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Abstract

Objective—To assess the effects of expo-
sure to low concentrations of carbon mon-
oxide (CO), as commonly measured in
atmospheric urban air pollution and cer-
tain occupational environments, on exer-
cise performance and myocardial
perfusion in young healthy men, and the
possible need for tighter restrictions on
ambient concentrations of CO.
Methods—15 young, healthy non-smoking
men, 18-35 years old, were exposed blindly
and randomly to air or to a mixture of CO
and air, followed by an exercise treadmill
test with thallium heart scintigraphy.
Blood was drawn for determination of car-
boxyhaemoglobin before and at the end of
the exposure, and for lactic and pyruvic
acid at the beginning and the end of the
exercise test. The main outcome measures
include the duration of the exercise test,
the maximal effort expressed in metabolic
equivalent units (METSs), the mean plasma
lactic to pyruvic acid ratio at the end of the
ergometry, ECG changes in the exercise
test, and perfusion deficits in thallium
heart scintigraphy.

Results—At the end of exposure to CO, the
mean (SD) blood carboxyhaemoglobin
concentration rose from 0.59% (0.08%) to
5.12% (0.65%) (p<0.0001). At the end of the
exercise period, the mean (SD) plasma
lactate/pyruvate ratio, which reflects the
level of anaerobic metabolism (69.9 (5.9)
after air and 75.9 (7.0) after CO), was not
significantly different between the two
experimental groups. Exercise induced
electrocardiographic changes were noted
in only one subject after exposure to CO.
No arrhythmias were detected in any of the
subjects. Significant differences were found
in the mean duration of the exercise test
(p=0.0012) and the METs (p=0.0001). The
mean adjusted difference of exercise dura-
tion between exposure to air and CO was
1.52 minutes 95% confidence interval (95%
CI) 0.73 to 2.32 minutes. The mean ad-
justed difference of METs between expo-
sure to air and CO was 2.04 95% CI 1.33 to
2.76. The models for duration of exercise
and METs showed no significant sequence
and period effects. Thallium myocardial
perfusion imaging disclosed normal per-
fusion in all regions of the heart, with no
significant differences in perfusion between
the two exercise tests (after air or CO).

Conclusion—Acute exposure to a low con-
centration of CO which produces blood
carboxyhaemoglobin concentrations of
4%—6% significantly decreases exercise
performance in young healthy men. No
ischaemic electrocardiographic changes
or disturbances in myocardial perfusion
were found by graded exercise with thal-
lium scintigraphy. Our findings suggest
that pollution of atmospheric air by CO at
concentrations which are commonly
found in urban and industrial environ-
ments may exert an adverse effect on skel-
etal muscles, manifesting as decreased
exercise performance.

(Occup Environ Med 1999;56:535-538)
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Carbon monoxide (CO) poisoning is the lead-
ing cause of death from intoxication. The first
symptoms of CO intoxication usually appear
when the blood concentration of carboxyhae-
moglobin (COHb) rises above 10%.' It is
known that exposure to very high concentra-
tions of CO can cause myocardial ischaemia
and failure even in the normal heart.” However,
recent studies have reported that exposure to
low concentrations of CO producing venous
COHD blood concentrations of 2%—6% induce
ischaemic changes and ventricular arrhythmias
in patients with coronary heart disease.”®
Similar low venous blood concentrations of
COHb are commonly found in people em-
ployed in certain high risk occupations, in resi-
dents of industrial cities, and in smokers.> " The
evidence of the potential hazards of exposure to
low concentrations of CO in patients with
ischaemic heart disease raises important ques-
tions about its effects in healthy humans.

The present study was designed to evaluate
the short term effects of exposure to concentra-
tions of CO which produce low venous blood
COHD concentrations of 4%—6% on exercise
performance and myocardial perfusion in
young healthy men.

Methods

SUBJECTS POPULATION

All 15 subjects were volunteers who met the

following criteria:

(1) Non-smoking healthy men, 18-35 years
old.

(2) Normal physical examination and medical
history.
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(3) Normal resting electrocardiogram and
blood tests including blood count and
concentrations of urea, creatinine, electro-
lytes, cholesterol, and triglyceride.

