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Section |I. I nt roduction

Wth the passage of the Cean Air Act Amendrments of 1970,
the Federal governnent conmitted the public and private sectors
to billions of dollars in expenditure for pollution control
The authority provided by this Act, including the regulation of
stationary and nmobile sources of pollution, is scheduled for
review by Congress this year. The wunderlying rationale for
examning norbidity effects of air pollution cones from the Act
itself, which states that national anbient air quality standards
should be based on levels that wll assure the protection of the
public health.

The need for estimating the general population health effects
from the criteria air pollutants subject to regulation becane nore
urgent after the issuance of an Executive Oder by President
Reagan in February, 1981. The Oder requires consideration of the
potential benefits and costs of all nmjor regulations. It is
expected that the revision of primary air standards over the next
two years wll be interpreted as mmjor regulations subject to the
requirements of the Oder.

Though air pollution is known to affect agricultural output,
materials, and visibility, all available evidence points to the
conclusion that a large portion of the benefits of air pollution
control arise from inprovenents in the states of human health.
Statistical neasurenent based on clinical and non-clinical exper-
iments, has played a nmajor role in the establishnment of prinmary
air quality standards in the United States. The evidence of the

effects of air pollution on human health was initially deternined
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from a nunmber of epidemological investigations of air pollution
episodes in the United States and Britain in the 1950s and 1960.
Although there are a nunber of serious difficulties in determnning
the statistical relationship between air pollution and health, one
can be optimstic about future scientific inquiry in this area.
Since the initial studies of pollution episodes, new and better
sources of information concerning health status and pollution
exposure have been developed and statistical techniques nore
capable of dealing with this data have been devel oped.

Recently nuch research has been conducted to test enpirically
the claim that air pollution does affect the incidence of hunan
nortality and norbidity. Most of these studies, however, have
concentrated on the relationship of air pollution to nortality.

The study results are then extrapolated to approximte the nor-
bidity effects. Unfortunately, it is probably a significant dis-
tortion to use the statistically established relationship between
air pollution and death to approximate the true effects of air
pollution on disease. This assunption nmay have served to reduce
the general acceptability of the enpirical studies of health

ef fects.

The analysis of norbidity effects thenselves, should be an
i mportant area of concern. First, it requires a smaller sanple
size in order to obtain statistical significance since sickness
occurs nore frequently than death. Second, norbidity is probably
a nore sensitive indicator of pollution effects because of the
i medi acy of the effect. Third, there may be a good deal of acute

illness resulting from air pollution which never result in death.
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Fourth, the measurenment of chronic and nore severe norbidity
can serve as a verification of the estimated nortality effects.

This paper attenpts, in Section Il, to provide a review of
sone of the statistical techniques that have been utilized to
estimate the health effects of air pollution.

Section |1l highlights sone of the reported results and
Section 1V suggests sone of the problens inherent in this type of
statistical analysis. Finally, Section V provides sonme new evi -
dence of the norbidity effects from air pollution based on sone

recently devel oped dat a.
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Section I1I. Statistical Techniques
This section reviews the four principal approaches that have
been used to assess the inpact of air pollution on human health

The studies may be characterized as those involving aninals
and those with human subjects. Ext ensi ve use has been made of
ani mal studies, especially with respect to nechanisns of damage to
pul nonary macrophages. Animal studies have the great virtues of
permtting neasurement of |ong-term responses to relatively |ow
levels levels of pollution and of permtting direct exam nation of
damaged tissue. However, animal studies have the fundanental
probl em of extrapolation to man. Wth this link inprecise at
best, animal studies can play only a mnor role in the estination
of pollution control benefits.

Researchers have conducted at |east three types of human
studies - chanber experinents, statistical analysis of occupa-
tional exposure, and epidem ologic nmethods in general popul ations
Chanber studies on healthy and di seased subjects do reveal the
| evel s at which various acute effects are observed in humans but
have other problens such as the ethics of research and the diffi-
culty of ascertaining chronic effects. Chanber studies can have
great value in identifying thresholds for various subgroups of
t he popul ation, but they can play only a limted role in assessing
econom ¢ benefits because of the virtual omssion of consideration
of chronic effects. Studi es of occupational exposures face prob-
| ens of measuring actual exposures (particularly a problem for
chronic effects resulting from past exposure) and the typical [|ack

