ABSTRACT

MILLER,J. D. The cardio~ulmonarveffects of an inelastic chest wall restriction. MS in
Exercise Science: Human Performance, August 2000, 128pp. (T. Triplett-McBride)
We examined the effects of an inelastic chest wall restriction (CWR) on
cardiopulmonaxy function during rest and exercise in an attempt to mimic a condition
similar to that seen in chronic heart failure. Forced vital capacities were measured at the
beginning of the study, after which point four canvas straps were applied tightly around
the thorax and abdomen so that vital capacity was reduced by >35%. Data were acquired
during resting, 25%. and 45% of the peak workload achieved during the subjects'
screening visit. Vital capacity, total lung capacity, and residual volume were all
significantly reduced during CWR conditions. Subjects exhibited significant increases in
ventilation brought about by increases in breathing frequency, despite decreases in tidal
volume. This breathing pattern elicited significant increases in the flow resistive work of
breathing and the gastric pressure-time integral (>400%), and resulted in a decrease in the
elastic work of breathing. Significant decreases in cardiac output (>lo%) during CWR
conditions were brought about by decreases in stroke volume. Heart rate, blood pressure,
and calculated a-v& difference were all significantly elevated during CWR exercise
conditions. We conclude that CWR conditions significantlyaffect pulmonary and
cardiovascular function, although the mechanisms causing the decrease in cardiac output
during CWR exercise conditions remain unclear. Additionally, our data suggest that
CWR conditions elicit breathing patterns and cardiac responses similar to those seen in
chronic heart failure, implying that CWR may be used as a crude model to study CIS.
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CHAPTER I
INTRODUCTION
Backmound
It has been previously shown that patients with chronic heart failure (CHF) tend
to develop restrictive lung changes (Johnson et al., 2000a; Fag~iano,1994). The reasons
for these changes remain unclear, but may involve changes in cardiac size, mild "subclinical" pulmonary edema (due to chronic elevated pulmonary venous pressure), and
respiratory muscle weakness. These restrictive lung changes may in turn influence
cardiac fbnction through a number of mechanisms (e.g., alterations in intrathoracic
pressure, mechanical constraints, neurogenic influences).
Unfortunately, many patic. A with CHF often have coexisting disease, making it
difficult to observe the effects of restrictive lung changes alone on the cardiovascular
system. One way to avoid this problem and to quantifl the effects of a specific condition
is to aeate a model that mimics the disease in an otherwise healthy population. Thus we
set out to create a model that mimics the lung volume changes observed in chronic heart
failure by applying external inelastic bands around the chest wall. Our hypothesis was
that a transient reduction in lung volume in healthy subjects through chest wall restriction
inhibits cardiac output, and that the changes in cardiac output are most significant during
exercise.
It is beneficial that the reader understand normal cardiac function, the mechanics
involved in breathing, and the alterations associated with restrictive lung changes in CHF.

It is hoped that the following sections will further the reader's depth of knowledge
regarding cardiac and pulmonary mechanics in normal and diseased states and will aid
their understanding of the principles discussed in the literature review.
Cardiovascular Phvsiology
Normal Cardiovascular Function
Cardiac muscle structure. The heart is composed of individual striated muscle
cells that are separated by intercalated discs. These cells contain myofibrils that run the
length of the cell and are composed of repeating structures called sarcomeres.
Sarcomeres are the structural and firnctional unit of contraction and are separated &om
one another by Z-lines. Within the sarcomere exist alternating light and dark bands. At
the center of the sarcomere is a dark band, called the A-band, which contains the protein
myosin (often called the thick filaments). The lighter sections at the ends of the
sarcomere (the I-bands) contain actin filaments that also extend into the A-band and
overlap with the myosin filaments. At the center of the resting sarcomere there is a light
band (the H-band) containing only myosin, which shortens or lengthens depending on the
length of the sarcomere. There is no filament overlap in this zone; however, it is not
uncommon for this zone to completely disappear when a cell has contracted to a very
short length.
The myosin molecule is a complex protein with a long, rod-like portion and a
globular portion at its end. It is at this globular portion that adenosine triphosphatase
(ATPase) is located and whers the "bridges" are formed between actin and myosin.
Actin is a thin filament composed of a double helix of two chains of actin molecules that

are wound around each other on a larger molecule, tropomyosin. Regularly spaced along
this structure are troponin C molecules, which act as regulatory proteins during
contraction.
Cardiac muscle contraction. Prior to cardiac cell activation, ATP bound to the
myosin head is cleaved by ATPase, causing the myosin head to assume a "cocked"
position. When the cardiac cell is activated, calcium ions attach to troponin C which
results in a conformational change in tropomyosin. This exposes the actin cross-bridge
interaction sites, allowing the myosin head to attach to the "active site" on the actin. The
attachment to this site causes a conformational change in the myosin head, causing it to
tilt forward and pull on the actin filament, which causes the actin filament to slide past
the myosin filament. At the end of this "stroke", the binding of ATP to the myosin head
allows for the dissociation of the actin-myosin complex. The ATP bound to the myosin
head is immediately cleaved agair :t which point the myosin molecule returns to its

"cocked" position and waits for another available active site on the actin molecule with
which to bind. The repetitive attaching and detaching of multiple actin and myosin
molecules results in the continual sliding of actin along the myosin filaments that
ultimately causes shortening of the muscle cell and the production of force.
Factors influencing the force of contraction. A relationship exists between end
diastolic volume (i.e., the volume of blood in the heart at the end of diastole/filling) and
the amount of force that can be produced in the intact heart. Most commonly referred to
as the length-tension relationship (Frank-Starling mechanism), this states that as end
diastolic volume (EDV) increases (thus increasing sarcomere length), the amount of

tension produced by the cell increases. This occurs in part because the overlap between
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actin and myosin is optimized. At very short lengths, the force production of the
sarcomm is inhibited by the overlap of myofilaments. Thus, as length increases, the Hzone appears, and force production markedly increases due to increases in actin-myosin
interactions. This mechanism exists until the cell is stretched to an "optimal length"
(Figure l), beyond which point the aarcomacs are stretched so far that the actin and
myosin overlap is too small for a greata amount of tension to be produced. The tension
produced by the muscle cell then declines with fixther increases in length (Braunwald,
1996).

However, actin-myosin overlap is not the only factor affecting force production in

the intact heart. Changes in calcium ion release and sensitivity also occur at different end
diastolic volumes. As EDV increases, there is an increase in the release of calcium ions

by the sarcoplasrnic reticulum and T-tubules. This results in an increased binding of
calcium to troponin C due to increased calcium ion concentrations within the sarcomere.
This increased binding exposes a greater number of active sites, allowing for more aainmyosin interactions. Concurrently, there is an increase in the sensitivity of the contractile
system to the calcium ions as EDV increases, which ensures that the increased calcium
ion concentration will be used (i.e., so that at any given calcium ion concentration, more
force will be produced). Both calcium ion release and sensitivity within the sarcomere

can be augmented by neurohumorai changes (e.g., increased catecholamines)that occur
with high levels of physiologic stress (e.g.. exercise).
The cardiac cycle. In the normal, healthy individual, the heart is able to meet the
demands placed on it during exercise for several reasons. First and foremost, the healthy
individual has all of hidher cardiac muscle cells intact and is not suffering from ischemia
(lack of blood flowloxygen) or other wdiomyopathies which can reduce the actual
number of cells available for contraction or weaken the myocardial tissue itself
(Braunwald, 1996). Second, the afterload the heart must pump against is not abnormally
high (as in uncontrolled hypertension), allowing the heart to maintain a normal stroke
volume (SV) and ejection W i o n (Braunwald, 1996). Finally, the circulator/ system
distributes blood to the areas where it is needed the most (e.g., exercising muscles) and
minimizes blood flow to the least active tissues, thereby maximizing the efficiency of
oxygen delivery.
Transition from rest to exercise. When a healthy individual begins to exercise,
local factors (e.g., decreased

Pa,increased PC02,increased metabolite production, etc.)

cause vasodilation in the region of the exercising muscle. This vasodilation causes an
increase in blood flow and a potential transient decrease in mean arterial pressure (MAP)
due to a decrease in vascular resistance. In order to maintain MAP, the heart initially
increases heart rate via central command and is reflexively mediated by changes in vagal
tone. This overall increase in blood flow (in addition to the muscle pump mechanism)
causes a concurrent increase in venous return to the heart, increasing EDV,SV (via the
Frank-Starling mechanism), and thus cardiac output.
As the intensity of the exercise increases, activation of the sympathetic nervous

system causes an increase in circulating catecholamines, which hrther augments heart
rate (positive chronotropic effect). Increases in circulating catecholamines also increase
the contractility of the heart, causing increases in contraction velocity, and in turn, stroke
volume (positive inotropic effect). The inotropic effectsof catecholamines on the heart
are primarily a result of the aforementioned enhanced calcium sensitivity in the
contractile proteins.

In addition to their effects on the heart, catecholamines also cause a
vasoconstriction in non-exercising muscle. This allows for a more efficient distribution
of cardiac output as exercise intensity increases. These mechanisms that increase blood
flow and blood distribution continue to interact with further increases in exercise
intensity until the onset of fatigue or the cessation of exercise occurs.
Cardiovascular Function in ChcQnjcHeart Failure
Chronic heart failure may be defined as the inability of the heart to pump blood
commensurate with the requirements of the active tissues of the body, or as a condition in

which the heart requires an abnormally elevated end diastolic volume (EDV) to meet this
demand (Braunwald, 1996). This condition is usually the consequence of progressive
disease that weakens the heart. Some of the most common causes of chronic heart failure
are atherosclerotic coronary artery disease (causing either ischemia or a myocardial
infarction), uncontrolled hypertension, valvular deformities, chronic rhythm
abnormalities, and viral infections of the heart (Braunwald, 1996).
In coronary artery disease patients, the heart can be weakened due the death of
myocardial tissue (e.g., myocardial infarction) or due to chronic inadequate blood flow to
the myocardium (ischemia). Tissue death and ischemia decrease the maximum force and
velocity that the heart can produce, resulting in compromised cardiac function.

In hypertension and valvular heart disease there is a chronic increase in work
demand on the heart which may ultimately lead to chronically elevated diastolic (filling)
pressures. This can be caused by one of the ventricles filling or emptying abnormally
(e.g., valvular dysfunction causing blood regurgitation or decreases in ventricular
compliance) or by one ventricle not discharging its contents normally because of a
chronically elevated afterload (resulting in a dilated cardiomyopathy or significant
ventricular hypertrophy).
Over time, the aforementioned cardiac abnormalities cause increases in EDV
since the ventricle is not producing an adequate amount of output in relation to the
venous return. This causes a stretching of the sarcomem beyond their optimal length
thereby lessening the force produced by each contraction. This is attributed to a
combination of decreases in contractile filament overlap and a decrease in contractil~

filament sensitivity to calcium ions at larger degrees of cardiac distention. As EDV
continues to increase, pressure gradually increases in the heart chambers, and this
pressure is eventually transmitted backward to the veins (backward failure).
Additionally, the heart is not providing an adequate discharge of blood to the circulato~y
system (forward failure;, which causes numerous other complications (decreased renal
p h s i o n , increased fluid retention, increased afterload).
To compensate for the decreased cardiac output and resulting decrease in blood
flow to the tissues, the sympathetic nervous system (SNS) is activated. The SNS is
aimed at transiently increasing cardiac output and redistributing blood flow. However,
chronically elevated catecholamines cause increases in sodium retention (and thus fluid
retention), total peripheral resistance (due to vasoconstriction), and receptor
downregulation (decreasing the inotropic effects of the catecholamines). Due to these
changes, cardiac output will deteriorate over the long term. Treatment of CHF is often
aimed at blocking chronic neurohumoral changes, blood volume changes (e.g., diuretic
therapy), and the side effects associated with both.

and Chest Wall Pro-

The lung tissues arc primarily made of collagen and elastin whicl: provide the
lung with its flexible and elastic properties. When the lung is filled with air, these tissues

are stretched and straightened, causing an inward recoil force to be generated. This
mechanism results in about one-third of the total inward recoil force of the lung in
healthy individuals (Guyton & Hall, 19%).

The remaining two-thirds of the inward recoil force of the lungs is due to surface
tension forces. Surface tension forces are present since the attractive forces between
adjacent molecules of liquid (i.e., water) lining the inner surface of the alveoli are much
stronger than the attractive forces between the liquid and gas in the alveoli. This liquid
surface area tries to become as small as possible, resultil~gin an inward recoil force
produced in each alveolar sac. Pulmonary surfactant is a phospholipid secreted by cells
within the alveolar wall that helps to reduce this inward recoil force by reducing surface
tension. Without pulmonary surfactant, it would require a near maximal effort to inspire
even while resting.
The only outward recoil force acting on the respiratory system is the natural
outward recoil of the rib cage. This is present until the lung reaches approximately 75
percent of the vital capacity (VC) after which point further inhalation results in a shift of
the rib cage recoil inward, thus aiding exhalation (West, 1995).
Insoiration
The most important muscle utilized during inspiration is the diaphragm (West,
1995). The diaphragm is a dome shaped muscle that inserts into the lower ribs and is
innervated by the phrenic nerves from spinal segments C3, c4, and Cs (West, 1995). The
external intercostal muscles are located between adjacent ribs and pull the rib cage
upward and forward and allow a greater lung volume to be reached (West, 1995). There
are several accessory muscles of inspiration, including the scalene (elevates the fist two
ribs) and the sternocleidomastoid (elevates the stmum), both of which'aid in increasing
lung volume during heavy exercise or exertion (Guyton & Hall, 1996; West, 1995).

Counteracting the inward recoil of the lung is the outward recoil force of the rib
cage, which is present until the lung reaches approximately 75 percent of its VC (West,
1995). The point at which these forces are equal (but opposite) determines resting lung
volume, or hnctional residual capacity (FRC). Since most resting inspiratory efforts
begin at functional residual capacity, inspiration is generally an active process and the
lung naturally recoils inward after the relaxation of the inspiratory muscles.
During the act of inspiration at rest, the diaphragm mntracts and dexends
downward, in turn creating a more negative pressure in the pleural space due to an
increase in the vertical dimensions of the chest cavity (Guyton & Hall, 1996; West,
1995). This negative pressure area causes the lungs to expand and fill with air from the
outside atmosphere and allows gas exchange and diffusion to occur across the alveoli -.;la
partial pressure gradients (Guyton & Hall, 1996; West, 1995). As the demand for
alveolar ventilation increases (e.g., during exercise), the external intercostal, scalene, and
sternocleidomastoid muscles are activated, allowing for greater inflation of the lungs.
Ex~iration

In healthy, resting individuals, expiration is primarily a passive process. This is
partially attributed to the natural inward recoil of the lung. This recoil force is created by
surface tension forces within the alveoli and the natural inward recoil of the elastin and
collagen fibers within the lung tissue (Guyton & Hall, 1996).

In order to meet the ventilatory demands during exercise, expiration becomes an
active process. The major muscles involved in active expiration are the abdominal and
internal intercostal muscles (West,1995) which act to push the viscenl tissues, organs,

and diaphragm inward and upward. This creates a positive pressure area in the thoracic
cavity, which pushes air out of the lungs (Guyton & Hall, 1996).
Work of Breathing
Inspiration is a result of the descent of the diaphragm and the outward movement
of the rib cage, resulting in a negative pressure area in the chest cavity (West, 1995).
Restricting one of these components of inspiration can increase the work of breathing,
and can impair performance.
Otis (1964) described the work done during the breathing cycle as the integration
of the change in volume (dV) and the change in pressure (P). This can be expressed by
the equation:

Workof breathing = {P dv
v.

where ~ P N
indicates the integration over the complete tidal respiratory cycle. Further
"r

information can be gained by separating the work of breathing into its two main
components: the flow resistive work of breathing, and the elastic work of breathing. Otis
defined the flow resistive work of breathing during inspiration as the area bound by the
curve ABCA (Figure 2). He also defined the flow resistive work of breathing during
expiration as the area bound by the curve CDAC. The elastic work done during the tidal
volume AE is defined as the area bound by the curve ACEA Upon closer examination, it
can be shown that during passive expiration at rest, the expiratory muscles generally do

not perform any work, since the area CDAC is encompassed by the area ACEA, and thus,

12
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Fimrre 2, Representative tidal volume used for the calculation of the work of
breathing (adapted 6om Otis, 1964).

the inspiratory muscles perform negative work during expiration equivalent to the area
within the w e ADCEA.
Some research has shown that the work of breathing can be derived 6om the
measurement of volumepressure tracings of the abdomen and the rib cage (Goidman,
Grimby, & Mead, 1976). This allows for the estimation of elastic cost of chest wall
distortion, and the estimation of work being done by the diaphragm (Goldman, Grimby,
& Mead, 1976). However, this requires the measurement of both abdominal and rib cage

displacement, which was not possible in conjunction with the methods used in this study.
An alternative method to estimating the work being done by the diaphragm has

been used by other researchers (Johnson, Babcock, Suman, & Dcmpsey, 1993).
Integration of the area under the tnns-diihmgmatic pressure curve versus time

( f P,, d l ) provides an index of the amount of work done by the diaphragm. Thus,
"r

increases in the f P, d! are indicative of increases in diaphragmatic work being done
Vr

during exercise.
Changes in Pulmonarv Function in Patients with Restrictive LundChest Wall Disease
Restrictive lung diseases cause an increase in the elastic recoil of the collagen
fibers which decreases the compliance of the lung and makes inspiration much more
difficult. Some of the changes commonly seen in patients with restrictive lung diseases
are a more negative pleural pressure at a given lung volume (i.e., decreased lung
compliance), increases in the work of breathing, and increases in the forced expiratory
volume in one second to vital capacity ratio (FEVlNC). By contrast, restrictive chest
wall diseases usually cause an increase in the inward recoil of the rib cage or a marked
decrease in the ability of the rib cage to expand outward. This can often produce
conditions similar to those seen in restrictive lung disease (decreased lung capacities,
volumes, and increased work of breathing) but may leave lung compliance unchanged
due to the different pathological mechanism.
Changes in Pulmonarv Function in Patients with CHF
Several studies have shown that patients who suffer from CHF tend to develop
lung volume changes similar to those observed in patients with restrictive lung and chest
wall diseases (Johnson et al., 2000, Faggiano, 1994). However, these changes may
develop via different mechanisms than those in restrictive lunglchest wall patients. The
restrictive changes seen in CHF patients may be brought about by chronically elevated

pulmonary vascular pressures, which increase fluid exudation into the tissue (Faggiano,
1994). Over time, this may produce changes in lung recoil by direct alteration of

interstitial mechanics, by altering surfactant function, or (over the very long term) by
increasing collagen deposition (Faggiano, 1994). These increases in recoil produce
incread pressure requirements to inflate the lungs during breathing resulting in an
increased work of breathing.
Patients suffering fiom CHF typically demonstrate reduced total lung capacities
(TLC), vital capacity (VC), functional residual capacity (FRC), and residual volume (RV)
when compared to control subjects matched for age, height, and weight (Johnson et al.,
2000). Chronic heart failure patients may also present with mild obstructive flow

changes (e.g., decreased FEV,/FVC ratio) (Johnson et al., 2000, Faggiano, 1994). These
changes will be discussed in further depth in the literature review.
Effects of Pulmonarv Function on Cardiac Function
Breathing can influence cardiac function in a number of ways. However, most of
the studies of this interaction have been performed during resting conditions and involved
either healthy individuals or patients in an intensive w e setting. Little work has been
performed investigating the influence of breathing on cardiac function during exercise,
particularly higher intensities.

