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CHAPTER I
INTRODUCTION

One of the primary considerations in the developmént of an
artificial heart systeﬁ is the energy source to power the arti-
ficial heart pump. Considerable research is currently being
carried out tb develop a suitable, implantable energy source.
The limitations of size, weight, and performance are dictated
by the physiological requirements of the artificial heart patient.
The complete artificial heart system should fit into the chest
cavity which is occupied by the patient's natural heart.
‘ Much of the current research in this area is with electrical
power sources. An electric-battéry is a convenient means of
"storing electrical emergy, but it does require frequent recharg-
ing of replacement. Size and weight limitations of an in vivo
energy source also impose severe restrictions on the use of a
storage battery for powering an artificial heart. Another energy
source currently being studied by various researchers is a minia-
ture atomic reactor. Heat developed from the nuclear energy
operates a heat engine which, in turn, powers the artificial
heart. This small reactor could provide_enerngfor several years
and greatly reduce the problem.of fréquent rechargings. However,
a heat engine must receive heat energy at a high temperature and

dissipate heat at the temperature of its environment. If an



engine were operating internaily.it'wouid_give.dff considerable
heat to the body. The effect of this'additiohallendogenous heat
-on the body is not fully understood and is the subject of con-
siderable research interest at this time.

| A problem basic t§ the above mentioned energy sources‘is
their inherent inefficiency in converting energy from one form

to another. The efficiency of an internal device should be as
high as possible to reduce the amount of heat diésipated to the
body tissue, ‘and to reduce the power drain on the prime energy
storage device and thus increase the life of each energy charge.
The electrical, thermal, and nuclear energy systems also have
another common problem. All require alperiodic transfer of
energy into the %ody to replenish the supply of internally stored
energy. It would be desirable to provide an energy system which,
6nce iﬁplanted in the body, required neither periodic mainte-
nance nor an external energy source. This would increase the
patient'simobility and make such a transplant more desirable
from the patient's point of view.

‘One enérgy source which has received little attention is the
body's own muscles.r If an existing body muscle, or muscle system,
could be utilized to power an artificial heart the problems of
transmitting energy into the body would be eliminated. Prelim-
inary studies indicated that it may be feasible to utilize the
respiratory muscles to perform work of both breathing and pumping
blood. Since the respiratory function is rhythmic and involun-

tary, it is conceivable that these motions could be utilized to
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produce power for an artificial heart. ,An additional advantage
could be realized by this system if the power supplied to an
artificial heart were cqﬁtrolled directly by the rate and depth
of the respiratory movements, Variations in the cardiac powver
output and in the breafhing rate-and depth are related, i.e.,
as one's activity level increases both respiratory activity and
blood circulation are increased, and vice versa. Thus, such a
system might provide a practical means of controlling the power
delivered to an artificial heart, |

The feasibility of such a system was examined in experimen-
tal research reported‘in this thesis. The scope is limited to
feasibility only from the standpoint of work output capability
of the respiratory muscles--the actual design of an iﬁplantable
device was not considered in this research. Tests were conducted
to determine if the respiratory muscles could produce sufficient
power to operate an artificial heart and still maintain a normal
ventilation. Margaria, et al. (1960) found that even during
strenuous exercise the mechanical work of normal breathing is
about 8% of the maximum capability as calculated from the étatic
pressure-volume prediction of maximum work capability which was
developed earlier by Rahm, et al? (1946]. Craig, (1960) showed
that the maximum work capability of a dynamic breathing cycle
was about 70% of the predicted maximum, all of which indicates
a reserve capacity for respiratory work even during maximum ven-
tilation. The purpose of the present research was to examine
this reserve power potential at two activity levels to assess

the feasibility of providing power to an artificial heart..



Objectives

This thesis proposes that an artificiallheart could be pow-
ered by energy derived from the continual moVéments of fherre-
spiratory muscles. The feaSibility of such a system is examined
sblely on the basis of the power output capabilities of the re-
spiratory muscles and the relationship between that power capa-
bility and the amount of pumping powef exertea by a normal heart
as one's activity level changes. The folloWing specific ques-
tions are examined and answered according to the results of
experiments conducted.

It is desired to firét learn the continuous power output
capability.of_the respiratory muscles at two normal ventilation
rates for several individual subjects. The two ventilation
rates are established by each individual's normal response to
two activity levels. Secondly, the relationship between respi-

- ratory powéf output capability and blood pumping power output
of the heart at each of two activity levels is to be determined.

Two secondary questions were also considered in this re-
search. First, the oxygen cost of performing a&aitional work
with the respiratory.muscles was determined. This has also been
considered in previoﬁs work (McGregor and Becklake, 1961) but
not at the.magnitude of increased respiratory workload of the
present research. Finally, it was expected that the ability of
an individual to perform at the high respiratory workloads would
be related to his degree of aerobic physical fitness. Therefore,

test subjects were chosen with widely varying athletic histories



and degrees of physical fitness to facilitate determining this

correlation.



CHAPTER 'I1
LITERATURE REVIEW AND ANALYSIS

The first step in this research was the quantificafion of
the power output requircments of aﬁ artificial heart. The pump-
ing power output of the normal human héart was determined from
the work of Robinson, et al. (1967). They calculated the blood -
pumping power output by analyzing the pressure-volume relation-
ships of the ventricles of a normal heart during systole. They
also developcd a useful family of curves which shows the relation-
ship between the cardiac index and the average cardiac power
index (watts of pumping power/square meter of body surface area)
for Varibus éges of healthy men. The equation for calculating

the cardiac power is given by Robinson, et al. (1967).

Power = 0'.68vc (PL+PR~4) x 2:22 % _10'3watts (1)

where:
‘Vc = Cardiac Output (liters/minute)
P; = Peak left ventricle pressure (mmHg)
Pp = Peak right ventricle pressure (mmHg)

There are several published reports in which researchers
devéloped a linear regression equation to relate the cardiac out-

put of test subjects to the subjects' rates of oxygen consumption:



(Granath, et al., 1964; Tabakin, et ai.,51964). The accurate
measurenent of cardiac output calls fér facilities and equipment
not accessable to the author. It was judged that the best way
to determine cardiac output of the test subjects was to combine
the subjects' oxygen uptake with the results of previous re-
search to calculate the cardiac output. The data provided by
Reeves, et al. (1961) was analyzed by linear regression analysis
(see Appendix C). The resulting linear equation (2) relates the
cardiac output to the oxygen uptéke of test subjects reported by

Reeves, et al. (1961).

Cardiac Output = 3.4 + 6.1 (Voj) (2)

where:

Vop = Oxygen uptake in liters per minute

Cardiac output measured in liters per minute

Several investigators (Granath, et al. 1964; Bevegard, 1960;
McGregor and Becklake, 1961) have shown that the cardiac oﬁtput’
varies according to body positibn.‘ The work by Reeves, et al.
(1961) concerned test subjects in the same body position and
activity as those of the present study (treadmill walking) and
their results are probably more applicable to the present study
than those of'the other researchers mentioned above.

The cardiac output of test subjects, as determined by use

of equation (2), was used in conjunction with the above-mentioned



work of Robinson, et al. (196?). .Affer‘converfiﬁg'the cardiac
output of each test subject to the units of fhe cardiac index
(1iters/minute/mete:2), the corresponding cardiac pumping power
index was read directly fron the graph given by Robinson, et al.
t1967). Although this method may give significant errors fﬁr
the cardiac power output of an individual test subject, it is
based on the mean values of data taken from a large number of
test subjects and should provide the most probablé values for
normal huﬁans-chosen at random,

The second aspect of this research was the study of pub-
lished literature to determine the reserve power output capa-
bility of the respiratory muscles of normal human subjects and
to compare it with the heart power output. The work output of
the respiratory musﬁles has been examined by severdl previous
ihvestigators and some important‘findings are described below.

| The amount of work performed by the respiratory muscles
divided by'the time elapsed in its performance is the work rate,
or power output of the respiratory system. The term "Respiratory
power output!’ will be used as the total power output of the re-
spiratory system reduced by that required for normal breathing.
Thus, respiratory power 6utput represents a reserve power capa-
bility which is available to do work other than performing the
normal breathing function.