of conpatability between the mx of occupational pollutants and
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concentrations and those experienced by general popul ations
Moreover, there is substantial evidence of selection by industry
and self selection by workers so that exposured industrial groups
are not representative of the population. Therefore, occupational
data will have limted relevance to the estimation of benefits of
control of population exposures to the criteria air pollutants.
Because of the problens with the aforenenti oned approaches,
assessnent of general popul ation benefits from controlling air
pollution nmust rely on epidemologic nethods in general popul a-
tions to detect chronic effects of |ong-term exposures to |ow
| evel s of pollution. The epi dem ol ogi ¢ approach has the great
virtue that it can estimate the response to the full range of con-
dition to which humans are actually exposed. The value of epi-
dem ol ogi ¢ nethods is enhanced if other risks can be controlled
and potentially confounding variable can be included. M cr oepi -
dem ol ogi ¢ studies using data on individuals are preferable to
studies that use data on the neans of |arge groups exposed to dif-
ferent levels of pollution. The reason is that data on individ-
uals spans a far larger range of variation than does data on, say,
netropolitan area averages. For exanple, cigarette snoking is a
maj or contributor to adverse health states, probably nuch nore
important than air pollution paraneters. The use of city-w de
averages nmmy obscure statistically significant dose-response rel a-
tionships that exist anong the non-snoking subset of the popul a-
tion. Despite the preferability of data on individuals, such data

are not often available and many researchers have usually relied
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upon average responses and average characteristics for popul ation
subgroups as the basis for analysis.

In the 1960s and into the 1970s, several epidemn ol ogic
studi es and chanber experinents were reported. A nunber of the
early epidemologic studies of particulates and SO, focused on
severe air pollution episodies - in London, New York CGty, and
Donora Pennsyl vani a. In London, 4000 excess deaths were attri-
buted to one severe episode in 1952; in New York some 200 excess
deaths were attributed to an episode in Novenber, 1953. These
studies were reinforced by other evidence |inking excess norbid-
ity and lung function inpairment in populations living in heavily
pol luted cites and towns.

Statutory obligations (in the Cean Air Act of 1970) forced
regul ators to set air pollution standards to provide a margin of
safety in the protecton of sensitive groups. This statutory
directive undoubtedly shifted research interests toward defining
threshold |evels for sensitive groups. For this purpose
chanber studies were indispensable. There continued to be, how
ever, an interest in population epidemologic approaches, princi-
pal |y because only through this latter method could one hope to
evaluate the increnental inpacts on the general population of
alternative air standards. The next section summarizes sone of

the principal findings of these studies.
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Section I1I1. Sorme Previous Results
1. Mortality:

The effects of acute episodes of high level of particulates
and sul fur oxides (the gas SOy and the particle SOy) are well
docunent ed. Excess nortality has been denonstrated for episodes
in London, New York, the Meuse Valley, and Donora, Pennsylvani a.
Denonstrating an effect at |ower |evels approximting present
exposures has proven to be much nore difficult and controversial.
One attenpt to docunent the effect of SO on nortality used a
time series analysis of nortality in Geater New York and data
from one nonitoring station to estimte exposure. Buechl ey, et.
al.,F.N. showed that there was an excess in nortality after con-
trolling for a nunber of potentially confounding variables at
exposure | evels of about 300 ug/m3 of S0,. This conpares with
the U.S. primary air standard of 80 ug/m3 (.03 ppn) for annual
mean 24 hour values and 365 ug/m3 (0.14 ppn) for 24 hours not to
be exceeded nore than one per year.

Lave and Seskin F.N. have nade extensive cross-sectional
anal yses of large Standard Metropolitan Statistical Areas (SVBA)

inthe US as well as British data. They have attenpted to

F.N. W have concentrated on S03, SO4 and particulates in this
anal ysis because of the relative wealth of epidem ologic
evidence linking them to chronic health effects in hunmans
(as contrasted to CO NOg, or ozone).

Buechly, R W, et. al., "SOp Levels and Particulates in

Mortality - A Study in the New York-New Jersey Metropolis,

Arch. Environnental Health 27:134 (1973).

Lave, L. B., and E. P. Seskin, "Air Pollution, dinmate, and
Home Heati ng: Their Effects on U S. Mrtality Rates,”
Anmerican Journal of Public Health 62:909 (1972).
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control for several confounding variables, including age, incong,
honme heating, race, and occupation. Three major problens exist
with this approach. Although they recognize the potential con-
foundi ng effect of snoking, they have not been able to control for
it. Anot her problem particularly in large SMBAs, is that noni-
toring data fromone or a few nonitors may not be very representa-
tive of outdoor exposures. And the problem of correlating this
with indoor and total pollution exposure further conplicates the
quantitative assessment. F+*N,« A third potential problem with the
Lave- Seskin approach is that it did not control for the avail abil-

F.N

ity of medical care. In Lave's nost recent work, this third
probl em was addressed and found to not make a significant differ-
ence in the results. Lave found a statistically significant
correlation between norbidity and exposure to SOy and SO4 at cur-
rent exposure levels but no association with particul ates. Lave
attributed the lack of association with particulate exposure to
the fact that TSP as reported is a very crude index of the sub-
conmponent of respirable particulates that are known to cause
scarring of lung tissue and presuned to damage health.

