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I. PURPQSE
The purpose of this paper is to evaluate the key studies in

the EPA document "Air Quality Criteria for Carbon Monoxide"]

and identify
the critical elements to be considered in the possible revision of the
primary carbon monoxide (CO) National Ambient Air Quality Standard
(NAAQS). The paper also identifies critical factors that must be con-
sidered in selecting an adequate margin of safety for the CO air quality
standard.
II. BACKGROUND

The Clean Air Act Amendments of 1977 provide authority and
guidance for setting and revising NAAQS, where appropriate. Primary
standards must be based on health effects criteria and provide an adequate
margin of safety to ensure protection of public health. Economic or
related impacts cannot be considered in the selection of the standard

level. Furtheé guidance provided in the 1egislative~history2

of the
Clean Air Act indicates that margins of safety should be defined such
that standards are set at "the maximum permissible ambient air level ...
which will protect the health of any [sensitive] group of the population."
Also, margins of safety are to be defined such that the standards will
provide "a reasonable degree of protection ... against hazards which
research has not yet identiﬁed."2 In the final analysis, the primary
standard is set by the EPA Administrator based on his judgment of the
implications of all the health effects evidence, and the need for an

adequate margin of safety.



The primary (health-based) and secondary (welfare-based)
NAAQS for CO are both presently set at 9 parts per million (ppm) and 35
ppm for 8-hour and 1-hour averaging times, respectively, not to be
exceeded more than oncé per year. This paper considers only the primary
NAAQS revision since there is no data to support setting a secondary
standard more stringent than the primary NAAQS.
II1. APPROACH
The approach used in this paper is to identify the critical
factors to be considered in the standard-setting process for carbon
monoxide, specifically those points where judgments or decisions
must be made and where careful interpretation of incomplete or uncer-
tain evidence is required. Where possible, the paper states our under-
standing of the evidence as it relates to a particular judgment or,
in some cases, proposes alternative choices that might be made. The
essential elements that are addressed in this process include the
following:
(1) the most probable mechanism(s) of toxicity,
(2) a description of the adverse effects attributed to carbeon
monoxide and a judgment on the critical effect of concern
for standard-setting,
(3) a description of the most sensitive population groups,
(4) the level at which the indicator of adverse effects (blood
carboxyhemoglobin) signals a danger to public health in
the sensitive population,
(5) the CO exposure which could give rise to a critical
carboxyhemoglobin level,

(6) other aspects of the standard, and



(7) a discussion of the uncertainties in the medical avidencas
and other factors which should be considered in salecting
an adequate margin of safety and a final standard level.

IV. CRITICAL ELEMENTS IN THE STANDARD REVIEW

A. Mechanism of CO Toxicity

We interpret the existing health effects ev'idem:eza

to indicate
that the principal mechanism of CO toxicity is through hypoxemia
(deficient oxygenation of the blcod). This mechanism suggests that
adverse effects on the body resylt from the strong affinity of blood
hemoglobin for CO (over 200 times greatar than for oxygen), which
results in the formation of carboxyhemogliobin (COHb). Thus, the oxygen-
carrying capacity of the bleod is reduced sinca hemoglobin that has
combined with CQ in this manner is not available to transport oxygen;
furthermore, the presanca of COHb inhibits the ralease of oxygen frem
the remaining hemoglobin. Effects on the cardiovascular, central
nervous, pulmenary, and gther systems are directly related to this reduction
in the ability of the blood to deliver oxygen to these systams.

The COHb in an individual's bicod stream reflects input from
endogenous (produced by the metabalic breakdown of hemoglobin and other
' hema-canfaining matarfals) and exogenous (derived from the extarnal
environment) saources. The physiolegic norm for endogenous COHb levels
has been estimated to be {in the range of 0:3 - 0.7 percent,3 but endogenous
production may be significantly increased i‘; persons with hemolytic

4, in women during pregnancy and during the menstrual cycles, and

anemias
in persons taking cartain types of drugs.6 Our judgment is that increments

above the physiologic norm, with the above-mentioned excaptions, result
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from exogenous sources such as cigarette smoking (which can result in COHb
levels ranging from 2 or 3 percent up to as high as 15 to 17 percent)6a
or community air pollution.

Some researchers have suggested an alternative mechanism for
carbon monoxide toxicity that results from a blocking of the energy

flow at the cellular level through the cytochrome system7'1T. Di

S~
cussion of some of these studies by the CO subcommittee of the Clean
Air Scientific Advisory Committee (CASAC)'? raised the possibility
that the results found by these researchers could be more readily
explained on the basis of the test protocols than as an alternative
mechanism of toxicity. Several of these studies exposed animals to
very high CO concentrations (greater than 100,000 ppm) for short time
periods, with the result that the animals died at a total-body

COHb level lower than that which would be required if the CO dose had
been administered as a lower concentration given over a longer period

of time. The CASAC discussion'®

indicated that the hypoxemia mechanism
probably provides an adequate explanation of this phenomenon

as a manifestation of the "bolus effect" wherein a high concentration inhaled
over a short period of time results in a portion of the blood supply

that is essentially devoid of oxygen reaching the heart, with 1ife-
threatening consequences. Since the CASAC questioned the sufficiency

of the information base on which the cytochrome system toxicity mechanism

has been proposed, we have decided to focus this NAAQS review on the
hypoxemia mechanism and related COHb levels associated with

observed adverse health effects.

