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FOREh'ORD

This doctment has been prepared pursuant to Section 108(c) of the
Cìean Air Act, as anended, vhich reguires that the Aùinistrator fron
time to tine review and, as appropriate, nodify and reissue criterÍa
issued pursuant to Section 108(a). Air quality criteria are reguired by
Section f08(a) to refìect accurately the latest scientific infonnation
useful in indicating the kind and extent of all identifiable effects on
pubìic heaìth and welfare that nay be expected fro¡r the presence, in
varyìng quantities, of a poìlutant in the ¡mbient air.

The original criteria document for carbon ¡ronoxide was issued
in 1970. Since that tine new infornation has been developed, and this
document represents the modification and reissuance of the air gua'lity
criteria for carbon ¡onoxide.

The regu'latory purpose of these criteria is to serve as the basis for
nationaì a¡nbient air guality standards proouìgated by the Administrator
under Section 109 of ttre Clean Air Act, as amnded. Accordingly, as
provided by Section 109(d), the Adnrinlstrator has reviewed the national
ambient air guality standards for carbon ¡nonoxide based on these revised
criteria and is proposing appropriate action with respect to those
standards concurrently with the issuance of thÍs docu¡¡ent.

The Agency is pìeased to acknowledge the efforts of aìì persons and
groups who have contributed, as participating åuthors or reviewers, to this
document. In the last analysis, houever, the Environmental Protection Agency
ìs responsible for its content.

Doucl¡s tt. cosTLE
Admi nistrator
U.S. Environnental Protection Agency
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PREFACE

This docunent consolidates and assesses current knowìedge regarding the
sources of carbon oonoxide emissions and the effects they produce on heaìth'
vegetation, and naterials.- 

The siudies and data cited constitute the best available basis for specific
standards aimed at protecting human heaìth and the environnent from carbon
monoxid€ (C0) in anbient air. Various natural processes such as forest fires,
oxidation of atnospheric methane, and biological activities naintain a C0

background concentiation of about 0.05 mglrn" (0.04a ppa). Additionaì C0 from
ur¡añ anC industrial sources increases giobal concentrations to apProxinate{V
0.2 mg,/rnr (0.18 ppnr) in the northern helnisptrere and approxinately 0.05 mgln-
(0.05-ppn) in thb'southern hemisphere. lJithin heavily populated areas-such as

Ëities,'múch higher concentratio-ns of C0 are found as a result sf the local
conbustion of fossi'l fueìs.

Carbon monoxide is a normaì constituent of plants, which both metabolize
and produce C0. It has been shown that adverse effects of C0 on pìants and-
varibus nicroorganisms require reìatively high levels, which.are considerably
greater than thõse requirdd for adverse health effects in aninals and hu¡nans.

In nanmals, endogenous sources of C0 fron netabolic activities result in
levels of blood carboiyhenogìobin (CQHb) of about 0.5 percent. Inhalation of
C0 fron the ambient aii nay-increase COHþ to toxic levels because of the
greater affìnity of hemogtóbin for C0 than for oxygen. - Thus, a lowered oxygen
ðoncentration iã ¡lood añd tissues is created. Reductions in the oxyge!
content of blood caused by 5 to 10 percent COHb nay be critical for.patients
suffering fron cardiovasci¡lar diseabes or chronic obstructive,ìung disease.

Expãrimentaì animal studies have indicated deìeterìous effects of C0

upon thi central nervous and cardiovascuìar systems. Adverse behavioraì and

cäntral nervous system effects have been demonstrated at ìevels of 12 to 20

percent C0Hb, whiie adverse cardiovascuìar effects have been de¡nonstrated at
Ievels as low as 4 to 7 percent C0Hb. - . I

The exposure of humins to concentrations of C0 as lou as 17 to 21 ng/n-
(15 to 1g pþm) for eight hours, resulting in 2.5 to 3.0 percent-CQflb,-adverSeìy
àftects caiäiãvasculai systems. Carbon lpnoxide exPosures of 29 to 34 mglm-
(25 to 30 ppm) for I hours, resuìting in C0Hb levels of 4 to 6 percent'
have been shown to affect the central nervous systems of humans.
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ABSTRACT

This docu¡nent is an evaluation and assess¡¡ent of scientific infornation
relative to determining the heatth and welfare effects associated with exposure
to various concentrations of carbon nonoxide in arùient air. The documenl is
not intended as a complete, detaiìed ìiterature reviev. It does not cite
every published article reìating to carbon nonoxide and its effects in the
environ¡nent. The literature through 1.978 has been reviened thoroughly for
infsrn¡ation relative to criteria. The najor gaps in our current knõwlêdge,
relative to criteria, have been identified. -

Though ttn enphasis Ís on the presentation of data on health and yelfare
effects, other scientific data are presented and evaluated in order to provide
a better un&rstanding of the pollutants in the envlronment. To this end,
seperate chapters concerning the properties and principles of fornntion,
enissions, analytical nethods of rneasurement, obsérved-ambient concentrations,
the globaì cycìe, effects on vegetation and microorganísns, namnalian ¡¡etabo-
lism, effects on experinentaì aninnls, and effects ón humans are included.
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1. SIJI,il,IARY AND CONCLUSIOTIS

INTRODUCTION

Section 109(d) of the Cìean Air Act, as anended, requires a thorough review of the air
quaìity criteria for carbon monoxide (C0) by Decenber 31, 1980, and at five-year intervaìs
thereafter. The Administrator of the Environnental Protection Agency (EPA) is required to
make such revisions of the criteria as may be appropriate. In addition, the Adrninistrator may

fro¡r time to time review and, where appropriate, nodify the criteria under the authority of
Section 108(c).

This doct¡nent is designed to evaluate the scientific infornation that will fonn the basis
for the National Ambient Air Quality Standard (Ì*AAQS) for C0. ltajor questions addressed in
this document, which covers nevú research pubtished since the original C0 criteria document was

issued, include the foìlowing:
(1) At what level of C0 exposure do adverse health effects occur?
(2) lJhat are the najor heaìth effects from exposure to C0?

(3) What are the special groups at risk to C0 exposure?

(4) Llhat are the major sou¡ces of C0 exposurc?
(5) Are there additive effects from C0 exposure in. combination with other poììutants and

drugs, or at high altitudes?
(6) 0o present nronitoring methods adequately reflect human exposure to C0?

(7) blhat are the global effects of increased emissions of C0 to the atrnosphere?

PROPERTIES ANO PRII{CIPLES OF FORI,IATION OF CARBOI{ I'il}NOXIDE

Natural processes such as forest fires, ßethane oxidation, and bioìogìcaì activity main-
2

tain a C0 background concentration of about 0.05 mglm- (0.044 ppn). Gìobaì atnospheric mixing

of C0 from urban and industrial sources creetes ìevels of about 0.2n1/n'(0.18 ppm) in the
northern hemisphere and about 0.06 mglnr3 (0.05 ppm) in the southem hemisphere. tluch higher
'levels exist in cities as a result of ìocal conbustion of fossiì fuels.

0n the average, nearly 85 percent of the C0 in urban atnospheres is due to mobile
sources. Carbon monoxide emissions from internal combustion engines can be reduced by

improving the efficiency of combustion by changing desígns and operating conditions, or by

using catalytic reactors in the exhaust gas strean to oxidize C0 to carbon dioxide (C02). The

measurement of C0 in effluent gas ïs used to indicate the proper and efficient operation of any

combustion process. The reactions of C0 with oxygen (02), ozone (03), and nitrogen dioxide
(NOr) are reìatively sìow, but the rapìd oxidation of C0 by 0H radicals is an important factor
affecting its abundance in the atmosphere.

ESTII.IATION 0F CARB0N M0N0XIDE El,lISSIOllS FROll TECHN0L0GICAL SOURCES

Nationwide, the estimated annual en¡ission of C0 from nan-made sources in the U.S. rose

from 102 milìion metric tons in 1970 to 104 in 1972. C0 emissions declined to 97 million
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metric tons in 1975 and jncreased to 103 million metric tons in 1977. As of 1977, nighway

vehicìes contributed 75.2 percent of the total emissions, non-hiohway transportation 8.2
Dercent, and industnial processes 8.1 percent. Miscelìaneous conbustion (agricuìturaì burning,
forest fires, structural fires, etc.) accounted for 4.g percent, solid waste combustion 2.5
percent, and heat and eìectrjc pover generation 1.2 percent of the totaì C0 emissions.

Future emissions will depend on trends in vehicle use, the effectiveness of poìlutjcn
control devices on automobiìes, and the efficiency of,vehicìe operation. Eased on estimates
of the growth rate of vehicle use and the increased control of poììution, total C0 emissions
from autonobiles in the U.S. are expected to decline after 1979. However, thjs forecast
depends on trends that may change as a result of increased fueì prices, traffic fìow improve-

ments, conversion to alternate fuels, and maintenance of pollution controì equipment.
ANALYTTCAL I,IETHODS

The EPA-approved nethod for measuring C0 levels in anbient air utilizes non-dispersive
infrared photometry (NDIR). NDIR is based on the characteristic absorption of infrared radja-
t'ion by C0. The NDIR continuous nonitoring systens are sensitive over a wide range of concen-

trations and have short response tines. Because tlre systens are adversely affected by vibra-
tion or shock, they are unsuitable for mobile use.

The operating range of NDIR systems is up to 50 pprn C0. Very ìow back-ground levels of
atmospheric C0 can be measured by highìy sensitive instrrments, such as a gas chromatograph

fitted with a flame ionization detector. Relativeìy high levels,.ler example, in parking
garages, can be measured by the cata'lytic oxidation of C0 neasured by an electrochenricaì or a

temperature-rise sensor depending on need for accuracy of results.
Bìood carboxyhemoglobin (C0Hb) ìeveìs, which are a good index of C0 exposure, can be

measured by severaì techniques. These include spectrophotoantry, gas chromatography or I{DIR.

Exhaled air also reflects the C0 content of the blood if the air sanple is collected under

specia'l conditions.
CAREON I.IONOXIDE CONCENTRATIONS IN AI.IB¡ENT AIR

The seìection of ¡ronitoring sites is critical for the accurate assessment of C0 exposure.
Site selection depends on whether the monitoring program is designed for nicroscale, Deso-

scale, or nacroscale air pollution regimes. For instance, the microscale regime shouìd
include rronitoring sites aìong urban roadways, which have high C0 concentrations.

Since 1962, continuous Air Èlonitoring Program (CAl.lP) stations haye been operaterl by the
Federal government at dovntown sites in some major cities. Current measurements of C0 levels
are reported guarterìy to the EPA by locaì, state, and Federaì agencies. Californja, with 59

sites, has been the major contributor to the national C0 data base. ileasurements of C0 ìevels
disclose that the NAAQS are often exceeded, especiaìly near major streets in urban areas. In
1977, 271 out of 456 monitors showed at ìeast one 8-hour HAAQS vioìat.ion, but only 11 showed

1-hour NAAQS vioìations.
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Concentrations of C0 vary with time, season, and geographic ìocation. These variations
often folìow predictable trends. In most cities, C0 levels peak from 7:00 to 9:00 a.m.,4:00
to 7:00 p.m., and 10:00 p.m. to midnight. The first tso peaks arise from autonobile traffic
coupled with neteorologicaì conditions. ïhe midnight peak can be prinarily attributed to caìm

wind conditions, which resuìt in a reduced dispersion of C0 emissions. The highest C0 ìeveìs
tend to occur in the faì l and winter.

The dispersion of C0 emissions is affected by wind speed, wind direction, atmospheric

stability, verticaì mixing height, and ambient tenperature. In addition,. this dispersion is
affected by topographic features such as mountains and buildings.

l.lathematical models have been proposed to describe C0 transport, dispersion, and chemicaì

transformations jn the atnosphere. These models can be.used to predict air quaìity C0 levels
on the basis of the chanacteristics of the emission sources plus meteoroìogic and topographic
factors.

The folìowing scenarios nay result from exposure to unusu-ally high ambient leveìs of C0.

(1) 0n a bìg city freeway where traffic has cone to a halt, the ambient C0 'level may exceed
I

50 nrglm'(aa ppm). (2) Inside a c'losed automobile where cigarettes are being smoked, C0 con-

centrations nay exceed 100 mgln3 (87 ppm). (3) In enclosed, unventilated garages, C0 levels
2in excess of 115 rng,/m' (100 ppn) have been found. (4) In a heavily traveled vehicuìar

tunneì, a l-hour naximum of 250 nglnr3 (e$ ppm) C0 was recorded. (5) And for certain
occupational exposures, such as those encountered by fire fÍghters and some foundry workers

and miners, high C0 leveìs have been reported.
THE GLOBAL CYCLE OF CAREO}I I.IONOXIOE

Much of the current discussion about the global cycle of atmospheric C0 centers on the

relative importance of the role of anthropogenic activity in the formuìation of the globaì C0

budget. Prior to 1970, nearly alì C0 enissions were thought to originate from combustion pro-

cesses. However, in the early 1970s specu'lation evoìved that a significant natural source of
C0 existed from the oxidation of ¡¡ethane in the unpolluted troposphere. Early estimates of
the source strength of C0 from nethane oxidation indicated that this source was approximate'ly

ten tines greater than nan's input of C0 into the atnosphere. lúith the advent of more sophis-

ticated models, a better understanding of the geographic distributjon of C0, and the availa-
biìity of new chemical kinetìcs data, calcuìations in the late 1970s have suggested that
methane oxidation is not the dominant source of C0 in the atmosphere. Evidentìy, mants

activities are responsible for the presence of much, and possibly nost, of the C0 observed in
the atmosphere, especially in the northern hemisphere. If, indeed, anthropogenic sources of
C0 have perturbed the naturaì distribution of this gas in the troposphere, it seems likely
that the abundance, distribution, and global cycles of many other trace constituents in the

atmosphere have aìso been aìtered. Some studies even imply that increased amounts of C0 may

have a significant indirect influence on the chemistry that rnaintains the stratospheric ozone

I ayer.
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EFFEcrs 0F cARBoN ¡roiloxlDg oñ vecernr¡oN AND cERTAIT{ uIcRooRGANIsr.rs

Carbon monoxide is a normal constituent of the pìant environment. Pìants can both neta-
bolize and produce C0. This may explain the relatively high ìevels of C0 necessary to produce

detrimental effects on pìants.
There are few studies from which thresholds for detrimental or other effects might be

inferred, although defoliation or inhibitlon of leaf and flower fon¡¡ation are demonstrable at
high C0 (above 100 ppm) concentrations. These studies are of tittle value in detemrining
effects at ambient C0 levels since the concentrations used were 1000 or nore times greater
than the usual atmospheric concentrations.

Microorganisms show a wide range of responses to C0, incìuding its autotropihic oxidation.
Thus, any change in global etrospheric concentration of C0 mÍght be expected to resu'lt in a

corresponding alteration of the population distribution of soil microbes. Soil nricroflora are

capable of responding to changing enviromrcntaì conditions and nay be considered as a buffer-
ing system and an eventuâì sink for C0.

Comparative'ly low levels of C0 in the soil inhibit nitrogen fixation by soil microbes.

Concentrations of 1.13 mgl¡r3 (gg ppn) have been shovn to reduce nitrogen fixation, while 572 to
a

1145 mg,/m" (500 to 1000 ppnr) result in nearly compìete inhibìtion. An estimated consumption

rate of 5 x tO14 g/yr CO índicates that soil microorganisms ale a najor sink for C0.

In higher plants, high concentrations of C0 can induce the fonrntion of adventÍtious
roots, as well as stimulate the grorth of latent root prlnordia. Plants exposed to 11,450

?
mg,/m" (10,000 ppm) C0 exhibit growth abnornaìities including epinasty and hyponasty in leaves,
retarded sten eìongation, snalìer and,/or deforned ìeaves, and premature abscission of leaves.
In Cannabis sativa, concentrations of C0 in the 1145 to 11,450 mglm3 (1OOO to 10,000 ppm)

range can induce femaìe expression in genetìcaìly male plants. ilany species of plants are

capab'le of absorbing and metabolizing C0 photosynthetical'ly. Aìthough it has been demon-

strated that ptants absorb C0, they function as net producers, enritting more C0 than they
absorb.

I.IETABOLIS}'I OF CARBON }IONOXIDE II{ I.IATü.I'ILS

The primary sources of carbon monoxide in mammaìs are the inhalation of ambient aÍr and

from the normal catabolism of pymoìe rings. Endogenous sources of C0 result in C0Hb levels of
approximately 0.5 percent. Any increment above this ìevel is assumed to have resulted from an

exogenous source. Factors that contro'l and determine the final leve'l of C0tlb are the concen-

tration of ínspired C0, aìveolar ventilation, red ce'lì volme, barometric pressure, and the
diffusive capability of the lungs.

The apparent toxicity of C0 is related to the strength of the coordination bond it forms

with the iron atom in protoheme (CrOHrrFeN404). Hemogìobin (Hb), a ferrous iron conplex of a

protoporphyrin combined vrith gìobin, is contained within the er¡rthrocyte (red blood cell).
One of its prímary functions ís to transport 0, and C0r. Hemogìobin combìnes readily with
either 0, (to form 0rHb) or C0 (to form COHb). The affinity of Hb for C0 is about 240 ti¡¡res

1-4



greater than its affinity for 0r. The presence of COHb in blood not only reduces the avaiìa-

bi'lity of 0, to the body but aìso inhibits the dissociation of the remaining 02. Carbon

monoxide also combines reversibìy with hene compounds in the body ceìls.
A number of concìusions may be derived fronr Chapter 9, which covers the metabolisn of

carbon ¡nonoxide in ¡nam¡als. The reduction in Or-carrying capacity of the bìood is propor-

tional to the anount of C0Hb present. However, the anount of avaiìabìe 0, is still further
reduced by the inhibitory influence of COHb on the dissociation of any OrHb still avaiìable.

Carbon monoxide diffuses more rapidly through blood and pulmonary and placéntal tissues than

would be predicted fron conparative solubilities of 0, and C0 in water. The smaìl reductions

in 0r content at 5 to 10 perccnt C0Hb nay be quite criticaì for patients suffering fron cardio-

vascular diseases or. chronic obstructive lung disease. It has been suggested that the princi-
pa'l mechanism of C0 toxicity is not hypoxenia, but rather a blocking on the celluìar ìevel of

the energy flow through the cytochrone system. The administration of C0 results in chemo-

receptor stinulation. The stinuìation response appears to be aìmost linear with the C0Hb

concentration, at least above I percent C0Hb. Avaitabìe evidence suggests the presence

of a biphasic decline in arterial blood COHb (percent) ìeveìs. The distribution phase, which

persists for the first 20 to 30 minutes, is folìo*ed by a sìower linear decline (eìimination

phase). And, although no finaì conclusion has been reached regarding the effects of C0 on

oxidative transport, experinental evidence suggests that the cytochromes are affected duiing

C0 poisoning.

EFFECTS OF CARBOil I,IOI{OXIDE ON EXPERII.IEI{ÎAL ANIIIALS

Animal studies provide infom¡ation that nay be relevant to hunan reactions under similar
circunstances. Animaì data nay pennit predictions to.be made concerning sensitive human popu-

lations, such as those with CllS and cardÍovascular defects.

Carbon,nonoxide exposures of 58 mglm3 (50 pp¡r; 4 to 7 percent COHb) have produced cardio-

vascuìar effects. The minimal concentration of C0 that affects behavior and CNS appears to be

11.5 mg,/m3 (100 ppm; L2 to 20 percent COHb).

EFFECTS OF LOU.LEVEL CARBON MOI{OXIDE EXPOSURE OI{ HUIIANS

As in the animal studies, hunan exposures to low levels of C0 have also resulted in dele-

terious effects on the Cl{S and cardiovascular systens. }Jhile an 8-hour exposure to 17 to

2l ng/n3 (15 to 18 ppm; 2.5 to 3 gercent C0Hb) C0 affected cardiovascular systems, coocentra-

tions of C0 as low as 29 to 34 nglm" (25 to 30 pp¡n; 4 to 6 percent C0Hb) affected behavior and

the CNS. Additionally, visuaì sensitivity may be dose-related, and a C0 exposure resuìting in

5-6 percent COHb reduces the capacity of persons to perforn naximal work.

Fetuses, persons with cardiovascular or central nervous system defects, sickle cell
anemics, young chitdren, older pensonsr persons living at high altitudes, and those taking

drugs conprise groups at special risk to C0 exposure. The current literature offers ìittìe
infornation regarding the high risk groçs; however, it is apparent that exposure for I hours

to C0 concentrations as low as 15 to L8 ppm may be detri¡nentaì to the health of persons suffer-
ing cardiac impainnent.
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2. Ii{TR0DUCTI0t{

This docu¡rent has been prepared pursuant to Sections 108(c) and 109(dX1) of the Clean
Air Act, as amended. Section 108(c) reguires that the Administrator of the EPA from time to
time review and, as appropriate, modify and reissue criteria published pursuant to Section
108(a). Section 109(d)(1) reguires both that the Aüninistrator conplete a thorough review
and, as may be appropriate, make revisions in ttre criteria by Decenber 31, 1980, and at
five-year intervals thereafter. Air quality criteria are reguired by Section 108(a) to
identify the effects on public health and weìfare caused by varying anounts of poìlutants in
the air. These criteria nust be supported by the latest available accurate scientific infor-
¡¡ati on.

The original criteria doctment for carbon monoxide (C0), The National Air Pottution
Control Administration pubìication No. AP-62, Has issued in 1970. Since that time, new

information has been published. This docrment g.marizes the pertinent infor¡¡ation that yill
be used in conside'ring wtrether the present C0 standards are adequate or whether revisions are
advisable or reguired.

The purpose of these criteria is to identify air poltution effects and serve as the basis
for Nationaì Anbient Air Quality Standards pronulgnted by the Ad¡rinistrator under Section 109
of the Cìean Air Act, as amended. This docnent, therefore, is concerned with C0 as a
pollutant and presents the presently available criteria upon which regulatory decision-making
wììì be based. Specifically, alr quaìity criteria for C0 as a polìutant are intended to
reflect accurateìy the latest scientific knowìedge that nay be used in predicting the kind and

extent of all identifiabte effects on public health and welfare that are traceable to the
presence of C0 in the a¡¡bient air. There are nany factors and interactions that must be

considered in the development of such a criteria docunent.
This docunent does not cite extensively the titerature on excessively high ìevels of C0,

but focuses on this poìlutant as it Ís found in a¡¡bient environnents. The intent is to pre-
sent an updated comprehensive revie¡r of the available scientific information on C0 as an air
pol I utant.

The basic chemistry and sources of C0 must be considered before an understanding of the
air pollution effects can be developed. Further¡ore, it is necessaty to consider the appro-
priateness of analyticaì technigues and nethods so that proper assessment of concentration and
potential exPosure patterns can be made. Therefore, this infornatíon precedes the detailed
discussion of the effects of c0 on certain plants and rÍcroorganisrs.

Anbient and experimental levels of C0 are expressed in nitìigrans per cubic meter (mglnr3)

foìlowed by a parenthetical expression of parts per niììion (ppn). Because gas density varies
with pressure and temperature, an accurEte expression of concentrations requires cognizance
of these paræeters. The conversion factor, for exanple, at .a constant standard pressure of
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760 mm Hg, at 0oC, 1 mgln3 equaìs 0.800 ppm and

equals 0.874 ppm and I ppm equaìs 1.145 mg/m3.

There is some jndication that the production

atmosphere may have significant effects on some

attention is directed tov¡ard this question, as

weì fare.
The last three chapters deal with the metabolism of C0 by animals and, most importantìy,

the effects C0 has on animals and man. Naturaììy, nuch of this document is focused on the

health and welfare of humens. Carbon nonoxide is a polìutant that has at ieast one specific
reaction product, carboxyhemoglobin (COHb), in the hunan system, whích appears to be direct'ly
related to exposure and detrimentaì effects. 0ther physioìogicaì responses and reactions have

been postuìated recently and these are expected to aid in the eìucidation of C0 toxicity.
Much of the physioìogicaì information is related to the concentration of COHb in the blood

resulting from exposure to anbient or experimenta'l leveìs of C0.

In the preparation of this docunent, much use was made of previous EPA documentation

efforts on the subject as weìl as the monograph prepared by the National Academy of Sciences

which was published late in 1977.

1 ppm equaìs i.250 mg,/m3; at 25oC, 1 mglm3

of C0 and its concomitani reìease into the

aspects of the global aünosphere. Some

it may eventual ly affect human health and
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3. PROPERTIES AND PRINCIPLES OF FORIIATION OF CARBON iIOI{OXIDE

Even far from human habitation, carbon ¡ronoxide (C0) occurs in air at an average back-
ground concentration of 0.05 mglm3, primarily as a result of natural processes such aS forest
fires and the oxidation of nethane. iluch higher concentrations occur in cities from

technoìogicaì sources such as automobíles and the production of heat and power. Carbon

nonoxide emissions are increased wlrcn the fuel is burned in an inconplete or inefficient way.

The physicaì and chemicaì properties of C0 suggest that its atnospheric removal occurs pri-
naríly by reaction of C0 with hydroxyì (0H) radicals.
INTRODUCTION

Carbon monoxide was first discovered to be a minor constituent of the earth's atnosphere
by lligeottezl in 19+g. Uhile taking neasurenents of the soìar spectrum, he observed a strong
absorption band in the infrared region at 4.7 ¡rn, which he attributed to C0.I8 0n the twin
bases of the belief that the solar contribution to that band was neglig,ibìe and his observa-
tjon of a strong day-to-day variabi'lity in absorption, lligeotte concluded that an apprecieble
amount of C0 was Present in the terrestrial atnosphere of Coìmbus, 0hio. In the 1.950s many

more observ"tions2'10'19 '22'33'37 of C0 vere nade, with measured concentrations ranging from
0.08 to 100 ppm. 0n the basis of these and other Ðeasurenents available in 1963, JungelT

stated that C0 appeared to be the nost abundant trace gas, other than carbon dioxide, in the
atnosphere. The studies of Shaw37 indicated higher mixing ratios near the ground than ìn the
upper atnosphere, impìying a source in the biosphere, but Junge emphasized that knowledge of
the sources and sinks of atnospheric C0 was extrenely poor. It was not until the ìate 1960s

that concerted efforts ve¡ne nade to determine the various production and destruction nechan-

isns for C0 in the atnosphere.

The remainder of thìs chapter focuses on the physical properties and fornation principles
of C0 that contrîbute to its release into the atnosphere. In Chapter 4, a review of the
various factors that deten¡ine the technologicaì emission source strength is discussed; in
Chapter 7, other source strength estimates as well as the gtobal cycle of C0 are described.
PHYSICAL PROPERTIES

Carbon monoxide is a tasteìess, odorless, colorless diatonic nolecule that exists as a

gas in the earth's atrnosphere. Radiation in the visibìe and near ultraviolet regions of the
electromagnetic spectrrm is not absorbed by C0, although the nolecule does have weak absorp-

tion bands bet¡reen 125 and 155 nn. It absorbs radiation in the infrared region corresponding
to the vibrational excÍtation of its eìectronic around state. Carbon nonoxide has a low eìec-

-tric dipole moment (0.L0 debye), short interatomic distance (1.æ å), and a high heat of for
mation fron atoms, or bond strength (2072.N/no1). These observations suggest that the nole-
cuìe ìs a resonance hybrid of three structures,3l all of vhich contribute nearly equalty to
the nonr¡al ground state, Generaì physical properties of C0 are given in Table 3-L.
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TABLE 3-1. PHYSICAL PROPERTIES 0F CARB0Í'¡ M0N0XIDE24

Molecular weight 28.01

Criticaì poìnt -140oC at 34.5 atm

Meìting point -199oC

Boi ì ing point -191.5oC

. Densi tv
at ooÇ, 1 atm L.259 g/1
at 25'C,1 atm 1.1a5 g/1

Specific gravity relative to air 0.967

5oìubility in waterä'-;;-ó0c'' 
3.54 ml/100 mt (44.3 ppmm)b

at 20:c 2.32 n1/L90 ml (29.0 ppmm)

at 25"C 2.14 ml/100 ml (26.8 ppnm)

Expìosive limits in air 12.5'74,&

Fundanental vibration transition 2143.3 cm-l

co(X':-+, v'= 1 Evi'0) (4.67 pm)'g
Conver¡ion factors

at 0"C, 1 at¡n

at 25oc, 1 atm

1 nrglm3 = 0.800 ppqc

1 PPq 5 1.250-ms/m"
L mg,/m" = 0.873 pp
1 ppm = 1.145 mg/m

tvolu,ne of carbon monox'ide is at OoC, l" atm (at¡¡ospheric pressrrre at sea
. level = 760 torr).
lParts per niììion by mass (ppmn = ng/Kg).
'Parts per million by voìume (ppm = ng/1).
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GASEOUS CHEI'IICAL REACTIOI{S OF CARBON IIONOXIDE

In its review of the gas€ous chenrical reactions of C0 in 1970,43 the National Air
Polìution Control Aüninistration (ìater to beæne part of the U.S. Environnentaì Protection
Agency) concluded that no gaseous Feactions have been shom to be important scayengers of C0

in the atmosphere. ilo data since that tine indicate that the processes ttrey considered, which
included reactions of C0 wÍth 02, H20,. ll0r, and 03, are of any inportance to atmospheric
chemistry. However, the rcport did specuìate that G0 reactions with radicats in the atnos-
phere couìd provide an iryortant sink for C0. Subseguent research has shown that the ¡rost
important C0 reaction in the atnosphere is 0H radical attack. 0ther radicals react with C0

nuch nore slowly,15
C0 + H02 , C02+ OH, k = 10-19 "r]/{*t""ule x sec),

and co + CH;0, próducts, k = 4 x 10-r/ cm3/(nolecuìe x sec).
Carbon nonoxide also reacts with ground state,3g and netastable,4 atomic oxygen. The reìative
importance of these reactions to tln overaìl chenistry occurring in the atnosphere is very
sìight. In the troposphere and stratosphere, O(3p) is nuch nore ìikely to react with nole-
cuìar oxygen, 02, in a three-body reaction to for¡ ozone, or with nitrogen dioxide, N0r, to
produce N0 and õr. Since O(10) is a highly reactive species, it is nore likeìy to react with
water vapor, trcthanê, or any other ¡oìecule that is rorc abundant than C0 in the atmosphere.

Colìision ot O(10) vith N, or 0, is quite likeìy to bríng this excited ato¡r down to ground

state. Thus, with the exceptÍon of the 0H reaction, there ís no evidence that any reactions
invoìving CO are of any conseguence in the atnosphere.

I'lany studies of the ¡easurenent of the reaction rate governing the reaction
C0+g¡ + CQZ+H

have appeared in the literature sínce the late 1960s (see Table 3-2). Until 1976, all of the
measurements agreed fairìy reì1, ranging betreen t.3 x to-13 *3/(*'l".ule x sec) and 1.9 x
10-13 il3/(nolecule x sec). The llatlonal Eureau of Standarús t.¡uierl5 recounended a value of
1..4 x L0-13 

""3/(*ì"cule 
x sec) and did not find any reason to believe that either a sub-

stantial tenperature or pressuFe dependence existed for this reaEtion.
Horvever, Cox et aì.6 reported a rate constrnt of 2.7 x tg-13 cn3/ ¡nolecuJe x sec) for

this reaction at 760 torr (1 atrr) using a nixture of l{, and 0, as the diluent gas. Sie

et a1.38 lif"*i"" shoued that the CO + OH reactlon rate increased as the pressure in their
reaction chamber increased when they used nolecuìar hydrogen as a carrier gas. They also
noted that the type of dlluent erpìoyed for their experinents had an effect on the rate of
reaction. Subsequent research efforts have supported the findings of Sie et al.38 In
generaì, it appears that there is no pFessuFe effect if nobìe gases (for exampìe, helium or
argon) are used as the carrier gas, but yhen otlær gases, rhich oay be more representative of
the real atmosphere, are utilized in these studles the C0 + 0H reaction rate exhibits an

inportant pressure dependence. Table 3-2 s¡mrarizes nost of the reported studies of the C0 +

0H reaction. Ìlost nottrorthy about the recent efforts is the suggestion that the rate of
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TABLE 3.2. REPORTED ROOI,I TEI.IPERATURE RATE CONSTAT,ITS
FOR THE REACTION OF OH RAOICALS IÚITH CO

Rate constant ^(10-rJcmJlnolecule rressure, Eorr,/
\ -- x È'4c1"'- '--' '- di l ¡¡ent n¡q Pofonon¡a

No observed pressure dependence

Dixon-Lewis et aì.
Grei ner
t{iiil and 0'Donovan46 "

100 (He) Greiner
0.2--1.0 (Ar or He) Þtuìcahy ând Smith
20 (He) Stuhì and Niki"
1--3 (He or Ar) westenberg and deg¿as4s
10--20 (He or NzO + H2) Srnith and Zelìnero7
0.3--5 (He, Ar or N2) Howard and Evenson

Oavi"s et;al. .'. ' I

Davis et a'1,.

Gordon ànd tlulåi "'
'Atkinson,êt al¡j ,

' ì._,'"

1.91 r 0.08
1.48 r 0.15
1.49 t 0.05
I.42
1.66 r 0.50
1.35 ! 0.20
1.33
r.44
t.56 t 0.2
1.59
1.58
1.51 r 0.08
1.54 t 0. t6

t I (He sr Ar)
100 (Ar)
not reported

100 (air)
700 (air)

ss (He)
200--359 (SFs)

25 (Ar)
75 (Ar)

225 (Ar)
406 (Ar)
643 (Ar)

Preisure depenðence obsErved

1.00 r 0.14
t.47 r 0.19
2.98 r 0.19
3.45 ! 0.22
3.18 r 0.29
1.19 1.

2.29
3.41

L.37 ! 0.20
2.97 t 0.t6

2.04
3.24

1.50 r 0.15
1.52 r 0.15
1.52 r 0.16
1.62 r 0. 19
1.62 ! 0.24

1.53 ! 0.15
1.93 r 0.20
2.40 ! 0.24
3.09 3 0.31
3.43 r 0-35

20 (He)
20 (N2)
730 (nostly Ar)
25--654 (Ai)

19.9 (H2) Sie et 
"t.3J,,rr¡.4 (H2)

296 (H2) t

702 (t+2)
774 (754 Hz + 20 Hzo)
627 (He) .

s69 (SF6)
627 (SFô)

:'"¡1 t i :

Chan et al.

0verand and Panaskeuopoolos2g

11
Perry et al. "'

Perry et al. Ji25 (SF6)
76 (SF6)

208 (SF6)
404 (SF6)
604 (SF6)
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reaction is at least twice as fast at pressures representative of lower tropospheric condi-

tions as was previously indicated. This observation has led to inportant changes in our under

standing of the globaì C0 cycìe as weìl as the budgets of severaì other trace gases. These

points are discussed in more detaíì in Chapter 7.

PRINCiPLES OF FORI,IATIOI{

In alì cases, the burning of any carbonaceous fuel produces, among other lesser products'

two primary products: carbon dioxide (C02) and C0. The production of C0, Predominates when

the air or oxygen supply is in excess of the stoichio¡etric needs for complete combustion. If
burning occurs under fueì-rich conditions, with less air or oxygen than is needed, C0 will be

produced in abundance. lrlost of the C0 and C0, forned in past years was simpìy enitted into

the atDosphere.

In recent years, concerted efforts have been nade to reduce concentrations of potentially

harnrful materials in a¡nbient air. Today, the C0 in urban air origÍnates almost entirely from

locaì combustion processes. The background concentration of C0 contributes ìess than 0.23

mglm3 (0.20 ppn) to the anrbÍent air concentration at any given urban location. As a result of

natural processes such as forest fires, oxidation of nethane, and bîo-logical activity' the

background leve'l of C0 is estimated to be about 0.05 ngln3 (O.Oq ppnr).35 Gìobaì atmospheric

mixing of urban and industriaì pollutants probably accounts for a measured C0 background of

about 0.20 mglnr3 (0.1! pnn) in the northern hemispherc and about 0.05 ngln3 (0.05 ppm) in the

southern henisphere.36 Th" gìobal averege appears to be about 0.]2 mgln3 (0.1.0 ppm) and does

not appear to have been increasing substantialìy in recent y"""r.34
Considerable effort has been made to reduce emissions of C0 and other poìlutants to the

atnosphere. Generally the approach has been technologicrì: reduction of C0 emissions to the

atnosphere either by inproving the efficiency of the conbustion processes, thereby increasing

the yieìd of C0, and decreasÍng the yield of C0¡ or by applying secondary catalytic combustion

reactors to the waste gas strean to convert C0 to C0r.

The deveìopannt .and application of control technologl to reduce emissions of C0 front

conbustion processes have geærally been successful and are continuing to receive deserved

attention. Hwever, the 1977 anendments to the Clean Air Acts postpone neeting the desired

auton¡objle enission control scheduìes, reflecting in part the apparent difficulty encountered

by the autor¡obíle industry in developing and supplying the r-quired control technology. Since

the automobile engine is recognized to be ttæ najor sourc€ of C0 in nost urban areas' speciaì

attention is given to the control of autocotive enissions.

Tabte 3-3 shoys the autonobile eurission control schedules that have resulted fron the

1970 Clean Aîr Act and later anendnents.
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Tabte 3-3. AUToiloBILE Et{ISSI0N CONTR0L SCHEDULEST (g/mi)

r9771976 r978 1979 1980 1981 1982

+0.41
.7 .O 3.4

1.0

The problems encountered in mass producing and marketing effective contro'l technology for
auto¡¡obile engines are conplex, since a nunber of simultaneous requirements are invoìved,
'i.e., controì of muìtipìe air pollutants, fuel economy and efficjency, durability and quaìity
controì of conponents, and maintenance. Current testing45 of automobiles having fuel injec-
tion and catalytic emission control systems has indjcated that durability of the controls will
be a problem in meeting the 1981 requirenent'of 53.4 g of C0 per miìe afte'r 50,000 miles.
(Enissions wjll be ìess than 3.4 g of C0 per rniìe on new automobíles.)

The foìloring subsections present a brief discussion of the Eeneral principles and

mechanisms of C0 .formation and control of emissions associated with the many combustion pro-

cesses. The processes are commonly classified jn two broad types, mobile sources and statjon-
ary sources, sÍnce this division does generally separate distinct types of major combustion

devices. Control techniques for C0 emissions frorn mobile and stationary sources are detailed
in references 27 and 28.

General Combustion Processes

Incomplete combustion of carbon or carbon-containing compounds creates varying amounts of
C0. The chemicaì and physical processes that occur during combustion are complex, because

they depend not oniy on the type of carbon compound reacting with oxygen, but also on the

conditions existing in the combustion ch"rb"r.20'30 Despite the complexity of the combustjon
process, certain generaì principles regarding the formation of C0 fron the combustion of
hy'crccarbon fuels are wideìy accepted.

Gaseous or ì.iquid hydrocarbon fuel reacts with moìecuìar oxygen jn a chain of react'ions
that result in C0. Carbon monoxjde then reacts with hydroxyl radicaìs to fonn carbon cíoxide
(C02). Thjs second reaction is approximateìy ten times siower than the first. In coal

1970 Cìean Air Act
HC

LU
NO

X

As of Juìy l, L977
HC

c0
NO x

1977 Anendnents
HC

c0
NO

X

0.41
3.4
2.0 0.4

.0.41
+3.4

2.0 0.4

2.0

1.5
15. 0
3.1

1.5
15
3.1

1.5
15
3-1
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combustion, too, the reaction of cårbon and oxygen to fornr C0 is one of the primary reactions,

and a large fnaction of carbon atons go through the nonoxide fort. Again, the reaction of

monoxide to dioxide is nuch slower.

Four basic variabìes control the concentration of C0 in all combustion of hydrocarbon

gases. These are: (1) oxygen concentration, (2) flame tenperature' (3) gas residence tine at

high temperatures, and (4) combustion cha¡nber turbulence. 0xygen concentration affects the

formation of both C0 and C0, because oxygen is reguired in the initiat reactions with the fueì

molecule and in the for¡ration of the hydroxyl radical. As the availability of oxygen

increases, more complete conversion of nonoxide to dioxide results. Fìame and gas tempera-

tures affect both the formation of nonoxide and the conversion of monoxide to dioxide because

both reaction rates increase exponentially with increasing tenperature. Also, the hydroxyì

radical concentration in the conbustion chamber is very temperature-dependent. The conversion

of C0 to C0, is aìso enhanced by longer residence time, because this is a relativeìy s'low

reaction in conparison with C0 fornation. Increased gas turùuìence in the co¡nbustion zones

increases the actuaì reaction rates by increasing the mixíng of the reåctants and assisting

the reìativeìy slower gaseous diffusion processt thereby resulting in nore compìete combus-

tion.
Combustion Engings

@.ilostnobilesourcesofc0aneinternalcombustionenginesof'two types: (f) carbureted, spark-ignition, gasolìne-fueled, reciprocating .engines; and

(2) diesel-fueled reciprocating engines. The C0 enitted from any given engine is the product

of the folìowing factors: (1) cpncentration of C0 in the exhaust gases' (2) the flow rate of

exhaust geses, and (3) the duration of operation.

Inte Ioní t concentrations

of C0 increase vrith louer (richer) airto-fuel (A/F) ratios, and decrease with higher (leaner)

A/F ratios, but remain reìatively constant with ratios above the stoichimetric ratio of about

t5 to t.14 The behavior of gasoìine autonobile engines before and after the instaìlation of

polìutant control devices differs considerabìy. Depending on the node of driving, the average

uncontrolled engÍne operates at Alt ratios ranging fron about 11 to 1 to a point sìightìy above

the stoíchiometri.c ratio. During the idling node, at ìow speeds with light load (such as lorv

speed cruise), during the full-open throttle node until speed pÍcks up, and during deceìeration,

the A/F ratio is low in uncontrolled cars and C0 e¡rissions ar.e high. At higher speed cruise

and during noderåte acceìeration, the reverse is true. Gars with exhaust controls generally

renain mu-ch closer to stoichionetric MF ratlos in aìl rodes, and thus the C0 enissions are

kept lower. The relationship between C0 concentrations in engine exhaust and A/F ratios is

shown in Figure 3-1. The exhaust flow .rate increases nith increasing engine poürer output'

Correlations between total enissions of C0 in grans per vehicle nile and average route

speed show a decrease .in emíssions vith increasing average speed.38'41'43 During low speed
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condjtions (below 32 kn/hour or 20 mjles./hour average route sPeed), the greater emissions per

unit of distance traveled are attributabìe to an increased frequency of acceleration, decelera-

tion, and idling encountered in heavy traffic; and the consequent increase in the operating

time per nile driven.
The C0 and the unburned hydrocarbon exhaust enissions from an uncontrolled engine resuìt

from incomplete conbustion of the fueì-air mixture. Emission control on nerú vehicles is being

achieved by engine nodifications, iuprovenrents in engine design, and changes in engine operat-

ing conditions. Substantial reductions in C0 and other potlutant emissions result from con-

sideration of design and operating factors such as leamr, unifonn nixing of fuel and air
during carburetìon, controlted heating of intake air, increased idle speed, retarded spark

timing, ìnproved cylinder head design, exhaust theraal reactors, oxidizing and reducing cata-

lysts, secondary air systems, exhaust recycle systems, eìectronic fueì injection, A/F ratio

feedback controls, and nodified ignition ,yrt"*.25
Internal Combustion EnoíneF (Dieseì Enqines)--Diesel engines in use are priarariìy the heavy-

duty type that power trucks and buses. Diesel engines alìow nore coorplete conbustion and use

less volatile fuels than do spark-ignition engines. The operating principìes are significantìy

different fron those of the gasoline engine. In dieseì conbustion, C0 concentrations in the

exhaust are relativeìy l'ow sincc high tenperature and large .excesses of oxyçn are involved in

normal operation. The exhaust e¡¡issions fro¡n dieseì engines have the saß€ general composition

as gasoline engine enissions, thougb the concentrations of different polìutants vary conÈider

abty. For example, the dieseì ernits larger quantities of M)* and polycylic organic particulates

than gasoline engines; it emits less C0.

Stationarv Combustiôn Sources (Sle?n.Boileri\--This section refers to fuel-burning instaìlatio¡s

such as coal-, gas-, or oil-fiied heating or poïer generating ptants (external combustjon

boilers).
In these conbustion systens, the fornation of C0 is lovest at a ratio near or sìightly

above the stoichionetric ratio of air to fue'|. ât lower than stoichiometric A/F ratios, high

C0 concentrations reflect the relativeìy low oxygen concentration and the possibility of poor

reactant mixing fr¡m ìow turbu:lence. These tvo factors can increese enissions even though

flame tenperatures and residence tine are high. At higher than stoichionetric A/F ratios'

increased C0 enissions result from decreased fla¡¡e tenperatures and shorter residence times.

These two fåctors remain predoainant even when oxygen concentrations and turbulence, increase.

llini¡¡al C0 e¡rissions and mxínun then¡al efficienry, thereforc, requlre conbustor designs that

provide high turbulence, sufficient residence tine, high te¡Þeratures, and near stoichionetríc

A/F ratios. Combustor design dictates the actuaì approach to that nininu¡n. The neasurement

of C0 in .effìuent gas is used as an indication of inproper and inefficient operating practice

for any given conbustor, or of inefficient conbustion.
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NON-COMBUSTION INOUSTRIAL SOURCES

TherearenumerousindustrialactivitiesthatresuìtintheemissionofC0atone0rmore
stages of the p"o."rr.44 lilanufacturing piS iron can produce as much as 700 to 1050 ug CC/

mef-ric i.on of pig iron. Other methods of producing iron and steel can produce C0 at a rate of

9to118.5kg,/metricton.However,nostoftheC0generatedisnorma]lyrecoveredandusedas
iuel. conditions such as "slips" can cause instantaneous emissions of c0' slips have been

greatìy reduced nith modern eguipment. Grey-iron foundries can produce 72'5 kg C0'/me'uric tcn

of product, but an efficient afterburner can reduce the c0 emjssion to 4'5 kg'/metric ton'

charcoatr production results in c0 emissions of 160 kglmetric ton with or without the

installationofchenica]recoveryequipment.Enissionsfromcarbonblackmanufacturecan
range from 5 to 3200 kg co/metric ton depending on the efficiency and quaìity of the em'ission

control sYsiems'

some clremical processes such as phthaìic anhydrìde productìon give off as little as 6 kg

Colmetrjc ton with proper controls or as much as 200 kg Colmetric ton if no controls are

instaìled. There are numerous other chenjcal Processes that produce relativeìy sma'll c0

emjssions per metric ton of product, such as sulfate pulping for paper at 1 to 30 kg co/metrìc

ton; ìine manufacturing nornaìly runs 1 to 4 kg co/metric ton; and c0 from adipic acjd produc-

iion is zero or slight with proper controìs. other industniaì chemical processes tha*' cause

c0 emissions are the manufaciure of terephthalic acid and the synthesìs of methanoì and higher

a]coho]s'Asarule,nostindustriesfinditeconomicalìydesirabtetoinsta.l]suitable
controls to reduce C0 emissions'

Even though some of these

only a srnaì'l Part of the total
size the concern for'localized
not used.

C0 emission rates seem excess.ively high, they are, in fact,

poììutant ìoad. l'lention of these industries is made to empna-

pollution problems when accidents occur or proPer controls are

l{hile the estimated C0 emissjon resulting from forest wildfires

1971 was 4 x 106 metric tons, the estirnated total industriaì process

for 1971 was 10.3 x 106 metric tons'

in the United States fcr
C0 emission of the U.S.
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4, ESTIMATIoN OF CARBON }IOI{OXIDE EI|IISSIOI{S FROI'I TECHNOLOGICAL SOURCES

îhe estimated total afinr¡al emissions from all nan-made sources in the u's' rose from

102 million netric tons Ín 1970 to 104 in 1972, then declined to 97 in 1975 and subsequentìy

increased to 103 million metric tons in 1977. About 75 percent of the emissions total comes

from highway vehicles,8.5 percent fronr raiìroads' aircraft, and other non-highway transporta-

tion, 8 percent fron industrial processes, 5 pertent from ¡riscellaneous conbustion (forest

fires, agricultural burning, structural fires, etc.), 2.5 percent from solid waste combustion'

and 1 percent from conbustion for heating and elÊctric power generation'8

Total emission trends and enission rates for specific sources or source grouPs derÍved

fron calcuìated er¡ission estimates provide a basis for assessing the magnitude and pattern of

air po]lution and allow the development of methods of estimating future air quality

condi ti ons.

The magnitutle of future c0 enissions wiìl depend prinariìy upon vehicìe use trends' the

effectiveness of pollution control devices on autonobiles, and the efficiency of vehicle

operation. The concentrations of c0 wÍll generally be highest along congested majlr-highways'

because of vehicle exhausts. The interplay between the nornal growth rate of vehicle use and

the near-tenn increase in effectiveness of pollution control devìces will probably cause total

C0 emissions from higtway vehicìes to decìine after 1979'

NATIONAL EI,IISSION LEVELS

Estinates of the annual emissions of C0 and otlrer najor air pollutants from alì sources

in the u.s. are summarized in Table 4-1 for the years 1970 through 1977.8 It may be noted

that 102.2 niìlion netric tons of c0 were discharged to the atmosphere in 1970. An increase

is shown for 1971 and 1972 to 103.8 nilìion ¡netric tons and a subsèquent decrease is shown for

1973, Lg74, and 1975 to 96.9 nillion netric tons. In 1976 the emissions of c0 rose to

102.9 million metric tons; in 1977 the figure was 102.7 million netric tons'

In Tabìe 4-2,8 total nationwide enissions are shdwn according to th€ source categories'

ïhe percentage contributed to the totaì national e¡nisslon of C0 by each of the designated

source categories is shown in the last coìunn'

The calculated nationwide annual enissions of c0 from various source categories are com-

pared for the years 1g70 through 1977 in Tabte 4-3.8 The estimations cited in Tabìes 4-1,

4-2, and 4-3 are the result of current methodology and refined emission factors and should

not be compared with data rePorted earlier. These data show that from 1970 through 1977

the c0 emissions increased by 0.5 percent. since these data are only caìculated estimates

of total natiomlide emissions, trends in enissions for local areas may be much dìfferent'

Nevertheless, nationaì e.mission estinates should be indicative of the generaì trend in the

quantities of air poììutants released to the atnosphere'
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TABLE 4-1. Stt{iARY OF NA¡IONAL E1'1ISSI0}¡ ESTI¡'IATES, 1970 to 19778
(10" ætric tons/yr)

Year TSPA SO, t0,

1970
1.971
t972
1973
t974
1975
1976
!977

22.2
20.9
19. 6
L9.2
17. 0
13.7
13.2
12.4

29.8
28.3
29.6
30.2
28.4
26.t
27.2
27.4

19.6
20.2
21.6
22.3
2t.7
2L.0
22.8
23.1

29. 5
29.t
29.6
29.7
28.6
26.9
28.7
28.3

t02.2
102.5
103. I
103.5

99.7
96. 9

102.9
LOz.7

"TSP = total suspended particulates
S0 = sulfur oxides
NOx = nitrooen oxides
v0ð = voìatiìe organic compounds
C0 = carbon monoxide

TABLE 4.2. TIAT¡OI{bJIDE EiIISSION ESTIIIATES, 19778
(10o metric tons/Yr)

Source cetegory TSP

Percentage of
S0, ì10, VOC C0 total C0

TransporÈati on
Highway vehicles
Non-higlrway vehicles

Stationary fueì combustion
Electric utilities
Industri al
Residential, cotmterciaì,
and i nstitutiona'l

Industrial processes

Chemi cal s
Petroleun' rnefi nÍ ng'
l,letal s
llineraì products

0.2 1.6 0.9 0.1 0,3 0.3

0.7 10.1 8.3 8.1

1.1
0.8
0.3
4.8
3.4
L.2

0.8
0.4
0.4

2?.4
17.6
3.2

9.1
6.7
2.5

13.0
7.t
5.0

11..5 85.7
9.9 77 .2
1.5 8.5
1.5 r.2
0.1 0.3
1.3 0.6

83.4
75.2
8.2
L.2
0.3
0.6

5.4

0.2
0.1
1..3
2.7
0
0
1.1

4-2

0íl & marketing & gas production
Industrial organic solvent use
other processes

Soì id waste

o.2 0.2
0.8 0.4
2.4 0
0.5 0.L
0.1 0
00
0.1 0

0.4 0 0.1 0.7 2.6 2.5
4.8
4.2
0-5
0
0.L
0

2.7 2.8
1.1 2.4
0.1 2.0
0.1 0
3.1 0
2.7 0
0.3 1.1

2.7
2.3
2.0
0
0
0
1.1

ili scel I aneous
Forest wildfires
Agricuìtural burning
Coal refuse burning
Structura'l f i res
l.lïsce'l laneous organic solvent use

o.7
0.5
0.1
0
0.1
0

4.5
0.7
0.1
0
0
3.7

4.9
4.3
0.5
0
0.1
0

0
0
0
0
0
0

0.1
0.1
0
0
0
0

Note: A zero indicates emissions of less than 50,000 netric tons'
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Source categorY

Transportatlon
Highway vehicles
Non-highway vehicles

StationarY fuel combustion
Electric utllities
Industrl al
Resldential, cormerclal,
and instltutlonal

Industrlal Processes
Chemi cal s
Petrole¡n¡ reflnlng
iletal s
ilineral Products
0il & gai productlon & narketing
Industrlal organic solvent use
Other processes

Soìld waste

lli scel I aneous
torest wildfires
Agricultural burníng
Coal refuse burning
Structural fires

TABLE 4-3. NAïroNhlrDE CARB0N 

i?üg-å:Li:tïl:)r:;trnATEs, 
rs70 ro 1e778

Þ
I
(r,

1970

80.5
70.9
9.6

1971

81.1
7L.7
9.4

1.4
0.2
0.6

1.3
0.2
0.6

t972

lliscellaneous organic solvent use

85.4
76.1
9.3

1.3
0.2
0.6

Total

8.0
2.9
2.1
1.1
0
0
0
0.9

1973

Note: A zero indicates emissiOns of less than 50,000 metric tons per year'

85.9
76.5
9.4

1.4
0.3
0.6

7.5
2.7
2.t
2.2
0
0
0
0.9

1974

81.7
73.3
8.4

1.3
0.3
0.6

7.9
2.5
2.2
2.3
0
0
0

, 1.0

t975 1976

82.0 85.1
73.8 75.6
8,2 8.5

1.1 1.2
0.3 0.3
0.5 0.6

6.2
4.3
1.5
0.3
0.1
0

8.2
2.7
2.2
2.3
0
0
0
1.0

7.1
5.9
t.2
0.2
0.1
0

L977

8.2 7.3
2.5 2.2
2.3 2.4
2.4 1.8
00
00
00
1.0 0.9

toz.2

85.7
77.2
8.5

t.2
0.3
0.6

5.2 4.4
4.2 3.5
0.8 0,7
0.1 0.1
0.1 0.1
00

102.5

7.8
2.4
2.4
1.9
0
0
0
1.1

1.03.8

5.3
4.5
0.6
0.1
0.1
0

8.3
2.8
2.4
2.0
0
0
0
1.1

103.5

3.6
3.0
0.5
0
0.1
0

99.7

5.9
5.3
0.5
0
0.1
0

96.9 102.9

4.9
4.3
0.5
0
0.1
0

]..02.7



6verall, carbon monoxide emissions have not changed significantìy during the perìoC 1970

to 1977. Emissions have'been reduced as a resuìt of less burning of soìid waste and agri-

ci;ituraì nate¡ia'ls. However, despite controìs inplenrented on hignway motor vehicles, lot'ai

emissions fro¡r this source category have increased by about 9 percent,S owing tc the increase

in vehicle miìes traveled.

ÊHI55IONs AND EI4ISSION FACTORS BY SOURCE TYPE

l4obi le Combustion Sources

Table 4-3 sho¡rs the nationwide annual emission estinates for the "transporta"ion"

caiegory, which includes enissions fron all mobile sources. Highway vehicles include

passenger cars, trucks, and buses. Non-highway vehicles include aircraft, railroads, vesseìs,

and miscelìaneous mobile engines such as fann eguiPnent, industriaì and construction

nachinery, lawnmowers, and snownobiles. The estimated emissions of C0 by highway vehicles in

1977 was 77.2 nillion metric tons and by non-highway vehicles,8.5 million netric tons,

representing 75.2 percent and 8.2 percent, respective'ly, of the totaì national emissions of

c0.

For localized poììutants such as C0, the ability of test Procedures to predict changes in

emissions depends on the sinriìarity of the'localÍzed driving pattern and associated operating

conditions to those in the test procedure. The EPA, therefore, has developed a series of

correction factors to expand upon the ìight duty vehicle (LDV) and heavy duty vehicìe (H0\')

test procedures in order to predict er¡issions from a ìarge number of user-sPecific scenarios'

Data required-to deveìop these correction factors have been generated by means of carefully

des.igned statistjcal studies that test consuner-owned vehicles. Composite average emission

factors that have been determined for a nunber of combinations of operating conditions and

vehicle mixes are available in the literature.6'7
The data collected jn the EPA exhaust emission surveillance Prograns are anaìyzed to pro-

vide mean emissions by modeì-year vehicle in each caìendar year, change in emissions with the

acsunulation of nileage, change in emissions with vehicle ð9€, percentage of vehicles

comptying with standards, and effect on emissions of vehicle parameters (engine disp'lacement'

vehjcle weight, etc.). These surveillance data, aìong wìth prototype vehicle test data'

assembly line test data, and technical judgment, form the basis for exist'ing and projected

nobile source emission factors.6'7
Combustion for Power and Heat

Tabìe 4-3 shows the nationwide annual emission estinates for the "stationary fuel combus-

t.ion" category, which includes all stationary combustion equipment such as boilers and sta-

tionary internaì combustion engines.

Ihe specific emission factors for stationary fuel combustors vary according to the type

and size of the instal'lation and the fuel used, as well as the mode of operation. The EPA

cornpilation of air poììutant emission factors6 provides enissjon data obtained from source

tests, material baìance studjes, engineering estinates, etc., for the various comt¡on emission

categori es.
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Technoìogicaì Processes Producing Carbon llonoxide

Tabìe 4-3 shows the nationwide annuaì exnission estimates for the "Índustriaì processes"

category, which includes the enissions resulting from the operation of process equipment by

industries manufacturing chenicaìs, refining petroleun, producing netals and metaì products'

and by other processing industries (combìning the emissions fro¡n pulp and papert wood

products, agricuìtural, rubber and pìastics, and textiìe industries)'

The specific enission factors for the various applicable processes used in these manu-

facturing industries are detaiìed in the EPA compilation of air polìution emission factors'5

some specific information on the c0 eníssions from industries is included in chapter 3'

So] i d l,taste Conbusti on

Table 4-3 shows the nationwide annual emission estimates for the "solid waste" category'

which includes the emissions resulting from the combustion of wastes in nunicipal and other

incinerators, and from the open burning of doanstic and municipal refuse.

Specific emission factors for the various waste combustion procedures in use alfe detailed

in the EPA compi'lation of air poììution emission factors'6

Miscel laneous Combustion

Table 4-3 shows the nationwide annuaì

which includes emissions fron conbustion

and from structural fires.
the methods used are detailed in

ESTII4ATION OF FUTURE EIIISSIOI{ LEVELS

Future exposure to ambient C0 concentrations vilì ctearly depend upon future amounts and

patterns of c0 enissions into the atmosphere. since hìghest concentrations of c0 generaìly

resuìt from auto enissions, substantial research effort has been expended to characterize

those emissions accurately. Recently, the EPAs has administered a series of exhaust emission

surveil'lance programs in order to characterize how ¡lell vehicles perform in actual use' Based

on these survei'llance data, the EPAT has published a nethod for calculating existing and pro-

jected rnobile source emission factors and has tabulated average highway vehicle emission

factors lor 2I different cornbinations of operating condìtions and vehicle mixes'

Table 4-4 presents the esti¡¡ated vehicìe enission factors in units of grams of c0 per

vehicle mile (and per vehicle kiloneter) for the years 1970 through 1999 and for two seÎected

highway scenarios. These data are plotted in Figure 4-1, rhich iìlustrates the projected

decrease in C0 e¡nissions per vehícle kilo¡¡eter of traveì aS a result of the gradual replace-

ment of vehicles without emission control equiprnent by vehicìes with control equìpnrent' The

rate of yearly decrease in c0 emission factors (j.e., the slope of the curve) is also affected

by the gradual deterioration of enissjon control equipment with accumulated age and miìeage'

emission estinates for a ttmiscellaneous" category'

of forest, agriculturaì, and coaì refuse materials

Emissionfactorsspecifictothen¡ateria]scombustedand
the EPA compilation of air pollution emissíon factors'6
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TABLE 4-4. AVERAGE VEHICLE EIIISSION FACTORS FOR TUCI SELECTED HIGHWAY SCENARIOS

Year

AVERAGE EÌ,IISSION FACTORS

CondÍtion A Condition B

G/r¡i c/km G/mi G/kn

1970
1971
1972
1973
1974
1975
1976
t977
1978
1.979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999

Speed:

86.9
83.9
81.6
80.0
79.0
77.0
74.3
71.4
68.3
65.2
60.6
55.5
50. 6
45.7
40.9
36.7
33.0
30.0
27.6
25.6
24.2
23.1
22.2
2L.5
21.1
20.7
20.7
20.7
20.7
20.7

54.0
5?.t
50.7
49.7
49. 1
47.8
45.1
¿14.3

42.4
40.5
37.6
34. 5
31.4
28.4
25.4
22.8
20.5
18.6
17.1
15.9
1.5. 0
14.3
13.8
13.4
13.1
L2.9
12.9
12.9
t2.9
L2.9

85.6
82.4
80.0
78.?
77.r
75. r
72.5
69. 9
67.1
64.3
60.2
55.8
51.6
47.2
42.9
38.9
35.2
32.2
29.5
27.3
25.6
24.L
23.0
22.r
21.4
20.8
20.8
20.8
20.8
20.8

53. 2
3r-2
49.7
48.6
47.9
46.6
45.0
43.4
41.7
39. 9
37.4
34.7
32.0
29.3
26.6
24.2
2L.9
20.0
18.3
17.0
15.9
15.0
14.3
13.7
13.3
L2.9
L2.9
].'2.9
].,2.9
L2.9

le.6 mph (31.5 kph); Tenrperature' 

"|!Ï'olr":1,:";:""1;.3&.o

ConditÍon A: Vehicle miles traveìed = 8.3ß autonobiles'
--=:Bg:¡õr each of the two light truck classes,4.5ã heavy gas trucks,-

3.5% heavy duty diesels, anã 0.51 notorcycìes, approxirnating national
vehicle miìes traveìed mix.

Condition B: Vehicle miles traveled = 63ñ automobiles,

-i6XTõi 
each of the two ìight truck cìasses, 2.5X heavy gas trucks'

ãnd 2.5X heavy duty diese'l-vehicìes, approximating.a mix of vehicìe
miles traveleã tt¡ai might be found in a central city area'
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Totôl !0 emission rates are also ref'lected by vehicìe-use trends. Over' the past 2i

-vears, there has been an aveì^age increase of 4.6 percent a yearl'3'4 in vehicìe miìes of

lravel. Vehicle miles of travel (Vl,lT) increaseC 4.6 percent in 1971 and 1972,2.4 percent in

1973 and 1974, 3.4 percent in 1975, and 5.9 percent in 1976. Federal Highway Administratjon

f¡!ojeatìons ìndicate that VHf vill continue to increase at an annuaì average rate of ?'2

Ðercent through 1999.2 The ìatest published EPA em'iss'ion factorsT suggest that C0 emissions

Í,:-om mobile sources wiìì peak between 1973 and 1979, then decrease untiì 1994. After 1994'

lotal Ct em.issions from automobiles may rise again with increases in Vl'tT. There are a nurnber

cf other factors that may jnfluence future C0 emission trends: deìay of the clear¡ car per-

ícrßìanc* stõndards, inspection and maintenance of pollution control equipnrent, possible retro-

fit of less wel'l-controlìed vehicìes, conversion to aìternate fueìs, traffic fìovr improve-

ments, ¡notor vehicle use restrajnts, use of Car pooìs, increased fuel prices, etc' These

fac+,crg cannot be predicted with certainty.
Ambient levels of C0 generatly inproved from 1972 to 1977. There was a 20 percent

increase in the number of sites with sufficient data for trends analysis due to the expansion

of state and local monitoring programs. Data for C0 trend anaìysis were obtained from EPA's

Naiional Aerometric Data Bank. All sjtes havlng at least 4,000 annuaì values during both

l97|-1g74 and 1975-1977 were designated as trend sites. For carbon monoxide, 243 sites me'r

lhis seìection criterion, and nore than 80 percent of these sites had at least 4 years of

data.

