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ABSTRACT/SUMMARY 

Carbon Monoxide (CO) is emitted into the atmosphere mainly as a product of the 
incomplete combustion of carbonaceous material.  The major sources of CO 
exposure for the general, non-smoking population are exhaust emissions from 
combustion engines and the burning of fossil fuels.  Smoking provides an additional 
source of CO for the non-smoking as well as the smoking public.  In addition to 
these exogenous sources, CO is generated endogenously mainly from the 
breakdown of haem proteins. Healthy individuals can tolerate low level exposures to 
CO but it can be hazardous at higher concentrations and even at low concentrations 
for those with unusual susceptibility.   
 
The primary toxic action of carbon monoxide is the inhibition of cell oxidation 
following exposure by inhalation.  The brain, heart, and embryo/foetus have critical 
needs for oxygen.  It follows that the major health effects associated with CO 
exposure include cardiovascular, central nervous system, and developmental 
toxicities.  Of these, the most critical target of carbon monoxide is the cardiovascular 
system.  Furthermore, the most susceptible populations are those individuals with 
pre-existing cardiovascular disease.   
 
The absorption and elimination of CO from the body is influenced by concentration, 
duration of exposure and pulmonary ventilation.  Most absorbed CO binds reversibly 
with haemoglobin (Hb) forming carboxyhaemoglobin (COHb), reducing the oxygen 
carrying capacity of the blood.  The relationship between CO exposure and the 
formation of COHb has been mathematically described.  The extent of COHb 
saturation may be used as a biological marker of exposure.  In addition, specific 
adverse health effects have been linked to characteristic COHb levels, which have 
in turn been associated with CO exposure levels, and these relationships can serve 
as a basis for an Air Quality Standard (AQS). 
 
Chronic angina patients are presently viewed as the most sensitive group at risk 
after exposure to CO, and the most sensitive health endpoint is earlier onset of 
angina with exercise.  A COHb saturation of 2.5% posed no significant health effect 
to the non-smoking population including those with angina.  This COHb level 
corresponds to continuous CO exposures at 15 ppm.  A safety factor was applied to 
the CO exposure conditions to adjust for the uncertainty associated with persons 
having other pre-existing disease conditions, e.g., anaemia or pulmonary disease.  
This adjustment resulted in a predicted COHb concentration of 1.6%, corresponding 
to continuous CO exposure at 10 ppm.  [Thus, an 8 hour running average of 10 ppm 
is a scientifically supportable AQS for carbon monoxide.] 
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1. INTRODUCTION 

Carbon monoxide (CO) is a non-reactive, tasteless, odourless gas with low water 
solubility.  Low level exposures to CO in healthy adults seem to present little hazard, 
although at higher concentrations and for individuals with unusual susceptibility, CO 
may be hazardous.  The purpose of this assessment is to identify the levels of 
exposure that produce adverse health effects, select the critical health endpoint, 
and identify sensitive sub-populations.  This will allow the development of a 
scientifically-based air quality standard (AQS) for CO. 

 
To identify the levels of exposure to CO that produce adverse health effects, the key 
literature for health effects in animals and humans was examined.  The goal was to 
identify the highest CO concentration at which no adverse health effects occur, i.e., 
the no-observed-effect-level (NOEL).  When developing an AQS, a variety of 
adjustment factors may be applied to the NOEL to extrapolate between and among 
species, across routes and to account for duration of exposures.  These factors are 
also applied to adjust for a variety of parameters including sensitive sub-
populations, pharmacokinetics, and pharmacodynamics.   

  
There are considerable human exposure and effects data for CO; the animal data 
are used, therefore, as supporting information only.  The multiple permutations of 
concentration and duration of exposure are simplified by the availability of data on 
an internal marker of exposure, carboxyhaemoglobin (COHb) and mathematical 
models for predicting COHb concentrations from concentrations of CO in the 
ambient air.  Furthermore, the relationship between COHb and adverse health 
effects is well described.  
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2. SOURCES OF CARBON MONOXIDE  

Carbon monoxide is one of the most common and widely distributed air pollutants.  
It is a product of the incomplete combustion of materials containing carbon, but is 
also produced by some industrial and biological processes.  Although there have 
been many studies in the last decade directed towards the identification and 
quantification of the various sources and sinks of CO in the atmosphere, it is clear 
that uncertainty exists about the magnitude of many of the sources of global CO. 
The relative importance of natural and man-made CO production is still debated.   

 
The global burden of CO appears to be increasing, with long-term implications for 
stratospheric photochemistry, including the stability of the ozone layer. Furthermore, 
human activity is responsible for the higher concentrations of CO in urban air that 
may be of significance to public health.  The CO in urban air originates almost 
entirely from local combustion processes.  Rural CO levels are typically low(er), 
depending on the extent of exposure to local and continental air masses.   

 
Despite rising output, background levels of CO in the lower atmosphere remain 
relatively stable.  There must, therefore, be some atmospheric removal process.  
One possible mechanism is the reaction with hydrogen radicals (Hampson and 
Garvin, 1975; Weinstock, 1969):  

 
More significant removal occurs at the earth's surface, where anaerobic soil bacteria 
oxidize CO to carbon dioxide in the absence of hydrogen, or reduce it to methane in 
the presence of hydrogen (Inman, Ingersoll, and Levy, 1971).  The residence time of 
tropospheric CO is no more than 0.2 years (Weinstock et al., 1972). 
 

2.1. NATURAL EMISSIONS 

As a result of natural processes such as forest fires, oxidation of methane, and 
biological activity, the background level of CO is estimated to be about 0.05 mg/m3 
(0.04 ppm).  According to some authors, natural formation from methane contributes 
10 times the anthropogenic output (Jaffe, 1973; Levy, 1973; Maugh, 1972; 
McConnell et al., 1971).  This issue is debatable, but would cast doubt on the 
importance of global measures for the control of CO. 

 

2.2. ANTHROPOGENIC EMISSIONS 

Vehicle exhaust is the principal man-made source of CO.  Diesel engine exhaust 
generally contains less than 0.1% CO whereas gasoline engines may emit up to 4% 
by volume of CO (Chipman and Massey, 1960; Elliott et al., 1955; Hurn, 1962; 
Larson, Chipman and Kauper, 1955; Twiss et al., 1955). CO emissions from 
vehicles have been reduced in recent years due to the influence of increasingly 
strict regulations (European Community Directives on improved engine design), and 
pollution management systems, in particular the fitting of catalytic converters to 
gasoline powered vehicles.  For a typical vehicle, a reduction of 70% has been 
accomplished, compared to the "uncontrolled" car of 1960.   
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Emission sources other than vehicles also contribute to CO emissions.  These 
include power stations, aircraft, households, and waste treatment and disposal (UK 
DOE, 1994).  Tobacco smoke is the one of greatest contributors to CO exposure for 
the smoking public. 
 