O her studies using cross-sectional analyses of large netro-

politan regions have been initiated by Crocker, et. al. "N Their

F.N.  Spengler, et. al., (Feb. 1981, JAPCA) note that the correl-
ati on between indoor and outdoor pollution for the sanple
in their 6-city study was about .5 for SOp. For non-
smoking famlies, indoor particulate exposures were nearly
identical to outdoor levels, but for snoking famlies
i ndoor exposures were up to three tinmes as high.

Lave, unpublished manuscript 1981.

Crocker, et. al., Mthods Devel opnent for Environnental
Benefits Assessnent, for U S. EPA 1981
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wor k denonstrates a much weaker |ink between nortality and air
pollution than Lave found for sulfates or S02. Met hodol ogi ca
problens with the Crocker study indicate that caution nust be
exercised in interpreting the results. It is unreasonable to
use either of these principal nortality studies as indicating a
maj or effect between nortality and SOy at current exposure
| evel s. A snmall effect may exist, but cigarette consunption and
better information on actual exposures would have to be known
first before that effect could be quantified with any precision
2. Morbidity

Several of the sane pollution episodes that provided evidence
on the acute nortality effects of high levels of pollution also
reveal ed substantial increases in norbidity. For exanple, anal-
ysis of the inpacts of the 1952 London fog nmade use of data on
applications for admissions to hospital for non-accident cases.
G her studies have used consultation rates with general practi-
tioners as an indication of adverse effects of high concentrations
of air pollution. Anot her source of data on acute effects are
i ndustrial sickness absence records. Hol | and's detailed review of
the literature on short-term effects of air pollution on norbidity
concluded that while nost of the studies showed sone association
it was very difficult to asses the results in a truly quantitative
fashi on. The early (pre-1970) studies were all carried out wth-
out the objective of providing information for setting standards.
In the early studies, only limted attenpts were made to contro
for other factors such as weather or influenza that would al so

have affected short-term responses. In nore recent studies,
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Hol l and attributes the failure to establish clear |inks between
air pollution and acute effects to the fact that major efforts to
reduce pollution had been nade so that daily variation in the
range of pollution now encountered is not |arge enough to |ead
to effects that can be distinguished from background I|evels.™"
Epi dem ol ogi ¢ nmet hods have been used to assess |long-term
(chronic) effects from low |evels of exposure to SOz and partic-
ul at es. One of the problens faced by researchers has been the
general lack of availability of suitable norbidity data. Wile
norbidity represents a nore sensitive change in health state in
response to an environnental insult than does death, the
subt| eness of various inpacts nake them nuch nore difficult to
identify and quantify. A nunber of researchers have resorted to
expensive case control studies in which individuals are nonitored
over relatively long periods for effects such as cough, sputum
and respiratory disease. These studies have shown denonstratabl e
correlations between the frequency of synptons and di sease of the
repiratory tract and air pollution |evels. One such study in
CGenoa showed a very significant (r=0.98) correlation between the
frequency of bronchitis and annual nean sulfux dioxide level s. ™M
The effect persisted for levels of exposure only slightly above

the present U'S. primary air standard (105 ug/m3 or 0.037 ppn).

F.N HolTand, et. al., "Health Effects of Particulate Pollution
Reapprai sing the Evidence," Anerican Journal of Epidem ol ogy
110: 525- 659 (1979)

Petrilli, et. al.,



Data from several other studies (in New Hanpshire, Nashville
Australia, Geat Britain, Chicago and Germany) further indicates
an association between air pollution, as neasured by particul ate
matter acconpanied by sul fur dioxide, and various health effects.
For sulfur dioxide, adverse health effects were noted at levels
only slightly above the present primary air standard. For partic-
ulate, Holland concluded that "it is not possible to find any
reasonabl e evidence that would justify the (U S ) primary air
standard of 75 ug/m3 for total suspended particul ate.” In a

rebuttal, Shy argued that there were sound reasons to disagree

with the assessnent.™"

Epi dem ol ogi ¢ evi dence has played a central role in the
establishment of primary air standards in the U S Because of
the continuing controversy over chronic norbidity effects at
exposure |evels near or below the present U S. standard, we have

sought and obtai ned access to nuch better data than has hereto-

fore been anal yzed.

F.N  Shy, C M, "Epidemologic Evidence and the United States

Air Quality Standards,”™ Anerican Journal of Epidem ol ogy
110: 661-671 (1979).
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Section |V. Research Design

The aim of this section is to provide an overview of the
statistical problens associated with the epiden ol ogical approach
to estimating the norbidity effects of air pollution. Some of
these problens are common to alnost all areas of statistical
i nquiry. O hers are nore specifically related to the uncertainty
in the neasurenment of air pollution and health. The statistical
probl ens can perhaps be generalized into three different areas:
questions of proper functional form data and neasurenent prob-
lenms, and specification problens and certainties.

