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1. Background

Reviews of scientific data on the health
effects of exposure to polluted air have
been presented on many occasions and
standards and recommendations have been
put forth in several countries. Air pol­
lutants of various kinds have been the
subjects of a series of criteria documents
published in recent years by the World
Health Organization (WHO), which include
reviews of the effects of sulfur dioxide and
suspended particulates (1979), oxides of
nitrogen (1977) and carbon monoxide
(1979).

In Sweden the responsibility of propos­
ing standards for environmental air pollu­
tion lies with the Environment Protection
Board (EPB). The EPB has initiated work
on criteria documents in which informa­
tion is evaluated with particular reference
to specific conditions in Sweden. Examples
of such conditions are the high frequency
of inversions at many geographical loca­
tions in the country, the long period of the
year when heating is required - from
late September to early May - and local
characteristics of industrial and motor
vehicle exhaust.

The first document on air quality cri­
teria was undertaken by an expert group
at the Department of Environmental Hy­
giene at the EPB and dealt with sulfur
dioxide and suspended particles (Camner
et al., 1973). In the presentation of its

2. Scope of the work

There exists a number of criteria docu­
ments on carbon monoxide. One of the
most recent of these was published by the
National Academy of Sciences in the
United States (1977). WHO has issued a

evaluation of epidemiological and experi­
mental data on the health effects of these
agents, the group concluded that the re­
commendations for air quality with refer­
ence to sulfur dioxide and smoke enu­
merated by the WHO should be used as
tools in the planning of air pollution con­
trol in Sweden. In addition, it was re­
commended that values for sulfur dioxide
and particulates should not exceed the va­
lues given as annual means for any signi­
ficant length of time (i.e., a few months).
It was not considered medically justifiable
that the very low exposure present in
Sweden during the summer months would
allow for high exposure during winter
months, even if the annual mean remained
below the recommended level.

Subsequent to the criteria document of
sulfur dioxide and particulates, the EPB
has decided to produce a document on
carbon monoxide. The task of producing
this criteria document was given to the
Department of Environmental Hygiene at
the University of Gothenburg.

A first draft of the document was dis­
cussed during a seminar organized by the
EPB on 4 September 1979. A second ver­
sion of the document was then circulated
for further comments in February 1980.
Valuable comments were received from
Lars Friberg, Magnus Piscator, Carl-Johan
G6the, Maths Berlin and Poul Astrup.

report on carbon monoxide (1979) in its
series of environmental criteria documents.
In the present document, basic informa­
tion on the chemical properties of CO, its
presence in the environment and pharma-
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cological effects has been collected from
the above mentioned criteria documents.

In view of the abundance of reports and
publications on the general toxicity of car­
bon monoxide and the effects encountered
at high exposure levels, the emphasis in
this report has been directed toward re­
viewing three major effects charged to be
of primary significance in the evaluation
of environmental standards at low expo­
sure levels. These are cardiovascular ef­
fects, effects on the central nervous system
and effects on the fetus. Research reports
on these effects have been analyzed and
conclusions are presented as to the re­
levance of this information for establishing
carbon monoxide exposure criteria. Final­
ly, evaluations and conclusions are pre-

sented, together with recommendations
for further work.

The evaluation as presented in this do­
cument is based solely on health effects.
The report is limited to an evaluation of
criteria, defined as the tests which permit
the determination of the nature and
magnitude of the effects of carbon mon­
oxide on man and his environment. Guides
to air quality are those sets of concentra­
tions and exposure times associated with
the specific effects of varying concentra­
tions of the pollutant on man. No proposals
are given for standards; these must be de­
veloped later, with due attention paid to
technical, economic and political conside­
rations.

3. Environmental carbon monoxide

3.1 Properties of Carbon Monoxide

Carbon monoxide r(CO) is a colorless, odor­
less and tasteless gas which is slightly
lighter than air. Under normal conditions,
it is stable and chemically inert. CO burns
in air or oxygen. The physical properties
of CO are reported in Table 3-1.

In all cases in which data in the original
reports described here are given in parts
per million (ppm), they can be changed
into mg/m3 by using the relationships
given in Table 3-1.

3.2 Sources and Incidence of
Carbon Monoxide

Methane oxidation in the atmosphere has
been suggested as a source of natural CO
but the major part of atmospheric CO de­
rives from human activities.

Carbon monoxide is produced by the in­
complete combustion of motor vehicle fuel
occurring in petrol engines and to a much
smaller extent in diesel engines. Heating
and industrial processing are also im­
portant sources of CO.

Table 3-1. Physical properties of carbon monoxide (WHO, 1979).
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Melting point
Boiling point
Density, at 0° C, 1 atmos
Density, at 25 ° C, 1 atmos
Specific gravity relative to air
Solubility in water, at 0° C
Solubility in water, at 25° C
Explosive limits in air
Conversion factors:

at 0° C, 1 atmos

at 25 ° C, 1 atmos

-250° C
-192° C
1.250 g/liter
1.145 g/liter
0.967
3.54 ml/100 ml (44.3 ppm mass)
2.14 ml/100 ml (26.8 ppm mass)
12.5 to 74.2 %

mg/m3 = 0.800 ppm vol
ppm vol = 1.250 mg/m3

mg/m3 = 0.873 ppm vol
ppm vol = 1.145 mg/m3



Table 3-2. Ranges of carbon monoxide concen­
trations in air from various sources.

3.3 Environmental concentrations
In Sweden

CO (g/km)

Figure 3-1. CO emission factor as a function of
speed (A. M. Voorhees & Associates, Inc., 1976).

The emission of CO is highest around
densely populated areas. Measurements of
ambient CO levels have been performed in
several cities and concentrations are ob­
served to be related to the vehicle traffic
pattern. Figure 3-1 is an illustration of
levels of carbon monoxide emission in
automobile exhaust as a function of ve­
hicle speed.

The most significant exposure to carbon
monoxide occurs in urban settings, in in­
dustry, at home to CO produced by gas
heating equipment and in cars to CO es­
caping from deficient exhaust systems or
from exhaust systems of surrounding ve­
hicles.

Estimations of CO concentrations under
conditions with a high degree of pollution
with cigarette smoke show that CO con­
centrations of up to 16 ppm may be at­
tained (Corn, 1974).

Levels of carbon monoxide in the ambient
air of a number of Swedish cities have
been measured on several occasions and
data are continuously being obtained from
different air monitoring programs. The
following will serve as an illustration of
the many programs reported or underway.

A report published in 1977 by the EPB
(Statens Naturvardsverk, PM 729, 1977)
gives the results of an investigation of ve­
hicle emissions carried out between 1969
and 1975 in 28 Swedish cities. The study
concentrated particularly upon identi­
fying levels of CO in street situations
in order to determine peak CO levels and
mean 8-hour daytime CO levels. Table 3-3
is an illustration of measurements made at
various locations in Stockholm and Got­
henburg. Carbon monoxide levels ob­
served in Malmo are shown in Table 3-4
and a further demonstration of CO pollu­
tion levels in Stockholm is found in
Table 3-5.

Other descriptions of carbon monoxide
pollution are given in an EPB report on
the development of a model for describing
and predicting air pollution levels from
auto emissions (Statens Naturvardsverk,
PM 891, 1977). Several factors were taken
into consideration in setting up the model,
among them auto emissions at different
speeds and situations, traffic flow, traffic
patterns, traffic volume and meteorologi­
cal conditions. Some measurement data
from Stockholm are illustrated in Figures
3-2 and 3-3 to outline the existing expo­
sure situation.

Measurements have been made of con­
centrations of air pollutants, among them
carbon monoxide, in certain areas of
Stockholm by the city's Environmental
and Health Care Administration (Miljo­
och Hiilsovardsforvaltningen). Measure­
ments were made twice during 1976 and
once in 1977. Wind velocity and direction
were measured, in addition to concentra­
tions of a number of air pollutants.

The general purposes of the measure­
ments were to identify the present pollu­
tion situation and to judge what the
pollution situation would be if alte­
rations were made in the traffic patterns
in certain areas of the city. Air quality

CO (ppm)
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Figure 3-2. Mean carbon monoxide levels at
Sveavagen's (Stookholm) east and west sides on
Fridays in April, May and September, 1976.
Shown in relation to traffic flow (Statens Natur­
vardsverk, PM 729, 1977).
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Figure 3-3. Mean carbon monoxide values on
both sides of Sveavagen (Stockholm) during
April, May and September, 1976, Mondays
through Thursdays. Shown in relation to traffic
flow (Statens Naturvardsverk, PM 729, 1977).

measurements were carried out in Feb­
ruary, 1979, at Arsenalsgatan, Stallgatan,
Blasieholmskajen and in front of the Na­
tional museum (Milj6- och Hiilsovardsf6r­
valtningen, Stockholms Kommun, Report
1976-03-12). Traffic is light at Blasie­
holmskajen and in front of the museum
- about 4,000 and 2,000 vehicles/day,
respectively - and considerably heavier
along Arsenalsgatan and Stallgatan
(roughly 25,000 vehicles/day).
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Table 3-4. Carbon monoxide measurements made at different locations in Malmo.*

ht. of width street no. maximum
place year surrounding of description vehiclesl 1/2 h mean

buildings street day value

Sallerupsvagen houses on both sides of
1971 12 m 26 m street 26,000 11 ppm
Nobelvagen 147 houses on both sides of
1972 12 m 33 m street 32,000 13 ppm
Amiralsgatan relatively open area 30,000 19 ppm
1972 12 m 30 m
Nobelvagen relatively open area 32,000 8.5 ppm
1973 6 m 33 m
Trelleborgsvagen
1973 6 m 26 m relatively open area 16,000 7 ppm
Maiedalsvagen
1973 6 m 22 m relatively open area 12,000 3 ppm
Nobelvagen 56 houses at irregular intervals
1973/1974 12 m 33 m on both sides of street 41,000 30 ppm

* From Statens Naturvardsverk PM 729, 1977.

Table 3-5. Air pollution measurements made at Hantverkargatan, Hornsgatan, Norr Malarstrand and
Sveavagen in Stockholm, February-August, 1977.*

place month CO values traffic
street description1-hr max 8-hr max density

Hantverkargatan 10,000/d 16 m wide street; 18 m high build-
February 18 ppm 9 ppm ings, both sides of street
May 9 ppm 5 ppm

Hornsgatan 40,000/d 23 m wide street; 22 m high build-
March 19 ppm 13 ppm ings, both sides of street
June 12 ppm 10 ppm

Norr Miilarstrand 30,000/d buildings at irregular intervals on
MarchiApril 11 ppm 7 ppm one side of street
JunelJuly 3 ppm 2 ppm

Sveavagen 30,000/d 33 m wide street; 23 m high build-
AprillMay 9 ppm 8 ppm ings, both sides of street
JulylAugust 9 ppm 8 ppm

* From Miljo- och Hiilsovardsforvaltningen, Stoc~holms Kommun, Report 1978-02-06.

The area around the museum is open
and winds were favourable during the
measurement period. Peak concentrations
of CO of approximately 4 ppm occurred at
about 0900 and 1800. CO levels at Blasie­
holmskajen and Stallgatan were similar.

Concentrations of carbon monoxide were
significantly higher at Arsenalsgatan. This
is a narrow street with rather tall build­
ings on both sides and heavy weekday
traffic. It is considered to be one of the
most heavily polluted streets in the city.
The highest 24-hour mean CO concentra­
tion measured was 15 ppm and the high­
est 8-hour mean value was 20 ppm.

Measurements of CO were made along
Arsenalsgatan by the Administration's air
quality control bus between November 25
and December 12, 1976 (Report 1977-02-04).

It was seen that the 9 ppm CO concen­
tration recommended by the WHO as the
highest mean value permissable for an
8-hour period was exceeded along Arse­
nalsgatan nearly every weekday and oc­
casionally even on Saturdays. The highest
8-hour mean concentration observed dur­
ing this measurement period was 24 ppm
CO - that is, 2.7 times higher than the
WHO's recommended maximum.
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4. Carbon monoxide in humans

4.1 Pharmacological Effects of
Carbon Monoxide

Carbon monoxide levels in the body reflect
endogenous production of the gas as well
as exogenous CO, which reaches the body
via inhalation. Endogenous CO is formed
by the breakdown or catabolism of hemo­
globin and other heme containing pig­
ments. Sjostrand 1(1949) demonstrated that
carbon monoxide is released when proto­
porphyrin degrades to bilirubin.