2.3. TRENDS IN EMISSIONS 

Seasonal variations of CO are well established (Dianov-Klokov and Yurganov, 
1981; Fraser et al., 1986; Khalil and Rasmussen, 1988; Seiler et al., 1969).  High 
concentrations are observed during the winter in each hemisphere and lower 
concentrations are seen in late summer.  The amplitude of this cycle is largest at 
high northern latitudes and diminishes as one moves towards the equator.  These 
patterns are expected from the seasonal variation of OH• concentrations.  At mid 
and high latitudes, diminished solar radiation, water vapour, and ozone (O3) during 
winter causes the concentrations of hydroxyl radical to be much lower than during 
summer.  Consequently, the removal of CO is slowed down and its concentrations 
build up.  In summer the opposite effects occur thus causing the large seasonal 
variations of CO. 

 
Other variations in CO concentrations in local ambient air are influenced by 
operating patterns of vehicles and industrial operations.  Sunday CO levels are 
almost invariably less than those on weekdays.  Diurnal concentration patterns 
follow diurnal traffic patterns with a tendency to peak during morning and evening 
rush hours.  

 

2.4. INDOOR AIR 

The CO levels within offices and homes lag behind outdoor concentrations, and 
some of the sharper peaks of pollution are not seen (General Electric, 1972; 
Schaplowsky et al., 1974; Yocom et al., 1971).  Nevertheless, CO differs from many 
pollutants in that it has little tendency to become absorbed on walls and fabrics, so 
that equilibrium between indoor and outdoor air can be reached relatively quickly.  
Indoor concentrations may exceed ambient levels if one of the occupants is a 
smoker, or if there are other local sources of CO such as stoves, heaters or leakage 
from an attached garage (Benson et al., 1972; General Electric Company, 1972). 
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3. ECOLOGICAL EFFECTS 

Carbon monoxide has not been observed to cause adverse impacts on vegetation 
at exposure concentrations typical of the ambient environment (Treshow and 
Anderson, 1989). The US EPA ruled that no CO standard was needed to protect 
environmental welfare, given the almost non-existent potential for environmental 
impact of ambient CO concentrations (US EPA, 1985). 
 
Several studies have demonstrated CO impacts on vegetation following exposure to 
levels much greater than ambient (US EPA, 1979). Key studies are briefly 
summarized for completeness. 
 
A variety of plant species were exposed to CO at concentrations of 115 mg/m3 to 
11,500 mg/m3 (100 to 10,000 ppm) for 4 to 23 days (Zimmerman et al, 1933 as cited 
in US EPA, 1979). While practically no growth retardation was noted in plants 
exposed at the lower level, stem growth was inhibited at the higher concentration by 
as much as 100% when compared with controls. The effects varied considerably 
among the different species of plants, tobacco being only slightly retarded while 
others were affected greatly. 
 
Several studies have demonstrated the influence of CO on sex differentiation in 
plants (US EPA, 1979). Different varieties of cucumber were exposed to CO at 
concentrations of 1,150 mg/m3 to 11,500 mg/m3 (1,000 to 10,000 ppm) for 50 to 200 
hours (Minima and Tylkina, 1947 as cited in US EPA, 1979). The results showed 
that sexual differentiation was shifted markedly to the expression of female 
characteristics under the influence of the gas. Thus, at the highest level and with 
prolonged exposure, plants formed exclusively female flowers. With exposure to CO 
concentrations of 3,400 to 5,700 mg/m3 (3,000 - 5,000 ppm) female flowers 
developed first with the appearance of very few male flowers a week later. Plants 
treated at the lowest CO level proceeded with the development of male flowers, as 
is normal for the species studied, and then shifted to female expression at the sixth 
day. 
 
Elevated CO concentrations (≥115 mg/m3, or 100 ppm) have been observed to 
inhibit nitrogen fixation (US EPA, 1979). 
 
The lowest-observed-effect-level (LOEL) of CO producing adverse ecological 
effects (100 ppm CO) (US EPA, 1985), is above that known to produce adverse 
human health effects. Therefore, human health effects were considered for 
determination of the Air Standard for CO. 
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4. HEALTH EFFECTS 

It is the high affinity of CO for haemoglobin and other important haem containing 
proteins (e.g., cytochromes) that is the key health issue. Impairment of aerobic 
functions within the body has wide ranging consequences.  The anoxic effects of 
CO exposure at high concentrations (> 10% COHb) are well documented.  In this 
report, attention is paid to the potential effects of CO exposure at concentrations 
resulting in COHb of 10% or less.  
 

4.1. LITERATURE REVIEW 

Adverse health effects associated with exposure to CO include those on the 
cardiovascular system, central nervous system, and developing embryo/foetus. 
Cardiovascular effects of CO are directly related to reduced oxygen content of the 
blood caused by combination of CO with haemoglobin to form COHb resulting in 
tissue hypoxia.  Most healthy individuals have mechanisms (e.g., increased blood 
flow, blood vessel dilation) which compensate for this reduction in tissue oxygen 
levels, although the effect of reduced maximal exercise capacity has been reported 
in healthy persons at COHb levels below 10%.  Compensatory mechanisms are 
less effective in elderly people, pregnant women, small children, and in certain 
people with anaemia or pulmonary and cardiovascular diseases, thereby increasing 
their susceptibility to potential adverse effects of CO during exercise (WHO, 1979).     