B. Description of Adverse Effects

1. Cardiovascular System Effects. Angina pectoris is a cardio-




vascular disease in which mild exercise or excitement produces symptoms of
pressure and pain in the chest because of insufficient oxygen supply to the
heart muscle. Angina patients have been reportad to experience heart

pains earlier during exercisa after a resting exposure to low levels of
Ct.'l.]:,"16 We consider aggravation of angina to be an adverse health
geffect because it may result in cardiovascular damage. Aggravation
of angina has been convincingly demonstrated at COHb levels of 2.5 -

3 percent,n'14

which are lower than thosa assgciated with any other
measurable adverse affect of CO exposure. A 1978 study by Aronow17
has reported angina aggravation at COHb levels in the range of about 1.8 -
2.3 percent, but these COHb levels were obtained through a passive
smoking exposure regime, with possible confounding factors. The
appropriata utilization of this study in the standard-setting procass
will be discussed in a subsequent sactien.

Patients having peripheral vascular disease may alsc have this

condition aggravatad by CO exposure. The one clinical study18

examining
such an effect invelved the exposure of 1Q persons with occlusive
arterial disease to 50 ppm CO for 2 hours foliowed by exercisa until
leg pain cccurred. The COHb levels producad by this expasure (about
2.8 percent) significantly decreased the time to onset of pain and
cassation of activity.

Another cardiovascular system effect of concarn {s the
possibie detrimental effect of increased blood flow that oczurs

as a compensatory response to CO exposures.T

9,20 This response could
result in corcnary damage or other vascular effects due to the cardig-
vascular systam being pushed beyond its capabilities.

Cardiovascular damage and electrocardiogram abnormalities have been

reportaed in persons who have experienced acute non-fatal CO poisoning
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episodes (20 percent COHb)“  or who have been chronically exposed to CO

in the workp1ace.22’23

Chronic exposure to average CO levels of 70 ppm,
with peak levels of about 300 ppm (no COHb levels reported), has been
associated with increased mortality from heart failure in a Japanese

population.24 25-27

Some epidemiological studies in Los Angeles
have suggested the possibility that increased mortality
from myocardial infarction (death of heart tissue) is associated with
high ambient air concentrations of CO (sufficient to produce COHb levels
in the range of 8-17 percent),26 but a similar study in Baltimorezs
failed to find such a correlation with considerably lower ambient CO
levels (sufficient to produce COHb levels in the range of 1-10 percent).

Another~study29

evaluated patients admitted to the myocardial infarction
research unit at the Johns Hopkins University. While the investigator's
diagnoses were consistent with both acute and chronic effects on the
myocardium of long-term exposure to CO, the effects observed could not

be clearly related to that factor. Therefore, the possibility of an
association between CO levels in the ambient air and incidence of
myocardial infarction or of sudden deaths due to arteriosclerotic heart
disease remains in question; more research is needed to clarify this issue.

A recent epidemiology study30

reported an increase in the frequency
of cardiorespiratory complaints by patients at the emergency

room of a Denver hospital on "high CO days" when the maximum T-hour

mean ambient CO concentrations at a nearby monitoring site averaged

27 ppm as compared to "low CO days" when the corresponding concentration
was 12 ppm. However, the CASAC expressed a need for caution in the in-

terpretation of this study becausg (1) the cardiorespiratory complaints

evaluated in this study are inadequate indicators of cardiovascular



disease aggravatﬁon; (2) the authors did not report any COHb lavels for

the patients evaluatad and (3) the single monitoring sita near the hospital

is inadequata to determine the exposuras sustained by the patﬁents.31

32-35

2. Central Nervous System Effects. Some studies have re-

ported that CO exposures resulting in COHb levels of 1.8-7.6 percent
have produced decrements in vigilance (the individual's ability to
detect small changes in his envircnment that take placa at unpredic-
table times). The effects of CQ on vigilance are in considerable
disputa, however, sinca similar studie536'41 have failed to observe
similar effects. Our judgment of the evidencea is that, if relavant
variables are controlled, CO exposures at a threshold level of about
4-§ percent COHb may produce decrements in vigilance. OQOecrements in
visual function and sensitivity have been reportad at COHb Tavels as
low as 4 %2 S percent-42’43

We consider vigilanca and visual function effects to be important
sinca thesa functions are components of more complex tasks, such as
driving, and reducad alertness or visual sensitivity could lead to
increased accidents. Several s'!:z.u:i'iesd"l'M"'58 have suggestad that
alevatad COHb levels adversely affact the performance of complex
tasks, and suggestive (but not conclusive) evidence has been reported
indicating that a greater proportion of drivers in fatal accidents have
COHb levels abaove 5 percent.s9 In this respect, the possibiTity of an
interactive effact between alcohol and CO that has been suggested by

535

scme experimentation™™ seems to be of particular concern.