l!w&L%
The purpose of this study was to examine the influence of external chest wall
restriction on cardiac function at rest and during exercise in healthy subjects. The
application of an extanal chest wall restriction has previously been used as a model to

mimic the lung volume changes seen in restrictive lung disease wineberg, F.;;,d:r, &
Hyatt, 1981). However, this model also forces the heart to occupy a greater proportion of
the thoracic space, similar to those conditions observed in CHF patients. By decreasing
lung volume and thoracic cavity volume, there may be an increase in the mechanical
interaction between the heart and lungs. By mimicking the restrictive lung changes seen
in CHF (in otherwise healthy individuals), the co-occurrence of disease often seen in
CHF patients is eliminated, and may help to provide a clearer picture of the mechanisms
that compromise cardiac function in CHF patients.
Soecific Aims and Hvootheses Tested
Soecific Aim One
To determine whether or not an inelastic chest wall restriction will cause changes
in pulmonary function similar to those changes seen in chronic heart failure.
Hvoothesis one. The methods used to alter lung fiction in healthy people will
induce a state that is similar to that seen in CHF patients. This includes decreased lung
volumes and an increased work of breathing at rest and during exercise.
Soecific Aim Two
To determine whether or not reductions in lung volume induced by an inelastic
chest wall restriction will cause significant impairment of the cardiovascular system. The
cardiac variables that will be measured are cardiac output (SV, HR), diastolic filling time,
and systolic ejection time.
Hvoothesis two la). The methods used in this study will reduce cardiac output via
decreases in stroke volume. This is hypothesized to occur by three main mechanisms:

1) Changes in pleural pressure (decreased intravascular pressure gradient to the

right atrium)
2) Mechanical inhibition of stroke volume by the lungs
3) Increased abdominal pressure (causing the inhibition of venous return)

thesis two ib). The reduction in cardiac output will be accompanied by a
decrease in both the filling rate and emptying rate of the left ventricle.
~mptions

It is assumed that the subjects in this study will answer screening questions
openly and honestly so those individuals who have disqualifying traits will be eliminated
fiom the study. It is assumed that the arterialized blood samples used will provide an
acamte measure of the variables of interest (PC%, pH). Finally, it is assumed that the

participants will follow pre-testing instructions to the best of their ability and report
openly any instructions not followed accurately.

This study will be limited to volunteers who currently reside in southeastern
Minnesota and southwestern Wisconsin. Additionally, data derived fiom individuals who
show evidence of any physical or mental pathologiesldisabilities will not be analyzed in
order to help eliminate confounding data
Gmitations

There are several limitations to this study. The greatest limitation of this study lies
within the differences in cardiac function between normal, healthy subjects and patients
with CHF. While we are increasing the percentage of thoracic space taken up by the

heart, we cannot cause the healthy heart to change its mechanics and exhibit the same
atrial and ventricular mechanics that have been observed in CHF.
While CWR does cause decreases in lung volume, it does not appear to induce
changes in lung compliance (as is often the case in CHF patients). Thus, some of the
pressure changes associated with respiration may not be as great as the pressure changes
exhibited by CHF patients.
The sample size used in this study may be too small to uncover significant
differences that may be present with a larger population. This holds true especially for
the blood pressure measurements and the measurements whose derivations required the
use of the gastric pressure-time integral.
Definition of Terms
Cardiovascular Terms
Afterload - The resistan& that the ventricle must work against in order to empty its
contents (e.g., arterial pressure).
Cardiac Cvcle - One complete contraction and relaxation of the heart (e.g, one systole
and one diastole).
Cardiac Outbut -The volume of blood pumped by the heart in a given amount of time;
usually expressed in liters per minute @mid1); can be defined by the equation:
Cmdiac Output =Heart Rate x Stroke Volume

Qirdiomvopathy - Any variety of diseases that attack the heart muscle itself (and does
not affect other organs); often results in a weakening or death of the myocardium.

Diastolic Filling Timg - The time taken for a ventricle to fill with a given amount of
blood prior to ejection; the time period when the mitral valve is open and blood is moving
from the left atrium into the left ventricle.
Diastolic Pressure - The amount of pressure in the arterial circulation when the left
ventricle is not contracting.
End Diastolic Volume - The volume of blood contained in the left ventricle at the end of
diastole (or filling).
End Svstolic Volume - The volume of blood contained in the left ventricle at the end of
systole (or contraction).

Ficic Eauation - An equation that may be used to determine cardiac output, oxygen
consumption, or arteriovenous oxygen difference (by solving for one unknown):
CmrfiacOutput =

w e n Consumption
a - v 0,dlflerence

Heart Rate - The number of contractions the heart undergoes per unit time, usually
expressed in beats*midl.

caonig - An increase of the partial pressures of carbon dioxide in the blood
(PC02 > 45 mmHg).

- A decrease of the partial pressures of carbon dioxide in the blood
(PC02 < 35 mmHg).

Hwoxemia - A decrease of the partial pressures of oxygen in the blood. .

Ischemia- Lack of blood flowloxygen supply to an organ or tissue; may result in tissue
death if the hypoxia becomes too severe.

Left Ventricular Eiection Time ILVET) - The time taken during systole to eject a given
amount of blood; may also be referred to as systolic ejection time; the period of time
when the aortic valve is open and blood flows from the left ventricle into the aorta.
Mean Arterial Pressure W)- An index of the average pressure within the arterial side
of the circulation. This can be defined by the equation:
1
3

U4P = Diastolic pressure +-(Systolic pressure -Diastolic pressure)

Preload - The tension that is developed within the walls of the ventricle at the end of
diastole (preload h a function of EDV; as EDV increases, preload increases).
Stroke Volume - The volume of blood pumped eom the left ventricle during one systolic
event (or contraction); can also be defined by the equation:
Stroke Volume =

Ccaslioc &@Ut
Heart h i e

Svstolic Eiection Time - The time taken for the ventricles to contract and eject blood
during one cardiac cycle; synonymous with LVET with the exception that it includes the
actions of the right ventricle.
Svstolic Pressure - The pressure generated in the arterial circulation during the
contraction of the left ventricle.
Venous Return -The volume of blood returned to the heart (i.e., the right atrium) !?om
the body.

Ventricular Emohrinn Ratc - The rate at which the left ventricle ejects the stroke volume
in a given cardiac cycle. This can be defined by the equation:
Venm.cular emptying rate =

Ventricular F.

.

Stroke Volume

LYET

I -The rate~ at which the left ventricle is filled with blood. This

can be defined by the equation:
Venm'cular filling rote =

Ch

Siroke Volume
Diastolic Time

n - The wrapping of an elastic device around the thorax and

Z

abdomen in order to decrease vital capacity and total lung capacity.
Volums - The volume of air that can be expired by active expiation
after the end of a nonnal tidal expiration (Figure 3).
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w E q d s the expiratory reserve volume plus the residual

volume (Figure 3).

- The maximum amount of air that can be exhaled forcefully from

Forced V~talCaw&

the point of peak inspiration (Figure 3).
Forced l&uatorv Volume at One Second CFEVd - The maximal amount of air that can
be exhaled from the point of h l l inspiration in one second.

- Equals the tidal volume plus the inspiratory reserve volume
(Figure 3).
V*

-The volume of air that can be inspired over and above the

n o d tidrl vohune (Figure 3).

-

Lung Comoliance The extent to which lung volume changes per unit change in
transpulmonary pressure.
Pleural Pressure - The pressure of the fluid in the narrow space between the lung and the
chest wall pleural membranes.
Residual Volume - The volume of air remaining in the lungs after a maximal, voluntary,
expiration; the amount of air that cannot be expelled voluntarily (Figure 3).
Tidal Volume - The volume of air inspired and expired with each normal breath
(Figure 3).
Total Lung Capacity - The maximum volume to which the lungs can be expanded with
the greatest inspiratory effort (Figure 3).

e-

- The pressure difference between the alveoli and the pleural

cavity.

Vital Caoacity - The sum of the inspiratory reserve volume, tidal volume, and expiratory
r e m e volume (Figure 3).

-

Lung Volumes and Capacities
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Firmre 3. Typical lung volumes and capacities present in a normal, healthy subject.

Stroke volume. Normal, healthy individuals typically have a stroke volume of
approximately 70-100 mL of blood per contraction (McCardle, Katch, & Katch, 1996).
Endurance trained athletes tend to have a larger stroke volume (compared to their weight,
age, and gender matched untrained counterparts), and thus present with a slower heart
rate for a given cardiac output (McCardle, Katch, & Katch, 1996).
The oxygen dissolved in the blood of a normal

,4nenov

individual is approximately 0.3 mL for every 100 mL of blood ((McCardle, Katch, &
Katch, 1996). This amount of oxygen is not enough to sustain life (unless resting cardiac
output is near 80 ami in-') (McCardle et al., 19%). However, given that every 100 mL of
whole blood contains approximately 12-15grams of hemoglobin and the oxygen carrying
capacity of hemoglobin is approximately 1.34 mL OZ-~-',this allows for an additional 20
mL of oxygen to be carried per I00 mL of blood (McCardle ct a]., 1996). By using the

Fick equation (cardiac output = VWa-ii 0 2 difference) and normal resting values for
cardiac output and VOZ, a resting arteriovenous oxygen (a-V G)difference of
approximately 50 mL of oxygen per liter of blood can be calculated (McCardle et al.,
1996).
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It has been well documented that as healthy individuals increase their exercise

intensity, oxygen consumption

(\ja)
incream in a linear manner until near maximal

work is being performed (McCardle ct al., 19%). This is accomplished by the
augmentation of both cardiac output and the a-V

difference. As an individual

approaches their v&, there comes a point at which voz may begin to level off (or even
plateau) with further increases in exercise intensity (McCardle et al., 1996). The point at
which further increases in exercise intensity do not elicit further increases in
V O is
~ defined as an individual's v@-

Cardiac output increases linearly in relation to oxygen consumption up to about
7045% of VO~,

(McCardle, et al., 1996; Rowell, 1969). These increases in cardiac

output are brought about by changes in heart rate, stroke volume, total peripheral
resistance, and venous return.

Heart Rate. Prior to the onset of exercise, central command causes an increase in
heart rate by attenuating vagal tone (i.e., an anticipatory response). Once exercise has
begun, the initial increases in cardiac output are also brought about by an increase in
heart rate. This rapid response is due to increases in oxygen extraction at the site of the
active tissues (due to an increase in metabolic activity). These increases in oxygen
extraction in addition to chemical changes in the interstitial fluid around arteriolar smooth
muscle induce a local vasodilation. This results in a marked vasodilation which
decreases mean arterial pressure (Guyton & Hall, 1996). In an attempt to maintain mean
arterial pressure, heart rate increases by the withdrawal of vagal stimulation to the heart
and at higher intensities is assisted by increases in sympathetic activity (Guyton & Hall,
1996). Increases in metabolite production at higher exercise intensities may also be
sensed by the type III and IV sensory afferent fiben which may hrther augment
sympathetic tone and decrease parasympathetic tone.

As heart rate increases, the length of the cardiac cycle decreases (Gledhill, Cox, &

Jamnik, 1994). As the total cardiac cycle length shortens, PEP, LVET, and DT also
decrease in their respective time lengths, with PEP and DT decreasing by as much as
7% and LVET decreasing by as much as 30% (both f?om a baseline HR of 90 beats per

minute) (Gledhill et al., 1994). However, the relation of the length of each interval to the
length of the cardiac cycle remains relatively constant during sub-maximal exercise
pemo a al., 1984).

Stroke volume. In healthy, moderately trained individuals, it has been shown that
stroke volume increases with the onset of exercise and plateaus at a sub-maximal heart
rate of approximately 120 beats per minute (Astrand, Cuddy. Saltin, & Stenberg, 1964;

Bevegard, Holmgren, & Johnson, 1963; Rowell, 1969). Upton et al(1980) demonstrated
that stroke volume and end diastolic volume increase at lower intensities of exercise. By
contrast, some mearchers argue that highly trained athletes exhibit a different stroke
volume response to exercise than the untrained population (Gledhill et al., 1994, Ekblom
& Hermanson, 1968). These researchers propose that stroke volume increases in a fairly

linear manner with heart nte (in trained subjects) and does not show the same plateau

that exists in their untrained counterparts. The enhanced stroke volume dynamics seen in
trained endurance athletes are primarily attributed to enhanced ventricular compliance
(i.e., at any given filling pressure, the ventricle will fill at a faster rate) (Gledhill et al.,
1994). However, this has not been confirmed with invasive studies.

The compliance of the ventricles can be quantified by calculating their filling and
emptying rites (dV/dT) using the stroke volume, LVET,and diastolic time (Gledhill a

al., 1994). By dividing the stroke volume by LVET (LV ejection rate), an indirect
measure of myocardial contractility during the ejection phase of the cardiac cycle can be
analyzed (Gledhill et al., 1994). Additionally, the division of the stroke volume by the
diastolic time (LV filling rate) provides an indirect measure of ventricular compliance
during the filling phase of the cardiac cycle (Gledhill et al.. 1994).
While much of the emphasis thus far has been on the activity of the left ventricle.
the importance of the right ventricle cannot be overlooked. Whenever pulmonary
vascular resistance is elevated or venous return is reduced, the activity of the right
ventricle is extremely vital to the maintenance of normal cardiovascular function (Weber,
Janicki, ShrofF, Likoff, & Sunon, 1983). Without adequate right ventricular function, the
flow to the left ventricle is markedly reduced, and in turn, cardiac output is compromised
(Weber et al., 1983). In the healthy heart, interventricular interdependence usually
prevents asynchronous flow production by either ventricle (Weba et al.. 1983).

-

Arterial-venous oxveen diffennce (a-v 02 differencel At the onset of exacise,
there is usualiy a broadening in the a-V 02 difference, due to an increased oxygen
extraction by the active tissues. As exercise intensity increases, the a-V 02 difference
continues to increase in a linear fashion until approximately 50.h of V&

at which

point it continues to widen at a slower rate (Powers & Howley, 1994). The decrease in
the slope of this line at moderate to high workloads may be in part due to the
redistribution of blood flow to the active tissues which blunts the widening of the a-V 02
difference (Pow-

& Howley. 1994).
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At rest, patients suffering fiom chronic heart failure do not exhibit a markedly

diminished cardiac output until the advanced stages of the disease (Cohen-Solal, Logeart,
Guiti, Dahan, & Gourgon, 1999). Chronic heart failure patients usually have an
abnormally elevated resting heart rate (tachycardia) that attempts to compensate for a
diminished resting stroke volume (Clark & Coats, 1995). This diminished stroke volume
may be caused by an abnormally large end systolic volume (Kussmaul, Kleaveland,

Martin, Hirshfeld, & Laskey, 1987) causing optimal ventricular filling to be completed
early in diastole, and a resultant overfilling at a given venous return and heart rate. In an
attempt to prevent this overfilling of the ventricles beyond its optimal length, the length
of diastole is d

d via an increase in heart rate which decreases EDV at a given

cardiac output (Cohen-Solal et al., 1999). Thus, the tachycardia many CHF patients have
may be a crucial mechanism in the control of EDV and cardiac output (Cohen-Sold et
al., 1999).

At rest, CHF patients tend to exhibit a prolonged diastolic time at a given heart
rate (and in turn,shortened LVET)when compared to age matched controls (Meiler,
Boudoulas, Unverferth, & Leier, 1987). The stimulus for this prolonged diastolic time
may be an increased myocardial pafUsion demand due to increased wall stress,
heightened adrenagic activity, and tachycardia (Meilei st al., 1987). Additionally, an
increase in the PEPLVET ratio (indicative of the impairment of ventricular performance)
is often present in the CHF patient (Meiler et al., 1987).

Some data suggest that there are marked decreases in left ventricular filling rates
during the onset of chronic heart failure (Ohno, Cheng, & Little, 1994). However, as the
duration of the chronic heart failure increases, these decreases are overcome by increases
in left atrial pressure, which eventually cause a significant increase in the rate of diastolic

filling at rest (Ohno et al., 1994).
Arteriovenous omeen difference. The resting a-V 01 difference in chronic heart
failure patients is generally not widened at rest, since in many patients the resting cardiac
output is normal. However, in advanced stages of CHF (when resting wdiac output is
compromised), the resting a-V 9difference may be widened significantly due to the
decreased blood flow at a given rate of oxygen consumption (Cohen-Solal et al., 1999).
9
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As aforementioned, wdiac output normally increases in a linear manner with
corresponding increases in oxygen consumption. However, in CHF patients increases in
cardiac output are blunted considerably due to abnormal heart rate and stroke volume
responses to exercise (Cohen-Solal et al., 1999).
Heart rate. The diminished cardiac output response to exercise is gefi-dly not
attributed to limitations in heart rate. Since CHF patients usually have a diminished
stroke volume response to exercise, they must meet the demand for blood flow by
increases in heart rate (Cohen-Sold et al., 1999). Thus, the acceleration of heart rate at
the onset of exercise is generally greater than that of the normal patient and as heart
failure progresses (i.e., LV function deteriorates), this acceleration becomes more
pronounced (Clark & Coats, 1995).