During :¿he tg72-77 period, 80 percent of the selected C0 sites showed ìong-term improve-

ment and this trend was fair'ly consistent for all 10 EPA Regions. The nedian rate of improve-

ment for the 90th percentiìe of 8-hour values was approximately 6 percent per year- From 1976

to 1977, 70 percent of the 243 sites impioved. Consistent with this downward trend, almosr-

one third of these sites reported their ìovrest values in 1977'

In discussing the re'lationshÍp between ambient C0 leveìs and C0 emissions, it is inpor-

tant to clarify certain conponents involved in estimatÍng C0 emissions. Two key factors are

the vehicje mjles traveled (VllT) and the emissions per Vl4T. In its sinp'lest for'¡n, total C0

emissions may be viewed as nerely the product of emissions per míìe muìtipìied by the nu¡¡ber

of nítes traveled. Totaì C0 emissions in L976-77 were higher than in 1974-75. During this

time, the emissions per VMT actualìy decreased due to emission controìs, but this vas mot"e

than offset by an even greater increase in VÈlT. The net effect was an overall increase in

totaj C0 emissions. Translating these emission components in terms of ambient C0 leveìs, it
wouìd be reasonable to expect improvenrent at downtovn Jocations ihat are saturated with

traffic because the emissioos per nrile reductions would outweigh any increase in VllT. 0n tne

oiher hand, growth areas could record increases in ambient C0 levels because increases in VMT

of f set the reduction in emi ssions per vt'lT' I
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5. ANALYTICAL I.IETHODS FOR ].IEASUREIIENT OF CARBON }IONOXIDE

It is impossible to ¡ronitor and maíntain air quality (or even to study the health effects

of poììutants) without re'liable methods for neasuring the amount of poìlutant present. This

chapter surveys the anaìytical nethods for neasuring carbon nonoxide (C0) in air and in blood

and comments on 6ome of the sanpìing techniques.

lNTROOUCTION

To promote uniform enforce¡ent of the air quality standards set forth under the Clean Air
Act as amended,33 the EPA has established provisions under which analytical nethods can be

designated as "reference" or 'eguivalent" nethods.l79 A reference method or equivaìent methsd

for air guatity neasurenents is required for acceptance of ¡¡easurement data by EPA. An

"equivalent nethod" can be so designated vhen an analytical nethod is shown to produce results

eguivalent to an approved NDIR method.

At present the reference nethsds for nonitoring C0 in the atnosphere nust be based on

non-dispersive infrared photonetry (NDIR). In addition, befone a particuìar I{DIR instrumnt

can be used in a reference nethod, it must be designated by the EPA as approved in terns of

nanufacturer, nodeì number, components, operating range, etc. Several IIDIR instruments have

been so designated. No equivalcnt nethods that use a principle other than IIDIR have as of

this writing been'designated for neasuring C0'in anbient air.
An operating range of up to 58 ng/n3 (0 to 50 pp¡r) C0 in air is typical for the NDIR

instrr¡nents designated for reference method use. Anaìytical capability is needed not onìy for

this range but also for a namoyer range up to 1 ngl¡r3 (0 to 1 ppm) 
.to 

neasure background

levels in unpolluted atnospheres and for a wider range up to 1150 nglm" (up to 1000 ppm) to

measure high concentrations, such as those in vehicular tunnels, smoke-filled rooms, and park-

ing garages. .

There is a recognized need to relate results obtained by other nethods (including those

used in heaìth effects and field studies) to thosc obtained by the ilDIR reference method' but

this is difficr¡ìt because reported infornation about other nethods is inadeguate as to varia-

tions in operator competence and effects of elçeriæntal conditions.

Overview of Technigues for lleasurement of Carbon llonoxide in Air
In the past decade, there have been several excellent revi*s on the neasurement of C0 in

the atrnosphere.43,54,74'87,97'136'145'164'169'170'184 For nonitorlqe, -qr9-9e-st- te-clnigue at

present is non-dispersive infrarcd photonetry,4g'81'111'1L2'L23'L28'148'149'157'158 usually

yith a Luft-type detector.lo2 A rn"" sensitive ilethod, suitable for measuring background

levels, is gas chronatography.l9,22,46,130,160,167'168 For high_]evels, a useful technigue is

catatytic oxidation of the C0, by Hopcaìite or other catalysts,l!] citfrer with temperature-rise

,"nro"r117'129'l'45 or wi th el ectrochemical sensors. 12'13' 19'50'136'144

gther analytical sche¡nes used for C0 in air include: infrared gas-filter correlation, a

refinement of NDIR;1,11,24,25,65,68,69'75'187 dual isotope infrared fluorescence, another
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technique derived fron NOIR;101'107'108 reaction vith hot mercuric oxide to give eìemental

mercury u"po";14'110'1L5'123']38 reaction with heated iodine pentox'ide to gìve elementaì

iodine;2.113,118,179,186 and co.lor reactions,4,15,60,88,92,98,135,154,161 as with palìadium

salts or the silver salt of p-suìfamoylbenzoate. Many of these methods are described in t"he

section on Measuring Carbon I'lonoxide in Air. A classical procedure for many decades wås to
use gasometric apparatus such as the Orsat or Haìdane,44 in which the C0 presen?- rn a gas

sample js absorbed by cuprous chìoride solution, and the decrease in volume or pressure is
measured. This method, however, is not sensÍt'ive enough for trace amounts.

Microwave rotational spectroscopy promises to be an anaìyticaì technique w'itn higr,

specificity.S2'114 0ther possible ways to determine C0 include: chemiluminescent reaction
with ozone,180 X-""y excited optical fluorescence,66 radioreìease of 85K" from the kryptonates

rf mercuric oxide or iodine pentoxide,6T'116 and utilization of narrow-band infrared ìaser
8.64sources.

Cal ibration Requirements

I{hichever method or instru¡rent is used, it ìs essential that the results be validated by

frequent caìibration with sampìes of known composition sirnilar to the unknoh/ns.42'!76'178

Chemical anaìyses can be relied on only after the analyst has achieved acceptabìe accuracy in
the anaìysis of such standard sanples through an audit program.

PREPARATiON OF CARBON I',IONOXIDE GAS STANDARO REFERENCE }IATERIALS

Gravimetric Method

A set of reliable gas standards for C0'in air certified at levels of approximateìy 12.
1

23, and 45 ng/cnu (10, 20, and 40 ppm) is obtainabìe from the National Bureau of Standards

(NBS), !,lashington,0.C.178 These NBS Standard Reference llaterials (5Rt4s) are suppìied as

compressed gas (at about 1700 psi) in high-strength aluninum cyìinders contain'ing 31 ft3 of
gas at dry standard temperature and pressure and are accurate to better than 1 percent of the

stated values. Because of the tinre and effort required in their preparation, SRMs are not

intended for use as daiìy working standards, but rather as primary standards against which

transfer standards can be calibrated.
The gravimetric method used by NBS for prepaning primary standards or Cc83'84 i, ",fcllows. An enpty gas cyìinder is tared on an anaìytical baìance; then 2 g of pure C0, weighed

accurateìy to t2 mg, is added fron a high-pressure tank. Next, 100 g of pure air (accurately

weighed) is added from a pressure tank, and the concentration of C0 is'calcu'lated from the sum

of the respective weights added to the molecular weights of the tvro gases. Not onìy the

average "moìecuìar ryeight" of the air, but also the requisite careful check of purìty, Ís
c¡tained by mass spectrometry and gas chromatography analyses of the air and the C0. Lower-

concentratjon prìnary standards are prepared by serial dilutions (not more than a factor of
LCO for each step) by the same technique.

The commercial supoliers of compressed gases are another source of ajr sarnples containing
?

C0 in the mg,/m" or ppm range. However, the nominaì values for C0 concenlratjon suopiied by
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the vendor should be verified by interconparison nith an S04 or other validated standard sanpìe.
A three-way intercornparison has been nade anong the NBS SÈ{s, comnercial gas blends, and an

extensive set of standard gas mixtures prepared by graviætric blending at the Environmentaì
Protection Ag"n.y.124 Results of the comparison showed that comerciaì gas blends are vithin
tZ percent of the true vaìue represented by a prinrary standard. Another study on cormercial
blends59 found poorer accuracy. To achieve compatible results in sanple analyses, different
'Ìaboratories should interchange end conpare their rcspestive working standards freguently.

In making and using standerds, oany precautions are needed¡83 one deserves special mention.
Large but unpredictable decreases in C0 concentration oocsr within a fery nonths in mixtures
prepared in ordinary miìd steel gas cylinders, as shoun in Figure 5-1. This nay be due to
carbonyl forn¡ation or oxidation to carbon dioxide. The difficulty can be avoided by the use

of gas cylinders made of stainless steel or aluminun. A speciaì treatnent for aluminunr, which
includes enhancenent of the aluminum oxide surface layer, has been recounended.lSS

In addition to the set of Standa.rd Reference tlaterials for C0 in air, another set of SRtls

is avai'lable from NBS for C0 in nitrogen. This second set covers concentrations from 10 to
957 ppm.

Voìunetric Gas Dilution llethods
' Standard samples of C0 in air can also be prepared by voluaetric gas diìution techniques.

In a versatile systenr designed for this pr.por",8s air at a p¡essure of 10 to 100 psi is first
purified and dried by passage through cartridges of charcoaì and silica gel, then passed

through a sintered netal filter into a fìow control and flow¡reter systen. The C0 (or a nixture
of C0 ín air that is to be diluted further), also under pressure, is passed through a similar
flow control and flor¿r¡eter systen.

Both gas streans are led'into a nixing chanber, *hich is designed to mix the gas streams

rapidly and conpletely before passege into the sampling ranifotd fron which the standard
sanples vill be withdravn. Fron the air flor rate, F¡, and the C0 flow rate, F"o;the concen-

tration of C0 in the sample, C"o, is readily calculated by the expr.essíon

- F.o

of a nore concentrated bulk nixture, the concentration is

- Fu ,^ \= Aft- (c¡)'

where FO and CO are the vaìues of fìow rate and concentration of C0, respectively, for the buìk
nixture.
Other i{ethods

Perneation tubes have been used for preparing standard ¡ixtures of such pollutant gases

as sulfur dioxide and nitrogen dioxide.119'143 Aìthough the tubes arre not routinely used in

c.o

For sanples prepared by dílution
given by

c"o
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the United States for naking C0 standard sanpìes, they are believed to be in use in Europe.

In the perneation tube technique, a sanple of the pure gas under pressure is alìowed to diffuse

through a caìibrated partition at a defined.rate into a diluent gas stream, to give a standard

sarnple of known conposition.
Another possible yay to liberate known anounts of C0 into a diluent gas is by thernal

deconposition of nickel tetracarbonyì. Hæver, an atteryt to use this as a gravinetric

calibration source showed that the relation betreen C0 output and weight loss of ¡¡s ¡i(C0)4

i s non-stoict¡ionetric. 152

Chenricaì assay nethods such as those notcd in the 0verview of Techniques for l{easurenent

of Carbon llonoxide in Air section. These nethods can be used to verify the C0 concentration

in a standard mixture, but they do not provide gpeater eccuracy or reliabiìity than is attained

by carefuì preparation of the standard sample.

l,lEASURIllG CARBOI{ I|0N0XIDE lN AIR

Ambient C0 nonitoring is an expensive and ti¡e-consuning task, requiring skilled personnel

and sophisticated anaìytical equipnent. Th.is section discusses several important aspects of

the continuous and internlttent neasureilent of C0 in the atlosphere, incìuding sanrpìing tech-

niques, sanpling schedules, and recorrcnded analytical ¡ethods for C0 measurement.

Sarnpìing Systern ComPonents

Carbon nonoxide nonltoring reguircs a sr¡rple introduÇtion systen, an anaìyzer systen' and

a data recording systen, as illustrated in Figurne 5-2.L74 Uhile the "heErt" of any air polìu-

tion nonitoring systen is the air pollutlon analyzer, Figure 5-2 shws that there is a consid-

erable anount of supportive eguipnent necessaly for continuous air nonitoring'

A sample lntroduction systcn conslsts of a e¡ryìing probe, an lnt¿ke manifold, tubing'

and air rnovers. This systen is needed to collect the alr sanple from the atnosphere and to

transport it to the analyzer vithout alterlng the origlnaì concentration. It rmy also be used

to introduce knorn gas concentratÍons in order to check periodicaìly the reliabiìity of

analyzer output. Construction naterials for the sanpling probe, intake manifold, and tubing

should be tested to denonstr¡te that the test rttþsphêr€ coPosition or coRcentration is not

significantly altered. It is reconended that saryte introduction systems be fabricated fron

borosílicate glass or FEP Teflone3T tf-all pollut¡nts are to be nonitored. However, in nonitor-

ing for C0 only, it has been reporte¿l91 t¡"t no reasurable pollutant losses were observed when

saqling systens rer€ construst¿d of tygon, poìypropylene, polyvinylchloride piping, aluminum'

or stainless steel. The saryle introductlon systen should be constructed so that it presents

no pnessure droP to the analYzer.

The . analyzer systen consists of the analyzer ltself and any sanple preconditionìng

conponents that my be necessary. Saryìe precondltioning night reguire a noisture control

system to help nininize the false positive Fesponse of the analyzer (e'g', the NDIR anaìyzer)

to vater vEpor, and a particulate filt¿r to help protect the analyzer fron cìogging and

possible chenlcal jnterference due to particulate buildup in the s¡nple 'lines or anaìyzer inlet'
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The sampìe preconditioning system nray also include a flow netering and fìow control device to

controì the sanpìing rate to the anaìyzer. As for the analyzer, there are several analytical

nethods for the cont.inuous measuren¡ent of C0. These are described in the section on Continuous

Measurenent l,lethods.

A ciata recording system is needed to record the output of the anaìyzer. Data recording

systems range. from sirnpìe strip chart recorders to digital nagnetic tape recorders to com-

puterized teìemetry systems that transfer daÈa fron remote stations to a central location via

teìephone lines or radio waves.

Quality Control Procedures for Sarnpling

The accuracy and validity of data collected from a C0 nonitoring systen must be ensured

through a guality assurance prograß. Such a progran consists of procedures for caìibration,

operationaì and preventíve ¡¡aintenance, data handling, and auditing; the procedures are fully
documented in a quality assurance program nanuaì.

Caìibration procedures consist of periodic nuttipoint prinary calibration and secondary

caìibration, both of nhich are prescribed to mininize systenatic error. Prinrary calibration

invoìves the introduction of test atmospheres of knryn concentration to an instrument in its
normaì node of operation for the purpose of producing a calìbration curve.

A calibration curve is derived from the anaìyzer nesponse obtained by introducíng several

successive test atnosphercs of different known concentrations. One reconmended nethod for

þenerating C0 test atnospheres ís to use zero air (containÍng no C0) along with severa'l knom

concentrations of C0 in air or nitrogen contained in high Pnessure gas cyìinders and verified

by NBS-certified SRtl wherever possible.l75 T¡. nunber of standard gas nixtures (cylinders)

necessary to estabìîsh a calibration curve depends on the nature of the anaìyzer ouþut. A

nrultipoÍnt calibration at five or six different C0 concentrations covering the operating range

of the analyzer is reconmended by the EPA.171'177 Alternatlvely, the nultipoint calibration

is accomplished by diìuting a knorn high-concentratíon C0 standard gas with zero gas in a

calibrated fìow diìution system.

Primary calibrations shouìd be perforned when the analyzer is first purchased and every

30 days thereafter.lT4 .P"in"ry calibration is also reco¡nended after the anaìyzer has had

maintenance that could affect its response characteristics or vhen results fronr auditing show

that the desired perfornance standards are not being net.174

Secondary calibratÍon consists of a zero and up-scale sPan of the analyzer. This is

reconmended to be perforned oaity.177 If the analyzer response differs (by norc than 2

percent) from the certifíed concentrations, then the anal¡rzer is adjusted accordingìy.

Complete records of secondary calibrations shouìd be kept to aid in data reduction and for use

in auditing.
gperatìonal and preventive naintenance procedures consist of operational checks to ensure

proper operation of the anaìyzer and a preventive naintenance schedule necessary to prevent

unexpected anaìyzer failure and the associated ìoss of data.58 Operational checks incìude

5-7



checks of zero and span control settings, sample fìou rate, gas cyìinder pressures, sampìe cell

pressure, shelter ternperature, water vapor controì, the.particulate filter, the sample intro-

duction systen, the recording system, and the strip chart record. These checks may indicate

the need for corrective/remedial act'ion. They are usual'ly perfonned ín conjunction with

secondary calibrations. In addition to operational checks, a routine schedule of preventive

maintenance should be deveìoped. lrlaintenance requirements for" the analyzer are usuaììy

spec.ified in the nanufacturer's instrument manual. Routine maintenance of supportive equipment

(i.e., the sample introduction systen and the data recording system) is also required. This

may include sanp'le line filter chenges, water vapor controì changes' sanple ìine cìeaning, leak

checks, and chart paper supply changes.

gata handling procedures consist of data genefation, reduction, validation, recording,

and analysis and interpretation. Data generation is the process of generating raw, unProcessed'

and unvalidated observations as recorded on a strip chart record. Data reduction is the con-

version, by use of calibration records, of recorder output as a Percent of full scale to con-

centration units. This is usually a n¡anual operation that requires an individual to scan a

stripchart record and visuaìly average the trace over a given tine period (usual ly l-hour)'

Data validation involves finaì screening of data before recording. Then, questionable data

',flagged,'by the monitoring technician are reviewed, with the aid of daily ca]ibration and

operation records,-to assess their validity. Specific criteria for data seìection and several

instrunent checks are outlined in reference 174. Data recording invoìves recording in a stand-

ard fornat for data storage, interchange of data vith other agencies, and/or'data anaìysis'

The EpA has adopted a standard recording fonnat known. as SAROAD (Storage and Retrieval of

Aerometric Data).173 An exampìe of an hourly SAR0AD data forn is given in Figure 5-3- Data

analysis and interpretation usuaìly include a mathematical or statistical anaìysis of air
quality data and a subsequent effort to interpret resuìts in ter¡ns of exposure patterns'

meteorological conditions, characteristics of enission sourcesr and geographic and topographic

condi ti ons.

Auditing procedures consist of several qualìty control checks and subsequent effor

analyses to an estinate the accuracy and precision of air quality measurements. The quality

control checks for C0 include a data processíng check, a controì sample check, and a water

vapor interference check, which should be performed by a qualified individual independent of

the regular operator. The error analysis is a statistical evaluation of the accuracy and

precision of air qualìty data. Guideìines have been published by EPA174 for caìculating an

overall bias and standard deviation of errors associated with data processing, measurenent of

control samples, and water vapor interference, from which the accuracy and precision of C0

measurenents can be detennined. l¡lore recently, the EPAL77 has recommended a method for deter-

mining the accuracy and precision of C0 neasurements based on primary and secondary calibra-

tion records. Accuracy is the agreement of an observed measurement with an accepted reference

or true vaìue and can be estinated on the basis of multipoint calibration records' Precision

is a measure of repeatabiìity and can be estimated from secondary calibration records'
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In sumrary, the data provided by the quaìity control checks anci suÞsequent error anai-yses

are suffjcìent to provide an overalì esti¡rate of data quality and an indication that dðta

qi-raìity rna,v be inadequate. If the data quality ìs not adequate, the cailses of ìarge deviations

should be deterrnined and appropriate action taken to correct the deficien'Jies- These actions

ßrây include an increased auditing progran' increased frequency of primary caljbrations'

incre¿sed frequency of preventive maintenance, changes in monitorìng procedures, repìacement

of analyzer, andlor personneì changes.

Sampi ing Schedules

Carbon nronoxide concentratjons in the atmosphere exhibit large temporal variations due to

changes jn the time and rate that c0 is emitted by different sources and due to changes in

meteorologicai conditions that govern the anount of transPort and dilution that take place'

DurÌng a one-year period an urban C0 station. nray monitor hourly concentrations of C0 ranging

from 0 to as high as 50 mg/m3 (45 ppm). Violations of the NAAQS are based on the second

highest 1-hour and 8-hour average concentration, which represents an isolated and "rare" event

nhen compared to the 8760 hours that constitute 1 year. In order to measure this "rare" event,

the,,best,¡sampling schedule to employ is continuous monitoring 24-hours per day, 365 days per

year. Even so, continuous monitors rareìy operate for long periods without data losses due to

malfunctions, upsets, and routine maintenance. Data losses of 5 to 10 percent (438 to 875

hours per year) are not uncomnon. Consequently, the data must be interpreted in terms of the

,,1ike'lihood,'that the NAAQS were attained or violated. Statistical methods can be employed to

interpret the results. 1o'91

b¡hiìe contjnuous monitoring is the $best" sampling schedule, statisticalìy vatid sampìing

can be perforned on randorn or systematic scheduìes. l'lost investìgations of vqrious sampling

scheduìes have been conducted for particulate air poììution data,86'121'127 but the sanre

schedules could aìso be used for c0 monitoring. However, NDIR instruments do not perform

reliabìy in interrnittent samp'Ìing. Akland3 eva'luated particulate data from 6 years of sarnpì-

ìng and showed that 1 day's sanpling every 2 weeks could be used to obtain annual mean

suspended particuìate concentrations within an accuracy of 2,9 percent (systematic sampling)

to 5.8 percent (random sanrpling), compared to every day sampling. bJhen sanpìes were col'lecteci

every 3 days, the precision was imProved to 0.2 percent and 3.9 percent for the systematic and

randon methods, respectiveìy. The systenatic nethod uses a regular sampling interval of any

number of days except seven or rnultiples of seven. This ensures that aì'l days of the week are

sampled equally, Random selection is more likely to result in a ìess precise yearìy estjmate

than systematic sampling because of daily fluctuatìons in the units viìthin the sampl'ing

interval.3 Systematic sampling tends to be more representative.

For any number of air samples, the expected deviation of the samDle mean from the true

pooulation mean can be determined by statistical techniques such as those described by

Saìtzman.142 These methods can be used ! priori to deterrnine the number of sarnpìes it would

be desirable to collect during a study. 0ttl21 has shown that annual mean C0 conceni-r¡tions
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can be neasured uith an accuracy of !2.15 ¡gl¡,3 (tl.g+ ppa), at 0.99 confidence ìeveì, with as

few as nine

Cal ifornia).
andon l.-hour ðveråge stDPles ourlng Ene year (Daseo on oaEa rroB¡ )an dose,

2
túlth 1¡+4 randour l-hour saryles, the accuracy rras inproved to 10.54 ng/nr"

on data fronr San Jose,1-hour se¡ples during the year (based

(t0.49 ppm). The annua't ne¡n concentration at this site was 3.93 nrglm3 (3.54 pp¡n). lfith
rando¡r sarnpling techniques and autoßatic bag sanpìers filting one bag each hour, C0 measure-

nents can be made at nany more locations and at less cost than continuous nonitoring. 0tt121

estimates the cost of randon sanpting at nine sites to be 70 percent less expensive than

continuous nonitoring at the sane sites.
Short-tern studies designed to saryle during '¡rûrst cåse" seesons ¡nd/or tiues of day can

provide data needed on naxia¡u¡r l-hour and 8-hour C0 concentrations for conParison to llAAQS.

In other cases, rhere concentration trends are not known and vhere C0 concentrations are

expected to be high, a full year of data nay be necessary

Re:on¡ended Analytical llethods for Carùon llonoxide lleasurenent

Different analytical ¡ethods for C0 neasunenent are required for different purposes'

depending on the concentrations to be neaswtd and the ptrysicaì environ¡nent to which the

analyzer wilì be exposed (i.e., tenperature, vibration, etc.). Hhen very low globaì background

concentrations are being nonitored, only the mst sensitive analytical nethods can be used.

Horever, for nonitoring C0 ln uråan atnospheres for the purpose of deter¡ining conpliance with

Nationaì Anbient Air Quality Standards (I{AAQS), an EPA "referenceu or "eguivalentr¡ nethod

should be used. Spedifications for autonated anatyticat ¡ethods for C0 neasurenent have been

issued by the EPA (see Tabte 5-1). Ttre EPtl7l has specified tlDlR as the ¡¡easure¡ent PrinciPle
for reference nethods for deternining conptiance yith the IIAAQS for C0. An "equivalent nethodrt

can be so designated wtren an analytical æthod is shorn to produce results eguivalent to an

approved i{DIR nethotl.

Presently, several l-ference nethods using the $IR principle have been approved for

nonitoring tor mlqS achieven¡ent. ìlo gas chromatographiclfla¡re ionizatlon (GC) ¡rethods have

been designated as equlvalent oethods, but sone tppear to be suitable for such designatjon.

The Ir0, coulometric nethod is considered to be trunacceptable" because of lts slow response,

sensitivity to t@erature, lnd interferences by nercaptans, hydrogen sulfide, olefins,
acetylenes, and yater 

""por.172 
All other nethods not specifícalìy designated autsnaticaìly

fall under the "unapprovedil categorry. Current lists of designated refenence and equivalent

nrethods of ana'lysis for air polìutants crn be obt¡lned f¡o¡r EPA regional offlces.
ilonitoring of C0 for puryoses other than IIAAQS corytiance, such as atnospheric research,

industrial hygiene, or stack sanpling, nay eqloy othei'¡ethods that rqy b€ nore sensitive to

lotr C0 concentrations, or ¡ore suitable to the rigors of field studles. Instrments enpìoying

the NDIR nethod are very sensitive to vibr¡tion, yhich nakes then unsuit¡ble for nobile or even

portable use. The physical size and usual construction of both I{DIR and GC instr¡¡ments limit
their application prinarily to laboratory enviroments.
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TABLE 5-1. PERFORI4AI{CE SPECIFICATIOI{S FOR AUTOIIATED

A}IALYTICAL IIETHODS FOR CARBON IONOXIDE1T5

Range
l{oi se
Lower detectable linit
Interference equivalent
Each interfering substance
Total interfering substances

Zero drift
12-hr
24-hr

Span drift, 24 hr
20 percent of çper nange limit
80 percent of upper range limit

Lag tine
Rise time
Faìl time
Preci sion
20 percent of upper range linrit
80 percent of upper range lÍnrit

0 to 57 mglml (o to 50 ppm)
0.6 nglmi (0.50 ppm)
L.2 ng/n' (1-0 ppm)

t1.2 rns/nl (r1.0 ppm)
I.7 ng/n' (1.5 ppnr)

tl.2 mglnl (t1.0 pp¡r)
!1.2 ng/n- (t1.0 ppm)

!10.0 percent
t 2.5 percent
10 min.
5 min.
5 min.

0.6 mglni (0.5 ppm)
0.6 mg,/m" (0.5 ppm)

Defi ni ti ons:
Ranqe: Noninal nininum and maxÍr¡r,¡m concentrations that a method is

capable of neasuring.
Noise: The standard deviation about the mean of short duration

deïìãETons in output that are not caused by input conceñtrãtlõn-ðhanges.
Lower Detecta-blg Limit: The mïninunr pollutant concentnation that -pr@e the noise ìevel.

Zero Drift: The change in respõnse to zero pollutant concentration
duñïg-?õñlinuous unadjústed opei-ati on.

Span,Drift: The percent change i.n response to an up-scale pollutant
concentration during continuous unadjusted operation.

L,aq. Tine: The ti¡re Ínterval between a stei change in input concentration
and the first observable corresponding change in response.

Rise Tirn: The tine interval betweãn inilial respänse and 95 percent of
tiñãi-Eþã'nse.

Fall rime: The tine interval between lnitial response to a step decrease
ín-ãõ-EFation and 95 percent or iinãl response.

Precision: variation about the mean of reþeated measurements of the
sañãl'õTïÏîant concentration expressed es one standard deviation about
the mean.

InÌ,erferenge Equivatent: Positive or negative response caused by a
bstance other than the one beinq measured.substáncE õtñerEñan 'tñe one being

5-L2



Portable instruments rne coürcrciaìly available for naking C0 measurements in the fieìd
by d'ifferent analyticaì technigues. Instruments based on controlìed-potential eìectrochemical

analysis have detection linits of ìess than 1 ngl¡n3 (O.g ppr).13'20 These instrwnnts can be

enployed for portable Deasurements in mines and hostile working environments, as reìl as in

research for co¡nuter "in-car" "*porur",45 
indoor worker 

"rporu"a,45 
or C0 measurenents taken

from aircraft. Another comon technique for obtaining internittent C0 concentration data is

to enploy portable punps and air sarnpling bags to collect an air sampìe that can be later

anaìyzed for C0 concentration by I{DIR or another nethod.38'120 Bags of 2 to- 90 ìiters are

typÍcal. Construction nateriaìs include lrlylaro, Tedlaro, alunrinized Scotch-pako, Scotch-pako,

Saran@, and Teflono.6'147 The inert properties of C0 nake it ideal for bag sanpling' since

the in-bag rate of decay is slow. However, investigators using the bag sampl'ing technique

should perforrn their ovn tests of decay rate as pert of their quality assurance program.

Grab samples fron stacks or automobile exhaust pipes, in which C0 concentrations may range

fror¡r 500 rglr3 (qSO ppm) to several percent C0, nay be analyzed with co'lored silver sols detec-

tion tubes6,38 o" by 0rsat analysis. Bag sanples of these exhaust gases can aìso be taken,

quantitative'ly diluted, then anaìyzed by an ilDIR instruent.33
Conùi nuous }leasurement Ìlethods

Non-dispersive Infrared Photometry--Carbon nonoxide has a characteristic infrared absorption

near 4.5 ¡rm; the absorption of infrared radiation by Èhe C0'notecule therefore can be used to

measure C0 concentration in the presence of other gases. The ilDIR r¡ethod ís 'based on this

pri ncipìe.
Although the size, shape, sensitivity, and ranç of I{DIR instrunents vary with nanufac-

turer, their basic components and configurations are similar. llost cormercialìy available

instruments include a hot fiìanent source of infrared radiation, a rotating sector (chopper)'

a samp'le cell, a reference cell, and a detector (see Figure 5-4).

The reference ceìl contains a non-infrared-absotting gas, while the sampìe cell is contin-

uousìy fìushed with the sanple atnosptrere. The detector csnsists of a two-comparürent gas ceìì

(both fÍlled wíth C0 under pressure) separated by a diaphragn vhose novenent causes a change

of electrical capacitance in an external circuit and uìtinately an arnplified eìectrical signa'l

suitable for input to a servo-type recorder.

During analyzer operation an opticaì chopper internittentìy exposes the reference and

sarnple cells to the infrared sources. At the frequency inposed by the chopper, a constant

amount of infrared energûr passes through the reference celì to one cmpartDent of the detector

cell whiìe a varying anount of infrared energy, approxinately inversely proportional to the C0

concentration in the saryìe cell, reaches the other detector cell compartnent. These unequal

enounts of residuaì infrared energy reaching thc tvo colpartnents of the detector cell cause

unequa'l expansion of the detector ges, resuìting in variation in the detector cell diaphragn

rnovement, yhich in turn produces the electrical signal previously discussed.
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Because water vapor is the principaì interfering substance in determining C0 by N0IR

techniques, a moisture control systen is particularìy inportant. To reduce water vapor, which

gives an erroneously high vaìue, water can þe renoved by drying agents or cooling, or its
effect can be reduced by optical filters.

Non-dispersive infrared systens have severaì advantages. They are not sensitive to flow

rate, they require no rvet chemicaìs, they are reasonably independent of ambient air temperature

changes, they are sensitive over wide concentration renæs, and they have short response times.

Further, NDIR systems may be operated by non-technicaì personnel. Such systems aìso have some

disadvantages, such as zero drift, span drift, non-ìinearity, and high cost. Sone newer

instruments have mininum drift because high quality theroostats and solid state electronics

are used in their manufacture. Such instrunents aìso have autonatic zeroing, spanning' and

recalibrating capability; they nay aìso be obtained vith essentialìy ìinear outputs.

Gas Cht"onatoqraphv - Flane lonization--A gas sarnpling yalve, a back flush valve, a precolunn,

a molecular sieve coìunn, a catalytic reactor, and a flane ionization detector comprise the

gas chromatography-flanrc ionization systen. In operatÍon, neasured volunes of air are

delivered 4 to L2 tines per hour to a hydrogen flarie ionization detector that masures the

totat hydrocarbon content (THC). A portion of the sane air samPle, injected into a hydrogen

carrÍer gas stream, is passed through a colunn vhere ìt is stripped of water, carbon dioxide'

and hydrocarbons other than methane. llethane is then separated fron¡ C0 by a gas chromato-

graphíc co'lr¡mn. The methane, which is eluted first, is unchanged after passing through a

cataìytic reduction tube into the flarre ionization detector. The C0 eluted into the catalytic
reductÍon tube ís reduced to nethane before passing through the fìane ionizatìon detector.130

Between anaìyses the stripping coìun ie fìushed out. l{onnethane hydrocarbon.concentrations

are deternÍned by subtracting tl¡e nethane value fron the total hydrocarbon value.

There are two possible modes of operation. One of these is a conPleÈe chronatographic

analysìs shoring the continuous output fron the detector for eaeh sa4le injection. In the

other, the system is programned for both automatic zero and span settings to dispìay selected

elution peaks as bar graphs. The peak height is then the neasurc of the concentration. The

first operation is referred to as the chronatographìc or "spectro" node ¡nd the second as the

barographic or |tnorî¡altr Dode.

Since neasuring C0 entaíts onìy smaìl increases in cost, instrunent conplexity, and

analysis tine, these instruents are custonarity used to inasure three pollutants: methane'

total hydrocarbons, and C0.

The instru¡¡ental sensitivity for each of these tlrree conponents is 0.023 mg/¡,3 (O.OZ ppn¡).

The lowest full-scale' range available is usually ç to 2.3 ngln3 (O Èo- 2 ppm) up to 5.7 m9lm3

(up to 5 ppnr), although at least one instnnent has up to 1.2 ngln3 {ul to 1 pp¡n) range-

Because of the conpìexity of these instrrtents, continuous Daintênance by skilled technicians

is requìred to ninin¡Íze downtine. This naÍntenance reguirenent nay be considered a possible

disadvantage of the systen.
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Electrochemical AnalYzers

Contro.l led-potentialãectroihen¡ical analvsis. Carbon monoxide is measured by means of the

current produced in aqueous soìution by its e]ectro-oxidation at a cataìyticaììy active

electrode. The concentration of c0 reaching the electrode is controlted by its rate of

diffusion through a menbrane. This is dependent on its concentration in the sampled

utrorptr""".12,13- Proper seìection of both the membrane and such cell characteristics as the

nature of the eìectrodes and the solutions make the technique selective for various poììutants'

A similar technique has been reported by Yanate and Inoue'194

The generated current is linearìy proportional to the c0 concentratìon fron 0 to 115 mglm3

(0 to 100 ppm). A sensitivity af 1.2 mg/m3 (t ppm) and a lg-second response tirne (90 percent)

are clained for a currentìy avai'labìe co¡nercia'l instrument.

Acetylene and ethylene are the chief interfering substances: 1 part acetylene responds

as 11 parts c0, and 1 part ethylene as 0.25 part c0. For hydrogen, anmonia' hydrogen sulfide'

nitric oxide, nitrogen dioxide, sulfur dioxide, natural g¡s, and gasoline vapor' interference

is less than 0.03 part C0 per 1 part interfering substance'

Gaìvanic analyzer. Gaìvanic ceìls employed in the manner described by HerschT6'77 can be used

to measure atnospheric c0 continuous'ly. |,lhen an air stream containing c0 is passed into a

chamber packed rith Ir0, and heated to 150oC, the foìlowing reaction takes place:

sco + I2o5 (150"c)> 
5co2 * Iz'

The liberated iodine is absorbed by an electrolyte and transferred to the cathode of a gaìvanic

ceì1. At the cathode, the Íodine is reduced and the resuìting current is measured by a

gaìvanoneter. Instrt¡¡nents rith thìs detection system have been used successfuìly to measure

C0 levels in traff'lc along freeways'7o

lrlercaptans, hydrogen sulfide, hydrogen, olefjns, acetyìenes, and water vapor interfere'

uater nay be removed by saçìing through a drying coìunn; hydrogen, hydrogen su] fide,

acetylene, and olefin interferenees' can be mininized by sampìing thrrough an absorption tube

containing mercuric sulfate on silica gel'

coulometric analvzer. A coulometric method ernpìoyi¡_g a modified Hersch-type cell has been used

for continuous measurement of C0 in ambient air.57 The reaction of IroU with C0 liberates

iodine, which is then passed into a Ditte cetl, and the current generated is measured by an

eìectrometer-recorder conbination. Interferences are the sanre as those discussed above for

the galvanic analYzer.

This technique may be used for a minínum detectable concentration of :..-2 ng/n3 (1 ppm)

with good reproducibility and accuracy if f'low rates and tenperatures are welì controlled'

This method requires careful colunn preparation and use of filters to remove 'interferences'

Its reìatively slow response tìme may be an added disadvantage in some work'
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Þtercury Replacernent--l{ercury vapor fonned by the reduction of ¡¡ercuric oxide by C0 is detected

photometricalìy by its absorption of uìtraviolet light at 253.7 n¡¡. The reaction involved is:

co + Hso (21ooc) > Co, + ¡g

This is potentially a nuch more sensitive nethod than infrared absorption because the

oscillator strength of nercury at 253.7 nm is 2000 tines greater than that of C0 at 4.6 pm.

Hydrogen and hydrocarbons also reduce nercuric oxide to Dercury, and there is sone therr¡aì

decomposition of the oxide. operation of the detector at constant tefiPerature resuìts in a

reguìar background concentration of nercury fron thermal deconposition. The instrunent is

portabte and can anaìyze C0 concentrations of 0.025 to 12 mglm3 (0.020 to 10.0 ppn). Changes

of 0.002 nglm3 (O.OO2 ppm) are detectable. For this reason, this instrunent has been used to

deterrnine globaì C0 "levels.
l{cçuìtough et a1.14'110 reconmended a temperature of 1750C to ninimize hydrogen inter-

ference. A cornercial instrunent enploying these principles was nade and used during the

midd'le t950s.115 The technique has recently been used for neasuring background C0 concentra-

tions. Robbins et a1.138 h""" described an instrrment in whìch the nercurìc oxide chamber is

operated at 2100C, and the anount of hydrogen intel'ference is assessed by periodic introduction

of a tube of silvcr oxide into the intake air strea¡¡. At room terPerature silver oxide quanti-

tatively oxidizes C0, but not hydroçn. Thus, the baseìine hydrogen concentration can be

determined. Addltional ninor inprovements are disgussed by SeÍler. and Junge,¡eu who gave the

detection limit for C0 as 0.003 ¡rglm" (0.003 ppu).

lrlore recently, PalanosP3 descrfbed a ìess sensitive nodel of this instrunent intended

for use in urban monitoring. It has a rangs of 0 to 23 nglm3 (20 ppm), a sensitivìty of about

0.58 mglnr3 (0.5 ppr¡), and a span and zero drift of 'less than 2 percent per day. As in other

simiìar instruments, specificity is achieved by renovaì of the potentialìy interfering sub-

stances (which is less th¡n 10 Percent) other than hydrogen-

Alt of these instr¡ments assmÊ a constant hVCroæ¡ concentration. In unpolluted atmo-

spheres, the hydrogen concentratíon is roughly 46.5 t¡glnr (0.56 ppm). However, the automobile

Ís not onìy a source of C0 but also of hydrogen. Therefore, if this technigue is used in

po¡gted areas, ìt will be necessary to neasur€ th¿ hydrogen concentration frequentìy.

oua] Isotooe Fìuorescence--This instrmental rethod utitizes the slight difference in the

infrared spectra of isotopes. The sanrple is alternately illrninated with the characteristic

infrared waveìengths of carbon nonoxide-16 (C016) and car¡on nonoxide-l8 (C018). The C0 in

the sanple that has the nor¡al isotope ratio, nearly 100 percent C015, absorùs onìy tf¡e C016

wavelengths. Therefore, there is a cyclic variation in the intensity of the fluorescent light

that is dependent on ttre C015 content of the sanpìe.101'107'108

Fult-scale rüUes of 0 to 23 qgln3 (0 to 20 ppnr) and up to 0 to 230 ¡ngl¡r3 (O to 200 ppr)

.v¿ith a clained sensitivity of 0.23 ¡rg/¡,3 (0.2 ppn) are available in this instrunent. The

response ti¡ne (90 Percent) is 25 seconds, but a l-second Fesponse tine is also available' An

advantage of this technigue is that it ¡¡ininizes the eff,ects of interfering substances'
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c:t.atvtic Combustion - Thennal Detection--0etermination of C0 by this method is b¿sed o¡'

measurìng the temperature rise resulting from catalytic oxidation of the C0 in the sample air'

The sarnpìe air is pumped first into a furnace that bnings it lo 3 pre-set, r'egulateC

tenperature and then over the catalyst bed in the furnace. A thermopiìe assembiy neasures the

iempera+,ure difference betvreen the air leaving the catalyst bed and the air entering it' The

output of the thermopiìe, which is calibrated with known concentrations of C0 in air, is read

on a strip-chart recorder as parts of C0 per million parts of air. The sensitivity is aboul

i.2 mg/m3 (1 ppm). tlost hydrocarbons are oxidized by the same catalyst, and will ìnterfere

unjess removed. These systems are wideìy used in encìosed spaces; their appìicability for

a*bient air monjtor.ing is Iimíted because they function best at high ambient concentra"icns.

Second-Derivative Spectrometry--A second-derivative sPectrometer processes the transmission

vereus wavelength function of an ordinary spectroneter to produce an output signaì proporf,ional

¿c the second derivative of thís function. Ultravioìet light of continuous waveìength ìs

cr¡lìected and focused onto an oscillating entrance sìit of a grating spectromeier. ìrihen the

grating orientation is changed slowly, a slowly scanning center waveìength with sinusojdal

waveìength moduìation is created in the existing light by the oscilìating entrance slit'- This

rad.iation passes through a gas sarnple and is detected with a photomuìtiplier tube. The signaì

is then electronically processed to produce a second-derivative rp"ct"u*.96 This method has

the advantage that it can be used to measure other pollutants as well as C0. Commercial

instruments are currently under deveìopnent.

Fourier Transform Soectroscopy--Fourier transfonn spectroscopy is an e¡tremeìy powerful

infrared ro"".,"or.ooilãîfr"16 th"t has deveìoped in the-past 20 years and has been apoìied

in the tast 10 years to air poìlution measurement p"obl"rr.72'96 The advantages of this tech-

nique over a standard grating or prisn spectrometer are that it has a higher through-put, which

means that the ävailable energy is used nore effectively and that a much higher resoìving power

is obtainable. In ajr poì'lution measurenents jndividuaì absorption lines can be resolved'

A spec.iaì ,advantage for air poìlution neasurements is that all the data required 
_to

reconstruct the entire absorption spectrum are acquired at the same time. The spectrum as a

function of waveìength is generated by a built-in conputer. This means that severaì gases can

be measured simuìtaneousìy. Several conmerciaì instruments are now available with resojutions

af 0.A6/cn or better. These fnstrunents are capable of cìearìy defining the sÞectra of any

gaseous pollutant, inctuding C0 and are currently being used for speciaì air_pollution studies'

Gas Filter Correìation Spectroscopy--A gas filter correlation (GFC) monito.25 is in essence a

modern NDIR monitor, but it has not been defined as such by EPA. It has all the advantages of

an NDIR jnstrunent and the addjtional advantages of smaller size, no jnterference from CCr,

and very small interference from water vapor. It js not sensitive to flow rate, requires no

wet chemicals, has a very fast response, and is jndependent of nornai an¡bient temperature

changes. There is a problem with zero drift, but not wjth span drift. Furihernore, lhe

'instrument has recently been packaged as a portable monitor'
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In this instrument, the infrarcd beam is collinated by a lens before passing through the

gas filter, the interference filter, and the sanple ceì.l. The signaì arises from the

dìfference in anplitude of the signal that alternately passes through one-half of the filter
cell containing C0 and the other half containing a neutral gas such as il, and a neutral filter-
The signaì is ba'lanced when no C0 rcmains in the sampìe cetl. An increase in C0 in the sample

ceìl will increase the difference signal, since the portion of the beam that has aìready passed

through the C0 in the gas filter yiìl be unchanged by the C0 in the sanple ceìì, whereas the

bean passing through the neutral half will be attenuated by the C0 in the saaple. A prototype

version of this nonitor had a nininum sensitivity of 50 parts per biìtion.27
Intennittent Analysis

Intermittent samples nay be co'lìected in the field and later anaìyzed in the ìaboratory

by the continuous analyzing technigues described ebove. Sanple containers may be rigid (gìass

cylìnders or stainless steeì tanks) or they may be non-rigid (plastic bags). Because of loca-

tion or cost, interuittent sarnpl'ing at tines may be the onìy practicaì nethod for air monitor-

ing. Samp'les can be taken over a few ninutes or accunutated intermittently to obtain' after

anaìysis, either "spotI or 'lintegrated¡' results. Mditionaì techniques for analyzing inter-

nrittent sanples are described belol.
Coìorimetric Analysis

C,olorgd iilver sol nethod. Carbon monoxide reacts in an alkaline. solution with the siìver

saltrof g-sulfanoyìbenzoate to forn a colored silver sol. Concentrations of 12 to 23'000

ng/n- (10 to 20,000 ppm) C0 nqy be neasured by this ¡¡ethod.28-32'98 The nethod has been

¡rodified to detennine C0 concentrations in jncinerator effluents. Sarnples are colìected in an

evacuated flask and reacted" The absorbance of the resulting coììoidaì solution is measured

spectrophotometricatly. Acetylene and for¡atdehyde interfere, but can be removcd by passing

the sanrple through nercuric:suìfate on silica gel. Carbon nonoxide concentrations of 5.8 to

ZO,7O0 mg/n3 {5 to 18,000 ppm) nay be neasured with an accuracy of 90 to 100 percent of the

true value.

National Bureau of Standards coìolimetric lndicating qel.

A Ìlational Eureau of Standards (tlBS) colorinetric indlcating æl (incorporating palladim and

nolybdenum salts) has been devised to neasure C0 in the laboratory and in the field.151'152

The ìaboratory method involves colorinetric conparison vith fr'eshìy prepared indicating gels

exposed to knom concentrations of C0. The ¡nethod has an accuracy range of 5 to 10 percent of

the ånount of C0 involyed, and tlæ nininum detectable concentration is 1.2 mgllr" (1 Run). This

technique requires relatively sinple and inexpensive eguipnent; however, oxidizing and reducÍng

gases interfere, and the preparation of the indicator tube is a tedious and tine-constming

task.
Lenoth-of-stain indicator tube. An indicator tube that uses potassitrn palladosulfite is a

d.$3Carbonmonoxidereactsyiththecontentsofthetubeand
produces a discoloration.
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The length of discoloration is an exponential function of the C0 concentration' This

method and other indicator tube manual methods are estimated to be accurate to within !25

percent of the amount present, particularly at C0 concentrations of about 115 mg/n3 (100 ppm)'

Such indicator tube manual nethods have been used frequently in air pollut'ion studies'

;;"yiä¡;r"; ti" i""r,nique ro measure c0 at traffic intersections, and Brice and Roeslerzl

estimated C0 concentrations with an accuracy of t15 percent by means of color-shade detector

tubes.
Co'lorimetric techniques and length-of-stain discoloration methods are recommended for use

only when other physicochemical nonitoring systems are not availaþle' They may be used in the

field for gross mapping where accuracy is not required and nay possibly be of great value dur-

ing emergencies.

Frontaì Analysis--Air is passed over an adsorbent until equilibrium is established between the

concentration of c0 in the air and the concentration of c0 0n the adsorbent' The c0 is then

e'luted ¡rith hydrogen, reduced to methane on a nickel catalyst at 250oC, and determined by flame

ionization as methane.

Concentrations of C0 as low as 0.L2 mglrn3 (0.10 ppm) can be measured' This method does

not give instantaneous concentrations, but does gìve averages over a 6-minute or longer sampì-

. s5-56rng Perloo.
HEASURING CAREON I.IONOXIDE IN. BLOOD

The best index of C0 exPosune is the carboxyhenrogìobin (CQHþ) percent saturation'

Carboxyhemciglobin can be determined satisfactorily on venous bìood since the àifferences found

betvreen venous and arterial concentrations have been insignificant. venous blood should be

coìlected in a closed container (vacutainer tubes are adeguate) with an antìcoaguìant such as

dry sodium heparin or sodiusr ethylene-diaminetetraacetic acid (EDTA)' There must be no air

trapped in the syringe or container. Blood sampìes may be preserved for severa'l days prior to

analysis if kept in the col¿ (4oc) and,in the dark. conrplete mixing of blood must be perforrned

if CO, as a gas, and hemoglobin (Hb) are a|easured separatel¡r. This mixing must assure that

the normaì henatscrit of the sample is present prior to anaìysis' Total Hb determination is

most conveniently perfonned by the reaction to fonn cyanomethemogìobin."' A satisfactory

procedure is to use the reagent of Van Kampen and Zij'lstral8l with precautions to prevent

graduaì ìoss of hydrogen cyanide (HCil) from the acid reagent and to at low sufficient time for

total conversion of CoHb. l¡leasurements of C0 by eìaboration of the gas or by non-destructive

spectrophotometric procedures have been developed (Table 5-2)'

Carbon mohoxide combines rapidly with Hb to fonn CQHb, which is much nore stable than

02Hb. This combination decreases the 0, transport capability of bìood, causing 0, dePrivation

in tissues and, thus, irnpaired physiotãgic status. Therefore, the chenical analysis of blood

for its CoHb content ís an important measure of toxic effect, as weìl as recent exoosure, for

c0.
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TABLE 5-2. C0Ì,|PARIS0N 0F REPRESENTATIVE TECHI{IQUES

FOR ATIALYSIS OF CO I}I BLOOD"

Reference llethod

Sanple
voì ,
ml

Resol ution,b
ml/dl

Sampl e
anaìysi s
tine,
min

cy
h

GASOüETRIC

'"ilil1':îgo
Schoì ander. apd

Roughtonr*o

OPTICAL

Coburn.,. Fo56ter
eno Áane

sma'l I et .t .156

l,laas,. Hameìinkt't
ano ue Leeuw

CHRO}IATOGRAPHIC

IlcCredi6tand
.rose

Coìlison, Ro{teY
and 0']leal -'

Ayers et al.g

Datrns & Horvath4T

Van Slyke

Syri nge-
capi I I ary

Infrared

Spectro-
photometric

C0-0xÍneter

Therna'l
conducti vi tY

Flane
ionízation

Thermal
conductivitY

Thermal
conductivitY

1.0

0.5

0.03

0- 02

6

2-4

1..8

15

30

2.0

0.1

0.4

1.0

0.1

1.0

0.25

0.006

0.08

0.10

0.00s

0.002

0.001

0.006

20d

20

30

6.5

1.8

1.8

2.0

L.7

30

10

3

SFrom Dah¡ns and Horvath no¿ifie¿.47
bsmaiìest detectabìe difference betreen duplicate

detenninations.cCalculated based on sa¡npìes containing less than
. 2.0 nl C0 Per deciliter.

oBest estlnate.
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The anaìyticaì results are usualìy expressed as the ratio of the concentrations cf ClHb

to totaì Hb. Hu¡nan blood has a baseìine level of about 0.5 percent of C0Hb' due to endogenous

production of small amounts of C0 by catabolic processes. This basal level can be higner at

certain times in females, individuals rvith hemoìytic disease, etc. Urban non-smokers shovr

about L percent CgHb in bìood, while moderate smokers show about 5 per."nt.166 Parkìng gôrage

enployees have shonn levels above 10 percent at the end of the workday t:: - "

There are several reviews of analyticai procedures for C0 in ¡lood;40'52'61'104 ''l,.rr.u''
Þe grouped into non-destructjve, destructive, and equiìibriun methods.

If the CoHb concentration is measured as such ìn solution, the method js non-cjestructìve;

íf tne complex is destroyed in order to ìiberate the C0 gas for measurement, the method is

destructi ve.

0r-her Methods

The intense color of Hb and its complexes suggests the use of spectrophotometry as a non-

cestructive anaìytìcal tool. Very strong Soret absorption peaks in the 410 to 435 nm region'

as well as moderateìy strong peaks in the 520 to 600 nm region, are shown by reduced Hb, COHb,

grHb, l,tethemogìobin (lletHb), and other Hb derivatives.53'90'131'156 Even though the spectro-

photometric curves are distinctive for each compound, they over'lap so much that it is not

possible to measure quantitatively or isolate one conponent (such as C0Hb) in a mixture by a

sirnpìe measurement of absorbance at a wavelength ¡rhere that component absorbs light and other

Hb derivatives rio not.

A systenatic procedure in such situations is to (1) determine the absorptivity of each

Dure compound at each of several careful'ly selected waveìengths; (2) measure the absorbance of

the unknown mixture at each of the wavelengths; and (3) separate the contribution of each pure

compound by soìving a set of sinultaneous equations that contain coefficjents for the

ìndividual absorptivities at eðch rravelength. A high-precision spectrophotometer with exceì-

Ient wavelength stability and resolution is needed.

An exampìe of this approach is Smatl's method.156 After diìution of blood 1:70 with

0.04 percent ammonja solution, the absorbance is measured at four wavelengths in *uhe Soret

region. From a set of simultaneous equations conta'ining these measured vaìues, caìculations

yield the percent COHb, percent üethenoglobin, and percent 0rHb. The stated erroris 10.5

percent C$Hb at concentrations of 25 percent C0Hb or lower. This rnargin provides ample

ôccuracy at high ìeveìs, but makes the nrethod less useful at low ìevels of around 1 percent

CgHb or jess. A reìated techniquel05 i, th" basjs for a corrnercial instrument, the C0-0ximeter

model 282 (Instru¡nentation Laboratory, Inc. , Lexington, ItlA), which uses four wavelengths

outside the Soret region and includes a smaìl computer for performing the calculaticns, yieìd-

ing percentag-es of tctal Hb as welì as of C0Hb, 02Hb, and MetHb. C0-Oximeters are used

wiCety,103'122 but require careful calibration at COHb concentrations below 5 percent. This

companìson yas made against a CO-X modet 182, and the discrepancy at low CÛHb is correct, but

it is not known how ihis related to the model 282.140

!

l
¡

't:
I

5-22



An ear1ier nethod by Arnentas is sinilar in principle ¡nd a'tso uses wavelengiths outside

the Soret region: 498 nnr (an isosbestic Point), 560 nn, and 575 nm. The percent COHb resuìts

obtained in the low concentration range have a prccision of only l'0 percent.^^

gther spectrophotonetric methods include sone che,mical treat¡nenE.73'90 In Kìendshoj's

procedure, oxalated bìood is first dituted 1:100 wìth 0.4 percent a¡u¡onia; then sodiun

dithionite (,,hydrosulfite") is added and the absorbance is neasured at 480 n¡n and 555 nm'

After dithionite treatnent, the only Hb species present are reduced Hb and COHb' Ïhese two

have the sane absorptivity at 555 run, but díffercnt absorptivities at rt80 nm; the ratio

ASSS/A+AO decreases with increased C0Hb concentration. A calibration curve is Prepared from

known standards; certain precaut'ions are needed in naking up such standards.l93 Klendshoj¡s

method is simple, rapid, and accuraùe enough to reasure a 2 percent change in CoHb concentra-

tion. Hovever, at lov ìeveìs, the ¡nethod is less usefuì

Another spectrophotometric nethod nakes use of the fact that OrHb ìs nuch nore readiìy

precipitated than CoHb yhen heated 8 ¡rinuteä at 52oC.190 After the solution is filtered and

cooled, the change in absorbance at 555 nm is neasured and the C0Hb content of the blood is

measured by calibrating the method with standard solutions of known concentration' The

procedure is sinple, but not very sensiti.ve or accurate'

In the differentiaì apectrophoto¡retric technique of cm¡ins and La¡rther,4l "n 
aqueous

solution of ttre blood sa¡np'le is divided equally and oxygen is bubbled through one haìf of the

solution for 15 ninutes to convert any toHb into orHb. The spectra of the two hatves år€ then

compared and the difference betyeen then (together vith a;easunenent of Hb in'the oxyçnated

portion) is used to find the CoHb content of the blood. This method is said to be capable of

detecting 0.2 percent CoHb in blood, and has shun good agreenent vith two different destruc-

tive rrethsds for C0Hb anaìysis.23

Double waveìength spectrophotonetry is used in a rccently deveìoped rapid method for

C0Hb.131 Two nonochromators in the sane instrment send ìight beams of differcnt wavelengths

alternately through a single cuvette; the dlfference ln rbsorbance is neasured by the photo-

meter. The carefu'lly chosen waveìengths are 530.6 m and 583'0 m, at which 0rth has equal

absorptfvities, and also at vhich reduced Hb has egual absorptivlties' Any difference in

absorbance found is due to the presence of COHb, vlrich has unequal absorptivities at the tro

vaveìengths. As with all such nethods, careful calibration rith knovn sanples ls required'

The procedure has acceptable accuracy at levels of a fw percent of C0llb, but iþtHb causes

interference.
Infrared spectroPhotometry of C0 bound to Hb can be perfomed directly on blood and other

tissues, and holds promise äs a specific nethod for CoHb analyses. An exploratory stu-dy used

neasureßents at 1951 *-1 in CaF, cells having 0.05 m optical pathìength'ruD

other possibte spectroretric techniques for COHb analysis include llossbauer (vhich

requires a solid sanple, such as frozen blOod), carùon-l3 nuclear nagnetic resonance' and

electron spin resonance. These offer sone pronise of specificlty, but are far from being

developed jnto usable ¡ethods.
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A different approach to COHb anaìysis is to deconpose the conplex and measure the amount

of C0 gas reìeased. Such liberation of C0 has been carried out by additjon of various acids

(hydrochìoric, suìfuric, phosphoric, acetic, citric, lactic) andlor oxictizing agents such as

potassium ferricyanide or potassium hydrogen iodate. These nethods tend to have the disadvant-

age of requiring (1) ìarger sampìes of blood than for spectrophotometry, and (2) a separate

analysis for total concentration of Hb, if the percent COHb is needed.

0f the many anaìyticaì methods available for gaseous C0, severaì are noted briefìy beìow.

Gasonetric--The Van Slyke rnethod _a-nd its nodificationsSo'182'183 t""ru"" the volume or the

pressure of the C0 gas p"er"nt.159 Historically, these were macro methods and not of high

sensitivity, but successful micro procedures have been developed.l41'146 They require

considerable skiìl and are time-consuming.

Infrared Spectrometry--Carbon monoxide has a characteristic infrared absorption near 4.6 pm.

This is widely used for analysis, especially with non-dispersjve instruments as in the EPA

reference method for atmospheric nonitoring. In this method, the absorption due to any C0

present is ¡neasured by its differential heating effect and resulting displacement of a flexible
diaphragnr that is one element of a capacitance detector. l.lethods using NOIR for COHb analysis

in blood are availabìe.35,53'189 W"t"" vapor interferes unless its concentration is carefuì'ly

control I ed.

Catalytjc Oxidation--Like NI)IR, this method has enough sensitivity and accuracy to detect smaì'l

changes in COHb concentration. The liberated C0 can be oxidized by a catalyst such as

tlopcalite and th€ temperature rise caused by this-exothermic reaction measured with a

thernopile or guartz crystal.l00'117'129'163
E'lectrochenical Sensors--Another anaìytical technique based on oxidation of C0 is eìectro-

chemical. In a speciaì eìectrode, the gas sanpìe is allowed to diffuse through a Teflon

menbrane bearing a thin fìl¡n of catalyticaìly active metal (such as platinum) on the far side'

i¡ contact with the eìectrolyte. At a controlìed applied potential, the current flow is

detennined by the c0 concentration in the gas.13'17'18'20'34'50 A different electrical
procedure for analysis of C0 ìs to measure the change in conductivity it causes when adsorbed

by semiconductors such as metal oxides.62'95

Gas Chromatography--The chromatogr-aphic _separation of C0 from other blood gases is readi ly

accomplished by a molecular sieve.9'47'51'78'91 To achieve greater sensitivity than that given

by a thernal conductivity detector, a flane ionization detector can be used in the gas

chromatograph if the C0 is first catalytically reduced to nethane, in-line after its separation

by the molecular sieve. 39'130'139'192

Coìorinetrìc pa'lladium chlorìde reaction--In a Conway microdiffusion cell,93 ,0 released from

blood diffuses into a soìutìon of palladium (iI) chloride, which is reduced to metallic
palìadiurn. The excess PdCl, is deter¡nined coìorimetricalìy, by conversion to the pinkish
jodide complex4 or by fonnation of a vioìet compìex with promazin".88 Another colorinetric
reagent for C0 is a mixture of paìladìum and noìybdenum .otporndr.92'99
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Equiìibrium llethods

If eguilibrium can be established between bìood gases and ìung_g_as,e_s_'

exhaled air wilì give a neesure of c0Hb blood ìevels.25'60'126'134'155'185

is

then anaìysis of
The relationship

tcoxbl=r[gaHb]þ'' 9oz

where P0, is the partial pressure of 0, in the pulmonary blood; Pçg is the measured partiaì

pressure of C0 jn the exhaled air; the bracketed quantities are the blood concentrations of

CgHb and orHb, respectively; and-l,l is the ratio of the stabiìity constant of COHb to that of

02Hb. The Haldane constant, l,l,7l has a numerical value of about 220 to 250 for human beings

at physioìogical pH and bo(y tenperature.35'140

The alveolar air nethod shouìd be used in epiderniologicaì studjes only vith extreme care.

Hoover and Aìbrecht,79 in their study of driving in l{ew York City traffic, reported that C0

concentrations in alveolar aÍr did not correlate acceptably with ¡¡easurenents of COHb. The

equiìibrium method cannot be used in people vith chrsnic 'lung dÍsease, because their alveolar

gas conposition can be quite variable. Even heatthy subjects need speciaì training in the

method to obtain valid results.
In this nethod, the nain þr"oblern is to approach equitibriun con¿itions evèn though the

composition of ìung gas is changing continually during nor¡a'l respiration. One solution is

breath-holding. l{hen a subject holds his breath, the alveoìar concentration of C0 increases

initiaììy as C0 diffuses out of the bìood toward eguilibrium.T'19'36'48'89'137 However, as

the aìveolar 0, content decreases, soile of the C0 is reabsorbed into the blood- The optinum

time period for breath-holding has been found to be 20 seconds.

The standard technigue is for the subject to expel air fronr the lungs naximally, then

breathe in as far as possibte, hold his breath for 20 seconds, and then exhale as far as

possible. The first 500 mì of exp'ired air is discarded, and the rmainder is collected in a

gas-tight bag for C0 anaìysis by a relíable method. A rugged instrunent for field use, as for

measuring CgHb in firefighters, is tln Ecoìyzer, which æasures C0 by eìectroctrcn¡ical oxida-

tion at 
" 

l"tlons-¡onded diffusion anode.165
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6. OBSERVED CARBOI{ I,IONOXIDE COI{CENTRATIO¡IS

Ambient concentrations of carbon monoxide (C0) in urban connunities vary wideìy with ti¡ne
and space. Hunan exposure patterns of C0 are complex, but they can be discerned from ambient
air measurenents and the esÈimates of conputer nodels. This chapter presents some typicat
resuìts of continuous air rnonitoríng of C0 that provide a better understanding of C0 exposure
problens. In addition to describing observed diurnaì, seasonaì, and annual patterns of anbi-
ent urban C0 leveìs, this chapter explains the irnportance of air ¡¡onitoring site selection, of
neteorologicaì and geographic effects on C0 exposures, techniques of C0 trend anaìyses, and
special C0 exposure situations. Also provided is an overview of meteorological diffusion
modeì s.

SITE SELECTION

Site selection is one of the most complex and critical elements in the design of C0 air
monitoring programs. If the "wrong" nonitorning sites are chosen, or if a critical (i.e., high
concentration) site is missed, no amount of accurate data fronr other sites wiìl suffice to
s¡eet the objectives of the monitoring program. Naturally, the choice of monitoring sites

.depends 
greatly on the objective of the nonitoring to be performed. The EPA70 recognizes the

folìowing as general objectives for nonitoring:

To judge compìiance vìth and/or progress made toward meeting anbient air quality
standards.

To activate emergency control procedures to prevent air pollution episodes.

To observe pollution trends throughout the region, including the non-urban areas.
(Infon¡¡ation fron non-urban areas is needed to-evaluate whet-her air quality in the
cleaner portions of.a region is deteriorating significantly and to giin f-now'leOge
about background polìutant leveìs. )

To provide a data base for lpplication in the evaluation of effects; in urban, ìanduse' and transportation planning; in developnent and evaluation of abaiement
strategies; and in development and validation of diffusìon modeìs.

As well as being used on monitoring objectives, sites selection is also based on the
scale of representativeness that will meet the objectives. Data representativeness, like
Beasures of concentration at a site, is dependent on the proxinrity of the nonitor to the C0

source. Ground level concentrations of C0 within an urban area yary widely because the
principaì source of C0 ln cities is autonobiles, which, obviously, moye and are more

concentrated in sone areas at sone tines than at other times. trlonitoring sites at the edge of
a highway wilì measure C0 concentrations representetive of a fairly small area. Sites well
removed fronr highways can be representative of a fairly ìarge-scale air nass. Ttre EpR84 fras

defined six scales of spatial representativeness for C0 nonitoring sites: nicroscale, middle-
sca'le, neighborhood-scale, urban-scale, regional-scale, and national- and global-scaìe.

1.

2.

3.

4.
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Most C0 monitoring conducted in the United States is for the purpose of determining
attainment or nonattainment of air quality standards. Since n¡onitoring resources have been
and continue to be severeìy limited, nonitoring sites are usually selected by a,,worst case,,
principìe; that is, they are set up where maximun C0 concentratjons are expected. As a
result, many C0 sites are ìocated in close proximity to major highways, arterials, and down-
town street canyons. This neans that they are situated where maximum C0 ìeveìs occur, but
that their scaìe of representativeness is small. l{onitoring results may thus reìate primariìy
to pedestrian exposure near the nonitor. Sites ìocated aray fron the major roadways, but
within highìy populated neighborhoods nith high traffic densities, may be more representat.ive
of the maxi¡tul¡ C0 concentrations to vhich a ìarge portion of the popuìation of a city nray be
exposed.

ott47 has stated the need for standardization in site selection and has recommended cer-
tain siting criteria by station type. 0ttts criteria are presented in Tabte 6-1.

