are such that K* ions leak out, causing the
inside to be negative to the outside. This resting
membrane potential (voltage) is on the order of
magnitude of 0.1 V. That this is true for each
“‘patch’” of cell membrane can be determined by
placing microelectrodes into a resting myocardial
fiber.

Excitation (depolarization) recorded as an action
potential (Figure 2) is both an active and a passive
process. In a ‘‘patch” of membrane, the active
process is the selective opening of ionic membrane
channels which permits the passive flow of the
selected ions across the membrane down their elec-
trochemical gradients. On excitation, Na* ions
enter the cell rapidly through membrane channels,
causing the transmembrane potential difference to
fall to zero and even overshoot (inside is tran-
siently positive). In other excitable tissue (nerve,
skeletal muscle), this process also recovers fairly
rapidly; however, in cardiac muscle the rapid and
short-lived inward Na+ current is followed by a
slow and prolonged inward Ca®* ion current
which accounts for the plateau of the cardiac cell
action potential. At this time the cell interior and
exterior are nearly equipotential. Recovery of the
cellular transmembrane potential difference (inside
negative) occurs with a decrease of Ca?* per-
meability and increase of K+ permeability.

The sequence of excitation begins with sinus
node pacemaker cells which spontaneously de-
polarize (see Figure 2 of Chapter 1). From this
initial source, excitation spreads (is conducted)
over the atria, into the specialized conducting
tissue connecting the atrial and ventricular myocar-
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dium and then into and through the ventricular
muscle mass. Conduction velocity of the cell
membrane electrical currents moving along myo-
cardial fibers is dependent on fiber size. Larger
fibers have greater currents and faster velocities.
Excitation moves across myocardial tissue as a
front creating at any moment in time a demarcation
line between excited and resting myocardial mem-
brane. This demarcation line of excitation invading
resting tissue is described as a dipole with a
positive leading edge (head) and a negative trailing
edge (tail). The excitation dipole describes a vector
which has: (1) polarity, positive head and negative
tail, (2) direction, from excited to resting myocar-
dium, and (3) magnitude, which depends on the
amount of tissue undergoing excitation at a given
moment.

The body fluids are volume conductors since
biological cells are immersed in a surrounding vol-
ume of salinity consisting of water and salts (ions)
similar to the oceans. The potential differences
which are recorded at the body surface as the ECG
result from electrical currents flowing through the
volume conductor. The current source, considered
to be the dipole, is the demarcation line or front
between excited and resting myocardium. If the
excitation dipole is approaching the recording elec-
trode a positive (upward) potential is inscribed and
when it is moving away a negative potential is
recorded. Current density, and potential, decrease
with increasing distance from the current source.
The magnitude of the current source is propor-
tional to the amount of myocardial membrane un-
dergoing depolarization at a given moment in time,
i.e., the size of the demarcation line or excitation
dipole. An indifferent electrode connected to one
side of the galvanometer and an ‘‘exploring elec-
trode’’ to the other side are used to record surface
potentials from the volume conductor.

The surface ECG is different from the mono-
phasic membrane action potential of an individual
myocardial fiber (see Figure 2). The surface ECG
records the moving boundaries of excitation (P
wave for atria and QRS for ventricles) and recov-
ery (T wave for ventricles). Electrocardiographic
recording may also be obtained by intracardiac
catheters with bipolar electrodes at the tip of the
catheter. These recordings are called electrograms

(atrial, His bundle, or ventricular). The cardiac
electrogram, like the surface ECG, records multi-
cellular activity within a volume conductor, but
being much closer to the current source they have
larger potentials which reflect only the immedi-
ately adjacent activity.

Specific Application

Placement of Sensors. The standard 12-lead
clinical ECG is recorded by arrays of electrodes
connected to the two ECG galvanometer inputs by
a switching knob. There are two types of extremity
(limb) lead systems, bipolar and unipolar, with 3
leads each plus a 6-lead unipolar chest or precor-
dial system. The bipolar limb leads (I, II, III) and
the unipolar limb leads (aVR, aVL, aVF) are re-
corded by means of electrodes placed on the limbs.
The unipolar precordial (chest) leads (V,, V,, V3,
V,, Vs, V) are recorded from electrodes placed at
specified locations on the chest wall (see Figure 3).

To record the extremity leads, the patient is con-
nected to the electrocardiograph by placing elec-
trodes on the arms and legs. The right leg electrode
is connected to ground. Traditionally, the elec-
trodes are placed at the wrist and ankles away from
large skeletal muscle masses to reduce artifacts
from noncardiac biopotentials. The electrical ac-
tivity of the heart is transmitted through the torso
to the extremities via the volume conductor medi-
um (extracellular fluid). An electrode placed at the
wrist or ankle will record essentially the same volt-
age pattern as the shoulder or hip, respectively.
The bipolar extremity leads (I, II, III) record the
difference in potential (voltage) between elec-
trodes placed on two extremities. Lead I is the
difference in voltage between the left arm (LA)
minus the right arm (RA). Lead II is the difference
in voltage between the left leg (LL) minus the RA.
Lead III is the difference in voltage between the
LL minus the left arm (LA). This was the arrange-
ment by which Einthoven, the Dutch physician
who invented the electrocardiograph, hooked up
his patients. He also represented the bipolar leads
I, 11, and III as a triangle (Figure 3). Because of the
lead arrangement, voltages for the bipolar ex-
tremity leads have the following relationship: Lead
I + Lead III = Lead II.
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B—EXPLORING
ELECTRODE

Figure 3. Central terminal of Wilson with extremity and chest
lead positions. For accurate unipolar electrocardiographic re-
cordings, a stable indifferent electrode is required. This is ac-
complished by connecting all three extremity leads to a central
terminal and then through 5000-ohm resistors to one pole of the
galvanometer; the other pole being attached to the exploring
electrode. G, galvanometer; R.A., right arm; L.A., left arm;
L.L.,leftleg; MCL, midclavicular line; ICS, intercostal space;
AAL, anterior axillary line.

The unipolar extremity leads measure cardiac
potentials from an exploring electrode placed on
one limb versus a central terminal which represents
the other two limbs combined through an electrical
resistance network (Goldberger, 1953). The ex-
ploring electrode is electronically augmented. This
arrangement is called the augmented unipolar limb
lead (Figure 3). They are designated as aVR, aVL,
and aFV, which represent the placement of the
exploring electrode on the right arm or shoulder,
left arm or shoulder, and left foot or hip, respec-
tively. Just as the bipolar limb leads are related to
Einthoven’s equation, so are the unipolar leads;
they are related as follows: aVR + aVL + aVF =
0. This means that when the voltages in the three
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unipolar extremity leads are summed, they should
equal zero.

The ECG extremity leads, both bipolar and uni-
polar, characterize the electrical activity of the
heart in the frontal plane. Their potentials may be
described as vectors with orientation, magnitude,
and polarity which are projected onto a schematic
hexaxial lead diagram representing the frontal
plane in relation to the subject’s torso. The precor-
dial (chest) leads have the exploring electrode
placed in each of six locations along a horizontal
plane of the chest and the indifferent electrode as
the central terminal of Wilson comprised of the
three extremity leads connected through 5000-ohm
resistors to the single terminal point (Wilson et al.,
1944). The precordial leads then represent vectors
in a horizontal plane. Use of vector concepts to
assist electrocardiographic interpretation has great-
ly improved the value of the electrocardiogram as
both a diagnostic and an analytical tool.

Recording Requirements. Concerns of frequen-
cy response, optimal damping, balancing of the
recording stylus or pen, proper grounding for ar-
tifact-free tracings and patient safety, and calibra-
tion of the electrocardiographic instrument to
maintain standard amplification of signals are all
important to recording of interpretable ECGs. The
instruments should have a frequency response of
50 Hz or greater. For balancing, modern instru-
ments are resistor—condenser coupled from the pa-
tient to the input amplifiers with a time constant of
3 s. This restores the stylus or recording pen to the
center point of the tracing relatively quickly. A
properly grounded instrument is free from 60-cycle
noise and stray extraneous currents. For standard-
ized calibration, the gain of the amplifier should be
set so that the calibration signal of 1 mV deflects
the baseline signal by 10 mm.

The ECG paper is scored into 1-mm squares.
Every fifth line is heavier on both the horizontal
and vertical axes. The paper moves at a standard
speed of 25 mm/s. Therefore, each millimeter of
ECG tracing horizontally equals 0.04 s (40 ms)
and each heavier line (5 mm) equals 0.20 s (200
ms). Calculation of HR from the ECG is achieved
by either of two simple methods provided there is a
regular rthythm. The easiest method is to count the
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number of large squares (0.2 s) for an R-R interval
and divide the number into 300. For example, if
there are three large squares, the HR is 100 bpm.
The second simple method is to count the number
of small squares over an R—R interval and divide
into 1500. When the HR is irregular, an average
rate can be determined by counting the number of
cycles over 6 s and multiplying the number by 10.
The ECG paper has a time mark every 3 s. Normal
HR at rest is between 60 and 100 bpm. A rate
slower than 60 bpm is called bradycardia and a rate
faster than 100 bpm is called trachycardia.

Measurement Considerations

Validity. Electrocardiography has developed
over the past 50 years into a primary diagnostic
tool that is considered essential to the clinical car-
diac examination. The actual recording of the ECG
is simple, noninvasive, unobtrusive, and safe. (As
with all electrical recording instruments, the elec-
trocardiograph must undergo a safety check for
proper isolation before clinical use.)

Important clinical characteristics determined by
the electrocardiograph include: (1) rhythm and
conduction abnormalities, (2) hypertrophy and/or
enlargement of the left or right ventricle or atria,
(3) ischemia, recent and old myocardial infarction,
(4) electrolyte disturbances, and (5) numerous
other special features.

Reliability. Accuracy of the electrocardiograph
is greatest for the interpretation of rhythm and con-
duction abnormalities. A cardiology arrhythmia
subspecialty consisting of invasive electrophysi-
ology and noninvasive ambulatory ECG (Holter)
monitoring with the use of 24-h tape-recorded
ECGs and equipment for rapid scanning of the 24 h
of electrocardiographic tracings has evolved. The
electrocardiograph is quite reliable, with relatively
high accuracy and nearly identical tracings (re-
producibility) recorded with a stable condition
(e.g., normal tracing, ventricular hypertrophy, old
myocardial infarction, and stable arrhythmias), or
a typical pattern of evolution with a progressive
change in condition, such as a recent myocardial
infarction.

Sources of Artifact. The electrocardiograph is
subject to both electrical and motion artifacts. The
instrument needs to be correctly grounded and cou-
pled to the patient. Motion artifacts can be mis-
taken for ectopic beats (arrhythmia) including even
ventricular tachycardia; therefore, awareness and
attention to detail is important as increasingly am-
bulatory ECG recordings are employed.

Considerations for Data Collection

Conditions for Optimal Recording. The best re-
cordings are achieved with the subject reclining
quietly in an environment free from strong elec-
trical fields, e.g., created by electric motors. Nev-
ertheless, clinically reliable ECG tracings are rou-
tinely obtained during the treadmill exercise test
and with Holter monitoring. One of us (M.F.W.)
has recorded the ECG from racehorses in full gallop
using a telemetry system and pocket transmitter.

Because the electrocardiograph is a highly accu-
rate means to detect and record cardiac activation,
and therefore the rate and rhythm of the heart, it is
commonly used as a triggering device for other
cardiac instruments, e.g., the nuclear camera,
pacemakers, cardiovertors, and defibrillators.

Limitations on Use. The clinical electrocar-
diograph has enjoyed a wide use and varied applica-
tions for measurement of cardiac electrophysiology
from the body surface. Electrodes attached to a lead
wire are often swallowed for recording an esoph-
ageal lead to improve interpretation and diagnosis
of supraventricular tachycardias by closer approx-
imation of the exploring electrode to the atria.

Future Prospects

Electrocardiography is a fully mature discipline
with broad applications to clinical medicine and to
cardicvascular behavioral research. The use of
ambulatory electrocardiographic techniques in be-
havioral research has hardly been tapped. Comput-
er-assisted signal averaging and autocorrelation
techniques are expanding the use and value of the
electrocardiograph to detect underlying electro-
physiological disturbances which carry a high risk
for sudden cardiac death.
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Echocardiography

Since its introduction into clinical cardiology
two decades ago, echocardiography has expanded
remarkably so that it is now available in all large-
and most medium-sized hospitals, and in many
clinics and physicians’ offices. Its use to evaluate
both functional and structural features of the heart
has made a major impact in the clinical cardiac
exam. The advantages of echocardiography are
that the technique is completely safe, relatively
inexpensive, and can readily furnish qualitative
and quantitative data of heart chamber size and
wall motion, movements of heart valves, and as-
sessment of blood flow including forward (cardiac
output) and backward (regurgitant flow) across
heart valves. The method is the ‘‘gold standard’’
for detecting the presence of pericardial effusion
and intracardiac thrombi (clots). A disadvantage
for behavioral studies is that echocardiographic
sensors used in standard practice are hand-held; the
standard technique thus lacks the element of unob-
trusiveness (Feigenbaum, 1976).

Description of Technique

Physical Parameter Measured. Echocardiogra-
phy employs high-frequency, low-intensity sound
waves (ultrasound) to display cardiac structure and
function. This noninvasive diagnostic procedure
has been particularly valuable for visualization and
characterization of cardiac valvular function and
abnormalities. However, its applicability is much
broader and includes the feature of being able to
measure both acute and chronic changes in heart
function and chamber sizes. Acute time-related
changes can be recorded either as visual images on
recording devices (paper, film, video) ot in some
cases as on-line numerical data. The three prin-
cipal types of data acquisition and presentation are:
(1) M-mode, (2) two-dimensional (2-D), and (3)
Doppler echocardiography. Each has its special
features, advantages, and disadvantages. Echocar-
diography today is a sophisticated diagnostic imag-
ing tool with no known hazard to the subject (Cohn
& Wynne, 1982).

Ultrasound comprises frequencies greater than
20,000 Hz; these frequencies are above the audible
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range of the human ear. The ultrasound instru-
ments used for cardiac diagnostic purposes have
frequencies above 2 MHz. Sound with a frequency
of 2 MHz has echoes that can be resolved into
distinct images for detecting interfaces of 1 mm
separation. Several features make ultrasound use-
ful as a diagnostic imaging tool: the beam is more
easily directed than is one of lower frequency, it
obeys physical laws of reflection and refraction,
and it is reflected by objects of small size. The
principal disadvantage is that ultrasound propa-
gates poorly through air. Therefore, the transducer
must have direct contact with the skin, and parts of
the body such as the lungs are difficult to examine.

Theory of Technique. Sound waves produce
vibrations in a medium consisting of alternating
compressions and rarefactions. Physical charac-
teristics are described in terms of a cycle, wave-
length, velocity, and frequency. A cycle (c) is the
sequence of one compression and one rarefaction.
The wavelength (A\) is the distance (d) from the
onset of one cycle to the next (A = d/c). Sound
wave velocity (v) is defined as the distance tra-
versed per second (v = d/s). The frequency of
sound waves is measured in cycles per second (f =
c/s). Therefore, the velocity is equal to the fre-
quency times the wavelength (v = f X \). For a
given medium, frequency and velocity are in-
versely related. The velocity of sound varies with
density and elastic properties of the medium, being
faster through a dense medium such as bone. The
velocity through soft tissue at body temperature is
1540 m/s.

The concept of acoustic impedance is of particu-
lar importance to the use of ultrasound. Acoustic
impedance is defined as the product of velocity and
density in a medium. The ease with which ultra-
sound travels through a medium is directly relat=d
to density and inversely to acoustic impedance.
For example, muscle is slightly more dense than
blood and therefore has a lower acoustic imped-
ance. Ultrasound travels poorly through air which
is of low density and high acoustic impedance.
When a beam is directed through a medium, it
travels in a straight line until it strikes a boundary
or interface which has a different acoustic imped-
ance. At this interface a portion of the ultrasound



2 e

energy is reflected back toward the source and the
remainder continues until it strikes the next inter-
face.

The amount of sound reflected and therefore the
intensity of the echo signal depends on the degree
of acoustic impedance mismatch at the boundary
and on the angle between the beam and the particu-
lar interface. The strongest echoes are formed with
greater acoustic mismatch and when the angle is
more nearly perpendicular. Higher-frequency ul-
trasound is reflected from smaller interfaces which
results in greater resolution and greater energy ab-
sorption, thus less penetration. Ultrasound fre-
quency commonly used in adult echocardiography
is 2.25 MHz, whereas in pediatrics the need for
penetration is lower and frequencies up to 5 MHz
can be used, which results in improved resolution.

Specific Application

Placement of Sensors. Ultrasonic transducers
contain piezoelectric crystals that both generate the
ultrasonic signals and receive the echoes from the
tissue reflective interfaces. The signals are focused
into ultrasonic beams which are emitted as sound
pulses of approximately 1 ws duration and these
pulses are repeated every millisecond. The brief
burst of 1 s of ultrasound energy sent into the
body 1000 times/s will occupy 1 ms; the remaining
999 ms is available for ‘‘listening’’ and receiving
the echoes. This configuration of the input signals
accomplishes two useful purposes: (1) There is
very little energy transmitted into the tissue by this
pulsed technique as compared to diathermy, for
example, which uses continuous sound waves of
much greater magnitude to generate heat. (2) The
pulse train frequency of 1000 pulses/s is fast
enough to record all cardiac mechanical events in a
smooth, flicker-free motion display.

Recording Requirements. For a quality echo-
cardiographic exam, considerable training and
skill is required which includes knowledge of car-
diac structure and function, anatomical rela-
tionships within the thorax, and an understanding
of the instrumentation controls. The ultrasound
transducer/sensor is hand-held against the chest in
a pool of bubble-free gel for good acoustic cou-
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pling. The location and direction of the transducer
depend on: (1) which type of data acquisition is
being used—M-mode, 2-D, or Doppler, (2) the
information desired, and (3) the acoustic ‘‘win-
dow’’ available for examination.

M-mode. The standard M-mode echocardio-
graphic exam consists of four cross-sectional
views of the heart structures visualized as the ultra-
sonic beam is sequentially directed from the car-
diac apex to the base. The transducer is placed
(hand-held) over the precordium just to the left of
the sternum in an intercostal space and tilted
slightly to obtain the desired views as shown in
Figures 4 and 5. This technique presents an ‘‘ice-
pick’’ view of the heart with the vertical axis repre-
senting distance from the transducer and the hori-
zontal axis being time displayed on an oscilloscope
or moving strip chart recorder.

Figure 4. A cross section of the heart showing the structures
through which the ultrasonic beam passes as it is directed from
the apex toward the base of the heart. CW, chest wall; T,
transducer; S, sternum; ARV, anterior right ventricular wall;
RV, right ventricular cavity; IVS, interventricular septum; LV,
left ventricle; PPM, posterior papillary muscle; PLV, posterior
left ventricular wall; AMV, anterior mitral valve; PMV, pos-
terior mitral valve; AO, aorta; LA, left atrium. From Feigen-
baum (1972); reprinted by permission.
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Figure 5. Diagrammatic representation of the echocardiogram
as the transducer is directed from the apex (position 1) to the
base of the heart (position 4). The areas between the dashed
lines correspond to the transducer positions as depicted in Fig-
ure 4. EN, endocardium of the left ventricle; EP, epicardium of
the left ventricle; PER, pericardium; PLA, posterior left atrial
wall. The other abbreviations are explained in Figure 4. From
Feigenbaum (1972); reprinted by permission.

2-D. Intwo-dimensional echocardiography, the
2-D transducer records a cross-sectional image
along a tomographic plane. These 2-D slices or
planes are then displayed in motion pictures. This
gives a much improved visual presentation of car-
diac structure and function. Imaging of the heart is
performed in three principal planes: parasternal
long axis, parasternal short axis, and the apical
two- or four-chamber view. The 2-D transducer is
positioned over the left fourth intercostal space for
the parasternal view with a 90° rotation between
long and short axis, and at the cardiac apex for the
view in the apical plane. Other views are also em-
ployed for diagnostic purposes. Both M-mode and
2-D echocardiographic exams assess: valve func-
tion, cardiac chamber dimensions and wall mo-
tion, wall thickness, presence of atrial or ven-
tricular thrombi (clots) and of pericardial effusion
(fluid). The 2-D technique is substantially better at
quantifying valvular impairment, and at identify-
ing atrial or ventricular septal defects, regional
wall motion impairment, ventricular thrombi, and
aneurysms.

Doppler. Doppler echocardiography employs a
different principle than the M-mode and 2-D transit
time concept. This technique utilizes the shift in
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frequency that occurs from rebounding sound
waves reflected from moving objects or interfaces
to record velocity and direction of movement
(Baker, Rubenstein, & Lorch, 1977). The ‘‘Dop-
pler effect,”” first described in 1842, states that
certain properties of light and sound waves depend
on the relative motion of the observer and the wave
source (White, 1982). The pitch or frequency of an
approaching wave source is increased and of a
receding wave source is decreased in proportion to
relative velocity. This technique has developed ma-
jor instrumentation for astronomy, for sonar detec-
tion of underwater objects, and more recently for
medical diagnosis relating to cardiac and peripheral
blood flow. Reliable information about flow ve-
locities through the heart is now available using the
noninvasive Doppler technology. Clinical applica-
tions include: (1) measurement of blood flow and
cardiac output, (2) detection and measurement of
valvular regurgitation and cardiac shunts, (3) as-
sessment of ventricular function, and (4) identifica-
tion of peripheral blood flow characteristics in the
evaluation of vascular disease (Kisslo, Adams, &
Mark, 1986). In addition to important information
about the patterns of normal and abnormal blood
flow, Doppler echocardiography also provides
clinically useful estimates of intrathoracic and car-
diac pressure gradients not otherwise available by
noninvasive means (Hatle & Angelsen, 1985). The
pressure gradient (AP) across a cardiac valve is
related to the flow velocity (v) as predicted by the
simplified Bernoulli equation AP = 4v2. Both aor-
tic outflow and mitral inflow, available through
Doppler measurements, are depicted along with
other events of the cardiac cycle for the left heart in
Figure 1. Doppler measurement of cardiac output
(CO) provides an important noninvasive descriptor
of heart function. Stroke volume (SV) times heart
rate (HR) equals CO, and SV is the product of the
integrated Doppler velocity (SV,,,) signal in the
aorta times the cross-sectional aortic root area
(Ao) determined from M-mode ¢chocardiography.
Therefore, CO = HR X Ao X SV,

For the assessment of ventricular function, both
at rest and during exercise, the development of
new Doppler ultrasound devices has brought this
modality into the forefront of clinical research as
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an attractive application of noninvasive measure-
ment techniques (Teague, 1986). In addition to the
measurement of CO, ejection-phase indices of aor-
tic flow velocity and acceleration, and systolic
ejection time intervals are readily obtainable. Of
these parameters, it appears that aortic acceleration
may be the best index to identify contractility
changes in left ventricular systolic function. Mea-
surement of inflow through the mitral valve has the
promise of assessing diastolic properties of the left
ventricle. In summary, the Doppler technology has
many attractive features to recommend it for use as
a noninvasive technique in cardiovascular behav-
ioral research. Other features include: accuracy of
measurement, relatively inexpensive, safety with-
out electrical or radioisotope intrusion, and that the
assessments are also valid with moderate activity,
e.g., treadmill exercise.

Measurement Considerations

Validity. The validity of the M-mode and 2-D
echocardiographic method depends greatly on the
skill of the observer and the operator who obtained
the data. Accurate measurements of cardiac struc-
tures and their movements (function) depend on
correct identification of the reflective surfaces pro-
ducing the echo signals. Since there are many
acoustical boundaries that reflect the ultrasonic
beam, there is a learning curve to acquire the skills
in placement of the transducer and in adjusting the
signals for optimum observer interpretation. Dop-
pler devices applied to measurement of aortic out-
flow for assessment of ventricular systolic function
(Rushmer, Baker, Johnson, & Strandness, 1967)
are more easily used.

Reliability. Echocardiography has the capabil-
ity for assessment of many aspects of cardiac struc-
ture and function in health and disease states.
Probably the most reliable measurement in terms
of sensitivity and reproducibility is the assessment
of valvular disease and of the presence and magni-
tude of pericardial effusion. Quantitative measures
of wall motion and chamber size are important for
clinical assessment, are of intermediate reliability
in that setting, and can be made highly reproduci-
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ble with the subject at rest under research labora-
tory standards.

Sources of Artifact. Since the ultrasound beam
will reflect from discontinuities of acoustic imped-
ance, there is a high probability of receiving echo
signals that are not of interest or that are even
spurious. This is especially true, for example, in
searching for intracardiac thrombi; thus, although
echocardiographic examination is highly sensitive
with regard to detection of thrombi, it may be less
specific. Another source of error may occur in the
quantitative assessment of chamber size and func-
tion (wall motion). Accurate measurement de-
pends on correct placement and alignment of the
transducer (sensor) so that the ultrasound beam in-
tersects cardiac structures through the desired axis.
Misalignment will result in over- or underestima-
tion of the measurement.

Conditions for Data Collection

Conditions for Optimal Recording. With cor-
rect placement and alignment of the ultrasound
transducer for M-mode, 2-D, or Doppler record-
ing, accurate measurements of chamber dimen-
sions, wall motion, or blood flow are expected.
Echocardiography is the most precise method for
determination of ventricular wall thickness, and
therefore for diagnosis of ventricular hypertrophy.

Limitations on Use. There are two main limita-
tions. (1) Not all subjects have an adequate thoracic
acoustic window for an interpretable echocardio-
gram. Patients with chronic obstructive pulmonary
disease commonly have a restricted acoustic win-
dow due to hyperinflation of the thoracic cage. (2)
However, the key limitation for cardiovascular be-
havioral medicine is the current need to hand-hold
the sensor, thereby introducing an obtrusive ele-
ment. Current technology is readily capable of re-
moving this limitation.

Future Prospects

Three developments for increased future use of
echocardiographic methods should be mentioned:
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(1) increased use in cardiac measurements with
exercise stress testing, (2) simpler and less
obtrusive Doppler transducers, and (3) placement
of echocardiographic sensors which do not need to
be hand-held, thereby removing the observer from
contact with the subject, and significantly improv-
ing prospects for use in cardiovascular behavioral
studies. There is a substantial body of evidence
that myocardial contractile performance can be
sensed directly by noninvasive Doppler techniques
recording aortic flow velocity and peak accelera-
tion in the ascending aorta from a transducer posi-
tioned at the sternal notch.

Nuclear Cardiac Imaging

Nuclear cardiac imaging is a valuable and sen-
sitive method to assess: (1) heart function by blood
pool imaging, (2) coronary blood supply by quan-
titative thallium tomography, (3) extent of heart
attacks by acute infarct imaging, and (4) abnormal
blood flows by shunt detection programs. Since
nuclear imaging can examine functional and patho-
logical events of the heart without use of catheters
or significant risk to the patient, it has come to be
recognized as a first-line test for evaluation of
heart function and performance in nearly all dis-

eases that impinge on the human heart (Cohn &
Wynne, 1982; Strauss, Pitt, & James, 1974).

Description of Technique

History. Nuclear cardiology emerged from
general nuclear medicine which in turn is a com-
posite of nuclear physics, chemistry, physiology,
and scientific medicine. The use of a radioactive
tracer to study chemical (1913) and biological
(1923) events was first described by Hevesy. In
1972, Blumgart and Weiss used this method to
measure circulation time, which thus marks the
beginning of the field of nuclear cardiology.

The first imaging or visualization of cardiovascu-
lar blood pools was in 1958. The technology of
blood pool imaging was greatly enhanced by the
development of improved scintillation cameras
with associated computer analysis and radionuclide
tracers, particularly technetium-99m, used as the
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free [®°mTc]pertechnetate, [*°™Tc]albumin, or
99mTc-]labeled red blood cells.

Efforts to effectively assess the distribution of
coronary blood flow to the myocardium have
evolved over the past two decades into a highly
sensitive and specific technique using quantitative
thallium (2°1T1) tomography (SPECT: single pho-
ton emission computerized tomography). Areas of
transient ischemia following exercise or phar-
macologic induced stress can be determined and
sized using this radionuclide. Also, unperfused or
poorly perfused regions indicating the presence of
infarct and scar tissue can be identified. However,
the myocardial distribution of 2°1T1, which tracks
coronary blood flow (myocardial perfusion), does
not indicate the age of the infarct. The search for
agents which localize in fresh infarcts or recently
irreversibly damaged myocardium resulted in the
radiopharmaceutical [*°™Tc]stannous pyrophos-
phate. The infarct avid imaging [*°™Tc]phosphate
compounds label damaged myocardial areas from
recent infarct, blunt trauma, unstable angina, dif-
fuse necrotizing processes, ventricular aneurysm,
and damage incidental to open heart surgery
(Willerson, 1981).

Two techniques (and camera systems) for deter-
mining heart function at rest and during exercise
by blood pool imaging have been developed
(Konstam & Wynne, 1982). They are: (1) first
pass and (2) multiple gated acquisition (MUGA).
Each technique has its preferred scintillation cam-
era detector system for data acquisition but similar
methods for computer storage and data processing.
The multicrystal camera is best for the first pass
and the Anger camera, consisting of a large single
crystal and a photomultiplier tube array, for
MUGA. Both camera systems are also capable of
performing: shunt detection programs, infarct
imaging, and myocardial perfusion imaging. Other
instruments are capable of positron emission to-
mography (PET); this is an attractive, but currently
expensive method, which has much promise for
continued development and future widespread use
in nuclear cardiology.

An alternative nonimaging method for the as-
sessment of ventricular function on a beat-to-beat
basis is the use of the ‘‘nuclear stethoscope.’” This
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is a specially designed instrument with a micro-
pressor and a detector probe which is collimated,
but nonimaging. It accepts counts from the region
of interest (e.g., left ventricle) and processes them
on-line to inscribe a continuous beat-to-beat curve
of counts versus time. Thus, end-diastolic, end-
systolic, and stroke change in counts over the left
ventricle are recorded for each cardiac cycle. Since
ejection fraction does not require absolute vol-
umes, but only differences in maximum and mini-
mum counts over the region of interest minus
background counts, accurate measures of ejection
fraction are possible. The nuclear stethoscope
(Wagner et al., 1979) is capable of following dy-
namic fluctuations in ejection fraction, SV, and
CO with high precision over the course of an acute
experiment. The SV and CO measures are readily
calibrated by MUGA volume determinations.

Physical Parameter Measured

Heart Function. Assessments of heart function,
at rest and under conditions of exercise stress, are
the most frequently employed nuclear cardiac
imaging tests (Iskandrian, 1987). To perform these
tests a tracer isotope is injected intravenously to
mark the pool of blood flowing through the heart.
By imaging with the nuclear camera the internal
aspects of cardiac pumping action are visualized;
the image data are rapidly sorted and processed by
digital computers to present a video motion picture
of the beating heart and to give quantitative, direct
information for assessment of heart function by
hard-copy digital display of: (1) heart chamber vol-
umes, (2) regional wall motion, (3) CO, and (4)
estimates of contractility by measurement of ejec-
tion fraction and end-systolic volume. Contrac-
tility is also estimated by the end-systolic pres-
sure/volume ratio (contractitlity = systolic blood
pressure/end-systolic volume). Assessment of
heart function by cardiac imaging has vastly im-
proved our ability to accurately detect the presence
of coronary disease, to evaluate prognosis for deci-
sions such as cardiac surgery and catheterization,
to follow therapeutic benefits or adverse cardiac
effects of therapy, e.g., Doxorubicin treatment.
The combined exercise stress test with cardiac

imaging developed over the past decade was a ma-
Jor advance for diagnosis and prognosis of patients
with ischemic heart disease and those with car-
diomyopathy (Wilson, et al., 1984).

Radionuclide Tracers. High-energy gamma rays
are emitted upon radioactive decay of an isotope
(radionuclide). The resultant radiations, called pho-
tons, have characteristic energy levels of thousands
of electron volts (keV). Two common nuclear car-
diology tracers are: (1) ®®™Tc, which has a 6 h half-
life and 140 keV energy, and (2) 2°1T1, witha 73 h
half-life and an energy level of approximately 80
keV. Technetium has single photon emission by
isomeric transition from a metastable state (‘‘m’’
and thallium decays by k-electron capture with the
emission of characteristic X rays.

Positron emission isotopes (carbon-11, oxy-
gen-15, nitrogen-13, potassium-38, and others)
create photons with an energy of 511 keV when a
positron is ejected from the nucleus, combines
with an electron, and annihilates into energy (E =
mc?). Two annihilation photons, each with 511
keV, escape at a 180° angle from one another;
thus, a time coincidence detector system for car-
diac imaging is especially applicable to positron
computed tomography (Sorenson, 1980).

