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Summary   A canine model was used to study the effects of different environmental
stresses on the heart and coronary circulation. The heart was surgically instrumented to
measure coronary blood flow, left ventricular pressure, and other cardiovascular variables.
Coronary flow was recorded by telemetry. Physiologic data were processed and analyzed
by analog and digital computers. By these methods the physiologic response to altitude
hypoxia, carbon monoxide, hypercapnia, acceleration, exercise, and the interaction of
altitude hypoxia and carbon monoxide were described. The effects of some of these
stresses on the heart and coronary circulation are discussed.

Introduction   The capacity for sustained exertion or the ability to respond to stress is
often limited by the rate of oxygen delivery to the tissues. A primary factor during exertion
or stress is the ability of the heart to respond to increased requirements. The heart and
coronary circulation are very sensitive to oxygen supply because the heart utilizes the
majority of the oxygen supplied to it, the oxygen content of coronary venous blood is low,
and the rest periods between cardiac contractions are short. Therefore, the delivery of
sufficient oxygen to the myocardium during stress or exertion must be provided almost
exclusively by a rapid increase in coronary blood flow. Tolerance to stress and cardiac
reserve are often limited by the ability to increase coronary flow. Figure I lists some of the
stresses which may affect the heart and cardiovascular system of man in aerospace
systems and in routine daily living. The factors which affect coronary blood flow,
ventricular function and their control are, therefore, of paramount importance in the
evaluation of mants tolerance to stress and his response to cardiovascular disease. Our



objective is to define man’s response and tolerance to stress and the interaction of different
stresses on the heart and cardiovascular system. Telemetry was used to measure coronary
blood flow, and computer methods were used to analyze and process the data.

Cardiac Instrumentation   Anesthesia was induced by intravenous administration of
thiopental sodium and was maintained with a mixture of nitrous oxide, halothane, and
oxygen. A thoracotomy was performed, using sterile technique, through the left fifth
intercostal space. Each dog was basically instrumented as illustrated in Figure 2 (1). The
circumflex or the anterior descending branch of the left coronary artery, or both arteries,
were isolated and 4 or 5-mm-diameter Doppler ultrasonic flow probes were placed around
the arteries. A similar transducer was placed around the ascending aorta to measure
cardiac output. A high-fidelity, solid-state pressure transducer (Model P-17, Konigsberg
Instruments, Pasadena, California) was implanted in the apex of the left ventricle to
measure left ventricular pressure. Catheters were placed in the left atrium and coronary
sinus of the heart to measure left atrial pressure and to determine blood gases, pH, oxygen
saturation, and carboxyhemoglobin saturation in arterial and coronary venous blood. The
transducer leads and catheters were brought through the chest wall, anchored, passed
subcutaneously to the dorsal area of the neck, and exteriorized. Each dog was permitted to
recover for at least two weeks before he was used for an experimental study.

Coronary Blood Flow   Phasic coronary artery blood flow velocity was measured with a
Doppler ultrasonic flowmeter (2-3). The flowmeter consists of an ultrasonic exciter
(Model 1008, L and M Electronics, Daly City, California) and a demodulator-transmitter
(Model 5008, L and M Electronics). The difference in frequency between the incident and
reflected beam of ultra-sound is proportional to the velocity of blood flow in the vessel.
This difference in frequency modulates a standard transmitter operating in the 88 to 108
MHz range. The signal is received and amplified with an FM receiver modified to make
the frequency response flat to 20 KHz. The signal from the FM receiver is processed by a
band-pass filter (Model 3700R, Krohn-Hite Corporation, Cambridge, Massachusetts) set
to pass information from 200 Hz (4 cm/sec) to 20 KHz (400 cm/sec). The output of the
filter is converted from a Doppler frequency shift to an analog voltage with a frequency-to-
voltage converter (Model 321, Vidar Corp., Mountain View, California). Coronary blood
flow was measured either in cm/sec or volume flow was calculated after measurement of
the internal diameter of the coronary artery. Volume flow was calculated by multiplying
the linear flow velocity by the cross-sectional area of the vessel.

Left Ventricular Pressure   Each solid-state pressure transducer was calibrated before it
was implanted within the left ventricle and after removal at autopsy. The sensitivity of the
transducers remains unchanged during implantation. There is, however, a small zero shift;
therefore, left ventricular diastolic pressure was set and maintained equal to left atrial
pressure.



Recording Methods and Computer Processing   The physiologic data were recorded on
an oscillographic recorder and on magnetic tape in the laboratory. Data reduction and
analysis were accomplished in the computer center by reproducing the data from analog
tapes. In this process the data are converted into digital form, sampled at 200 samples/
second, and recorded on digital tape. A square wave is generated for each R-wave of the
electrocardiogram. This provides the timing necessary to perform the averaging of a
specified number of beats, beginning at a particular point in the cardiac cycle.

