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Carbon Monoxide 'Exposure as a Risk Factor
for Cardiovascular Disease

F.J.C. Roe
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hi this paper I shall attempt to answer the following questions: (
What are the short-term effects of carbon monoxide (CO) and how long
does it stay in the body? (2) Are the short-term effects of exposure to low
ambient levels of CO harmful to normal individuals or to individuals with
reduced cardiovascular function? (3) Does repeated exposure to CO predis-
pose to atherosclerosis and/or myocardial infarction in humans or in
animals? (4) How and to what extent are non-smokers exposed to CO from
other people's tobacco smoke, other indoor sources or vehicular exhaust
fumes?

trhat Are the Short-Term Efiflicts of CO and How Long
Does It Stay in the Body?

Oxygen (0,) is transported from the lungs to the tissues in the form of
a relatively loose association with haemoglobin (Hb). The 0 2 diffuses
through the normally thin alveolar wall into the serum, and from there it
is taken up by the fib in the red blood corpuscles. The amount of 0, taken
up by each gram of F-lb is determined by the concentration of 0-, in the serum
which, in turn, is determined by its concentration in the alveoli. The amount
of 02 carried to other tissues is determined by the amount taken up by each
gram of fib, by the amount of Fib per unit volume of blood, and by the rate
of blood flow. Removal of 0, from oxygenated Fib is influenced by the 02
tension in the tissues through which it passes. Heavy use of 0, results in
reduced 0„ tension and increased dissociation of oxygenated lib as blood
passes throu gh the tissue concerned. The heart is a heavy user of 0).
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Unfortunately, Elb has an	 for CO (to form carboxy-

haemoglobin (COHN) that is over 200 tires its affinity for 0.„. Thus,

COHb	 formed even under conditions where the tension of CO
in the alveoli is relatively low. Fib that has combined with CO is not
available For carrying	 .Apart from the effects of the replacement of
oxyhaernoglobin by C01-1b, there is evidence that the presence of CC) in
the blood slows Ole release of from oxyhaemoglobin. CO also com-
bines reversibly with rnyoglohin. a protein in muscle cells. It has been
sugcsted that this effect per se contributes to the toxic effects of CO on,
for instance, the functioning of the heart [11. COHb eventually dissociates
again into CO and 1-lb on prolonged exposure to air which is substantially
free from (0. In other words, CO is gradually lost by the same route as
it is acquired.

The rate of loss of CO (Le. the rate of dissociation of COHb) is
dependent not only on the difference between the concentrations of CO in
both the blood and the alveolar air, but also on the rates of respiration
and blood flow throe :h the lungs. Exercise, by increasing the respiration
rate. hastens the loss of CO: lack of exercise retards it. During deep sleep,
even in a CO-free atmosphere, COM levels fall only very slowly. Accord-
ing to Dr P.V. Cote [pers. commun.]. COlib levels fall faster in men than
women % presumabl y because the number of red blood cells per unit
volume or blood is lower in ‘vomen.

CO combines even more avidly with fetal Fib than with adult lib.
Cole et at [2] round COM-) levels in the fetus to be 80/0 higher than those
in the mother after a pregnant woman has been exposed to CO, Also,
after exposure ceases. the COHb concentration fails more slowly in the
►etus than in the mother.

The :.iiatomy of the lungs is ideal ►for gaseous exchange between the
blood and the atmosphere (i.e. alveolar air): 0, passes readily in and
carbon dioxide (CO:0 passes readily out. CO enjoys the same easy pas-
sage in both directions. but the strength of its association with lib
socrel y limits the rate it is lost from the body.

\ceording to Dalhamn et al [31, absorption of CO through the
epithelium of the nose and phar y nx is neghgible: it is also negligible in
the trachea and bronchi down as far as the respiratory bronehioles„

althou gh there is no miormation available on this Cunimikg pets.
commun.]. It is reasonable to assume that iitile CO would escape, iron
the bod y except via the lungs, I ,CSS than O. or absorbed (1) is oxithied
to CO,„

Apart from the CO which is taken into the body iron .) the surround-
ing Jilin it is noteworthy that some, CO is formed endogenously as a
I r	 )roditet	 haelii Meta b01	 4, 51,
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Are the Short-Term Effects Exposure to Low Ambient Levels of CO
Harmful to Normal Individuals or to Individuals with Compromised
Cardiovascular Function?