The EPA& has also published guidelines for C0 nonitor siting (Table 6-2). These deviate
sonewhat fron Ottrs criteria, prinrariìy ln site type defÍnition and recommended separation
distance between the station and the nearest major highway. In the EpArs criteria, minimum
separation distance is dependent on traffic volume neasured in vehicles per day (VpD). In
decisions about which sites should be monitored, EPA guidelinesS3 give the highest priority to
microscale sites vithin street canyons and to npighborhood sites where maximum concentrations
are expected. Table 6-3 lists EpA83 priorities for various station types.

The vàriability of"C0 concentration with height ìn the vicinity of a highway is suffi-
cientìy ìarge that the representativeness of measurements will be strongly affected by varia-
biìity of the inlet probe height. It is, therefore, necessary to standardize the height of
the inlet probe so that data colìected et one air monitoring station is comparable to data
collected at others. In an effort to characterize typical human exposure, the sample inìet
probe height should ideaììy be at breathing level. However, as a compromise betyeen represen-
tation of breathing height and practical considerations, such as prevention of vandalisnr, It
is recommended that inlets for most kinds of sarrpling be at a height of 3 t 0.5 m.1,5 A
one-neter ninimum separation of the probe from adjacent structures is aìso recomnended to
avoid the frictìonar effects of surfaces on the Doyement of air.79

The number of monitoring sites required depends on the objectives of the monitoring
effort and on the complexity of the problenr under study. Until llay, 1979, EpA guídeìinerls
required 1 site for cities nith 100,000 or fewer people, 1 pìus 0.15 sites per 100,000 people
in popuìations up to 5,000,000, and 5 ptus 0.05 sites per 1.00,000 people in populations
greater than 5,000,000.
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TABLE 5-1. CRITERIA FOR SITING Ì.ONITORING STATIONS4T

Stati on
Type

Descri pti on

TYPE A _DowTtown l?deslrial Exposure Station. Locate station in the central
business district (CBD) of the urbai area on a congested, downtown street
surrounded by buildings--a "canyon" type street--añd having many pedestrians.
Average daily traveì (ADT) on the street must exceed 10,000 vehicìes/day,
with.average speeds less than 15 miles/hour. l,lonitorin! probe is to be-
located l/2 neter from the curb at a height of 3 ! V2 ñelers.

TYPE B Powltown 9?ckqround Exposure Station. Locate station Ìn the centralb area but not close to any majorstreets. Specificalìy,. no street with average daily traveì (¡\DT)-
exceeding 500-vehicles,/day can be less ttran 100 ¡retãrs fr-om the rnonitoring
station. - Typical locations are parks, malls, or landscaped areas having
no traffic. Probe height is to be 3 t 1/2 ¡reters above the ground surfãce.

TYPE C Residçrltiil ?opulation Exposure Station. Locate station in the midst of
a res in the central business district(CB0). Station nust not be ìess than 100 meters fron any street having atraffic volume in excess of 500 vehicles/day. Station piobe height muãt
be3t1/2neters.

TYPË 0 l,lesoscale u@. Locate station in the urban area at
eorologicai cata anà air quaiity ãatã at

upper elevations. The purpose of this station is not to monitoi human
exposure but to gather trend data and meteorologicaì data at various
!9iSltE. Typicaì locatíons are tall buildings ãnd broadcasting towers.
The height o! !!e probe, along with the natuie of the station location,
must be carefully specìfied along with the data.

TYPE E Nonurban BacSgroung.-ltatiol. Locate station in a remote non-urban area
ffidustrialactivity.r¡epurpõsã-ôt_ttri!itãcionis to nonitor for trend analyses, for non-dãgradatibn ässessnents, and for
large-scaìe-geographical surveys. The location or height must not be
changed.during the period over-which the trend is exanined. The height of
the_probe must be specified along with the data. A suitabte height is
3 !L/2 meters.

TYPE F Specia]jze9 Source Survey Station. Locate statíon very near a particular
atr pol lution source under scrutiny. The purpose of the station is to
detemine the impact on air quality, at speciîÍed locations, of a particular
emission source of interest. Station probe height should bá 3 ! l/2
n¡eters unìess special considerations of the survey require a non-unifonn
height.
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Site Type

Street Canyon

Peak Conc. 3 ! l/2 m s.5 ppm/m

Ol
Ià

He I ght
Above
Ground

TABLE 6-2. SPECIFIC PROBE EXPOSURE CRITERIAS3

Average Conc.

Expected
Concentration Separation of
Gradient with l4onitor from
Height Infìuencing
(l-hr. Averaqe) Sources

Ne i ghborhood

Peak Conc.

Average Conc.

3 ! 1/2 n s.3 ppn/n

Corri dor

3!L/2
3!L/2

Èlid-sldewalk or 2 n
fron slde of building.
0n leeward side of
street.

I'lid-sidewalk or 2 m

from side of buildino.

n 5%/n

n 5%/n

3!U2n
<.3 ppm/n

>5%/n

Setback VPO

f.-'-m- rou¡oo
1.5 km 50,000
200 m 10,000
L00 m 5,000
35 m 1,000
25 m anv

General Remarks

Central Eusiness District.
High density, sìow-noving traffic.
Oense muìtiple-story bul ldings
lining both sides of street.
>10 m from Íntersection.

Dependent on traffic
volune, road configura-
tion and setback
distance of commercial
or residential activitv.

CommercÍaì or resldential neighborhood.
This separation criteria limits the
effect of these streets to :1 ppm.

Stop and go or ìimited access
traffic >50,000 VPD or greatest
in area.



('r
I(¡

Site Type

Backoround

llew Source Revlew

Preconstructlon

Post-
Construction

Height
Above
Ground

Expected
Concentration SeparatÍonof
Gradient with ilonitor from
Height Influencing
(l-hr. Average) Sources

3tol0m

TABLE 6-2 (Continued)

3t1'/2¡

.üln

3!U2n

5*/n

>51/m to
<.5 ppm

5to6km;
>3,000 VPH max.
400 ¡¡: >100 VPD.

Usually the same as
neighborhood.

Usually the sane as
corridor or street
canvon.

General Remarks

35 km downwind ln least frequent
wind direction from city,
limit effects to .2 pprn.

Area of lowest concentration in
proposed Índirect source location
for background.

Area of maxin¡um concentration in
area of complete area source.



TABLE 6.3. SUGGESTED PRIORITY OROER FOR CARBON }ONOXIDE },IONITORING SiTESS3

S'ite Types Prì ori ty

Peak Street Canyon
Peak Neighborhood
Average Street Canyon
Corridor
Background
Average Neighborhood

Sjte selection for monitors used for purposes other than trends analysis and determina-

tion of compliance with air quality standards may not fo'llow the specific criteria that apply

to continuous monitoring sites. In fact, speciat-purpose studies in which C0 concentrations

are neasured at many ìocations provide infonnation about the spatial variations of anbjent C0

that fon¡r the basis for setting site-selection criteria. Among the principaì types of speciaì-

purpose monitoring are research studies for diffusion ¡nodel development and improvenent and

for source survei'l'lance studies. Source surveillance studies may be conducted for highways or

point sources of C0. Diffusion model deve'lopmènt studies may be for line source modeìs (such

as HIh,AYT6 or CALI'ilE-228) o" area source modeìs (such as APRAC-236). For speciaì-purpose

studies, criteria for site selection are chosen by thé investigator.
UNITED STATES DATA BASE

In accordance with requirements of the Clean Air Act and EPA regulations for State Impìe-

nentation Plans (SIPrs),ls ambient C0 data fron state, locaì, and Federal networks nust be

reported each calendar quarter to the EPA's Aero¡netric and Emissions Reporting System

(AER0S).77 As a result, continuous Deasurements of anbient C0 concentratjons from numerous

cÍties throughout the United States are available from the U.S. Envir"onmental Protection

Agency's National Aerometric Data Bank (NADB) in standard Storage and Retrieval of Aero¡retric

Data (SAROAD) reporting format.77

The status of C0 nonitoring activities nationwide, as reported to the AER0S in 1977, is

summarized in Table 5-4. This table ìists, by state, the nunber of C0 nonitors that recorded

any C0 data.

The natiorwide hìstorical data base for C0 is very ìimited compared with bases for total
suspended particuìates or sulfur dioxide, but it is expanding. In 1973, 212 sites reported C0

data to the EPA.78 During 1975, 453 sites submitted C0 data, though n¡uch of it was

incomplete.69 Totaì numbers of C0 monitors reporting during 1976 and 1977 were 448 and 456,

respectively.Ss In 1975, 102 sites had three or nore years of data, while in 1975 there were

2OZ sites with at least three years of data.82 The State of Caìifornia, wjth its well

established monitoring program, is the major contrÍbutor to the nationaì C0 data base.

California nonitors C0 at 84 sites.85

#l
#1
#2
#3
#4
#5
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TABLE 6.4. STATUS OF CO IIONITORING IN 197785

State Reportinq any Data

01
02
03
04
05
06
07
08
09
10
11
L2
13
14
15
16
L7
18
19
20
2L
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
u
45
46
47
48
49
50
51
52
53
54

Al abama
Alaska
Ari zona
Arkansas
Cal 'i f orni a
Colorado
Connecticut
Delaware
District of Columbia
Fl ori da
Georoi a
Hawaii
idaho
Illinois
Indiana
Iowa
Kansas
Kentucky
Loui si ana
I'lai ne
ilaryland
Þlassachusetts
tli chi gan
Mi nnesota
Itli ssi ssippi
l,li ssouri
l¡lontana
l{ebraska
Nevada
New Hampshire
New Jersey
New ltlexico
New York
North Caro'lina
Ì{orth Oakota
0hi o
0kl ahona
0regon
Pennsyl vani a
Puerto Rico
Rhode island
South Carolina
South Dakota
ïennessee
Texas
Utah
Vermont
Vi rgi ni a
Uashi nston
l{est Virginia
l{i sconsi n
l{yomi ng
Guam

Virgin Islands

4
6

16
0

84
10

9
3
9

t2
4
1
1

20
7
5
7

15
0
4

15
I

11
I
0

14
4
3
3
3

22
10
29

L
0

16
4
5

13
0
1
3
0
5

19
5
2

15
7
2
9
0
0
0

?56-TOTAL
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Among the oldest C0 nonitoring sites are the Continuous Air ltlonitoring Program sta'.ions,
which have been operated by the Federal government since 1962.71 Contjnuous Aìr l4onìtoring
Prooram (CnUn¡ data have been collected at nine sites, one each in the cities of Los Angeìes,

San Francisco, Denver, Chicago, ltew 0rìeans, St. Louis, Cincinnati, Phiìadeìphia, and

Washington, D.C. The stations in Chicago, Cincinnati, Phiìadelphia, and hlashington, C.C. ,

have been part of the program since its inception. The tlashington, 0.C., station was moved tc
a new iocation in 1969, interrupting the continuous data record for that sjte. The stations
in every case are ìocated in the downtown, central business district of the city. Since a

CAHP station consists of only one sampìing site p¡ city. its data do not necessariìv
reÞ!esent air po'llution leveìs prevailing beyond the Í¡wnediate vicinity of the station.

An additional probìem with CAI4P station data is that continuity ìs often lacking because

of changes in site location or C0 monitoring procedures that have been made since the

beginning of the program. Specificaììy, in 1970 the original C0 instruments (mono-beam NDiR)

rvere repìaced with dual-beam l{DIR detectors with integrating chambers added, and in 1971

calibration gases were changed fro¡r C0 in nitrogen to C0 in air. These changes tended to
eliminate wate_r vapor interference, smooth out the concentration pìots, and eìiminate C0,

interference.Tl Similar changes in C0 monitoring procedures were fìrst impìenented by the

Los Angeìes County Pollution Control District in 1968.61 Figure 6-1 shows the annual nean C0

concentrations measured at three Los Angeìes Basin sites before and after the changes were

made. A significant decrease is apparent Ín C0 ìevels measured in and after 1968.61

Computer retrievals'of rarú data submitted to the AER0S,75 and pubìished data sum¡aries

such as the Nationaì Air Quality and Emission Trends R"p0"t71,72,74'78'80'82'85 or^ Air Quali'uy
Data - Annual !qq¡ggg!, are avaitabl"Fgl[iluñ"t" and tocaì air pottution contro]
agencies are not reguired to submit att C0 data coltected from their monitoring netvrork.

These agencìes may aìso conduct special studies for certain t'in-house" purposes. State
departnents of transportation and local metropolitan pìanning comrissions are sources of C0

data for the preparation of environnentaì inpact statements for proposed transportation pro-
jects and/or in the preparation of SIP revìsions. Air quaìity irnpact research sponsored by

the EPA, the Federal Highway Administration, universities, and private industries also are

sources of C0 data.

TECHNIQUES 0F DATA ANALYSIS

Introducti on

Air quality surveys inherently invoìve taking a limited number of sampìes fron a highìy
variable and uncontroììed popuìation (i.e., the environment). For this reason, aìr gua'lity
data should be analyzed through statistical methods, which can be used to describe the

behavior of the total population on the basis of a finjte number of samples. In particuìar,
statistical paraneters can be calculated to describe the typica'l values observed, the maximum

or peak vaìues observed, and the range of vaìues observed.
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Aìthough inten¡r.ittent sampling is an important research too'l for conducting special

studies, the majority of C0 nonitoring instrunents in use today are intended to operate

continuously and to yieìd successive hourìy averages. These data are appìied for two

principaì uses: (1) characterizing environmental conditions by describing short-term (hour'ly,

daiìy, seasonaì) and ìong-tenn (year-to-year) urban C0 concentration patterns' and (2)

evaìuating, for statutory Purposes, an area's status with respect to the l-hour and 8-hour

average NAAQS for C0.

At a minìmum, an anaìysis of C0 air quaìity data should include a compa¡ison of the

h.ighest (or second highest) observed pollution concentration to established air quaìity

standards. 1n addition, an anaìysis of c0 data may include caìcu'lation of popuìation

statistics, frequency analyses, averaging tine analyses, trend analyses, and case anaìysis'

Caìcuìation of Popuìation Statistics
Statistìcal parameters can be calculated to describe the typical C0 values observed, the

maximum or peak C0 vaìues observed, and the range of C0 values observed' Indicators of

typicat C0 values are the arithmetic Í¡ean, the median, and the geometric nean. þlhen the tenn

,'average,, is used, the arithmetic mean is usua'lìy implied. The nedian is the middìe vaìue of

the C0 data, that is, the value that has half the data above it and ha'lf below it' The nedian

js a convenient statistic that is not influenced by changes in extremely high or low C0 va'lues

of the distribution, as would be the arithmetic mean. The geometric mean* is probably the

ìeast Íntuitive of the statjstics presented. If a distribution is synrmetrica'|, such as the

nonnal distribution, the expected vaìues of the arithmetíc mean and of the median are jdenti-

cal. However, for a ìognonnally distributed variable (and C0 data often have a distrjbution

that is approxinate'ly ìognormaì), it is the geonetric mean that more closely approximates the

medi an.' The histogram of Figure g-245 tllustrates the relative frequency of occuffence of l-hour

average c0 concentrations. The shape of the histogran, which is "skewed to the right," is

typicaì for ìognormaìly distributed data. A more iltustrative method of plotting the data is

shown in Figure 5-3.45 This curve illustrates the cumulative frequency distribution of the

data when they are p'lotted on logarithmic versus probability (log-probability) graph Paper'

In plottings of the cumulative freguency distribution of the data, each point represents the

cumulative frequency with which a specific C0 concentration is equaled or exceeded'

The cumulative frequency distribution ìeads to some useful statisticat applications that

allow C0 monitoring data to be analyzed to determine the maximun C0 concentration that

probab'ly occurrect during a monitoring period, even though the maximm vaìue itself nray not

have been recorded. This is especially applicable to sanrpling prograns designed to coìlect C0

data intermittently (i.e., every other day, every third day, randomìy selected days' etc')'

samoled concentrati on,
and iaking the antilog'

r-The geonetric
addi ng al'l of

mean
them

is calculated by taking the ìogarithm of-each
together, dividing by the nunber of sampìes,
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It aìso applies to continuous C0 moniÈoring where data are missed because of calibrations,
nraintenance, or instrueent failure. The assmption of data lognormality allows these "missed"
values to be estimated. The actual days on which maxinm C0 concentrations occurred cannot be

determined, but the frequency of occurrence of high C0 concentrations can.

Èlaxinu¡¡ C0 values may be indicated by listing the maximum and./or the second highest
value. The second highest value is important because conpliance with the short-tenn air
quality standards for C0 is determined by this value. Since the second highest value does not

allow for differences in sanpìe sizes, difficulty rouìd arise if continuous C0 monitoring data

were missed because of calíbrations, maintenance, or instrupnt fai'lure; or if C0 were sanpìed

internittently. To allou for dependence on sampìe size, percentiles are sometimes used to
indicate maxina. Use of a percentile veìue, rather than an absolute count of samples, allows

for sampling schedules that differ from site to site and year to year.

The statistics custonarlly used to indicate the variability of C0 data are the arithnetic
standard deviatÍon and the geonetric standard deviation. Ranges or percentiìes can aìso be

used as indicators of spread. These statistics provide a measure of the unifornrity of the

data.

Frequency ' Analysi s

A nmber of investigators,l'31-33'49'91 primarily Larsen and Zinner,33 h"u" shown that
short tine-averaged air pollutlon concentrations (from S-ninute to 24-hour averages) sanpìed

over a nuch longer period of tÍne (i.e., weeks, months, or years) tend to be lognornrally

distributed wÍthín the ìonger sanpìing interval. Ilescribed simply, a lognormeì frequency

distribution oeans that C0 data collected frequently exhibit nany lw concentrations, a sìgni-
ficant number of moderate concentratÍons, and a relatlvely snall nunber of extrene, peak, or
naxiaun concentrations.

bJhile the stðndard lognonnaì nodeì is conrmonly used in evaluating air poìlution data,

other investigators csntinue to search for inproved methods of statisticaìly describing con-

centration distribution. Examples of these are the three-paraneter lognormal dÍstribution,
proposed by l{age and 0tt,37 and the }leibull and Gama distributions studied by Poìlack.49

Cornparison of C0 Data to Ìlational A¡nbient Air Quality Standards

The NAAQSs for C0 are cunrently based on a l-hour and an 8-hour averaging time. Carbon

nonoxide data are most frequently-collected in time avereges of t hour. Evaluating compliance

nith the l-hour standard simply reguires rank-ordering l-hour values for a year and conparing

the second-highest vaìue with the l-hour standard, vhich is currently 40 mgln3 (35 pPm), not

to be exceeded nore than once per year. If the second-highest l-houi value is less than
t

40 mgln', the standard has been net.

Evaluating conpliance víth the 8-hour standard Írwolves the g3l9gl3!lg! g! movins 8-hour

averages fron the l-hour data set. These 8-hour avereges are also rank-ordered to obtain the

second-highest non-overlapping value for comparison rith the 8-hour standard, v¡hich is
t

currently 10 mgllr' (9 ppn). For enforcenent purposes, onìy non'overlapping 8-hour intervals
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are counted as violations, as discussed in the Guidelines for the Interpretation of Air
Quality Standards.92 It h", been shown, however, that the full set of moving B-hour averages
should be exanined for excessive values. Proposed sinptifications, such as ca'lculating onìy
three consecutive non-overlapping 8-hour averages per day, can easily result in missing peak
8-hour intervaìs and may not afford equitable conparisons among stations with differing
diurnaì patterns.

For partial data sets, if continuous C0 monitoring data were missed because of calibra-
tions, naintenance, or instrument failure, or if C0 were sampled interr¡rittently, comparison of
the C0 data to standards by neans of lognorna'l cunuìative frequency distribution pìots may be
usefuì. 0nce the C0 data have been pìotted on ìoyprobabiìity graph paper, the frequency of
equal'ing or exceeding any specified C0 çoncentration can easily be determined. For exampìe,
in Figure 6-3, observe that the C0 concentration equals or exceeds t0 mglm3 for 7 percent of
the time and 20 mglar3 for 0.05 percent of the time. The IIAAQS for a 1-hou. "u"""i" concen-

" tration may not be exceeded nore than once per year. The frequency of occurrence of the
second highest concentration can be expressed as a percentage by dividing Z hours by the
number of hours in a year (i.e., Z + 8,760 = 0.02?g4 percent).
Averagìng Time Anaìysis

A method that can be used to deten¡¡ine a g1!g! 8-hour average C0 concentration r*hen

onìy l-hour average data are avaílable is a mathenatical nodel deveìoped by La"s"n32 and known

as "Larsen's Transfonn." Data fitting this nodel can be graphed as shown in Figure 6-4, which
includes the maxinr¡m, ninimum, and frequency of equaling or exceeding specified C0 concentra-
tions for averaging times ranging fron one second to one year. The most usefuì and important
part of the graph, however, is the annual maxinum line, which can be used to determine the
annuaì ¡¡aximum 8-hour averege c0 concentration from l-hour average values.
Trend Analyses

Carbon monoxide concentrations vary considerably fnom hour to hour, day to day, season to
season, and year to year. These variations are usuaìly not randon but follow fairly predict-
able tenporal patterns according to season of the year, day of the week, and hour of the day.
Predicted, ìong-term, statisticat variations in C0 concentrations are referred to as trends.

Carbon monoxide trends are best ilìustrated by graphs that can show diurnal, daiìy, sea-
sonaì, or yearly C0 concentration conparisons. Exarnpìes of the different ways trends can be

shown are provÍded later in this section.
Carbon nonoxide concentrations also follow fairìy predictabte spatiaì patterns. Spatial

distríbutions of C0 concentrations can be iìlustrated by the use of isopleth nraps. Isopleth
C0 concentration naps can be prepared that ilìustrate the spatial distribution of average C0

concentrations, maxinmt C0 concentratÍons, typical C0 vaìues during a particular time of day

or season of year, or the C0 concentration distribution that typically occurs under specific
meteorological conditions (wind speed, wind direction, atmospheric stabílity). Isopìeth maps

arc especialìy usefuì for ilìustrating the size of the geographical area affected by C0

levels. Sanrple isopteth naps are shovn in Figures 6-517 ano 6-6.60
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Speciaì Anaìyses

A useful anaìysis technique not previously presented is the "poìlution rose," as

iìlustrated in Figure 6-7. The potlution rose presents the joint frequency distribution of

rvind direction versus ambient C0 concentration. The polìution rose is very he'lpful in cleter-

mining the wind direction associated with the highest ambient C0 concentrations and, intui-
tiveìy, the location of high C0 emissions sources.

Another analysis technique is case anaìysis, which can be used to characterize the

meteorological and/or e¡nission conditions associated ¡rith observed C0 concentrations. For

examp'le, ín order to characterize the neteorological conditions associated with the occurrence

of high C0 levels, meteorological records can be evaluated for the days when highest C0 con-

centratÍons were observed concurrently at severaì monitoring sìtes throughout an urban area.

The results of the analysis can then be used to deveìop a neteorological scenario for input to

a nathen¡atÍcaì nodeì for the purpose of ¡nodeìing t'vrorst-case" C0 concentrations.

URBAN LEVELS OF CARBON IiIOT{OXIDE

Comparison to NAAQSS

lleasurements of C0 in United States urban areas show that the t{AAQSsi for C0 are fre-
quentìy violated. In 1973, 153 of 2t2 CO nonitoring stations operated in the United States

(i.e., 72 percent) reported vio'tations of the 8-hour t{AAqS. At 24 stations (i.e., 11 percent)

the l-hour NAAQS vas exceeded.T4 0f the 30 Air Quatity Control Regions (AQCRs) that were

Priority I for C0 in 1973, 26 reported at ìeast one quarter's data, and 25 of these exceeded

the 8-hour standard. Also, 34 AQCR;, classjfied Priority III in 1973 and.not required to

nonitor C0, established nonitors anyyúay, and 28 of thenr reported at ìeast one site where the

8-hour NAAQS was exceeded. Figure 6-8 is a map prepared by the EPA74 of AQCRs locations where

vioìations of the NAAQSs for C0 were recorded in 1973.

Since 1973, I{AAQS violations have. continued to occur, aìthough the percentage of r¡onitors

reporting violations has decreased. In 1974, ZL]. of 377 stations (i.e., 56 percent) reported

vÍolations of the g-hour standard.TS 'In 1975, 234 oî 434 nronitors (or 54 percent) showed

8-hour vioìetions:80 0f these 234 sites, 111 measured C0 concentrations at ìeast 50 percent

higher than the NAAQS. ln L977,211 of 456 monitors (í.e., 46 percent) showed 8-hour NAAQS

vioìations.8s Carbon nonoxide concentrations exceeding the l-hour standard were observed at

only 27 'locations (i.e., 6 percent) in tg7580 and at only 11 locations (i.e.' 2 percent)

in 1977.85

Part of the reason so neny NAAQS vÍoìations are observed is that most C0 monÍtorìng sites

are ìocated next to major streets in urban areas. lJhile the neasured concentrations ere

probably accurete, the scale of representativeness of these sites is smalì, so that the number

of peopìe exposed to these C0'levels may be reìatively low.

i-The NAAQSs (l{ational Anbi'ent A.ir
8-hour and l-hour averaging times,

Quatity Standards) for C0 arc 10 mglm3 and 40 mglm3 for
respectively, not to be exceeded more than once Per year'
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Hourly Patterns

Ambient C0 concentrations nay folìow regular hourly patterns of variation that result
fron nearby vehicular traffic and neteoroìogicaì factors affecting dispersion of the C0. The

three exanples shovtn in Figures 6-9, 6-10, and 6-11 illustrate the annuaì average and I'worst

case day" hour'ly C0 curves based on 1977 data from C0 monitoring sites in Baltimore,
l,laryìand,41 Oenver, coìorado,10 and Los Angeles, California,5T respectively. (The "worst case

day" is defined herein as that day on which the annual maximun 8-hour averege C0 concentration
was observed.) lfhile the exact shape and magnitude of the hourly C0 curve for these conmuni-

ties is dependent to a large extent on meteorological factors, two peaks corresponding with
the morning and evening '¡rush hour" traffic are evident in the figures. For conparison, an

exanple of typical hourly variations in traffic volume is given in Figure 6-1!.86 A third
peak in C0 concentration during the late evening./early morning hours can also be noted in
several of the figures. This peak is influenced by late night caìm meteorologicaì conditions.

Carbon monoxide levels in most of the öities generalìy reach their initial daily maxinum

betveen 7:00 and 9:00 a.m., coincident with heavy norning autoarobile traffic and prior to
ínversion layer breakup. The second peak is usualìy reached in the late afternoon between

4:00 and 7:00 p.m. The late evening peak generaììy occurs between 10:00 p.n. and 12:00 mid-
night. Aìthough the morning peak in C0 concentrations is generally the highest, Figure 6-10

Íllustrates that the opposite can aìso occur.
Seasonaì Patterns

Ambient C0 levels also follow seasonal patterns. Figures 6-13, 6-14, ani g-fS show the
seasonal arith¡netic nean, maxinun 8-hour and maximun l-hour C0 concentrations based on 1977

data for Baltimore,4l Oenuer,10 
"nd 

Los Angeles,5T respectively. These figures show the
highest amblent C0 concentrations during the winter.

In the winter, the tendency tovard colder anbient temperatures results in increased pro-
duction of C0 enissions from cars, as well as C0 added by other fueì burning sources. Aìso,
the nore stabìe atnospheric conditions and low wìnd speeds of winter result in decreased

dispersion of C0 emissions and contribute substantially to the occurrence of high ground level
C0 concentrations.
Annuaì Patterns

Annual trends in C0 concentrations are presented in Figures 6-16 through 6-23 for
Baltimore,40 D"nr"",10'11'62 Los Angeles,56'57'52 chicago,T4 cincinnati,T4 Philadelphia,T4
5t. Louis,74 and túashington, 0.C.74 Pìotted are the highest l-hour average, the hìghest

8-hour average, and the annual arithnetic D€an concentration observed each year.

For Baltimore County, monitoring data from 1976 show a factor of 3.4 decrease in annual

naximuß l-hour average C0 concentrations and a simiìar decrease (i.e., a factor of 3.1) in
annual naximum 8-hour average C0 concentrations conpared with 1967 ìevels.
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For Qenver, a 53 percent and 32 percent decrease in annual maximun l-hour and 8-hour

average C0 concentrations, respectively, has been observed from 1958 to 1977. The annual

arithnetic nean C0 concentration has decreased 44 percent from 1968 to 1977. The nunber of

observed NAAQS violations has a'lso decreased in Denver over a 10-year period. Eighty-three

violations of the 8-hour standard were observed in 1968. This peaked to 153 observed v'iola-

tions in 1972, then decreased to 48 in 1977. The nu¡nber of vioìations of the l-hour standard

has decreased from six observations in 1959 to one observation in 1977.

For Los Angeìes, a 50 percent and 24 percent decrease in annual maximum l-hour and 8-hour

average concentrations, respectively, has been observed from 1958 to 1978. A 45 percent

decrease in the annuaì arithmetic nean C0 concentration has been observed from 1968 to 1978.

Aìthough a significant reduction in ambient C0 concentrations has been observed in Los Angeles,

the nunber of observed NAAQS violations still renains relativeìy high. Sixty-four vioìations

of the g-hour standard were observed in 1977, compared with 172 observed violations in 1968.

A general trend of decreasing ambient C0 levels is evident in most of the curves pre-

sented. This trend toward lower ambient C0 concentrations is presumabìy due to the ìower C0

emissions of later model automobiles that have incorporated air poìlution controìs.

Air nonitoring results have been presented only from selected sites in severaì najor U.S.

cities. These sites are generalìy cìose to major highways and thus measure some of the high-

.est C0 concentrations; however, neasurenents at the sites are not necessarily representative

of C0 concentrations in these cities. ilonitoring sites in the sane cities but ìocated 100 to

200 neters from any higtrway would be expected to record much lower concentrations. l¡lore

information on C0 levels neasured in U.S. cities is published annualìy in the EPA¡s Air

Qual i ty Trends Reports. 71' 72'7 4'78'8a'82'85

SPECIAL CARBOI{ IIONOXIDE EXþOSURE SITUATIONS

There are a nunber of circumstances under which peop'le may be exposed to unusualìy high

concentratíons of C0. Some of these iesuìt from the operation of automobiles in'poorly venti-

lated areas such as higtrway tunnels, urban street canyons, and underground parking garages'

gther high C0 exposure situations may occur where auto enissions are unusually high because of

ìarge traffic volunes and congested conditjons such as those near large arteriaì intersec-

tions, freeway toìì boothsn shopping centers, sports stadiums, and roadway repair and construc-

tion sites. Gornuters may also be exposed to high C0 concentrations either within their cars
a

(especially if they are snoking) or fron the anbient air. Exposure to C0 emitted by cars on

city streets is of special concern for bicyclists.
Some occupations require rorking on or very close to automobile traffic for long periods

of time during the rork day. Peopìe who are on street repair crehts or are street cleaners,

vendors, delivery nen, toll collectors, garage attendants, police, or taxi or bus drivers may

be exposed to unusual'ly high concentrations. There are other occupations in which exposure to
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C0 is due to sources other than autonobiles. These include fire fighters, certain airport
workers, and some niners and foundry workers.

Variafions with Type of Vehicle Traffic
Ambient C0 concentrations near city streets were reported as high as 57 nglnr3 (49.6 ppm)

for the l-hour average and 41.4 nglm3 (g0.0 ppm) for the 8-hour average for the "Ìrorst case"

New York City site in 1975. Simiìar measurements in Los Angeles showed C0 concentratjons of
60 nglm3 (52.2 ppm) for the l-hour average and 49.7 ng/n3 (42.6 ppn) for the 8-hour.r"r.g..42
These ¡reasurements represent sone of the hÍghest ambient concentrations of C0 reported in the
Unjted States near open city streets.

Concentrations of C0 in highway tunnels have been reported by several investigators.
Ayres et al.4 have reported 30-day average C0 concentrations af 72.5 mglm3 (63 ppm) measured

at the Queens ilidtown Tunnel in New York and a l-hour maximum of 250 mglm3 (217 ppm).

l*leasurements at the Sunner Tunnel in Boston showed J-hour average C0 concentrations as high as

145.2 ng/n3 (126.3 ppm), with a 24-hour maximum of 58.4 mg/m3 (50.8 ppm).44 Miranda et a1.44

reported that many tunneìs usualìy operate below 115 nrglm3 (100 ppm) C0, employing emergency

ventilating fans whenever C0 levels exceed 287.5 rng/m3 (250 ppm).

blright et aì.88 ¡neasured C0 concentrations in underground parking garages. They found C0

levels in excess of 115 ng/m3 (100 ppnr) in encìosed, unventi'lated garages. Similar measure-

ments taken in a well-ventilated underground parking facility showed maximum C0 concentrations
of 49.5 mgln3 (a3 ppnr).

In a study conducte-d. by Patterson et a1.,48 CO neasurements were made in the vicinity of
Liberty Tree l.la'lì, a regional shopping center in the Boston area. The study was conducted for
2 weeks prior to Christmas of 1973. The naxi¡¡um f-hour average concentration measured was

35.2 rnglm3 (30.6 ppn), and the maxinum 8-hour average was 16.3 ng/m3 (14.2 ppm).

A sinilar stu y was conducted by Bach et aì.5 at two sports arenas: Three Rivers Stadium

in Pittsburgh, Pennsyìvania, and Atlanta Stadium in Atlanta, Georgia. Ileasurements were made

during both day and night baseball games in June and Juìy,1973. The maxinun l-hour average

C0 concentration neasured ¡ras 28.8 mglm3 (25 ppm); the 8-hour maxinum was 9.4 mglm3 (g.Z pp¡r).

In order to deten¡rine the C0 exposure to bicyclists, Kìeiner and Spenglerzg conducted a

study in Boston during the suirmer of 1974. As expected, C0 exposures for bicycìists on city
streets were a function of traffic volume, street configuration, proximity of traffic, and

ventilation. Typical sunmer exposures were between 12.7 and 17.3 mg/m3 (11 and 15 pprn) for
trips ranging from 10 to 45 minutes. In no case did the trip-averaged exposure approach the
l-hour NAAQS standard of +0 nrglm3 (35 ppm).

Car Passenger Exposure to Carbon llonoxide

Carbon nonoxide concentrations have also been neasured inside automobiles. ChaneyS

measured C0 concentratjons within an automobile traveling on the Dan Ryan Expressway (I-94) in
Chicago, and on the San Diego Freeway (I-405) in Los Angeles and found that C0 levels varjed
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with treffic speed. According to Chaney, "when the traffic sìowed to 10 mph (16 kph) the C0

concentration usuaììy exceeded 17.3 mglm3 (15 ppm); when it halted compìetely, the C0 concen-

tration was åbout 51.8 nrg/m3 (45 ppm)." Chaney also observed that polìution concentration

varied inside his automobile with the type and age of vehicle he was folìowing. Heavi'ly-

ìoaded vehicles produced the highest results. lJhile following a truck over the Sierra Nevada

mountains, Chaney recorded C0 concentrations reaching 57.5 mg/m3 (50 ppm) on the steepest

grade and renaining over 28.8 mg/r3 (ZS ppm) for 30 minutes. lJright et al.S have reported C0

concentrations of 104 mglm3 (90 ppm) inside an automobile due prinariìy to C0 from passengers'

cigarette smoke.

Occupational ExPosure

Certaìn occupations inherently involve exposure to C0. Xintaras et a1.89 have reported

C0 exposures of six toll col'lectors working on I-65 in Louiiville, Kentucky. The maxi¡num

g-hour average concentration measured at the imrediate work area was- 65.6 mg/rn3 (57 ppm).

$ver the 12 days of the study, the average $-hour exposure was 25, 2 ng/n3 (22.8 ppm).

l{easuren¡ents of C0 concentrations in foundry air have been made by Virtamo and

Tossavajnen.ST They found that iron cupola exhaust gases may contain 20 to 30 per"cent C0.

Forty-six neasurements of C0 concentration in the vicinity of the cupolas showed an average of

ZIS ne/n3 (240 pp¡¡. They also measured an average t27 ng/n3 (110 ppnr) C0 in the casting area

of forindries (909 samples) and 97.8 mglm3 (85 ppm) in the breathing zone (61 samp'les) of

foundry yúorkers. Similar measurements in steel foundries showed less than 23 ng/n3 (20 ppm)

of C0 in areas around electric furnaces. lrleasurements in the meìting and casting areas of

copper alloy foundries averaged 23 mg/nr3 (20 ppm) of C0.

Rodgerss3 neasured C0 concentrations resulting from the use of expìosivej in phosphate

and copper mine environments. Carbon ¡nonoxide concentrations exceeded 173 nrg/m3 (150 ppm) for

45 minutes and exceedeA 58 rng/m3 (50 ppm) for 110 minutes during shot firing of nitroglycerin

explosives within the mine. Amnonium-nitrate-oil and water geì type expìosives tended to ptro-

duce less C0 than did equal weights of nitroglycerin explosives.

Fire fighters can be exposed to very high concentrations of C0 by snoke inhalation. Loke

et a1.34 and Radford and Levineso both report maximum carboxyhemogìobin (C0Hb) levels of 10 to

14 percent in the bloodstream of fire fighters after a fire. Carbon monoxide concentrations

vrere not reported.

Indoor Carbon ltlonoxide Exposure

Indoor levels of C0 have been studied by the General Electric Comp"nyl6 for two buiìdìngs

in New york City. gne yas a high-rise apartment buiìding straddling the Trans l'lanhattan

Expressway; the other, a high-rise office building 'located adjacent to a midtown }lanhattan

street canyon. The study showed that indoor C0 ìeveìs were directly related to nearby outdoor

C0 leveìs. lJhile indoor concentrations l'ìagged behind" (in tine) outdoor ìevels, there was

,,no signif.icant difference in C0 ìevels aìong the outside walls and inside the two struc-

tures.r, The G.E. study reported typicat indoor and outdoor C0 concentrations of fron 4.6 to

11.5 rnglm3 (4 to 1o ppm).
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Snap'lowsky et a1.54 h"u" reported the results of C0 levels inside 1820 houses throughout

the un.ired states. Their results showed that 16.8 pencent had levels above 11.5 mg/m3 (to

ppm). In a simiìar study conducted by Rench and Savages2 in 8O househclds jn Fort Collins'

Coìorado, concentrations in homes were recorded in the kitchen and famiìy room around the

dinner hour. Their neasurements showed that over 6 percent of the households had C0 concen-

t¡"arìons sreater ;;-;;.;";;)rt- ito 
-oorl. 

The mean c0 levets measured were 3.55 ns/m3

(3.09 ppm) in kitchens and 2.0t mg/m3 (1-75pprn) in farni'ly rooms'

In a sturly conducted by Yocum et a1.90 C0 r""rurements were made ìnside donestic build-

ings. They found that indoor C0 levels increased more sìowly than outdoor ìevels, but' once

buil.u up, indoor leveìs remained higher for a ìonger period of time. Thus, donestic premises

have a tendency to entrap gaseous po'llutants. Yocun et al. neasured typicaì C0 concentrations

of 0.87 to 6.92 mg/rr,3 (0.76 to 6.02 ppm).

The effect of snroking cigarettes on indoor C0 ìevels has been investigated by Bridge and

Corn6 *no t"rru"ed C0 during two experimentaì "parties." In one 145-m3 (5120-ft3) room

containing 50 people, 25 peopìe snoked 50 cigarettes and seven cigars in one and one-half

hours. lJjth a room ajr exchange rate of seven times per hour, C0 averaged 8 nrglm3 (7 ppm)'

During a second experiment in a 106-m3 (3750-ft3) room containing 73 people, 36 people snroked

63 cigarettes and 10 cigars in one and one-half hours, producing an average C0 content of

1o mglm3 (9 ppm).-HoeniZZ' 
conoucte¿ experiments in a closed 25-m3 chanber. He found that C0 levels

increased r*ith the number of cigarettes smoked. Concentrations ranged from 11.S mglm3 ltO

ppm) for four cigarettes to 80 mg/m3 (69.8 ppm) lor 24 cigarettes'

Anderson 
"no 

o.ii"rrã-r;;r;;"; cò.on."nt"ations due to snoking in a mediun sized (80-m3)

meeting room. Fifty cjgarettes were smoked in 2 hours. |'lith six air changes per h^our'

initiai levels *".'r.rin^t¡-i, *ttl, and average peaks during smoking were 6'9 m9/nr3 {O

pprn).

In Harke's21 e*perinents,21 persons smoked two cigarettes each in enclosed office roons'

and within 16 to 18 minutes they produced 56.4 Í¡g;3 (49 ppm) of C0 in a 57-n3 roon'

Ventiìating the room decreased these concentrations by 80 percent. In the case of one Person

smoking 11 cigarettes in five hours jn a 30-m3 roon, the C0 concentration was less than 11'5

mglnr3 (to ppm).

Smoking in automobiles can produce significant C0 concentrations. Harke et a1'22-26

conducted experiments in which cigarettes were smoked in a car within a wind tunnel' During

the experinent, time spent smoking was varied, as was wind speed and ventilation' At 0 km/hr'

with fuìl ventììation, C0 averaged 9.2 to 11.5 mg/m3 (8 to 10 ppnr); when six cígaret'tes were

smoked intern.ittently, C0 reached a maximum concentration of 34.5 rnglmr (30 ppm)' lJhen

cigarettes were smoked continuously, one after the other, with no wind or ventilation factor'

final C0 ìevels were registered at sz ng/n3 (80 ppm). With wind and ventilation, however, C0

remajned at 5.8 to 6.9 mg/¡n3 (5 to 6 ppm), with no increases observed. In all cases C0 levels

returned to base leveìs, even with no ventilation, withjn a few minutes after smoking stopped'
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Srch59 neasured C0 concentrations produced by cigarettes in a cìosed automobile with no

ventiìation. The test car was parked in an unventilated garage while two of four peopìe

snoked five cigarettes each in t hour. Carbon monoxide leveìs reached 104 mgl¡ni (90 ppn) in

that time. Carboxyhemogìobin in the smokers rose from 5 to 10 percent; it rose from 2 to

5 percent in the two non-snokers present.

The U.S. Departnrent of Transportation in 1973 conducted a study of cigarette-caused

poìlution on inter-city buses. Inside a stationary Greyhound bus with the engine off, vents

open, and blower on, cigarettes were alìowed to burn in the ashtrays. Tests conducted ranged

from the "worst" case, *here it was assuned that atl 43 passengers smoked half the time, to

the ',realistic" case, where only the last 20 percent of the seats were allotted to smokers.

After 30 minutes in the worst case, C0 stabi'lized at 38.0 mg/¡r3 (gg ppm). In the realistic
case, C0 stabilized at 20.7 ng/n3 (18 ppm) after 43 minutes, with an outside leveì of 15.1

mglm3 (t¡ ppm).

l,lany other studies have been performed to determine indoor exposure leveìs of poìlutants.

A summary of the results of many experiments has been prepared by Sterting and KobayashisS and

by the EPA.8I

EFFECTS 0F Ì,iETEOROLOGY AÌ{D TOPOGRAPHY

ùleteorology governs the transport and dispersion of C0 emissions in the atnosphere and

thus has a strong influence on the ground-level C0 concentrations detected at receptor points

dorvnnind of emission sources. tleteoroìogical variables that determine C0 transport and

dispersion patterns include wind speed, wind direction, atmospheric stability, vertical mixing

height, and ambient temPerature.

llind speed and direction infìuence the horizontal dispersìon of C0 emissions. Low wind

speeds provide little dilution air, aIìowing C0 emissions to bui'ld up, resulting in higher C0

concentrations. Conversely, high wind speeds aid in the dispersion of C0 emissions by

increasing the anount of dilution that takes place, thus decreasing C0 concentrations. bJind

direction determines the direction of horizontaì transport of C0 emissions and consequently

the impact that C0 enissions fron one area wiìl have on air guality in another area. For wind

directions crossing an urban area, an accumulation of C0 emissìons will occur in the downwind

direction, such that ßesoscale (1 to 10 kn) C0 concentratjons wiìl be highest at the downwind

edge of the urtan area. In the nicroscale regime (1 to 100 m), for a highway ìine source,

wind directions nearìy paraììel to the highway will allow for an accumulation of C0 emissions

in the dowmind direction, resulting in C0 concentrations higher than would be expected for
perpendicular winds under the sane conditions.

In addition to transporting poìlutants, winds produce turbuìence in the atnosphere, which

enhances the mixing and dispersion of poìlutants in the air. Turbulence is the result of both

nechanícal forces and thennaì fonces in the atmosphere.
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The effect of surface roughness (i.e., nountains, buildings, etc.) on the wìnd speed

profiìe over severaì types of topographic features ìs i'lìustrated in Figure 6-24.2 Uìth

increased surface roughness, either natural or man-n¡ade, the wind speed profiìe is clecreased

and the depth of the affected ìayer is ìncreased. The net effect of increased surface

roughness over an urban area is to induce mechanìcal turbulence that aids in the dispersion of

C0 emi ssions.

Radiation and thernal properties of topographic features influence the heating and

cooling of the atmosphere near the ground surface. The nrost notabìe of these effects js the

urban "heat isìand" effect. Heat sources, including the asphalt and concrete associated v¡ith

an urban area, tend to radiate heat, causing a "heat island" compared to the cooler

surrounding terrain. The buoyant effect of wanner air over the city tends to induce thermal

turbuìence (i.e., nore unstable atmospheric conditions), which tend to aid in the dispersion

of C0 emissions, thus ìowering ambient C0 concentrations.

Drainage winds, suèh as sea-land breezes, ìake-land breezes, or mountain-valìey winds,

are caused by the differentiaì heating of topographic forms. Drainage winds that affect net

transport of C0 emissions nay devÍate fron the prevaiting wind direction. These winds

generaìly flow in one direction during the day, then in the opposite direction at night. As a

result, an urban area can experience "blow-back" of C0 enissions emjtted during the day; these

wjìl be experienced as higher C0 concentrations at night. Also, the boundary region of the

drainage wjnds sometimes causes the air mass to remain nearly stationary, or to oscilìate back

and forth for periods up to several hours, and can be the sjte of nearly calm condìtions or

varying winds. These characteristics result in slow net transport of C0 emissions which then

accumulate and result in higher ambient C0 concentrations.
Vertical mixing height affects the total venti'lation capacity of the atmosphere. bJhen

the temperature-altitude reìationship is reversed from normal, the resulting increase in

temperature wjth increase in height produces an inversion or inversion lid that'limits
vertical mixing, and thereby limits the dilution capacity of the atmosphere.

An important forn of inversion for C0 dispersion is the surface or radiation inversion.

This usuaììy occurs at night yith light winds and clear skies, when the loss of heat by

ìong-wave radiation fron the ground surface coo'ls the surface and subsequent'ly the air
adjacent to it. The surface inversìon usual'ly persists for hours and, because it typifies
stable atmospheric conditions, it tends to result in high microscale and mesoscale C0 concen-

trations. þ'ljth the proper relative humidity, these sane conditions witì ìead to the formation

of radjation fog. The presence of early morning fog is often associated with a surface-based

tenperatqre i nversi on.

Another type of inversion is the subsidence inversion. It is caused by a graduaì descent

of air aìoft, accompanied by an increase 'in pressure that results in an adiabatic warming of

the descending layer. The resulting subsidence inversion is ilìustrated in Figure 5-25, which

shours the temperature decrease with height and the capping by a subsidence inversion layer,
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above which there is a nonnaì decrease of temperature with height. The subsidence inversion
usually persists for days and tends to contribute to high urban backgnound C0 concentrations.
The subsidence inversion is usually more persistent during sumner and fall than in winter or
spri ng.

The shape of typical plots of hourly C0 concentrations (see Figunes 6-9, 6-10, and 6-11)
can be attributed in large part to the effect of changing wind speeds, atmospheric stabiìity,
and inversion height during the course of a day. Figure 6-25 shows average hourly wind speeds

and inversion heights occurrjng in Los Angeìes during ru,*"..61 The higher wind speeds and

inversion height during early afternoon are typicaì throughout the continental United States
and pìay a significant roìe in lowering urban C0 concentrations at midday. FÍgure 6-26 shows

that traffic volumes, and subsequently C0 emissions from cars, would still be expected to be

h'igh at this time of day. Around midnight, when traffic volunes are relativeìy ìow, the
effects of low wind speeds and 'lor inversion heights tend to cause increases in C0 concentra-
tions. Many monitoring stations in the United States observe these relative'ly high C0 con-

centrations late at night.
In addition to transport and dispersion, ambient surface temperature aìso has a unigue

effect on the production rate of C0 e¡rissions from automobfìes. Using a variety of auto-
mobiles tested at artificially controìled ambient temperatures of 20o,50o,750, and 110oF,

the EPA13 found that lowest C0 emissions were produced at 75oF. Colder temperatures seem to
increase enission rates, resuìting in higher a¡nbient C0 concentrations, whiìe warmer tenpera-
tures minimize emÍssion rates and result in lower concentrations.
CARBON 1,101{0XI0E DISPERSI0Ì{ l,l0DELS

A dispersion modeì relates poìlutant enissions to ambient air quality by providing a

mathematical description of the transport, dispersion, and chenical transformations that occur
in the atmosphere. This abitity to reìate source emissions to receptor air quality is very

important to air quality maintenance planning and environmental irnpact assessment.

Dispersion models vary in complexity from simple empiricaì or statistical relationships
to sophisticated nulti-source modeìs that describe the transport and dispersion of C0 through-
out an urban area. For estinates of ambient C0 concentrations, a line source model Ís needed

to estimate the C0 leveìs near a single source or group of sources, and an area source model

is needed to estimate the background C0 levels due to other sources. The types of models

used, therefore, wílì depend mainìy on the source configuration to be modeled (i.e., area,
ìine, or point sources).

l{odel input data consist of parameters such as traffic volule, vehicìe speed, truck mix,
vehicle age (needed to estinate eoissions); wind speed and directïon, ðtmospheric stability
class, receptor location; and source characteristics such as road ìocation, road width, number

of lanes, median width, etc. Typicatly, modeì output consists of tabulated results of input
data and predicted C0 concentrations. So¡¡e models can provide computer plots of results and

isopìeth maps showing the caìculated spatiaì variation ìn C0 levels.
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ïhe rollback modelT3 i, " sinrpìe rnodeling technigue that assumes a linear relationshìp

between ambient air qua'lity and area pollutant emissions. The use of rollback requires air
monitoring data and emission inventories. Its main use has been to calcuìate the percent'

reduction of poìlutant emissions needed to achieve an ambient air quality standard. It has

aìso been used to predict future ambient poììutant concentrations by factoring air monitoring

data by a natio of projected future pollutant emissions to base year pollutant emissions.

Rolìback is widely used because it is sinple and easily understood. In order to use the roll-
back method, anbient air monitoring is required to establish existing C0 levels. For those

areas without avaiìable nonitoring data, an aìternate modeling schene would be necessary.

Also, the rolìback method incorporates the assunption that an overall proportional reduction

of enissions in the area is required to meet the ambient air quality standard when, in some

cases, a reduction in emissions at a few specific sources may be sufficient to meet the

standards. Finally, the model provides little or no spatia'l resolution of ambient polìutant

concentrati ons.

lriore sophisticated techniques for ¡nodeling background C0 concentratìons include the

Hanna-Gifford model,19,20 and APRAC-2.36 In the Hanna-Gifford model, area source enissions

.are assigned to grid squares, and it is assumed that the area source strength is uniform

across each squere. Gifford's 'rrecíprocal pìume'r concept is employed to estimate the surface

concentratiqns due to area sources upwind of the receptor grid. The vertical distríbutìon of

the poìlutant is ass.unred to be Gaussian. The spatial resolution of the model is on the order

of kÍlometers. The authors of the nodel feel that it perfonns nearly as wel'l as much n¡ore

conrplex models that require the use of digital conputers. Depending on the modeì application,

correlations between predicted and measured pollutant concentrations rangìng fron 0.50 to

0.9519 have been found.

The APRAC-2 dr'spersion model36 uses a number of area segments spaced at logarithmic

upwind intervals from a receptor point, as shown in Figure 6'27. This area segment scheme

overlaps the coded traffic network from vrhich traffic ìinks and portions of'links faììing

within each area segment are identified. The emissions from each jndividuaì línk are then

calculated and accunuìated to determine the average ernission rate for each of the nine area

segnents. Background C0 concentrations are calculated from two basically different fonnula-

tions. For sources near the receptor, a Gaussian mode'l is used. A simple "box'r modeì is

used, under linited vertical mixing conditìons, at the point of restricted vertica'l disper-

sion. The spatial resolution of the model is on the order of tenths of kiìometers.

The APRAC-2 modet also provìdes a choice of tvo special models for calculating C0

concentrations frorn nearby higtrway sources: the street canyon model _and the intersection

modeì. The street canyon model is based on work by Georgii et aì.18 and the "San Jose

experiment" by Ludnig and Dabberdt.35 These studies showed that, because of iower wind speeds

and a general hetical circuìation, higher C0 concentrations on the leeward side of the street

resuìt because of the reverse flow component at ground level. The intersection model predicts
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C0 concentrations in the vicinity of an intersection by cornbining a traffic model, a modal

emissions modeìr, and a line source dispersion model. The line source model is based on an

integrated point source technique.

Field experiments were perforned in downtown St. Louis in 1971 to evaìuate the perform-

ance of the APRAC-IA'nodel.38 Carbon monoxide concentrations vere caìculated at four ìoca-

tions within street canyons, and at two locations at roof level. These caìculatjons were com-

pared to about 600 l-hour average observations for each ìocation. The observed concentrations

of C0 were simulated with root-mean-square errors of 3.5 to 4.6 nrg/m3 (¡ to 4 ppm). Þ'ledian

and 90 percentile concentrations were specified within 2.3 to 3.5 mglm3 (2 to ¡ Ppm).38

The most widely used line source dispersion models are based on the Gaussian plune equa-

tions, nameìy ntW¡Y76--Oeveìoped and distributed by the Environ¡nentaì Protectìon Agency--and

CALINE-228--developed by the California Department of Transportation and distributed by the

Federaì Highway Adninistration. The HIUAY ¡nodel us€s an integrated Gaussian point source

equation to calculate C0 concentrations near a highway line source. The model approximates a

line source by a finite number of point sources of emission strength egual to the totaì line
source emission strength divided by the number of sources used to simulate the line. CALINE-2

uses an integrated Gaussian point source equation for the "pure" paratlel wind case (i.e.,0o
with respect to the highway) and a Gaussìan line source equation for the "pure" crosswind case

(i.e., 90o with respect to the highway). For wind directions that are.neither 0o nor 90o to

the highway, the nodel uses a trigononetric function to weight the paraììel and crosswind

terms. These line source models provide detaiìed spatial resolution between zero and 300

meters from the highwaY.

In addition to the mathematical differences betyúeen the two models, HI|rAY uses e virtua'l

source correction providing an initial dispersion height of 1.5 neters, ¡rhi'le CALINE-2 assu¡nes

initiat dispersion fron a theoretical mechanical "mixing cell'r at a height of 4 nreters. The

HIWAY nodeì also uses dispersion coefficients that differ from the coefficients used by the

CALINE-Z model.

A conparison of HIIúAY and CALII{E-Z model predictions is presented in Figures 6-28 and

6-29 for crosswind and paralìel wind predictions, respectively.45 These model predictions

indicate that ambient concentrations near highways tend to be greatest at the roadside edge

and to decrease with distance from the higtrray: typicaìly, concentrations 300 neters from the

highway may be only 20 percent as high as roadside edge concentrations. Noll et aì.46 found,

from a conparison of predicted and neasured concentrations, that HIUAY and CALINE-2 overesti-

nate concentrations for parallel vind conditions and underestimate concentrations for oblique

and crosswind conditions. Noll et at.46 and tllller and Noll43 report typical correìation

coefficients for the modeìs ranging fron 0.5 to 0.85. Higher correìations have been reported,

but for smaìl sample sizes (i.e., less than 20).

.-K,r*"t;;r et aI.30 h"u" developed a ¡nodeì whìch can be used to describe air pol'l ution
emissions from automobiles as a function of operating mode (i.e., steady-state, acceìeration,
and deceleration).
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gther 'l i ne source nrode l i ng techni ques i ncì ude the numeri cal modeì i ng approacn and

turbulent wake theory approach. Nurnerical models incluoe those proposed by Ragland and

pei"ce,5i Dana.d,12 Sklarew et a1.,55 and Maldonado and Bullin.39 Turbulent wake theory

modeìs include those proposed by Fay and Xing.14 Some other Gaussian and pseudo-Gaussian

mcdels have been deveìoped and tested for use on highways by General l{otorsi and by the

l,irginia Highway and Transportatjon Research Councjl.T

6-52



{r.

2.

3.

4.

{s

BIBLIOGRAPHY

Aìtshuller, A. P., G. C. 0rtnan, B. E. Saltzman, and R. E. Neligan. Continuous nonitor
ing of nethane and other hydrocarbons in urùan atnnspheres. J. Air Polìut. Controì
Assoc 16:87-91, 1966.

American Society of l,lechanical Engineers. Reconmended Guide for the Prediction of the
Dispersion of Airborne Effluents. Second Edition. Anerican Society of lttechanical
Engineers, New York, 1973.

Anderson, G., and ï. Dalhann. The risks to health of passive smoking. Lakartidningen
70: 2833-2836, 1973.

Ayres, S. I'1., R. Evans, D. Licht, J. Griesbach, F. Reinoìd, E. F. Ferrand, and A.
Criscitiello. Health effects of exposure to high concentrations of automotive en¡issions.
Studies in bridge and tunnel workers in New York City. Arch. Environ. l,leatth 27:158-178,
1973.

Bach, trl. 0., B. Lt. Crissman, C. E. Decker, J. hr. ltlinear, P. P. Rasberry, and J. B.
Tommerdahl. Carbon Èlonoxide l,leasurenents in the Vìcinity of Sports Stadiums.
EPA-450/3-74-049, tl.S. Environmental Protection Agency, Research Triangle Park, NC, July
1973.

Bridge, 0. P., and l,l. Corn. Contribution to the assesgnent of nonsnokers to air polìu-
tion from cigarette and cigar smoke in occupied spaces. Environ. Res. 5:192-209, 1972.

Carpenter, U. 4., G. G. Cìenena, and R. L. 'lleisler. ÀIRP0L-44, An Introduction and
User's Guide. VHTRC 76-R38, Virginia Highway Transportation Research Council ,
Charlottesviì1e, VA, February 1975.

6.

7.

8. Chaney, L. lt. Carbon nonoxide automobíle enissions neasured fron the interior of a
traveling automobiìe. Science 199:1203-1204, 1978.

-%

X9. îllãå¡_3¿r1.19å.rÍrpl" 
line-source model for dispersion near roaôrays. At¡nos. Ênviron.

10. Colorado Deparünent of Health. 1977 Air Quaìity Data and Trends Sumnary for Colorado.
State of Colorado, Departnent of Heaìth, Denver, C0, 1977.

11. Colorado Department of lleaìth. Air Pollution Control Comrission. Report to the Pubìic -
L977. An annual Progress Report of the Colorado State Aír Pollution Control Progran.
StaLe of Coìorado, Oepartnent of Health, Denver, C0, 1977.

12. Danard, ltl. B. Nu¡nrÍcal modeling of carbon nonoxide concentrations near highways. J.
Appì. ftleteor. 11:947-957, L972.

13.

14.

Eccleston, 8. H., and R. U. Hurn. A¡nbient Tenperature and Vehicìe Enissions.
EPA'460/3'74-028, U.S. Environmental Protection Agency, Ann Arbor, tll, 0ctober 1974.

Fay, J. 4., and D. King. t{ake-induced dlspersion of autonobile exhaust polìutants.
Presented at 58th Annual Þleeting, Air Pollution Control Association, Boston, l4assachu-
setts, June 15-20, 1975. Paper no. 75-¡$4.1.

15. U.S. Environmental Protection Agency. Requirenrents for preparation, adoption, and sub-
mission of impìementation pìans. 40CFR51:34-103, July L, 1977.

6-53



16' General Electric Company. .Indoor-outdoor Carbon Monoxide Pollutjon Study. EpA-RA-73-020,
U.5. Environnental Protection Agency, Uashìngton, DC, December 1972.

17. Enviro-l,leasure Incorporated. Air QJ'a]ity Analysis for the I-95 Upgrading project,
Atìanta, Georgia. State of Georgia, Department oi Transportation, ¿uné igZZ.

18' Georgij, f.ll.,_E._ Busch, and E. Weber. Investigation of the Temporaì and Spatiaì Distri-butìon of the Emission Concentration of Carbon-Monoxide in Frankfurt/Main. Report No.
11, University 9I Frankfurt/Main, Institute of Meteoroìogy and Geophysics, Frankfurt/Main,
Germany, May 1967.

19. Gifford, F.-A:, Jr., and S. R. Hanna. Urban Air Poìlution l{odeìing. In: Proceedings of
the Second International Clean Air Congress, International Union oi eiFpoilution prõven-
tion Associat,ions, Uashington, DC,_ DeCember 6-11, 1970. H. M. Englund and !,1. T. Beery,
eds.,.Academic Press, New York, 1971. pp. 1146-1151.

20. Hanna, S. R. A sinrple method of caìcu'lating dispersion from urban area sources. J. AirPollut. Control Assoc. 2l:774-777, L9lL.

21. Harke, H. P.
1970.

The problem of passive snroking. i4uench. Med. hrlochenschr. 112:z3ze-2334,

Cìgarette smoke in closed spaces. Environ. Heaìth Perspect. 2:Ll7-L28,

{t . fr"l.g, H.-P., A. Baars, B. Frahm,. H. -Peters, and C. Schultz. Passive smoking. Concen-
tration of s¡noke constituents in the air of large and small rooms as a functioñ of nunberof cigarettes smoked and time. Int. Arch. Arbeitsmed. 2g:323-33g,1972.

X23. Harke, H.,P. .The p.robìen of passive smoking. I. The infìuence of snoking on the C0
concentration in office rooms. Int. Arch. Arbeitsmed. 33:199-206, 1974.

24. Harke, H. P. Ttre probiem of passive smoking: Particulate matter fron tobacco smoke in
closed.space. 28th Tobacco Chemists' Res. Coif. Proceedings, 'October 

1974.

XZS. Harke, H. P., and--H. Peters. The probìem of passive snoking. III. The influence of
smoking,-on the C0 concentrations in driving automobiles.- Int. Arch. Arbeitsrned.
33:221-229, L974.

25. Harke, H. P. , bt. _^Liedl , _ arld 'D. Denker. The probìem of passive smoking. II.
Investigations of C0 ìeveì in the automobile after cigarette snoking. Intl Arch.
Arbeitsned. 33:207-220, 1974.

X. ez. Hoegg, u. R.
1972.

28. Jones, K. E. , and A. l,lilbur. A User's l,l,anual for the CALINE-Z Conputer Program.
FHI'JA-RD-76-134' -u.S. Departnrent of Transportation, Federal Highway Ádministra[ion,
llashington, DC, August 1976.

29. Kleiner, B._C., and J. 0. Spengler. Carbon monoxide exposure of Boston bicycìists. J.Air Pollut. Control Assoc. 26:147-149, 1976.

\ ¡0. Kunselman, P., H. T. Adams, C. J. Domke, and M. E. þrilìians. Automobíle Exhaust Emission
Ittodaì Anaìysis Model. EPA'460/3-74-005, U.S. Environmental Protection Agency, Ann Arbor,
MI, January 1974.

31. Larsen, R. I. A new mathematical modeì of air poìlutant concentration averaging time and
frequency. J. Air Poìlut. Control Assoc. 19:24-30, 1969.

6-54



37. l.lage, 0. T., and W. R. 0tt. An improved statist'icaì
concentration data. Presented at the 68th Annuaì
Association, Boston, ilassachusetts, June 15-20, 1975.

X 42. l,tcMullen, T. B. Interpreting the eight-hour ilationaì Ambient Air Quality Standardt carbon nonoxide. J. Air Pollut. Control Assoc. 25:1009-101.4, 1975.

43. I'liììer, T. 1., and K. E. Noll. l¡leasured versus þredicted air quality near highways.
Environ. Êng. Div. A¡¡. Soc. Cív. Eng. 102:621-643, 1975.

U. iliranda, J. t., V. J. Konopinski, and R. I. Larsen. Carbon monoxide control in a high
highway tunnel. Arch. Environ. Health !!:16-25, 1957.

45. Noì1, K. E., and T. L. ltliller. Higtrway Air Qua'lity. Volume 1. Design of Air ilonitoring
Surveys. Implementation Package l{o. 75-1, U.S. Department of Transportatìon, Federal
Higtxay Administration, hlashington, DG, l'larch 1975.

46. Nolì, K. E., T. L. Þliìler, and È1. Claggett. A comparison of three highway line source
dispersion nodels. At¡nos. Environ. !:L323-L329, 1978.

47. 0tt, !r. R. Developnent of criteria for siting air monitoring stations. J. Air Pollut.
Control Assoc. 27:543-547, L977.

32. Larsen, R. I. A l¡lathematicaì l.lodel for Relating Aìr Quality tleasurements to Air Quality
Standards. AP-89, U.S. Environnental Protection Agency, Research Triangìe Park, NC,
Itovember 1971.

33. Larsen, R. I., C. E. Zimner, D. A. Lynn, and K. G. Blemeì. Anaìyzing air pollutant
concentration and dosage data. J. Air Poì'lut. Controì Assoc. 17:85-93, 1967.

34. Loke, J., l'r. C. Farmer, R. A. l,latthay, J. A. Virgulto, and A. Bouhuys. Carboxyhemogìobin
levels in fire fighters. Lung 154:35-39, 1976.

35. Ludwig, F. 1., and tl. F. Dabberdt. Evaìuation of the APRAC-IA Urban Diffusion Þlodel for
Carbon }lonoxide. APTD-1172, U.S. Environmentaì Protection Agency, Research Triangìe
Park, NC, February, 1972.