STUDY DESIGN

The study was performed in two stages 1 month
apart. In both stages of the study each subject
was randomised by a list of random numbers to
exposure to room air or a mixture of CO and air
to produce a venous blood COHb concentra-
tion of 4%—-6%. The exposure was performed
by breathing through a closed breathing circuit
connected to two gas tanks, one with room air
and the other with the CO mixture. The
randomisation was carried out by an independ-
ent person with no knowledge of the study per-
formance. The randomisation was planned so
that subjects who were exposed to room air
were exposed to the CO mixture in the second
stage and vice versa (blind crossover study).
The subjects and the physician who took part in
the study and study supervisors did not know
whether the subjects were breathing room air or
the CO mixture. The duration of the exposure
required to produce the desirable COHDb
concentration was calculated according to a
previously used clinical database.®° In a pretest
on six other volunteers, the required duration
was found to be 3 minutes 45 seconds. Blood
was drawn for COHb concentrations before
and at the end of the exposure. The COHb
measurements were performed with a CO-
oxymeter (IL-282). Immediately after the
exposure, subjects performed an exercise tread-
mill test according to the Bruce protocol, at
their maximal capacity to exhaustion, with thal-
lium heart scintigraphy.

The Bruce protocol is the most commonly
used multistage graded maximal treadmill pro-
tocol with consecutive periods of increasing
difficulty. The duration of each stage is 3 min-
utes to allow achievement of a steady state
before the workload is increased.”” The diffi-
culty of each stage of the Bruce protocol is
characterised by metabolic equivalent units
(METs). MET refers to the resting oxygen
consumption (VO,) for a 70 kg, 40 year old
man. One MET is equivalent to 3.5 ml/min/kg
of body weight representing the approximate
metabolic cost to stand quietly. Multiples of
MET:S are used to calculate work activity. The
METs are the most common measure used to
standardise the reporting of peak exercise
workload in exercise protocols."" Heart rate,
blood pressure, electrocardiogram, the dura-
tion of the exercise, and the maximum effort
expressed in MET units were recorded for each
exercise test. Thallium scintigraphy was per-
formed with an Elscint camera SP-4 with a low
energy all purpose collimator. The first thal-
lium injection of 3 pCi was given at peak exer-

Table 1  Lactic and pyruvic acid concentrations (mean (SD)) before and after the exercise
test

Lacric to pyruvic

acid ratio after  Pyruvic acid Lactic acid Pyruvic acid Lactic acid
exercise after exercise after exercise at baseline at baseline
Exposure to air 69.9 (5.9) 0.23 (0.03) 14.9 (1.2) 0.006 (0.06)  0.22 (1.6)
Exposure to CO  75.9 (7.0) 0.017 (0.18) 1.1 (12.5) 0.004 (0.04)  0.15 (1.6)
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cise, 2 minutes before the end of the ergometry.
After a recovery period of 10 minutes, a tomo-
graphic scan was made of the heart with the
SPECT method."” ” Three hours later another
1uCi of thallium was injected (the reinjection
technique), and a second scan was performed.
The two scans were reconstructed in three
dimensions and were compared with the
normal data base.'* It was unknown to the scan
reader whether the heart scan had been
performed after exposure to air or a mixture of
CO and air. Blood was drawn for lactic and
pyruvic acid at the beginning and the end of the
exercise test. SIGMA kits were used for
spectrophotometric measurement of lactate
and pyrovate.

STATISTICAL ANALYSIS

Duration of the exercise test and the maximal
effort expressed in METs were fitted with a
linear model by the method of least squares
with preparation, period, sequence, and volun-
teer nested within sequences as independent
variables. The sequence effect was tested with
the volunteer (sequence) mean square from the
ANOVA as an error term. All other main
effects were tested against the residual error
from the ANOVA. The least squares means
were used to calculate least square mean for
treatment (adjusted).

Residual plots against predicted values were
done for all models. The distributions of the
residuals were computed. The Shapiro-Wilk
statistics were used to test the hypothesis that
the residuals are a random sample from a nor-
mal distribution.

The computation was performed by SAS
6.12 software.

