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INVESTIGATOR'S REPORT 

Cardiovascular Effects of Chronic Carbon Monoxide and High-Altitude Exposure 

By James J. McGrath 1 

ABSTRACT 

At higher altitudes, ambient carbon monoxide levels are 
increasing with the number of residents and tourists and 
their use of motor vehicles and heating devices (such as 
fireplaces, furnaces, and stoves). Although chronic ex
posure to carbon monoxide or high altitude causes pro
nounced cardiovascular changes in humans as well as in 
animals, there is little information on the effects elicited by 
these stressors combined. Data from acute studies and theo
retical considerations suggest that carbon monoxide in
haled at altitude may be more detrimental than carbon 
monoxide inhaled at sea level. It is not known, however, if 
the cardiovascular system adapts or deteriorates with con
tinuous, concurrent exposure to carbon monoxide and high 
altitude. 

Male laboratory rats were exposed for six weeks in steel 
barometric chambers to altitudes ranging from 3,300 ft (am
bient) to 18,000 ft and to concentrations ranging from 0 to 
500 parts per million (ppm)2. 

Carbon monoxide had no effect on body weight at any al
titude. There was a tendency for hematocrit to increase even 
at the lowest concentration of carbon monoxide (9 ppm), 
but the increase did not become significant until 100 ppm. 
At 10,000 ft, there was a tendency for total heart weight to 
increase in rats inhaling 100 ppm carbon monoxide. Al
though its effects on the heart at altitude are complex, car
bon monoxide, in concentrations of 500 ppm or less, had 
little effect on the right ventricle; it did not exacerbate any 
effects due to altitude. There was a tendency for the left ven
tricle weight to increase with exposure to 35 ppm carbon 
monoxide at altitude, but the increase was not significant 
until 100 ppm carbon monoxide. 

Heart rate, blood pressure, cardiac output, and periph
eral resistance were unaffected by exposure to 35 ppm car
bon monoxide or 10,000-ft altitude singly or in combina
tion. I conclude that six weeks of exposure to 35 ppm 
carbon monoxide does not produce measurable effects in 
the healthy laboratory rat, nor does it exacerbate the effects 
produced by exposure to 10,000-ft altitude. 

1 
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Basal carboxyhemoglobin (COHb) level (due to endoge
nous carbon monoxide production) was increased from 0.7 
to 1.0 percent at 10,000 ft, and to 1.7 percent at 15,000 ft. 
This suggests that the high-altitude resident has a greater 
initial body burden of COHb and will attain the COHb level 
associated with the National Ambient Air Quality Stan
dard for carbon monoxide more quickly than the sea-level 
resident. 

INTRODUCTION 

The physiological responses of humans and animals to 
chronic exposure to high altitude or carbon monoxide (CO) 
have been studied intensively, but the responses to these 
stressors combined have not been investigated. This re
search was initiated because theoretical and experimental 
data suggest that acute exposure to CO combined with alti
tude may be more detrimental to the cardiovascular system 
than exposure to CO alone, and because there are no data 
on the effects of chronic exposure to CO at altitude. 

OXYGEN TRANSPORT 

Oxygen is transported to the tissues by hemoglobin; the 
amount of oxygen transported depends on the partial pres
sure of oxygen (Po2) in the inspired air, the amount of func
tional hemoglobin, and the percentage of hemoglobin satu
rated with oxygen. At altitude, the inspired Po2 and the 
percent of hemoglobin saturated with oxygen are lower 
than normal, and accordingly, the amount of oxygen deliv
ered to the tissues is less; this results in hypoxic hypoxia. 
On the other hand, CO, by binding with hemoglobin to form 
COHb, reduces the amount of functional hemoglobin and 
makes the hemoglobin-bound oxygen less available to the 
tissues; this results in anemic hypoxia. Consequently, the 
effects of breathing CO at altitude might be expected to be 
at least additive, because the tissue hypoxia resulting from 
anemic hypoxia (decreased functional hemoglobin) is su
perimposed on that caused by hypoxic hypoxia (decreased 
inhaled P02). 

The study reported here was planned to measure the con
sequences of the interaction between anemic hypoxia and 
hypoxic hypoxia in rats breathing CO at altitude for six 
weeks. 
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CHRONIC EFFECfS OF ALTITUDE 

Living at high altitude imposes a hypoxic stress on the 
body, the magnitude of which is determined by the absolute 
altitude, as well as the duration of time spent at altitude. 
However, many physiological changes occur in organisms 
living at altitude, and some of these changes are considered 
compensatory. A conceptual framework for these changes 
and their importance to the organism is provided by Bar
bashova (1964). 

Prominent features of prolonged altitude exposure are in
creases in hemoglobin concentration and in hematocrit; 
these changes increase the oxygen-carrying capacity of the 
blood. However, because of the increased work required to 
pump the more viscous blood, not everyone agrees that this 
response is beneficial to the organism. Guyton and Richard
son (1961) suggest not only that changes in hematocrit affect 
the oxygen-carrying capacity of the blood, but also that the 
blood flow to the tissues may reduce oxygen delivery; this 
can more than offset the advantage gained by increasing the 
oxygen-carrying capacity of the blood. Smith and Crowall 
(1967) conclude that there is an optimal hematocrit at sea 
level that shifts to a higher value with altitude acclimati
zation. 

A second notable feature of extended stay at altitude is 
pulmonary vasoconstriction. Constriction of the pulmo
nary arteries is due to a direct effect of hypoxia on arterial 
smooth muscle. Some degree of pulmonary vasoconstric
tion in response to hypoxia may be beneficial, in that it can 
match perfusion to ventilation within the lung (Reeves et al. 
1979). The response is useful in local disease ofthe lung (for 
example, pneumonia), because the hypoxic vasoconstrictor 
mechanism can shunt blood away from diseased areas. But, 
at altitude, all alveoli are hypoxic, and the vasoconstrictor 
response is general throughout the lung. Under these con
ditions, pulmonary blood pressure is increased; this may 
redistribute blood flow and, at least in humans (because of 
our upright posture), increase the oxygen-diffusing capac
ity. Pulmonary hypertension is followed by right ventricular 
hypertrophy, because of the increased workload imposed 
on the right ventricle. 

Pulmonary vasoconstriction, as well as right ventricular 
hypertrophy, is most pronounced in relative newcomers to 
altitude and is less pronounced in long-term residents. In 
cases of excessive hypoxia, it can lead to right heart failure. 
Right ventricular hypertrophy has been reported in many 
animals, including rats, cattle, and birds, as well as in 
humans. 

A third feature of ascent to and residence at altitude rele
vant to these studies is change in cardiac output. The data 
are controversial, but it is generally agreed that cardiac out
put increases on ascent to altitude, but decreases after a few 
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days at altitude (Lenfant and Sullivan 1971). Tachycardia re
mains, but stroke volume falls, so that cardiac output 
returns to near normal levels. 

Changes in cardiac output during exposure to altitude re
sult from several factors (Lenfant and Sullivan 1971). During 
the initial stages of exposure to altitude, the predominant 
factor appears to be increased sympathetic activity; this is 
reflected in the rise in plasma and urinary catecholamines. 
The cardiac response is not related to tissue Po

2
, because 

after a few days at altitude the hypoxia remains, but the total 
blood flow decreases. Others believe that the secondary de
crease in cardiac output with prolonged exposure to alti
tude is caused by a direct depressing effect of hypoxia on 
the myocardium (Alexander et al. 1967). 

Thus, the salient features of prolonged altitude exposure 
are increased hematocrit, right ventricular hypertrophy, 
and possible changes in cardiac output. It is not known how 
these responses would be affected by CO superimposed on 
the altitude stress. In the studies reported here, this interac
tion was investigated. 

CHRONIC EFFECfS OF CARBON MONOXIDE 
EXPOSURE 

Chronic CO exposure also increases hemoglobin concen
tration, hematocrit, and erythrocyte count (Wilks et al. 
1959; Syvertsen and Harris 1973; Penney and Bishop 1978). 
The mechanism responsible for these hematological 
changes is believed to be the same as in chronic altitude ex
posure (that is, lowered tissue oxygen delivery resulting 
from elevated COHb levels). Reticulocyte release from the 
hemopoietic organs, as well as other aspects of erythro
poietic activity, is stimulated by erythropoietin released by 
the kidney; CO exposure enhances erythropoietin produc
tion (Syvertsen and Harris 1973; Guidi et al. 1977). Penney 
and coworkers (1974a) concluded that the threshold for the 
erythropoietic response is 100 ppm CO. 

Blood volume increases with chronic CO exposure, pri
marily because the circulating red blood cell mass in
creases. However, plasma volume, which may be depressed 
in the first few days at altitude, is either unchanged by CO 
exposure (Parving 1972) or elevated slightly (Wilks et al. 
1959). 

Early studies reporting cardiac enlargement in response 
to chronic CO exposure have been verified (Theodore et al. 
1971). In rats exposed to 500 ppm CO, heart mass increased 
rapidly and cardiac lactate dehydrogenase composition 
changed in parallel with the heart weight changes (Penney 
et al. 1974b). Penney and coworkers (1974a) concluded that 
the threshold for cardiac enlargement is near 200 ppm, 
and, unlike cardiac hypertrophy caused by altitude, which 
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involves primarily the right ventricle, cardiac hypertrophy 
caused by CO involves the whole heart. 

The hemodynamic consequences of chronic CO ex
posure have been examined by Penney and coworkers (1979) 

and by James and associates (1979). In rats exposed to 500 

ppm CO for 1 to 42 days (Penney et al. 1979), hematocrit in
creased from 49.8 to 69.7 percent; cardiomegaly developed; 
and stroke index, mean stroke power, and mean cardiac out
put increased; however, total systemic and pulmonary 
resistances decreased. There were slight, but nonsignifi
cant, changes in left and right ventricular systolic pres
sures, mean aortic pressure, and maximum left ventricular 
pressure rate of change (dP/dt); there was no consistent 
change in heart rate. In chronically instrumented goats ex
posed to CO for two weeks, James and colleagues (1979) 

reported no changes in cardiac index or stroke volume; left 
ventricular contractility and heart rate were unchanged 
during CO exposure, but were depressed significantly dur
ing the first week after the exposure. The differences in the 
two studies may be attributable, in part, to differences in the 
intensity of the CO exposure, species differences, and (be
cause the James study was conducted in Denver) exposure 
to a moderately higher altitude. 

Thus, the well-documented physiological responses to 
chronic CO exposure include increased oxygen-carrying 
capacity of the blood and cardiac enlargement. The levels 
of CO reported to elicit these changes are generally high, 
and there is some question if the changes occurring in the 
heart can be considered beneficial. In the studies reported 
here, the CO exposures were more comparable to those en
countered in the ambient environment. 

CARBON MONOXIDE EXPOSURE AT ALTITUDE 

Precise estimates of the number of people exposed to CO 
at high altitude are not readily available. However, more 
than 2.2 million people live at altitudes in excess of 5,000 

ft (1,524 m), and countless tourists sojourn in high-altitude 
areas during the summer and winter months (National Re
search Council 1977). Moreover, there are several factors 
that tend to exacerbate ambient CO levels at high altitude 
(Kirkpatrick and Reeser 1976). For example, in mountain 
recreational communities, automobile emissions are high
er; automobiles tuned for driving at 5,280 ft (1,610 m) emit 
almost 1.8 times more CO when driven at 8,000 ft (2,438 m), 
and automobiles tuned for sea-level driving emit almost 4 

times more CO when driven at 8,000 ft. Furthermore, au
tomobile emissions are increased by driving at reduced 
speeds along steep grades under poor driving conditions. 
Therefore, large influxes of tourists, driving automobiles 
tuned for sea-level conditions into high-altitude resort 

areas, may drastically increase pollutant levels in general, 
and CO levels in particular (National Research Council 
1977). In addition, population growth in mountain areas is 
concentrated along valley floors; this factor, combined with 
the reduced volume of air available for pollutant dispersal, 
causes pollutants, including CO, to accumulate in moun
tain valleys. Finally, heating devices (kerosene space 
heaters and fireplaces) used for social effect, as well as 
warmth, also contribute to CO emissions in mountain resort 
areas. As a result of these factors, the National Ambient Air 
Quality Standard for CO of 9 ppm is exceeded frequently in 
Denver, CO (altitude 5,280 ft) during the winter months 
(Haagenson 1979). 

The effects of altitude on COHb formation can be pre
dicted from Haldane's first principle (Haldane and Smith 
1897): 

[COHb] = M Pco 
[OzHb] Po2 

where [COHb] is the blood concentration of carboxyhemo
globin; [02Hb] is the blood concentration of oxyhemo
globin; Pco is the partial pressure of CO in blood; Po

2 
is 

the partial pressure of 0 2 in blood; and M is the Haldane 
constant. 

According to this principle, a Pco will result in a higher 
percent carboxyhemoglobin (%COHb) at altitude (where 
Po

2 
is reduced) than at sea level. Thus, Collier and Gold

smith (1983) calculate that humans exposed to 8 ppm CO 
will have equilibrium COHb levels of 1.4 percent at sea level 
and 1.8 percent at 11,741 ft (3,579 m). Interestingly, these 
workers calculate an increase in COHb at altitude even in 
the absence of ambient CO (due to Haldane's first principle). 

