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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
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