Results

The average age of the 15 subjects was 26 years
(range 22-34 years). Mean (SD) blood con-
centrations of COHb before and after exposure
to air were similar (0.51% (0.12%) and 0.54%
(0.06%) respectively). At the end of exposure
to CO, the mean (SD) blood concentration
rose from 0.59 (0.08%) to 5.1 (0.65%)
(p<0.0001). The mean (SD) lactic and pyruvic
acid values in the group exposed to air were 1.6
(0.22) mmol/l and 0.06 (0.006) mmol/l
respectively before, and 14.9 (1.2) mmol/l and
0.23 (0.03) mmol/l at the end of the exercise
test (table 1). After exposure to CO, the mean
(SD) concentration of lactic acid was 1.6
(0.15) mmol/l and of pyruvic acid 0.04 (0.004)
mmol/l before the exercise test, and 12.5 (1.1)
mmol/l and 0.18 (0.017) mmol/l respectively at
the end (table 1). At the end of the exercise
period, the mean plasma lactate/pyruvate ratio,
which reflects the level of anaerobic metabo-
lism (69.9 (5.9) after air and 75.9 (7.0) after
CO), was not significantly different among the
two experimental groups (table 1). There was
no significant difference between the mean
heart rate and blood pressure before and after
exposure to air or CO. There were also no sig-
nificant differences in peak heart rate (189 (2)
and 186 (2) in the air and CO groups, respec-
tively) or blood pressure (161/77 and 154/75 in
air and CO groups, respectively) after the
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Table 2 Carboxyhaemoglobin after exposure to CO, and exercise test data for all subjects
CoHb concentrati  CoHb concent
METS After CO  METS after air  Exercise duration — Exercise duration  on after CO ration before CO
Subject No exposure exposure after CO after air exposure exposur e
1 14 17 13:30 15:25 3.8 0
2 16 18 14:39 16:24 2.9 0.3
3 15 18 13:49 17:00 5.2 0.3
4 17 22 15:20 20:00 8.0 0.7
5 16 17 14:31 15:06 5.7 0.9
6 15 16 14:04 14:03 5.9 0.9
7 17 18 15:55 16:44 4.6 0.7
8 10 14 11:48 12:57 2.3 0.8
9 17 18 15:01 16:08 4.5 0.6
10 13 14 12:24 13:00 5.8 0.3
11 12 14 10:54 12:31 4.5 0.7
12 12 13 11:33 12:24 8.9 1.2
13 19 22 17:16 20:28 4.2 0.6
14 14 15 13:53 13:01 5.4 0.4
15 15 17 14:01 15:05 5.1 0.5
Mean (SD) 14.8 (0.6) 16.9 (0.7) 13:70 (0.4) 15:40 (0.6) 5.12 (0.65) 0.59 (0.08)

maximal exercise test. Exercise induced elec-
trocardiographic changes (ST depression on
leads I, aVL, V5, V6) were noted in only one
subject after exposure to CO. This subject was
asymptomatic during the exercise test, and
stopped running due to fatigue. No arrhyth-
mias were detected in any of the subjects.

The data on the exercise duration and MET's
during exposure to air or CO from all subjects
are presented in table 2. The model for
maximal effort expressed in METs showed no
significant sequence effect (p=0.4) and no sig-
nificant period effect (p=0.34).

A significant difference between METSs in air
and CO was found (p=0.0001). The mean
adjusted MET in air was 16.9 (95% confidence
interval (95% CI) 16.4 to 17.4). The mean
adjusted MET in CO was 14.8 (95% CI 14.3
to 15.4). The mean adjusted difference in the
METSs between exposure to air and CO was
2.04 95% CI (1.33 to 2.76).

The model for exercise duration showed no
significant sequence effect (p=0.35) and no
significant period effect (p=0.69). A significant
difference in exercise duration on exposure to
air and CO was found (p=0.0012). The mean
adjusted exercise duration in air was 15.3 (95%
CI 14.7 to 15.9) minutes. The mean adjusted
exercise duration in CO was 13.7 (95% CI
13.2 to 14.3).The mean adjusted difference of
exercise duration between exposure to air and
CO was 1.52 minutes (95% CI 0.73 to 2.32).

Thallium myocardial perfusion imaging dis-
closed normal perfusion in all regions of the
heart, with no significant differences in per-
fusion between the two exercise tests (after air
or CO).