In Normal Individuals
The normal body is able to compensate for changes in oxygen demand

and supply by increasing the respiration rate (to raise alveolar 0, tension),
by increasing blood flow (by increasing heart rate and stroke volume) and,
over a longer period, by increasing numbers of red blood cells and lib per
unit volume of blood. These compensatory changes are very similar to the
adaptive changes which occur when people living at low altitudes climb to
higher altitudes where the air is more rarilied. The changes are reversible
and there is no evidence, or real likelihood, that permanent or accumulative
effects are produced in health y' individuals, provided that peak ()HI.
levels do not rise above 10%. It is only m some heavy smokers that COHb
levels regularly reach as high as this, and, although heavy  smoking is
associated with increased incidence of coronary heart disease, cerebrovas-
cular disease and peripheral vascular disease, it is not known vvhether this
association is with exposure to CO or with that to other components of
tobacco smoke.

Ayres et al. [6] reported that a rise of COHb concentration to 9( is
associated with an increase in coronary blood flow in humans, while
Adams et al. [7] showed that a 5% increase in COHb was associated with
a 14% increase in coronary blood flow in dogs.

Although it has not been proven that intermittent low peak levels of
COHb do no permanent harm, it seems likely that the healthy body can
compensate for them completely.

Cohen et al. [8] found an increased fatality rate from myocardial
infarction in areas with high rates of air pollution, but only during periods
of high. CO pollution. However. they were uncertain whether the associa-
tion indicated a cause-effect relationship.

In Individuals with Compromised Cardiovascular Function
Theoretically one would anticipate that in subjects with atherosclerotic

coronary vessels which are unable to expand or contract, there could be no
compensatory increase in coronary blood flow as COHb levels rise. In turn,
this could lead to a reduction in the functional cardiac reserve and an
earlier onset of anginal pain upon exercisimn In line xvith this expectation,
Ayres et al. [9] reported disturbed lactate andpyruvate metabolism,
indicative of m yocardial hypoxia. when C011b levels rose in subjects
known to have coronary heart disease. Also, Anderson et al. [101 and
Allred et al. [II] saw ECG changes (increased S-T depression) in anginal
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patients when they were exposed to 50 ppm CO in ambient air. Calverley
et al. [12] observed reduced exercise tolerance in 15 patients with severe
chronie bronchitis and emphysema alter they had been exposed to enough
CO to raise their COIll) levels to 9%. Allred et at. 1111 found that a rise in
the (701-11) level to between 2 and .3`) : ('), aN could occur in subjects confined
to heavily contaminated air in a badly ventilated room, was enough to
reduce exercise tolerance.

A difficulty with the interpretation ol laboratory studies of the kind
that have been reported by Ayres et al. [9], Anderson et al. [10] and
Aronow [1.3j is that simply being in an investigative laboratory is stressful
for subjects with compromised cardiovascular function. The release of
catecholamines as a result •of this stress and the consequential increase in
blood pressure is apt to complicate the interpretation of the findings in
such studies. The same Problem virtually prevents any meaningful investi-
gation of the possible Meets of Co derived from other people's tobacco
smoke on cardiovascular parameters in either normal subjects or patients
with existing cardiovascular disease. The characteristic smell of tobacco
serves to inform the subject when he;she is being exposed to CO as distinct
from uncontaminated air, and if he she has been conditional to believe
that environmental tobacco smoke is dangerous, fear or annoyance caused
b y the smell of it may trigger off a rise in blood pressure.

Does Repeated Exposure to CO Predispose to Atherosclerosis
and or Alyoctfrdial

in Humans
Autopsy studies suggest that there is an association between cigarette

snicking and increased atherosclerosis off the aorta and coronary arteries.
Flow e\er, this does not tell us whether CO, per se. is implicated in the
causation 01 atherosclerosis and at least one other component of 'tobacco)
srmoke.. namely nicotine., attracts as much attention as CO in this context.

Theoreticall y , raised COHb could predispose to atherosclerosis in
various wa ,,s: (a) B y reducing oxygen tension a n d thereb y damaging the
lining of arteries or the deeper structures of the walls of arteries. (b) By an

effect on circulating blood lipids. (e) By increasing the risk of mural
thrombus formation either by increasing platelet stickiness or by some
other mechanism,

FAidence that exposure of humans to CO predisposes to atherosclero-
sis has been provided by a study reported by ‘Vald et al. [ 141. In this study,
1,085 subjects were questioned tibout their smoking, habits and history of
s y mptoms or vascular disease. They were then physically examined and
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asked to provide a sample of venous blood. A better correlation was found
between COHb concentration in the blood and evidence of atherosclerotic
disease than between smoking history and such disease. As the authors of
this paper themselves point out, their findings do not prove that CO per se
is atherogenic. COHb levels are not only an index of the inhalation of the
Co in tobacco smoke, they are also an index of absorption of nicotine
from the smoke. The evidence of Wald et al [141, therefore, does not point
more strongly at CO than at nicotine, or any other component of cigarette
smoke, for that matter.