The data on digital tape were processed by a digital computer. The digital computer
program is written in Fortran language and the data were batch processed. Left ventricular
dP/dt, the rate of rise in left ventricular pressure, was derived from left ventricular
pressure. The integral of flow was computed to obtain stroke volume. Mean coronary and
aortic flow were determined and resistances were calculated.

The methods described were developed to study the effects of different stresses which may
be encountered in the aerospace environment--such factors as altitude hypoxia, carbon
monoxide, hypercapnia, exercise, acceleration, and the interaction of some of these
stresses.

Altitude Hypoxia   The heart is very sensitive to oxygen deprivation. Coronary and
cardiac responses to hypoxic hypoxia were investigated in 16 conscious dogs exposed to
hypoxia atmospheres through a permanent tracheostomy (4). Figure 3 illustrates the
response to simulated altitude hypoxia in a conscious dog that breathed first air, then 10%
oxygen, or 5% oxygen. A significant increase in maximum left ventricular dP/dt is shown--
an indication of the increased inotropic state of the left ventricle, or force of contraction of
the heart. A very significant increase in coronary blood flow can also be seen, particularly
during the exposure to 5% oxygen. The major portion (70-80%) of coronary flow is during
diastole, beginning with the closure of the aortic valves.

Carbon Monoxide   Environmental pollution has increased interest in the effects of
carbon monoxide on cardiac and cerebral function. It has been reported (5) that 12-14% of
employed individuals are in occupations where exposure to relatively high levels of carbon
monoxide (CO) is likely. Dinman (6) has suggested that a safe limit of CO exposure might
be a level which produces 5% carboxyhemoglobin. Recent studies have suggested that
COHb levels at or below 5% may produce decrements in performance. Because such
levels have been observed in cigarette smokers, performance in aircraft, automobiles or
during other complex tasks may be impaired by smoking tobacco.

Ten dogs were recently exposed to 1500 ppm CO after instrumentation by the methods
illustrated in Figure 2. At 5% COHb (4% above control) a 13% increase in coronary blood
flow was seen. Additional studies were performed using 100 ppm CO. A typical response



to 100 ppm, CO is illustrated in Figure 4. This shows a fairly rapid ini ‘ tial increase in
coronary flow, a slight decrease, and eventually a nearly steady-state response
(approximately 20% greater than control).

The Combined Effects of Altitude and Carbon Monoxide   McFarland (7) has
discussed the interaction of altitude and carbon monoxide. Carbon monoxide decreases the
tolerance to altitude. Pilots feel less fatigued on long flights if they have refrained from
smoking (8).

The interaction of CO and simulated altitude on coronary flow has been studied in seven
dogs (Figure 5). Coronary flow increased 38% during exposure to 10% oxygen. A 24%
and 47% increase in coronary flow with 10% and 20% COHb, respectively, were noted.
Exposure to 10% oxygen in the presence of 10% and 20% COHb, however, resulted in a
67% and 92% increase in coronary flow, respectively.

Acceleration   Acceleration, 4-Gz (headward) or 4,Gx (transverse, chest to back), is a
stress which is common in high-performance aircraft and aerospace systems. Figure 6
illustrates a response to +3Gz acceleration in a dog anesthetized with alpha-chloralose.
Coincident with the acceleration profile, there is a two to three fold increase in coronary
flow. Aortic root pressure, a primary determinant of coronary flow, first decreases, then
increases and stabilizes, then decreases again in the terminal phase of acceleration.
Figure 7 illustrates a response to +10Gx acceleration, showing the response in both left
circumflex and left anterior descending coronary flow. The coronary flow is maintained
and also increases during this acceleration profile. An increase in left ventricular pressure
can also be seen; a decrease occurs in both arterial and coronary venous oxygen saturation
coincident with this acceleration profile.

Conclusion   Coronary blood flow and myocardial function were studied in experimental
animals during exposure to stresses which man may encounter in aerospace systems or in
daily life. Telemetry was used to monitor and record coronary blood flow during exposure
to hypoxia and carbon monoxide in the laboratory or in an altitude chamber, and also to
evaluate the response to exercise, hypercapnia, and acceleration on the centrifuge.

This work was supported in part by the National Aeronautics and Space Administration
under Contract No. A94544.
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Figure 2 - Surgical instrumentation of the canine heart to study myocardial function



Figure 3 - Effects of simulated altitude hypoxia on left ventricular
function and coronary blood flow



Figure 4 - Coronary blood flow response to four hours exposure
to 100 ppm carbon monoxide

Figure 5 - Coronary blood flow response to simulated altitude hypoxia
(10% oxygen), and carbon monoxide (1500 ppm)



Figure 6 - Coronary blood flow and arterial pressure response to +Gz acceleration

Figure 7 - Coronary blood flow, left ventricular pressure, arterial oxygen saturation,
and coronary venous oxygen saturation during +10Gx acceleration