The possibility that CO may pose a special threat at alti
tude is suggested by Luomanmaki and Coburn (1969), who 
reported that, during hypoxia, CO shifts out of the blood 
and into the tissues. Agostoni and associates (1980) pre
sented a theoretical model to support these observations; 
they developed a series of equations predicting that with 
decreased venous Po

2
, CO moves out of the vascular com

partment and into skeletal and heart muscle, increasing the 
formation of carboxymyoglobin (COMb) in the tissues. Thus, 
available evidence suggests that CO moves into the extra
vascular compartment during hypoxemia and causes the 
COMb:COHb ratio to increase. 

Many studies have compared the cardiovascular effects of 
CO with those of altitude, but there are few studies on the 
effects of CO at altitude. Increased CO uptake during light 
activity at 16,000 ft (Forbes et al. 1945), and increased pulse 
rate in healthy men at 15,000 ft with COHb levels of up to 
13 percent (Pitts and Pace 1947), have been reported. Pitts 
and Pace conclude that, in healthy men, the response to a 
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1 percent increase in COHb level is equivalent to an in
crease of 335 ft in altitude. 

Weiser and colleagues (1981) studied the effects of CO on 
aerobic work at altitude; COHb levels of 5 percent impaired 
work performance to the same extent as at sea level. There 
were small, but significant, changes in cardiorespiratory 
function during submaximal exercise and CO exposure; 
working heart rate increased and postexercise left ventricu
lar ejection time shortened. Exposure to CO also caused a 
lower anaerobic threshold and a greater minute ventilation 
at work rates heavier than the anaerobic threshold. 

Most physiological data on the effects of combined CO 
and altitude exposure come from psychophysiological 
studies, and it is on the basis of these studies that the con
cept of physiologically equivalent altitudes has been devel
oped. McFarland and coworkers (1944) and McFarland 
(1970) reported changes in visual sensitivity at COHb con
centrations of 5 percent or at an altitude of approximately 
8,000 ft. Lilienthal and Fugitt (1946) reported that com
bined exposure to altitude and CO decreased flicker-fusion 
frequency. Whereas mild hypoxia alone impaired flicker
fusion frequency, COHb levels of 5 to 10 percent decreased 
the altitude threshold for onset of impairment to between 
5,000 and 6,000 ft. 

Thus, although the literature abounds with studies com
paring and contrasting CO and altitude exposures, there are 
few reports on the effects of CO at altitude. There are data 
to support the concept that the effects of these two hypoxia
inducing conditions are at least additive. The data pre
sented by Luomanmaki and Coburn (1969), however, sug
gest that the effects may be more than simply additive. 

Moreover, it is difficult to assemble a cohesive picture of 
the potential cardiovascular effects elicited by long-term, 
low-level CO exposure, because some studies are being 
challenged and others have used unrealistically high CO 
levels. In addition, there have been few studies of the poten
tial synergistic effects of CO combined with altitude. In the 
studies reported here, we followed a more integrated ap
proach by conducting all studies reported here in one ani
mal model, the rat, which was exposed to levels of CO and 
altitude that are commensurate with human experience. 

CARBON MONOXIDE EFFECfS ON THE HEART 

The effects of CO on the heart and its association with car
diovascular disease have been described in both human and 
animal studies. A significant shortening in the time until 
onset of pain in exercise-induced angina has been reported 
in human subjects exposed to CO (Anderson et a!. 1973; 
Aronow and Isbell 1973); however, the Aronow and Isbell 
study has been criticized (Horvath et a!. 1983). 
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In studies on humans undergoing cardiac catheteriza
tion, Ayres and associates (1969, 1970) reported that both 
cardiac output and minute ventilation increased when sub
jects breathed 50,000 ppm CO. However, when the subjects 
breathed 1,000 ppm CO, minute ventilation increased, but 
cardiac output did not. Coronary blood flow increased sig
nificantly in patients with noncoronary heart disease, but 
not in patients with coronary heart disease. 

The effects of CO on coronary flow, heart rate, blood pres
sure, cardiac output, and myocardial oxygen consumption 
have been described in several studies. The results are 
somewhat contradictory, but most workers agree that coro
nary flow increases with exposure to CO (Adams eta!. 1973; 
Young and Stone 1976). However, Einzig and coworkers 
(1980) demonstrated that whereas both right and left ven
tricular beds were dilated maximally at COHb levels of 41 
percent, the ratio of subendocardial to subepicardial blood 
flow was reduced. The authors concluded that there is a 
pronounced underperfusion of the subendocardial layer of 
the left ventricle, in addition to the global hypoxia as
sociated with CO poisoning. Horvath (1975) reported that 
coronary blood flow increased in healthy dogs as blood 
COHb levels increased, but coronary blood flow did not in
crease in animals with complete atrioventricular block. 
These results are provocative because they suggest an in
creased danger from low COHb levels in cardiac-disabled 
individuals. 

Thus, the susceptibility of the cardiovascular system (es
pecially the heart) to CO is well documented: CO increases 
coronary blood flow, has little effect on heart rate, and, de
pending on dosage, may decrease blood pressure and myo
cardial oxygen consumption (Traystman and Fitzgerald 
1977; Sylvester eta!. 1979). Cardiac output may be increased 
by high levels of CO, but it is unaffected by low-level ex
posure. However, most studies of the effects of CO on the 
cardiovascular system have been conducted for brief 
periods and have used high levels of CO. The studies 
reported here were conducted for prolonged periods using 
more realistic CO exposures. 

SPECIFIC AIMS 

The objectives of these studies were to determine whether 
or not CO exposure potentiates the effects of altitude and to 
determine those levels of CO and altitude at which changes 
occur. To accomplish this, animals were exposed for six 
weeks to various combinations of CO and altitude, and the 
chronic impact of these two stressors on the blood, heart, se
lect organs, hemodynamic performance of the cardiovascu
lar system, and blood gases were assessed. 
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Specific questions addressed include the following: 
1. Does CO further exacerbate the loss in body weight ob

served at altitude? 

2. Does CO further increase erythropoietic activity at al
titude? 

3. Does CO exacerbate the right ventricular hypertrophy ob
served at altitude? 

4. Does CO cause left ventricular hypertrophy at high alti
tude, as it does at sea level? 

5. Does CO alter hemodynamic performance at altitude? 

MATERIALS AND METHODS 

ANIMAL MODEL 

The rat was used in these studies for several reasons: 
there is a large, appropriate data base on the response of the 
rat to chronic altitude and chronic CO exposure; the rat's 
cardiovascular responses to altitude and CO are similar in 
many ways to those of humans; it is easily housed in the 
specialized chambers required for this work; and sufficient 
numbers can be exposed to the study conditions to deter
mine statistical significance. 

The rats used in these studies were either male Fischer-
344 (F344), chosen because they are a well-described strain 
used frequently in toxicological studies, or male Sprague
Dawley, chosen because their greater size facilitates certain 
surgical procedures; all animals were obtained from Sasco, 
Inc. (Omaha, NE). The animals were housed in shoebox 
cages (six per cage); they were fed a commercial diet (Pu
rina Rat Chow, Ralston Purina Co.) and were provided tap 
water ad libitum. All animals were randomly assigned to 
treatment groups by a random-numbers table. 

Two experimental designs were used. In the first, ani
mals were exposed to four different conditions: ambient al
titude (3,300 ft), ambient altitude plus CO, altitude, and al
titude plus CO. In the second, animals at the same altitude 
were exposed to different CO concentrations to determine 
dose-response relationships. All exposures were continu
ous for six weeks, except when the chambers were opened, 
twice weekly for four hours, for animal maintenance. Al
though most exposures were conducted at the one-hour and 
eight-hour National Ambient Air Quality Standards for CO 
of 35 and 9 ppm, respectively, several exposures were con
ducted at higher CO concentrations (up to 500 ppm) to con
firm effects reported by others (Penney et al. 1974a,b). 

EXPOSURE SYSTEM 

The altitude chamber system consisted of six cylindrical 

Figure 1. Altitude and CO exposure system. 

steel chambers connected to a central air supply duct (Fig
ure 1). Each chamber was fitted with a clear, Lucite plastic 
door for illuminating and viewing the animals; the door 
was fitted with an 0-ring to ensure a gas-tight seal. Air en
tered the system through a high-efficiency particulate air 
filter and flowed through each chamber at 55 l/min (16 air 
changes per hr). Altitude conditions, simulated by a water
sealed pump (Flui-vac, model A10, Atlantic Fluidic) and a 
system of adjustable globe valves, were measured by an air
craft altimeter. Carbon monoxide, provided in high
pressure, steel cylinders, was introduced into the air-intake 
side of each chamber via a mass-flow controller system 
(Matheson Gas, La Porte, TX). Chamber atmosphere was 
sampled sequentially for one hour from each chamber, in
cluding the control (0 ppm) chamber, via a switching sole
noid (Chronotrol-Lindberg Enterprises, Inc., San Diego, 
CA). Carbon monoxide concentrations were measured con
tinuously for one hour with a nondispersive infrared ana
lyzer system (Beckman, Fullerton, CA) and were recorded 
continually on a strip-chart recorder (Houston Instruments, 
Austin, TX). The nominal and measured CO concentrations 
at each altitude are presented in Table 1. 

ANALYTICAL METHODS 

The final value for each CO-altitude exposure was 
achieved in accord with the schema presented in Figure 2. 
An altitude of 10,000 ft was attained in 2.5 minutes, held for 
5 minutes, then increased in 5-minute increments until the 
desired altitude was achieved. Carbon monoxide concen
trations reached 90 percent of their equilibrium values 
within 7.5 minutes and 100 percent within 10 minutes. 

Each week the animals were weighed. Hematocrit and 
COHb concentrations were measured weekly throughout 
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Table 1. Chamber Carbon Monoxide Concentrationsa 

Altitude (ft) 9 ppm 35 ppm 

3,300 9.0 ± 0.8 35.0 ± 1.0 
10,000 9.2 ± 0.7 35.2 ± 1.0 
15,000 9.0 ± 0.5 ND 
18,000 ND ND 

a Values are means ± SD. 
h ND ~ not determined. 

the exposure on blood samples obtained by snipping the 
tails immediately after the animals were removed from the 
chambers. Generally, hemoglobin concentration was also 
measured weekly. The COHb concentrations reported in Ta
ble 2 are those measurements taken at the end of the six
week exposure. 

Two methods were used for the COHb determinations. In 
the first, based on the method of Small and coworkers (1971) 
and including modifications of Beeckmans (1967), a hepa
rinized whole-blood sample, diluted 1:70 with a 0.04 per
cent ammonia solution, was placed in a 1-mm path length 
cuvette, and the absorbance was read on a spectrophotome
ter (Acta Beckman, Fullerton, CA) calibrated at 4 f... in the 
Soret band. Based on these measurements, the %COHb was 
calculated according to the Beer-Lambert law (Ewing 1960). 
In the second method, based on the method of Rodkey 
(1970), a gas chromatograph (Carle 211, Hach Company, 
Loveland, CO) was used to detect low levels of COHb. In this 
procedure, 100 ~l blood was introduced via a gas-tight sy
ringe into a reaction vessel containing 89 ~l 1 percent citric 
acid monohydrate and 178 ~l 10 percent sterox. After in-
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Figure 2. Schema used to reach both CO and altitude equilibria at the start 
of each experiment. 
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50 ppm 100 ppm 500 ppm 

49.9 + 1.7 100.9 ± 1.4 501.0 ± 4.5 
NDb 100.3 ± 1.8 ND 
ND 100.1 ± 1.1 500.3 ± 2.8 

50.2 ± 3.6 100.8 ± 3.4 500.9 ± 6.3 

traducing the sample, 133 ~l 3 percent potassium ferri
cyanide was added and the reaction was allowed to proceed 
for 10 minutes. At the end of this time, the reaction vessel 
was switched into the gas chromatograph system through a 
four-way valve. Carbon monoxide was separated from oxy
gen, nitrogen, and methane by a 6-ft molecular sieve 5A 
column operating at 100°C. Water, carbon dioxide, and or
ganic substances that interfere with the performance of the 
column were removed by a liquid-nitrogen trap. The ef
fluent from the column was mixed with hydrogen, catalyti
cally reduced to methane over a nickel catalyst at 400°C, 
and passed through a flame ionization detector. The peak 
area in the chromatogram was determined by integration 
and, by comparing the peak area with a standard calibra
tion curve, the amount of CO was determined. The concen
tration of CO in the blood, expressed as %COHb, was ob
tained from the following relationship: 

%COHb = A/Hb x 1.39 (ml/g hemoglobin) 

where A is the volume of CO gas corrected to standard tem
perature and pressure (STP) conditions, and Hb is the 
amount of hemoglobin in the sample, as determined by the 
cyanmethemoglobin method. Hemoglobin (1.39 ml/g) is the 
conversion factor that accounts for the fact that 1 M of hemo
globin with a molecular weight of 64,458 combines with 4 
x 22,414 ml of CO under STP conditions. The COHb con

centrations at each altitude are presented in Table 2. 