Previous investigators have used various techniques to cause

“the respiratory muscles to expend more power than is required for
normal breathing. A very effective method is that of adding an

air flow restriction to the airway. When the subject inhales



through such an air flow restriction,.he must reduce the pres-

sure in his airway by enough to cause sufficient air flow through
the restriction and likewise, to exhaié, he must increase his
airway pressure above fhat normally required. The reéulting
pressure fluctuations are greater than those incufred_during
normal breathing, and the respiratory muséies must expend addition-
al power to maintain an adequate venﬁilation;

Perhaps the éarliest significant comtribution to the study
of respiratory work is by Rahn, et al. (1946). They noted that’
the amount of work performed by the respirétory'muscles during
a single breath may be determined by a graphical integration
procedure as follows. If the instantaneous pressure and volume
of the lungs aré recorded simultanéously on separate axes of a
single graph, the résuiting points form a closed curve for each
breathing cycle. The graphical area enclosed by that curve is
equal to thé total amount of work performed by the respiratory
muscles. The theory of this méthod is fundamental in classical
thermodynamics and its application to reSpiratory work is more
rigorously developed in a followiﬁg portion of this chapter.
Several investigators have measured respiratory work output by
the method outlined by Rahn, et al. (1946).

McGregor and Becklake (1961) determined the oxygen cost of
performing respiratory work. They measured the oxygen consumption
at rest for normal breathing and during resistance breathing of
varying degrees of severity. The oxygen cost of performing re-
spiratory work was estimated by relating the incréased oxygen

consunption to the increased respiratory work output of resistance
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breathing. They showed that the change in oxjgen consumption
with increased respiratory work due to resistance breathing was

given by the following regression equation:

- Voy = 26.52(work) + 27.5 (3)
where:
Work = change in respiratory work in kilogram-
meters/minute
Vo, = change in oxygen uptaké in cubic centimeters/
minute

McGregor and Becklake.(19613 observed values of respiratory work
output up to only 1.3 watts during resistance breathing., The
pumping power output of an average subject's heart is greater
than 1.3 watts for nearly any activity level other than relaxing
or sleeping: (Robinson, et al. 1967). The present research was
designed to investigate the respiratory work output at'values up
to 4 or 5 watts, the approximate heart pumping power outﬁut*dur—
| ing moderate activity such as walking. No values fér the oxygen
cost of respiratory work during near maximum breathing efforts
were found in the literature. Craig (1960) examined the maximum
respiratory work output of one breathing cycle in humans. Ten
healthy male adults Ereathed through a small tube with maximum
breathing effort. The pressure-volume diagram of the respira-
tory system was recorded during these maximal efforts and the
respiratory work output of eacﬁ subject was detefmined by graphi-

cally integrating the pressure-volume record. Craig (1960)
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reports that fhe average work output of a maximalleffort, dynamic
breathing cycle is about 69% during expirafion, and 77% during
ingpiration of the maximum respiratory work -capability as pre-
dicted by a method preéénted by Rahﬁ, et al. (1946). The mean
respiratory power output of maximal effort breatﬁing cycle (as
calculated from Craigfs data) is 2.8 watts.

Since the work of Craig (1960) was intended to be a study
of maximum respiratory work output of one breathing cycle, the
tate of muscular movement was necessarily quite slow to permit
the respiratory muscles time to develop maximunm force. Craig
reports that the mean time for completion of one breathing cycle
(inspiration + expiration} is 25.7 seconds, a period much longer
than that of most persons' normal Breathing. Agostini and Fenn
(1960), using subjects trained in respiratory tests, have «xam-
ined the maximal respiratéry efforts in terms of the amount of
work done by the respiratory muscles and of the time required in
performing the work. They found that the maximum work done by-
the respiratory muscles in one complete inspiration and expira-
tion increases as the air flow resistance to breathing is in-
creased and the velocity of muscle shortening is decreased.
According to Agostini and Fenn (1960), the respiratory work out-
put of a single maximal effort breaihing cycle decreases linearly
with the increasing inverse of the time required for the maneuver.
A complete graph or table of their results was not included in
the published paper. They did include a graph which shows the
work done by respiratory muscles during forced maximum inspira-

tion against different resistances plotted as a function of the

r
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inverse of inspiration time.. The graph shows that the maximum
respiratory work output during inspifation decreases linearly
from about 4.2 kilogram-meters at (1/time) = 0 to 1.0 kilogram-
meters at (1/time) = 1.1. If an individual were breathing deep-
‘ly at a normal rate, about 16.breaths per minute, his appréxiu
mate, maxiﬁum'respiratory power output capability during
inspiration alone is about 6% watt;r_'Craig (1960), and Agostini
and Fenn (1960) indicated that the respiratory work capability
was characteristically greater during expiration than during
inspiration} On that basis the maximum respiratory power out-
put during expiration is at least 6% watts for a total respita"
tory power output capability of at least 13 watts. One should
bear in mind'that this maximum power output represents a maxi-
mum muscular_effoff and as suéh, could be maintained for only a
éhort ﬁime. Since 13 watts is considerably more than the desired
continuous power output of 4-5 watts, it is conceivable that the
human resﬁiratory muscles possess reserve power potential of
.sufficient magnitude to power an artificial heart.

.Gee, et al. (1968) studied the effects of viscous resistance
to breathing on the'work capacity of university age males. They
tested subjects at high workloads and placed a viscous resistance
in the inspiratory and expiratory airways both separately and
simultaneously. Exercise was performed in a seated position on
a bicycle ergometer up to workloads approaching maximal oxygen
consumption. The degree of airway obstruction was evaluated in

terms of the amount by which each obstruction reduced the
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subjects' maximum breathing capacity. Gée, ét al. (1968) showed
that "healthy young men can perform severe work.requiring moré
than 80% of maximum oxygen consumption in the presence of an
external airway obstruction that causes a 30% reduction in maxi-
mum breathing capacity." This work level was performed without
complaints of dyspnea. The maximum mouth pressure for the air-
way obstruction causing a 30% reduction of maximum breathing
capaﬁity was about *30 cm Hy0 (.43psi) relative to atmospheric
pressure. In addition Gee, et al. {1968) reports no significant
change in Vcop, Vop, or heart rate due to the pressure breath-
ing. He did note that the most severe airway obstruction caused
slight hypovehtilation at the highest-workloads. Although the
present research utilized a maximum pressure greater than 30 cm
H20, the maximum workload was considerably less (about 50% of
maximum oxygen consumption) than that employed by Gee,.et al,
(1968). Since they indicated there were no feelings of respira-
tory distress at the higher workloads, it seemed probable that
at lower workloads the pressure could be increased to greater
maximums without dyspnea,.

The above-mentioned studies (Gee, et al., 1968; Craig, 1960;
Agostini and Fenn, i960) utilized a viscous resistance to obtain
an airway obstruction. A viscous resistance provides a pressure
gfadient which is decreasing in the direction of the air flow
and which changes as the air flow rate is changed. Another type
of resistance, a2 threshold resistance, is sometimes used in pul-
monary'researchﬂ Threshold resistance to air flow is character-

ized by a constant pressure difference regardless of the air flow
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rate. The fheory used in calculating the.respiratory work out-
put is the same regardless of the type of air flow resistance
used. Continuous instantaneous pressure and flow rate-record~
ings of the air in the mouth or moufhpiece were used Eo quantify
the respiratory work output. Work per brgath was calculated by
integratiﬁg the product of incremental pressure and incremental
change in volume during an inspiration-and during an expiration,
the duration of one breath. This principlé is basic to classical
thermodynamic theory. Its application in this study of respira-
tory work is explained in the following péragraphs.

YVan Wylen and Sonntég (1965), page 62, provide a concise
explanation of the method for finding the work done on a system
of air confined within a variable volume container, in this in-
stance the lungs. Their simplified system consisted of a cylin-
der and piston. The amount of work done by the piston as it
moved was détermined for the theoretical case with various pres-
sure conditions impbsed on the'air in the cylinder. They showed
that the amount of work done during a single moveprent of the

piston is given by the following equation.
Work = JPdV (4)

The piston and cylinder arrangement is a simple mechanical
analogy for the human respiratory system. During normal inspira-
tion, the pressure within the lungs is less than atmospheric
pressure and the lung volume is increasing. ‘During expiration,
the pressure is greater than atmospheric and the volume is
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decreasing. The work is negafive'in'each case.since (P) and
(dV) are of opposite sign. Following'the sign convention estab-
lished for equati§n7(4) this is interpreted to meén that work

is being done on the air in the lungs and airways during normal
‘inspiration and expiration. The‘work per breath is calculated
by summing.the work done during inspiration and that done during
expiration. .