In addition to the augmented acceleration of heart rate during exercise, exercise
tolerance is also decreased due to a smaller chronotropic reserve in CHF patients (CohenSold a al.. 1999). This decreased reserve can be attributed to resting tachycardia, agerelated decreases in maximal heart rate, and a lowered maximal heart rate due to
pharmacological therapy (e.g., beta-blockade) (Clark & Coats 1995).
In addition to an exaggerated heart rate response to exercise, CHF patients often
experience more prominent decreases in DT with increases in exercise intensity than
healthy controls (Meiler et al., 1987). This reduction in DT (in addition to its decrease
due to tachycardia) may elicit or exacerbate myocardial ischemia, and thereby further
attenuate ventricular filling in patients with ischemic cardiomyopathies (Meiler et al.,
1987).
Stroke vQLIUIlE While patients with very mild CHF may be able to preserve
resting stroke volume (SV) due to parallel increases in end diastolic volume (FrankStarling mechanism), SV responses to the onset of exercise are predominantly abnormal
(Cohen-Sold et al., 1999). The abnonnal SV response can be primarily attributed to the
increases in systolic pressure (i.e., afterload) associated with increases in exercise
intensity @4urgo a al.. 1981). This increase in afterload results in an increase in end
systolic volume @SV) in the CHF patient, which may be a knction of a decreased
contractile reserve (Cohen-Solal a al., 1999). Thus, as ESV increases, the only way that
stroke volume may be maintained is by increasing end diastolic volume (EDV).
However, as previously mentioned, there are limitations to the extent to which the FrankStarling mechanism will compensate for an increase in EDV (Braunwald, 1996). Thuq

as ventricular hnction worsens, EDV eventually increases beyond its optimal volume
(i.e., optimal sarcomere length), resulting in a further deterioration in stroke volume
(Cohen-Solal et al.. 1999).
Arteriovenous-oxvnen difference. The arterial oxygen content is usuallv well
maintained in stable chronic heart failure, even during exercise (Cohen-Solal et al.,
1999). However, an abnormally widened a-ii 0 2 difference is often present, which is
usually caused by a decrease in the venous blood oxygen content (Cohen-Solal et al.,
1999). This increased deoxygenation of venous blood is due to a decreased blood flow
(i.e., decreased cardiac output), which forces higher levels of oxygen extraction by the
active tissues (Cohen-Solal et al., 1999). Increased levels of 2-3 diphosphoglycerate (2-3

dPG) often aid this increased oxygen extraction by reducing the affinity of hemoglobin
for oxygen in the peripheral tissues persin, Kwasman, & Lau, 1993).
Perioheral resoonses to exercise. Exercise intolerance in the CHF patient is
further complicated by abnormal vascular responses to exercise. The inability of the
CHF patient's circulatory system to distribute blood flow may be one of the primary
factors that decrease exercise tolerance (Wilson, Frey, Mancini, Ferraro, & Jones. 1989).
The down-regulation of a-adrenergic receptors in the peripheral vasculature often
inhibits vasoconstriction to non-exercising muscle, thereby limiting the amount of blood
flow available to exercising muscle (Wilson et al., 1989). Changes in local vasodilatory
mechanisms (such as alterations in the production of nitric oxide) in the microcirculation
may also inhibit the efficient distribution of blood flow (Drexler & Wu, 1992). However

the mle of nitric oxide and vascular control in CHF patients still remains controversial
(Cohen-Solal et al.. 1999).
Cardiovascular Resoonses to an External Chest Wall Restriction at Rest
Despite extensive searching through the literature, only one study was found that
examined the effect of external chest wall restriction on cardiac function. In 1981,
Klineberg, Rehder, and Hyan examined the changes in pulmonary mechanics and gas
exchange that occurred with restrictive breathing. After reducing the subject's vital
capacity by 40°% (using an inelastic chest wall restriction), they observed a 16% reduction
in cardiac output at rest, which correlated to an absolute decrease of 0.93 ~ornin-'

Klineberg et al. (1981) appear to be the only researchers who have examined the
eff-

of chest wall restriction on pulmonary blood flow. The researchers did not find a
(L

significant diierence (p > 0.05) in right-to-left intrapulmonary shunts or ventilationperhsion ratios with an external chest wall restriction despite slight increases in
ventilation and decreases in cardiac output. They concluded that the changes in alveolar
ventilation induced by the chest wall restriction were counteracted by regional hypoxic
pulmonary vasoconstriction which reduced the pefision of poorly ventilated areas,
resulting in no significant differences wineberg et al., 1981).
Pulmonarv Phvsiology
filmonarv Function at Rest in the Hedthv Individual
Ventil&
6-7.5

At rest, the normal, healthy individual usually moves approximately

om in-' of air in and out of their respiratory system per minute (West, 1995). This

is accomplished with a tidal volume of approximately 0.5 L and a breathing frequency
between 12-15 breaths per minute (West, 1995). More importantly, the individual
ventilates their alveoli (the site of gas exchange with the blood) at a rate of about 5.2
~*min-',ensuring an adequate removal of carbon dioxide and supply of oxygen (West,
1995). The alveolar ventilation is lower than the total ventilation (approximately 5.2 and
7.5, respectively), due to the ventilation of the anatomical and physiological dead space
(i.e., mouth, nasal passages, airways, and nonpefised alveoli) (West, 1995). It is very
important to note that these variables vary greatly based on the size, gender, age, and
health of the individual (West, 1995).
Work of breathing, At rest, inspiration is usually an active process and expiration
primarily a passive process (West, 1995). Analysis of Figure 2 shows that during the
tidal volume AE,both elastic work (area ACEA) and flow resistive work (area ABCA)
must be performed to accomplish inspiration (Otis, 1964). However, during expiration,
the elastic work done during inspiration causes the production of an inward recoil force in
the amount of the area ACEA (i.e., the lung volume is above FRC). This allows for
passive expiration, since the area ACEA is greater than the area ACDq which is the
amount of flow resistive work required for expiration (thus eliminating the need for
expiratory muscle work at rest). Both elastic work and flow resistive work are dependent
on tidal volume, breathing fiquency, lung compliance, and FRC.
At rest, the peak negative pleural pressure that is generated during inspiration is
usually about -8 cm Hz0 (Janicki, Sheriff. Robotham, & Wise, 1996). The peak positive
pressure generated during normal, resting breathing is about -5 cm H20 (Janicki, Shniff,

Robotham, & Wise, 1996). Abdominal pressure usually increases less than 10 mmHg as
the diaphragm descends during resting breathing (Richardson & Trinkle, 1976).
pulmonarv Resvonsrs to Exercise in Healthv Individuals
s-

in ventilation. As the oxygen consumption of the cells increases, the

ventilation of the lungs must also increase in order to maintain arterial blood gas
homeostasis (Grimby, 1969). The most effective .mans of increasing alveolar ventilation
is by initially increasing the size of the tidal volume (Grimby, 1969). This allows for a
minimal amount of anatomical dead space ventilation per unit time and results in a more
efficient ventilation of the alveoli (Grimby, 1969). In addition, breathing frequency
increases as exercise intensity increases, allowing the individual to minimize the elastic
work of breathing while maximizing alveolar ventilation (Grimby, 1969;Johnson &

Beck, 1997).
Increases in tidal volalme are accomplished by decreases in both expiratory
reserve volume and inspkatory reserve volume (Johnson & Beck, 1997). In the normal,
healthy individual, tidal volume prbarily is augmented by increasing the end inspiratory
lung volume (i.e., more negative Pn) and by decreasing end expiratory lung volume
(more positive Pn)(Johnson & Beck, 1997). These decreases in end expiratory volume
may optimize inspiratory muscle length in addition to avoiding the marked increases in
the elastic work of breathing associated with higher lung volume breathing (Johnson &
Beck, 1997).
work ofbrcathinP. As pulmonary ventilation increase3 with the onset
of exercise, so does the work of breathing (Grimby, Goldman, & Mead, 1976). The

initial increases in tidal volume result in marked increases in the elastic work of breathing
as end inspiratory lung volume (EILV) increases, along with proportional increases in the
flow resistive work of breathing (due to increases in flow velocity, breathing frequency,
and decreases in end expiratory lung volume (EELV)). Additionally, as the ventilatory
demand increases, expiration becomes an active process (Grimby, 1969). This is shown
in Figure 4 where the area AFEDA extends beyond the area FCEF, which is the elastic
energy stored during inspiration (Otis, 1964).

a

+
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Figure 4. Changes in the pressure volume loop associated with low to moderate levels
of exercise (Otis, 1964).

Increases in the amount work done by the respiratory muscles causes an increase
in the oxygen consumption by those muscles (West, 1995). Aaron, Seow, Johnson and
Dempsey (1992% 1992b) examined the oxygen cost associated with breathing in relation
to v0zrnu. The oxygen cost of breathing ranged from 7% to as high as 15% of the whole
body V& at peak exercise (Johnson, Aaron, Babcock, & Dempsey, 1996).
Reducing the work of breathing (by using a helium-oxygen mixture) does not
significantly affect v&, exercise time, or minute ventilation at workloads below 90-95%
of VO~, (Aaron, Henke, Pegelow, & Dempsey, 1985). Only at workloads of 90-95%
of vO-

does the unloading of the work of breathing increase exercise time and reduce

whole body V& (Aaron et al., 1985). These findings imply that respiratory muscle
fatigue may limit human performance at the extremes, but does not significantly limit
performance at lower workloads (Aaron et al., 1992a).
Despite the downplaying of the role of the respiratory muscles in performance
the respiratory muscles do become
limitation at workloads below 90% of vL,
fatigued at workloads as low as 85% of v&-

(Johnson, Babcock, Suman, and

Dempsey, 1993). These researchers found that the ventilation needed to maintain
workloads of 85% and 95% (for30 and 15 minutes, respectively) resulted in a decrease in
force production of the diaphragm after exercise using supramaximal bilateral phrenic
nerve stimulation (Johnson et al., 1993). Despite the apparent diaphragmatic fitigue,

there was no indication that the ventilatory response to exercise was inadequate (Johnson
et al., 1993). This is likely due to the rec~itmentof accessory inspiratory muscles at
higher levels of ventilation thereby reducing the amount of work required of the
diaphragm (Johnson et al., 1996).
Pulmonarv Function at Rest in CHF Patients
Lunn volumes. Chronic heart failure patients may experience restrictive andlor
obstructive lung changes as direct and indirect results of myocardial dysfunction
(Faggiano, 1994). The restrictive changes associated with CHF often include decreases
in TLC and VC, and may also include decreases in FRC and EELV (Faggiano, 1994;
Johnson et al., 2000). These reductions are primarily brought about by the displacement
of gas-containing alveoli by interstitial and alveolar edema (Faggiano, 1994).
Cardiomegaly (Hosenpud, Stibolt, Atwal, & Shelley, lW), pleural effision (Race,
Scheifley, & Edwards, 1957), elevations in atrial pressures (Faggiano et al., 1994), and
elevations in pulmonary capillary wedge pressire (Ries, Gregoratos, Friedman, &
Clausen, 1986) have also been correlated vhth restrictive changes in pulmonary function.
Obstructive changes (e.g., increased residual volume, decreased expiratory flow
rate, decreased FEV,) that may also occur with CHF can develop by mechanisms similar
to those mentioned above. Increases in interstitial fluid can cause an engorgement of the
bronchovascular sheaths, resulting in a marked thickening of the bronchial walls
(Faggiano, 1994). These changes in thickness can result in the closure of smaller
airways, resulting in the trapping of air and the concomitant increase in residual volume
(Faggiano, 1994).

Ventilation. While the normal, healthy individual moves approximately 6 L of air
in and out of their respiratory system per minute, the CHF patient usually exhibits a
slightly higher total ventilation (VE)(Johnson et al., 2000). This is usually due to the
presence of a normal tidal volume, but an abnormally elevated breathing fiequency
(Johnson et al., 2000). This increase in ventilation may be causcd by diffusion
abnormalities, restrictive lung changes, and respiratory muscle weakness (Johqson et al.,
2000).
It has been very well documented that CHF patients often suffer fiom chronically
elevated pulmonary vascular pressures (Faggiano, 1994). This chronic pulmonary
hypertension can result in the exudation of fluid into the lung tissues and alveoli,
resulting in pulmonary edema (Faggiano, 1994). The presence of this excess fluid
increases the diffusion distance for oxygen and carbon dioxide, resulting in a decrease in
gas exchange (Faggiano, 1994). This decrease in gas exchange decreases the tension of
oxygen in the arterial blood, resulting in an increased ventilatory drive (Faggiano et al.,
1994).
Elevations in ventilation may also be brought about by restrictive changes in the
lung (Faggiano, 1994; Johnson et al., 2000). These restrictive changes (whose
mechanisms have b a n discussed earlier) decrease the CHF patient's ability to augment
tidal volume, forcing increases in ventilation to be brought about via increases in
breathing fiequency (Johnson et al., 2000). In order to maintain the alveolar ventilation
required for a given level of oxygen consumption, this ventilatory pattern causes a
marked increase in overall ventilation due to elevations in dead space ventilation
(Johnson et al., 2000).

In addition to the ventilatory constraints mentioned above, CHF patients often
suffer from decreases in respiratory muscle strength and endurance Wancini, LaManq
Donchez, Henson, & Levine, 1996; Supinski, DiMarco, & Dibner-Dunlap, 1994). These
changes may be due to increases in muscle atrophy (Supinski, D i a r c o , & DibnerDunlap, 1994), decreases in muscle blood flow and pehsion (Mancini, LaManca,
Donchez, Henson, & Levine, 1996). or remodeling of the skeletal muscle itself (Sullivan
et al., 1997).

Work of breathing In 1934, Christie and Meakins first reported that individuals
suffering fiom chronic heart failure presented with an abnormally elevated work of
breathing. This was demonstrated by an increase in the breadth of pleural pressure
swings at rest, which was attributed to partially active expiration and a marked decrease
in the distensibility of the lung (Christie & Meakins, 1934). This elevated work of
breathing was reduced when the degree of pulmonary congestion was lowered (Christie
& Meakins, 1934).

Very little work has been done to supplement the research of Christie & Meakins
with the exception of Hosenpud et al. (1990). These researchers reported that increases
in FVC correlated (r = 0.83, p < 0.0001) with the reductions of heart size in cardiac
transplant patients (Hosenpud et al., 1990). According to their statistical analysis, this
reduction in cardiac size accounted for 69% of the increase in FVC observed after the
surgical procedure (Hosenpud et al., 1990). However, other researchers vehemently
dispute the notion that changes in cardiac size have such a significant effect on lung
volume (McCormack, 1991).

Sllmonarv Resoonses to Exercise in CHF Patienu
Qanzes in Lunz Volumes, With the onset of exercise, EELV normally
decreases, and as exercise intensity continues to increase, EELV gradually begins to rise
as flow limitations increase (Johnson et al., 2000). However, CHF patients ger~erally
keep their EELV very close to residual volume, despite the presence of flow limitation
during >45% of their tidal volume (Johnson et al., 2000).
in ventilation. As exercise intensity increases to 10O04. of v@@, CHF
patients usually increase their ventilation at a faster rate than control subjects, and exhibit
a lower peak ventilation than controi subjects due to a reduced exercise capacity (Johnson

a al., 2000).
The i n c r a w in ventilation are primarily due to increases in breathing 6quency
(Johnson

al., 2000). However, at any given oxygen consumption, CHF patients tend to

exhibit a higher level of ventilation than age, height, weight, and health matched controls
(Sullivan, Hi@botharn,

& Cobb. 1988).

The most widely accepted mechanism for the elevated ventilation present during
exercise in CHF patients is an elevation in the dead space ventilation to total ventilation
ratio (Johnson et al., 2000). This is due to the above mentioned breathing pattan, in
which CHF patients increase ventilation via increases in breathing 6quency instead of
increasing tidal volume (Johnson a al., 2000).
The abnormal cardiovascular function may also play a role in the exaggerated
ventilatory response of CHF patients during exercise. Decrwes in cardiac output, which
decrease pulmonary p h s i o n pressure, may allow pulmonary capillaries to collapse

(Sullivan, Higginbotham, & Cobb, 1988). The collapse of these pulmonary capillaries
exacerbates any present ventilationlpefision mismatches by increasing the physiological
dead space of the lung (Sullivan, Higginbotham, & Cobb, 1988). Less common
mechanisms for these elevated ventilatory levels may also be: changes in diffision
distances associated with increases in pulmonary edema (Christie & Meakins, 1934),
early lactic acidosis (Rubin & Brown, 1984), or altered PCOzcontrol (Nery, Wasserman,
French, Oren, & Davis, 1983).
Changes in work of breathin% The work of breathing is elevated during exercise
in CHF patients (Mancini, Doncheq & Levine, 1997; Mancini, Henson, LaManca, &
Levine, 1992; Mancini, LaManca, Donchez, Henson, & Levine, 1996). This has been
indicated by increases in the metabolic activity of the respiratory muscles (Mancini,
Henson, LaManca, & Levine, 1992). These increases in the work of breathing may be
attributed to increases in flow resistance via the narrowing of bronchial airways
(Mancini, Donchez, Levine, 1997), changes in the compliance of the lung (Faggiano,
1994). as well as by increases in total ventilation (due to the aforementioned
mechanisms) (Johnson et al., 2000).
While these increases in the work of breathing have not been correlated with the
sensation of dyspnea (Mancini et al., 1996), reducing this work (via a heliudoxygen
mixture) has been shown to significantly prolong exercise duration in CHF patients
(Mancini et al., 1997). The increase in the work of breathing combined with respiratory
muscle weaknesdatrophy can significantly limit the exercise capacity of the CHF patient
(Mancini a al.. 1997).

Pulmonarv Effects of a Chest Wall RestrictionLune volumes. As would be expected, the application of an external chest wall
restriction (CWR) results in decreases of total lung capacity (537Y0), vital capacity
(:44%),

functional residual capacity (d2%), end-expiratory lung volun~e(EELV), and

tidal volume (Douglas, Dmmmond & Sudlow, 1981; Gonzaleq Coast, Lawler, & Welch,
1999; Hussain & Pardy, 1985; Klineberg a al., 1981; O'Donnell, Hong, & Webb, 2000;
Sybrecht, Garrett, & Anthonisen, 1975). The magnitude of these decreases appears to be
dependent upon the elasticity of the restricting device and the force with which it is
applied. Additionally, decreases in residual volume have been reported (Douglas et al.,
1981; Gonzalu et al., 1999; Hussain & Pardy, 1985; Klineberg et al., 1981; O'Donnell et
al., 2000; Sybrecht et al., 1975). Only one group has reported a decline in residual
volume with statistical significance (Sybrecht et al., 1975).
Ventilation. At rest, chest wall restricted individds usually exhibit little or no
change in total ventilation when compared to unrestricted conditions @ouglas et al.,
1981; Gonzalez et al., 1999, Hussain & Pardy, 1985; Klineberg et al., 1981; O'Donnell et
al., 2000; Sybrecht et al., 1975). This is primarily due to an augmentation of breathing

frequency, which compensates for the decreased tidal volume (Douglas a al., 1981;
Gonzalez et al., 1999; Hussain & Pardy, 1985; Klineberg et d.,1981; O'Donnell et al.,

2000; Sybrecht et al., 1975). Additionally, some research has shown that restricted
individuals do not experience alterations in their V&O~ or V&CO~ ratios (O'Do~ell
et al., 2000).