The animals were killed by an overdose of pentobarbital; 
the hearts were removed, and the atria, great vessels, and 
visible fat were trimmed away. The right ventricles were 
dissected away, and the left ventricles were opened and 
rinsed. Both ventricles were blotted dry on filter paper 
(Whatman No. 4) and weighed on a precision balance; 
weights of the right ventricles and left ventricles plus septa 
were recorded. The spleens, kidneys, and adrenal and pitu
itary glands were removed, blotted dry, and weighed. All 
organs were placed in a vacuum oven at 95°C and dried to 
constant weight. To correct for variations in animal size, all 
organ weights were normalized by individual animal body 
weight. 

In the blood-gas studies, arterial pH, partial pressure of 



J. J. McGrath 

Table 2. Percent Carboxyhemoglobin Levels Corresponding to Given Chamber Carbon Monoxide Concentrations 

and Altitudesa 

Carbon Monoxide Concentration 

Altitude (ft) 0 ppm 9 ppm 35 ppm 50 ppm 100 ppm 500 ppm 

3,300 0.6 ± 0.1 0.9 ± 0.1 2.4 ± 0.2 3.7 ± 0.1 8.5 ± 0.4 40.0 ± 0.4 
10,000 1.3 
15,000 1.7 
18,000 1.9 

a Values are means ± SD. 

b ND ~ not determined. 

± 0.2 
± 0.8 
± 0.5 

1.8 ± 0.2 3.3 
2.1 ± 0.1 

ND 

carbon dioxide in the blood (Pco2) (Torr), and Po2 (Torr) 
were measured at 37.5°C with a Radiometer blood-gas ana
lyzer (model BMS2-MK3, Radiometer America, Westlake, 

OH) immediately after the blood samples were obtained. 
Arterial bicarbonate concentration ([HC03 -], mM/1) was 
calculated with the Henderson-Hasselbalch equation (Peters 
and VanSlyke 1932). Each animal was removed from the ex

posure chamber and transferred to a Plexiglas box; to main
tain the same blood-gas values for %COHb and Po2 that 
were present during the exposure, the box was flushed with 
halothane anesthesia and the appropriate gas mixture. 

To implant a catheter for blood sampling, the animals 
were removed from the box and switched to a face-mask sys
tem, by which flow and concentrations of the gas mixtures 

were maintained. The femoral artery was cannulated, and 
the skin and underlying tissue were sutured closed with 
stainless steel wound clips. The animals were given approx
imately one hour to recover, during which time they 
showed no visible signs of discomfort other than those as
sociated with being confined in the box. 

In the hemodynamic studies, the animals were anesthe
tized with pentobarbital, heparinized, and ventilated with 
air. A midline thoracotomy was performed, and an electro
magnetic-flow probe, calibrated previously, was positioned 

on the ascending aorta. A transducer, inserted in the femo
ral artery, recorded pressure changes, and signals from the 

transducer were transmitted to a Physiograph recorder 
(Beckman, Schiller Park, IL) and monitored with a Data 
Logging System (Buxco Electronics, Inc., Sharon, CT). 

In the electrocardiogram (ECG) studies, a vented box was 
used to contain the rat and the apparatus required for 
recording the ECG. A vacuum line was attached to a port on 
top of the box and the box was placed in an aluminum Fara

day cage. The animal and the apparatus could be manipu
lated via an opening in the side of the box; the opening was 
covered with a screen during the exposure. The rat was 
anesthetized with halothane administered via a nose cone; 

± 0.2 NDb 9.4 ± 0.4 ND 
ND 
ND 

ND 10.0 ± 0.5 41.5 ± 0.5 
5.0 ± 0.4 10.2 ± 0.7 42.0 ± 0.7 

the cone, fabricated from silicone rubber, fit loosely over the 

rat's nose. 

To record the ECG, the rat was placed on a platform and 
its legs were placed into containers filled with a 10 percent 
sodium chloride solution. Individual wires from three of 
the leg containers (right front, left front, and left rear) were 

fastened to a panel; the panel had connectors to which the 
corresponding leads from the ECG recorder were attached. 
The ground lead from the ECG recorder was attached to the 
Faraday cage. 

The ECG recordings were taken in a standard sequence 
(lead I, lead II, lead III). The mean electrical axis obtained 
from the recordings of the three common leads was deter
mined by the common triaxial reference system according 
to the method of Burch and Winsor (1953). 

The results were analyzed by one-way analysis of vari
ance (ANOVA) (dose-response studies) followed by Dun
nett's test, or by two-way ANOVA. A p value less than 0.05 
(two-tailed) was the minimal level of significance. 

RESULTS 

Carboxyhemoglobin increased with increasing CO con
centrations. Nine ppm CO produced a COHb concentration 

of 0.9 ± 0.1 in rats (measured with a gas chromatograph). 
The levels ofCOHb (measured with a spectrophotometer) at 

35, 100, and 500 ppm CO were 2.4 ± 0.2, 8.5 ± 0.4, and 40.0 
± 0.4 percent, respectively (Figure 3, Table 2). 

OVERVIEW 

Table 3 presents all significant changes observed at or be
low 15,000-ft altitude and 100 ppm CO. Body weight de
creased significantly in animals exposed to 15,000-ft alti

tude. There was no significant difference in body weight 
due to CO or CO-altitude interaction up to 500 ppm CO and 
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Figure 3. Carboxyhemoglobin concentrations in rats exposed to CO. 

500 

18,000-ft altitude. At these levels of CO and altitude, body 
weight decreased and several animals died. 

Hematocrit increased with increasing CO concentrations 
and with increasing altitude (Figure 4). Hematocrit was sig
nificantly higher at 100 ppm CO and above, and at 10,000 
ft and above; the interaction between 500 ppm CO and alti
tude had a significant effect on hematocrit. 

Right ventricle weight increased with increasing altitude 
(Figure 5). In general, right ventricle weight was unaffected 
by CO exposures up to 500 ppm. In one experiment, how
ever, right ventricle weight was increased by exposure to 
100 ppm CO (see, for example, Table 9). The effect of CO
altitude interaction at 15,000 ft and 100 ppm CO was signifi
cant. Generally, CO in concentrations less than 100 ppm 
had no significant effect on right ventricle weight at any al
titude. 

Left ventricle weight was generally unaffected by alti
tudes less than 15,000 ft (Figure 6). There was no significant 
difference in left ventricle weight between groups due to 
CO or CO-altitude interaction up to 100 ppm CO. Left ven
tricle weight significantly increased in the groups exposed 
to 100 ppm CO and 3,300 ft; CO in concentrations below 100 
ppm had little effect on left ventricle weight at any altitude. 

Total heart weight increased with altitudes in excess of 
10,000 ft (Figure 7). There were no significant differences 
in total heart weight up to 100 ppm CO in the animals ex
posed to 3,300-ft altitude. Total heart weight was greater at 
500 ppm CO in both the 3,300- and 15,000-ft groups. 

EXPOSURE TO 35 AND 100 PPM CARBON MONOXIDE 
AND 10,000-FT ALTITUDE 

No significant differences in body weight were caused by 
10,000-ft altitude or by 35 or 100 ppm CO (Tables 4 through 
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Table 3. Summary of Significant Changes at 10,000 and 
15,000 Feet and 35 and 100 ppm Carbon Monoxide 

Treatment 

10,000 ft 

15,000 ft 

35 ppm CO 

100 ppm 
co 

10,000 ft + 
35 ppm CO 

10,000 ft + 
100 ppm CO 

15,000 ft + 
100 ppm CO 

Increased 

Hematocrit 
Hemoglobin 
Right ventricle weight 

Hematocrit 
Hemoglobin 
Right ventricle weight 
Heart weight 

Hemoglobin 

Hematocrit 
Left ventricle plus 

septum weight 
Heart weight 

Hemoglobin further 
than 10,000 ft alone 

Hematocrit further 
than 10,000 ft alone 

Hemoglobin further 
than 10,000 ft alone 

Right ventricle weight 
further than 15,000 ft 
alone 

Heart weight further 
than 15,000 ft alone 

Decreased 

Body weight 

8). Hematocrit increased with exposure to 10,000 ft, and 
with exposure to 100 ppm CO. Only in the 100-ppm CO ex
posure group did the altitude-CO interaction increase the 
hematocrit. Hemoglobin concentration was generally in
creased by altitude, by 35 ppm CO, and by CO-altitude inter
action. 

Although altitude increased right ventricle weight signif
icantly, 35 ppm CO did not affect right ventricle weight, nor 
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Figure 6. Left ventricle plus septum weights in rats exposed to CO at altitude. 

did it exacerbate the effects of altitude on right ventricle 
weight. 

No consistent changes were attributable to CO in any of 
the hemodynamic parameters examined (Appendix A, Ta
bles A.1 through A.4); there were no consistent changes in 
heart rate, systolic pressure, diastolic pressure, mean ar
terial pressure, pulse pressure, cardiac index, or peripheral 
resistance. Cardiac output and cardiac index were generally 
depressed by altitude, but these changes were not exacer
bated by CO. 

EXPOSURE TO 100 PPM CARBON MONOXIDE AND 
15,000-FT ALTITUDE 

Body weight decreased significantly with exposure to 
15,000-ft altitude (Tables 9 through 11). There were no sig
nificant differences in body weight between groups due to 
CO or CO-altitude interaction. Hematocrit was increased by 
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Figure 7. Total heart weight in rats exposed to CO at altitude. 

100 ppm CO and by 15,000-ft altitude; there was no signifi
cant interaction between CO and altitude on hematocrit. 
Hemoglobin concentration was increased by altitude. We 
observed no significant differences in hemoglobin concen
tration caused by CO or CO-altitude interaction. 

Right ventricle weight was generally increased by CO, al
titude, and CO-altitude interaction; left ventricle weight 
was increased by CO, but generally unaffected by altitude 
or by CO-altitude interaction. Total heart weight was higher 
in the altitude groups, and tended to be increased by CO 
and by CO-altitude interaction; however, the differences 
were significant in only one replicate. 

Altitude significantly decreased the P02 , the Pco
2

• and 
the level of bicarbonate in the blood, but had no effect on 
pH. Carbon monoxide increased Pco

2 
significantly and de

creased blood pH significantly, but had no effect on Po
2 

or 
bicarbonate levels. There was a significant effect of CO
altitude interaction on blood bicarbonate level, but not on 
Po2 • Pco2 • or pH. 

Electrocardiograms were taken on rats exposed to 15,000-
ft altitude and 100 ppm CO, and the effects on the mean 
electrical axis ofthe heart were assessed. The mean electri
cal axis was shifted to the left by CO, but to the right by alti
tude and altitude plus CO; only the right shift by altitude 
was statistically significant (Table 12). 

There were no consistent differences in heart rate due to 
altitude or CO (Tables A.5 and A.6); in one study, the effect 
of CO-altitude interaction on heart rate was significant (Ta
ble A.5). Systolic and diastolic pressures tended to be 
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Table 4. Experiment 1: Morphological Parameters in F344 Ratsa 

Right 
Body Weight Hematocrit Hemoglobin Ventricle Weight 

Treatment (g) (%) (g/dl) (g/kg bw) 

1. 3,300 ft + 0 ppm CO 266.6 ± 8.5 53.3 ± 0.9 17.9 ± 0.7 0.4780 ± 0.0130 
(6) (6) (6) (6) 

2. 10,000 ft + 0 ppm CO 269.5 ± 10.8 55.5 ± 2.ob 18.6 ± 0.9 0.5721 ± 0.0442b 
(6) (6) (5) (6) 

3. 3,300 ft + 35 ppm CO 274.2 ± 7.0 53.3 ± 0.5 17.7 ± 1.5 0.4788 ± 0.0258 
(5) (6) (6) (5) 

4. 10,000 ft + 35 ppm CO 253.5 ± 6.6 56.6 ± 0.9 18.5 ± 1.3 0.5866 ± 0.0395 
(6) (6) (6) (6) 

a Values are means ± SD. Number of animals is shown in parentheses. 

b Significant altitude effect [p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

Table 5. Experiment 2: Morphological Parameters in F344 Ratsa 

Right 
Body Weight Hematocrit Hemoglobin Ventricle Weight 

Treatment (g) (%) (g/dl) (g/kg bw) 

1. 3,300 ft + 0 ppm CO 358.0 ± 52.0 50.0 ± 2.0 17.3 ± 1.0 0.554 ± 0.098 
2. 10,000 ft + 0 ppm CO 342.0 ± 39.0 51.0 ± 2.0 20.1 ± o.8b 0.705 ± o.1oob 
3. 3,300 ft + 35 ppm CO 328.0 ± 61.0 51.0 ± 2.0 19.1 ± 0.6c 0.537 ± 0.040 
4. 10,000 ft + 35 ppm CO 310.0 ± 54.0 54.0 ± 3.0 20.0 ± 1.2d 0.619 ± 0.080 

a Values are means ± SD. Six animals were used for each value. 

b Significant altitude effect [p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

c Significant CO effect [p < 0.05 by two-way ANOVA for treatments 1 and 2 vs. treatments 3 and 4). 