3. Pulmonary Function and Exercisa Effects. In studies using

submaximal exercise for shart periecds (5 to 6Q minutes), oxygen uptake



during work does not appear to be affected by COHb levels as high as

10 to 20 percent,so'eg

although several of these studies have shown
that these COHb levels produce increased heart rates. In maximal
exercise protocols of several minutes duration, COHb Tevels in the range
of 5-33 percent have been demonstrated to produce a linear decline in
maximal oxygen uptake (and hence work capac1'ty).67'75 One study76 has
reported that competitiVe swimmers have impaired performance when events
are held in atmospheres containing 30 ppm CO originating from traffic
(COHb level not reparted), but these results may reflect interaction
with other pollutants since ambient air exposures were examined in this
study rather than systematic, controlled exposures to CO.

Although few studies have been conducted to examine the effects of
CO exposure on persons with chronic obstructive pulmonary disease (e.g.,
asthma, emphysema, and chronic bronchitis), this group is presumably at
high risk to CO exposures. A reduction in oxygen supply due to increased
COHb levels could exacerbate existing effects of low oxygen levels
caused by impaired respiratory system functioning. However, such persons
may absorb less CO due to their disease and may have compensated for
their respiratory deficiencies by increased production of red blood

cells and by other adaptations. One study77

exposed ten persons with
chronic obstructive pulmonary disease for 1 hour to sufficient CO to

produce 4.1 percent COHb. A 33 percent reduction in time to onset

of marked dyspnea (difficulty in breathing) occurred during exercise as
compared to COHb levels of 1.5 percent. The investigators concluded that the

Timited exercise performance after CO exposure was probably a cardio-

vascular limitation rather than a respiratory one.



4. Fetal Develooment. Several axperimental animal studies78'84

have exposad pregnant females to CO and in general have shown deleterious
effects in the offspring even when the mothers were not affected. For

example, one study84

exposed pregnant rabbits to 90 ppm CO continuously
for 30 days, with resyltant maternal COHb levels of 9 to 10 percent.

Birth weights decreasad 11 percent and the newborn mortality rate increasad
to 10 percent from 2 control value of 4.5 percent. In another study,81
the offspring of rats exposed to 150 ppm CO throughout gestation (maternal
COHb levels of 15 percent) weighed slightly (3 percent) less at birth and
failed to gain weight as rapidly after birth. Reduced brain protain levels
at birth and lower behavioral activity levels through the preweaning period
wers abserved. In many cases the deleterious effects have been shown to
disappear by adulthood, but the inferencs that such effects may occur in
humans during maturation is of concarm with respect to possible impacts

on learning and social behaviaor development.

Experimental animal s't:um'esn’82

have shown that short-tarm maternal
CO exposure results in lower COHb Tevals in the fetus than in the mother,
but may have greatsr detrimental effects on the fetus than on the mother. O0One
studyss examining Tong-tarm matarnal CO exposures has shown that fetal
COHb lavels exceeded matarnal values aftar an uptake lag of a few hours
following initiation of exposure. At equilibrium, fetal COHb lavels
significantly exceeded matermal values, and fetal elimination of CO after
cessation of exposure was slower than matarmal elimination. The CQHb
concentration in human fetal blood has been reportad to vary from 0.7 to
2.5 percant (for none-smoking mothers), withlthe ratio of fetal to matarnal
COMb levels varying from 0.6 to 1.5.36
The biologic affects of CJ exposure on fetal tissues during intra-

utarine development require clarification. The ability of CO to decrease
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the oxygen transport capacity of maternal and fetal hemoglobin may result
in interference in fetal tissue oxygenation during important developmental
stages. Whereas a normal adult has reserve capacity and compensatory
responses that enable him to handle moderately high COHb levels without
irreversible consequences, the fetus may under normal situations be
operating close to the critical levels in terms of tissue oxygen supply.
Thus, even moderate CO exposures may have a deleterious effect on fetal
deve]opment.86
Some verification of this hypothesis has been suggested in studies
examining the impact of maternal smoking and altitude on the unborn child.
Several studies have demonstrated that babies born to smoking mothers have

87-94 95,96

reduced birth weight, as do children born at higher altitudes.

Some question remains as to the relationship of fetal deaths to maternal

smoking, but several studies:92'94’97'mz

using data from large population
samples have concluded that perinatal deaths do increase in the infants of
mothers who smoke when these data are corrected for other factors affecting
perinatal death rates (e.g., maternal age, the number of children previous-
1} borne, race, and social status). The causes of this increased perinatal
mortality have not been adequately identified.

The%ﬁ‘%‘;:;emgfgnﬁ?ng on surviving children is not well under-
stood. One studyTO3 has reported almost a two-fold increase in the incidence
of congenital heart disease in the infants of mothers who smoke. British

104,108

studies of large population groups h;ve found highly significant

differences in reading attainment at seven years of age between the children

106

of mothers who smoked and those who did not. A follow-up study of these

children at 11 years of age found several months retardation in general
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ability, reading, and mathematics between the children of mothers who
smoked (0.5 pack of cigarettes or more per day; average COHb levels,
though not reported, may have been 3 to 4 percent or more) and those
who did not. While the fact that cigaretta smoke contains substances
other than CQ pravents a direct application of the results of thesa
studies in setting the CO standard, the studies do suggest the need for
caution in protecting unborn children from such potentially deletarious
effects of CQ exposure.