Lung mechanics. Numerous studies have shown an increased elastic recoil
pressure at a given lung volume with the application of an external CWR (Douglas et al.,
1981; Klineberg et al., 1981; Sybrecht et al., 1975). This increased recoil is in part
attributed to low lung volume breathing (LLVB), which prcduces changes in recoil
similar to those seen with CWR (Klineberg et al., 1981). Breathing at low lung volumes
has been proposed to cause significant decreases in alveolar surface cbmpliance, which in
turn affects overall lung compliance, and may in turn increase recoil (Klineberg
et at., 1981).

In addition to the increases in lung recoil, CWR has been associated with
increases in forced expiratoly and inspiratory flow rates (Douglas et al., 1981; Klineberg
et al., 1981; Sybrecht et al., 1975). These increases in flow rate have been attributed to
both increases in airway conductance (i.e., decreased resistance) and bronchodilatation
associated with U V B (Douglas et al., 1981; O'Donnell et al., 2000). This phenomenon
may also explain the marked decrease in lung volume at which the closing capacity
occurs with CWR (Sybrecht et al., 1975).
Work of breathing, Surprisingly little work has been done regarding the work of
breahing associated with CWR Gonzalez et al. (1999) reported a significant increase in
the oxygen cost of breathing with the application o f a CWR In addition, a significant
increase in the elenromyogram (EMG) activity at the third intercostal space (indicative
of an increase in inspiratory accessory muscle activity) has been observed (Gonzalw et
al., 1999). The only other researchers reporting work related data were OlDonnell et al.

(2000) who observed an increase in respiratory effort ([end inspiratory esophageal

pressure]/[rnax inspiratory esophageal pressure] (PESlp*)

at rest.

Pulmonarv Resuonses to Exercise with CWR
Ventilation. At any given workload, VEis elevated during CWR conditions when
compared to control conditions (O'Donnell et al., 2000). However, several researchers
5ave noted that maximal ventilation is decreased by 10% or greater during CWR
conditions (O'Donnell et al., 2000; Gonzalu et al., 1999). This is primarily due to a
blunted tidal volume response to exercise to which exaggerated increases in breathing
l al., 2000).
frequency are unable to compensate (Hussain & Pardy, 1985; O ' D o ~ e l et
Work of breathing, While little research has quantifiably explored the increase in
the work breathing associated with CWR and exercise, several studies have supported
this notion Gonzalu ct al. (1999) showed that a given voluntary ventilation during
CWR conditions elicited a higher oxygen cost of breathing than control condittons. This
suggests that the increases in VE obsewed by O'Donnell et al. (2000) are indicative of
marked increases in the work of breathing.
Some research has indicated that diaphragmatic fatigue is more prevalent
following exercise during CWR conditions. Hussain and Pardy (1985) observed a
significarlr increase in diaphragmatic fatigue after incremental exercise with a rib cage
restrictor, indicative of an increase in the work being done by the diaphragm during the
exercise bout. This may be due to an increased respiratory effort (PEJIP-)

during

exercise with CWR when compared to control conditions (O'Donnell et a!., 2000).

Effects of Resoiration on Cardiac Function
Effects of Resbirati~non Svstemic Venous Return
E

t

f

e

c

t

s

,

During inspiration, the

diaphragm drops, which causes a fall in pleuraVintrathoracic pressure, and an increase in
abdominal pressure (Janicki et al., 1996). The decrease in pleural pressure is the force
driving the expansion of the lungs, while the increased abdominal pressure is the result of
a decrease in the volume of the abdominal cavity and contraction of the diaphragm
(Janicki et al., 1996). These changes in pressure and the resultant changes in volume of
the contents of the thoracic and abdominal cavity play a major role in the regulation of
venous return (Janicki et al., 1996).

Effects.
Durkrightg inspiration, the fall in
intrathoracic pressure precipitates a fall in the pressure of the right atrium. This generally
causes a transient increase in venous return via an increase in the pressure gradient from
the vena cavae to the right atrium (Janickiet al., 1996). However, this augmentation of
venous return can be significantly affected by concurrent changes in pressure and volume
occurring in the thorax and abdomen (i.e., increases in abdominal pressure, ;-creased
thoracic volume) during inspiration (Janicki et al., 1996).
Effects of falling pleural pressure on venous return. The increases in lung volume
associated with inspiration may cause a direct compression of the thoracic vena cava,
thereby impeding venous return (especially at higher lung volumes) (Fessler, Brower,
Shapiro, & Pennutt, 1993; Fessler, Brower, Wise, & Permutt, 1992). Additionally,
decreases in the pressure of the right atrium can cause the collapse of the great veins (i.e.,

superior and inferior vena caw) if the pressure gradient from the extrathoracic veins to
the right atrium becomes too great (Janicki et al., 1996).
of rising abdominal pressure on venous return, As the diaphragm
descends, there is a compression of the contents of the abdominal cavity associated with
the increases in abdominal pressure (Moreno, Burchell, Van der Woude, & Burke, 1967;
Moreno, Katz, & Gold, 1969). Of particular impomce is the compression of the liver,
which often contains a large volume of blood (Moreno, Burchell, Van der Woude, &
Burke, 1967). When the liver is compressed, blood is expelled causing an increase in
inferior vena eaval flow (Moreno, Burchell, Van der Woude, & Burke, 1967; Moreno,
Katz, & Gold, 1969).

In addition to its effects on hepatic blood flow, changes in abdominal pressure can
influence venous return via changes in pressure gradients. The effect of changes in
abdominal pressure on venous return is dependent upon the central venbas pressure

(CVP)(Takata, Wise, & Robotham, 1990). If CVP is lower than the abdominal p n s ~ u n ,
increases in abdominal pressure will cause a decrease in venous rctum via the
compression of the great veins (kc., presence of the "vascular w a t d l " effect) (Takata et
al., 1990). IfCVP is higha than the abdominal pressure, hrther increases in abdominal
pressure will transiently facilitate venous return (Takata et al., 1990).
It should be noted that in addition to the above mentioned effects on inferior vena
caval blood flow, increases in abdominal pressure do cause a transient decrease in the
pressure gradient from the lower extremities to the inferior vena caw (TIkrta et al..
1990). This d

a

d pressure gradient results in a transient reduction in venous return

from those regions, and in turn, decreases inferior vena caval flow (Wileput, Rondeaux,
& DeTroyer, 1984).

Effects of Resoiration on Riaht Ventricular Function
Effect of oleural oressure on rinht ventricular function. As previously mentioned,
inspiration augments right atrial filling, which results in a larger volume of blood to be
ejected from the right ventricle via the Frank-Starling mechanism (Robotham & Mitmer,
1979). Canine models have shown that this increased right ventricular volume increases
the pressure in the left ventricle (via interventricular interdependence), which decreases
pulmonary venous blood flow into the left ventricle (Robotham & Mitzner, 1979). These
increases in left ventricular pressure and decreases in left ventricular inflow also cause
left atrial pressure to increase, and result in an increased ?ulmonary artery pressure
(Janicki et al., 1996). This cascade of events eventually results in an increase in right
ventricular afterload, which decreases the output of the right ventricle (Janicki a al.,
1996). This series of events occurs transiently (or not at all) in the normal, healthy heart,
since the elevated afterload forces an elevated EDV within the next several beats, which
increases the force production of the right ventricle via the Frank-Starling mechanism.
Additionally, the elevated venous return eventually declines as left ventricular output
declines counteracting the first step of the process (Janicki et al., 1996).
Effects of lung volume changes on rinht ventricular function. The pulmonary

vascular resistance (PVR) in part determines the afterload placed on the right ventricle,
which is lowest when lung volume is at FRC (Whittenberger, McGregor, Berglund, &
Borst, 1960). As illustrated in Figure 5, the inflation or deflation of the lung beyond a

normal tidal volume (starting at FRC) results in marked increases in PVR (up to five
times the resistance at FRC) (Whittenberger et d., 1960). This increase in PVR results in

an elevated right ventricular afterload, which elevates the end systolic volume of the right
ventricle (Janicki et al., 1996).

Firmre 5. Changes in pulmonary vascular resistance associated
with changes in lung inflation pressure (and the resultant lung
volume changes) (Figure from Nunn, J. F., 1974).

Increases in lung volume not only cause changes' in the afterload placed on the
right ventricle, but may also apply a mechanical force to the heart (Janicki et al., 1996).

This mechanical compression may cause significant decreases in the pressure gradient for

venous return at high enough lung volumes (Takata & Robotham, 1992). This "heartlung interdependence" is also present when the heart size is increased (as in CHF), and
the compression of the heart by the.lungs may add to an already present pericardial
constraint (Janicki et al., 1996).
Effects of Resoiration on Pulmonarv Venous Return
Effect of lung inflation on pulmonan, vascular blood volume, As mentioned in
the previous section, the inflation of the lung causes marked changes in the resistance of
the pulmonary vasculature. This is caused by changes in both the extra-alveolar vessels
and the alveolar capillaries (Janicki et al., 1996).
With lung inflation, the capacitance of the extra-alveolar vessels is markedly
increased (Brower, Wise, Hassapoyannes, Bromberger-Burnea, & Permutt, 1985). This
is due to their attachment to the pulmonary parenchyma which expands during inspiration
(Janicki et al., 1996). This parenchymal expansion pulls outward on the walls of the
extra-alveolar vessels, resulting in the distention of the lumen of the vessel (Brower,
Wise, Hassapoyannes, Bromberger-Burnea, & Pemutt, 1985). This is often termed
pulmonary vascular interdependence (Janicki et al., 1996). Additionally, the negative
pressure generated in the thoracic cavity during inspiration aids the distention of these
vessels by increasing local transmural pressure (Brower, Wise, Hassapoyannes,
Bromberger-Burnea, & Permun, 1985). Both of these mechanisms transiently decrease
pulmonary venous return (Janicki et al., 1996).
The effect of inspiration on the alveolar capillary volume is significantly different
than its effect on extra-alveolar vessels (Janicki et al., 1996). In the alveolar capillaries,

the expansion of the alveoli during inspiration stretches the capillaries, which reduces
their capacitance (Brower, Wise, Hassapoyannes, Bromberger-Burnea, & Permutt, 1985).
In the presence of a pulmonary venous valve, this reduction in capacitance causes an

anterograde flow of blood towards the left atrium (Janicki et al., 1996).
Effects of aulmonarv vasculature blood volume on aulmonarv venous return, The
effects of the above mentioned changes in vasculu capacitance can be categorized
according to the predominant lung zone (Janicki et al., 1996). Assuming that zones I and

lV are non-existent in most subject populations (West, 1995), we will emphasize the
blood flow changes in zones II (pulmonary artery pressure > alveolar pressure > left atrial
pressure) and J
II (pulmonary artery pressure > left atrial pressure > alveolar pressure).

In zone I1 conditions (Figure 6), the extra-alveolar vessels contain a large volume
of blood, which is augmented even fiuther with inspiration (Brower, Wise,
Hassapoyannes, Bromberger-Burnea, & Permutt, 1985). However, the alveolar vascular
beds are relatively empty under these conditions (regardless of lung volume) and
generally displace a very small volume of blood during inspiration (Janicki et al., 1996).
The net result of this condition is a decrease in pulmonary outflow, which may
compromise cardiac output (Brower, Wise, Hassapoyanncs, Bromberger-Burnea, &
Permug 1985).

In zone III conditions (Figure 6), the volume of the extra-alveolar vessels is near
maximum (even during expiration), but the dominant effect is the anterograde flow of
alveolar capillary blood displaced during inspiration (Brower, Wise, Hassapoyannes,
Bromberger-Bumea, & Permutt, 1985). Congestion of the alveolar vessels (which may

occur due to elevations in left atrial pressure in CHF patients) causes a larger blood
displacement at a given inspiratory volume (Janicki et al., 1996). This condition results
in an increase in pulmonary venous return during inspiration, which aids in the filling of
the leR atrium and in turn, the left ventricle (Brower, Wise, Hassapoyannes, BrombergerBumea, & Permutt, 1985).

------..

zones in the lung (West, 1996).

effect of Res~irationon Left Ventricular Outout

Effect of ins~irationon left ventricular orzload. Inspiration primarily hinders the
filling of the left ventricle via the aforementioned interventricular interdependence
(Janicki et al., 1996). The increases in venous retun caused by inspiration i n a a s e the

volumes of both the right atrium and ventricle (Janicki et al., 1996). The volume changes
in the right ventricle compromise left ventricular performance via increases in LV
pressure, and decreases in LV compliance (i.e., interventricular interdependence).

In addition to its effects on LV function via interventricular interdependence,
inspiration also affects the pulmonary venous return to the ventricle. With the increase in
pulmonary vascular resistance associated with increases in lung volume (particularly in
the zone 11lung), pulmonary venous return is inhibited during inspiration, which causes a
decrease in the end diastolic volume of the left ventricle (Peters, Fraser, Stuart,
Baumgartner, & Robotham, 1989). This decrease in end diastolic volume causes a
decrease in the stroke volume of the ventricle against a given afterload, via the FrankStarling mechanism (Peters, Fraser, Stuart, Baumgartner, & Robotham, 1989).
The interdependent reactions between the heart and lung are. thought to play a
negligible role in the reduction of SV in the normal, healthy individual (Janicki et al.,
1996). This statement is supported by Gu,Innes, & Murphy (1987), who reported that
the changes in pleural pressure associated with inspiration decreases LV stroke volume
regardless of the changes in lung volume (i.e., normal inspiration versus a Mueller
maneuver).
oi-n

on left- v

During inspiration, left

ventricular stroke volume is usually decreased due to increases in afterload (Janicki et al.,
1996). This is primarily caused by the decrease in intrathoracic pressure, which
decreases the pressure gradient from the intrathoracic aorta to the rejt of the body
(Janicki et al. 1996). This decreased pressure gradient decreases aortic outflow, which

results in an increase in aortic dimensions (Peters, Kindred, & Robotham, 1988). and in
turn, an increase in aortic pressure (thus increasing left ventricular afterload) (Janicki et
ai., 1996).
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METHODS

All procedures were reviewed and approved by the Mayo Medical Center
Institutional Review Board and the University of Wisconsin-La Crosse Institutional
Review Board for the Protection of Human Subjects. Informed consent was obtained

from all subjects prior to data collection. Initial screening consisted of medical history,
familiarization with the exercise testing procedures, and the administration of a peak
oxygen consumption @&PJStest on a cycle ergometer. Subsequent testing involved 23 incremental cycle ergometry tests at submaximal workloads during various

experimental and control conditions. Subjects avoided caffeine and heavy meals 24
hours before tuting, and avoided heavy physical exertion on the day preceding each visit.

Subiects
Eleven healthy males and one female between the ages of 19 and 41 years old
gave informed consent for participation after a written and verbal explanation of the
procedures, bends, and risks of the study. All subjects were non-smokers and did not
have a self-reported current condition of respiratory infection or asthma. The subjects

were recruited fiom the Mayo Medical Center (Rochester, MN) by word of mouth and by
placing advdsements in news bulletins. Also, subjects were i w t r u ~ e dto maintain
adequate hydration o v a the two days leading up to the study.

Chest Wall Restriction
Four custom-made canvas straps of varying width were adjusted to fit just beneath
the axillae and around the chest to envelop the rib cage and abdomen. The desirable
degree of lung volume restriction was achieved by manually tightening the straps while
the subjects exhaled to residual volume, at which point the straps were secured using
Velcro.
The extent of volume reduction during chest wall restricted (CWR) conditions
was measured via pulmonary function tests after approximately five minutes of
acclimatization. A 30% reduction of forced vital capacity from baseline was considered
the minimal amount of restriction. If this level of restriction was not achieved, all four of
the straps would be removed and reapplied until the subject's vital capacity was reduced
by the desired amount.
Pulmonarv Function Testing
Soirometry
Subjects breathed through a mouthpiece mounted at a comfortable height. This
height was held constant throughout the testing to minimize the effect of posture changes
on the results of the pulmonary function testing. The mouthpiece was attached in series
to a pneumotachograph with low resistance and minimal dead space.
While breathing through the mouthpiece with a nost clip in place, the subjects
performed baseline forced vital capacity maneuvers until 3 reproducible vital capacity
measurements were recorded. The highest volume achieved during this maneuver was
used for the calculation of the desired post-restriction lung volume.

For two of the subjects, the resting total lung capacity had to be estimated from
prediction equations due to software malfunctions during the acquisition and calculation
of data For these two subjects, unrestricted total lung capacity was calculated using the
following equation from Miller et al. (1983):

-

lZC = [0.0760* (Height in centimeters)] 6.69
The changes in TLC fiom the unrestricted to the restricted condition were calculated by

taking the percent change from t l ? "dying
~
data and applying the percent decrease to the
predicted TLC.
End Emvatorv Luna Volume

End expiratory lung volume was estimated during the measurement of cardiac
output, since the cardiac output required the use of helium for an inert gas. Since helium
is nit t a k a up by the lung, its dilution in the lung gives an estimate of the lung volume at
the end of a normal expiration.
Work of Breathing
Placement of balloong. A small latex balloon (-3 cm long) was attached to
PE700 tubiig, which was c o ~ e c t e dto a pressure transducer. This allowed for the
assessment of changes in intrathoracic pressure at rest and during exercise.
Prior to the placement of the balloon, one of the subject's nostrils was numbed
using 2% tidocaine gel (to minimize the discomfort associated with the placement of the
balloon and to reduce the "gag"reflex). The balloon was passed through the nares and
placed 45 cm post nasally in the esophagus. In four of the subjects, a gastric balloon was
pcused through the nares simultaneously (similar to the esophageal balloon but with

longer tubing), and was advanced into the stomach of the subject. This procedure
allowed for the acquisitiol f transdiaphragmatic pressure, from which the
transdiaphragmatic pressure-time integral was calculated (which is an index of
diaphragmatic work) (Johnson et a]., 1993). The catheters were then connected to
separate pressure transducers via a series of 3-way stopcocks. Each balloon was filled
with approximately 2 mL of air to ensure proper balloon compliance (the compliance
range of the balloon had been checked previously). This volume was checked repeatedly
throughout the study. The correct position of the esophageal balloon was verified during
Valsalva and Mueller maneuvers after which point the spirometry tests were performed.
Work of breathing acouisition. Pleural (PPI),transdiaphragmatic (Po),and gastric
(PO)pressures (in addition to inspired and expired volume) were recorded for at least one
minute during each condition. Subjects were encouraged not to swallow, cough, or
attempt to speak during this time. Towards the end of this data collection, the subjects
were requested to perform either an inspiratory capacity or a vital capacity maneuver.
Work of breathing calculation. The volume signal was corrected for any drift
(i.e., unequal inspiration or expiration over time) using a computer program (Spawn
Analysis Systems). With the corrected volume signal in phase with the pressure signals,
the work of breathing was calculated by the integration of the area of the tidal breathing
pressure-volume loops multiplied by the breathing frequency to give the work performed
per minute (cm&~*~*min-').The computer program did not allow for the
determination of the various components of the work of breathing (e.g., the elastic work
of breathing). The calculation of the elastic work of breathing required the importation of

the data into the spreadsheet program Microsoil Excelm, and subsequent analysis of the
data using the approach previously described by Otis (1964). Additionally, the pressuretime integral measures for pleural, transdiaphragmatic, and gastric pressures were
calculated in this manner (Johnson et al., 1993) using the Microsoft Excelm spreadsheet
program.
Gas Exchange Assessment

Oxygen consumption, COZproduction, minute ventilation, and respiratory rate
were measured using a breath-by-breath analysis system (Medgraphics Corp., St. Paul,

MN), Erom which 30-second averages were derived. These variables were analyzed
during rest and steady state exercise. The 30-second averages were obtained after three
minutes of steady state exercise.
Cardiac Function Assessment
Cardiac Outout
Cardiac output was measured non-invasively using an open circuit inert gas wash
in method. The reliability and validity of this measurement have been established in
previous studies (Johnson et al., 2000). Cardiac output measurements were acquir.4 in
duplicate during steady state conditions at each workload.
Apvaratus, A pneumotachograph was connected to a non-rebreathing Y-valve
whose inspiratory port was connected to a low resistance, low dead space pneumatic
switching valve. This allowed for switching between room air and the cardiac output gas
mixture (0.7% QH2,21% 0 2 , 9% He, 69.3% N2) on the inspired port with minimal dead
space (C50 mL).

