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ABSTRACT

The six studies contained in this volune all aimto increase our
understanding of the health benefits of air pollution control. However,
the link between air pollution and human heal th remains problenatic.

One approach to determne such effects is to analyze data on human
health affects taken from the real world, uncontrolled, environment and
hope that careful statistical analysis will allow one to account for all
of the inportant factors affecting human health so that an unbiased
estimate of the effect of air pollution can be determned. This
approach is the principal focus of this volune

The first two studies attenpt to determne the relationship between
air pollution and nortality. Three of the studies examne norbidity

In summary, the five statistical studies presented in this volune
show. (1) large associations between health and current levels of air
pol lution are not robust with respect to statistical nodel specification
either for nortality or norbidity and (2) significant relationships,
mostly small, do occasionally appear. However it should not be
overlooked in light of the rather ambiguous evidence presented in this
volume, that all studies to date have only looked for health affects
associated with current air pollution exposures, not at any possible
associ ation between current health effects and past long term cumulative
air pollution exposures

The final study of this volume attenpts to define the type of data
whi ch m ght resolve controversies over the magnitude of air pollution
health affects.
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CHAPTER |
| NTRODUCTI ON

The six studies contained in this volune all aimto increase our
understanding of the health benefits of air pollution control. The
calculation of health benefits requires both an understanding of how people
themsel ves value health in dollar terms (neasured by the willingness to pay
concept) and an understanding of air pollution induced health effects.
Progress has been made with respect to the forner problem  However, the link
between air pollution and human health remains problematic. Tw approaches
are available for determning the health effects of air pollution. First,
ani mal experinents or, rarely, human experinentation can provide direct
evidence in a controlled situation. The second approach is to analyze data on
human health effects taken fromthe real world, uncontrolled, environment and
hope that careful statistical analysis will allow one to account for all of
the inportant factors determining human health so that an unbiased estinate of
the effect of air pollution can be determined. This latter approach is the
principal focus of this vol une.

The first three studies attenpt to deternmine the relationship between air
pollution and nortality. Chapter 2 exam nes evidence from data on aggregate
nortality rates in sixty US. cities and points out the extraordinary
difficulty in obtaining a stable, robust statistical relationship between
current air pollution levels and current nortality rates. The conventiona
wi sdom holds that a large positive relationship exists between particulate in
air and nortality. In Chapter 2, it is denonstrated that this relationship is
hi ghly unstabl e depending onspecification of the statistical nodel used in
the analysis. Chapter 3 attenpts, using a small sanple of data on individual
ages at death taken from the Survey on Incone Dynamics (1972), to see if, by
using disaggregate information on individuals, a nore stable and convincing
relationship can be obtained. In this snall sanple of individuals, no
significant statistical relationship is obtained between current air pollution
| evel s and |ongevity.



Three of the studies examine norbidity. Chapter 4 focuses on chronic

illness while Chapter 5 focuses on acute illness, where both studies use
Survey on Income Dynamics data and data on current air pollution levels. The
rel ationship between chronic illness and air pollution is shown to be

potentially large but again very sensitive to nmodel specification. Since
little a priori know edge is available on appropriate nodel specification, it
is inpossible to choose between a specification which yields a large inpact
and one which yields no significant inpact. The study of acute health inpacts
shows, using a particular specification, a small relationship of margina
statistical significance between sulfur oxide and |ost work days. Chapter 6
uses an excellent and highly detailed data set on twins collected by the
National Acadeny of Sciences [Hrubec and Neel (1978)1. O the studies
relating to nortality, this one has perhaps the best data and should be
capable of detecting even small effects. In fact, a positive but snall
statistical relationship is shown between air pollution and synptons of

cardi ovascul ar disease such as chest pain. However, the relationship to
coronary heart attack is also both quite small and not as strong

In summary, the five statistical studies presented in this volume show
(1) large associations between health and current levels of air pollution are
not robust with respect to statistical nodel specification either for
nortality or morbidity; and (2) statistically significant relationships,
nostly small, do occasionally appear.