C. Posulation Groups Most Sensitive to Low Lavels of CO

On the basis of the previous section's description of the principal
adverse effects associated with lTow levels of CO exposure, we have concluded
that the following groups may be particularly sensitive to exposures of CO0:
angina patients, individuals with other types of cardiovascular disease, per-
sons with chronic obstructive pulmonary disease, anemic individuals, fetuses,
and pregnant women. While there is no evidence in the criteria document
that healthy children are particularly sensitive to CJ, concern exists that
they may also be at increased risk to CO exposure because of the increased
oxygen requirements that resylt from their higher metabolism ratas.

In our judgment, the available health effects data identify per-
sons with angina and those with other types of cardiovascular disease as the
groups at greatast risk from low-level, ambient exposures to CO. Aggrava-
tion of angina has been convincingly demonstratad to occcur at COHb levels

(about 2.5=3 percent)13’14

which are lower than those associatad with any
other measurable adverse affect of CO exposure. The low thrashold to

CO effects results from the fact that the angina condition is due t2 an
insufficient oxygen supply to cardiac tissue, so that such persons have an
inadequate reserve capacity and an impaired ability to compensata for

the effects of CO.
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The second group of prime concern consists of individuals suffering
from other cardiovascular diseases, such as peripheral vascular disease.
While much less information is available concerning the effects of CO on
this group, one clinical study has shown significantly decreased exercise
time to onset of leg pain at COHb levels of about 2.8% for persons with
peripheral vascular disease.18

A wide Qariation exists in the estimates of the number of persons
who have angina and other types of cardiovascular disease. It has been

107

estimated that 2.1% of the population has stable angina, while

some cardiologists believe the total number of angina patients may range

up to 25% of the national popu]ation.108

The U.S. National Health Survey
Examination reported that of the population aged 18 to 79 years, 3.1 million
persons have definite heart disease and another 2.4 million are suspected

to have heart disease¢109 Another National Health Survey estimated that 12% of
the population has arteriosclerotic disease.no In addition, data from
autopsies has indicated that nearly 25% of persons dying from coronary

disease have had no prior recognized symptoms of heart disease.11]

On the basis of the available effects data, we are focusing on
angina patients and those with other types of cardiovascular disease as
the most sensitive groups. Qther groups such as fetuses, anemics, and
persons with chronic obstructive pulmonary disease can reasonably be
projected to be affected at CO levels possible in ambient air exposures.
Because of the lack of human data for these groups, however, the potential
effects on such persons will be considered in determining the margin of

safety for the CO standard.
D. Critical COHb Levels

Table 1 provides a summary of the key health effects studies
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TABLE 1
ESTIMATED HEALTH EFFECTS LEVELS FOR CARBON MONOXIDE EXPOSURE

COHb conceg-

Effects tration, % Refarencas
Passive smoking aggravatas 1.8«2.3 17. Aronow, 1978
angina pectoris
Decreased exercisa capacity 2.5-3.0 13. Anderson et al., 1973
in patients with angina pec- 14, Aronow and Isbell, 1973
toris, intarmittant claudica- 18. Aronow at al., 1974
tion, or peripheral artaeric-
sclerosis
Impairment of vigilance tasks 3.0-7.6 35. Horvath et al., 1971
in healthy experimental subjects 33. Groll-Knapp et al., 1972
32. Fodor and Winneka, 1972
Decreased exercise performance 3.0-4.9 74. Aronow and Cassidy, 1975
in normal persens and in 77. Argnow at al., 1977
patients with chronic obstructive
pulmenary disease
Increased angina attacks for 3.8-8.0Q 16. Arunow et al., 1972
freeway travel
Changes in heart functioning 3.9 131. Aronow et al., 1974
and possible impairment
Linear relationship between CQHb 5-20 67. Exblem and Huot, 1972
and decreasing maximal oxygen 73. Horvath, 197S
consumption during strenuous 70. Dahms et al., 1975
exarcise in young healthy men 75. Seppanen, 1977
Statistically significant diminy- 5«17 45. Bender, et al., 1971
tion of visual perception, manual 46, Schulte, 1973
dexterity, ability to learn, or 47. Q'Ocnnell et al., 1971
performance inm complex sensorimotor 48. McFarland, 1973
tasks (such as driving) 41. Putz et al., 1976
30. Salvatore, 1974
83. Wright et al., 1973
55. Rockwell and Weir, 1975
58. Rummo and Sarlanis, 1974

4The physiologic norm (i.a., COHb levels resulting from
breakdown af hemaglobin and other heme-containing m
estimated to be in the range of 0.3 to 0.7 percent.

the normal metabolic

gterials) has been
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reporting effects due to elevated blood COHb levels. While the table in-
cludes studies reporting effects in three of the basic categories described
earlier, the selection of a critical COHb level will be based primarily on
the cardiovascular effect category, as discussed previously.

The present NAAQS for CO is not based on the cardiovascular effect

category but on central nervous system effects. The Federal Register
112

notice promulgating the existing standard identified 2 percent as

the critical COHb level on the basis of a study by Beard and Wertheim]13
which reported an impairment in discrimination of time intervals in sub-
jects having estimated COHb levels of 2 to 3 percent. The revised criteria

document states]14

that considerable questions. have been rajsed as to the
validity of these observations and points out that attempts to replicate
these findings have been less than satisfactory.47’1]5']18 As stated
previously, we have concluded that other central nervous system effects,
j.e. vigilance and visual function decrements, may occur in the range of
4 to 6 percent COHb.