CO is rapidly absorbed through the
lungs and the rate of absorption is direct­
ly related to the alveolar ventilation.
About 60 Ofo of the inhaled CO is absorbed
in the blood. Above minute volumes of 20
liters, the uptake is 10-15 Ofo lower than
expected from true proportionality (Forbes
1970).

In the blood, CO binds reversibly with
hemoglobin (Hb) - forming carboxyhemo-

globin (COHb) - and with certain heme
proteins. A strong coordination bond is
formed between CO and the iron atom in
protoheme. The latter molecule is a fer­
rous ion complex of a protoporphyrine
which, when combined with the protein
globin, constitutes hemoglobin.

The principal factors related to the
amount of CO present in the body after in­
halation exposure are:
- concentration of CO inspired
- endogenous CO production
- amount of exercise
- body size
- lung health, including diffusion ca-

pacity
- barometric pressure

Coburn et at. (1965) developed a mathe­
matical model for calculating the forma­
tion of CORbo Experimental data obtain­
ed by Peterson and Stewart (1970) largely
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Figure 4-1. Absorption of carbon monoxide with relation to exposure duration
and sampled carbon monoxide in resting individuals. (figure modified from
U.S. Environmental Protection Agency, Air Quality Criteria for Carbon Mono­
xide. EPA-60018-79-022).
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Table 4-1. Examples of expected COHb values
after different exposure times and at different
ambient carbon monoxide levels. See Appendix
1 for complete data.

tion curve to the left, so that tissue oxy­
gen tensions must fall to much lower
levels in order for the oxyhemoglobin to
release its oxygen. Following CO expo­
sure, the resultant decrease in the oxygen­
carrying capacity of the blood, together
with the impaired release of oxygen to the
tissues, gives rise to a relatively greater
degree of tissue oxygen deficiency than
would arise from an equivalent reduction
in ambient p02 (oxygen tension), or an
equivalent reduction in Hb secondary to
anemia (see figure 4-2).

35 ppm

rest heavy work

0.6
0.7
O.S
1.0

5 ppm

0.5
0.6
O.S
1.0

rest heavy work

1.S
2.7
5.1
5.3

exposure

time

30 min 0.9
60 min 1.3
6 hours 3.6
24 hours 5.3

confirm the accuracy of the model. As
Coburn indicated, the equation cannot be
used to calculate CORb levels above about
15 0/0. The model presupposes that the
oxyhemoglobin value is constant, which is
not the case at higher levels of CO in
blood. In a later analysis of the model,
Peterson and Stewart (1975) underline this
by stating that the equation has no uni­
form solution, but that »trial and error»
must be used for the calculation. Further
details of the application of the model are
given in Appendix 1.

Table 4-1 illustrates expected CORb va­
lues in the blood of resting individuals at
different exposure durations and ambient
carbon monoxide concentrations.

As the affinity of Rb for CO is appro­
ximately 200 to 250 times its affinity for
oxygen, exposure to even lower concentra­
tions of carbon monoxide can result in a
clinically significant reduction of the oxy­
gen-carrying capacity of the blood. Fur­
thermore, the presence of CORb in the
blood shifts the oxyhemoglobin dissocia-

100

10080604020
10

10 30

Po
2.

Figure 4-2. Blood oxygen dissociation curves at pH 7.4 at various COHb values
(U.S. Environmental Protection Agency, Air Quality Criteria for Carbon Mono­
xide, EPA-600/S-79-022).
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Hb and myoglobin are structurally re­
lated and react with CO in a similar man­
ner. Identical CO exposures produce dif­
ferent degrees of saturation of myoglobin
depending upon the partial pressures of
O2 in the tissue. This has practical conse­
quences for the myocardial tissue with its
high oxygen consumption.

Man has the ability to compensate in
part for the reduction in the oxygen-car­
rying capacity of the blood resulting from
chronic exposure to CO by increasing his
red blood cell mass.

CO is eliminated nearly completely by
the lungs. Less than 1 % of the gas is
oxidized within the body to CO2• The bio­
logical half-life of the gas in healthy,
sedentary adults at sea level is 4-5 hours.
100 % oxygen administered by face mask
~educes the biological half-life to approxi­
mately 80 minutes (Stender et aL, 1977).
~n the hyperbaric setting, the administra­
tion of 100 010 oxygen at 3 ATA reduces
~he biological half-life of the gas to 23.5
;ninutes (Stewart 1975).

The excretion of CO becomes slower
with time and the lower the initial level
of COHb, the slower the rate of disap­
pearance {U.S. EPA-600/8-79-022).

As the major effect of the presence of
CO in the body is related to the capacity
for transporting oxygen to the tissues, all
organs for which a continuous high oxygen
supply is necessary to maintain normal
function become critical organs. The three
most important of these are the heart, the
central nervous system and the fetus.

4.2 Levels in the Population

Several investigations have been per­
formed concerning the CO levels present
in various populations. This has been
done either by measuring the COHb level
in the blood or by taking measurements of
CO in the expired air.

Kahn et aL(1974) measured COHb levels
in 16,649 blood samples from blood donors
in the St. Louis metropolitan population.
The mean COHb level was 2.3 010. Of all
samples, 70.1 010 contained less than 3 010
and 1.2 010 contained 10 010 COHb or more.
COHb values in smokers were 5 times
higher than for non-smokers (4.58 versus
0.85 010). There was also a difference be-

12

tween inhaling and non-inhaling smokers
(4.7 versus 2.2 010).

The COHb levels were related to the
distance travelled by car prior to giving
the blood sample, and an increase in COHb
level was found related to travel distance.
This increase was small, however, com­
pared to the smoker/non-smoker differ­
ences.

The correlation between ambient CO le­
vels and COHb values was negative for
average 24 and 12 hour values between
0600 and 1800 hours. Average hourly va­
lues of ambient CO at 2 hours previous to
the blood sampling correlated with the
COHb levels obtained at the time of the
sampling. The winter COHb values in non­
smokers were higher than spring, summer
and autumn values, although the ambient
air CO levels were highest during the
autumn.

In another study of COHb levels in
blood samples from the populations of
Chicago, Milwaukee, New York and Los
Angeles (Stewart et aL, 1973), between 26
and 76 010 of the samples from the dif­
ferent cities had COHb levels in excess of
1.5 0/0. Samples from persons from urban
areas with high vehicle density consistent­
ly had higher COHb levels than those from
low density areas. It was also observed
that the COHb levels increased in connec­
tion with a weather inversion over the
New York area.

A U.S. national survey was performed
1969-1972 by Stewart et aL (1974) to de­
termine the range of COHb levels in the
population. Venous blood samples were
obtained from 29,000 blood donors in ur­
ban, suburban and rural communities.

45 010 of all non-smoking blood donors
had levels higher than 1.5 010. Tobacco
smoking and geographical location, as well
as occupation and meteorological condi­
tions, were associated with COHb levels.

Non-smoking donors living in urban
areas consistently had higher COHb va­
lues than donors in rural areas. The dif­
ference in COHb saturation between non­
smokers and smokers was relatively con­
stant when rural and urban areas were
compared, implying that the environment
does further increase the total CO burden
of smokers. This is in contrast to a previ­
ous theory that CO concentrations in am­
bient air do not further affect the levels



of COHb which smokers have acquired
through smoking. The analytical findings
suggest that smokers with high CORb le­
vels had a higher hemoglobin concentra­
tion - an indication that the smoker com­
pensates for the anoxic stress caused by
smoking by increasing his red blood cell
mass - and this was also true for non­
smokers living in areas with high ambient
CO levels.

Taxi drivers had the highest CORb le­
vels of all occupC\,tional groups. Eight non­
smoking drivers in New York had an av­
erage of 2.5 % CORb (range 1.3-5.8 0/0).
In smoking taxi drivers, the average value
was 6.9 0/0, with a range of 3-13 0/0. A
poor correlation was found between am­
bient air CO concentrations and blood
bank CORb values.

In Sweden no data are available on
CORb levels in the general population,
and the CORb levels after exposure to va­
rious concentrations of environmental CO
have not been studied. Some data are
available on certain occupational groups,
however.

G6the et al. (1969) measured CORb in
76 traffic policemen after controlling traf­
fic during rush hours. No estimations of
environmental CO levels and CORb levels
before the exposure were made. CORb le­
vels were higher in smokers as compared
to non-smokers (3.6 versus 1.1 %). In
smokers the CORb levels tended to de­
crease with increasing time on duty. The
authors concluded that heavy exposure to
vehicle exhaust may cause a small increase
in COHb levels.

4.3 Confounding Exposures

An important confounding variable when
relating CORb and environmental CO le­
vels is tobacco smoking. Measurements
made of different brands of cigarettes
smoked by a smoking machine under spe­
cified conditions demonstrate that the
smoke contains between 4 % and 5 0/0

carbon monoxide per puff (Wald and
Smith 1973).

The COHb level is elevated in ciga­
rette smokers. Results of a study on
CORb levels in cigar and pipe smokers
(Goldman 1977) showed that past smoking
history is less significant in determining

CORb levels than are inhalation habits
and what is smoked. In this investigation,
CORb levels in cigarette smokers were
5 % and in cigar smokers about 12 0/0.

Significant exposures to carbon mon­
oxide are also found in a number of specif­
ic environments and are seen to markedly
elevate the CORb levels of exposed per­
sons.

An investigation done in New York City
to determine the CO exposure of bridge
and tunnel workers reported a 30-day
average of 63 ppm CO, with a maximum
hourly concentration of 217 ppm at one
facility (Ayres et al., 1973). CORb levels
above 3 % were found in 85 % of all smok­
ing workers and in 47 % of non-smoking
workers. They estimated that the average
bridge and tunnel worker was exposed to
concentrations of air pollutants five times
greater than the levels recommended for
community air by the U.S. EPA.

In a two-year study on the exposure
situation of toll booth workers in Boston
it was seen that the concentration of CO
during the second year of the study aver­
aged 35 ppm CO during more than one­
third of the time (Burgess et al., 1977).
Average concentrations for two summer
seasons and two winter seasons ranged be­
tween 24 and 30 ppm, with a peak of 90
ppm in one area during one winter season.

Breath-held alveolar air samples were
measured in the same study for their CO
concentrations. A small group of non­
smokers was measured before and imme­
diately after a two-hour shift in a tunnel.
A doubling of the alveolar CO concentra­
tion was observed, from 15 ppm to 30 ppm,
corresponding to an increase of CORb of
roughly 1 0/0. However, even the post­
exposure level was lower than the alveolar
air concentrations of CO of the smoking
workers.

Exposure to particular CO sources may
also influence the COHb level in the
general population. An example of an ex­
posure to carbon monoxide unrelated to
automobile exhaust or smoking is reported
by Johnson et al. (1975) from ice-skating
rinks in Seattle, Washington. The machines
used for re-surfacing the ice in the rinks
were fueled with propane and ventilation
inside the buildings was often inadequate.
Measurements of CO concentrations were
taken after complaints had been made that
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15 children who had skated at the rink
suffered from headaches, 4 of whom also
felt sick and 2 of whom had vomit­
ed. Hourly averages of CO during the
hours 1600 to 2400 ranged between 157 and
304 ppm at one rink.

Effects of exposure to liquid paint
removed containing the organic solvent
methylene chloride are reported by Ste­
wart and Hake (1976). When absorbed,
this chemical is quickly metabolized to CO,
rapidly raising COHb levels. The authors
describe the case of a 66-year-old man who
died from heart failure when using a
paint remover containing methylene chlo­
ride in an unventilated basement work­
shop.

Two additional cases of exposure to
methylene chloride in a degreasing and
metal cleaning factory are reported in an
unpublished paper by Benzon et al.
(Northwestern Medical School, Chicago).
One 40-year-old man lost consciousness
after an exposure to methylene chloride
fumes from an industrial leak. A 50-year­
old man exposed on the same occasion did
not lose consciousness but complained of
dizziness and nausea. Both men had
COHb levels of nearly 20 010 after the
exposure and were hospitalized for several
days. The authors stated that approxi­
mately 70,000 workers in the United States
are exposed annually to methylene chlor­
ide in industry.

5. Effects on the cardiovascular system

5.1 Physiological Background

For a number of reasons, the myocardium
is more sensitive than any other muscle
tissue to the decrease in amount of avail­
able oxygen in blood caused by formation
of COHb. The myocardium depends almost
entirely on aerobic metabolism for energy
production. At rest, it normally extracts
about 70 % of the oxygen present in the
coronary circulation and coronary sinus
blood is only 30 010 saturated. The oxygen
extraction reserve for the myocardium is
lower than for most other tissues (James
et al., 1979).