Most of the epidem ological research on the health effects
of air pollution have assuned a |inear dose-response relation-
shi p. The additive linear functional form inplies that each nar-
ginal inmprovement in air quality results is a constant inprove-
ment in health. In addition, it posits that there is no inter-
active effect anong pollutants or between pollution and other
vari abl es, such as weather conditions. Unfortunately, there is
little theoretical or enpirical justification for this functional
form Most clinical research has generated an S-shaped (or
| ogi stical) dose-response relationship. However, the linear form
may be an acceptable approxinmation of the true form over a
certain range of air pollution values. For larger changes in air
pol lution, the linear approximation nay be a |ess accurate esti-
mate of the health effects, relative to sonme non-linear specifi-
cation.

There are two other potential problenms with the linear form

First, it can predict negative values for the dependent variable,
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even if the dependent variable is always observed to be non-
negati ve. Second, it structurally assunmes that the explanatory
variables will have a simlar effect over the entire range of the
dependent vari abl e. These two points are discussed in nore

detail in Section V.

If one is attenpting to estinate the probability of death or
illness fromair pollution and/or wishes to utilize a non-linear
functional form there are a nunber of probabilistic nodels
available including logit, probit and Tobit. Each carries its
own assunptions about the shape of the dose-response function and
about the error term Wth the uncertainty intrinsic to an area
of inquiry such as air pollution and health, it is extrenely
inmportant that alternative function forns be tested so that the
goodness-of -fit, conpatability and predictive results can be con-
par ed.

The second major statistical problem germane to the study of
air pollution and health, is that of availability and accurate
neasur enent of the necessary data. O obvious inportance is the
availability of accurate neasures of air pollution exposure
There are three mamjor concerns here: which pollutant to neasure,
the relationship of anbient levels to exposure, and the tine
structure of pollutants exposure.

The neasurenment of anbient air pollution is obtained pri-
marily through Environmental Protection Agency nonitors sited
t hr oughout the country. The measurenent techni ques have i nproved
dramatically over the last two decades and are becom ng greater

nore accurate and specific. For exanple, EPA is noving towards
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t he nmeasurenent and standard setting for inhalable particulates
(those less than 3 microns) rather than total suspended partic-
ul at es. The fornmer are now believe to be nbst responsible for
generating deleterious effects on the respiratory system Anong
the other pollutants, however there is still question as to which
are the nost inportant precursors of health effects. Only further
clinical study wll reduce uncertainty in this area.

Even the nost accurate neasurenent of pollution at the noni-
toring site may not represent the neasure of actual pollution
exposure, however. First, there can be significant spatial vari-

ation of the pollutant and the potential receptor from the source

of neasurenent. Second, individuals working in other areas or in
closed environnents will receive different exposures for at |east
part of the day. Third, actual exposure will vary according to

the tine spent inside, the degree of insulation and ventilation,
and the prevelant pollutant in the area. For exanple, carbon
nonoxi de easily penetrates all structures, while large order
particul ates and reactive pollutants such as sulfur dioxide and
ozone do not. Researchers are usually left with making the
sinmplifying assunption that, on average, the nonitored air qual-
ity level is sonewhat representative of exposure. Random
nmeasurenment errors of air pollution exposure will lead to an
underestinmate of the air pollution effect.

Anot her question relating to the use of anbient levels as a
proxy for exposure is that of which statistical neasure to use.
The nmean, maxi mum and m ni mum pollution level all have been used

in the past. Each is suggestive of a different kind of
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rel ationship between air and health. Satisfactory answers to this
guestion would help the policy nakers decide if it is chronic
doses above sone mninum |l evel or acute doses at high |levels that
generate serious health effects.

Finally, there is a question of the tine lag of air pollu-
tion induced health effects. Health effects may well be related
to current levels of pollution or they may be a result of cumula-
tive exposure over a nunber of years. If the latter is the case
the use of current levels may lead to a biased estimate of the
pol lution effect.™™

The choice of the health measure also presents a problem for
norbidity research. Although there are a nunber of sources of
data on illness and hospital visits, few have the standardi zation
and sanple size necessary for a cross-sectional analysis. Thus,
nost of the norbidity studies have been either tine series anal-
yses for a given city, studies of energency room utilization, or
sinple two city or city/rural conparisons using analysis of vari-
ance. In addition, there have been surveys which have attenpted
to link overt effects - eye stinging, sneezing, coughing
breathing - with recorded levels of air pollution. Recent |y,
sonme ot her data bases, which include questions about health
care utilization and health status, have been used. I ncl uded are
the M chigan Survey Panel Data, and the National Center for

Health Statistics Health Interview Survey (HS)

F. N See Daniel M Violette, "Estimating the Human Health
Benefits of Inproved Air Quality," prepared for the
National Conmission on Air Quality Benefits Estimation
Panel, January, 1980. PP 189-193.
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The latter has many possibly useful indicators of health
st at us. For acute illness, it neasures restricted activity days,
work | oss days, school |oss days, bed days, and hospital days
Restricted activity days (RAD) is the inclusive term for all the
ways in which one can react to acute illness. It is officially

defined in the HHS as a day in which "a person cuts down on his

usual activities for the whole of that day because of an illness
or injury.... It does not inply conplete inactivity, but it does
inmply only the mninum of usual activities." In addition, the

H'S reports the health condition or diagnosis that is believed
responsi bl e for each RAD.