In selecting a standard level, we propose to identify a critical
COHb blood concentration which we judge to represent most accurately
the lowest concentration that credible studies have convincing-
ly associated with human health effects of concern for sensitive persons.
This element of the standard-setting rationale does not include margin of
safety considerations, and does not reflect those uncertainties in
the medical evidence which must eventually be considered in the margin of
safety for the standard.

Selection of the critical COHb blood Tevel is a key element in the

standard decision and has a direct effect on the final standard level.
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Based on medical evidence presentad in the criteria document and summarized
in Table 1, it appears that two basic options exist regarding the appropri-
ate COHb levels. These options include:

(1) a COHb level in the range of 2.5 - 3.0 percent or,

(2) a COHb level of approximately 1.8 percent.
Salection between these options is primarily a function of the weight placed
on various studies reperting affects and related COHb concentrations. The
revisad critaria document appears tg endorse a range of 2.5 t0 3 percent:
"It still seems safe to conclude that cardiovascular effects can be
demonstratad with CO exposures as low as...(15-18 ppm CO for an

8-hour exposure; 2.5 - 3.0 percent COHb)“.ng

Twa studies”’14

have raported that aggravation of angina pectoris
resyltad from CO exposures sufficient ts produce COHb lavels in the range
of 2.5 to 3 percent. These studies reported 2 decreasa in the amount of
exercise requiresd to inducs angina attacks. As statad eariier, we consider
this effect to be serious because it may result in heart damage.

A lower COHb level might be salectad if more weight were given to
the 1978 Aronow passive smoking stndy.17 This study suggests that a
COHb Tevel of approximataly 1.8 percant is the pgint where aggravation of
angina starts to occur in angina patients. The criteria document does include
a cautionary statement regarding intarpretaticn of this study because
"“ft is possible that in addition to carbon monoxide and nicotine, ather
components of tobacco smoka, including oxides-of nitrogen and hydraogen
cyanide, and possibly psychological factors, may have contributad to the

decreasa in axarcise performance“.Tzo
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The Clean Air Scientific Advisory Committee (CASAC) debated this issue 2!

and characterized the situation as one where there was a preponderance of
evidence to support a COHb value of approximately 2.5 to 3 percent and
that one new study (Aronow, 1978) reported effects at approximately 1.8
ppm. The issue is essentially whether the 1978 Aronow study should form
the basis for selecting a critical COHb level of about 1.8 percent or
whether that study should receive less weight and a COHb level of 2.5
percent be selected as a critical value. If the higher COHb level is
selected, the 1978 Aronow study would be considered in selecting an
adequate margin of safety in the final air quality standards.

E. CO Exposure and Resulting COHb Levels

The primary factors determining the final level of COHb in individuals
are inspired CO concentrations, alveolar ventilation rates (which depend on
the level of exercise), endogenous CO production, red cell volume in the
bTood, barometric pressure, and the relative diffusive capability of the
lungs. For tobacco smokers, the primary source of CO and the resulting

122

COHb levels is from the intake of tobacco smoke. In the following

discussion on the uptake of CO by individuals, smokers have not been
considered since "smokers generally are excreting CO into the air rather

than inhaling it from the ambient environment.“]zz

An approximate relationship between CO exposures and equilibrium

COHb levels was stated by Haldane and co-workers]24

in 1912. The Haldane
equation shows that the ratic of the concentrations of COHb and oxyhemo-
globin (Osz) is proportional to the ratio of the partial pressures of CO

and oxygen. For practical purposes, the Haldane equation can be used to
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estimate the level of COHb achieved at aquilibrium upon exposure to various
concentrations of CO from the ambient environment.

The time required to reach equilibrium is influencad by a number of
factors, the most important for normal individuals being the lavel of
gxarcise as measured by the alveolar ventilation rata (VA)' At Tow lavels
of activity (resting, VA 2 5«10 L/min) approximately 8-12 hours are needed
to achieve equilibrium. For a moderate walk (3 miles per hour, VA = 20 L/min),
the equilibrium level of COHb may be reached in half that time, or around
4-6 hours.

The Haldane equation cannot be used to predict COHb lavels that are
achieved prior to equilibrium.  The non-equilibrium levels of COHb are
required to evaluata the COHb levels associated with altarnative 1- and 8-nour
average standard levels for CQ. Thus, we must rely on an alternative model
or equation to cbtain information on COHb levels resulting from short-tarm CQ
expaosures.

Coburm et a1.122 have developed an equation which permits the calcu-
lation of COHb concentration as a function of time, considering appropriate

physiological parameters. Paterson and Stewarths

have reportad excallent
correlation between COHb values measured in both male and female subjects
and those predicted by the Coburn equation. In addition, at levels of
exercise sufficient to increase alveolar ventilation up to 2.5 times

above resting Tevels, they measured COHb Tevels that were consistent with

the theoretical values obtained by use of the Coburn equation. While further
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experimental verification is needed to demonstrate that the Coburn equation
accurately predicts uptake and excretion of CO under a variety of conditions,
it is the best tool available for estimating the COHb levels that will result
from short-term (1- to 8-hour exposures to ambient CO concentrations.