Coronary circulation responds to low
oxygen tension by increasing the flow rate
rather than increasing oxygen extraction.
The ability to increase oxygen consump­
tion by increasing flow allows performance
of continuous contractile work at rest and
also provides the ability to increase cardiac
work with exercise.

Coronary vascular disease may prevent
an increase in local coronary blood flow in
response to need. In this situation, the
myocardium is forced to extract more
oxygen but does this at the expense of a
markedly reduced coronary venous and
tissue oxygen tension. The patient with
coronary heart disease is thus particularly
vulnerable to the stresses induced by car-
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bon monoxide because the rigid athero­
matis vascular bed may not adequately di­
late in response to cellular hypoxia (Ayres
et al., 1970).

Carbon monoxide decreases myocardial
oxygen tension by 3 mechanisms:
1. Decreased oxygen extraction.
2. Increased ventricular work and oxygen

demand due to stimulation of the ad­
renergic system.

3. Decreased capillary oxygen tension be­
cause of the leftward shift of the oxy­
hemoglobin dissociation curve.

The formation of carboxymyoglobin is
also of importance. At a COHb level of
10 010, roughly 30 010 of the cardiac myo­
globin is saturated with CO.

At low COHb concentrations, the ratio
between the carboxymyoglobin and COHb
concentrations is about 3 to 1. With de­
creasing arterial pressure of oxygen, this
ratio gradually increases, reaching 7 to 1
at a p02 value below 40 mm Hg.

Experimental studies on animals and
man and epidemiological studies have
given evidence concerning effects of CO
on the cardiovascular system. At low ex­
posure doses, effects on the heart muscle
and aorta and functional effects in terms
of limitations to maximum exercise effort
have received particular attention.



Table 5·1. Effects of CO exposure on the cardiovascular system of animals.

CO andlor Duration AnimalCOHb level

1500 ppm 30 min dogs
23% COHb
0.01 % vol 5.75 h, 6 dl dogs
21 % COHb wk, 11 wks

90 ppm 3 months rabbits
180 ppm 2 wks rabbits
50, 100, 180 ppm 4-24 h rabbits

....
t1l

100 ppm 24 wks

500 ppm 5,5-0 min
4.9-17 % COHb exposures,

4 min apart
100 ppm 2 h
6% COHb
0.018 % vol 2 wks

17~350 ppm 10 wks
15-33% COHb
180-220 ppm continuously
16-18 % COHb or 12 h

250 ppm 4 hid, 5 dl
9-26% COHb wk, 7 months
200 ppm 6 wks

monkeys

dogs

dogs

rabbits

rabbits

squirrel
monkeys
rabbits

Effects

decrease in arterial oxygen saturation and oxygen consumption;
increase in coronary arterial blood flow and heart rate.
myocardial degeneration and fibrosis.

myocardial degeneration.
myocardial damage at the ultrastructural level.
no qualitative change in myocardium at 50 ppm; myocardial damage
in some animals at 100 ppm; myocardial damage in nearly all animals
at 180 ppm.
significant, persistent elevation in hematocrit, hemoglobin, and red
blood cells; increased P wave amplitudes; higher incidence of T wave
inversion in animals with induced infarction.
COHb levels as low as 4.9 % exaggerated the severity of myocardial
ischemia after coronary litigation.

electric current needed to provoke ventricular fibrillation significantly
decreased after CO exposure.
toxic effect on arterial walls, increased endothelial permeability, forma­
tion of edema.
increased degree of atheromatosis and total cholesterol content in
aortic tissue after cholesterol feeding and CO exposure.
no significant influence in uptake of injected plasma radioactivity or
accumulation of free or esterified cholesterol in aortic wall in chole­
sterol-fed animals after CO exposure.
atherosclerosis induced in coronary arteries aggravated by CO expo­
sure by a factor of 2.
study of CO effect on cholesterol in aortic wall. CO-exposed normo­
cholesterolemic rabbits had higher cholesterol concentration In aortic
arch. No significant differences in uptake of labelled plasma cholesterol
by inner layer of aortic wall .

Investigators
Year

Adams et al., 1973

Ehrich et al., 1944

Wanstrup et al., 1969
Kjeldsen et al., 1972
Thomsen and Kjeldsen, 1974

De Bias et al., 1973

Becker and Haak, 1979

Aronow et al., 1979

Kjeldsen et al., 1972

Astrup et al., 1967

Stender et al., 1977

Webster et al., 1970

Stender at al., 1977



5.2 Studies on Animals

A number of studies has been conducted
using animal models in order to determine
the effects of carbon monoxide exposures
on the myocardium. Adams et al. (1973)
measured cardiac function in dogs exposed
to 1500 ppm CO for a period of 30 minutes.
They found that arterial oxygen saturation
decreased linearly with increasing COHb
levels, from 97 % in controls to 73 % at
20 % COHb. Although mean coronary si­
nus oxygen saturation increased from
22.7 % to 32.3 0/0, the O~ content across
the heart decreased from 13.6 ml O2 to
7.4 ml 0/100 ml. Coronary arterial blood
flow and heart rate were seen to increase
in relation to COHb levels. A significant
decrease in O2 consumption was noted, be­
ginning at a level of 10 0J0 COHb and
reaching a 21 0J0 decrease at 20 0J0 COHb.

In 1944, Erich et al. showed that an ex­
posure to low concentrations of CO for a
period of several months led to myocar­
dial degeneration and fibrosis in dogs.
Wanstrup et al. (1969) found similar
changes in the myocardium in rabbits af­
ter a 3 month exposure to 180 ppm CO,
and Kjeldsen et al. (1972) observed myo­
cardial damage at the ultrastructural level
in rabbits after a 2 week exposure to 180
ppm CO (16-18 0J0 COHb).

Studies on rabbits were performed by
Thomsen and Kjeldsen (1974) to determine
the threshold limit for myocardial damage
produced by CO exposure. It was found
that a 50 ppm CO exposure for 4 to 24
hours, yielding 4-5 % COHb, did not re­
sult in qualitative changes in the myocar­
dium, though an increase in the number
of lipid droplets was found in several of
the myocardial preparations. A 180 ppm
CO exposure for 4 hours or more produced
myocardial degeneration in nearly all ani­
mals. At a 100 ppm CO exposure for 4 to
24 hours {8-10 % COHb), some animals
showed a normal myocardial ultrastruc­
ture while other demonstrated myocardial
damage.

De Bias and co-workers (1973) reported
on a study of normal monkeys and mon­
keys with induced myocardial infarction.
The animals were exposed continuously to
100 ppm for 24 weeks. In both groups,
significant and persistent characteristic
elevations in the hematocrit, hemoglobin
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and red blood cells were seen after 3
weeks. Electrocardiograms demonstrated
increased P-wave amplitudes in both
groups. Infarcted animals showed a higher
incidence of T-wave inversion than the
non-infarcted animals. The authors sug­
gested that this indicated a greater degree
of myocardial ischemia in. the infarcted
monkeys breathing carbon monoxide.

The same problem was treated by Bec­
ker and Haak (1979) in a study on dogs.
They demonstrated that COHb levels as
low as 4.9 0J0 exaggerated the severity of
myocardial ischemia seen after coronary
ligation. The authors stated that the bur­
den on the heart produced by COHb for­
mation was at least twice that incurred by
a simple reduction in oxyhemoglobin.

The effect of carbon monoxide exposure
on the ventricular fibrillation threshold
was reported by Aronow et al. (1979). Dogs
were exposed to 100 ppm CO for 2 hours,
resulting in a COHb level of about 6 0/0.
The electric current needed to provoke
ventricular fibrillation was significantly
decreased after CO exposure and increased
when the dogs resumed breathing fresh
air.

The importance of cholesterol for the
induction of aortic wall damage after car­
bon monoxide exposure has been reported
in several studies. In an experiment by
Kjeldsen et al. (1972), rabbits were con­
tinuously exposed to 180 ppm CO for 2
weeks, causing COHb concentrations to
rise to 16-18 0/0. A variety of pathological
changes was found in the aortic walls of
the exposed animals, suggesting increased
endothelial permeability and formation of
edema. The authors stated that the
changes were indistinguishable from early
atherosclerosis.

Astrup et al. (1967) studied the develop­
ment of atherosclerosis in rabbits exposed
to 170-350 ppm CO (15-33 % COHb) and
simultaneously fed cholesterol. They re­
ported an increased degree of athero­
matosis and total cholesterol content in
the aortic tissue in the CO exposed group.

In a more recent study by the same re­
search group (Stender et al., 1977), animals
were exposed to 180-220 ppm CO (16­
18 0J0 COHb) continuously or for periods
of 12 hours. One group of animals re­
ceived cholesterol in their diet. The CO
exposure did not significantly influence



Table 5-2. Effects of CO exposure on cardiovascular system in man.

.....
-.::J

CO and/or
COHb level

5% CO
9% COHb

100 ppm
4.08 % COHb
42-63 ppm
5.08 % COHb

50 and 100 ppm
2.9 and 4.5 % COHb
7 and 20 % COHb

100 ppm
3.95 % COHb

50 ppm

Duration

30-120 sec

1 h

90 min

4 h

1 h

Effects

increase in coronary blood flow and oxygen extraction ratio and decrease in coro­
nary sinus oxygen tension in subjects with normal hearts; no significant increase
in coronary heart disease subjects at high COHb levels; oxygen extraction ratio
increased and coronary sinus tension decreased in heart patients; altered lactate
and pyruvate metabolism seen at high COHb levels.
significant decrease in exercise time until marked dyspnea in subjects with chronic
obstructive pulmonary disease.
exercise time until onset of angina decreased significantly in angina pectoris
patients; systolic blood pressure and heart rate at angina also significantly
decreased.
exercise time until onset of angina in angina pectoris patients reduced even at low
COHb level; systolic blood pressure and heart rate also decreased at angina.
maximal exercise time for healthy subjects decreased with increasing COHb levels;
no difference in blood lactate concentrations between exposed and control groups;
maximum oxygen uptake decreased with increased COHb.
mean exercise time until exhaustion decreased in middle-aged, healthy non-smokers.
reduced work time for exposed non-smokers; no reduction in exposed smokers;
respiratory pattern changes noted in smokers.
study of »admission case fatality rate» in hospitals divided into high and low pol­
lution areas: significant difference found for fatality rates between high and low
area hospitals in 9 of 10 weeks when ambient CO levels were above a weekly mean
of 9 ppm.
significant low-level association observed between ambient CO levels and frequency
of initial cardiorespiratory complaints at an emergency room of a hospital in Den­
ver, Colorado, during high pollution months.

Investigators
Year

Ayers et a/., 1970

Aronow et a/., 1977

Aronow et a/., 1972

Anderson et a/., 1973

Ekblom and Huot, 1972

Aronow and Cassidy, 1975
Drinkwater et a/., 1975

Cohen et a/., 1969

Kurt et a/., 1974



the uptake of injected plasma radioactivity
or the accumulation of free or esterified
cholesterol in the aortic wall. The authors
suggested that the previously reported
findings of such an effect of CO could have
been caused by the higher serum chole­
sterol level in the exposed group.

The absence of an effect of CO on chol­
esterol accumulation in aortic walls was
also reported by Webster et al. ((970), who
studied squirrel monkeys given a diet con­
taining cholesterol and exposed to approxi­
mately 250 ppm CO for 4 hours per day,
5 days a week for 7 months. In these
animals (COHb values 9-26 0J0 during the
period), atherosclerosis induced in the
coronary arteries was aggravated by the
CO exposure by a factor of 2.

Stender et al. (l977) concluded that CO
exposure is probably a very weak stimulus
on the aortic wall compared with hyper­
cholesterolemia induced by cholesterol
feeding.

The evidence from animal studies on
CO effects on the cardiovascular system
thus demonstrates that acute oxygen de­
ficiency of the myocardium makes this the
most critical tissue.

5.3 Experimental Studies on Humans

Ayers et al. {1970) exposed 41 patients to
CO during diagnostic cardiac catheteriza­
tion. In subjects who inhaled 5 0J0 CO for
a period of 30-120 seconds, the COHb va­
lue increased from 0.98 to 8.96 0J0. This re­
sulted in an increased cardiac output and
cardiac oxygen extraction ratio. In sub­
jects inhaling 0.1 0J0 CO for 8-15 minutes,
the COHb level increased to 7.9 0J0 without
an increase in cardiac output.

The mixed venous oxygen tension fell in
both groups, and the decrease was corre­
lated with the increase in COHb levels
down to below 5 %. In the same report in
investigations with dogs, the authors de­
monstrated an increase in coronary blood
flow when COHb increased to 25 0J0 (Ayers
et al., 1970). The coronary arterio-venous
oxygen difference decreased to a greater
extent than the coronary blood flow in­
creased, resulting in a decrease in myocar­
dial oxygen consumption.