The variable nmeasuring work |oss days is based on the
response to the survey question asking how many days in the |ast
two weeks did illness or injury prevent one from working.
Qoviously, the amount of pain or disconfort tolerated by an
i ndi vidual before mssing work is a very subjective decision and
may have little to do with any objective neasure of illness. In
addition, reported or actual WD nmay be affected by other unnea-
sured factors such as response to the survey or attitude towards
wor k. Part of the decision to mss work, however, wll be based
on socio-economc and job related factors which can be neasured
or approximately enpirically. The statistician can only assune
that there is an underlying distribution which determnes the
health effects threshol d. For each chronic illness, the H'S
records the duration of limtation, the degree of limtation and

t he diagnosis.
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The neasurenment of other, potentially confounding variables
is also inportant to the study of air pollution and norbidity
especially since the "true" causative variables to describe nor-
bidity are unknown. Omrission of variables that explain the vari-
ation in the dependent variable can lead to serious estimation
probl ens, as discussed bel ow.

Much of the previous health effects research has utilized
aggregate data to proxy socio-econom c vari abl es. For exanpl e,
in their nortality study, Lave and Seskin use variables such as
the percentage of population 65 or older, the percentage of the
popul ati on who are non-white, and the percentage with incone
bel ow poverty. I ndi vidual data presents a distinct inprovenent
and allows the researcher to disaggregate the analysis and dis-
cern the variation in the pollution effect across categories,
such as age, race, and sex.

There exist a nunber of other variables which may vary
collinearily with air pollution and may also affect health
st at us. Those nost frequently cited include occupational expo-
sure, snoking, mgration, indoor pollution, diet, exercise, risk

attitude, weather and "ur banness". ™M

Agai n, sonme of these
confounding effects can be elimnated through use of individua
data, if available. By stratifying the sanple one can explicitly
account for the effects of occupation, snoking, indoor exposure

and various geographic factors.

F. N For a detailed description of the problens generated by
these factors and attenpts to reconcile themin nortality
studies see Richard Wlson, et al., Health Effects of
Fossi| Fuel Burning, Ballinger Press, 1980, PP. 191-214.
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For some factors, such as diet, exercise, and attitude
towards health care, direct neasurement through survey wll
probably not be economcally feasible. However, nany of these
i nfluences can be proxied by socio-econonic surrogates. A
statistically significant pollution effect can be generated
artificially only if these factors vary with air pollution and
not with the socio-econom c proxies.

The third major statistical problem relevant to the study of
the norbidity effects of air pollution is that of econonetic
speci fication. Even if acceptable data on pollution exposure,
health status and their potentially confounding factors is avail-
able, inproper specification of an estinated equation can seri-
ously bias the coefficients. Three different specification prob-
lenms may be relevant to this area of research: nulticollinearity,
omtted variables and sinultaneity.

Since the "true" nodel of health status is far from certain,
one can only make reasonabl e guesses about the variables that
should be included in a regression equation explaining illness.
There is a trade off involved. As explanatory variables are
added, multicollinearity may becone a problem specifically,
variables that vary with air pollution nmay be included so that
the estimated effect of pollution becones confounded. To limt
t he nunber of explanatory values, however, is to open up the
possibility of omtted variable bias, discussed bel ow.

Multicollinearity can exist, and usually does, anong air
pol [ ution vari abl es. Particul ates, sulfur dioxide and sulfates

are all generated from fossil fuel conmbustion by stationary
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sour ces. On the other hand, hydrocarbons, carbon nonoxi de,
nitrous oxides and ozone are the result of fuel conbustion from
nobi | e sources. Multicollinearity can also arise because of the
relationship between air pollution are the other explanatory
variabl es including socio-economc and urbanization variables.
To the extent that these factors vary systemcally (e.g., both
air pollution and urbanization may increase as we nove from the
Sout hwestern to the Northeastern United States), there will be
difficulty discerning the independent influences of air pollu-
tion.

Anot her potentially serious specification error occurs when
a non-random expl anatory variable, correlated with air pollution,
is omtted fromthe estimted equation. The included independent

variables then take on explanatory "noise" from both the excluded

variable and the error term and will have biased estimated
coefficients. The degree of the bias will be proportional to two
factors. First, the collinearity between the excluded and air

pol lution variables; and second, the inportance of the omtted
variable in explaining the dependent variable.