Table 2 shows the relationship for non-smokers between percent COHb
and various exposures of CO as estimated by the Coburn and Haldane equations.
A moderate level of exercise, equivalent to a 3 miles-per-hour walk, has
been selected as a reasonable estimate of the maximum exercise level achieved
by mest individuals with-angina or cardiovascular heart disease. These
estimates would indicate that CO concentrations at the current standard could
Tead to COHb levels of about 2.1 and 1.5 percent for the 1-hour (35 ppm) and
8-hour (9 ppm) averages, respectively. For resting individuals, the
current 1- and 8-hour standards are reasonably consistent in that both are
expected to result in COHb levels of about 1.4 to 1.6 percent.

The impact of exercise level on rates of COHb accumulation is most
apparent for shorter duration exposures. As illustrated in Table 2,
very little difference exists in the COHb levels for resting and
moderataly exercising persons for 8=hour exposures to CO concentrations
near the current standard level. Consequently, assumptions regarding
exercise levels at the 8-hour averaging time are not as critical in

estimating COHb levels as for the 1-hour averaging time.
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TABLE 2 ‘
PERCENT COHb AS A FUNCTION QF CO EXPOSURE
% COHb Based on Coburn Equation® % COHb at
Equilibrium
Based on
Haldane
co Exposure Time (Hours) Equation
1 2 4 8
Resting Moderata Resting Moderata Resting WModerata Resting Moderate
Exarcisa Exercise Exarecise Exercise
5.0 0.6 0.6 Q.7 0.7 0.8 0.8 0.9 0.9 0.9
9.0 0.7 Q.8 Q.9 1.0 1.2 1.3 1.4 1.8 1.6
15.0 1.0 1.1 1.3 1.5 1.8 2.0 2.2 2.4 -
20.0 1.1 1.4 1.6 2.0 2.3 2.6 2.9 3.1 3.5
25.0 1.3 1.8 1.9 2.4 2.8 3.2 3.6 3.8 -
35.0 1.8 2.1 2.5 3.2 3.8 4.5 4.9 5.3 -
0.0 2.2 2.9 3.5 4.5 5.2 6.3 7.0 7.6 8.2

qrssumed conditions: Alveolar ventilation rates: resting = 10 L/min,
moderata exarcise = 20 L/min (equivalent to 3
mph walk on level ground or light industry or housawork);
hemoaglobin = 15 g/700 mL (normal); altitude = saa level;
andogenous COHb level = (.5 percent.
Accumulation ratss and relatad COHb levels could be higher than
indicated in Table 2 for individuals with anemia, pregnant women, fetuses,
and individuals taking cartain types of medication or drugs. For axample,
becausa of their reduced hemoglobin (Hb) levels, anemic individuals approach
equilibrium levels of COHb more rapidly than these with normal Hb Tevels,
and consequently attain a higher COHb lavel for a given exposure to CO. The
Coburn equation predicts that for moderataly axercising individuals, exposure
to 35 ppm CQ for 1 hour would result in 3.3 percent CCHb in a person with
severe anemia (Mb = 7 g/700 mL), compared o an anticipated lavel of 2.1

percant for normal individuals. The precading calculations are based
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on persons with a normal endogenous COHb level (0.5 percent); however,
persons with hemolytic anemias may attain even higher COHb levels for a
given exogenous CO exposure due to their significantly (2- to 9-fold)
increased endogenous CO pr'oduc:t'ion.]zs’]27
Table 2 portrays the COHb levels that may be achieved upon exposure
to various CO concentrations for 1 or more hours. Exposure to much
higher CO concentrations (50-200 ppm) for very short periods of time
(1-60 minutes) may also result in significant localized COHb blood levels
(bolus effect). For instance, moderately exercising individuals exposed
to 50 ppm CO for 40 minutes or 200 ppm for 10 minutes may reach COHb
levels in excess of 2.5 percent. These unusually high levels of CO may

result from any of the following scenam'os:128

(1) in heavy traffic

that has come to a halt, the ambient CO Tevel may exceed 40-50 ppm; (2)
inside a closed auto where cigarettes are being smoked, CO concentrations
may exceed 87 ppm; (3) in enclosed, unventilated garages, CO Tevels in
excess of 100 ppm have been found; (4) in a heavily-traveled vehicular
tunnel, a 1-hour maximum of 218 ppm CO was recorded; and (5) for certain
occupational exposures, such as those encountered by firefighters,

foundry workers, miners, toll collectors, and taxi drivers, CO concentrations

of 200 ppm for short periods and 60 ppm for 8 hours have been reported.
F. Other Aspects of the CO Standard

Selection of the averaging time, form of the standard, and allowed
number of exceedances are all key elements in the standard decision and
have a direct effect on the required level of control. The NAAQS for CO
is presently 9 ppm and 35 ppm for 8-hour and 1-hour averaging times, res-

pectively, not to be exceeded more than once per year.
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The original 8-hour averaging time was selectad primarily because
most individuals achieve equilibrium or near-equilibrium levels of CQOHb
after‘B hours of expasure. As mentioned previocusiy, approximataly 4-12
hours are required to achieve an equilibrium level of COMb upon con-
tinuous exposure to CO0. The time to reach equilibrium is influenced pri-
marily by the exercise lavel of the individual, with shorter times required
for greatar exercisa. Ancther basis for the 3-hour averaging time is that
most people ars exposed in approximately 8-hour blocks of time (e.g.,
work, sleep). With respect to the l-hour averaging time, the health
effects rationale is now stronger than in 1971. Aronow has conducted

saveral studies‘4’17’13‘77

which have reportad health affects for
persons with cardiavascular diseasea or chronic abstructive pulmonary
disease after 1- to 2-nr exposures. In light of the abave considerations
we saas no need to change the current l-hour and 8-hour averaging timas
for the CO NAAGS.