35. Ludtyig, F. L., P. B. Si¡non, R. C. Sandys, J. C. Bobick, L. R. Seiders, and R. L. l¡lancuso.
User's l,lanual for the APRAC-2 Enissions and Diffusion l,lodel. Stanford Research
Institute, l.lenìo Park, CA, June 1977.

nodel for analyzing air polìution
ileetìng, Air Poìlution Control

Paper no. 75-51.4.

38. Ilancuso, R. L. , and F. L. Ludwig. User's ltlanual for the APRAC-IA Urban Diffusion l,lodeì
Computer Program. EPA-650/3-73-001, U.S. Environmentaì Protection Agency, l,lashìngton,
DC, September 1972.

39. lilaldonado, C., and J. A. Bullin. ilodeling carbon monoxide dispersion from roadways.
Environ. Sci. Technol. llt1071-1076, 1977.

40. l,laryìand llepartment of Health and llental Hygiene. Bureau of Air Quaìity and Noise
Control. ihryland State Yearly Air Quality Data Report 1976 Revised. BAQNC-DR-77-06,
State of ilaryland, Departnent of llealth and llental Hygiene, Baltimore, l,lD, September
1978.

41. ltlaryland State Division of Air Quality Controì. Carbon monoxide data: 200 E. Road
Street, Baìtimore, l,laryland, February-Oecember 1977.

for

J.

6-55



4e. Patterson, l: i,1. , R. i,l. .Bradway, G. A. Gordon, R. G. orner, R. lll" cass, and F. A. Recsrc.Validation Study-of an Approach fo¡_!v-a_l-ugtin! tne Impact ór a snopping center on Ambient
Carbon Monoxide Concentrations. EPA-450i3-74--059, U.S. Envjronme'nlal protection Agency,
F.esearch Triangìe Park, NC, August 1974.

X ot f:ll::!1,. -1. I. Studies of Poìlutant Concentration Frequency 0istrìbutions.' EPA-650/4-73-004, U.S. Environ¡¡ental Protection Agency, Research Triangte park, NC,january 1975.

50' Radford, E. P., and l',l. S' Levine. Occupationaì exposure to carbon monoxide in Baltimorefirefighters. J. Occup. Þted. f!:628-632, 1976.

51. Ragiand, K. v,f', and J. J. Peirce. Boundary layer modeì for air pollutant concentrations
due to highway traffic. J. Air. polìut. conirol-Assoc. 25:49-51, igzs.

52' Rench, J. 0.,,.,"1{ E.--P:-!"u-.^g-", Carbon monoxide in the hone environn¡ent. A study. J.Environ. Health 39:104-106, 1E76.

53' Rodgers, S. J. - Anatysis of Noncoq] iline Atnrospheres: Toxic Fumes frcm Explosives.
Eureau of Mines 0pen-Fiìe Report lo-77, U.S. Depari,rnent of the Interioi, Bu"eau of Minès,i.iashington, DC, l,lay 1976.

54. Schaplowsky, -4. F.,. F..8. Ogìesbay, J.. H. Þlomison, R. E. Gallagher, and lJ.
Carbon monoxide contanination of ltie ìiving enviromnent. A natíonáf Jr"uev
and children's blood. J. Environ. Heaìth 36:569-573, 1974.

55- Skìarew, R. C., A. J. Fabrick, and J. E. Prager. A PartÍcle-In-Celì Hethod for NunerìcaìSoiutions of the _AtmospherÍc Diffusion E[uatÍon, anA eppiicãtions--to-¡ir pollution
Probiens. Volune 1_.^_-APTD-0952, U.5. Environmentai Proteclion Rgency, Research TriangìePark, NC, November 1971.

Berman, Jr.
of honre air

55. Lunche, R. G., A. Davjdson, J. E. Dickinson, and 1,,1.

Los Angeìes County. Southern Caljfornia Air polìution
December 1975.

57. Southern CalÍfornia Air poì'lution Control District.
Los Angeles, California, January-December 1977.

58. Sterling, 
-T. - 

D', and D. t''1. Ko_baIlshi. Exposure to pollutants in enclosed "liv.i ngspaces." Environ. Res. 13:1-35, 19t7.

59. srch,. È1' The ,significance -of carbon monoxjde in cigarette smoke in passenger carinteriors. Dtsch. Z. Gesamte Gerichtì. tted. 50:g0-g9, 19-67.

60. Enviro-lleasure. Air 
-Quaììty Analysis of the FA Route 101 Corridor Transportation plan,

Hemphis, Tennessee. EnvirojHeasuie, Inc., KnoxvÍlìe, TN, January 197g.-

X Sf' Ti39, 9- C.l G. E. P.- Box, and ÌJ.- J. Hamming. A statistical analysis of the Los Angeìes
ambient carbon nonoxide data 1955-1972. i. Air poììut. Controi Assoc. is,nzglirs6,
1975.

62. Office of Air-Quaìi.ty Plarning and standards. Air Quality Data - 1968 Annual Sta+,istjcs.
EPA-450/2-76-017, U.S. Envirinmental Protectjon Àgenci Research Triangìe Park, NC,
0ctober 1976.

h63. glliç:^qI Air^Quaìity Pìanning and Standarcis. Air Quatity Data - 1969 Annual S*,atisrics.'\ EPA-450/2-76-018, U.S. Enviionmental Protection Àgency, Research Triangte park, l{C,
0ctoher 1976.

F. Brunel I . A'i r Quaì i ty Trends i n
Control District, Los Angeìes, CA,

Carbon ¡nonoxide data: Station 076,

5-56



I
{ 64. office Air Quality Planning and Standards. Air Quatity 0ata - 1970 Annual Statistics.

' EPA-450/2-76-019, U.S. Environnentaì Protection Agency, Research Triangìe .Park, NC,
0ctober 1976.

I

>{ AS. Office of Air Quaìity Planning and Standards. Air Quaìity Data - 1971 Annual Statistics.-\ EPA-450/2-76-020, U.S. Environmental Protection Agency, Research Triangìe Park, NC,

October 1976.

V Se. Office of Air Quality Planning and Standards. Air Data 'L972 Annual Statistics.
4- EPA-450/2-74-001, U.5. Environmental Protection Agency, Research Triangle Park, NC, llarch

L974.
I

X 67. Office of Air Quality Ptanning and Standards. Air Quatity Data - 1973 Annual Statistics.' EPA-450/2-74-0L5, U.S. Environmentaì Protection Agency, Research Triangle Park, NC,
Novenber 1974.

*" 58. 0ffice of Air Qualìty Planning and Standards. Air Quaìity Data - 1974 Annual Statistics.-\ EPA-450/2-76-011, u,S. Environmental Protection Agency, Research Triangìe Park, NC,
August 1976.

l eg. 0ffice of Air Quality Planning and Standards. Aìr Quality Data - 1975 Annual Statistics
Including St¡mnaries with Reference to Standards. EPA-450/2-77-002, U.S. Environmental
Protection Agency, Research Triangle Park, NC, ìlay 1977.

70. Office of Air Prograns. Guidelines: Air Qua'lity Surveilìance Networks, AP-98, U.S.
Environmentaì Protection Agency, Research Triangle Park, l{C, }lay 1971.

7L. Office of Air Quality P'lanning and Sùandards. The ilationaì Air llonitoring Progran: Air
. Quaìity and Enissions Trends Annual Report. Volu¡re I. EPA-450/1-73-001-a, U.S. Environ-

mentaì Protection Agency, Research Triangle Park, NC, August 1973.

72. 0ffice of Air Quality Planning and Standards. ilonitoring and Air Quality Trends, 1972.
EPA-45011-73-004, U.S. Environmental Protection Agency, Reseanch Triangle Park, NC,

73. Ïï::"::il" qu"litv ptannins and srandards. Guiderines ror Air Quality r4aintenance
Planning and Analysîs. Volume 12: AppìyÍng Atmospheric Simulation l4odeìs to Air Qua'lity
l,laintenance Areas. EPA-450/4-74-013, U.S. Environmentaì Protection Agency, Research
Triangle Park, l{C, Septenber 1974.

74. 0ffice of Air Quaìity Planning and Standards. [onitoring and Air Quality Trends Report,
L973. EPA-450/1-74-007, U.S. Envíronnental Protection Agency, Research Triangle Park,
l{C, October 1974.

Quality Planning and Standards. Computer Retrieval of Data Submitted to
o

76. Zirmerman, J. R., and R. S. Thompson. User¡s Guide for HIIJAY, a Highway Air Pollution
tlodel. EPA-650/4-74-008, U.S. Environmentaì Protection Agency, Research Triangìe Park,
NC, February 1975.

75. Office of Air
the AEROS.

77. Office of Air Quality Planning
User's Þlanual . EPA'45A/2-76/029,
Park, l{C, December 1976.

78. 0ffice of Air Quality Planníng and Standards. l4onitoring and Air Quaìity Trends Report,
L974. dPA-450/1-76-001, U.S. Environnental Protection Agency, Research Triangìe Park,
l{C, February 1976.

and Standards. AEROS ì{anual Series Volume II: AER0S
U.S. Environmentaì Protection Agency, Research Triangìe

6-57



79.

80.

Report of the Air I'lonitoring Siting lJorkshop, Las Vegas, NV. Juìy 12-16, L976.

0ffice o! fir Quality Planning and Standards. National Air Quaìity and Emissions Trends
Report' 1975. EPA'450/ï-76-002, U.S. Environmental Protection Ageircy, Research Triangìe
Park, NC, Novenber 1976.

81. 9:gtç! Inc_orporated. The Status of Indoor Air Pollution Research 1976. Finaì Report.
EPI\-6AA/4'77-029, U.S. Environmentaì Protection Agency, Research Triangle Park, NC, May
1977.

82. Office of Air Quaìity Planning and Standards. National Air Quality and Emissions Trends ¿*Report' 1976. EPA-450/}-77-002, U.S. Environmental Protection Agency, Research Triangie
Park, NC, December 1977.

83. U.S. *,nvironnental Protection Agency. Guideìine Series: Guidance for Air QualityÎ'tonitoring Network Design and Instrunent Siting, Suppìement A, C0 Siting, 0AQPS No.
t.2-0t2.

U.S. EnvÍronnental Protection Agency. Ambient Air Qua'lity tlonitorìng, Data Reporting and
Survejll.ance Provisions, Federal Register 44: 2T558-276îú|, üay 10, 1979.

0ffice o! 4tr Quality Ptanning and Standards. l{ational Air Quaìity and Emission Trends
Report' L977. EPA-450/2-78-52, U.S. Environmental Protection Agenèy, Research Triangìe
Park, NC, December 1978.

U.S. Federal Highway Administration. Speciaì Area Analysis Pollution l.lodel (SAPOLLUT)
Urban Planning Division, Í Hourly ADT Default Values.

Virtamo, lrl., and A. Tossavainen. Carbon monoxide in foundry air. Scand. J. b,lork Environ.
Hea'lth Suppl. 1:37-41, 1975.

llright, G. R., s. Jevczyk, J. 0ntro, P. Tomlinson, and R. J. shephard. carbon monoxide
in the urban atnrosphere. Hazards to the pedestrian and street worker. Arch. Environ.
Health 30:123-129, L975.

Xintaras, C., B. L. Johnson, and I. de Groot, eds. Behavioral Toxicology. Earìy
Detection of 0ccupational Hazards. Proceedings of a llorkshop, National Inslitute foi
0ccupational Safety and Health and University of Cincinnati, Cincinnati, Ohio, June
24'29, L973. HEþl Publication No. (NIOSH) 74-L26, U.S. Deparùnent of Health, Educatìon,
and Ueìfare, National Institute for Occupational Safety and Heaìth, Cincinnati, 0H, 1974.

Y9.r!,-!. E., bl. L. Cìink, and t{. L. Cote. Indoor/outdoor air quaìity relationships. J.
Air Polìut. Controì Assoc. 21:251-259, 1971.

84.

85.

86.

87.

88.

89.

X ro.

91.

92.

filqaer, _C. E., and R. I. Larsen. Calculating air quaìity and its control.
Pollut. Control Assoc. 15:555-572, 1965.

J. Air

Office of Air Quality PlannÍng and Standards. GuidelÍnes for the Interpretation of Air
Quality S-tandards. 0AQ0S t{o- 1.2-008, U.S. Environmentaì Protection Agency, Research
Triangle Park, llC, February 1977.

5-58



7. THE GLOBAL CYCLE OF CARBOI{ }IOI{OXIDE

Although many studies in the last decade have been devoted to identifying and quantifying

the various sources and sinks of carbon monoxide (C0) in the gìobal atmospheric eguat'ion,

there is still great uncertainty about the reìative itryortance (of many) of the contributing

sources to the gìobal C0 budget. The fundamentaì question is whether the origins of C0 in the

atnosphere are naturaì or anthropogenic. Research in the late 1970s suggests that human

activities have significantìy aìtered the background concentration of C0, especially in the

Northern Henisphere. The effects of such an alteration are conpìex, but most recent

theories6,l2 specuìate that the increase in background C0 concentrations will have an inpor-

tant ìmpact on tropospheric and stratospheric ozone distributionsr as welì as on the global

budgets of severaì other trace gases.

. INTRODUCTION

prior to 1970, the sources of C0 were thought to be welì understood. For the most part'

C0 was thought to be produced by incomplete conbustion of carbonacgous matter; any other

source was thought to be small conpared to production through combustion.lT Ho,"u"", t n"'

era of speculation evolved when Levyz3 proposed that the hydroVì (0H) radical was present in

the unpolìuted troposphere in concentrations greater than 10b nolecuìes/c¡n5. with this 0H

number density, the observed clean air -c-oncentration 
of methane, and the measured rate

constant governing-ttn (CH+ + 0H) reaction,l4 it could be shown that a substantia-l quantity of

C0 is generated in the ciean'atnosphere if the nethane oxidized by 0H is converted to C0'

According to this scheme, the ¡¡ethane _oxidation source of C0 was estimated as 10 to 25 times

larger than the combustion ,ou""".29'54 Thrr, a new philosophy of atnrospheric chemistry that

included photochenical processes in the unpotluted tioposphere (0H can be generated onìy

through a photochenrical sequence) devetoped in the 1970s'

l,lore recent photochenistry calculations indicate that methane oxidation probably is not

so large a soupce of C0 as indicated by those first studies. Because of the uncertainties

inherent in nlrerical models of photochernical processes and bêcause relatively few méasure-

ments must be extrapolated to derive other globaì source terms for C0, no definitive conclu-

sion can be dravn as to the doninant sounce of G0 in the atmosphere. The more detailed dis-

cussion of C0 sources in the folìwing sections reviryg many of the previous studies'

GLOBAL SOURCES

Technoìogical Sources

Early invenaorl"rfZ,fZ of C0 enissions focused on conbustion sources because no signìfi-

cant naturaì source of any other type had been positively identified. Estimates of global C0

emissions fron fossil fuel conbustion differ by more than a factor of two.32'34 To derive the

values, emissions fron technoìogical sources Ìrere conputed by assessing the amount of coal and

petroleun fuels produced in -a given year and then multiplying that figure by previously

determined.onu"""ron'ä""r.tt 
"irirrio" 

rates calculated by this nethod were 2.6 x 1014 g/yr
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by Robinson and Robbins,3z rho used fossÍl fuel usage data from 1956, and E.g x lO14 ç/yr by

jaffe,18 wno used 1970 data. in generaì, these investigators concluded that the autonronile

was the ìargest technologica'l source of C0, and that emissions increased substðntialìy during

tne years between the onset of wìdespread automobiìe use and 1970.3 The Robinson and Robbins

s+-udy showed that mobile sources were responsibìe for 68 percent of C0 emissions; Jaffe's
estimate was 70 percent.

seiler34 has presented the nost detailed analysis to date on the g'lobal cycie of

atrnospheric C0. He contends that the previously estimated C0 enission rates are ìover linrits.
He cites the fact that the hone heatjng source of C0 in l{est Germany was shown to be as much

as 30 percent of the automobile source, whereas Jaffers caìculations had used a reiative home

heating contribution of less than 1 percent. Furthernrore, Seiìer contends that several
jndustrial sources, such as anmonia and nethanol reforming faciìities, synthetic gas and

organic chemical nanufacturing plants, and other possible emitters of C0, vrere not considered

in previous inventories. Thus, Seiler's34 calcuìation of technoìogical C0 emjssions is 6.4 x

1014 g/yr, about two times greater than Jaffe's estimate. Aircraft data subseguentìy obtained

over l{uhich and extrapoìated for the globe suggest a total technological source ranging from

6 x 1014 to to x tol4 g/yr.$
In addition to direct enission of C0, the oxjdation of nonmethane hydrocarbons given off

by automobjles may be considered an indirect technoìogìcal source of C0. Aìthough no

quantitative estinates of this potential source have been pubìished, it is possibìe that if
most of the carbon contained within the hydrocarbons enitted in an'urban area52'53 ,"". .on.-

verted. to C0, a source strength equal to nearly half of the direct C0 emissions wouìd bê

accounted for. The mole-to-mole conversion rate to C0 of certain hydrocarbons found in

auto¡nobile exhaust has been observed to exceed O.q1 in smog chamber studies. Although the

nragnitude of this source has never been conputed in detail, it nay be equivalent to a sizable

fraction of the amount of C0 re'leased direct'ly to the atmosphere in automobiìe exhaust.

Naturaì Sources

Forest, Fires and Aqricultural Burnino--Because combustion processes then appeared to be the

only mechanism by wh-ich C0 was produced, the early emission ìnventory studies of Robinson and

Robbins32 and JaffelS assumed that natural re'leases of C0, if they occurred, likewise origi-
nated from combustion of carbonaceous natter. To date, however, forest fires and agricultural
burning have not been shown to be significant sources of atmospheric C0. The estjmated C0

emissìons fron these natural sources range fron 0.1 x ì014 g/yr32 to 1.5 x 1014 g/yr.36

carbon ltonoxide Produc --Anaìyses of ocean ,"t"r20'41'42'48'49'50 often indi-
cate supersaturated guantities of C0. The highest supersaturation factors have been found in

nutrient-rich waters and are believed to be a result of microbioìogicaì activity. Thus, the

ocean acts as a source of atmospheric C0; its strength has been estimated to lie between 0.2 x
1014 glyr and,2.0 x io14 g/yr.21'42'50
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Oxidation of ilatural Hydrocarbons--Carbon nonoxide is produced by photochemical oxidation of
naturally occurring hydrocarbons and chìorophyì1. Hent56 pointed out that the apparent ljfe-
time of terpene-'like hydrocarbons in the atmosphere does not appear to be very ìong. Concen-

trations of these conpounds range between 2 and 20 ppb (parts per billion),3l from which

wents7 estinated a gìobal emission rate of 10 x t014 glyr îor such volatile organic compounds.

Robinson and Robbins32 estimated from these data that 0.6 x 1014 gly¡ oî C0 could be produced.

Their calculation is based on the assumptions that one molecule of C0 is produced from three

molecuìes of organic matter2l and that the average organic ¡¡olecuìar weight is 150.

l¡lore recent studies, however, suggest that oxidation of naturally emitted hydrocarbons

from vegetation results in a gìobal C0 source ranging from 4 x to14 to 13 x 1014 g/y".36'62
Derivation of the C0 source strength fron this process requires the inclusion of many assump-

tions, and, therefore, it is fair to say that the amount of C0 produced from naturally emitted

hydrocarbons is not definitely known. l'lany more laboratory and field studies will be required

to reduce uncertainty about the strength of this source.

Emission by Plants--Wiltss9 reported that green plants grown in a clean illuminated environ-
ment ìiberate small quantities of C0 as well as certain aldehydes. Although Siege'l et a1.45

showed that C0 was given off by pìant naterial in the dark, it could not be ascertained
whether the C0 was emitted directìy or was forned as a result of photolysis of the aìdehydes.

Further investigation of these phenomena by Seiler et aI.38 showed that pìants contribute 0.7

x 1014 g/yt lo gìobaì C0 concentrations. This estinate was obtained from in situ measurements

observed from four different Cr-type pìants and was found to increase as the radiation
intensity increased.

ilethane 0xid3tion--blhen Levyz3 proposed that sufficient concentration of the 0H radicaì could

exist in the troposphere to produce quantities of fonnaldehyde (CHr0) on the order of 2 ppb

fron nethane oxidation, it was easy to show that significant quantities of C0 couìd be fonned

through CH'O degradation. Every known iqortant honogeneous process that removed CHr0 from

the troposphere results in direct fornation of C0:

CHr0+hv+ C0+HZ,
or CHr0+hv+ H+HcO,
and CHZ0 + 0H + HrO + HC0,

rapidly folìowed by HCo + 0Z * C0 + H02. 
Ê Êa

The oxidation of nethane (cHi) in the trãposphere may proceed as follows:5'61
CHn + g¡

CHt+0r+il
cH302 + ilo

and CH30 + 0Z

* CH3 * tt0,
' CHr0, + il,
. CH30 + 1102,

' cHz0 + Hoz.

0nce 0H attacks a methane molecuìe, the subsequent reactions proceed very rapidly, and thus

the limiting factor in the production of C0 is the initiaì rate of tne (CHq + 0H) reaction.
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The net result of the above demands that the anount of nethane oxidized in the troposphere is
the same moiar quantity as the C0 produced from this process.

Taoie 7-1 sumnrarizes many of the studies that have been conducted to determine the
various source strengths of atnospheric C0. 0f primary inportance is the fact that the first
esiimates of C0 production from methane oxidation24'29'54'61 showed that this source was five
to 20 tines larger than the anthropogen'ic sources estimated by Robinson and Robbins,32 *hose

study was the onìy conprehensive C0 source inventory availabìe at the tine of the initial
methane oxidation calculations. In all the photochemical studies cited above, globalìy and

diurnalìy averaged 0H radical number densities ranged between 1 x 106/cm3 and 3 x to6lcm3.
Simiiar calculations were made ìater by bleinstock and Changss 

"nd 
hlofsy.60 However, those

studies employed several key reaction rate constants that uære subsequentìy shown to be

inaccurate. In particular, the reaction rate governing the 0H radical's attack on C0

(discussed in detait in Section 3.3) was reported in later studies4 to be pressure-dependent

and to be more than twice as fast at tropospheric pressures as the rates neasured prior to
1976. Since this reaction dominates all others in determining the destruction frequency of 0H

in the troposphere, a factorof-two increase in its rate results (to a first approximation) in
a factorof-two decrease in the average amount of 0H caìculated by earlier nunericaì nodels.

Crutzen and FishmanS and Fishman and Crutzenll have presented numerical analyses that
incorporate the more recent chemical kinetic data. In their reports, they address some of the
uncertainties inherent in the detennination of rates of photochenrìcaì production and destruc-
tion of C0 and other trace gases. In the 1977 paper, C-rutzen and Fishnran point out that the
methane oxidation reaction sequence may be broken and no C0 produced from it if peroxides are

formed and then remsved from the atnosphere by a rapid heterogeneous process. Under such an

assumption, as littìe as 0.5 x 1014 to 4.0 x t014 g/yr of C0 wouìd be produced as a resuìt of
methane oxidation. Sinílarly, Seiler35 calculated a value of 4 x lO14 g/yr for methane oxida-
tion. Anthropogenic C0 source strengths calculated by seiler34'35'36 are two to five times
higher than previous calcuìations by JaftelS and Robinson and Robbins.32 Thus it novr appears

that nethane oxidation is no longer believed to be the dominant source of atmospheric C0 as it
rvas in the early 1970s.

Other Natural Sources--Swinnerton et a'|.47 h"ra reported very high supersaturation values of
C0 in both rainwater and cìoud droplets. Furthernore, rainwater sampìes in both unpolluted
regions (HawaÍj) and poìluted regions (hlashington, D.C.) showed excessive anounts of C0. The

nechanism for this phenomenon is not well understood, but two possible explanations are the
dissocíation of carbon dioxide by electrical dÍscharges and the phototysis of aldehydes

dissolved in the droplets. Quantification of this source on a gìobal scale has been attempted

by Seiìer,34 brt th""" are too many uncertainties to produce a number accurate to ¡nore than

several orders of magnitude. Thus, production of C0 in cloud droplets or rainwater is
probably not a significant source of C0 in the atmosphere.
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TABLE 7.1. GLOBAL CARBON IIONOXIDE SOURCE STREHGTH ESTII.IATES

(1014 g/gr)

Fossil Forest llethane Oxidation of
Reference fuel fires oxidation hydrocarbons 0ceans P'lants

seiler,197434 6.4 o.6a 0.6 1.0
Robinsgg & Robbins,

1969" la 2.5 0. I 0.6
Jaffe, 1973';E 3.2 0.4
seiler, 1976"" 4 0.4 0.2-2.0
Seiler.& Zankl.

1976++ 6-10
llcConnglì et al.,

I97t" 27
l{ei nstpçk & Ni ki ,

rg72u' 50
Uofsy et al", 19720¿ 15
Levy, 1973" 33
Ueinstpçk & Chang,

;iïi'i;,;6; 
- "' 38b

crutze¡ & Fishnan. 
14

- iðñ6 0.6-4.0b
Fishnan.& Crutzen.' 'iöîüIr 

z.s-7.4b.

4-13

2.0-5.0c
0.5

0.2

2.0

0.4

0.7

0.5

0.5-1.0

Range of
estimates 2.5-10 0.1-0.6 0.6-50 0.5-13 0.2-2.0 0.2-2.0

llncìudes agricultural burning-Globaì values derived by doubling Î{orthern Hemisphere values reported ln
- these studies.LNorthern Hemisphere estin¡ate.

' 
Zinmernan et aì..

LgTgo¿
Steven¡-et al. .

*l?'1ll¡'
Swinneplon et al.,

1970"'
Linnenlgm et aì.,

Lg73''
ttï;råråt"t'"'
Seiler,f Schmidt,

]-:974"
Seiler,$ Giehl,

lg77''
Seilerrgt al.,

1979'"
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gther natural C0 sources [,ave been found, but to date, none of the¡n is beìieved to con-

tribute significantìy to the global budget. Green et a1.13 showed that C0 could be produced

by charged-particle deposition mechanisms and atmospheric discharge phenomena, inc'luding cìoud

corona discharges, background radioactivity, natural electrostatic discharqes, photoeìectrons

in the ionosphere, auroral electrons and protons, cosmic rays, and solar wind' The decomposi-

tion of hemogìobin in aninals aìso results in C0 production,34 as does volcanic activity.
Above 70 km, photodissociation of carbon dioxide (C0r) is a source of C0.

BACKGROUND LEVETS AND FATE OF CARBON }IOI{OXIDE

Measured Background Levels of Carbon l4onoxide

Geoqraphic Diçtribution--A distinct tatjtudinal variation in background concentrations has

been observed by botiiilkness et al.,Ut rn neasurenents over the PacÍfic 0cean, and Seile",34

in measurements over the Atlantic Ocean. Seiler's values, shown in Figure 7-1, are averages

based on the integrated concentrations during 1969 sampled between the surface and the tropo-

pause. Integration of these data for each hemisphere shows that more than twice as much C0 is

present in the Northern Hemisphere than in the Southern Hemisphere. Robinson and Robbins33

report average mixing ratios of 140 ppb for the llorthern Hemisphere and 60 ppb for the

Southern Hemisphere. These concentrations have been reconfirmed by Seiìer's ìater and more

extensive work.

Seiìer34 points out that the bacxground nixing ratios in the Southern Hemisphere remain

very constant. The standard deviation of C0 concentrations in a region betveen 50 and 650 S

and 30 and 80o l{ over a three-month period bras less than 3 Percent. Carbon nonoxide varia-

tions are largest in the t{orth Atlantic and are attributed to the passage of continental

pìumes from North America. A relativeìy sha¡p difference in mixing ratios was quite often

observed within the Trade Uind inversion layers on either side of the intertropical conver-

gence zone in both the Atlantic and the Pacific.34'58
The considerabìy higher average C0 concentration in the Northern Hemisphere, where 90

percent of the anthropogenic emission sources are ìocated, does not support the hypothesis

that CH, oxidation is the do¡ninant source of C0, as was proposed by the National Academy of

Sciences*.30 Since CHO is evenìy distributed throughout the world,l8 the magnitude of the CHO

oxidation source of C0 should be nearly equaì in both hemispheres. Furthermore, if the anthro-

pogenic C0 source is only 10 percent of the natural ,or".",30 such a smat'l difference in the

overall source strengths in the two hemispheres should result in a much smaller interhemis-

pheric gradient. Although the inclusion of CHO oxidation as a source of C0 is necessary to

develop a clear picture of the gìobal C0 budget, its nagnitude relative to other sources' on

the basis of the cument distribution of C0, remains to be assessed.

Variation with Height--Seiler and Junge4o and Sei'ler and llarneck43 showed that C0 mixing

ratjos decreased sharply above the tropopause. They neasured m'ixing ratios of less than

40 ppb at an altitude less than one km above the tropopause, in contrast to values between

1.30 and 150 ppb measured just below the stratospheric boundary in the northern mid-latitudes'
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0^+hv t
fottowed by oilo¡ * ¡rg +

o{10¡ * ç[o +

or o(10) + Hz +

Thus, it appears that there is a strong atnospheric sink for C0 in the stratosphere; the

nature of this sink ¡rost ìikely is the reaction of C0 with 0H radicaìs. This belief is
supported by theoreticaì calculations,'which show that 0H concentrations increase above the

tropopause because of the nuch targer ozone concentrations in the stratosphere. The larger

ozone concentrations are significant because 0H radical production is initjated by ozone

photo'lys i s:

o(10) * or, À<320 nm,

2 0H,

0H + CH3,

0H+H.
h,lithin the troposphere, background-level C0 profiles vary at different'latìtudes.

Tropospheric profiìes at low and middle ìatitudes of both henispheres are depicted in Figure

7-2. The C0 concentrations in the lower troposphere (below 3 knr) refìect the strong latitude
gradient depicted in Figure 7-1. The ¡rid-ìatitude profiìes (45o N and 45o 5) faì'l off to

typical stratospheric vaìues at 12 kn, since this height is in thé stratosphere at these

ìatitudes. The vertical gradient in the upper troposphere is ¡tuch stronger in the Northern

Hemisphere. The average C0 concentrations in the tropics at an aìtitude of 12 km are higher

than the nid-latitude concentrations at a corresponding aìtitude since, in thé tropics, the

average height of the tropopause is greater than 12 kn.

Diurnal and Seasonal Varjation--During an oceen cruise to ¡¡easure-background concentrations of

trace constituents in the Pacific in June 1970, Lamontagne et a'|.20 reported a consistent

diurnal pattern of C0 concentrations both in sea ryater and in air sanples taken just above the

ocean surface. Both sets of data show a maxinum concentration in the afternoon, when concen-

trations were typicaìly 20 to 40. ppb higher than the average concentration bf 130 ppb.

However, thÍs finding is inconsistent wîth our present knowledge of C0 fluxes from the ocean

into the atmosphere. Thus, the diurnal amplitudes reported by Lamontagne et a1.20 
"ouìd

imply a globaì oceanic source strength considerably larger than the ones given in Tabìe 7-1.

In agreement with the tatter hypothesis, failure to detect a significant diurnal cycle of C0

concentration over ocean surfaces has been reported.il'50
Using an instrument that nonitored C0 continuously over a 9-nronth period in Hawaii (at

l,launa Loa 0bservatory, eìevation 3400 m), Seìler et a1.39 detected an average diurnal cycìe.

A sìightìy hìgher (less than 10 percent) average concentratjon was observed in the afternoon.

From these data, it appears that this diurnal cycle may be caused by ìocal sources in conbina-

tion wìth ìocal meteoroìogical phenomena, such as upslope and downslope winds.

Data shoying seasonal variation of C0 concentrations are guite scarce. Although Stevens

et a1.46 showed that the isotopic composition of C0 measured in ruraì Illinois exhibited a

seasonaì dependence, a concìusive seasonal variation in background concentrations could not be

establ i shed.
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Anaìysis of data co'llected by continuous monitoring during 1975 anci 197639 at Mauna Lca

Observatory in Hawaii (19.50 N) indicates that background C0 concentrations are highest in the

spring (t'tarch and AprÍl). The highest average values (120 to 130 ppb) are considerably
greater than those measured in late summer (70 to 80 ppb). A good explanation of these obser-

vations is not readiìy available, although the seasonal variation of tropospherìc 0H concen-

trations suggests that more C0 scavenging may take place in the sunüner. However, such an

exoìanation is specuìative, and other factors, incìuding seasonal variation of ìarge- and

small-scale meteoroìogicaì parameters, must be examined to see how they couìd influence the

Hawai i an measurements.

In the Northern Hemisphere terlperate mid-tatitude beìt, Dianov-Klokov et al.8 have

reported a sjnilar seasonal variation in the totaì anount of C0 in the U.S.5.R. They aìso
find maximum values in March and April and ninimun vaìues between July and September.

Residence Time and Renoval ltlechanisr¡s of Atmospheric Carbon Monoxide

Carþon l4onoxide Residence Time-:To derive a budget of a trace gas in the atmosphere, aì1

possible sources and sinks of that species are exanined. If no increasing or decreasing trend
is detected for the concentrations of the gas, then it is assuned that the sum of the sources

equals the sum of the sinks. Under such conditions, a residence tíne can be conputed by

dividing the measured guantity of the gas in the aùnosphere by either the total emjssion rate
or the total destruction rate.

Robinson and Robbins32 estimated the atnospheric residence time of C0 by assuming an

average atmospheric mixing ratio of 0.1 ppm, which yields a C0 mass in the atmosphere of 5.6 x
lO14 g. Division of the caìculated nass by their estinated source-strength at.3.2 x 1014

glyear results in a C0 residence time of 1.8 years. Seiìer35 estimated a residence time of
0.3 yea-r. From the wide range of pubìished source strengths sun¡narized in Table 7-1, a C0

residence time ranging from 0.07 to 1.38 years can be computed.

noxide--The mechanisms by which C0 is removed from the atmos-

phere are sumna"izeJ UV i"il"JL""O the National Acadeny of Sciences;3o th"r" studies con-

cluded, after considering the possibìe C0 sinks, that the major destruction term in the C0

budget is oxidation by the 0H radical. lîore recent reaction rates measured for the (C0 + 0H)

reaction discussed in Chapter 3 indicate that the nagnitude of this sink is probab'ly twice
as large as the vaìues indicated in these two prevÍous reviews if the globaìly averaged con-

centratjon of 0H is the same as in these previous studies.
The Stratosphere as a Sink for Tropospheric Carbon ltlonoxide. As previousìy mentioned, C0

mixing ratios decrease sharply above the t"opop"ur..41'43 From the ¿¡verage concentrations

measured on either side of the tropopause, a theoretical caìculation of the C0 flux jnto the

stratosphere can be nade if the atnospheric diffusion coefficients in the region are known.

Using this methodoìogy, Sei¡er34 derived a tropospheric C0 loss rate of 1.1 x t014 g/year by

migration into the stratosphere. Because of the large difference in the average C0
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concentrations above and belfi the tropopause in the Northern Henisphere (see Figure 7-2),0.9
x 1014 g/year enter the stratosphere north of the equator, while only 0.2 x t014 g/year

migrate to the upper atnosphere in the Southern Henisphere.

Soil as a Sink. t"W22 shoued that non-sterlle soil rapidìy depleted C0 fron test atmospheres

containing initiaì concentrations of 100 ppn. The effect of this removal Process was enhanced

by increasing the soil tenperature, but was elininated by steriìizing the soil. The ìatter
finding sugçsts that tlæ biological activity of nicroorganisns in the soil is responsible for
C0 renoval.

Ingersoll et a1.15 lik"rir" found that soil was potentiaììy a najor sink of C0, but their
studies shoyed that the soil uptake rate reached a naxim¡,rn at 30oC and decreased at higher and

ìower tenperetures. At OoC the uptake rate was negtigibìe, vhereas at 50oC the uptake rate

was less than 10 percent of that at 30oC. Seiler34 indicated that at 50oC, C0 was given off
from the soil rather than taken up by it.

The studies ot Levyzz and Ingersoll et a1.15 concluded that the nagnitude of the soil
sink was considerabìy larger than the anthropogenic source of C0. However, Seiler34 points

out that the soil uptake rate is linearìy.dependent on the concentrations of C0 in the

atmosphere dlrectly above the surf,ace, and thus both estimates are too high because unreal-

istical]y hlgh initíal C0 concentrations rere used Ín the experinents. Using an initial
atnospheric.concentration of'0.2 ppn over the continent, Seiler estinated a gìobaì C0 sink of

+.S x t014 glyr due to sofì uptake. Later studies26'37 with diffþrent types of soil supported

the sink strerqth estimated by Seiler.34
Such an estinate, however, is extrenely crudeil because of variatíons observed in the C0

equiìibriun concentrations above the soil, in the different types of soil, and in soil tenpera-

tures. For exanple, Innan et a1.16 point out that soils fron dìfferent locations exhibit an

eightfold variability ln their abílity to renove C0 under the sane laboratory conditions.

Seiler34 even sþeculates that sone soils nay act as sources rather than sinks of C0. It is
clear that nore research is needed before the role of soil on the global C0 cycle can better

be quantlfied.
Veqetation. The role of vegetation in the g]obal C0 cycle is currently not well understood.

Some researchers have suggested that plants are a source of atnospheric C0;37'45'59 but others

have indicated that C0 is absorbed by vegetation. For example, Krall and Tolbertlg 
"*pos"d

barley leaves to an artificial atmosphere containing C0 and deternined that some of ít rvas

converted to serine and other conpounds. Sinilarly, Biùell and Fraser2 investigated the

incorporation of carbon-14 fron an artificial C0 atmosphere into plant carbon conpounds.

Seven of nine plant species were observed to take up C0. Extrapolation of these data indí-
cates that plants are a significant sink for atrnospheric C0, absorbing as much as 7 x :.014 to

zo x to14 g/yr.
lilore recently, Sei]er and Giehì37 and Seiler et a1.38 concluded that the study of Bidwell

and Fraser2 is not a true neasure of the net C0 exchange rate betueen plants and the
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a¡mosphere. They point to the fact that the Bidwell and Fraser experiment is useful onìy to

derect the anount of C0 going into the pìant and note that the large artificial C0 concentra-

tions used in the laboratory environment precìuded accurate measurement of any C0 coming back

into the atmosphere. 0n the other hand, the nethod of Seiler and Giehl enabìes then to detect

onìy the net influence of pìants on atmospheric C0; they cannot distinguish the production

from the uptake rates of the plants. Their findings indicate that vegetation is a net source

of about 0.5 x tO14 g C0/yr when both production and uptake processes are taken into account.

Reactjon },ith Hydroxvl. Estinrates of the anount of C0 removed fron the atmosphere by reaction

with 0H indicate that this mechanism is the primary removal process for atmospheric

c0.6'34,35,60 If the anount of C0 in the atnosphere is known, the globaì destruction rate as

a function of the 0H distribution can easiìy be computed. Similarly, if the distribution of

CHO in the atmosphere is known, the amount of C0 produced by nethane oxidation can be calcu-

lated as a dependent variable of the average amount of 0H present in the atmosphere.

Figure 7-3 shows graphically the results of such a simple caìcuìation^, in which the

folìowing parameters are assumed: CH¿ and C0 mixing ratios of 1.4 ppnr9 and 0.1 ppm,

respecti vely;
kco*oH 

= 2.5 x l0-13cm3/(molecule'sec); and

kctto*o¡ 
= 4.8 x lo-l5cm3/(molecuìe'sec).

Uhen the above values are used, the ratio of the rate of photochernical destruction of C0'

D(Cg), to the rate of photochemica'l production of C0, P(C0), is 3.7. This. ratio is a lower

linrit, since it depends on the assumption that every CHO moìecuìe oxidized results in the pro-

duction of a C0 nolecule. Such a ratio demands that no nore than 27 percent of the C0 pro-

duced in the aünosphere cones from CHO oxidation. Furthernore, such a ratio is totalìy inde-

pendent of the amount of 0H ín the atmosphere. '

Atthough the D(Co)/P(Co) ratio Ís not affected by the everage 0H concentration, the mag-

nitude of each of these teryrs clearly is affected (see Figure 7'3). Since about 90 percent of

these terms is derived fron tropospheric photochenical activity,60 the average 0H number

density on the abscissa refers to a tropospheric vaìue. Aìthough -previous studies derived

infornation about the CO budget from calculated 0H distributions,6'60 the simpìe anaìysÍs

depicted by Figure 7-3 can provide sone usefu'l insights into the gl,obaì distribution of 0H.

For exanple, Seiler's3s inu"ntory of C0 sources shows that 13.2 x t014 g/yr of C0 are e¡nitted

to the atmosphere. If it is assuned that the onìy C0 sink is reaction with 0H' then an

average 0H concentration of g.S x 105/cm will destroy C0 at a rate of t3.2 x 1014 g/yr more

than it can produce fron nethane oxidation.
0ther Remova'l Processes. Carbon monoxide adsorption onto atmospheric particulate matter has

been reported by Liberti.25 His analyses indicate that adsorption by dust that is subse-

quently deposited on the earth's surface could be an important removal mechanism for ambient

C0. The potential of this possible sink is not known. Further studìes are necessary to
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determine the actsorption efficiency of different aerosoì ¡raterials for the varying concentra-

tions of C0 found in the atnosphere.

SUHI'IARY

It is clear from the review in this section that nany of the contributors to and compo-

nents of the gìobaì C0 budget are still largeìy not understood. The fundamental ouestjon

raised .in the 1970s about the gìobal cycle of co--whether the origins of c0 in the atmosphere

êre natural or anthropogenic--is an important one to resolve if soCiety is to determine

whether or not emission controìs are necessary to decrease C0 input into the atmosphere' If

the c0 production from the naturôl oxidation of cHo greatìy,domjnates aìl anthropogenic input

terms, as was suggested by studies in the e".ty igZOs,24'29'54 suppression of C0 emissions

should have ìittle effect on the amount of c0 in the atmosphere' However, reformuìation of

the C0 budget, wh.ich includes photochemicaì caìculations that use more recent chemical kinetic

information, shows that CHo oxidatìon may not be the doninant source term for c0'6'35 The

verifjcation of these theoretical discussions on photochenicaì production and destruction

rates of C0 awaits more measurenrent of 0H, NO, and N0, in the atmosphere' Untjl such data are

avaiìabìe, no authoritative concìusions can be drawn'

If, on the other hand, c0 is produced prinarily by processes directìy or indirectìy

controlìed by man, it is inportant to consider the conseguences. The sirnple answer is to say

that anthropogenic emissions will raise the background concentrations of C0 and that no sub-

stantial harm wilì cone until these ìeveìs approach a concentration that endangers man's

environment. However, there may be other, 'leSs ObvioUs Consequences of inCreaSed C0 concen-

trations. For example, since C0 is the predominant scavenger of 0H in the troposphere'

increased global concentrations of C0 will decrease the tropospheric quantities of 0H' ln

turn, lesser 0H concentrations in the tropospherè may aììow greater quantities of trace gases

such as cHo51 and nrethyl chloroforn6 to enter the stratosphere, since the primary tropospheric

removal mechanism for these gases is reaction with 0H. Thus, it is not inrpossibìe that

increased c0 emissions nay have an jmPortant impact on stratospheric photochemistry and the

ozone ìayer.
The fate of C0 in the atnosphere may also provide some insight into the budget and distri-

þution of ozone in the troposphere.12 Along with C0, a considerable arûount of tropospheric

ozone may likewise be produced fronr CHO oxidation'5'10 In addition, photochemical degradation

of C0 nay produce large guantities of ozone in the troposphere through the sequence:

c0+0H
H+02+ùl
H0, + ¡9
N0, + ¡v

t C02+H'
* H02+H
* N02 + 0H.

+ N0+0 -

0+02+tl * 03+l,l

' Co, + o, (net)'CA + 2Oz
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Fishman and Crutzenlz speculate, on the basis of present knowìedge about tropospheric photo-

chemistry, that the above mechanism nay be the larçst source of-ozone in the troposphere.
The importance of obtaining a better understanding of the gìobat cycle of C0 should not

be underestimated. A cìearer picture of the distribution of 0H in the troposphere as weìl as

a better understanding of the gìobaì budgets of nethane, tropospheric ozone, and other trace
gases wil'l result fron a rnore accurate description of the roìe of C0. This goaì can be

realized only as oore measuren€nts of anbient atarospheric trace constituents and better
laboratory data are made available.
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8. EFFECTS OF CARBON }ONOXIDE ON VEGETATION AND SOIL I,IICROORGANISUS

INTRODUCTTON

Because of the potentiaì toxicity of carbon monoxide (C0) to ìiving organisms, there has

been much concern over the ìarge guantities (an estimated 103 qiìlion metric tons in 1977) of
C0 released jnto the atmosphere from anthropogenic sounces. While the effects of C0 on nan

and animals have been nuch studied, reìatively littìe research has been done about its
influence on plants. Þlan¡s health and well-being, however, are fundamentatly and inextricabìy
bound to the success of the plants, which transform the sunrs radiant energy into the food and

oxygen necessary for habitation of the planet. o

The naturaì gìobal background concentrations of C0, 0.01 to 0.23 mglm3 (0.01 to 0.20
È

PPm)," have no known detrinental effects on green plants. In urban areas, however, C0 concen-

trations may be much higher and are closely reìated to motor traffic density. This relation-
ship means that urban C0 concentrations exhibit variation aìong weìl-narked diurnaì patterns,
with peaks corresponding to norning and evening'¡rush hours." High traffic density, when com-

bined ¡,ith prolonged periods of air stagnation, has resulted in a¡¡bient C0 ìeveìs of over
22

34 ng/n' (30 ppm) for an 8-hour period in Los Angeles and over 4L2 ng/n" (360 ppm) in
London.S E""n the discovery of these relati.veìy high concentrations, however, has not moti-
vated significant leveìs of new research into the effects of C0 on pìants.

Earìy ínvestigations into C0 effects on pìant growth and developlrent used high concentra-
tion exposures (>11,450 mg/nr3 or 10,000 ppm)37'38 ind were directed at detemining the mani-

festation of external symptoms on treated plants. ltlorc recent research has studied effects on

vegetation and soíìs from both ambient and higher concentrations and has been concerned with
the foìlowing:

1. Visible symptom expression

2. Growth, yieìd, reproduction
3. Biochemical or physiological response

a. Photosynthesis

b. Nr-Fixation
c. Other netaboìic effects

4. Renoval of C0 from the environment

a. By pìants

b. By soils
c. By soil nicroorganisms

5. Production of C0 by photosynthesis

EFFECTS OF CARBO}¡ I,IONOXIDE ON PLAI{TS

Visible Symptoms

One of the earìiest studies on the effect of C0 on plants vas that of Knight and Crocker
10in 1913.^' They exposed pea epicotyìs to C0 derived fron potassium ferrocyanide, from oxalic
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acid, and from sodium fonnate in concentrations of 6000 to 24,000 tgl,n3 (SZOO to 20,900 ppm).

The pea seedlings exhibÍted reactions including pronounced swelìing of the epicotyì' accom-

panied by stern declination--as much as 90o in sone cases. Reactions were similar throughout

the range of concentration ìevels, and no correlation between degree of effect and C0 origin

was noted.

In 1933, Zimnennan et aì.38 p""fo*"d a series of experiments in whìch they observed the

reactions of plants exposed to C0. At C0 concentrations of 572 to 572,000 mglt3 1500 to

500,000 ppm), stern tissues of severaì plant species exhibited initiation and profuse growth of

adventitious roots; stinulated development of latent root primordia aìso occurred. In a sub-

sequent study,37 the sane authors found that the exposure of pìants to 11,000 tgl*3 (9,600

pprn) C0 for up to 23 days also: (1) induced epinasty and hyponasty of leaves; (2) retarded

stern elongation; (3) produced snal'ler and/or deformed leaves; (4) induced premature abscission

of leaves, flowers, and fruits; and (5) produced foliar'lesions that were characterjzed by a

yellowing of older ìeaves. Pre¡nature ìeaf abscission was aìso reported by McMillan and Cop"24

after they exposed seedlings of several geographic variants of Acacia farnesiana to 23'000

rg,/m3 (20,000 ppm) C0 for 24-hours. Varying degrees of leaf abscission, including compìete

defoliation, occurred in the species mentioned, while two other species of-Acacia were ìess

severeìy affected. Garden pea (Pisum sativum),seedìings exposed to 27 ng/n3 (2a ppm) C0 also

exhibited increased abscission df ol¿"" 1""""t.6
ì{olf and Kidd36 found tþat the greening response of etiolated wheat seed'lings upon

exposure to tight vúas almost completeìy inhibited by exposure to C0 at levels they describe

only as "high concentrations.tl
Carbon monoxide has found a comnercial application in the produce industry. In combìna-

tion with other gases, it has been used to prolong post-harvest storage and enhance the

appearance and consumer acceptability of head lettuce. Stewart and Uota,32'33 working jn the

Market Quality and Transportation Laboratory, US0A, held head lettuce in an atmosphere of

34,000 mglm3 (30,000 ppm) 0, plus 17,000 rglm3 (15,000 ppn) C0 for seven days at 3.3oC. Each

head nas evaluated for appearance disorders endemic to ìettuce, such as butt d'isco'loration,

pink rib, and rusty brovn discoloration. In general, lettuce held in the experimental atmos-

phere had a better overalì appearance than'lettuce exposed to other gas mixtures. Butt djs-

coloration and pink rib were inhibited by exposure to the C0l0t cornbination, whiìe rusty brown

discoloration was not affected in any way.

As stated previously, no vjsible effects have been identified in pìants exposed to C0 at

ambient 0.01 to 0.23 ng/n3 (0.01 to 0.20 ppm) concentrations.

Growth, Yieìd, and Reproduction

Concentrations of C0 at levels nuch higher than those found in the ambient air have been

shown to inhìbit sten elongation in many species of pìants. Zimmerman et aì.37.*por.d 
"

variety of pìant species to C0 at concentrations of 115 mglm3 to 11,500 mg,/m3 (iÛ0 to

10,000 ppn) for from four to 23 days. t{hile practically no growth retardation was noted in
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plðnts exposed at the ìower ìevel, sten growth was inhibited at the higher concentration by as

much as 100 percent when compared with controìs. The effects varied considerably among the
different species of plants, tobacco being only slightly retarded and others being affected
greatly. Exposure to the higher concentration of C0 alss had a significant effect oh the
formation and development of new leaves. In nany species, new leaves failed to grow as ìarge
as non¡lal and had a tendency to curì down at the edge.

Pea and bean seedlings also exhibited abnonnaì ìeaf fonnation after exposure to C0 at
27 ng/n3 (24 ppm) for severaì days. Pea seedìings showed ã decrease in the rate of new ìeaf
development, whiìe leaf fornation in bean seedlings was compìetely inhibited by the eighteenth
day. No effect was noted on the reìative rates of germination of peas and beans exposed to
the experimentaì atnosphere as cornpared with controls; likewise, there was no observable
difference in the growth rates of exposed plants, as determined by increased stem ìength.6

Several studies have denonstrated the infìuence of C0 on sex differentiation in p'lants.
Èlinina and Tyìkina25 exposed different varieties of cucumber to C0 at concentrationE of
1145 nglnr3 to 11,450 mglm3 ltooo to 10,000 ppm) for 50 to 200 hours. llarked shifts in sexuaì

differentiation toward the expression of female characteristics resulted in pìants under the
influence of the gas. Thus, at the highest ìeveì and with prolonged exposure, plants formed

exclusively female fìowers. hrlith exposure to C0 concentrations of 3400 to 5700 r,g/s,3 (3OOO to
5000 ppm), fenaìe fìowers developed first, and a verry few male flowers a week'later. Plants
treated at the lryest C0 level (1145 mglm3; 1000 ppr) proceeded yith the devetopment of. male

fìowers, as is normaì for the species studied, and then shifted to femaìe expression at the
sixth day. Controls developed males first, and continued to do so throughout the course of
the experiment..

Sinilar results were reported by Heslop-Harrison,l0 who studied the modification of
sexual expression in Cannabis satova by C0. Young plants exposed briefly to C0 at 11,450ã-
mglm" (10,000 pp¡r) nodified the subsequent sexual expression of the dÍoecious nale plants,
inducing the formation of intersexual or even functionalìy female fìmers. The effect was

registered in flower primordia of a particular age; sex of the older oRes h,as already deter-
mined, and younger ones apparentìy recovered from treatment to develop nornally. Basicalìy,
the effect of C0 in nodífying sexual expression is similar to that induced by auxin atninìs-
tration; and it is possible that at effective concentrations the gas upsets auxin metabolis¡r
in treated tis'sues, perhaps by inhibiting enzyme systens nornally responsíbìe for regulating
endogenous auxin levels. The gross effects of C0 on pìants a¡^e surmarized in Tabte 8-1.
Biochemical and Physioìogicaì Processes

Biochemical and physioìogicaì responses in pìants exposed to C0 at above ambient concen-

trations have been investigated in various species and on dífferent metabolic systems.

Resuìts have been confìicting, especiaììy wÍth respect to pìant uptake and production of C0.

The effects of C0 on photosynthesis and nÌtrogen fixation are discussed below.
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ÏABIE 8.1. EFFECÏS OF CO ON PLANTS

LOnC. Duration Effects Author

5000

10,000 ppm

20,000 ppm

0.05-50%
by voìume

0.01-sox
by voìume

0.3'1.0x
by volume

1.0Ë
by voìume

1. su
by volune

24 ppm

No evidence of swelìing in
pea epicotyìs.

Swelling of epicotyls
1-2 cn ìong; declination of
70-90".

2-15 days

Swelling of epicotyìs

l;t¡å-;þ]"ns; 
decr inati on

Stinulated deveìopment of
root and subseguent root
generation. Some a'lteration
of normaì geotropic growth pattern.

2-30 days Epinasty, hyponasty,
retarded skin elongation,
abnonnaìly snall new ìeaf size,
general loss of sensitivity to
externaì stimuli, leaf abscission.

50-200 hrs. Sex differentiation was
shifted markedly towards' fenaìes.

24-48 hrs. Generation of female
flowers from male plants.

24 hrs. Leaf abscission, with
severity of effects being
dependent upon geographical
variant used.

unreported Exposure of seeds to C0
had essentially no effect on
gennination. Some reduction of
leaf fornatìon when seedlings
vere exposed was noted.

Knight & Crockerl9

Zimmerman et a].38

Zímmerman et a1.37

Mi ni na & Tyl r'i na25

Hes I op-Harri son, fi
Hesì op-Harrì son"

tlcMi 'l I an & cope24

Chakrabarti 6

a-pPt1

the
C0 can be converted to nrglm3 C0 by multipìying
above concentrations by 1.145 (@STP).
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syntheti ca'llY.

Bennett and Hitl,1 ho*"ut'' in 1950' found that C0 concentrations as high as 91 mg/m3

(g0 ppm) had essentiaì'ly no effect on C0, uptake in plants' Kortschak and Nicke'1118 found that

sugar cane ìeaves renoved c0 from the atmosphere at a rate of 0.01 
^gln?h:|, 

'
-:+-^âÀñ fiv¡tìnn Lind and

::l;hï"i.'il:"ved when pìants wer€ exposed to 115 mg/n3 {too ppm) c0 and that complete

inhibition occu*ed at 573 to 1145 tg/ti (soo to 1000 ppm)' The authors suggested that the

-o nnl¡euler

photosvnthesis--There is evidence that C0 can be assimilated by plants' Bifuelì and Fraser4

ffi''"ii'i'*ii"t'"nyspeciesofpìantscanabsorbandmetabo1izeC0photo-

nitrogen fixation.

TABLES-2.CARB0Nljl0NoxIDEEFFEc.ts0NNITRoGENFIXATI0NBYt4lcRo-oRGANlslis

ì:iïì:l:ï ffi;: due to carbon monoxide and morecurar ni*osen havins the same molecular

weight, the sa¡re nunber of valence electrons, and many renrarkably simí1ar physicaì properties'

Because of these simitarities, inhibition of the uptake of atmospheric nitrogen by c0 might be

the result of the competition of these trJo gases for adsorption on the surface of the enzyme

responsible for fixation. The-effect "pp""""d 
to be readiìy reversible' The same authors22

arso showed tnat co ai'r,n.äir-irïoori tnntotted nitrogen fixation bv Azobacrer @gjj'
a free-living, nitrogen-fixing bacterium in cu1ture'24 T"btt 8-2 sr¡nmarizes the C0 effects on

Author
Conc. 

a Duration Effects

.005-0.39

0.05-0.6N

PCO of
5+1ú Pa

3-34 daYs

35-45 hrs.

30 nri n.

Inhibition of nitrogen fixation

i:fl;lli:é'll'3ìt11,'ált 3lü3:3'x

å[::il,:å'l.'[. î13:ä'li ti-litill
ããñiàie 

-uPPression at 0'5%'0'5X'

50Ë inhibition ot CrHr--.reducing
activitY in nitrogen Ìrxlng
nodul es.

a-ppx co can be converted to mg/m3.c0ty"multipìying
the abovgconcentrations by 1'145 

llìåä'in", C0 inhibition of nitroçn fixation ís
eergerãäi ãnã-Íurner," in 1968, denonstrated lnar * tj'l::::. 

Áraa rho¡a iq an ob'liEa-
,.., ï:ïìi"ll"."JrJi,;ir"'ri;;;"r'".. ., nirrosenase activitv. Aìso, there is an ob'liga-

tory relationship between the occurrence of leglemogìobin' an oxygen-binding hemeprotein

occuffing in the nitrogen-fixing root nodules of legumes' and the ability of the nodu'le to fix

nitrogen. Various researchers- have demonstrated the great affinity of leghenoglobin for

co.z1,3s pankhurst fi'il;;ä ;"; ;r,,r that this affinitv interferes with oxvsen binding'

Lind & tlilsonZl

Lind & }lilson22

PankhuRqt &

Sprenté'

8-5



thus limiting the amount of oxygen availabìe to the bacteroids (bacteria) in the interjor of

the noduìe and consequentìy ìimiting the nitrogen-fixing ability of the bacteria. As further
evidence, acetylene-reducing activity, which is used to estimate the rate of nitrogen fixa-
tion, vas found to be inhibÍted by C0 in soy bean nodules.

REHOVAL OF CARBON I'IONOXIDE FROI.I THE ENVIRONIiIENT

Many people are concerned about the ìarge amounts of C0 being reìeaseC into the atmos-

phere by both anthropogenic and natural sources, fearing that ambient gìobaì C0 concentratjons

may soneday increase to leveìs detrinental to plants. Large amounts of C0 are

emitted annually to the atnosphere fron man's activities; however, as of 1973, a¡nbjent con-

centrations did not appear to have changed appreciably over the prevìous 20 years.16 It is
apparent, then, that something happens to C0 soon after its lìberation. The chemical and

photochemical reactions knonn to transforn C0 in the atmosphere were for years regarded as

being too slow to account for the disappearance of the quantity of C0 jn question. Conse-

quentìy, investigative attention was turned to conponents of the biosphere as possibìe utiì-
izers of C0.10 The utilization of C0 by pìants and soiì aricroorganis¡ns is considered in the

foì lowing sections.
P l ants

As previously mentioned, it has been denonstrated that C0 can be assimilated by

plants.3'4 Bidwell and Fra'ser4 supplied 14c0 to bean leaves in ìight or darkness at 1?4 to
314 mg/rn3 (150 to 270 pp¡r) in air. In the presence of light, C0 was absorbed and converted

mainìy to sucnose and proteins. In darkness,14C0 was absorbed nearly'as fast as in light,
but was aìmost completely converted to C0, and released.

Carbon monoxide fixation by a number of pìan! species under light was neasured during

exposures of 0.87 to 8.7 mglrn3 (O.ZS to 7.5 ppm) in air, with rates varying from 0 to 0.25

¡rmole/dmzlhr. Rates were roughly proportional to C0 concentration but were unrelated to rates

of photosynthesis. Bidwell and Fraser4, using the bean leaf as an intemrediate C0 absorber,

at 1.7 rglm3 (t.5 ppm) C0 vith an uptake rate of 0.06 ¡rmoìe/dnz/hr, and assuming a leaf area

index (area of leaf per unit area of ground) between three and 30, caìcu'lated that the rate of

C0 uptake would be 0.5 to 5 ng/nz of ground per hour, or about 12 to 120 kg/kmz per day.

Kortschak and NickelllS found that the leaves of the sugar cane plant can absorb and

metabolize C0, with sucnose as an_rend product. These authors, however, found the rates of C0

uptake to be on the order of 10-a ng/dnz/hr, which would be too ìow to be significant in
removing C0 from the atmosphere. Hill,11 in 1971, and Hill and Chamberlain,l3 in 1975, found

that under carefully controlìed laboratory condjtions, alfalfa canopies did not significantly
remove C0 from the atmosphere. The production and utilization of C0 by plant ìife is summa-

rized in Table 8-3.
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TABLE 8.3. PRODUCTION AND UTILIZATION OF CO BY PLANTS AND IJIICRO.ORGANTSUS

Conc.a Duration' Effects Author

llide variation in data Data suggests significant role Deìwiche9
for different plants for plants in reducing
and experimental atmospheric C0 concentrations;
condi ti ons. production of C0 may exceed

uptake, however.

0-10 ppnr 1-2 hr. The a¡rount of C0 uptake by Hiììll
:ltå:fi.iiln?"to* 

I inits

100-120 3 hrs. Indigenous soil fungi reduced Irman & Ingersotll6
ppm atmospheric C0 concentration

from 100-120 pp¡r to 0 in 3 hrs.

200-360 15-25 min. Test pìants absorbed C0, Bidweìì & Fraser4
ppm converting it to organic naterial

by day and C0, by night.

It is indicated that algae are Crespi & KatzT
responsib'le for significant
natural C0 emissions.

80ß C0 30 days Decrease in C0 content,
in air.

Nozhevnikova &
Zavarzi n¿D

6 ppm 15-45 min. Exposed plants absorbed C0 Bidure'll & Beebe3
at an average rate of
0. 19/¡rllhg fresh weight.

Not Not C0 incorporation ratgs varied Shaedle & 0liver29
reported reported from 0.32 n nroìeg/úr'-hr to

28.48 n noles/dn'-hr. Grasses

lT"iil"ti"f* the lowest rate

<0.1-0.6 24 hrs. Air C0 within closed box. 5eiler30
ppm Diurnal variation, tenperature-

dependent. Glass box over
natura'l soil surface.

Several micro-organisns produce Radler et aì.28
trace amounts of C0 in the range
of 0.4-2.6 ppn. ì4edia containing
gìucose was found to stimulate '
C0 production.

a-PPl.l C0 can be converted to nglm3 C0 by nultiptyìng
the above concentrations by 1.145 (€STP).
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Soi ì l,li croorgani sns

Inman and Ingersol16 and Inman et aì.17 tested non-sterìle potting soil in pìastic atmos-

pher.ic chambers and found that C0 concentrations dropped from 105 tg/t3 (gO ppm) to 0 within a

3-hour period. No change occurred in C0 concentrations over the controìs using sterile soil.

This indicated that potting soiì, at least, had a distinct capacity for C0 uptake. Satnples of

natural soiìs, when tested comparatively, alì varied in their abi'lity to take up C0. Carbon

monoxide uptake appeared to be correlated wjth high organìc matter and ìow pH.

From the various tests conducted, it appeared that the capacity for C0 uptake was medja-

ted either by a biological mechanisn, or by some physical absorptive process which, on the basis

of the inactivity of sterile soiì, was ìabile to steam heat. A series of tests was conducted

to characterize the phenomenon further. The authors found that when 2.8 kg of autocìaved pot-

tíng soiì was inoculated with 1 g of non-sterile potting soil, uptake activity increased as a

function of tine following the înoculations. Uptake of C0 was inhibited by the addition of

50 ml of 10 percent NaCl to 200 g potting soil. Incubatjon under anaerobic conditions for five

days prior to testing atso inhibited C0 uptake, as did drenching the soil with 50 mi of an

antibiotic soìution containing streptonrycin, erythromycin, and cyclohexamide.

These results strongìy indicated that the uptake of C0 uras mediated by a biological rather

than a physicaì mechanism. It was suspected that certain eìements of the soiì microflora were

responsible for C0 fixation. Inman and Ingersoì.|16 th"n attempted to estimate the total capac-

ity of the soil to remove C0 from the atmosphere. The average activity of the soils tested

wai g.+¿ mg òf COltrr/nz of soil, equivalent to 191.1 metric tons per year per square miìe.

If it is assumed that this va]ue is representative of the average capacity of soils in the tem-

perate zone, the capacìty of the total soil surface of the Continental United States to take

up C0 [2,977,1.28 miles? (7,192,533 kn2)] is estimated to be 569 million ¡retric tons per year.

Liebl and Seiler2o found soiì uptake of C0 to be not so great as that reported by Inman

and Ingersoll,lT but concurred that the soil must be recognized as a major natural sink for C0

released into the atmosphere. llicroorganisms other than the soil microflora nay have a role

in atmospheric C0 removal. Uffen34 described a species of RhodoÞseudomonas, a species of photo-

synthetic bacteria that requires C0 as the sole source of carbon and uses it under anaerobic

conditions. Aìso, NozhevnÍkova and Zavarzin26 h"u" stated that there are bacteria that have

the capabitity of oxidÍzing C0 and that are capable of growing and developing on a substrate

in which C0 serves as the sole source of carbon and energy. These bacteria represent a poten-

tiaìly powerfuì factor in eliminating C0 from the atmosphere. Thè bacteria that oxidize C0 to

C0, have not been weìl studied. Table 8-4 su¡nmarizes data showing soils as C0 sinks.
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TABLE 8.4. SOILS AS A SINK FOR CARBON IIOI{OXIDE

conc. a Ouration Effects Author

80-130 ppm
in air

5-100 pp¡n
in air

2-19 hrs.