Labeling. For gated blood pool studies, the
tracer should remain within the vasculature for the
entire study to maintain a uniformity of isotope
count activity. /n vitro red blood cell labeling is the
best method when both rest and exercise studies
are to be performed. We have found that the BNL
(Brookhaven National Laboratories) kit produces a
consistently high °mTc labeling efficiency of =
95%. This provides high-quality images and a uni-
form blood label for 4 to 6 h for serial imaging. In
vivo red cell labeling with [*™Tc]pertechnetate in-
Jected intravenously after stannous pyrophosphate
also provides a satisfactory blood pool label for
both first pass and gated studies. The reader is
referred to key references for detailed methods and
for techniques relating myocardial perfusion and
metabolism studies using 2°!T] and positron
imaging.
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Theory

Anger Camera. The Anger scintillation camera
consists of a large flat Nal(T1) crystal, fronted by a
collimator, and backed by an array of closely
packed photomultiplier tubes (PMTs) connected
with computing circuitry to determine the X-Y lo-
cation of scintillations (Anger, 1959). When gam-
ma radiation (photons) strikes the crystal, the re-
sultant scintillations are absorbed by the light-
sensitive PMT system, which releases electrons for
current flow. The computing circuitry plots the X—
Y coordinates, and also sums the total output from
all tubes for each event to determine the Z pulse.
This output is proportional to the total energy ab-
sorbed by the Nal(Tl) crystal for that event. The
camera electronics has a pulse-height analyzer
which can reject pulses from undesirable sources,
such as energy levels different from that being
imaged.

Multicrystal Camera. The multicrystal scintilla-
tion camera devised by Bender and Blau has a
collimator and then 294 small Nal crystals in a
rectangular array which are optically coupled to 35
PMTs. The light (scintillations) from each crystal is
divided into two equal parts, one for the X coordi-
nate and the other for the Y. The total outputs are
passed to a channel analyzer for pulse-height pro-
cessing. This multicrystal camera system has a
higher intrinsic count rate but a lower spatial resolu-
tion compared to the Anger single-crystal camera.

Single Photon Emission Computerized To-
mography. Imaging facilities to measure coronary
blood supply to the heart muscle (myocardial per-
fusion) under conditions of stress (exercise, drug
infusion) and rest are commonly called SPECT or
thallium tomography. The purpose of quantitative
thallium tomography is to present images of the
heart muscle in slices or sections to determine the
distribution of coronary blood supply to the heart
muscle. In the healthy heart, there is a uniform
blood supply, both at rest and under conditions of
stress. With coronary heart disease, this homoge-
neity breaks down first under conditions of stress;
this can be visualized by thallium tomography with
a very high sensitivity. The region and amount of
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heart muscle involved can be determined by quan-
titative thallium thomography. This is of major im-
portance in the evaluation of thrombolytic agents
(streptokinase, tissue plasminogen activator) to
salvage heart muscle in acute myocardial infarc-
tion and to assess the need for coronary an-
gioplasty or bypass graft surgery (Cohn & Wynne,
1982).

PET. Positron imaging has several advantages
that are attractive for cardiac evaluations: (1) lead
collimation is not required; instead, electronic co-
incidence circuitry is used to sort out radionuclide
location; (2) this system has both high detection
efficiency and good spatial resolution; and (3) over
half the radionuclides are positron emitters so the-
oretically we should be able to identify an isotope
with desirable characteristics for each imaging use.
The tomographic principle is that positron anni-
hilation events originating within a given plane
will be in focus and those outside the plane will
appear blurred. The major inhibition to widespread
use is the lack of conveniently located cyclotron
sources and the short half-life of current positrons
of interest.

Specific Applications

First-Pass Angiography. Scintigraphy of the
cardiac blood pool is performed immediately after
intravenous bolus injection of the tracer isotope.
Serial cardiac images follow the course of the ra-
dioactive tracer through the right heart, lungs, and
left heart chambers. Ejection fraction (EF) of the
right and left ventricles can be determined from
ventricular time-activity curves. (EF = diastolic
counts — systolic counts/diastolic counts — back-
ground.) Several computer-assisted methods are
available to measure background counts. CO and
SV can be calculated from classical indicator di-
lution principles or by first obtaining ventricular
volumes using nongeometric techniques of total
counts over the ventricular region of interest. Non-
invasive evaluation of cardiac shunts is also partic-
ularly useful. However, first-pass angiography has
limitations in its use for behavioral studies due to:
(1) relative obtrusiveness relating to intravenous
bolus injections immediately prior to data acquisi-
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tion, (2) necessity for repeated injections for each
additional study, and therefore (3) concern for ra-
diation load (risk) and modification of data by the
procedure.

Gated Blood Pool Ventriculography

Equilibrium cardiac blood pool studies have
provided a noninvasive clinical method to assess
cardiac function. Accurate calculations of left ven-
tricular ejection fraction at rest and during exercise
have been accomplished using ECG-synchronized
blood-pool images (Borer et al., 1977; Pitt &
Strauss, 1977). Quantitation of left ventricular
wall motion by computer algorithms has also been
developed. Accurate computation of CO and left
ventricular volumes using radionuclide imaging
techniques has been more difficult. The calculation
of volumes from the left ventricular silhouette
using geometric assumptions (e.g., prolate-ellip-
soid model) is probably not valid during systole
and especially cannot be considered correct when
there is asynchronous wall motion which is present
in many patients who have had a myocardial in-
farct due to coronary disease. Nuclear cardiac
imaging can measure ventricular volumes accu-
rately because geometric assumptions are not nec-
essary and can be avoided (Wilson et al., 1982).

Data Acquisition. Synchronization by elec-
trocardiographic R-wave gating is necessary to
align each acquired image because several minutes
of data acquisition is necessary to accumulate suf-
ficient counts for high-quality images. MUGA al-
gorithms are used to divide each cardiac cycle into
imaging intervals of 20—30 ms; the counts for each
interval over the cardiac cycle are summed sepa-
rately by the computer to arrive at a composite set
of images from end-diastole when chamber vol-
ume is greatest through systolic ejection to end-
systole when chamber volume is least and on to
end-diastole of the next cycle (Figures 6 and 7).

Ejection Fraction. This is a clinically important
measurement in the evaluation of cardiac function
whether determined by noninvasive or invasive
methods. In the past, contrast angiography (invas-
ive method) was considered the best method; how-
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Figure 6. Drawings of left ventricular volumes over the cardiac
cycle from a left anterior oblique nuclear ventriculogram which
are typical of (top) a normal subject and (bottom) a patient with
coronary artery disease (CAD) at rest and during symptom-
limited exercise. ED, end-diastole; ES, end-systole. The vol-
ume changes are similar at rest, but are divergent with exercise.

ever, gated blood pool ventriculography is now
considered to be the most accurate and reproduci-
ble method for calculating left ventricular ejection
fraction (LVEF). The first pass technique is more
accurate for the calculation of right ventricular
ejection fraction (RVEF). Since ejection fraction is
aratio, it does not require actual volume determin-
ation but only counts over the region of interest
(ROI) such as the left or right ventricle. See Defi-
nitions below for additional information.

Ventricular Volumes. The method for calculat-
ing left ventricular volumes from gated blood pool

Left Ventricular Volume Curve

100,

_v \/ Rest

NORMAL CAD

% of End-Diastolic Volume
8 8

Figure 7. Left ventricular volume curve over the cardiac cycle
expressed as a percent of end-diastolic volume for normal sub-
jects and patients with coronary artery disease (CAD) at rest
and during symptom-limited exercise. Data obtained by nuclear
cardiac imaging. The maximum volume is end-diastolic, the
minimum is end-systolic, and the difference is stroke volume.
Ejection fraction (the ratio of stroke volume/end-diastolic vol-
ume) generally increases in normals with exercise but decreases
in CAD patients with exercise-induced myocardial ischemia.
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images by on-line attenuation correction to deter-
mine absolute left ventricular volumes produces a
high correlation (r = 0.96) between simultaneously
determined thermodilution and radionuclide stroke
volumes. The relationship between thermodilution
and scintigraphic SV is: thermal SV = 0.999 X
radionuclide SV + 1.2 ml. This radionuclide imag-
ing technique for the quantitative determination of
absolute left ventricular volumes provides a reli-
able, noninvasive means to obtain SV and CO in
humans, at rest and during exercise, without using
geometric assumptions or regression equations
(Burow et al., 1982).

Left Ventricular Function. From the radionu-
clide ventriculographic images, the following data
are obtained of left ventricular function at rest and
during the last 2 min of each 3-min stage of a graded
bicycle exercise stress test: end-diastolic and end-
systolic volumes, EF, SV, HR, CO, blood pres-
sures, and a measure of contractility which is in-
dependent of changes in both preload (EDV) and
afterload (SBP) and is more fully described in the
following section on ‘‘measurements and equa-
tions.”’

Measurements and Equations. Important ap-
plications of nuclear cardiac imaging include the
quantitative assessment of global and regional ven-
tricular function at rest and the evaluation of ven-
tricular reserve and the measurement of reversible
myocardial ischemia by exercise stress testing.

Definitions:

¢ Ejection fraction (EF) is the fractional amount
or percent of blood ejected from the left or
right ventricle during the heartbeat. It is ex-
pressed as a ratio: EF = stroke volume/end-
diastolic volume. It is the current standard for
the clinical assessment of ventricular function.

® Stroke volume (SV) is the volume of blood
ejected from the left or right ventricle with
each heartbeat. It is usually expressed in milli-
liters and is the difference between the max-
imum and minimum volumes during the car-
diac cycle.

¢ End-diastolic volume (EDV) is the maximum
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and end-systolic volume (ESV) the minimum
ventricular volume during the cardiac cycle.
SV = EDV — ESV.

¢ Cardiac output (CO) is the volume of blood
ejected by either ventricle over time, usually 1
min. Cardiac output in liters per minute is for-
ward blood flow expressed by the equation:
CO = SV X heart rate (HR).

* Index means a parameter, such as volume or
flow, divided by body surface area in meters
squared.

o Left ventricular contractility (E_,,) is the
maximum value of the ratio between ven-
tricular pressure and volume during cardiac
systole (Nivatpumin, Katz, & Scheuer, 1979).
The E,_,, occurs very close to end-systole and
may be estimated by the ratio: systolic blood
pressure/end-systolic volume (SBP/ESV).

Normal Values. The normal range of EF is list-
ed as the mean plus or minus two standard devia-
tions from the mean, and therefore represents the
95% confidence limits. Right ventricular volumes
are larger than the left and since both ventricles
normally have the same SV, the larger EDV of the
right ventricle translates into a smaller EF (EF =
SV/EDYV). In our nuclear cardiology laboratory,
EF and the following cardiac volume and flow val-
ues recorded at rest in the supine position have
been established as our standards of normal:

¢ Ejection fraction
Left ventricle: 65 = 12%
Right ventricle: 55 * 12%

¢ Left ventricular volume and index
End-diastolic: < 180 ml and < 100 ml/m?
End-systolic: < 80 ml and < 45 ml/m?

¢ Cardiac output index: 3.0 = 0.5 liters/min m?

¢ Stroke volume and index: < 100 ml and < 50
ml/m?2
(Both ventricles have the same values.)

* Left ventricular contractility (SBP/ESV): 1.5
to 4.0 mm Hg/ml

Measurement Considerations

Validity. Nuclear cardiac images for evaluation
of EF and regional wall motion are the result
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of common and relatively straightforward proce-
dures in the clinical nuclear cardiology laboratory
(Qureshi et al., 1978). They are considered to be
important measurements in the management of pa-
tients with heart disease. A valid LVEF and re-
gional wall motion study can be obtained on nearly
every patient with a regular rhythm regardless of
bodily habitus or severity of illness. These tests are
also obtained in the exercise laboratory and in the
intensive care unit. The accurary of routine clinical
ventricular volume determinations may be some-
what lower because there is greater probability of
error and interpretation requires more skill or ex-
pertise. However, absolute left ventricular volume
measurements in our nuclear imaging laboratories
during clinical research studies have been highly
reproducible (Burow et al., 1982).

Reliability. Measurement of LVEF by gated
blood pool techniques is considered to be the most
accurate means of obtaining this parameter pro-
vided that a standard computer algorithm is used in
the determination (Marshall, Berger, Reduto,
Gottschalk, & Zaret, 1978). Reproducibility of
resting baseline values obtained several days to
weeks apart is within 4—5%. This technique is well
adapted for cardiac measurement during vigorous
exercise (Rergch, Scholz, Sabiston, & Jones,
1980). Variations of volume measures may be
greater in the routine clinical laboratory; but the
determination of both end-diastolic and end-sys-
tolic left ventricular volumes by radionuclide
imaging is probably the most reliable and accurate
method available.

Sources of Artifact. When there is a highly ir-
regular heartbeat from atrial fibrillation or frequent
ectopic atrial or ventricular beats, the quantitative
interpretation of cardiac blood pool images is not
to be trusted. With controlled atrial fibrillation at
heart rates below 80 bpm, left ventricular ejection
fraction, volumes, and wall motion are generally
considered valid in the clinical arena. These
rhythm irregularities do not interfere with in-
terpretation of thallium or positron images. Since
the nuclear camera detects tracer radioactivity
from the subject, any radioopaque object (e.g.,
pacemaker) in the path between heart and scintilla-
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tion camera will create an artifact of reduced count
intensity. Excessive background radioactivity will
skew quantitative results. In applications with
lower-energy isotope tracers (e.g., thallium, 80
keV), concentrations of activity in overlying bone
or muscle may create artifacts in planar images;
tomography reduces this as a problem, but may
occasionally create artifacts due to low counts in
the reconstruction algorithms.

Considerations for Data Collection

Conditions for Optimal Recording. Only per-
sons who have been trained and certified for proper
use of radioactive materials, especially with regard
to safety, may perform these tests. The scintilla-
tion camera should be checked daily for uniformity
of field. For blood pool studies it is important to
ascertain that the labeling has a high efficiency, the
ECG gating is correct, the computer algorithms
which control data acquisition are set as desired,
and the scintillation camera is viewing the heart.
Three views for ventriculography are optimal.

Limitations on Use. The main clinical limita-
tion of gated blood pool ventriculography relates to
severe arrthythmias which produce great variations
in cardiac cycle durations, thus interfering with
accurate summation of gated data to form a valid
composite cycle. However, using advanced com-
puter processing, accurate and medically useful in-
formation can now be obtained in patients with
significant and even life-threatening arrhythmias.
The methodological details are beyond the scope
of this chapter.

In cardiovascular behavioral research, the prin-
cipal concern is with radiation dose and thus with
subject risk. The dose administered for a nuclear
ventriculogram or a thallium study is approx-
imately that received during a routine upper gas-
trointestinal X-ray exam.

Future Prospects

Increased utilization of clinical nuclear car-
diology procedures for diagnosis and management
of patients is expected in association with: (1) de-
velopment of new and improved radiophar-
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maceutical agents, (2) improvements in comput-
erized tomography techniques, and (3) increased
availability of positron imaging facilities.

For cardiovascular behavioral research, the cur-
rent nuclear cardiac procedures are highly quan-
titative but moderately obtrusive; reproducible re-
sults in a patient population can be attained (Sung,
Robinson, Thadani, Lee, & Wilson, 1986; Wil-
son, Sung, Robinson, Thadani, & Brackett, 1986).
Favorable features associated with new clinical de-
velopments include: reduced radiation dose, great-
er accuracy and reproducibility of cardiac function
and flow measurements, and the capability to as-
sess cellular metabolic processes noninvasively.

Impedaknce Cardiography

Measurement of thoracic electrical impedance
provides a noninvasive method of assessing car-
diac activity, particularly the estimation of SV and
myocardial contractility. Impedance techniques
have had a mixed history of acceptance, probably
due to: a general neglect of noninvasive methods in
favor of highly precise invasive techniques in car-
diology; poor quality of early studies to validate
measurement of SV; and a lack of an adequate
model relating the impedance (Z) waveform to
specific physical parameters and physiological
processes.

The advantages of impedance cardiography are
that, properly applied, the technique provides a
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completely safe, relatively unobtrusive, inexpen-
sive method for SV and contractility measure-
ments. These characteristics make the technique
ideally suited to behavioral studies, and they allow
repeated determinations to be made on a long-term
basis with good reliability.

Description of Technique

History. Impedance cardiography as presently
used dates directly from the work of Kubicek and
colleagues (Kubicek er al., 1974). A variety of
early techniques in effect measured intrathoracic
electrical impedance variations thought to reflect
cardiac activity and were based on the principle
that changes in the volume of a conductor within a
current field produce proportional changes in elec-
trical resistance across that field. The evolution of
increasingly sophisticated techniques, through the
efforts of such workers as Geddes and Baker
(1975), Patterson (1965), and Lamberts, Visser,
and Zijlstra (1984), has resulted in theory and
practice as described below.

Overview of Principles. The most commonly
used application of impedance technology is based
on the method of Kubicek et al. (1974). Because
of the electrical characteristics of both the record-
ing system and the thorax itself, the best imped-
ance recordings are obtained by a system of four
electrodes in which the two outer electrodes im-

Phonocardiogram Figure 8. Arrangement of electrodes and

Constant Microphone
Current ——
Oscillator
100 KHz

phonocardiogram microphone used in

Voltage impedance cardiography. Electrodes 1
Pick-up and and 4 impose a 100-kHz, 4-mA current
Detection along the thorax and electrodes 3 and 4

Xiphisternol Joint

record the impedance change (AZ) on
each heartbeat. Electrocardiographic
electrodes are shown on the right shoul-
der and left lower abdomen. The pho-
nocardiogram microphone is shown adja-
cent to the sternum. From Instruction

1
Z, bz % ECG

manual: Minnesota impedance cardio-

To External
ECG Input

graph, Minneapolis: Surcom, Inc.; re-
printed by permission.
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pose a 100-kHz, 4-mA, sinusoidal current along
the thorax (see Figure 8). Two inner recording
electrodes detect the potential difference which is
then divided by the current to yield the electrical
thoracic impedance (Z). The Z tracing can then be
seen to vary with each heartbeat (AZ).

The AZ signal indexes the displacement of a
volume of blood on each heartbeat proportional to
the change in thoracic resistivity and is thought to
reflect two sources of displacement: inflow, due
primarily to ejection from the left ventricle, and
outflow, due to runoff via the aorta. In order to
obtain an estimate of forward flow due to left ven-
tricular ejection, it is necessary to correct the AZ
signal for either inflow or outflow by extrapolating
to zero along the slope of either the descending or
ascending limb of the AZ curve. In order to avoid
certain potential errors in this technique, modern
recording systems usually provide a signal which
is the first derivative of AZ, the dZ/dt. The dZ/dt
is thus proportional to flow, making the estimation
of SV possible, as shown below.

In practice, the dZ/dt tracing is acquired along
with the ECG used to denote the onset of elec-
tromechanical systole from the Q wave. The pho-
nocardiogram may also be obtained in order to
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denote the opening and closing of the aortic valve
to assist in determining left ventricular ejection
time (LVET). Figure 9 shows a set of simultaneous
tracings. In addition, the resistivity of the blood
(rho) is a determinant of Z, and therefore rho is
estimated using one of a variety of formulas. The
one suggested by Kubicek is:

tho = 53.2 ¢ (0.022) HEM

where HEM is the hematocrit of the blood in per-
cent. Finally, the distance between recording elec-
trodes (L) is obtained in centimeters in order to
estimate the volume of tissue being sampled by the
system. The Kubicek approach assumes that the
thorax is approximated by a cylinder.

After obtaining LVET (in seconds), peak dZ/dt
(in ohms per second) by measuring the height of
the dZ/dt tracing on a given beat, SV may be
estimated using the Kubicek ez al. (1974) formula:

SV = rho(L/Zy)*(LVET) (dZ/dp),;,
where SV is the stroke volume in milliliters; rho is
the resistivity of blood derived from the hematocrit
(HEM) in percent, given as shown above; L is the
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Figure 9. Proposal for the designation of the peaks and troughs
in the impedance cardiogram. Twenty-four-year-old male sub-
ject, erect position at rest. From top to bottom: ECG, elec-
trocardiogram; PCG, phonocardiogram; AZ, heart-synchronous
impedance variation; dZ/dt = rate of change of the heart-syn-
chronous impedance variation. Zy = 20.2 (). A wave (atrial
wave) for the small wave which is due to atrial contraction; E
wave (ejection wave) for the large wave associated with left
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ventricular ejection. This E wave has a clear O point (onset
point), an M point (minimum point), and is followed by two
valve closure points, V, and Vp associated with aortic and
pulmonic valve closure, respectively. During the rapid filling
phase of the ventricles, an F wave (filling wave) occurs in the
impedance cardiogram. From Lamberts et al. (1984); reprinted
by permission.
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minimum distance between recording electrodes in
centimeters; LVET is the left ventricular ejection
time in seconds; (dZ/dt),,;, is the minimum value
of the dZ/dt waveform (point E) measured from
the onset of the upsweep (point 0) of the dZ/dt
tracing as shown in Figure 9; and Z,, is the basal
thoracic impedance in ohms.

An alternative method for calculation of SV was
developed by Sramek (1981). This formula as-
sumes that the volume of tissue sampled by imped-
ance cardiographic units is approximated by a trun-
cated cone rather than a cylinder and that the
resistivity of blood can be assumed to be constant
at 135 ohm-cm. Thus, under these assumptions,

SV = (L3/4.124)(LVET)[(dZ/dt min)/Z]

By noting the heart rate (HR) over the interval in
which SV is being determined, the cardiac output
(CO) in liters may be calculated by:

CO = HR(SV/1000)

A valuable estimate of myocardial contractility
(the Heather index, HI) has been proposed by
Heather (1969; see also Siegel et al., 1970) based
on impedance information. Using the formula

HI = (dZ/dt min)/Q-M

where Q—M is time in seconds from the Q wave of
the ECG to the minimum peak of the dZ/dt tracing
(M). The HI is thus given in ohms per second per
second, which is a measure of acceleration. Vari-
ous investigations have shown the HI to be superi-
or to the commonly used ratio of preejection period
to LVET (PEP/LVET) (Baller, Hurwitz, and
Nassirian, 1983) and to compare well with time to
maximum left ventricular pressure development
(Matsuda ez al., 1978, Siegel et al., 1970).

Key References. A classic presentation of most
of the early work on impedance was provided by
Nijboer (1970). A recent, thorough discussion of
impedance cardiography, including an excellent
review of the physiological basis of the dZ/dt
wave as well as a presentation of the interpretation
of some of the qualitative aspects of this wave-
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form, is given in a well-written book by Lamberts
et al. (1984). A good short review is that of Miller
and Horvath (1978). A comparison of impedance-
derived stroke volume in men versus women is
provided by McKinney, Buell, and Eliot (1984).

Specific Application

Placement of Sensors. The AZ tracing is de-
rived from a system of four adhesive strip elec-
trodes as shown in Figure 8. Placement of the inner
recording electrodes is critical because Z; is de-
pendent on electrode distance (L) and because the
base of the heart must be between these electrodes.
The standard calls for placing electrode 2 at the
base of the neck and electrode 3 at the xiphisternal
joint. This leads to L values of 19 to 27 cm. Lam-
berts et al. (1984) recommend consistently placing
electrode 3 about 22 cm from electrode 2. Since Z,,
in most men is 21 to 24, the value for L/Z, in the
SV equation then has a value close to unity, which
is desirable. In most cases an L of 22 cm should
provide optimal recordings. Each recording elec-
trode must be placed at least 3 cm from the outer
electrodes. A practical way to accomplish this is to
use a short electrode strip on the forehead as elec-
trode 1. Some investigators have achieved valid
results using a disk electrode on the forehead
(Ebert, Eckberg, Vetrovic, & Cowley, 1984). Ei-
ther of these approaches avoids electrode-prox-
imity problems likely to occur when both are
placed on the neck.

The ECG is best recorded with a lead II configu-
ration (upper right to lower left). This yields a
large QRS complex providing a clear demarcation
for the onset of electromechanical systole.

The phonocardiogram microphone, if used, is
typically placed to one side of the sternum at the
second or third intercostal space in order to obtain
the clearest aortic valve sounds.

Interpretation and Scoring. Figure 9 shows a
set of tracings with a system of designations for
landmarks on the dZ/ dt signal proposed by Lam-
berts et al. (1984). Recommended paper speed for
recording is at least 25 mm/s. Scoring of single
beats is best accomplished by deriving: (1) preejec-
tion period as the interval from the Q wave of the
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ECG to 0 on the dZ/dt signal; (2) LVET as the
interval from O to point V,; and (3) total elec-
tromechanical systole as the interval Q to Va.
When hand-scoring single beats, the phonocar-
diogram can provide a useful second reference to
confirm that appropriate points associated with the
opening and closure of the aortic valve have been
detected on dZ/dt. The second peak of the first
heart sound usually agrees well with 0, and the
peak of the second heart sound corresponds well
with V. This holds true for normal hearts.

The value for (dZ/dt min) is derived by measur-
ing the vertical distance in ohms per second from 0
to M. SV is then obtained by the above formula. It
is usual practice for 5 to 10 single beats to be
calculated and averaged to derive a single estimate
of SV. Even with the use of dZ/dt to calculate SV,
hand-scoring is tedious and places a limit on how
much data may be obtained. Recent efforts have
been made to automatically score single wave-
forms and average the results (see McKinney ez
al., 1985). Another approach has been to acquire
an ensemble-averaged waveform by digitizing and
averaging a large number of cardiac cycles and
calculating SV from the averaged waveform (see
Muzi et al., 1985; Muzi, Jeutter, & Smith, 1986).

Ensemble averaging methods employ the same
scoring scheme. Instead of digitizing values from a
single cardiac cycle, the dZ/dt, ECG, and pho-
nocardiogram signals represent averages of a large
number of cardiac cycles (e.g., 50-100) which can
then be scored from a single set of the above mea-
surements.

The Heather Index of contractility is derived by
obtaining the interval Q—M and applying the for-
mula given above.

Measurement Considerations

Validity. The validity of the impedance method
depends on how closely the dZ/dt waveform re-
flects the volume of blood ejected by the left ven-
tricle. Earlier investigations ruled out the heart
muscle itself as a significant contributor to the AZ
signal. Similarly, the ejection from the right ven-
tricle was ruled out as a significant source of input
by determining that the AZ signal arises primarily
from displacement of volumes in parallel with the

equipotential lines of the electromagnetic field be-
tween the outer electrodes. The pulmonary artery
branches lead laterally from the heart directly to
the lungs, and their orientation is primarily at right
angles to these lines. The ascending and descend-
ing aorta provide sufficient parallel flow for the
volume to be detected by the recording system.
The other primary signal source is the thoracic in-
flow along the superior and inferior venae cavae
which are also oriented parallel to the field lines.
Therefore, the upsweep of the dZ/dt wave is due
primarily to aortic outflow.

A primary source of error in the impedance esti-
mate of SV, however, has to do with the resistivity
of blood during pulsatile flow. The resistivity of
red cells in solution is partly a function of their
collective orientation. Red cells are randomly ori-
ented when still, but they become aligned when
flowing. Furthermore, the flow rate and pulse rate
are important factors determining the degree of
alignment. For these reasons, the rho is not con-
stant across the cardiac cycle. Lamberts et al.
(1984) conducted an ingenious series of experi-
ments to determine the contribution of erythrocyte
orientation to the AZ and dZ/dt signals. Their con-
clusion was that if thoracic impedance drops 37%
during a cardiac cycle, 21% would be due to aortic
flow and 16% to erythrocyte orientation changes.
Thus, if this conclusion is correct, 56% of the
change in dZ/dt is due to volume and 44% to
changing red cell alignment. These studies point to
the fact that AZ is a complex signal lacking a sim-
ple relationship to volume of flow. However, care-
fully conducted validity studies do report good
agreement between impedance and other tech-
niques.

A second validity issue has to do with the ade-
quacy of the model relating dZ/dt to actual SV.
The equation of Kubicek is based on principles of
electrical resistance; however, tests of its validity
rest on comparing estimates of SV or CO with
those obtained by other methods. A review of 23
studies of humans without valve defects or shunts
comparing impedance with other methods for mea-
suring SV or CO at rest and during exercise re-
vealed r values ranging from 0.49 to 0.98 with an
average of 0.84. In a recent study in our lab con-
ducted on 31 healthy men ages 21-36, we com-
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pared resting impedance estimates of SV index
with those obtained from nuclear ventriculogra-
phy. The obtained r value was 0.82, and SV in-
dices were 49 (8.6) and 47 (6.8) ml/m?2 for the two
techniques, respectively (Wilson, Sung, Pincomb,
& Lovallo, 1988).

Recent attempts at ensemble averaging to obtain
impedance estimates of SV allowing a large
number - of cardiac cycles to be sampled have
yielded promising results. Muzi et al. (1985) ob-
tained a correlation of 0.87 between ensemble-
averaged impedance estimates and thermodilution
estimates on 14 patients, some of whom were in
cardiac failure. Other studies on normals at rest
and during exercise have shown correlations of r =
0.90 in SV between averaged impedance signals
and the indirect Fick method (Ebert, DeMeersman,
Seip, Snead, & Schelhorn, 1988). Advantages of
this technique are that random errors are averaged
out of the final signal and that averaged dZ/dt
waveforms show a clear inflection point on the
upsweep denoting the onset of left ventricular ejec-
tion. This allows a determination of ejection time
without relying on the phonocardiogram, allowing
use during exercise. Ebert e al. also found that
measuring (dZ/dt min) from this point rather than
from Z, yielded better agreement with the Fick
method. Averaged signals would appear to have
application in research settings and to permit accu-
rate recordings even during the degree of move-
ment and respiration which occur due to bicycle
exercise.

Reliability. Reliability is an estimate of the ex-
tent to which a technique obtains the same value on
repeated measurements. In prior work in our lab,
impedance-derived values were obtained at rest on
15 healthy men aged 20-35 years on two separate
occasions. Coefficients of reliability over the two
sessions using the Spearman—Brown prophecy for-
mula (Winer, 1971) were as follows: SV (0.96),
CO (0.92), HI (0.90) (Pincomb et al., 1985). En-
semble-averaged impedance signals have shown
excellent stepwise increases in SV and CO during
graded exercise as well as having standard devia-
tions comparable at each stage to SV and CO val-
ues derived from indirect Fick determinations
(Ebert et al., 1988). Most authors who have con-
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ducted such studies have concluded that the relia-
bility of impedance measurements is superior to
their overall accuracy.

Sources of Artifact. A review of a large number
of studies comparing impedance to other tech-
niques for measuring SV and CO indicates that on
the average, impedance can approximate these pa-
rameters as measured by other techniques, but that
potential sources of error exist making data in the
case of any single subject potentially unreliable.
There is general agreement that impedance follows
very closely the magnitude and direction of change
in SV and CO, making it an excellent technique for
following trends. The irregularities of blood flow,
occurring in cases having heart valve defects or
shunts, make impedance much less valid in deter-
mining SV and CO when these defects are present.

Two important sources of artifact causing inac-
curacy are improper determination of L and rho.
Many early and current studies assume a constant
value for rho based on assumptions of ‘‘average’’
hematocrit values. Those studies which deter-
mined rho for each case revealed better agreement
between impedance and other techniques. The
other source of uncontrolled variation is the choice
of L. The length between recording electrodes is
known to influence the value of Z,. The critical
factor for accurate recording is to ensure that the
base of the heart including the aortic arch is be-
tween these electrodes. Lamberts et al. (1984) rec-
ommend using 22 cm as the value of L since this
produced the most physiologically reasonable SV
estimates in their studies. Finally, since the AZ
signal depends on the alignment of the aortic arch
with the equipotential lines along the thorax, a nor-
mal position of the heart is critical.

Conclusion. Impedance cardiography can be a
valuable technique for measuring SV and CO in
the research setting given its advantages outlined
above: When the investigation calls for averaging
grouped data; when a prime consideration is to
note trends in SV or CO; when the observations are
being made on structurally normal hearts; and
when a reasonable number of determinations can
be made, impedance measurements may be worth
considering.
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In the context of behavioral studies, the value of
impedance lies in the fact that by permitting an
estimate of CO, the simultaneous measurement of
mean blood pressure (MBP) permits calculation of
peripheral resistance (PR) by the formula PR =
(MBP/CO) 80. This permits blood pressure to be
interpreted in terms of the relative contributions of
both cardiac and vascular factors.

Studies in our laboratory have demonstrated the
value of using impedance cardiography in such a
manner. For example, in an initial investigation of
the effects of caffeine on cardiovascular function
in persons at rest (Pincomb ez al., 1985), we mea-
sured CO simultaneous with blood pressure. In so
doing we found that caffeine elevated resting blood
pressure by increasing peripheral resistance with
no change in inotropic stimulation of the heart. In
other studies we were able to do detailed analyses
of hemodynamic patterns associated with exposure
to aversive (Lovallo et al., 1985) and apetitive
(Lovallo, Pincomb, & Wilson, 1986) behavioral
tasks. In each case we were able to unobtrusively
measure cardiac function in order to evaluate the
integrated cardiovascular response pattern to the
challenge of interest.