The authors concluded that patients with
coronary artery disease are particularly
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vulnerable for these effects and suggested
that the myocardium surrounding a di­
seased vascular supply might become cri­
tically hypoxic at extremely low levels of
CORb.

Aronow et al. (1977) studied 10 patients
with chronic obstructive pulmonary di­
sease during a 1 hour exercise perform­
ance test. The subjects had no history of
cardiovascular disease at the time of the
study. The patients were given air with
100 ppm CO or purified air for 1 hour.
The mean COHb level was 1.48 0J0 in the
control group. In the exposed group, the
COHb value increased from 1.43 to 4.08 0J0.

No ischemic S-T segment depression
was found during exercise. The mean
exercise time until marked dyspnea ap­
peared decreased from about 220 seconds
in the control period to 147 seconds (33 0J0
decrease) after breathing carbon monoxide
for 1 hour. The authors suggested that the
decreased exercise performance after CO
exposure was a cardiovascular rather than
a respiratory limitation.

Aronow et al. (1972) administered car­
diac tests to 10 men with angina pectoris
after they had been driven for 90 minutes
on a freeway in Los Angeles during
morning rush hour traffic. The tests were
repeated on a subsequent morning with
the men breathing compressed, purified air
during freeway travel. The 3 smokers in
the group were instructed not to smoke for
8 hours prior to the experiment.

The CO concentration in the car during
travelling ranged from 42 to 63 ppm. The
mean COHb levels after breathing freeway
air were 5.08 0J0 immediately after driving
and 2.91 0J0 after 2 hours. Two of the
smokers had high values before the test
- 3.5 0J0 versus 0.6 0J0 among the remain­
ing 8 subjects. When those 2 persons were
excluded from the after-exposure determi­
nations, the values became 4.6 % imme­
diately after freeway exposure and 2.7 %

after 2 hours. The COHb values after the
subjects had breathed purified air during
freeway travel were 0.65 0J0 and 0.75 0/0,
respectively.

The mean exercise performance from
the control test to immediately after and
2 hours after breathing freeway air was
reduced from the control value of 249 se­
conds by 75 and 38 seconds, respectively.
Resting blood pressure and heart rates



were not affected by the freeway expo­
sure. At the time when angina occurred
there was a significant decrease in the sys­
tolic blood pressure and heart rate in the
group exposed to freeway air.

FEV/FVC decreased in one test person
but was unchanged in the others. 3 of
the 10 persons developed ischemic S-T
segment abnormalities during the ex­
posure; no such changes were seen in per­
sons breathing purified air.

In a later study, Aronow et al. (1973)
examined 10 patier.ts with angina pectoris
in an exercise performance test. At a
COHb level of 2.7 % (exposure to 50 ppm
for 2 hours) the mean exercise time until
onset of angina decreased from 224 to 188
seconds. S-T segment depression occurred
earlier after the onset of angina when the
persons were exposed to co.

lt has been reported that exposure to
carbon monoxide can also impair exercise
performance in persons with normal
health. Ekblom and Huot (1972) studied 10
healthy subjects, of whom 5 performed
submaximal and 5 maximal treadmill and
bicycle exercise tests. The subjects
breathed air containing CO for 15 minutes,
calculated to bring COHb levels to 7 0J0
for a low level and 20 0J0 for a high level.
Mean maximal work time on the treadmill
and bicycle ergometer was reduced with
increasing COHb levels. At the heavy
work load, a significant correlation was
found between heart rate increase and
COHb level.

In another experiment, 10 middle-aged
healthy non-smokers (Aronow and Cassidy
1975) breathed either compressed, purified
air or air with 100 ppm CO for 1 hour.
COHb levels increased from 1.67 0J0 before
exposure to 3.95 0J0 after exposure. Imme­
diately after the exposure the subjects per­
formed a treadmill exercise test. The
mean time until exhaustion decreased sig­
nificantly in the group exposed to CO,
from 698 seconds to 663 seconds. Ischemic
S-T segment depression was not observed
in the control experiments, but developed
in one subject after carbon monoxide ex­
posure.

The maximal aerobic power of 20
healthy young men, including both smok­
ers and non-smokers, was tested by Drink­
water et al. (1974). The subjects were ex­
posed to 50 ppm CO, 0.27 ppm peroxy-

acetyl nitrate (PAN) or a combination of
the two. After a 5 minute exposure, the
maximum aerobic power was determined
in an exercise test. COHb levels were
2.5 0J0 among non-smokers and 4.1--4.4 0/0

among smokers. Exposure to CO resulted
in a decrease in exercise time among non­
smokers, though no effect was seen among
smokers. Smokers' respiration rates were
higher, however, than those of the non­
smokers. Heat stress (35°C) had a stronger
effect on exercise time than exposure to
carbon monoxide.

The combination of CO and PAN pro­
duced no noticeable effects on the re­
sponses - PAN exposure itself was also
without effects on the exercise perform­
ance.

5.4 Epidemiological Studies

Cohen et al. (1969) studied the case fatality
rate for patients admitted with myocardial
infarction to 35 Los Angeles hospitals in
1958. Based upon 3,080 admissions, the
»admission case fatality rate» and the
»man day at risk case fatality rate» was
calculated. Data on CO levels were ob­
tained from regular control stations using
daily average values.

Using CO data, the hospitals were di­
vided into those in low CO pollution areas
(less than 8 ppm) and high CO pollution
areas (more than 8 ppm). Hospitals in the
high CO pollution areas received 2,484
myocardial admissions and 596 cases were
admitted in low pollution areas. No sea­
sonal trends were found for case fatality
rates and admissions of deaths.

Weekly case fatality rates were calcu­
lated separately for high and low CO
areas. The difference between areas was
determined, and it was found that on 35
out of 52 weeks (instead of the expected
26), the admission case fatality rate was
higher for high CO area hospitals. A sig­
nificant difference was only found for the
highest CO quartile, and the differences
occurred only during periods of relatively
increased CO pollution. An analysis of so­
cio-economic variables could not demon­
strate any difference between persons ad­
mitted to the high and low CO hospitals.
No COHb measurements were performed.
Data on smoking habits and occupations,
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which could have influenced the results,
were not included in the study.

In another study, 8,556 patients were
interviewed by questionnaire at the emer­
gency room of Colorado General Hospital
from November 1975 to February 1976
(Kurt et al., 1979). 95 % of the patients
lived within a 15-km radius of the hospital.
CO levels (mean of the maximum 1 hour
period for each 24 hour period and the 24
hour mean) were recorded at a monitoring
station 300 m from the hospital. No COHb
levels were determined.

Higher CO levels tended to occur dur­
ing inversions with warmer ground tem­
peratures. One hour maximum levels
reached 40 ppm and 24 hour values 13­
14 ppm. A visual evaluation of the rela­
tion between cardiovascular complaints
and CO levels over the study period sug­
gests a co-variation. There were, how­
ever, several periods when high levels of
CO were not accompanied by a corre­
sponding increase in complaints.

When the 1 hour mean maximum levels
were divided into 4 exposure classes for
CO, an increase in cardiac complaints was
found between the 2 lowest classes (~ 11
and 11 to ~ 17 ppm), but not for higher
exposure classes (? 23 ppm).

Two day trends of CO elevation corre­
lated with the frequency of cardiorespi­
ratory complaints. Ambient levels of other
air pollutants (ozone, oxides of nitrogen
and sulphur compounds) did not correlate
with cardiorespiratory complaints.

No measurements of COHb levels in the
patients were made in this study. Neither
is any information given as to the acti­
vities of patients at the time of complaints
(for example exercise activities) and the
representation of CO levels at one moni­
toring station for the situation in a large
area is not discussed.

The relation between general weather
conditions and heart disease has been stu­
died by several authors. Sarna et al. (1977)
reported that the myocardial infarction
rate was related to climate conditions.
Their material included 1,216 cases of
acute myocardial infarction (AMI) during
1 year in Helsinki. The incidence of AMI
was found to be most likely to occur with
temperatures just below freezing and high
relative humidity.

In typical winter weather with mode­
rately cold temperatures and high atmo­
spheric pressure, the incidence of AMI was
15 % below average. The highest case
fatality rate was found on very cold winter
days. There was no indication that respir­
atory infection attributed to the cardiac
mortality observed. No measurements of
air pollution levels were made in this
study.

The present state of knowledge concern­
ing environmental CO and mortality is
summarized by Cassel et al. (1972), who
reviewed in depth several of the studies
on the problem. They concluded that ob­
servations on the relationship between air
pollution, weather and illness had not pre­
sented evidence on specific causes.

6. Effects on the central nervous system

The central nervous system (CNS) has a
high oxygen consumption and may thus
be considered one of the critical organs in
terms of exposure to carbon monoxide.

Many researchers have investigated ef­
fects on the CNS under different CO ex­
posure conditions and with a variety of
different tests. These may all be con­
sidered as tests of behavioral effects, but
can be divided into two broad categories.
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One consists of vigilance tests, such as the
estimation of short time intervals, reaction
to visual or auditory stimuli, discrimina­
tion between different visual or auditory
signals and maintaining attention or con­
centration. The second is motor tests,
which consist of tests of the performance
of physical tasks. Researchers frequently
use several tests within the framework of
one study and occasionally also combine



Table 6-1. Results obtained from human performance of vigilance tests during exposure to carbon monoxide.

""......

CO/COHb
level
(exposure
duration)

0, 50, 100, 175,
250 ppm (4 h)
0, 50, 100, 175,
200 ppm (4 h)
2, 50, 100, 200,
500 ppm (5 h)
1, 25, 50, 100,
200, 500, 1000 ppm
(0.5 - 24 h)
50, 1DO, 150, 200,
250 ppm (3 h)
75, 150 pf,m; 5.9
and 12.7 10 COHb
(9 h)
650, 950 ppm,
7.6 & 11.2 % COHb
(45 min)
17 % 02 or 114 ppm
1, 25, 50, 100,
200, 500, 1000 ppm
(0.5-24 h)
35, 70 ppm, 3.0,
5.0 % COHb (4 h)

3.2-8 % COHb
75, 150 ppm (2.3 h)
26, 111 ppm (140
min)
10, 20 % COHb

Test

time perception

time perception

time estimation

time estimation

time estimation,
tracking
mental arithmetic,
time estimation,
tracking & visual tests
depth perception, reac­
tion time, visual dis­
crimination

visual evoked response

eye-hand tracking, vis­
ual monitoring, pitch
discrimination
aUditory time perception
time discrimination
monitoring, vigilance

driving performance
(visual tests)

Effects

sound duration discrimination decrement observed in subjects exposed
to a minimum of 50 ppm for 90 min.
overestimation of 30-sec intervals and sound duration discrimination
noted after exposure to 50 ppm for 90 min.
no decrement noted, even with levels up to 20 % COHb.

no performance decrements after 8 h exposure to 100 ppm; delayed
headaches, changes in VER and decrease in manual co-ordination seen
at COHb levels between 15-20 %.
no performance decrements noted.

subjects exposed during sleep; tests administered upon awakening;
no performance decrements observed; sleep change of less light sleep
and more deep sleep noted in subjects.
no performance decrements noted except for reaction time, which was
significantly longer; decrement essentially the same for both exposure
groups.
no performance decrements observed.
changes in the visual evoked response above 20 % COHb; increases
in amplitude of 2-2-4-wave complex and negative-going shift in 5a-6
waves seen at 20-22 % COHb.
interacti'on of low-level CO exposure observed with task difficulty and
duration to accelerate loss of vigilance and affect performance efficiency
of difficult tasks.
no influence by CO of auditory duration discrimination.
no CO-related impairment of performance at 3.77 and 7.81 % COHb.
no influence on monitoring tasks found, but a negative effect seen on
vigilance test at levels of 6.6 % COHb.
increase in reaction time to taillight intensities and relative speeds;
increase in normal driving speed also noted, and a decrease in accu­
racy of maintaining a fixed distance between cars.

Investigator
Year

Beard and Wertheim
1967
Beard and Wertheim
1969
Stewart et al., 1973

Stewart et al., 1970

O'Donnell, et a/.,
1971
O'Donnell, et a/.,
1971 b

Ramsey 1973

Christenson et al., 1977
Hosko 1970

Putz et al., 1976

Wright & Shephard 1978
Otto et al., 1979
Horvath et al., 1971

Ray and Rockwell,
1970



elements of different tests to make one
more complex test.