Discussion

Carbon monoxide affects the heart mainly by
inducing tissue hypoxia.' It has a very high
affinity for haemoglobin, with which it binds
firmly to form COHb. This results in a marked
decrease in the oxygen carrying capacity of
haemoglobin and a leftward shift of the
oxyhaemoglobin dissociation curve, which re-
duces the release of oxygen to tissues.” '° At the
cellular level, CO binds with cytochrome
oxidase, inhibiting cellular respiration and
resulting in anaerobic metabolism."” Carbon
monoxide also binds with other haemoproteins
such as myoglobin, which abounds in skeletal

muscles and the myocardium, causing dysfunc-
tion by impairing their oxygen carrying capac-
ity and the transportation of oxygen from the
blood to the mitochondria.'®

Carbon monoxide is the leading cause of
death by poisoning. It is colourless, odourless,
tasteless, and non-irritating, which makes its
presence difficult to detect. The signs and
symptoms of CO poisoning are non-specific,
and usually appear when COHb concentra-
tions are above 10%. Recent data suggest that
exposure to low concentrations of CO have a
direct adverse effect on the heart, exacerbating
myocardial ischaemia and facilitating ventricu-
lar arrhythmias in patients with coronary heart
disease.”® Such data are pertinent to industrial
and inner city areas, where many people are
exposed daily to air pollution sufficient to pro-
duce chronically increased blood COHb con-
centrations in the range used in our study.” ’ By
contrast with previous studies on the effects of
low concentrations of COHb on patients with
ischaemic heart disease’® only few studies con-
sidered this issue in normal healthy subjects,
with  controversial results. Turner and
McNicol” did not find a significant effect on
cardiovascular performance of exposure to CO
whereas Aronow and Cassidy” found that
increased COHDb concentrations impair exer-
cise performance in 10 normal middle aged
men. Neither one of them found ischaemic
electrocardiographic changes during exercise.
In the light of these controversial data on a
normal population with no data on young
healthy subjects we decided to study the effects
of low blood concentrations of COHb on the
capacity to perform maximal exercise and on
myocardial perfusion in young, healthy non-
smoking men.

We used the blood lactate/pyruvate ratio as
an index of anaerobic metabolism. When this
ratio is high (>40-50), anaerobic metabolism is
considerable.” The high lactate/pyruvate ratio
recorded after exposure to both air and CO
indicates that the subjects did indeed attain
maximal effort. There was no significant
difference in anaerobic metabolism after expo-
sure to CO. The apparent contradiction
between this finding and the significant de-
crease in exercise duration after CO may be
explained by the assumption that exposure to
CO lowers the anaerobic threshold. Indeed,
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Koike ez al”’ reported that during exercise both
lactate concentration and lactate/pyrovate ratio
increase only after the anaerobic threshold is
reached. They also showed that increased
COHDb concentration decreased the metabolic
acidosis threshold (anaerobic threshold). As a
result, the transition to anaerobic metabolism
may appear earlier, causing early fatigue of
skeletal muscles and decreased maximal effort
capability, but with no effect on the final
concentration of lactic and pyruvic acid in the
blood which reflect the fact that subjects
reached their maximal effort capacity.

Ischaemic changes on exercise testing after
exposure to CO were found in only one subject,
but thallium scanning was normal in all of them.
The electrocardiographic changes in one subject
may be regarded as a false positive result, based
on the fact that false positive findings are
detected in exercise tests in up to 15% of young
men.” This interpretation is supported by the
fact that the subject was asymptomatic and his
thallium scans were normal.

The salient findings in this study were the
significant decrease in exercise duration and
maximal effort capability after exposure to CO.
In 13 of the 15 subjects, effort was maintained
for a shorter time, and in all of them the degree
of maximal effort measured in METs was
lower after exposure to CO.

In the urban environment, many people are
chronically exposed to considerable air pollu-
tion, which produces blood concentrations of
COHb between 2% and 6%, as is the case with
many smokers. Such concentrations of COHb
not only exacerbate myocardial ischaemia in
patients with coronary artery disease, but as
suggested by our data also exert a detrimental
effect on the exercise performance of young
healthy men. Also, smokers chronically ex-
posed to air pollution may have higher blood
concentrations of COHb, and therefore a more
severe threat to their health.

In conclusion, we found that acute exposure
to low concentrations of CO which produces
blood COHb concentrations of 4%—-6% signifi-
cantly decreases exercise performance in young
healthy men. No ischaemic electrocardio-
graphic changes or disturbances in myocardial
perfusion were found by graded exercise and
thallium scintigraphy. Our findings suggest that
pollution of the atmospheric air by CO may
have adverse effects on skeletal muscles,
causing decreased exercise performance. This
reinforces the need for tighter restrictions and
controls on atmospheric air pollution.
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