As was notad in the preceding section, short-tarm (1-60 minute)
peak CO concantrations (50-200 spm) that have been observed in ambient
situations may result in COHb levels of concarm due to the bolus effect.
However, analysas of existing air quality data suggest that attainment of a
Tonger averaging time standard will 1imit the magnitude of short-tarm
peak concentrations. For example, air quality data obtained in 1974-1976
at a sita in Los Angeles that is 6 metars (m) high and 3 m from the curb
of a highway bearing an average traffic load of 25,000 vehicles per day

were analyzed to determine for varicus averaging times the peak concentra-
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tions that would be expected if the present NAAQS were just attained. The
maximum values observed were 46 and 30 ppm for 1- and 8-hour averaging
times. Using a 2-parameter averaging time model,]28a we have calculated
that attainment of the 8-hour standard would result in peak 5- and 10-
minute concentrations of 36 and 29 ppm, respectively. Although this

site might not represent the worst possible situation, this analysis

does seem to indicate that attainment of longer averaging time standards
would tend to 1imit short-term peaks.

No decision has been reached on a recommendation regarding the need
for, or nature of, any modification of the standard. However, in the
event that a recommendation were made to retain the current 8-hour standard
Tevel, a question would remain as to the appropriateness of retaining the
current 1-hour standard level. As indicated by the CQOHb levels anticipated
for moderately exercising individuals for the current 1- and 8-hour standard
levels, arguments could be made for some change in the l-hour standard level.
On the other hand, a case could be made for leaving the standard essentially
unchanged on the basis that attainment of the existing 9 ppm 8-hour
standard level also protects against shorter averaging times of concern.

The latter choice might be attractive because it would 1imit disruptions
in the existing air quality management program without any apparent
health 1iabilities.

The current CO standard has a deterministic form, allowing only one
exceedance per year. This deterministic approach has several limitations,
one of which is that it does not adequately Fake into account the random
nature of meteorological variations. The original purpose of permitting a
single exceedance was to allow for unique meteorological conditions that

were not representative of air quality problems in a given area. However,
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since the present form of the standard specifies, in effect, that there be
zero probability that the second-highest concentration measured in a year
exceed the standard level, it does not achieve this purpose because when

a single excsedancea of the standard is permittad, a definite possibility
exists that a second or third exceedanca will alse occur. The only way

to be certain that subsequent exceedances will not occur is to permit no
initial exceedancas of the standard. The limitation of the current
detarministic form means that complianca with the standard, and consaquently
poliutant emission control requirements, would be detarmined on the

basis of excaedingly rare weather conditions. These are the same arguments
that promptad EPA to change the ozone standard from a detarministic to a
statistical form.m9 Because of these arguments, we believe that the CO
standard also should be statad in a statistical form. This weuld mean

that the allowable number of excsedances of the standard would be expressed
as an average ar expectad number per year, The emission reductions to

be achieved in the required control impiementation program would be

based on a statistical analysis of monitoring data over the precading 3-
year period.

We are also considering changing the form of the CJ standard to per-
mit one calendar day in which the T-hour standard could be axceeded. No
health affects rationale exists to support such a change; however, as in
the case of the ozone standard revision, this form of the standard has
saveral advantages, such as (1) requiring Te§s intaroretation of data in
calculating attaimment or non-attainment and (2) achieving greatar stability
in the design statistics needed for control strategy development. We are
still studying altarnative forms for the 8-hour standard before making a

decision on now to handle the problem of overlapping or running averages.
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V. FACTORS TO BE CONSIDERED IN SELECTING A MARGIN OF.SAFETY AND A
STANDARD LEVEL

Selecting an ambient air quality standard with an adequate margin
of safety requires that the Administrator consider and account for
uncertainties in the health effects evidence in arriving at the standard.
In the case of CO, these effects are principally associated with the
evidence leading to a critical COHb level and with the relationship
between ambient CO exposures and the resultant COHb levels in selected
population groups under various environmental conditions and levels of
stress. These factors include: (1) the relevance of the 1978 Aronow
study, (2) the implications for humans from animal study findings, (3) the
predictability of the relationship between ambient CO concentrations and
elevated COHb levels, (4) the altitude effect, (5) the increased risk of
adverse effects in persons with anemia, and (6) the bolus effect.

A. Role of the 1978 Aronow Study in Selecting a Critical COHb Level

The preponderance of evidence indicates that adverse effects in angina
patients are associated with COHb Tlevels in the range of 2.5 - 3.0 percent.
The 1978 Aronow study (previously discussed) is an exception and suggests
that effects can occur in angina patients at COHb levels of approximately
1.8 percent. If this study is given full weiéht and is interpreted as
showing adverse effects down to COHb levels of 1.8 percent, a more
stringent 1-hour standard must be considered. Such a standard would
need to protect against COHb levels below 1.8 percent in order to provide .
an adequate margin of safety.