B
a
s
i
sEfr the purpose of this technique, the
lungs are considered to be one well mixed alveolar compartment separated from the
inspired gas bag by an anatomical dead space (Johnson et al., 2000b). Thus, the change
in the acetylene volume per unit time is equal to the rate of disappearance into the blood
(plus the amount entering the alveolar volume by inspiring via the anatomic dead space),
which is proportional to pulmonary blood flow/cardiac ouiytii (Johnson a al., 2000b).
The calculation of cardiac output from the data acquired is performed by a software
program; the actual calculations themselves have been described in detail elsewhere

(Gan, Nishi, Chin, & Slutsky, 1993; Johnson et al., 2000).
Procedure. Throughout the resting and exercise breathing, the subjects were
encouraged to breathe in a regular rhythm, avoiding coughs, swallows, and partial breaths
(if possible). During the time that the subjects breathed fiom the valve, the operator
switched the pneumatic valve to change the inspiratory air s=.~rcefiom room air to the
wdiac output gas mixture. The operator observed the wash in of C2& and helium on a
computer screen on a breath-by-breath basis until 8 breaths had been obtained. Data
analysis was performed immediately after each maneuver using a relatively rapid
calculation method as described by Gan et al. (1993). During resting conditions, subjects
synchronized their breathing fiequency to a metronome set to elicit a breathing fiequency
of 20 breaths per minute. The slightly augmented breathing helped to minimize the
influence of the valve dead space and to minimize potential problems with non-steady
state breathing.

I3!xm&
Subjects were instrumented with a 5-lead ECG,with heart rate being displayed
throughout the study on a Quinton ECG cart. Heart rate was recorded during all
conditions.
Stroke Volump
Stroke volume was calculated by dividing the cardiac output by the heart rate.
The average of the two cardiac output measurements was used for this calculation.
Artenovenous-Oxvnen Difference
The a-V 02 difference was calculated using the modified Fick equation shown
below:
a- YO;d#erence=

vo,
Cwdiac OIItput

where VGis the measured oxygen consumption during steady state exercise.
Blood Pressure
Blood pressure was measured during steady state conditions in four of the
subjects. This was acquired by auscultation of the left brachial artery during the deflation
of a blood pressure

with the systolic and diastolic pressures being recorded

immediately after the measurement was taken. This measurement was acquired only in
the subjects who did not have an arterialized hand vein in place.
Time IntrmalJ

The cardiic time intervals (pmjection paiod, left ventricular ejection time, and
diastolic time) were derived fiom the simultaneous recording of the el-diagram

(lead VJ) and carotid blood velocity tracing (obtained from an ultrasound Doppler
tracing).
Doooler ultrasound. To obtain the carotid blood velocity tracing, a Doppler
ultrasound (Multigon Industries, Mt. Vernon, NY) operated in pulsed-wave mode using a
flat 4-MHzprobe. To determine the proper probe placement, the carotid artery was
palpated and the Doppler yobe position, sampling depth, and sampling gate manipulated
until an optimal signal was attained.
The Doppler ultrasound uses an ultrasonic beam directed at a blood vessel so as to
diagonally intersect it. Stationary objects reflect sound back at the same fiquency at
which it is emitted, while sound reflected back by moving particles (e.g., red blood cells),
is shifted in frequency. This frequency shift ( f ~is) proportional to the red blood cell
velocity such that:

v = f ~c/2f,a cos8
0

where V is the velocity (cm*sec-'), f, is the frequency transmitted by the probe (Hz), 8 is
the angle of insonation of the ultrasound beam, and c is the velocity of sound in tissue
andlor blood (cmmsec-') (Tschakovsky, Shoemaker, & Hughson, 1995).
Measurement of cardiac time intervals. Ail of the cardiac time intervals were
analyzed using a commercially available data acquisition system (Windaq; Akron, Ohio).
The pre-ejection period was defined as the time fiom the Q-wave to the initial upswing of
the carotid pulse tracing. The left ventricular ejection time &VET) was defined as the
time from the initial upswing of the carotid pulse tracing to the incisural notch on the
carotid pulse wave. Diastolic time was defined as the time fiom the incisural notch on

the carotid pulse wave to the subsequent Q-wave of the next cardiac cycle. The
derivation of these measures is summarized in Figure 7.

f Inspiration

CBV
ECG :
7

Time (sec)

Figure 7. Determination of cardiac time intervals from carotid blood velocity (CBV)
and electrocardiogram(ECG). Transpulmonary pressure was used to analyze the effects
of respiration on these measures.

Blood Parameters
Prior to any other instrumentation, an 18-gauge retrograde catheter was placed in
the most prominent vein of the subject's left hand. A non-hepatinized saline solution was
infised through the catheter at all times (except during blood draws) to prevent clotting
and to keep the catheter and adjacent tubing patent. The subject was required to keep

hidher hand in a heated hand vein box for at least 15 minutes prior to the drawing of any

blood. Subjects were only allowed to remove their hand from the heated box during
recovery sessions between the control and CWR conditions.
Two blood draws were taken at each workload during the control and CWR
conditions of the study. One 2 mL sample was taken far blood gas and electrolyte
analysis. An additional 8 mL was drawn for the analysis of catecholamines (5 mL) and
lactate levels (3 mL). The total amount of blood drawn fiom each subject was
approximately 60 mL per study. Blood samples for the analysis of catecholamine and
lactate levels were immediately placed in heparinized tubes and placed on ice. Blood
samples used for the analysis of blood gas and electrolyte parameters were analyzed
immediately after withdrawal From the subject.
Exercise Protocol8
Screeninn Visit
The subjects were required to report to the Mayo Medical Center for an initial
screening exercise test. This test also served the purpose of acquiring baseline data for
the prescription of workloads for Visit 2. Subjects were admitted to the Gmeral Clinical
Research Center (GCRC) and had their weight and height measured. The individual was
then brought down to the exercise testing laboratory for their VO~+ testing.
Upon arrival to the exercise testing laboratory, the subjects were instrumented
with a 5-lead ECG and the height of the cycle ergometer seat was adjusted such that the
subject had a slight bend in hidher knee when the leg was extended. The subjects were
provided approximately five minutes to warm up and stretch. During this time, subjects
were encouraged to cycle at light workloads and to stretch their hamstrings and

quadriceps. When ready, the subject began the incremental cycle ~

0 test.2This~was

a modified version of the test described by Thoden (1991) in which the subject would
start at 20-35 watts and have the workload increase by 20-35 watts every minute until

volitional fatigue (with the initial workload and increments being dependent upon the
fitness of the subject). Upon completion of the test, the subject performed cycling at a
reduced workload, and after recovery was offered water, juice, or crackers (for
rehydration and maintenance of blood glucose levels). The subject was monitored for 15
minutes to ensure adequate recovery and then released.
Visit TWQ
Subjeas were again admitted to the GCRC and brought down to the exercise
testing laboratory. Upon arrival at the exercise testing laboratory, the procedures that
would be performed that day were reviewed with the subjects, along with the benefits and
risks associated with them, and any questions regarding the visit were answered at that
point. The subjects were instrumented with a 5-lead ECG and esophageal balloon (or
esophageal and gastric balloons), and the cycle ergometer seat was set to the height
rewrded during their screening visit.
Prior to testing, the order in which the subject performed the CWR and
unrestricted testing was randomized and balanced during both protocols so that the order
of testing would minimally confound the results (Figure 8). Protocol A (esophageal
balloon only) involved the performance of the CWR,unrestricted, and mimic conditions
(described below), while Protocol B (esophageal and gastric balloons) involved only the

CWR and unrestricted conditions. At least 20 minutes of rest were allotted between

unrestricted, CWR,and mimic conditions. Subjects were seated on an electronically
braked cycle ergometer (Lode; Netherlands) with their left hand placed in a heated box
during all testing. All conditions involved the acquisition or performance of pulmonary
function measurements, work of breathing measurements, cardiac output assessments,
carotid pulse tracings, and blood samples during steady state. The three steady states
examined during each condition were rest, 25% of the peak workload achieved during
Visit 1, and 45% of the peak workload achieved during Visit 1.
Instmentation

-Placement dbellocn(s)
-Placement d h m l catheter
6 W ECG
I
Strapping Applied First

-Rest

-Rest
-Exercise 1

-Exercise I
-Exercise 2

-Rest

-Rest

-Exercise 1
-Exercise 2

-Exercise1

Mimic
-Rest
-Exercise I
-Exercise 2

s

Protocol A

Mimic Conditions

-Rest
-Exadse 1
-Exm'se 2

Fieurc 8. Flow sheet showing the orda of testing during Visit 2.
Unrestricted conditions. Pulmonary function tests, work of breathing
measurements, cardiac output assessments, carotid pulse tracings, and blood samples

were obtained at each of the workloads. Oxygen consumption was measured during the
fust 3-5 minutes of each stage to ensure a steady state, after which point the previously
mentioned measurements were collected. Each workload lasted roughly 10-12 minutes.
Restricted (CWR)conditions, Based on the subject's resting pulmonary function
tests (which were performed as baseline maneuvers if CWR conditions were first), the
chest wall restriction was applied.
Mimic conditions. After both the CWR and unrestricted conditions were
completed, the subjects proceeded to undergo resting, 25% ~ O z p * ,and 45% ~0~~
bouts during which they mimicked the breathing patterns (i.e.. VT and FB)they exhibited
during the restricted conditions. This was condition was performed to assure that the
breathing pattem exhibited during CWR conditions did not influence the assessment of
cardiac output. Carotid blood velocity, cardiac output, and work of breathing
measurements were acquired in the aforementioned manner.
Statistical Analvsis
The data were compared using a two-way repeated measures analysis of variance test,
followed by Tukey post-hoc comparisons. Alpha was set at 0.05.

CHAPTER IV
RESULTS AND DISCUSSION
Introduction
Prior to reading this chapter, it is imperative that the reader understands the
terminology used to describe statistical sigcificance and the presence of trends that occur
as the intensity of exercise increases. Unless noted otherwise at the bottom of the figure,
statistical significance of p < 0.05 is denoted by the asterisk (*) symbol, and statistical
significance of p < 0.001 is denoted by the cross (t)symbol. Additionally, a significant
positive interaction between CWR and the level of exercise indicates that as the level of
exercise increases, so does ,he effect of CWR. A significant negative interaction between
CWR and the level of exercise indicates that as the level of exercise increases, the effect
of CWR becomes less pronounced.

l&m!B
Subiect Characteristics
Table 1. Subject Characteristics (mean f SD)
Gender

Age

Q

Height
(m)

Weight
(kg)

BMI

v@w
(rnl*kg%nin-')

The characteristics of the subjects are listed in Table 1. Due to the discomfort
associated with the chest wall restriction, only one female subject participated in the
study.
Changes in Static Lung Volumes with CWR
During resting conditions, total lung capacity (TLC) was decreased an average of
32.9% (Figure 10, p < 0.001). Additionally, resting vital capacity (FVC) decreased an
average of 38% (Figure 10, p < 0.001) at rest, which correlated to an average absolute
decrease in VC of 2.26 L. Residual volume also decreased at rest by an average of 23.1%
(Figure 10, p < 0.05).
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Firmrc 9, Changes in resting lung volume associated with an external chest wall
restriction.

* denotes p < 0.05, t denotes p < 0.001; mean f SD)

Changes in Ventilation with CWe
changes in Ventilation. While the CWR conditions did not elicit a significantly
higher level of ventilation (VE) at rest @ = 0.3 lo) or at the 25% ~

0 workload
2

@~=

0.052), ventilation was significantly elevated during at 45% v&+ workload (Figure 10,

p < 0.05). Additionally, a significant positive interaction between CWR and the level of
exercise was present @ < 0.05).
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Firmre 10, Changes in minute ventilation and V&CO~ during control and
CWR conditions (mean f SD). &&

* der~otesp < 0.05, t denotes p < 0.001

m e s in the ventilation to carbon dioxide ~roductionratio ( V D The
~
ratio of VE to VC& was not significantly affected by CWR at rest (p = 0.751), 25%

v&+

(p = 0.311). or at 45% ~02p.k(p = 0.268). There was not a statistically

significant interaction between CWR and the level of exercise (p = 0.268).
During the CWR conditions, tidal volume (VT)

W a e s in breathin-

decreased significantly fiom control wnditiow during rest (p < 0.05), 25% VO~+

-

Control

E

3

0

.I-

*
0

0

- c

10

rest

25%

45%

Chmges in breathing frequency and tidal volume associated with CWR

(mean f SD).

denotes p < 0.05, 'f denotes p < 0.001; mean f SD

(p < 0.001) and 45% VOZ+ (p < 0.001) (Figure 11). A significant positive interaction
between CWR and the level of exercise was also present (p < 0.001).
During the CWR conditions, breathing frequency (FB)was elevated significantly
from control conditions during rest, 25% VOZ+ and 45% VOZ* @ < 0.05, p < 0.001,
and p < 0.001, respectively). A significant positive interaction between CWR and the
level of exercise (p = 0.001) was also present.
Changes in end ex~iratorvlung volume. End expiratory lung volume (EELV)
~ 45
~ VO~+ CWR conditions by 34.3%, 29.g0/i,
decreased in the rest, 25% V O Z and

and 26.7%, respectively, when compared to controls (p < 0.05 for all conditions) (Figure

12). There was a significant negative interaction between CWR and the level of exercise
for EELV (p < 0.05).
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Firmre 12. Changes in EELV associattd with CWR during rest and exercise
(mean f SD). N s

* denotes p < 0.05, 7 denotes p < 0.001

Changes in Work of Breathing (Otis Method) with CWR
m

s in flow resistive work of breathina, The flow resistive work of breathing

WR)
per breath was not significantly different from control during all CWR conditions
@ = 0.088). Additionally, there was not a significant interaction between the CWR and

the level of exercise for this variable (p = 0.480).

B Elastic Work

Control CWR Control. CWR. Control. CWR .

Rest

Exercise 1

Exercise 2

F i m 13, Changes in the flow resistive and elastic components of the work of
breathing per minute (mean values only).

The flow resistive work of breathing per minute was not significantly elevated
during resting CWR @ = 0.733) or 25% V

O (p =~ 0,117)
~ CWR conditions (Figure 13).

However, Wm was significantlyelevated during the 45% v@@ CWR conditions @ <

0.001). A significant positive interaction was also present between CWR and the level of

exercise for the WFRper minute (p < 0.01).
Changes in elastic work of breathin% The elastic work of breathing (WE,)per
breath significantly decreased by 57% at rest (p < 0.05). 57% at 25% V O ~ + (p @ 0.001),
and by 56% at 45% VOZ+ (p < 0.001) during CWR conditions. There was a
statistically positive significant interaction between CWR and the level of exercise for the
WE,per breath (p < 0.001).

The elastic work of breathing per minute (Figure 13) decreased by 3 1% at rest (p
= 0.341),

29% at 25% ~

0 (p <20.05),~and by 29% at 45% V ~ (pM
< 0.001) during

CWR conditions. There was not a statistically significant interaction between CWR and
the level of exercise for the WU per minute (p = 0.057).

Chanaes The total work of breathing ( W T=~WEI+
WFR)per breath during CWR conditions was not significantly different kom control

conditions at rest (p = 0.089). However, CWR elicited a significant increase in W T per
~
breath at both exercise workloads @ < 0.001 for both). There was a statistically
significant positive interaction between CWR and the level of exercise for the WTaper
breath (p < 0.05).
During the resting and 25% VOZ+ conditions, CWR did not elicit increases in
the WTotper minute (p = 0.980 and 0.510, respectively). Ho-sever, during the 45%

bp.t
workload, CWR did result in a significant increase in WT,

per minute @ < 0.01).