In normal breathing both the luﬁg air pressure and the flow
rate of air varies over a range of values making an exact mathe-
matical integration almost impossible. Three techniques have
been -used to evaluate the integral. Fletcher and Bellville
(1966) developed a system in which the integration is performed
eleptronitally; The pulmonary pressure and the air flow rate
were sensed electrbﬁically and recorded on magnetic tape.

Lﬁter, the taped data was fed inio an analog computer which pro-
'Vided'the desired mathematical functions, and printed the calcu-
lated results. |

Another technique uses simpler and more readily available
equipment. <raig (1960) described a method of simultaneously
recording the pressure of the lungs and the volume of the lungs
on the same graph. The resulting curve was integrated graphi-
cally to provide the desired work calculation. When many sub-
jects are studied considerable data must be evaluated and this
method becomes quite tedious. |

Although it limits the type of resistance that may be used

to increase the respiratory work, a threshold resistance apparatus
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described by Campbell, et al. (1957) was,uséd in the present
research. Campbell showed that a threéhold resistance has two
distinct advantages over a viscous resistance. First, the pat-
tern of breathing through the,resisténce is the same as that at
"an equivalent ventilation without resistance. The only change
in mechanical work done'by the respiratory mﬁscles during re-
sistance breathing was due directly to the added resistance.

In addition, the pressure drop across the resistance is nearly
independent of the flow rate, which simplifies ﬁhe calculation
of the respiratory work output as is shown below. The variable
P of equation (4) becomes a constant and may be placed outside

the integral.

: 2 2
work = P’ J dv = P I Vi) (at) (5)

Since §n1y the quantity dV is to be integrated, the average
ﬂ%%il‘, the minute volume of air breathed, may be used in place
of the instantaneous value dV(t). The minute volume is also a |
constant for a given activity level so it too may be removed

from within the integral.

work = P[dggt ] J’tz (dt)
= p{ dVﬁt ] (t, - t3) . (6)

The amount of respiratory work performed against a constant



thréshold resistance is simply the producf of.minute volume,
pressure, and the elapsed time. At this point it should be
noted that powef is simply the time rate of doing work. The
above expression fo¥ respiratory work output; equation (6),

may be modified to determine respiratory power output as follows:

Power = work = P | dV(t) (7)
T2 11 [ dt ]

The respiratory power output is simply the product of threshold
pressure and minute volume. The method presented is a convenient

and simple means of measuring one's respiratory power output.



CHAPTER III
METHODS AND APPARATUS

As was stated earlier, the results desired of the present
research were the maximum work output capability of the human re-
spiratory muscles and thé oXygen cost of various levels of respi-
1atory work output. Also to be determined were the cardiac power
output and the relationship between cardiac power output and
maximum respiratory power output at two different physical exer-
cise levels. Cardiac pumping power output was estimated by the
method explaiﬁed in Chapter II, relating cardiac power output to
oxygen consumption!rate. Respiratory power output was determined
by multiplying thé minute volume and the threshold resistance
pressure, a procedure also explained in depth in Chapter II.

“The experimental apparatus used in the present research permitted
neasurement of three physiological parameters; oxygen consumption
rate, respiratory minute volume, and air pressuye in the mouth
duriné resistance breathing.

An experimental method of measuring respiratory work output
and the oxygen cost of respiratory work is described by Campbell,
et al. (1957}1 They presented a description of thé apparatus
used to obtain a threshold pféSsure resistance té breathing. The
threshold resistance has two inherent advantages over viscous
resistance to breathing for respiratory work output studies. The

[

Calculations for determining work output are greatly simplified

18
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by use of a constant threshold pressure‘festriction, and élso
the pattern of breathing with a threshold.resispance is similaf
to the pattern of normal breathing. An apparatus similar to
that.descrihed by Campbell, et al, (i957) was constructed for
‘use in the present research. The threshold pressure‘resistance
was develoﬁed in each of two large, steel barrels, 14 inches in
diameter and 27 inches high. Figure 1 is a schematic diagram

of tﬁe complete resistance breathing system. Brief specifica-
tions of the experimenfal gpparatus components ?re included in
Appendix E. As shown in Figuré I, the inspiratory resistance
and expiratory resistance were each provided by a separate bar-
rel. -Two rigid metal tubes, 1% inches in diameter, were fitted
through the top of ecach barrel and the joints were brazed to
form an air-tight Béal. One long tube in each barrel extended
nearly to the bottom of the barrel and the short tube éxtended
only about 1 inch through the top of the barrel. Both barrels
were partially filled with water so that one tube opening was
underwater and one tube opened above the water in each barrel.
The expiratory and inspiratory airway hoses were connected to
the barrels in such a way that air entered each barrel through
the long tube, bubbled up through the water, and left the barrel
via the short tube. ‘Eefore air can flow through the underwater
tube and bubble to the water surface, a sufficiently large pres-
sure difference must be established between the air in the sub-
merged tube and the air above the water. This pressure differ-
ence is determined largely by the height of water above the sub-

nerged tube opening and was relatively constant for air flow
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rates developed in breathing. By varyiné fhe.amount of wéter
in the barrels, differential threshold pfessureg up to 50 cm
H,0 (.71 psi) were available to the researchers.
_'Thelspirometer indiéate@ in Fiéure I was a chain compen-
sated 120 liter gasometer. It was used to measure.tﬁe changes
in air volumes during minute volume measurements and during
oxygen consumption tests. The 120 liter capacity was large
enogéh to permit the use of room air in closed circuit spiro-
metry.oxygen conéumption tests and still mainté}n‘fhe oxygen
concentration above 19% in the air being breathed. (Best and
Taylor, 1961) ‘ |

A two-way breathing valve was connc¢cted to the nouthpiece
to separate the inspiratory and expiratory air flows. With
proper connection qf the hoses and valves, the subject was
obliged to breathe through any one of four air circuité-—a closed
circuit, with or without the resistances, for oxygen consumption
tests; or an dpen circuit, with or without resistance, in which
the subject inspired air ffom the gasometer and expired into
the room. The open circuit test was used to measure the subjects
respiratory minute volume by determining the average time rate
at which air was remﬁved from the gasometer.

The volume of the gasdmeter was recorded by using a constant
voltage DC power supply, a linear outbut_potentipmeter, and an
X-Y electronic recorder. A schematic wiring diagram is provided
in Appendix A to show how the components were connected. The
| potentiometer was attached to the gasometer in such a way that

vertical movements of the gasometer bell rotated the potentiometér
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in a proportiénate amount, With a‘coﬁstant voltaée of 10 volts
placed across the potentiometer resistance; rotation of the
potentiometér produced a varying Volfége at -the "wiper" terminal.
Thé‘varying wiper voltage was fed into the vertical axis ihput ﬁ
bf'the X-Y plotter pen. By varying the seusitivity of the re-
corder, it was calibrated to read either in (ten liters)/inch

or in (liters)/inch séale factors. The vertical axis was

used to record the pgasometer volume changes while the horizontal
axis of the X—Y recorder was driven by a time base internal to
the X-Y recorder. The rate of horizontal recorder pen movement
was sct at a constant 0.02 inches/second for all tests, With

the vertical axis sensitivity set at one liter per inch the

slope of the Elbsed-circuit spirometry graph was well defined

for the activity levels studied in this research, i.e., oxygen
consumption rates of from 0.4 liters/minute up to about 2%
liters/minute. During respiratory minute volume measurements,
the vertical pen movement was calibrated at 10 liters per inch.
As the subject inspired air from the gasometer the recorder graph
moved downward in a "stairstep" fashion. The évefage slope of
the "stairstep" graph was the average rate at which air was re-
moved from the gasometer, or the respiratory minute volume when
expressed in liters per second. A typical data sheet is shown

in Figure 2. All of the data of a single test'was-recorded on
one graph as shown. The X-Y plotter was equipped with a detented
calibration knob to facilitate rapid switching from one scale
factor to another and the starting peints were manually reset for

the various phases of each test.
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The pressurce of the air being breathed wés,sensed with an
elecironic pressure transducer, A small tube connccted the
nouthpiece opening to the prgssire transducer, wlich was electri-
cally connected to a pressure indicating meter and signal ampli-
fier. The X-Y recorder mentioned earlier was then used to re-
cord the mouth pressurc as a function of time while the test
subject breathed. It was neted that small rapid pressure fluc-
tuations were prescent and weroe prdbébly a result of the method
used to develop the threshold pressure, bubbling air through
vater. The peak-to-pcak pressure fluctuations were less than
10% of the approximate mean threshold pressure and were not
believed to have a significant detrimental éffect on the validity
of the data., The threshold pressure used in calculating the re-
spiratory work output was evaluated for each pressure level by
visually inspecting this graph of mouth pressurcs as a functicn
of time, and cstablishing a mean value by eye.