2 hrs.-
45 days

Resu'lts indicated that the Ingersolll4
phenomenon of C0 uPtake bY soil
was due to a bioìogica'l rather
than physical nechanism and that
C0 uptake was due PrimariìY to
indigenous soil microfìora. Rate of
uptake was aìso temperature dependent.

The uptake of C0 by soils in Ingerso'lìl3
situ is variable with soils
Eñlingofron 7.5 to 104.0 ng
Cl/hr/n'. Tropicaì soils were
¡rost active; desert soils were
ìeast active. C0 uptake bY soils
was greatest at a concentration of
L00 ppm and decreased as the
concentration decreased.

Renoval of C0 by the forest Heichel9
soil exceeded that of the fieìd
soil at alì ¡noistune contents wÌren

the two were conPaFed at the sane
C0 concentration. llaximun rates 9f
removal approached 0.20 mg C0lüt- hour.

Soils of major vegetative Ingersoìla Inman,
regions of iorth Ãnerican were & Fisher'-
tested as well as roadside
soiìs and soiìs under cultivation.
C0 uptåke ranged fro¡n 7.6-115 ng
CO/h/n' wjth tropical soiìs showing
greatest activity and desert soils
the 'Ìeast. Roadside soíìs werc
consisÈently higher in C0 uPtake
capacity. ilatu.ra'l soils were nore
active ìn C0 uþtare than sterile soil.

0-40 ppm

in gas
Not
reported

100 ppnt 2-3 hrs.

PPl,l C0 can be converted to nglmo C0 by nultipìying
the above concentrations by 1.145 (9STP).

a-PPl4 C0 can be converted to
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PROOUCTION OF CARBON I.IOÌ.IOXIDE BY PLANTS

Carbon nonoxide evolution by fresh water algae has been shciún by Crespi and Katz8 to be

associated with biosynthesis and degradation of photosynthetic oigments. Their results indi-
cated that plants nray be the source of 108 tons or more of C0 per year. Production and

utilization of C0 by aìgae and two higher plants (Zostera marina and Medicago sativa) have

been reported by Loewus and Delwiche.23 The assim'ilation and utilization of C0 by a variety
of plants proceeds at a signíficant rate, exceeding maxinun observed rates of production in
some cases. From laboratory studies, it can be calculated that a field of 100 hectares of
alfalfa could produce approximateìy 2000 liters of C0 in a 10-hour period. The effect of
temperature on the soil evolution of C0 also still remains to be learned, although there are

data on tenperature effects of C0 uptake by soil.ls Carbon monoxide production rates rvere

found, however, to be light-dependent with an average vaiue of 3x10-13 glcn?/sec of leaf area

for a radiation intensity of 5x104 ergslcn2sec. The total C0 productìon by pìants is esti-
mated to be 0.5 to 1.0 x 1014 g,/year.31 This estimate indicates that pìants may contribute
significantly to the aùnospheric C0 cycle, with production rates comparable to the total C0

production rate in the oceans.

5UI'II4ARY

0f the Iiterature deaìing with effects of C0 on mìcroorganisms and pìants or with the
production and utilizatìon of C0 by them, nost earlier v*ork was directed toward physioìogical
studies rvithout reference to atmospheric concentrations. There are few studies from which

threshoìds of detrjmenta'l (or other) effects might be -inferred. Thus, aìthough neither
defoliation nor the inhibition of leaf fonnaùion is demonstrable at concentrations of

?
11,000 mglm" (10,000 ppm) C0 or higher, the studies described in this chapter provìde little
informatìon regarding possible threshoìd effects since the concentration used was n¡ore than
1.0,000 times greater than nonnal atnosphéric levels.

The few reports of effects at lower concentrations suggest that influences in the normal

atmospheric concentration range for C0 ai"e not great and that a'rthreshoìd" as such does not
exist. Since plants can both metabolize C0 (apparentìy photosynthetically) and produce C0, it
is considered a normal constituent of the plant environnent.

llicroorganisms have a wide range of responses to C0, incìuding oxidizing it auto-
trophically. Thus, any change in atmospheric concentration could be expected to resuìt jn a

corresponding alteration of soiì microbial popuìation djstribution; however, no studies seem

to have been made. This flexìbility in the response of the soiì microflora to changing
environmental conditions is a generalized one, and soiì can be viewed as a buffering system

and eventual sink for C0.
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9. I.IETAEOLISI.I OF CARBON IIONOXIDE IN I,IAI,IIIALS

Adverse health effects of carbon monoxide (C0) are due prinarily to diminished oxygen

(0r) transport by the blood and to interference with biochenical utilization of 0, in tissues.

The chenical binding of C0 to henoglobin (Hb) and other heme compounds in tissues is so much

stronger than the binding of 0, to these compounds that 0, is excluded in part from its nonnal

physioìogicaì roìe. The apparent toxicity of C0 is related to the strength of the coordina-

tion bond formed with the iron ato¡r in protoheme (CrOHrrNO0nFe). Henoglobin, a ferrous iron

compìex of a protoporphyrin conÈined with globin, is contained within the erythrocyte (red

cell). A small anount of C0 is produced within the bo-dy by normal breakdown processes, which

result in carboxyhemoglobin (COHb) leveìs of about 0.5 percent in blood. Any increase above

this level is assuned to result fron outside sources. The excretion of C0 through respiration

appears to occur in two stages, rapidly at first and then nore slowly.

INTRODUSTIOI{

llannals obtain C0 from two sources: (a) endogenously, nornaììy from the breakdown of Hb,

and (b) exogenously, by inha'ling C0 frorn the anbient air. The quantity of endogenous C0 is

smalì, although greater quantities can be produced in various disease states and by ingestion

or inhalation of certain drugs and chemicals. Exogenous C0, fron inhalation, increases the

concentratlon of C0 in the alveolí of the lung, which in turn increases its dÍffqsion through

the pulnonary end capillary me¡¡branes into the blood. The finaì and most inrportant facior is
the great avidity with which the Hb in the red ceìì (erythrocyte) combines nith C0. The

changes ìn concentration of this conbined Hb and C0 (C0Hb) are finally determined by many

factors: the endogenous C0 pnoduced, the concentration of C0 inhaled, the volume of inhaled

air (which is related to the degree of physicat activity of the individual), body size, baro-

netric pressure, and the functional capacity of the lung itseìf. These factors have been

briefly summarized by Klocte3s and coburn.10

An 0, supply adequate to maintain tissue nretabolisn is provided by the integrated func-

tioning of the respiratory and cardiovascular systens to transport 0, from the ambient air to
the various tissues of the body. l{early alì of the 02, except that dissolved in pìasma, ìs

bound reversibly to tbe Hb contained vithin the erythrocytes. The nost signìficant chemical

characteristic of the air polìutant, C0, is that it is also reversibly bound by Hb. There-

fore, it is a conpetitor with 0, for the four binding sites on the Hb n¡olecule. The reductìon

in the 0r-carrying capacity of the blood is proportional to the anount of C0Hb present. A

simple exanple ls provided by conparing an anenic individual having 7.5 g percent of Hb with

another individuat having 15 g percent but with half of this Hb as COHb, i.e., 50 percent

CoHb. The Or-carrying capacity is equivaìent in both. However, the amount of availabìe 0t is
stìl'l further reduced by the inhibitory infìuence of COHb on the dissociation of any oxyhemo-

globin (0ZHb) still available.

9-1



THEORETI CAL CONSIDERATIONS

The equiìibriurn constant, l'l (Haldane's constant), expresses the reìative affinity of Hb
for C0 and C, under conditions in rvhich the concentration of reduced Hb is minimal. Trris trt21
is defined by the following eguation:

(coHb)

1076) =uiqPoz

where PaO and Pgz represent the equiìibrium gas partial pressures: each pressure being the
same jn the erythroiytes or Hb soìution as in the eguilibrated gas phase; (CgHb) and (grHb),
on the ìeft side of the eguation, are the concentrations of CoHb and orHb, respectiveìy.
The vaìue of 14 is about 200 plus in most marmalian species (245 in man), in-spite of the fact
that C0 combines with Hb nore slowly than does 0r. Carboxyhemoglobin dissociates very slowly
because of the tight binding of C0 to Hb. Technically, it is not possible to neasure the rate
of dissociation of C0 from partly saturated Hb. The dissociation veìocity constant has been
neasured only by a few investigators on sheep and hunan Hb fulìy saturated with C0. The ¡nost
commonly used values for l'l in the recent literature have ranged from 210 to 230. Roughton56
has presented the most conprehensive anaìysis of the interaction of C0 with erythrocyte Hb.
He revierved the extensive early literature and presented new data on several portions of the
dissociation curve. Roughtonts data clearìy indicate that a mean vaìue for l,l is approximateìy
246' although it is different for various portions of the dissociation curve. The attraction
by the Hb molecule for C0, compared to that for 02, is thus suggested to be some 246 times'greater. In fact, this value was the one originalìy suggested by Dougìas et aì.21 and con-
firmed by Joeìs and pugh.il

Solution of Haìdane's equation wouìd give an approximate level of CoHb; e.g., exposure to
ambient envÍronments contaÍnlng29,57, or 114 W/n3 (25,50, or 99 ppm) C0 would ìead to C0Hb
saturations of approxinately 4.8, 9.2, and J.6.3 percent if arteriaì 0, pressure were g0 torr.
The C0 enters the ìungs vÍth each breath and diffuses across the alveolar-capilìary membrane
in a nanner similar to 0r. If air with a constant concentration of C0 is breathed for hours,
the rate of uptake of C0 decreases exponentiaìty (roughìy so) until an eguilÌbrium state is
attained in which the partiaì pressure of C0 in the pulmonary capillary blood is equivalent to
that in alveoìar air. The half-time for this process is approximately 2 hours in a healthy
individual engaged in light physicat activity.6 t¡i, process is altered during heavier
physicaì exercise sr in certain disease states.

-- 
t":n:oort of 0, in the bìood is best described by the OrHb dissociation curve (Figure

9-1). This curve' in the presence of COHb, is no longer classicaìly sigmoid but js shifted to
the ìeft so that a ìower 0, Pressure is present for the same OrHb saturation compared to blood
with c0Hb57 (see Fisure e-2). Roushron 

";;;;";;"nat-o;;;o out that onry the upper harr or
the steep portion of the 0, dissociation curve was operative for 0, unìoading, with the lower
portion serving as a reserve. þJhen COHb is below 40 percent, 0, uptake is maintained by use
of some or even all of the reserve 0, from undissociated orHb at 'low tensions.
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If CoHb exceeds 40 percent, adequate amounts of 0, cannot be delivered to the tissues.

Figure 9-2 itlustrates the extent of the Haldane shift to the ìeft more cìearly than the

classical curves of Figure 9-1. lilulhausen et a1.42 il'lustrate this shift by observing that

the PUO (haìf saturation) 0, tension shifted from 26.7 lo 23.2 torr in their subjects, who

were intermittently exposed to high concentrations of anbient C0. ledwitfr36 and Collierl6
have presented methods for detennining PrO in the presence of C0Hb and have extended theoreti-

cal consideratÍons for the computation of Pgz in the presence of C0. Carbon monoxide not onìy

diminishes the total amount of 0, avaiìable by direct replacement of 0t (Fi9ure 9-1), but also

aìters the dissociation of the remaining 0, so that it is held more tenaciousìy by Hb and

reìeased at Ìower 0, tensions. The OrHb curve in the presence of C0Hb progressiveìy resembìes

the simple 0, dissociation curve of nryoglobin. l{yoglobin is a he¡ne compound with only one

heme unit per molecule and does not exhibit hene-heme interactions. It is possibìe that the

combination of one or mone of the four heme groups in Hb with C0 decreases the heme-heme

interactions of the remaìning heme units and resuìts in a molecule approaching the behavior of

myogìobin. H'lastala et a1.32 h"u" presented data indicating that heme-heme interaction is

different for 0^ than for C0.

okada et al.4 
¿

This decreased heme-hene interaction has been confirmed by

Carbon monoxide poisoning is sinilar to anenia wherein the 0, capacity of the bìood is

reduced because the Hb concentration is reduced. The 0, dÍssociatiofl curve of blood obtained

from patients with anenia is shaped tike the-normal curve.except that.it is verticaìly com-

pressed. However, when curves fron individua'ls with a 50 percent reduction in Hb content are

compared to dissociation curves deterrined in the presence of 50 percent COHb, there are

striking differences. Consequentìy, the tendency to make such comparisons is likeìy to lead

to erroneous deductions as to effects occurring at the tissue Ïevel. Brody and Coburns have

discussed these differences in relation to arterial and venous PaO and Pgz levels.

The possibllity that an adaptation to e0 (such as in the case of adaptation to high

altitudes) coutd alter the position of the 0, dissociation curve as a consequence of extensive

exposure to C0 appears to have been ansvered. Iluìhausen et aì.42 found no change in the

degree of left shift in the blood of indivìduals exposed to C0 for a period of eight days.

Unfortunately, the average C0Hb of 13 percent was based on large individual variation in C0Hb

and periodic exposure to relativeìy higher inhaled C0 concentrations.

Several investigators have sought for evidence of a potential shift of the curve back to

the right. Red cell 2,3-diphosphoglycerate is increased Ín individuals with anemia and in

individuaìs residing at high altitudes. 2,3-Diphosphoglycerate (2,3-0PG) is a phosphorylated

by-product of gìycolysis. In erythrocytes of ¡nan and most other mamnals, the molar concentra-

tion of 2,3-DPG is roughly equal to that of Hb. It and some other organic phosphates are

bound rather strongly to deoxyhenroglobin (de-OrHb) but have little affinity for 0ZHb.

Increases in 2,3-tlPG shift the effective 0, affinity; i.e., a shift of the 0tHb dissocjation
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curve to the right occurs. Astrup3 found a snall decrease in erythrocyte 2,3-0PG in hr¡man

subjects maintained with 20 percent C0Hb for 24-hours. Dinman et at.20 converseìy found a

snall increase in 2,3-DPG in human subjects after three hours at approximately 20 percent COHb

and in rats exposed to higher but variable concentrations of C0. A shift of the dissociation
curve does not appear to indicate an important adaptation to C0 exposures of less than a few

days. Cameron et al.6 h"u" reported that C0 has a significantìy greåter effect upon the posi-

tion of the 0, dissociation curve in patients with sickle-ceìl anemia than in normal subjects.

It is possible that in sickle-cell anemia there is an increased Hb affinity for C0.

Any consideration of the toxicity of C0 must include not onìy the decrease jn the

Or-carrying capacity of Hb but also the interference with 0, reìease at the tissue ievel.

Ayres et al.+ raised the COHb concentration to an acute average of 9.0 percent saturation in
26 subjects, some nith and some without heart disease. t|lixed venous POz decreased from 39 to

31 torr, suggesting a decrease in tissue 0, pressure since mixed venous 0, Pressure must

represent, at least roughly, the naximun vaìues for tissue oxygenation. Arterjal 0t tension

decreased five torr from the contnol level of 81. Ayres et al.4 also rneasured the alveolar-

arterial 0r gradient. The nine tom increase in the gradient impìies that the pulmonary

arterio-venous shunts becane larger, accounting for both tlre increased.aìveolar-arterial 0,

difference and the decrease in arteriaì 0, tension. Po*"r,52 however, found that C0 diffuses

nore rapidly through bìood and pulmonary and placental tisçues than would be predicted from

comparative solubi'lities of 0, and C0 in water. Brody and Coburns have indicated that if the

02 content of the mixed venous blood is abnorrnalìy low, -as in anemia or C0 poisoning, the

effect of the shunted blood in'lowering arteriat Pgz wilì be greater than normal, and a smaìl

ìncrease in the alveolar-arteriaì pnessure difference (A-aDO2) will result. The change in the

shape of the 0rHb curve due to the presence of C0 will aìso increase A-aDOr. Furthermore,

Brody and Coburn3 showed that mìld increases in C0Hb concentrations would have little or no

influence on the A-aDO, in normal subjects. Hoyever, in patients wÍth large intracardiac

right-to-ìeft shunts or nith chronic lung disease and regional variation in the ventilation
perfusion ratio (iO/i), the presence of C0 in the bìood wi'lì increase the A-aDOr.

The venous Pgz vaìues expected to resuìt from various COHb levels can þe caìcuìated.24'49

If blood flow and metaboìic rate remain constðnt, equiìibration with an anbient C0 of 200 ppm

(25 percent C0Hb) will lower venous Pgz from 40 to ìess than 30 torr. A similar degree of

venous hypoxenria results from an ascent by a normaì individual to an altÍtude of 3658 m or

from a 35 percent reduction in 0, capacity in an anemÍc patìent. It can also be calculated

that at 5 percent CoHb, there wiìl be only a sìight drop in the nixed venous Pg2. Even nore

significant reìationships cän be obtained by plotting 0, content against the partial pressure

of 0r.57 The difference in 0, content at various percentages of C0Hb fron zero to 20 reveal

that onìy a sn¡all change occurs in the availabí'lity of 0, due to the Haldane effect
(F'igure 9-1). It was this evaluation that ìed Roughton anO Da?ling57 to concìude that C0Hb

concentrations lower than 40 percent produce relatively easily compensated restrictjons
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in the arount of 0, avaiìable for tissue delivery. This can only be applied to subjects with

norma'l respiratory and circulatory systens. The snaìl reductions in 0t content at 5 to 10

percent CoHb may be guite critical for patients^suffering from cardiovascular diseases or

chronic obstructive lung disease. Coburn et al.U published a detailed theoreticaì analysis

of the physioìogy and variables that determine blood COHb ìevels in nan. The detaiìs of the

formulas used in these calculations are presented in the following section. Permutt and

Fahrj49 have calculated that when COHb levels are approximately 5 percent, resting coronary

blood f¡or (CBF) must increase about 20 percent in order to prevent rnyocardial ischenia. This

theoretical caìcutatjon has been confinned experimentalìy by Adams et al.1 and Horvath,33 who

denonstrated such approxinate increases in CBF despite having used very different nethods to

increase blood COHb'levels.

Cerebral function is said to be altered at ìow C0Hb levels, and it is of sone interest to

examine the available data on cerebral POz tensions, cerebral blood flow, and cerebral neta-

bolism. Zo"n63 used pìatinun electrodeJ to study the effects of C0 inhaìation in @ on

brain and liver Pgz. Tissue Pgz fell in both organs, even at C0Hb concentrations of 2

percent, and the fall was approxinately linear to increases in COHb. 0xygen partial Pressure

decreased 0.2 to 1.8 torr for each I percent fall in 0rHb saturation. These data suggested

that C0 had influences other than at the intracellular level, since if it-¡as linited to this

area, tissue PO, would have been expected to increase. l{eiss and Cohen62 perfonned siniìar

siudies on rat braìn and muscle. They found a decre'ase Ín cerebral corticaì Pgz conseQuent to

inhalation of low levels of C0. Unfortunately, they did not measure COHb levels in these

rats, although, in a group of shanr-operated animals e-xposed to similar levels of inhaled C0'

CgHb had increased to ¡.¡ percent. Haggendal et a1.31 reported that, during progressive C0

administration to dogs, cerebral blood flow did not increase until C0Hb levels attained 20

percent. Thereafter, cerebraì blood flor increased pr-ogressiveìy and was doubìe the control

values when C0Hb reached 50 percent. Paulson et al.ß measured cerebral btood flow in five

hunan subjects. llo changes rere obseryed at I percent COHb, but a greater than 20 percent

increase occurred when e$Hb was 20 percent. Despite the irrcrease in cerebral blood flow' the

pgz of juguìar venous blood was reduced by 3.4 torr at this high leveì of C0tlb. Jugu'lar

uãnou, pge ìvas reduced one ñr when C0Hb was I percent, but no note was made as to whether thís

was e significant decline. Arterial and jugular v€nous lactates were said to be unchanged.

¡cGrath and Èlartìn39 have presented evidence that C0 nray have a direct effect on the

heart in addftion to its we'll known tlb-mediated effect. Carbon nonoxide caused a reduction in

developed tension and an increase in resting te¡sion of cardiac muscle. Recovery of muscle

function was aìso depressed. Chen and l,lcGrathT have also reported that C0 has a specìfic

effect on the myocardial conducting systen. Carbon monoxide nay have specific effects inde-

pendent of the reduction in 0t availabiìity.
Total-body asanguineous, hypotherrnic perfusion

measure in C0 poisoning.z In an attenpt to expìain

was recently suggested as a therapeutic

this beneficial effect, Ranirez et aI.53
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compared the survival of normaì dogs given high levels of C0 versus acutely anemic dogs trans-
fused witli COHb blood. All norrnal dogs with C0Hb levels of 54 to 100 percent died within
0.25 to 10-hours but the transfused aninals, having a final mean C0Hb of 80 percent after
transfusion, survived. The authors suggested that hypoxic anenia was not the principaì
mechanism of C0 toxicity, but that the b'Ìocking out of the energy suppìy on the cellular level

governed by the cytochrome systen was heaviìy involved.

Goldbaum and co-workerc26-29 have suggested that, in order for C0 to affect mitochondrial

resp'iration (particuìarly through conbination with cytochrones), it must be dissolved first in
pìasma. They report that if 0.001 ml C0 is physically dissolved in the pìasma, even though

C0Hb levels were above 20 percent, this physicaìly dissolved C0 co¡nbines with the cytochromes,

and it is this co¡nbination rather than the reduction in Or-transport capacity of the blood

that appears to be responsibìe for the toxic effects of C0. Dogs injected with C0 intraperi-
tonealìy survived indefinitely, even though their C0Hb ìevels were as high as 75 percent.

Oreìlano et a1.45 p"esented experimental data that suggested that C0 injected intraperitoneaì1y
into dogs is nontoxic. The implication of these resuìts is that the C0 tension in the blood

after C0 inhalation is high because the combination of C0 with Hb is not instantaneous. They

postulated that blood ìeaving the lungs has a high C0 tension, and this physicaìly disso'lved

C0 is more ìikely to combine with the various henre compounds in tissue and so produce a local

effect on nitochondrial metaboìism. There nay be so¡re guestions regarding these observatjons

since the kinetics of C0 transport wouìd not be cornp'letely supportive of the changes observed.

Drabkin et al:22 f,"O reported a similar effect in 1943 and expìãined the lack of toxic'ity as

the Haldane effect.
Chiorli et al.8 indicated that the respiratory center or arterial chemoreceptors were not

stimulated to elevate the respiratory minute voìume even when COHb ìevels rúere as high as

40 percent. Èlitts and Eduards4l measured the frequencyof electricaì impulses in the afferent

nerves from the aortic and carotid chemoreceptors. They showed that C0 adnjnistration does

result in chemoreceptor stinulation. The response appeared to be approximateìy 'linear with

the C0Hb concentration (at least definitely above 8 percent). These findings suggest that C0

may stimu'late breathÍng. The failure to observe an increased minute volune might be expìained

by considering that, in the presence of C0, the chemoreceptor stimulation was offset by

hypoxic depression of brain structures that are involved in breathing. There is some evidence

that this baìancìng between chemoreceptors and central nervous depression is operative in

an"ri".58 The difference in observed responses may be related to varying sensitivities of the

baro- and chenoreceptors to carbon ¡nonoxide and to Pgz. Additional investigations are needed

to c'larify this physiological effect of C0 inhalation.
ABSoRPTIoN, EXCRETIoN, AND EQUILIERATIoN

Carbon monoxide in the body is produced endogenousìy from the catabolism of the pyrroìe

rings originating fron Hb, nyog'lobin, cytochromes, and other heme-containing pigments.,-Tlt!

aduJt's endogenous production normally amounts to approximate'ly 0.4 ml (STPD) per hour'10'14

9-8



Increased production can occur in hernoìytic an*iar,15 during the nenstruaì cycìe in
females,lS and in the induction of liver cytochromes consequent to ad¡rinistration of drugs

such as phenobarb'ital or diphenythydantoin.9 The basal production of endogenous C0, approxi-

mately 0.31 10.07 ¡rmole/(hrlkg), can be increased threefold in these conditions.l0 These

increases are of mininum inrportance in the elevation of C0Hb compared to the increases that
occur fron exogenous C0 input. ilercke et a1.40 have found diurnaì endogenous production to be

lowest in the morning. Fasting for 24 hours resulted in increased endogenous production. It
should be kept in mind that there is considerab'le inter and intra-individuaì variation in
endogenous C0 production. The primary factors deternining the final leveì of COHb are inspired

C0, minute alveoìar ventiìation in rest and exercise, endogenous C0 production, bìood volume,

baronetric pressure, and the reìative diffusion capabi'lity of the ìungs. The rate of diffu-
sion from the a'lveoli and the concomitant co¡nbination of C0 with the blood Hb is the step

ìimiting the rate of uptake into the blood. A speciai case of C0 exposure, important to a

large proportion of the population, is the intake from tobacco smoking. This is a direct
exposure for the smoker and an indirect exposure for the-non-stoker.12

The classical C0 absorption curves of Forbes et aI.23 h"u" been reevaluated for the rest-
ing personso and are presented Ín FiEure 9-3. Peterson and Stewarts0 etpos"d hunan volunteers

to a variety of different C0 concentrations for periods ranging from 0.5 to 24-hours. Using

regressíon analysis, they derived the folloring enpirical relationship for blood C0Hb as a

function of anbient C0 concentration and exposure time:

Lo91O y = (0.85733 loglO x + 0.62995 'log* t) ' 2.29519;

wherey=percentCOHb,
x = C0 concentration in ppn, and

t = time in minutes.

Aìthough these new data come closer to presenting potential uptake in individuals exposed to
present-day anbient concentrations of C0, they do not address themseìves to the uptake that
would occur in an active individual. Ott and Ì,lage46 have objected to the Peterson and Stewart

presentation because it is a static ¡nodel. They indicate that the use of averaging periods as

long as one hour versus perÍods of 1.0 to 15 nrinutes introduces an error into recorded urban

concentrations by obscuring short-tern high concentrations.
The data presented by Forbes et a1.23 have until recently been t¡ñe onìy experimental

infonnation avai'labìe that takes ventilation into account and, even so, their information Ís

inadequate since the full range of inspired, ventilatory volumes possible in exercising man

were not considered. Peterson and Stenartso reported excellent correlation between the C0Hb

values measured in their- voìunteer subjects with those predicted by_the Coburn et al.
equationlz (see Figure 9-3), which pennits the calculation of bìood C0Hb50 

", " 
function of

time, considering appropriate physiological and physical factors. This equation was used to

calcuìate C0Hb concentnations for exercising indÍviduaìs, as represented in Figure 9-4. In
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the equation, OtHb concentration depends upon C0Hb in a complex way and, therefore, soìution
of the equation reguires sonre special computer techniques with a second approximation. These
have been attempted, and generaì solutions are available.12 peterson and Stewart5l h"ue shorrn
that this equation aPpears to predict COHb levets as well for wo¡nen as it does for nen, even
though the fenaìe subjects absorbed C0 more rapidly than most male subjects. Exercise
sufficient to increase alveo'lar ventilation approximateìy 2.5 times above resting 'levels was
also predictive. The small number of subjects of each sex that were studied ancl.the re'la-
tively ìow exercise ventìlatory rates limit the appìication of this predict.ion for¡nula and
await further experimental verification. Further development of Coburn's concepts wiìì
undoubtedìy inprove the base on which theoretical uptakes can be calculated. Calculations
based on the Haìdane formula can be used for detennining equiìibrium C0Hb concentrations.

There is no excretion of C0 unless there is respiration. Uhen air or 0, is breathed, C0

dissociates from Hb, r¡¡oglobin, and hene pigments and diffuses back jnto thð plasma and .into

the expired air. Carbon monoxide can be a'lmost completeìy 
"""ou"""d 

in the expired air. Some

animal experiments suggest that a smaìl amount is oxidized in vivo to carbon dioxide (C02).
Adequate data are avaiìable on the rate of absorption of C0, but there is considerably

'less infon¡¡ation concerning the rates of C0 egress from the ìungs. The same factors that
determine how much C0 is taken up by the bìood should apply in reverse when one considers
cìearance of C0 from blood. The primary factors invo'lved are the anounts of C0 and 0,
present, the magnitude of ventilation, and the quaìity of the diffusion bapier. nSã
influences the quaìity of the barrier, and it appears that, with advancing age, the barrier
becones more dense and there are fewer gas exchange nembranes. Sedov et a'1.59 p"esented data
on the elÍminatÍon of C0 at various atmospheric pressures and anbient tenperatures. l{either
lower barbnetric pressures nor high temperatures appreciabìy altered the rates of elimination.
Pace et aì.47 hare implied that a sex difference in elimination may also exist--i.e., femaìes
appear to have a faster rate than males, at least under their experinrental conditions.
SimÍlarly, Goldsmith et aì.30 indicated that men and women have different CoHb excretion
rates--men having a haìf-life of 4-hours and women, 3-hours: They expìained these differences
as being related to physiologic differences in btood volume and puìmonary vital capacity.

Avaiìabìe evide.nce suggests the presence of a biphasic decline in the percentage of-CgHb
in arterial blood.25'61 There is a rapid, initiaì, exponential decline (distribution phase),
probably related to dÍstribution of C0 from the cÍrculating btood to splenÍc bìood, myoglobin,
and cytochrome enzymes. Elimination of C0 via the lungs also occurs during this phase. The
distribution phase' which persists for the first 20 to 30 ninutes, is followed by a s'lower
linear decline (elimination phase). Ttris phase probab]y reflects the rates of ¡reìease of C0

fron Hb and nryoglobin, pulmonary diffusion, and ventilation, as we'll as the fact that pr'
decreases with tine. l,lyrhe43 found a si¡nilar biphasic excretion pattern to occur at an alti-
tude of 1630 neters. However, he noted that the half-life of C0Hb was much longer--S.S-hours.
Jiunov ancl KustovS0 found that, following continuous exposure to C0 for 49 hours,50 percent
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vúas eliminated in 30 to 180 minutes and g0 percent within 180 to 420 minutes. Other
investigatorslz'40 have reported exponential C0Hb elimination curves over many hours.
However, they were unabìe, because of inadeguate sampìing in the early phase of eìimination,
to observe the more rapid initial decline. The absolute leveì of C0Hb at the beginning of
elinination studies apparentty modifies the rate of disappearance of C0 from the blood.
Utiìizing the simpìer linear relationship, it appears that half-times for COHb levels of 5 to
16 percent and 20 to 43 percent are approximateìy 190 and 134 minutes, respectively. If the
more accurate exponentiaì (semilogarithmic) relationship is used, the half-times for the above'
levels of C0Hb a¡e 226 and 148 minutes, respectively. These rates nust be consideràA approxi-
nations, since considerable indíviduaì variability has been observed. In summary, discharge
of C0 occurs first at a ràpid rate and then becomes sìower with tine; and the lower the
initial level of C0Hb, the slower the rate of disappearance. Apparently, no studies have been

nade to deternine the disappearance rates at the ìow leveìs of COHb (2 to + percent) that
might be present fo'llowing exposure to ambient concentrations of C0.19

Several procedures have been tried that could acceìerate the excretion of C0 from the
blood of individuals who have high ìeveìs sf C0Hb (40 to 70 percent). Pace et aì.47 reported
that treatment of such individuals in a recompression chanber with an 0, level equivaìent to
2.5 atmospheres (partial pressure of 0, equaì to 1900 torr or an alveolar 0, pressure of 1801)

rvould facilítate renoval of C0. They indicated that one hour in such a chamber would resuìt in
the reduction of C0Hb to 10 to 15 percent, whatever the initial level mìght have been.

ilalorny et al.38 have revived the Henderson and Haggard treatnent concept. They evaluated the
influence of breathing different gas mixtures on the excretion of C0 in aninals having high
C0Hb levels (60 to 74 percent). It was deternined that in aninals, 50 percent could be

excreted in 19 ninutes if 5 percent C0, and 95 percent 0, were breathed, compared to 28

ninutes for 100 _percent 0r, and 41 ninutes for a¡¡ùient air. Another approach was suggested by
t

Agostini et aì.- who enployed a total-bod¡l asanguineous, hypothermic procedure. The bioìogi-
cal hatf-life oi C0 in nan under normaì conditions is one and one-half hours. This approach

to removaì of the body burden of excessive anounts of C0 renains to be fully evaluated in
clinical trials.

The following table (Table 9-1), based on the Haldane relationship for resting indÍvi-
duals, indicates the equi'librim percentage saturation of the Hb with C0 at various alveolar
pressures of C0 (alveolar Pge is assu¡ned to be 98 torr).
DISTRIBUTION IN BOOY TISSUES

In a discussion of the intracelìular effects of C0, consideration nust be given to the
interactions of all substances within the tissue cells invoìved with 0, delivery. Since Hb

and myoglobin are structurally related, they react with C0 in a similar manner. The function
of myoglobin (U vivo) may be to act as a reservoir for 0, within the nuscle fiber. There are

approximateìy 132 g of nyoglobin in the muscles of a 70-kg man. The turnover rate is on the
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TABLE 9-1. PERCENT COHb VERSUS CO PRESSURE

xcoHb
'c0

0. 87
1.73
3.45
5.05
6.63
8.16
9.63

11.08
12.46
13.80
15.11
i.6.37
17.60
18.78
19.95
21.05
22.L5
23.23
24-26
25.25
26.22

5
10
20
30
40
50¡
60
70
80
90

100
110
120
130
140
150
160
170
180
190
200

0. 0005
0.001
0. 002
0.003
0.004
0.005
0. 006
0. 007
0.008
0.009
0.010
0.011
0.9L2
0. 013
0.0]4
0.0,15
0.016
0. s17
0.0¡8
0.019
0.020

0- 0038
0. 0076
0. 0152
0. 0248
0. 0304
0. 0380
0.0456
0. 0532
0.0608
0.0684
0. 0760
0.0835
0.0912
0.0988
0.1064
0.1140
0.1216
0.1291
0.1368
0.1442
0. 1520

order of 0.34 mglday. The C0 and 0, eCuilibria of human nyoglobin (in vitro) has been studied
and a hyperbotic 0, dissociation cu"u" establis¡ed.55 This curve, *ltn" hemogìobin one,

is not affected by the hydrogen ion concentratión, the ionic strength, or the concentration of
myogìobin. The relative affinity constant, il, is approximately 40 but ís stíì'l sufficient to
induce appreciabìe fornation of carboxymyoglobin (C0Mb). Coburn et a1.11'13 as well as

Luomanmaki3T h"u" studied the interrelationships between COHb and C0lrlb. Coburn's work with
14C0 h", shown that identical C0 exposures can produce different degrees of saturation of llb,
depending upon the partiaì pressures of 0, in blood and tissue. Coburn and associates13
detennined that the ratÍo of C0 content in muscle to the content ìn blood is a function of
arteriaì Pgz. This ratio, for skeletal muscle, rvas found to be approximateìy one, but in nyo-

cardiaì tissue it was three. l{hen arteriat Pgz felt beìow 40 to 30 torr, C0 disappeared fron
the blood, presumably enterÍng the muscìe. A substantial amount of extravascuìar C0 stores
are located in muscìe. The higher ratio for cardiac tìssue may be of considerable s'ignifi-
cance. In an individual r+,ith a blood COHb 'level of 10 percent, some 30 percent of cardiac
myoglobin may be saturated with C0. Coburn and his associatesl3 *"". able to estimate the
mean PO" of skeletal nuscle and myocardium, finding these to be sjx to eight and four to
six torr, respectively
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Although no final judgrnent can be nade regarding the next lower step involved in 0,

transport--i.e., the role of cytochronres a, end P-450--the fact that experìmentalìy they react

with C0 as do other heme-containing substances suggests that they nay play a roìe ìn C0

poisoning. The evidence suggests that interactions between C0 and cytochrome oxjdases are of

minor significance at the concentrations of C0 found in comnunity air pollution. All of the

data on the cytochromes have been obtained fron in vitro experiments. l{hether similar events

occur in vivo remains uncertain. The most ìikely oxidase for inhibition in vivo is P-450, but

no convincing evidence for this effect is avai'labìe. Cooper et a1.17 h"u" reported that the

ratio of C0 to 0, required for 50 percent inhibition is approximately one to one, in contrast

to the similar ratio for cytochrome a, of between 2.2 and 2.8. Root54 beìieves that at a PrO

compatible with life, only insignificant blocking of the 0, consunPtion systen occurs. In

terms of total distribution throughout the body of an inhaled dose of C0, the amounts bound to

these henoproteins are small conpared with the anounts bound to Hb ãnd llb. Coburnll has

diagranuned a representation of the factors influencing body C0 stores. The possible signifi-
cance of these hemoproteins lies in the concept that under conditions where tissue P¡e is

decreased, the affinity of intracelluìar hernoproteins for C0 may increase.

sut'î.tARY

gne of the prirnary functions of Hb is to provide fo-r the transport of 0, and C0t. Hemo-

globin combines readily with either 0, (to form 0rHb) or C0 (to form COHb). The affjnity of

Hb for C0 is some 240 tin¡es greater than its affinity for 0r. The presence of C0Hb in blood

not only reduces the avaìÌability of 0, to the body, but its presence inhibits the dissocia-

tion of the remaining 02. Carbon nonoxide aìso combines reversibly with heme compounds in

the cell. 
-

Carbon monoxide is available primarily from two sources--exogenously from the ambient air
and endogenousìy from the catabolism of pyrrole r{ngs originating from heme-containing pig-

ments. Endogenous sources of C0 resuìt in C0Hb levels of approxinateìy 0.5 percent 'in nonnal

males. Any increment above this teveì arises fron exogenous sources. The prinary factors

detennining the finaT level of GOHb are the concentration of inspired C0' alveoìar ventila-

tion, red ceìl voìume, baronetríc pressure, and the diffusÍve capabiìity of the lungs. The

uptake and fínal equilibriur'level have been fairìy welì characterized, but the excretion of

C0 requires further clarification. The excretion appears to be biphasic--a rapid exBonential

faìl followed by a slower rate of decline.
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10. EFFECTS OF CARBON I.IONOXIDE ON EXPERII.IENTAL A}IIIIALS

INTROèTJCTION

The interpretation of conparative data from species other than man must be carried out

because there are species differences in the particuìar findings. However, an attenpt must be

made to generalize the prrinciples, rather than the particuìars, from other species to nan.

For instance, it wouìd not be surprising if the threshoìd leveì for C0 effects on the cardiac

system in the rat would differ from the threshold level in man, but it would be less likeìy
that the effect wou'ld be salubrious in the rat but deìeterious in nan. The non-hunan experi-

ments, although they nust be interpreted rather than simpìy transferred to man, serve the

valuable ends of (1) suggesting studies to be verified in man, (2) exploring the properties

and principles of an effect nuch more thoroughly and extensiveìy than is possible in n¡an, (3)

protecting human subjects from unwarranted exposure, (4) pennitting a conpression of exposure

duration in reìation to aging as a result of the shorter life expectancies of animaìs, and

(5) providing tissues, organs, and celìular material more readily, allowing more precise

observation of specific functions.
Fortunately, our knowledge of the influence of C0 on biologicaì systems is not limited to

studìes on non-human animals. ilany direct experinents on hunans have been carried out during

the last century. llhite many reports describe inadvertent exposuresto various ìeve'ls of C0'

there are a considerable nunber of precise and delineated studies utílizing human subjects.

tlost of these have been conducted by exposing young adult nåles to concentrations of C0 equiv-

alent to those irequèntly or occasionaìly detected during routine surveys at various ambient

nonitoring stations.
SELECTION OF ANII.IAL }|ODELS

Aninal studies have provided valuable insights into both the potentially adverse effects

of C0 and the basic mechanisms by which this gas influences physiologicaì processes. Houever,

many studies have uti'lized extraordinary levels of C0, í.e.,levels rarely found in ambient

air. These studies are not being considered in this chapter except as parts of dose-response

curves or as cìues to processes, since ttn toxic effects of very high leveìs of C0 have been

well documented for both ani¡rats and man. Unfortunateìy, the oxygen (02) dissociation curves

of the ani¡¡als utilized in C0 studies are not eguivalent. There are also questions as to the

relatìve C0 affinities of henroglobin (Hb) jn various anina'l species. Kljmisch et at.53

reported that the blood of hansters has the greatest affinity for C0, folìowed by rats, pigs,

and rabbits, respectiveìy.
Atl of the effects reported ìater have been shmn to occur to sone degree in most aninaìs

studied (nice, rats, rabbits, dogs, and monkeys). Some differenees between spec'ies have been

reported, but no defÍnitive studies designed to elucidate sþeciat sensitivitíes have been

nade. Long-tenn exposures of animals to sufficientìy high concentrations of C0, producing

levels of CQHb from 20 to 40 percent, can induce pathological changes in the heart and brain.

As in acute high tevel intoxication in nan, serious sequelae also deveìop in animals.
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Species differences Ín response are ideally iìlustrated in the studies by DeBias et
a'l.24'26 on dogs and cynonolgus nonteys (l.lacaca irus irus). Chronic exposure (23 hours per
day over severaì months) to ll5 mglnr3 (tOO ppm) C0 resulted in C0Hb levels of 14 and 12.4 per-
cent in dogs and monkeys, respectively. The dogs remained in ctinicatìy good health with no
untoward signs that could be interpreted as being C0-induced.25 Serum enzymes, henatologicai
parameters, and electrocardiograms did not change significantly. Carbon monoxide exposure of
normaì monkeys resuìted in myocardÍal effects. Experinentaìty infarcted nonkeys had greater
P-wave anplitudes and increased evidence of T-wave inversions than normal monkeys simiìarìy
exposed. Jones et a1.49 

"xposed 
rats, guinea pigs, dogs, and monkeys to 58, 115, or ZIO mg,/m3

(50, L00, or 200 ppn) C0 continuously for 90 days. Hematocrit and Hb 'levels were unchanged at
the lowest level of C0 exposure but were significantìy eìevated at the two higher ìeveìs in
alì aninaìs except the dogs. Theodore et al.99 h"r" su¡marized the extensive data coìlected
at the Aerospace filedical Research Laboratory, Rhesus monkeys, baboons, dogs (beagìes), rats,
and mÍce were exPosed for 71 days to C0 concentratÍons of 460 mglm3 (+OO ppn). pathological
studies of these animals shoved that large animals had no changes in the central nervous system
(CNS) or in the heart. Cardiac changes in the rat were the only positive findings.

The above studies have been cited as exanples of the particular differences anong species;
they iììustrate the need for caution in genera'lizing these findings to man. In any interpre-
tation of these findings, the principìes, rather than the particulars, should be generalized.
}IERVOUS SYSTEI.I A1{O BEHAVIOR

Generaì Activity and Sleep

Severaì authors report effects of C0 on gnoss or overall behavior such as generaì activ-
ity, s'leep, and notor perforaance. Colmant2o found dist¡¡rbances in the sìeep patterns of rats
exposed to as little as 288 nrglnr3 (ZSO ppm) for 96 hours or 345 mglrn3 ISOO ppm) for 5 hours.
Lo¡Yer ìevels of exposure did not affect sleep and higher leveìs produced progressiveìy greater
disturbances. Fenaìe rats exposed by Fechter and Annau to 174 mglm3 (tSO ppm, J5 percent
COHb) during the full term of their pregnancies produced offspring which at first showed
reduced activity ìevels and ìovered body weights.35 At 21 days postpartun, however, no differ-
ences existed between of,fspring of C0-exposed mothers and controls. Apparently, at much higher
levels o_f exposure neonatal and adult rats develop hyperactivity rather than reduced activity
tevels.21 These leveìs of exposure produce brain danage fron which neonates, buf not aduìts,
recover. P'levova and FrantikSs h"r" reported decreased motor endurance in rats exposed by two
different uptake rates produced by using different C0 concentrations for suffÍcient time to
reach the target and produce C0Hb concentration of 20 percent. H'igh upteke rates, while pro-
ducing equivaìent C0Hb levels, had signïficantly greater effects than low uptake rates. Lewey
and Drabkin56 denonstrated alterations in gait in dogs exposed for 1I weeks to ffS m-oZm3 (fOo
ppn) C0 (20 percent C0Hb). l¡lusseìnran et a1.70 showed no effect on rats activity levels as a

result of 58 mgln3 (50 ppm) exposure for 3 nonths.
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Learni ng and Perforoance

Using a wide variety of behavioral paradignrs, a nunber of investigators have shown

effects of C0 upon the acquisition of new behavior and/or the perfornance of already learned

tasks. Zo"n118 exposed rats to 174 nglm3 (150 pp¡r, 10 percent COHb) for 8 hours each night

for 2,4, and 10 weeks and shoued that such exposures reduce efficiency of shock-escape behav-

ior at aìì exposure durations. Goìdberg and Chappeìì,41 using a continuous food reinforcement

scheduìe in a ìever-press task with rats, showed reductions in response rate at exposure

ìevels of 230 to 288 ng/n3 (ZOO to 250 ppm) CO for 2 hours. They also showed adverse effects

of such exposures on the perfonnance of a variable ratio task. Xintaras et a1.113'114 showed

no effects on the perfornance of a fixed interval ìever press for food reinforcenrent in rats

exposed to 115 mglm3 (tOO pprn) C0 for 2 hours.

Using more conp'licated schedules of reinforcement and/or more conplicated tasks, perhaps

involving more "cognitive" behavior., other investigators have shown nuch higher thresholds for

C0 effects. llerigan and l,lclntire,65 Ato" et a1.,8 and Srnith et a1.92 used a smaìl nunber of

rats in progressive ratio, dífferentia'l-reinforcement-of-lorrates, and fixed-consecutive-

nunber schedules, respectiveìy. They shoned no statistica'lìy significant effects below about

690 nrg/m3 (600 ppm) C0, but with the snall nunber of subjects it is possibìe that effects were

hidden by high variability. Theodore et aì.99 report no statisticalty significant effects in

12 rhesus nonkeys on very coaplicated long-tern,_aulti-schedule, aversively controìled perfonn-

ance tests with C0 exposunes as high as 575 mgln3 (SOO ppn) for 100 days, even though the sub-

jects "appeared to be ill." It should be borne Ín nind that aversively controlled task per
formance ís renarkabìy stabte ¡nd insensitive to envíronoental conditions. These investi-
gators aìso progressively increased C0 leveì rather than exposing subiects to the high level

initiaìly and so could h¡ve induced behavioral adaptation, but no controì group was included

to test this possibi'llty. Johnson et al.ß used only three rhesus nonkeys and found no

effects from C0 levels of up to 575 mglm3 (500 ppn, rt4 percent C0Hb) for 14 days on a food-

reinforced time discrÍninations task. tlcllillan and llíller54 found definite effects at C0

ìevels.as high as 1150 nglm3 (IOOO ppm) for 1.5 hours using a rultiple fixed-ratîo/fixed-
interval schedule with piçons. They showed, however, that at about 575 mglm3 (SOO ppm) C0

for 1.5 hours, the response of pigeons to d-anphetanine vas altered with respect to controìs.

Pigeons, on such schedules of reinforcement, tend to be very stable responders in the face of

envi ronmental alterations.
Carter et a1.15 report that rats exposed to 1150 ngln3 (1OOO pp¡n) C0 for 1.5 hours had

drasticaìly reduced response rates on a'food-reinforced fixed-ratio schedule task. If,
horúever, carbon dioxide (COr) was added at 2.5, 5.0, and 7.5 percent levels to the C0-contain-

ing aÍr, performance was progressively and subst¡ntialìy inproved. This vas apparently due to

increased cerebral bìood flow initiated by the COr; CA, ìeveìs by thenselves produced no

behavioral effect.
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Eìectrophysiologicaì Effects
It is not unìikeìy that central nervous system (CNS) eìectrophysiological measures couìd

provìde sensitive indices of pollutant effects. Dyer et 
"1.31 

e*pored pregnant rats to i74
mglm3 (lSO ppm, 15 percent C0Hb) for their full terr¡. Offspring were tested at 79 days of age,
and it was shown that some components of the corticaì visualìy evoked responses increasetj ìn
amplitude in the femaìes but not in the males. Using direct exposures to C0 levels from 174

to 1150 mglm3 (150 to 1000 ppm) in adult rats, Dyer and Ann"r30 showed marginaììy increased
amoìitude in sone superior colliculus visually evoked potentials at 575 mgtm3 (SOO ppm) CC or
greater. Cìearly increased ìatencies in all evoked potential components were sho¡¡n onìy at a
'level of 1150 nglm3 (1000 ppm). Xintaras et aì.113'114 reported simiìar results in supericr
ceilicuìus preparations Ín rats exposed to 115 mglm3 ltOO ppm) for 2 hours, but because of the
lack of statistical anaìysis, it is difficult to evaìuate these findings. Xintaras et al.
pointed out that increased evoked potentials are simi'lar to those found under administration
of sociium pentobarbitol and those found when the animaì is going to sìeep. petajan et al.83
rePort that at high C0 levels (2875 ng/n3,2500 ppm, 60 to 70 percent C0Hb), cortical vìsualìy
evoked responses are attenuated.

Annau4 reports that rats that have been trained to press a ìever for the reward of an

eìectricaì stimulation t-o the hypothalamus show sìightly reduced response rates when exposed
to as ljttle as L74 ng/n3 (150 pprn) C0 for 16 minutes white they were responding. Higher con-
centrations produced greater decrements. These decrements represented ear'ly effects of C0,
before C0Hb equílibrium vas reached.^ It was also shown, in another part of the same study,
that with an exPosure to 1150 mglm3 I1OOO ppm) C0 the declìne in response rates correlated
highìy with an increase in COHb. They also reported data that indicated that C0 had more
temporary and less severe effects than hypoxic hypoxia, which reduced venous Po2 to equivalent
leveìs.

Pankow et aì.,80 using rats given subcutaneous injections of C0 suffjcJent to produce 19
percent and 60 percent COHb in two exposure levels, showed that both levels decreased sciatjc
nerve conduction veìocity -for a period of up to 28 days foììowìng exposure. Grunnet and
Petajan,42 using 2875 mglm3 (z5oo ppm) C0 exposures untiì peroneôl 0r ventraì caudal nerve
conduction was^_ìost, showed a deterioration of Schwann celìs, which regenerated by 14 to 21
days. Shuì'ga91 showed effects on motor chronaxie, CNS pathology, anC porphyrin ìeveìs by C0

leveis as ìow as 29 mg/m3 (25 ppm) for 8 hours per day for 10 weeks. Pathoìogicaì changes and
porphyrin levels I/ere not quantitativeìy documented.

Cerebral Bìood Supply

Zorn118 measured varjous parameters of cerebral bìood suopìy in unanesthetized cats,
rats, and rabbits with exposure levels ranging from 115 to 805 mglm3 (100 to 700 ppm) C0. In
aìl cases cerebral, subcortical, and liver Po2 measures declined as a linear functjon of COHb,

'rith Po2 recovery lagging behind COHb elimination. Miller and Wood,66 cn the other hanC,

..rsirtg anesthetized and artific'ialìy respirated rats exposed to 575 and i150 mg¡'mr (5C0 and
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1000 ppm), showed about twice the rate of Po2 decline in the liver as in the brain. Their
findings in the brain were similar to those of Zorn.118 T."yrtranlo4 shored that cerebral
blood flow in anesthetized dogs increased as a nearly ìinear function of COHb. Similar
results were shown for unanesthetized goats by Dob'lar et aì.,28 who also found that 0,
delivery to the brain decreased as a function of C0Hb and shgned no clear threshoìd. It would

appear from Traystmanrs and 0oblarrs data that Po2 nright not faìl as rapidly in cerebraì
tissue as in other tissues because of increased cerebraì bìood supplies. This hypothesis
seems to be supported by tlilìer and wood's66 data but not by Zorn's.118 Traystnan,lo4 on the
other hand, did not neasure bìood flows in other bo-dy systems in order to test the notion that
there was not simpìy an overalì vasodilatory response. The amount of hypoxia was indirectìy
assessed Oy Sotatg3 using rats and measuring gìucose, pyruvate, ìactate, and bìood pH ìevels
in the brain after exposure to either 11,500 mgln'3 110,000 pprn) for 4 nrinutes or 4,600 nrg,/m3

(4,000 ppm) for 40 minutes. The slower uptake rates produced nore extreme effects.
CNS Pathoìogy and Biochenical Aìterations

Carbon monoxide poisoning studies where C0 levels are very high have commonly pro'duced

centraì nervous system lesions as a result of local and widespread anoxia. Experimental
results using high level C0 exposure have been used to infer such br¡in damage as an explana-
tory nechanismT3 and have denonstrated ultrastructural evidence for such damage.72 Preziosi
et aì.86 exposed dogs on varying short-tem exposures sufficient to produce COHb ìevels of 40

to 50 percent and on varlous long-tern exposure schemes (5 weeks), which produced C0Hb levets
as ìow as 4 to 12 percent. Short-terrn, high level exposures produced varying (only qualita-
tively described) CNS pathoìogies ranging fronr mÍld microgìia'l reactions to localized necrotic
lesions. Long-tern, ìw leveì exposures produced brain ventricular dilation but no other
pathologicaì signs. From the article it is difficult to judge the extent or frequency of the
control -experimental di fferences.

Lewey and Drabkin,56 using dogs exposed for 11 weeks at 115 mglm3 (100 ppn C0, 20 percent

C0Hb), denonstrated localized CilS ìesions owing to anoxia, sÍmilar to but much less in extent
than those in acute C0 poisoning. Ginsberg and üyers,4o using pregnant rhesus monkeys with
short-term C0 exposure just beforc delivery, shoyed that COHb levels in offspring ranged

between 1.0 to 20 percent for a few hours, which was ¡¡uch lover than maternal C0Hb (60 percent).
ileuroìogical (CNS) damage in the offspring ranged from none to severe and yas inversely corre-
'lated with arterial Paz vaìues present during exposure. Alì nothers shoued no clinical
effects after recovery, despite nuch higher levels of exposure. Theodore et a1.99 showed no

brain pathology in dogs and nonkeys after 158 days of exposure to 460 to 575 mglm3 (COO to
500 ppm) C0. Histopathologicaì exarnination of the brains of nonkeys exposed to as much as

77.6 ng/n3 (67.5 ppn¡) C0 for 22 hours a day for 2 years were normal. Dykyk et aì.29 reported

no ultrastructural danrage in either ¡lother rats or fetuses when mothers were exposed to 1

percent C0 for 60 minutes just before delivery (nother's COHb = 73.3 percent, fetuses'
COHb = 10.3 percent). These investigators dîd, horever, show Íncreased 0, uptake in CNS giant
reticular forrnation cells ln fetuses but a decreased 0, uptake in the same cells in nothers.
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Fechter and Annau35 exposed fenaìe rats to I74 ng/n3 (150 ppm C0, 15 percent COHb) during
their entire terms of pregnancy and found reduced leveìs of dopamine and CNS protein in off-
spring. l.liììer and Uood,65 using rats exposed to 575 ¡,g/m3 (soo pp¡¡) and nBo mg/m3 (rooo

ppm) C0 until C0Hb equiìibrium was reached, shoued changes in brain energy metabolism; how-

ever, the changes were smaller than predicted from theory. At high ìevels of C0 exposure
(1150 mglm3, 1000 ppm, for 4 hours) l{ewby et a1.71 demonstrated decreased dopamine synthesis
but no aìterations in norepinephrine leveìs in rats. Szumanska et at.98 uring 1 percent C0

for 20, 60, and 90 minutes did shw decreases in norepinephrine and catecholamine levels.
l,larks and Sviecicki,6l hoor"r, exposed rats to one percent C0 for 120 ninutes and showed

increased CilS catecholanine levels.
Surmatry and Conclusion of Studies on C0's Effects on Nervous System and Behavior in Experi-
mental Aninals

Table 10-1 shows a stntnary of all of the revieved studies pertinent to experimentaì
aninaìs, CNS, and behavior. Fron the data we may conclude that definjte effects of C0 may be

seen ìn general overt behavior at 230 mg/m3 (200 ppm) and possibìy as ìow as 115 mglm3 (tOO

ppm), depending on the species and test enployed. In learning and perfornance the effect on

the particular task being perforned appears to be critical, with simple task performance being

affected above 174 mglm3 (tSO ppm), but more compìex or demanding task perfornance not being

affected untíl 575 to 690 myrn3 ¡SOO to 600 ppm). The effects of C0 on ìearning might have

varied among studies shown in Table 1(Þl as a result of factors other than compìexity of the

task or schedule requirenents, but these seem to be the major variables. Electrophysiological
measures in the Ct{S'see¡n to provÍde highly-variabìe data with only two studies by the same

group showing consistent effects belor 500 ppm. l,lethodological differences were very great in
electrophysiological studies, and results were not as clearly related to function as vúere

behavioral data. Onìy one study æasured peripheral nerve activity at very low 'levels of C0,

and that studygl shoutd be replicated. Cerebral bìood suppìy neasures seem to indicate a

close relationship between tÍssue Po2 and COHb levels, despite the fact that cerebral blood

supply is increased by COHb increases. At higher levels of C0Hb, brain damage and alterations
in brain chenistry are reported.

The results reviwed in this docu¡nent would be nore easiìy interpretable if the generaì

quality of experimental procedures, design, and analysis were improved. In none of the

studies, for instance, yas the use of blind analysis reported. This is important because

(1) the handling of ani¡¡als can influence the results of so¡ne experinents, and (2) the data

are sometimes treated only qualitatively. In some of the studies, appropriate control Eroups
were not run. Sometines C0Hb levels ¡lere not reported.

An aìmost universal problen yas the use of inappropriate statistical tests, such as

multiple t-tests where analysis of variance was appropriate, or univariate analysis where

multívariate analys'is should have been used. This misuse of tests usually leads to under-

estimated p-vaìues and, as a result, to overestimates of the number of effects declared
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unuruel ly rldely.
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Dependent
varl abl c

0raln cheristrY.
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netabolls¡. - Predicted fror

theorY.

leduc¿d noradren¡-
lin and c¡techola-
nine levels. Recov-
ered later.

Dopa¡ine synthesls
rate decreased.
noradrenalin did not.



signiticant.ST From the statisticaì considerations alone, one would be led to suspect that

the effects of C0 are less extreoe than reported in the literature but nost results were still
significant when conservative corrections were applied by the reviewer.

For nany studies, jt is difficult to answer such basic questions as the number of sub-

jects run, the statisticaì nethod used, the exact experinental designs employed, etc. An

effort has been made in this ìiterature revieu to interpret the results fron a consistent

framework.

Apparentìy the sinpler behavioral tasks and general activity measures yield the lowest

thresholds for C0 effects. These appear at about 115 to 230 nglm3 (100 to 200 pp¡r) for
exposure periods ìong enough to approach saturation.
CARDIOVASCULAR SYSTE}IS

The various tissues of the body must receive 0, at a rate adequate to naintain their
normal functions. Carbon nonoxide, when present even at very lon partÍal Pressures, can seri-

ously impair the 0, transport systen. Experimentat studies of animaìs have provided insights

into the nechanisms by which C0 r¡odifies cardiovascular fuætions. The presence of COHb inter
feres with tissue oxygenation by increasing the concentration of carbox¡rryoglobin (C0llb). The

ratio of C0ilb to C0llb can increase fro¡n 1.0 lo 2.5 in skeletal ruscles and nyocardium if the

arterial 0, tension is 40 torr or lorer.l9
Cardiac Perfor¡¡ance and Oanage

Fusco et a1.36 found abnornaì eìectroeardiograns (EKG) q4 changes in ventricqlar and

arteriaì p"..rur.. in dogs exposed to C0. Lwey and 0rabkín56 and Ehrich et a1.33 
"xposed

dogs to 115 ngln3 (100 ppnr CO, 20 percent COHb) for 11 ueeks, 5.75 hours per day, and showed

EKG abnsmaìities and carúiac hypertrophy, n¡¡scle deçneration and necrosis. Lindenberg et

a1.57 exposed dogs to 58 and 115 ngln3 (50 and 100 ppm C0,2.6 and 5.5 Percent C0Hb) C0 con-

tinuous'ly and intermittently, seven darys a week for six weeks, and observed abnormal EKGs in

all dogs and histological evidence of cardiac ¡nuscle degenerati_on in some subjects. Effects

vrere more pronounced at the higher exposures.. Preziosi et al.86 exposed dogs continuously to

1.15 rnglm3 (100 ppn) for six yeeks and reported abnornal EKGs, right and left heart dilation,

and myocardiaì thinning. Histological examination shoued old scarring in sorre cases and fatty

degeneration of heart nuscle in others. Carboxyhenoglobin levels of 7 to 12 percent were

lower than woùìd be predicted from the exposure. llussel¡an et a1.70 exposed dogs to 58 ng/¡r3

(50 ppm) C0 for 24 hours a day, seven days a reek for three nonths. l{o changes in the elec-

trocardiogran or heart rates yere observed. Examination of organs and tissues revealed no

pathological chançs ãfter exposure.

llonkeys (llacaca irus) were exposed to 288 ngln3 (250 ppm, 20.6 percent C0llb) C0 for two

veeks by ih-FïT;all aninals so exposed, the coronary arteries shoved nore or less

pronounced widening of the subendothelial spaces in vhich cells vith or without lipid dropìets

were accumutating. lle suggested that nonkeys rere nore sensltive to C0 than the rabbits.
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Eckardt et aì.32 erposed cynonolgus monkeys (22 hours a day, 7 days a week for 2 years) to 23

or 77.5 mg/m3 (20 or 67.5 ppn) C0. Carboxyhenoglobin ìevels showed considerabìe variation
during the experinental period, from 2.0 to 5.5 percent and 4.8 to 10.2 percent for low and

high C0 ambient environnents, respectively. No cardiac effects were noted at these levels.
Penney et a1.81'82 studíed the inftuence of C0 on the development of cardiac hypertrophy in

the rat. Exposure to various C0 ìevels of 115 to 575 mglr3 (tOO to 500 ppm) for 20 lo 46

days, leading to C0Hb ìevels aî 9.2 to 41 percent, resulted in hypertrophy of both right and

ìeft ventricìes. Stupfel and Bouleygs exposed mice and rats for 95 hours per week to 58 mglm3

(50 ppm) C0 either for 1 to 3 oonths or for their natural life expectancy of up to 2 years.

They rnade a large number of neasurements during exposure! in addition to pathoìogicaì exami-

nation after death. They observed no important effects of the C0 exposure on their anjmals.

Thomsen and Kjeldsenl0z .*por"d rabbits to 58, 115, and 207 ng/n3 (50, 100 and 180 ppm;

4.5, 9.0, and 17.0 percent COHb) C0 and denonstrated aortic focal intimal lesions beginning at

exposure ìevels of 207 nglm3 (1gO ppm) for 4 hours. Kjeldsen et aÌ.,52 .*poring rabbits to
207 ng/n3 (180 ppm) C0 for 2 weeks (16.7 percent COHb), reported degenerative changes such as

contraction bands, nryofÍbríllar.disintegration, rnyelin body fonnatîon, and dehiscence of the

intercalated disks. Thomsen and Kjeldsenl0l d"t.-ined the threshold for such effects to be

about 115 mg/m3 (tOO ppm) for 4 hours (8.5 percent COHb).

Càrdiac hypertrophy was demonstrated by Tumasonis and Baker105 in chick embryos that had

been exposed to 490 mg/o3 (+2S pp¡n, 25.4 percent C0Hb) for 1¡t4 and 1.68 hours. Eased on

experiments with a wide variety of aninåls exposed to a6{i to 575 mglr3 (*OO to 500 p-qm) C0

(approxinrately 32 to 38 percent G0Hb in dogs and monkeys) for 168 days, Theoàore et a1.99 *er.
unable to demonstrate any cardlac abnormalities.
Cardiac Fibri llation Threshold

Continuous exposune of cynomolgus monkeys to 115 rglr3 (tOO ppm; 12.4 percent COHb) C0

for 3 to 6 months resulted in demonstrable electrocardiogrçhic effects in both normal monkeys

and monkeys with myocardial infarction.23'25 These investigations also considered the suscep-

tibitity of the ventricles to induced fibní1lation.24 Nornal and infarcted monkeys were

exposed to 115 mg/m3 (lOO ppm) C0 for 6 hours. The voltage required to induce fibri'llation
nas highest ín monkeys exposed to normal air and lowest for infarcted animaìs breathing C0.

Aninals with either infarction alone or C0 alone each required significantìy less voltage for
fibril'latìon; when the two were conÈined, the effects were additive. In contrast to these

findings, ít has been shown that as a result of intermittent exposure to C0 [575 mglm3

(500 ppm), 6-minute pulses of C0 each hour for 12 hours each day over a period of 14 monthsl,

cynomolgus nonkeys fed either a nonnaÌ or a semipurified cholesterol diet, did not show myo-

cardial infarctÍons or eìectrocardiographic abnonnaìities.50 In these animals, blood C0Hb

reached 21.6 percent at the end of the dai'ly period. Aronow et al.5 observed in a bìind ran-

domized study that 21 dogs with acute myocardial injury had a reduction in ventricuìar fibril-
¡aiion threshold after breathing 115 mglm3 (100 ppm) CO for 2 hours (6.3 percent COHb).
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Cholesterol and Sc'lerosis

Astrup et a¡.5,7 reported data shoving increased aortic cholesterol accumuìation and

atheromatosis in rabÞits exposed to 196 ng/¡rJ (tZ0 pnn)-qq for 8 weeks and then to 350 ppn for

Z more weeks (17 to 33 percent CgHb). hJebster et al.IUð experinented with sguirreì nonkeys

and found no effects on aortic or carotid vessels or on serum cholesterol' They did note a

greater inc.idence of coronary atherosclerosis in groups exposed to 115 to 345 tg/"3 (100 to

300 ppm, 9 lo 26 percent coHb) c0 on an intermittent schedule for 7 nonths. Resu'lts essen-

tjelìy identical to those found by We¡ster et 
"f-m8 

were neported by Davies et al'22 u'ing

rabbits exposed internittently for 10 weeks to c0 conçentrations to produce 20 percent coHb'

l,lalinow et a'|.60 reported no aort'ic or coronary atherosclerosis in cynomolgus monkeys exposed

on an jntennjttent schedule for 14 nonths so as to produce daÍìy accumuìations of 2L'6 Percent

coHb.