Left Ventricle + 
Septum Weight 

(g/kg bw) 

1. 7408 ± 0.0601 
(6) 

1.6040 ± 0.0433b 
(6) 

1.7577 ± 0.0292 
(5) 

1.6843 ± 0.0212 
(6) 

Left Ventricle + 
Septum Weight 

(glkg bw) 

1.754 ± 0.073 
1.800 ± 0.110 
1.801 ± 0.063 
1.872 ± 0.127 

d Significant altitude-CO interaction [p < 0.05 by two-way ANOV A for treatments 1 and 4 vs. treatments 2 and 3). 

Table 6. Experiment 3: Morphological Parameters in F344 Ratsa 

Right Left Ventricle + 
Body Weight Hematocrit Hemoglobin Ventricle Weight Septum Weight 

Treatment (g) (%) (g/dl) (g/kg bw) (glkg bw) 

1. 3,300 ft + 0 ppm CO 296.7 ± 25.0 52.8 ± 2.4 16.2 ± 0.7 0.445 ± 0.013 1.691 ± 0.005 
(12) (12) (12) (5) (5) 

2. 10,000 ft + 0 ppm CO 297.5 ± 13.6 56.4 ± 1.8b 17.2 ± 0.9b 0.514 ± 0.014b 1.650 ± 0.044 
(12) (12) (12) (6) (6) 

3. 3,300 ft + 35 ppm CO 299.4 ± 23.0 53.9 ± 1.0 16.8 ± 0.6 0.476 ± 0.015 1.680 ± 0.026 
(12) (12) (12) (12) (12) 

4. 10,000 ft + 35 ppm CO 305.1 ± 32.8 58.3 ± 4.1 17.3 ± 0.8 0.517 ± 0.011 1.624 ± 0.019 
(11) (11) (11) (11) (11) 

a Values are means ± SD. Number of animals is shown in parentheses. 

b Significant altitude effect [p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

Heart Weight 
(g/kg bw) 

2.2185 ± 0.0660 
(6) 

2.1762 ± 0.0856 
(6) 

2.2366 ± 0.0423 
(5) 

2.2709 ± 0.0392 
(6) 

Heart Weight 
(g/kg bw) 

2.308 ± 0.117 
2.505 ± o.11ob 
2.338 ± 0.080 
2.491 ± 0.190 

Heart Weight 
(g/kg bw) 

2.214 ± 0.015 
(5) 

2.163 ± 0.041 
(6) 

2.156 ± 0.038 
(12) 

2.141 ± 0.023 
(11) 

higher in the altitude groups (Table A.5). There were no 
differences in systolic or diastolic pressures due to CO. 
Mean arterial pressure tended to be elevated by altitude, but 
there was no significant difference in mean arterial pres

sure due to CO or CO-altitude interaction. Pulse pressure 
was depressed by altitude in one experiment (Table A.6). 
There were no significant differences in pulse pressure due 
to CO or to CO-altitude interaction. 

Cardiac output was lower in the altitude groups, but there 

were no significant differences in cardiac output due to CO 
or to CO-altitude interaction. 
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Peripheral resistance was significantly higher in the 
altitude-exposed groups. There were no significant differ
ences in peripheral resistance due to CO, or to CO-altitude 
interaction. 
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Table 7. Experiment 4: Body Weight and 
Hematocrit in Sprague-Dawley Ratsa 

Body Weight Hematocrit 
Treatment (g) (%) 

3,300 ft + 
0 ppm CO 403.8 ± 23.1 53.2 ± 1.3 

10,000 ft + 
0 ppm CO 407.8 ± 9.7 54.7 ± l.Ob 

10,000 ft + 
9 ppm CO 375.8 ± 53.6 58.1 ± 2.3b 

10,000 ft + 
35 ppm CO 405.0 ± 20.3 59.7 ± 2.8b 

10,000 ft + 
100 ppm CO 365.7 ± 20.5 61.5 ± 3.7c 

a Values are means ± SD. Six animals were used for each value. 

b Significant compared to measurement made at 3,300 ft + 0 ppm 
CO (p < 0.05 by one-way ANOVA). 

c Significant compared to measurement made at 10,000 ft + 0 ppm 
CO (p < 0.05 by one-way ANOVA). 

EXPOSURE TO 500 PPM CARBON MONOXIDE AND 
15,000-FT ALTITUDE 

Body weight was decreased significantly by 15,000-ft alti
tude (Table A.7). There were no significant differences in 
body weight between groups due to CO or to CO-altitude in
teraction. Hematocrit was increased significantly by 500 
ppm CO and by 15,000-ft altitude. The interaction between 
CO and altitude also had a significant effect on hematocrit. 

Right ventricle weight increased significantly by CO and 
by altitude; there was no significant effect of altitude-CO in
teraction on right ventricle weight. Left ventricle weight 
also increased significantly with CO and with altitude; 
there were no significant differences in left ventricle weight 
due to CO-altitude interaction. Total heart weight increased 
also significantly with altitude and with CO; again, there 

was no significant effect of altitude-CO interaction on total 
heart weight. 

Kidney and spleen weights were increased significantly 
by altitude and by CO, but there was no significant effect of 
altitude-CO interaction on kidney or spleen weight. Adre
nal gland weight increased significantly by altitude; there 
were no significant differences in pituitary or adrenal 
gland weight due to CO or to CO-altitude interaction. 

EXPOSURE TO 0, 50, 100, AND 500 PPM CARBON 
MONOXIDE AND 18,000-FT ALTITUDE 

Since this altitude has such a pronounced effect on body 
weight, all parameters (except body weight and hematocrit) 
were tested against weight-matched controls for statistical 
significance. Body weight of animals exposed to 18,000-ft 
altitude plus CO were tested for significance against 
animals exposed to 18,000 ft with 0 ppm CO; although body 
weight tended to be lower, the difference in body weight 
was statistically significant only in the group exposed to 
18,000-ft altitude plus 500 ppm CO (Table A.8). There were 
no statistically significant differences in hematocrit among 
groups exposed to altitude, altitude plus 50 ppm CO, alti
tude plus 100 ppm CO, and altitude plus 500 ppm CO. 

Right ventricle and total heart weights were significantly 
greater in the altitude and altitude plus CO groups, but left 
ventricle weight was unchanged. 

The effects of altitude and CO on cardiac muscle vas
cularity were assessed. At 18,000 ft, coronary capillarity 
was increased. However, this increase in capillarity was at
tenuated by exposure to 50, 100, and 500 ppm CO. At 15,000 
ft, there was no increase in coronary capillarity and no ef
fect of CO. 

There were no statistically significant differences in 
heart rate (Table A.9) or systolic pressure among groups. 
Changes among the groups included increased diastolic 
pressure at 50 and 100 ppm CO, and increased mean arterial 
pressure at 0, 50, and 100 ppm CO. Although there was a 

Table 8. Experiment 5: Morphological Parameters in F344 Ratsa 

Right Ventricle Left Ventricle + 
Body Weight Hematocrit Weight Septum Weight Heart Weight 

Treatment (g) (%) (g/kg bw) (g/kg bw) (g/kg bw) 

10,000 ft + 0 ppm CO 248.3 ± 21.3 53.5 ± 2.4 0.558 ± 0.037 1.800 ± 0.048 2.359 ± 0.051 
10,000 ft + 9 ppm CO 249.2 ± 20.9 55.8 ± 2.1 0.526 ± 0.032 1.724 ± 0.094 2.250 ± 0.098 
10,000 ft + 35 ppm CO 269.5 ± 17.0 54.8 ± 1.7 0.514 ± o.o25b 1.741 ± 0.139 2.254 ± 0.157 
10,000 ft + 100 ppm CO 263.5 ± 36.5 57.3 ± 0.6b 0.571 ± 0.048 1.820 ± 0.081 2.390 ± 0.084 
a Values are means ± SD. Six animals were used for each value. 

b Significant compared to measurement made at 10,000 ft + 0 ppm CO (p < 0.05 by one-way ANOVA). 
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Cardiovascular Effects of Chronic CO and High-Altitude Exposure 

tendency for pulse pressure to be reduced in the altitude 
and altitude plus CO groups, there were no statistically sig
nificant differences in pulse pressure among groups. 

Cardiac output was unchanged among groups, but 
tended to be lower in the altitude and altitude plus CO 
groups. 

There were no statistically significant differences in pe
ripheral resistance among groups. There was, however, a 
tendency for peripheral resistance to be elevated in the alti
tude and altitude plus CO groups . 

CARBOXYHEMOGLOBIN STUDIES AT 9 PPM CARBON 
MONOXIDE AND 10,000- AND 15,000-FT ALTITUDE 

At 10,000 ft (Table 13, Figure 8), there was no significant 
difference in hemoglobin concentration caused by altitude, 
CO, or CO-altitude interaction, but COHb level increased 
significantly with altitude, CO, and CO-altitude inter
action . 

At 15,000 ft, the differences in hemoglobin and COHb 
concentrations caused by altitude were significant. There 
was no significant difference in hemoglobin concentration 
because of CO, but COHb level was significantly higher in 
the CO group than in the 0 ppm CO group. There was no 
significant effect of CO-altitude interaction on hemoglobin 
concentration or COHb level. 

CARBOXYHEMOGLOBIN FORMATION UNDER 
HYPOXIC VERSUS ALTITUDE CONDITIONS 

Fischer-344 (F344) rats were exposed to 500 ppm CO ei
ther in air (normoxia) or in 10 percent oxygen (hypoxia). 
The results of these experiments are presented in Table 14. 
Carboxyhemoglobin levels in rats exposed to 500 ppm CO 
during hypoxia were significantly higher (p < 0.05) than 
those in rats exposed during normoxia. There was no sig
nificant difference between COHb levels in rats exposed to 
500 ppm CO at 3,300 ft and those exposed at 15,000 ft. 

DISCUSSION AND CONCLUSIONS 

A major aim of these studies was to determine if high
altitude residents are at greater risk from the effects of CO 
than are lowland residents. The basis for concern is that 
both altitude and CO reduce the amount of oxygen that is 
available to the tissues. At altitude, the Po2 in the inspired 
air is reduced; this causes a drop in the Po

2 
gradient from 

tracheal air to mixed venous blood and causes tissue hyp
oxia (hypoxic hypoxia). On the other hand, inhaled CO 
produces tissue hypoxia by binding with hemoglobin to 
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Table 10. Experiment 6: Morphological Parameters in F344 Ratsa 

Right Ventricle Left Ventricle + 
Body Weight Hematocrit Hemoglobin Weight Septum Weight 

Treatment (g) (%) (g/dl) (g/kg bw) (g/kg bw) 

1. 3,300 ft + 
0 ppm CO 268.2 ± 5.5 55.8 ± 1.0 18.5 ± 0.5 0.449 ± 0.040 1.832 ± 0.160 

2. 15,000 ft + 
0 ppm CO 227.2 ± 2.8b 68.4 ± 0.7b 22.4 ± 0.7b 0.796 ± 0.040b 1.963 ± 0.220 

3. 3,300 ft + 
100 ppm CO 266.8 ± 5.4 57.3 ± 0.2c 19.6 ± 0.6 0.513 ± 0.050 1.975 ± 0.230 

4. 15,000 ft + 
100 ppm CO 232.2 ± 3.5 69.8 ± 0.6 22.1 ± 0.9 0.726 ± 0.090d 2.021 ± 0.200 

a Values are means ± SD. Six animals were used for each value. 
b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

c Significant CO effect (p < 0.05 by two-way ANOVA for treatments 1 and 2 vs. treatments 3 and 4). 

d Significant altitude-CO interaction (p < 0.05 by two-way ANOV A for treatments 1 and 4 vs. treatments 2 and 3). 

Table 11. Experiment 8: Morphological Parameters in F344 Ratsa 

Right 
Body Weight Hematocrit Ventricle Weight 

Treatment (g) (%) (g/kg bw) 

1. 3,300 ft + Oppm CO 474.9 ± 36.9 54.6 ± 5.0 0.526 ± 0.060 
(12) (11) (6) 

2. 15,000 ft + 0 ppm CO 443.4 ± 32.8b 66.3 ± 3.2b 0.876 ± 0.156b 
(12) (12) (6) 

3. 3,300 ft + 100 ppm CO 472.0 ± 35.9 59.9 ± 3.7c 0.485 ± 0.029 
(12) (12) (6) 

4. 15,000 ft + 100 ppm CO 440.3 ± 23.4 67.9 ± 2.4 0.829 ± 0.107 
(12) (12) (6) 

a Values are means ± SD. Number of animals is shown in parentheses. 
b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

c Significant CO effect (p < 0.05 by two-way ANOVA for treatments 1 and 2 vs. treatments 3 and 4). 