As the number of reports on CO-related
eNS effects is large, a thorough review
cannot be given in this report. Complete
reviews on the subject have been publish­
ed earlier (U.S. Environmental Protection
Agency, 1980, Laties and Merigan, 1979).

An analysis will be made in the follow­
ing of reports in which effects have been
described among humans at low exposure
levels approximating those which may be
found in environmental air.

Beard and Wertheim (1967) reported on
experiments with non-smoking university
students exposed to 50, 100, 175, or 250
ppm CO for up to 4 hours. Levels of
COHb in the subjects were not measured.
During the exposure period, the subjects
were given an auditory discrimination test
in which they were asked to compare a
test signal with a previously given refer­
ence signal of a I-sec duration and to in­
dicate whether it was shorter or longer
than the reference signal. 600 trials were
carried out in 4-hour sessions.

The authors reported a dose-related re­
duction of correct judgements for all ex­
posure levels and for both 325 and 125
msec test tones. When 50 ppm of CO was
added to the chamber air, a significant
decrement was noted after 90 minutes of
exposure. This trend continued, showing
decrements at proportionally shorter times
for higher CO levels.

In another study by the same research­
ers (Beard and Wertheim, 1969) similar
decrements were observed in the estima­
tion of 30-second time intervals and dur­
ing sound duration discrimination tests,
again when subjects were exposed to con­
centrations of CO &s low as 50 ppm for 90
minutes. Decrements increased linearly
with increasing concentrations of CO.
COHb levels were not measured in the
subjects. The authors concluded that ex­
posure to low levels of CO did affect hu­
man performance of vigilance tests.

When repeating the study using a dou­
ble-blind procedure they were however
unable to reproduce the original findings
(Beard 1970).

Several researchers have tried to verify
the findings from the initial observations
reported by Beard and Wertheim. Stewart
et al. (1973) exposed 27 university students
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to < 2, 50, 100, 200 and 500 ppm CO for
periods up to 5 hours. Three different
time estimation tests were administered,
one of which was similar to the one pre­
viously used by Beard and Wertheim. At
COHb concentrations of up to 20 %, no
correlations were found between the re­
sults from the time estimation tests and
COHb levels for any of the tests. The
authors conduded that their results
strongly indicated that time preception is
one of the most resistant functions of
man's brain to negative effects of carbon
monoxide.

In a following study, Stewart and co­
workers (1970) exposed 18 healthy males
between the ages of 24 and 42 to CO con­
centrations of < 1, 25, 50, 100, 200, 500
and 1,000 ppm CO for periods of 30 min­
utes to 24 hours. A battery of different
tests involving motor task, visual and time
estimation performance was administered.
No effects of CO exposure were noted
among subjects exposed to up to 200 ppm
(16 Ofo COHb). At higher COHb values,
acute headaches developed among certain
subjects. When COHb saturations were
above 15 Ofo, the subjects demonstrated de­
layed headaches, changes in the visual
evoked response and a decrease in manual
coordination.

O'Donnell et al. t(1971) studied 9 male
non-smoking students exposed to 50 and
125 ppm CO for 3 hours (COHb 2.98 and
6.64 Ofo). Results of time estimation, ataxia
testing and tracking tests failed to de­
monstrate any effect of the exposure. The
same negative effects were found in a pilot
study on a smaller number of persons
where the CO levels were 200 and 250 ppm
(10.35 and 12.37 Ofo COHb). Differences
were noted in the pattern of the tracking
task, although no variations in perform­
ance were found.

In another investigation, O'Donnell and
co-workers (1971 b) exposed 4 non-smok­
ing subjects to either 75 or 150 ppm CO
during sleep for 9 hours. Mean COHb le­
vels were 5.9 Ofo and 12.7 Ofo, respectively.
Using sleep patterns as an indicator of
CNS condition, EEG recordings were
made. Critical flicker fusion was measured
and a neutral arithmetic test was per­
formed by subjects after awakening.
Monitoring and time discrimination capa­
bility were also determined.

In the results no indications or trends
to the effect that CO produced a decre­
ment in time estimation could be found.
Flicker fusion and the mental task were
also negative for CO effects. EEG eval­
uations showed no pronounced effects of
CO, although a tendency toward a deeper
sleep during the first 3 hours of exposure
during CO nights was reported. The au­
thors suggested that these changes pre­
sent in the early phase of the exposure
when COHb levels were below 8 Ofo might
be a reflection of some primary physio­
logical adaptative mechanism to CO expo­
sure.

Wright and Shephard (1978) designed an
auditory duration discrimination test to
replicate that of Beard and Wertheim in
order to explore experimental conditions
which might have influenced the results.
In one of the experimental settings, an in­
crease in the number of errors was found
at COHb levels of 3.2 Ofo. No effect was
seen at COHb levels up to slightly above
8 Ofo. Task difficulty, environment, and
arousal of the test persons markedly in­
fluenced the results and a psychophysical
analysis suggested that auditory duration
discrimination was not influenced by CO.

Otto et al. (1979) tried to duplicate the
Beard-Wertheim experiments more pre­
cisely than previous authors. They ex­
posed 13 non-smoking male subjects to 75
and 150 ppm CO for 2.33 h (COHb 3.77
and 7.81 Ofo). The experiments took place
in a small audiometric chamber. A time
discrimination task of exactly the same
design as the Beard-Wertheim experiments
was used. Differences in the experimental
design related mainly to activities between
the time discrimination task and the at­
taching of electrodes for collection of EEG
recordings.

Data were treated using several differ­
ent principles but no evidence of a CO
related impairment in performance could
be found. The authors claimed that the
experiment had been repeated using simi­
lar procedures for measuring the possible
effect and that the modifications in the
experimental set-up should have de­
creased the variance for this type of effect.

The discrepancy between the Beard­
Wertheim results and those of other au­
thors could be due to methodological
differences in the various experiments.
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However, no convincing conclusions which
support this concept can be found when
comparing the different studies, notably
that of Otto et al. (1979). O'Donnell et al.
(1971b) suggested that the results present­
ed by Beard and Wertheim were due to or
confounded by sensory restriction effects.
However, Otto et at {1979) conducted their
experiments in a similar chamber without
being able to confirm the results.

In view of this series of negative results
on CO effects related to time perception,
as well as the inability of Beard and Wert­
heim to reproduce their own results, time
perception cannot be considered as a
valid criterion for environmental CO
exposure.

Ramsey (1973) tested 20 male university
students exposed to 650 ppm CO for 45
minutes (7.6 010 COHb) and another group
exposed to 950 ppm (11.2 010 COHb). 20
other students acted as controls. Tests for
depth perception, visual discrimination,
reaction time and flicker fusion were ad­
ministered. Of the various tests, only re­
action time showed a significant mean de­
crement. The increase in reaction time
was less than 10 010 of the control value.
The effect occurred at both exposure levels
with no trend toward a dose-response rela­
tionship.

Horvath et al., (1971) used 10 non-smok­
ing males, administering exposures of 26
and 111 ppm CO for 140 minutes (2.3 and
6.6 010 COHb). During the exposure, the
subjects performed a monitoring task with
light pulses as the stimulus. No influence
was found on the monitoring task, but at
the 111 ppm CO level subjects identified
fewer signals in the following vigilance
test. The authors concluded that the CO
exposure produced a negative effect on
monitoring in vigilance. These results
could not, however, be reproduced in a
study by Winneke et al. (1977).

Christensen et al. «977) studied the
effect of different atmospheric conditions
and an exposure to CO on vigilance tests
as performed by 10 subjects. Each sub­
ject was tested under 4 conditions: filtered
air (21 010 02), CO (114 ppm), low 02 (17 010)
and a combination of 113 ppm CO and
17 010 02. The CO exposure gave COHb
levels of about 5 010 at the end of a 2-hour
session. The vigilance test was a light pul­
se discrimination type, conducted in a
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small chamber. Decreased performance
was observed among subjects breathing
the low oxygen atmosphere, but no effect
was found related to CO exposure.

In experiments on male subjects using
exposures of 1, 25, 50, 100, 200, 500 and
1,000 ppm CO for periods of 0.25 to 24
hours, Hosko (1970) found that COHb
levels above 20 % produced changes in the
visual evoked response (VER). Increases
in the amplitude of 2, 3, 4 wave complex
were observed and were accompanied by
a negative shift in the 5b and 5c segments
of the VER at 20-22 010.

A study by U.S. Department of Health,
Education and Welfare (Putz et al., 1976)
was carried out to determine whether the
level of human attention would be reduc­
ed by CO levels producing 5 010 COHb or
less. Another purpose of the investigation
was to incorporate some recent method­
ological refinements in order to assess the
presence of effects reported in earlier CO
research. Auditory evoked response was
also examined under conditions of low­
level CO exposure and during a complex
auditory discrimination task requiring
attention and active information pro­
cessing.

A total of 30 subjects between the ages
of 18 and 26 years was exposed to levels
of 35 and 70 ppm CO for 4 hours, calculat­
ed to bring COHb levels to 3 and 5 %,

respectively. The subjects were tested for
their performance of a dual task, con­
sisting of eye-hand tracking as a central
task and brightness monitoring as a pe­
ripheral task. Pitch discrimination was
used to study the auditory evoked re­
sponse.

The results demonstrated that in the
dual task, attention or arousal levels were
reduced by CO exposure and that CO
caused poorer performance under the high
frequency tracking condition and dim
peripheral-light condition than under the
easier low frequency tracking and bright
peripheral light test conditions. For the
high CO exposure group, response times
for peripheral monitoring increased at a
significantly faster rate than was the case
in either the low CO exposure group or
the control group after the first hour of
exposure. However, detection accuracy
and the number of misses or false alarms
were unaffected.



In aadition, tracking accuracy did not
remain stable, as predicted, but deteriorat­
ed in the fourth hour of high frequency
tracking when COHb reached 5 0J0.

Results from the test of auditory evoked
response tentatively indicated a CO-induc­
ed disruption of amplitudes of auditory
evoked potentials recorded in response to
stimuli of significance to the subjects. The
authors felt that the data suggested that
the extra mental effort required for
discrimination increases the suspicion of
disruption of sensory evoked potentials
by CO.

The authors concluded that the data
demonstrated that a level of about 5 0J0
COHb interacts with task difficulty and
duration to accelerate the loss of vigilance
and adversely affects the efficiency of
difficult task performance, such as track­
ing. They further concluded that the same
COHb level can significantly influence the
level of brain potentials of exposed
individuals who are engaged in extended
and repetitious decision-making activity.

McFarland (1973) conducted studies to
determine whether exposure to carbon
monoxide negatively affects driving per­
formance. 27 subjects were exposed to CO
until COHb levels of 6, 11 and 17 0J0 were
obtained. They were then tested for
their ability to perform selected driving
related laboratory tests of visual response.
In laboratory studies, subjects performed
a complex psychomotor task with control
of the field of vision. No effects on the
rate of correct responses or reaction time
were seen at any of the COHb levels.
Visual peripheral responses were more
frequently omitted at COHb levels of
17 0J0.

7. Effects on the fetus

7.1 Physiological Background

Production of carbon monoxide in the
body varies between men and women.
During the estrogenic phase of the men-

In following driving experiments, a
visual interruption apparatus was used,
allowing a 0.5 second view of the highway
at desired intervals. The authors claimed
that at 17 0J0 COHb the subjects needed
relatively more road viewing time at 50
miles per hour. No data were reported in
the articles.

A comparison was made in Los Angeles
of the frequency of motor vehicle accidents
and the concentration of CO in ambient
air during two high CO pollution periods
(Dry et al., 1972). No association was
found to exist between the frequency of
automobile accidents and the CO pollution
level. Comparisons were made of CO con­
centrations and number of accidents which
occured 1 or 3 hours after the presence
of a certain CO level, but no association
could be demonstrated.

Ray and Rockwell (1970) found responses
at 10 and 20 % COHb in the perfor­
mance of automobile driving, including
increased response time to tail-light inten­
sities and relative speeds, an increase of
normal driving speed and a decreased
accuracy in maintaining a 200-foot sepa­
ration distance. In another investigation,
subjects were given a critical tracking
task after exposure to 0, 25, 50, 75 and 100
ppm CO for 4.5 hours (Hanks 1970). No
effects on performance were observed
after the exposure.

The above demonstrates that several in­
vestigators have presented data which
suggest that task performance may be in­
fluenced by CO exposure. This effect can
then be used as a criteria for environ­
mental carbon monoxide exposure.

strual cycle, endogenous production in
women is the same as for normal men.
During the progestational or secretory
phase of the cycle, CO production almost
doubles. The rate of CO production in-
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Table 7-1. Rate of endogenous production of CO
reported for men and women.

creases even further during pregnancy and
then rapidly decreases in the post-partum
period (see Table 7-1).