 
Three types of health effects (Table 1) are reported or suggested to be associated 
with CO exposure (producing COHb levels below 10%) they are : 
 

− cardiovascular effects 
− neurobehavioral effects 
− developmental effects 
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Table 1. Human Health Effects Associated with Exposure to Carbon Monoxide: 

Lowest-Observed-Effect Levels 

COHb 
CONCENTRATION (%) 

EFFECTS REFERENCES 

2.3 - 4.3 Statically significant decrease (3 - 7%) in the relation between 
work time and exhaustion in exercising young healthy men 

Horvath et al. (1975) 
Drinkwater et al. (1974)  

2.9 - 4.5 Statistically significant decrease in exercise capacity (i.e., 
shortened duration of exercise before onset of pain) in patients 
with angina pectoris and increase in duration of angina attacks 

Anderson et al. (1973) 

5 - 20 
 

Statistically significant decrease in maximal  consumption and 
exercise time with short duration strenuous exercise in young  

healthy men 

Haider et al. (1974) 
Winneke (1974) 
Christensen et al. (1977) 
Benignus et al. (1977) 
Putz et al. (1976) 
Ekblom and Huot (1972) 
Pirnay et al. (1971) 
Vogel and Gleser (1972) 

< 5 No statistically significant vigilance decrement after exposure to 
carbon monoxide 

 

Klein et al. (1980) 
Stewart et al. (1978) 
Weiser et al. (1979) 

5 - 17 Statistically significant diminution of visual perception, manual 
dexterity, ability to learn, or performance in complex sensorimotor 

tasks (e.g., driving) 

Bender et al. (1971) 
Schulte (1973) 
O'Donnell et al. (1971) 
McFarland et al. (1944) 
McFarland (1973) 
Putz et al. (1976) 
Salvatore (1973) 
Wright et al. (1973) 
Rockwell and Weir (1975) 
Rummo and Sarlanis (1974)
Putz (1979) 

20 -30 Throbbing headache UKDOE,1994 

30 - 50 Dizziness, nausea, weakness, collapse UKDOE, 1994 

over 50 Unconsciousness and death UKDOE. 1994 
 

a The physiologic norm (i.e., COHb levels resulting from the normal catabolism of haemoglobin and other haem-
containing materials) has been estimated to be in the range of 0.3 to 0.7%. 

 

4.2. TOXICOKINETICS/TOXICODYNAMICS 

Both the concentration of CO and the duration of exposure are particularly important 
factors in determining the potential for adverse health effects.  The magnitude of the 
effect and therefore the severity of physical symptoms is related to the toxicokinetics 
of CO.  The following section describes how the body handles the substance 
including the uptake, distribution and elimination as well as the mechanism(s) of 
adverse reactions.    

4.2.1. Sources 

Endogenous production of CO in healthy adults, the body produces a small amount 
of CO, mainly from the breakdown of haemoglobin. During natural degradation of 
haemoglobin to bile pigments, a carbon atom is separated from the porphyrin 
nucleus and subsequently is catabolized by microsomal haemase into CO.  The 
major site of haem breakdown and therefore of endogenous CO is the liver (Berk et 
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al., 1976).  The spleen and erythropoietic system are other important catabolic 
generators of CO.  Because the amount of porphyrin breakdown is 
stoichiometrically related to the amount of endogenously formed CO, the blood level 
of COHb or the concentration of CO in the alveolar air have been used as semi-
quantitative indices of the rate of haem catabolism (Landaw and Callahan, 1970; 
Solanki et al., 1988).   

 
Not all of endogenous CO comes from red blood cell (RBC) degradation.  Other 
haemoproteins, such as myoglobin, cytochromes, peroxidases, and catalase 
contribute approximately 20 to 25% to the total amount of generated CO (Berk et al., 
1976).  Approximately 0.4 ml/hour of CO is formed by haemoglobin catabolism and 
about 0.1 ml/hour originates from non-haemoglobin sources (Coburn et al., 1964).  
Metabolic processes other than haem catabolism contribute only a very small 
amount.   
 
Variation in CO production occurs due to normal physiological processes. In both 
males and females, week-to-week variations of CO production are greater than day-
to-day or within-day variations.  Moreover, in females COHb levels fluctuate with 
menstrual cycle; the mean rate of CO production in the pre-menstrual, progesterone 
phase almost doubles (Lynch and Moede, 1972; Delivoria-Papadopoulos et al., 
1970).  Neonates and pregnant women also show a significant increase in 
endogenous CO production related to increased breakdown of RBC. 

 
Factors such as hypermetabolism, certain drugs and haemolytic anaemia can also 
increase the endogenous production of COHb.  Any disturbance leading to 
increased destruction of RBC and accelerated breakdown of other haemoproteins 
would lead to increased production of CO.  Haematomas, intravascular haemolysis 
of RBC, blood transfusion, and ineffective erythropoiesis all will elevate the CO 
concentration in blood.  Degradation of RBC under pathological conditions such as 
anaemias (haemolytic, sideroblastic, sickle cell), thalassemia, Gilbert's syndrome 
with haemolysis, and other haematological diseases also will accelerate CO 
production (Berk et al., 1976; Solanki et al., 1988).  In patients with haemolytic 
anaemia, CO production rate may be 2 to 8 times higher, and blood COHb 
concentration 2 to 3 times higher than normal (Coburn et al., 1966). Increased CO-
production rates have been reported after administration of phenobarbital, 
diphenylhydantoin (Coburn 1970), and progesterone (Delivoria-Papadopoulos et al., 
1970).  

 
Exogenous sources of CO 

 
Exogenous CO sources contribute an estimated 0.5 to 1.5% COHb to the general 
population.  Tobacco smoke is the one of greatest contributors to CO exposure for 
the smoking public.  For a one-pack-per-day smoker, the mean COHb level is 
approximately 5% (Stewart et al., 1973).   

4.2.2. Absorption, Distribution, and Excretion 

The mass transport of CO between the airway opening (mouth and nose) and red 
blood cell (haemoglobin) is predominantly controlled by physical processes.  The 
CO transfer to the Hb-binding sites is accomplished in two sequential steps: transfer 
of CO in the gas phase, between the airway opening and the alveoli, and transfer in 
the dissolved phase, across air-blood interface including the RBC (red blood cell). 
While the mechanical action of the respiratory system and the molecular diffusion 
within the alveoli are the key mechanisms of transport in the gas phase, the 
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diffusion of CO across the alveolar-capillary barrier, plasma, and RBC is the 
mechanism of the liquid phase. 