A final specification problemis that of sinultaneity. This
woul d occur if, for exanple, the explanatory variable 'physicians
per capita' is used to explain the variation in health status. If
health status in turn influences the |ocational decision of phys-
icians, the estimated coefficients will be biased and
inconsistent. A technique, such as two stage |east squares,

could be used to reduce this sinultaneity problem
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Section V. Sone Prelimnary Results

The data set which comes closest to neeting many of the
needs outlined above is the annual Health Interview Survey (H'S)
conducted by the National Center for Health Statistics. This is
a scientific survey of 50,000 households conprising roughly
120,000 persons. Besi des basic denpgraphic and economic charac-

teristics of the respondents, the survey includes data on acute

and chronic illness (identified by diagnosis), disability days
for those in and out of the |abor force, work and school | o0ss
days due to illness, neasures of health care wutilization, height

and weight, famly incone, occupation and industry of enploynent,
and i ndividual cigarette consunption. The availability of the
latter nmakes the data set superior to nany others and nitigates
the separation of the health effects of cigarette snoking versus
air pollution.

To provide a prelimnary assessnent of the effects of air
pollution on norbidity, a data base was created that provides
detailed information about the individuals and their health
status, the levels of several pollutants to which they are
exposed, their <climate, and the area wthin which they Iive.
Thus, the H'S results for 1976 were nerged wth: 1976 EPA data
on anbient levels of particulates (TSP), sulfur dioxide (S03),
and sulfates (SOg); NOAA data on w nd, tenperature and precipi-
tation; and Census data on density and other wurban characteris-
tics. For this analysis, 130 cities of nedium size (population
of 100,000 - 500,000) were pre-selected in order to reduce the

intra-city variation of the air pollution neasures.
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The initial work concentrated on the determ nation of the
contribution of air pollution to acute illness in adults. The

sanple of all nmale non-snokers was used to estimate the variation

in work |loss days (WD). This group was chosen for a nunber of
reasons. First, the sanple size of nales is greater than that of
f emal es. Second, by using only non-snokers the air pollution

effects cannot be attributed to the inpact of cigarette snoking.*
Also, cigarette snoking nay be determ ned sinmultaneously by those
variables that are used to explain health status. |f snoking were
included as an explanatory variable, it would necessitate a
slightly nore conplex and less easily interpreted nodel. Third,
nmales tend to have less famly and child-rearing responsibilities
outside of work. Therefore, there is less of a possibility of
non-health related work |oss days occurring. Wrk loss nmay be a
nore accurate indicator of illness for males than for females.
Finally, work |oss nmeasurenent is nore conducive to a nonetary
eval uation of |osses.

The dependent variable was hypothesized to be a function of
anbient air pollution levels, various denographic and socio-
econom ¢ variables, the existence of chronic disease, clinmate
conditions, and neasures of "urbanness".

Basically, two pollution variables, total suspended particu-
|ates TSP and sul fates were used. They were selected because of
their use in the Lave and Seskin study, because of the preponder-

ance of clinical evidence cited above concerning their health

*There still remains the possibility that non-snokers living in
a household with a smoker will be the recipient of a snoking
af fect. This possibility will be considered in subsequent work
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effects and because their neasurement tends to be of acceptable
consi st ency. The correlation coefficient of these two variables
was . 2.

A nunber of denographic and socio-econom ¢ vari abl es
including age, race, famly inconme, famly size, physicians per
100, 000 people, blue or white collar worker, and whether or not
the individual was married and currently living with spouse were
all employed to explain the variation in WD. These vari abl es
were believed to be inportant factors in measuring the degree of
and response to pollution exposure, and the ability to partake
in preventive care including direct physician access, housing
and sanitary conditions, diet, exercise, and occupational expo-
sure. Data limtations preclude a determ nation of the degree
to which diet and exercise, for exanple, may affect health. It
is believed however, that the included independent variables are
anpl e proxies for the neasurenent of access to and use of preven-
tive care while at the sane tinme independent enough to preclude
problens with nulticollinearity.

The existence of chronic disease (a binary variable) wll
probably play an inmportant role in determning the frequency of
work loss or activity restriction and was included in the esti-
mat i on. The climatic conditions faced by individuals, including
precipitation and average tenperature or nunber of degree days
were included because of their potential effect on WD and RAD.
Finally, a neasure of the general urban structure, popul ation
density, was included.

Multiple regression was selected as the appropriate statis-

tical tool because of its ability to control for many factors in



-23-

the analysis. A major uncertainty in the estinmation, however,
was the exact form that the statistical nodel should take. A
special problem exists in that the dependent variable is truncated
at zero and that a large percentage of the health status observa-
tions (between 70 and 95% are zero. For this reason, three dif-
ferent nodels were tested. Each has different characteristics
and assunptions about the structural nature of the explanatory
vari abl es and each generates a different shape for the dose-
response relationship.