Conditions for Data Collection

In practice, four sources of error in measure-
ment must be considered. These are: failure to esti-
mate rho by hematocrit, careless placement of
recording electrodes leading to unreasonable val-
ues for L, attempting measurements from persons
with valve defects or shunts, and allowing exces-
sive respiration or movement during recording.

Most practitioners have made measurements
during end-expiratory apnea, glottis open, to avoid
respiratory artifact. In our experience, modest res-
piration as during quiet rest or work on purely
cognitive or behavioral tasks is not a problem.
Ebert et al. (1988) have reported good validity of
ensemble-averaged dZ/dt tracings during bicycle
exercise during which breathing is heavy but
movement is somewhat more restricted than during
running.

Qualitative Use of dZ/dt. The fact that dZ/dt
provides a signal denoting major events in the car-
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diac cycle, and due to its sensitivity to valve de-
fects, this signal provides an excellent noninvasive
tool for monitoring qualitative cardiac function in
clinical states. These include comparisons pre- and
postsurgery for valve repair, monitoring in cardiac
failure, and other states. A full discussion of these
uses is beyond the scope of this chapter (see Lam-
berts et al., 1984).

Future Prospects

Future developments are likely to include im-
provements in qualitative interpretation of the AZ
and dZ/dt waveforms as clinical experience is
gained using impedance measurements. More
important for research investigations will be im-
proved reliability and accuracy of measurements
via the use of ensemble averaging of waveforms to
reduce common sources of artifact. Finally, ad-
vances in high-density data storage and rapid ana-
logue-to-digital conversion of incoming signals
combined with ensemble averaging will allow am-
bulatory impedance monitoring to become a reality.
This will permit extensive cardiovascular studies to
be conducted outside the laboratory in real-life
situations.

Summary

This chapter has provided a summary of four
techniques for measurement of cardiac function:
electrocardiography, echocardiography, nuclear
cardiac imaging, and impedance cardiography.
These were chosen because they represent the
state-of-the-art in noninvasive or minimally inva-
sive methods of cardiac measurement. The choice
of techniques for a given research project then be-
comes a matter of choosing the best method for the
purpose. In any event, the researcher now has a
good set of tools for use in studies of behavioral—
cardiovascular interactions.
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CHAPTER 3

The Experimental Study of Behaviorally
Induced Arrhythmias

Vikas Saini and Richard L. Verrier

Introduction

The belief that psychological stress can precipitate
major illness has long been accepted in both folk
wisdom and medical thinking, but its scientific
basis is fragmentary and incomplete.

The experimental study of behavioral factors in
the induction of life-threatening arrhythmias con-
stitutes one area in which notable advances have
been made. This has been largely due to the devel-
opment of well-defined behavioral models and the
evolution of quantitative methods for assessing
myocardial electrical stability. The availability of
improved pharmacologic probes to factor out the
effects of various components of the nervous sys-
tem and the refinement of selective denervation
procedures have contributed further to elucidation
of mechanisms. The successful study of this area
requires a continuous cross-fertilization of ad-
vanced techniques and concepts between the disci-
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plines of neuroscience and cardiovascvlar phys-
iology, two areas which are advancing at rapid
rates.

This chapter will be guided by four major objec-
tives: (1) to review basic concepts of electrophysi-
ology and arrhythmogenesis and to specify the pa-
thophysiologic features which should guide the
development of experimental models; (2) to dis-
cuss the proper use and limitations of methods
available to assess the influence of behavioral state
on susceptibility to arrhythmias; (3) to summarize
the current understanding of the mechanisms in-
volved in behaviorally induced arrhythmias; and
(4) to discuss how application of the latest devel-
opments in the neurosciences and in cardiac elec-
trophysiology could further accelerate our progress
in this field.

Basic Electrophysiology

As outlined in Chapters 1 and 2 of this hand-
book, the maintenance of a coordinated heartbeat
in normal rhythm requires the adequate function of
the specialized pacemaker and conducting tissue of
the heart. A variety of disturbances of rhythm can
occur at any point in the sequence of spontaneous
depolarization, propagation of the impulse, and
myocardial contraction. Many of these pathologic
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processes are influenced by neural factors and are
thus suitable for behavioral study. Electrocar-
diography is the central technique for the measure-
ment of normal cardiac electrical function and for
the analysis of abnormalities of rthythm. In the fol-
lowing section, we will review those more specific
measurement techniques which have been applied
most successfully to the study of behavioral factors
in arrhythmogenesis.

Classification of Arrhythmias

Examination of the body surface ECG allows, in
most cases, the diagnosis of cardiac arrhythmias.
These may be classified as follows:

¢ Supraventricular
Atrial premature beats (APBs)
Supraventricular tachycardia (SVT)
Nonparoxysmal junctional tachycardia (NPJT)
Multifocal atrial tachycardia (MAT)
Atrial flutter
Atrial fibrillation (AF)

¢ Ventricular
Ventricular premature beats (VPBs)
Ventricular tachycardia (VT)
Ventricular fibrillation (VF)
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Electrophysiologic Mechanisms

The study of underlying electrophysiologic
mechanisms requires the use of many complex
techniques for recording, from the cellular level to
the three-dimensional mapping of cardiac elec-
trical activity (Wit, 1985).

As suggested by Hoffman and Cranefield
(1964), the primary mechanisms of arrhythmias
may be classified into three categories: abnormal
impulse initiation, abnormal conduction, or a com-
bination of the two (Table 1).

Abnormal Impulse Initiation

Our current understanding of abnormalities of
impulse initiation has resulted primarily from the
recording of transmembrane potentials in vitro.
Two types of abnormalities are distinguished,
those of automaticity and those of triggered
activity.

Automaticity, the capacity to initiate the action
potential spike spontaneously, is normally limited
to the specialized conducting tissue of the heart and
is based on the slow phase 4 diastolic depolarization
which occurs in these cells. Normally the electrical
activity of the sinus node entrains the depolarization

Table 1. Mechanisms for Arrhythmias®

Abnormal impulse
generation

II

Abnormal impulse
conduction

I

Simultaneous
abnormalities of impulse
generation and
conduction

A. Normal automatic
mechanism

B. Abnormal automatic
mechanism

C. Triggered activity
1. Early afterdepo-
larization
2. Delayed afterde-
polarization

. Slowing and block

(e.g., S-A block, A-V
block)

. Unidirectional block

and reentry

1. Random reentry

2. Ordered reentry

3. Summation and in-
hibition

. Conduction block,

electrotonic transmis-
sion, and reflection

A. Parasystole

B. Slow conduction be-

cause of phase 4 de-
polarization

2From Wit (1985), as modified from Hoffman and Rosen (1981); reprinted by permission.
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of the rest of the heart. However, if the resting
membrane potential is reduced in lower portions of
the conduction system or in portions of the myocar-
dium itself, ectopic foci of spontaneous depolariza-
tion may emerge and capture the heart for one or
more beats. Triggered activity is impulse initiation
resulting from an afterdepolarization, a second de-
polarization of the membrane following soon after
the initial one. Both mechanisms have been in-
voked to explain a wide variety of arrhythmias,
including APBs, VPBs, NPJT, MAT, paroxysmal
atrial tachycardia (PAT), and VT. Autonomic fac-
tors have been shown to influence both mecha-
nisms. Thus, sympathetic activity is known to en-
hance automaticity and to cause the occurrence of
triggered afterdepolarizations. Parasympathetic ac-
tivation is known to decrease automaticity.

Abnormalities of Conduction

Fundamental to an understanding of this mecha-
nism of arrhythmia is the concept of reentry. Reen-
try is said to occur when a propagating impulse
returns to reexcite previously depolarized cardiac
tissue which has completed its repolarization (Fig-
ure 1). The mechanism requires the existence of at
least two functionally distinct pathways with some
degree of slowing of conduction in one of those
pathways and unidirectional block in the other.
Thus, an impulse which is critically timed may
block in the antegrade direction along one path
while conducting slowly down the parallel one. If
the recovery of excitability of the first path is then
completed, it may be reexcited by the same im-
pulse from the distal end. Clearly, these require-
ments can be met only for certain critical rela-
tionships between conduction velocity, path
length, and refractory period. Under some circum-
stances, these relationships may result in an ‘‘end-
less loop’’ of excitation which repetitively captures
the heart (‘‘ordered reentry’’), as in SVT, in which
the reentrant loop travels through two pathways
within the AV node, and in atrial flutter, in which
the reentrant circuit involves a large portion of the
atrium. In other settings, if the degree of elec-
trophysiologic inhomogeneity is greater, impulse
propagation may fractionate further and further
along constantly changing pathways at changing
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Figure 1. Schematic representation of reentry in a ring of car-
diac tissue as described by Mines in 1914. In A, the ring was
stimulated in the area indicated by the small black dot; impulses
propagated away from the point of stimulation in both direc-
tions and collided; no reentry occurred. In B, the cross-hatched
area was compressed while the ring was stimulated again at the
black dot. The impulse propagated around the ring in only one
direction, having been blocked in the other direction by the area
of compression. Then immediately after stimulation, the com-
pression was relieved, and in C, the unidirectionally circulating
impulse is shown returning to its point of origin and then con-
tinuing around the loop. Identical reentry would occur if the
cross-hatched area was a region of unidirectional conduction
block, with the conduction block in the right-to-left direction. D
shows how reentry in a loop of the kind described in A-C might
cause arrhythmias if located in the heart. In this example, the
loop is composed of ventricular muscle which is separated func-
tionally from the rest of the ventricle along most of its border
represented by the heavy black line (perhaps caused by fibro-
sis), but in functional continuity with the ventricles in one
place, at its lower end. The arrows show how excitation waves
could propagate into the ventricles from the continuously cir-
culating impulse to cause ventricular tachycardia. From Wit
(1985); reprinted by permission.

rates (‘‘random reentry’’). This is the essential fea-
ture of both AF and VF.

Methods of Investigation

The study of behavioral factors in arrhythmo-
genesis requires the creation of an adequate model
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for investigation. Such a model has four essential
components: (1) a substrate in which the elec-
trophysiologic mechanisms discussed above are
present and sufficient to generate arrhythmia; (2)
reliable measurement techniques for assessing ar-
rhythmogenesis; (3) suitable behavioral models
which reproduce commonly encountered life situa-
tions; (4) techniques for the elucidation of underly-
ing mechanisms of behavioral effects.

Substrates

The model which holds the most interest on
clinical grounds and which has been studied thor-
oughly to date is that of sudden cardiac death
(SCD). Epidemiologic studies have confirmed that
psychologic factors may provide protection or con-
fer risk in its occurrence. Certain pathophysiologic
features of SCD guide the creation of a model, and
these need to be reviewed briefly.

Sudden Cardiac Death

There are over 300,000 such deaths in the United
States annually, accounting for 15—20% of all natu-
ral fatalities and for over half of all fatalities due to
coronary artery disease (CAD) (Lown, 1984). The
development of resuscitative techniques, intensive
care and ambulatory monitoring has unequivocally
established VF as the terminal mechanism of death.
The association with CAD is also well documented.
Fully 75% of cases of SCD have significant multi-
vessel terminal stenosis and myocardial scarring
from prior infarctions.

The role of acute ischemia in the precipitation of
VF remains to be quantified. Although a majority
of those dying suddenly are known to have symp-
tomatic CAD, fully one fourth will have VF as
their first and only event. Evidence for acute myo-
cardial infarction (MI) is present in only a minority
of cases (Cobb, Werner, & Trobaugh, 1980).
However, the occurrence of transient, often
asymptomatic episodes of ischemia has been in-
creasingly recognized and is currently the focus of
intense investigation. Known mechanisms include
(1) coronary vasospasm; (2) platelet aggregation,
plugging, and release; and (3) thrombosis with or
without reperfusion. The proportion of VF arrests
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which are preceded by such episodes of transient
ischemia remains to be established. The markedly
increased rate of SCD in patients recently hospi-
talized for unstable angina suggests that the pro-
portion will be high.

The development of the coronary care unit and
routine in-hospital monitoring of patients after MI
have also established that so-called ‘‘late-phase’’
arrhythmias, including VF, may occur without as-
sociated acute ischemia. In this setting, VF is often
preceded by some period of sustained tachyar-
rhythmia of varying hemodynamic stability. Post-
MI patients thus constitute a distinct population of
SCD patients.

Electrophysiologic Features of Ischemia

The features of SCD discussed above highlight
the importance of studying well-specified phases
of the natural history of this disease. There is in-
creasing evidence that different phases engender
different electrophysiologic mechanisms of ar-
rhythmia (Elharrar & Zipes, 1982).

Within minutes of an acute coronary artery oc-
clusion, bipolar electrogram recordings demon-
strate a transient increase in conduction velocity
followed by a loss of amplitude and duration and
by the delaying of activation, resulting in slowing
of conduction. This delay in conduction in the is-
chemic zone would be an important component in
the creation of conditions favoring reentry if it
were substantial enough to outlast repolarization of
adjacent zones and then reactivate them. The ex-
tent of conduction delay has been so correlated
with the incidence of spontaneous tachyar-
rhythmias. Other investigations have demonstrated
significant changes in refractory period duration
and excitability threshold in the ischemic zone,
and these factors undoubtedly influence the gener-
ation of arrhythmias, although the exact mecha-
nisms remain to be determined.

If an occlusion is maintained beyond the initial
phase, a second phase of spontaneous ventricular
arrhythmia ensues. The electrophysiology of this
period is not completely elucidated, but these ar-
rhythmias are probably related in part to the in-
creased automaticity of surviving Purkinje fibers in
areas of recent infarction.
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In humans the propensity to develop so-called
‘‘late phase’’ ventricular tachyarrhythmia, includ-
ing VF, persists long after an acute MI has healed.
Dogs in which only a single coronary artery is
permanently occluded are not prone to this type of
chronic arrhythmia. However, in recent years,
Michelson, Spear, and Moore (1980) have devel-
oped methods for the production of infarctions
which are more chronically arrhythmogenic. Hy-
pothesizing that the richly developed collateral
channels in dogs facilitate well-demarcated healing
when single stage occlusions are carried out, these
workers have resorted to occlusions with variable
periods of release, or to the occlusion of a major
vessel and multiple smaller epicardial vessels. The
infarcts so produced are typically ‘‘mottled,”’ with
closely interpenetrated areas of viable and nonvia-
ble myocardium. Such infarcts have been found to
be extremely susceptible to sustained tachyar-
rhythmias which are inducible days to months
later. The electrophysiologic characteristics of
these infarcts have been studied in some detail by
El-Sherif and co-workers (EIl-Sherif, Scherlag,
Lazzara, & Hope, 1977a; El-Sherif, Hope, Scher-
lag, & Lazzara, 1977b). Of note are the findings of
delayed, slowly conducting, fractionated electrical
activity, and a marked heterogeneity of excitability
and refractory period at different sites in close
proximity. On theoretical grounds, these findings
would all favor the occurrence of reentry. The
unique anatomy of these infarcts provides multiple
potential conduction pathways which also favor re-
entrant mechanisms. The finding that the site of
stimulation is important for the induction of a
tachyarrhythmia underscores the fact that ar-
rhythmogenesis is a complex interaction of geome-
try and electrophysiology.

Electrophysiology of VF

The sequence of events leading from the nor-
mally organized advancing wavefront of electrical
activity to the chaotic activity of VF involves sev-
eral electrophysiologic mechanisms operating at
once in a complex, multilayered process. All of
these can be present in ischemic heart disease (Sur-
awicz, 1985).

As indicated above, VF, the final common path-
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Table 2. Factors That May Enhance Vulnerability to
Ventricular Fibrillation®

Large mass of myocardium
Local depolarization
Increased automaticity of Purkinje fibers
Transformation of nonpacemaker into pacemaker fibers
Slow conduction
Localized focal block or preexcitation
Generalized (including changes in membrane responsive-
ness)
Uniformly prolonged refractoriness (duration of action poten-
tial)
Increased nonuniformity of refractoriness
Altered differences between Purkinje and ventricular fibers
Increased dispersion of refractoriness in the ventricular myo-
cardium

aFrom Surawicz (1985); reprinted by permission.

way of SCD, can be seen as an extreme, frac-
tionated form of the phenomenon of reentry. Nec-
essary for its initiation is an appropriately timed
excitable stimulus delivered into an electrophysi-
ologic matrix in which certain conditions of geom-
etry, conduction velocity, and refractoriness are
present. The subsequent propagation and mainte-
nance of VF throughout the entire heart requires
that a critical mass of myocardium be involved in
the initial matrix. The premature stimulus may be
due to automaticity, triggered activity, reentrant
activation, or an artificially delivered electrical
pulse. It follows that physiologic influences, in-
cluding changes in behavioral state, which gener-
ate premature impulse formation or which slow
conduction velocity or increase inhomogeneity of
refractoriness will all increase vulnerability to
fibrillation (Table 2) (Han, Garcia de Jalon, &
Moe, 1964; Kolman, Verrier, & Lown, 1975; Ver-
rier, 1987).

Techniques for the Measurement of Cardiac
Electrical Vulnerability

Two general measurement strategies are avail-
able for assessing cardiac electrical instability: (1)
passive recording techniques and (2) provocative
electrical testing. In practice, there is considerable
overlap between the two, and in the more sophisti-
cated techniques the two approaches are comple-
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mentary. In either case, the object measured may be
VF itself, or some component of the electrophysi-
ologic matrix out of which fibrillation emerges.

Recording Techniques/ Spontaneous Arrhythmias

The first approach is to vary the substrate in
ways known to re-create the conditions of ar-
rhythmia formation, observing its spontaneous de-
velopment and recording the process with greater
or lesser degrees of sophistication. In this ap-
proach, the measurement technique generally util-
ized in behavioral studies to date has been the
monitoring and recording of the surface ECG. This
technique measures the final electrophysiologic
““output’’ of the system, the ventricular arrhythmia
itself. End points for this ‘‘noninvasive’’ measure-
ment approach have included the generation of
VPBs, the latency of VT or VF, or the incidence of
either arrhythmia.

VPBs. VPBs are a heterogeneous population.
They can occur due to the ectopic discharge of a
focus of increased automaticity, due to the develop-
ment of an area in which micro-reentry takes place,
or due to macro-reentry. In the development of VF,
VPBs could therefore play the role of the triggering
premature impulse or merely be a sign of the onset
of conditions of reentry. Given the multiple con-
straints for the development of VF, the experimen-
tal induction of VPBs, although clearly indicating
alterations in cardiac electrical properties, cannot
be considered a surrogate for VF.

A number of classification schemes for VPBs
have been developed. In general, these incorporate
considerations of frequency, multifocality, or re-
petitive features. The Lown grading system (Lown
and Graboys, 1977) is one such approach (Table 3).

Latency of VT or VF. This is the time required
from some experimental intervention which is ar-
rhythmogenic, such as acute coronary artery occlu-
sion or rapid infusion of a toxic dose of ouabain, to
the point at which VT or VF emerges. Although
this end point has been shown to be influenced by
behavioral factors, the elucidation of underlying
mechanisms is made more difficult by its physio-
logically ambiguous nature. It is unclear, for ex-
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Table 3. A Grading System for Ventricular
Premature Beatsb

Grade Characteristics of beat
No ventricular beats

1A Occasional, isolated ventricular premature beats
(less than 30/h): Less than 1/min

1B Occasional, isolated ventricular premature beats
(less than 30/h): More than 1/min

2 Frequent ventricular premature beats (more than
30/h)

3 Multiform ventricular premature beats

4A Repetitive ventricular premature beats: Couplets

4B Repetitive ventricular premature beats: Salvos

5 Early ventricular premature beats (i.e., abutting

or interrupting the T wave)

aFrom Lown and Graboys (1977); reprinted by permission.

#This grading system is applied to a 24-h monitoring period and indi-
cates the number of hours within that period that a patient has ventricu-
lar premature beats of a particular grade.

ample, whether behaviorally induced changes in
latency of VF are a result of direct neural effects on
electrophysiology or whether they reflect second-
ary changes in hemodynamic function expressed in
the time domain.

Incidence of VF. The incidence of VF in an ex-
perimental protocol is the most reliable parameter
available in the assessment of spontaneous elec-
trical instability. However, as a relatively global
assessment of myocardial electrical stability, its
limitations must be acknowledged. Although be-
havioral states and pharmacological interventions
may alter this measure, little information is derived
regarding the mediating electrophysiologic mecha-
nism. Furthermore, the need for repeated de-
fibrillations reduces the utility of the method for
tracking electrical stability in changing behavioral
states.

Recent work in basic electrophysiology has de-
veloped more elaborate recording techniques to
measure separately the various electrophysiologic
components which create the conditions for ar-
rhythmogenesis. Thus, multiple lead systems at
the body surface, or, more invasively, at endocar-
dial or epicardial sites, have been used to create
maps of ventricular activation sequences, of the
fractionation of impulse conduction, and of the
dispersion of repolarization. Burgess (1982) and
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Abildskov, Burgess, Lux, Wyatt, and Vincent
(1976) in particular have developed *‘vulnerability
maps’’ which graphically display increased disper-
sion of repolarization after a variety of physiologic
interventions known to enhance ventricular vul-
nerability. This technique requires recording elec-
trograms from 192 body surface sites. The QRS
and ST-T, and QRST isoarea maps are created. By
subtracting a normal T map from the map to be
analyzed, those areas of increased dispersion of
ventricular repolarization, the so-called vulnerabil-
ity map, may be identified.

To date, none of these techniques have been
applied to the study of behavioral states.

Cardiac Electrical Testing

The second major approach to the measurement
of electrical stability involves the deliberate intro-
duction of an impulse to perturb the system while
recording the electrophysiologic consequences. It
thus incorporates most features of the first ap-
proach while adding an element of control.

VF Threshold. Wiggers and Wegria (1940a,b)
first showed the ability of a single electrical pulse
to induce VF when delivered during a critical peri-
od of diastole. Han et al. (1964), utilizing a train
of pulses, showed a similar effect. In both meth-
ods, the timing and the strength of the pulse were
found to be critical factors.

In either case, the method is based on the notion
that during the intrinsic inhomogeneity of re-
polarization, manifest as the T wave on a surface
ECG (Figure 2), a vulnerable period exists in which
a critically timed stimulus may further increase the
dispersion of recovery, facilitate reentry, and so
induce VF. Moore and Spear (1975) demonstrated
that increasing current intensity induces greater dis-
persion of refractoriness. If one assumes that a fixed
amount of dispersion is necessary to precipitate VF,
then the enhanced intrinsic dispersion lowers the
current necessary to induce VF. The amount of
current required (VF threshold) thus varies inver-
sely with the intrinsic degree of electrical stability
and provides a quantitative measure of it.
sure of it.

The technique for measuring the VF threshold
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Figure 2. Fibrillation and sudden cardiac death may be pre-
saged by ventricular premature beats (VPBs) that depolarize the
ventricles during the vulnerable period of the cardiac cycle.
They are particularly dangerous in an electrically unstable myo-
cardium or when acute inputs to the heart, as by neural stimuli,
have momentarily altered cardiac excitability to favor repetitive
electric discharge. The vulnerable period corresponds to the
time during the repolarization phase when there is marked dis-
persion in refractoriness and conduction velocity among adja-
cent myofibrils, so that these are at varying stages of recovery.
Such conditions would be conducive to fractionation of recir-
culating wave fronts, resulting in rapid, disorganized activity,
i.e., fibrillation (Lown, 1982).

requires attention to several methodologic details.
First, appropriate scanning of the vulnerable peri-
od is necessary. By using a systematic approach it
is possible to search the vulnerable period expedi-
tiously and reliably. The measurements are carried
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out through a quadripolar electrode catheter which
is placed in the right ventricular apex via a jugular
vein under fluoroscopic control (Figure 3). The
intracavitary ECG is recorded from the proximal
pair of electrodes. The single-stimulus technique
for VF threshold determination involves ven-
tricular pacing at a constant rate of at least 10 beats
above the intrinsic heart rate. Test impulses are
generated by a constant-current square wave pulse
generator current source (Mansfield, 1967). Tim-
ing is synchronized from the pacemaker stimulus.
The test stimuli are delivered after every 10-12
paced beats, followed by inhibition of the
pacemaker output for 3 s. The initial current
strength of the test stimulus is set at 2 mA. Scan-
ning of the vulnerable period begins at the end of
the T wave and ends at the effective refractory
period. Scanning intervals are of 5 or 10 ms dura-
tion, being equal to the width of the test stimulus.
Current strength is then increased by 2 mA and
scanning is repeated in the opposite direction. The
lowest current strength at which VF is elicited de-
fines the VF threshold (Figure 4A,B).

Numerous studies have shown a close corre-

Figure 4. (A) Scanning of the vulnerable period using the
single-stimulus technique. This figure is a schematic of the
temporal relationships between the T wave of the ECG,
strength interval curve, and the vulnerable period. During test-
ing, heart rate is held constant by ventricular pacing. A 5-ms
impulse with an initial current strength of 4 mA is delivered to
coincide with the apex of the T wave (impulse #1). While the
output is held at 4 mA, the vulnerable period is scanned in 5-ms
decrements until the refractory period is encountered (impulse
#5). The output is then increased to 6 mA (impulse #6) and
scanning proceeds in 5-ms increments (impulse #9). In this
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Figure 3. Experimental preparation for determination of the VF
threshold. The measurements are made using a quadripolar
electrode catheter which is placed in the apex of the right ventri-
cle via a jugular vein. Pacing and test stimuli are delivered
through the distal pair of electrodes. The intracavitary ECG is
recorded from the proximal set of electrodes.

spondence between changes in the VF threshold
and the spontaneous incidence of VF (Figures 5
and 6). Moreover, many interventions which alter
dispersion of excitability and refractoriness alter
VF threshold in the expected manner (Surawicz,
1985; Moore & Spear, 1975).

Several studies have shown apparent discrepan-

way, single pulses of increasing energy are delivered until the
vulnerable zone is intercepted (impulse #36) to give a re-
petitive extrasystole threshold of 20 mA. (B) Location of the
protective zone. Temporal relationships between T wave, vul-
nerable period, strength interval curve, and protective zone.
The vulnerable-period curve has a characteristic V shape, the
nadir of which coincides temporally with that for provoking
ventricular fibrillation. The protective zone is a relatively broad
zone which occurs 10 to 20 ms after the VP nadir and is approx-
imately 50 ms in duration (Verrier & Lown, 1982).



3 o

Figure 5. Time course of changes in
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repetitive ventricular response; VT,
ventricular tachycardia (Verrier & Lown,
1978).

cies in the VF threshold when compared to spon-
taneous fibrillation (Jaillon, Schnittger, Griffin, &
Winkle, 1980; Gaum, Elharrar, Walker, & Zipes,
1977). The method of testing requires careful at-
tention, however (Table 4). The site of stimulation
has been shown to be an important variable, es-
pecially if it includes ischemic tissue. In addition,
the train of stimuli method has several limitations.
The existence of a protective zone adjacent to the
vulnerable period has been demonstrated (Verrier,
Brooks, & Lown, 1978; Verrier & Lown, 1982).
When it is activated by a second pulse, fibrillation
can be prevented (Figure 4B). Furthermore, trains
of pulses can liberate local catecholamines which
can themselves distort the VF threshold (Euler,
1980). Thus, the single-stimulus method is pre-
ferred. However, it must be recognized that the
usefulness of the VF threshold lies in the relative
simplicity of the technique and the global assess-
ment of myocardial electrical stability which it

75
VF
%
50
Figure 6. Changes in VF threshold induced by a 10-
min period of left anterior descending coronary ar- 25
tery occlusion and by release. Note relation between
the occurrence of ventricular arrhythmia and the re-
duction in threshold (solid line). VPB, ventricular 0

premature beats; VTvp, ventricular tachycardia of
the vulnerable period (Lown & Verrier, 1976).
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provides. As with spontaneous fibrillation, it has
limited usefulness for the elucidation of the com-
plex three-dimensional changes within the elec-
trophysiological substrate which occur in different
pathologic conditions. Moreover, the necessity for
defibrillation in this method imposes the same lim-
itations on the study of behavioral factors as does
the occurrence of spontaneous VF.

Electrical Testing in the Conscious Animal: RE
Threshold. The search for a measure of cardiac
electrical stability in the freely moving conscious
animal led to the development of the repetitive
extrasystole (RE) threshold as an index of vul-
nerability to VF (Matta, Verrier, & Lown, 1976a).
As noted above, during VF threshold determina-
tion, a gradual increase in the stimulus intensity
leads to a progressive increase in the number of
spontaneous ventricular depolarizations following
the premature stimulus until VF occurs (Figure
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Table 4. Common Pitfalls in the Measurement of VF Threshold

Problems

Underlying causes

Solutions

Improper positioning of
electrode catheter with-
in the heart

Inadequate spatial sepa-
ration of bipolar elec-
trodes

Inappropriate scanning
technique (train of
pulses)

Inadequate pacing dura-
tion between test stim-

Lack of suitable activa-
tion of myocardial
tissue

Coagulative necrosis of
myocardial tissue

Norepinephrine release
within the myocardium

Activation of the protec-
tive zone

Variable changes in loca-
tion of the vulnerable

Placement of catheter in
apical region

Electrodes should not be
in infarcted region

Use of interelectrode dis-
tance of 1-1.5 cm

Use of the single-stimu-

lus technique

Sequence of 10 to 12
paced beats before de-

uli period

livering test stimulus

4A). By increasing the current in a step-by-step
fashion, we have found that a repetitive extra-
systole, i.e., a single spontaneous ventricular de-
polarization after the test stimulus, occurs at ap-
proximately two-thirds of the energy required to
provoke VF. This relationship holds under diverse
experimental interventions which alter cardiac vul-
nerability (Verrier et al., 1978; Matta et al.,
1976a; Lown & Verrier, 1976). As the animals do
not perceive the test stimuli, the RE threshold
method permits the detailed study of the effects of
behavioral state on the vulnerable period threshold
(Lown, Verrier, & Corbalan, 1973).

There are, of course, some limitations to the RE
threshold method. First, about 8—10% of dogs do
not show REs before the attainment of VF. This
demonstrates that REs are not a necessary precur-
sor to VF but represent instead a related phe-
nomenon sharing a common electrophysiologic
substrate. The use of the RE method therefore re-
quires larger samples. A second limitation of the
RE threshold method is seen upon assessing dogs
in the postinfarct state when that infarction has
been created by the occlusion/reperfusion method.
Gang, Bigger, and Livelli (1982) found that in this
form of experimental infarction, useful for its abil-
ity to create inducible sustained VT, the RE thresh-
old/VF threshold ratio was lowered and the vari-
ability was increased. Thus, in experimental in-
farcts designed to study the electrophysiology of
inducible sustained VT, the RE threshold may

have a limited role. On the other hand, sustained
VT, especially if hemodynamically stable, would
be the more appropriate end point for study in this
model.

Electrical Testing for Sustained Tachyar-
rhythmias. As previously discussed, the elec-
trophysiology of late-phase arrhythmia is different
from that of acute ischemia. Electrical testing for
the induction of sustained VT proceeds according
to a different protocol. As during measurement of
VF threshold, the heart is paced at a fixed rate.
Unipolar cathodal stimulation at a single site is
used for both pacing and premature stimulation.
Diastole is similarly scanned in 10-ms decrements
until the refractory period is reached. However, in
this method of testing, the output of the premature
stimulus is fixed at two or three times the mid-
diastolic threshold. If no sustained tachyar-
rhythmia is induced, the first premature pulse is
placed at a fixed coupling interval 10 ms beyond
the refractory period, and a second premature im-
pulse of the same intensity is utilized to scan di-
astole once more. If necessary, a third extra stim-
ulus can be added, but beyond this number there is
little increase in yield (Wellens, Brugada, & Ste-
venson, 1985).

Inducibility of a sustained arrhythmia is influ-
enced by several stimulus parameters as well as by
the number of premature extra stimuli.

Rate. Increased pacing rates increase the yield
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of sustained VT but also increase the incidence of
more nonspecific arrhythmias such as polymorphic
VT or VF.

Site. Generally, right ventricular (RV) apical
sites of stimulation are used. In theory, small
changes in site may be adequate to render the ge-
ometry favorable for arrhythmia induction, but
such a maneuver creates a problem of meth-
odologic consistency. Use of the RV outflow tract,
or even of sites within the LV, increases the yield
of VT induction, but again increases the incidence
of undesired arrhythmias such as VF.

Current output. By convention, this is gener-
ally measured as a multiple of the middiastolic
threshold rather than an absolute value. In contrast
to the measurement of VF threshold, there is at
present little information on the effects of smaller
increments of output on the inducibility of sus-
tained VT.

Behavioral Models

Once the substrate for arrhythmia has been es-
tablished as described above, the investigation of a
possible role for psychological factors requires the
addition of behavioral variables. Several models
have been employed to define the effects of behav-
ioral state on cardiac arrhythmogenesis.

Passive Restraint

Passive restraint models utilize some form of
physical restraining device to effect immobiliza-
tion, and all therefore share the problem of differ-
entiating physical from psychological components
of the stress experience. Despite this drawback,
useful information can be obtained, as Natelson
has shown in his studies of psychosomatic digitalis
toxicity (Natelson, Cagin, Donner, & Hamilton,
1978).