The final study of this volume, Chapter 7, attenpts to define the type of
data which night resolve controversies over the magnitude of air pollution
health affects. The principal conclusion is that, before a very expensive
primary data collection effort is undertaken, it would be better to continue
statistical nodeling of human health effects working with existing data sets
some of which are of fairly high quality. However, all work of this sort
should henceforth be built upon explicit physiological and econom c nodels
that specify the parameter space. These results can then be used to guide the
specification of future primary data collection efforts

As a final remark which should not be overlooked in light of the rather
anmbi guous evi dence presented in this volune, all studies to date have only
| ooked for health effects associated with current air pollution exposures, not
at any possi bl e association between current health effects and long term
cumul ative air pollution exposures. Thus, it is premature to draw any fina
concl usi ons based on existing epidemiological evi dence concerning human heal th
and air pollution exposures
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CHAPTER 1|

WHAT HAVE VE LEARNED FROM AGGREGATE DATA ABOQUT THE
BENEFI TS OF AR POLLUTI ON CONTROL?

[ NTRODUCTI ON

According to conventional w sdom the main benefit of environnental
regulation is inmproved health. Thus, research into the benefits of air
pol lution control has sought primarily to determne the extent to which
norbidity and nmortality rates decline when air quality inproves. Gven a
know edge of this relationship, benefits of air pollution regulations can be
estimated using the economc analysis of safety programs devel oped by such
investigators as Mshan (1971), Thaler and Rosen (1975), Smith (1974), and
Conley (1976). The conceptual framework devel oped by these authors val ues
smal | changes in risk using a willingness to pay measure, rather than the |ost
productivity (or earnings) from early death, and therefore avoids the numerous
theoretical problens associated with the latter approach. However, the
distinction between these two approaches to benefit estination reaches far
beyond purely theoretical considerations. For simlar safety prograns,
estimates based upon willingness to pay measures are about ten times higher
than those based upon productivity changes.

Al t hough progress has been made in valuing the benefits of inproved
health, the nortality effects of air pollution are less well understood, in
spite of the clainms of several statistical studies that a clear |inkage
exists. This paper argues that extraordinary difficulties are present in
statistical epidemology which have yet to be resolved. These difficulties
arise in part because of problens in obtaining desirable data. Potenti al
sources of information include first, controlled experinental data from either
animal experiments or clinical trials and second, uncontrolled data on hunan
health and exposures in the real world.



Of course, econonists have been quick to recognize the simlarity of this
| atter epidemiological problem to many in economcs which have been studied
using statistical tools such as regression analysis. Use of ordinary |east
squares to attenpt to account for uncontrolled factors and isolate the
i ndependent contribution of air pollution to human nortality has become quite
popul ar [see work by Lave and Seskin (1977), MDonal d and Schwing (1973),
Kneese and Schulze (1977), Crocker, sSchulze et al. (1980)1. However, with
only a few exceptidons, these studies have been unsophisticated in their
application of econometric methods and have failed to |l ook for, or cope with,
a variety of potentially serious statistical problens.

The plan of the paper is to list a few of these problens in the next
section and then to show how these problens can significantly affect estinated
effects of air pollution on health using a data set consisting of mortglity
rates, air pollution levels and other variables for sixty US. citiés
Comments on policy inplications are made in the conclusion.

STATI STI CAL  PRCBLEMS

The aimof this section is to outline sonme of the major statistica
research problens that remain to be overcome in estimating the inpact of air
pol lution on human health. These problens arise |argely because the process
by which air pollution affects health is not yet conpletely understood. As a
result, any statistical specification of this relationship for the purpose of
regression analysis is subject both to uncertainty and question. Mbst
importantly, since the true nodel is not known with any degree of precision,
the power of classical tests of hypotheses regarding the role of air pollution
in causing illness or premature death is greatly dimnished. To at |east some
extent, statisticians have faced difficulties of this general nature in
virtually all areas of investigation. However, inportant environnental
managenent decisions regarding air pollution control have been based, in part,
upon regression equations where snall changes innpodel specification appear to
produce conparatively large changes in inplications

Because theoretical know edge regarding the connection between air pollu-
tion and health is so inadequate, enpirical efforts to identify this relation-
ship nust be interpreted with caution. Intuitively, there are at least three
i nportant types of specification errorthat should be thoroughly investigated
prior to accepting present estimates for policy purposes: (1) errors



infunctional form (2) omtted variables, and (3) simultaneity. Clearly,
these problens are not an exhaustive list of statistical difficulties in air
pol lution epidenmology research. Nevertheless, as will be argued momentarily,
they do appear to lie at the root of many of the conflicting sets of estimtes
that have been obtained by other investigations. Each of these three problens
will now be considered in turn.”