First, the ordinary |east squares (OLS) nethod was used.
Al t hough cheaper to run and conputationally sinpler, this tech-
ni que ignores the zero truncation and can possibly predict nega-
tive values for W.D. In addition, it has the inplicit structura
assunption that the same factors that cause the existence of any
work |oss day (the novement from zero to one or nore) also explain
the particular nunber of WDs, given that at |east one WD has
actually occurred. One advantage to this technique is that the
linearity nakes extrapol ation easier. The estinmated equation

took the follow ng form

(1) W3 = by + by D+ by A+ b3 C+bg M+ bsU+u
=xb + u

where W3 = Nunber of work |oss days

b;j = Estimated co-efficients

Denogr aphi ¢ and soci o-econom ¢ characteristics

>
I

Air pollution measures

Chronic condition



- 24-

M = Meteorologic variables
U = Wban structure variabl es
X = Matrix of above independent variable

The partial derivation of work |loss days with respect to the air

pollution variable is:
(2) QW1/32 = by

An alternative technique was to use the Tobit nodel. Thi s
techni que constrains the dependent variable to be non-negative
but still inplies the structual assunption described above. An
additional problemis that the shape of the resulting dose-
response curve wll have positive first and second derivatives
(convex from below) which is contrary to the generally accepted
shape of the curve.

The stochastic nodel underlying the Tobit estimation is:

~~

w

~

et

<
N
1

= Xb 4+ u if Xb +u > 0
Wo =0 ibe+uiO

with u ~ N0 ,52)

where Wp = proportion of all work days that are |ost days.
The nodel assunmes that there is an underlying stochastic index
| = Xb + u which is observed only when it is positive.

The expected value of Wy in the nodel is:
(4) EWp = Xb F(2) + 0 £(2)

where 2 = Xb/¢g , f(Z) is the unit normal density and F(Z) is the

cunul ati ve nornmal distribution
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The expected value of Wy for observations above the limt,

Wo*, is expressed by:

(5) EW* = Xb +0£(2)/F(2)

The latter termis the expected value of the truncated
normal error term The nmeaning of F(Z) is sinply the probability
of the value Z being above zero.

Fol lowing MDonald and Mffitt,! the relationship between
the expected value of all the observations, Wg, the expected

val ue of those values above zero, W2*, and F(2Z) is:
(6) EWp = F(Z) EWp*

The partial derivative of the expected value of all obser-

vations expressed in (6) with respect to air pollution is:
(7) QEWR/3A = F(Z)(QEWR*/ D A) + EWp* (D F(Z2)/d A)

or the change in Wy for those observations above zero weighted
by the probability of being above the Iimt plus the change in
the probability of being above zero weighted by the expected
value of wWo if above zero. Wth estimates of b and ¢ both of
the right hand side terns can be cal cul at ed.

The third technique used was the logit-O.S nodel. In this
case, a logit nodel was first used to determine the probability

of an individual having at |east one WD in the survey peri od.

1" John F. MDonald and Robert A. NMffitt, "The Uses of Tobit

Anal ysis," Review of Economcs and Statistics 62(2), My
1980.
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In the second stage, OLS is used to determ ne whether air pollu-
tion influences the nunber of W.Ds, given an individual has had
at least one. This nmethod has the advantage of consistency wth
statistical characteristics of the data. First, it truncates the
dependent variable at zero (and one) by turning the frequency
into a probability. Second it enables the use of different
structual forns to explain the probability of a W.D epi sode (one
or nmore) and the nunber of W.Ds. Third, the estimted equation
will assunme the form of the logistic curve, the functional form
that is believed to be typical of nany dose-response relation-
shi ps.

The estimated equation of the logit nodel is:
(8) log [(W3/(1 - W3)] = Xb

where W3 is the probability that WD > 0 in the two week sur-
vey peri od. The left hand side of (8) is sinply the log of the
odds of a work loss day. The change in W3 due to a change in A

is:
(9) OW3/3dA = by « W3 (1 - W3)

The equation can also be expressed in terns of probability:
(10) Wy = (1 + e”¥b)~1

The change in the probability of a WD due to a change in

pollution is:

(11) QW3/ QA = bye™XP (1 + e ~Xby=2
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The expected nunber of work |oss days are the product of the

probability of a non-zero WD times the nunmber of W.D,

E(W) = W3 . E(Wp /Wi>0)

The regression results for the three nodels using the sanple

of all male non-snokers, age 18-65, are presented in Table 1.
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The results of the three estinmates are generally consistent
wWth a priori expectations. In all three nodels, particul ates
are shown to be related in a positive and signficant way to work
| oss days. The nmean |evel of sulfates does not appear to affect
WD. This result was confirned when each of the pollution vari-
ables was run separately in the regression. There may be a nunber
of explanations for this result. First, the sulfate neasurenent
techniques are not believed to be very accurate. The errors in
nmeasurenent nmay lead to serious underestimation of the coeffi-
cient. Second, the particul ate nmeasure nmay be proxying a nunber
of variables; it measures coarse and inhalable particles as well
as sulfate and nitrate particles. Third, these may be estimation
problenms due to collinear or omtted vari abl es.