Stress Adapation

Because the ability to adapt to recurrent stress
appears to be an important determinant of disease
outcome, models which incorporate features of
repetition of stress or which allow the learning of
coping mechanisms would be of interest. Although
such approaches have not yet been fully developed

in the study of arrthythmias, some work has been
carried out. Natelson (1983) has shown that the
arrthythmogenic effects of acute passive restraint
can be nearly extinguished when repeated daily for
5 days. Another physically less taxing approach
has been to examine the effects of an abrupt
change in environment alone without any associ-
ated physical stress (Skinner, Lie, & Entman,
1975). In some cases, this relatively simple behav-
ioral paradigm has been shown to exert significant
effects which are discussed below.

Aversive Conditioning

In an attempt to separate physical from psycho-
logical components of stress, several versions of
classical aversive conditioning have been em-
ployed. Signal—shock pairing utilizes a repetitively
delivered signal (a flash of light, a loud tone)
which is delivered alone in the control group, but
is delivered in association with an aversive stim-
ulus (e.g., cutaneous shock) in the experimental
group. After the completion of a conditioning peri-
od, the presentation of the signal alone without the
associated aversive stimulus is sufficient to elicit
the aversive behavioral effects. Another approach
is to use two different environments during the
conditioning period. In this way, one setting (e.g.,
a sling) becomes the ‘‘stress’’ environment associ-
ated with aversive conditions whereas the other
setting (e.g., undisturbed or free-roaming condi-
tions in a cage) becomes the ‘‘relaxed’’ environ-
ment. Such paradigms may be refined further to
study more specific behavioral components. In
shock avoidance protocols, for example, the aspect
of control of the environment may be added by
including a lever or button which allows the sub-
ject to ‘‘escape’’ the stress.

The search for a model of a human emotion
thought to confer risk for SCD led to the develop-
ment of a model of anger in dogs (Verrier,
Hagestad, & Lown, 1987). The protocol involves
placing a dog in the nonaversive environment for
30 to 40 min. Thereafter, the dog is leashed and
allowed to stand. A plate of food is presented and
the animal is permitted to take a few bites. Then
the plate is placed just out of reach. At this point, a
second, provoker dog is brought into the room and
allowed to approach the food. Upon observing
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this, the first dog may exhibit an angerlike state as
indicated by growling and exposing its teeth. At no
time is contact allowed between the animals (Fig-
ure 7). The anger response persists as long as the
animals remain in sight of each other. These be-
havioral changes are associated with relatively
consistent changes in heart rate and elevation of
plasma catecholamine levels.

Techniques for the Elucidation of
Underlying Mechanisms

Irrespective of the behavioral model used, when
one finds significant effects on arrhythmia, atten-
tion naturally focuses on two possible mecha-
nisms: (1) direct neural traffic to the heart and (2)
neurohumoral influences. The investigation of
neural pathways for the transmission of higher
CNS activity to the heart requires study at many
levels of the neuraxis. Investigational methods di-
rected at higher levels are fewer, though growing.
To date the most successful has been the use of
intracranial electrodes to stimulate specific areas or
nuclei in the brain, allowing observation of the
effects on arrhythmia. The results of these studies
and possible techniques for future use are dis-
cussed below. Most work has focused on direct
autonomic effects on the heart. This is due both to
the ready availability of appropriate pharmacologic
probes and surgical interventions and to the some-
times forbidding complexity of the higher CNS.

Pharmacologic agents which have been used are
diverse and increasing rapidly. They include B-
adrenoreceptor agonists and antagonists, mus-
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Figure 7. Experimental model of an an-
gerlike state induced by food-access-de-
nial (Verrier & Hohnloser, 1987).

carinic agonists and antagonists, and centrally act-
ing agents which alter autonomic outflow (mor-
phine, diazepam). Surgical techniques include
partial cardiac sympathectomy in which the stellate
ganglia, ansa subclavia, and rami communicantes
from T, to T, are excised, or complete sympathec-
tomy in which the excision is extended to include
the middle cervical ganglia and the upper thoracic
trunks to the T level (Schwartz & Stone, 1977).
Complete vagotomy in dogs is achieved by bilat-
eral sectioning of the vagosympathetic trunks in
the neck. Selective vagotomy can also be accom-
plished surgically by a single-stage thoracotomy
and intrapericardial dissection (Randall, Kaye,
Thomas, & Barber, 1980; Randall, Thomas, Bar-
ber, & Rinkema, 1983).

Behavioral Factors in Ventricular
Vulnerability

Current Knowledge

In the normal heart, passive restraint can rever-
sibly induce unifocal VPBs in guinea pigs. In the
conscious pig, severe physical stress can produce
VF (Johansson, Jonsson, Lannek, Blomgren,
Lindberg, & Poupa, 1974). Aversive conditioning
and induction of an angerlike state have both been
shown to reduce the RE threshold significantly
(Figure 8). The magnitude of the effect is approx-
imately 40-50% and is independent of heart rate
per se, as this is fixed by pacing.

When the heart is sensitized by experimental
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Figure 8. Effects of behavioral stress on the repetitive extra-
systole (RE) threshold in normal dogs. Both passive aversive
conditioning using a mild electric shock and induction of an
angerlike state by food-access-denial produced significant re-
ductions in the vulnerable period threshold. Heart rate was
maintained constant during cardiac electrical testing by ven-
tricular pacing (Verrier & Lown, 1984).

digitalis toxicity, passive restraint significantly in-
creases the incidence of death at the lower end of
the toxic dose range of the drug; however, adapta-
tion to repeated stresses confers protection. Condi-
tioning with a paired signal-shock during ouabain
infusion causes an earlier emergence of VT than
would occur in controls (Natelson, 1983).

The effects of stress during acute myocardial
ischemia have been examined in more detail. Dogs
which are exposed alternately to a nonaversive

cage and an aversive sling environment during the.

occlusion—release sequence show a threefold in-
crease in the incidence of VF during acute coro-
nary artery occlusion in the aversive setting com-
pared to the nonaversive environment (Verrier &
Lown, 1979). The episodes of VF occur within
3-S5 min of coronary artery occlusion or within
20-30 s following release and reperfusion, corre-
sponding closely to the periods of maximum
myocardial electrical instability as exposed by
electrical testing. Skinner et al. (1975) observed a
comparable profibrillatory effect of stress in pigs.
Their model involved producing myocardial isch-
emia in animals prior to and after adaptation to the
laboratory environment. In unadapted animals,
coronary artery occlusion resulted in fibrillation
within a few minutes. However, following 2-3
days of adaptation, the onset of fibrillation was
substantially delayed or even entirely prevented.
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The effect of stress during permanent coronary
artery occlusion has also been explored (Corbalan,
Verrier, & Lown, 1974). Exposure of dogs to a
stressful environment during the quiescent phase
prior to onset of spontaneous arrhythmia or after its
termination consistently provoked diverse ven-
tricular arrhythmias including VT and R-on-T ex-
trasystoles. These effects disappeared when the an-
imals were returned to the nonstressful cage
setting. The arrhythmic response to psychologic
stress waned over a 4- to 5-day period despite per-
sistence of behavioral patterns indicative of stress.
This time course corresponds to the recovery of
ventricular electrical stability as exposed by car-
diac testing with electrical or mechanical stimuli.

Thus, when psychologic stress is imposed dur-
ing the periods of electrical instability associated
with acute myocardial ischemia, VF is likely to be
precipitated. When stress is induced during the
later phases of one-stage MI, ventricular ectopic
activity or VT are the main arrhythmias elicited.

The occlusion/reperfusion model of infarct,
known to produce electrically inducible sustained
VT, has not been evaluated in behavioral studies.

Mechanisms of Stress-Induced Arrhythmias
Autonomic Factors

The fully denervated heart has an extremely low
propensity for ventricular arrhythmia. Autonomic
neural pathways have been shown to play an
important role in arrthythmogenesis through reflex-
ly induced alterations in cardiac electrical proper-
ties even before behavioral factors are considered.

The sympathetic limb of the autonomic nervous
system (ANS), acting primarily through direct
neural traffic and to a lesser degree through cir-
culating catecholamines, causes enhanced vul-
nerability to ventricular arrthythmia. The vagus
nerve exerts a protective effect which is most pro-
nounced in conditions in which adrenergic tone is
increased, consistent with the finding that mus-
carinic activation results in both pre- and postsyn-
aptic inhibition of noradrenergic transmission
(Kolman et al., 1975; Gilmour & Zipes, 1984).
When behavioral stressors are superimposed on the
system, these capabilities of the ANS are activated
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and constitute a crucial mediating link between
higher nervous activity and the heart.

Normal Heart. Several studies indicate that
pharmacologic or surgical sympathectomy in the
absence of ischemia is effective in reducing the
profibrillatory influence of diverse types of stress.
Thus, it has been shown that B-adrenergic block-
ade completely prevents the effects of aversive
conditioning or induction of anger on the vulnera-
ble period threshold. It is noteworthy that uni-
lateral or bilateral stellectomy is only partially ef-
fective, suggesting that adrenergic stimuli in
addition to those derived from the stellate ganglia
affect ventricular vulnerability during behavioral
stress. Most probably these additional stimuli de-
rive from other thoracic ganglia and from adrenal
medullary catecholamines (Verrier & Lown, 1977;
Matta, Lawler, & Lown, 1976b).

Several studies indicate that during bio-
behavioral stress, vagal activity exerts a protective
effect on the normal heart which is not evident in
nonstressful environments. This is the case whether
vagal tone is due to spontaneous activity or results
from administration of a vagomimetic agent such as
morphine sulfate (DeSilva, Verrier, & Lown,
1978).

Ischemic Heart. The mechanisms of behav-
iorally induced arrhythmias during myocardial is-
chemia and infarction are only partially under-
stood. In dogs, B-adrenergic blockade protects
against arrhythmias associated with acute coronary
artery occlusion during several forms of behavioral
stress (Verrier & Lown, 1984; Rosenfeld, Rosen,
& Hoffman, 1978). However, Skinner et al.
(1975) showed in farm pigs that adaptation to a
laboratory environment reduces and delays onset
of VF during coronary artery obstruction, but 3-
adrenergic blockade with propranolol does not af-
ford any protection in unadapted animals. It re-
mains to be determined whether this is due to a
failure of propranolol to block adequately adre-
nergic inputs to the heart, or to the involvement of
extraadrenergic factors in the antifibrillatory effect
of behavioral adaptation, or to species differences
(Benfey, Elfellah, Ogilvie, & Varma, 1984).

The involvement of a-adrenergic receptors in
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stress-induced arrhythmias is as yet uncertain. This
relates to the complexity of their influences, in-
cluding both direct actions on myocardial excitable
properties and indirect effects on insulin secretion,
coronary hemodynamic function, and platelet
aggregability.

Higher Neural Pathways

Electrical stimulation of various sites in the CNS
can profoundly alter cardiac electrical stability and
elicit a diversity of arrhythmias.

Excitation of the posterior hypothalamus, for ex-
ample, substantially lowers the VF threshold in the
normal canine heart and results in a tenfold increase
in the incidence of spontaneous VF during acute
coronary artery occlusion. This effect can be pre-
vented by sympathectomy or -adrenergic block-
ade but is not altered by vagotomy (Verrier, Cal-
vert, & Lown, 1975; Manning & Cotten, 1962).

Skinner and Reed (1981) hypothesized that
stressful environmental sensory information is in-
tegrated in the frontal cortex and impinges on the
posterior hypothalamus. They have shown that
cryogenic blockade of the cortical-brainstem path-
way involved in this putative mechanism com-
pletely prevents-the occurrence of VF in pigs with
acute coronary artery occlusion.

Central Neurochemical Factors

There is a paucity of data on the role of specific
neurotransmitter systems in fluctuations of auto-
nomic outflow. Diazepam has been shown to exert
an antiarrhythmic effect during behavioral stress,
but the mechanism has not been established
(Rosenfeld et al., 1978). Blatt, Rabinowitz, and
Lown (1979) showed that the intravenous admin-
istration of serotonin precursors to anesthetized
dogs diminishes sympathetic neural traffic to the
heart and increases the RE threshold. These results
have not been extended to experiments in which
agents are given orally, but this methodology holds
promise for new, CNS-directed approaches to the
pharmacotherapy of ventricular arrhythmia (Ver-
rier, 1986; Saini, Carr, Hagestad, Lown, & Ver-
rier, 1988).
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Future Directions

It is evident that our understanding of behav-
iorally induced arrhythmias is far from complete.
Further progress will depend on continuing ad-
vances in techniques in basic cardiac elec-
trophysiology and the neurosciences and on the
application of these to behavioral models. Some
possible strategies are already evident, while oth-
ers remain futuristic.

The development of sophisticated mapping tech-
niques for the electrophysiologic study of tachyar-
rhythmias may provide insights into neural mecha-
nisms at the level of the myocardium (Burgess,
1982; Kramer, Saffitz, Witkowski, & Corr, 1985;
Janse, Wilms-Schopman, Wilensky, & Tranum-
Jensen, 1985; Wit & Josephson, 1985). The rela-
tionship of anatomically inhomogeneous sym-
pathetic and parasympathetic innervation to elec-
trophysiologic inhomogeneity has yet to be
elucidated and will undoubtedly require three-di-
mensional techniques. We can expect such studies
to shed new light on the electrophysiologic conse-
quences of sympathetic—parasympathetic interac-
tions. Such information will be crucial to an under-
standing of behavioral effects.

The development of the occlusion-reperfusion
model resulting in ‘‘mottled’’ infarcts with distinct
electrophysiologic characteristics can also be used
fruitfully in behavioral work. This model of
postinfarct arrhythmias represents a large and fair-
ly common management problem for clinicians,
and yet no behavioral studies have been under-
taken. Underlying neural mechanisms would be
expected to be different since the effects of in-
farcted innervation would have to be considered
(Barber, Mueller, Davies, Gill, & Zipes, 1985).

Higher in the neuraxis, the role of various brain-
stem nuclei in integrating the cardiovascular adap-
tation to behavioral stress needs to be studied. For
example, experiments using the selective ablation
of the nucleus tractus solitarius have yielded valu-
able insights into the role of baroreflex integration
in the development of behaviorally induced hyper-
tension (Nathan & Reis, 1977; Nathan, Tucker,
Severini, & Reis, 1978). Application of such tech-
niques to the study of behaviorally induced ar-
rhythmias is warranted. Well-localized neuroinjec-
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tion techniques need to be adapted to the freely
moving conscious animal. This would allow the
experimental study of specific neurotransmitter
systems at specific brain sites and might open new
avenues for the pharmacotherapy of arrhythmias.

Behavioral models appropriate to the wide range
of human emotions are scarce. Our model of an
angerlike state has been applied to the study of
arrhythmias. Other models in contemporary use
are discussed elsewhere in this handbook.

The neurohumoral component of brain—heart in-
teractions remains largely unexplored. Pituitary se-
cretion of B-endorphin as well as the other hor-
mones may play a role in longer-term fluctuations
in cardiac electrophysiologic properties. The re-
cent discoveries of circulating peptides with signif-
icant cardiovascular effects (atrial natriuretic fac-
tor, y-MSH, enkephalins) (Holtz, Sommer, &
Bassenge, 1986; Sander, Giles, Kastin, Quiroz,
Kaneish, & Coy, 1981) add another promising di-
mension to the study of brain—heart relationships.
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CHAPTER 4:

The Measurement of Blood Pressure

Thomas G. Pickering and Seymour G. Blank

Arterial pressure is one of the most widely mea-
sured cardiovascular variables, but the ideal tech-
nique has yet to be developed. A number of
methods have been described, all of which have
their own advantages and disadvantages. Central
to any consideration of these is an appreciation of
the enormous variability of blood pressure: a single
measurement of pressure made at a discrete point
in time may have very little meaning. This is par-
ticularly relevant to behaviorally oriented studies,
where the emphasis is commonly on the transient
changes of pressure occurring in response to a be-
havioral challenge. Therefore, methods capable of
taking multiple measurements over a relatively
short space of time are desirable. Currently avail-
able methods are reviewed below.

The Arterial Pressure Wave

The arterial pressure wave has an initial rapidly
rising phase followed by an early systolic peak
known as the percussion wave, followed by a sec-
ond late systolic peak or bulge (the tidal wave).
Following this second peak, there is a notch or
incisura corresponding to aortic valve closure.
During diastole, there is a gradual decrease of
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pressure as runoff proceeds to the peripheral cir-
culation. There may be a third wave known as the
diastolic or dicrotic wave.

The maximum (systolic) pressure may occur ei-
ther during the early (percussion) wave or late
(tidal) wave; diastolic pressure is taken as the mini-
mum pressure at the end of the runoff period. Pulse
pressure is the difference between systolic and di-
astolic pressure. Mean arterial pressure is the area
under the pulse wave divided by the cardiac cycle
duration, and is often takern to be diastolic pressure
plus one third of the pulse pressure, but this will
depend on the shape of the pulse wave (Geddes,
1984). These are shown in Figure 1.

The shape of the arterial pressure wave varies
according to a number of factors. The arterial pres-
sure wave can be considered as being the summa-
tion of an incident and a reflected wave, and it is
generally agreed that wave reflection and the phys-
ical properties of the arterial wall are significant
factors responsible for propagating arterial pres-
sure pulse changes (O’Rourke, 1984). Progressive
changes occur as the wave proceeds to the pe-
ripheral circulation, with an increase of pulse pres-
sure and the maximal rate of rise (dp/df). Thus,
because mean pressure decreases slightly at more
peripheral sites, there is an increase of systolic
pressure and a decrease of diastolic pressure
(Kroeker & Wood, 1956). For a person with an
aortic pressure of 122/81 mm Hg, the correspond-
ing pressures might be 131/79 in the brachial ar-
tery and 136/77 in the radial.
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Figure 1. (A) Contour of the arterial pressure wave and its
various components, together with the corresponding timing of

Spontaneous Variations of Arterial
Pressure

The arterial pressure is subject to a number of
types of cyclical variability. The shortest peri-
odicity of these is the sinusoidal variations of pres-
sure that accompany respiration, which were first
observed by Stephen Hales in 1733. The rela-
tionship between blood pressure and respiratory
phase depends on the respiratory rate: at moderate
rates of breathing the pressure falls during most of
inspiration, but at slower rates pressure rises dur-
ing inspiration (Dornhorst, Howard, & Leathart,
1952); the amplitude of variation is around 5 mm
Hg. The respiratory fluctuations are more pro-
nounced in the upright than the supine position,
pulse pressure also fluctuates more widely when
upright. This variability may be partly due to vag-
ally mediated effects on heart rate (sinus ar-
rhythmia) because it can be diminished by atropine
(Clement, Jordaens, & Heyndrickx, 1984).

During periods of breath-holding (apnea) regular
pressure waves may still occur, with a periodicity of
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the ECG and heart sounds (Phono). (B) Relationship between
systolic, diastolic and mean pressure.

6 per min. These have been variously termed Trau-
be—Hering, or Mayer waves (Heymans & Neil,
1958).

Slower fluctuations, with a periodicity of 90
min, have been described in animals, but their sig-
nificance in humans is unproven.

Direct Intraarterial Recording

This is generally accepted as the ‘‘gold stan-
dard’’ of arterial pressure measurement against
which other methods are compared. It has the great
advantage of being the only method that can assess
beat-to-beat changes of pressure for more than a
very short time, but is invasive and not free of risk.

The sites most commonly used for intraarterial
pressure recording are the brachial and radial ar-
teries. Although intraarterial recording is poten-
tially the most accurate method, its accuracy may
be limited by the frequency response of the record-
ing system. Such recordings are commonly made
with a long thin fluid-filled line connecting the
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artery and the transducer. This low-compliance
coupling may adversely affect the fidelity of the
intraarterial pressure being recorded, often taking
the form of an overshoot of systolic pressure. In
addition, such lines may contain small air bubbles,
and these factors may interact to cause substantial
damping and distortion of the signal (Geddes,
1984). It is now possible to obtain catheter-tip
transducers of sufficiently small size to be inserted
in the brachial artery, which avoid these problems,
and which also give recordings that are free of
artifact.

Noninvasive Techniques for
Measuring Blood Pressure

Korotkoff Sound Technique

Despite continued efforts to find a superior
method, the technique first described by Korotkoff
in 1905 is still the most widely used, both for
clinical measurement of blood pressure and for au-
tomatic recorders. The mechanism of the origin of
the Korotkoff sounds has been a subject of debate
for many years. The two most popular theories are
that they are caused by pressure-induced move-
ment of the arterial wall, or by turbulent flow
through the compressed arterial lumen. Most of the
evidence favors the former; thus, McCutcheon and
Rushmer (1967) showed that the sounds occur be-
fore there is any real increase of flow, and Dock
(1980), using a model with isolated segments of
artery, concluded that they are due to a sudden
tautening of the arterial wall.

Several studies have compared measurements
taken by the auscultatory Korotkoff sound method
and intraarterial recordings, and have generally re-
ported correlations better than 0.9. Systolic pres-
sure is more reliably detected than diastolic pres-
sure, since, as conventionally recorded, there is a
gradual diminution in the intensity of the sounds at
around diastolic pressure.

There is still no universal agreement as to which
phase of the Korotkoff sounds should be used for
recording diastolic pressure. Phase four (muffling)
is about 8 mm Hg higher than the intraarterial di-
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astolic pressure, and is’ more subject to interob-
server error; phase five (disappearance) is about 2
mm Hg higher than the true diastolic pressure
(Short, 1976).

The official recommendation of the American
Heart Association was formerly to report both the
fourth and fifth phases (Kirkendall, Burton, Ep-
stein, & Fries, 1967), but more recently to use the
fifth phase, except in children (Kirkendall,
Feinlieb, Fries, & Mark, 1981). Most of the large-
scale clinical trials which have evaluated the bene-
fits of treating hypertension have used the fifth
phase, although the Framingham study, which has
given us much of our knowledge about the risks
associated with hypertension, used the fourth
phase. Most people today use the fifth phase.

A number of factors may lead to inaccuracies
with the Korotkoff sound technique. The size of
the cuff relative to the diameter of the arm is crit-
ical. (See Table 1 and discussion of problems relat-
ed to age and obesity below.) Blood pressure mea-
surements are also influenced by the position of the
arm. Both systolic and diastolic readings may
change by as much as 20 mm Hg by moving the
arm through 90° (Webster, Newnham, Petrie, &
Lovell, 1984).

Observer error and observer bias are important
sources of error when conventional sphygmoma-
nometers are used. Differences of auditory acuity
between observers may lead to consistent errors,
and digit preference is very common, with most
observers recording a disproportionate number of
readings ending in 5 or O (Pickering, 1968). The
level of pressure that is recorded may also be pro-
foundly influenced by behavioral factors related to
the effects of the observer on the subject; the best
known of these is the presence of a physician. It
has been known for more than 40 years that blood
pressures recorded by a physician can be as much
as 30 mm Hg higher than pressures taken by the
patient at home, using the same technique and in
the same posture (Ayman & Goldshine, 1940).
Physicians also record higher pressures than do
nurses or technicians (Mancia et al., 1983). In our
own population of patients with mild hypertension
(diastolic pressures between 90 and 104 mm Hg),
we have estimated that approximately 20% have
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Table 1. Recommended Cuff Sizes for Auscultatory Measurement
of Blood Pressure

Cuff size (cm)

Arm
circumference Kirkendall et al. Maxwell et al.
(cm) Cuff type (1981) (1982)
<7.5 Newborn 3X5
7.5-13 Infant 5x8
13-20 Child 8 x13
17-26 Small adult 11 x 17
24-32 Adult 13 X 24 12 X 23
32-42 Large adult 17 x 32 15 x 33
>42 Thigh 20 X 42 18 X 36

‘‘white coat’’ hypertension, i.e., pressures that are
persistently high in the presence of a physician, but
normal at other times. Other factors that influence
the pressure that is recorded may include both the
race and sex of the observer; Comstock (1957)
found that men tended to have higher pressures
when measurement was taken by a woman than by
a man, whereas the opposite was true for women.

There are also technical sources of error with the
auscultatory method, although these are usually
much lower when a mercury column is used than
with many of the semiautomatic methods (see be-
low). These include the position of the column,
which should be at approximately the level of the
heart; the mercury should read zero when no pres-
sure is applied; and it should fall freely when the
pressure is reduced (this may not occur if the mer-
cury is not clear or if the pinhole connecting the
mercury column to the atmosphere is blocked).
With aneroid meters, it is essential that they be
checked against a mercury column both at zero
pressure and when pressure is applied to the cuff.
Surveys of such devices used in clinical practice
have shown them to be frequently inaccurate
(Burke, Towers, O’Malley, Fitzgerald, &
O’Brien, 1982).

Random Zero Sphygmomanometer

Some of the sources of observer error, e.g., dig-
it preference, may be reduced by the use of a ran-
dom zero (Hawksley) sphygmomanometer. This
device was developed by Wright and Dore (1970),

and is a mercury sphygmomanometer whose zero
point may be varied randomly; after a reading is
taken, the zero value is subtracted from it to give
the true reading. The elimination of digit prefer-
ence is more apparent than real, however, because
although it may not appear in the final value, it
may still occur when the pressures are read off the
mercury column. It does not, of course, eliminate
the more subtle psychosocial effects due to the
interaction of the observer and the subject.

Korotkoff Sound Monitors

A number of investigators have constructed
blood pressure tracking devices which can track
changes in blood pressure using a servoloop which
operates to maintain the Korotkoff sound at a con-
stant intensity (Shapiro, Schwartz, & Tursky,
1972). Because it causes less discomfort and con-
gestion of the arm, diastolic pressure is usually
preferred for this purpose. The Korotkoff sounds
are detected by a microphone under a sphyg-
momanometer cuff; if the intensity of the sounds
decreases as a result of an increase of arterial pres-
sure, air is pumped into the cuff until the sounds
return to the equilibrium level. These devices can
measure changes of pressure for periods of about 2
min at a time with reasonable accuracy.

Oscillometric Technique

This was first demonstrated by Marey in 1876,
and it was subsequently shown that when the os-
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cillations of pressure in a sphygmomanometer cuff
are recorded during gradual deflation, the point of
maximal oscillation corresponds to the mean intra-
arterial pressure (Mauck, Smith, Geddes, &
Bourland, 1980). The oscillations begin above sys-
tolic pressure and continue below diastolic, so that
systolic and diastolic pressure can only be esti-
mated indirectly according to some empirically de-
rived algorithm. One advantage of the method is
that no transducer need be placed over the brachial
artery, so that placement of the cuff is not critical.
The method works reasonably well in general, but
may be seriousl in error in some patients (Ram-
sey, 1979; Yelderman & Ream, 1979).

Ultrasound Techniques

Devices employing this technique use an ultra-
sound transmitter and receiver placed over the
brachial artery under a sphygmomanometer cuff.
As the cuff is deflated the movement of the arterial
wall at systolic pressure causes a Doppler phase
shift in the reflected ultrasound, and diastolic pres-
sure is recorded as the point at which diminution of
arterial motion occurs (Ware & Laenger, 1967).
Another variation of this method detects the onset
of blood flow at systolic pressure, and has been
found to be of particular value for measuring pres-
sure in infants and children (Elseed, Shinebourne,
& Joseph, 1973; Steinfeld, Dimich, Reder, Cohen,
& Alexander, 1978). Such devices compare favor-
ably with other techniques (Hochberg & Solomon,
1971); however, their accuracy in measuring di-
astolic pressure in infants and children has been
questioned (Reder, Dimich, Cohen, & Steinfeld,
1978).

Pulse Transit Time Technique

The velocity of the pulse wave along an artery is
proportional to the arterial pressure, and this tech-
nique has been used to evaluate changes of blood
pressure by measuring changes of pulse wave ve-
locity, by recording either the interval between the
R wave of the ECG and the radial pulse, or the
interval between brachial and radial pulses. Al-
though the method has the advantages of not re-
quiring a cuff and being theoretically suitable for
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beat-to-beat measurement of blood pressure, its ac-
curacy is unacceptably low (Pollack & Obrist,
1983; Steptoe, Smulyan, & Gribbin, 1976). In ad-
dition, the correlations between values for pulse
wave velocity measured over different parts of the
arterial system, e.g., R wave to brachial artery,
and brachial to radial artery, are low (Lane, Green-
stadt, & Shapiro, 1983).

Finger Cuff Method of Penaz

This interesting method was first developed by
Penaz (1973), and works on the principle of the
‘‘unloaded arterial wall.”’ Arterial pulsation in a
finger is detected by a photoplethysmograph under
a pressure cuff. The output of the plethysmograph
is used to drive a servoloop which rapidly changes
the cuff pressure to keep the output constant, so
that the artery is held in a partially opened state.
The oscillations of pressure in the cuff are mea-
sured, and have been found to resemble the intraar-
terial pressure wave in most subjects (Molhoek et
al., 1983). This method gives an accurate estimate
of systolic and diastolic pressure, although both
may be underestimated when compared to brachial
artery pressures (Wesseling, deWit, Settels, &
Klawer, 1982); the cuff can be kept inflated for up
to 2 h. It is now available in a commercial form,
but is unlikely to be suitable for ambulatory re-
cordings because of movement artifact. A variant
of this method has been described by Aaslid and
Brubakk (1981), who measured flow with an ultra-
sound transducer placed over the brachial artery
distal to a cuff. A servoloop system operated to
keep the artery partly compressed with a constant
flow. This method also correlated well with intra-
arterial pressures.

Korotkoff Signal (K,) Technique

We have recently described a technique of indi-
rect blood pressure measurement which is based on
waveform analysis of the Korotkoff signal (Blank
et al., 1988), and uses a specially designed trans-
ducer called a foil electret sensor, which gives an
accurate rendition of both the low-frequency and
high-frequency components of the signal (West,
Bush-Vishniac, Harshfield, & Pickering, 1983).
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With this technique, we have identified three com-
ponents, which we have termed K,, K,, and K,
(Figure 2). K, is a low-frequency low-amplitude
signal that can be detected at cuff pressures above
systolic. As cuff pressure is reduced, a high-fre-
quency component (K,) develops, and we have
found that its appearance corresponds precisely to
systolic pressure. With further reduction of cuff
pressure, a third component (K,) appears, which
resembles the arterial pressure waveform. K, dis-
appears at diastolic pressure, and therefore corre-
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Figure 2. (A) Time domain changes in the Korotkoff signal at
various levels of cuff pressure. The timing of each trace is
linked to the ECG. (a) Cuff pressure above systolic; (b) cuff
pressure at systolic; (c) cuff pressure slightly below systolic; (d)
cuff pressure approximately equal to mean arterial pressure; (€)
cuff pressure slightly above diastolic; (f) cuff pressure at di-
astolic and below. (B) Frequency spectral analysis (using 2048-
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sponds roughly to the audible Korotkoff sound.
The potential advantage of blood pressure mea-
surement by the ‘K, algorithm’’ is that it can be
done on the basis of pattern recognition rather than
by an absolute level of sound, which varies greatly
from one individual to another. We suspect that K,
originates from sudden movement of the arterial
wall. We have shown that the K, method gives
readings that are closer to true intraarterial pressure
than the auscultatory method. Although this tech-
nique is not yet generally available, it can be repli-
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point fast Fourier transform) of corresponding signal in left
panel. The ordinate represents the magnitude of the Fourier
coefficients. The relative energy contained in the signal is the
area under the curve of the square of the magnitude of the
Fourier coefficients versus frequency. (a) Above systolic; (b) at
systolic; (d) mean arterial pressure; (f) diastolic and below.
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cated using any sensor-amplifier system that has an
appropriately wide frequency response (including
low frequencies).

Automatic and Semiautomatic
Blood Pressure Monitors

A large number of devices which monitor blood
pressure automatically are now available. Virtually
all use a sphygmomanometer cuff, and operate by
either Korotkoff sound detection, oscillometry, or
ultrasound. Some are suitable for home monitoring
of blood pressure, whereas others are better for
laboratory studies. They have several obvious ad-
vantages: one is that they eliminate observer error
and observer bias, and may print out the readings
as well as displaying them. We have evaluated a
number of such devices, and have come to the
following conclusions (Pickering, Cvetkovski, &
James, 1986): First, many of the recorders are in-
accurate, giving readings that are consistently
more than 5 mm Hg in error when compared with
simultaneously determined auscultatory values;
second, no single method of recording, €.g., os-
cillometric or Korotkoff sound, is consistently su-
perior; and third, there is no correlation between
the price and the accuracy of the recorders. It is
essential that any automatic recorder be calibrated
against auscultatory readings in each subject.