 
In order to reach Hb-binding sites, CO has to pass across the alveoli-capillary 
membrane, diffuse through the plasma, pass across the RBC membrane, and finally 
the RBC stroma before reaction between CO and Hb can take place.  The 
molecular transfer across the membrane and the blood phase is governed by 
general physicochemical laws, particularly by Fick's first law of diffusion.  The 
exchange and equilibration of gases between the two compartments (air and blood) 
is very rapid.  The dominant driving force is a partial pressure differential of CO 
across this membrane.  For example, inhalation of a bolus of air containing a high 
level of CO will rapidly increase blood COHb.  By immediate and tight binding of CO 
to Hb the partial pressure of CO within the RBC is kept low, thus maintaining a high 
concentration differential between air and blood, and consequent diffusion of CO 
into blood.  Subsequent inhalation of CO-free air progressively decreases the 
gradient to the point of its reversal (higher CO pressure on the blood side than 
alveolar air) and CO will be released into alveolar air.  Because binding of CO to Hb 
is a much stronger and considerably faster reaction than clearance of CO by 
ventilation, the air-blood concentration gradient is usually higher than the blood-air 
gradient, and the CO uptake will be a proportionally faster process than CO 
elimination.   

 
Diffusion is dependent on body-position and ventilation.  In a supine position at rest, 
CO diffusion may be significantly higher than that at rest in a sitting position.  In both 
positions, CO diffusion during exercise is greater than at rest (McClean et al., 1981).  
Carbon monoxide diffusion will increase with exercise, and at maximum work rates, 
the diffusion will be maximal regardless of position.  This increase is attained by 
increases in both the membrane-diffusing component and the pulmonary capillary 
blood flow (Stokes et al., 1981).  Diffusion seems to be relatively independent of 
lung volume within the mid-range of vital capacity. However, at extreme volumes, 
the differences in diffusion rates could be significant, at total lung capacity, the 
diffusion is higher than average, while at residual volume it is lower than the 
average (McClean et al., 1981).  On average, smokers show lower diffusion rates 
than non-smokers (Knudson et al., 1989). 

 
Physiological processes will minimally affect COHb formation in healthy individuals 
exposed to low and relatively uniform levels of CO.  If sufficient time is allowed for 
equilibration, the sole determinant of COHb concentration in blood will be the ratio 
of CO to oxygen.  However, the shorter the half-time for equilibration (e.g., due to 
hyperventilation, high concentration of CO, increased cardiac output, etc.) the more 
involved these mechanisms will become in modulation of the rate of CO uptake 
(Pace et al., 1950; Coburn et al., 1965).  During high transient CO exposure in 
resting individuals both cardiac and lung function will control the rate of CO uptake. 

 
The extensive amount of data available on the rate of CO uptake and the formation 
of COHb contrast sharply with the limited information available on the dynamics of 
CO washout from body stores and blood.  Although the same factors that govern 
CO uptake will affect CO elimination, the relative importance of these factors might 
not be the same (Landaw, 1973; Peterson and Stewart, 1970).  
 
The half-life of CO disappearance from blood under normal recovery conditions 
shows considerable inter-individual variance.  For COHb concentrations of 2 to 
10%, the half-life may rang from 3 to 5 hours (Landaw, 1973); others have reported 
a range between 2 to 6.5 hours for slightly higher initial concentrations of COHb 
(Peterson and Stewart, 1970).  Increased inhaled concentration of oxygen 
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accelerated elimination of CO; by breathing 100%  the half-life was shortened by 
almost 75% (Peterson and Stewart, 1970).  The elevation of oxygen partial pressure 
to three atmospheres reduced the half-life to about 20 minutes, which approximated 
to a 14-fold decrease over that seen when breathing room air (Britten and Myers, 
1985; Landaw, 1973).   

 
The elimination rate of CO from an equilibrium state will follow a monotonically 
decreasing, second-order (logarithmic or exponential) function (Pace et al., 1950).  
The rate, however, might not be constant following transient exposures to CO, 
where at the end of exposure, steady-state conditions may not be reached.  In this 
situation, particularly after very short and high CO exposures, it is possible that 
COHb decline could be biphasic, and can be approximated best by a double-
exponential function.  The initial rate of decline or "distribution" may be considerably 
faster than the later "elimination" phase (Wagner et al., 1975).  Reported divergence 
of COHb decline rate in blood and in exhaled air suggests that CO elimination 
rate(s) from extravascular pools are slower than that reported for blood (Landaw, 
1973).  Although the absolute elimination rates appear to be independent of the 
initial concentration of COHb (Wagner et al., 1975). 

  
The relationship between external CO exposure concentrations and increases in 
blood COHb above pre-existing endogenous levels has been well studied.  The 
classical CO absorption curve of resting individuals was developed by Forbes et al. 
(1945).  Since that time, investigators have expanded the relationship to include 
differing CO exposure concentrations and durations of exposure as well as different 
levels of physical activity (Figure 1).  From these studies, the relationship of CO 
exposure and COHb can be determined.  For example, Peterson and Stewart 
(1970) exposed human volunteers to a variety of different CO concentrations for 
periods ranging from 0.5 to 24 hours.  Using regression analysis, they derived the 
following relationship for blood COHb as a function of ambient CO concentration 
and exposure time: 
 
Equation 1: Log10 y = [0.85733 (log10) x + 0.62995 (log10 t)] - 2.29519 
 
where: y = % COHb,  
 x = CO concentration in ppm, and  
 t = time in minutes 
 
This equation is only valid for constant CO and for shorter periods of exposure (Ott 
and Mage, 1978). 
 
The relationship of COHb concentrations below 2.5% and CO in air at maximum 
levels of activity, determined by a mathematical formula are: 
 

25 ppm for 1 hour 
50 ppm for 30 minutes 
87 ppm for 15 minutes 

 
The actual COHb level in any individual may differ from the predicted figure 
depending upon the exposure conditions. 

 
The CO - COHb relationship holds for CO uptake in individuals exposed to present-
day ambient concentrations of CO.  The absorption and elimination of CO is most 
influenced by CO concentrations, duration of exposure and alveolar ventilation.  
Under pathologic conditions, where one or several components of the air-blood 
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4.2.3. Mechanism of Action 

The primary toxic action of CO is the inhibition of cell oxidation.  Approximately 80-
90% of the absorbed CO binds reversibly with haemoglobin forming COHb, 
resulting in a reduction in the oxygen carrying capacity of the blood.  The affinity of 
haemoglobin for CO is approximately 200 times that for O2.  Two organs with critical 
needs for oxygen are the brain and heart, and are, therefore, major target organs for 
CO.  In addition, developing offspring depend on the maternal system for their high 
oxygen demands.  