The fact that the 1978 Aronow study has not been replicated, as well
as the possibility that effects may have been enhanced by exposure to
toxic agents other than CO, argues for giving this study less weight

in selecting the final air quality standard. In that case, 2.5 - 3.0 percent

would be considered the critical COHb level and the 1978 Aronow study
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would serve as an element for consideration in selecting an adequate
margin of safety but nat in identifying the specific critical COHb level.
8. Animal Studies

A1thoﬁgh the findings of animal studies currently cannot be
extrapolated directly to identify a CO or COHb concaentration that will
cause an effect in man, much of the evidence compiled from animal studies tends
to reinforca the findings obtained in human studies. One important area of
concern still exists, however, where little human data are available. This
evidence relateas primarily to animal studies showing that the developing
fetus is exposed to COHb concantrations considerably higher than the
pregnant mother for long-tarm CO exposures. Because the COHb lavels
may well be elevataed in the fetus, and because the fetus is probably more
susceptible to the adverse impacts of impaired oxygen delivery, findings
from these animal studies denote a need for caution in assessing possible
human effects and in establishing an adequata margin of safety for the
. standard. Even moderata CQ axposures may have a harmful effect on fetal
develgpment, as has been suggestad in studies of smoking mothers.

C. Uncertainty Reqarding the Relationship Setween Ambient CO

Exposure and Resulting COHb Lavels

No simple model is available that can provide 2 foolproof method of
predicting COHb levels that resylt from alternative CO exposure concentra-
tions and pattarns. Not only do we lack a perfect model to provide this
information, but numerous confounding factors? such as altitude, smoking
habits, exercise levels, and individual health status, mﬁke the task even
more difficult. While projections must be made of ambient CQ concentra-

tions that could produée critical COHb levels, the uncartainty in thesa

projections must be accounted for in the margin of safety.
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0. Altitude

Hypoxemia can occur at higher altitudes due to the reduced oxygen
pressure in the atmosphere; in addition, altitude can increase the rate
of accumulation of COHb in the blood. However, normal residents of
high-altitude locations appear to have adjusted to the elevation and do
not seem to exhibit an interaction between the effects of altitude and

co exposures.]30

Still of concern are impaired visitors from

Tower altitude locations who may be adversely affected by altitude
hypoxemia and by CQHb concgntrations which are higﬁer than those reached
at lower elevations for the same ambient CO concentration. The possible
adverse effect on impaired visitors to high-altitude areas should be
considered in selecting an adequate margin of safety for the CO standard.

E. Individuals with Anemia

Little quantitative data are available on the COHb concentrations
that result in anemic individuals for CO exposures near or below the
current standards. The Coburn equation predicts little difference in the
final COHb level achieved.by anemics and normal individuals for 8-hdur
exposures to 10 ppm, but a more significant difference for shorter-term
exposures at higher concentrations. For example, persons with severe
anemia (Hb = 7 g/100 mL) who are moderately exercising and are exposed
to 35 ppm CO for 1 hour may reach 3.3 percent COHb, compared to an
anticipated level of 2.1 percent for normal individuals. In addition to
their more rapid equilibration with a given exogenaus CO exposure, persons
with hemolytic anemia m;y be expected to attain even higher COHb levels

due to their higher initial COHb values (due to increased endogenous CO
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production). While dietary anemia is no longer as widespread a diseasa
as it was some years age, anemias resulting from varicus pathological
conditions are still major health problems and Tow levels of CO exposufe
could pose a health threat to such groups. Anemic individuals who also
suffer from angina or who are pregnant would seem to be particularly
high=-risk categorias. However, since very little data exist regarding
the effects of CO exposure on anemic individuals, we must base our
assessment of the critical COHb level on the available evidence for persons
with angina and other cardiovascular diseasas, in whom the lowest CO
effect level has been observed. Nevertheless, the increased risk for
anemics, and other individuals whose uptake of CQ is greatar, should be
considered in determining an adequat2 margin of safety.

F. Smokers

Little or no evidence exists that would suggest the need for a more
restrictive national ambient air quality standard to protact smokers
from 2 possible incremental COHb burden from the air. In fact, even in
a pristine environment, smokars will have COHb levels ranging frem 2
to 17 percent. Furthermors, the existing avidencs Qﬁggests that cigaretia
smokers axposed to an enviromment where CO is at the ambient standard
level are generally excreting more CO into the air than they are inhaling
from that environment. While these individuals are at a definite risk
from acceleratad incidenca of heart and relatad disease, these risks are
principally associated with cigarette smoking and not with incremental
CO Tevels at or near the standard.

3. Bolus Effect

A factor that should be considersd in selecting an adequate margin

of safety is the uncartainty relating to adverse health impacts from
short dyration (5-10 minutas) high-level CO exposures. While the data
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base is incomplete regarding the mechanism or effect of the peak short-
term exposures, the criteria document and the CASAC have underlined the
potential seriousness of CO delivered to the body in this manner. The
consequence may well be adverse effects separate and, perhaps, more
intense than those associated with elevated COHb concentrations, a
phenomenon referred to as the bolus effect. While this factor should be
a consideration in establishing an adequate margin of safety for the
standard, axisting air quality data does indicate that attéinment of a
longer averaging time standard will limit the magnitude of short-term
peak concentrations, as discussed previously. Consequently, the bolus
effect, while of concern in selecting a margin of safety, does not

appear to be an over-riding consideration in the final standard decision.
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