Measurement of Blood Pressure in
Special Populations and
Circumstances

Infants and Children

Conventional techniques such as the auscultato-
ry method may give systematic errors in infants,
where the true systolic pressure may be underesti-
mated (Elseed et al., 1973). For indirect measure-
ments the best technique is using an ultrasonic
flow detector (e.g., a Parks Doppler unit) coupled
with an appropriately designed (e.g., Pedisphyg)
cuff (Elseed et al., 1973; Steinfeld ez al., 1978;
Reder et al., 1978). In children over the age of 12
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the auscultatory method may be used, provided
that the appropriate sized cuff is used (Table 1).

Elderly Subjects

In older people there is often an increase of sys-
tolic pressure without a corresponding increase of
diastolic. This has been attributed to a diminished
distensibility of the arteries with increasing age. In
extreme cases this may result in a diminished com-
pressibility of the artery by the sphygmoma-
nometer cuff, so that falsely high readings may be
recorded, often referred to as pseudohypertension
of the elderly (Spence, Sibbald, & Cape, 1978). In
such individuals the only accurate method of mea-
suring the arterial pressure is with direct intraar-
terial recordings, which may reveal pressures 30
mm Hg lower than noninvasive techniques.

Obese Subjects

It is well known that the accurate estimation of
blood pressure using the auscultatory method re-
quires an appropriate match between cuff size and
arm diameter. In obese subjects the regular adult
cuff (12 X 23 cm) may seriously overestimate
blood pressure (Nielsen & Janniche, 1974). Max-
well, Waks, Schroth, Karam, and Dornfeld (1982)
compared readings in obese subjects taken with the
three available cuff sizes for adults, and recom-
mended that the appropriate cuff size be selected
according to the arm diameter, as shown in Table
1. These recommendations are somewhat different
than the earlier recommendations of the American
Heart Association, also shown in Table 1.

Posture

When a normal subject goes from the lying to
the standing position, there is usually no change or
a slight fall in systolic pressure, but diastolic pres-
sure increases by a few millimeters. This occurs
because blood is shifted from the thorax to the
legs, so that stroke volume and cardiac output de-
crease, but the effects of this on mean arterial pres-
sure are offset by a reflex vasoconstriction. These
changes are usually similar in patients with hyper-
tension, but a subgroup has recently been identi-
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fied with what has been termed orthostatic hyper-
tension (Frohlich, Tarazi, Ulrych, Dustan, &
Page, 1967; Streeten et al., 1985), which is de-
fined by a diastolic pressure that is below 90 mm
Hg while recumbent, but above it while standing;
systolic pressure is typically the same in both posi-
tions. The mechanism appears to be an excessive
gravitational pooling of blood, with an enhanced
reflex vasoconstriction.

Exercise

During dynamic exercise the auscultatory meth-
od may underestimate systolic pressure by up to 15
mm Hg, and during recovery it may be overesti-
mated by 30 mm Hg (Henschel, DelLaVega, &
Taylor, 1954; Gould, Hornung, Altman, Cash-
man, & Raftery, 1985). Errors in diastolic pressure
are unlikely to be as large, except during the recov-
ery period, when falsely low readings may be re-
corded (Henschel et al., 1954). This is the reason
why the American Heart Association recommends
taking the fourth phase of the Korotkoff sound
after exercise.

Recommendations for Evaluation of
Noninvasive Blood Pressure
Monitors and of Observers

Any automatic or semiautomatic blood pressure
device that is used in behavioral studies needs to be
calibrated against standard methods. Ideally, intra-
arterial pressures should be used as a reference, but
this is often not feasible in practice. Most of the
noninvasive methods cannot be expected to give
readings that are any more accurate than the aus-
cultatory method, which remains the usual method
for comparison. At the present time, there is no
automatic or semiautomatic recorder that is univer-
sally reliable, so we would strongly recommend
that every time such a device is used, it is cali-
brated against a standard method, which for prac-
tical reasons means a mercury sphygmomanometer
rather than intraarterial measurement. It is possible
that, in the future, the K, method may be used
rather than the auscultatory method.
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Calibration against a mercury column is best
performed using readings taken simultaneously
from the same arm by the device being tested, and
by an observer with a stethoscope placed just distal
to the cuff, reading a mercury column connected to
the cuff. With this technique, a satisfactory device
should give readings that are within 5 mm Hg of
the observer’s. If this technique is not practical,
the observer can take auscultatory readings from
the opposite arm. This is less satisfactory for two
reasons: there may be differences between the two
arms, and it may be difficult to obtain the two sets
of readings simultaneously. We have found that
with the latter technique two observers with mer-
cury sphygmomanometers can get correlation co-
efficients between the two arms of 0.98 for systolic
and 0.94 for diastolic pressure; 70% of readings
should be within 5 mm Hg of each other (Pickering
et al., 1986).

Validation of each observer’s technique is also
necessary; for this purpose, training videotapes are
available, and a double-headed stethoscope is ad-
visable, so that two observers may listen to the
same Korotkoff sounds. With this technique, dif-
ferences in auditory acuity can be evaluated; under
ideal circumstances more than 90% of readings
taken by the two observers should be within 5 mm
Hg of each other.

Selection of Method of
Measurement and Timing of
Readings

One of the implications of the variability of
blood pressure is that a single reading is of very
little value, so that any measure of pressure should
ideally consist of an average of several readings.
Given this point, however, the number and timing
of readings that are required will depend on the
purpose for which they are being taken. In behav-
ioral studies, there are four main reasons for mea-
suring blood pressure. These are: screening; mea-
suring the response to treatment; measuring
changes during laboratory (reactivity) testing; and
ambulatory monitoring. The optimal methods of
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measurement, and the timing of readings are dif-
ferent in these different cases.

Screening

The purpose of screening is to characterize indi-
vidual subjects according to their prevailing level
of blood pressure. This requires not only taking
several readings (usually two or three) at each ses-
sion, but also several sessions (also usually two or
three) separated by intervals of days or weeks. In
the Charlottesville blood pressure survey, 20% of
individuals were classified as hypertensive after a
single visit, whereas only 9% were after multiple
visits (Carey et al., 1976). There are at least two
reasons for this trend: regression to the mean, and
habituation to the measurement procedure.

The best method for screening is still a mercury
sphygmomanometer. Other devices have been test-
ed but found wanting (Labarthe, Hawkins, &
Remington, 1973). A recent refinement of cate-
gorizing individual subjects’ blood pressure is to
use home readings as well as clinic readings.

Measuring the Response to Treatment

When nonpharmacological forms of treatment
of hypertension are being evaluated, conventional
clinic measurements can no longer be relied on for
three reasons: observer bias, the placebo effect,
and lack of generalization. Observer bias may be
minimized by using a semiautomatic or automatic
device, provided that it has been validated against
a mercury sphygmomanometer in each subject.
The placebo effect and the question of generaliza-
tion of the treatment effect to everyday life are
interrelated. The former probably occurs as a result
of a diminution of the pressor response associated
with a clinic visit (Pickering, Harshfield, De-
vereux, & Laragh, 1985), rather than a sustained
reduction (which, by definition, would be a
therapeutic rather than a placebo effect). The latter
is important to establish for any behavioral tech-
nique learned in a laboratory setting. These ques-
tions are best answered by supplementing objec-
tively taken clinic readings by ambulatory
monitoring of blood pressure, and perhaps by
home readings as well.
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Laboratory Testing

In general, blood pressure measurement during
laboratory testing requires multiple measurements
made at frequent intervals (e.g., every 2 min). Au-
tomatic or semiautomatic devices are preferred,
using any of the currently available methods, e.g.,
Korotkoff sound, oscillometry, or ultrasound. For
dynamic exercise testing or studies where move-
ment artifact may be a problem, a device such as
the Paramed monitor, which has a double trans-
ducer (one for subtraction of noise artifact), is
preferable.

Ambulatory Monitoring

This topic was reviewed in an earlier section.
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CHAPTER 5

Measurement of Blood Flow and Venous
Distensibility

Erling A. Anderson

Measurement of arterial and venous function can
provide important insights regarding hemo-
dynamic responses to behavioral stimuli that can-
not be obtained from measurement of systemic ar-
terial pressure alone. This chapter describes the
use of Doppler flow probes for measuring flow
within single arteries or veins, laser Doppler
probes for measuring skin blood flow, and venous
occlusion plethysmography for measuring limb
blood flow. Finally, the use of venous occlusion
plethysmography to assess venous distensibility is
described. The goal is to provide an overview of
the techniques and their relative advantages and
disadvantages. References are provided for those
wishing to examine techniques in further detail.

Doppler Measurement of Blood
Flow

Theory of Doppler Flow Probes

Doppler measurement of blood flow velocity is
based on the principle that the frequency shift of
sound reflected from moving objects varies with

Erling A. Anderson ¢ Departments of Anesthesia and Internal
Medicine, Cardiovascular and Clinical Research Centers, Uni-
versity of Iowa College of Medicine, Iowa City, Iowa 52242.
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the speed of the objects. Doppler probes emit an
ultrasonic beam into tissue. Although reflected by
different tissues, only moving blood cells change
the frequency of the reflected ultrasound waves.
The frequency shift is proportional to the velocity
of the blood cells and is expressed by the formula

_2fVcos ®
c

Af

where Af is the Doppler frequency shift, f, is the
transmitter frequency, V is the velocity of blood
cells, O is the angle between transmitted beam and
blood flow, and c is the sound velocity in tissue
(Sumner, 1982).

All Doppler probes use piezoelectric transducer
crystals to transmit and receive ultrasonic waves.
The crystals vibrate in response to an energizing
voltage when emitting a pulse and produce a mea-
surable voltage when vibrated by reflected signals.
Intensity of the emitted signal is attenuated as the
beam is scattered or absorbed by tissue. Attenua-
tion is greater at higher frequencies (5-10 MHz),
and lower frequencies (1-2 MHz) are required to
penetrate deeper tissue.

Types of Doppler Probes

The three types of flow velocity probes available
are (1) continuous-wave Doppler probes, (2) sin-
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gle-crystal pulsed Doppler probes, and (3) dual-
crystal pulsed Doppler probes. Continuous-wave
and single-crystal pulsed Doppler probes have
many clinical applications, e.g., detecting major
vessel stenosis. There are numerous excellent
books describing their theory and application
(Bernstein, 1985; Zwiebel, 1982). Dual-crystal
pulsed Doppler probes are relatively new and used
primarily in research. The three types of Doppler
probes will be described and then compared.

Continuous-Wave Doppler Probes

These employ two crystals and are the simplest
and least expensive available. One crystal emits a
continuous ultrasonic wave while the second con-
tinuously records reflected signals. Since reflected
signals originate from all points along the signal
path, continuous-wave Doppler probes are good
for rapidly locating vessels. Unfortunately, they
have a major limitation. The emitted pulse is re-
flected from many depths and cannot be directed
with certainty at a single vessel. This problem is
known as ‘‘range ambiguity.’’ Further, they can-
not be used to measure vessel diameter. Thus, con-
tinuous-wave Doppler probes cannot be used trans-
cutaneously to quantify blood flow.*

Single-Crystal Pulsed Doppler Probes

These Doppler probes employ a single crystal
which both emits and receives signals. They repre-
sent a significant advance over continuous-wave
Doppler probes since they can measure blood flow
velocity in precisely defined volume areas at dif-
Jering depths. The volume area, or ‘‘sample size,”’
is determined by the duration of the emitted pulse.
The shorter the pulse duration, the smaller is the
volume (i.e., length) of the pulse. Thus, at any

*Continuous-wave Doppler probes surgically placed around an
artery can quantitate blood flow. However, this invasive tech-
nique is of limited use in humans. Continuous-wave Doppler
probes can be coupled with simultaneous ultrasonic imaging
devices used in clinical cardiology to quantitate flow. How-
ever, ultrasonic imaging equipment is very expensive and be-
yond the resources of most laboratories.
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given moment, signals are reflected from only the
small area of tissue through which the pulse is
passing. The depth of measurement is determined
by adjusting the time between burst transmission
and reception of the reflected signal. The longer
the delay, the greater is the depth from which the
reflected signal originates.

Adjusting sample volume and measurement
depth makes it possible to record flow velocity
within a single vessel. Emitted signals may pass
through several vessels. However, flow velocity in
a single vessel can be measured by activating the
receiving crystal only when signals return from the
depth of the vessel (Figure 1).

Vessel diameter can be measured with pulsed
Doppler probes (Levenson, Peronneau, Simon, &
Safar, 1981; Fitzgerald, O’Shaughnessy, & Kea-
veny, 1983). First, a small sample volume is se-
lected by emitting a short pulse (e.g., 0.5 ws or =
0.4 mm). This small-width signal is stepwise ad-
vanced from the depth at which flow is first regis-
tered (at the proximal wall) to the point of zero
flow (at the distal wall). Diameter is then calcu-
lated as the number of steps across the vessel mul-
tiplied by the width of each step.

Mean blood flow velocity is measured by in-
creasing sample volume (i.e., pulse duration) to
encompass the entire vessel and recording only
signals returning from the vessel depth. Knowing

TRANSMISSION
BURST

RECEIVER
GATE CLOSED

RECEIVER
GATE OPEN

;s

t=0 t=19us t=38us

Figure 1. A single-crystal pulsed Doppler probe permits mea-
surement of flow velocity in a single vessel. Increasing the time
delay at which the crystal receives returning signals increases
the depth of recording. As shown, only signals originating from
the deeper vessels are detected since the crystal is opened only

during the time of their arrival. From Sumner (1982, p. 37).
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vessel diameter and mean flow velocity* permits
calculation of absolute flow rate (see below).

However, the accuracy of absolute blood flow
measurement obtained with single-crystal probes is
questionable because the angle between the vessel
and the emitted pulse must be known and constant.
This angle is critical since the frequency shift of
the reflected beam depends on the angle between
the beam and moving cells. Small changes in ves-
sel/beam angle can significantly alter flow read-
ings (Shoor, Fronek, & Bernstein, 1979). Accu-
rately determining vessel/beam angle with a
single-crystal pulsed probe requires a stereotaxic
device and considerable skill. The vessel is first
located. Since objects moving perpendicularly to
the pulse cause no frequency shift, the probe is
moved in the stereotaxic device until there is no
Doppler shift. Shifting the probe by 20° results in a
70° Doppler angle. Flow velocity can be quantified
if this angle does not change. However, minor
movements of the probe or subject are quite diffi-
cult to avoid.

Dual-Crystal Pulsed Doppler Probes

The echovar (Alvar Electronics, Chicago) is a
dual-crystal pulsed Doppler probe developed in
France by Peronneau and Safar. Both sample vol-
ume and measurement depth can be adjusted. The
Echovar’s unique feature is the configuration of
the two crystals (both of which transmit and re-
ceive). The crystals are mounted in the probe to
form a 120° angle (Figure 2). This configuration
allows precise and consistent probe positioning so
that the angle between transmitted beams and ves-
sel is always 60°. Errors resulting from unknown
or changing probe/vessel angle are minimized.

Obtaining a 60° probe/vessel angle is relatively
easy. After positioning the probe over the vessel
and emitting a long-duration pulse to locate the

*For technical reasons, the ability to quantitate velocity and
location limits the maximum velocity that can be recorded
with pulsed Doppler probes. The maximum frequency shift
(Af) which can be measured is one-half the pulse repetition
frequency (e.g., 32 pulses/s). However, velocity in most pe-
ripheral arteries is within the limits that can be measured.

MEASUREMENT OF BLOOD FLOW AND VENOUS DISTENSIBILITY 83

DOUBLE
TRANSDUCER
PROBE

VESSEL

Figure 2. Positioning of the two crystals with the Echovar
probe. When equal frequency shifts are detected by both
probes, the angles ®A and ©B are both 60°. Knowing these
angles permits absolute flow to be quantified accurately. From
Chauveau et al. (1985, p. 701).

vessel, the probe is first moved laterally with a
stereotaxic instrument while listening to an audio
output from the Doppler. Maximum Doppler shift
is obtained when the ultrasound beam crosses the
center of the vessel. The longitudinal tilt of the
probe is then adjusted to obtain equal Doppler
shifts on both transducers. Equal Doppler shifts
indicate the angle between the ultrasonic beam and
vessel axis is 60° for both probes. This angle can
be kept at precisely 60° by periodically comparing
the frequency shifts obtained with each probe.

Knowing the exact probe/vessel angle allows
accurate measurement of both vessel diameter and
mean blood flow velocity. As with a single-crystal
pulsed Doppler, diameter is determined by step-
wise advancing a short-duration pulse (0.5 ps or
0.4 mm) from the proximal to distal walls of the
vessel. Diameter is calculated as with a single-
crystal pulsed Doppler. Mean flow velocity is then
measured by increasing pulse width (i.e., duration)
to that of the vessel diameter. The Doppler shift
then reflects mean flow velocity. Absolute blood
flow is calculated by the formula: flow = (7 D%/4)
X mean flow velocity.

The Echovar has been used extensively by Safar
and his colleagues (Levenson et al., 1981; Leven-
son, Simon, Safar, Bouthier, & London, 1985).
Both in vitro and in vivo studies indicate the Echo-
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var can measure vessel diameter to within =3.7%
and mean flow velocity to within +5.4% (Chau-
veau et al., 1985). Flow measurements obtained
with the Echovar compare favorably with those
obtained by water and strain gauge plethysmo-
graphs.

Application and Limitations of Doppler
Probes

Doppler systems can be used to measure
changes in blood flow velocity within arteries.
They can provide a continuous measure of blood
flow which cannot be obtained by venous occlu-
sion plethysmography. Doppler probes can there-
fore assess rapid flow changes in response to acute
interventions. They can also be used to measure
changes in vessel diameter. Further, they can mea-
sure both arterial and venous flow. Arterial and
venous flows are easily distinguished by their Dop-
pler frequency shifts. Arterial signals have promi-
nent systolic and diastolic components. Venous
signals are not pulsatile, vary with respiration, and
have a lower pitch. Finally, compressing the distal
extremity increases venous return and greatly aug-
ments the Doppler shift.

Continuous-wave Doppler probes cannot be
focused on a single vessel (‘‘range ambiguity’’).
As a result, they may measure arterial and venous
flow in both deep and superficial vessels. Thus,
despite simplicity and low cost, inherent tech-
nological limitations make them of limited use for
measuring changes in blood flow in peripheral
circulation.

Single-crystal pulsed Doppler probes can mea-
sure flow velocity within a single vessel and indi-
cate relative changes in flow velocity. However,
precisely determining vessel/probe angle is diffi-
cult. Since this angle influences measurement of
both vessel diameter and mean velocity, single-
crystal pulsed Doppler probes must be used with
caution when quantitating blood flow.

The dual-crystal configuration of the Echovar
makes it possible to accurately determine probe/
vessel angle. This permits accurate and reproduci-
ble measurement of flow velocity and vessel diam-
eter. Absolute blood flow can be quantified quite
accurately. Thus, of the three types of Doppler
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probes, the Echovar system would appear best for
quantifying blood flow.

Laser Dopplers for Cutaneous Blood Flow

The laser Doppler technique for noninvasive
measurement of cutaneous blood flow is relatively
recent. Although conceptually similar to ultra-
sound Doppler probes, laser Dopplers measure
only cutaneous blood flow. The technique is based
on the fact that laser light (which penetrates only
superficial tissue) is backscattered from moving
blood cells. The reflected light enters a photo de-
tector, the Doppler shifted frequencies are ana-
lyzed, and the output converted to velocity signals
in volts.

This technique has advantages over conven-
tional plethysmography. First, the laser Doppler is
specific to skin and subcutaneous tissue, whereas
plethysmographic recording reflects both muscle
and skin blood flow. Second, laser Dopplers can
be applied to skin anywhere on the body, whereas
plethysmography is limited to extremities. Third,
laser Dopplers provide a continuous measurement
of cutaneous blood flow, which is not possible
with plethysmography.

Laser Dopplers do have disadvantages. First,
the light cannot be focused on individual vessels.
Skin microvasculature is complex and blood flows
in many directions at different velocities. The re-
flected light is therefore a broad spectrum of fre-
quency shifts and may indicate arterial and venous
circulation. Comparison with xenon washout tech-
niques indicates that laser Dopplers probably mea-
sure blood flow in arteriovenous anastomoses as
well as capillaries and that they overestimate flow
in areas with anastomoses (Englehart & Kristen-
sen, 1983).

Further, laser Doppler flow values can vary con-
siderably at different skin sites within the same
subject (Johnson, Taylor, Shepherd, & Park,
1984). This presumably reflects differences in the
number of capillaries at different sites (Johnson et
al., 1984; Englehart & Kristensen, 1983). Thus,
laser Doppler probes cannot be used for com-
parison between subjects or between sites within
the same subject. Finally, laser Doppler output
(measured in volts) is not convertible to traditional
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flow units such as milliliters per units of tissue per
minute. These disadvantages would indicate that
laser Dopplers are best suited to measuring relative
blood flow changes within a subject during a single
experiment.

Plethysmography

Blood flow in limbs can be quantified by venous
occlusion plethysmography. The term plethysmog-
raphy is derived from the Greek words plethysmos
(‘““increase’’) and graphein (‘‘to write’’).
Plethysmography records volume increases after
occlusion of venous return and was originally used
to measure internal organ blood flow. An excellent
history of the technique is presented by Hyman and
Winsor (1961).

Plethysmography is noninvasive, involves few
assumptions, and had been proved valid (Formel &
Doyle, 1957). The technique can be used to mea-
sure blood flow to segments of limbs (e.g., fore-
arm, hand, calf, foot). Blood flow to these regions
includes skin and muscle flow, and the relative
contribution of muscle and skin flow varies (Sig-
gaard-Anderson, 1970; Kontos, Richardson, &
Patterson, 1966). Forearm and calf flows reflect
flow to both skeletal muscle and skin whereas hand
and finger flow reflects primarily skin flow.

Venous occlusion plethysmography involves
placing a pneumatic cuff proximal to a plethysmo-
graphic recording device and inflating it to a pres-
sure (e.g., 50 mm Hg) sufficient to interrupt ve-
nous return but not arterial inflow (i.e., less than
diastolic pressure). Increasing limb volume during
the first 5—8 s of venous occlusion reflects arterial
inflow as blood accumulates in the venous system.
The cuff is then deflated for 8—10 s to allow ve-
nous drainage. The limb being measured must be
elevated above the heart to assure adequate venous
drainage. The cycle of cuff inflation, measure-
ment, and cuff deflation allows four to five mea-
surements each minute.

Measuring blood flow to a limb segment (such
as forearm or calf) requires placement of a second
cuff distal to the plethysmograph. Inflating this
distal cuff to suprasystolic levels (200 mm Hg)
interrupts blood flow to the distal extremity. In the

case of forearm blood flow, placing this cuff at the
wrist temporarily excludes the hand circulation
which is primarily skin flow.

There are at least three major assumptions un-
derlying the use of venous occlusion plethysmog-
raphy to measure blood flow. First, the initial ve-
nous occlusion must not impede arterial inflow.
Second, there must be complete arrest of venous
return. Third, the increase in venous pressure dur-
ing occlusion must not alter arterial inflow. These
assumptions have been widely tested and found
valid (see Hyman & Winsor, 1961, or Formel &
Doyle, 1957).

There are several types of plethysmographic re-
cording devices for measuring limb expansion dur-
ing venous occlusion. These include displacement
(volumetric) plethysmographs, and the more fre-
quently used strain gauge plethysmograph intro-
duced by Whitney (1953).*

Volumetric Plethysmographs

Volumetric plethysmographs use water- or air-
filled chambers to directly measure volume
changes. With water-filled plethysmographs, the
limb being measured is placed in a rubber sleeve
inside a rigid container filled with water (Figure
3). Limb expansion during venous occlusion dis-
places an equal amount of water. A transducer
connected to a polygraph records the volume
changes as water rises in a column. Water
plethysmographs are calibrated by injecting known
volumes of water into the chamber (e.g., 10 ml).
Blood flow can be expressed as milliliters per min-
ute per 100 ml of tissue by measuring limb vol-
ume. Limb volume is determined by withdrawing
the limb from the plethysmograph and measuring
the water volume needed to refill the plethysmo-
graph.

Water plethysmographs are extremely sensitive
and directly measure volume displacement. Unfor-
tunately, they are cumbersome, can leak, and re-
quire immobilization of the limb throughout the
study.

*Water-filled plethysmographs, Whitney strain gauges, and the
automated cuff inflation device used with both can be obtained
from Medical Instruments, 8 Medical Laboratories, Univer-
sity of lIowa, Iowa City, Iowa 52242.
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Air-filled plethysmographs are conceptually
similar to water plethysmographs. Limb expansion
is indicated by the volume of air displaced or the
increase in air pressure within a closed chamber.
The plethysmograph is calibrated by injecting a
known volume of air and recording pressure or
volume changes. However, the high thermal ex-
pansion coefficient of air makes this method quite
sensitive to temperature changes. Enclosing the
limb can increase air temperature. Thus, frequent
recalibration is needed unless temperature is kept
constant by cooling the chamber. This disadvan-
tage is serious and air plethysmographs are used
infrequently. However, a modified air plethysmo-
graph (which uses pressure-sensitive cuffs similar
to blood pressure cuffs) has been developed. This
system may overcome some limitations of air
chamber devices. A thorough discussion of air-
cuff plethysmographs is presented by Siggaard-
Anderson (1970).

Strain Gauge Plethysmography

Strain gauge plethysmography is the most com-
monly used method for measuring limb blood flow.
The method yields flow measurements comparable
to those obtained with water plethysmographs
(Lind & Schmid, 1972). Strain gauge plethysmo-
graphs measure changes in limb circumference and
do not measure volume directly. Changes in cir-
cumference are measured by placing a mercury-
filled Silastic tube around the limb (e.g., forearm).
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Figure 3. Schematic of a water-filled plethysmograph for
recording volume expansion of the calf during venous oc-
clusion. Inflating the distal (*‘exclusion’’) cuff to 200 mm
Hg eliminates circulation to the foot during recording. Calf
expansion during venous occlusion displaces an equal
amount of water in the chimney. From Sumner (1985, p.
70).

A DC current is passed through the mercury.
Changes in tube length (i.e., limb circumference)
produce proportional changes in electrical resis-
tance. Strain gauges are calibrated by shortening
the Silastic tubing by known amounts (e.g., 1 mm)
and noting the change in electrical resistance.
Shortening is usually done by means of a calibration
screw mounted on a Wheatstone bridge to which the
Silastic tube is attached (Figure 4).

Circumference changes during venous occlusion
are indicated by changes in resistance across the
mercury-filled tube. Since the percent change in
volume is twice the percent change in circum-
ference, the increase in circumference can be con-
verted to volume increase in milliliters per minute
per 100 ml limb volume (see Whitney, 1953, or
Williams, 1984, for discussion of conversion
formulas).

Measurement for Venous
Distensibility

The systemic veins are a reservoir from which
blood is pumped by the heart. The venous system,
which holds as much as 70% of blood volume, is
not a passive reservoir but a dynamic one which is
actively controlled by both neural and hormonal
mechanisms (see Mark & Eckstein, 1968; Ab-
boud, Schmid, Heistad, & Mark, 1976; Rowell,
1986, for reviews). The characteristics and re-
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Figure 4. (Top) Setup for measuring forearm blood flow. The
cuff placed around the biceps is inflated to 500 mm Hg to occlude
venous return. The wrist cuff is inflated to a suprasystolic level to
arrest hand circulation. Whitney strain gauge is placed around
the widest section of the forearm. Subject is shown in a lower

body negative pressure chamber used to cause venous pooling in
the legs. (Bottom) Close-up of strain gauge. Mercury-filled
Silastic tube connected to gauge is passed around the arm.
Calibration screw (surrounded by a spring) is in the center of the
gauge.
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sponses of the venous system are best studied by
defining pressure—volume relationships. This con-
trasts with the pressure—flow relationships used to
characterize the behavior of resistance vessels.

The venous system may play an important role
in hemodynamic responses to behavioral stimuli.
For example, increased venomotor tone can in-
crease right atrial pressure which, in part, controls
cardiac output (Mark & Eckstein, 1968). The ve-
nous system has, to date, been largely ignored in
the field of behavioral medicine.

Venous occlusion plethysmography can be used
to measure distensibility of venous capacitance
vessels. The relationship between transmural ve-
nous pressure and venous volume (pressure—vol-
ume relationship) reflects venous distensibility.
Changes in pressure—volume relationship reflect
altered venomotor tone. Two techniques for deter-
mining venous distensibility are the equilibration
and occluded limb techniques (Abboud et al.,
1976; Rowell, 1986).

Equilibration Technique

The equilibration technique can be performed
with water or strain gauge plethysmographs. When
using a water-filled plethysmograph, the limb is
placed in a plethysmograph filled with a sufficient
volume of water to collapse the veins. It is critical
to have a low, reproducible baseline transmural
venous pressure since veins are quite distensible at
low pressures. Thus, even small differences in
baseline transmural venous pressure can have sig-
nificant effects on measurements of venous disten-
sibility. Arterial inflow drives up venous pressure
(measured by venous catheter) to a level slightly
higher than the external water pressure. The dif-
ference between the pressure within the vessel and
the external water pressure is the distending, or
transmural, pressure.

Changes in forearm venous volume are then re-
corded during stepwise increases (of 5 or 10 mm
Hg) in transmural venous pressure to 30 mm Hg.
Transmural venous pressure is increased by inflat-
ing a cuff on the limb proximal to the plethysmo-
graph. Venous volume at each pressure is reflected
by increasing forearm volume. Venous pressure—
volume curves are calculated by plotting changes
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in forearm volume (in ml/100 ml of tissue) against
corresponding levels of transmural venous pres-
sure (Figure 5).

Venous pressure—volume relationships can also
be determined with strain gauge plethysmography.
The limb is first positioned above the heart to col-
lapse veins and obtain a low, reproducible baseline
transmural venous pressure. A congesting cuff is
placed proximal to the plethysmograph and inflat-
ed slowly until a slight increase in limb volume is
registered by the plethysmograph. The cuff pres-
sure producing this initial increase is considered to
represent zero cuff pressure (‘‘cuff zero’’). The
cuff is then inflated by increments of 5 to 10 mm
Hg allowing time at each pressure for forearm cir-
cumference to plateau (‘‘equilibrate’’). Increased
forearm circumference at different pressures re-
flects increased venous volume. Venous volume—
pressure slopes can be plotted or the results ex-
pressed as change in forearm volume per 100 ml of
tissue at a given transmural venous pressure (e.g.,
30 mm Hg).

Although noninvasive and easier to use than
water plethysmographs, strain gauge plethysmo-
graphs measure only circumference changes at a
single point and not total volume increases. Fur-
ther, use of a congesting cuff makes it difficult to
precisely increase transmural venous pressure by
known amounts since cuff pressure, which may
not be transmitted entirely to the veins, may not
reflect venous pressure. Thus, this method is prob-
ably less accurate than water plethysmographs for
measuring venous distensibility.

24
A Forearm
Venous 12

Volume
30
15 _—/_/_rrh
O - e

(mi)
—
15s

Transmural
Venous
Pressure
(mm Hg)

Figure 5. Illustration of the equilibration technique for measur-
ing venous distensibility. Changes in forearm venous volume
are recorded by a water plethysmograph during stepwise in-
creases in transmural venous pressure. From Takeshita and
Mark (1979, p. 203).
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Figure 6. Schematic showing the occluded limb technique for
measuring venomotor responses to stimuli. Note the marked
venoconstriction with a startle response. This technique can be

Occluded Limb Technique

Venous tone can be measured by the ‘‘occluded
limb’’ technique (Samueloff, Bevegard, & Shep-
herd, 1966). In this technique a cuff placed prox-
imal to the plethysmograph is inflated to su-
prasystolic levels, which completely arrests limb
circulation. Veins in the occluded limb therefore
contain a constant blood volume. Subsequent
changes in venous pressure (measured by venous
catheter) reflect changes in venomotor tone. Ven-
omotor responses to stimuli such as stress can be
determined (Figure 6).

The occluded limb technique is simple to per-
form and is a sensitive measure of reflex changes
in venous tone. A disadvantage of the technique is
that only reflex neural responses can be assessed.
It cannot be used to evaluate effects of humoral
factors, structural changes in venous distensibility,
or basal venous tone.

Future

Doppler flow probes and venous occlusion
plethysmography can yield considerable informa-
tion on acute circulatory responses to behavioral
interventions. Future areas of research employing

it

used to study reflex neural responses but not humoral influ-
ences. From Rowell (1986, p. 67).

these techniques might include the effects of salt
loading on arterial and venous responses to stress.
Of particular importance is how responses to stress
may be different in those at risk for heart disease or
hypertension. Further, pharmacological manipula-
tions can be used to assess specific neural and hu-
moral control of regional blood flow during stress.
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CHAPTER 6

Autonomic Function Testing

E. D. Dunlap and M. A. Pfeifer

Many lines of evidence suggest that behavioral and
neuroendocrine factors are related to cardiovascu-
lar disease and hypertension. Methods of testing
cardiovascular autonomic function can provide an
explanation to the relationship between behavioral
factors and cardiovascular disease. Successful
treatments can then be developed based on that
knowledge.