 
The principal cause of CO toxicity is tissue hypoxia due to CO binding to 
hemoglobin. However, another site of toxicity may involve CO binding to the heme 
group in cytochrome oxidase, causing direct inhibition of mitochondrial oxygen 
utilization and respiration. CO may also bind to other heme proteins, such as 
myoglobin in muscle tissue, leading to depressed cardiac function and muscle 
oxygenation. Other proteins to which CO may bind include cytochrome P-450 and 
the hydroperoxidases (ACGIH, 1991, US EPA, 1991). 
 

4.2.4. Adaptation 

Adaptation to or compensation for chronic exposure to relatively high CO levels 
appears to occur.  For example, smoking, chronic anaemia and living at high 
altitudes produce elevated COHb levels which are most likely compensated by 
changes in haematological parameters, e.g., increased red cell mass.  There is 
limited evidence of adaptation by alteration of the dissociation curve or changes in 
the 2,3-diphosphoglycerate compounds (phosphorylated by-products of glycolysis) 
(WHO, 1979). Red cell levels of 2,3-diphosphoglycerate compounds are higher in 
individuals with anaemia and also during residences at high altitudes.  Increases in 
2,3-diphosphoglycerate shift the oxyhaemoglobin dissociation curve to the left.  A 
shift in the dissociation curve does not appear to be a significant method of 
adaptation to short term exposure to elevated levels of CO.   

 

4.3. CARDIOVASCULAR EFFECTS 

Decreased oxygen uptake and resultant decreased work capacity under maximal 
exercise conditions have been shown to occur in healthy young adults starting at 
5% COHb (Table 1).  These cardiovascular effects may have health implications for 
the general population in terms of potential curtailment of certain physically 
demanding occupational or recreational activities. However, of greater concern at 
more typical ambient CO exposure levels are certain cardiovascular effects which 
may occur in a smaller, but sizeable segment of the general population.   

 
In addition to the human studies cited in Table 1, there is also strong evidence from 
both theoretical considerations and experimental studies in animals that CO can 
adversely affect the cardiovascular system.  Disturbances in cardiac function have 
been reported in cases of acute carbon monoxide poisoning (Lazarev, 1965). Corya 
et al., (1976) were the first to report evidence of left ventricular abnormality in 5 
cases of nonfatal poisoning with COHb levels of 20%.   

 
Table 2 summarises the data pertinent to the effects of CO on the cardiovascular 
systems of experimental animals.  Accordingly, disturbances in cardiac rhythm and 
conduction have been noted in healthy and cardiac-impaired animals at CO 
concentrations of 50 to 100 ppm (COHb = 2.6 to 12%); alterations in various 
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haemodynamic parameters have been observed at CO concentrations of 150 ppm 
(COHb = 7.5%); cardiomegaly has been reported at CO concentration of 200 ppm 
(COHb = 12%) and 60 ppm in adult and foetal animals, respectively; changes in 
haemoglobin concentrations have been reported at CO concentrations of 100 ppm 
(COHb = 9.26%) and 60 ppm in adult and foetal animals, respectively.   

 
Additional data from animal studies show that CO can disturb cardiac conduction 
and cause cardiac arrhythmias.  DeBias et al. (1973) studied the effects of breathing 
CO (96 to 102 ppm; COHb = 12.4%) continuously (23 hours/day; for 24 weeks) on 
the electrocardiograms of healthy monkey and monkeys with myocardial infarcts 
induced by injecting microspheres into the coronary circulation.  Although there was 
a greater incidence of T-wave inversion in the infarcted monkey the effects were 
transient and of such low magnitude that accurate measurements of amplitude were 
not possible (EPA, 1979).  On the other hand, several groups have reported no 
effects of CO on the ECG or on cardiac arrhythmias.  Musselman et al. (1959) 
observed no changes in the ECG of dogs exposed continuously to CO (500 ppm) 
for three months.  Their observations were confirmed by Malinow et al. (1976) who 
reported no effects on the ECG in monkeys exposed to CO for 14 months (500 
ppm-pulsed; COHb = 21.6%). The effects of COHb levels ranging from 5 to 15% in 
resistant and susceptible dogs were studied, and it was found that acute exposure 
to CO in dogs that have survived myocardial infarction is seldom arrhythmogenic 
(Farber et al., 1990).  
 

Table 2 Effects of Exposure to Carbon Monoxide in Animals 

CO EXPOSUREa COHbb ANIMAL EFFECTS REFERENCE 
100 ppm, 2 hours 6.3% Dog Reduced VFT in normal and 

ligated dogs. 
Aronow et al., 

1979 
100 ppm, 6 hours 9.3% Monkey Abnormal ECG and increased 

sensitivity to fibrillation 
voltage. 

DeBias et al., 
1973 

100 ppm for 46 days 
200 ppm for 30 days 

500 ppm for 20-42 days 

9.2% 
15.8% 
41.1% 

Rat Hypertrophy of both right 
ventricles; LDH increase. 

Penney et al., 
1974 

20 ppm for 
22 hours/day, 

 7 day/week, 2 year 

3.4% Monkey No changes in haemoglobin or 
haematocrit, No 

histopathology in heart, brain 
or lung. 

 

Eckhardt, 
1972 

20 ppm for 2 hour/day, 
 7 day/wk, 2 year 

7.4% Monkey No histopathology in heart, 
brain and lung. 

Eckhardt, 
1972 

CO air concentrations 
sufficient to reach 5, 10 

or 15% COHb 

5-15% Dog; with healed anterior 
myocardial infarction; 
susceptible (develop 

ventricular fibrillation with 
exercise and myocardial 
ischaemia) and resistant 
(survive the test without 

arrhythmia) 

Seldom arrhythmogenic; CO 
exposure increases heart rate 
at rest and during moderate 

exercise 

Farber et al. 
1990 

 
a Exposure concentration and duration activity levels. 
b Measured blood COHb (carboxyhaemoglobin) level after CO exposure. 
 

4.4. NEUROBEHAVIORAL EFFECTS 

A variety of Central Nervous System (CNS) effects have been found to be 
associated with CO exposures which result in COHb levels of 5 to 20%.  These 
effects include changes in visual perception, hearing, motor performance, 
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sensorimotor performance, vigilance and other measures of neurobehavioral 
performance. 