Left Ventricle + 
Septum Weight 

(g/kg bw) 

1.755 ± 1.155 
(6) 

1.671 ± 0.098 
(6) 

1.762 ± 0.100 
(6) 

1.676 ± 0.185 
(6) 

Heart Weight 
(g/kg bw) 

2.218 ± 0.018 

2.759 ± o.25ob 

2.488 ± 0.244 

2.747 ± 0.220 

Heart Weight 
(g/kg/bw) 

2.282 ± 0.209 
(6) 

2.547 ± 0.195b 
(6) 

2.248 ± 0.099 
(6) 

2.501 ± 0.266 
(6) 

form COHb; COHb reduces the oxygen-carrying capacity of 
the blood and releases oxygen to the tissues less readily 
(anemic hypoxia). 

Table 12. Experiment 9: Mean Electrical Axes in 
F344 Ratsa 

An exposure period of six weeks was chosen because 
previous studies have shown that changes in hematology 
and cardiac morphology caused by altitude or CO are com
plete by this time (Jaeger and McGrath 1974, 1975; Penney 
et al. 1979). Most experiments consisted of four exposure 
groups: ambient, altitude, ambient plus CO, and altitude 
plus CO. This design enabled us to determine which effects 
were attributable to altitude, CO, or CO-altitude interaction. 
However, few consistent changes were noted using this de-

Treatment 

1. 3,300 ft + 0 ppm CO 
2. 15,000 ft + 0 ppm CO 
3. 3,300 ft + 100 ppm CO 
4. 15,000 ft + 100 ppm CO 

Mean Electrical 
Axis (degrees) 

40.5 ± 31.5 
67.1 ± 12.5b 
27.0 ± 16.6 
65.0 ± 35.7 

a Values are means ± SD. Twelve animals were used for each value. 
b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 

and 3 vs. treatments 2 and 4). 
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Table 13. Experiments 12 and 13: Hemoglobin and 
Carboxyhemoglobin Concentrations in F344 Ratsa 

Carboxy-
Hemoglobin hemoglobin 

Treatment (g/dl) (%) 

Experiment 12 
1. 3,300 ft + 0 ppm CO 18.4 ± 1.3 0.7 ± 0.1 
2. 10,000 ft + 0 ppm CO 17.7 ± 3.0 1.3 ± o.2b 
3. 3,300 ft + 9 ppm CO 18.9 ± 1.6 1.0 ± 0.1c 
4. 10,000 ft + 9 ppm CO 18.6 ± 3.1 1.8 ± o.2d 

Experiment 13 
1. 3,300 ft + 0 ppm CO 17.5 ± 0.7 0.6 ± 0.0 
2. 15,000 ft + 0 ppm CO 22.6 ± 1.7b 1.7 ± 0.8b 
3. 3,300 ft + 9 ppm CO 18.5 ± 0.8 0.9 ± 0.1c 
4. 15,000 ft + 9 ppm CO 23.4 ± 1.5 2.1 ± 0.1 

a Values are means ± SD. Six animals were used for each value. 

b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 
and 3 vs. treatments 2 and 4). 

c Significant CO effect (p < 0.05 by two-way ANOVA for treatments 1 and 
2 vs. treatments 3 and 4). 

d Significant altitude-CO interaction (p < 0.05 by two-way ANOV A for 
treatments 1 and 4 vs. treatments 2 and 3). 

sign, and an effort was made to determine if a standard 
dose-response paradigm, in which animals are exposed to 
a single altitude and increasing doses of CO, might be a 
more sensitive model to detect interactions between alti
tude and CO and to determine a threshold at which CO ef
fects would become measurable. There were no CO-related 
changes observed at less than 100 ppm CO, using the dose
response design. 

• NoCO 
fa 9PPMCO 

.c 

5 
u 
# 

Amb1ent 10 K 15K 

Altitude 

Figure 8. Carboxyhemoglobin concentrations in rats at ambient (3,300-ft), 
10,000-, or 15,000-ft altitude and breathing 0 or 9 ppm CO. 
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Table 14. Experiment 14: Carboxyhemoglobin Levels 
in F344 Rats Exposed to 500 ppm Carbon Monoxide in 
Air (Normoxia) or 500 ppm in 10 Percent Oxygen 
(Hypoxia) and to 500 ppm Carbon Monoxide at 
3,300 ft or 15,000 fta 

Normoxia 
Hypoxia 

3,300 ft 
15,000 ft 

a Values are means ± SD. 

b p < 0.05 by Student's t test. 

Percent Carboxyhemoglobin 

39.9 ± 2.\ 
49.3 ± 1.5 

35.1 ± 1.7 
35.3 ± 3.3 

The animals in this study responded to altitude or CO in 
accord with observations reported previously. Thus, body 
weight was significantly lower in animals exposed to alti
tudes in excess of 10,000 ft, but were not affected by ex
posure to CO in concentrations up to 500 ppm. These obser
vations were anticipated, and are in accord with those 
reported earlier (McGrath et al. 1973; Chen et al. 1984; Pen
ney 1984). The decreased body weight in altitude-exposed 
animals is caused by both decreased caloric intake and de
creased food utilization (Blume 1983). There was no effect 
on body weight from CO-altitude interaction; this indicates 
that CO does not enhance the effect of altitude on caloric 
intake and food utilization. 

Laboratory rats, as well as humans, adapt to long-term 
hypoxia (caused by altitude or CO) by increasing the 
oxygen-carrying capacity ofthe blood. Oxygen-carrying ca
pacity (as measured by hematocrit and hemoglobin concen
tration) was significantly higher in rats exposed to altitudes 
in excess of 10,000 ft or to CO concentrations in excess of 
35 ppm. These observations were also anticipated, and are 
in accord with those reported earlier (Musselman et al. 
1959; Penney et al. 1974b). The oxygen-carrying capacity of 
the blood was further increased by CO-altitude interaction . 
This effect was significant at 10,000 ft and 35 ppm CO. In
creasing the oxygen-carrying capacity of the blood in re
sponse to chronic hypoxia is thought generally (but not ex
clusively) to be advantageous at high altitude. Since the 
hematocrit affects blood flow to the tissues and the oxygen
carrying capacity of blood, very high hematocrits can de
crease blood flow to the tissues and can more than offset the 
increased oxygen-carrying capacity. It is unlikely that the 
small changes in oxygen-carrying capacity noted at 10,000 
ft and 100 ppm CO and below were detrimental. 

Constriction of the pulmonary vasculature, pulmonary 



J. J. McGrath 

hypertension, and consequent hypertrophy of the right ven
tricle are well-described responses to altitude in humans, 
as well as in laboratory rats (Grover et al. 1963). The pulmo
nary hypertension, if excessive, may result in life-threaten
ing pulmonary edema. Right ventricle weight was signifi
cantly higher in rats exposed to 10,000 ft or more; these 
observations were anticipated and are in accord with those 
reported earlier (Jaeger and McGrath 1973, 1975; Penney et 
al. 1974a). There were no biologically significant effects on 
right ventricle weight due to CO in concentrations up to 500 
ppm or to CO-altitude interaction; this indicates that CO 
does not enhance the constricting effect of altitude on the 
pulmonary vasculature. 

Left ventricle weight in laboratory rats, as well as in hu
mans, is not increased by altitude (Van Liere and Stickney 
1963; Heath and Williams 1981). Left ventricle weight in rats 
exposed to any altitude or to CO concentrations up to 100 
ppm was not significantly different from that of control rats. 
These results confirm those of Penney and coworkers 
(1974a,b), who reported cardiac enlargement in rats ex
posed to 500 ppm CO and predicted the threshold for 
cardiac enlargement to be near 200 ppm CO. These workers 
conclude that the major factor responsible for the CO
induced cardiomegaly is the greater work required to main
tain adequate oxygenation of the tissues at high concentra
tions of CO, and that CO produces a volume overload, rather 
than a pressure overload, on the heart. 

There were few changes in any of the hemodynamic 
parameters measured. In general, altitude tends to decrease 
cardiac output and increase peripheral resistance. There 
were no significant effects on any of these parameters 
caused by CO in concentrations below 100 ppm. 

The most striking observation made in this study was the 
effect of altitude on COHb level in the absence of exogenous 
CO. Carboxyhemoglobin levels in animals at altitude are 
influenced by at least three factors: competition between 
oxygen and CO for the hemoglobin molecule; increased 
erythropoietic activity; and an increase in the volume of 
circulating hemoglobin. At altitude, inspired Po

2 is re
duced, but endogenous CO production remains the same 
(or may be increased because of the increased erythropoi
etic activity that occurs with six weeks of exposure to alti
tude). The reduced Po

2 
alters the Haldane relationship so 

that CO is favored in the competition with oxygen for the 
hemoglobin molecule. Thus, COHb levels were higher in 
animals that breathed air at 10,000 and 15,000 ft than they 
were in animals that breathed air or 9 ppm CO at 3,300 ft. 
The other factors (increased erythropoietic activity and in
creased circulating hemoglobin volume) would undoubt
edly affect COHb levels, but the design of this experiment 
did not permit an assessment of their individual influences. 

IMPLICATIONS OF THE FINDINGS 

These results indicate that there are few consistent mor
phological, hemodynamic, or hematological alterations in 
healthy rats, exposed for six weeks to altitudes of 10,000 ft 
or less and CO concentrations of 100 ppm or less, that can
not be explained by altitude alone. The results are in agree
ment with findings of other workers (Stupfel and Bouley 
1970; Eckhardt et al. 1972; Penney et al. 1974a,b; Penney and 
Bishop 1978; James et al. 1979), as reviewed by McGrath 
(1982). 

There are, however, several aspects of this study that bear 
on regulatory issues. Carboxyhemoglobin concentration is 
viewed as being "the best index of CO exposure'' (U.S. En
vironmental Protection Agency 1979), and most of the 
regulatory effort regarding CO is directed toward regulating 
the CO exposure that causes a given COHb level. Endoge
nous CO production accounts for some 0.5 to 0.9 %COHb 
at sea level (Luomanmaki and Coburn 1969). Ascending to 
altitude, in the absence of CO, results in a higher COHb con
centration because inspired Po

2 (and thus arterial Po
2

) is 
reduced, whereas CO from endogenous sources is at least 
constant (and may be elevated). Thus, COHb formation is fa
vored, and higher levels of COHb are attained at altitude 
even if endogenous production of CO is constant. The prob
lem has been reviewed in detail by Collier and Goldsmith 
(1983). 

With increased time spent at altitude, however, erythro
poiesis (and presumably red cell destruction) attains a 
higher equilibrium value and results in a higher hemoglo
bin concentration. Increased red blood cell destruction pro
vides a greater amount of endogenously produced CO (tend
ing to increase COHb levels), but the increased red blood 
cell volume provides a larger hemoglobin pool in which the 
endogenously produced CO may be dissipated (tending to 
lower COHb levels). 

The time course affecting these factors and COHb levels 
at altitude would also differ. The first factor (immediate as
cent to altitude with decreased inspired Po

2 and constant 
endogenous CO production) would act to increase COHb 
levels immediately. The second and third factors (chronic 
exposure to altitudes with increased erythropoiesis and red 
cell destruction, and the increase in size of the circulating 
hemoglobin pool) would become apparent after several 
weeks at high altitudes, when a new hemoglobin equilib
rium level had become established. 

The foregoing observations also suggest that humans 
with clinical conditions characterized by decreased arterial 
Po

2 
and elevated circulating hemoglobin levels (for exam

ple, emphysema, congenital heart defects) may be espe
cially sensitive to CO. 
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In any event, the COHb level for which the National Am
bient Air Quality Standard for CO of 9 ppm is established 
for sea-level residents will be reached more quickly by peo
ple at higher altitudes because of their greater initial body 
burden of COHb. 
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APPENDIX A. Cardiovascular and Hemodynamic Parameters 

Table A.l. Experiment 1: Cardiovascular and Hemodynamic Parameters in F344 Ratsa 

Systolic Diastolic Mean Arterial Pulse Cardiac Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Index Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (mllmin) (mil min/kg) (mm Hg/ml/min) 

1. 3,300 ft + 0 ppm CO 453.8 ± 37.4 135.0 ± 31.9 83.3 ± 35.1 101.6 ± 33.5 54.7 ± 13.7 45.4 ± 12.7 138.8 ± 46.5 2.3 ± 0.8 

2. 10,000 ft + 0 ppm CO 439.8 ± 21.8 134.5 ± 18.5 93.3 ± 17.1 107.1 ± 16.8 41.2 ± 11.3b 38.3 ± 2.5 115.7 ± 17.7 2.9 ± 0.8 

3. 3,300 ft + 35 ppm CO 468.0 ± 33.3 150.2 ± 19.6 109.5 ± 19.9 123.1 ± 19.4 40.7 ± 8.8c 45.7 ± 8.4 130.8 ± 33.5 2.7 ± 0.5 

4. 10,000 ft + 35 ppm CO 441.5 ± 16.3 129.5 ± 32.3 97.2 ± 19.7 107.9 ± 23.6 32.3 ± 14.6 33.7 ± 12.8 102.7 ± 37.7 3.7 ± 1.7 

a Values are means ± SD. Six animals were used for each value. 

b Significant altitude effect (p < 0.05 by two-way ANOV A for treatments 1 and 3 vs. treatments 2 and 4). 

c Significant CO effect (p < 0.05 by two-way ANOV A for treatments 1 and 2 vs. treatments 3 and 4). 