The objective of this chapter is to provide infor-
mation on the methods available to assess car-
diovascular autonomic function. The description
of each method contains a discussion of the theory
behind each test, how each test is administered, the
portion of the autonomic nervous system (ANS)
assessed by the particular test, and advantages and
drawbacks to each method.

To be practical, diagnostic tests should fulfill
certain criteria. They need to be simple, nonin-
vasive, easy for both operator and subject, re-
producible, and must clearly distinguish between
normal and abnormal results. The conclusions of
autonomic reactivity and integrity should be based
on the results of several tests. Results based on one
test are limited by the sensitivity and accuracy of
that test. Almost all autonomic tests assess reflex
arc function. A typical reflex arc involves one or

E. D. Dunlap and M. A. Pfeifer * Division of Endocrinology
and Metabolism, Veterans Administration Medical Center,
Louisville, Kentucky 40202.
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more sensors, an afferent branch, central process-
ing, an efferent branch, neuroeffector junctions,
and an end organ (see Figure 1). Most tests of
autonomic function measure a change in end organ
function in response to a stimulus. The assumption
that a change in end organ function is correlated to
changes in efferent nerves is a common but per-
haps incorrect assumption. Nevertheless, assessing
reflex arcs still provides a simple noninvasive
method of testing the cardiovascular system.
There are a large number of reflexes which in-
volve the cardiovascular system. The baroreceptor
reflex is one which is very relevant to autonomic
testing. Baroreceptors are arterial stretch receptors
(sensors) located in carotid sinuses and the aortic
arch. Afferent impulses from the carotid sinus re-
ceptors travel to the brain via the carotid sinus
nerves, which are branches of the glossopharyn-
geal nerves (Thomas & Eliasson, 1984). Impulses
from the aortic baroreceptors ascend to the brain
via the aortic nerves, which are branches of the
vagus nerves (Thomas & Eliasson, 1984). Sym-
pathetic and vagal parasympathetic fibers con-
stitute the efferent limbs of the baroreceptor reflex.
Baroreceptors discharge impulses at a frequency
directly related to the mean arterial pressure in the
carotid sinuses and aortic arch (Koizumi &
Brooks, 1980). An increased frequency of im-
pulses during increased blood pressure causes a
reflex reduction in activity of efferent sympathetic
fibers and increased activity in efferent vagal
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Figure 1. Components of the reflex arc involved in the RR-variation reflex.

fibers. This results in decreased heart rate, dimin-
ished vasomotor tone, and diminished atrial and
ventricular contractility.

The presence of autonomic neuropathy disrupts
the flow of impulse transmission to the end organ.
This results in abnormal end organ responses to a
sensor stimulus. Abnormal cardiovascular re-
sponses can result from problems anywhere in the
reflex arc. A strict definition of autonomic neu-
ropathy should include only abnormalities which
result from an autonomic efferent nerve abnormali-
ty. However, it is difficult to determine where the
abnormality exists within a reflex arc. Therefore, a
more practical definition of autonomic neuropathy
would be an abnormal reflex arc response to a
standardized stimulus.

Importance of Assessment of
Cardiovascular ANS

The assessment of the cardiovascular ANS has
many implications in both clinical research and
therapeutic behavioral medicine. Recently, studies
have tested the hypothesis that behavior influences
the cardiovascular system and that altered car-
diovascular responses have consequences in the
pathogenesis of arteriosclerosis, arterial hyperten-
sion, and sudden cardiac death. Specifically, be-
havioral stress has been related to an increased
vulnerability to ventricular fibrillation and ar-
rhythmia (Verrier & Lown, 1984). Schwartz and
Stone demonstrated a correlation between weak
vagal reflexes and increased susceptibility to ven-
tricular fibrillation in postinfarction dogs
(Schwartz & Stone, 1985). Exercise was able to

increase vagal reflexes and dramatically reduce
mortality in these dogs. Findings such as these
help clarify the relationship between behavior and
cardiovascular disease and suggest possible modes
of therapy to reduce the occurrence of ventricular
fibrillation and sudden death.

In clinical practice, assessment of the cardiac
ANS can help direct the proper management of a
patient. For example, individuals with a ‘“Type A”’
behavior pattern have enhanced physiologic car-
diovascular responses (increased reactivity) com-
pared to individuals with a non-coronary-prone
“Type B’’ behavior pattern (Manuck, Kaplan, &
Clarkson, 1983). Cardiovascular ANS tests may be
used to detect increased cardiovascular reactivity in
individuals with a Type A behavior pattern. This
information can then help indicate which patients
would benefit from behavior modification.

Assessment of Cardiovascular ANS
Difficulties

Tests which use reflex arc responses to evaluate
ANS function have several inherent difficulties. A
change in end organ function after an applied stim-
ulus can result from an alteration at any point in the
reflex arc, not necessarily the efferent autonomic
pathway. For example, there is decreased bar-
oreceptor sensitivity in patients with hypertension
(Eckberg, 1980). Studies in the Dahl salt-sensitive
(DS) rat (an animal model of hypertension) have
confirmed that afferent discharge from aortic bar-
oreceptors is also impaired in prehypertensive DS
rats (Ferrari, Gordon, & Mark, 1984). When the
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baroreceptor is impaired, the reflex decrease in
heart rate and blood pressure in response to ele-
vated blood pressure is diminished. This decrease
is not due to an abnormality in the efferent auto-
nomic nerves but rather in the sensor (barorecep-
tor). Subjects should be screened for ANS abnor-
malities before behavioral ANS testing is
performed. Test results will not be valid if ob-
tained from a person with an abnormal ANS.

Also, many organ systems innervated by auto-
nomic nerves have dual parasympathetic and sym-
pathetic innervation with opposing effects. This
can confound the interpretation of results. For ex-
ample, an increase in heart rate after an applied
stimulus may reflect an increase in sympathetic
nervous system (SNS) tone, a decrease in para-
sympathetic nervous system (PNS) tone, or both.
Fortunately, pharmacologic agents are available
which specifically block either PNS or SNS ac-
tivity and allow differentiation.

Other difficulties involved in cardiovascular au-
tonomic testing include the presence of diseases
which cause autonomic dysfunction. For example,
autonomic neuropathy is a common complication
of diabetes mellitus. It is estimated that from 17 to
40% of randomly selected diabetics exhibit abnor-
mal ANS responses (Ewing, 1984). Syndromes of
autonomic dysfunction include: postural hypoten-
sion, cardiac denervation, and exercise intolerance.

Orthostatic hypotension, cardiac denervation
syndrome, and exercise intolerance are three exam-
ples of disturbed cardiovascular autonomic func-
tion. The presence of any of these three can suggest
an abnormal ANS. If abnormal ANS function is
present, results of reactivity testing will not be
valid. It is important to eliminate sources of abnor-
mal results before initiating reactivity testing.

Postural Hypotension

A generally accepted definition of postural hy-
potension is a decrease, upon standing, of 10 mm
Hg diastolic blood pressure or 30 mm Hg systolic
blood pressure. Postural hypotension is charac-
terized by posture-related weaknesses, dizziness,
visual impairment, and may include syncope. A
detailed discussion of the causes of postural hypo-
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tension is provided in an excellent review by
Thomas, Schirger, Fealey, and Sheps (1981). Nor-
mally, after a sudden change in body position, the
blood pressure, heart rate, and volume of cardiac
output are maintained by the ‘‘postural reflex’’ in
which baroreceptors initiate increased cardiac pe-
ripheral vascular sympathetic efferent activity. The
increase in SNS activity to the peripheral vas-
culature results in increased plasma concentration
of norepinephrine (Burke, Sundlof, & Wallin,
1977, Cryer, 1980; Ziegler, Lake, & Kopin,
1977). Orthostatic hypotension associated with au-
tonomic neuropathy is believed to reflect vascular
sympathetic dysfunction of the ANS. Its presence
indicates a defect within the ANS and will interfere
with interpretation of test results.

Cardiac Denervation Syndrome

Cardiac denervation syndrome is another com-
plication of cardiovascular autonomic neuropathy.
A fixed pulse rate of 80—90 beats/min which is
unresponsive to mild exercise, stress, or sleep indi-
cates nearly complete cardiac denervation (Clarke,
Ewing, & Campbell, 1979; Hosking, Bennett, &
Hampton, 1978; Lloyd-Mostyn & Watkins, 1976).
The presence of cardiac denervation syndrome
generally indicates the presence of severe auto-
nomic damage. Cardiac denervation has been pro-
posed as an explanation of the increased incidence
of painless myocardial ischemia and infarction in
diabetic patients (Bradley & Schonfield, 1962;
Clarke et al., 1979; Ewing, Campbell, & Clarke,
1980a).

Sudden death in patients with cardiac denerva-
tion syndrome may result from adrenergic super-
sensitivity secondary to cardiac denervation
(Clarke et al., 1979; Ewing, 1984; Ewing, Camp-
bell, & Clarke, 1980b). According to this theory, as
a result of fewer nerve impulses from neurons in-
nervating the heart, the sensitivity and/or numbers
of postsynaptic receptors are increased. Too much
stimulation to an end organ primed for activity may
increase occult cardiac arrhythmias. Preliminary
studies support the theory of denervation supersen-
sitivity (Burke et al., 1977; Hilsted et al., 1981).
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Exercise Intolerance

The presence of exercise intolerance may also
be an indicator of cardiovascular autonomic
neuropathy.

Changes in the ANS are important in the cir-
culatory, hormonal, and metabolic responses to
exercise. In subjects with cardiac autonomic neu-
ropathy, evaluated using graded exercise, it was
found that the worse the neuropathy, the more ab-
normal were the cardiovascular performance, sys-
temic peripheral resistance, and change in heart
rate in response to exercise (Dysberg, Benn, San-
dahl-Christiansen, Hilsted, & Nerup, 1981;
Freyschuss, 1970; Kent & Cooper, 1974).

Specific Methods

RR Variation

It has long been known that heart rate is more
rapid during inspiration and slows during expira-
tion. This sinus arrhythmia is measured as the
beat-to-beat variation in R-R interval and is re-
ferred to as RR variation.

RR variation is primarily under cardiac para-
sympathetic control (Wheeler & Watkins, 1973).
Blocking parasympathetic tone with atropine will
greatly attenuate RR variation (Wheeler &
Watkins, 1973). However, there is also a small
sympathetic component to RR variation, since ad-
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ministration of propranolol to remove sympathetic
stimulation causes a slight decrease in RR varia-
tion (Weinberg & Pfeifer, 1986). B-Adrenergic
stimulation with isoproterenol will also greatly de-
crease RR variation (Pfeifer ez al., 1982).

How the PNS and SNS influence RR variation is
illustrated in Figure 2. Work by Kollai and
Koizumi (1979, 1981) has shown in dogs that dur-
ing normal respiration there are bursts of sym-
pathetic nerve activity from the stellate ganglion
during inspiration which alternate with bursts of
parasympathetic vagal nerve activity during ex-
halation. The combination of alternating parasym-
pathetic and sympathetic nerve activity results in
RR variation. In the normal resting state, parasym-
pathetic nerve activity contributes more to the
amount of RR variation than does sympathetic
nerve activity. Therefore, when vagal nerve ac-
tivity is blocked with atropine, there is a large
decrease in RR variation (Figure 3). When sym-
pathetic nerve action is blocked using propranolol,
there is only a small decrease in RR variation
(Weinberg & Pfeifer, 1986) (Figure 4). 3-Adre-
nergic stimulation using isoproterenol causes an
increased heart rate which overwhelms the effects
of the SNS and PNS nerves that regulate resting
RR variation. The result of the overwhelming SNS
stimuli is a suppression of RR variation (Figure 5).

In summary, resting RR variation reflects ac-
tivity of both sympathetic and parasympathetic
nerves. Use of propranolol can eliminate any sym-
pathetic influence; thus, results would reflect only
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influence.
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parasympathetic activity. However, use of atro-
pine to remove parasympathetic influences re-
moves such a large portion of RR variation that
accurate measurements can no longer be made.
Also, the presence of too much sympathetic stim-
uli (i.e., stress, hypoglycemia, MI, or anxiety) can
overwhelm the modulating effects of alternating
PNS and SNS stimuli and suppress RR variation.

Several techniques have been proposed to ana-
lyze RR variation. Ewing et al. (Ewing, Borsey,
Bellavere, & Clarke, 1981) published a review
which compared five ways of describing RR varia-
tion. They concluded that the two most accurate
procedures were: (1) calculating the standard de-
viation of the mean R-R interval during a period
of quiet breathing and (2) finding the difference
between the maximum and minimum heart rate
recorded during deep breathing at a rate of six
breaths per minute.

A new method is the circular mean resultant
method (Weinberg & Pfeifer, 1984). It is based on
vector analysis of RR variation during each
breathing cycle. It eliminates the effects of trends
of heart rate over time and removes the effect of
ectopic beats on RR variation. It also has the ad-
vantage of determining how well the subject is
following the prescribed breathing rate of five
breaths per minute. The RR variation technique
has also been defined for use in the rat (Dunlap,
Samols, Waite, & Pfeifer, 1987). The presence of
an animal model for measuring RR variation
makes possible many experiments not possible in
human subjects.

Several specific protocols for measurement of
RR variation are available (Bennett, Farquhar,
Hosking, & Hampton, 1978; Ewing, 1984; Hosk-
ing et al., 1978; Weinberg & Pfeifer, 1984). These
protocols generally involve continuous electrocar-
diographic measurements of heart rate over a de-
fined period of time. A standard breathing rate of
five or six breaths per minute has been shown to
produce maximal RR variation (Pfeifer et al.,
1982).

Patient position affects RR variation (Bennett et
al., 1977). Therefore, protocols require a stan-
dardized patient position. The authors prefer the
supine position since volume changes during up-
right posture may result in increased SNS tone
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which may in turn alter RR variation (Pfeifer &
Peterson, 1987).

Other factors may potentially alter RR variation.
Since vascular SNS activity is affected by eating
(Eckberg, 1979), coffee (Pincomb et al., 1985;
Robertson et al., 1979; Robertson, Wade, Work-
man, Woosley, & Oates, 1981), and smoking
(Gash, Karliner, Janowsky, & Lake, 1978), these
factors should be avoided before RR-variation test-
ing. Medications should also be examined for their
possible autonomic effects. In particular, sodium
salicylate has an affect on RR variation (Figure 6).
Therefore, patients should not use aspirin while
taking part in RR-variation studies. It has also been
shown that RR variation decreases with age
(Pfeifer, Halter, et al., 1983). Thus, an abnormal
result for a 20-year-old may not be abnormal for a
60-year-old.

In order to avoid as many interfering factors as
possible, the following protocol is recommended
(Pfeifer & Peterson, 1987).

Studies should be performed:

¢ In the morning.

¢ After an overnight (7 h) fast.
* In a quiet, relaxed atmosphere.
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Figure 6. Effect of sodium salicylate (NaS) on RR variation.
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¢ With assistance of a timed breathing indicator.

* After the patient has practiced the procedure.

* After 30 min of supine rest.

* After the patient has avoided tobacco products
for 8 h, ethanol for 24 h, and over-the-counter
medicines for 8 h.

¢ In patients who have avoided prescription
medicines for at least 8 h.

¢ In patients who have not experienced vigorous
exercise or severe emotional upset in the last
24 h.

¢ In patients who have not experienced acute
illness in the last 48 h.

* In patients breathing at a rate of five breaths
per minute.

Diabetic patients require additional precautions:

¢ They should not have taken insulin for at least
8 h (unless they are on an insulin pump in
which case they should maintain basal infu-
sion rate).

¢ They should not have had a hypoglycemic epi-
sode in the last 8 h.

Use of B blockade (propranolol) is recom-
mended because it removes possible confounding
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effects of the SNS on the RR-variation response
(Pfeifer et al., 1982; Pfeifer, Halter, et al., 1983,
Pfeifer, Weinberg, Cook, Halter, & Porte, 1983).

Normal values and reproducibility of RR varia-
tion vary according to the protocol and method of
analysis.

The RR-variation technique is straightforward
and easy to perform. It is a sensitive and accurate
method of assessing parasympathetic innervation
to the heart.

Valsalva Maneuver

The Valsalva maneuver consists of forced ex-
piration against a standardized resistance for a spe-
cific period of time. A continuous recording is
made of either blood pressure or heart rate before,
during, and after the maneuver. The response of
blood pressure to the Valsalva maneuver has both
SNS and PNS components, whereas changes in
heart rate reflect only PNS activity (Bennett,
Hosking, & Hampton, 1976; Lloyd-Mostyn &
Watkins, 1975). A normal Valsalva heart rate re-
sponse is shown in Figure 7.

There are four phases to the Valsalva maneuver,
and they were well described by Pfeifer and Peter-
son (1987). In phase I, at onset of exhalation, there
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Figure 7. Normal heart rate response to Valsalva maneuver.
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is a transient rise in blood pressure due to increased
intrathoracic and intraabdominal pressure and an
increase in stroke volume. Phase II occurs during
the continued strained expiration. Venous return is
reduced and cardiac output falls, producing a de-
creased blood pressure which in turn causes reflex
tachycardia.

At release of the strain (phase III) there is further
fall in blood pressure and cardiac output for a few
beats due to release of the increased intrathoracic
pressure and consequent rise in venous capacity.
Phase IV is marked by rebound hypertension
which causes a reflex bradycardia due to increased
PNS tone. This post-Valsalva bradycardia can be
eliminated by atropine (Leon, Shaver, & Leonard,
1970), and the post-Valsalva hypertension can be
eliminated by SNS blockade (Ewing, 1978).

The Valsalva maneuver is standardized by ask-
ing the subject to blow into a mouthpiece attached
to a manometer at a pressure of 40 mm Hg for 20 s
while a continuous heart recording or intraarterial
blood pressure recording is made. The subject
should be given two or three practice trials before a
recording is made.

Initially, measurement of the response to the
Valsalva maneuver was assessed by relating the
increase in diastolic blood pressure after the ma-
neuver to the decrease in pulse pressure during the
maneuver (Ewing, 1984). A more recent method
has been to relate the decrease in heart rate after
the maneuver to the resting heart rate (Akselrod et
al., 1981). A third commonly used method is to
calculate the Valsalva ratio (Ewing ez al., 1980b).
The Valsalva ratio is the maximum heart rate dur-
ing the maneuver divided by the slowest heart rate
after the maneuver. Classically, a Valsalva ratio
greater than 1.5 is normal (Levin, 1966). How-
ever, 1.2 has been suggested to be the lower limit
of normal by one group of investigators (Ewing,
1984; Ewing et al., 1980b).

Calculation of the Valsalva ratio has several ad-
vantages over the other two methods. The Valsalva
ratio is simple to measure and provides reproduci-
ble results. It is noninvasive, whereas continuous
measurement of blood pressure during the Val-
salva maneuver is invasive. The Valsalva ratio is
well standardized, and results clearly separate nor-
mal from abnormal responses. Finally, evaluation
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of heart rate changes in response to the Valsalva
maneuver reflect only cardiac parasympathetic ac-
tivity whereas the blood pressure changes reflect
an undefined combination of PNS and SNS tone.

The Valsalva ratio is less sensitive than RR vari-
ation (Pfeifer, Weinberg, et al., 1983). Pfeifer et
al. determined both RR variation and the Valsalva
ratio for normal subjects before and after graded
doses of atropine (PNS blockade). RR variation
was significantly reduced after only 0.7 mg of
atropine whereas the Valsalva ratio was not signifi-
cantly reduced until 2.0 mg was given.

Finally, there may be difficulty in interpreting
Valsalva responses of patients with autonomic
damage or cardiovascular disease. Patients with
cardiovascular disease may have difficulty main-
taining straining during expiration for the time nec-
essary to initiate reflex responses. Also, patients
with congestive heart failure do not experience the
same arterial pressure and volume changes as do
normal subjects in response to the Valsalva maneu-
ver. This alters the reflex changes in blood pres-
sure and heart rate which normally occur. Eckberg
(1980) provides a thorough explanation of prob-
lems involved in interpretation of responses from
patients with cardiovascular disease.

Plasma Catecholamines

Plasma norepinephrine arises primarily from
spillover from postganglionic sympathetic neu-
romuscular junctions. Although norepinephrine is
also present in the adrenal gland, adrenalectomy
does not influence plasma norepinephrine levels
(Cryer, 1976). In humans, plasma levels of nor-
epinephrine increase with mild or severe stress and
upon standing after being in a recumbent position
(Pfeifer & Peterson, 1987). Thus, plasma nor-
epinephrine appears to be an index of vascular
SNS activity.

In contrast to norepinephrine, epinephrine is be-
lieved to come solely from the adrenal medulla.
Epinephrine is not detectable in plasma after adre-
nalectomy (Pfeifer & Peterson, 1987). It is not
used as an index of vascular SNS activity because,
although levels increase during severe stress [i.e.,
hypoglycemia or maximal exercise (Cryer, 1980;
Lloyd-Mostyn & Watkins, 1976)], mild stress



6 * AUTONOMIC FUNCTION TESTING

does not affect plasma epinephrine levels (Cryer,
1980; Metz, Halter, & Robertson, 1980). There is
a larger increase in norepinephrine levels than epi-
nephrine levels in response to physiologic stimuli
(Dimsdale, 1984; Hilsted, 1982). Despite the
greater response of norepinephrine, results from
many experiments include levels of both epi-
nephrine and norepinephrine.

Elevated resting levels of plasma cate-
cholamines have been found in some, but not all,
patients with essential hypertension (DeQuattro et
al., 1984). The elevation of catecholamines im-
plies that increased SNS activity or decreased cate-
cholamine degradation may be involved in the de-
velopment of essential hypertension. When
measuring plasma catecholamines, factors which
may alter SNS tone need to be controlled. These
include obesity, eating, coffee, and cigarettes. Be-
cause of peripheral uptake of norepinephrine, ar-
terial values of catecholamines may be more re-
flective of vascular SNS activity than are venous
blood samples (Hilsted, Christensen, & Madsbad,
1983).

Plasma epinephrine and norepinephrine may be
measured using a laboratory radioenzymatic assay
(Cryer, 1976; Evans, Halter, & Porte, 1978; Pas-
son & Peuler, 1973). The enzyme promotes for-
mation of radiolabeled metanephrine and norme-
tanephrine from epinephrine and norepinephrine,
respectively. The compounds are then separated
and quantified by liquid scintillation counting.

Although plasma catecholamines can be mea-
sured in a resting subject and analyzed by com-
parison to ‘‘normals,”’ a more accurate method of
assessing vascular SNS tone is by measuring the
change in catecholamine levels in response to a
stimulus. Examples of this include measuring cate-
cholamine levels before and after exercise, stress,
or postural changes. These are discussed in greater
detail in their respective sections (see Exercise,
Mental Stress, Postural Testing, and Cold Pressor
Test).

Postural Testing

Several methods are available to assess the car-
diovascular ANS during changes in posture
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(Ewing, 1978; Ewing, Campbell, Murray,
Neilson, & Clarke, 1978; Sundkvist, Lilja, & Al-
mer, 1980). These are based on the observation
that changes in posture result in compensatory al-
terations in autonomic tone to maintain adequate
tissue perfusion. Both heart rate and blood pres-
sure responses to standing can be used to assess
cardiac autonomic tone.

When a subject assumes an erect posture,
brachial systolic pressure is unaffected while di-
astolic pressure is raised about 7 mm Hg (Pfeifer,
Halter, et al., 1983). There is a fall in cardiac
vagal activity (Scher, Ohm, Bumgarner, Boynton,
& Young, 1971) and a rise in SNS activity to mus-
cle (Burke et al., 1977) resulting in elevation of
plasma norepinephrine (Vendsalu, 1960).

This test can be easily performed by measuring
blood pressure with a sphygmomanometer, first
with the subject supine, and then after standing.
Conventionally, a fall of diastolic blood pressure
of more than 10 mm Hg or a systolic fall of more
than 30 mm Hg is regarded as abnormal.

The immediate heart rate response to standing is
another method of ANS assessment (Ewing et al.,
1978). In normal subjects there is an immediate
and rapid increase in heart rate after standing fol-
lowed by a relative slowing to a level slightly fast-
er than the recumbent heart rate. Maximum heart
rate is reached around the 15th beat after standing,
and a relative bradycardia is reached around the
30th beat. The reflex tachycardia is thought to be
mediated by a decrease in the PNS since the re-
sponse can be abolished with atropine but not with
propranolol (Ewing et al., 1978).

This test is easily performed by asking the sub-
ject to lie quietly while the heart rate is recorded on
an ECG. The subject is then asked to stand up as
quickly as possible (within 2-3 s) and remain
standing. Measurement of the shortest R—R inter-
val after starting to stand (usually around beat 15)
and the longest R—R interval (around beat 30) en-
ables the 30: 15 ratio to be calculated. A ratio less
than 1.0 is considered abnormal.

Several precautions must be observed. Do not
derive conclusions from reduced values still in the
normal range. Borderline results should be con-
firmed by other methods of testing. This will im-
prove the accuracy of results. Also, a misleading
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ratio will be produced either if the trace is counted
from where the subject completes standing or if
beats 15 and 30 are too rigidly adhered to. This test
should not be performed using a tilt table since the
characteristic heart rate changes occur only upon
standing.

A final method of postural testing involves mea-
suring the change in catecholamine levels which
occurs upon standing. As discussed earlier, in nor-
mal subjects there is reflex SNS activation upon
standing. This results in an elevation of plasma
catecholamine levels upon standing. Figure 8 gives
values which are considered normal and abnormal
for this response. Once again, to get a clear value
of SNS function, factors which influence SNS ac-
tivity must be avoided, i.e., coffee, eating, smok-
ing, and medications.

To assess changes in plasma catecholamine lev-
els, the subject should be in a relaxed supine posi-

Figure 8. Normal plasma catecholamine response to standing.
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tion for 30 min before testing. Blood samples are
taken 5 min before standing, at the moment of
standing, and 2, 5, and 10 min after standing. Plas-
ma catecholamines are assayed as discussed in the
Plasma Catecholamines section.

Neck Suction

This technique assesses parasympathetic inner-
vation by stimulating carotid baroreceptors with
neck suction (Eckberg, 1979). The neck suction
technique requires the use of a neck chamber
which applies vacuum pressure to the carotid area
in order to stimulate increased blood pressure and
thus stimulate baroreceptors. Stimulation of bar-
oreceptors will result in a reflex increase in para-
sympathetic tone. The neck chamber is able to
monitor changes in arterial pressure and heart rate.
Neck suction has been commonly used to study
baroreflex responses in hypertension (Eckberg,
1979; Leon et al., 1970). Normal subjects should
experience a decrease in heart rate and blood pres-
sure in response to increased baroreceptor activity.
Most (Bristow, Honour, Pickering, Sleight, &
Smyth, 1969; Eckberg, 1979), but not all (Mancia,
Ludbrook, Ferrari, Gregorini, & Zanchetti, 1978)
studies indicate that baroreflex-mediated sinus
node inhibition is reduced in patients with
hypertension.

There are several difficulties with this system.
The magnitude of arterial baroreflex responses is
determined in part by the rate and duration of onset
of stimuli (Eckberg, 1980). Therefore, it is impor-
tant that the rate and duration be strictly standard-
ized in the study protocol. It is inappropriate to
compare results from studies in which rate and
duration of pressure change are not the same.

Lower Body Negative Pressure (LBNP)

Reflex changes in circulation and heart rate in
response to accumulation of blood in the lower
body have been examined using this technique
(Brown, Goei, Greenfield, & Plassaras, 1966).
LBNP involves the use of a large box enclosing the
lower body of a supine subject. The box is con-
nected to a vacuum pump which removes air to a
pressure of —70 mm Hg. The negative pressure is
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usually maintained for several minutes and causes
displacement into the lower body of approximately
10 g of blood per kg total body weight (Brown et
al., 1966).

The cardiovascular response to LBNP is similar
to that due to postural changes (Brown et al.,
1966). As blood is sequestered, heart rate in-
creases and blood pressure decreases and then
slightly recovers. Proposed advantages to LBNP
include: pressures can be changed quicker than
postures, and transmural pressure is altered uni-
formly in all exposed areas of the supine subject.
In postural changes, there is a gradient of trans-
mural pressure in erect subjects caused by gravity.
This does not occur with LBNP.

The release of blood at the end of suction has the
effect of a large, rapid autotransfusion. Arterial
pressure increases to greater than resting values,
reaching a maximum within 4 s, and then declines
to resting levels (Brown et al., 1966). As a result,
there is bradycardia and then a return to resting
heart rate. Heart rate effects are mediated through
baroreceptor reflexes whereas blood pressure
changes are mediated by sympathetic vasoconstric-
tor nerves (Brown et al., 1966).

Handgrip

Fatiguing muscle exercise such as sustained
handgrip results in a reflex rise in heart rate and
blood pressure. This response is mediated af-
ferently by fibers activated by metabolic products
of anaerobic metabolism (Hague, Scarpello,
Sladen, & Cullen, 1978; Mark, Victor, Nerhed, &
Wallin, 1985). The response consists of a tem-
porarily increased heart rate and blood pressure
due to increased SNS activity. This results in in-
creased blood flow to the ischemic muscle. The
response to the handgrip test is expressed as the
change in blood pressure rather than change in
heart rate since the heart rate response during early
exercise results primarily from PNS withdrawal
rather than SNS activation (Hollander & Bouman,
1975; Mark et al., 1985).

The handgrip technique requires only a handgrip
dynamometer and sphygmomanometer. The sub-
ject is first asked to grip a dynamometer as hard as
possible for a few seconds, to register the max-
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imum grip. The dynamometer is set at a standard
value, usually 30% of maximum, and the subject is
asked to grip at this level as long as possible (usu-
ally between 2 and 4 min) while blood pressure is
periodically recorded.

The response to the test is taken as the difference
in diastolic pressure just before releasing the grip
and the resting value. Most normal subjects show
an increase of diastolic blood pressure by at least
15 mm Hg. Apart from subjects with mechanical
obstructions in the heart (such as mitral valve ste-
nosis), the only subjects known to have abnor-
mally low blood pressure responses are those with
damaged autonomic pathways (Eckberg, 1980).
Subjects can cheat by not gripping maximally but
if the grip is at least 15% of their maximum it will
still become fatiguing and provide accurate results.
This test is quick, simple to perform, and provides
good reproducibility. It gives reliable information
about peripheral sympathetic vasoconstrictor nerves.

Mental Stress

Mental stress such as arithmetic, loud noise, and
pain cause an increase in sympathetic activity.
This results in an increase in blood pressure and
heart rate in normal subjects (Pfeifer & Peterson,
1987).

One example of this technique requires the sub-
ject to do a sequential subtraction as fast as possi-
ble (Falkner, Kushner, Gaddo, & Angelakos,
1981). Measurements of blood pressure and heart
rate are made before and during a 10-min timed
behavioral task. Sympathetic response to this tech-
nique has also been assessed by measuring plasma
norepinephrine and epinephrine levels (Falkner et
al., 1981; Hilsted et al., 1983). It has been pro-
posed that the neuroendocrine response to phys-
iologic stimuli include greater plasma levels of
norepinephrine whereas responses to psychologic
stimuli include greater plasma levels of epi-
nephrine (Hilsted, 1982; LeBlanc, Cote, Tobin, &
Labrie, 1979).

Problems with this method include easy adapta-
tion and variability of responses so that an absent
response may be seen even in a control subject
(Bennett, Hosking, & Hampton, 1975). Dimsdale
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(1984) reported that field experience can provide a
much greater source of mental stress than routine
laboratory tests. As compared to routine office de-
terminations, field studies of behaviorally elicited
blood pressure increases are a better predictor of
complications from hypertension (Dimsdale,
1984). However, field studies also include greater
variability of response. Repeat testing using men-
tal stress is hampered by a learning effect. The
amount of time allowed between tests will also
influence results.

Exercise

In normal subjects, low levels of exercise cause
an increase in heart rate due to withdrawal of vagal
tone (Dysberg et al., 1981). At higher work loads,
an increase in heart rate and blood pressure occurs
due to activation of the SNS (Dysberg et al., 1981;
Freyschuss, 1970; Kent & Cooper, 1974). The in-
crease in SNS activity can be assessed by measur-
ing either heart rate, blood pressure, or cate-
cholamine response to exercise. When examining
the response to exercise, baseline samples need to
be taken from each subject and another sample at
the time of exhaustion. This allows each subject to
serve as his or her own control. Results can then be
expressed as the percent change or absolute change
from the baseline value. Different responses can be
expected depending on the type of exercise (e.g.,
isometric versus dynamic exercise) employed
(Stein et al., 1984).

An example of isometric exercise is the hand-
grip test mentioned earlier. A treadmill test or ped-
aling an ergometer cycle are examples of dynamic
exercise.