The tomplete system described above is shown in use by a
test subject in Fipures 3 and 4. The apparatus for treadmill
walking is shown in Figuré 3. In thce foreground are the thresh-
old resistance barrels which produced the expiratory and inspira-
tory resistance pressures. Reinforced plastic tubes conncct the
barrels to the mouthpiece and the gasometer. The carbon dioxide
absorbing canister is shown hanging on the gasometer. Bara-iyme
was used to absorb the exhaled carbon dioxide and its indicating
change of color was easily visible through the clear plastic
canister. The X-Y recorder and other clectrical equipnent was

placed on a table within convenient access for the equipment
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FIGURE 4

Test Subject Performing Sedentary Tests
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operator. Test subjects entered the treadmill from the plat-
form shown 6n the right side of Figure 3. Once on the platform
they began breathing through the mouthpiece, stepped onto the
moving treadmill belt, and proceded with the test.

A typlcal test subject in the sedentary test position is
shown in Flgure 4. The seated tests vere conducted in the same
general manner as the treadmill walklng tests except that the
test subjects were seated for a few minuteé befdre beginning
‘to breathe in the mouthpiece to help assure that their body

systems were in steady state for the sedentary activity level.

Subjects
Nine healthy young mdles, ages 20 to 40, (mean 25.6) scrved

as test subjects in the present research (see Appendix B). Two
subjects wére trained distance runners, one of which was an
Olympic team member. The other subjects were not in this high
state oprhysical condition. Most were students and office
vorkers, some of whom were doing daily joggingléxercises. It is
admitted that these subjects are probably not typical of that
portion of the human population which might require the use of
an artificial heart. They were yoﬁnger and physically more
active than most heart patients.

Before eaéh test subject participated in the test series,
he was familiarized with the testing apparatus, methods, purpose
of the research, and his individual contribution to the findiﬁgs

as a whole. Each was assured that he was free to discontinue or
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postpone a portion of the test at any time he so desired.

Procedure

In keeping-with the intent of this pfesent research, to
determine the maximum fespiratory work capability of human test
subjects, all test subjects began the tests at low respiratory
work levels and progressed to higher work levels in subsequent
tests. This procedure permittedithé effects oﬁ 1earning or con-
ditioning to tend to increase the ability of the test subjects
to perform respiratory work., The time interval between succes-
sive tests on each test subject was at least one week. Each
test subject #as scheduled for testing at a time convenient to
the subject: Becausc of conflicting time schedules, no attempt
was maae to conduct all tests at the same time of day.

Each test subject reported to the experimentai facilify at
his aﬁpointed time dressed in casual street clothes. At that
time he ﬁas furnished a sterilized rubber mouthpiece and instruct-
ed on the use of the mouthpiece. The first tests were conducted
with the subjects walking on a treadmill at 3 miles per hour and
on a 6% grade. The data was taken to provide respiratory minute
volume and oxygen consumption rate determinations for breathing
both normally and then with a threshold pressure resistahce of
25 cm Hy0 (.35 psig) added to both expiration and inspiration.
This test required about 25 minutes to complete and was easiiy
accomplished by most of the test subjects. Immediately following

completion of the test, each test subject expressed comments and
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answered a few bral subjectitc questions.to aid the researchers
in evaluating the test subjects' reaétions to the respiratory
work tests. Eécﬁ test subject also completed thé questionaire
shown in Appendix D which provided iInformation concerning his
‘athletic histbry. Finally cach test subject was asked if he
thought that he could breathe against a greater threshold pres-
sure; and, if so, he was asked to return for further tests dur-
iné the following week. Those subjécts expressing a desire to
participate in tests at higher respiratory work output levels |
were scheduled to perform the second test at least one week after
the .first test.

Before continuing in the test series, the test subjects
were ranked, éccording to information they provided on the
quéstionaireé, into two mumerical rankings--one which ordered
their total yearé of participation in varsity athletics as high
school and university students, and another which ordered their
present degree of physical conditioning. These rankings were
used at the completion of all the tesis to show the correiation
between the. subjects' rankings and their maximum respiratory
work output capability.

The second phase of the testing included two different exer-
cise levels; a relaxed seated position, and again treadmill walk-
ing at 3 miles per hour on a 6% grade. The threshold pressure
resistance was increased to 35 cm Hp0 (% psig) on both the inspi-
ration and expiration airways. The subjects again reported for
testing at their individually appointed times dressed in casual

strect clothes. The first portion of this test phase consisted
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of minute vdlume and oxygen consumption determinations for the
subject scated and breathing against the threshold pressure
resistance. On completion of the sedentary'tést the sﬁﬁject
began walking on the treadmill while continuing to breathe
agaiﬁst the threshold pressure during both inspiration and expira-
tion. After allowing 3 minutes for the subject's body to reach
equilibrium at the walking exercise levél, respiratory minufe
volume and oxygen consumption data were takén to.complete the
sccond test phase. After the subject had relaxed for a few min-
utes fcilowing the tests, he was again questioned to evaluate
his subjective reactions fo the test situation, Those test sub-
jects who successfully completed the second phase of this test
were requcsted\fo return for a third time during the following
week for tests at sfili higher respiratory workloads. The
appointments were set for one week after the second phase for

- each individual test subject.

The third phase of testing was very similar to t.c second
phase but with two changes. The minute volume and oxygen con-
sumption were measured in the sitting position Both with and
without the threshold resistance in the airway. The other change
was an increase in the threshold pressure resistance to 46 cm
F20 (0.66psig) in both the inspiratory and expiratory airways.
When the test subjects reported for testing, they were furnished
a sterilized mouthpiece and were given a chanée to casually
breathe through the threshold resistance to 'get the feel'" of it

prior to the actual test. This step was included because most
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subjects were quite surprised by the magritude of the threshold
pressure at the level of 46 cm Hj0 (0.66psig). It was antici-
pated that without prior exposure to the higﬁ resistaﬁée some
subjects would have tolinterupt the test procedure wﬂen the
threshold pressure was connected to the airways.

Minufe volume and oxygen consumption were determined for
the sitting position both with and without the threshold résis-
tances connected in the airways. As in the second phase the
subjects began walking on the treadmill and continued to breathe
through the threshold resistance when thef had completed the
sedentary portion of the'exPeriment. After allowing the sub-
jects to walk for three minutes, their respective respiratory
minute Volumeé.and oXygen consumption rates were recorded to
complete the tests. After this final phase of the tests, the
subjects were quéstioned concerning their reactions to the high-
resistance‘breathing and their ability to withstand the thresh-

old pressure and ventilate sufficiently.



CHAPTER I-V
RESULTS
The results of the present fesearch include the dévelop-

ment of severél relationships between physiological parameters.
The primary information is the.relationship between maximum
respiratory power output and the cardiac pumping.power output
of test subjects at two levels of activity. This relationship
shows how well the respiratory muscles can produce power of
magnitude comparable to the power requirements of an artificial
heartl Cardiac power output was calculated for each subject at
both activity levels, based on the method developed in Chapter
11, which utilized the oxygen uptake rate in conjunction with
the works of Robinson, et al. (1967) and Reeves, et al. (1961).
The results of this comparison of respiratory and cardiaclpower
output are shown in Table 1 for both the sedentary and the
treadmill walking tests. Figure 5 presents the data of Table 1

‘graphically.