Table A.2. Experiment 2: Cardiovascular and Hemodynamic Parameters in F344 Ratsa 

Systolic Diastolic Mean Arterial Pulse Cardiac Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Index Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (ml/min) (ml/min/kg) (mm Hg/ml/min) 

1. 3,300 ft + 0 ppm CO 455.0 ± 19.4 147.0 ± 25.7 106.0 ± 24.2 119.7 ± 24.4 41.0 ± 9.9 36.1 ± 9.1 100.8 ± 29.7 3.4 ± 0.6 
(6) (6) (6) (6) (6) (6) (6) (6) 

2. 10,000 ft + 0 ppm CO 451.2 ± 67.2 136.5 ± 26.4 97.7 ± 29.4 110.6 ± 28.1 38.8 ± 9.5 29.6 ± 6.1b 84.0 ± 15.5b 3.8 ± 1.2 
(6) (6) (6) (6) (6) (6) (6) (6) 

3. 3,300 ft + 35 ppm CO 484.4 ± 36.4 154.6 ± 36.5 108.4 ± 28.7 123.8 ± 30.9 46.2 ± 12.9 36.6 ± 5.6 119.8 ± 11.1 3.4 ± 0.8 
(6) (5) (5) (5) (5) (5) (5) (5) 

4. 10,000 ft + 35 ppm CO 445.3 ± 36.3 155.7 ± 22.2 109.7 ± 22.1 125.0 ± 21.6 46.0 ± 9.7 28.0 ± 5.9 89.3 ± 22.7 4.8 ± 1.8 
(6) (6) (6) (6) (6) (6) (6) (6) 

a Values are means ± SD. Number of animals is shown in parentheses. 

b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

Table A.3. Experiment 3: Cardiovascular and Hemodynamic Parameters in F344 Ratsa 

Systolic Diastolic Mean Arterial Pulse Cardiac Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Index Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (ml/min) (mil min/kg) (mm Hg/ml/min) 

1. 3,300 ft + 0 ppm CO 373.6 ± 33.5 102.6 ± 26.2 73.2 ± 26.9 86.3 ± 26.7 24.4 ± 3.9 41.8 ± 9.3 125.3 ± 23.7 2.2 ± 1.1 
(5) (5) (5) (5) (5) (4) (4) (4) 

2. 10,000 ft + 0 ppm CO 413.8 ± 30.2b 101.8 ± 21.0 73.4 ± 15.5 82.9 ± 16.3 28.4 ± 13.7 37.1 ± 2.6b 103.2 ± 9.3b 2.2 ± 0.4 
(5) (5) (5) (5) (5) (5) (5) (5) 

3. 3,300 ft + 35 ppm CO 383.7 ± 31.9 107.2 ± 20.0 78.2 ± 15.7 87.8 ± 16.8 29.0 ± 8.3 39.8 ± 7.5 115.3 ± 19.5 2.3 ± 0.7 
(11) (11) (11) (11) (11) (11) (11) (11) 

4. 10,000 ft + 35 ppm CO 406.0 ± 25.1 105.2 ± 25.9 80.8 ± 23.0 88.9 ± 23.9 24.4 ± 4.3 30.8 ± 5.5 92.2 ± 10.1 2.9 ± 1.0 
(10) (10) (10) (10) (9) (9) (9) (9) 

a Values are means ± SD. Number of animals is shown in parentheses. 

b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 
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Table A.4. Experiment 5: Cardiovascular and Hemodynamic Parameters in F344 Ratsa 

Systolic Diastolic Mean Arterial Pulse Cardiac Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Index Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (ml/min) (ml/min/kg) (mm Hg/ml/min) 

10,000 ft + 0 ppm CO 442.8 ± 31.1 145.0 ± 18.5 117.7 ± 18.2 126.8 ± 18.1 27.3 ± 5.1 48.3 ± 13.7 167.3 ± 34.1 2.8 ± 0.8 
(6) (6) (6) (6) (6) (6) (6) (6) 

10,000 ft + 9 ppm CO 448.2 ± 17.5 120.2 ± 33.1 95.5 ± 28.4 103.7 ± 29.9 24.7 ± 7.0 50.4 ± 8.0 180.2 ± 28.3 2.2 ± 0.9 
(6) (6) (6) (6) (6) (6) (6) (6) 

10,000 ft + 35 ppm CO 437.3 ± 35.3 141.8 ± 26.3 115.7 ± 27.3 124.4 ± 26.9 26.2 ± 3.5 50.4 ± 6.9 157.4 ± 17.6 2.5 ± 0.5 
(6) (6) (6) (6) (6) (5) (6) (5) 

10,000 ft + 100 ppm CO 447.4 ± 32.7 156.2 ± 17.5 126.0 ± 16.4 136.1 ± 16.6 30.2 ± 4.2 49.5 ± 8.1 158.8 ± 19.0 2.9 ± 0.6 
(5) (5) (5) (5) (5) (5) (5) (5) 

a Values are means ± SO. Number of animals is shown in parentheses. 

Table A.5. Experiment 8: Cardiovascular and Hemodynamic Parameters in F344 Ratsa 

Systolic Diastolic Mean Arterial Pulse Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (mllmin) (mm Hg/ml/min) 

1. 3,300 ft + 420.6 ± 23.7 94.0 ± 28.0 71.2 ± 26.6 78.9 ± 26.9 23.2 ± 4.1 49.2 ± 14.1 1.6 ± 0.4 
0 ppm CO (5) (5) (5) (5) (5) (5) (5) 

2. 15,000 ft + 398.0 ± 9.8 124.0 ± 33.0b 101.0 ± 32.7b 108.5 ± 32.8b 23.0 ± 1.71 46.2 ± 32.8b 2.7 ± 0.7b 
0 ppm CO (4) (5) (5) (5) (5) (5) (5) 

3. 3,300 ft + 393.6 ± 26.1 90.0 ± 19.0 70.0 ± 20.6 76.7 ± 19.9 20.2 ± 3.8 44.2 ± 17.1 2.0 ± 1.1 
100 ppm CO (5) (5) (5) (5) (5) (5) (5) 

4. 15,000 ft + 435.8 ± 25.5c 131.0 ± 47.0 113.6 ± 47.6 119.4 ± 47.2 17.4 ± 6.6 40.6 ± 5.8 2.9 ± 1.0 
100 ppm CO (5) (5) (5) (5) (5) (5) (5) 

a Values are means ±so. Number of animals is shown in parentheses. 
b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

c Significant altitude-CO interaction (p < 0.05 by two-way ANOVA for treatments 1 and 4 vs. treatments 2 and 3). 

Table A.6. Experiment 7: Cardiovascular and Hemodynamic Parameters in F344 Ratsa 

Systolic Diastolic Mean Arterial Pulse Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (ml/min) (mm Hg/ml/min) 

1. 3,300 ft + 0 ppm CO 425.7 ± 17.7 114.0 ± 23.2 87.2 ± 22.5 96.1 ± 22.2 26.8 ± 10.1 50.4 ± 4.9 1.9 ± 0.6 
(5) (5) (5) (5) (5) (5) (5) 

2. 15,000 ft + 0 ppm CO 464.8 ± 52.1 143.5 ± 13.5 121.0 ± 9.9 128.5 ± 10.9 22.5 ± 5.9b 42.0 ± 2. 7b 3.1 ± 0.5b 
(5) (4) (4) (4) (4) (4) (4) 

3. 3,300 ft + 100 ppm CO 467.4 ± 40.2 131.0 ± 33.5 97.2 ± 31.4 108.5 ± 32.0 33.8 ± 5.4 46.3 ± 5.3 2.3 ± 0.6 
(5) (5) (5) (5) (5) (5) (5) 

4. 15,000 ft + 100 ppm CO 454.3 ± 30.8 132.8 ± 28.1 112.5 ± 26.0 119.3 ± 26.6 20.3 ± 4.3 38.0 ± 4.8 3.1 ± 0.6 
(4) (4) (4) (4) (4) (4) (4) 

a Values are means ± SO. Number of animals is shown in parentheses. 
b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 
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Table A.7. Experiment 10: Body Weight, Organ Weights, and Hemodynamic Parameters in F344 Ratsa 

Right Left 
Ventricle Ventricle + Heart Kidney Spleen 

Body Weight Hematocrit Weight Septum Weight Weight Weight Weight 
(g) (%) (g/kg bw) (g/kg bw) (g/kg bw) (g/kg bw) (g/kg bw) 

1. 3,300 ft + 276.0 ± 14.7 54.0 ± 1.4 0.569 ± 0.055 2.079 ± 0.102 2.648 ± 0.143 7.347 ± 0.229 2.139 ± 0.220 
0 ppm CO (6) (4) (6) (6) (6) (6) (6) 

2. 15,000 ft + 248.8 ± 18. 7b 67.8 ± 2.5b 0.999 ± 0.063b 2.256 ± 0.31 b 3.289 ± 0.038b 8.259 ± 0.014b 2.420 ± 0.345b 
0 ppm CO (6) (6) (6) (6) (5) (6) (6) 

3. 3,300 ft + 279.5 ± 15.2 76.6 ± 2 .3c 0.696 ± 0.059c 2.604 ± 0.096c 3.299 ± 0.148c 8.151 ± 0.551c 3.051 ± 0.154c 
500 ppm CO (6) (5) (6) (6) (6) (6) (6) 

4. 15,000 ft + 249.2 ± 18.3 82.o ± 2.od 1.179 ± 0.21 2.850 ± 0.090 4.029 ± 0.181 8.970 ± 1.470 4.091 ± 0.329 
500 ppm CO (5) (5) (5) (5) (5) (5) (5) 

a Values are means ± SD. Number of animals is shown in parentheses. 

b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 

c Significant CO effect (p < 0.05 by two-way ANOVA for treatments 1 and 2 vs. treatments 3 and 4). 

d Significant altitude-CO interaction (p < 0.05 by two-way ANOVA for treatments 1 and 4 vs. treatments 2 and 3). 

Pituitary Adrenal 
Weight Weight 

(g/kg bw) (g/kg bw) 

0.030 ± 0.021 0.140 ± 0.031 
(5) (6) 

0.035 ± 0.010b 0.191 ± 0.014b 
(6) (6) 

0.035 ± 0.009 0.143 ± 0.006 
(6) (6) 

0.037 ± 0.021 0.177 ± 0.016 
(5) (5) 
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Table A.B. Experiment 11: Body Weight and Hemodynamic Parameters in F344 Ratsa 

Right Left Ventricle + 
Body Weight Hematocrit Ventricle Weight Septum Weight Heart Weight 

Treatment (g) (%) (g/kg bw) (g/kg bw) (g/kg bw) 

3,300 ft + 0 ppm CO NDb ND 0.487 ± 0.005 1.835 ± 0.028 2.323 ± 0.023 
(5) (5) (5) 

18,000 ft + 0 ppm CO 227.8 ± 22.4 79.9 ± 1.3 1.002 ± o.o77c 2.090 ± 0.075 3.092 ± 0.138c 
(12) (12) (6) (6) (6) 

18,000 ft + 50 ppm CO 210.8 ± 65.1 80.0 ± 1.1 0.961 ± 0.059c 2.042 ± 0.081 3.003 ± 0.131c 
(12) (12) (5) (5) (5) 

18,000 ft + 100 ppm CO 222.3 ± 12.2 81.2 ± 1.4 1.020 ± 0.055c 1.993 ± 0.058 3.013 ± 0.095c 
(12) (12) (6) (6) (6) 

18,000 ft + 500 ppm CO 183.8 ± 20.9d 82.6 ± 3.6 ND ND ND 
(10) (8) 

a Values are means ± SD. Number of animals is shown in parentheses. 
1 ND ~ not determined. 
c Significant compared to measurement made at ambient altitude (p < 0.05 by one-way ANOVA). 
d Significant compared to measurement made at 18,000 ft + 0 ppm CO (p < 0.05 by one-way ANOVA). 