Drug Testing

Pharmacologic methods of testing are most
often used to specifically block or stimulate the
ANS. The drug is administered as a bolus or infu-
sion and the change in a measured physiologic re-
sponse is related to the portion of the nervous sys-
tem affected. For example, induction of
pharmacologic hypertension by phenylephrine
stimulates arterial baroreceptors and is occasion-
ally used in assessing baroreceptor function
(Eckberg et al., 1980).
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A major difficulty with provocative testing is the
presence of drug-induced side effects. Ideally,
each subject should receive the same concentration
of drug at the desired site of action if results are to
be accurate. The large number of factors which
influence drug distribution make this nearly impos-
sible to achieve. It must be decided whether to
administer the drug as a bolus or infusion and it is
crucial that the drug effect be measured at a con-
stant time period after administration. Each of
these factors needs to be accurately reproduced for
each subject. Thus, a standard stimulus is not easi-
ly achieved in provocative testings.

Drugs are more commonly used as a means of
clarifying the source of a response; e.g., pro-
pranolol is routinely given during RR-variation
testing to eliminate possible interference from the
SNS. Also, if a response is abolished by pro-
pranolol, it can be assumed the response was medi-
ated through the SNS. In the same way, admin-
istration of atropine can indicate if the response is
mediated by the PNS. More information on phar-
macologic testing is provided by Julius (this
volume).

Cold Pressor Test

Several variations of the cold pressor test have
been developed (Hosking et al., 1978; Lloyd-
Mostyn & Watkins, 1975; 1976). These include
feet immersion, arm immersion, or face immersion
into cold water. The normal response consists of a
reflex increase in sympathetic tone resulting in in-
creased blood pressure, heart rate, and cate-
cholamine levels. A drawback to this test is that
the cold stimulus is often considered very painful.

Power Spectrum Analysis

Power spectrum analysis of heart rate fluctua-
tion has recently been proposed as a method which
provides a sensitive, quantitative, and noninvasive
measure of the cardiovascular control systems:
sympathetic, parasympathetic, and renin—an-
giotensin systems (Akselrod et al., 1981). Use of
power spectrum analysis requires instruments to
measure heart rate fluctuation and the ability to
perform the necessary power spectrum analysis on
data.
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This method involves analyzing the frequency
content of heart rate fluctuations by measuring
their power spectrum. In addition to the well-
known fluctuation in heart rate associated with res-
piration (which predominantly reflects PNS ac-
tivity), there are also fluctuations in heart rate
which cluster at other frequencies. Akselrod et al.
(1981) proposed that these other frequency clusters
are associated with SNS activity and renin—an-
giotensin activity. Power spectrum analysis is a
recent development which has not yet received
wide use as an investigative tool.

Summary and Conclusions

Studies of cardiovascular behavioral medicine
should not base conclusions on the results of one
autonomic test. A thorough battery of autonomic
tests should be administered before a conclusion is
reached. The tests to be administered should be
determined by several factors. (1) They should be
simply and rapidly performed. (2) They should
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clearly distinguish between normal and abnormal
results. (3) Results must be reproducible. The tests
to be used will also be determined by the section of
the ANS which the investigator wishes to examine
(PNS or SNS). Table 1 outlines the techniques
discussed in this chapter, the portion of the ner-
vous system assessed, and references for further
information.

Several of the tests presented here have been
widely studied and well characterized. The range
of normal and abnormal results in the standard pro-
tocol is well known. However, other tests require
standardization by each investigator for the indi-
vidual protocol. An abnormal result from these
tests is determined by comparison to a group of
normal subjects. Results are more accurate if the
study is designed so that the subjects can serve as
their own control, e.g., by comparing responses in
the same person before and after a stimulus.

Tests which have well-defined protocols and re-
sponses include the Valsalva ratio, heart rate re-
sponse to standing (30: 15 ratio), blood pressure
response to submaximal handgrip, blood pressure

Table 1. Methods for Assessment of Cardiovascular Autonomic Function

Predominant branch

Test of ANS assessed References®

RR variation PNS 1-3
Valsalva maneuver Both 2,4,5
Plasma catecholamines SNS 6-8
Postural testing

30: 15 ratio Both 9

Catecholamine response to standing SNS 7, 10

Blood pressure response to standing SNS 11
Neck suction PNS 12-16
Maximal handgrip SNS 1,9, 17-19
Mental stress SNS 20-24
Cold pressor test SNS 20, 22, 25-27
Exercise SNS 19, 28
Drug testing Both 14, 29
Lower body negative pressure Both 14, 30
Power spectrum analysis Both 31

aReferences: 1, Ewing et al. (1980b); 2, Robertson ez al. (1979); 3, Wheeler and Watkins (1973); 4,
Bennett et al. (1976); 5, Lloyd-Mostyn and Watkins (1975); 6, Christensen (1979); 7, Clarke et al.
(1979); 8, Passon and Peuler (1973); 9, Ewing et al. (1974); 10, Herd (1984); 11, Thomas et al. (1981);
12, Bristow et al. (1969); 13, Eckberg et al. (1975); 14, Eckberg (1980); 15, Emsting and Parry (1957);
16, Evans et al. (1978); 17, Ewing (1984); 18, Falkner et al. (1981); 19, Sharpey-Schafer (1965); 20,
Bennett et al. (1975); 21, Freyschuss (1970); 22, Leon et al. (1970); 23, Lloyd-Mostyn and Watkins
(1976); 24, Mancia et al. (1978); 25, Bennett et al. (1978); 26, Friedman ez al. (1984); 27, Hasegawa and
Rodbard (1979); 28, Dysberg et al. (1981); 29, Smyth et al. (1969); 30, Brown et al. (1966), 31,

Akselrod et al. (1981).
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response to standing, catecholamine response to
standing, and some of the RR-variation tech-
niques. These tests have the advantage of not re-
quiring individual standardization and determina-
tion of what constitutes an abnormal result.

Tests which will require individual standardiza-
tion include neck suction, response to exercise,
mental stress, cold pressor test, and some RR-vari-
ation methods.

The relationship between behavioral medicine
and cardiovascular changes is a rapidly expanding
field. An important component of this research lies
in the identification of pathophysiologic mecha-
nisms that may translate behaviorally related risk
factors into cardiovascular disease. Work in this
field has already defined a relationship between the
Type A personality and heart disease. Type A per-
sons show greater increases in heart rate, blood
pressure, and catecholamine secretion in response
to behavioral tasks (Herd, 1984). Similar work is
now being done on persons with essential hyper-
tension and atherosclerosis.

Both sympathetic and parasympathetic mecha-
nisms are thought to be involved in cardiovascular
diseases (Verrier & Lown, 1984). Cardiovascular
reactivity testing can help define the influence of
the ANS on arteriosclerosis, essential hyperten-
sion, and vulnerability to sudden death. It is not
'until these factors have been defined that effective
treatments and preventive measures can be
developed.
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CHAPTER 7

Microneurographic Measurement of
Sympathetic Nerve Activity in Humans

Erling A. Anderson and Allyn L. Mark

Introduction

Microneurography is a technique in which elec-
trodes are inserted percutaneously into peripheral
nerves in humans for recording of single or multi-
unit action potentials. The technique has been used
to study (1) sensory innervation of skin, (2) pro-
prioceptive innervation of skeletal muscle, and (3)
sympathetic innervation of autonomic effector
organs in muscle and skin (Hagbarth, 1979).
Microneurography was developed by Hagbarth
and Vallbo in Sweden during the 1960s (Hagbarth
& Vallbo, 1968) and has been employed exten-
sively by Wallin and his colleagues during the past
15 years to characterize the regulation of sym-
pathetic nerve activity (SNA) to muscle and skin in
humans (Wallin, 1979). The technique is primarily
a research tool with few clinical applications and
requires considerable training. It is relatively safe
and well tolerated when perfcrmed properly (Hag-
barth, 1979). However, some subjects report mild
and transient paresthesias or muscle weakness in
the distal extremity or an ache at the recording site
following the procedure. In over 500 studies in our

Erling A. Anderson and Allyn L. Mark » Departments of
Anesthesia and Internal Medicine, Cardiovascular and Clinical
Research Centers, University of Iowa College of Medicine,
TIowa City, Iowa 52242.

laboratory, symptoms have occurred in 7% of sub-
jects. Symptoms following microneurography usu-
ally persist less than 1 week. In over 1000 studies,
Hagbarth (1979) reported only three subjects in
whom paresthesias persisted for 30 days. We have
observed one subject in whom mild paresthesias
persisted for 35 days but we have not encountered
permanent symptoms or complications after
microneurography.

The microneurography technique can be used to
record from any nerve which is accessible per-
cutaneously. These include the radial, median,
tibial, and sural nerves, but for practical reasons,
most recordings of SNA have been made from a
peroneal nerve adjacent to the fibular head below
the knee. In this region the peroneal nerve has
identifiable landmarks (the fibular head) and is
often palpable. In addition, the peroneal nerve
often provides a stable recording site with minimal
electromyographic artifacts. Finally, the peroneal
nerve below the knee has a high frequency of rela-
tively pure nerve fascicles to muscle or skin.

Although different types of afferent and efferent
nerve activity can' be recorded using micro-
neurography, this chapter will focus on measure-
ment of postganglionic activity along unmyeli-
nated, type C sympathetic fibers innervating
muscle and skin. This activity represents efferent
vasoconstrictor activity which is of interest to in-
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vestigators studying the influence of psychosocial
factors on the sympathetic nervous system.

Description of Equipment

Equipment required for microneurography in-
cludes a nerve stimulator and stimulus isolation
unit, a preamplifier, a nerve traffic analyzer, a
storage oscilloscope, and an audio amplifier. The
preamplifier has a gain of 1000. The nerve traffic
analyzer allows further amplification (1-100),
high- and low-pass filters (bandwidth 700-2000
Hz), and integration (time constant 0.1 s). Tung-
sten wire electrodes (30-40 mm long, 0.2 mm
wide tapering to a tip of 1 to 5 um) are used for
recording. Use of such small electrodes allows per-
cutaneous insertion without local anesthetic and
with minimal discomfort to subjects.

Figure 1. Experimental setup for microneurographic recording
from the peroneal nerve at the fibular head. The knee is slightly
elevated and stabilized to minimize movement. A preamplifier
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Procedure

The general procedure for locating and record-
ing from a nerve is similar for all nerves and will
be described for the peroneal nerve. The procedure
involves three basic steps: (1) percutaneous elec-
trical stimulation to map the position of the nerve,
(2) insertion of the electrode into the nerve using
weak electrical stimulation through the electrode,
and (3) fine adjustments of electrode position to
obtain a satisfactory recording site.

The leg is positioned as shown in Figure 1 for
recording from the peroneal nerve. The pre-
amplifier is positioned at the knee. A ground for
the percutaneous external stimulation is attached to
the ankle. The path of the peroneal nerve adjacent
to the fibular head is determined by percutaneous
stimulation at 40 to 120 V, 0.2 ms, and 1 Hz.
Percutaneous stimulation over the nerve elicits in-

is attached at the knee immediately proximal to the recording
site. Insert shows the tungsten microelectrode.
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voluntary contractions and/or paresthesias in the
distribution of the nerve. After marking the course
of the nerve, the investigator inserts two elec-
trodes. No special skin preparation is required. An
uninsulated reference electrode is placed sub-
cutaneously approximately 1-2 cm from the re-
cording electrode. An insulated electrode, which
will be used as the recording electrode, is inserted
percutaneously over the path of the nerve (Fig. 2).
The recording electrode is advanced toward the
nerve while stimulating through one electrode at
4-5 V, 0.2 ms, and 1 Hz. Upon entering the
nerve, stimulation produces an involuntary muscle
twitch and/or paresthesias in the distal extremity.
An involuntary muscle twitch without paresthesias
elicited by low-voltage stimulation (< 3 V) indi-
cates that the electrode is in a nerve fascicle to
muscle. Paresthesias without a muscle twitch indi-
cate that the electrode is in a nerve fascicle to skin.

Figure 2. Close-up of microelectrode placement in the leg (per-
oneal nerve). Black dots indicate the path of the nerve as deter-

109

The electrode is then switched from a stimulat-
ing to a recording mode. The investigator confirms
the position of the electrode in a nerve fascicle by
determining that it is possible to detect evoked af-
ferent activity. Specifically, if the electrode is in a
nerve fascicle to muscle, tapping or stretching the
muscle or tendon will elicit detectable afferent ac-
tivity. If the electrode is in a nerve fascicle to skin,
afferent activity is detected during stroking of the
innervated skin. When the electrode is in a nerve
fascicle, minor adjustments are made to obtain a
site with spontaneous action potentials charac-
teristic of SNA to skin or muscle and with a favor-
able signal-to-noise ratio.

There is considerable evidence that activity re-
garded as sympathetic action potentials is indeed
postganglionic, efferent SNA and not motor or
sensory activity. First, the activity is eliminated by
nerve block proximal, but not distal, to the record-

mined by percutaneous stimulation. Preamplifier at the knee
can be switched from stimulation to recording mode.
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ing site (Hagbarth & Vallbo, 1968; Delius, Hag-
barth, Hongell, & Wallin, 1972a). Second, the ac-
tivity is reversibly eliminated by ganglionic
blockade (Delius et al., 1972a; Hagbarth, Hallin,
Hongell, Torebjork, & Wallin, 1972). Third, the
conduction velocity (~ 1 m/s) is similar to that of
sympathetic unmyelinated C fibers (Hagbarth &
Vallbo, 1968; Delius et al., 1972a). Fourth,
changes in activity are accompanied by directional
changes in vascular resistance and in skin by
changes in sudomotor activity (Delius, Hagbarth,
Hongell, & Wallin, 1972b).

Since there are profound differences in the char-
acteristics and control of SNA to muscle versus
skin, the sympathetic activity to those two vascular
beds will be discussed separately.

Muscle SNA

Characteristics

There are three steps in obtaining a satisfactory
recording of SNA to muscle. Low-voltage stimula-
tion through the microelectrode elicits a twitch
without paresthesias. Further, afferent activity is
elicited by stretching or tapping the innervated
muscle or tendon but not by stroking the overlying
skin. Finally, muscle SNA has a characteristic pat-
tern (Figure 3). The activity occurs in intermittent,
pulse synchronous bursts (Delius et al., 1972b).
Muscle SNA frequently occurs in short sequences
separated by periods of neural silence. The burst
sequences tend to occur during the periodic spon-
taneous reductions in arterial pressure, whereas the
SNA is suppressed during increases in arterial
pressure. As discussed below, these characteristics
indicate strong baroreceptor modulation of muscle
SNA.

Simultaneous recordings from two muscle
nerves (e.g., radial and peroneal nerves) reveal

Peroneal
Neurogram

|
lT'

I « CARDIOVASCULAR MEASUREMENT

remarkable similarity in the pattern and number of
sympathetic bursts at rest (Sundléf & Wallin,
1977). This indicates that a recording of resting
muscle SNA from one nerve is representative of
resting muscle SNA from another nerve. In a
broader context, these observations suggest that
postganglionic muscle SNA to various regions is
under a relatively uniform preganglionic influence.
It should be emphasized, however, that these ob-
servations apply only to muscle SNA under resting
conditions. As discussed later, there is increasing
evidence for a regional difference in muscle SNA
during autonomic stimuli including mental stress.

The frequency of resting muscle SNA is quite
reproducible in a given individual during an ex-
perimental session and in repeated recordings
spanning weeks to months (Sundloéf & Wallin,
1977). However, between individuals, resting lev-
els of muscle SNA vary considerably (from less
than 5 up to 50—60 bursts/min).

The control of SNA to muscle has been studied
extensively. These studies have revealed a strong
influence of baroreceptors. Both cardiopulmonary
(low pressure) and carotid (high pressure) bar-
oreceptors exert pronounced effects on muscle
SNA.. Inhibition of cardiopulmonary baroreceptors
by lower body negative pressure produces a
marked and sustained increase in muscle SNA
(Sundlof & Wallin, 1978).

Stimulation of carotid arterial baroreceptors by
application of neck suction produces a profound,
though transient, reduction in SNA (Wallin &
Eckberg, 1982). The transient nature of this re-
sponse may stem from the fact that blood pressure
decreases during neck suction. A decrease in blood
pressure induced by carotid baroreceptor stimula-
tion would be expected to decrease aortic bar-
oreceptor activity. The opposing influence of aor-
tic baroreceptors could counter and abbreviate the
sympathoinhibitory influence of carotid barorecep-
tors. In this regard, we have recently observed that

Figure 3. Neurogram showing char-
acteristic pattern of resting muscle
SNA recorded from the peroneal
nerve. Bursts of muscle SNA occur
in short sequences separated by peri-
ods of neural silence.
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concerted stimulation of aortic and carotid bar-
oreceptors (from increases in arterial pressure pro-
duced by phenylephrine) causes sustained inhibi-
tion of muscle SNA (Aylward, Anderson, Kempf,
& Mark, 1986). Thus, it appears that both arterial
and cardiopulmonary baroreceptors can trigger
sustained reflex changes in muscle SNA.

Muscle SNA in humans is also responsive to
exercise and stimulation of chemically sensitive
muscle afferents. Mark, Victor, Nerhed, and Wal-
lin (1985) reported that static handgrip of 30% of
maximal voluntary contraction (MVC) increased
muscle SNA. Further, posthandgrip muscle isch-
emia (stimulation of chemically sensitive muscle
afferents) maintained striking increases in SNA.
These studies indicate that stimulation of chem-
ically sensitive muscle afferents is a potent stim-
ulus to muscle SNA in humans and suggest that
these chemically sensitive muscle afferents are a
trigger to increases in muscle SNA during static
handgrip. Interestingly, Victor, Seals, and Mark
(1987) demonstrated that rhythmic handgrip at 10
to 50% MVC failed to increase muscle SNA pre-
sumably because rhythmic handgrip is associated
with less muscle ischemia than sustained handgrip
and therefore fails to reach the threshold for activa-
tion of chemosensitive muscle afferents.

Rhythmic contraction of larger muscle groups
(arm cycling) is associated with increases in mus-
cle SNA, but the increases in muscle SNA do not
occur at low work loads (Victor et al., 1987).
Moreover, increases in muscle SNA during higher
work loads of arm cycling lag behind increases in
heart rate. These observations emphasize the dif-
ferential control of heart rate and muscle SNA dur-
ing exercise.

Svendenhag, Wallin, Sundlof, and Henriksson
(1984) found no difference in resting muscle SNA
between trained racing cyclists and age-matched,
untrained cyclists. Further, an 8-week training pro-
gram did not change resting muscle SNA in pre-
viously untrained subjects. These studies suggest
that endurance exercise training does not reduce
resting muscle SNA and cannot account for the
large variation in resting muscle SNA in different
individuals. However, it is not known if endurance
exercise training attenuates the sympathetic re-
sponse to exercise.
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Muscle SNA is increased by stimulation of cut-
aneous as well as muscle afferents. Victor, Leim-
bach, Wallin, and Mark (1985) demonstrated that
immersion of the hand in ice water (a cold pressor
test) increases muscle SNA as well as heart rate.

These studies have provided considerable infor-
mation on the reflex mechanisms controlling mus-
cle sympathetic nerve activity. However, of per-
haps even greater interest to researchers in the field
of behavioral medicine is the influence of psycho-
logical stress on sympathetic nerve traffic.

Stress and Muscle SNA

It is well known that psychologic stress influ-
ences the sympathetic nervous system as evidenced
by elevation in circulating catecholamine levels
(Ward et al., 1983). However, until recently there
have been only sporadic reports of the effects of
stress on muscle SNA (Delius et al., 1972b; Wallin,
Delius, & Hagbarth, 1974; Wallin, 1981b).

Mental stress has long been assumed to increase
blood flow to skeletal muscle, although Rusch,
Shepherd, Webb, and Vanhoutte (1981) reported
that mental stress increases blood flow to the fore-
arm but not to the calf. The importance of tonic
sympathetic vasoconstrictor activity in regulating
blood flow to skeletal muscle suggests that altered
sympathetic outflow may be involved in these
blood flow changes. We recently tested the hy-
pothesis that mental stress alters sympathetic out-
flow to the arm and the leg (Anderson, Wallin, &
Mark, 1987). We found that stress (mental math)
increases muscle SNA in the leg (peroneal nerve;
see Fig. 4) but not in the arm (radial nerve).

These findings are interesting for several rea-
sons. First, they illustrate the complex and unique
sympathetic response to mental stress and indicate
that mental stress can differentially alter sym-
pathetic outflow to different regions of the skeletal
muscle circulation. Second, the results suggest that
the sympathoexcitatory influence of mental stress
may override baroreceptor control of SNA. Final-
ly, and perhaps most importantly, these findings
demonstrate the value of microneurographic re-
cording techniques to the fields of psycho-
physiology and behavioral medicine.

Although the term ‘‘sympathetic reactivity’’ is
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CONTROL STRESS

Peroneal
Neurogram

MSNA
(bursts/min) 3 38

Integrated
MSNA
(Units)

225 353

HR
(beats/min) 56 62

BP

(mmHg) 132/84, T00

108/64, 79

often used when studying psychosocial influences
on blood pressure in different groups such as Type
A and B persons, the term is loosely defined and
nearly meaningless. One reason is the profound
difference in sympathetic outflow to various vas-
cular beds, e.g., muscle and skin. Another reason
is that ‘‘sympathetic reactivity’’ can reflect differ-
ent facets of sympathetic function. These include
the frequency of sympathetic nerve discharge,
amount of neurotransmitter released, efficiency of
reuptake and metabolism of neurotransmitter,
adrenergic receptor density and affinity, and the
characteristics of vascular muscle.

Microneurography allows direct measurement
of sympathetic nerve discharge in humans, and
thus permits study of central sympathetic outflow
to skeletal muscle or skin. Microneurographic
studies of SNA in individuals assumed to be
‘‘sympathetically hyperreactive’’ could help deter-
mine if these individuals have augmented sym-
pathetic outflow.

Skin SNA

There are three steps in obtaining a recording of
skin SNA. Low-voltage stimulation through the
electrode must elicit paresthesias but not a muscle
twitch. Further, afferent activity is elicited by
lightly stroking the skin but not by stretching mus-
cle. Finally, the site must have spontaneous action
potentials characteristic of skin SNA.

The characteristics of skin SNA are markedly
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Figure 4. Neurogram of muscle SNA (MSNA) from the
leg (peroneal nerve) in one subject during rest and men-
tal stress. Mental stress (mental math performed under
pressure) was associated with increased MSNA. Heart
rate and blood pressure also increased during mental
stress.

different from those of muscle SNA. Skin and
muscle SNA differ both in the resting state and in
response to different interventions. Whereas mus-
cle SNA is primarily vasoconstrictor, skin includes
vasoconstrictor, sudomotor, and piloerector ac-
tivity (Hagbarth, 1979). Further, skin SNA is not
pulse-synchronous and does not vary with spon-
taneous fluctuations in blood pressure (Delius et
al., 1972c; Hagbarth ez al., 1972). These observa-
tions indicate little baroreceptor influence on skin
SNA.

Blood flow to skin is important in regulating
body temperature and it is not surprising that skin
SNA changes with alterations in body temperature.
Body cooling tends to increase skin SNA, presum-
ably vasoconstrictor activity. Subsequent body
warming initially reduces skin SNA and then
causes a progressive increase as subjects begin to
perspire (Wallin, 1981b). This increase in skin
SNA at high temperatures reflects augmented
sudomotor activity.

Mental stimuli also have a major influence on
skin SNA. In general, skin SNA increases during
mental stress and declines during periods of relaxa-
tion. Novel stimuli, both pleasant and unpleasant,
cause a sudden increase in skin SNA when first
presented (Hagbarth er al., 1972). As with elec-
trodermal responses, skin SNA responses to novel
stimuli decline after several repetitions. Changes
in skin SNA during stress have been found to cor-
relate with blood flow to the innervated cutaneous
tissue (Wallin er al., 1974). By correlating
changes in skin resistance responses and skin SNA
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recorded from the median nerve, Lidberg and Wal-
lin (1981) concluded that changes in skin re-
sistance may provide a reasonable index of sym-
pathetic outflow of skin.

However, since there is little relationship be-
tween muscle and skin SNA at rest or in response
to different interventions, skin SNA does not pro-
vide an index of muscle SNA. These findings have
significant implications for investigators who
study electrodermal responses as a measure of
sympathetic activation.

Consideration for Design, Analysis,
and Interpretation

A variety of factors must be considered during
data collection. First, when recording SNA, con-
siderable care must be taken to ensure that a pure
muscle or skin site has been obtained because of
the profound differences in characteristics and con-
trol of muscle and skin SNA. Second, muscle SNA
has been shown to increase upon going from a
supine to sitting position (Burke, Sundléf, & Wal-
lin, 1977). Therefore, posture must be standard-
ized within a study. Third, when recording from
skin nerves, changes in ambient temperature and
extraneous noise must be minimized and time al-
lowed for the subject to adjust to the laboratory
setting.

For purposes of analysis, SNA can be quantified
in three ways: (1) bursts per minute, (2) integrated
SNA which is calculated as burst frequency times
mean burst amplitude, and (3) bursts per 100 heart-
beats. In these integrated mean voltage neu-
rograms from multifiber recordings, burst frequen-
cy should theoretically not be the most accurate
measure of sympathetic outflow since bursts of
small amplitude are weighted equally with large-
amplitude bursts. Integrated activity should be a
more accurate indication of SNA. However, burst
amplitude is determined by amplifier gain and the
proximity of the electrode to a nerve fascicle.
Therefore, one cannot compare burst amplitude or
integrated activity across different recording ses-
sions or between subjects. Instead, analysis of in-
tegrated SNA is valuable in examining changes in
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SNA during interventions performed during an ex-
perimental session with a stable recording site.

For comparison between subjects or across ses-
sions, burst frequency provides the best index of
SNA. As mentioned previously, there are the-
oretical limitations to the analysis of SNA as burst
frequency. However, in a given study analysis of
changes in SNA as bursts per minute and as inte-
grated activity usually yields similar conclusions.
In addition, muscle SNA expressed as bursts per
minute correlates with forearm venous nor-
epinephrine (Morlin, Wallin, & Eriksson, 1983).
Moreover, resting muscle SNA expressed as bursts
per minute is quite reproducible in a given indi-
vidual from one experimental session to another.
Thus, despite some theoretical limitations, mea-
surement of muscle SNA expressed as bursts per
minute can be used to compare muscle SNA be-
tween sessions and subjects. However, caution
should be exercised in interpreting the significance
of small or no differences.

Finally, it should be noted that microneuro-
graphic studies of SNA may be slightly biased to-
ward individuals with moderate to high levels of
sympathetic activity. This stems from the fact that
obtaining a satisfactory recording site depends to
some degree on the frequency of resting SNA. Lo-
cating a site in a subject with very low levels of
resting SNA is more difficult.

Future

We consider the microneurographic technique
for direct, in vivo recording of SNA in humans to
be an important and underutilized tool for studying
the impact of psychosocial factors on the sym-
pathetic nervous system and its role in blood pres-
sure regulation. When performed properly, micro-
neurography is a safe procedure which allows
measurement of central sympathetic neural out-
flow to muscle or skin. This information cannot be
gained by other methods such as measurement of
catecholamine levels, regional blood flow, gal-
vanic skin responses, heart rate, or blood pressure
which are influenced by numerous factors.

Recent studies of the effects of mental stress on
SNA are promising and suggest that mental stress
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may have a unique impact on the sympathetic ner-
vous system. Future areas of research in this field
might include systematic study of (1) SNA in Type
A and B individuals, (2) sympathetic nerve re-
sponses to stress in individuals hypothesized to be
sympathetically hyperreactive, (3) sympathetic
nerve responses to stress in normotensive and hy-
pertensive subjects, and (4) the effects of phar-
macologic agents on sympathetic responses to
mental stress.
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CHAPTER 8

Measurement of Volume Regulation
Renal Function

Bonita Falkner

Introduction

Investigation of the involvement of the renal func-
tion in behavioral medicine is an area in which
little study has been done to date. An overall con-
cept of renal physiology is that the kidneys respond
to excesses or deficits in nutrient and fluid supply
by excretion or conservation. The kidneys adjust
numerous specific functional parameters to main-
tain total body fluid and electrolyte homeostasis.
The kidneys also respond to stimuli mediated
through the autonomic nervous system and extra-
renal hormonal factors. Unlike the cardiovascular
response to similar stimuli which is quite rapid, the
renal response to stimuli is slower. Renal adjust-
ments to neurogenic stressor or altered electrolyte
loads will occur over hours to days. Therefore,
methodologic issues addressing renal participation
in behavior-related disorders will require a design
which addresses means of investigating a system
which functions under slower stimulus—response
rate. This chapter will discuss the basic elements
of renal function, and those which may be altered
by behavioral factors. The standard methods of

Bonita Falkner  Department of Pediatrics, Hahnemann Uni-
versity, Philadelphia, Pennsylvania 19102.

evaluating renal function and factors which effect
functional variations will also be presented.

The two kidneys in man are composed of two
million nephrons or specialized functional units.
The function of each nephron varies somewhat de-
pending on its regional location. However, it is
generally convenient to consider all nephrons col-
lectively in determinations of renal function. De-
spite this known heterogeneity among nephrons,
parameters of renal function in humans will pro-
vide composite values which reflect the total
glomerular function, the total proximal tubular
function, the total distal tubular function, and so
forth.

The kidney is considered an excretory organ.
However, excretion per se is but one portion of the
kidney’s primary role in fluid volume and chem-
ical homeostasis. Figure 6 of Chapter 1 is a very
simplified depiction of the body’s fluid compart-
ments. In a normally hydrated 70-kg male, the
total body water is approximately 60% of the total
body mass, or in this case 42 liters of water. This
body water is contained in two fluid compart-
ments: the intracellular fluid space (ICF) consist-
ing of about 40% of the total body mass, and the
extracellular fluid space (ECF) consisting of about
20% of the total body mass. The ECF can be fur-
ther divided into interstitial fluid space (IF) and
plasma volume (PV). Total blood volume is ap-
proximately 7% of body weight. When the volume

117



118

of blood due to red blood cells is subtracted, the
remainder is the PV. Assuming the average hema-
tocrit of 45%, the circulating plasma will be 3.8—
4% of body mass. Therefore, a 70-kg man will
have 2.8 liters of plasma fluid. It is this 2.8 liters
that is delivered to the two million glomeruli for
filtration. The normal glomerular filtration rate is
125 ml/min per 1.73 m?. At the normal rate of
filtration in a 70-kg male, 180 liters of filtrate will
be produced in 24 h. This daily glomerular filtrate
will contain over 1 kg of sodium chloride and other
plasma constituents in similar large amounts. The
total volume of fluid excreted as urine will be less
than 2 liters. Also, equally small fractions of the
other substances from the filtrate will be excreted
daily. Hence, the renal tubules function to reab-
sorb the filtrate. The filtered water must be re-
stored to the ECF to replace the PV. In addition to
reabsorbing sodium and chloride, other filtered
substances including glucose, bicarbonate, and
amino acids must also be reabsorbed. At certain
tubular sites, some substances, in particular po-
tassium and hydrogen ion, will be secreted and
added to the filtrate. Fluid and volume homeostasis
is accomplished by reabsorption of the bulk of the
filtrate and excretion of a small fraction. The pro-
cess of tubular reabsorption and tubular secretion
modifies the composition of the filtrate. The com-
position and volume of the urine excreted is the
final product of this process.

The overall concept of renal function is that of a
steady filtering of total body water through rapid
recycling of plasma fluid. This is accomplished by
three major components of nephron activity: (1)
glomerular filtration, (2) tubular reabsorption, and
(3) tubular secretion. These functional components
respond to a variety of other factors including renal
blood flow, neuroendocrine effects, and the fluid
and nutrient supply to the body. A detailed discus-
sion of each aspect of renal physiology is beyond
the scope of this chapter. The reader is referred to
other sources for more expanded detail (Brenner,
Zatz, & Ichikawa, 1986; Pitts, 1974; Fawcett,
1986; Hepinstall, 1983). This chapter will discuss
the major components of renal function, the re-
sponse to extrarenal factors, and the current meth-
ods of investigation of renal function.

I + CARDIOVASCULAR MEASUREMENT
Renal Blood Flow

The two kidneys of an adult man weigh about
300 g (about 0.5% of body weight). Relative to
other vascular beds, the vascular resistance in the
kidneys is low. Under resting conditions, the kid-
neys are perfused with 1.2 liters of blood per min
which represents about 25% of the cardiac output.

The organizational pattern of the vascular sup-
ply to the kidney is related to varying components
of renal function (Bargen & Herd, 1971). The
basic pattern of flow is through a main renal artery
branching from the descending aorta. The renal
artery branches at the hilus of the kidney into the
interlobar arteries which enter the renal par-
enchyma and ascend to the corticomedullary junc-
tion. They then form the arcuate arteries which
give off the interlobular arteries. The afferent ar-
terioles emerge from the interlobular arteries. The
afferent arteriole subdivides into a capillary net-
work which forms the glomerular tuft and the
reemergence of this glomerular capillary network
forms the efferent arteriole (Figure 7 of Chapter 1).
These vessels proceed into a capillary network in
the cortex and in the medulla and then into venous
channels. The vasa recta also emerge from the
efferent arteriole. The vasa recta are vascular bun-
dles which extend deep into the medulla.