 
Of the behavioural effects studied, the most sensitive to disruption by COHb are 
those that require sustained attention or performance.  For example, the group of 
studies on motor and sensimotor performance, which have used a variety of 
measures (e.g., fine motor skills, reaction time and tracking), offer the most 
consistent evidence for effects occurring at COHb levels as low as 5%.  Although 
Winneke (1973) found some effects on steadiness and precision at 10% COHb, 
several other investigators reported no effect at COHb levels ranging from 5.5 to 
12.7%.  Reaction time was unaffected by COHb levels of 7 and 10%, and the 
general conclusion is that COHb elevation does not affect reaction time for COHb 
levels as high as 20%. 

 
No reliable evidence demonstrating decrements in neurobehavioral function in 
healthy young adults has been reported at COHb saturation levels below 5%. 
Results of studies conducted at or above 5% COHb are ambiguous.  Much of the 
research at 5% COHb does not show any effects. From the empirical evidence it 
can be said that COHb levels ≥ 5% do produce decrements in neurobehavioral 
function.  It cannot be said confidently, however, that COHb levels lower than 5% 
would be without effect.  The question of groups at special risk for neurobehavioral 
effects are those taking drugs that have primary or secondary depressant effects, 
which would be expected to exacerbate CO-related neurobehavioral decrements. 
Other groups, at possibly increased risk for CO-induced neurobehavioral effects, 
are the aged and ill, but these groups have not been evaluated for such risk. 

 
Overall, it may be concluded that the central nervous system is not as sensitive to 
the effects of CO as the cardiovascular system.  

 

4.5. DEVELOPMENTAL EFFECTS 

The foetus may be particularly vulnerable to the toxic effects of CO exposures 
because foetal development often occurs at or near critical tissue oxygen levels 
(Longo and Hill, 1977).  COHb levels tend to be elevated in the foetus due to 
differences in uptake and elimination of CO from foetal haemoglobin. 

 
Human data on the developmental toxicity of CO are very limited for obvious ethical 
reasons.  Maternal smoking, however, has been associated with a number of 
adverse health effects, many of which may be attributed to very high CO exposures 
(500-1000 ppm) from cigarette smoke.  These effects include spontaneous abortion 
and foetal death due to depressed birth weight.  In addition, children subjected to 
CO exposures from maternal smoking, experience increased hospital admissions 
during the first 5 years of life and poorer than predicted school performance during 
the first 11 years of life. While the available human data are insufficient to determine 
a cause and effect relationship for CO exposure and developmental toxicity, animal 
studies have provided evidence of foetal mortality, developmental toxicity, reduced 
body weight, morphological changes, altered cardiovascular development, and 
neurochemical changes.  However, as these studies were often conducted at CO 
levels much greater than those found in the ambient air, extrapolation to human 
health effects at ambient CO exposures remains very difficult.  
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4.6. OTHER HEALTH EFFECTS 

Other effects related to CO exposures have been reported.  Many of the studies are 
in animals or case reports and their relevance to the general human population has 
not been established.  For example, extensive experimental work has been 
conducted on animals showing that prolonged exposure to moderate levels of CO 
can produce atherosclerotic changes, particularly with elevated cholesterol diets 
(WHO, 1979).  Only relatively weak evidence points toward possible CO effects on 
fibrinolytic activity, generally only at high CO exposure levels. 

 
There is a lack of information of the combined effect of CO exposure and other 
chemicals and drugs.  Because of the generalised effects of CO and the severity of 
the consequences of high exposures, the significance of co-exposure to other air 
pollutants, drugs and social habits (e.g., smoking and ethanol consumption) needs 
clarification. 
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5. STANDARDS 

5.1. OCCUPATIONAL EXPOSURE LIMITS 

Occupational exposure limits for CO in various countries are summarised in 
Table 3. 

 
Table 3: Occupational Exposure Limits for CO 

COUNTRY 8h TIME WEIGHTED 
AVERAGE mg/m3 (ppm) 

SHORT TERM 
EXPOSURE mg/m3 (ppm) 

Australia (1990) 55 (50) 440 (400) 
Germany (1995) 33 (30) 66 (60)a 
Sweden (1984) 40 (35) 120 (100)b 

United Kingdom (1995) 55 (50) 340 (300)c 
US - ACGIH (1992) 29 (25) -d 
US - NIOSH (1972) 40 (35) 229 (200)e 
US - OSHA (1993) 55 (50) - 

 
 Adopted from ACGIH TLV documentation (1991) 
 

a Short-term level for 30 minutes, 4 times per shift. Classified as Pregnancy Group B; risk of damage to 
the developing embryo or foetus cannot be excluded even when MAK values are observed. 

b 15-minute short-term value 
c 10-minute STEL 
d No STEL proposed 
e Ceiling value; IDLH value of 1200 ppm recommended in 1994 
 

5.2. AIR QUALITY STANDARDS 

Several countries and the World Health Organisation (WHO) have established air 
quality standards or guidelines for CO (Table 4).  The critical effect on which all of 
these standards/guidelines are based is COHb concentrations associated with 
cardiovascular effects (Beard and Wertheim, 1967).   

 
Current Canadian recommendations specify three control levels:  the maximum 
desirable level, the maximum acceptable level and the maximum tolerable level 
(Health and Welfare Canada, 1985).  The maximum desirable level is equivalent to 
the WHO Level I (WHO, 1964), where pollution can be detected, but there are no 
physiological changes or other adverse effects upon human health.  The maximum 
acceptable level of pollution is the level in which the body can compensate for the 
impact on physiology (Hatch, 1962). 
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Table 4: CO Air Quality Standardsa  

 WHOb UKc USd CANADAe GERMANYb JAPANb 
 
AVERAGE 
PERIOD 

 
 

ppm 

 
 

ppm 

 
 

ppm 

MAXIMUM 
DESIRABL

E 
ppm 

MAXIMUM 
ACCEPTABLE 

ppm  

MAXIMUM 
TOLERABLE 

ppm 

 
 

ppm 

 
 

ppm 

1-hour 25  35 13 30 -- 9 10 
8-hour 10 10f 9 5 13 17 26 20 

a 1 part per million (ppm) is one part, by volume, in one million; 1 ppm of CO is 1.165 mg/m3 at 20oC and 1013 millibars. 
b Source:  WHO 1979 
c Source:  UKDOE, 1994 
d Source:  Federal Register, 1994 
e Source:  Health and Welfare Canada (1985) 
f To ensure that maximum concentrations are not miscued by arbitrary averaging periods, it is recommended that a running 8 hour 

average be used.  Running 8-hour average CO concentrations are calculated by first calculating the hourly average CO 
concentrations over fixed periods, from 00.00 to 00.59 onwards.  These averages are then taken consecutively in groups of eight 
and the 8-hour averages are calculated for 00.00-07.59, 01.00-08.59 etc. onwards.  
 