The cause of the increase in CO pro­
duction during these different periods is
unclear. In pregnant women, about 15 0/0

of the increase results from endogenous
CO production by the fetus. Another 30 to
40 % of the increase may be accounted for
by the increase in red cell mass of the
mother (Longo 1977).

Maternal COHb levels normally range
between 0.5 and 1.0 % (Longo 1977). It has
been reported that the normal concentra­
tions of COHb in human fetal blood vary
between 0.7 and 2.5 0/0, and that the ratio
of fetal to maternal COHb varies from 0.6
to 1.6 (Longo 1970).

Fetal uptake of CO takes place more
slowly than maternal uptake. After an
acute exposure, maternal COHb values
reach half their steady state value in 2
hours, whereas this value is not reached
in the fetus until 7 hours after the onset
of the exposure. Final equilibrium is
reached 36 to 48 hours after the onset of
exposure. The COHb level in the fetal
blood is then slightly above that of the
mother due to particular characteristics of
the fetal Hb.

CO exchanges across the placenta by
simple diffusion. The carboxyhemoglobin
concentrations in fetal blood vary as a
function of maternal COHb concentrations,
the rate of fetal CO production, the diffus­
ing capacity of the placenta for CO, the
relative affinity of hemoglobin for CO as
compared to O2 and the affinity of blood
for O2 and for CO (Longo 1970). A ma­
thematical model for the CO exchange

normal men§
non-pregnant women.

estrogen phase *
non-pregnant women.

progesterone phase *
pregnant women
postpartum, 24 h +
postpartum. day 4 +

VCO (ml/hr)

0.42

0.32

0.62
0.92
1.40
0.39

between human fetus and mother has been
presented by Hill et at (1977).

An illustration of the interaction be­
tween maternal and fetal COHb levels is
given in a study by Longo and Hill (1977).
They estimated the relation of COHb con­
centrations in fetal sheep to the COHb
concentration of the pregnant mother
after inhalation of various concentrations
of carbon monoxide.

The authors found that when the preg­
nant sheep inhaled air containing 30 ppm
CO for between 24 and 48 hours, the COHb
levels rose from 1.1 % to a constant level
of about 4.6 % after 8 to 10 hours. The
fetal COHb levels rose from 1.8 % to a
steady state value of about 7.4 0/0, which
was reached after 36 to 48 hours. The de­
crease in COHb levels was markedly slow­
er from the fetal blood.

Effects on the fetus may be related to
direct oxygen deprivation without a
significant increase of COHb levels in the
fetal blood. When exposed to high con­
centrations of CO, the oxyhemoglobin sat­
uration curve of the mother shifts to the
left, reducing the O2 pressure in the blood
in the placenta. The fetal arterial p02
levels are probably close to critical values
and the compensatory mechanisms in
adults - increased cardiac output, coro­
nary blood flow and tissue blood flow ­
are probably not present in the fetus.

In the previously cited experiment on
sheep (Long and Hill, 1977), the p02 in the
fetal descending aorta decreased from 20.5
to 14.7 mm Hg at 10 % maternal COHb.
Inferior vena cava p02 decreased from 16
to 11.5 mm Hg.

CO may exert a direct effect on the
placental cells, interfering with their
metabolic and transport function {Longo
1977). Detailed descriptions of the in­
fluence of various factors on fetal COHb
and its relationship to maternal COHb are
given in broad reviews on the subjects
(Longo 1970 and 1977, National Academy
of Sciences 1977).

7.2 Studies on Animals

§ Coburn et a/., 1963
* Delivoria-Papadopoulos et a/., 1974
+ Linderholm and Lindstrom 1969
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Many animal experiments have been car­
ried out to investigate the effects of CO
exposure on pregnant females and on the



Table 7-2. Fetal effects of maternal carbon monoxide exposure: animal experiments.

~
-J

CO/COHb level
(exposure duration)

90 ppm, 9-10 % COHb
(30 d continuous)

0.1-0.3 % inspired CO
(1-3 h)

0.1-0.3 % inspired CO
(exposed until fetuses
obtained a »moderate» or
»severe» hypoxia +
1 hour)
15 % COHb (entire
pregnancy)

30 or 90 ppm or low
oxygen (continuous exp)

30, 50, 100 ppm (24-48 h),
300 ppm (2-3 h)
250 ppm, 10-15 % COHb
(7 or 24 hid, 6-15 or
6-18 d of gestation)

Animal model

pregnant rabbits

pregnant rhesus
monkeys

pregnant rhesus
monkeys

pregnant rats

pregnant rats

pregnant sheep

pregnant rabbits
and mice

Effects

litters of exposed mothers had significantly lower birthweights; great
increase in stillborn births and number of neonates who died within first
24 h; no differences in mortality between exposed and control groups at
days 6 and 21; some neonates born without a leg.
pregnant mothers sustained up to 60 % COHb without clinical sequalae;
fetuses whose arterial oxygen content fell below 2.0 ml/100 ml for at least
45 min showed severe brain damage.
widespread cerebral necrosis in fetuses whose arterial oxygen content fell
to 1.6-1.8 ml/100 ml.

no differences in number of offspring per litter, mortality rate at day 1 or
any gross teratologic effects; insignificant difference in birthweight between
exposed and controls, which became significant at day 4; markedly lower
brain protein levels in CO neonates; changes in CHS in connection with
prenatal CO exposure.
great reduction in number of successful pregnancies; fetuses exposed to
low 02 showed increased hematocrit; no differences in number of live,
recently dead or visibly abnormal fetuses.
fetal COHb levels rose more slowly than maternal, took longer to wash
out, and were at maximum considerably higher than maternal levels.
mean body weight of mice fetuses higher in 7 hid group and lower in 24
hid group than controls; 2 of 18 in 24 hid group had malformations;
exposed had more lumbar ribs and spurs than controls.

Investigator
Year

Astrup 1972

Ginsberg and Myers 1974

Ginsberg and Myers 1976

Fechter and Annau 1977

Garvey and Longo 1978

Longo and Hill 1977

Schwetz at al., 1979



fetus. Most of the studies have used rather
high levels of CO. In the study by Longo
and Hill (1977), 5 of 11 fetuses died when
fetal COHb levels reached about 20 Ofo
(100 ppm CO exposure for 24 hours). As­
trup (1972) exposed pregnant rabbits for
30 days continuously to 90 ppm CO (COHb
levels of 9 to 10 Ofo). Birthweights de­
creased 11 Ofo and neonatal mortality in­
creased 10 Ofo. The death rate during the
first 21 days was also increased. In another
group exposed to 180 ppm CO (16 to 18 Ofo
COHb), birthweight and neonatal mortal­
ity effects were more pronounced. In
addition, 3 out of 17 newborns had leg de­
formities.

Brain damage has been reported in
monkey fetuses after maternal CO intoxi­
cation. Ginsberg and Myers (1974) per­
formed experiments on 9 pregnant rhesus
monkeys, exposing them to 0.1 to 0.3 Ofo
inspired CO over a 1 to 3-hour period.
Fetal hypoxia developed within minutes
after the onset of maternal CO exposure.
The authors concluded that fetal brain
damage first resulted when the arterial O2
content fell below 2.0 mlllOO ml for at
least 45 minutes during maternal CO ex­
posure. In these cases severe brain damage
appeared, consisting of brain swelling
associated with hemorrhagic necrosis of
the cerebral hemispheres.

The same authors {Ginsberg and Myers
1976) performed experiments with rhesus
monkeys, inducing a variety of different
levels of fetal hypoxia by exposing preg­
nant mothers to CO. The observed effects
were correlated to the fetal arterial blood
oxygen content. In animals in which oxy­
gen in arterial blood was kept at a level
between 2.1 and 2.4 ml/100 ml during the
most severe period of hypoxia, no brain
damage was observed.

Widespread cerebral necrosis was seen in
animals whose oxygen content was main­
tained at 1.6-1.8 mllIOO ml. Less severe
brain injury was seen in an intermediate
exposure group.

The authors concluded that the monkey
fetus is able to sustain significant reduc­
tions in arterial oxygen content for periods
up to and more than an hour without neu­
rologic sequelae, but that reductions in
blood oxygen past a certain critical level
result in severe and irreversible brain in­
jury. Should the blood oxygen drop
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lower, even if only slightly, such severe
brain edema occurs that the entire cere­
brum becomes necrotic and the newborns
therefore die early.

Garvey and Longo (1978) exposed two
groups of pregnant rats continuously to 30
and 90 ppm CO and to a low oxygen at­
mosphere (13 Ofo) in order to investigate the
growth and development of the fetus.
Maternal COHb levels were 4.8 and 8.8 Ofo
and fetal levels 11.3 and 17 Ofo.

The animals were sacrified after 20 days
gestation. The number of successful preg­
nancies was seen to decrease in relation
to the exposure levels. Animals exposed to
13 0J0 oxygen showed increased hematocrit
erythrocyte count and hemoglobin values.
Neither of the CO exposed groups demon­
strated this hematologic response. No
differences were observed in the number
of fetuses alive, recently dead or visibly
abnormal for any of the exposure groups.

The 13 Ofo oxygen groups showed a de­
crease in fetal body weight, which the
authors interpreted to be due to the 26 Ofo
reduction in food intake in this group. The
two CO-exposed groups showed no reduc­
tion in weight or food consumption. Fetal
body growth was not affected by either CO
level, but was significantly affected in
fetuses exposed to 13 Ofo oxygen.

Fetal brain wet weight was increased
14 Ofo in the group exposed to 90 ppm CO.
Decreased concentrations of brain protein,
DNA, norepinephrine and serotonin were
observed, as well as a reduced dry-wet
weight ratio. No changes were seen in the
30 ppm or in the 13 Ofo oxygen groups.

Fechter and Annau (1977) studied the
offspring of pregnant rats exposed to 150
ppm CO for the duration of the gestation
period. COHb levels in the mothers were
15 Ofo. Within 12 hours after birth, the ani­
mals and litters were removed from expo­
sure.

The authors did not observe any differ­
ences in the number of offspring per litter
or the mortality rate on day 1, or any
gross teratologic effects. There was a
slight, though not significant, difference in
birth weight between exposed and control
neonates. This difference inceased during
the preweaning period and was statistical­
ly significant at the fourth day.

A 25 Ofo decrease in brain protein level
was found in CO neonates as compared to



controls, though the absolute brain weight
of the two groups did not differ. A lower
activity level was seen in CO-exposed
neonates at all ages tested, both spon­
taneously and after the injection of L­
dopa, which elicits vigorous activity. The
activity levels were related to whole brain
dopamine concentration. No difference was
seen for norepinephrine or 5-hydroxy­
tryptamine. The authors suggested that
the results indicated changes in the func­
tion of the central nervous system in con­
nection with prenatal exposure to carbon
monoxide.

Schwetz et al. (1979) exposed mice and
rabbits to 250 ppm CO for 7 and 24 hours
per day (10-15 Ofo COHb) during the ges­
tation period. The mean body weight of
fetuses of mice exposed 7 h/day was higher
and, in the group exposed 24 h/day, lower
than in control animals. Two out of 18 in
the 24 h group had malformations as com­
pared to lout of 17 in the control group.
Litters in the exposed group had a singifi­
cant increase in the number of lumbar ribs
and spurs. No differences were found be­
tween exposed and control rabbits.

7.3 Studies on Humans

No extensive studies on pregnant females
exposed to low environmental levels of CO
have been performed, though several
studies have been made to study possible
differences between smoking and non­
smoking mothers. As previously indicated,
COHb levels differed between these
groups. Some of the major studies are de­
scribed briefly below.

Data were collected on the smoking ha­
bits of 253 pregnant women in Copenha­
gen (Astrup et al., 1972) and measurements
taken of their COHb levels. Later, the
birth weights of the newborns were mea­
sured. Among the 253 pregnant women,
177 were non-smokers, demonstrating a
mean COHb level of 0.87 Ofo, and 176 were
smokers, showing a mean of 1.92 Ofo COHb.
The mean birth weight of babies of non­
smoking mothers was 3,225 g and smokers'
babies had a mean birth weight of 2,990
g. There were no incidences of congenital
deformities in either group, and none of
the babies died.

. -'r '.