Stender et al.,9o jn Asttup's group, attenpted to resolve the apparent conflict in the

above studies, regarding aortic atheroscìerosis, by exposing rabbits to 230 mg/m3 (2oo ppm) c0

continuousìy for 12 hours per day for 6 weeks. Instead of using a constônt high choìesteroì

diet for all subjects, the serun cholesterol was held constant by varìations in diet choles-

terol. In this case, no aortic choìesterol or atheroscìerotic differences Y,ere seen between

Cg-exposed and control groups. In reference to earlier results, Astrup e¡ at'6 now interpret

these data to mean that observed damage in earìier studies was attributabìe to greatìy

increased seru¡n cholesterol in C0 groups' although Davies et al',22 lt"b't"' et a1"108 
"nd

;;;;;.-"i.ðo *rrted no increased serum chotesterol either. Differences jn cholestero'l

buildup in aortic ,tissue (as a result of c0 exposure) ¡¡ight be related to oöserved differcnces

caused by C0 exposurc 'in lactatg- dehydrogenase (LDfi)"enz¡nres in rabbits' as observed in the

aorta by HellungLarsen et aì.43 penney et al.El'öZ aìso reported increased LDH in rats'

However, in the most recent studies by Astrup's grouP (Hugod et al'46), non-cho'lesterol-fed

rabbÍts exposed only to C0 (6 weeks at 150 to ã}() Ppnr or for 201 to 304 minutes at 2000 to

4000 ppm) sho¡ved no evidence of histotoxic effects on intinal/subintinaì norphology of coro-

nary arteries or aorta. The weight of evidence suggests that there is doubt as to the reìa-

tionship between C0 exposure and atherosclerosis'

Coronary Elood Flotl

carboxyhenogtobin increases result in an increased coronary blood flow

(cBF)-i,é;i-0,¿s,ire This incr€aEe in cBF as a function of c0llb is apparently not sufficient

to prevent a reduced 0, sçpty even at CgHb levels as lov as 4 percent'z This partìy comPensa-

tow resDonse is not affected by autonomic nervous systen blockage and is not nediàted by

;".ia'=,.ä,ris''or, is apparentty due to auto-vasodilatorv activity'2 Increased cBF in

response to coHb yas no longer observed in atrioventricularblocked dogs being maintained by a

p"cerak.r.45
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Hemogl obi n

Carbon monoxide apparentìy induces ìncreases in Hb that, to an unknown extent, conpensate

for reduced availabiìity of Hb for 0, carr-ying. Penney et aì.81'82 showed increased Hb levels

in rats exposed to as ìittle as 1.1.5 mglm3 ltOO PPm, 9.2 percent CoHb) C0 continuousìy, which

began early in the exposure period and reached an asymptotic value by about 30 days of

exposure. These results vrere similar to those reported by Jones et al'49 in rats' and by

;.;;i;" et "t.70 in dogs continuously exposed to 58 mglm3 (50 ppm) c0 for 3 months'

;;;"; 
";"t.td.onarnuousìy 

exposed monkeys and dogs t'o 460 to 575 mg/t3 (¿oo to 500 ppm)

C0 for 158 days and showed increased Hb levels that reached asymptotic values at aboui' 30 days

but which began to decline toward control values at about 140 days' This night represent a

faiìure of the compensatory Hb increases after very ìong exposures' but further study is

needed to support such a concìusion. Jaeger and l'lcGrath4T "'po'"d 
Japanese quaiì to 345 to

403 mg/m3 (300 to 350 ppnr, 30 percent CoHb) c0 for 28 days and observed increased hematocrit,

Hb, plasma volume, and blood volume. They also noted right ventricle hypertrophy' Baker and

Tumasonisll reported vascuìar hypertrophy in chick embryos after 18-day exposure of eggs to

+90 mglrn3 (425 ppm, 6.15 percent COHb) C0.

Apparentìy, continuous exposure to C0 is needed to show increased Hb levels at lower C0

exposures. Preziosi et a1.86 using dogs exposed to 58 and 115 mglm3 (50 and 100 ppm, 7 Lo 12

percent CoHb) C0 on various intermittent schedules for 6 weeks, reported no effects' A group

of four dogs exposed_ to 115 ¡ng/rn3 (tOO ppm) continuously for 6 weeks also shovred no effects'

Stupfel and Bouìey,J5 using 
""ts "n¿ 

mice exposed to 58 mglm3 (SO ppm) C0 intennittently for 2

years, and Eckhart 
"a "i.lãt'rri"n 

r""*"ys exposed inter.nittently to 23 and 77.5 ng/n3 (20 and

67.5 ppn, 2 to 10 percent CQHþ), did not demonstrate any CQHþ increases' Gasaskina'38

Ljublína,58 and Rylova,8g using rabbits, guinea pigs, rats, and mice exposed for ìong periods

;-;;';;)rt ìir pr, c0, did not find any btood rnorphotogy chanses. Kaìmaz et al.s0 
"xposed

rabbits to 50 ppm C0 for I yeeks and fo-und no change jn Hb concentration. However, they did

find increased fibrinolytic activity conseguent to the c0 exposure. The report may be subject

to considerable doubt since their animals, when exposed to ambient air, had coHb levels of

approximateìy 5 percent, and their C$-exposed (50 ppn) anjmals had extremely high COHb

leveìs--in excess of 30 Percent.

Aìterations in Hb have been reported for short-terî C0 exposures as well as ìong-term

studies. ggawa et 
"r.tu-""o""i"o 

ai"a in dógs a 3O-minute exposure to 690 mg/m3 {600 pPm,

58.2 percent C0Hb) C0 produced a decrease ìn plasma volume resuìting in hemoconcentration'

Tlrey attributed the plasma decrease to an increase in vascular permeabiìity' Syvertsen and

Harris,97 using 224 rglm3 ltSS ppm) C0 for 72 hours (30 percent CgHb), also reported increased

Hb but attributed their findjngs to increased erythropoiesis. The latter study' which used

internediate durations of exposure, Probably suggests early Hb compensation similar to the

ìong-term findings.
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Summary and Concìusion of Studies on CO's Effects on Cardiovascuìar System in Experimentaì

Animaì s

Table 10'2 shows a suilnary of all of the reviewed studies pertinent to experimentaì

animals and cardiovascular systerns. From these data it nay be concluded that under most

circumstances EKG abnornalities mey be noticed after relatively'long-terrn inten¡ittent
exposure to 115 ngln3 (1OO ppm, I to 13 percent C0Hb) C0 and sometines, depending upon the

species, exposure reginen, etc., ås low as 58 ogln3 (50 ppnr, 4 Lo 7 percent COHb) C0. Varìous

signs of cardiac damage are found at simiìar levels.
Decreased thresholds to electricalìy induced fibrillation have been demonstrated at C0

levels as low as 115 mg/¡n3 (tOO pp;, 6 to 12 percent COHþ) C0 in exposures as short as 2

hours, but these fìndings are not universal. It is aìmost universally denonstrated that when

experinentaì animals are fed high cholesterol diets, they develop increased coronary athero-

sclerotic damage lf they are exposed to C0 levels as ìw as 115 to 230 mglm3 (tOO to 200 ppm,

9 to 18 percent CQHþ). These exposures were made on ìong-tenn, inter¡rittent schedules.

Similar findings of irrcreased damage in the åorta are in greater dispute but have aìso been

reported with exposures to C0 as low as 196 mgl¡r3 (tZO ppû, 17 percent C0hb). Apparentìy,

such damage and perhaps other atherosclerotic effects are attributable to C0-induced altera-

tions in seru¡¡ cholesterol and lactate dehydrogenase alteratjons.
As reported for Cl{S structures, coronary blood flow appears to be increased by vasodi'la-

tion, when C0 is present, but this increased florl rate is not sufficient to compensate entire-

ìy for the reduced 0, suppìy. Needless to say, these findings are not as consistent as might

be desired. It is difficult to rcsolve the disagreeannt, in nost cases, because of differ
ences in exposune regimens, experimental ani¡a'l species, and analytic techniques, to nane but

a few of the compn problens of comparison.

Despite the problens in the literature and the heterogeneity of reported results, it
seens safe to conclude that cardiovascular danage can be denonstrated to occur as a result of

ìong-term, internittent exposure to C0 concentrations as low as 58 to 115 mglm3- (50 to 100

ppn). Long-terïn exposure to continuous low concentrations of C0 at 58 to 115 mg/m3 (50 to l'00

ppm) produces increased Hb beginnlng about 72 hours after exposure and rnaximizing in about 30

days. Short-term inc¡eases in hemoconcentration are apparently the resuìt of reduced plasna

volumes. These results contrast with neuro-behavioral data, which were usua'lly collected from

short-term exposures and which de¡nonstrated certain functional deficits that occur at C0

levels as lor as 115 to 230 ngln3 (fOO to 200 ppn). Studies designed to provide nore short-

terrn exposures during cardiovascular tests and nore long-tern result's in neuro-behavioraì data

are needed.

OTHER DEPENDEIÍT VARIABLES

Feeding, Drinking' and BodY Ueight'--- 
;;t-.; 

";:Ëh 
usios tyo strains of rats exposed to zgg, 575, and 1150 ngln3 (250, 500,

and 1000 ppm) C0 tor 24 hours, shoyed decreased food and water intake and decreased weight
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Reference

Lewey an{^
Drabki n, ""
Erlch ^-et al. Jr

TABLE l0-2. SUl,ll,lARY 0F EFFECTS 0F CAREotl I|0N0XIDE 0N CARDIoVASCULAR SYSTEI4S 0F ANII'|ALS

Animaì

ll"Íi"gt*

Prez i o¡i
ef, al.

c)
I

@

Dog
n=4-6

100 ppm for 11 wk 2M EKG and cardiac
for 5.75 hr/day patholory

Exposurea

Dog
n=12

li':ilrô"
100

I nonsen

Dog
n=46

50-100 ppm for 6 wk
lntermittently or
continuously

50-100 ppm for 6 wk
on various daily
schedul es

coHb

Dog
n=4

Dependent
variable

Cynomoì-
gus
monkey
n=20

2.6-5.5X

50 ppm for 3 no
conti nuously

250 ppm 20.6N
conti nuousìy
for 2 wk

7-tÅ

EKG and pathology

Resul ts

Some subjects
showed abnormal
EKG, most showed
increased heart
slze, muscle
degeneration,
necrosi s.

Abnormal EKG,
changes in right
ventricular and
arterial pressures.

Abnormal EKG,
heart dilation,
myocardial thinning,
some subJects
showed scarrlng and
degeneration in
heart muscle.

No effects.

bJidening of
subendothel ial
spaces of coronarY
arteries with
accumulation of
cells with and
without lipid
dropl ets .

EKG and pathology

Comment

EKG, heart rate

Cardlac
pathology

C0Hb levels were
low for exposure
levels used.

Very small n.

Li pl d- I aden
ceìl findings
indicate greater
sensitivity of
monkeys than
of rabblts (22).



Reference

:[-:i5I

!;ngver,az

Anlnal

Cynonolgus 20 and 67.5
monkey pW, 22 hr/day
n'- 27 for 2 yr

Rat 100 ppn, 46 days
n = 32 200 ppm, 30 days

500 ppm, 20-42 days

Stupfel.and
Bouley--

o
I

Fa
rat

Exposurea

Thonsen ¡nd
rjel dsen¡u¿

KJelds¡9
et al. -'

Ii:iå::"r01

Iii"ållli'*

Rat
n = 336,
mouSe
n=767

TABLE l0-2 (contlnued)

50 ppm, 95 hr/wk
rhole natural llfe
expectancy up to
2 yr (also short-
tenn)

50, 100, and
180 ppm for perlods
ranging fron 30'
nln 24 hr

180 ppm, 2 wk

50, 100, and 180
ppm for 2-48 hr

425 ppn for 144
and 158 hr

c0Hb

Rabblt
n=61

2. s-51
and

4.8-10f

9.ú
15.8r
41.lX

Rabblt
n=15

Rabblt
n=42

Chlck
enbryo
n=108

Dependent
varlable

Cardlac
, flbrosls

Heart slze

4.59
e. CIú

t7.ú

t6.7x

4.5x,
8.5N,

t7.ú

25.4N

Resul ts

EKG, organ
welghts

llo effects.

Hypertrgphy of
both left and
rlght ventrlcles.

No effects.

Aortlc danage

Conment

Unusually wlde
varlatlon ln COHb.

Aìso studled
hypoxic hypoxla
and lactate
dehydrogenase
I sozyme.

Also showed no
effects on other
vari abl es.

Conducted bllnd
study.

ilyocardlal ultra-
structure

lilyocardlal
ul trastructure

Cardiac slze

Increased
focal lntimal
leslons at
180 ppm' 4 hr.

Signs of nryocardial
damage.

Ul trastructural
damage threshold
of 100 ppm for
4 hr.

Cardi ac
hypertrophY.



Re fe rence

Theodo5g
et aì. "

Animal

ilonkey
[=9,
baboon
fì = 3,
dog
n = 16,
rat
n = 136,
mouse
n=80

Cynomolgus
monkey
n=52

Cynomol gus
monkey
n=26

D:8 i gtz¡- zsef, at.

Ë
¡

B lrlr:iouo

Exposurea

400-500 ppm for
168 days

TABLE 10-2 (continued)

Aronow.
et aì.'

100 ppm for 24 wk,
23 hr per day

32-3& Cardiovascuìar
(dogs and damage
monkeys
only)

Dependent
vari abl e

500 ppm, 6 min
pulses with a
24-min declining
washout, puìsed
once per hr, 12
hr/day for 14 mo

100 ppn, 2 hr

As trr¡o-
et aì. b

Dog
n=21

12-4r

Rabbi t
n=24

21.6X
at the
end of
12 hr.
peri od

6.3%

Resul ts

No changes except
stight hypertrophy
in rat heart.

EKG and suscepti-
bílity to induced
fibrilìation

EKG and fibriìla-
tlon threshoÏd

170 ppm for
8 wk, then
350 ppm for last
2wk

Comment

Abnornal EKG and
increased sensiti-
vity to fibrilla-
tion voìtage..

No effects.

17-33X

Ventri cul ar
fi bri I I ati on
threshold ln
subjects with
acute myocardial
i nj ury

Cardi ovascul ar
pathoì ogy

Infarcted animaìs
showed greatest
effect of COHb

on both dependent
vari abl es.

SubJects on
nornal and high
cholesterol diets.

Reduced Conducted bllnd
threshoìd. studY.

1. lncreased aortic
atheromatosis and
cholesterol.
2. Local degenera-
tive signs and
hemorrhages in hearts.



Reference

lio:l"to'

Animal

Astrup-'
et al. '

Davi es-^
et al.¿¿

Squi rrel
monkey
n=22

100-300 ppm

4 hr/day, 5 days/wk
for 7 mo using
a gradually increas-
Íng exposure until
3 mo then reduce to
250 for 4 mo

Low exposure for
I wk, higher
exposure for last
2wk

4 hr/day,
7 day/vk,
10 wk

o
I

À)

Mal ì nog'
ef,, a t.

Exposurea

Rabbi t
¡=24

Rabbi t
n=24

TABTE l0-2 (continued)

9-26% Atheroscìerosis
in various cardiac
structures plus
serum cholesteroì

:t":î:6.

Cynomol gus
monkey
n=26

Dependent
vari abì e

lsx
and 30%

2M

500 ppm, 6 min
pulses with a 24 min
decl ining washout,
pulsed once per hr,
12 hr/day for 14 mo

200 ppm continuously
or 12 hr/day for
6wk

Rabbi t
n=30

Aorti c
cho I esterol

Blood choìesterol
and cardiovascular
patho I ogy

Resuì ts

Increased coronary
atherosclerosis but
no effects on
serum cholesterol,
aortic and carotid
atheroscl eros i s.

Increased
in C0 exposed
groups.

Increased
atherosclerosis
in coronary
artery but no
aortic differences
or plasma choles-
terol differences.
No effects.2t.6X

at end
of 12
hr period

t7N

Comment

Aortic and
coronary
atherosclerosi s

Subjects on high
chol esteroì
di ets.

Cardi ovascul ar
pathol ogy

Chol esterol - fed
animal s.

Study disagrees
with A¡trup
et al.'

No differences
in atherosclerosis
but C0 produced
higher serum
cholesterol levels.

Subjects on high
and low choles-
terol diets.
Disagrees witþ
Astrup et al. "

Serum cholesterol
was controlled by
adJustments of
individual diet.
Apparently coronary
atherosclerosis in
(17) was caused
by increased
serum cholesterol.



Reference Animal

Itr:i:fl3r.".n l.!riå

!;ngvar,az

!11;.s,ro

o
I

f\)
l\¡

Rat
n=32

170 ppm-550 ppm

in ascending
ìevels for 5-11
days

100 ppm, 46 days
200 ppm, 30 days
500 ppm, 20-42 days

50,000 ppm for 30-
120 sec and
1000 ppm for 8-15
mln

Exposurea

Horvath4s Dog
n=5-7

Dog
n=40

TABLE l0-2 (continued)

IlTlg'tco

r5-35X

9.u
15.82x
41.12Í,

Dependent
vari abl e

Adams ^et al. ¿

Single dose of C0

to produce desired
COHb (3 levels)

1000 ppm until
0^ saturation reduced
bf 3ox

Dog

Lactate
dehydrogenase
enzymes (l-DH)

LTIH

Cerebral blood
flow
(cBF)

Dt¡g
n=10

6.2-35.6X CBF Increased CBF' with C0Hb.

Resul ts

LDH increases
in aortic arch.

LDH increases
resulting from
C0 exposure.

lncreased CBF with
c0Hb.

1500 ppm for
30 min

Comment

CBF

Also studied humans,
whose results
agree with
dogs except dogs
were more resist-
ant to C0Hb
below 251.

Atri oventri cul ar
bìocked dogs,
maintained by
pacemaker, did not
show this effect.

CBF

Increased CBF

with C0Hb even
when heart rate
oaced at 150 beats
ber min or with
blocked autonomic
nervous system.

CBF increased as
linear function of
coHb.

CBF increase was
not enough to
compensate for
increased energy
expendi ture.



Reference

ll':ï.*

Anlnal

Rat
n=35,
gulnea
plg
n=35,
nonkey
n=9,
dog
n=6
Rat
n=32

llonkey
tì=9,
dog
n=16

!;ngver,az

51, 96 or 200 ppm

for 90 days

'- Theodo
? et al.
f\t(¡'

Exposuree

0t

TABLE l0-2 (continued)

!i':il?ô"

:[':i:åå

c0Hb

100 ppn, 46 days
200 ppn, 30 days
500 ppm, 20-42 days

400-500 ppn
contlnuously for
168 days

3.2-6.8
4.9-t2.7N
9.4-20.ü
dependlng
upon species

Stupfeloand
8ouìey--

Dependent
variable

oog
n=4
Dog
n=46

llenoglobin
(Hb) ìevels

9.2M
t5.8ü
4t.18

32-38ß

50 ppm contlnuously
for 3 mo

50 and 100 ppn 7'1?Í
for 6 weeks on
varlous lntennlttent
dally schedules

Rat
n = 336,
mouse
n -- 767

Resul ts

Hb levels

lncreases ln
rats at both
exposure levels.
Increases fn
all anlnals at
200 ppn.

50 ppn for
90 hr/wk
upto2yr

Hb levels and
blood volune

lncreased
at all
level s.

Increased llö
and blood Yolume,
sllght decrease
toward control
values after 140
days.

and Increased.

l{o effects.

Comment

Increased Hb ln
rats at 96 ppm
was larger than
at 200 ppm.

Hb, hematocrit,
red cell counts

Hb level

Hb level l{o effects.

About 30 days
untl I Hb
approached
as¡rmptotlc values.

AÞout 30 days
untll Hb
approached
asynptotlc values.



Reference

:i':î:s,

Ogawa ,.
et aì. '"

Animal

Cynomolgus 20 and 67.5 PPm'
monkey 22 hrlday,
n=17 for2yr
Dog 6000 ppm for 30 min
n=16

Syvert¡9n and
Harri s"

Eü:as:;u'

Exposurea

Dog 195 PPn for 72 hr
n=L2

TABLE l0-2 (continued)

coHb

Quail 300-350 PPm 30N

n = 40 for 28 days
conti nuous

2-5.5%
and
4.8-10.0ß

58.ü

Baker and,,
Tumasoni s¡r

âconversion of c0 in ppm to mglm3, ppm x 1.15 = mg/m3 at 25o C, 760 torr'

Dependent
varlable

Hematocrit, Hb
and erythrocyte
counts

Plasma volume

Chick
embryo
n=90

:30x

425 ppm during
first 18 incu-
bation days

Resuì ts

Hematocrit and Hb

l{o changes.

Decreased.

Hematocrlt, Hb,
plasna, blood
volume, heart
size, fastlng
glucose and
carbohydrate
stores

Vascular structuret
LDH and serum
albuml n

vascul ar
permeability. rfee
Parving et aì."

lncreased concen- Attributed change
trations but to increased
lnfered no erythropolesÍs.
increase in plasma
vol ume.

Henatocrit, Hb'
plasma and blood
volumes Íncreased.
Right ventrÍcle
hypertrophY.
Higher fasting
glucose muscular
carbohydrate.

Vascular hYPertroPhY'
increased LDH

and serum albumin.

6. lsÍ

Comment

Unusually wide
variation in COHb.

Probably as a
result of increased



. ' 
-y+.i..,

g¡iñ during the rxposure period. Fechter rnd Annauil'3s reported stightly louer reight gains

in rets rho¡c reth¡rs hed been exposed to 114 ngln3 (tSO ppo, S percent COHb) C0 during their
fuì'l tcms of pregnency. Theodore et e1.99 noted no significant bo-dy weight effect in rats
cxporcd for 16Ê deys to 460 to 575 ngln3 (400 Èo 500 pp¡n) C0, but apparently the rats xere

sonewhrt ltore r¡turt than those of Koob et al.il llo significant reight, feeding, or drinkìng
Êffæt¡ rtr. noþd in thr'ce other studies: (1) ìlusselnan et aì .,70 using rats, rabbits, and

dogs ¡xpe*l þ å8 rgl¡3 (50 ppa) for 3 ¡onths; (2) C¡æbell,l7 rho exposed rats to 3450 ngln3
(3000'p¡r) f,or l.tqt¡l of 300 days, and (3) St¡¡pfel and Bouìey,go using rats and nice exposed

inùcrrlttçntly for pæiods ranging fron 1 nonth to 2 years. Since the onìy study that showed

r$kcd tffrcts rn ntght and intake ras a short-tern exposur.e, it is not possible to conclude

th¡t itight gnln and intake are affected by G0 exposuFe. Possibly these tro factors are

rffcctcd only ln thc cerly stages of exposure or only in grwing organisns.
li¡cTüicrl Effcglr end Drugs

Prntr'¡t el.ñ'79 injected C0 subcut¡neously in rats to produce COHb levels of 40 to 50

P.rc¡nt ¡ñd ¡hfi.d that only the higtrer dosaç incneesed ìeucine auinopeptidase activity in
thc livcr ¡ftor r ringlc inJection. Forty injactioîs of the dose producing the lower COHb

owr ¡ F.tl.d rf 53 days also produced an enla.rged ìlver. llartynJuk and Dacenko62 shoue¿

incrm¡rd iff¡¡trte ¡nd alaníne aninotransferase activity after only 20 ng/a3 (17 ppnr).

fu¡tov ct rl.'S cxpond rtts to 58 lg/l3 (50 ppn) and observed depressed c¡rtochrome oxidase

rctlvlty ¡nd ilùnr¡ad ¡uccinate dehydrugenase actÍvlty in liver. Ttre latter two studies

indicrtc g.mrfì l¡poxlc effscts.
Svtrcleklr :¡tpo¡cd rats to C0 anet noted thet an increase in adnenergic systen activity

predæ¡d ro incre¡cd carbolydrate retabolisn. Such netrbolic aìterations could explain
rclght chlqf lf ¡uch changes rene verified.

iont¡a¡y rnd tr¡¡in67 exposed rats to æ8 to 3450 ng/n3 (250 to 3000 ppm) C0 for 90

¡ln¡tr¡ in ¡svrr¡ì groups (20 to 50 percent COtlb) and then inJected tno dissiníìar drugs
'(h:ßùü|i!l. çf,.roxezol¡rlne). They shored that C0 exposuFe-pnolonged zoxazolanine effects
rt eS.,rt{1I.C¿FP*nl C0 ¡nd hexobartltal effects at 1150 ngln3 ¡f000 pper) CO.

b.rütí*Êlc¡
:!9 rxpo¡ø prugnant r¡bblts ¡nd rlce to 288 ngln3 (zso ppm) c0 for either 7

úTå}-lii¡"fet rlrys 6 to 18 and 6 to 15 of gestatlon. t{o statistically significant
dj$h:nttb.r o? extent of skelet¡l birth defects vere noted.

f.ç*",'rij;.s#¡"i.tlrblrl*'t:,iærnts a sr;mry of findings regadlng C0 ¡nd various other dependent

utrlúl.iJ, "' _ 
;:,*

:!l.â1drtf '}rltr{fng feedlng, drlnking, ¡nrl bo-dy relght suggest the possibility of a short-

trn:ctfä-,'¡i:¡þ¡-rg/r3 (ZSo pFn) c0 ìevels but dcflnit¿ly show no ìonytern effects. Since

enlV. otr'....f!Ê:fryd ¡hort-tern rælght loss, this finding should be víered vith caution.
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Reference

Koob Rat
et al.3+ n = 36

Ani¡¡al

ffi:lIf,ird n=*ïå_r,

TABLE 10.3. SU}II.IARY OF CO EFFECTS UPOII I{EÏABOLISI,I

Il":i:$e
?
*:ï':îlro"

250, 500, and
1000 ppm for 24 hr

Exposurea

Rat
n=136

Rat
n = 100,

rabbl t
n=40,

dog
n=4

Rat
n = 36-45

150 ppm during futl f5ß
term of pregnancy (naternal)

400-500 ppm for
168 days

50 ppm for 3 mo

Campbel I 
17

c0Hb

Stupfelr-and
Boul ey"

Food and water
lntake and welght

Oependent
vari abl e

Gradually increasing
exposure reaching
3000 ppn at 100 days,
intermittent exposures

Body weight
of offsprlng

Body weight

Body weight

Rat
n = 336,
mouse
n=767

Decreased intakes
durlng exposure,
less welght galned.

Resuì ts

50 ppm for 95 hr/wk
for natural life
up to 2 yr; also
1-3 mo exposure
groups

Itearly same at birth
but gained at signl-
ficantìy lower rate.

C0 group had
slightìy lower n¡ean
but not signlfÍcant.

No C0 effect.

Irue for 2
strains of rat.
Related to cate-
cholanine findings.
200 g starting
weight.

Body-welghts
not signlficantly
different until
day 4.

240 g starting
weight.

Body weight SìightlY fewer gains
during first 100 daYs

. and then lncreased
gain in last 200 daYs.

Co¡nrent

Body weight, No effect due
food and water to C0.
i ntake

1. No signifi-
cance tests
and sìight
di fferences.

2. First 100 days
represented
nornal rapid
growth phase.



R¿f:rence

Pankou lnd'; Rat
Ponsold'o"' n = 20-30

{nlrrì

llartynJtf and
Dacenko"'

Kustov..
et al."

Þ.o
ù sutecicki96

tx¡ocuree

Srôcutrnesus lniec-
tÍon of 7.2 and 9.6
¡útlol/kg,
l0 lnJections in
53 days

17 ppn

50 ppt

Rat
n=95

TAIIE l0-3 (contlnued)

Pankow and
Ponsold, ",
It'li:,'

lillflcl.'t '*

Rat
n=92

cüü

Rat,
n=60

Rat
n=110

50x
I hr after
inJectíon

Dcpcndent
v¡riehle

Il for
15 nin

C0 exoosure
conbl'ned with lf
ethanol

250-3000 ppm in
various grouPs for
for 90 min

leucine amlnopeP-
tidase actlvlty and
liver weight

Rat
n = 10-20
per group

Asoartate and
alânlne aninotrans-
ferase activltY

Cvtochrome oxidase
a-nd succlnate dehY-
drogenase activltY
in ìiver

Adrenergic sYstem

Leucise arninoPePti-
dase (LAP) and
gl utamic-pYruvic
transami nase
activi ty.

Rates of netabolisnt
of hexobarbital and
zoxazolamine

Resul ts

Single 9.6 il{ol/kg
injection increased
enzune. RePeated
7. 6 dlol/kg' lnjections
incneased enzyme
and llver rt.
Increased durlng
exposure.

Oepressed cYtochrome
oxidase; lncreased
succinate dehYdro-
genase.

C0tlb levels Increased
stlmulate sYstem. carbohYdrate

metaboì i sm.

Increased tAP
actlvity; enlarged
líver with ethanol
dosages.

Proloaed response to
hexobãrbital.at 1000
ppm and to zoxazolamine
at 250 PPm.

10-sox

20-60ß

ì.
..i

¡ 'ê-

,å'

'ffì:t
.ifi:
*.yitÉ
r,k,#"

fíConrent



Reference Animal

:inii:Õo

o
I

f\)o

Pregnant
fenaì e
l,louse

n = 35-48

Pregnant
femal e
Rabbi t

n = 20-21

aConversion of C0 in ppm to mglm3, ppm x 1.15 = mg/m3 at 250C, 760 mm torr.

Exposurea

250 ppm for either 7 10-f5N
or 24 hr/day on days
6-15 of gestation

As above on days As above
6-18

TABLE f0-3 (continued)

Dependent
vari abl e

Skeìetal malfor-
mations in pups

As above

Resul ts

l{o teratogenic
effects due to
c0.

As above.

Comment



Even if verified, short-t¿rm (24-hour) alterations in feeding and weight naintenance per se

are not particularly serious in an applied sense.

Eiochemicel findings suggÊst that enz)me and certain other activities might be

masurabìy altered at extrer¡ely loùr ìevels of C0 exposure. But the implication of these

findings for health effects is not cìear, since the findings may be nerely secondary conse-

quenccs of knoyn h¡ryoxic effects of C0 exposure. By themseTves these data do not provide

infor¡ation ¡bout he¡ìth concerns. Taken in conbination with other findings, these data might

bc uscd rs rupplcrcntary explanatory resuìts. Extensions and verification of these findings

shouìd provitlc lntcrrstÍng interaretive data.

The findings of slored drug netabolisn might have practica'l imort for persons exposed to

C0 yhíte under ¡edical treatnent with drugs or under the influence of illicit drugs. The

findings in this anea a¡e only suggestive; thresholds need to be established for a nuch vider

range of drugs end anin¡ls.
The¡e i¡ e paucity of data regading the effects on offspring for other than candiac or

CllS effect¡. l{o ¡kcletat birth defects rere not¿d at relatively high levels of C0.

INTERACTI0ilS I{ITH oTHER P0LLiTAilTS, DRreS, A}to oTHER FACToRS

llany mtcrirls by themselves at eertain exposuFe ìevels nay have no harmfuì bioìogicaì

effects untíl conbined vith other substances. The effects of C0 have been explored in only a

prelininery fashion vith respect to such interactions. Carùon ¡¡onoxide exPosuPe frequently

occur¡ in thc nrtural environnent in conbination with other p.oìtutants, noi9e, and drugs such

as therapeutic drugs or alcohol. Tobacco smoking raiscs C0Hb tevels but also has other

effects vfrich could act in conbination vith C0.

0ther Pollutants
guseyl3 expos¡d rats for 52 reeks to various qoncentrations of airborne pollutants (l{0r,

S0r, CaS0O, PbClBr, and C0), the CO levels of interest being 23 an<l 77 ng/n" (20 and 67 pp¡¡).

Ito-conci¡ien! pul¡onary funstion chançs ïerìe seen in any of the groups exposed to one of

thesc pollutants alone or in combination with any other síngle poìlutant. Hematoìogicaì and

biochenical ncecgredènts remined wÍthin nomal linits in all grouPs. A sinitar studyl4 was

¡¡de on cyooolgur ronkeyl rfrich.rere exposed continuously for 10¡l weeks. The C0 concentra-

tlons *r¡r ?2 rnd 75 q/e3 (19 and 65 pCil). Aìthough sone effects Y€re observed with the C0

rfú ilo, cdlnrtipns, it ras rcported that no firn conclusion of any interaction nas war-

r¡nted.' Thc cgrbination of SOZ e6.2 ngln3, 10 ppn) and C0 (17 ppr, eo ¡ng/n3) resulted in a

sigmlficaÉly incncred o¡notlc fragility of etythrocy'tes.
yffirtolF crgoscd lice and rats to conbustion products frm gauze-PAl{ (Polyacrylo--?

nttrile) ¡ltfi¿r àrc enalyzcd and shoyn to contrin between 920 and 17,020 ng/l" (800 and 14'800

ppo) C0 ud bttrrcn 209 and 435 ppa lrydroryanic acid (HC[), depending upon the intensities of

exposuFè. lk concludcd that C0 and HCl{ did not have additive or syærgistic effects on survi-

v¡ì ratgs. Thc cffects of C0 and cyanogen (Ct{-) on.the clrculation and netabolism of the

br¡in of ¡¡re¡thetÍzed dogs rerc studied by Pltt et al.s cercbral btood flw increased
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130 and 200 percent when COHb ìevels were 30 and 51 percent. Similar increments in fìow were
observed when bìood CN- concentrations were 1.0 and 1.5 pglml. llhen C0 and CN- were admin-
istered sinultaneously, cerebral blood flow increased addítively. Cerebraì metabolism
jncreased only at the higher levels of C0Hb and Cil-, but when both substances at the lower
levels were presented to the ani¡¡aì, significant decreases in brain 0, consumption were found.

t'lurphy68 demonstreted that C0Hb was about 5 perîent higher after simuìtaneous exposure to
145 mglm3 (300 ppm) c0 and 0-75 pgn 0, than after 345 msl;3-(3gg ppm) c0 alone in mice, guinea
pigs, and rats (25 percent vs. 30 percent COHb). Oda et a1.74 ¿i¿ not detect any effect of
simultaneous C0 and nitric oxide exposures of 460 ppm and 66 ppm, respectively, on the CgHb of
mice, beyond that, expected due to C0 alone.

lilurray et a1.69 
"tposed 

¡nice and rabbits to 25 and 70 ppm sor, respect.ively and simultane-
ously, to 288 nglm3 (eso ppm) C0. They studied teratogenic effects on offspring and found no
reliable defects due to exposure to either or both substances.
0rugs

Surprisingly -tittle systematic work has been done on the interactions of various drugs
and C0. PankorTT'78 observed that ethanoì had additive effects on some enzymes in combination
with C0 if C0Hb levels exceed 50 percent. Mcilillanil noted that C0 attenuated the behavioraì
effects of d-amphetanÍne in a systematic dose-dependent ray for C0 levets as low as 575 mglm3
(500 ppnr). llontgomery and Rubin6T shoued that the effects of two dissimi'lar drugs (hexobarbi-
tal and zoxazolamine) were prolonged by C0 exposure in rats.
Halogenated Hydrocarbons

Polybrorninated and polychlorinated biphenyls are converted in vivo to COl5'88 or stimu-
late a cataboìÍc process or Processes that would produce C0. The production of C0 fronr
dichloromethane (CHtCì2) was reported t9 be rnediated by an enzJme present in the nicrosomal
fraction prepared frorn hepatic tissue.# These studies indicated a direct role of c¡rtochrome
P-450 in this pt"ocess. These observations aie simílar to those reported by others.3'27 gogs
were exposed for 2 hours to 500, 1000, 2000, and 5000 ppn ot CHrClr.l Tt" rise in CoHb was
logarithmícally related tg the CHZCIZ exposure concentrat,ion. Coronary bìood flow increased
20 to 25 percent during alì exposlreã above 573 mg/n3. Arteriaì pressure and nyocardial con-
tractílity (dPldt) increased with each concentration. Heart rate was not influenced bv CH.C|.-
exposure but predisposed the heart to arrhythmias. Interestingly, combÍned exposures to C0
and CHtCl, showed that CHrCl, had no effect on the physiologÍc responses due to C0, but C0

antagonized the responses due to CHrClr.
Other Variables

-Temperature appears to affect the survival time of newly hatched chicks exposed to 11,500
nglm3 (10,000 ppnr), with cooter renperatures producing tonser;;;;;;;t.öi-"n"-"rir"t' was made,
however, to determine whether cool temperatures might simpìy have slowed down physiologic pro-
cesses. Variables reìating to body and,/or environnental tenperature should be important but
have not been systematicaìly studied.

10-30



Variables rclating to the nethod for the ¡ülinistration of C0 have received littìe
systematic attention. The uptake was shown to be irnportant by Plevova anO Frantík8s who

exposed rôts to 230 nrg/lr3 (200 pp¡¡ for 30 minutes and to 805 ng/m3 (700 ppm) lor 24 hours.

Both exposures resulted in 20 percent COHb, but the lonçr exposure had more effect on motor

endurance. This study is not definitive, however, since the 24-hour group would have reached

saturation in 2 to 3 hours, thus spending nore time at 20 percent C0Hb.

Concl usions about Interactlons
Despite the paucity of data concerning C0 and other substances and conditions, there are

enough data to indicate that such interactions night yell be of importance to hea'lth effects.
Quite possibly sone of the connonly covarying pollutants and sone of the connonly used drugs
(therapeutic or othervíse) night interact additively or synergisticatly to make extrenreìy low

leveìs of C0 dangerous, This possibility is based not only upon preìiminary evidence but is
entirely within the tcope of reason on theoretlcaì grounds. In view of the potential impor-

tance of such rcrk, it is surprising that more studies have not been reported.
lrEcHAilISits

It ha¡ been generally assrned that the nanner in which C0 produces deleterious effects js
by rcducing the 0r-carrying capabilities of the blood. This view has been chaìlenged in
several vqys, although evidence is sti'l I very incorçlete.
Hypoxic H¡ryoxia and Carbon llonoxide ll¡poxia

If thê effests of C0 are 'linited to C0 h¡poxia, then C0 effects should be sinrílar to the

effects of hypoxic h¡poxía, given that the severÍty of the two hypoxias could be equaìized.

It is easy enough to calcuìate arterial 0, levels for C0 and hypoxic hypoxias and thus equal-

ize exposures at asyrnptotic C0 saturation leve'ls. It nust be borne in mind, ho*ever, that
exposure to atmospheres yith low 0, concentrations produces a rapid reduction in arterial
blood 02, wlrereas vith C0 hypoxia tlæ reduction rate is nuch slower. Attempting to decide the

eguivalence of thc tm hypoxias in short-tern exposures is not a trivial task, In long-tenn

exposures where the equÍlibration process is a srall proportion of the exposure, equivalences

cån none easíly be r¡de.

-Syvertsen ¡nd llarris9T exposed elogs úo either sinulated altitude (18,000 feet) or lo 225

¡rgln3 (lgS ppn) C0 1o¡ 72 hours and ¡hored that Hb and he¡¡atocrit rose to nearly the sane

values by thc end of the period. These bìood neasünes rose gradualìy for the high aìtìtude
group, beginning rl¡ost lnediately, but for the C0 gr.oup began to rise only after 48 hours.

Thcy also shtrcd thet erythropoietic levels increased almost lmediate'ly for high altÍtude
groups but ditt not begÍn to lncrease until about 24 hours in the C0 group. These differences

can prcbably þc explained by (1) the-differences in the early leveìs of hypoxia being mre

extrure in the high altltude groups, and (2) the chemosensory response to the high altítude
condition. This is not, therefore, evidence for sme non-h¡poxic effect of C0. It does,

houever, appear that conpensation for C0 effects is not as fast as for hypoxic hypoxia.

10-31



Penney et a1.81 exposed groups of rats to 115,230, and 575 mglm3 (100,200 and 500 ppm)

C0 and to 18,000 feet sinulated altitude for periods of severaì weeks and sho¡red that high
aìtitude produced mainly increased right ventricìe reight, rhiìe C0 produced overall heart
weight increases. The levels of arterial blood 0, in high altítude subjects, however, wouìd

not have produced equivalent exposures, nor were durations of exposure the same; this resuit
is therefore difficuìt to interpret.

t{instonll0 and }Jinston and Robertslll'Ilz showed that pre-exposure of mice to 500 or 1000

ppm C0 for 4 hours resuìted in a significant decrease in mortality resuìting fronr a 2875 ng/n3
(2500 ppn) exposure 24 hours ìater. They aìso showed that the short pre-exposure did not pro-
tect animals against hypoxic hypoxia. Their conclusion was that selective redistribution of
blood ftow was responsible for their results.lU

Annau4 showed that rats exposed for about 2 hours to 1000 pprn at first showed depressed
ìever-press rates in a behavioral study, but after the fourth day of repeated testing the
decrement in behavior began to approach pre-exposune leveìs. In contrast, a .group of rats
exposed to 8 percent 0, (hVloxic hypoxia) for about 2 hours recovered to nonnal by the second

day of repeated testing. This nore rapid recovery by hypoxic aninals than by C0-exposed ani-
mals is at least a control for possible practice effects.

Koob et al.fl exposed rats lor 24 hours to air containing 16, 14, and 10 percent 0, or to
288, 576, and 1152 n¡glm3 (250, 500, and 1000 ppm) C0. They showed no differences between C0

and lowered 0, groups in feeding, drinking, and weight gain. This result fmplies that C0 has

no. effects on these variabìes other than hypoxic effects, but the dependent variables are
rather gross neasures.

That C0 hypoxia and hypoxic hypoxía are sinilar in terms of survivaì effects was sug-
gested by Clark and 0tís,18 who shoued that adaptation to C0 produced increased toìerance of
high altitude and vice versa. lJiìks et aì.109 reported simílar data. It is difficuìt to
evaluate the equivaìence of exposures in these studies, however.

Careful effort to equalize hypoxic hypoxia and C0 hypoxia were made by Traystman,104'105
who measured cerebral blood flow in dogs. SÍnce hÍs subjects yere held at constant ventiìa-
tion, the effects of hypoxia-induced hyperventilation were eliminated. His data show that for
exPosures of up to 40 ninutes, with arteriaì 0, values ranging from 4 to 17 percent lor both

hypoxic hypoxia and C0 hypoxia, the C0 hypoxfã reduced cerebrovascular resistance signifi-
cantly n¡ore than did hypoxÍc hypoxía. The difference between the two forms of hypoxia

diminished as the degree of hypoxia dininished. These data suggest that C0 produces a more

extrene compensatory response than hypoxic hypoxia, if ventÍ'lation is controlled.

-Annau4 
exposed rats to !4, il2,10, or 8 percent 0, in "air" and to L74, 288,576, or 1152

mg./m3 1150, 250, 500, and 1000 ppm) C0 for daily explosures of 15 to 60 minutes. He showed

that brain-stimulation-reinforced responses were affected by both variables in about the same

way except for certain temporal effects over the course of several days exposure. Apparently
C0-exposed rats recover response rates more slowly than 1ow-0, exposed rats. It is unìikeìy
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that very nuch adaptation to C0 muld have taken place in the course of a few days of short
exPosures; therefore, this resuìt is difficutt to interpret. If repìicable, these data inpìy
that C0 has sone non-h¡poxic effect.
El imination of Hemoglobin

Geyer et a1.39 replaced the blood of rats with artificiaì blood. lúithout Hb, these rats
survived 17 hours of exposure to 1.15,000 mgl¡¡3 (100,000 pp¡) G0, uhich killed controìs i¡r¡redi-
ateìy. These data inply that C0 has onty hypoxic effects, but detailed assessments of other
functions (e.9., behavior) evidently yere not conduct¿d.

llost insects do not have Hb and so could be used to assess rhether C0 has effects inde-
pendent of its interaction with lb. Haìdane observed that a cockrsach was unaffected by 18
days exposure to an enviroment containing 80 percent C0 and 20 percent 0r. Baker and
blrightu exposed Coccinqlla "septempunctata (the seven-spotted ìadybintt) and @jg rnorosus
(the stick insect) to an enviroment of approxlnately 80 percent C0 and Z0 percent 0r. All
ladybÍrcls survived 10 dqys or less of exposurne, but longer periods under these conditions
hastened death. La-dybirds rcre less active ¡nd ate less food in this enviror¡¡nent. Stick
insects lived ln an anbient atnosphere contrining 20 pereent C0, 5 parcent 02, and 75 perceflt
air. GrourLh vas arrnested, but no deaths occumed beforc 14 days; all werc dead by day 37. In
an 80 percent C0, 20 percent 0, envirroment, stick insects died betreen the Znd and 21st day

of exposure. It uas postulated that the respiratoly chain of enzynes, although not inacti-'vated, rere inhibited ts such an extent as to interfere uith the ani¡alst vell-being. These

insects also lack tryoglobin.
Certain bacteria can liye and grrow in a 100 percent C0 enviroment.lo2 Carbon nonoxide-

utilizing bacteria my perform an inportant function in natural aguatic environnents and in
soll.
Conclusions about llechanl sns

There ls sone evidence fron conparison of C0 and h¡rpoxic lrypoxia that, C0 has non-h¡poxic
effects, but the evídence is onty sugçstlve at this ståge and nay derive fron dose and satura-
tion rate PaFüeters. Tl¡ere is certainìy also evidence for C0 having onty hypoxic effects,
but such evldence stens fron the neasuæ¡ent of rather gross varíables. Although the evidence
is dÍfficult to interpret ln terns of namals, insects having no llb are apparently affected by

C0, at 'least at very.high C0 levels.
ADAPTATIoT{, HABITUATIO}|, AÌ{D/oR C0||PE}ISAToRY ttECHAt{ISttS

Thls scction vltl consíder vhether aninals exposed to C0 eventually develop sorne physio-
togical rcsponscs that tend to offset the deleterioui effects. |lhlle there is possibly a

te@oral continun in such procêssês; ln this revia the tern "adaptationl uill be used to
rcfer to ìonE-tera phenooena, and the tern I'habituationrr wilì refer to short-tenn processes.

Allusions vilì be uade, where posslbìe, to the physiological chain of events by which adapta-

tion and habituation cone about, but extensive reductfve explanations wilì be avoided. The
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term "compensatory mechanis¡n" will be used to refer to those physioìogical responses that tend
to ameìiorate deìeterious effects, whether in the long- or short-term case.
Adaptati on ( Long-Term)

Kitlick5l exposed mice to successively higher concentrations of C0, which in a period of
6 to 15 weeks reached levels of 2300 lo 3278 nglm3 (2OOO to 2850 ppm) C0 (60 to 70 percent
COHb), showing that non-adapted nice exhibited much ¡mre extreme symptoms when exposed to such

levels. A control group was used by Kiìlick to partially rule out effects of selection of
CO-resistant individuals. Clark and Otis18 exposed nice to graduaììy increasing C0 leveìs
over a period of 14 days until a leveì of 1380 mglm3 (1200 ppm) was reached. bJhen exposed to
a simulated altitude of 34,000 feet, survival of the C0-adapted groups was nuch greater than
controls. Sirni'larly Clark and Otis18 acclimatized ¡nice to a sinuìated altitude of 18,000 feet
and showed that these altitude-adapted rnice survived 2875 ng/n3 (2500 ppm) C0 better than
controls. bJiìks et 

"1.109 
reported similar effects in dogs.

Gorbatow and Noro37 shored that rats given successive daily short-tern exposures could
tolerate, without loss of consciousness, longer and longer exposures. Their C0 exposure
levels were 2,875 to 11,500 mglm3 (2,500 to 10,000 ppm). Increases in toìerance to C0 began

to be evident as earìy as the fourth or fifth day of exposure and were still occurring as ìate
as the 47th day. llon-exposure for severaì days eliminated some of the adaptation. Similar
results yrere reported by Zebro et a1.117

As discussed in the section on hemoglobin, Hb increases in animals exposed to C0 after
about ¡t8 hours,g7 and continues to increase in the course of continued exposure unti'l about 30

days, depending perhaps upon exposure level. This hernopoietic response to long-term C0

exposure is similar to that shovn for long-term hypoxic hypoxia, except that it is sìower to
start and tends to offset C0 hypoxic effects.

ilost investigators have at ìeast inplied that this increased tlb ìeveì is the mechanism by

which adaptation occurs. Certainìy this explanation is reasonabìe for the studies show'ing

increased survival in groups adapted for several days.
lJhíle much has been vritten about conpensatory Hb increases, littte has been done to

elucidate the extent to whích such íncreases offset deleterious effects of C0. The proba-
biìity that some adaptation occurs is sçported theoreticalÌy due to Hb increases, and

empiricalìy in the fîndings of toxicology studles measuring survival time. But adaptation has

not been demonstrated for specific health effects other than survival time.
Compensatory increases in Hb are not yithout deìeterious consequences of their own, such

as cardiac hypertrophy. The Hb increases are also not entirely compensatory at a'tl C0 leveìs
in view of the fact that deleterious effects stí'll occur at some C0 leveìs for many physio-
ìogical systems. It is possibìe, however, that without such mechanisms as Hb increases, C0

effects yould be t orse or would occur at a l:ower threshold.
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Habi tuati on (Short-Tern)

Arguoents have been nade for the possibility that there exist short-tenn conpensatory

mechanis¡ls for C0 exposure. These hypothetical ¡ech¡nisms have been: (1) based upon physio-

ìogicaì evidence, and (2) used to tccount for certain behavioraì findings.

There is certainly physiologicaì evidence for responses that would comPensate for the

deìeterious effects of C0 in e very short tine span. As discussed in the section on nervous

system and behavior, C0 exposure has been denonstrated to produce an increased CNS blood

supply, *hich is apparcntly produced by cerebrovtscular dilation. It has also been

shown,28,66,1(N'118 horever, that the tissue Po2 values for various CtlS sites fatl in ProPor.

tion to CgHb, despite the increased bìood flow. Apparently, the Po2 values wouìd fa'll con-

siderably nore without the increased blood flov. Although the published graphs of these data

do not show very short tire intervals, it appeers thet tissue Po2 falls immediately and con-

tinuously as CgHb rises. Aìthough there is no evidence for tine delays or for threshoìd

effects in these data, it is notew¡rthy that only very high C0 ìevels rere employed. Thus'

the saturation rates rere high, and tine lags or thresholds would be difficult to detect'

As discussed in the section on caltiovascular effects, as COHb rises, both coronary blood

flow and 0, extraction in the peripheral nusculature increase (see Table f0-2). These, too,

are conpensåtory ilechanlsns, but nechanisns vhich h¡ve been shown to be only partly effective'

None of the studies pr€sent evldence of tine lags or threshold effects, since onìy termina] or

near-asJrnptotic values rere rcPortcd.

The behavioral work upon wtrich short-tern habltuation hypotheses are predÍcated are

nostty hrman studies, Ylpre C0 e¡¡posure rt very lov levels or at very carly exposure tines

(yeil before as¡mptotic satur¡tion) have shown perfornance decre¡ents that ¡rere not tpparent

with higher or longer exposures. Depending upon the particular version, the habituatlon hypo-

thesis holds that there might exist sone threshold value of C0 below rhich no conpensation

would be initiated, or that, there nÍght be so¡e tine lag in the coryensatory nechanis¡t so that

the eårly effects of C0 exposures muld later subside. The behavioral data to support this

contention rill be revised in the context of huan rcsearch; in experinentaì animal studies

little beh¡vioral evldence for süch thresholds or tine lags is extEnt. ilost of the hypotheses

about coupensatory nechanlsns IêFe basedr houever, upon gg! hoc reasoning to expìain enrpiri-

ca'l findings, not upon rcsults fron experinents to tcst the existence or nature of such

nechanisns. Disrcgarding h¡pottresized tire lags end thresholds, vithout the conpensatory

¡echanisrs C0 youìd appanently have even ¡orc deleterious effects and the threshold for such

effects *ould be lmrr.
SUBJECTS AT SPECIAL RISK

Fro¡r the foregoing revis and fron.¡dditional data revlered belou, it mry be inferred

that there are sub-groups in the generaì population of experinental aninaì subjects that are

especiålly sensltive to ttn deleterious effects of C0 erçosure' In so¡¡e cases studies have
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been designed to test the specific guestíon of special-rìsk subjects; in other instances
deductions regarding this question have been based upon extant data or theory.
Fetus and Uterine Exposure

Severaì studies29'31'34'35'90 have exposed pregnant female animals to C0 and in generaì

have shown that the nothers have not been deleteriousìy affected, while the offspring were.

In many cases the deleterious effects in the offspring have disappeared by adulthood, but the
indication of deleterious effects during childhood is of concern. Additionally, impainnent

during naturation can hâve effects on the nor¡nl deveìopment of ìearning and social behavior.
l4ost of the studies cited above did not neasure COHb in the fetus during long-term exposure.

EO
Longo and Hill-'studied the uptake and elimination of C0 in fetal and neternal sheep.

Folìowing exposure to 58 ng/m3 (50 ppm) C0, steady-state naternat C0Hb was 7.2 percent and

fetal COHb was 11.3 percent, while exposure to 1r5 mglrn3 (100 ppm) resulted in steady-state
COHb concentrations of 12.2 and 19.8 percent in nothers and fetuses, respectively. The

increase in maternal COHb resembled a sinrpìe exponentiaì process with a ha'lf-time of 1.5
hours. The half-tine for the fetus was 5 hours. The decay curve for C0 elimination showed

similar reìations, with fetal washout occurrlng slowei than in the mother.
The data of Longo and Hí1.|59 on long-tenn maternal exposures suggest that the fetus is at

special risk because of higher COHb ìeveìs than those of the nother. Tno studies us'ing short-
terîn exposu"esZ9 also measured C0Hb in the fetus and showed that it yas nuch lower in the
fetus than in the nother, probabty because of sìorer C0Hb rise times. Since short-term
exgosures also adversely affected the fetus, these studies inpty that not onìy is the fetus'
C0Hb higher than the mothers' for long-term exposures, but that the fetus Ís apparentìy more

fragiìe and more subject to C0 effects even if C0Hb is control'led.
bJhiìe the data cìearly showthat fetuses are especial'ly at risk, nuch more infonnation is

required regarding dose-response functions, from which thresholds, extent of effects, and

interactions with other factors may be esti¡nated.
Impaired Groups

There is clear evidence that sübjects with inrpaired cardiovascuìar functioning are
especiaìly sensitive to C0 exposure because of the aìready reduced and/or marginaì 0, supply
from the blood. Any additional loss of 0, due to C0Hb produces locaì_or_general hypoxias and

deleterious effects. ThÍs has been de¡ronsirated for cardiac darnagE5'23-25 and for the effects
of high choìesterol leveìs in so¡¡e cardiovascuìar structu""r.5'50 These results shouìd hold
for central nervous system structures but have not been demonstrated.

Subjects with signïficant pulmonary function impainnent night be at special risk to C0

exposure because of the inadequate supply of 0, to the blood, especialìy during exercise.
Specific data on this subject in experimental aninaì research are not available.

There is one large group of subjects Ín which several of the above mentioned inpairrnents
are commonly found, i.e., the group including aged individuals. |Jhen there is any'impairrnent
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such as cardiac danage, cholesterol buiìdup in any vascular structures, anenria and/or puìmo-

nary function inpairrrent, lw levels of C0 could precipitate major adverse heaìth effects,
especially during exercise. Unfortunately, there is no experimental evidence for deleterious
C0 effects in nany of these areas other than cardiovascular inpairment. Certainly more data

are needed to estinate dose-response curves so that the extent, threshold, and pattern of
those probìems can be assessed.

Drugs

Alcohol has alrea-d¡r been shoyn to have additive effects with C0,77'78 atUeit at high

exposure ìevels. llore refined studies vith other dependent variabìes wil'l very likeìy show

lower-ìevel effects. Sedatives and other drugs are potentiated Uy C0.67 Stimulant drugs have

been shovn to be attenuated by C0;fl dose-response functions and a wide range of dependent

variables arc not known.

Unadapted Populations

There is considerable evidence for ìong-tern adaptation to high altitudes in the form of
increased Hb levels. Individuals nho have not had such adaptation and are then simultaneously

exposed to high altitude and higrh C0 concentrations rould seen to be at higher risk because of
the sia¡ultaneous effects of hypoxlc hypoxia and C0 hypoxia. A great deal of pubìished infor-
matíon is av¡ilabìe on these separate factors. Therefore,. estimates of threshoìd and dose-

response functions could be obtained by proJecting arteriaì 0, cbntent from simulteneous

hypoxic and C0 conditions. This remins to be done.

SuÍ,fr,lARY

From the foregoing studies of lry-leyel C0 effects in nom¡al experìmental animals, it may

be concìuded that C0 produces deleterious effects nalnly upon the cqrdiovascular systens and

the CNS. blhite nany partícular conclusions ¡re still in dispute, it seens safe to conclude

that cardiovascular effects can be deilonstrated with G0 exposures as Tow as 58 nrg/m3 (50 ppm,

4 to 7 percent COllb). Echavimaì and Ct{S effêcts $eeil to require a nininum C0 exposure of 115
a

¡ng/m" (100 ppn, 12 to 20 percent C0Hb) to produce effects.
The particular levels of C0 in expcríæntal anÍnaì studies are not as Ínportant as the

generalizations about the variables (rtependent, independent, and interactive) that are likely
to be important in humans. Such knowledç also pernits the prediction of speciaììy sensitive
popuìations and allous for anticipation of ns effects not yet observed, and so¡netimes too

dangerous to produce, Ín hrnans. The particular level at vhich such effects becone important
jn man is an erpirical natter for htnan research.

Although thresholds and dose-response functions have been discussed here, there renains a

great need to quantify iryortant lnalth effects of C0. Too little is known about interactÍons
yith other pollutants, drugs, or other anvÍronncntal condltions. l{uch renains to be specified

regarding particularly sensitlve gFoups. Therc is the suggestion that C0 has other non-

hypoxic effects, yhich in turn suggest that C0 night have as-yet-unanticipated health effects.

From this dlscussion it nay be concluded thðt a great'deal nore information about C0 is

reguired with rrespect to intsractions, groçs at special risk, and non-hypoxic C0 effects.
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ll.EFFECTSoFLm.LEVELCARB0N}loNoxIDEEXP0SURE0NHl,l.lANs

INTRODUCTIOI{

Carbon monoxide (C0) poisoning is a comnon fonn of both accidentat and intentionaì

poisoning. The early history (froqj-h€ days of Aristotle) of c0 and its effects on ma¡nmals

has been well described uy Leyin.142 The clinical-pathological effects of C0 overdosage'

especially of large increnents in carbo-xlhenoglobin (coHb), are edequately documented in

several nonographs.32,94,130,142,1¡14,145'219 Neuro'logical signs and sequelae, as well as

anatomical alterations in various tlssues, are dlscussed in these reviews, as are the occur-

rences of C0 intoxication, cliniCat sprptonology, conplications' progressions' and emergency

and subsequent treetment. An extensive bibtiography of abstracts up to J'965 was conpiled

by cooper.56 Descriptions of sevene effects from exposure to high C0 concentrations are not

directly gerf¡ane to the problems fron exposure to current anbient levels of c0, but they are

vaìuable in that they in:dicate the potential effects of accidental overdose'

Extensive studies have been conducted vith various aninal species as subjects' Under

varied experimentaì protocoìs, consíderable infon¡ation has been obtained on the toxicity of

C0, its effects on blood, tissues, netabolisn, etc. The effects observed on experÍmental

aninals have provided sone insigtht into the role c0 pìays in cellular metabolisn' However'

caution must be exercised in extrapoìatíng the results obtained fron these data'to man' Not

only are there questions related to specles dÍfferences, but exposure conditions differ

markedìy in the studies conducted by dlfferent investigators.S2

Research on hrman beings is especially f,raught with methodoìogicaì prob'lens' As with the

ìiterature on experinenta'l animìs' Iåny nethodological and reporting problems rnake the data

difficuìt to interpret. These problens include: failure to measure blood CoHb leveìs;

failure to distinguish between the physiological effects fron a C0 dose o'f high concentration

and the slow, insidious ircrenent in coHb over tine fron lower inhated c0 concentrations;

faiìure to íreasur€ the amsunt of C0 brought to or renoved fron the lungs by changes in alveo-

lar ventilatory voluncs; and the use of snall numbens of exBerinentaì subjects' other factors

involve faiìure to provide control lneasures (via double-blind ad¡ninistration) for experimenter

bias and experinenter effects; control periods so that task-learning effects do not mask nega-

tive results; homogeneity in the subject pool, particularly in groups labeled lsmokers;" con-

tro'l of possíble boredon and fatigue effects; and poor or inadequate statistical treatments'

An aìnost universaì problen in this area of research is the use of inappropriate statis-

tica'l techniques for data analysis. Experlnenters connonìy use tests designed for sinpìe two-

group designs when analysls of variance is required' or use severaì univariate tests when more

than one dependent variabìe is measured and multivariate tests are appropriate- Such inappro-

prìate statistics usually yield results in which tlæ p-value is too small', so that the possi-

bitity exists that too nany resuìts were falsely declared to be statisticalìy significant' In
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this review, an effort wílì be made to account for such problems whenever possible by making
appropriate corrections or by discussing the possible conseguences of such an error in
context. o

The above probìens are not peculiar to hu¡¡an research data (as discussed in Chapter 10).
A problem unigue to human research is that only low leveìs of C0 exposure may be safeìy used.

In such instances of .lorlevel exposure, research findings necessariìy deaì with near-
threshold effects. The so-called "threshold" for an effect is conceptuaììy defined as a C0

ìevel below which no deleterious effect on the dependent variable occurs and above which an

effect is in evidence. In practice, a threshold must be defined as a C0 level above which an

effect uPon a dependent variable is produced a certain percentage of the time it is admjn-

istered. Usually, a threshold is defined in terns of the point where an effect is noted
50 percent of tln time, although many other, possibly better, definitions are in use. When

research is necessaríly restricted to such barely nótÍceable effects it may be expected that
(1) results wiìl be ¡¡ore variable because of statistical sanpling ftuctuations and (2) other
uncontrolled variables that also affect the dependent variable in question wilt be of major
inportance and vill incrcase the variability of resuìts. For these neasons, data on hunan

beings, while being of prinre interest, will also be of highest variability. Such high varia-
bility must be resolved vith (1) ìarge groups of subjects (2) theoretical interpretation cf
results relying on knowledge gained from experinental animal data, and (3) consideration of
consistency of the dsta within and across experinents

This chapter is intended.to review data fronr studÍes in whích people have been either
accidenta'lly or intentionaììy exposed to low ìévels of C0. The summary and conclusion of each

section in the chapter integrates tl¡e relevant materiaì fron studies of experimental aninaìs.
Unless otherwÍse stated, aìl subJects are considered to be nonnal (i.e., without debilitating
di sease).

I{ERVOUS SYSTEI4 AI{D BEHAVIOR

lþmonstrable changes in centra] nervous system (CNS) function in individuaìs who were

inadvertentìy exposed to high levels of anbient C0 in ilìuminating gas and in automobile
exhaust stinulated psychophysiological research. This research atternpted to determine psycho-

notor and psychological aberrations in individuaìs having loryer levels of blood C0Hb than
those observed in C0-poisomd ind'ividuaìs. Earìy studies in this area suffer from a number of
deficiencies. These defíciencies are related to inadeguate understanding of the sìgnificance
of behavioraì changes and to inability to distinguish betyeen simple perceptual notor per-
formance and more compìex performance involving sustained or selectîve attention, short-term
menory; and decision-making among other possibÍìities.
Sìeep and Activity

OtDonnell et a1.171 sought to determine how overnight exposure to low levels of C0 (C0Hb

levels up to 12.6 percent) affected s'leep. They found smalì but unreliable changes that they
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interpreted as a possible reduction in CNS activation' Grolì-Knapp et al'92 and Haider et

a1.102 reported a significant reduction of rapid eye novement (REil) sìeep in subjects of both

sexes exposed for 7 hours to 115 ¡rg/m3 (tOO Ppn) c0'

Vi gi I ance

Vigiìance is an individualrs ability to detect snall changes in his environment that take

pìace at unpredictabìe times, thus demanding continuous attention for long periods of time'

In ,onotonous tasks, subjects miss signals that they would npt have nissed when starting t'he

task. such signals are usuaìly presented visualìy or auralìy.