Table A.9 Experiment 11: Cardiovascular and Hemodynamic Parameters in F344 Rats a 

Systolic Diastolic Mean Arterial Pulse Cardiac Peripheral 
Heart Rate Pressure Pressure Pressure Pressure Output Resistance 

Treatment (beats/min) (Torr) (Torr) (Torr) (Torr) (ml/min) (mm Hg/ml/min) 

1. 3,300 ft + 430.8 ± 34.8 117.6 ± 8.5 93.2 ± 13.6 79.4 ± 37.9 24.4 ± 13.3 46.6 ± 16.5 2.3 ± 0.8 
0 ppm CO (5) (4) (5) (5) (5) (5) (5) 

2. 18,000 ft + 434.6 ± 36.6 134.8 ± 17.0 115.6 ± 30.1 122.1 ± 32.7b 19.2 ± 8.5 37.7 ± 7.3 3.5 ± 1.5 
0 ppm CO (5) (5) (5) (5) (5) (5) (5) 

3. 18,000 ft + 446.6 ± 36.9 153.2 ± 11.1 134.6 ± 20.3b 140.8 ± 21.6b 18.6 ± 7.1 33.9 ± 4.7 4.1 ± 1.1 
50 ppm CO (5) (5) (5) (5) (5) (4) (4) 

4. 18,000 ft + 459.3 ± 22.0 152.3 ± 8.9 133.2 ± 20.2b 139.6 ± 20.6b 19.2 ± 4.8 37.1 ± 7.7 3.9 ± 1.0 
100 ppm CO (6) (6) (6) (6) (6) (6) (6) 

a Values are means ± SD. Number of animals is shown in parentheses. 
b Significant altitude effect (p < 0.05 by two-way ANOVA for treatments 1 and 3 vs. treatments 2 and 4). 
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Cardiovascular Effects of Chronic Carbon Monoxide and High-Altitude Exposure 

James J. McGrath, Principal Investigator 

INTRODUCTION 

In the summer of 1983, the Health Effects Institute (HEI) 
issued a Request for Applications (RFA 83-1) soliciting 
proposals on "Cardiovascular and Other Health Effects of 
Carbon Monoxide:' In the fall of 1983, Dr. James J. McGrath 
of Texas Tech University Health Sciences Center, Lubbock, 
TX, proposed a study entitled "Cardiovascular Effects of 
Chronic Carbon-Monoxide-Altitude Exposure." The HEI ap
proved the three-year project, which began in February 
1984, and authorized expenditure of $239,503. The Investi
gator's Report was received at the HEI in June 1987, and ac
cepted by the Health Review Committee in April 1988. Dur
ing the review of the Investigator's Report, the Review 
Committee and the investigator had the opportunity to ex
change comments and to clarify issues in the Investigator's 
Report and in the Review Committee's Commentary. The 
Health Review Committee's Commentary is intended to 
place the Investigator's Report in perspective as an aid to the 
sponsors of the HEI and to the public. 

THE CLEAN AIR ACT 

Under Sections 202(a) and 202(b)(1) of the Clean Air Act, 
the U.S. Environmental Protection Agency (EPA) imposes 
specific requirements for reductions in motor vehicle emis
sions of carbon monoxide (and other pollutants). The Act 
also provides the EPA with limited discretion to modify 
those requirements. The determination of the appropriate 
standards for emissions from mobile sources depends in 
part on an assessment of the risks to health that they pres
ent. Research on the health effects of carbon monoxide at 
altitudes above sea level can contribute to such risk assess
ment and, therefore, to informed regulatory decision
making. 

In addition, Section 109 of the Clean Air Act provides for 
the establishment and periodic review of National Ambient 
Air Quality Standards to protect the public health and wel
fare. A set of primary (health-related) standards currently 
applies to carbon monoxide. Under Section 109, such stan
dards must allow "an adequate margin of safety:' Potential 
additive effects of carbon monoxide and altitude on human 
health are relevant to the risk assessments that underlie cur-

rent and future standards for carbon monoxide. Thus, re
search on such effects can contribute to a more informed as
sessment of risks from carbon monoxide and of the margin 
of safety that is adequate with respect to those risks. 

Finally, the legislative history of the Clean Air Act makes 
it clear that, in setting the National Ambient Air Quality 
Standards, the EPA is required to consider the health of par
ticularly sensitive subgroups of the population. The Senate 
report on the legislation states: "An ambient air quality stan
dard ... should be the maximal permissible air level of air 
pollution agent or class of such agents (related to a period 
of time) which will protect the health of any group of the 
population'' (U.S. Senate 1970). The identification of such 
groups is not clear, but the report does specify that "in
cluded among those persons whose health should be pro
tected by the ambient air standard are particularly sensitive 
citizens (such as bronchial asthmatics and emphysematics) 
who in the normal course of daily activity are exposed to 
the ambient environment." The report further states that "in 
establishing an ambient standard necessary to protect the 
health of these persons, reference should be made to a rep
resentative sample of persons in such a group:' In identify
ing groups potentially particularly sensitive to the health 
effects of carbon monoxide, the U.S. Environmental Protec
tion Agency (1985) observed: "Visitors to high altitude loca
tions are also expected to be more vulnerable to carbon 
monoxide health effects due to reduced levels of oxygen in 
the air they breathe:' Thus, research on the potential addi
tive effects of carbon monoxide and altitude can contribute 
to an assessment of the combined risk to an identifiable 
group that may be especially vulnerable to the effects of car
bon monoxide. 

BACKGROUND 

Carbon monoxide is a product of incomplete combustion. 
Motor vehicles are the major source of carbon monoxide in 
urban air, although combustion of fuel in stationary sources 
such as industry, solid-waste disposal, and residences also 
contributes to the atmospheric burden of carbon monoxide. 

The EPA has set National Ambient Air Quality Standards 
for carbon monoxide. These standards include an eight
hour average of 9 ppm and a one-hour average of 35 ppm 
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carbon monoxide and are based on data generated at sea 
level. Many citizens of this country, most notably those of 
the Rocky Mountain states, reside at altitudes much higher 
than sea level. It is uncertain whether or not the health ef
fects of carbon monoxide would be the same as one ascends 
to higher altitudes. 

The health effects of carbon monoxide arise from interfer
ence in the normal oxygen-carrying function of the blood. 
Inhaled oxygen diffuses rapidly across the alveolar walls of 
the lung and binds to hemoglobin inside the red blood 
cells. The oxyhemoglobin complex is transported in the 
blood, and the oxygen is eventually released into the tis
sues. If carbon monoxide is present in the inhaled air, the 
carbon monoxide and oxygen compete for the oxygen
binding sites on the hemoglobin molecules in the red blood 
cells. Because the affinity of carbon monoxide for hemoglo
bin is 240 times greater than that of oxygen, carboxy
hemoglobin (COHb) rapidly forms and the oxygen-carrying 
capacity of the red blood cells is reduced (West 1985). In ad
dition, delivery of oxygen to the tissues is further impaired 
because, in the presence of carbon monoxide, hemoglobin 
releases oxygen to the tissues more slowly. This impaired 
delivery decreases oxygen-dependent cellular respiration 
and results in tissue hypoxia. Tissue hypoxia may cause 
transient or permanent damage, especially in those organs 
that demand high oxygen delivery, such as the brain and 
heart. The developing fetus also has high oxygen require
ments. 

Tissue hypoxia initiates a variety of responses to compen
sate for a decrease in oxygen availability. Studies in both 
animals and humans have shown that acute exposure to car
bon monoxide increases coronary blood flow and heart rate 
without increasing ventilation rate (Ayres et al. 1970). Blood 
pressure and vascular resistance also have been shown to 
fall upon acute carbon monoxide exposure (Penney 1988). 
Although the effects of chronic exposure on cardiac output 
are uncertain, most studies indicate that prolonged carbon 
monoxide exposure leads to increased production of red 
blood cells (polycythemia), increased cardiac output, and 
hypertrophy (enlargement) involving the whole heart (Kan
ten et al. 1983; reviews by McGrath 1982, Penney 1988). 

At high altitude, oxygen delivery to the cells is also de
creased but for different reasons. Air is less dense at high 
altitude; therefore, the partial pressure of oxygen (Po

2
) in 

air is lower. Because there are fewer molecules of oxygen 
available, hemoglobin does not saturate with oxygen. This 
state, termed "hypoxic hypoxia;' also leads to tissue hyp
oxia. Unlike carbon-monoxide-induced hypoxia in which 
the arterial Po2 is normal, the Po2 of the arterial blood is 
reduced in hypoxic hypoxia. 

Increased ventilation rate, polycythemia, and right ven
tricular hypertrophy are also known to occur at high alti-
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tude. Cardiac output is believed to increase on ascent to 
high altitude, but then to decrease after a few days because 
of pulmonary vasoconstriction (Lenfant and Sullivan 1971). 
Production of red blood cell 2,3-diphosphoglycerate, which 
binds to hemoglobin and increases oxygen dissociation, 
also increases (Ganong 1935). 

Tre effects of exposure to carbon monoxide or altitude 
have been measured in animal studies using hematological 
and cardiovascular endpoints, and in controlled human 
studies using exercise performance and blood monitoring. 
In the past, the effects of carbon monoxide and of altitude 
generally have been studied separately. 

The acute effects of carbon monoxide and altitude in 
combination have been examined only to a limited extent. 
Weiser and coworkers (1978) conducted a clinical study in 
which aerobic capacity measurements were made in four 
male subjects who breathed carbon monoxide at high alti
tude (1,610 m). The group found that work performance was 
not impaired beyond that reported for sea-level carbon 
monoxide studies that had used identical COHb levels of 5.1 
percent. They did note, however, that carbon monoxide ex
posure at altitude elevated heart rates and lowered anaero
bic threshold (the level of exercise above which aerobic 
energy production is supplemented with anaerobic mecha
nisms). Virtually no studies of the long-term effects of com
bined exposure to carbon monoxide and altitude have been 
reported. 

JUSTIFICATION FOR THE STUDY 

Exposure to high levels of carbon monoxide is known to 
affect cardiac function in animals and humans, but whether 
or not low levels of carbon monoxide impair cardiac perfor
mance is uncertain. The HEI solicited proposals (RFA 83-1) 
to research the cardiovascular effects of carbon monoxide at 
or near ambient levels. Studies focusing on susceptible 
populations, such as persons residing at high altitude, were 
of interest. 

In response to the RFA, Dr. McGrath proposed to expose 
rats for six weeks to different concentrations of carbon mon
oxide, and at different altitudes, to determine if the result
ing effects of carbon monoxide and altitude were additive. 
For this purpose, he proposed to examine hemoglobin con
centration and hematocrit (the percentage volume of a 
blood sample occupied by cells), and to assess cardiovascu
lar fitness by measuring heart weight, right and left ventri
cle weights, cardiac output, heart rate, and blood pressure. 
In addition, the overall health of the animals was to be 
monitored. This analysis of multiple physiological param
eters in healthy animals after exposure to carbon monoxide 
at high altitude for six weeks was expected to provide new 
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information on the combined effects of carbon monoxide 
and altitude. 

SPECIFIC AIMS 

The specific aims of this study were to determine if ex
posure of animals to carbon monoxide exacerbates the fol
lowing effects, which occur at high altitude: (1) loss of body 
weight; (2) increase in erythropoietic activity; (3) right ven
tricular hypertrophy; and (4) alteration of hemodynamic 
performance. An additional aim was to determine whether 
or not exposure to high altitude would exacerbate the left 
ventricular hypertrophy that results from exposure to car
bon monoxide at sea level. 

STUDY DESIGN 

In the first set of experiments, Dr. McGrath used four ex
perimental conditions: control atmosphere (0 ppm carbon 
monoxide, 3,300 ft); high altitude (10,000 ft) alone; carbon 
monoxide (35 ppm) at low altitude (3,300 ft); and carbon 
monoxide (35 ppm) at high altitude (10,000 ft). Four groups 
of six Fischer-344 rats each were exposed continuously un
der each of the four conditions for six weeks. When this pro
tocol did not yield consistent or definitive results, a second 
protocol was employed in which groups of six or more 
Fischer-344 and six or more Sprague-Dawley rats were ex
posed for six weeks to 0, 9, 35, 50, 100, or 500 ppm carbon 
monoxide at altitudes of 3,300, 10,000, 15,000, and 18,000 ft. 
Sprague-Dawley rats also were chosen for study because 
their large size facilitated the surgical procedures involved 
in the hemodynamic studies, which were performed on 
thoracotomized animals. 

Examination of the effects of six-week exposures to car
bon monoxide and altitude, separately and in combination, 
included determination of the hematocrit, hemoglobin, 
and COHb concentrations for each experimental group. 
Body weight, and the weights of the entire heart, right ven
tricle, left ventricle plus septum, spleen, adrenal glands, 
kidneys, and pituitary gland also were recorded. Blood gas 
determinations included arterial measurements of pH, bi
carbonate concentration, partial pressure of carbon dioxide 
(Pco

2
J, and Po

2
. In addition, heart rate, systolic and di

astolic blood pressures, pulse pressures, cardiac output, 
and peripheral resistance were measured. 

SUMMARY OF INVESTIGATOR'S FINDINGS 

The author reported that in the first set of experiments, 

exposure to carbon monoxide (35 ppm) alone or exposure 
to high altitude (10,000 ft) alone increased the COHb level, 
hematocrit, right ventricle weight, and heart rate, but the 
observed increases were not consistently reproducible. 

In the second set of experiments, which were designed to 
obtain dose-response information, exposure to carbon mon
oxide at levels in excess of 35 ppm caused increases in the 
hematocrit and in the weights of the entire heart and the left 
ventricle plus septum. Exposure at altitudes above 10,000 
ft caused loss of body weight, and increase in hematocrit, 
hemoglobin, and right ventricle weight. The responses 
elicited by exposure to either carbon monoxide alone oral
titude alone were consistent with those previously reported 
in the literature (Lenfant and Sullivan 1971; Barer et al. 
1983; Penney and Baylarian 1987; Penney 1988). 