A total of 6,989 pregnant women was in­
cluded in a prospective investigation in
France of effects of smoking during preg­
nancy {Goujard et al., 1975). An increase
in the number of stillbirths occurred
among mothers who smoked (23.3 against
9.2 per 1,000 births). A large proportion of
this increase was due to abruptio placen­
tae, the percentage of smokers in this cat­
egory being 46 Ofo while it was only 12 Ofo
in the group of livebirths.

Meyer and co-workers (1976) performed
further analyses of data collected in the
Ontario Perinatal Mortality Study (Ontario
Department of Health, 1967). They found
that maternal smoking had the strongest
effect on birth weight and that birth
weights of 2,500 g or less increased direct­
ly with the level of smoking, by 20 Ofo up
to 3.4 times increase over 37 of the differ­
ent data subgroups. For smokers of less
than one pack a day and smokers of more
than one pack a day, gestation periods
lasting 38 weeks or less, and adjusted for
7 other factors, increased by 20 Ofo and
50 Ofo. Cases of perinatal mortality in­
creased by 20 Ofo and 50 Ofo, respectively.

Except for mothers pregnant for the first
time who smoked less than one pack per
day, placental complications also increased
in relation to the level of smoking in the
37 subgroups. Finally, the adjusted rates
for placenta previa increased 25 Ofo and
92 Ofo, and adjusted rates for abruptio pla­
centae increased 23 Ofo and 86 Ofo for the
two groups of smokers. Both complications
show a high risk for perinatal mortality.

Using data collected from the 1958 Bri­
tish Perinatal Mortality Survey (Butler
and Bonham 1963) and its follow-up study,
the National Child Development Study
(Pringle et al., 1966), Fedrich and co­
workers (1971) investigated the possibility
of a connection between maternal smok­
ing and the incidence of congenital heart
disease in the population. Questionnaires
were completed for 98 Ofo of all births in
England, Scotland and Wales during the
first of March, 1958. Of a total of 17,418
births, the authors found 86 cases of con­
genital heart disorder. Among 7,822 still­
births and neonatal deaths recorded in
England, Scotland and Wales during the
months of March, April and May, 1958,
204 singletons with congenital heart di-
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Table 7-3. Fetal effects of maternal carbon monoxide exposure: studies in humans.

Investigators
Year

Astrup et al., 1972

Goujard et al., 1975

Meyer et al., 1976

Fedrich et al., 1971

Buncher 1969

Description

smoking habits and COHb levels of 253 preg­
nant women recorded; birthweights and con­
ditions of neonates later recorded.
prospective investigation of 6,989 pregnant
women.
further analysis of data collected in Ontario
Perinatal Mortality Study.

further analysis of data collected in 1958
British Perinatal Mortality Study and National
Child Development Study, with reference to
identifying possible connections between
maternal smoking and incidence of congenital
heart disease.
data collected from obstetrical wards in
Naval hospitals in U.S.; effects of smoking
during pregnancy studied.

Effects

mean birthweight of neonates of non-smoking mothers was 3,225 g. and of smok­
ing mothers 2,990 g

250 % increase observed in number of stillbirths among smoking mothers; a large
proportion of the increase was due to abruptio placentae.
neonatal birthweight and length of gestation seen to be directly related to
mothers' smoking habits; placental complications increased with the level of
smoking, except for mothers pregnant for the first time smoking less than 1 pack/
day, particularly for placenta previa and abruptio placentae.
analysis demonstrated that the occurrence of congenital heart disease in babies
was 50 % greater among smoking mothers than non-smoking mothers; sample
too small, however, to allow for firm conclusions.

observed difference in length of pregnancy between non-smoking and smoking
mothers (more than 1 pack/day) was 29 to 24 h; it was suggested that about
10 % of the known reduction in birthweight could be attributed to this shortened
gestation period.



sease were found. Analysis of the figures
demonstrated that the incidence of con­
genital heart disease among the babies of
smoking mothers was 7.3 per 1,000 births,
while the incidence in babies of non-smok­
ing mothers was 4.711,000 - an increase
of 50 % in babies of smokers. Though the
number of cases of congenital heart dis­
ease in any particular category was small,
the authors felt that the results did war­
rant further investigations into a possible
connection between smoking during preg­
nancy and the occurrence of congenital
heart disease in neonates.

8. Evaluation

The emphasis of this review of carbon
monoxide criteria has been to evaluate the
effects of CO on the cardiovascular sys­
tem, the central nervous system and the
fetus. As a basis for identifying standards,
this section summarizes the ways in which
different conditions of CO pollution are
related to biologically significant ap­
proaches for measurement strategies and
to exposure related effect criteria.

8.1 Exposure Strategies

Unlike such pollutants as S02 and partic­
ulates, CO is not evenly spread over large
areas, but is concentrated along streets
with heavy vehicular traffic. Concentra­
tions are often significantly lower very
short distances away from these streets.
This causes difficulties in terms of evalu­
ating data collected from ordinary (sta­
tionary) air pollution monitoring stations.
Such stations are frequently situated away
from areas with high traffic density, and
great differences have been observed in
CO concentrations as measured by mobile
stations on sidewalks along heavily traf­
ficked streets and at permanent monitor­
ing stations only a few blocks away.

The amount of CO in the ambient air
of cities at a given time varies directly
with the traffic density. Concentrations

In a study using data collected from
obstetrical wards in Naval hospitals in the
U.S. (Buncher 1969), the length of preg­
nancy in smoking mothers was seen to be
shorter than that in non-smoking mothers.
The difference in the average length of
pregnancies between non-smoking mothers
and mothers who smoked one pack of cig­
arettes per day was 29 to 34 hours. The
authors suggested that about 10 0J0 of the
known reduction in birth weights of ba­
bies born to smoking mothers may be at­
tributed to the shortened period of gesta­
tion.

are highest at rush hour and lowest dur­
ing the night when there is little traffic.
In terms of meaningful measurement pe­
riods, a 24-hour mean value cannot give a
very precise picture of actual daytime
concentrations, when traffic is heaviest
and the majority of people are likely to be
exposed. An average over a time period
when levels are elevated and including the
two peak events - morning and evening
rush hours - is thus preferable.

Several researchers have demonstrated
that short time averaged air pollution con­
centrations tend to be lognormally distrib­
uted over a longer time period. Measure­
ments expressed as average of the dif­
ferent levels present during the day are
thus not sufficient indicators of risks from
CO exposures. The effects on man may
occur after a relatively short term expo­
sure to a higher concentration which may
not necessarily affect the average long
term value. With consideration taken to
protection, a standard should thus include
values for both a longer time period as
well as for a shorter time period.

In those countries which have set limits
for the highest allowable amount of car­
bon monoxide in ambient air, standards
have usually been made as 8-hour and
1-hour levels. The WHO has also ex­
pressed their recommended limits in these
time frames.
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A 30-minute or I-hour period is ade­
quate to describe the short term exposure
- no increase in the possibility to pro­
tect sensitive individuals is obtained by
using shorter time periods.

The 8-hour mean usually applied to de­
scribe the situation over the day has a dis­
advantage in that both daily traffic peak
periods are not included. A more practical
time period might be 10 or 12 hours,
which would include both morning and
evening rush hours.

For each series of measured data, a
certain portion of values in excess of a
decided threshold must be accepted. In the
United States, the I-hour standard re­
quires rank ordering of I-hour measure­
ment values for a year and comparison of
the second highest value with the I-hour
standard (currently 40 mg/ma or 35 ppm).
If the second highest value is less than 40
mg/m3

, the standard has been met. A rank
ordering is also performed for the 8-hour
standard (currently 10 mg/m3 or 9 ppm);
the second highest value is used as the
critical level.

Measured carbon monoxide data can
also be presented by using log-normal
cumulative frequency distribution plots.
With the aid of such data, the frequency
of equalling or exceeding any specific CO
concentration can be determined.

Environmental CO limits for different
countries are shown in table 8-1.

8.2 Conditions in Sweden

The review of the CO exposure situation
in Sweden based upon data from measure­
ments in several cities shows results con­
sistent with observations from other coun­
tries. The high concentrations occur near
or in streets with heavy traffic and max­
imum levels are reached during rush

hours. There is no reason to believe that
climatic or other conditions in Sweden are
so different as to call for specific conside­
rations when carbon monoxide standards
are set.

8.3 Exposure Criteria

Fetal effects, with relation to both sur­
vival and development, have been de­
monstrated in animals exposed to high le­
vels of CO. As such rapidly growing tis­
sues as the fetus are extremely sensitive
to decreases in their oxygen supply, and
considering that maternal exposure will
cause a prolonged and elevated level in
the fetus, the risk for such effects is also
present in humans.

No studies have been carried out on fe­
males exposed to low concentrations of
CO over longer time periods, but signifi­
cant effects have been detected in fetuses
of smoking mothers. Some of these effects
are similar to those found after prolonged
hypoxia or CO exposure and it can thus
be suspected that they are caused by the
carbon monoxide content in the inhaled
smoke. Smokers are, on the other hand,
also exposed to high concentrations of oth­
er potentially toxic agents in the smoke,
such as nicotine, polycylic hydrocarbons
and hydrogen cyanide. Accurate conclu­
sions as to the causative agent for the ef­
fects observed in smoking mothers can
thus not be drawn.

At present, no data which can be used
for dose-response relationships concerning
fetal effects of CO exposure at levels found
in environmental air are available. The
data obtained in animal experiments and
from investigations of smoking mothers
suggest, however, that COBb levels in ex­
cess of those resulting from the carbon
monoxide levels recommended by the

Table 8-1. Examples of limits for environmental CO exposure in ppm and corresponding COHb
values at rest and heavy physical work (WHO 1979).

current estimated current estimated
1-hour COHb value at 8-hour COHb value at

standards rest/exercise standards rest/exercise

WHO 35 1.3% 3.0% 9 1.4% 1.6%
USA 35 1.3% 3.0% 9 1.4% 1.6%
Canada 30 1.2% 2.6% 13 1.9% 2.1 %
Japan 20 1.0% 1.8% 10 1.5% 1.7%
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WHO are required for the occurrence of
fetal effects.

The relation between low level CO ex­
posure and effects on the central nervous
system have been the subject of much
controversy. Reported CNS effects occur­
ring at low COHb levels are a slowing of
responses and a decreased ability to per­
form multi-faceted, complex tasks. The
increase in reaction time is similar to ef­
fects found in animals, and implies that
the presence or absence of a positive ef­
fect is critically dependent upon the type
of test used, the experimental conditions
and the status of the experimental subject.

Information available at present con­
cerning behavioral effects of CO exposure
has been summarized by Otto et al. (1979):
»In general, the evidence concerning the
behavioural effects of CO is inconclusive.
Although significant decrements in vigi­
lance performance during low-Iovel CO ex­
posure have been reported by several la­
boratories, subsequent efforts to replicate
these findings have consistently failed. Re­
sults of one vigilance study have been
challenged on statistical grounds.

One factor which has not been system­
atically varied is the population selected
for study. Normal, healthy, young adults
have been used in practically all CO be­
havioural studies. This population is least
likely to show any adverse effects, since
healthy young adults have maximal re­
serve capacity to compensate for reduced
oxyhemoglobin availability. Susceptible
populations with impaired oxygen uptake
have been used effectively to document the
deleterious effects of low-level CO on car­
diovascular function. A similar strategy
should prove useful in resolving the beha­
vioural consequences of CO exposure.»

In spite of the uncertainties involved in
the interpretation of the results from CNS
effects after CO exposure, it can at pres­
ently be concluded that no deleterious
effects have been demonstrated at COHb
levels below 5 0/0. The WHO standard pro­
vides sufficient protection for this type of
effect.

A review of the information on cardio­
vascular effects demonstrates that the
functioning of the heart muscle is affected
even at very low levels of CO. The evi­
dence is obtained from toxicological stu­
dies on man undertaken by several re-

search groups. Essentially, no contradic­
tory data are reported, and the conclusions
from clinical studies on man are supported
by toxicological studies on animals.

With relation to survival data on pa­
tients with critical heart disease, methodo­
logical limitations in the epidemiological
studies make it difficult to draw any con­
clusions as to casual relationships. In­
creases in air pollution levels usually oc­
cur under very specific meteorological
conditions which also include decreases or
increases in ambient air temperature, al­
terations in the level of airborne parti­
culates and changes in humidity. It is not
possible to ascertain whether anyone of
these specific alterations or combinations
of two or several factors may be re­
sponsible for the slight differences in car­
diovascular deaths seen between areas
with varying degrees of carbon monoxide
pollution.

Persons with chronic obstructive lung
disease or with compromised cardiac func­
tion are particularly vulnerable to the
functional limitations induced by CO ex­
posure. It is conceivable that no threshold
level exists for this group. Every degree
of exposure will theoretically induce an
increased burden on the cardiovascular
system through increased functional re­
quirements and deplete the oxygen supply
for the heart muscle.