The UK Expert Panel on Air Quality Standards for CO concluded that CO 
concentrations should be such that the concentration of COHb in the blood of 
people breathing the air should not exceed 2.5% [Ref EPAQS]. Based on air 
monitoring in the UK, an 8-hour running average standard was recommended, to 
ensure that short duration high concentrations of CO were not missed. 
 

5.3. BASIS FOR AN AQS 

Acute high level exposure to CO can produce death and lower levels of exposure 
have been associated with toxic effects.  In determining an AQS for CO, continuous 
exposure must be considered, as well as maximum excursions of CO air 
concentrations.   

5.3.1. Critical Endpoint and Sensitive Subpopulation 

Cardiovascular Effects 

Several important studies have appeared since the first studies on the effects of CO 
exposure in persons with cardiovascular disease, expanding the data base (Table 
5).  The NOEL for arrhythmia induction associated with CO exposure is at 4% 
COHb (Sheps et al., 1990), but those patients with angina appear to be more 
sensitive to CO.  Patients with reproducible exercise-induced angina have 
experienced earlier onset of angina with post-exposure COHb levels as low as 3.2% 
(Allred et al., 1989).  Sheps et al. (1987) also found similar effects in a group of 
patients with angina at COHb levels of 3.8%.  Kleinman et al. (1989) studied 
subjects with angina and found that the time to onset of angina was decreased at 
3% COHb.  Thus, the LOEL for patients with stable angina is between 3 and 4% 
COHb, representing an increase above baseline of 1.5 to 2.2%. 

5.3.2. Application of Safety Factors 

In this section we integrate the scientific determination of the LOEL and/or NOEL 
with judgmental factors which must be considered as part of any exercise designed 
to protect public health.   



 report no. 97/51 
 
 
 
 
 
 
 
 

 17

Table 5: Summary of Effects of Carbon Monoxide Exposure in Patients with Angina 
 

EXPOSUREa COHbb COHbc SUBJECT(S) OBSERVED EFFECTS REFERENCE 

50 ppm CO 
100 ppm CO  

for 50 minute of each hour 
x 4 hour; postexposure 
exercise on a treadmill 

2.9%  
4.5% 

1.6% 
3.2% 

10 males, 5 smokers and 
5 nonsmokers, with 

reproducible exercise-
induced angina; average 

49.9 years 

Duration of exercise before onset of 
angina was significantly shortened 
at 2.9 and 4.5% COHb; duration of 
angina was significantly prolonged 

at 4.5% but not at 2.9% COHb.  The 
response of smokers was not 

significantly different from that of 
nonsmokers. 

Anderson et al., 
(1973) 

100-200 ppm CO for 60 
minute; postexposure 

incremental exercise at 
317 KPM on a cycle 

ergometer 

3.8% 2.2% 
 

25 male 5 female 
nonsmokers with 

evidence of exercise-
induced angina on at 
least one day; 58 ± 11 

years (36-75 years) 

No significant difference in time to 
onset or duration of angina.  No 
significant difference in maximal 

exercise time, maximal ST segment 
depression, or time to significant ST 

segment depression during 
exercise. 

Sheps et al., 
(1987) 

100 ppm CO for 60 
minute; postexposure 

incremental exercise at 
48.6 L/minute on a cycle 

ergometer 

3.0% 1.5% 
 

24 male nonsmokers with 
reproducible exercise-

induced angina;  59 ± 1 
years (49-66 years) 

Time to onset of angina decreased; 
no significant effect on the duration 
of angina.  O2 uptake at angina was 
reduced; there were no significant 
changes in heart rate or systolic 

blood pressure at angina. 

Kleinman et al., 
(1989) 

117 ppm CO 
 253 ppm CO 

 for 50-70 minute; pre- and 
post-exposure incremental 
exercise at ~6 METSd on a 

treadmill 

3.2% 
5.6% 

2.0% 
4.4% 

63 males nonsmokers 
with reproducible 

exercise-induced angina; 
62 ± 8 years (41-75 

years) 

Earlier onset of myocardial 
ischemia was found with CO 

exposure: time to ST endpoint 
decreased and time to angina onset 
decreased at 2.0 and 3.9% COHb; 

mean duration of exercise was 
significantly shorter at 3.9% COHb.  

Changes in performance are 
clinically significant. 

Allred et al. (1989) 

100 ppm CO 
200 ppm CO supine 
bicycle exercise test 

4.0% 
5.9% 

3.2% 
5.1% 

41 subjects (nonsmokers) 
with documented 

coronary artery disease; 
16 never smoked, 25 

previous smokers;  
average 63 years old, 5 

females and 36 men 

Frequency of single premature 
ventricular contractions per hour 
during exercise was significantly 

greater at 6% COHb; frequency of 
multiple premature ventricular 

contractions per hour was 
significantly greater during exercise 
with 6% COHb; patients developing 

increased arrhythmias during 
exercise at 6% COHb were 

significantly older, exercised longer 
and had a higher peak workload 

during exercise;  
No effect of carbon monoxide seen 

at 4% COHb. 

Sheps et al., 1990 

Two CO levels 
150 minute exposure, 2 
minute interval walks, 

increasing workload by 1 
MET each stage, 

maximum workload 11 
METs 

3.2% 
5.1% 

2.5% 
4.5% 

30 subjects with 
documented ischemic 
heart disease; 25 men 
and 5 women; average 

age 65 years 

No increase in ventricular 
arrhythmia frequency after 

exposure; frequency of complex 
ventricular ectopy was not altered 

Chaitman et al., 
1992 

 
a Exposure concentration, duration, and peaks activity levels. 
b Measured blood COHb (carboxyhemoglobin) level after CO exposure. 
c Postexposure increase in COHb over baseline. 
d MET - basal metabolic equivalent 
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Cardiovascular Disease 

From Table 5, the database would indicate that a COHb concentration between 3 
and 4% clearly produces effects in angina patients.  COHb levels of 2.5% appear to 
be a reasonable NOEL for the production of exercise induced angina in patients 
with cardiovascular disease.  The relationship of carboxyhaemoglobin 
concentrations below 2.5% to breathing CO air concentrations at maximum levels of 
activity determined by mathematical formula are: 

 
15 ppm for 8 hours 
25 ppm for 1 hour 
50 ppm for 30 minutes 
87 ppm for 15 minutes 

 
The actual COHb level in any individual may differ from the predicted figure 
depending upon the exposure conditions. 
 