32



TABLE 1

CALCULATED CARDIAC PUMPING POWER OUTPUT AND CORRESPONDING
--MEASURED RESPIRATORY POWER OUTPUT AT TWO LEVELS OF ACTIVITY

Ratio -
Sub-  Respiratory Power Cardiac Power Respiratory Power
ject (watts) - (watts) Cardiac Power

Sitting Walking Sitting Walking  Sitting ' Walking

1 1.8 4.6 1.3 3.7 1.37 1.24
2 4.2 4.1 e 4.0 2.80 1.02
%3 - 4.0 - 4.a - .91
4 3.5 4.1 2.1 6.2 1.67 .66
5 1.6 5.4 2.1 4.9 .76 .69
6 3.5 3.8 1.4 3.3 2.50 1.15
7 - 3.2 - 4.2 : .76
8 1.1 2.9 1.3 4.3 .85 .67
o 1.6 6.1 1.4 E.1 1.14 1.20

mean 2+5 4.0 1.6 4.5 Ly 58 92

*Subject did not perform a sedentary activity respiratory
power test.
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Cardiac Power Output (watts)
FIGURE 5

GRAPIIICAL COMPARISON QF RESPIRATORY POWER OUTPUT
AND CARDIAC POWER OUTPUT
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~ The oxygen consumption rate of test subﬁects during contin-
uous threshold pressure resistance breathing was evaluated at
four different'pressure_resistance levels; U,.ZS, 554 aﬁd 46 cm
H,Q (0, .36, .50, and .66 psig). Table 2 shows the oxygen up-
take and f§5piratory power output of each test subject at the
four levels of pressure resistance. Figures 6, 7, 8, and Q show
graphically the data of Table 2. The linear regression lines
indicate that oxygen uptake increases as reépirafory work is
increased or as the resiétance pressure is'incréased. In Figuré
7 the points are widely scattered and the corresponding correla-
tion coefficient, r = .32; is not statistically significant.
The correlation coefficients of Figures 6, 8, and 9 are, however,
significantly aifferent from zero at the 95% confidence level.
All of the valﬁes‘of oxygen volume are corrected to STPD

(Standard Temperature, Pressure, Dry) conditiomns.



TABLE 2 -

OXYGEN UPTAKE OF TEST SUBJECTS AT DIFFERENT
' - THRESHOLD PRESSURE RESISTANCES

Pressure Subject Respiratory Power Okygen Uptake
(cm Hy0) Output (watts) (liters/minute) .
Sitting Walking  Sitting Walking

0 0 0 .34 1.27

0 0 A 1.54

0 3 0 0 A 2.24

0 4 0 0 A 1.64

0 5 0 0 .34 1.20

0 6 0 0 .33 1.47

0 7 0 0 A 1.52

0 8" 0 0 A 1.49

9 0 0 .36 1.98

- 25 1 A A A A
25 2 A 4.10 A 1.68
25 3 A 4.00 A 2.00%
25 4 A 4.10 A 2.92
25 5 A 2.51 A 1.68
25 6 A 2.50 A 1.64
25 7 A 3.18 A 1.91%
25 8 A 2.90 A 1.75
25 9 A 4.64 A 1.85
35 1 1.78 3.23 .53 1.54
35 2 3.70 6.10 B B
35 3 C 4 C C
35 4 47 4.50 .80 B

36
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TABLE 2
(continued)
Pressure Subject Raspifatory Power ' Oxygeﬁ Uptake
(cm H20) - Output (watts) (liters/minute)
Sitting Walking Sitting Walking
35 <5 A A A A
35 ¢ 3.47 3,23 .58 1.69
35 7 C o C C
35 8 1.10 - ¢ 47 C
35 9 1.50 5.2 .76 2.69
46 1 1.52 4.60 .50 1.53
46 2 4,20 c .69 C
46 3 C C . B . C
46 4 . C C C C
46 5 1.58 3,40 .88 S 2.21
46 6 3.00 3.80 1.33 1.35-
46 7 c C c E
46 o8 C C C C
16 9 1.59 6.10 .69 2.28

*The indicated values of oxygen uptake were estimated for use
in Table 1 and Flgure 5. The estimated values were determined
from the regression equation of Figure 9 (Oxygen Uptake vs.
Respiratory Power). The test subjects in these cases performed
the resistance breathing satisfactorily but due to equipment
malfunctions their original test results were invalid.

A--Positions marked 'A' indicate no test was conducted.
B--Positions marked 'B' indicate the test data was invalid

C--Positions marked 'C' indicate the subject was unable to
complete the test. '
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FIGURE 6

OXYGEN UPTAKE vs. PRESSURE AT THE
SEDENTARY ACTIVITY LEVEL
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FIGURE 7

OXYGEN UPTAKE vs. PRESSURE AT THE
WALKING ACTIVITY LEVEL
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OXYGEN UPTAKE vs. RESPIRATORY POWER
OUTPUT AT THE SEDENTARY ACTIVITY LEVEL
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FIGURE 9

OXYGEN UPTAKE vs. RESPIRATORY POWER
OQUTPUT AT THE WALKING ACTIVITY LEVEL
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Another area of interest in the present research was a deter-
mination of the presence or absence of;hypoventilation as the
test subjects breathed against the high threshold pressure re-

_ sistance while exerciSing. Gee, et al. (1968) found that under
high ¢xercise workloads and with a moderate viscous resistance

to breathing (maximum pfessure up to 30 cm Hy0), some test sub-
jects were unable to maintain a normal ventilation.

The present research also showed that test subjects tended
to hypo-ventilate when the pressu}e resistance fo breathing was
increased. Only four test subjects completed all four test
phases at the walking éctivity level. .The'combined mean minute

volume for these four test subjects is shown below in Table 3 ~

with the corresponding pressure resistances to breathing.

TABLE 3

MEAN MINUTE VOLUME OF FOUR TEST
" SUBJECTS AT FOUR RESISTANCE PRESSURE LEVELS

Pressure Mean Minute Volume
(cm H,0) (liters/minute)
0 ’ 40.6
25 39.0
35 | 34,1

46 - 29,6
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Test subjects were intenfionélly séleﬁted'with widely vary-
ing degrees of physical conditioning and with different athletic
histories. A rénking was established which rankea the test sub-
jects according to their accomplishments in eéch category. Table
4 indicates the ranking of the test subjects according to their
present state of physical conditioning and shows their respective
| ranking of respiratory power output while walking on the tread-
mill. The test subjects' rankings aécording to their athletic
history is shown in Table 5. The ranking is based on the numbef
of .years of varsity athletics in which éach test subject parti-
cipated during ﬂis high school and university years. Table §
also compares the test subjects' rankings in athletic history
to their fespe;tive rankings of respiratory power outputs. The
rankings of athletié history and of present physical coﬁdition
were determined from an analysis'of the answers to questionaires
‘which were answered by the test subjects. Rank of respiratory
power outpﬁt was based on the ratio of (respiratory power autput)/
(cardiac power output) for each test subject while walking-on
the treadmild. This ratio is a simple measure of each test sub-
ject's ability to perform respiratory work of magnitude equal

to his own cardiac power output.
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TABLE 4

RANK CORRELATION OF PHYSICAL CONDITION
AND

RESPIRATORY POWER . ' N
THE RATIO ~=eanrae powER OF WALKING TEST SUBJECTS

Test Subject Ranking of Present Ranking of the Ratio
Physical Condition¥* Respiratory Power
: Cardiac Power
-6 1 : 3
5 2 i 7
4 3 9
2 4
¥ 5 6
1 6 1
9 . 7 2
8 8 8
3 9 5

"R.= -0.10 by Spearman's Rank Correlation Method

*Ranklng based on informaticn plOVldea on quest:onalres filled
in by the test subjects
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TABLE § - '
RANK CORRELATION OF ATHLETIC HISTORY

~AND
RESPIRATORY POWER

THE RATIO CARDIAC POWER OF WALKING TEST SUBJECTS
Test Subject Ranking of Ranking of the Ratio
Athletic History*  Respiratory Power
: Cardiac Power
6 | 1 -3
5 - 2 g 7
1 3 1
2 4 4
9 5 2
3 6 5
8 - 8 8
¥ 8 6
4 8 9

R = 0.60 by Spearman's Rank Correlation Method

*Ranking based on the sum of years that the subject participated
in intercollegiate and high school varsity athletics, with |
intramural participation considered to rank those of equal sums.