Fodor and t{inneke7l used an auditory vìgilance task in which they presented short bursts

(0.36 second) of white noise at 2-second intervaìs as the stinuli- About three of every

hundred of these noises were slightly less intense and were the signat to vhich the subjects

were to respond by pressing a button. Tuelve non-snokers (¡rale and female) were tested at

0 to 57 rg/m3 {O to 50 ppn) C0 for 80 m,inutes prior to the first of three vigilance experi-

ments. carboxyhenoglobin ras estimated to be 2.3 percent at the beginning and 3'1 percent at

the end of the first vigilance test. Subjects were ìikeìy to niss rnore signaìs during the

initial test than duríng the next two vigi'lance tests; coHb reached an estimated 4'3 percent

at the end of 210 minutes of C0 exposure. These data suggested an initial effect, possibìy

followed by a compensatory nesponse. conpensatory oechanisms might not have been operative

during the first test because of either a thrsshold level of CoHb below which no compensatory

response would be initiated or a ti¡e lag ln cöupensatory responses. I
Gro¡-Knapp et a1.92 exposed subjects to 0, 57, 115, and L72 Wlno (0, 50, 100, and

150 ppm) c0 (0.0, 3.0, 5.4, and 7.6 percent coHb) for 2 hours. They used a 9o-minute auditory

vigilance test vhich shored a dose-r€'lated decrement due to c0; however, their statistical

documentation is absent. The sane group (Haider et a1.102) was later unable to repìicate the

results of this study.gz hJinneke233 used the sane test in studies that involved exposure to

0, s7, 115, and t72ng/n3 (0, 50, 100, 150 ppn) co as well as to methylene chlorìde (c¡zcl2)'

a conpound which causes an elevation in C0Hb. His resuìts from the C0 exposures Yrere nega-

tive, in marked contrast to the previous data, despite an estimated C0Hb level of approxi-

mately 9 percent at th€ end of the 1?2 mgln3 (tSO ppo) exposure. He did find that his sub-

jects, as a consequence of CHrCl, exPosure' exhibited a striking decrement in v'igi'lance'

Beard 
"n¿ 

e"*ät"irãi "totorf 
subjects to 0, 57, 200, or 286 mglm3 (0, 50, 175, or

250 ppm) C0 (1.g, S.2, and 7.5 percent CoHb estimated from alveolar breath) for 1.5 hours,

during rhich the subjects perforned a visual vigilance task. They reported ð statisticaììy

signiflcant decrenent in perfornance at the two lower C0 levels but not at the highest]evel'

Atthough their statistical procedure is suspect, thelr data raise again the question of com-

pensatory nechanisn thresholds.

Horvath et a1.113 utilized a visual vigilance test and were the only group of earìier

investigators to oeasure coHb. They also required two responses' one for the non-signal
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stimuìi as welì as the usual response to the signaìs. Their subjects were pre-exposed for 1

hour to 0,29, and 126 nglm3 (0, 25, and 110 ppm) C0 and then continued the C0 exposure durìng

a l-hour vigiìance task. The COHb ìevels at the beginning of the vigiì were 0.9, 1.6, and 2.2

percent, respectiveìy, and at the end of the vigiì were 0.9,2.3, and 6.5 percent. They noted

no initial effects of C0, but by the end of the vigil the group exposed to L26 mglm3 (ttO ppm)

showed a statistica'lly signìficant decre¡¡ent in performance. Recently Uinneke et aì.234

attempted unsuccessfuìly to replicate the Horvath et aì.113 study. Apparently, horúever,

Winneke et a1.234 provided less sensory deprivation in their study, and this nay have raised
the arousal leveì of their subjects, keeping then ßore aìert. Horvath's g"oup43 a'lso

attempted to repìicate the earlier study by Horvath et a1.113 They used a less isoìated
(clear plastic) chamber than in the earlier study and failed to observe a statisticaìly signi-
ficant decrement due to C0, but their COHb levels were also narginalìy lower.

Benignus et a1.27 employed a visual numeric nronitoring task with subjects exposed to 0,

115, and 229 ng/n3 (0, 100, and 200 ppm) C0 (0, 4.6, and 12.6 percent COHb). None of the C0

exposure ìevels produced any effect on vigilance performance. The task used by Benignus

et aÌ.27 r", a fairìy compìex task with high probabi'lities of signals. Thus the subjects

might have been nore aroused than they wouìd have been on a sinple vigilance task.
Putz et et.183 used an auditory and visual nonitoring task and exposed subjects to 6, 40,

or 80 nglm3 (5, 35, or 70 ppr¡) C0 (1, 3, or 5 percent C0Hb) for 4 hours. Their results showed

no C0-related decrenents, although they did report electrophysiologicaì effects (to be dis-
cussed ìater). Their signal rates were fairly high, and' the performance- periods weÉe short.

Thus, their subjects might also have been too aroused to show behavioraì vigiìance decrements.

Krotova anO Uuzyta238 studied individuals working for about 2 years in an environment

containing C0. They had approxinateìy 4 percent C0Hb after work. Onìy J.l of the 56 workers

reported a loss of vigílance.
Sensory and Time Discriminations

The first dernonstrable infìuences of C0 on CllS functions were noted by l,lcFarland et
a1.153 ín conjunction.with their studies on the. effects of altitude and C0 on visual

thresholds. They observed decrenents in visual sensilivity at C0Hb ìevels as ìow as 5

percent. Extrapolation of their dose-response curve imp'lies that impairnent would occur at
even lover ìevels. Haìperin et aì.104 

""po"t"d 
that visual function was impaired at COHb

leveìs as lov as 4 percent and that greeter inpairment occurred at higher C0Hb levels. They

further noted that recovery from the detrinrental effects on visual function lagged behind the

elimination of C0. l.lcFarlandl54 and l{cFarland et 
"t.155 

yere unable to denonstrate statìsti-
caìly significant effects in dark adaptation and glare recovery at C0Hb levels of 6 to 17

percent. Ramseyl86-187 was unable to denonstrate any C0-induced effect on visuaì brightness

discrinination or depth perception.

Seppanen et aÌ.205 evaluated the effect of increasing C0Hb on visual perception and

psychomotor performance in smokers and non-smokers. Subjects breathed 1100 ppn carbon
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nonoxide intennittently to eventualìy reach COHb leveìs of up to 18 percent. Interspersed

between the inhalations. of C0 were periods durìng which the subjects were breathing air and

tests were perfor-ned. No effects on perceptual speed and accuracy were observed. Visual

perception as measured by criticat ftÍcker fusion frequency was decreased linearly with in-

creasing CQHþ. This study was unusuaì in the nethods used to increase COHb, i.e., the ad¡nini-

stratìon of high C0 ìevels for short duration. The significant findings are therefore diffi-
cult to compare to other studies.

A perceptual test and a standard cortical function test, criticaì flicker fusion lteglgngY-
(CFFF) apparent'ly is not influenced even by COHb levels of 10 to 12.7 percent.95'186'187'230'233

Guest et a1.95 also used an auditory analogue of CFFF, the auditory flutter fusion threshold.

This threshold was not affected by C0Hb levels of 10 percent. Grandstaff et aI.90 h"u. recentìy

reviewed these studies.
Studies by Beard and llertheim2z suggerted an alteration in CNS function because the ability

to discrjminate sìight tenrporaì differences in successive short tones rúes impaired in subjects

having estimated COllb levels of. 2 to 3 percent. These data imply an orderly dose-response

function wìth increasing d.ecrements in performance as C0 levels increase. Aìthough these data

represent the lowest levels of C0Hb to produce a signifi.cant alteration in behavioral perfor-

mance, questions have been raised as to the validity of the observations. Attenpts to

replicate these particuìar findíngs have been less than satisfactoryLTl'L72'213'210 .u"n
'though the'subjects of all of these other studles attained higher C0Hb ìevels. Some of the

failures to replicate nay be explained on the basis of differing protocoìs and the environ-

mental condÍtions under which the tests were conducted. Some investigators designed their
experinents to minimize boredon and fatigue whÍle others, conversely, attempted to ninimize

external influences and conducted their experinents for a reìatively long time. 0tto et 
"1.,177

however, nade strong efforts to replìcate the study accurately and presented a strong rationaìe

indicating that ti¡ne discrinination is probabìy not affected at low C0Hb leveìs.

Conpìex Sensorimotor Tasks and Driving

A nunber of investigators have used broad sensory or motor screening batteries in an effort
to discover what types of behavior night be affected by low-level C0 exposure.' Fron the stand-

point of experimental and statistical design, such studies are not always easy to interpret.

l,lhen many dependent variables are masured, the chance is increased that one or nore of them

wilì be erroneously declârad st¡tisticatìy significant. In'order to account for this ìn-

creased probabiìity of an inferential error, more exotic statisticaì procedures must be used.

Such procedures usually involve ¡ultÍvarìate techniques or at least conservative cotrections.

Usualìy, an increased nuúer of dependent variabìes reguires a concomitantly increased nunber

of subjects. In none of the cases of behavìoral screening batteries reported below did

researchers take appropriate account of this problem. Therefore, conservatjve corrections

have been applied to the findings discussed below.
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Sayers et aì.201 found no significant changes, despite COHb levels of approxinateìy 20 to

30 percent, ìn hand-eye coordination and steadiness, tapping speed, arithmetic performance

(continuous addition), location nemory, and simpìe reaction time tests. Bender et a1.25'26

found a decrement in ìearning of meaningìess syìlables and in hand-eye coordination when the

C0Hb levels of his subjects were about 7 percent. Other tests by these investigalors failed to
shoy decrenents in performance at the sane levels of COHb. Schulte202 exposed firemen to

1L5 mg,1m3 (100 ppm) C0 for variabìe time periods and reported ìarge changes in performance of

a series of compìex tasks. In a test where subjects were required to underline all pìuraì

nouns in prose passages, decreased perfonnance was noted when C0Hb was approxinately B

percent. The mean ti¡ne to complete an arithnetic test significantly ìncreased at similar or

sìightìy lower COHb levels. Schulte nray have underestinated the COHb levels, since his

subjects, mostly smokers, had initial measured values cìose to zero. 0'Donnell et a1.171

studied the abiìity of four subjects to perfon¡r arithmetic probierns without penciì and paper.

Their subjects required a longer time to complete the answers (98.64 versus 89.76 seconds when

CoHb leveìs were 12.7 and 5.9 percent, respectiveìy). llcFarlandl54'155 t"rt"d subjects' per-

formance of compìex psychomotor tasks invoìving reaction times to central and peripheral

stimuli and showed sone minimal effects of C0 (11 and 17 percent C0Hb) on attention to perì-

pheraì stimuli. Saìvatorel9g reported increased reaction times to peripheral stimuti at COHb

ìevels of 4 to I percent. Putz et aì.183 reported decrenents in hand-eye coordination,

response ti¡nes during a compìex nonitoring task, and tracking accuracy in subjects exposed tcr

35 and 70 ppm C0 (3 and 5 percent COHb).

Johnson et aì.L22'123 studied enployees who yorked at a U.S.-Ilexico Þorder crossing and

toll col'lectors aìong a tol'l highway. They believed that more valuable information wouid be

obtained fron these workers than fro¡r the usua'l studies on university students. Toll co'llec-

tors had C0Hb levels ranging fronr 1.5 to 11.7 percent, with a mean value of 3.9 percent' The

subjects exhibited slowed eye-hand coordination in tasks requiring fine notor control and

disruption of performance on trúo concurrent tasks.
The potent'ial inf'luence on vehicle operators of ambient C0 leveìs, as weìì as the addi-

tional increnrents in þìood COHb levels, has received minimaì attention. Suggestive but not

conclusive evidence has been reported indicat'ing that drivers in fatal accidents have hìgher

ìeveìs of Con¡.236 In the early studies of Forbes et aÌ.,74 fiu" subjects were exposed to

sufficient C0 to raise C0Hb ìevels as high as 30 percent; and thejr reaction times, coordina-

tÍon, and perceptual skiìl were deter¡ined within the context of a driving ski'lì test. The

subjects showed no effects on skill. hJright et aì.235 used a driving simu'lator with both

smckers and non-smokers as subjects_ (fina] C0Hb leveìs were 5.6 and 7.0 percent, respec-

tiveìy). They suggested that a 3.4 percent increase in COHb was suffjcient to jnterfere wjth

safe driving. þlcFarland et aì.154'155 studied subjects êctualìy driving instrumented auto-

,r¡cbites under highway conditions whiìe exposed to C0 concentrations producing 17 percent COHb.

They concTuded that such COHb levels do not seriousìy affect driving, but they did show

11-6



statisticaì'ly significant increases in roaóray viewing time, though no differences occurred in
steering wheel corrections. Preli¡rinary data fron Rockweìì and others,19l'193'194'231 in
studies in which subjects drove instrumented automobiles whiìe exposed to C0 leveìs producing

0, 6, and 13 percent COHb, imply that at COHb levels of 6 and 13 percent subjects showed

increased variations in automobile speed, decreased abiìity to maintain fixed folìowing
distances, and decreased steering notions. Rurnmo and Sarlanis197 reported that during a

2-hour driving-simulator vigilance task subjects with 6 to 8 percent COHb were significantly
sìower in responding to changes in speed by a lead car.
Central Nervous Systen E'lectrical Activity

Dinnans9 anaìyzed evoked photic responses in subjects yith 22 and 37 percent COHb and

found no changes in latency or voltage folìowing photic stimulation. Hoskol12 reported

changes in C0-induced visual evoked response! but on'ly at C0Hb levels of about 20 percent.

Putz et aì.183 reported an increase in the arnplitude of auditory evoked potentials for C0

levels of 40 and aO mgln3 (35 and 70 ppm) C0 (3 and 5 percent C0Hb). Groll-Knapp92 r"asur"d
slov-wave brain potentials (the so-called contingent negative variation, or CNV) and noted a

djminution in thE voltage reached by the CNV and the extent of the drop seen after response

sti¡nuìus gìven consequent to C0 exposure of L72mglm3 (lso ppm). 0tto et 
"1.,176 

in a pre-

lininary report of evoked slou potentials during vigilance perforilance at 1.15 and 229 mglm3

(100 and 200 ppm) C0 (4.6 and 12 percent COHb), showed that CNV ampìitude decreased as

reported by Grolì-Knappgz and shored it"t 
" 

positive potential with a ìatency of about 100

msec increased in anpìitude with C0.

Ikuta118 evaluated 87 male adults who had suffered from C0 poisoning at an accidental
explosíon in a coaì mine. 0lder índividuaìs showed the greatest degree of impairnent in
sornatosensory evoked responses.

Concìusions and Discussion of J{ervous System and Behavior in Humans

Table 11-l shons a sunnary of research results about the effects of C0 on behavior and

the central nervous systeil.
Experimental aninaì data point toyard disturbed sleep patterns, which have also been

reported in people at levels of 115 mg/m3 (1OO ppn) C0. General activity leveìs in humans

have not been specificaìly studied.
Effects of C0 on vÍgilance are in considerable dispute; but some evidence suggests that,

if relevant variables are controlled, there is a decrement in vigilance due to C0 at a

threshold level of about 4 to 6 percent COHb. Hu¡nan and aninal studies point toward such

factors as arousal, environnental tenrperature and hunidity, C0 dose rate, task variables, and

subject cerebrovascular health as ínportant and usuaìly uncontro'lled variables. Research will
be reguired to clear up this confusion.

Apparently, visuaì systen inpainnent at low illumlnation levels or at quickly-changing

illumination is affected by C0 exposure at leveìs approaching zero in a dose-related manner,
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Reference

!pgi"rll

Grol l-[qapp
et al. -'

Haider *t, at.1o2

Fodor and

* l{inneke/r
i
'3["ll-uz"oo

Beard and -^
Grandstaff¿r

Horvath et aì.113

No. of
subJects

ÏABLE 11-1. SUI.II'IARY OF O'ITA OI{ EFFECTS OF CO ON HIJ}IAN SEIIAVIOR AND CNS

4 thrtoTSand
150 ppm durlng
sleep

Exposurea

7 hr to 100 ppm
(2nd experiment)

2'7 hr
(50-150 ppm)

5 hr (50 pp'n)

2hr
(50-100 ppm)

90 min
(50, 175 & 250 ppm)

l' 2 1/2 hr
(26 and 1ll ppn)

5 hr (50
and 100 PPll)

5.9N Sleep
t2.7N

l{i nneke233

Dependent variable

10

3x-1?g

2-5X

3-7. òX

1.8-7.5X

2.3 and 6.6X

Sìeep stages

EEG ln sleeplng

Vlgi lance

Auditony vlgilance

Visual vigilance

Vlsual vigllance

Resul ts

No changes large enough
to be significant but
trends toward deeper
sìeep with C0.

Altered proportlon of
sleep stages.

REll and stage 2 sleep
depressed but greater
anount of deep sleep.

Vlgilance at first
decreased, then increased.

Decreased viglìance
perfomance.

Significant reduction
ln vlglìance.

Signal ldentifica-
tion performance
deteriorated and mono-
tony effect was
potenti ated

No impairnent of perfor-
mance due to C0 exposure
could be de¡ronstrated, while
CNS depressÍon was shown after
exposure to methylene chloride
for only 3-4 hours at concen-
trations as low as 300 PPm.

5.1 and 10f
respectively

Comment

Vigilance, vlsual
CFFF, and psycho-
nrotor tasks com-
paring effects of
C0 and methylene
chl ori de



llo. of
Reference subjects

8ills?u' "no

Putz et al.183

llcFarland et aì.153

HalperinlofF

I
r.!l

Exposurea

3 l/3 hr 4.61-12.68
(1OO + 200 ppn)

4 hr (5-70 ppm) r-5X

4 hr 0-fUU
(concentratíons high
enough to achieve
stated COHb levels)

3-4 hr (at concen- 3'6.8
trations high enough
to achieve C0Hb levels
stated)

Exposure time 6'l7X
sufficient to
achieve stated blood
concentratlons (700 ppm)

45 nÍn (300 ppm) il.28-15.66Í

3.5 hr (150 ppm) 9-1ÜÚ

HcFarìandl54 and

!;':i'rrg

Ru,nr"yl86 20

TABTE 11-f (continued)

ueber et 
"1.230

Dependent variable

Vigi I ance
performance
(numerlc monitorlng
task)

Audltory and visual
monltoring

Visual sensitlvity

Resul ts

l{o effect on
vigilance
performance.

llo effects.

Low COHb levels
were found to
reduce visual
sensi ti vl ty.

Reduced sensitivity
Recovery from effects
of C0 ìags behlnd
elinination of C0
fro¡¡ the blood.

No statisticallY signi-
ficant effects were
demonstrated.

No significant
effects de¡¡on-
strated.

Exposure did not
affect CFFF
either in mono-
tonous or actívat-
ing situation.

Vlsuaì sensitlvlty
to differences in
light intensity

Dark adaptation
and glare recovery

Brightness dfscrimi-
natlon depth percep-
tion and CFF

Critical fìicker
fusÍon frequency

Conment



l.frrance

lilÌ."

ulnn"kr233

3ubJGCt3

H

I

o

65 rln
(conc.ntr.tloß hl¡ù
rnough to .chlrYc
¡tatcd blood hvól)

5 hn (50 ¡nd
100 ppr)

2 tl2 lt¡
(50-t50 ppr)

t hr (75 ¡¡¡d
l$ pp.)

f-7 hr
(25-r00 PPr)

thr
(0. ,5 .nd f50 PPr)

3.5 hr (11X, PPr)

!.o¡i"tll,uz

l!lf'hr,no

3l'l'.''
Ecndcr rt ¡1.26

l8

t8

fâ8[C ll-l (contlnued)

t6

It

5.1 ,¡nd lül
tc!prctlvaly

[3th¡tcd
2-í

Ardltory flutt.r
fuilon thr.¡hold
¡nd cnltlcrl fllckcr
túilon frr$Éncy
vlth ph.noö.tùltom

ctF

0l¡crlrln¡tle¡ of
¡hort lntcrvrll of
th.

l3

a2

5.9t ¡nd Tlr. dlscrl¡ln¡tton tlo .ft'ct3'
t:a.11

Tl¡c dl¡crlrlnltlon llo .ffcctr'

.16. !.8 rnd llrc dl3crl¡l¡rtlon llo rffcct¡'
7.ú

t.8'e,8 L¡vcl of ¡ctlv¡- Llvcl of lctlv¡tlon rnd
iion. vlrual pcr- IST shouc¡l m dlfflrrnce'
caDtion. p¡ychorotor Perforrlnc¡ dcctlnad ln
Pc'.fot¡ánt¡, vlsuel PcrccPtlon'
ii.rnt,u ¡ná rctcn- lcrrnlng end renory-and
iiõn, litheucr'¡ ln psycñonotor t?stlng'
t.S.l', subr.Gtlu.
condltlon

llo rlgmlflcent
rffectt demßtr.tcd.

llo fulPrlmant could
br detcctcd duc to
C0 rxposurc.

Pcrfonencc dct.rlo'
rrtcd lncrcerlnglY
rlth p?ogr.tslvely
hl ghar concantr¡tlon3.

llot pr.clr.
rcpllc¡tlons of
B.rrd lnd l.rth.l..
llot precl¡a
r¿pllc¡tlons of
B?ðrd tnd l{orthch.



Reference

!io3i"rll
Bender et at.25 42

llo. of
subJects

llcFarlandl54 g

31d"f'ß5t"na

Salvatorel99 o

Putz et "t.183 
(not
gi ven)

j;nli"tr' 6

I

Exposurea

t hr (75 and
150 ppn)

2 U2-8 hr
(100 ppn)

TABTC ll-l (continued)

c0Hb

Untit C0Hb level
achleved (700 ppn)

5.91 and
t2.7N

7.?Í-tt.6r

20 ¡nin
(800 ppm)

Dependent varlable

(not given)

I hr (22.8 ppm)
IUA

ilental arithnetlc

Visual penception
abllity to learn,
manual dexterlty

Coniplex psychomotor
tasks

Visual function
perfonnance

Hand-eye coordina-
tion, complex monl-
toring, tracking

Eye-hand coordina-
tlon, time estima-
tlon, visual percep-
tion, complex
arithmetic, choice
reaction tÍme, CFF,
task time sharing

6-t7N

4-sx

Resul ts

l{o effects.

Vlsual perceptlon
nas not affected,
manual dexterlty
was dimlnished, learning
perfornance deteri orated.

0nly'rninimal¡l
effects.

Detection tine was
signif icantly increased.
No other effects were
noted.

Decrements in all
measures.

Eye-hand coordination
was impaired. Perfonn-
ðnce on two concurrent
tasks was disrupted.

(not given)

1.5-ll.7N

Comment



No. of
Reference subJects

i3n:i"r*
t0

Forbes et al.74

H
H
I

Hl\t

Exposurea

I hr (0-41 ppn)

l{rlght et at.235

FlcFarl and154

:y,T'ftBr'nd

fifil*flif,ror

*:ilt$å' '"0

IASLE ll-f (continued)

I hr (90 ppm) 22.4-47.8

1.66-2.59

Dependent variable

Duration of
exposure sufficlent
to ralse COHb levels
by 3.4Í (20,000 ppnr)

Sufficient exposure
(at 700 ppm) to
produce C0Hb

4-6 hr'
(950 or 1900 ppm
glven every 35
¡ninutes in quanti-
tles sufflcient to
maintaln COHb levels
of l0 or 20Í res-
pectlvely

llental arlthmetÍc,
audlo diglt moni-
torlng, hearlng
aculty, dlvlded
attentlon, cholce
reaction tlme, CFFF;
eye-hand coordlna-
tlon, subJectlve
feel I ngs

Reaction tlme,
depth perceptlon,
visual perception,
motor perfornance
ln drlving

Sinulated drlving
performance

Driving performance

Drivlng tasks

Resul ts

t.24-6.g-tr

Hearing aculty and
CFF were decreased.
Choice reactÍon tlne
was increased. l{o
dlfference was noted
due to C0 ln nental
arlthmetlc, dlvlded
attentlon, dlglt
monitorlng and
subjectlve feelings.

No inpalrment of Poor control data.
functlon up to
3dt colrb.

6-t7X

l0 and 20it

Conment

InpaÍment of Poor analysls
varying degrees. of results.

No effects.

Increased response Only prelimlnary
time to distance analyses.
and velocity,
decreases in time
estimation, decrease
ln driving precision.



ilo. of
Reference subjects

llei r and^^.
Rockwel l¿rr

Rumno an{o,
Sal arni s"'

HoskollT

6'12 90 and 120 r¡in 7-2ú
(for (100 and and 490 ppm

varlous respectively)
tests)

Exposurea

1..
H
I

P

T

7 20 nln (800 ppn)

TABtt l1-1 (contlnued)

utz et 
"1.183

lr:l-uz*o

12 0.5-24 hr
(l-1000 ppn)

30 (not given)

20 2 hr (50, 100
and 150 ppm)

c0Hb

otto et 
"1.176

I kutall S

Dependent variable

llean veloclty and
velocity viirlance,
gas and brake pedal
actuatlons, steer-
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but these data are old and should be replicated. 0ther sensory systems could also be affecteci

but have not been extensiveìy studied. Time discrinination does not seen to be affected by

ìow C0 ìeveìs.
Complex tasks involving heavy demands upon the subject's attention or fine discrimination

are usually not affected by C0, especially if the duration of the task perfonnance is short;

however, the data by Putz et a1.183 
"pp""" 

to show such effects. Vigiìance and sensory func-

tions, which are certainìy components of more complex tasks such as driving, appear to be

affected; thus one wouìd expect'an effect on the overall task. It is probable that research

in both experimental aninals and nan has not shmn reliable effects because: (1) the tasks

have functionalty overlapping conponents, so that a great impairment is reguired before decre-

ments are noticed; (2) performance neasures of end-result behavior are sometines gross and

insensjtive; and,/or (3) the tasks' components stimulate the subject with their variety and

thereby keep alertness high. llore sophisticated studies are required.

Quantification of electrical activity of the CNS as affected by C0 has just begun. Uhile

aìterations have been denonstrated in both experimental animals and nan, interpretation of

these results still rests on their correlation with behavioral data because of the ìack of

generaì theoretical data about CÎ{S e'lectrica'l activÍty.
CARDIOVASCULAR SYSTEiIS

Experimental ani¡¡al studies have suggested that one of the principle effects of C0 occurs

jn the cardiovascular system. This section reviews cardiovascular data fron studies of both

healthy and irnpaired human subjects exposed to C0.

Cardiovascuìar Danage and EKG Abnornalities
Corya et al.il presented the first evidence for ìeft ventricular abnonnaìity in five

cases of non-fatal C0 poisoning (20 percent CûHb). Abnonnaì ìeft ventricular walì rrotion was

shown by echocardiograph in three of five cases. A simiìar number showed njtral valve pro-

I apse.

Zenkeuic23T conducted clinical and physiologicaì hemodynamic studies on two groups of

subjects: individuaìs in constant contact with C0 and individuals having no evidence of

chronic C0 intoxication.- He noted considerabìe cardiovascuìar abnormaìities in the C0-exposed

group. A study of cast-iron workers by Ejan-Bardye"62 aìso suggested a 'larger frequency of

cardiovascular as ¡æìl as CNS disturbances, that was related to the increased blood COHb con-

tent of these workers.

Henp processing in Japanese vilìages is conducted in snall rooms heated by charcoaì.

Ambient C0 concentrations average about 80 ngl¡,3 (ZO ppn) and reach peak 'levels of about
I

344 mglmr (300 ppm). The incidence of nryocardosis has been found to be excessiveìy high.

Ðeaths fronr cardiac failure in these vi'lìages have been noted to be 6.8 times greater than the

anticìpated nun¡bers for the Japanese population.l32
Onìy one study has been reported on patients having peripheral

nen with angiographically documented occìusive arterial disease were

vascular disease.S Ten

exercised on a bicYcle
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ergometer until teg pain occurred. These patients then breathed filtered air 0 or 57 mg/m3

(0 or 50 ppm) C0 for a 2-hour period. Exercise after this tine showed that COHb leveìs of

about 2.8 percent significantìy decreased the time to onset of pain corpared to controls.

Alexieva and Sin¡itroval studied a large group of workers exposed to an ambient C0 level of

57 mg/n3 (50 ppm) and reported changes in peripheral vessels that suggested impaired

vascular tone.

Bogusz et a¡.29 related pathological eìectrocardiograms, increases in^blood ìactate

levels, and aspartôte aninotransferase activity to ìevels of COHb. GorskiS utilized the

baltistocardiograph to dsmnstrate hypoxenia of the nyocardium in sinilar cases. Goldsmith

and RronowS3 h"r" reviewed the available eyidence relating C0 exposure to the rate of develop-

nent of arteriosc'lerotic heart disease (ASHD).

Blood Flow and Related Variables

The heart has a specialized circulatory system in which the primary resPonse to increased

metabolic demands can only be secured by an increased cardiac blood flow. Even under

no-stress condìtions (rest), there Ís an alnost conplete extraction, roughly 75 to 80 percent,

of the available 0, sçpìy fr¡¡ the blood. The capaclty of increased flow rate to compensate

for the small benefit obtalnable from nore conplete 0, extractìon has been shown to be on the

order of several hundred Percent.
The studies of Ayres et al.Ú'19 on the heiaodynanic and respiratory responses of man were

nrade during diagnostic cardiac catheterizations. Subjects were given a fixed ámount of C0'

either ff+l nrgZm3 (1000 ppm) for I to 15 minutes or 5725 mg/m3 (5000 ppm) for 30 to 45

seconds. These procedures induced COHb levels of 6 to 12 percent. Two groups of patients,

those with and those wÍthout coronary heart disease (CHD), were studied. l{ormal individuals

responded to the presence of elevated COHb by increasing their cardiac outPut and ninute

ventilation, but with a decrease in arterial oxygen partial pressure (Pgz). Increased extrac-

tion of 0, from arterial blood oceurred, as evidenced by the increased extraction rates. llixed

venous PO-z Oecreased fron 39 to 31 torr, probably as a result of the left shift of the 0t

dissociation curve; arterial Pgz also decreased. These changes were similar at both ìevels of

CgHb. In contrast to nolual subjects, patients with coronary heart disease (CHD) did not show

an increase in cardiac output. Coronary blood flow (CBF) increased signifícantly in all
patients given 5725 pgln3 (5000 pp¡) CO for 30 to 95 seconds (C0Hb about 9 percent), but it
only ìncreased in the CH! patients when they breathed 1145 mglm3 (1000 ppm) C0 for 8 to 15

ninutes (CgHb about 12 percent). It should be noted that most of these individuals had reìa-

tiveìy high initiat C0Hb concentrations. The ryocardial arteriovenous 0, difference decreased

in both situatíons, vi_th the greatest percent decrease occurring at the lowest CoHb concentra-

tion. In aìl but two of those patíents, coronary sinus Pgz decreased, suggesting that the

increase in CBF was insufficient to corryensete for the decreased 0t deìivery caused by the

presence of CQH¡. Further evidence of anaerobic nyocardial metabolism vras suggested by the

decreased lactate extraction, with four patients showíng 'lactate production by the myocardium
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and no lactate extraction. Ayres reported similar changes in concurrent studies conducted on

dogs.18'13 These observations on nan suggest that C0 inhaìation would have a significant
effect on arteriaì Pga in patients with lung disease as welì as certain cardiovascular dis-
orders.

The potentiaì toxìcity of C0 present in transfused blood has received ìittle attention.
Kandall et al.129 n""ru"ed C0Hb concentrations in donor blood and in relative'ly healthy
infants receiving exchange blood transfusions. The ¡nean pre-transfusion COHb in six cases was

1.34 percent. Donor blood contained 5.17 percent C0Hb, resuìting in a rrean value of 4.92

Percent COHb in the transfused infant. In one infant transfused with bìood containing 8.87
percent COHb, the resultant COHb value was 7.43 percent. Although it was stated that the

infants did not appear to be adversely affected by the C0Hb levels reached during exchange

transfusion, it should be noted that although measures were gross, adverse effects at these

ìevels of COHb have been observed (see Table 11-9). Furthermore, in individuaìs whose 0,
transport systenr or cardiovascular reserve is a'lready conpromised, the presence of additiona'l
C0Hb from transfused blood nay result in a further and ¡nore potentialìy dangerous decrement

in arterial, nixed venous' and coronary sinus 0, tensions. It should be noted that some

bìood sampìes collected from donors ha<t COHb values that exceeded 18 percent.

An addftional hazard to patients, especiaìly those undergoing cardiovescular surgery, nay

develop during anesthesia. l,liddleton et aì.159 h"r" reported markedly e'levated expired C0

Ievels in patients undergoing cardiac þ)ryass surgery. This increment could be related in part
to the C0 present in transfused blood and,/or to the cìosed-circuit nrethod of anesthesia, whìch

þrecìudes the ìoss of endogenously produced C0.

Angi na

Two groups of Ínvestigators2'5'7 reported studies on patients with angina pectoris.
Aronow et al.6 studïed the influence of riding in an open car on a oajor Los Angeìes freeway.

Tno trips of 90 minutes' duration were nade: on one the patients breathed compressed C0-free
air, and on the other the anbient C0 concentration averaged 61 mg/m3 (5S ppm). Carboxyheno-

globin ìevels after the C0-free ride averaged 0.55 percent, in contrast to the 5.08 percent

observed after the ambient exposure in the open car. Exercise time on a bicycìe ergometer to
the onset of angina vas determined prior to and after completion of the above exposures.

Aìthough no changes in time of exercise to onset of anginal pain were noted after the subjects

breathed compraessed air, a significant reduction fron a nean tine of 249 to 174 seconds rúas

found when C0Hb vas elevated. Ischemic ST-segment depression of at least I n¡n after exercise-
induced angina pectoris occurred earlier, after less exercise.

Anderson et al.2 conducted a study in which patients with stable angina walked on a

treadmílì. They then breathed, while at rest, air containing 57 or 114 mglnr3 (SO or 100 ppm)

internittently over a period of 4-hours, raising their COHb levels to 2.9 and 4,5 percent,

respectively. The repeät exercise tests cìearly demonstrated a reduction in walking time to
onset of angina. No differences in time of angina onset were observed at the two induced COHb

11-16



leveìs, although the duration of pain was longer at the higher coHb ìeveìs' Five of the 10

patients had deePer ST-segnent depression after C0 exposure' Qther measures of cardiac

function (systoìic tine inter-vals, left ventricular ejection time, pre-ejection period index'

and pre-ejection peak to ejection time ratio) re¡rained within normaì limits'

Another study, by Aronow and trsbell,T ras somewhat simi'lar to the work performed by

Anderson et al.Z A"ono, and Isbeì17 exposed patients (non-snokers at the tine of the test) to

57 mg/n3 (50 ppn) CO, resulting in a CgHb concentration of 2.68 percent. This study was

conducted as a double-blind rando¡¡-trial experinent in which subjects breathed C0 on two days

and compressed co-free air on two other days. At] patients had their angina pectoris docu-

mented by history and coronary angiography. A 16 percent reduction in exercise time (bicyc'le)

resu'lted following the c0 exposures. Ischenic sT-segnent depression after exefcise-induced

angina occurred earlier after less exercise and at a lower Product of systoìic blood pressure

times heart rate at the onset of angìna after the patients breathed C0. Plotting of the data

suggests that there was a linear relationship between C0Hb tevels and the decrease in time to

angina. Table 11-2 sunnarizes the above data'

TABLEll-2.ExERcIsE-INDUCEDAilGINAANDCARB0NI.0N0XIDE
(Each Study had L0 Subiects)

Investigator
Anbient.C0

(mg/¡r")
Angi na

resPons€
Carboxyhemogl obi n

percent

Aronow et al.6

Aronow and IsbellT

Anderson et al.2

Initial Final

l.12 5.08

1.07 2.68

1.40 2.90

61*

57i*

57***

EarlÍer onset

Earlier onset

Earlier onset

* FreewaY triP** Contin-t¡ous exposure for 2 hours in ìaboratory
r** Intemittent exposurc for 4 hours in ìaboratory

Aronotu has recently reported that patients with exercise-induced angina had a lower

tolerance to exercise yhen CoHb levels were 1.77 and2.28 percent. These two bìood levels of

CgHb rvere found in patients as they sat in ventilated or unventiìated rooms with other indivi-

duals who were smoking cigar"ettes. It is possible that in addition to carbon nonoxide and

nicotine, other components of tobacco snoke, incìuding oxides of nitrogen and hydrogen

cyanide, and possibìy psychologicat factors nay have contributed to the decrease in exercise

performance.

Epidemiological Evidence

Epidemiologic studies4T'81'110 in the Los

increased mortalÍty fron nryocardial infarction
Angeles area have suggested the possibiìity of

associated with high atmospheric levels of C0'
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There has been some difference of opinion about interpretation of these data. A study sinilar
ìn design has been cornpìeted in Baltimore.138 The Baltinore data ind.icate no apparent reìa-
:icn between eit,her the incidence of myocardial infarction or sudden death due to ASH0 and the
average 24-hour anrbient C0 concentrations. Neither group of investigators hras able to detect
¿n-v relation between postnortem C0Hb ìevels and causes of sudden death. The Balt.imore sluciy
was superior in that the diagnoses of disease state ¡,ere more precise ancj the population base
r¡tcre clearìy defined than in the other studies. The ambient levels of C0 in Ealt.imore
appeared to be considerably'lower than those reported for Los Angeìes County.110 Durinq ¿

92-day period of seasonally excessive ambient C0, Kurt et a1.139 identiried cardiorespiratory
complaints (CRC) of a non-traumatic origin from a total of 8556 patient encounters at the
Ërnergency Room of Coìorado General Hospital. Excessive nunbers of CRC were seen above a

threshold limit of 5 mglm3 (5 ppm) for the Z4-hour nean and for the 13 mglm3 (11 ppm) l-hour
mean maximun a¡¡rbient C0 ìevel. Whether this incidence is partial'ly reìated to the h.igh aìti-
tude at which these observations were made needs further investigation.

RadfordlS4 evaluated patients ad¡ritted to the myocardial infarction research unit at
Johns Hopkins Hospital. brhile their diagnoses were consistent with both an acute and chronic
effect on the nyocardiun of long term exposure to C0, the effects observed cou'ld not be

cìear]y related to that factor. Therefore, the possibiìity of an association between C0

levels in ambient air and incidence of nyocardial infarction or sudden deaths remains in ques-
tion. It is apparent that more con¡prehensive and extensive epidemioìog'ical studies need to be

ccnducted in order to cìar.ify this issue.
Conc l usions and Discussion

Table 11-3 summarizes the data on cardiovascular effects of C0 exposure. bJhìle the data
are eixtremeìy ìinrited because of the lack of research on hu¡nan exposures, it is poss.ibìe that
card'iac damage nay resuìt from chronic exposure to C0 at levels as low as 80 mglm3 (70 ppm).

Since more extensive data from aninal studies show that such damage is systematicalÌy observed
ìn chronic exposures, the resuìts of hur¡an studies are not unexpected. The precise threshojd
ieveì for cardiac demage in humans has not been reliably deternined, however, inasmuch as onìy
one study reports a level as ìow as B0 mglm3 (70 ppm).

Certainly the aìterations in blood flow observed in man match with those observed in
exoerimental animals. Human cardiac pathoìogy data have been reported, however, that
sho* compensatory changes not occurring as readiìy or extensively as Ín animals.

The limited studies on patients having cardiovascular disease suggest that the critical
'level of C0Hb is 2.5 to 3.0 percent. Additional and confinnatory studies are definiteìy
needed to detennine the ìowest concentration of COHb at which no alterations ìn performance
can be detected' The avaiìabìe studies on patients do not give much infonnatìon about the
role of C0 in the development of the disease but do give sone indication of their dose-
FesPonse reìationship. The vaìidity of these data is strongìy reinfcrced by complementary
e¡p¿rimenLôl animal studies that show very simiìar dose-response curveg.

l
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The U.5. National Health Survey Examination reported that 'uhere rere 3,125,0ûC adults,
ages 18 to 79 years, with definite coronary heart disease and another 2,410,000 with suspected

hear+. di.".r..240 l,lany of these indìviduals, as weìl as others in the general populatian, have

COHb ievels equaì to or above 2.5 percent. It would be rash even to suggest that the above-

meñ:ionei studies impiicate C0 as a factor in determining the natural history of heart disea¡e

in a comorunity. The necessary epidemioìogicaì evidence for an association between frequenc..r

of episodes of angina pectoris and connunity ambient C0 ìevels is ìacking; however, it is t.:r-,i

presumpt.uous to state that individuals with cardiac ailments are especially at risr to CC

exposures sufficient to produce 2.5 to 3.0 percent C0Hb.

PUL¡ICNARY FUNCTION AND EXERCISE

l4aximal exercise can increase the 0, uptake of the whole body in excess of 20 or more

times the resting uptake and will stress the 0, transport system naxinaìly. Any ìmpairment of
C^ transport, such as could occur when COHb is present, could limit maximal aerobic capacity

{úOZ,"*). In fact, it has been appreciated for sone time that individuaìs.havìng a large

burden of C0 experience difficuìty in performing work.

I'laxi¡nal lrlork

Roughton and Darlingl96 suggested, on theoretica'l grounds, that lrork capacity wouìd be

reduced to zero when COHb approached 50 percent. Chiodi et a1.41 showed in 1951 that subjec"s

rere unabìe to perform tasks requiring only 'low leveìs of physical exertion when their b'lood

COHb reached 40 to 50 percent. Severaì collapsed whiìe attempting to perio"nr routine'labora-
tory Lêsks. Chihaia et aì.40 have reported that heavy physical work at ìow ambient C0 levels
can induce states of C0 poísoning. GoldsmithS2 reported that conrpetitive swimmers have

inrpaired performance when competitive events are conducted in atnospheres containing 34 mglnr3

(30 pp¡¡) C0 originatÍng from traffic.
Oxygen Uptake and Heart Rate

In studies using submaximal exercise for short durations (5 to 60 minutes) it
appears that 0, uptakes during work are unchanged despite the presence of

coHb.35'39'64'65'79'96'168'180'222'223 The only clear indication of physioìogicaì load

appears to be a s'light increase in heart rate. Chevalier et a1.39 and Klein et.1.,132
studying men working at a light work ìoad for a period of five minutes, reported that while
the 0, uptake was not affected nhen COHb Ievels were approximately 4 percent (est'imateC

values), there was a significant increase in 0, debt nhen this was related to the totaì 0,
uptake. No one has yet replicated these resuìts on 0, debt. Five subjects studied by Pirnay

"t a1.180 performed work for 15 nrinutes at an 0, uptake of 1.5 ìiters per minute. Nc

differences in 0, uptake were found, even though COHb reached 15 percent. In a rather
jnvoived study in which COHb f'luctuated between ! and 17 percent, Klausen et a'1.131 fornd no

differences related to C0 in energy expenditure r*hen subjec+.s exercised for 15 minutes at

50 percent of thei" ú02,"r. Vogeì et a|.,223 vog"l anc Gìeser,Z22 
"nd 

Pirnay 
"t.'1.18û

rei;ort€d consistently higher heart rates for seìected submaximal work'loads, and increased

ventiiatory volune exchange per unit of 0, uptake, y¡ith COHb levels of 15 to 20 percent.
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Gliner et a¡.79 studied tln responses of tm groups of 10 males each (mean age 23.0 and

4g.4 years, respectively), one-half of each group being suokers. A work load of 35 percent

ú0, n"* uas seìect€d (untrained nen can work at this level for approxinateìy I hours with

rinilür,i physiologica'l chançs). The subjects rcrked for 4 hours in an enviroment containing

S7 ngln3 (50 ppn) C0. Final C0Hb' leveìs rere 10.3 and 13.2 percent, respectively, for non-

snokers and snokers. Arbient telperatures were 25oC and 35oC, with a relative humidity of

30 percent. The only signlflcant change uas â hígher heart rate in the C0 environment

irrespective of age of subJects, confirning observations previousìy reported.f;SÛ'222'223

Since cardiac lndex rereined constant within individuals at 5-6 liters/(rin t t2) in uottt

fi'ltered air and 57 ryln3 (50 ppn) or up to 115 ¡g/n3 (100 pp¡¡ CO, stroke output was

decreased. The fult signiflcance of this chanç in long-tern perfornance in C0-polìuted

environnents is not apparent at this tine.
Despite the ride variålitity in experinental conditions (duration and magnìtude of exer-

cise, level of Cfltlb, methods for giving C0 to the subiects) and and the snaìl number and

lirnited age renge of subjects exposed, the results fron all of the above studies were

essentíaìly slnilar.
Aerobic Capacity

In short-tern ¡axi¡eì exer"cise of several ¡inutes' duration, rhere capacity for effort is
dependent nainty on aerobic ¡etabolisn, lt is anticipated that na¡<inal aerobic capacity wouìd

be dlninished approxlnately in proportion to the Ìevel of C0Hb Present in the blood. Such

dininution in Û0, *-- r*ren COHb is betreen 7 and 33 percent has been conclusively observed by

a nmber of lnvestiätors.41,s,64,115'168'180 In th" naJorlty of these studies, exercise

bouts ranged fro¡ 2 to 6 rinutes end C0 was aùinlstercd by the breathing e'ither of reìatively

high concentrations of this gas or of e fixed anount uith additional C0 to maintain the

desired leveìs of CoHb. The snoking habits of subjects Yere not aìways characterized.

Sepparænzü deternined the ptrysical vork capacity of cigarette snokers (20 cigarettes/day)

foìlowing either smking or inh¿lation of C0. A progresslve bicycle test uas conducted after

a subject had brgat|ed roon alr (2.8 percent C0Hb), had sroked (9.1 Percent C0Hb), or had

breathed boluses of 1100 ppn CO (9.1 percent C0Hb). The physÍcal vork capacities at heart

rates of 130, 150, and 170 bcats per rinute decreased after both C0 inhaìation and cigarette

snroking. The grcatest decrease in calculated n¡xinal mrk ras observed after C0 inhalation.

In the abovc-nentioned studies, the ìevels of COHb rere considerably in excess of those

occurring in nales exposed to the outdoor air of certain ætropolltan areas. The initial
studies by Horvath's group6l,tas'190 rerÊ nadc on suÞjàcts breathing 57 ng/n3 (50 ppnr) C0 at

elther of tm ther¡al aúfents, nanely 25oC or 35oC, rlth a relative hueridity of 20 percent.

Investigators used a relking test with progresslvely increaslng grade, requiring some

15 to 24 ninutes to conplete to neasure Û02 ,.r. The tm groups consisted of 20 young

(24+ years) and 16 nirklte-aged (48 + years) subjects, both srokers and non-smokers. The

rniddte-aged subjects de¡onstrated the anticipated decrease in tO, 
"", 

associa'ùed rvith
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advancing age. However, the middìe-aged non-smokers had " Û0A ,", so¡re 27 percent greater

than that of snokers of the sane age. During the duration of the test, COHb leveìs in non-

snokers jncreased from 0.7 to approximately 2.8 percent, whiìe levels in snokers rose from

2,6 lo 3.2 percent to 4.1 to 4.5 percent. Controì observations of these subjects while they

breathed filtered air indicated that COHb decreased in both snokers and non-smokers. The

results from these studies6l'79'189'190 failed to denonstrate any reduction in ü0, ,"*._ Th.

decrenent in ü0, ,", th"t occurred as a consequence of workìng in the hot environment (35oC) was

greater than the changes that occurred from breathing C0.

Other cardiovasculår, respiratory, metaboìic, and tenperature ¡neasurements made concur-

rently with the 0, uptake studies atso failed to show any decrements associated with the C0

exposure. The only significant effect related to C0 was a decrease in absolute exercise time.

This was consistently observed in the non-smoking subjects but not in the smokers. These

observations confirmed those found earìier by Ekbìom and Huot64 who, however, reported a

surprisingìy large decrease (38 percentj in work time at 7 percent COHb. Aronow and Cassidyl0

found a sìight decrease in work time during a naxima'l exercise test using 10 middle-aged

(50.7 years) subjects. Their reported level of 4 percent COHb in subjects who had breathed

1L5 nrglm3 (100 ppm) C0 for t hour is what wouìd be expected with an initjal controì level of

1.67 percent. One of 1.0 subjects developed ischenic ST-segnrent depression after ¡¡aximal

exercise following C0 exposure. ll,o eìectrocardiographic.changes were observed in the subjects

studied by Horvath's group.5l'79'189'190 Nieìsen169 found that subjects exercising under a C0

load developed higher internal bo-dy temperatures. Reductions in skin conductance suggested a

redistribution of the circulatisn to the working muscle and away fron the skin.

Horvath and cøorkers6l'79'189'190 had some concern about the changes in C0Hb ìevels in
thejr smokers and non-snokers as we'll as about the lack of change in ù0, ,", under the ambient

and exercise conditions previousìy erçloyed. They developed a more precise nethod to reguìate

reìatively low 'levels of GOHb (Figurc 11.-1).56 It is of sone importance that they found that
a low a¡nbient ìevel of C0 can b-e quite effective in maintaining a previously produced high

blood COHb concentration. These data sugçsted, that the ambient level of C0 may have little
to do with the absoìute level of COHb present in an indivldual. In one expe"im"nt,115 

"
double-blind nethod uas again used in which subjects bneathed either fiìtered air or air with

C0 that resuìted in stable leveìs of COHb. The data clearly indicated that a threshold level

of C0Hb must be present before significant physiological alterations can be demonstrated.

Statjsticaììy significant decreases in ú0, max *ê"€ noted when C0Hb ìevels exceeded 4.3

percent. Although this was a double-blind, randomized study in which neither the investi-
gators nor the subjects knew the conposition of the air breathed, it was subseguently

deternined that all subjects correctly identified when they had been exposed to the highest

level of anbient C0. In all instances they noted a heaviness of the lower extrenities and

greater difficuìty in the task. Ekb'lom et al.,58 utilizing a similar technique, raised COHb

r.o 15 percent. The reduction in Û'0, max wãs expected. ì,laximum cardiac output was decreased,
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hoviever, due to decreased stroke volume. l4ean myogìobin Fo2 was found by Cìark and Ccburn44

to decrease during exercise "t ù02,"r. Ouring exhaustive exercise Po2 increased, suggestìng

facilitation of 0, offload'ing; but when a C0Hb ìeveì of 5 percent rúas presenl. during exercise,
Fçz decreased. Though the experiment was conducted in Denver (1700 ¡r altitude), subjects
having a burden of 5 percent COHb exhibited a decrement in maximum perÍormance simiìar to Lne:

oÕserved by others in subjects at sea ìeveì.
The data obtained by Horvath's group and others are summarized in Figure 11-2. There is

a 'lìnear dectine in ü0,,", *h"n COHb levels range from 4 to 33 percent COHb. This can trç

expressed as: percent decrease in ÛOr r"* = 0.91. (percent CoHb) + 2.2. It should be no1,ed

tnat this does not apbly to srnokers in Horvath's series, who had C0Hb leve'ls considerabl:¡ ir;

excess of 4 to 5 percent with no decrement in their respective Û0, ,"" values.
ConcJusions and Discussion

Tab'le 11-4 summarizes studies on the effects of C0 exposure on pulmonary functicn ani
exercise. There is some evidence that work capacity is affected at C0 levels as low as 34

tÊ1
mglm' (30 ppn)," but the stu y yielding those results was poorìy controjìed, since anbient C0

leveìs were used rather than systematic exposures.

Oxygen uptake during short exposures and subnraxi¡¡al work are apparentìy not affected even

when C0Hb levels are 15 to 20 percent. However, it shouìd be noted that healthy individuals
were generaììy used in these studies and, frequentìy, too few subjects vrere run for a study to
be definitive.

The most carefuìly executed and extensive studies are those ìnvolving aerobic capacity.
Obviously, C0 can nrodify these physiological responses. The level of bìood C0Hb reiuired to
induce these effects appears to be approximateìy 5 percent. The concentration of C0 in the

blood may be a ¡¡ore sensitive jndicator of effect than the simpìe ambient levels of this
poì I utant.
INTERACTIONS I{ITH OTHER POLLUTANTS AND DRUGS

0ther Air Pollutants
There are many other compounds in polìuted atmospheres that have been demonstrateo to

have deleterious effects on physiological functions. Horvath and his group6l'79'189'190 have

shown that.combinations of 57 mg/n3 (SO ppm) C0 and 1.33 mglm3 (0.21 ppm) peroxyacetylnitrate
(PAN) exerted no greater effect on the work capacity of healthy men (young and middìe-aged,

smokers and non-smokers) than that of C0 alone. However, it appeared that slight'ly greater

concentrations of either conponent could have led to significant differences in response.

Hackney et aì.99'100 found no consistent changes (synergistic or additive) in puìmonary func-

tions in a 2-hour exposure of young maìe subjects to a combination of three pollutants: S0r,
?

03, and C0 (34 mg,/mJ, 30 ppm). It has been reported b-v lrlamatashvil j,151 *,ho exposed hunrån

volunteers to'low concentrations of C0 and 502, that each component produced indepenclen^u

deleterious effects on light and coìor sensitivity. An 8-houi exposure to mean ambien"

co¡,centrations of C0 and ammonia resujted in insignificant physicì<rgìcal and biochemical
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effects on young healthy non-r*k""r.219 An additive effect was observed by Elfinova et aì.66

for a conbination, at lou concentrations, of C0, phenol, and dust.

Gzegocskij9T reported that the presence of C0 and nitrogen oxides in dust-laden air could

reinforce the toxic effect of silicon dioxide and hasten the development of silicosis.
Other Environæntal Paraneters

The organism's response to the presence of C0 rnay well be modified by the presence of

other environmental factors such as anbient tenperature, relative humidity, and barometric

pressure. KorenevskaJalil in¿icated that high arnbient tenperatures reinforce the toxic effect

of C0 and that the p¡esence of C0 lowers the body's resistance to overheating. Þlen working

for 4 hours in an anbient tenperature of 35oC and 20 percent relative humidity and exposed to

a C0 concentration of 57 mglrn3 (50 ppm) failed to show synergistic effects.Sl'79 Horvath's

g"oup190 reported reduced working time with C0 at 250C, but not at 350C. Experimental animal

studies have shoun the inportance of temperatune effects on survival at high C0 exposure

I evel s.

Al cohol

Rockwetl and Weir$ evaluated the interactive effects of C0 and alcohol on highway

driving perfornance in four young, non-smoking college students. Carboxyhemogìobin levels

were 0r'2, I and 12 perccnt, and bìood aìcohol was 0.05 percent. Perceptual narrowing and

decreased eye novenent rere noted under increasing COHb levels' but therÞ u,a6 an alcohol-C0

synergistic interaction onìy in curve negotiation tasks at the 12 percent COHb leveì.

Stewart,, g"oup157 has recently evaluated behavioral functions in relation to the hypo-

thesis that alcohoì ingestion (59 mg percent bìood level) would potentiate any deìeterious C0

effects. Neither the presence of COHb levels of 8.8 percent nor the b'lood alcohol ìevel

produced deleterious perforrances.

Smoki ng

A co¡non source of C0 for the general popuìation comes fron tobacco snoking, with other

prinary sour¡es arìsing fr¡m the environnent. Exposure to smoking prinarily affects the C0Hb

'leveì of the smoker hirnsetf,l28'141'l'98 but in sone circunstances, such as poorly ventilated

spacesr smokers provide a source that nay affect other occupants. In addition to C0, other

products inhaled by the snoker oay produce subtle physiological and biochemical effects on

both the snoker and those individt¡als breathing either the pre-inhaled naterials or the

smokerts exhaled products.198'209 Possible pathological changes due to the interaction of C0

and other constituents of smoke that ray occur in the ìungs and other tissues remain to be

el uci dated.

Those interested in the problens related to smoking tobacco, i.e., carcinogenesis, and

cardiovascular and puìmonary disease, should refer to docunents specifically concerned with

these måtters.70'105'182 Prospective and retrospective epidemiologicaì studies have identi-

fied cigarette smoking ås one of the major factors in the deveìopment of coronary heart

disease (CHD). The risk of developlng CHo for pipe and c'igar smokers is apparently much less
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than it is for cigarette smokers but Dore than for non-snokers. Tobecco srncking may co:rtr^ì-

bute to the developnent ând aggravation of CHD through the action of several independent or

complementar-v nechanisns, one of which is the fornration of significant levels of C0Hb.1&

In the report of their epidemioìogicaì study in Baltimore, Kul'ler et 
"1.138 

have stated

tnat ir there is an association bet*een C0 and heart attacks, the significant expcsures are

prooabìy related to microenvironmental factors and cigarette smoking rather than community air
pollut,ion. They did note, however, that relativeìy few heart attacks occur while an ind'ivi-
cual is srnoking a cigarette. Astrupls has suggested that interrnittent exposure to C0 may be

;'egarded as putting snokers at a much higher rísk than non-smokers for the developmeni cf
ar't.erial diseases. Uald et a1.2?6 and Ball and Turner2l h""" come to simiìar conclusions.

Snoking of cigarettes has been found to resuìt in higher COHb levels than exposure to

street air levels of C0.S'198 Smokers who were nanual workers had ìower COHb levels than

smokers r*ho were sedentary workers, probably because of the increased ventilation requìred in
the occupations of the nanua'l workers.3S'zoo s"ch209 performed tests on tr*o smokers and two

nonsnokers in a snalì car. Before entering the car, the smokers and non-snokers had C0Hb

leveÌs of 5 and 2 percent, respectively. Each smoker smoked five cigarettes with the windows

and doors closed. At the end of the 60-minute test, the respective C0Hb in the smokers anC

non-snokers had increased to 10 and 5 percent. 0ther studies have reported essentially simjlar
patterns of accunulation in non-smoking individuals exposed to snokers ìn closed sPaces. The

pattern of accunulatÍng C0 (as ræll as other products) in c'losed space! has been

described,5s'l2l'229 end a nathematical nodel for caìculating. the build-up of C0 and the

resultant C0Hb levels has been deveìoped.l27

The quantity of C0 actualìy entering the tung depends upon the forrn in which tobacco is

smoked, the pattern of snoking, and the depth of inhalation.l92 Very ììttle C0 is absorbed in
+-he mouth and larynx (approximately 5 percent), so that nost of the C0 avaiìable for transfer

to Hb nust reach the alveolí in order to raìse the level of C0Hb present in the Þlood strean.

Cigarette smokers inhaìe Dore than cigar smokers, and the ìatter less than pipe snrokers; but

indiv'idual differences in this pattern are quite marked. Heavy cigarette smokers have C0Hb

leveJs as high as 15 to 17 percent. The C0 concentration in cigarette smoke is approximateìy

4.5 percent.Ta'106'Lo7'227 It has been estin¡ated that a cigarette snoker nay be exposed to
,|'

458 to 572 ng/n' (400 to 500 pp¡r) C0 for the approxirnateìy six minutes it takes to smoke a

cigarette. Landa*141 noted that I sn¡oker's COHbìevel increased 1 to 9 percent during periods

of active snoking. He also presented data suggesting that the half-time of C0 elimjnation in
snokers yas approxirnately 291 ninutes. Smith and Landaw206'207 reported that smokers (mean

C0Hb of 11.5 percent) had increased red-cell volumes or reduçed plasma volunes, cr both'

Pankow et a1.239 h"u" raised the ques+-ion as to whether or not these changes represent an

adaptive response. Figure 11-3 Í'llustrates the pattern of change in COHb in a typ'icaì heavy

cigarette r¡,ok"".116 An inórelìing venous catheter permitted ttre frequent sampling of this
smoker'E blood. The subject smoked onìy during his rorking hours. t{hen hå Þegan to snoke the
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next day, he still had a body burden of 1.7 percent COHb. Cigarette smokers generaìly are

excreting C0 into the air rather than inhaling it from the anbient environment.

Low-toxicity cigarettes produce significantly smaller amounts of C0.49'86'221 However,

the snroking pattern of the individual narkedìy alters the absolute anount of C0 inhaled.

Frankenhaeuser et al.76 h"re reported another response to cigarette smoking that may have

important consequences to the smoker. They observed a progressive ìncrease in adrenaline
(epinephrine) excretion nith number of cigarettes smoked. These investigators have also found

Èhat certain psychophysical performance neasures did not deteriorate if noderate smokers

smoked during the testing in contrast to the decrement observed when they did not smoke during

testi ng.164

Aronow et aì.9 studied eight angina patients who sn¡oked cigarettes or were given C0 to
breathe so that the final COHb ìeveìs were approxinrately eguivalent (3.90 and 3.86 percent).

These patients ¡vere aìready snokers, wÍth initiaì C0Hb levels above 2 percent. Catheteriza-
tion of both'left and right ventricles permitted an evaluation of the functions of the myo-

cardium. The major differences observed under the Èwo conditions were as foìlows: (1)

cardiac output decreased vith C0 inhalation and did not change with.smokinS; (2) systoìic and

diastolic arterial pressures did not change with C0 but increased with smoking; (3) left
ventricular change in prcssure with time (dpldt) decreased wìth C0 but did not change with
snoking; (4) left ventricuìar end diastolic pressure increased in both sìtuations; and,

(5) the partiaì pressure of 0, in arterial, mixed venous, and coronary sinus blood decreased

with C0'exposure and with smoking. Furthermore, C0 causes a negative inotropic effect on the

myocardiun that decreases left ventricular dg/dt, decreases stroke index, decreases cardiac

index, and increases ìeft ventricular end diastolic pressure. These divergent effects should

be further evaluated. Aronov et at.4 stated that the increased systemic blood pressure and

heart rates that are observed following cigarette smoking were related to the nicotine in the

cÍgarette.
A critica'l problen erises in attenpts to separate the C0 effects of cigarette smoking

from the effects of other substances present in the inhaìed cigarette smoke. Aronow et aì.5
had nale angina patients smoke lettuce ìeaf, non-nÍcotine cigarettes, rhich resulted in bìood

COHb levels of 7.8 percent. Heart rate and blood pressure were unaffected by this smoking but

again angina occurred earlier during exertion. These data nay suggest that the presence of
C0Hb following smoking of cigarettes may be the major factor in the development of angina Pec-

toris during exercise. Chest pain and electrocardiographic'changes have been associated with
acute C0 poisoning. lJald and Hw,ard227 have stated in their overaì'l review on smoking, C0,

and arterial dìsease:
I'There ís at present onìy indÍrect evidence that C0 nray be a cause of atheroma in man and

for the present, however, it is necessary to reserve judgment on whether C0 is a cause of
arterial disease, white at the sane time suspecting that it may be the principal agent in
tobacco smoke. tt
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AronowT and comrkers, as well as Anderson et a1.,2 h"r" shown that in patients with
ischenic heart disease, exercise-induced angina occurs earlier when the patients are exposed

to low levels of C0. Carbon ¡onoxide exposure also exacerbates and prolongs the pain of
interuittent claudication in patients vith this disease.S The potentiaì deleterious influence
of cigarette smoking and/or C0 exposure on the pregnant yoman, fetus, and neonate is consi-
dered later in this chapter. The only direct evidence that C0 adverseìy influences fetal
development ras derived fron studies conducted on rabbitslT and 

"ats.68'69A nunber of studies have suggested that cigarette snoking reduces rrrk
capacityæ'119'135'182 in direct relation to the level of CoHb present in the working subject.
In young srokers (21 to 30 years of age) no differences in maxinal aerobic p(ner were observed

despite reductions in vital capacity and naximm breathing capacities.lS9 0lder smokers

(40 to 57 years of age) had significantly louer (27 percent) aerobic power than comparabìy

aged non-r*k""r.190 Younçr snokers had only a 6 percent ìowelaerobic porer than non-

sn¡okers of siniìar age. llcHenry et at.156 tound that the duration of maximal exercise and

maximal heart rate vas significantìy shorter in snokers and former smokers than in non-

smokers. l,laxinål systoiic blood pressure during exercise was greater in smokers. Tobacco

snoking deàreased 90, *, even in young noderate smokers.ll1 The effect of passive snroking

(i.e., exposure to three individuaìs snokin-g-five cigarettes each) on non-smoking persons wìth
exercise-induced'angina has been rpoitø.lz Their exercise tine to the onset of angina was

decreased 22 and.38 percent, respectively; fron exposure in a rell ventilated and an unventi-
lated roon. Corrcsponding bìood COHb ìevels were 1.77 and 2.28 percent in these subjects.
There stíll nenains sone question as to the role of other ¡raterials in cigarette smoke in
producing this reduced perfor"nance.

Sookers lay have early closure of snall airrays, especially when supiæ.Io8 The dif-
fusing capacity for C0 in young snokers as well as older smokers 'is inpaired.108'239 Other

physiological changes have also been reported.3l The potential ha¡ard of rapÍd smoking

utilized i.n the stJ¡ulus-satiation rethod to help smokers break the snoking habit has been

identifled by ililìer et ¡.l.160 Caltoxyhenoglobin levels above 22 percent can occur.

Concìusions and Discussion

l{hiìe it is inportant fron the point of view of general and theoretical information to
know hou C0 alone affects various physiologicaì and behavioral systems, C0 does not occur by

itself in the actual envir¡nment. The data relating C0 to other pollutants is so spårse,

however, that aloost no pattern can be discerned. Both hunan and laboratory anirnal studies
suggest cases in which C0 eltber additively or synergistÍcally conbines with other airborne
pollutants to produce increased effects; but there is usually only one study per polìutant
combination, and even those do not give paranetric data fron whích dose-response curves or

thresholds nlght be estlmated. Therc is a definite need for systematically obtained infor-
mation about real-life conbinations of other pollutants with C0.
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In both human and experimental animaì studies, the data regarding alcohol in combinatiorr

vith C0 are onìy suggestive. This frequentìy occurring combination is of such inrport as to
urgent-ìy reguire further research, especialìy w'ith regard to behavior and psychornotor perform-

anse. 0ther orugs (both therapeutic and illicit) that would be expected to interact with C0

hõve not been studied. It would seem to be of paramount importance to knorv the combined

effect of C0 and such drugs as tranquilizers, sedatives, and jlìicit psychotropic drugs. DaLa

from experimental animal studies strongìy indicate that the effects of such drugs are poten-

tiated and/or altered by C0 exposure. The possìb'ility that C0 may potentiate or counteract
the effects of drugs designed to alleviate cardiovascular or puìmonary conditions is quite
iinportant in vier of C0Hb ìevels attributable to environnental sources and snoking.