The mechanisms involved in the development of atherosclerosis are the
subject of continuing debate. According to several theories, high levels of
circulating cholesterol and/or free fatty acids (FFA)predispose to
atherosclerosis. A demonstration that CO, independently of dietary tholes-
terol intake, raises blood cholesterol and FFA levels could, according to
these theories, be taken as evidence that exposure to CO predisposes to the
development of atherosclerosis.

Kjeldsen and Damgaard [15] saw no significant changes in total fatty
acids, phospholipids or triglycerides in the blood of 8 volunteersgiven 5
half-hour exposures to 0.5% CO on 8 -10 successive days (COHb = 12.5%).
However, there was a significant increase in serum cholesterol during the last
3 days of exposure.

In Animals
Lipid Deposition in Walls of Arteries. The results of some animal

studies suggest that exposure to Co increases the risk of deposition of lipid
in the walls of the aorta and coronary arteries when animals are fed a
high-cholesterol diet. Cholesterol-fed rabbits continuously exposed to CO
for 10 or 12 weeks [16, 17] and cholesterol-fed squirrel monkeys intermit-
tently exposed to CO for 7 months[18] showed excessive deposition of lipid
in the intima of the aorta and coronary arteries when compared with
animals exposed to CO but fed on .a normal diet, or with animals fed on a
high-cholesterol diet without CO exposure. Malinow et al. [19] saw no
evidence of atherosclerosis or raised serum cholesterol levels in cynomolgus
monkeys when fed either a standard or a high-cholesterol diet and exposed
to CO. Armitage et al. [20] observed more lipid in the intima of the aorta
and coronary arteries of White Carneau pigeons fed a high-cholesterol diet
than in control birds. Birds exposed for 52 weeks to both a high-cholesterol
diet and CO showed marginally, but not significantly, more lipid deposition
than birds exposed to cholesterol only. Exposure of birds on a normal diet
to Co (COHb I I 12%) had no effect on the arteries.

Webster et al. [ 1 8] exposed cholesterol-fed monkeys to CO over a
7-month period. They saw significantly more atherosclerosis of the core-
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nary arteries in them than in cholesterol-fed monkeys exposed only to
room air.

}Cie'then et al. [15] reported that hypoxia, achieved without exposure
to CO, also gave rise to increased lipid formation in the lining of the aorta
in cholesterol-fed rabbits. Later. Kjeldson et al. [21] reported that hyper-
oxia (achieved by exposing animals to 28% 0,)protected cholesterol-led
rabbits against the development of lipid deposits in the wall of the aorta.

Intimal Oedema. Kjeldsen et al. [22] and later Hugod et al. [23], using
the electron microscope, reported the occurrence of' intimal oedema of the
aorta in rabbits fed on a normal diet and exposed to 180 ppm CO
continuously for 2 weeks. Later, however, Astrup and Kjeldsen [24]
reported that they were unable to confirm that CO produces any effects on
the intim of arteries.

Pfrender [25], in a critical resume of chronic carbon monoxide poison-
ing, stated, 'Almost all pathologic lesions can be explained on the basis of
simple tissue anoxia, as can the late sequelae'.

Raised Haematocrit. Other studies, such as those of Eckardt et al. [26j
in which monkeys were exposed to CO for 2 years and those of Jones et al.
[27] in which rats, guinea pigs. monkeys and dogs were exposed to CO for
90 days, have shown mainly negative results except for an elevation of
mean fib levels and haematocrit values. However, these are of no real
value in relation to atherosclerosis, since no special attempt was made to
assess the animals for the extent of lipid deposition in the aorta or coronary
arteries at post-mortem, and information on the cholesterol content of the
diets given to the animals was not provided,

Serum Cholesterol. According to Kjeldsen [28], continuous exposure
of rabbits to CO may increase serum cholesterol concentrations either
when the animals are given a normal diet or when they are given a diet
containing 2% added cholesterol.

Since these various animal studies were conducted, the focus has
moved away from cholesterolper se as the particular lipid likely to be
implicated in atherosclerosis. Instead, suspicion falls far more heavily on
low-density lipoproteins (LDLs). Unfortunately, no data have been re-
ported from studies in which animals have been exposed to high LAM, diets
and CO.

Platelets. F3irnstingl et al. [29] reported that after exposure to 400 ppm
CO for 6 14 h, which increased their average Cori b levels to 17.5%,
rabbits showed a highly significant increase in platelet stickiness. This was
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followed 24 h later by a fall to significantly below the pre-exposure level.
Immediately after exposure, platelet counts were normal, but 24 h later
they were reduced to 60% of normal. This reduction is consistent with the
possibility that hyper-sticky platelets had stuck to the walls of damaged
blood vessels.

Kjeldsen et al. [22] saw platelets and red blood cells adhering to the
lining of the aorta denuded of intima as a result of an exposure of animals
(rabbits) to CO.