When the ability to compensate is over­
powered, such as during strenuous exer­
cise or when limitations in the blood
supply are present, myocardial tissue
anoxia will result. This means that even
a very low concentration of COHb will
cause effects to appear among particularly
sensitive persons. Among the Swedish
population, it has been estimated that
about 13,700 persons suffer from severe
angina pectoris (Hagman 1978). The in­
cidence among males in the age group
47-57 years has been estimated to be
0.40/0.

No epidemiological studies have been
performed where the presence of acute
symptoms of angina pectoris among known
sufferers has been related to COHb levels
induced by environmental exposure and
to what extent symptoms occur under
everyday conditions. If such effects were
present, particularly in cities, the WHO
recommendations would not protect every

33



sensitive individual simultaneously expe­
riencing physical stress. It does not seem
likely that the number thus affected is
large, but precise information is lacking.

Even if the concept of »no threshold» is
accepted as regards the appearance of car­
diac symptoms in predisposed persons ex­
posed to environmental carbon monoxide,
the same symptoms could be present in a
given population due to other strains
without CO exposure. The level of CO at
which these other factors become more
important than the carbon monoxide expo­
sure is not known.

8.4 Further Research

Abundant information is available on
carbon monoxide and its toxic effects, in­
cluding those occurring among vulnerable
groups and related to critical organs in the
body. Field measurements, particularly in
cities, have also demonstrated that carbon
monoxide levels reach a plateau limited
by the number of vehicles which can accu­
mulate at a given surface area at any time.
Due to other pollutants in vehicle exhaust,
notably lead, action is also underway in
several places to limit the amount of car
exhaust.

In view of the above, extensive further
research on the toxic effects of carbon
monoxide does not have a high priority
from an environmental point of view. In
a few specific areas, however, additional
information is needed. These are elabo­
rated below.

1. Estimation of COHb levels in urban
populations have only been made using
blood samples from donors. No precise

Appendix

Relation between exposure to carbon
monoxide and carboxyhemoglobin
(COHb)

LARS FRIBERG M.D.

Footnote: The Karolinska Institute (Depart­
ment of Environmental Hygiene) and
the National (Swedish) Institute of
Environmental Medicine, Stockholm,
Sweden.

A number of scientists have suggested
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data on environmental CO levels have been
obtained in these studies. Although the
equations on the relation between CO ex­
posure and COHb levels are reliable under
carefully controlled laboratory conditions,
their application to a normal day's expo­
sure in cities has not been sufficiently
evaluated.

It is desirable to perform COHb mea­
surements of persons exposed to CO in
different urban environments. Suitable
test persons could be a group remaining
for prolonged periods on the street or per­
sons regularly working close to the street,
such as employees in shops on the ground
level.

2. Additional information on risk
groups, such as persons with blood vessel
insufficiencies demonstrated by angina
pectoris or intermittent claudication,
would give further information as to the
protection obtained with the WHO stan­
dard. Prospective studies should be per­
formed, and the presence of symptoms in
daily life related to COHb levels and am­
bient air CO levels.

3. Although the few experiments that
have been reported in the literature do
not indicate a synergistic effect between
CO and other agents such as alcohol, drugs
and toxic substances, additional informa­
tion should be sought in this area, initially
by performing animal experiments which
can be executed at relatively high levels
of exposure. When choosing agents sus­
pect of synergism, particular attention
should be paid to substances which in­
fluence the oxygen saturation of the blood,
the availability of oxygen or the oxygen
demand of the sensitive tissue.

equations for measuring the relation be­
tween exposure to carbon monoxide and
the resulting level of carbon monoxide in
blood. Several such equations are de­
scribed in the WHO document Environ­
mental Health Criteria 13: Carbon Monox­
ide (1979), and calculations have been
made on the basis of the various models.
The equation recommended by WHO is
based on the model developed by Coburn,



t = exposure duration, min
exp = 2.7182 ... the base of natural

logarithms raised to the power
of the bracketed expression

Table 1 gives the relation between car­
bon monoxide exposure and carboxyhemo­
globin under standard conditions at rest,
light work and strenuous work. Table 2
illustrates the corresponding calculations
(light work) with a COHb value of 5 %.
The relationships for a small person with
small blood volume and low hemoglobin
value under conditions of light work are
given in Table 3.

All calculations have been made with a
Hewlett Packard 41 C calculator.

rate,

VlJ
PICO

PC02

(Hb02) = ml of O2 per ml of blood
(HbCOh = ml of CO per ml of blood at

time »t»
(HbCO)" = ml of CO per ml of blood at the

beginning of the exposure
interval

= average partial pressure of
oxygen in lung capillaries.
mmHg

= rate of endogenous CO pro­
duction, ml/min

= diffusivity of the lung for CO,
ml/min mmHg

~= barometric pressure minus the
vapor pressure of water at
body temperature, mmHg

= blood volume, ml
= partial pressure of CO in the

inhaled air, mmHg
= alveolar ventilation

ml/min

\Tco

Forster and Kane (1965). The model was
used to study endogenous production of
CO, and gives correct relations at low
COHb values. However, when used for
high exposures the method gives rise to
serious errors (partly discussed in the
WHO criteria document). The calcula­
tions made in Annex 1 of WHO's criteria
document show a considerable overesti­
mation of the amount of COHb when
measuring the relation between this val­
ue and exposure to high concentrations
(200 ppm) of CO. An even greater over­
estimation is shown by Peterson and
Stewart (1970) when they use the Coburn­
Forster-Kane model to study COHb levels
after exposures to still higher concentra­
tions of carbon monoxide.

In later work, Peterson and Stewart
(1975) are aware of the errors which can
occur as a consequence of the fact that
both CO and oxygen compete for available
hemoglobin. It is pointed out that the
equation given has no clear-cut solution;
rather, a trial and error method must be
used. Under certain given conditions, how­
ever, such a procedure yields very little
error.

Peterson and Stewart (1975) base their
own calculations on the Coburn-Forster­
Kane model according to the following:

A (HbCOh -B\Tco Plco

A (HbCO)" B\Tco PIco
where:
A = Pc02/M (Hb02)
B = lIDLco + PL!\TA

M = ratio of the affinity of blood for
CO to that for O2

Table 1, Expected COHb values under different conditions according to Peterson and Stewart
(1975) at rest (alveolar ventilation: 6 Ilmin, diffusion capacity: 30 ml/min), light work (alveolar ven-
tilation: 18 Ilmin, diffusion capacity: 40 ml/min) and heavy work (alveolar ventilation: 30 Ilmin, diffu-
sion capacity: 60 ml/min). Height: 175 cm; weight: 75 kg (blood volume: approx 5.5 I), hemoglobin:
15 g/100 ml; barometric pressure: 750 mmHg; affinity constant for CO: 218; COHb,,: 0.5 %.

duration 200 ppm 100 ppm 75 ppm 50 ppm
Iw hv Iw hv Iw hv Iw hv

15 min 1.7 3.2 4.7 1.1 1.8 2.6 0.9 1.5 2.0 0.8 1.2 1.5
30 min 2,8 5.7 8.3 1.7 3.1 4.4 1.4 2.4 3.4 1.1 1.7 2.4
45 min 3.9 7.9 11.2 2.2 4.2 5.9 1.8 3.2 4.5 1.3 2.3 3.1
130 min 5.0 9.8 13.6 2.7 5.2 7.1 2.2 4.0 5.4 1.6 2.8 3.7
90 min 6.9 13.1 17.2 3.7 6.8 9.1 2.9 5.2 6.9 2.1 3.6 4.7
2 h 8.7 15.6 19.5 4.6 8.2 10.4 3.6 6.3 8.0 2.5 4.3 5.5
4 h 14.3 21.0 23.0 7.5 11.4 12.8 5.7 8.8 9.9 4.0 6.0 6.8
6 h 17.8 22.9 23.7 9.5 12.7 13.4 7.3 9.8 10.4 5.0 6.7 7.2
8 h 20.0 23.5 23.8 10.8 13.2 13.5 8.3 10.2 10.5 5.7 7.1 7.3

24 h 23.8 23.9 23.9 13.6 13.6 13.6 10.6 10.6 10.6 7.3 7.3 7.3
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duration 35 ppm 25 ppm 10 ppm 5 ppm
Iw hv Iw hv Iw hv Iw hv

15 min 0.7 0.9 1.2 0.6 0.8 1.0 0.5 0.6 0.7 0.5 0.5 0.5
30 min 0.9 1.4 1.8 0.8 1.1 1.4 0.6 0.7 0.8 0.5 0.6 0.6
45 min 1.1 1.7 2.3 0.9 1.3 1.7 0.6 0.8 0.9 0.6 0.6 0.6
60 min 1.3 2.1 2.7 1.0 1.6 2.0 0.7 0.9 1.0 0.6 0.6 0.7
90 min 1.6 2.6 3.4 1.3 2.0 2.5 0.8 1.0 1.2 0.6 0.7 0.7
2 h 1.9 3.1 3.9 1.5 2.3 2.9 0.8 1.1 1.3 0.6 0.7 0.7
4 h 2.9 4.3 4.9 2.2 3.1 3.5 1.1 1.4 1.5 0.7 0.8 0.8
6 h 3.6 4.8 5.1 2.7 3.5 3.7 1.3 1.5 1.6 0.8 0.8 0.8
8 h 4.1 5.1 5.2 3.1 3.7 3.8 1.4 1.6 1.6 0.9 0.9 0.8

24 h 5.3 5.3 5.3 3.9 3.9 3.9 1.6 1.6 1.6 1.0 1.0 1.0

r = rest
Iw = light work
hw = heavy work

Table 2, Expected GOHb values under different conditions according to Peterson and Stewart
(1975) at light wo~k (alveolar ventilation: 18 IIm;n; diffusion capacity:40 ml/min) och COHbn : 5 %.
Height: 175 cm; weight: 75 Ikg (blood volume: approx 5.5 I); 'hemoglobin: 15 g/1oo ml; barometric
pressure: 750 mmHg; affinity constant for CO: 218.

200 ppm 100 ppm 75 ppm 50 ppm 35 ppm 25 ppm 10 ppm 5 ppm

15 min
30 min
45 min
60 min
90 min

2 h
4 h
6 h
8 h

24 h

7.3
9.3

11.1
12.7
15.3
17.4
21.6
23.1
23.6
23.9

5.9
6.7
7.5
8.1
9.2

10.1
12.2
13.0
13.4
13.6

5.6
6.1
6.6
7.0
7.7
8.2
9.6

10.2
10.4
10.6

5.2
5.4
5.6
5.8
6.1
6.3
6.9
7.1
7.2
7.3

5.0
5.1
5.1
5.1
5.1
5.2
5.2
5.3
5.3
5.3

4.9
4.8
4.7
4.6
4.5
4.4
4.1
4.0
3.9
3.9

4.7
4.4
4.1
3.9
3.5
3.2
2.4
2.0
1.8
1.6

4.6
4.3
4.0
3.7
3.2
2.8
1.8
1.3
1.1
0.9

Table 3, Expected COHb values under different conditions according to Peterson and Stewart
(1975) at light work (alveolar ventilation: 18 I/min; diffusion capacity: 40 ml/min) for a small person
(height: 165 cm; weight: 55 ,kg; blood volume: approx 4 I) with low hemoglobin value (11 g/1oo
ml). Barometric pressure: 750 mmHg; affinity constant for CO: 218; COHbo: 0.5 %.

200 ppm 100 ppm 75 ppm 50 ppm 35 ppm 25 ppm 10 ppm 5 ppm

15 min
30 min
45 min
60 min
90 min
2 h
4 h
6 h
8 h

24 h
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5.3
9.3

12.5
15.0
18.5
20.6
23.4
23.8
23.9
23.9

2.9
4.9
6.5
7.9
9.8

11.1
13.1
13.5
13.6
13.6

2.3
3.8
5.0
6.0
7.5
8.5

10.2
10.5
10.6
10.6

1.7
2.6
3.5
4.1
5.1
5.8
7.0
7.3
7.3
7.3

1.3
2.0
2.5
3.0
3.7
4.2
5.0
5.2
5.3
5.3

1.1
1.5
1.9
2.2
2.7
3.1
3.7
3.8
3.8
3.9

0.7
0.8
1.0
1.1
1.2
1.4
1.6
1.6
1.6
1.6

0.6
0.6
0.7
0.7
0.7
0.8
0.9
0.9
0.9
0.9
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