Economi ¢ and epidemiological theory provides few insights into the nost
appropriate functional formfor a regression equation used to neasure the
i npact of changes in air quality on human health. This situation is rather
unfortunate since the true relationship between health and its deternminants
may be strongly non-linear. For exanple, the health consequences of changes
in variables such as cigarette snmoking, protein consunption, as well as air
pol lutants are likely to depend not only on the magnitude of the change, but
al so upon the levels of the variables thenselves. Yet little is known about
exactly how to specify these functional relationships. The issue of correct
function formis inportant because benefit estinmates are frequently obtained
from sinple equations where a nortality rate (or its natural |ogarithm has
been regressed on air pollution neasures together with other explanatory var-
iables (or their natural |ogarithns). In particular, these regressions are
used to obtain the desired benefit estinmates by naking hypothetical changes in
the air quality variables and then noting the effect on the health measure.
Qobviously, benefit estimates obtained by this procedure nmay be seriously
bi ased unless these sinple linear or log-linear functional specifications are
accurate to a useful degree of approximation.

A second inportant consequence of the lack of information on the true air
qual ity-health relationship involves the issue of omtted variables. As Theil
(1957) has shown, the error of mistakenly excluding variables from an
otherwi se correctly specified regression equation causes the estinmated coeffi-
cients on all remaining included regressors to be biased and inconsistent.

This issue is not unique to statistical work in the area under study; however,
it seems particularly critical here because of apparent conflicts over the
enpirical determnants of nortality. On the one hand, previous investigations
have shown significant adverse health effects resulting from cigarette smoking
and certain dietary habits. Nevertheless, when Smith (1975) anal yzed thirty-
two possible specifications of a regression equation (which are sinmilar to
those used by Lave and Seskin (1973)) where the dependent variable was the
rate of nortality by SMBA and the explanatory variables were selected from
anong: (1) median age, (2) percent non-white, (3) population density, (4)
tenperature, and (5) particulate, little evidence of an omtted variables
probl em was found to be present. The RESET test, devised by Ransey (1974),
rejected the null hypothesis of a zero nean vector for the disturbance in only
five of the thirty-two cases, while the RASET test failed to reject this null



hypothesis in all cases. Because these tests were performed at the 10%level
of significance and because their results may be unique to the particular data
set enployed, the appropriate role for other intuitively relevant variables in
nortality rate estimating equations legitimately remains the subject of

debat e. Nevert hel ess, these results do |end support to the Lave and Seskin
estimates of the inpact of air pollution on health in the face of charges by
other investigators, including Crocker, Schulze et al. (1979) , that they have
onmtted key nortality determnants

Third, even though the results of Smith's RASET and RESET tests argue to
the contrary, the estimation of an appropriately specified air pollution and
health relationship may require the use of sinultaneous equation estimation
met hods.  Human deci sion-making nmay cause the link between these two classes
of variables to be considerably nore conplex than can be captured by a single
equation. As an illustration, suppose that increases in nedical care are
effective in reducing nortality but that nortality rates exert an influence
over where nedical doctors and others in the health care field choose to
locate. In this situation, a medical care variable should be included as an
expl anatory variable in a regression equation to explain the variation in nor-
tality rates. Sinple ordinary |east squares estination, however, may lead to
bi ased and inconsistent estimates of all regression coefficients since the
medi cal care variable would be correlated with the disturbance term even if
the nunber of observations were arbitrarily large. A sinultaneous equations
estimtion technique would be nore appropriate in order to explicitly handle
the problens created by this correlation.

In addition to the three factors just discussed, two |less tractable, but
no less inportant, research problens should be mentioned. First, as discussed
by MDonald and Schwing (1973) the variables used to neasure air pollutants
are often highly correlated with other explanatory variables. Because these
pol lutants are generated as joint products, in nost cases, with other goods
produced by the econonmic system this situation should not be surprising. If
the |inear association between explanatory variables is high, separating the
i ndependent contribution of each to explaining the variation in nortality
rates beconmes difficult. MDonald and Schwing proposed a ridge regression
estimator as a means of circunmventing this problem Ridge regression nethods,
however, are not entirely defensible as they represent a rather arbitrary,
purely statistical solution to the multicollinearity problem and introduce a
bias into the coefficient estimates that woul d not otherwi se be present. (For
a nore conplete critique of ridge regression procedures, see Smth and
Campbel I, 1980 together with various rejoiners to their paper.) Second
regression nodels are not highly sensitive and sophisticated research tools,
particularly when the data used to estimate them contain nmeasurenent error.
“Such nodels may represent the best statistical tools available to socia



scientists. Nevertheless, they may not be up to the task of discerning the
effect of air pollution on health when, in a correctly specified equation,
ot her explanatory variables may be of much greater inportance.