How and to What Extent Are Non-Smokers Exposed to CO from
Other People's Tobacco Smoke, Other Indoor Sources or
Vehicular Exhaust Fumes?
CO from Other People's Tobacco Smoke
Various workers have measured CO levels in tobacco smoke-filled

rooms and the COHb levels in non-smokers confined to such rooms.
COHb levels of the same order as those of policemen on point duty (traffic
direction) have generally been found.

Russell et al. [30], for instance, exposed I I non-smokers for an
average of 79 min to a smoky atmosphere 'made worse than would he
likely encountered in natural social conditions' by closing all the windows
and switching off the ventilation. The level of CO averaged 38 ppm. The
mean initial COHb level in the I I subjects was 1.6 ( + 0.6) % and this rose
to a mean of 2.6 ( +0.7)% after an average of 79 min. Srch [31] found
90 ppm CO in a stationary tobacco smoke-filled car 'with all the windows
closed and a rise of from 2 to 5% in the COHb levels of 2 non-smoking
occupants of the car during a period of 1 h. During the experiment, the
car was kept with the engine turned off in a closed garage. The car was
apparently a small one (internal volume 2.09 m 3). Harke [32] reported a
rise in the mean COHb concentration, from 0.9 to 2.1`)/0, in 7 non-smok-
ers housed for 90 min in - a smoke-filled room. The concentration of CO
averaged 30 ppm. Based on measurements of COHb and of nicotine (and
presumably cotinine) in urine, Harke, in Dontenwill's laboratory, con-
cluded that, in normally ventilated rooms, non-smokers absorb of the
order of less than 1% of the amounts of smoke constituents absorbed by
smokers. Because some components of smoke, and especially of side-
stream smoke, e.g. acrolein, are irritants to the eyes and to the mucous
membranes of the upper respiratory tract, persons confined to smoke-
filled spaces tend to open windows. For this reason in particular, the
extreme conditions of high smoke and CO concentrations used by some
investigators are unrealistic.
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CO ji-om Other Indoor Sources
In the UK prior to the replacement of coal gas by natural gas, there

‘vere between 1,500 and 2,000 deaths from CO poisoning each year. By 1979,
the number of deaths in England and Wales had fallen to about 100 [33].

Gas fires, kerosene heaters and open coal or wood fires are sources of
CO, particularly under conditions of incomplete combustion. However,
ambient levels only rise to potentially dangerous levels if chimneys and/or
other ventilation outlets are blocked. In some oriental countries, such as
Korea, heating is commonly achieved with the `Ondor system in which
coal briquettes are burnt directly under the floor on which people sleep.
The system is very economical but there is always a danger that CO will
seep through unrecognised cracks in the floor. Many thousands of cases of
CO poisoning caused in this way are admitted to hospitals in Korea and
hundreds of people so affected die. In many regions of the world where
ambient temperatures are very low during part or all of the year or where
they can fall to low levels during the night, it is not uncommon for kitchens
to be completely unventilated. Women who spend, sometimes, several
hours in such kitchens are exposed to dangerous levels of fumes including,
inter alia, high levels of CO.

rehicular Exhaust Fumes

In western countries it is not uncommon for people to commit suicide
by driving a car into a garage, closing and sealing the doors and then
running the car engine in the enclosed space. Death from CO poisoning is
easily achieved in this way.

In many big cities, especially in the Orient, there can be high ambient
levels of CO in cars stuck in traffic jams in road tunnels and on the streets
in general, and the latter can result in similarly high levels in the houses and
shops lining streets with heavy traffic.

Levels of 25 -100 ppm CO have been commonly found in London
street air by Lawther and Commins [34] and in Toronto street air by Godin
et al. [35]. Non-smoking policemen on point duty in heavy traffic condi-
tions in London had COM levels mainly between I and 2%, but one had

C011b [34]. Other studies have given similar results [36 • 39]. For
instance, levels of up to 3% COM are common in non-smokers exposed to
vehicular exhaust gases in Los Angeles [40, 41].

Conclusion

There is no clear evidence that exposure to CO is associated with an
increased incidence of any form of cardim ascular disease. In the labora-
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tory, the incidence of atheromatous-like deposits in the intima of arteries has
been reported when animals have been exposed both to a high-cholesterol
diet and to CO, but not where there is exposure only to CO. it is not certain,
however, that the lesionsproduced by such double exposures are really
analogous to any form of cardiovascular disease that occurs in humans.

At the present time, there is increasing interest in the possibility that
lipid peroxidation is implicated in the aetiology both of ageing-related
diseases, such as atherosclerosis and cancer. The oxidants involved can be
either exogenous or endogenous in origin. In either case, protection is
afforded by antioxidants and particularly by vitamin E. CO is neither an
oxidant nor an antioxidant. Hence, if the above theory is right, there is no
a priori reason to expect CO to influence the risk of atherosclerosis in
either direction.
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