CHAPTER V
DISCUSSION

The experimental results reported in ﬁhapter IV show that
in some cases the power output capability of.the respiratory
muscles is greater than the pumping power oﬁtput'of the heart
at two levels of activity--sitting, and walking on a 6% grade.
By placing an airflow resistance in the inépiratory and expira-
tory airways of test subjects an additional workload was imposed
upon the respiratory muscles. The work done by the respiratory
system in breafhing against the imﬁosed resistance was deter-
mined from the preséuré and flow rate measurements of the air
being breathed by the tes£ subjects. It is mnot likely that a
selffpowereﬁ, implanted artificial heart system would present a
‘thréshold pressure resistance workload to the entire respira- |
tory system as was the case in the present reseafqh. Rather,
it would be more desirable to utilize the movéménts of the
breathing muscles to produce power without affecting the pres-
sure balance of the lungs. However, the use of a resistance
pressure to effect a respiratory nuscle workload is a simple,
easily quantified means of measuring the work output of the re-
spiratory muscles. The applicébility of the results of the
present research to the concept of a self-powered artificial

heart system is dependent on several factors.. =

46
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The normal activity of the respiratory muscles is both con-
tinuous and involuntary. If an extra workload were placed on
the respiratory muscles, it is conceivable that they would con-
tinue to function normally. Campbell, Howell, and Peckett (1957)
placed a threshold resistance of 20 cm Hy0 (.29psigj in the ex-
piratory airway of unconscious human subjects apparently without
greatly affecting the normal ventilation. It is, of course,
essential that the self-powered artificial heart system be oper-
ated entirely by involuntary muscular éctivity.;

Tablerl and Figure 5 provide a graphical and tabular compari-
son of the cardiac poﬁer output and the maximum respiratory power
output for each test subject at two activity levels; seated and
walking on a treadmill at 3 miles per hour on a 6%lgréde. The
"identity line" in Figure 5 divides the graph along thg locus 6f
points of equal respiratory and cardiac power outputs. The °
plotted points show that the test subjects varied widely in their
ability to perform respiratory work. Five of the walking subjects
and two seated subjects weré unable to produce respiratory. power
equal to their own cardiac power outputs. The reason that those
five were unable to supply sufficient respiratory power are
worthy of further consideration,

Following each test,Athe test subject was questioned to
determine his reaction to the imposed respiratory workload. Sur-
prisingly, most test subjects found the resistance breathing more
difficult in the sitting position than while walking, even though

considerably more respiratory work was required at the greater
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minute volumes while walking.' This reaction wasvpredominantly
expressed by those test subjects who developed more respiratory
power than cardiaﬁ pumping power. Several subjeéts who did not
have high respiratory power outputs were able to perform resis-
tance breathing at a higher preséure while gitting than while
walking on the treadmill, the opposite reaction to that re-
pbrted by the subjects with the greater respiratory power output.
Some subjects, when they were ﬁnable to complete a phase
of the testings, stated that their respiratory muscles were nof
capable of maintaining an adequate ventilation during the re-
sistance breathing. They believed their muscles were not physi-
cally strong enough to inhale and exhale against the pressures.
A reflex'inhibition of maximal effort may have prevented their
respiratory muscles from exerting a maximum effort against the
ﬁressure resistaﬁce. The actual reason for the wide variation
in the test subjects' abilities to perform respiratory work
should be examined in future research. If the respiratory nus-
cles of some individuals are actually only strong enough to
produce the-low work outputs measured in tﬁe present research,
then it is not likely that the respiratory muscles of those per-
sons could fulfill the power requirements of an artificial heart.
On the other hand, if the respiratory muscles are 1imiﬁed by a
pressure sensitive inhibitory reflex, then they”may possess
sufficient strengtﬁ to power an artificial heart. The proposed
implanted energy system would not need to interfere with the

normal air pressures of the respiratory tract, and would thus
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permit the iespiratory muscles to develop their full power capa-
bility. _

The other reasons that test subjects were unable to compléte
a part of the test were-directly related to the preseﬁce of ab-
normal airway pressures during resistance breathing. Three
primary problems which occurredrwere paih in the ears, inability
to maintain an airtight seal between-thé lips and the mouth-
piece, and general discomfort and irritation in the nose and
throat. These problems were caused by the air pressure developed
in the airways and would not neced to be present in an implanted
energy system, |

The oxygen consumption rate of each test subject was measured
at each respiratory workload by closed circuit spirometry. Oxygen
uptake was determined By visually evaluating the average rate of
change of the_gaéometer volume from the X-Y plotter record. Room
air was used in the closed circuit spirometry and a large carbon
- dioxide absorbing cénister was used in all oxygen consumption |
tests. Figures 6, 7, 8, and 9 show that the oxygen consumption
varied widely, pafticularly at the increased reéistance pressure
levels. The general trend, however, was an increase_in oxygen
uptake as either the pressure or the respiratory power output
was increased. |

One of the requirements 6f a self-powered artificial heart
system is that the respiratory muscles should be able to main-
tain the desired power output to the artificial heart without
reducing the minute volume of air to the Jungs., . The presence of

hypoventilation is indicated by the data shown in Table 3.
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In three of the four cases the respiratorf mihute volume while
walking was decreased as the pressure Was increased. Gee, et ai.
(1968) also noted thai test subjects tended to hypoventilate
when an air flow resistance was added to £heir external airways,
The tests in the present research were of sufficient duration
that the respiratory muscles should have adjusted their breath-
ing patterns to compensate for the increased pressure of resis-
tance-breathing. Therefore, it is possiblerthat the hypoventi-
lation indicated in Table 3 Is caused directly ﬁy the increased
workload on the respiratory muscles. If so, then the power out-
put of the respiratory muscles should be restricted to values
less than the power level which would induce hypoventilation.

The athletic ability of a person depends to.a_greét extent
on the ability of his respiratory System to provide sufficient |
oxygen to his body. Table 4 and 5 show a rank correlation be-
tween the test subjects' respiratory power output and two dif-
ferent aspects of the test subjects' athletic abilities. A
ranking of each test subject's present physical condition was
established from information provided on the questionaires
completed by each test subject. In view of the widely varying
levels of athletic aﬁility of these nine test subjects this was
judged to be an acceptable method of ranking. According to
Table 4 there is little correlation between one's present physi-
cal condition and his ability tb perform respiratory work
(R =--0.10). When only the number of years of athletic activities
was considered in ranking the test subjects (Table 5), Spearman's

rank correlation coeflficient was R = 0.60. Neither R = -,10 nor
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R = 0.60 is statistically different fromizero at the 95% confi-
dence level. The wide difference between the two correlation
coefficients may, however, indicate that_one's ability to per-
form.respiratory work is related more to the extent of his
athletic partiéipation in high school and universitykyears than
‘to his present degree of physical condition.

In the present research, the whole of which was made up of
sevefal interrelated phases, an erroncous measurement or calcu-
lation in one phase would affect the accuracy of the entire
experiment. Perhaps the most difficult measurement was the
oxygen consumption rate as determiﬁed by average slope of the
curve.describing the volume of the gasometer vs. time. During
the sedentary oxygen consumpéion tests, the addition of the
threshold pressure resistance caused the breathing to be quite
erratic, which made the slope of the oxygen consumption line
difficult to determine. It was noted that during resistance
breathing the inspiratory end points more clearly defined the
slope than did the expiratory end points. This was also noted
by other researchers (Agostini and Fenn, 1960) and is appafently
a characteristic breathing pattern when there is a pressure
resistance on the expiratory airway.

Air leaks are probably the largest potential source of
errors in closed ;ircuit spirqmetry oXygen consumption tests.
Every effort was made to carefully construct and seal the appa-
ratus to prevent air leaks. In the present. rvresearch, portions
of the airway tubes and the threshold resistance barrels were

continuously under positive or negative gauge pressure which
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intensified the need of eliminating -air léaks[ -The system was
checked perlodlcally for leaks by pressurizing the entire closed
cifelit Splrometry system and obserV1nn the rate of pressure
loss in the system. The test program was contlnued only when
‘the airway system was shown to be virtuallf free from the air
leaks.
Although the mechanical system had been proven leak free,

it was possible to lose air at the mouthplece when the test sub~
ject was expiring against a high threshold pressure re51stance.
The mouthpiece used’for these tests wasroriginally designed for
use .in normal metabolic rate tests in which the air flow resis-
tance is kept at a minimum. The mouthpiece was placed inside
the test'subjéct's lips and #hen there was little pressure re-
sistance, the naturél compliance of the lips in conforming to
the shape of the mouthpiece maintained the air seal at the mouth-
piece. However, when the resistance pressure was introduced a
considerable effort on the part of the test subject was required
“to press the lips tightly around the mouthpiece to form aﬁ air-
tight seal.. The problem became intensified when the pressure
was increased. The facial muscles began to fatigue after é few
minutes of the test and in some cases the test subjects were
unable to maintain an airtight pressure seal between the lips
and the mouthpiece. It would be desirable to correct this
condition in any research conducted in the future. Cook, et al.
(1964) also encountered this leakage problem and they designed
another type of mouthpiece for pressure breathing which appar-

ently eliminated air leakage at the mouthpiece.
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The.respiratory minute volume of eaéh test subject was deter-
nined during both the sedentary and treadmill wélking tests and
at the same pressure resistances which were employed in the
oxygen uptake tests. As in the oxygen uptake tests,_leaks in
the airways were potentially significant sources of error. Since
the respiratory minute volume was measured either immediately
after or immediately before the oxygen uptake.tests, the complete
system was checked for leaks before both parts of the tests.