The renal vessels have characteristic histologic
structures which are very relevant to certain as-
pects of nephron function. The afferent and
efferent arterioles have smooth muscle cells and
nerve endings. Electron microscopic studies have
identified adrenergic and cholinergic fibers in
these vessels. The afferent arteriole has epithelioid
cells at the site where the arteriole is adjacent to the
mascula densa of the ascending tubule. Together
these structures form the juxtaglomerular apparat-
us which is the site of renin formation (Figure 1).
The vasa recta vessels in the deep medulla have a
large number of endothelial cells. This feature is
related to the function of the countercurrent ex-
change mechanism for concentration (Fawcett,
1963).

Blood flow into the kidney from the main renal
artery does not have a uniform distribution
throughout the kidney. Approximately 93% of the
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Figure 1. The microscopic anatomy of the juxtaglomerular ap-
paratus. Blood flows through the afferent arteriole, enters the
glomerular capillary network, and following filtration exits the
glomerulus through the efferent arteriole. Afferent and efferent
arterioles are positioned adjacent to the macula densa, which is
a segment of the distal renal tubule. The juxtaglomerular cells

total renal blood flow (RBF) goes to the renal cor-
tex which comprises 75% of the renal mass. The
rate of cortical flow is about 500 ml/min per 100 g
of kidney. The rate of medullary flow is about 100
ml/min per 100 g of kidney in the outer zone and
25 ml/min per 100 g in the inner zone (Thurau &
Levine, 1971). Accordingly, with this distribution,
detectable changes in RBF will largely reflect
changes in flow in the cortex (Spitzer, 1978).
Factors which control RBF are the systemic ar-
terial pressure, circulating volume, and renal vas-
cular resistance. The vascular resistance in the kid-
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are the renin-producing cells and are located in the wall of the
afferent arteriole and adjacent to the macula densa. Renin re-
leased from the juxtaglomerular cells is regulated by volume
signals transmitted from the afferent arteriole or/and from the
macula densa, reflecting the volume of tubular filtrate entering
the distal tubules.

neys resides at the level of the arterioles. These
vessels respond to extrinsic nervous and hormonal
mechanisms which can modify resistance. Also,
there is an internal autonomous mechanism which
regulates resistance.

Under basal conditions, the tonic vasoconstric-
tor activity of the kidney is minimal or absent
(Pomeranz, Birtch, & Bargen, 1968). Direct neu-
ral stimulation will induce mild vasoconstriction of
the afferent arterioles reflected by a decrease in
RBF (DiBona, 1983). This effect can be abolished
by o blockers such as reserpine and guanethidine
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which would indicate that the vasoconstrictive ef-
fect is mediated by sympathetic o receptors (Di-
Salvo & Fell, 1971; Gomer & Zimmerman, 1972).

Renal denervation increases RBF but only in the
anesthetized animal where sympathetic tone has
been elevated by the prior use of barbiturate anes-
thesia (Berne, 1952). Overall, neurogenic mecha-
nisms do not regulate RBF under basal physiologic
conditions. However, they may be invoked in cir-
cumstances which threaten homeostasis.

Several hormonal factors may affect RBF. Both
epinephrine and norepinephrine have a constrictive
effect on renal vessels. Small doses will reduce
RBF significantly. A larger dose will produce a
large decrease in RBF and also affect glomerular
filtration. A similar dose-related effect occurs with
renin and angiotensin. Stimulation of the renal
nerves or the administration of norepinephrine or
angiotensin II has been shown to raise the level of
prostaglandins in renal venous blood. Conversely,
prostaglandin inhibitors enhance the vasoconstric-
tive effect of norepinephrine and angiotensin II
(Burton-Opitz & Lucas, 1981).

Autoregulation of RBF was first described in
1981 (Burton-Optiz & Lucas, 1981) and has been
repeatedly confirmed in experimental models. In
the kidneys, autoregulation consists of a constancy
of RBF as the arterial pressure varies between 80
and 180 mm Hg. The changes in vascular re-
sistance, which explain this constancy of RBF, oc-
cur in the denervated and isolated kidney, thereby
demonstrating the intrarenal origin of the control
(Spitzer, 1978; Berne, 1952). Several hypotheses
have been developed to explain autoregulation, but
precise confirmation of the mechanism has not
been established.

RBF is reduced by exercise, intense mental
stress, norepinephrine, stimulation of certain areas
in the CNS, and also by anything which reduces
systemic blood pressure. A lowering of systemic
blood pressure generally results in a much greater
reduction in RBF than that which can be explained
by the reduction in pressure alone. This is due to
increases in renal vascular resistance, a counter-
response to maintain central volume (Bargen &
Herd, 1971; Thurau & Levine, 1971). RBF is also
reduced by most of the drugs that reduce blood
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pressure. However, the reduction of RBF is
lessened when systemic blood pressure is reduced
with antihypertensive drugs because the vas-
oconstrictive response to systemic pressure reduc-
tion is usually inhibited by the drug.

It is apparent that measurement of RBF must be
performed under basal conditions to avoid activa-
tion of potentially confounding factors such as
fluctuation in blood pressure or sympathetic ner-
vous system excitation. Methods for measurement
of RBF can be technically difficult. A standard
method is that of measuring clearance of a sub-
stance which is completely extracted from the plas-
ma on a single passage through the kidney. Para-
aminohippuran (PAH) is a substance which has
been used for determination of RBF. Techniques
developed in nuclear medicine using radioisotope
labeling of substances which are completely ex-
tracted from the renal vasculature have simplified
the procedural involvement. Methods have been
developed to determine effective renal plasma flow
using [!3!]hippuran. An intravenous injection of
[3]hippuran results in a biexponential plasma
disappearance curve. Timed postinjection samples
of plasma are then counted for concentration of the
isotope. From these data and the hematocrit, the
RBF can be calculated by formulas using slopes
and intercept (Blaufox, 1972; Brenner er al.,
1986). Another method of determining RBF is by
scintillation counting of activity over the kidneys
following an intravenous injection of a known
quantity of ®*Tc. The current instrumentation of
most nuclear medicine laboratories includes com-
puterized systems to generate blood flow curves
based on the measured isotope activity.

Although current methods for measuring RBF in
well human subjects are technically difficult and
expensive, there are reports indicating that varia-
tions in RBF are detectable at early phases of es-
sential hypertension and may reflect an interre-
lationship with CNS activity. Changes in RBF
have been identified in early mild essential hyper-
tension and also in normotensive offspring of par-
ents with essential hypertension (Hollenberg &
Adams, 1974; Bianchi et al., 1978). Hollenberg,
Williams, and Adams demonstrated that during
psychologic stimuli, RBF decreases and plasma
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renin activity increases in patients with essential
hypertension as well as in normotensive adult off-
spring of parents with essential hypertension.

Very extensive investigations of systemic and
renal hemodynamics were performed by London,
Safar, Sassard, Levenson, and Simon (1984) on
patients with mild essential hypertension and nor-
motensive subjects. These investigators demon-
strated a reduced RBF and a decreased RBF/car-
diac output (CO) ratio in the hypertensives.
Administration of the centrally acting drugs
clonidine and o-methyldopa reversed these
changes. The B blocker propranolol did not nor-
malize the reduced RBF/CO as the centrally acting
agent did. These studies provide data indicating
that changes in renal perfusion are present in indi-
viduals with essential hypertension as well as those
at risk for hypertension. Furthermore, these varia-
tions in RBF may be related to a variation in cen-
tral adrenergic control. This relationship is one that
warrants further investigation.

Glomerular Filtration Rate

The filtering function of the kidney resides in
the glomerulus, which is a specialized capillary
network interposed between the afferent and
efferent arterioles. Filtration occurs from the intra-
capillary space across the capillary wall into the
urinary space of the glomerular capsule (Figure 7
of Chapter 1). The permeability of the glomerular
capillary wall is far greater than that of other capil-
laries of the body. This enhanced permeability, for
the purpose of filtration, is related to the micro-
structure of the capillaries, including increased
number and size of pores in the endothelial cells on
the inner lumen and also the specialized structure
of the capillary basement membrane (i.e., glomer-
ular basement membrane).

The factors which regulate glomerular filtration
include glomerular membrane permeability, capil-
lary blood pressure, the intracapsular hydrostatic
pressure and colloid osmotic pressure (Baylis &
Brenner, 1978; Brenner & Humes, 1977).

Glomerular permeability generally remains con-
stant in the absence of pathologic conditions. The
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total area available for filtration depends on the
number of glomeruli and the glomerular size. The
available area then is affected by growth and body
size.

The major variable in regulation of the rate of
glomerular filtration is the intracapillary hydro-
static pressure. The intracapillary hydrostatic pres-
sure is dependent on systemic arterial pressure and
the resistance of the glomerular arterioles. Con-
striction of the afferent arteriole will lower the cap-
illary pressure; dilation of the afferent arteriole will
raise the capillary pressure to the level of systemic
pressure. On the other hand, constriction of the
efferent arteriole will raise intracapillary pressure
and dilation of the efferent arteriole will lower the
intracapillary pressure. As noted earlier, arteriolar
constriction is under neural control and also re-
sponds to hormonal factors.

Intracapsular hydrostatic pressure is the pressure
created by the volume of filtrate in the capsule of
the glomerulus. This represents a force opposing
filtration. Under normal physiologic conditions,
this pressure is slight and of little significance.
However, in conditions of a massive solute di-
uresis, the volume of fluid in the capsule increases,
raising the hydrostatic pressure and opposing fil-
tration. Pathologic conditions which obstruct tu-
bular flow also increase the intracapsular pressure.

The colloid osmotic pressure is a force opposing
filtration and is created by the osmotic effect of the
plasma proteins. This force is roughly equivalent
to a hydrostatic pressure of 25-30 mm Hg. The
plasma protein concentration is relatively stable
under usual physiologic conditions so that colloid
osmotic pressure is probably not a significant vari-
able in regulating the glomerular filtration rate.
However, due to the presence of this force oppos-
ing filtration, when the intracapillary hydrostatic
pressure falls to 25-30 mm Hg, glomerular filtra-
tion will cease (Brenner & Humes, 1977).

The measurement of glomerular filtration is cen-
tral to the evaluation of renal function. The dif-
ference between the rate at which a substance is
filtered at the glomerulus and excreted in the urine
reflects the rate of tubular activity by reabsorption
or secretion.

The measurement of glomerular filtration rate
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(GFR) is based on the excretion of a given sub-
stance which can be neither reabsorbed nor se-
creted by the tubules. Thus, the rate of excretion of
this substance will be equal to the rate of filtration
at the glomeruli. The basic formula is as follows:

UV = GFR X P,
or
GER = U,VIP,

U, is the urine concentration of the X, P, the plas-
ma concentration of X, and V the urine flow ex-
pressed in milliliters per minute.

Inulin is generally accepted as the reference sub-
stance by which GFR is measured since it is freely
filtered at the glomerulus and neither reabsorbed
nor secreted in the tubules. The expression U, V/P,
denotes clearance (C,), which refers to the volume
of plasma required to supply substance X at a rate
at which it is excreted in the urine. The term
“‘clearance’’ denotes that volume of plasma which
yields its entire content for renal excretion and is
thus cleared of the substance in question. The
clearance of inulin (or similar inert substances such
as creatinine) can then be compared with some
other substance to assess tubular reabsorption or
secretion. The amount of a given substance (X)
filtered will be the product of the plasma con-
centration of X times the GFR, expressed as the
clearance of inulin (C;,). The difference in the
amount filtered and the amount excreted will be
the amount transported by the tubules in reabsorp-
tion or secretion. The basic formulas are as
follows:

Filtered X = C;,P,
Excreted X = U,V
Transported X = Filtered X — Excreted X

or

T, = C,,P

n" x - UXV
A positive value for T, indicates reabsorption. A
negative value indicates tubular secretion.
Measurement of GFR by inulin clearance in
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humans is often technically difficult. The most
commonly used substance for approximating glo-
merular filtration is creatinine. The clearance of
endogenously produced creatinine from muscle
cell metabolism is quite constant on a daily basis.
Although there is some tubular secretion of creati-
nine in humans which would result in somewhat
higher determinations of GFR, the clearance of
creatinine is fairly close to that of inulin.

Determination of creatinine clearance can then
be used as a stable reflection of GFR and as such
can be used as a reference in the calculation of
quantities of other substances filtered and deliv-
ered to the tubules for reabsorption. The normal
value for GFR based on creatinine clearance is
100-125 ml/min per 1.73 m2. Women tend to
have values in the lower range of normal, whereas
men produce values in the upper portion of the
normal range. The formula is:

Ccr = Ucr VIP cr

where U, is the concentration of creatinine in the
collected urine (mg/ml), V the urine flow or the
volume of urine produced during the collection pe-
riod (ml/min), and P_, the plasma concentration of
creatinine (mg/100 ml).

The value obtained will be the creatinine clear-
ance or GFR of a given subject. In clinical evalua-
tions this value will then be corrected to a body
surface of 1.73 m? so that the GFR can be com-
pared to the normal range.

Example: Creatinine clearance is to be deter-
mined on a 28-year-old female who weighs 50 kg
and is 160 cm tall. Directions given to the subject
for the urine collection are as follows: At 7:00
a.m., completely empty the bladder and discard.
Save all subsequent urine in a container. At 7:00
a.m. the next day, empty bladder and add this
volume to the total collection. The 24-h urine
collection is brought to a laboratory, at which time
a blood sample is obtained for serum creatinine.
The laboratory results are as follows:

0.6 mg/dl
1680 ml

886 mg/total volume or
527 mg/liter

Serum creatinine:
Total volume:
Urine creatinine:
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Creatinine clearance = U_V/P,,
where

U, = 886 mg/1680 ml
V = 1680 ml/1440 min
P

o 0.6 mg/100 ml

_ 886 mg/1680 ml X 1680 ml/1440 min
0.6 mg/100 ml

_ 886 mg/1440 min
0.6 mg/100 ml

= 102.5 ml/min

CCI'

The subject’s creatinine clearance is 102.5
ml/min. Next, make the correction for surface
area: Subject’s weight is 50 kg, height 160 cm,
surface area 1.50 m?.

102.5 ml/min/1.50 m? = x ml/min per 1.73 m?
Corrected C., = 118 ml/min per 1.73 m?

There is some developmental variation in nor-
mal GFR relevant to age. Newborn infants have a
low GFR even when corrected for body surface
area. This low GFR presumably reflects continued
functional development of the nephrons. By 12
months of life, the corrected GFR is in the adult
range. In the elderly, there will be a decline in
GFR due to loss of functioning nephrons.

Many clinical diseases, particularly intrinsic re-
nal disease, alter GFR through pathologic processes
which directly affect the structure and functioning
number of glomeruli. Prolonged uncontrolled hy-
pertension can result in target organ damage to the
kidney, manifested by arteriolar nephrosclerosis.
The structural changes -of this process will reduce
the intracapillary flow through the glomeruli and
reduce GFR. Diabetes mellitus is another condition
which frequently produces alterations in GFR. In
the early phases of diabetes, the elevated plasma
glucose will raise the plasma osmotic pressure. This
will result in a raised intracapillary hydrostatic pres-
sure and result in a force enhancing filtration. Thus,
the GFR will be higher than normal in the earlier
phases of diabetes. As the disease progresses and
the diabetic glomerulopathy occurs, these structural
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changes will result in reduced available glomerular
filtering surface and hence a reduction in GFR.
Therefore, human subjects having GFR values out-
side of the normal range should be excluded from
investigations of behavioral-renal interaction.

Renal Tubular Function

The composition of the glomerular filtrate, as it
enters the renal tubular system, is identical to plas-
ma devoid of protein. One of the most striking
aspects of the mammalian kidney is the capacity to
produce urine which differs greatly in solute com-
position from the plasma from which it is derived.
Under normal conditions, the composition of the
body fluid is maintained within very narrow limits
despite wide fluctuations in intake and extrarenal
fluid losses. When the body fluids are diluted by
excessive water intake, the urine becomes dilute
and the excess water is rapidly excreted. Converse-
ly, when the concentration of the body fluid in-
creases due to excessive solute intake or excessive
water loss, the urine becomes greatly concentrated
so that solute excretion is enhanced and water is
conserved. This process will reestablish normal so-
lute concentrations. Electrolyte concentrations of
the extracellular system are similarly maintained
within a narrow range despite broad ranges of in-
take. Excesses are excreted, and during conditions
of deficient intake, maximum conservation of
these constituents will occur through adjustments
in tubular reabsorption and secretion.

The anatomy of the renal tubules is given in
Figure 7 of Chapter 1. Briefly, two populations of
nephrons exist. The cortical nephrons reside more
peripherally in the outer cortex and have relatively
short loops of Henle. The juxtamedullary nephrons
reside in the inner cortex. These nephrons have
very long loops of Henle which extend deep into
the renal medulla. Due to their extension into the
medullary regions of high tonicity, the tubules of
the juxtamedullary nephrons have more powerful
concentrating capacity.

The tubules may be divided anatomically and
functionally into four basic segments: (1) proximal
convoluted tubule, (2) loop of Henle, (3) distal
convoluted tubule, and (4) collecting tubule. Each
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of these segments can be subdivided further rela-
tive to type and function of the tubular epithelial
cells. Transport mechanisms, which cause the
movement of water and solutes from the tubular
lumen to the ECF compartment, vary at the differ-
ent tubular sites. The transport of solutes and water
may follow one of two pathways. Active transport
consists of a transcellular pathway in which the ion
moves into the epithelial cell. Movement across
the luminal epithelial surface is governed by an
established concentration, or electrochemical gra-
dient. The substance then is pumped into the in-
terstitium by an active transport mechanism. The
other course of movement is the paracellular path-
way. Solutes and water may move across the inter-
cellular spaces in a passive manner. The passive
movement occurs down gradients created by active
transport. The rate of passive movement is also
contingent on the relative permeability of the inter-
cellular junctions (Herbert, Schafer, & Andreoli,
1981; Aronson, 1981).

Proximal Tubular Segments

At least 60% of the glomerular filtrate is reab-
sorbed in the proximal tubular segments. The
transport process is isosmotic, with movement
across the tubular lumen directed by electrical po-
tential gradients. The first phase of proximal reab-
sorption affects the preferential reabsorption of the
essential nutrients including sugars, amino acids,
bicarbonate, and organic metabolites. These are
sodium-coupled transport processes. Water trans-
port follows solute transport in this first phase of
proximal tubule reabsorption and is driven pas-
sively by a small osmotic gradient.

The second phase of proximal tubule reabsorp-
tion affects sodium and chloride reabsorption. In
this phase, new gradients are created by the pre-
ceding removal of bicarbonate, sodium, and
organic solutes. Chloride and sodium move from
the tubular lumen into the tubular cell and then are
actively pumped into the interstitium in this phase
with some further passive water transport. Move-
ment of reabsorbed water and solute from the renal
interstitum into the peritubular capillaries is then
determined by Starling forces which govern fluid
movement across all capillaries.
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Organic ions and many drugs are removed from
the plasma by secretion in the proximal tubules.
This process occurs at the second phase level. The
organic ion secretions occur by an active transport
step from plasma across the base of the epithelial
cell. The raised intracellular concentration and in-
creased permeability at the luminal side of the epi-
thelial cell then permits passive movement into the
tubular lumen. Endogenous compounds secreted at
this level include prostaglandins, dopamine, epi-
nephrine, histamine, and serotonin. Some of the
drugs secreted at this level include chlorothiazide,
furosemide, salicylates, atropine, and morphine
(Grantham, 1982).

Loop of Henle

The loop of Henle consists of the thin descend-
ing limb and the thin ascending limb. These seg-
ments have unique permeability characteristics
which govern their role in urinary concentration
and dilution. Tubular fluid entering the thin de-
scending limb from the proximal nephron is iso-
smotic relative to plasma with a concentration of
about 300 mosm. This segment is very permeable
to water and relatively impermeable to solutes.
Thus, as the tubular fluid is exposed to the pro-
gressively hypertonic medullary interstitium,
water moves from tubular lumen to interstitium.

At the bend of Henle’s loop, the thin ascending
limb begins. This portion of the loop is water imper-
meable and highly permeable to NaCl. The tubular
fluid then flows along a course of gradually de-
creasing interstitial osmolarity. Sodium and chlo-
ride then move out of the tubular lumen, rendering
the tubular fluid progressively less concentrated.
The absence of any significant water permeability
permits the tubular epithelium to maintain the os-
motic gradients (Kokko, 1982).

Distal Tubular Segments

The distal tubular segments consist of the thick
ascending limb and the distal convoluted tubule.
The transition point between the two segments is
the area of the macula densa.
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The thick ascending limb, which functions to
dilute the tubular fluid, actively transports sodium
and chloride. The sodium transport processes at
this level are similar to the sodium transport mech-
anisms occurring in the proximal tubule. However,
a major difference is that the transepithelial elec-
trical potential difference is the reverse in the thick
ascending limb (lumen positive) of that in the
proximal tubule (lumen negative). This results in
the transport of potassium from cell to tubular
lumen. Several diuretics act in the thick ascending
limb. Furosemide is one of the diuretics which acts
at this site, but only from the lumen, and inhibits
NaCl reabsorption (Burg & Good, 1983).

The macula densa separates the thick ascending
limbs from the distal convoluted tubule (Figure 1).
This portion of the distal nephron is in contact with
the afferent arteriole entering the glomerulus and
the efferent arteriole exiting the glomerulus. To-
gether these tubular and vascular structures make
up the juxtaglomerular apparatus. Granular cells in
the afferent arteriole secrete renin, the enzyme es-
sential for generation of angiotensin II. These
cells, which are tubular and vascular cells, act as a
syncytium. When sodium concentration is low or
tubular volume is low, renin release is activated,
ultimately resulting in stimulation of aldosterone
secretion and enhanced sodium conservation.

Tubular fluid emerging from the thick ascending
limb and entering the distal convoluted tubule is
hypotonic relative to plasma. The distal tubule is
very impermeable to water. Further dilution of tu-
bular fluid occurs by active transport of sodium
with further NaCl reabsorption in the absence of
water movement. Calcium reabsorption also oc-
curs in this segment (Imai & Nakamura, 1982).

Collecting Tubules

The first portions of the collecting tubules are
designated connecting tubule and initial cortical
collecting tubule. Following these segments, the
tubules of nephrons begin to join. The progressive
confluence of nephrons results in an increasing
collecting tubule diameter.

The collecting tubule segments are the sites for
final regulation of sodium, potassium, hydrogen
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ion, water, and urine excretion. Different cell
types are present in the collecting tubule which
regulates these various transport functions. Active
transport mechanisms are efficient enough to pro-
duce urine with a sodium concentration of 1
meq/liter during conditions of sodium deprivation.
The rate of sodium reabsorption in the cortical col-
lecting tubules is regulated by mineralocorticoid
hormones such as aldosterone.

Most of the filtered potassium is reabsorbed be-
fore the tubular fluid reaches the collecting tubule.
Cells of the collecting tubule are capable of both
potassium reabsorption and potassium secretion,
depending on dietary intake. However, the actual
function of reabsorption or secretion is performed
by different cell types (Stokes, 1982).

The collecting tubules are the sites of hormonal
regulation. Parathormone and calcitonin affect cal-
cium secretion and act at the initial portion of the
collecting tubules. Aldosterone produced by the
zona glomerulosa of the adrenal cortex stimulates
sodium reabsorption, potassium secretion, and hy-
drogen ion secretion. The water permeability of
the collecting tubules is controlled by vasopressin
(ADH) secreted by the brain. This is the mecha-
nism by which the final concentration of the tu-
bular fluid (i.e., urine) is achieved (Jamison &
Kriz, 1982).

Under usual conditions, urine flow is relatively
low and has an osmotic concentration well in ex-
cess of plasma. If a large volume of water is in-
gested (1000 ml), there will be no change in the
urine concentration for 15-20 min. Urine flow
then increases and reaches a maximum approx-
imately 40—-60 min after water ingestion. Urine
flow will remain high until most of the ingested
water has been excreted. It will then drop rapidly
to the control level. If positive water balance is
maintained by continued water intake, the high
rate of urine flow will be sustained. The changes in
urine flow rates are due to changes in the rate of
water excretion. The rate of glomerular filtration
will be unchanged.

Regulation of water and osmotic balance by the
renal tubular system is maintained through a hypo-
thalamic—pituitary—renal axis. The major parts of
this system include (1) thirst and drinking, (2)
ADH secretion, and (3) a renal tubular mechanism
for concentration or dilution by water transport.



126

The cerebral cortex may influence drinking be-
havior. Specific areas within the hypothalamus are
critical to regulating water balance and tonicity by
stimulating thirst. Also, osmoreceptors transmit
stimuli for ADH secretion from the posterior pitui-
tary gland. Thirst is stimulated by increasing os-
molarity in the extracellular fluid and also by
changing extracellular fluid volume by stimuli be-
lieved to be relayed by arterial and thoracic bar-
oreceptors. Also of note is the direct stimulation of
thirst by circulating angiotensin II in the hypoth-
alamus. Angiotensin II is considered the most
powerful known dipsogen.

Hypothalamic synthesis and posterior pituitary

release of ADH are effected by changes in extra- -

cellular tonicity. Slight increases of plasma os-
molarity, in the range of 10 mosm, will provoke a
substantial increase in ADH secretion. Slight de-
creases in plasma osmolarity can reduce ADH se-
cretion to minimal levels as measured by radioim-
munoassay. ADH secretion is stimulated by pain,
emotional stress, and is also altered by several
drugs (Table 1). Therefore, nonosmotic factors
may lead to alterations of water excretion indepen-
dent of shifts in body fluid osmolarity.

The tubular site for ADH activity is the collect-
ing tubule. ADH binds to the receptor on the per-
itubular surface. In the presence of ATP, adenyl
cyclase generates cyclic AMP. This process results
in an alteration of the tubular membrane per-
meability to water. Water then moves from the
tubular lumen, resulting in an increase in con-
centration of the filtrate (Handler & Orloff, 1981).

Table 1. Drugs That Alter
ADH Secretion

Increase ADH Secretion
Narcotics
Tricyclic antidepressants
Cyclophosphamide
Clofibrate
Vincristine
Nicotine

Decrease ADH secretion
Ethanol
Narcotic antagonists
Phenytoin
Caffeine
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Investigative Maneuvers

The kidneys function primarily to maintain fluid
and electrolyte homeostasis. This is accomplished
through reabsorption for conservation, and excre-
tion of excesses and toxic products. Renal function
is altered by deficits or excesses or exogenous load
and also by changes in endogenous hormonal fac-
tors. Thus, any factors which alter endogenous
hormonal activity such as catecholamines, renin—
angiotensin, or aldosterone may also alter renal
function. It is also likely that levels of function
may be controlled by genetic factors which direct
cellular function, either by means of hormonal reg-
ulation or by means of transport mechanisms.

Investigative techniques to challenge renal func-
tion generally involve loading and depletion ma-
neuvers. The investigative subject is shifted from
its current fluid and/or electrolyte steady state by
depletion or loading. Renal response and function
during the altered steady state can then be deter-
mined. Very elegant models for loading and deple-
tion have been developed by Weinberger and asso-
ciates (see Weinberger, this volume). In these
studies, sodium and volume loading was accom-
plished by intravenous saline infusions or by oral

sodium intake. Sodium depletion was accom-

plished by administration of furosemide or by re-
duction of dietary sodium intake. Factors which
were monitored were blood pressure change, body
weight change, excretion rates for sodium and po-
tassium, and renin—aldosterone response. Through
these experimental investigations, Weinberger er
al. have demonstrated racial and age differences in
the renal-endocrine response to shifts in sodium
balance. They also demonstrated heterogenicity of
‘‘sodium sensitivity’’ within populations.

When studies of renal function and response are
designed, certain characteristics of renal function
should be considered. First, relative to the car-
diovascular system, the renal excretory system is
slower in its adaptive response to external stimuli.
The response to loading or depletion will take from
hours to days to reach a new steady state. When
loading is performed by intravenous infusion, the
volume expansion is accomplished by completion
of the infusion and the renal response will begin
within hours. However, oral loading with NaCl
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will occur more slowly and the renal response to
this perturbation of sodium balance may require
several days.

Another important issue in experimental design
is the effect of loading or depletion on regulatory
hormones. For example, volume loading will sup-
press plasma levels of renin, aldosterone, and cate-
cholamines and stimulate atrial natriuretic factor.
Volume depletion will have the reverse effect.
Similarly, loading and depletion may affect other
parameters of renal solute regulation. For exam-
ple, in the sodium loading studies of Weinberger et
al., when sodium excretion was greatly increased
by high sodium intake, enhanced potassium excre-
tion also occurred.

Therefore, the imposed shift in renal function
requires a longer time for stabilization. Hormonal
and electrolyte factors must be monitored. Finally,
another factor to be considered is that kidneys
function at a level relative to body size. Therefore,
a given dose (e.g., 10 g NaCl) will not necessarily
represent the same stimulus to all subjects due to
variation in body size. It is advisable to adjust dose
to body size (e.g., mg/kg per day).

Investigation of the interaction of the central
nervous system and renal function is a very chal-
lenging area in behavioral medicine research.
Careful investigations which have incorporated
loading and central stressors have produced very
provocative results in experimental animals and in
humans.

In a series of experiments by Anderson, Kearns,
and Worden (1983a), dogs became hypertensive
following a combination of avoidance conditioning
and saline infusions. In a subsequent study, these
investigators demonstrated that this pressor effect
could be attenuated by administration of potassium
(Anderson, Kearns, & Wordern, 1983b).

A few investigations have been performed in
human subjects, which have provided some initial
reports on the relationships of renal electrolyte reg-
ulation and sympathetic nervous system activity.
Falkner, Onesti, and Angelakos (1981) investigat-
ed the interaction of stress and sodium intake on
blood pressure in adolescents who varied in their
genetic risk for essential hypertension. Normoten-
sive offspring of hypertensive parents (FH*) were
compared to normotensive offspring of normoten-
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sive parents (FH~). The cardiovascular response
to the stress of mental arithmetic was compared
before and after 14 days of sodium loading with 10
g/day NaCl in addition to their usual diets. The
sodium loading resulted in no significant blood
pressure change in the FH~ subjects, whereas in
the FH™* subjects the baseline blood pressure val-
ues were greater in addition to higher levels of
blood pressure during the stress. This study indi-
cated that normotensive children with a low genet-
ic risk for hypertension were resistant to the effect
of sodium loading, whereas the FH™* subjects
were sensitive to the sodium.

In a subsequent study, these investigators dem-
onstrated that 53% of normotensive young black
adults exhibited a sodium-sensitive response to
chronic oral sodium loading. The stress response
was augmented in the sodium-loaded condition
and the greatest stress-induced response occurred
in those who were both sodium-sensitive and had a
positive family history of hypertension (Falkner,
Katz, Canessa, & Kushner, 1986).

Further work has demonstrated that the apparent
pressor effect of sodium loading in some can be
altered by other cations. The observation by Sul-
livan et al. (1980) of higher serum and urinary
potassium levels in young borderline hyperten-
sives, who were resistant to dietary sodium load,
suggested that potassium blunted the effect of the
high sodium intake. Hypertensive patients given
potassium chloride supplementation along with a
high salt intake gained less weight and had less
increase in plasma volume and cardiac output than
those without added potassium. Plasma nor-
epinephrine levels were lower in those supple-
mented with potassium, suggesting a reduction in
adrenergic activity (Fujita & Ando, 1984). Skrabal
et al. (1984) studied the effect of a low-sodium
high-potassium diet on 20 young normotensive
adults, 10 of whom had a family history of hyper-
tension. The high-potassium diet reduced the di-
astolic blood pressure (5 mm Hg) of 10 of the 20
subjects; of the 10, 7 had a family history of essen-
tial hypertension. In all subjects, the low-so-
dium/high-potassium diet reduced the blood pres-
sure rise from norepinephrine infusion, or from
mental stress. These studies have provided data
which indicate that the renal adjustment to changes
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in sodium and potassium intake indirectly alters
the hemodynamic response to sympathetic stimula-
tion. However, this response occurs in some but
not all individuals.

In another study, Light, Koepke, Obrist, and
Willis (1983) compared the renal response to com-
petitive stress in young adults with high risk versus
low risk for essential hypertension. Those desig-
nated as high risk had slight blood pressure eleva-
tion, high heart rate reactivity, and most had a
strong family history of hypertension. By means of
water drinking, a high urine flow was established.
During the prolonged stress of competitive tasks,
the high-risk group demonstrated a drop in urine
flow and a decrease in sodium excretion. These
observations indicated that the potential hyperten-
sives had a renal response of increased sodium
reabsorption to the central stress. These investiga-
tions have demonstrated not only the existence of
important relationships, but they have also demon-
strated the need for continued well-designed stud-
ies on the effects of the CNS on renal physiology.
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