AN EXAMPLE

In this section, two tentative statistical nodels are presented in order
to illustrate the importance of the problems relating to onmitted variables and
sinmultaneity that were raised in the previous section. | ssues relating to
such matters as the choice of functional form and multicollinearity are not
explicitly treated here, although they are certainly not less critical sub-
jects for analysis. The first of these nodels, both of which are estimated
using aggregate data on total nortality rates and other variables from sixty
U S cities, is specified in the equation shown bel ow

MORT = £(NONW, MAGE, DENS, S02X, PART, N02X) (1)

The exact definitions of all variables appearing in this equation, which are
simlar to those used by Smith and Lave and Seskin, are presented in Table 1.
In Equation (I), variations in total nortality rates (MORT) are expl ai ned
using variables neasuring percent non-white (NONW), nedian age (MAGE), tenper-
ature (COLD), as well as the air pollutants (S02X, PART, and N02X). Ordinary
| east squares (OLS) estimates of this equation are presented in the colum

| abel ed 1 of Table 1 and t-statistics are presented beneath each coefficient
estimate. These findings suggest that SMSAS with nore ol der age residents,
more non-whites, and higher air pollution levels (especially in the form of
particul ate) have, in a statistical sense, significantly higher nortality
rates at the 5% level. Examining only this equation, then, leads to the con-
clusion that air pollution kills people and that appropriate public policy
measures shoul d be taken to mtigate this hazard.

Rather different conclusions, however, are obtained fromthe statistica
estimtes of the second nodel. This nmodel is specified in Equations (2) and
(3) and the exact definitions of all variables appearing there are given in
Table 1.

MORT = g(MDPC, NONW, MAGE, DENS, COLD, CIGS, PROT, CARB, (2)
SFAT, S02X, PART, ¥02X)

MDPC = h(MORT, INCM, EDUC, S02X, PART, NO2X) (3)

Essentially, this structure builds upon Equation (I). Equation (2) explains
variations in MORT using variables including NONW, MAGE, and DENS, as well as
S02X, PART, and NO2X. But in addition, Equation (2) also allows explicitly
for the possibility that nortality rates are affected by cold tenperatures



Table 2. 1
DESCRI PTI ON OF DATA AND EMPI RI CAL ESTI MATES

Description of Dat a Empirical Estimates (t-stat in parenthesis)
Variable Year  Units Mean s |NORT @) MORT (2 mpPcC (3) MORT (4)
MORT Total Mortality* 1970 Deaths/1000 11.283 2. 16} (5. gé%
1.
MDPC Medical Doctors per 1970 Mps/100,000 162. 8 54,2 -. 087
Capita® (-5.764)
NONW Nonwhite Population 1969 Fraction . 226 L1041 2.997 9.996 . 2.349
o |2.403) | (6.339) " {2.365)
MAGE Median Age of Population 1969 Years 28. 82 2.7h 573 . 189 . 020
(8.665) | (i3.617) (11.510)
DENS Crowding in Homes 1969 % > 1.5 022 0.013 [12.9k0 L9. 795 18.217
persons/room (.881) (3.934) (1 .447)
COLD Cold Weather 1972 # days temp 86.9 47.7 021 L0175
<0° ¢ (4. 468) (3.421)
CIGS Cigarette Consumption 1 908 packs/yr/cap 165.8 23.25 041 . 00034
(4.693) (.526)
PROT Animal Protein 1965 g/yr/cap 28, 178. 1,003.4 003 . 00047
Consumption (5.032) (1.466)
CARB Carbohydrate Consumption 1905 g/yr/cap 123,490. 3,023.0 -.0001 -, 00013
(-2, 366) (-).871]
SFAT Saturated Fatty Acids 1965 g/yr/cap 16,315, 976.3 .0016 -, 00068
(4.161) (-2.616)
INCM Median income . 1969 $/yr/house- 10,763. 1,060. . 00925 -.000747
hold (1.143) | (-5.003)
EDUC Education 1969 % > 20 YIS 55.3 1.4 (04 -. 028
(.616) (-.893)
SUZX" Sulfer Dioxide 1970 mg/m3 26. 92 22.2 .009 -. 908 .070 .00118
(1.059)_| (-4.594) (.192) (.141)
PART Suspended Particulate 1970 mg/m3 102.30 30. 1 .01l -.015 -. 51} . 000194
(2.006) | (-2.501) [(-2.085) (.0374)
NO2X Nitrogen Dioxide 1969 ppm 076 034 | V.436 T-11.081 }O87.228 5.h15
o7 | £2 332y | (-.381) | (1.238)
CONSTANT -7.719 131703 [15.969 7.290
Degrees of Freedom 53 L7 53 14
R? .692 - - - - .853
Estimation Method OLS 2SLS { 2SLS OLS