The minute volume was determined'by-thé amount of air inspired
and so the leak at the mouthpiece as described above did not
directly affect the minute volume values. The_graph of the gaso-
meter volume vs. time was used to determine minute volume. The
~gasometer volume decreased as air was insﬁired from it and re-
rmained constant during expiration as the test subjects. expired

to the atmospheré. This gasometer movement pattern describea a
“stairstep" shaped graph on the X-Y plotter paper and the éﬁerage
slope was easily determined. The test subject's minute volume
was equal to the graph slope measured in liters per minute,

There are many factors to be considered in applying the
results of the present research to the concept of a self—powere&
artificial hearf system. As with a maximal effort test of a
skeletal muscle system, it is difficult to specify the maximum
capability of the respiratory muscles because of the subjeétive
nature of such a test. Also the only convenient means of
measuring the respiratory muscles' work output is by measuriﬁg
toth the pressures that are developed in the lungs and the volume

of air pumped by the lungs, from which a calculation of respiratory
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work output may be made. Excépt in'extréﬁely fapid breathing
such as a maximum breathing cépacity test the‘lung pressures
developed duriné ﬁa;imal respiratory breathing efforts are
~greater than the pressures experienced in anf kind of normal
breathing. The high pressure cﬁanges may excite a reflex which
tends to restrict the force being exerted by the respirétory
muscles. If this is .the case, then the respiratory muscles may
be capable of producing more power ﬁhen coupled to an internal
load which does not present a‘pressufe resistance to the lungs;
It is known that dﬁring certain involunfary responses, such as
sneezing, the diaphragm exerts far greater force than is normally
possible in a voluntary maximum exertion, (Campbell, 1958).
Perhaps the réspiratory muscles could develop their full poten-
tial power capabilify only when coupled to an internal workload
which does not alter the pressure of the air being breathed.
During maximally rapid breathing such as a maximum breath-
ing capac{ty (MBC) test, the power output of the respiratory
muscles of normal, male test subjects was reported by Milic-Emili,
et al. (1964). They found that the average respiratory power
output was 38,1 watts for both expiration and inspiration, with
12.6 watts develbped during the inspiration only. These MBC
tests were conducted under minimum restrictive pressure condi-
tions and were of very short duration, about 15 seconds. Thirty-
eight watts is much greater than the 5 or 6 watts present re-
search indicates as a maximum continuous, long-term, power capa-
bility of the respiratory muscles. This indicates that the

respiratory muscles possess considerable reserve power capability
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. in excess of the power required toloperate-an artificial heart.
The nofmal contraction of the human diaphragm musé}e causes
inspifation of air into the respiratory sysﬁem. During expira-
tion the diaphragm is either relaxed or producing an antago-
nistic effort against expifation. When a pressure resistance
to breathing is placed in the expiratory airway, the diaphragm
is able to indirectly perform the additional, appérently expir-
atory work, even though it is basically an inspiratofy muscie.
The diaphragm performslthis "expiratory work' by maintaining a
greater residual volume of the chest. When the residual volume
of the chest is increased, the passive expiratory force of the
chest wall is also increased to overcomé the expiratory resistance.
Campbell, Howell, and Peckett (1957) also noted this phenonenom
in both conscious and unconscious human subjects. They showed
that ﬁncons;ious humans could expire against a threshold pres-
sure‘of'up to 15-20 cm Hp0 without the use of the expiratory
(abdominal) muscles by using the inspiratory muscles to maintain
an increased lung residual volume. When a test subject is
breathing against a threshold resistance on botﬁ his expiration
and inspiration{ his inspiratory muscles probably perform most
of the work of breathing. It may be possible that if the actuél
power capability of the respiratory muscles exceeds that shown
in the presenf research, then an artificial heart system could
be powered by the inspiratory muscles alone, which would greatly
simplify the energy transmission mechanism. This unknown can

best be resolved through additional research.
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Previous rescarchers (Cobk et al., 1964) report that one's
ability to produce high respiratory airway pressures improves
with long term préc;ice. -Most test subjects in £he present
rescarch were able to perform respiratory wafk‘equivalent to
their corresponding cardiac work rate while sitting. It is
conceivable that, with additional practice, all subjeéts could
develop sufficient respiratory power for an artificial heart,

A potential artificial heart recipiéﬁt could be subjected to
some form-of-respiratory exercise desigﬂed to increase his re-
spiratory power output capability before he actually received a
self-powered artificial heart system. After he received an
artificial heart, he would work at gradually increasing levels
of_activity qﬁtil his respiratory power capability increased to
the extent that he could lead a normal life. The fact that
Severai subjects‘were able to produce respiratory power in excess
of their own cardiac power outputs at both activity levels
indicates that the self-powered attificial heart system may be
.feasible‘and-that the concept is worthy of further research.

.In addition, the possibility of reducing the power require-
ments qf the artificial heart system should be considered. Per-
haps a small, constant power electrical battery or similar
energy storage system could be used to supply the basal cardiac
power requirements with the respiratory muscles providing the
additional power input to the artificial heart. Such a compro-
-mise may be necessary to provide an artificial heart system which

is adaptable to the patient's changing activity levels.



CHAPTER VI
SUMMARY AND CONCLUSIONS

Four specific objectives, stated in Chapter I, wére examined
in this thesis. The feasibility of powering an artificial heart
by power obtained from the movements of the respiratory nmuscles
was considered. The methods of calculation respiratory power
output capability and cardiac power.output'are discussed in
Chapter II. Nine caucasian males, ége 20 to 40, served as test
subjects in various pulmonary function tests designed to evaluate
the feasibili%y'of the self-powered artificial heart system. Two
activity levels were examined; sedentary, and treadmill walking

at three miles per hour on a 6% grade.

Conclusions

1. The maximum respiratory power output of nine test
subjects was determined at two activify lévels.
This maximum power ranged from 2.9 to 6.1 watts
(mean 4.0 watts) while walking. The range was from
1.1 to 4.2 watts (mean 2.5 watts) in the sedentary
activity level. |

2. The ratio of respirafdry power output cépability to
cardiac power output was evaluated at two activity
levels. The ratio ranged from 0.66 to 1.24 (mean

0.92) while walking and from 0.76 to 2.80 (mean 1.358)

57
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while sitting.
The oxygen cost of performing respiratory work

was determnined and is given by the following

regression equations:

Oxygen uptake _ 0.4 + 0.13 (Respiratory
while seated Power Output)

1.56 + 0.11 (Respiratory

Oxygen uptake _
Power Output)

while walking

Oxygen uptake in liters/minute

Respiratory power in watts
The ratio of respiratory power to cardiac power
output was compared to the test subjects' athletic

abilities. Two aspects of the subjects' athletic

- background were considered- - their present degree

of physical conditioning; their total number of
years of varsity athletics participation. A rank

66rrelation'analysis showed R = 0.60 for the

athletics history of test subjects and R = -0.10

for their present degree of physical condition,

‘neither of which is statistically significant at

the 95%'confideﬁce level.

Four of the nine test subjects were able to produce
respiratory power equal to their corresponding cardiac
power.outputs at both activity levels. The self-
powered artificial heart system is feasible if the

Tespiratory power capability can be significantly
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improved through exercise or if the power require-
ments of the heart system may. be reduced by use of

an auxiliary power source.