Smoking is another bource of C0 to the smoker and others, as well as a source of other
chemicals nith which environmental C0 levels could interact. Avai'lable data strongiy sugges+"

that chronic C0 exposure through smoking produces cardiopuìmonary danage, but the interaction
with other products of smoking confounds the resu'lts. Data on the effects of environmental C0

ir¡crenents in addition to C0Hb buiìt up due to smoking have produced resu'lts which in some

cases imp'ly additjve effects and in other instances inpìy adaptation to C0Hb. There is neecl

for further systenatic and paranetric research to describe these relationships.
HIûH ALTITUDES . I,IECHANISI,IS

Precise data on the potential scope of the problems attributable to C0 for high altitude
residents and visítors are not available. Approximately 2.2 million people live at altitudes
land e'levations above 1524 meters in the United Státes. These figures do not present a

cotnplete picture of potential numbers of individuals who nay be subjected to C0 at these

aìtitudes because the tourist population in these areas is high in both sunmer and winter.
Furthermore, proper tuning of autonobiìes for high aìtitude traveling is unconmon, and the

influx of visitors and cars with their greater emissfons of C0 and other contaninants may

prove to be an inportant factor Ín raising pollutjon exposure to an unacceptabìe point. At

1540 meters, each cubic neter of air contains approxinately 18 percent less oxygen than at sea

level. Therefore, air concentrations of carbon monoxide in a city ljke Denver wiìl be 22

percent higher than at sea ìeve'l (e.g., a 10 nrglm3,8-hour average is equivalent to 11.8 ng/m3

at Denver's altitude).
Physioìogical Resuìts

Carbon nonoxide exposure oay aggravate the 0, deficiency present at high altitudes. When

high aìtitude and C0 exposures are combined (Tabìe 11-5), the effects on 0, availability in
bìood are apparently additive. It should be noted, however, that decreased 0, in the air and

increased COHb produce dÍfferent physioìogic responses. They have djfferent effects on blood

PQ2, Ðtl the affinity of 0, for Hb, on the exten*, of 0rHb saturation (C0 hypoxemia shÍfts the

0rHb dissociation curve to the left, and a decrease in arterial Po2 shift.s it to the rjght).
and on ventilatory drive.
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TABLE 11.5. APPROXII{ATE PHYSIOLOGICALLY EqUIVALENT ALTITUDES
AT EQUILIBRIUI{ þ,ITH A}ßIENT C0 LEVELS

Anblent Actual Altitude (neters)
0 (sea level) 1524 30r$8

L524
2530
3658

0
1829
30/+8

30it8
3962
4694
5¡t86

C0 concentration
nglnr ppt¡

00
28.6 25
57.3 50

114.5 100 3749 4663

ro"o"*t "l]fr-pqit"¿ 
tt"t during tight activity at an aìtitude of 4875 meters, C0

uptake was increased, probably because of the hyperventilation at that altîtude caused by the

respiratory stinrulus of decreased Po2. Evidence that C0 eìimination was similar at sea level

and at altitudes up to 10,000 neters has been obtained by different investigato"r.ST'203

Increased a¡nbient tenperatureg up to 35oC and hard physical work increased the rate of elinri-

nation.22S Pitts and P"""181 stated that every 1 percent increase in C0Hb (up to 13 percent)

was eguivalent to a 109-¡eter rise in altitude, lf the subjects were at altitudes of 2100 to

3070 neters. Their observations rrene based on changes in the heart rate resPonse to work.

Subjects who nqy have been snokers were not identified.
Two groups of investigators have presented data cornparing the physioìogical responses of

subjects to altltude and C0 where the l¡poxemia due to altÍ.tude and thé presence of C0Hb were

approximalely equivaìent. In one stuAyl4 the C0tlb level varied around 12 percent (although

the node of presentation of C0 nas such that COHb ranged during the C0 exposures from 5 to

20 percent) and the al.titude co¡nparison was conducted at 3977 oeters. The second ,tu-dy203

cornparcd responses of subJects at altitudeS of 4000 mters and a C0Hb content of 20 percent.

In both studies, C$Hb content was in excess of that anticipated for typical ambjent polìution.

However, it was suggested that the effects attributable to C0 and to altitude were equivaìent.

blagner et a1.225 studied smokers and nonsrokers who exercised at 53 percent of theÍr ù0, 
"",and at 760 and 523 torr. Carboxyhenoglobin leveìs were raised to 4.2 Percent. bJhile at aìti-

tude and in an aìtitude chaùer yith elevated C0Hb leveìs, nonsmokers increased their cardiac

output and decreased their arterial-nixed venous 0, difference. Smokers did not respond in

similar manner. Snokers nay have developed some degree of adaptation to C0.

ParvinglTS exposed humans to C0 to produce 20 percent COHb and to a sinulated high atti-
tude suffícient to produce an eguivalent arteriaì blood oxygen saturation. Exposure tìnes

were 3 to 5 hours. The results shored increased capÍtlary perneability for proteins during

exposure to C0 but not during exposune to simuìated high altitude. It was also shown that

plasna volu¡¡e decreasEd significantly during the sin¡ulated high altitude exPosure but not

during C0 exposure. The plasna volune ras explained as due to hypoxia-induced hyperventila-

tion, but the effect on capillary wall penneabitÍty aPpears to be unique to C0 and therefore

apparently represents a non-hypoxic short-term effect.
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0n theoreticaì grounds it has been reco¡rnended that the ambient C0 in tunnels being con-

structed at 3859 meters should not exåeed 29 ng/n3 (25 ppm).I62 The maxinaì aerobic capacity
is reciuced approxinately 20 percent in indiv'iduaìs at an aìtitude of 3085 meters. l{eiser
et aÌ.232 

"epo"t"d 
that max VO, was significantìy impaired in subjects ìiving at 1700 ¡neters

when their C0Hb ìeveìs were 5 percent. However, this decrenent is sjmilar to that seen in sea
'level residents. No data are avaiìable for higher altitudes. Brewer et al.33 conducted a

study on residents of Leadvilìe, Colorado (3085 meters). The mean C0Hb level in smokers at
that altitude was higher than that of smokers at sea level. This increased degree of
hypoxemia may have contributed to an elevated red cell mass, since individuals who stopped

snoking demonstrated a reduction in their red cell ¡lass. Kurt et a1.139'140 demonstrated that
anbient C0 ìevels in Denver, Colorado had a significant, low-level association with the number

of patients reporting to an emergency room with acute cardiorespiratory complaints.
Behavioral and Central Nervous System

The most supportive information on the additive nature of C0 hypoxia and hypoxic hypoxia

originates from psychophysioìogic studies, and eúen these are not as conclusive as one would

desire. Blackmore2S analyzed the cause of aircraft accidents in Britain, finding that COHb

ìeveìs provided valuable infonnation reìative to altitude and C0 sources. The relativeìy high
levels found could be attributed to eguipnent failure, sooking, and fires. No data are avail-
able on the effects of C0 on native inhabitants of high altitudes.or on the reactions of these

nat'ives when they ane suddenly renoved to sea level and possible high ambient C0

concentrati ons.

llcFarland et aì.104'1'53 shoyed that changes in visual threshoìd occurred at a sir¡ulated
aìtitude of approxinrately 2425 n¿ters. Voìlmer et a1.224 studied the effects of C0 at simu-

ìated attitudes of 3070 and 4555 neters and reported that there were no additive effects of C0

and altitude. They suggested that the effects of C0 were masked by some compensatory mechan-

isms. The data presented were not convìncing. Líìienthal and Fugittlg indicated that a con-

bination of altitude (1540 ¡¡eters) and 5 to 9 percent C0Hb induced a decrease in flicker
fusion frequency, aìthough either one alone had no effect. They also reported that the
presence of 8 to 10 percent C0Hb vas effective in redircing altitude toìerance by some 1215

meters.

Conclusions and 0iscussiôn of Carùon ilonoxide and High Altitude Combinations

Data fron both physioìogical and behavioral studies on humans seem to indicate a simple

additive effect of C0 and high aìtitudes. They both reduce 0, availability, and there are

data that alìow estimation of their co¡mon effect on 0, ìeveìs
It would be erroneous to infer that C0 hypoxia and hypoxic hypoxia are equivaìent states

or produce equivalent resuìts. They appear to do so at equilibrium states, but C0 uptake and

elÍnination produce a sìower rate of 0, change than hypoxic hypoxia. Hypoxic hypoxia aìso
produces hyperventitation; C0 hypoxia does not.
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Data fro¡r experinental aninal studies iepìy that for sone physiological functions, C0 has

additionaì non-hypoxic effects that night act to inpair functioning of sone systems. A'lthough

such additional impainnnt night rÌepresent unanticipated, more-than:additive effects of C0 and

high altitude, data fron hunan studies on this are lacking.
ADAPTATIoI{, HAEITUATIoN, AilD C0}IPENSAT0RY }tECHA}tISilS

Extensive discussion of these topics vas given in Chapter 10. There the term
t'adaptationtr ras used to refer to long-term effects, and the term tthabituation" was used to
refer to short tenn effects. This convention will be continued here.

In the previous chapter, expenimental animal data were reviewed showing that C0Hb leve'Is
produced physiologicaì rcsponses that tended to offset other deleterious effects of C0. Such

responses were: (1) increased coronary blood flou, (2) increased cerebraì blood flow, (3)
increased hemogìobìn through increased hemopoeisis, and (4) increased 0Z conswrption in
muscle. l{here possible, an evaluation of the conpleteness of such so-caìled compensatory

responses was nade, and in generaì tle compensation appeared to be only partiaì. There was

aìso some evidence that such conpensation on a long-term basis might have undesirable side
effects..
Maptation and Other Long-Tern Effects

The prespnce of. a clinical state of chronic C0 poisonÍng, wîth the implication that
adaptation to C0 occuns in humans, has.not been verified. If it existed, such a state should

have been 
'identified by studies on long-tern heavy smokers or on individuats exposed to

environmenüal sources of C0. Earìy concern in England and Scandinavia with C0 intoxication
led to studies suggesting the possibility of such a condition.94'110 However, problems

regarding the erptoyrnent of high levels of inspired C0 (several hundred parts per million) and

inadequate experitæntal nethods have resulted in sone skepticisn of the conclusions presented.

Kiì'licl,130 using herself as a subject, reported that she deveìoped acclinatization as

evidenced by diminíshed s¡mptons, sìower heart rate, and the attainment of a ìower COHb

eguilibrim level following exposu?e to a given inspired C0 concentration. Interestingly,
Haldane and Priestlylo3 t"d earlier reported a similar finding as to the attainnent of a

different COHb equiìibriun folìouing exposune to a fixed ìevel of C0 in the anbient air.
Addìtional information on other possibìe adaptation effects in the pre-1940 ìiterature can be

found in KiltÍckt. 
"."i"r.130

The ¡nechanism by which long-tern adaptation vould occur, if it could be demonstrated in
human beings, is assuned to be an increased Hb concentration vía a several-day increase in
hemopoeisis. If, in fact, such data from human studies were available, the questiòn of the
conpleteness of the adaptation rould be very inportantr es would the question of the undesir-
able chronic side effects of the compensation. If an appreciab'le a¡nount of compensation

occut"s in man, then it could be inferred that C0 effects might be much more extreme in sub-
jects with inpaired co@ensatory mechanisns.
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Haoituation and Short-Tenn Effects
The only evidence for short-tenn COHb compensation in man is indirect. From experimental

¿rimal s+.udies it is known that coronary bìood flow is increased vrith C0Hb, and from human

stuCies ii is known that subjects with impaired cardiac functioning have the lowest thresholti

tc Cû-inouced ciecrements. The implication is that in some cases of cardiac impairmen'u, the

sr¡ort-term compensatory mechanism is impaired and thus the threshold is ìowered.

In a fer,r instances of behavioraì testing, it has öppeared that decrements due 
"o 

Ct have

occurred only at very ìow levels or at ear'ly expogure tinres and have, in the same s¿udies, not

¿pçeared at higher or longer exposures. This has Ted to the hypothesis that there mighi be

some threshold or time ìag in a conpensatory nechanism such as increased cerebraì blood flcu
(CBF). Not onìy is there no direct physiologicaì evidence from hu¡nan or experimenLal animal

studìes for such a threshold or tine ìag, but it wouìd appear to be more conservative to

assume that the observed behavioral effects were due to possibìe non-random sampììng.

The idea of a threshoìd or a time lag in conpensatory nechanìsms should not be rejected.

There simpìy is no direct evidence. Studies shou'ld be performed whÍch (1) measure CBF and

tissue Po2 with low COHb levels at various saturation rates to determine earìy and low level

effects accurately and (2) design behavioral studies where threshold effegts or time ìags are

factors in the experimental design that can be expìicitìy studied.

sPECIAL GROUPS AT RISK

As discussed in Chapter 10, ít is known fron both theoretical work and experimental

animal reiearch that'certain groups in the popuìation are at a higher than normal risk of

detrimental effects frorn C0 exposure. The list of such groups from Chapter 10 incìuded the

fetus, subjects with health impairments, subjects vho are under the influence of drugs' and

subjects who have not been adapted to high aìtitude and are then exposed to a comb'ination of

high altitude and C0. Even in ìaboratory animaìs, there is too litt'le information about C0

effects in these speciaì risk groups to assess the extent of increased risk and the circum-

stances under which it might occur. In this section, human studjes r*ill be reviewed in an

attempt to deduce the extent of the problem that has been descrjbed in experimental animals.

F etus

It has been shown in experinenta'l animals that short-tern materna'l C0 exposure results jn
'lower C0llb leveìs in the fetus than in the mother, but has greater detrimental effects on the

fetus than on the mother. Long-tern maternal C0 exposure has Þeen shown to lead to higher

fetal than materna'l COHb. Fetaì uptake and elimination of C0 has been sh'own to be slower than

naternal. These data are reviewed in Chapter 10.

Pregnant ñothers and their fetuses may be exposed acutely or chronicaliy to C0 either by

maternal smoking or by environmental poìlution. The biologic effects of C0 exposure on fetai

tissues during intrauterine development or during the newborn period requjre clarification.
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0f the several nechanisms that nay account for the influence of C0 on developing tissue, the
most important is the interference with tissue oxygenation. Carbon monoxide decreases the
capacity of Hb to transport 0, and shìfts the 0, saturation curve to the ìeft. The nonnaì
arterial Po2 suppìying fetal tissue is approxinately 28 torr. This additional shift to the
left wÍll tend to decrease further the 0, gradient frqn naternaì to fetal bìood across the
placental tissue. The decreased Po2 and the di¡rinished 0, transport due to the presence of
COHb may also produce undesired influences on the fetus.

One of the possibìe nechanisas by which C0 or other components of tobacco smoke may

adversely influence fetal developnent is through interference with the netabolic function of
placental cells. These cells have a role in horuone netabolisn, as well as in the transport
of vitamins, carbohydrates, anino acids, and other substahces, through their energy-dependent
processes. Tanaka2l8 reported that the 0, uptake of placenta tissue slices from smoking
nothers varied inversely with ¡¡aternal carboxyhemoglobin (C0nHb), being markedìy reduced when
C0rHb was greater than 7.0 percent. The preponderance of evidence concerning CorHb ìevels,
along with fetaì and perinatal exposune, tends to wamant the mininization of exogenous C0

sources to vhich this graup night be exposed. Longol€ has reviewed the pertinent literature
up to 1977j" and'Hilt et al.lu h"r" provided a ¡¡athenatical model for the exchange of C0

between the fetus and the nother.
Another:'factor that nay produce differential effects on the fetus is related to the

endogenous.production of C0 by pregnant vornen. Longo147 indicates that non-smoking pregnant
women prodúce'0;9 nl C0lhr, and non-pregnant mnen produce 0.39.n1 CO/trr.149 Fetal endogenous.
C0 production:accounts for 3 percent of the total C0Hb present in the bìood of a non-smoking
nonnal'pregnent Yoo,an. The source of the remainder is unknown, although it nay be partty
accounted for by the lncreased red ceìl nass of the pregnant wodan. Even though the hyper-
ventiìation of pregnancy may partially coryensate for the increased C0 production in the
absence of exogenousTexposure, the Co"Hb still renains at about 13 pencent above that in
non-pregnant women.l'l' It shouìd Ue nôtea that post-partu¡¡ (24-hours) females may be pro-
ducing three tlnes as nuch C0 as a neartern non-snoking pregnant yoman. Hemolytic disease of
nevrùorn infants (physiological jaundice) produces a high level C0Hb resuìting fron endogenous
production and so provides a further stress to ine infant.167'175

Smokíng nothers have been reported to have fron 2 to 14 percent CoHb, white CoHb ìeveìs
in the fetuses ranged lron 2.4 to 9.8 percent. These values may not represent conditions
present during pregnancy, since these data vere obtained just prior to birth. The nerôorn are
also subject to ambient levcls of C0. Berhnan et a1.24 rcasrred Collb in 16 reìatively nornal
newborns in a dovntown Chicago nursery. Carboxyhenroglobin ras found to be as high as 5.9g
percent. These investigators indlcated that the absolute COHb levels were related to ambient
levels of C0. This conclusion is sonewhat doubtful since the monitoring reference site was
some 1.5 miìes from the Rursery. The investigators reported no untoward clinicaì effects fron
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these levels of COHb. Hourever, the high levels of COHb in neonates are of some concern and

rr¡arrant further investigation.
Severaì studiesl6'150 have demonstfated that babies delivered of mothers who smoke

cigarettes weigh less than those delivered of nonsnoking nothers. Relative maternal, fetal,
or pìacentaì hypoxia may be responsible, as suggested by the observation that infants born at
higher altitudes also weigh ìess than those born at seâ tevel.143

I'laternal snoking probably constitutes the nost freguent source of fetaì exposure to C0.

There is sone quest,ion as to the relationship of fetal deaths to naternaì snoking but there is
no doubt that such snoking results in higher than normal fetat C0Hb.148'158 Gennser et a1.78

found that r¡aternal cigarette smoking abruptìy decreased the proportion of tinre that the fetus
nade breathing movenents. The relation to C0 is not clear. The effect of malerna'l snoking on

surviving children is not weìl known. Discussion of this point is available fron Longo.148

There remain a considerable nun¡ber of unanswered questions as to the influence that various
ìeveìs of C0Hb have on the mother and on the fetus.
Inrpaired Groups

As pointed out in the section on cardiovascuìar effects, the ìowest effect levels of C0

(about 2.5 to 3.0 percent, COHb) have been shown in subjects with cardiovascular damage. Such

impairnents produce low C0 thresholds because there is already sufficÍent hypoxia of cardiac
tissue to produce impairment, so that there is no reserve or conpensatory capacity.

Another group that also has inpaired 0, deìivery is conposed of individuals wÍth inpaired
cerebrovasculature. This group consists nainly of persons with obstructed vascuìature due to
cholesteroì buildup or previous cerebrovascular injury. hJhile on theoretical grounds it is
probable that subjects vith inpaired cerebrovasculature youìd have very ìow thresholds for
detrimentaì effects of C0 exposure, there are no direct experinental data on the subject in
either humans or ìaboratory animals. The possible effects of reduced 0, supply to the CNS

range fron any of the behavÍoral effects reported to be caused by C0, to the precipitation of
motor seizures or cerebrovascular accidents.

Subjects whose blood has reduced 0r-carryíng capability because of either dietary or
pathological anemia should also be at special risk to C0 exposure. Unfortunateìy, the effects
of C0 on anemic patients or experimentat aninali have not been adeguately studied. It can be

assumed g Þriori that anen¡ic persons would be at greater rìsk than normal persons because the
capacÍty of the 0, transport system is reduced. Tissue oxygenation may be initially conpro-

nised due to the anemic state because mixed venous Po2 accompanying a particular C0Hb vaìue is
somewhat greater in anemic than in nornal subjects. In patients with hernoìytic anemia and

sickle cell diseas",67 th. rate of endogenous C0 production from hene catabolism is increased.

Nonnal subjects produce approximately 18 moles C0lhr, resuìting in C0Hb leve'ls of 0.5 to
0.8 percent. Carbon nonoxide production in anemic patients46'146 h", been reported to vary

from 31 to L58 moìeslhr, producing COHb ìevets of 1.3 to 5.2 percent.
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Anemic individuats approach equiìibriurn levels of COHb more rapidly than those vith
normal Hb levels at any given exposure to C0. Exposure to 21.9 nglm3 12S ppm) C0 for approxi-

mateìy 4 hours in an individuaì with 7 g percent of Hb could resuìt in 4 to 5 percent COHb,

compared to an anticipated level of 2.5 percent for nornaì individuals. Exogenous C0 exposure

of anemic individuals, in conjunction with higher endoçnous pnoduction, could result in cri-
tical levels of C0Hb. Subjects whose blood has low 0r-carrying capabilities due to anemia

would be expected to be nore sensitive to the effects of C0 exposure because of the already

narginal 0, delivery systen. þlhiìe dietary anemias are not as great a probìem as in former

times, anenias rcsulting fron various pathoìogicaì conditions are still major heaìth problems,

and low levels of C0 exposure could Pose a health threat to such grouPs.

Patients with chronic obst¡.uctivp pulmonary $isease are probably at high risk' although

few studies on then have been reported. Any increase ìn hypoxia could resuìt in respiratory

failure or other effects due to reduced 0, suppty. Horever, these individuals nay absorb ìess

C0 due to their disease and nay have conpensated for their hypoxia by increased erythropoiesis

and a shift of the 0, dissociation curve to the rigúrt. Ogauâ et 
"'1.174 

have presented evi-

dence on the developnent of pulnonary edena and discussed possible mechanisms of the role ot

Cg in the disorder. Sofolr¡we208 has described the potential further irritation of the ìungs

of chiìdren having bronchiolitis and bronchçneunonia by their exposure to C0 derived from

wood fires used for cooking purposes. Aronow et aI.11 studied 10 patients with chronic

obstructive pulmonary disease who had been exposed for I hour to C0 that raised the CdHb tevel

to 4.1 pe.rcent. blhen .they exercised on a bicycìe ergoneter, dyspnea occurred within 147

seconds. llowever, 218 seconds eìapsed before dyspnea occurred when they exercised with C0Hb

levels at 1.¡18 percent. The investigåtorsr conclusion was that their limited exercise perform:

ance was probabìy a cerdiovascuìar linritation rather than a respíratory one.

Drug Users

Drugs such as alcohol, tobacco snoke, therapeutic drugs, and illicit drugs as they inter-

act with C0 exposurê have been discussed under the heading of "Interactions with other

pollutants and drugs." Aìthough there ís littìe enpi.rical data on these interactions in

either man or animals, theoretical expectations and the evidence that ex'ists strongly indicate

that individuals taking various drugs wouìd be at special risk. The group of people under the

infìuence of some forn of drugs at any given tine is so large as to include a very major part

of the general poputatìon. Since interactions could be serious and the potential for them

appears to be nearìy ubiguitous, it is inperative that further research be done on this

subject.
Unadapted Individuals

Adaptation in humans has been discussed extensively in earlier sections of this chapter

and Chapter 10. The preponderance of evidence seens to indicate that peopìe who have not

adapted to high altÍtudes and are then exposed to both high aìtitude and C0 simultaneously are

at greater risk.
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Occupationaì Groups

Certain occupationaì groups are at spec'ial risk because of the especiaììy high exposures

to C0 pecuiiar to their r*ork.166 These groups include garage personnel, traffic poìicemen,

steeiworkers, firefighters, and ¡rorkers in petroìeum and chemicaì industries. The presence of
chronic low-ìevel C0 poisoning may have sìgnificant infìuences on the hea'lth and efficiency of

these workers but this awaits further study. l,lany other occupational exposures occur, but

most studies of such exposure are complicated by the unknown or unreported smoking habits of
the workers under study.94 Tab'le L1-6 illustrates the potential emission rates of C0 for ce:"-

tain industries.
A stud,v of bìood C0Hb in the U.S. generaì public was carried out by Stewart and h'is

associates,2I4'2I5 who sanpìed blood drawn at blood donor nobiìe units in 17 urban areas and

in some smalì towns in New Hampshire and verîont. Kahn and his associatessT'128'228 evaluated

C0Hb levels in metropolitan St. Louis, where a totaì of 45,649 donors provided blood for
analysis. Stewart had 29,000 individuals (1,018 from 5t. Louis) and Kahn had 16,549 (aìì from

5t. Louis) in their respective samples. It should be noted that Stev¡art et aì.'1215 subject,s

were studied in l*larch 1971 and Kahn et al.'s128 during 0ctober 1971 to 0ctober 1972. The

highest C0Hb vaìues were 13.0 and 18.2 percent, respectiveìy, in Stewart et al.'s and Kahn

et a'I.'s sampìes. Tabìes 11-7 and 11-8 present Horvath'r ru*""y114 of the findings of these

two groups. Stewart et a'l.215 concluded that 35 percent of the non-smoking donors in St.

Loujs were exposed to ambient C0 that led to COHb ìevels greater-than 1.5 percent, whiìe
-Kahn's grouplzS reported that 15.3 percent of their St. Louis non-smoking bìood do'nors had

leve'ls above 1.5 percent. Kahn's group also stated that 21.9 percent of their donors who \,rere

non-srroking industrial workers had C0Hb levels of 2 percent or more, and onìy 5.7 percent of
the re¡nainder of the non-snoking sampìe had ìevels of 2 percent or more. Stewart et al.217
have compared C0Hb ìevels found in subjects in Ch'icago in 1970 and 1974. They reported a

substantial reduction in C0Hb ì.evels in blood donors over this tjme and suggested that the

reduction was caused by a decrease in ambient C0 levels.
Stewart et a1.215 concìuded that there ì{ere significant differences between the COHb

saturations of the occupationaì groups studied. Students and housebrives had the lowest COHb

concentrations. Other low C0Hb groups incìuded those associated with mental health services,

education, library science, religion, art, road paving, and entertainment. The vehicle-
related occupational groups had higher C0Hb saturations than most groups. 0ther high COHb

groups inc'luded those associated rtith metal processing, chemical processing, stone and gìass

processing, printing, we'lding, electrical assenbly and repåir, and graphic arts. They

concluded that a significant percentage of the population studied vras continuousìy exposed to

ambient C0 concentrations in excess of those perrnitted by U.S. air quality standards.

0n the other hand, Kahn and co*orkersl28 concluded that ambient C0 exposure i{as respon-

sible for onìy very sr¡alì increases in COHÞ levels in their sampìe. They suggested that their
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Sounce Category

Transportation
Highway vehlcles
llon-higlray vehlcles

Statlonary fuel cornbustlon
Electrlc Utlllties
Industrlal
Resldential , comerclál ,
and instltutional

F
Iå

TAELE t1-6. I{AII0NI{IDE EI,|ISSI0N ESTil4ATES, ts77L73
(10" metric tons/year)

Industri al
Che¡rlcal s
Petroleu¡n
lletal s

TSP

lllneral products
0iì & gas production & narketlng
Industrial organic solvent use
0ther procesçes

Processes

reflning

SO,

Solid waste 0.4

ìli scel I aneous
Forest wildfires
Agricultural burning
Coal refuse burning
Structural fires
ùliscellaneous organic solvent use

ilO,

0.2, lj6 0.9 0.1 0.3 0.3

v0c

ï0ïAt

N0ïE: A zero indicates emissions of less than 50,000 metric tons.

c0 Percentage of
Total C0

12.4 27.4 23.t

2.6

28.3

2.5

L02.7 100 100



TABLE 11.7. I'IEAN PERCENT OF CARBOXYHEUOGLOBIN s$IURATION
IN SÎ.|OKERS AND NON-SÎ-IOKERS IN ST. LOUIS 

."

Non-smolcers
No.

of donors Mean

Smokers
No.

of donors l4ean

Kahn et aì.128

Stewart et al.

10,157

215 673

0.85

1.35

6,492

345

4.58

5.47

TABLE 11.8. I4EA}I PERCENT OF CARBOXYHEI.'IOGLOBIil SATURATIONI14

Non-smokers
No.

of donors l,lean

Smokers
No.

of donors Mean

Kahn et a1.128 10,157
(St. Louis)

stevart et at.215 15,036
(u. s. A. )

0.85

1.43

6,49?

11,289

4.58

5.21
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data indicate two major sources of C0Hb in their subjects: snoking and work-related exposure.

They stated that aìmost 20 percent of their sanple population consisted of industrial workers

who carried an added COHb burden'of 1.15 percent cospared with non-industriaì workers. They

attributed higher C$Hb tevets not to ambient aünospheric C0 but, overvhelmingly, to smokìng

and occupation. t'lost individuals with 2 or more percent C0Hb were industrial vorkers or

smokers, or both. A simiìar conclusion was reached by others.1ll'220
Chovin42 has piovided some of the nrost compìete information on Paris policemen, iìlus-

trating some of the concer.ns related to this occupational group. Simiìar information is pro-

vided by the studies of Balabaeva and Kalparoou2o on traffic policemen in four large towns in

Bulgaria. Gothe et aì.89 found relativeìy low leve1s of C0Hb in Swedish traffic poìicemen.

Rars"y185 reported a rise in COHb from 1.5 to 7.3 percent in 14 non-smoking parking

garage empìoyees exposed to an average working-day arnbient C0 level of 68 mg/m3. He also

noted that snokers exposed to the above environment had an ìnitial average COHb level of 2.9

and an average C$llb level of 9.3 percent at the end of the day. Non-smokers exposed to this

environment had final levels of only 3.9 percent. In this regard, Ramsey stated that occupa-

tionaì exposure was î¡ore inportant than snoking. A contrary opinion was expressed by

Buchr*ald,36 who reported that cigarette smoking uas a more significant contributor to the high

levels of Cglþ he found in Canadian gorage and service workers. 0f the smokers, 70 percent

had leveìs in excess of 5 percent, while only 30 percent of the nonsmokers had such levels. A

study of enployees of the Triborough Eridge and Tunnel Authority, ilew York City,& indicated

that metheurogtobin was slight'ly, although significantly increased in these workers occupa-

tionally exposed to autsnobile exhaust. The role of cigar"ette smoking was not clarified.
Fristedt and AkessonTT found a slight incrcase in C0Hb in workers employed in senvice instal-

lations of encTosed parking areasr but attributed the discoilfort that t'he workers experienced

to other components of autmobile exhaust.

Breysse and Bovee34 used expired air samples to deternine the exposure to C0 of steve-

dores, gasoline-porered lÌft-truck drivers, and winch operators. 0f sone 700 estimates of

CgHb in these workers, 5.7 percent of the workers exceeded C0Hb levels of 1.0 percent. Levels

of CgHb greater than 10 percent were found in 7 percent of the stevedores and 18 percent of

the ìift-truck operators. Smoking contributed substantially to the attainnent of the h'igh

levels of CoHb. Petro"179 also studied dock workers and found C0Hb tevels as high as 10

percent. Goldsmîth's stu{ of longshor"r.nS2 suggested that the alveolar concentrations of C0

yere age-related, regardless of snokinq history. Pack-a-day smokers in the 45-to-54-year age

bracket had alveolar values of 31 nglnJ, while 75-to-84-yearolds' alveslar values were onìy

tS mgl¡13. llon-s¡rokers did not exhibit this age-related pattern; even in subjects up to 84

years of age, alveolar concentrations remained at the same level.

Inspectors at U.S.-llexico border crossing stations are exposed to ambient levels of C0

that fluctuate between 6 and 195 rg/r3.48 Carboxyhemoglobin levels of smokers and non-smokers
ô
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prior to their duty as _inspectors yere 4.0 and 1.4, rising to 7.6 and 3.8 percent, respec-
tiveìy. Johnson et a1.122 studied six fare colìectors working at a highway toli booth.
Ambient C0 levels were 25-mglm3 (8-hour time-weighted average for 12 days). 0n 3 days,
¿mbient C0 exceeded 40 mg/m3. Post-shift COHb ranged fronr 1.8 to 8.6 percent, wjth a high of
ii. 7 percent.

Non-smoking British steeìworkers had end-of-shift values of 4.9 percent. Non-exposed.
non-smoking controls reached 1.5 percent. Snokers had higher values, reaching levels of
I d psrcent. The highest C0Hb value reported was 14.9 percent.126

Another major source of C0 is the internaì combustion engine, which,may in some cases be
considered an occupational source since it provides many forms of transportation. Communit¡,

C0 ìevels in ambient air follow a regular diurnaì pattern of variation, however, and different
concentrations have been neasured at different sites. Jech and Ubl120 measured alveo'lar con-
centrations of C0 in individuals during a 2-hour stay on a busy street and reported a consider-
able increase in expired C0 levels during that period. Likewise, the passenger conpartment of
vehicìes provides a potentially hazardous occupational area. Carbon monoxide may enter this
compartment from fauìty or damaged exhaust systems or from the air surrounding roadway
traffic. Carbon monoxide levels in the compartnent may be higher than those found outside the
vehicìe. Haagen-Smit98 found average concentrations in a vehicuìar passenger compartment to
Oe 42 mglrn3 on a Los Angeles freeway during rush hour traffic (higher concentrations up to
80 mglm3^have been reported recently). It has been reported that concentrations in excess of
1I5 mglm3 occur in some vehicle interiors.

Direct measurement of C0Hb in firefighters engaged in fighting fires of extremely ìong
duration indicated that 10 percent of these individuals had COHb values in excess of 10
pe"cent.85 Sammons and Coìesranzoo repo.ted that firefighters had changes in those enzymes
related to myocardial damage and that these changes were related to their COHb levels.
However, the high leveìs of COHb in the controì (non-firefighters) and test (firefjghters)
grcups make these conclusions somewhat suspect.

Besides contributing to exposure of employees to C0, índustry also contributes to the
poìlution of the surrounding atmosphere. Gas generator pìants,170 smelters,163 stee'l-
works,37'126'r52 plastic works,3 eìectric power generating ptantr,é1 

"nd 
rinrrt6g have alr

been suggested as sources of environmental C0 poììution. lJorkers in a cast iron foundry vrere

also found to have high C0Hb levels associated with various CNS and cardiovascular dis-
orde"s'63 Hernberg et a1.109 evaluated 1000 foundry workers who ryere exposed to C0, heat, and

strenuous physical work. The presence of angina pectoris showed a cìear do.se-response rela-
tion with regard to c0 exposure fron either occupation or snoking, or both.

Rural work establishnents, especiaììy those 'involving intensjfied livestock production
faci'litjes, can produce high ambient levels of C0. Carbon nonoxide concentrations up to
22-a ng/n3 have b^e-en found in these facilitìes, with both the animaìs and workers having high
levels of C0H¡.165 Recreational facilities nay aìso be problem areas. Excessive leveìs of C0
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were found in ice-skating arenas where ice-resurfacing nachines were used. Levels as high as

3rt8 mglm3 (400 ppm) C0 were found in such an arena after complaints of illne-s-s. in chiìdren

skating there yere reported to the locaì health departnent.lzs Johnson et at.124 reported on

eight school children vrho became sick fro¡n C0 while in a school bus. Subsequent testing for
ambient C0 concentratisns in school buses showed that 35 percent of bus interiors tested had

ìevels of C0 in excess of EPA standards for an 8-hour exposure. Improperly regulated space

heaters in enclosed areas can also produce high concentrations of C0. Bondi et aì.30 reported

that, on a submarine patroì of 40 days, the C0Hb ìevels of subjects were 2.1 and 1.7 percent

at the beginning and end of the patrol, respectively.
The belated discovery that at least one chenical substance utilized in industry and

commerce is degraded within the body to C0 has potentialìy significant epidemiologica'l and

clinicaì implications. Haìogenated hydrocarbons have been _widely utilized as organic

solvents, repìacing carboR tetrachìoride. A chance'observation2ll indicated that the inhala-

tion of one of these, dichloron¡ethane (methytene dichloride, CH2Cì2), rúas followed by a

sustained elevation of COHb concentration. Inhalat,ion of 500 to 1000 ppn of CtlZClZ (Industrial

Threshold Lirnit Vatue is 500 ppn) for I or 2 hours resulted in C0Hb ìevels exceeding 14

percent.212 This elevation of COHb continued beyond the time 
-o-f 

exposure and graduaììy

returned to normal during the next 24-hours. Fodor and RoscouanuT3 exposed human volunteers

to 500 Rpnr CHrClr. After I hours of exposure, COHb levels were approxìmately 12 percent.

Exposure to 100 pprn resulted in raising COHb levels to 5 percent. Elimination of C0 was slow,

so that 24 to 26 hours were required to reestablish the controì C0Hb levels. Residuaì aìtera-

tions in pulmonary function were stíll noted 3 mnths later.
Several investigators have studied the infìuence of CHZCIZ on physiological function.

Astrand et a1.13 exa¡nined the effects of CHoCìo on work pertõrmãnce. Central nervous system

depression uras observed in some subjects.zlá iinn"t.233 co"pared the effects of exposure to

ar¡ùient C0 (up to 115 nglnr) and CHrCl, on vigíìance perfonnance. Although he noted no

effects related to C0, he found a striking decrement in vigìlance conseguent to CHtClt

exposure. A potent-ially more dangerous conplication of CH,Cì, exposure has been indicated by

stewart and Hake:21f 
o"."rr" it is so sustained following exposure, the cardio-

vascular stress produced by elevated C0Hb levels, derived flgm.. 
.

CH'CI' metabolisir, is greater than that resulting from equally high
COÉb fevels derived fron C0."

They neport on an individual who experienced three episodes of myocardial infarction, each

following the use 9I_ a paint reoover. About 80 percent of CHZCÌZ is netabolized to

c0.60,72;n7,161,188,r9-5 t¡" nechanism re¡naÍns to be elucidated. notn-et at.t95 have noted

that anir¡als rarely succtRnb to CHrCl, (11,520 ppn), possibìy because of saturation of the path-

ways by CH.C1Z metabolism and/or rates of C0 excretion.

ttre pãssìOle detrinrentaì heaìth effects of chemical conpounds that may be metaboìized to

C0 deserve further investigation.
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SUIiT.IARY

From the foregoing review of the literature pertaining to effects of lorlevel C0

exposures on hu¡nans and experimental aninals, it may be concluded that C0 deleteriously
affects nrainly the cardiovascular and central nervous systens. b'lhile many data are ambiguous,

poorly docunented, and often in dispute, it still seems safe to conclude that cardiovascuìar

effects can Þe demonstrated with C0 exposures as low as 17 to 2t ng/n3 C0 (15 to 18 ppm C0 for
an 8-hosr exposure; 2.5 to 3.0 percent COHb). For behavioral and CNS effects, a minimum of

2
29 to 34 mglm' C0 (25 to 30 ppm C0; 4 to 6 percent C0Hb) seens to be required. Visuaì sensi-

tivity nrìght be affected as a continuous dose-response function without an obvious C0

threshold, but such dãta ðre presently tenuous.

There are important data to be acquired before an appraisal can be made of the generaì

health effects of C0. Fragments of data seem to point to the inportance of C0 and its
interactions with other pollutants vith which it cormonìy occurs. Far too little information

exists regarding the effects of exposures to C0 in combination with other po'llutants, as

opposed to the effects of C0 by itself.
There are suggestions that C0 might interact wíth drugs in a significant way. Apparently

fetuses, health-impaired indÍviduals, individuaìs under the inf'luence of drugs, and persons

not previousìy adapted to high altitudes or C0 exposures are at special risk, but the nature

of the risk, much less its magnitude, cannot even be estimated from the present literature.
It appears that acute C0 exposures to 17 to 2l ng/n3 (15 to 18 ppm) may be adverse to

human health. This range of values represents the level at which the first detectable effect
occurs in persons with cardiac impairment. The question of the significance of this and other

findings is a matter of general dose-response functions. hlhile only preìiminary infonnation

is available on this subject, as discussêd above, the findÍngs in the present ìiterature may

be summarized (see Table 11-9). These data are of tittle use, however, if drugs and other

pollutants alter the responses of individuals who have multiple inrpairments. It represents a

ninimum known set of effects that could under sone circu¡nstances be ¡nuch h,orse or that couìd

occur at lower thresholds. Further data are urgentìy needed.
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TASLE 11.9. ESTIIiIATED HEALTH EFFECTS LEVELS FOR CARBON I{ONOXIDE EXPOSURET

Effects

Approxinate A¡nbient
C0 levels to oroduce

C0Hb concen- stated C0Hb, ing/mr
tration, % in resting individuals Reference

Physiologic nonn

Passive snoking**
aggravates angina
pectori s

1-hour

0

(29-70 ppn)

79-97

8-hour

0

(6-15 ppm)

L7-2t

0.30-0.7

1.8-2.3

Coburn, et al., 195945

Aronow, lg78l2

Decreased excercise 2.5-3.0
capacity in patients
with angina pectoris,
internittent claudi-
cation, or peripheral
arteri oscl erosi s

Inpairment of vigi- 3.0-6.5
lance tasks in
healthy experinental
subjects

Increased anginar*r
attacks for freeway
travel

Inpai rment of nryocardialü
function in patients with
coronary heart disease

Decreased exerclse
perfonnance in normal
Persons

Oecreased exercise
perforrance in
patients with chronic
obstructive pulnonary
di sease

(70-85 ppm) (15-18 ppm)

97-239
(85-207 ppm)

Aronow and Rokaw, 197J5
Anderson qt_aì. , L973'7
Aronow and
Aronow et

-reL r r ,¿al., 1974
Isbell,1t73
I î^trg

2L'52 Horvath et al., 1971113
(1b-45 ppm) Groll-[2app et al.,

L972''
. Foãã"-et at. , !.97271

Aronow et al. , Lg726

Aronow et al. , 19749

Aronow and Cassidy, Ig7510

Aronow' et al. , 197711
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TABLE 11-9 (continued)

Approximate Anbient
C0 ìeveìs to prodgce

COHb concen- stated C0Hb, nglm'
Effec'-s traticn, ã in resting individuals Reference

Ljnear reìationship 5-20 176-887 38-193 Ekbiom et aì. , 197264r1q
betyeen C0Hb and (155-175 ppm) (33-170 ppm) Horvath, et a]o,-,1975'--
oecreasing maximaì *Ayres et al.'"'-"
oxygen consumption
during strenuous
exercise in young
healthy men

Siatisticalìy signi- Bender et al. , llg7i25
ficant diminution of
visuaì perception,
manual dexterity or
abi ì i ty to 'learn

* - High variabiìity in C0Hb ìevels is found between individuals exposed to sinílar C0 levels.
*t - Partia'l effects may be due to other polìutants found in cigarette snoke.
**i - Partial effects nay be due to other pollutants found in autqrnotive exhaust and

the anbient air.
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APPENOIX A: GLOSSARY

Abscissa: The horizontaì or x axis of a graph.

Abscission: The process of cutting off, as in the dropping of leaves.

Absorbance: The ability of a layer of a substance to absorb light
or other radiation, expressed nathematically as the negative
logarithm of the fraction of ìight intensity transmitted.

Absorptivity: The absorbance of a solution of unit concentration in a
layer of unit thickness.

Adiabatic: A process occurring ¡rithout loss or gain of heat.

Adrenaìine: Brl'tish nane for epinephrine, a potent stinulator of the
autononic nervous systetr.

Adsorption: The adhesion of molecules ìn an extrenely thin layer to
the surfaces of soìids or liquids with which they are in
contact.

Alveoìar: Pertaining to the alveoìi or snall air pockets of the lungs.

Alveolararterial pressu¡e difference (A-aDOr): Difference in oxygen

pressuFe between the lung aìveoli and the arterial blood.

Anbient air: The surrounding, weìl-mixed air..

A¡rinotransferase: Any of a class of enz¡nns that cataìyzes the transfer
of an anino group f¡o¡¡ one nolecule to another, typicalìy
from an alpha-anino acid to an a'lpha-keto acid.

d-A¡nphetaniæ: A central nervous systen stinulant.

Anaerobic: Living, or active, in the absence of free oxygen.

Ane¡nia: A reduction beìow nornal in the number of erythrocytes
(Èed blood cells) per cubic nilìimter, in ttre quantity of henoglobin,
or in the volrne of packed red cells per 100 nillíliters of bìood.

Angina pectoris: A parorysnaì thoracic pain, with a feeling of
suffocation and inpending death, due ueually to anoxia of the
heart nuscle, and precìpitated by effort or excitement.

Angiogranr: An X-ray picture of a blood vesseì filled with a contrast
nedim..

I
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Angstrom: A unit of wg¡elength of ìight, equaì to one ten-bilìionth
of a meter, or 10 " cn.

Anoxia: Absence or lack of oxygen; reduction of oxygen in body
tissues beìow physiologic ìeveìs.

Anthropogenic: Relating to the irnpact of man and his activities on
the natural world.

Aortic intima: Innermost lining of the aorta (nain trunk from ¡¡hich
the bo_dy arteries proceed).

Arteriosclerotic heart disease (ASHD): Sclerosis and thickening of
the wa'lls of smalì arteries (arterioles) of the heart.

Asanguineous: Bloodless; the btood is replaced by another ftuid.
Atheroma: A mass of.plaque of degenerated, thickened arterial lining

occurring in atherosclerosis.

Atheromatosis: The process involving fatty degeneration of the 'inner
coat of an artery.

Autonomic nervous_system: The portion of the nervous system concerned
with-regulation of the activity of the heart musclã, the smooth
nuscle, and the glands; self-regulatory.

Autotrophic: Needing onìy carbon dioxide or carbonates as a sourceof carbon, and a simpìe inorganic nitrogen compound for netabolic
synthes i s .

Auxin: Plant "honnone" that pronotes growth in plant ceìls and tÍssues.

Bacteroids: Enlarged, branched bacteria found in the nodùles of
ìeguninous pìants.

Ballist'ocardiogran (BCG): Tracing from the apparatus for recording
the movements of the body due to the heaitbeat.

Biosphere: The part of the world in which life can exist.

C, type pìant:. A-tyge of plant in which the first stabìe product of- photosynthesis is a.compound containing three carbon ätons, naneìyphosphoglyceric acid.

Cannabis sativa: Hemp; contains cannabinol, an hallucinogenic;
variously called bhang, ganja, hashish, or marihuana]

carboxyhemoglobin (cOHb): The conpound formed by the combination of
carbon monoxide with hemoglobin.

A-2



Carboxyrnyoglobin (COltlb): The compound forned by the combination of
_ carbon nonoxide with nYoglobin.

Carcinogenesis: The developnent of a carcinoma, a malignant new
grourth of epitheliaì cells.

Cardiec index: The rate of blood pumping by the heart, divided by
the surface area of the body; expressed in units of ìiters per
arinute per square reter.

Cardiovascular: Pertaining to heart and bìood vessels.

Catechoìanine: One of a group of conpounds having a s¡mpathoninetic
action such as norephinephrine, epinephrine, and dopanine.

Catheter: a tubular, fìexible surgicaì instr¡¡nent for withdrawing
fìuids frcn, or introducing fluids into, a cavity of the body.

Central nervous systen (Cl{S): Erain and spinaì cord together.

Cerebraì blood flow (CBF): Blood flow through the cerebrun or rein
portion of the brain.

Cerebral contex: Outer layer of the br¡in.

Cerebrov¡scular: Refers to blood vesseìs of the brain.

Ghenic¡ì kinetics: The stuCy of tne rate or speed at vhich one
cheuical substance is converted into enother.

Che¡¡iì¡minescence: Light ernitted during a che¡rical r"eaction.

chenoreceptor: specialized ceìls adapted for excltetion by-chenlcaì
substances, luch as found in the senses of smelì and of taste.

Chr.onexie: The nini¡un ti.¡e an electric current nust flou at a voltsge-- trice the nininal potentíal necesstry for stinulation for the ¡¡uscle
to contract.

Claudicatlon; Lirying or laneness; a couplex of s¡nptoos-frequentìy
associated vlth õccìusive arterial diseases of the liús.

Colorinetric: A type of chemìcaì analysis ln vhich the anount of a

chenical substince Pr€sent is found by neasuring the ìight
absotption due t¡ its intrinsic coìor or the color of .nother
substànce lnto which it c¡n be copìetely converted.

Continçnt negatlve varlation (ClN): Slorvave brain potentials
evoked by a stinulus.

Coronary: Pertaining to the arteries and veins of the heart.
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Coulometric: A type of chemicaì analysis in which the anount of a
substance present is detennined by causing it to undergo an
eìectrochemical reaction and measuring the amount of etectricit¡r
needed to carry the reaction to compìetion.

Criticaì flicker fusion frequency (CFFF): The frequency at which
interr¡ittent fìashes of lìght appear as a steady or continuous
I i ght.

Cynomolgus: lilonkeys of the genus Macaca, particuìarìy the species
I'1. irus, used in laboratory research.

Cytochrone: Iron-containing respiratory pigment for intracellular
oxi dati on.

Cytochrome oxidase: R bìoód protein enzyme found in ceìls, usuaìly
attached to rnitochondria (rod-shaped organeì les), associated
rdi th copper.

Debye: A unit of electric moment equaì to fO-18 stat coulomb-
centimeter; a measure of the electrical asymnetry of a molecuìe.

Diastole: The dilatatÍon of the heartn fi'lìing the ventricles with
bì ood.

Differentiaì-reinforcement-of-low-rate scheduìe: A reinforcement schedule
in operant conditioning that reqeires the subject to respond at a
specifíed, reìatively lotú rate te be rewarded.

0iffusion: The process by which partícles o_f gases, liquids, or
solids interningle as a result of their spontaneous movement
caused by thermal agitation, änd nove fron a region of higher
concentration to a region of ìower concentration.

Diurnaì: Having a daily cycìe.

Dyspnea: Difficulty of breathing; labored breath.ing.

Echocardiogram (ECG): A tracing nðde by an echocardiograph, which records
the position and movement of the heart wal l or iniernal structures
by analys'is of the echoes obtained from ultrasonic waves directed
¿hrough the chest.

Eìectrocardiogram (EKG): A tracing made
which measures changes of electrical
the heartbeat.

Elution: The release or nemovaì of
a material which had retained

Endogenous: Originating within the

by an electrocardiograph,
potential occurr'íng during

a substance by a solvent, from
the substance for a time.

organi sm.
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Epicotyl: The upper portion of an plant enbryo or seed'ling.

Epidemiology: The sttdy of the relationships of the various factors
deterrnining the frequency and dístrjbution of diseases in a
hunan connunity.

Epinasty: The dorynvard curìing or curving of a foliage ìeaf.

Eguivalent llethod: A nethod of sanrpling and analyzing air for a
pollutant that has been officialìy designated as-an eguivalent
method by the Environmental Protection Agency. It nust have a
consistent relationship to a reference nethod yhen both ¡rethods
are used to measure the concentratlon of the poììutant in a
reaì atnosphere.

Ergorreter: An apparatus neasuring the rork performed by a group of
nuscìes.

Erythrocyte: Red blood cell (coryuscle).

Erythropoiesis: The foroation of eqrthrocytes (red b'lood ceììs).

Erythrcpoietin: Substances regulating the production of red blood
cel I s.

Ethanoì: Ethyl alcohol.

EtÍotation: Paleness due to the exclusion of light.

Etiology: Pertaining to the factors that cause disease and the nethod
of their lntroduetion to the host; the sm of knorledge regarding
causes..

Exogenous: Originating frr¡r outside the organisn.

Exothernric reaction: A chenical transfornation in yhich heat or other
energy ís liberated.

Fibrillation (cardiac): Rapid, irreguìar contractions of the nuscle
fibers of the heart.

Fixed-constant-ntmher schedule: A reinforcenent sctndule Ín operant con-
ditionlng that requires the subject to enrit a specific number of
responses before leinforcement (food) is evailable; early approaches
to the food tray reset the response requirement.

Fixed interval scheduìe: A reinforce¡¡ent schedule in operant conditioning
that nequires that a çecified tiæ interval elapse befor.e a regponse
is r€inforced.

Fixed ratio scheduìe: A relnforcenent schedule in operant conditioning
that requires a specified ratio of responses to reinforcements.
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Fourier transfonn spectroscopy: An_improved method for obtaining
absorption spectra of high quatity. Alì of the avai'labìe rãdiant
energy is sent continuously through the sample (in cont,rast to
conventionaì instrunents in which-onìy a vei-y nàrrow band of
wavelengths is used at any moilent, thà re¡¡aiilder being discarded)
and the absorption spectrum is reconstructed by opticãl and
mathematical processi ng.

Gas chromatography: A method of chemicaì analysis in which a mixture
9l_gl:"f or^vapors is separated into its äomponents by passage(in an inert carrier gas) through a coìumn oî materiai irtr.¡ctr-interacts more or lesi strongìy-with the individuaì iomfonents,retainiqg them for ìonger or-shorter tines before reieãie into'
the effluent gas strean.

Gaussian distribution: synonynous with norrnal distribution.
Globin: The protein constituent of hemoglobin.

Gìycoìysis: The breakdo¡rn of glycogen or gìucose into lactic acid.

Haldane constant: Ratio of. the stabÍlity constant for carboxyhemoglobinto that. for_oxyhemoglobin; a measurL of the relative aff-inity-of
hemogìobin for carbon monoxide as conpared to its affinity fär
oxygen.

Half-tine: The ti¡re requircd for the concentration, or anount, ofa substance to decrease to half its initiaì uaiue.

Hectare: A netric measure of area containing 10,000 squere meters(2.471 acres).

Hematocritì The volune percentåge of erythrocytes (red btood cells)in yhole blood.

Hemoglobin (Hb): Iron-containing proteìn respiratory pigments
occurring in the red bìood cãlis or vertebrates ãnä iransport.ing
oxygen to the tissues and carbon dioxide fron the tissues.

Henopoiesis: _Henatopoiesis, the formation and development ofbìood ceììs.

Hexobarbitaì: A sedative and an hypnotic.

Histopathologr: Pertaining to diseased tissues of the body. c

Hopcal.ite: . A catalyst for converting carbon monoxide to carbonoloxrdet which cons.ists of a mixture of oxides of copper, cobaìt,
nanganese, and silver.

Hydrocyanic acid (HCN): An aqueous solution of hydrogen cyanide; apoisonous ìiquid used chiefty in fumigating äno-iñ'-o"éãnii-åyntt"r"r.
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Hydroxyì radicaì: Unstab'le, electricaìly neutraì fragnent of a
molecule containing one oxygen atoo and one hydrogen aton. It
is formed by disruption of a water (or other hydroxyl-containing)
nolecule, as a result of exposure to far ultraviolet 'light or
other high-energy radiation such as X-rays.

H¡Derpnea: Abnormal increase in the depth and rate of the respiratory
novenents; heavy or labored breathing.

Hypertrophy: The enlarjenent or overgrowth of an organ or part due
to an lncrease in size of its constituent cells.

Hypobaric"hypoxia: Deficiency of oxygen due to less than nor¡al pressure.

Hyponasty: The upvard curling or curving of a foliage ìeaf.

H¡ryothalanus: Part of the brain; has nany functions, e.9., reguìation
of water balance, bo-dy temoerature, sìeep, food intake' and
developnent of secondary sex characteristics.

H¡ryothermia: Abnornally low tenperature.

Hypoxemia: Deficient orygenatlon of the blood; h¡ryoxia.

HypoxÍa: Lov oxygen content or tension. Anemic hypoxia is due to
reduction of-the oxygen-carrl/ing capacity of the bìood as a result
of a decrease in the total hemoglobin or an alteration of the
henoglobi n constituents.

H¡ryoxic h¡ryoxia: A ter¡¡ used to denote hypoxia due to læ-oxygen tension
to Ai'stinguish it fron that due to caròoryhemoglobin in which C0

r:places 0r.

Intercalated disks: Short lines or V-shaped stripes extending across
the fibers of heart ruscle.

Intraperitoneal: llithln the body cavity.

!¡ yilfg: 0utside the ìívlng organisn.

In vivo: brlithin the living organlsn.

Ischenia: DefÍciency of bìood: nyocardiaì ischenia, deficiency of
blood sr¡pply to the heart ruscle.

Isopleth: 0n a nap, a liæ connecting points at vhich a particular
variable has a speclfied constant value.

Lactat¡ dehydrogenase (l"DH): An enz¡ne that catåìyzes the detrydrogenation
of alpha hyrlrory acids to alpha keto acids; in certaln casês'
specificalìy restricted to l¿ctate.

Leghenoglobin: A pigrnent found in legrminous root nodules.
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Leucine aminopeptidase: A proteolytic enzyne that cataìyzes the hydroìysìs
of peptide iinkage involving the a¡nino acid, leucine.

Lipìds: Various substances incìuding fats, waxes, phosphatides,
cerebrosides and reìated or derived compounds.

Lognonnal: A type of statistical distribution in which the ìogarìthm
of a variable has a nonnal distribution, in contrast to the
famiìiar case in which the variable itself has a norma'l distribution.

l,lethyìene chloride (Dichìoromethane; CH"CIr): A compound which causes
an elevation of carboxyhemoglobin;-a lonmercial solvent.

Microflora: lilicroscopic plant life; bacteria.

l4icroglial: Pertaining to the microgìia, snrall non-neural, interst'itiaì
celìs that fonn part of the supporting structure of the central
nervous system,

l,licrowave rotational spectroscopy: A method for chemicaì analysis
of gases by measuring the absorption of electromagnetic radiation
in the centimeter wavelength region, which is based on the
characterístic rotational frequency of the specific gas moìecuìe.

Mi'llìgrams per cubic meter (rng/n3): A measure of concentration of a
substance. In this instance, the weight in nilligrams of C0
contained in one cubic meter of the ambient air, which may be
converted to rrparts per niììiontr at one ltmosphere by
multiplication by the factor 0.873 at 25'C, or by the factor 0.800

' at 0"C. At pressures other than one atnosphere (760 torr) such a
factor should be muìtiplied by an additional factor ú 76A/p,
where p is the ambient pressure in torr.

Hitochondria: Small organeìles found in the cytoplasn of the celì
and which are concerned wìth cellular metabolis¡¡.

l.lixing ratÍo: The ratio of the mass of a substance (such as rvater
vapor) in an air sample, to the totaì mass of aìl the other
substances in the sa¡re air sample.

lilo'le: Gram molecular weight. The anount of a substance represented
by writing "grams" after lts moì,ecular weight (the sum of the
atomjc weights of all the elenents ig its formuìa). One moìe
of any substance contains 6.02 x 10o' nolecules.

I'lossbauer spectroscopy: A nethod for chemicaì analysis ahd structure
studies, based on small variations (due to chemical and physical
factors) in the energy of garma rays emitted by radioactive atoms.

iluìi,iple schedule: A reinforcement scheduìe in operant conditioning in
wnich two or nrore component schedules operete in a'lternation, each
in the presence of a different stimulus.
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ilyeìin: A tipid substance forning a sheath around sone neryes.

ilyocardial infarction: A necrotic (dead) area of the heart nuscle.

l$rocardiun: iluscle of the heart.

lrlyocardosÍs: Disorder of the middle, thick nuscìe layer of the
heart wall.

l,lyoglobin: A protein found in nuscle fibers, which is si¡¡ilar to
henogìobin in its reversible binding of oxygen.

l{ecrosis: Locaìized death of ìiving tissue.

Neonate: A n*born infant.

ilormal distribution; A type of statistical distribution in which the
set of values obtained in a ìarge nu¡nber of independent repetitions
of a neasu¡renent can be represented by a symretrical beìt-ihaped
curve.

l{uclear magnetic resonance: A type of radiofr.eguency spectroscopy
used for chenical analysis and ¡¡olecular probes, bâsed on siãlì
chançs (caused by negrby electrons) in the nagñetic energy ìevels
shorn by certain atonic nuclei.

Orsat: An-apparatus ör rethod for chemlcal anaìysis of gas nixtures,
in which each gas successively ís renoved from the ãaple by an
appropriate chenicel reagent, and the decrease ln voldne or
pressuFe is [easured after each step.

Oxygen partial pnessure (Poz): The amount of pr.essure exerted by
oxygen ås on€ conponent of a nixture of gases, equal to the
pFèssure it muld exert if it rere alone-in the sane container.
The total pFe$sune of a gras nixture is the sr¡m of the par"tiaì
pnessures of the individual gases.

Oxyhemoglobin: The compound forned by the conbination of oxygen uith
heroglobin.

0ryaryogìobin: The conpound fomed by the combination of orygen with
nyogìobin.

Paradigm: An exanple or pattern.

Parts per niìlion (ppn): A neasure of concentration of a substance. Inthis instance, the volune in ìiters of C0 contained in 1,000,000llters of the anbient air. nhich ray be converted to,,nlilioians
per cubic neterrrby nultiilication -by the factor 1.145 at 25oC,
or by the factor 1.250 at 0'C. At pressures other than one Etno-
sphere (760 torr) such a factor should be nuttiplied by an addi-
tisnal factor o1 p/760, where p is the anbient þressurõ in torr.
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Pathology: Study of the structuraì and functional changes produced
by diseases, ê.g., abnormalities.

Photic: Pertaining to ìight.

Photochemistry: Study of the effects of light, ultravioìet rays,
or other radiant energy in causing conversion of one chenical
substance into another.

Photolysis: 0isruption of a molecule caused by exposure to ultraviolet
or other radiation energy.

Photometry: l,leasuie¡¡ent of light intensity; can be used for chemical
analysis by measuring the intensity change caused by characteristic
absorption or enission of radiant energy due to a chemical compound.

Planckrs Radiation Law (hv = E): Planck's constant (h) times the
frequency of radiated energy (v) equals guanta of ener$¡ (E).

Plume: An elongated mobile column, as of smoke or exhaust gases.

Porphyrín: Iron-free pyrrole derivatives nhich forn the basìs for
respiratory piErrcnts.

Postpartun: Following parturition or giving birth to offspring.

Primordia (flower): Earliest stage in the deveìopnent of the flower.

Progressive ratio scheduìe: A reinforcement schedule in operant conditíoning
that reguires the subject to enrit a progressively increasing number
of responses (rithÍn limits) to obtain each successive reinforcement.

Protoporphyrin: An iron-free derivative of_hematin, C?¿H?çN¿Fe0',
r{hich together with globin forms henog'lobin. Jr JJ a

Psychomotor: Pertaining to motor effects of cerebraì or psychic
acti vi ty.

Psychotropic: Exerting an effect upon the mind; usuaììy applied to
drugs that affect the mental state.

Pyrrole: A liquid, weakly basic, cyclic substance (C,H,NH) obtained
in the destructive distillation of various animaT Substances.

Radicals: Unstabìe fragments of nolecules which have an unpaired
electron and tend to react or change rapidly into nore stable

.substances.

Rapid eye movement (REil): An indication that the sleeping subject
has entered one of several t'stages,, characteristic of normaì
s I eep.
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Reference method: The a¡ethod of sanrpìing and chemical analysis for a
poììutant substance yhich has been officiaììy designated as
acceptable by the Enviromental Protectíon Agency; includes a
specific instnrnent yhich nust be used in such anaìysis.

Scavenger: A chemical substance which r.enoyes radicals by a rapid
reaction, converting then to ¡nore stable substances.

Second derivatiye spectroneter: An instrment for detecting weak
absorption peaks by electronic processing of spectral intensity
neasur€ments, to yield the rate of chanç of the sìbpe of the
absorption spectruÍr plotted as a function of uavelength. This nakes
the peaks ¡¡uch nore visibìe.

Sequeìa (ae): A lesion or affection following or caused by an
attåck of disease.

Sickle-celì ansria: A disease narked by anenia and by uìcers and
characterized by the rcd blood celìs of the patient acquiring
a sickle-like or crescentic shape in vitro: the disease is
apparently confined to the negrä rããeilÏi-it is hereditary.

Sigmoid: Shaped like the letter S.

-<lnk: An absoràer of a substance, or a process yhich acts as a
nerpval or dissipation ¡echanism.

Sorct: Intense peaks of llght absolption shovn by hernoglobin and' related'conpounds, in the spectraì region of ¡bout 400 to ¿140

nanoæters; named for the discoverer.

Spectrophotoneter: An instrurent for neasuring the relative light
intensities (or absorption of light) at differcnt wavelengths
in a spectnn; used for chenical anaìysis of substances *hich
have characteristic colors or absolation spectra.

Stoichior¡etric: The anount of a chenical substance theoretically
needed to r¿act vith, or produced by a ieaction fron, a specified
amount of another substånce, as expressed guantitatively by the
chemical eguation for the r.eaction.

Stratosphere: An upper region of the earth's atnrosphere, above about
l0 to 16 klloneters, in vhich clouds are rane and there is littìe
change of te@erature yith altitude.

ST segøent: The segrrent of the electrocardiogram betreen the f-rave and
the t-wave. The electrrocardiogran ls characterized by four rayes,
alÈitraríly called Q, R, S, and T.

Superior coìliculus; A portion of the brain prinariìy concerned
with visual responses.
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synergisn: The joint action of agents so thet their conbined effectis greater than the algebraic sum of their individuat effects.

systole: contraction of .the heart, forcing the btood out through the
arteri es.

Teratolory: science that deals with abnorrnal development of the fetus,
and congenital malfor¡nations.

Terpene: A type of hydrocarbon found in ptant oils, resins, and baìsams,
such as those produced by pine or other conifeis.

Torr:. A unit of-pressure equal to u760 of an atnosphere, roughly equalto one miìlimeter of nereury in the Torricelli baromáter,-ofrsis
dynes per square centineter.

Tropopause: -The region of the earthts atnosphere which marks the
transition from the troposphere below tô the stratosphere above,at an aìtitude of about l0 to 16 kiloneters, dependihg on ìatitúde,
season, and weather

Troposphere: The portion of the earthrs atansphere which extends fro¡r
the surface out to an altitude of about T to 10 miles or I0 to 16
ki I oneters.

valence electrons: The electrons in the out¡nost shell of the atom
which detennine the extent to which en atom may combíne with
other atoms.

Vascuìar: 0f or pertaining to the blood vessels.

vasodilation: Dilation of a btood vesseì, increasing the blood flow.

Ventilation perfusion ratio (VolQ): A measure of the rate of 02
exchange betreen lung alvêoli and arteries.

vigilance: A-stage of .alertness requiring continuous attcntion over
long períods of tine.

virtual source: A point from which divergent beams seen to emanate
but do not actuaììy do so.

Visual evoked response (VER): Reaction to a visuaì sti¡nuius.

tJhîte noìse: a heterogeneous mixture of sound waves extending over
a wide frequency range.

ZoxazoìanÍne: skeletaì ¡¡uscle relaxant; promotes excretion of uric
acid in the urine.
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