Despite the apparent trend, there was not a significant interaction between CWR and the
level of exercise for the WTMper minute @ = 0.091).
Work of Breathing PressureTime Internal Method) with CWR

PIeural ~ressure-timeintearal. The pleural pressuretime integral ( f P,, df ) was
"r

not significantly affected by CWR during rest @ = 0.494) or 25% v&* (p = 0.461)
workloads (Figure 14). However, the f P, a? was significantly increased with CWR
"r

during the 45% V&

workload @ < 0.001). This trend resulted in a statistically

significant positive interaction between CWR and the level of exercise for f P, dt @ <
"r

c ~ressure-timei n t d AThe gamic pressure-time integral ( fP, dt) was

w

"r

significantly elevated during resting, 25% v&& and 45% V-

with CWR

conditions @ < 0.05 for all). Thae was not a statistically significant interaction between

CWR and the level of exercise @ = 0.240).
The transdiaphragmatic pressure-time
integral ( f P
, dt ) was significantly elevated during resting @ < 0.05), 25% V"r

@ < 0.001), and 45% votW @ < 0.001)

CWR conditions (Figure 14). There was not a

statistically significant interaction between CWR and the level of exercise for

f ~ dr
,
"r

-

1600 -

C

-A-

1400-

X

+CO&O~
Pa

1600-

Control Pa

1200 -

:::;

E

- low e
!
m
-0 800 .- 600 -

1000

600

-

-

400

-

0-

200

-

-

800

C

a

400

2

200

'n
'n

P

-v
-0-CwPa

0-

rest

25%

45%

t

/

rest

25%

45%

Firmre 14. Changes in pleural and transdiaphragmatic pressuretime integrals (mean
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* denotes p < 0.05, t denotes p < 0.001

Changes in Lung Comoliance with CWR
Changes in the dvnamic compliance of the lunq, The dynamic compliance of the
lung was not significantly altered at resting @ = 0.1 15) or 45% V O Z (p~= 0.222)
conditions; however, it was significantly decreased during 25% VO~+ conditions (p <

0.01). T h e i ~YE

22 significant interaction

between CWR and the level of exercise for

the dynamic crinpliance of the lung @ = 0.268).
Changes in hlmonarv Resistance with CWR
Changes in the isovolurnic ainvav resistance of the lung during insoiration,
During resting conditions, CWR elicited a significantly higher isovolumic airway
resistance (RISO-I) than that observed during control conditions (p < 0.01). However,
CWR failed to elicit an elevated RISO-Iduring 25% V+

(p = 0.098) or 45% ~ 0 2 p ~

(p < 0.104) conditions. There ?wnot a significant interaction between CWR and the

level of exercise for RISO-I@ = CJ.394).
m g e s in Gas Exchanee Variables with CWR
Oxygen consumption
, ) a ' %(

carbon dioxide production

*a),or the

respiratory exchange ratio (RER) were not significantly elevated during resting, 25%

v&+

or 45% ~02p.(tCWR conditions (p > 0.05 for all). There was not a statistically

significant i n t d o n b e e n CWR and the level of exercise for v&, VCG, or RER

@ = 0.774).
in Cardiac Outout and Its C o w @with CWR
in cardiac o u t o a The CWR conditions employed during in this study
did not elicit a significant decrease in cardiac output during resting conditions @ =
0.074). However, CWR did cause a significant decrease in cardiac output relative to
control at d o a d s of 25% v&+ and 45%

/.aw(p < 0.001 for both) (Figure 15).
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Fimre IS. Cardiac output at various exercise intensities during control, CWR, and
mimic conditions (mean SD).&&

* denotes p < 0.05,t denotes p < 0.001

There was a positive significant interaction between CWR and the level of exercise (p <
0.01).

While cardiac output was significantly higher during mimic than control
conditions at rest @ < 0.05), there were no other significant differences or interactions
between the control and mimic cardiac output measurements @ > 0.05for all tests)
(Figure 15).
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Changes in stroke volume. Stroke volume was decreased significantly 60m
control duririg resting @ < 0.05),25% VOZ+ @ < 0.001),and 45% V O Z(p~< 0.001)
CWR conditions (Figure 16). There was not a statistically significant interaction between
CWR and the level of exercise @ = 0.06). There were no significant differences or
interactions between control and mimic conditions for stroke volume (p > 0.05for all).
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Emre 166 Stroke volume and heart rate at various exercise intensities during
control and CWR conditions (mean f SD). &&,
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Changes in heart rate. While resting heart rate was not significantly elevated
during CWR conditions @ = 0.215). significant elevations did occur with CWR relative
to control at workloads of 25% V O Z @~< 0.05) and 45% V O Z ~ ~@J<; 0.05) (Figure
16). There was not a statistically significant interaction between CWR and the level of
exercise for heart rate (p = 0.065).
The mimic conditions did not elicit a significantly kigher heart rate relative to
control during resting or 45% VO-

workloads, however, it did induce a higher heart

rate during the 25% V O Zworkload
~
when compared to the control condition. There
was not a significant interaction between mimic conditions and level of exercise @ =
0.233).

s
0
0

0

-r

220

-

180

60 Q

rest 25%

45%

Figure 17. Changes in the a-iQ difference associated with various exercise and
experimental conditions (meanf SD). Note. * denotes p < 0.05, t denotes p < 0.001

Changes in a-V

Difference with CWR

During resting, 25% ~ 0 2 +and 45% VG+ workloads, CWR resulted in a
significant increase in the a-V 02 difference (p < 0.05for all) relative to control (Figure

17). There was not a significant interaction between CWR and the level of exercise for
the a-V & difference (p = 0.806).
in Blood Pressure with CWR
ges in mean arterial oressurc Mean arterial pressure (n = 4)was not
significantly affected by CWR at rest (p = 0.6260)(Table 2). However, mean arterial
pressure did siBnif~cantlyincrease during CWR conditions during both 25%

v&+

(p <

(p < 0.05)workloads. There was not a significant interaction

0.05) and 45% V-

between CWR and the level of exercise for mean arterial pressure @ = 0.065).
Table 2. Changes in Blood Pressure (mmHg; mean f SD)

Rest

25% V-

45%

v&@

Control

CWR

Control

CWR

Control

CWR

MAP

88f4

92f9

97f13

115f13*

107f9

131f9*

SBP

118f9

115f4

139f 15

150f 22

170 f 20 208 f 37t

DBP

73f5

80f13

76f 14

97f9

denotes p < 0.05,t denotes p < 0.01

76f4

93f18

Changes in svstolic blood oressurc. Systolic blood pressure (n = 4) was not
significantly different between control and CWR conditions at rest or at 25% v@+
CWR conditions @ = 0.794 and p = 0.350, respectively) (Table 2). However, CWR
conditions did elicit a significant increase in systolic blood pressure during the 45% v
02+

workload relative to control conditions @ < 0.01). There was not a statistically

significant interaction between CWR and the level of exercise for systolic blood pressure
@ = 0.106).

Changes in diastolic blood oressure, Diastolic blood pressure (n=4) was not
significantly affected by CWR conditions during rest @ = 0.447), 25% V0.054), or 45% v@+

@=

@ = 0.096) workloads. There was not a significant interaction

between CWR and the level of exercise for diastolic blood pressure @ = 0.173).
changes in Cardiac Time Intervals witCr CWR
Changes in the extrapolated pre-eiection oeriod. During resting and 25%
workloads, the length of the pre-ejection period (PEPL) decreased significantly during
CWR conditions when compared to control @ < 0.001 for both) (Figure 18). However,
the length of the PEPLwas not significantly affected by CWR during the 45%

irOz*

workload @ = 0.156). This resulted in a statistically significant negative interaction
between CWR and the level of exercise for PEPL@ < 0.001).
When expressed as a percentage of the cardiac cycle (PEP?), the PEP?? was
significantly shorter during the resting, 25% V&

and 45% V
-

CWR conditions

when compared to control conditions @ < 0.001 for all). There was a statistically
significant negative interaction between CWR and the level of exercise for PEP% @ <
0.001).

Changes in extravolated left ventricular eiection time, At rest, CWR conditions
did not have a significant effect on the length of left ventricular ejection time ( L V m ; p
= 0.298) (Figure 18). However, L V m significantly decreased during 25% V O , ~

PEP
LVET
0
DT

Control CWR .Ccmtrol CWR. Control CWR
Rest
25%
45%
Firmre 18. Changes in cardiac time intervals associated with CWR at various
workloads. &&,

-

* denotes p < 0.05, t denotes p < 0.001

CWR conditions @ < 0.05) and significantly decreased during 45%

CWR

conditions @ < 0.001). There was a statistically significant positive interaction between

the CWR and the level of exercise for LVETL@ < 0.001).

When expressed as a percent of the cardiac cycle (LVETOh), CWR did not have a
significant effect on LVETOh during resting conditions @ = 0.598). During 25% V O ~ ~ ,
and 45% ~0,p.k
CWR conditions, LVET% was significantly decreased during CWR
conditions @ < 0.001 for both). This resulted in a significant positive interaction
between CWR and the level of exercise for LVETOh (p < 0.001).
Changes in extraoolated diastolic time. During resting conditions, CWR did not
significantly affect the length of the diastolic time @TL; p < 0.067). However, during
25% v@+

and 45% V

O CWR
~ conditions,
~
DTLwas significantly longer than

during the control conditions (p < 0.001 for both). There was a significant positive
interaction between CWR and the level of exercise for DT' @ < 0.001).
When expressed as a percentage of the cardiac cycle @
CWR
+conditions
I%),
elicited a significant increase in DT% during resting @ < 0.05), 25% V-

@ < 0.001),

and 45% v@p.k@ < 0.001) workloads. A significant positive interaction between CWR
and the level of exercise was also present for Dl% @ < 0.001).

Changes in Left Ventricular Fillinn and Eiecrion Rates with CWR
Changes in left ventricular tilling rate. During resting conditions, 25% V&
and 45% vap*workloads, CWR significantly decreased the extrapolated left
ventricular filling rate (p < 0.001 for all) (Figure 19). There was also a statistically

significant positive interaction between CWR and the level of exercise for the
extrapolated LV filling rate (p < 0.001).
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Changes in filling and emptying rates elicited by CWR at various
workloads (mean f SD). &&

* denotes p < 0.05, t denotes p < 0.001

left ventricular emotving rate, During resting conditions, 25%
V-

and 45% VOZ* CWR workloads, the extrapolated left ventricular emptying rate

was significantly deaeased fiom control conditions @ < 0.001 far all) (Figure 19). There
was also a statistically significant negative interaction between CWR and the level of
exercise for the left ventricular emptying rate (p < 0.001).

Blood Parameter Resuonses to CWR
Changes in Neurohumoral Levels

in noreoineohrine levels. During both resting and 25% VOZ*
workloads, CWR did not elicit a significant increase in circulating norepinephrine levels
@ = 0.412 and p = 0.084, respectively) (Figure 20). However, CWR did cause a

significant increase in norepinephrine levels at the 45% VOZ+ workload (p < 0.001).
There was a statistically significant positive interaction between CWR and the level of
exercise for norepinephrine levels (p < 0.001).
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Firmre 20. Changes in norepinephrine and epinephrine levels elicited by CWR at
various exercise intensities (mean f SD). Note.

p c 0.001

* denotes p < 0.05, t denotes

Chances in eoineohrine levels. Circulating epinephrine levels were not
significantly affected by CWR during resting (p = 0.490) or 25% VO~+ (p = 0.114)
conditions. However, CWR did cause a significant increase in circulating epinephrine
during the 45% v&+ workload & < 0.001). This resulted in a statistically significant
positive interaction between CWR and the level of exercise for epinephrine levels (p <
0.05).
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Firmre 21. Change in dopamine levels elicited by CWR during various exercise
intensities (mean f SD). &&

* denotes p < 0.05, f denotes p < 0.001

changes in dooarnine levels. Circulating dopamine levels were not significantly
elevated by CWR during either the resting or 25% VO~M workloads @ = 0.465 and
p = 0.018, respectively) (Figure 21). During the 45% VOZ* workload, CWR did elicit a
significant increase in circulating dopamine levels (p < 0.05). There was not a significant
interaction between CWR and the level of exercise for dopamine levels @ = 0.192).
Changes in Blood Lactate Levels with CWR
Due to large amounts of cell lysis during the drawing of blood samples, data fiom
the blood lactate analysis was unusable. The reliability of the test used is significantly
reduced because cell lysis often results in spuriously high values.

C

P
While CWR did not have a significant affect on blood pH during

resting @ = 0.455) or 25% V
at the 45% V

O (p =~0.171),
~ blood pH did come close to significance

O CWR
~ conditions @ = 0.056) (Figure 22). Despite the apparent trend,

there was not a significant interaction between CWR and the level of exercise for pH.

m P C Q Artuialized venous PC% levels were not significantly altered
0.1041 or 45% Vby CWR during nsting @ = 0.908), 25% V G ~=@

conditions

(p < 0.171) (Figure 22). There was not a significant interaction between CWR and the

level of exercise.
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Discussion

Chronic heart failure patients often exhibit an abnormal ventilatory response to
exercise, which, combined with an enlarged heart per unit of thoracic cavity space, may
force a greater mechanical interaction between the heart and lung. In an attempt to create
a similar condition, we applied an inelastic external chest wall restriction to decrease vital
capacity by >30°?. This intervention resulted in significant decreases in tidal volume and
end expiratory lung volume, while also eliciting marked increases in breathing frequency
and the our estimates of the work of breathing. Additionally, CWR significantly
decreased cardiac output during two steady state exercise conditions. Based on the data
collected in this study, two observations can be made regarding these decreases in cardiac

output during CWR exercise conditions.

Fist,stroke volume is compromised at rest and

plateaus during exercise at a significantly lower stroke volume than during control
conditions. Second, increases in heart rate do not adequately compensate for the decrease
in stroke volume, which causes a decrease in cardiac output despite the continued
presence of a chronotropic reserve. The mechanisms by which CWR decrease cardiac
output are speculative.
Our data suggest that this decline may be the result of two influences: (1) a diiect
influence of greater competition for space within the thorax between the lungs, heart, and
thoracic vasculature, and (2) an increased dependence on the diaphragm and increases in
gastric pressure, potentially decreasing systemic venous return.

Our results demonstrated that vital capacity fell an average of 38% with the
application of the chest wall restriction. Additionally, the subjects' inspiratoty reserve
volume

dax&

by approximately 33% during CWR conditions. Current

literature suggeststhat conditions such as these may decrease cardiac output via the
mechanical compression of the heart and vena cavae by the lungs (Janicki a al., 1996).

During the CWR conditions of this study, we also observed increases in g&c
pressure of436%, 465%, and 518% during resting, 25% V&

and 45% ~ 0 2 ,

conditions, respectively. Literature would suggest that this may occur through an
influence on systemic venous rchun via the compression of the inferior vena cava in the

abdominal cavity (Takata et al., 1990).
The actual mechanisms by which the intrathoracic competition and/or increases in
gastric pressure resulted in a decline in cardiac output (or reduced response to exercise)

are not clear 6om our study. Additionally, there are may other potential mechanisms that
may exert an effect on cardiac function during the CWR conditions of our study (e.g.,
increased intrathoracic pressure, increased blood pressure, changes in right and lef?
ventricular afterload, etc.). Over the remainder of the discussion we will focus on
plausible mechanisms by which the changes in lung volumes and increased gastric
pressures may influence cardiac function during exercise.
a e c t s of CWR on Svstemic Venous Return
To date, no direct measures of systemic venous return (SVR) during CWR
conditions have been reported. However, several researchers have reported decreases in
systemic venous return caused by impingement of the vena cavae due to heightened lung
inflation (Fessler, Brower, Shapio, & Pennutt, 1993) and by inferior vena caval
compression resulting from increases in abdominal pressure (Takata ct al., 1990).
Additionally, the inferior vena cava may collapse if decreases in right atrial pressure
during inspiration do not coincide with decreases in the resistance provided by the
abdominal region (Janicki et al., 1996).
Effects of lung volume chances on SVR. During CWR conditions of this study,
total lung capacity was decreased via the physical compression of the chest wall and
abdomen. Residual volume, end expiratory lung volume and inspiratory resetve volume
were significantly reduced as well. Such a reduction in thoracic space compounded with
a decrease in the inspiratory reserve volume may have caused a significant compression
of the vena cavae, thmby reducing venous return (R?ssler, Brower, Shapiro, & P m t f
1993). This compression may have been more pronounced due to the breathing pattan

used by the subjects (i.e., small tidal volume, high breathing frequency). This would not
allow for the decreases in compressive force that occur during expiration when a larger
tidal volume is utilized.
Effects of pressure-time integral changes on SVR. The abdominal pressure-time
integral changes associated with CWR during this study may have also significantly

, dr during CWR
reduced systemic venous return. The significant increases in the f P
"r

conditions are representative of marked increases in the pressure of the abdominal cavity
over time. This increased abdominal pressure exhibited during CWR conditions may
have decreased the overall intravascular pressure gradient and venous rmtm from the
lower extremities, which may have caused a redistribution of blood flow to the upper

extremities (Janicki et al., 1996). More importantly, the increases in abdominal pressure
exhibited by our subjects during CWR conditions may have reduced venous return via
compression of the inferior vena cava in the abdominal cavity (i.e., the presence of a
Starling resistor, Takata et al., 1990).

In addition to the increases in

f~, dr during CWR conditions, the augmented
"
I

fP, & during 45%

V-

CWR conditions may have W e r decreased venous return

"r

by lowering of right atrial pressure. As previously mentioned, the incrwes in abdomii~d
cavity pressure associated with CWR conditions may form a Starling resistor with the
inferior w ~ cuam. Thus,significant increases in the intravasculu pressure gradient from

the actnthondc veins to the right atrium during inspiration may result in the collap.sc of

the inferior vena cava due to the limitation of peak blood flow by the abdominal Starling
resistor (Janicki et al., 1996).
Effects of blood Dressure changes on SVR. The increases in mean arterial blood
pressure observed during the CWR conditions of this study may have helped to
counteract the above mentioned mechanisms (which impede venous return) by increasing
the intravascular pressure gradient from the periphery to the right atrium. However, it is
unclear as to whether or not this mechanism played a large role in the augmentation of

.

venous return, since it is difficult to predict whether or not the increases in arterial
pressure were transmitted forward to the venous vasculature.
Effects of circulating catecholamine changes on SVR. The significant increase in

circulating catecholamines observed in this study during CWR conditions may have
initially assisted venous return by eliciting venoconstriction. This would allow for a
reduction in the volume of blood being stored in the veins, and provide a transient
mechanism to increase venous return at the onset of exercise (Rowell, 1993).

w
f
E ect

To date, no direct measures of right ventricular function during CWR conditions
have been reported. It has been reported that high operating lung volumes may cause a
mechanical compression of the right ventricle (Takata & Robotham, 1992). Increases in
pulmonary vascular resistance may also increase the afterload placed on the right
ventricle (Whinenberger et al., 1960) which would cause a decrease in the inotropic
reserve of the right ventricle.

Effects of l u n ~volume chanaes on RV function. As previously mentioned, CWR
decreases the volume of the thoracic cavity and creates an increase in the competition for
thoracic space. The decrease in both thoracic space and inspiratoty reserve volume may
result in physical compression of the hear: (i.e ,increase heart-lung interdependence)
which would reduce the filling capacity of the right ventricle (Janicki et al., 1996).
Additionally, the mean pressure applied to the heart by the lungs may be increased due to
the small tidal volumes and high breathing fnquencies exhibited by our subjects. If this
increased interaction bemeen the heart and lung was present during CWR conditions,
this mechanical cardiac compression by the lungs may have hindered ventricular filling
(similar to the limitation of end diastolic volume by a restrictive pericardium), which
would in turn hinder left ventricular stroke volume (Robotham & Mitzner, 1979).
The effects of the decreases in EELV and EILV on pulmonary vascular resistance
during CWR remain unclear. Thc low lung volume breathing exhibited by our subjects
may have induced an elevation in pulmonary vascular resistance by increasing the
amount of pulmonary vasculature existing in a Zone IV pulmonary blood flow condition
(i.e., when the extn-alveolar blood vessels within the lung collapse; West, 1995;
Whittenberger et al., 1960). This elevated pulmonary vascular ruistance may decrease
right ventricular output during CWR conditions if the pulmonary vascular resistance
exceeds the force production capacity of the right ventricle. However, this probably
occurs only during exercise conditions, since CWR has not been shown to elicit

atelectasis or ventilation-phsion mismatches at rest w i n e b a g et al., 1981).