Future Research

The present research was, to the author's knowledge, the
only study made to date to examine the propositioﬁ stated in
Chapter I. The present research was.somewhét limited in terms
of facilifies and number of test subjects. However, it is a
start into an area which could ultimately result in the release
of artificial heart patieﬁts from external power requirements.
The results of this study indicate_that the respiratory muscles
are capable of producing power of magnitude comparable to the
pumping power output of the normal heart. Future research
should be directéd to two aspects of the self-powered artificial
heart system, 7

First, the results of the present study should be verified
and ekpaﬁded--perhaps by using more test subjects and at different
activity levels. The long term effects of causing the respira-
tory muscles to produce additional power should be examined.
Hypoventilation,lif present whenever the respiratory muscles
must produce additional power, may limit the power output of the
respiratory muscles to levels which do not cause hypoventilation.
These are questions which were not adequately answered in the
present research and which must be considered as the concept of a

self-powered artificial heart is developed.
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~ The other area of future research was not considered in the
present study. That is the development of a method of loading
the respiratory muscles with a device to coﬁvért reSpirétory
power to a form of power input to an artificial béart. The
present research only indicated that the power capability was
enough to consider further work, but suggestgd no way to harnesé
the power and use it to drive an artifiﬁial heart. The design
of a device could be perfected by sufgically impianting experi-
mental devices in animals. By attaching a powef—dissipating
mechanism to animals' respiratory ﬁuscles, the researcher avoids
encountering the undesirable effects of changing the pressure
within the test subjects' airways. By this method the power out-
put capability of the respiratory muscles could be examined with-
out concern for the possible erroneous results resulting from

the abnormal airway pressures.



61

LIST OF REFLRENCES

Agostini, Emilio and W. 0. Fenn. "Velocity of Muscle Shortening
As a Limiting Factor In Respiratory Air Flow."
J. Appl. Physiol, May 1960, 15(3): 349-353.

Best, C. H.; and N. B, Taylor. The Physiological Basis of
: Medical Practice, Chapter 3Z. Williams and Wilkins
Co., Baltimore, 1961

Bevegard, S; A. Holmpren, and B. Jonsson. "The Effect of Body
Posture on the Circulation at Rest and During Exercise
with Special Reference to the Influence on the Stroke
Volume." Acta Physiol Scand, 1960, 49: 279-298.

CampBell, E. J. M. The Respiratory Muscles. London:
Lloyd-Luke Ltd., 1958 ,

Campbell, E. J. M.; E. K. Westlake, R. M. Cherniack. '"Simple
- Methods of Estimating Oxygen Consumption and
Efficiency of the Muscles of Breathing." J. Appl.
Physiol. Sept, 1957, 11(2): 303-308.

~ Campbell, E. J. M.; J. Howell, B. Peckett. The Pressure-Volune
: Relationships of the Thorax of Anesthetized Human
Subjects; A Comparison of the Effects of Expiratory
‘Resistance -and Positive ‘Pressure Inflation.™
~ J. Physiol. May 1957, 136(3): 563-568.

'‘Cook, C. D.; J. Mead, M. M. Orzalesi. "Static Volume-Pressure
Characteristics of the Respiratory System During
Maximal Efforts.”" J. Appl. Physiol., Sept 1964,
19(5):1016-1022.

Craig, A. B., Jr. "Maximal Work of One Breathing Cycle."
Jd. Appl. Physiol., Nov 1960, 15(3):1098-1100.

Fletcher, G. and J. W. Bellville. 'On Line Computation of
_ Pulmonary Compliance and Work of Breathing."
J. Appl. Physiol., 1966, 21(4):1321-1327.

Gee, J. B. L.; G. Burtomn, C. Vassallo, J. Gregg. "Effects of
External Airway Obstruction on Work Capacity and
Pulmonary Gas Exchange." American Review of
Respiratory Diseases., 1968, v, 98:1003-1012.




62

Granath, A.; B. Jonsson, T. Strandell.  "Circulation in Healthy
01d Men, Studied by Right Heart Catheterization at
Rest and During Exercise in Supine and Sitting
Position." Acta Medica Scandinavica, Oct 1964,
176(4):425-445" : :

McGregor, M., and M. Becklake, '"The Relationship of Oxygen
Cost of Breathing to Respiratory Mechanical Work and
Respiratory Force." J. Clin. Invest., June 1961,
40(4):971-980.

Margaria, R., G. Milic-Emili, J. M. Petit, and G. Cauagna.
. "Mechanical Work of Breathing During Muscular Exercise."
J. Appl. Physiol., May 1960, 15(3):354-358.

Milic-Emili, J.; M. M. Orzalesi, C. D. Cook, J. M. Turner. o
"Respiratory Thoraco-Abdominal Mechanics in Man."
J. Appl. Physiol., March 1964, 19(2):212-223.

Rahn, H.; A. B. Otis, and L. E. Chadwick and W. O. Fenn. "The
Pressure-Volume Diagram of the Thorax and Lung."
Am. J. Physiol., May 1946, 146(2):161-178.

Reeves, J. T.; R. F. Grover, S. G. Blount, and G. F. Filley.
""Cardiac Qutput Response to Standing and Treadmill
Walking." J. Appl. Physiol., March 1961, 16(2):283-228.

Robinson, T. C.; R. J. Harvey, L. Van Someren, C. G. LaFarge,
W. F. Bernhard, J. C. Norman. '"Determination of Blood
Pumping Power Requirements for an Artificial Heart."
Progress in Biomedical Engineering. Edited by Fogel
and George; Spartan Books, Washington, D. C. 1967.

Tabakin, B. S., J. S. Hanson, T. W. Merriam, Jr., and E. J.
Caldwell. '"Hemodynamic Response of Normal Men to
Graded Treadmill Exercise." J. Appl. Physiol.,
May 1964, 19(3):457-464. -

Van Wylen, G. J., and R. E. Sonntag. Fundamentals of Classical
Thermodynamics, New York: John Wiley and Sons, Inc.,
1965 ' _




63

APPENDIX A

I

'Regglated‘ — Wiper position

4 10 volts _ Determined by
FOieT SLEEy , Gasometer Volume
‘Linear-output
Potentiometer

X-Y
. Plotter
FIGURE 10

SCHEMATIC WIRING DIAGRAM OF EXPERIMENTAL APPARATUS
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CHARACTERISTICS OF TEST -SUBJECTS

PENDIX B
TABLE 6

64

Subject Agé Weight Heigﬁt Caggzgiy Years of
: ' (1b) (in) (liters)  Athletics
1 23 150 70 5.6 4
2. 31 183 72 5.1
3 20 180 70 4.1 3
4 40 - 150 66 1.4 0
5 22 ,;55 71 5.1 i
6 23 157: 73 4.9 7
7 .25 170 72 5.4 0
8 26 129 66 3.7 0
9 22 245 72 5.4 3
mean 26 70 4.9 3

170



Cardiac OQutput (liters/minute)

17 -

16,
15.
14
13 .
12 4
1l 9

10 1

APPENDIX C

Y = 3.4 + 6.1 X
r = 0.99

65

1.0 2.0

Oxygen Uptake (liters/minute)

FIGURE 11

CARDIAC OUTPUT vs. OXYGEN UPTAKE FROM
THE DATA OF REEVES, et al., 1961
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APPENDIX D

PERSONAL VITAL DATA AND QUESTIONNAIRE
Respiratory Power Performance Tests

NAME | DATE
AGE WEIGHT (1bs) HEIGHT SEX: m f
VITAL CAPACITY (liters)

ATHLETIC HISTORY

High school: (check one) a. pafticipated every season
b. participated few sports
c. participated in no sports

University: a. varsity ( ) years
. : b. intramurals ( _) years
c. personal fitness program
(specify) o :
d. none

Other Post-collegiate fitness (if applicable}:

a. personal fitness program

'b. manual labor occupation

c. presently involved in little
or no physical exercise
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'APPENDIX E

EQUIPMENT USED FOR TAKING DATA

Regulated Power Supply
Heathkit Model 1P-20

X-Y Recorder o
Honeywell 550 X-Y Recorder

Gasometer ' :
Warren E. Collins, Inc. Model P-1700-F
Chain Compensated Gasometer
120 liter model

Treadmill _
Warren E. Collins, Inc. Model P-2000-E
- 1-8 mph Standard Model
18'" wide belt
28" wide walking platform
54" long walking belt surface

Two-way Breathing Valve
Warren E. Collins, Inc. Model P-306
High Velocity, Low Resistance Breathing Valve
1%" Inside Diameter Tubes '

- Pressure Transducer

Pace-Wiancko Pressure Transducer Kit, Model KP15
Pace-Wiancko Transducer Indicator, Model CD25
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