For physical activities ranging from rest to hard work, the corresponding ambient 
CO level resulting in COHb concentration that would never exceed 2.5% would be 
15 ppm. Thus, for the general, non-smoking population, including those with angina, 
8 hour continuous exposure to CO at 15 ppm and resulting in a COHb of 
approximately 2.5% would not be hazardous.   
 
Pre-existing Pathology 

It is likely that people having diseases that affect the delivery of oxygen to the heart 
or brain may be at particular risk with additional impairment of oxygen delivery 
posed by exogenous CO exposures. This has been established for those with 
angina, but others with anaemia, and heart and lung disease may also be 
susceptible.  However, individuals with pulmonary disease may absorb less CO and 
may compensate for this by increased erythropoiesis and a shift of the  dissociation 
curve to the right (WHO, 1979).   
 
There are no data to suggest that these individuals are any more susceptible than 
those with angina.  However, uncertainty does exist as to the NOEL for CO 
exposure in these individuals.  A safety factor of 1.5 is, therefore, applied to protect 
for the potential sensitivity of this sub-population.  Applying this safety factor, results 
in a predicted 1.6% COHb concentration.  Continuous exposure to CO at 10 ppm 
would not exceed 1.6% COHb, thus an adequate margin of safety would exist for 
the identified sensitive sub-populations.  

 
Developing Foetus 

The effects of CO exposure on the foetus during intrauterine development are not 
clear.  Pregnant women produce greater levels of endogenous CO.  The source 
may be related to progesterone levels (Delivoria-Papadopoulos et al., 1970). There 
may be compensation for the elevated COHb levels of pregnancy, in part, by 
hyperventilation.  Maternal COHb is 13% above that of non-pregnant women 
(Longo, 1970).  Studies have predicted changes in foetal oxygenation as a result of 
maternal COHb levels of about 5%.  Prolonged CO exposure at 30 ppm could attain 
such results (UKDOE, 1994).  Therefore, no additional safety factor needs to be 
applied to an AQS of 10 ppm for the developing foetus.  
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High Altitude 

While there are many studies comparing the effects of CO exposure with those of 
high altitude exposure, there are relatively few reports on the effects of both 
combined (i.e., CO exposure at high altitude). It has been assumed that CO-induced 
hypoxia and altitude-induced hypoxia are additive, however, there are only limited 
data to support this contention. There are even fewer studies of the long-term 
effects of CO at high altitude and at the low concentrations pertinent to ambient air 
standards. Given that there is little reliable information on this subject, no additional 
safety factors were incorporated for the subpopulation of individuals living at high 
altitudes. 
 
Smoking 

It is well known that cigarette smoking causes serious health effects, however, it is 
difficult to separate the effects of CO exposures from those of other substances 
present in inhaled smoke. Tobacco smoking, particularly cigarettes, increases 
COHb levels substantially above those of the non-smoking population. 
Concentrations of 5-15% COHb are commonly found in smokers (WHO, 1979).  It is 
recognised that the effects of smoking and exposure to CO in ambient air are not 
simply additive and that the resulting COHb levels depend on other factors. Regular 
smokers are not likely to be affected by ambient CO concentrations since their 
blood levels of COHb already exceed that which would be produced by the ambient 
concentration (UK DOE, 1994). 

Smoking is another (and substantial) exogenous source for CO exposure.  Smoking 
is a voluntary act subjecting the smoker to increased risk of adverse health effects. 
For these reasons, smokers are not considered a sensitive sub-population and no 
additional safety factor is required.  

5.3.3. Air Quality Standard 

Because levels of CO causing human health effects are lower than those causing 
eco effects the health effects need to be taken as the basis for the development of 
an AQS. The most sensitive health endpoint is the cardiovascular system and the 
most sensitive sub-population has been identified as those with angina.  The NOEL 
for this endpoint in the general population is estimated to be the level of CO 
producing a COHb concentration of 2.5%.  From Figure 1, the CO concentration 
producing this condition after 8 hours of exposure would be 15 ppm.  A safety factor 
is applied to this concentration for the uncertainty of protecting those individuals with 
pre-existing pathology, e.g. anaemia and pulmonary disease.   
 
2.5% COHb (15 ppm)/ Safety Factor (1.5) =  1.6% COHb (10 ppm) 
 
Continuous exposure of the non-smoking population to 10 ppm CO would produce 
COHb concentrations that would not exceed 1.6%. This would be true of sedentary 
individuals as well as those involved in heavy physical activity (Figure 1). To obtain 
these conditions, running 8 hour averages should not exceed 10 ppm of CO. 
 
An exposure standard based on an eight-hour averaging time is of sufficient 
duration to protect the population against continuous lifetime exposure. 
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6. DATA GAPS/RECOMMENDATIONS 

A common problem associated with the available human data is that only a small 
proportion comes from controlled laboratory studies.  In laboratory studies, the 
exposure levels are generally near or below threshold.   Other human data comes 
from case studies or occupational settings where exposures are not controlled.  
These data are complicated by lack of exposure information, co-exposure to other 
substances and often high level exposures.  Extrapolation of the effects seen at 
acute high level exposures to chronic, low level exposure scenarios is wrought with 
problems and uncertainty.  
 
In spite of the extensive research which has been conducted on carbon monoxide 
over the past decades, there are still deficiencies in the knowledge about this 
substance which make it impossible to precisely determine its potential to produce 
adverse effects at low ambient exposure levels.  The major data gaps include the 
following: 
 
• There is a need for more data on various high risk groups (the foetus and 

new-born, the elderly, patients with anaemia, surgical shock, chronic 
respiratory disease, and cerebrovascular disease) and possible interactions 
with other stress factors, such as high altitude. 

• There is a need for information of the interaction of CO exposure with 
exposure to other air pollutants, drugs and social habits.  

• To date, the exact mechanisms responsible for the adverse effects of carbon 
monoxide-induced hypoxia are not known in detail.   

• While COHb appears to be a reliable marker of exposure, it does not 
necessarily reflect the effect at the tissue level.  The emergence of biological 
markers of effect, based on rapid advances in molecular biology, would 
complement traditional markers and be capable of linking effects to exposure. 
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