Effects of ~ressure-timeintegrals on RV function. As previously mentioned, the
increases in the

!P,dt associated with CWR during exercise may have reduced the
"r

pressure within the right atrium and the distending pressure of the vena cavae, causing an
increase in the intravascular pressure gradient from the periphery (Janicki et al., 1996).
The extent to which this pressure gradient assisted right atrial filling is dependent on the
response ofthe systemic venous return, which has been previously discussed in this
paper. Our data suggest that systemic venous return through the inferior vena cava was
decreased during CWR conditions (via the proposed abdominal Starling resistor), which
would have compromised both right atrial and right ventricular filling, and in turn, stroke
volume (Janicki et al., 1996; Takata et al., 1990).
Effects of blood Dressure changes on RV function. If the increases in mean
arterial blood pressure during exercising CWR conditions (approximately 19% and 22%
during 25% v&@ and 45%

v&+

workloads, respectively) did successfully increase

the venous return gradient to the right atrium, this would have resulted in a greater filling
pressure of the right atrium and right ventricle. This increased right ventricular fil!lng
pressure would have increased the preload placed on Lhe right ventricle, which would
increase its force production via the Frank-Starling mechanism (Guyton & Hall, 1996).
Effects of circulating catecholamine changes on RV fun&

The significant

increases in catecholamines seen during the highest level of CWR exercise may have
augmented right ventricular function by increases in contractility and heart rate. These
increases in contractility would help to counteract any increases in afterload (e.g.,

increases in pulmonary vascular resistance, increases in pulmonary venous pressure, ac.)
that may occur during CWR conditions.
Effects of CWR on Left Ventricular Function

mectJof

- emu l ov-

on LV function, The effects of the lung volume

changes observed during CWR conditions on left ventricular function should be similar
to tho% proposed on the right ventricle. The increases in end inspiratoly lung volume in

addition to the decreases in thoracic space induced by CWR during this study may
increase the interaction between the heart and lung, which may have resulted in a
mechanical compression of the heart. This would result in a decrease in the stroke
volume of the left ventricle.
of -intion

on LV fi-

The changes in minute

ventilation observed during the CWR conditions of this study probably do not have a
significant effect on left ventricular function. However, the decreases in tidal volume and
increases in breathing frequency used by our subjects during the CWR conditions may
force a greater interaction between the heart and lung by failing to alleviate the pressure
placed on the heart at end expiration.

Effectsin the work of breath inp on LV finaion, The marked
increases in the work performed by the diaphragm (estimated by the pressureintegral
method) should produce m inaeased demand for blood flow to that region. This
increased derrmd for blood flow was apparently met by the redistribution of blood from

the teast active tissues. Increwes in oxygen demand that cannot be met by the
redistribution of blood flow would result in an even greater stimulus to increase the

output of the left ventricle. This proposed increase it: biood flow to the respiratory
muscles might explain why :he relative decreases in cardiac output were slightly blunted
as the subjects' workload increased (i.e., the augmented work of breathing forced an
increase in respiratory muscle blood flow due to increases in oxygen demand).
Additionally, this increase in oxygen consumption by the respiratory muscles may have
contributed to the widened a-v 02 difference seen during the CWR conditions of this
study.
The increases in the $P,dt associated with CWR at the 45% V-

workload

v,

may have increased the afterload placed on the left ventricle. This overall more negative
pleural pressure may have caused a slight distention of the aorta, which would decrease
its pressure, and in turn,decrease the intravascular pressure gradient to the body. When
looked at on a per-minute basis, this may have inhibited the flow of blood from the aorta
to the body, which would result in an increased afterload placed on the left ventricle
(Janicki et al., 1996).

Effect of circulating catecholamine changes on LV fimnction, The significantly
elevated catecholamine levels exhibited by our subjects during the 45% V-

CWR

workload probably played a significant role in the maintenance of cardiac output The
increases in norepinephrine and epinephrine should have increased the contractility of the
left ventricle, in addition to providing a positive chronotropic stimulus (Guyton & Hall,
1996).

Despite the above mentioned positive effects on the left ventricle, the increase in
circulating catecholamines during the CWR conditions of our study should have
indirectly compromised left ventricular output by increasing total peripheral resistance.
This probably occurred since both NE and EPI generally cause a vasoconstriction in the

least active tissues during exercise (Guyton & Hall. 1996).
mlication~

Is CWR a Model for CHF?
Throughout this paper, we have suggested that the CWR conditions used in this
study provide a model that resembles the cardiopulmonary interactions that are prominent
in chronic heart failure. The augmented cardiopulmonary interaction was established by
markedly reducing the compliance of the chest wall by the application of inelastic bands,
which elicited lung volume changes similar to those observed in CHF patients. We
observed a fall in cardiac output at rest and during exercise, and our subjects exhibited
significantly elevated levels of catecholamines during CWR conditions as the work rate
incnased, which is also similar to the neurohumoral responses of CHF patients to
exercise.

M o n s in CHF?
We feel that our data may provide some insight into how the pulmonary system
may contribute to cardiac dysknction in chronic heart failure patients. It is possible that

the increases in heart size and the restrictive lung changes associated with CHF may
increase the competition for thoracic space and cause significant changes in the prcsswes

generated during breathing (e.g.. gastric pressure). These changes may further
compromise cardiac output, especially during activity.
We speculate that systemic venous return is significantly icssened by the
breathing patterns used by CHF patients. This reduction is brought about by both the
compression of the vena cavae by the lung in the thoracic cavity due to an increased

EILV (Janicki et a]., 1996), and the compression of the inferior vena cava by the
significant pressure increases within the abdominal cavity (Takata et al., 1990).
Additionally, the changes in the compliance of the lung which often occur in CHF would
elevate the pleural and transdiaphragmatic pressures required to iidlate the lung to a
given volume, which should cause a greater decrease in inferior vena caval blood flow.
The output of the ventricles would be compromised the by diminution of venous return to
the heart, and would in turn limit the peak exercise capacity of the CHF patient.
The decreased inspiratory reserve volumes exhibited by CHF patients (compared
to controls) are likely secondary to ventricular hypertrophy, resulting in altered lung-heart
interdependence. In our model, reduced lung volume by thoracic compression produced
a similar effect. This compression may have caused an increase in the mechanical
compression of the ventricles and decrease their end diastolic volume, which in turn
would decrease its stroke volume (Janicki et al., 1996). Additionally, our data suggest
that the mean pressure applied to the heart was also increased due to the small tidal
volumes used by CHF patients, which would not allow for the decrease in pressure
during expiration associated with a larger tidal volume. Furthermore, the low lung
volume breathing typically exhibited by CHF patients during exercise may compromise

right ventricular output by increases in pulmonary vascular resistance due to the increases
in the proportion ofzone N pulmonary blood flow conditions within the lung (West.
1995; Whinenberger et al., 1960). This increase in pulmonary vascular resistance may be

counteracted by the elevated catecholamine levels, which would increase the contractility
and peak force production of the right ventricle (Guyton & Hall, 1996).
The mechanical compression forces generated by the lungs acting on the right
ventricle probably significantly decrease the stroke volume of the left ventricle in CHF
patients as well. Additionally, this study suggests that the function of the left ventricle
may be fi,uther compromised due to elevations in the pleural pressure-time integral,
which would decrease the intravascular pressure gradient to the body (Janicki d al.,
1996). The elevated catecholamines observed during the CWR conditions of this study

assisted in the distribution of blood flow to the active tissues (via vasoconstriction in
inactive tissues) and the enhancement of myocardial contractility. It is likely that the

CHF patient relies heavily on these catecholamine increases to meet the blood flow
demands placed on the left ventricle. However, the beneficial effects of these elevated
catecholamines may be reduced in CHF patients due to the downregulation of areceptors caused by the chronic elevation of plasma catecholamines.
Whv Do CHF Patients & p o n d to Exercise with Such a V e n t i l e
It is possible that the ventilatory response to exercise in CHF patients (small tidal
volume, high breathing ficquency, low EELV) is the result of an attempt to avoid an
increase in heart-lung interdependence. Chronic "subclinical" edema may increase the
inertia of the lung tissue itself, making this avoidance even more beneficial.

Whether or not different panerns of breathing elicit different sensations of
dyspnea or chest discomfort in CHF patients is unclear. However, the results from our
study suggest that despite the attempts made by CHF patients to avoid the effects of lung
inflation on the heart, their cardiac finction may be compromised by a greater degree due
to the impingement of the inferior vena cava by incremes in abdominal pressure.
What Can Be Done to Minimize the Effects of Ventilation on Cardiac Function in CHF2
Perhaps one of the most important measures that can be taken to decrease the
interdependence of the heart and lung is the pharmacological management of the CHF
patient. Drugs that minimize the size of the heart by decreasing the overall blood volume
(diuretics, ACE inhibitors, etc.) are essential to the minimization of wdiac size.
Additionally, these drugs may help to limit pulmonary wngestion/edema and would
decrease the inertia of the lung, which may reduce the compressive force placed on the
he ;t. Drugs such as a-adrenergic receptor blockers that induce pulmonary vasodilation
may also help to decrease the afterload placed on the right ventricle by the increased
pulmonary vascular resistance, which would augment the stroke volume of the
right ventricle.
In addition to pharmacological therapy, it may prove to be beneficial to explore
the effects of different breathing patterns on cardiac knction. By increasing the
proportion of work done by the accessory inspiratory muscles, an intravascular pressure
gradient to the right atrium may be generated without the significant increases in
abdominal pressure elicited by the overuse ofthe diaphragm. This would allow for an
increase in systemic venous return, and would not cause the collapse of the vena cavae

which may occur when a Starling resistor is present in the abdominal cavity (Janicki et
al., 1996).

CHAPTER V
SUMMARY,CONCLUSIONS,AND RECOMMENDATIONS

.

Summq

We examined the effects of an inelastic chest wall restriction on pulmonary and
cardiovascular function in 12 healthy subjects (1 1 male, 1 female). Forced vital capacity
maneuvers were performed to obtain baseline lung volumes, after which the CWR was
applied such that the subject's vital capacity was reduced by >30%. Data regarding
ventilation, work of breathing gas exchange, cardiac output, cardiac time intervals,
neurohumoral levels, and arterialized blood gas partial pressures were acquired at rest
and during cycle ergometry at two different submaximal workloads.
We observed significant decreases in total lung capacity, vital capacity, residual
volume, and end expiratory lung volume during both resting and exercising C W R
conditions. Our subjects responded to the decreased chest wall compliance with CWR by
significantly decreasing their tidal volumes and increasing their breathing fiquency,
which significantly increased ventilation over control conditions during the highest
exercise condition. Despite this increase in ventilation, there was not a significant
increase in the V&'CO,

ratio during CWR conditions, implying that dead space

ventilation was not significantly affected during CWR conditions. These breathing
patterns elicited by CWR resulted in a significant increase in the total work of breathing
(elastic work plus flow resistive work) during the highest level of exercise, which was

primarily due to a significant increase in the flow-resistive work of breathing (calculated
using the Otis method). However, analysis of the transdiaphragmatic pressure-time
integral indicated that the diaphragm was performing a significantly greater amount of
work during all CWR conditions, which was not detected by the Otis method. Despite
the apparent increase in the amount of work being done by the respiratory muscles,
neither oxygen consumption nor carbon dioxide production was significantly elevated
during the CWR conditions of this study.
Cardiac output was decreased significantly during the exercise CWR conditions
of this study. This was due to significant decreases in stroke volume, despite significant
increases in heart rate. The decrease in cardiac output combined with a constant level of
oxygen consumption during CWR conditions resulted in a widened calculated a-V 02
difference during resting and all exercise conditions. Mean arterial pressure was
increased significantly during both exercise CWR conditions compared to control, while
systolic blood pressure increased significantly only during the highest CWR exercise
condition compared to control conditions. Diastolic pressure remained relatively
unaffected by CWR. The left ventricular filling rate was significantly decreased by CWR
conditions, as was the left ventricular emptying rate.
The CWR conditions elicited a significant increase in norepinephrine,
epinephrine, and dopamine only during the peak exercise workload relative to control
conditions. Despite the significant increases in ventilation, the subjects involved in this
study did not show any significant changes in their arterialized blood PC02 or pH levels.

Unfortunately, we were unable to analyze blood lactate levels during this study due to
excessive cell lysis during the drawing of blood.
The mechanisms causing the decrease in cardiac output during CWR conditions
remain unclear. We speculate that CWR conditions significantly decrease cardiac output
by reduction of systemic venous return and by compromising the function of both the
right and left ventricles.

conclusion^
The methods used to restrict the chest wall in this study resulted in significant
changes in pulmonary and cardiovascular function during both rest and exercise. While
much remains unclear, four plausible mechanisms for the decreases in cardiac output
seen during CWR can be derived from the data collected in this study.
We speculated that the decreases in cardiac output seen during the CWR
conditions of this study were primarily due to: (1) increases in abdominal pressure,
subsequently causing a decrease in venous return, and (2) increases in heart-lung
interdependence. The decreases in inspiratory reserve volume compounded with
increases in abdominal cavity pressure during CWR conditions probably caused a
compression of the superior and inferior vena cavae, which decreased the amount of
venous retum to the heart, thereby causing a reduction in cardiac output.
We also postulated that the decreases in inspiratory reserve volume seen during
the CWR conditions of this study forced an increase in the interdependence of the heart
and lung. This heightened interdependence may have acted much like a restrictive
pericardium, which would have inhibited the filling of the chambers of the h w t . This

mechanism may offer a partial explanation for the decreases in stroke volume (and the
resultant increases in heart rate) seen during the CWR conditions of this study.
A third plausible mechanism explaining the decrease in cardiac output may be

changes in the afterload placed on the right ventricle. The combination of lolv lung
volume breathing and significant increases in circulating catecholamines may have
increased the afterload on the right ventricle by i~creasingthe proportion of Zone N
pulmonary blood flow conditions within the lung, and by vasoconstriction of the
pulmonary vasculature. This would dmease the inotropic reserve of the ventricle and
may compromise exercise performance at higher workloads.
While the CWR conditions used in this study do not provide a perfect model for
the study of CIS,we do believe that there are sufficient similarities between CWR
condiions and CHF so that some insight into the effects of respiuation on cardiac
function in CHF may be provided. Our data suggest that the breathing pattern utilized by

CHF patients is the result of an attempt to avoid heightened levels of heart and lung
interdependence. However, in adopting this breathing pattem, CHF patients may inhibit
venous return through the inferior and superior vena cavae in both the thoracic cavity @y
the compression of these vessels by the lungs) an in the abdominal cavity @y the
compression of the inferior vena cava by the abdominal contents). Additionally, CHF
patients may compromise the finction of both the right and left ventricles by significantly
increasing both pulmonary vascular resistance @y low lung volume breathing and
increases in circulating catecholamines) and total peripheral resistance (by increases in
circulating catecholamines).

Recommendations
While the results of this study do provide several insights into the regulation of
the pulmonary and cardiovascular systems during restrictive breathing, much remains
unknown. Our study used noninvasive methods to acquire cardiac output (open circuit
method) and blood parameters (arterialized hand vein), which does cause a larger degree
of error than the measurement of these variables directly. Measurement of cardiac output
using the direct Fick method may allow a more accurate assessment of the changes in
cardiac output, in addition to providing ready access to arterial and mixed venous blood
parameters.
Changes in pulmonary vascular resistance during this study were purely
speculative, and are worthy of analysis due to their relevance to exercise limitation in

CHF. Additionally, methods to quantify the mechanical interaction between the heart
and lung during both CWR conditions and in CHF patients would prove useful in the
understanding of the interdependence of the heart and lung in health and disease.
The changes in the peripheral vasculature were largely left to speculationin this
study as well. The changes in blood distribution and systemic vascular resistance
associated with CWR may play a large role in the limitation of exercise and the a c t i d o n
of baroreflexes. Direct measurement of baroreflex activity during exercise and chest wall
restriction would also be useful.
We feel the CWR conditions used in this study do provide a crude model for the
study of CHF. Thus, it may be of clinical relevance to further the examination the

physiological changes induced by restrictive breathing and their correlation to the
changes that take place in the chronic heart failure patient.
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READ THE FOLLOWING MATERIAL TO BE SURE THAT YOU
UNDERSTAND THIS MEDICAL RESEARCH STUDY. PLEASE SIGN THE
FORM IF YOU AGREE TO PARTICIPATE. YOUR SIGNATURE ON THE
F'ORM CONFIRMS THAT WE HAVE INFORMED YOU OF THE NATURE
AND RISKS OF PARTICIPATION AND THAT YOU HAVE MADE YOUR
DECISION FREELY. YOU WILL GET A COPY OF THIS CONSENT FORM.
Purpose of Study:
The purpose of this study is to deyemine if there are siwcant changes in heart
function when the respiratory system (lungs and muscles of breathing) is forced to
mimic a diseased state.
Procedures/Duration of Study:
1. Time Commitment
There will be two separate days on which testing will take place. The fint visit
consists of a maxima effort exercise test on a s&tionary bicycle. Only noninvasive measurements will be taken during this test (i.e. oxygen uptake, heart
rate, peak workload, etc.). This should take less than one hour. The second
visit will consist of 6 low intensity exercise periods, periods with chest
strapping will be assigned randomly. During this visit, esophageal pressures,
ear densitogram measurements (measurements of body saturation), blood
samples, and non-invasive measurements will be acquired. This visit will last
approximately 2-3 hours.

2. Questionnaire
Prior to the administration of any testing, the subject will be asked to complete
a brief auestionnaire about their dietarv habits. smoking status. medical
conditidns, menstrual status (women),&dications, an; over& health history.
The subject will then review and sign the questionnaire, acknowledging the
accuracy of the answers. The questionnaire should take no longer than 5
minutes to answer and will be administered only once.
IRB 1053-99 00
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3. Graded Cvcle Eroometer Test
The graded exercise test will be performed on a stationary bicycle. The graded
exercise test will be divided into two parts. An incremental portion will
involve a progressive increase in resistance until you are no longer able to
pedal at a rate of 50 revolutions per minute against the resistance, or until you
request to stopping. You will then be allotted 10-20 minutes of rest. The
sustained ponion of the test will involve pedaling at 85% of the maximal
workload achieved in the incremental test. The test will bt: terminated when
you are no longer able to pedal at a rate of 50 revolutions per minute against
the prescribed resistance, or until you request stopping. You will wear ECG
electrodes and a mouthpiece and nose-clip during this test.
4. Pulmonarv Function Test

The pulmonary function test will involve inhaling and exhaling normally,
inhaling and exhaling to both maximal inspiratory and expiratory lung
volumes, and performing several breathing maneuvers that allow for the
measurement of the rate of air flow in relation to the volume of the lung.