When rats were exposed to both carbon monoxide and al
titude combined, no significant additive effects on any of 
the hematological or cardiovascular parameters monitored 
were observed at carbon monoxide concentrations below 
100 ppm; however, exposure to carbon monoxide at concen
trations of 100 ppm or 500 ppm increased certain effects of 
altitude that were observed at altitudes of 15,000 ft and 
18,000 ft. No additive effects of the combined exposure con
ditions on body weight were noted. 

The author draws attention to an unexpected finding in 
the study; namely, that COHb levels increased with increas
ing altitude (for example, even in the absence of carbon 
monoxide exposure, COHb rose from 0.6 percent at the 
lowest altitude to 1.3 percent at 10,000 ft, 1.7 percent at 
15,000 ft, and 1.9 percent at 18,000 ft). 

TECHNICAL EVALUATION 

METHODS AND STUDY DESIGN 

AI though many of the experimental procedures that were 
used to evaluate the effects of exposure to carbon monoxide 
and altitude were standard techniques, it is not clear that 
the endpoints chosen for study were appropriate to test the 
hypothesis that the physiological effects resulting from 
combined exposure to carbon monoxide and altitude are 
additive. In addition, few rationale were presented for the 
selection of the specific combined exposures to carbon 
monoxide and altitude. 

An area of concern relates to the effect of anesthesia on 
some ofthe measurements reported. During the continuous 
six-week exposure, blood samples were taken periodically 
from unanesthetized animals, but hemodynamic and car
diovascular measurements were performed on open-chested 
animals that were anesthetized. Under anesthesia, mea
surement of hemodynamic and cardiovascular responses 

27 



'L£"f Health Review Committee's Commentary 
~~--------

may have been altered sufficiently to complicate their in
terpretation. In addition, pentobarbital anesthesia can 
cause sympathetic stimulatory effects, which could have ac
counted in part for the high heart rate and blood pressure 
seen in control animals (Kanten et al. 1983). Hence, it 
would have been useful to obtain heart rate and blood pres
sure on unanesthetized rats, even if mildly restrained, to 
compare with the values from anesthetized rats. Although 
the anesthetized rat model has been used in other studies 
(Penney et al. 1979; Kanten et al. 1983; Penney and Bay
lerian 1987), no data at present directly compare hemo
dynamic and cardiovascular measurements in unanesthe
tized and anesthetized animals. 

It should be noted also that the study did not include 
measurements to determine the level of hypoxia under each 
experimental condition. An appropriate endpoint for this 
purpose would have been a determination of mixed venous 
Po2 taken from the pulmonary arterial blood, which re
flects the average Po

2 
as the blood returns from all the tis

sues of the body. It is recognized that this would have been 
a difficult measurement to undertake, perhaps necessitat
ing the shut-down and stabilization of the chamber system; 
however, the lack of any measure of oxygen delivery to the 
tissues weakens the inferences that can be drawn from the 
data. 

The author relied on heart weight and other organ 
weights, normalized to body weight, to assess the effects of 
carbon monoxide and altitude separately and in combina
tion. Although normalization of heart weight to body 
weight is often used in studies of this type, the problems as
sociated with the procedure must be kept in mind. Unless 
the body weights of the animals being compared are un
changing, the heart weight:body weight ratio varies with 
body weight. Therefore, because stressed animals usually 
grow more slowly, as noted in this study, the observed in
crease in heart weight: body weight ratios may not be the di
rect result of the treatment (Styka and Penney 1978). When 
body weights are changing, regression relationships based 
on body weight can be used to predict normal heart weight 
for comparison. 

In addition to hematocrit determinations, blood volume 
measurements would have been desirable. Blood volume is 
an important hematological parameter that can be used to 
compare the responses to carbon-monoxide- or altitude
induced hypoxia. Polycythemia and increased blood vol
ume both serve to reestablish the oxygen-carrying capacity 
of the blood, but they also alter cardiac dynamics because 
of changes in blood viscosity. It is still uncertain whether 
the beneficial effect of increased oxygen-carrying capacity 
outweighs the detrimental effect of increased blood vis
cosity (Barer et al. 1983; Davidson and Penney 1988). 

The author monitored carbon monoxide exposures by 
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measuring COHb both by spectrophotometry and by gas 
chromatography; the gas chromatograph was used for the 0-

and 9-ppm carbon monoxide exposures only. The use of the 
more accurate gas chromatograph at the lower COHb con
centrations is commendable in view of the evidence that 
spectrophotometry is less reliable at COHb values below 5 
percent (Guillot et al. 1981; Kane 1985). More extensive use 
of the gas chromatograph would have been even better. 

DATA ANALYSIS 

The analysis performed by the investigator assumed that 
each individual animal, housed in a cage containing a total 
of six animals, was an independent observation. However, 
when animals are housed together for extensive periods, 
they can influence the health of one another in ways that 
may confound the measured endpoints. Therefore, it would 
have been desirable to house the animals separately. 

The second set of experiments, which explored dose
response relations, was analyzed by one-way analysis of 
variance; however, formal analyses for trends were not per
formed. Although the relations can be visualized in the 
graphs provided, statistical analysis of the data, using 
regression models, linear or otherwise, would have max
imized the use of the data in describing dose-response rela
tions. 

It appears that many of the observations reported in 
different tables of the Investigator's Report were obtained 
from animals exposed to identical carbon monoxide levels 
and altitudes. It would have been appropriate to have com
bined the data from the animals exposed to identical condi
tions, thus enhancing the statistical power of the parameters. 

INTERPRETATION OF RESULTS 

The original hypothesis held that the physiological ef
fects of exposure to carbon monoxide and altitude would be 
additive. To test this hypothesis, the investigator generated 
data to document the effects of carbon monoxide and alti
tude on several parameters measured in rats, and he con
cluded that no evidence of additivity between the effects of 
carbon monoxide and altitude was apparent in any of the 
endpoints reported. The interpretation of the observed ef
fects would have been aided, however, by a more thorough 
and rigorous discussion of the biological significance of the 
parameters measured. 

Although organ weights, body weight, hematocrit, blood 
gases, cardiovascular indices, and heart rate were measured 
to document the interactive effects of carbon monoxide and 
altitude exposures, without a measurement of mixed ve
nous Po

2
, the actual level of hypoxia under each condition 

is uncertain. In addition, the choice of anesthesia used may 
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have obscured the hematological endpoints that were moni
tored. 

The author relied on organ weights and body weight to 
determine the health effects of carbon monoxide and alti
tude exposures. Their utility in comparing hypoxic effects 
is uncertain, particularly because the reported heart weights 
appear to be dependent on the body weight measurements
increased heart weights were noted when body weights de
creased. 

Hematological status was to have been assessed through 
the measurement of hematocrit and peripheral resistance, 
but the author has provided only minimal interpretation of 
these measurements; hematocrit increased under some 
conditions and peripheral resistance was unchanged. With 
information on vasodilation, blood volume, red blood cell 
population, or hemoglobin affinity, interesting questions 
concerning the synergistic effects of carbon monoxide hy
poxia and hypoxic hypoxia could have been answered more 
definitively. 

The extent to which results from rodent studies may be 
extrapolated to humans has long been debated. Justifying 
the use of rats in this study, the investigator points out the 
similarity between laboratory rats and humans in responses 
to altitude and carbon monoxide. Both species undergo 
polycythemia and experience cardiac changes in response 
to altitude or carbon monoxide. However, many factors, 
such as temperature, pH, and hemoglobin variants, in
fluence the affinity of hemoglobin for carbon monoxide, 
even within the same species. The range of partition
constant values in the Haldane equation (M, a measure of 
affinity) for human hemoglobin overlaps with those found 
for rat hemoglobin (in humans, M = 180 to 240; in rats, M 
= 120 to 230). The author did not determine whether the 

M values for the hemoglobin in the rat strains used in these 
studies were within the range of M values for hemoglobin 
in humans. If they were within range, the use of the rat to 
model carbon monoxide effects in combination with alti
tude could have been further justified. 

The author states that his "most striking observation'' was 
that COHb levels increased on six-week exposure to altitude 
in the absence of exogenous carbon monoxide. Although 
the observed increases were small, they were consistent. 
The author's suggestion, that they were endogenously pro
duced, is reasonable; however, a more extensive discussion 
of the biological implications of the increased COHb levels 
would have been helpful. The hypothesis that the increased 
carbon monoxide derives from the increased destruction of 
erythrocytes could have been verified by showing that red 
blood cell turnover is increased in hypoxic-hypoxia
induced polycythemia. 

IMPLICATIONS FOR FUTURE RESEARCH 

To assess the effects of carbon monoxide at high altitude 
in animals, the design of future studies must include 
clearly defined health endpoints and exposure conditions. 
Chronic exposure protocols will yield the most valuable in
formation. Adequate documentation of carbon monoxide 
exposure conditions, especially during the performance of 
cardiovascular and hematological measurements, is neces
sary. An issue that is worth considering in this field of re
search, when it is feasible and ethical to do so, is the mea
surement of cardiovascular endpoints in both anesthetized 
and conscious animals in order to determine, and control 
for, the effect of anesthesia. 

CONCLUSIONS 

The author has reported that in rats housed for six weeks 
at altitudes of less than 15,000 ft, the cardiovascular re
sponses are not modified significantly by concentrations of 
carbon monoxide below 100 ppm. He also has reported that 
exposure to altitudes of 10,000 ft or higher, in the absence 
of exogenous carbon monoxide, increases COHb levels; this 
observation implies that background blood levels of COHb 
may rise after spending time at higher altitude, indepen
dent of the ambient concentration of environmentally pro
duced carbon monoxide. Although the data presented in 
the report appear to suggest that low levels of carbon mon
oxide do not aggravate the effects of moderate altitude, in
terpretation of the data is complicated by limitations in the 
design of the study and the methods employed. As a result, 
it would be inappropriate to draw conclusions from this 
study relating to public health policy. 
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The Health Effects Institute (HEI) is an independent non
profit corporation that is "organized and operated . . . to 
conduct, or support the conduct of, and to evaluate research 
and testing relating to the health effects of emissions from 
motor vehicles." It is organized in the following ways to pur
sue this purpose. 

INDEPENDENCE IN GOVERNANCE 

The Institute is governed by a four-member Board of 
Directors whose members are Archibald Cox (Chairman of 
the Board), Carl M. Loeb University Professor (Emeritus) at 
Harvard University; William 0. Baker, Chairman (Emeritus) 
of Bell Laboratories and Chairman of the Board of Rocke
feller University; Donald Kennedy, President of Stanford 
University; and Charles Powers, Partner, Resources for 
Responsible Management. 

TWO-SECfOR FINANCIAL SUPPORT 

The Institute receives half of its funds from the United 
States government through the Environmental Protection 
Agency, and half from the automotive industry. Twenty
seven domestic and foreign manufacturers of vehicles or en
gines contribute to the Institute's budget in shares propor
tionate to the number of vehicles or engines that they sell. 

THE HEI RESEARCH PROCESS 

The Institute is structured to define, select, support, and 
review research that is aimed at investigating the possible 
health effects of mobile source emissions. Its research pro
gram is developed by the Health Research Committee, a 
multidisciplinary group of scientists knowledgeable about 
the complex problems involved in determining the health 
effects of mobile source emissions. The Committee seeks 
advice from HEI's sponsors and from other sources prior to 
independently determining the research priorities of the 
Institute. 

After the Health Research Committee has defined an area 
of inquiry, the Institute announces to the scientific commu
nity that research proposals are being solicited on a specific 

topic. Applications are reviewed first for scientific quality 
by an appropriate expert panel. Then they are reviewed by 
the Health Research Committee both for quality and for rele
vance to HEI's mission-oriented research program. Studies 
recommended by the Committee undergo final evaluation 
by the Board of Directors, who review the merits of the study 
as well as the procedures, independence, and quality of the 
selection process. 

THE HEI REVIEW PROCESS 

When a study is completed, a final report authored by the 
investigator(s) is reviewed by the Health Review Committee. 
The Health Review Committee has no role either in the re
view of applications or in the selection of projects and in
vestigators for funding. Members are also expert scientists 
representing a broad range of experience in environmental 
health sciences. The Committee assesses the scientific 
quality of each study and evaluates its contribution to unre
solved scientific questions. 

Each Investigator's Report is peer-reviewed, generally by 
a biostatistician and three outside, independent reviewers 
chosen by the Review Committee. At one of its regularly 
scheduled meetings, the Review Committee discusses the 
Investigator's Report. The comments of the Committee and 
the peer reviewers are sent to the investigator, and he or she 
is asked to respond to those comments and, if necessary, re
vise the report. The Review Committee then prepares its Re
port, which includes a general background on the study, a 
technical evaluation of the work, a discussion of the re
maining uncertainties and areas for future research, and 
implications of the findings for public health. After evalua
tion by the HEI Board of Directors, the HEI Research Report, 
which includes the Investigator's Report and the Review 
Committee's Report, is then published in monograph form. 
The Research Reports are made available to the sponsors, 
the public, and many scientific and medical libraries, and 
are registered with NTIS. 

All HEI investigators are urged to publish the results of 
their work in the peer-reviewed literature. The timing of the 
release of an HEI Research Report is tailored to ensure that 
it does not interfere with the journal publication process. 