*Predicted values, MORT or MDPC, are employed if these variables are used as explanatory variables in an
estimated equation.




(COLD) and by such lifestyle factors as cigarette smoking (CIGS), and di et
(PROT, CARB, and SFAT), and by availability of medical care as neasured by
medi cal doctors (MDs) per capita (MDPC). Equation (3), then hypothesizes that
the location of MDs is determined by total nortality rates, SMSA incone (INCM)
and education (EDUC) levels as well as by the air quality variables

Equations (2) and. (3) are sinmultaneous in that variations in MORT are
determnned, in part, by variations in MDPC and vice-versa. Due to this fact,
and because under the order condition both equations appear to be identified,
two stage |east squares (2SLS) is used as an estimation method. The estimates
of these two structural equations are given in colums |abeled 2 and 3 of
Table 1. Wth the exception of the coefficients on the air pollution vari-
ables, estimates of the slope paraneters in Equation (1) possess signs that
might be expected on intuitive grounds. Increases in MDPC and in CARB con-
tribute significantly to reductions in nortality rates, while col der SMSAS
with nore ol der age residents, nore non-whites, nore crowded housing condi-
tions and where nore cigarettes are consunmed tend to have higher nortality
rates. These results suggest that holding constant the linear influence of
medi cal doctors per capita, lifestyle variables measuring such factors as
smoking and dietary habits exert a significant influence on total nortality
rates; a finding that is of interest since variables of this type were ignored
in specifying Equation (I). On the other hand, the statistically significant
but negative coefficients on the air pollution variables are rather more of a
puzzl e and cannot be conpletely explained. Nevertheless, a partial account of
why this anonal ous result has occurred will be offered momentarily. In the
meantime, consider the estimates of the slope paraneters of Equation (3).
According to these estinmates, all but one of which are not statistically sig-
nificant at conventional |evels, medical doctors apparently avoid locating in
SMBAS where particulate levels are high

Additional insights into these results can be obtained by examning the
estimates of the reduced form equation for MORT, which are shown in the colum
| abeled 4 of Table 1. As indicated in the table, these estimtes were ob-
tained by applying ordinary |east squares to an equation where MORT was speci -
fied to be a function of all exogenous variables in the structural nodel pre-
sented previously. There are two aspects of these estimtes that are particu-
larly worth noting. First, the estimates of the reduced form coefficients,
unlike the structural coefficients, do not hold constant the linear influence
of nedical care and are interpreted as total, rather than partial, deriva-
tives. In other words, the structural coefficients do not fully capture the
fact that nedical care may aneliorate the negative health effects of cigarette
smoking, cold weather, crowded living conditions, and so forth. This anelior-
ative effect can only be determned by comparing the reduced formto the
structural formcoefficients. As is evident, such a conparison reveal s that

10



the coefficients on the socioecononic and lifestyle variables are all smaller
in the reduced formthan in the structural form a result suggesting that sone
aneliorative effects of nedical care may indeed be present. Second, in the
reduced formnortality equation, the coefficients on the air pollution
variables are positive. How can this result be explained? Although increased
medi cal care woul d appear to reduce total nortality rates, doctors, according
to the structural equation estimates, prefer not to live in polluted areas.
Consequently, the reduced form coefficients, which take this behavior into
account, are larger than their counterparts in the structural form This
observation, clearly, does not explain why the structural air pollution
coefficients are negative. However, it does suggest that reduced form
expressions will allow the net effects to be estimated.