5. Hand Vain
A small catheter will be placed in a hand vein to permit repeated blood
samoline.
r the
" A small area of the back of their hand will be numbed ~ r i o to
placement of this catheter (2% lidocaine). After the catheter is placed, the
hand will be placed in a heated box for approximately 40 minutes, to increase
blood flow through the vein.
6. Esoohageal Balloon
Before placing the esophageal balloon the nose and throat numbed with an
anesthetic (lO%lidocaine). The esophageal balloon will be attached to the end
of a catheter, inserted through the nasal opening, pass down the back of the
throat, and be placed in the esophagus (approximately 18 inches from the
nose).
7. Ultrasound Doooler Measuremen&
An ultrasound Doppler will be used to acquire the speed of blood flow through
the carotid artery. This will be done using a probe that will be applied to the
left of the windpipe on the neck. A small amount of gel will be applied to the
site also. The'probe will be held at the side of the neck for 1-2 minutes while
measurements are taken, and will be removed between measurements.

8. Cardiac Out~ut
To measure cardiac output you will breathe in and out of a mouthpiece
connected to a bag con&niig a mixture of oxygen, acetylene, and nitrogen.
Then you will inhale and exhale this mixture for 8-9 breaths, at which point a
valve will be switched and you will breathe room air again.
9. chest Straooine fusing an inelastic corset)
ZRB 1053-99 00
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The subject will be seated on a stationary bicycle without pedaling, so that the
position in which the testing will be performed will be mimicked. The
individual will place a rigid corset around their ribs and upper abdomen, and
the resevchers will position it so that the edges of the corset fit snugly against
the armpit of the subject. The subject will then exhale, and the corset will be
tightened as much as possible by the researchers while at that lung volume.
Pulmonary function tests will be administered to measure the reductions in
lung volume as a result of strapping.
10. Restino and Exercise Measurements (Workloads: rest. 25%. 45%. and 65% of

max)

The subject will sit motionless on the cycle ergometer for the restinghaseline
measurements. Then the subject will pedal on a stationary bicycle at
workloads of 25%, 45%, and 65% of the peak workload achieved in his first
visit. Once heart rate and oxygen uptake stabilize. Lead VS (ECG), ear
densitogram recordings, cardiac output, and esophageal pressures will be
simultaneously measured. This will be performed during both strapped and
unseapped conditions (the order of which will be randomized and balanced).
Each bout should last approximately 10-12 minutes. Blood samples will also
be drawn during these exercise bouts as described below.
11. Blood Samole Analvsis
During the last minute of each period of resting and exercise tests, two blood
samples will be drawn from the hand vein. The total amount of blood drawn
will be approximately 3 tablespoons (42cc's) of blood.

Protocols:

Visit 1-The subject will be asked to complete a brief questionnaire, which
assesses their medical history and exercise habits. The subject will then have their
height and weight measured. The subject will also exercise on a cycle ergometer
until exhaustion. After adequate recovery time, the subject will then be released.
Visit 2 -The subject will have an esophageal balloon placed through one nostril
and into their "food pipe" so that changes in the work of breathing can be
accurately measured TO reduce disco&fort, an anesthetic will be-sprayed in the
nostril and the back of the throat. The subiect will also have electrodes placed on
their chest so that heart rate can be measured. Subjects will be studied Gder two
conditions: with or without chest straupino, the order of which will be
randomized. Exercise will be perfo&id ii.the upright position, under the
followino conditions. The conditions will be as follows: restino, and 25%. 45%.
and 65%-of the max wattage achieved during his first visit.

-

RiskslDiscomforts:

ZRB 1053-99 00
September 28,1999

Page 3

119

1. Hand Vein Catheters

Risks of placing intravenous catheters in the hand include bruise or clot
formation and infection. These complications arc unlikely in healthy young
subjects who have the catheter in place for brief (two hour) periods of time.

2. Graded Exercise Tests
There is a minor discomfort associated with maximal exercise testing.
including temporary fatigue, shortness of breath, and muscle soreness. These
sensations resolve within minutes after the test is completed.
3. Esouhaeeal Balloon$
' Risks of placing esophageal balloons include discomfort or soreness in the
esophagus and trachea during placement and after the removal of the balloon.
Then is also a possibility of temporary, noticeable stridor (whistling or
wheezing during respiration) and/or coughing if the balloon enters the trachea.
4. Chest Sfrau~ing
Risks of chest strapping include possible chest discomfort, sensations of
dyspnea (difficulty brearhing), mild bruising, or muscular soreness during and
shortly after chest strapping.

The cardiac output method of breathing acetylene through a mouthpiece and the
ultrasound doppler pulse tracings are both non-invasive and not associated with
any known complications.

This study may be harmful to an unborn child. There is not enough medical
information to know what the risks might be to that unborn child. Female subjects
who are able to become pregnant and who are sexually active must agree to
practice some form of birth control measures either themselves or by their partner
while in this study. Women who can still become pregnant must have a pregnancy
test before taking part in this study. Blood will be taken from a vein in your arm
with a needle 1 to 2,days before the fint exercise evaluation of this study. A
repeat blood sample will not be required for the one to two week duration of the
study as long as you agree to birth control practices outlined above. You will be
told the results of the pregnancy test. If the pregnancy test is positive, you will not
be able to take pm in any phase of the study.
Benefits
You will receive no direct benefit from participation in this study. However, the
results of any fitness testing will be supplied to the subject upon request. Also, the
end results of the study will be reported to the subject upon request.
Cost of Tcsts and Procedures:
The cost of all tests and procedures directly related to participation in this Study
will be paid for by the study. These tests and procedures are the placement of
ZRB 10.53-99 00
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hand vein catheters, drawing and analysis of blood, the placement of esophageal
balloons, graded cardiopulmonary exercise tests, steady state exercise tests, and
pulmonary function tests.
If you finish the study, you will get 3100. This money is for the inconvenience
and time you spent in this study. If you start the study but stop before the study
has ended, you will get part of this money.

Voluntary Participation:
The principal investigator, Jordan Miller, telephone (507) 458-5526 or coinvestigator, Dr. Johnson, telephone (507) 284-6799, may be contacted at any time
about the nature, conduct, or problems with the study. Participation in this
research study is voluntary. You may refuse to enter the study or may stop at a ~ y
time. Refusal to participate or continue will not affect you right to receive other
medical care at Mayo which might help you now or in the future.
Termination of Participation:
The investigators or Mayo may stop your involvement at any time if it is in your
best interest.. if vou do not follow the studv reauirements. or if the studv is
stopped. You will be told of signscant &w &dings or kychanges & the study
or procedures that may occur.

.

Treatmenffcompensation for Research-Related hjury:
Mayo will provide n?edicd.s~:.nicesfor treatment of acute illness or injury which
directly rsslll;&om participation in this,research project. Such services will be
~ z e i not
f covered by a health plan or insurance. No additional compensation will
be provided. Further information about Mayo policies, the conduct of this study,
or the rights of research subjects may be obtained from Barbara L.Porter,
Secretary of the Institutional Review Board, Section of Research Services, Mayo
Foundation, telephone (507) 284-2329.
Confidentiality:
Although data from this study may be published, confidentiality will be
maintained. Your name and other identifvina information will not be released
without written permission except as suc6 release is required by law. Your
medical record will be used bv the investiaators in this studv. Representatives of
n Lave
t
access to midical iecords to verify
the Anesthesia Research ~ e ~ k ewill
the entries on the case report forms. Medical records related to this study may be

-
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made available to the Food and Drug Administration as provided in federal
regulations.

I HAVE HAD AN OPPORTUNITY TO HAVE MY QUESTIONS ANSWERED.
I HAVE BEEN GIVEN A COPY OF THIS FORM. I AGREE TO
PARTICIPATE IN THIS STUDY.

- ------@ate)
Number)

@ate)

ZRB 1053-99 00
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(Signature of Phcipant)

(Clinic

(Signature of Individual Obtaining Consent)
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This is an important form. Please read it carefully. I t tells you what
you need to know about this study. If vou agree to take art in this
iesearch study, you need to sign his f d h . vour signa&re means that
you have been told about the study and what the risks are. Your
signature on this form also means-that you want to take part in this
study.
Why is this study being done?

The purpose of this study is to determine if then are significant changes in heart
function when the respiratory system (lungs and muscles of breathing) is forced to
mimic a diseased state.
How many people will take part in the study?

The plan is to have 10 people take part in this study. Ten people will be enrolled at
Mayo.
What will happen in the study?

Protocols:
Visit 1 -The subject will be asked to complete a brief questiouuake, which
assesses their medical history and exercise habits. The subject will then have their
height and weight measured. The subject will also exercise on a cycle ergometer
until exhaustion. After adequate recovery time, the subject will then be released.

. -

Visit 2 -The subiect will have either the eso~haaealballoon or both the
esophageal and gastric balloons placed through one nostril and into their "food
uiue" (andlor
stomach) so that changes in the work of breathing can be accurately
.
measured. To reduce &scornfort, & anesthetic will be spraye&in the nostril and
the back of the throat. The subiect will also have electrodes placed on their chest
so that heart rate can be measu&d. Subjects will be studied inder two conditions:
with or without chest strapping, the order of which will be randomized. Exercise
will be performed in the upright position, under the following conditions. The

--
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conditions will be as follows: resting, and 25%, 45%. and 65% of the ma.x wattage
achieved during his fmt visit.
Whether or not you will be strapped or unstrapped first (during Visit 2) will be by
chance (as in the flip of a coin.).
1. Time Commitment
There will be two separate days on which testing will take place. The first visit
consists of a maximal effort exercise test on a stationary bicycle. Only noninvasive measurements will be taken during this test (i.e. oxygen uptake, hem
rate, peak workload. etc.). This should take less than one hour. The second
visit will consist of 6 low intensity exercise periods, periods with chest
strapping will be assigned randomly. During this visit, esophageal pressures,
carotid pulse tracing measurements (measurements of blood flow), blood
samples, and non-invasive measurements will be acquired. This visit will last
approximately 2-3 hours.
2. Graded Cvcle Ereometer Test
The graded exercise test will be performed on a stationary bicycle. The graded
exercise test will be divided into two parts. An incremental portion will
involve a progressive increase in resistance until you are no longer able to
pedal at a rate of 50 revolutions per minute against the resistance, or until you
request to stopping. You will then be allotted 10-20 minutes of rest. The
sustained portion of the test will involve pedaling at 85% of the maximal
workload achieved in the incremental test. The test will be terminated when
you are no longer able to pedal at a rate of 50 revolutions per minute against
the prescribed resistance, or until you request stopping. You will wear ECG
electrodes and a mouthpiece and nose-clip during this test.

3. Pulmonarv Function Test
The pulmonary function test will involve inhaling and exhaline n o d y ,
inhaling and exhaling to both maximal inspiratoG and expiratory lung volumes,
and performing several breathing maneuvers that allow for the measurement of
the rate of air flow in relation to-the volume of the lung.
4. HandVeiq

A smU catheter will be placed in a hand vein to permit repeated blood
sampling. A small area of the back of their hand-will be n b b c d prior to the
placement of this catheter (2%lidocaine). After the catheter is placed, the hand
will be placed in a heated box for approximately 40 minutes, to increase blood
flow through the vein.
5. Esoohaeea! Selloon
Before placing the balloon the nose and throat will be numbed with an
anesthitic (lO%lidocaine). The esophageal balloon will be attached to the end
of a catheter, inserted through the nasal opening, pass down the back of the
IRB X10.53-99
A p d 7,2000

Page 2

throat. and be placed in the esophagus (approximately 18 inches from the
nose).
6. Gastric Balioon
Before placing the balloon the nose and throat will be numbed with an
anesthetic (lO%lidocaine). The gastric balloon will be attached to the end of a
catheter, which will also be attached KOthe esophageal balloon catheter. Both
catheters will be inserted through the nasal opening, pass down the back of the
throat, with the gastric balloon being placed in the stomach.
7. Ultrasound Do~olerMeasuremenq
An ultrasound Doppler will be used to acquire the speed of blood flow through

the carotid artery. This will be done using a probe that will be applied to the
left of the windpipe on the neck. A small amount of gel will be applied to the
site also. The probe will be held at the side of the neck for 1-2 minutes while
measurements are taken, and will be removed between measurements.
8. Cardiac Outout
To measure cardiac output you will breathe in and out of a mouthpiece
connected to a bag containing a mixture of oxygen, acetylene, and ni&ogen.
Then you will inhale and exhale this mixture for 8-9 breaths, at which point a
valve will be switched and you will breathe room air again.

9. Chest S t r a m (usine an inelastic corset)
The subject will be seated on a stationary bicycle without pedaling, so that the
position in which the testing wiU be rmformed will be mimicked. The
hdividual will place a rigicicorsec arbund their i b s and upper abdomen, and
the researchers will wsition it so that the edees of the corset fit snudy against
the armpit of the su6ject. The subject will then exhale, and tbe corsiiwiil be
tightened as much as possible by the researchers while at that lung volume.
Pulmonary function tests will be administered to measure the reductions in lung
volume as a result of strapping.
10. Resting and Bercise Measurements Workloads: rest, 25%. 45%. and 65%of
max)

The subject will sit motionless on the cycle ergometer for the restinglbaseline
measurements. Thcn the subject will Dedal on a stationan bicycle at
workloads of 25%, 45%, and65% of ihe peak workload ichieved in his fmt
visit. Once heart rate and oxygen uptake stabilize, Lead V5(ECG), ear
d e n s i t o m recordings, cardiac output, and esophageal pressures will be
simult~eouslymeastkd. This wdbe perform56 d h g both strapped and
unstrapped conditions (the order of which will be randomized and balanced).
Each G u t should last approximately 10-12 minutes. Blood samples will also
be drawn during these exercise bouts as described below.

ZRB X1053-99
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11. Blood Samule Analvsis

During t$e last minute of each period of resting and exercise tests, two blood
samples will be drawn from the hand vein. The total amount of blood drawn
will be approximately 3 tablespoons (42cc's) of blood.
How long will I be in the study?
You will be in the study for approximately 1-2 weeks, or until the second visit is
completed, whichever comes fmt.

What are the risks of the study?
1. Hand Vein Catheters
Risks of placing intravenous catheters in the hand include bruise or clot
formation and infection. These complications are unlikely in healthy young
subjects who have the catheter in place for brief (two hour) periods of time.

2. Graded Exercise Tests
There is a minor discomfort associated with maximal exercise testing,
including temporary fatigue, shortness of breath, and muscle soreness. These
sensations resolve within minutes after the test is completed.
3. Esoohaeeal and Gastric Balloons
Risks of placing esophageal and gastric balloons include discomfort or
soreness in the esophagus and trachea during placement and after the removal
of the balloon. There is also a possibility of temporary, noticeable stridor
(whistling or wheezing during respiration) andlor coughing if the balloon
enters the trachea Drs. Johnson and Beck have extensive experience in the
placement and removal of esophageal and gastric balloons (>lo0 subjects
without complications).

4. Chest Strao~kg
Risks of chest strapping include possible chest discomfort. sensations of
dyspnea ( f i c u l t y breathing), mild bruising, or muscular soreness during and
shortly after chest strapping.

The cardiac output method of breathing acetylene through a mouthpiece and the
ultrasound doooler pulse tracings
- are both non-invasive and not associated with
any known coimplications.
This study may be harmful to an unborn child. There is not enough medical
information to know what the risks might be to that unborn child. Female subjects
who are able to become pregnant and who are sexually active must agree to
practice some form of birth control measures either themselves or by their partner
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while in this study. Women who can still become pregnant must have a pregnancy
test before taking part in this study. Blood will be taken from a vein in your arm
with a needle 1 to 2 days before the first exercise evaluation of this study. A
repeat blood sample will not be required for the one to two week duration of the
study as long as you agree to birth control practices outlined above. You will be
told the results of the pregnancy test. If the pregnancy test is positive, you will not
be able to take part in any phase of the study.
While you are taking part in this study, you are at risk for these side effects. You
should talk to your study doctor and/or your medical doctor about these side
effects. There also may be other side effects that are not known. Many side
effects go away shortly after the chest strapping, catheter, or balloons are removed,
but in some cases side effects can be serious, long lasting. or last forever.
Are there benefits to taking part in this stu<y?
This study will not make your health better. However, the results of any fimess
testing will be supplied to the subject upon request. Also, the end results of the
study will be reported to the subject upon request.
What other choices do I have if I don't take part in this study?
This study is only being done to gather information. You may choose not to take
part in this study.
What are the costs of tests and procedures?
You will not need to pay for any tests and procedures which are done just for this
research study. These tests and procedures are the withdrawing and analysis of
blood samples.

If you finish the study, you will receive $($50-100, depending upon the
protocol used in Visit 2). This money is for the inconvenience and time you spent
in this study. If you start the study but stop before the study has ended, you will
get part of this money.
Who can answer my questions?
You may talk to Dr. Bruce Johnson at any time about any question you have on
this study. You may contact Dr. Johnson by calling the Mayo operator at
telephone (507) 284-25 11.
What are my rights if I take part in this study?
Taking part in this research study is your decision. You do not have to take part in
this study, but if you do, you can stop at any time. Your medical care at Mayo now
or in the future will not be affected whether or not you take part in this study.
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The investigators or Mayo may stop you from taking part in this study at any time
if it is in yous best interest, if you do not follow the study rules, or if the study is
stopped. YOUwill be told of important new findings or any changes in the study or
procedures that may happen.
What happens if I am injured because I took part in this study?
Mayo will give medical services for treatment for any bad side effects from taking
pa? in this study. Such services will be free if not covered by a health plan or
insurance. No additional compensation will be given. You can get further
information about Mayo policies, the conduct of this study, or the rights of
research subjects from Barbara L. Porter, Secretary of the Institutional Review
Board. Section of Research Services, Mayo Foundation, telephone (507) 2842329.

What about contidentiality?
Data from this study may be published. However, your name and other identifying
information will not be sent outside of Mayo without written permission unlas the
law allows it. Your medical record will be used by the investigators in this study.
Your medical records may be made available to the Food and Drug Administration
as provided in federal regulations.

I have had an op ortunity to have my uestions answered. I have been
given a copy of &s form. I agree to
part in this study.

de

- ------(Date)

(Signature of Participant)

(Date)

(Signature of Individual Obtaining Consent)
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(Clinic Number)