The nodels also show that chronic illness is associated wth
nore W.Ds. The OLS nodel has age and average tenperature related
positively to WD and blue collar enploynent related negatively
to WD. By conparing this nodel to the Logit-O.S nodels sone
interesting distinctions can be nade.

Estimation (C) suggests that air pollution, neasured by par-
ticulate levels, will affect the probability of a WD epi sode.
However, estimation (D) suggests that air pollution does not
i nfluence the nunber of days |ost given an episode has occurred.
Further evidence of this result is obtained by applying Eq(7) to
the Tobit estinmates. The result, after taking the partial deri-
vative, indicates that the first termin the right hand side of
Eq(7) - the change in WD for those observations above zero - is

small (.0000175) relative to the second term - the change. in the
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probability of being above zero (.0001). Thus, the total effect
of air pollution on WD is driven nore by adding to the probabil -
ity of an episode than by affecting the actual nunmber of W.D.

Anot her interesting result shown by the estinated equations
(O and (D) is that being married and working in a blue collar
job both increase the probability of a work |oss episode but have
a negative effect on the nunber of days |ost. Age has the
reverse affect: it slightly decreases the probability of an
epi sode but has a strong positive influence on the nunber of days
lost. The latter result is confirned by the OLS estimate (A).

The sensitivity of the variables was further tested by con-
sidering various other subsanples. For exanple, the nodel was
estimated for those aged 45-65 and for those with chronic condi-
tions. In each the nmagnitude of the estinmated air pollution
coefficient increased and renained significant. In the estimte
of males who snoke, however, the air pollution variable was no
| onger significant. In fact, the F statistic testing whether
all of the independent variables together are different from zero
was not significant. This result suggests that for snokers, the
variance in WD, especially as it relates to air pollution, my
be harder to explain.

For conparative purposes, estimates of the expected annua
work days lost for the urban population can be derived from each
of the nodels. Equations (2),(7) and (9) were used to estinate
the partial effect on the WD variable due to a change in air
pol lution. To generate the annual estimate, two assunptions were

used: First, follow ng Freeman2 a 20% reduction in air pollution
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from baseline level as a result of air pollution legislation is
assumned. Second, it is assuned that of the approximately 100 m | -
lion workers in the US., 75% are located in urban areas and can
be affected by reductions in air pollution. Wth these assunp-
tions, the OLS nodel (A) estimates that 52 million WD are pre-
vented due to the 20% reduction in air pollution3. The Tobit
nodel suggests a reduction in WD of 45.1 mllion while the logit
nodel suggests 49.6 mllion less WD annually due to pollution
control. It should be acknow edged that for the latter estimate
the effect of pollution on the nunber of W.D given an episode has
occurred, was assunmed to be zero following the results of
estimation (D).

The simlarity of the results from the alternative nodels
| ends strong support to the belief that anmbient |evels of air

pol lution can significantly affect the incidence of norbidity.

<A Mrick Freeman 111, The Benefits of Ar and Water Pollution
Control : A Review and Synthesis of the Recent Esti nates,
Decenber 1979.

3 The details of these calculations are presented in Appendix I.
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Appendi x |
oS
From the results of estimation (A):
by = .00177 PVMEN = 76.8 Wp = .2355
Therefore, the pollution elasticity = .577 and a 20% decrease in

particul ates would reduce WD by 11.54%

There were a total of 530 million WD in 1976 for those 18-65
years ol d. If this were the result of a 11.54% reduction, it
nmeans that 69 mllion WD were saved. Taking 75% of that, for

the urban population, totals 52 mllion W.D.

Tobi t
From Eq(7), the change in the probability of any one day

being a work loss, due to a change in air pollution is .000118.

Therefore, multiplying

. 000118 «x 19.6 X 75 mllion x 260 = 45.1
(prob. of a (20% decr ease (urban (wor k mllion WD
WD from a for pollution) wor ker s) days
unit of air a yr)
pol | uti on)
Logi t
From Eq(9).

W3 = by . A . (1 - A)dA

(. 00614) (. 055) (.945)(19.6) =

. 00625 = probability of an episode in the 2 week
peri od.
In a year:

.00625 x 26 x 75 mllion = 12.197 nmllion

X 4.07 average W.D episode
49.64 mllion WD