CONCLUSI ON

Existing statistical work on the nortality effects of air pollution has
been interpreted to inply that control of stationary sources such as power
plants (which emt SO, and particulate) is justified while auto emi ssion
controls (particularly those for nitrogen oxides) are unjustified. These
conclusions may be unwarranted for two reasons. First, as shown in the
precedi ng section, the estinated effects of air pollution on hunan health are
highly sensitive to nodel specification. Wth little orno a priori
theoretical rationale for choosing one specification over another, a
determination of the true health effects of air pollution is inpossible.
Future research, with primary data that is both collected specifically for the
pur pose of analyzing the health effects of air pollution and aimed at coping
with the kinds of statistical problens identified here, may provide nore
convincing estimates. At the present tine, however, relatively little is
known about the effects of long termlowlevel air pollution exposures on
human nortality; certainly not enough to nake benefit projections for policy
pur poses.

Second, the really inportant benefits from air pollution control
my actually 1lie in the non-health area. For exanpl e, a recent
study of the Los Angeles basin suggested that a 30% reduction in
ambient pollution levels (principally nitrogen oxides and related oxidant)
woul d be worth nearly one billion dollars per year to local residents
(Brookshire et al. 1980). This study, using both a traditional hedonic
property val ue study and survey questionnaires, concluded that a major
fraction of perceived benefits was derived fromthe aesthetic (visibility,
and quality of life) benefits of reduced air pollution. Sinmlarly, studies of
the benefits of air pollution control in recreation areas such as the national
par kl ands of the sout hwest suggest that visibility and related non-health
benefits are of principle concern. Wiile supposed effects of air
pollution on human nortality provide decisionmakers wth an easy
justification for control policies (often on ethical rather than
econom ¢ grounds), econonmists ought to be concerned with all sources of
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benefits from pollution control on efficiency grounds. Serious doubt over the
health effects of air pollution inplies that |ess enphasis should be placed on
health effects in making policy decisions.
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CHAPTER 11
LONGEVI TY AND AIR POLLUTI ON
A STUDY BASED ON M CRO DATA

| NTRCDUCTI ON

The health effects of air pollution has been intensively studied and
di scussed by various scientists and researchers in the recent years. Many of
such studies have found statistically significant positive relationships
between air pollution and norbidity [Fishelson and Grove (1978); Sterling, et
al. (1967) Sterling, et al. (1969)] as well as nortality [Kneese and Schulze
(1977); Koshal and Keshal (1974); Lave and Seskin (1977); Schwing and MDonal d
(1976)]. Lave and Seskin are anong the scientists who have conducted an
extensive research on the subject matter. The result of their three
consecutive studies, utilizing 1960, 61, and 69 aggregate data for severa
US cities, as well as an intensive review of the related studies appear in
the publication entitled Air Pollution and Human Health [Lave and Seskin
(1977)]. This publication strongly suggests that there exists a significant
positive relationship between air pollution and nortality. Schulze, et al.
have conducted simlar studies on the human health effects of air pollution
[Kneese and Schulze (1977)]. According to their nost recent study the health
effects of air pollution is indirect (US. Environmental Protection Agency
EPA600/579001a) . In this study Schulze, et al. suggest that air pollution is
one of the factors affecting the location decision by physicians, in the sense
that doctors consider air pollution a disanenity, hence avoid polluted areas
if possible. Furthermore, they reason that the supply of physicians
undoubtedly affects the nortality rate by decreasing the probability of a
premature death event occurring in cases of energency, and/or increasing
| ongevity through providing health services. The study reasons that if air
pol lution discourages physicians fromlocating in a specific area, and if
scarcity of doctors increases the nortality rate, then excluding the supply of
doctors as an explanatory variable fromthe epidemiological nodel |eads to
observing a strong positive relationship between air pollution and nortality.
Schulze, et al. conclude that although air pollution adversely affects human
heal th, the strong positive relationship between air pollution and nortality,
as observed in the statistical studies, is msleading. [In other words the
health effect of unavailability of health services rendered by physicians may
dom nate the adverse health effects of air pollution.
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The Institute for Social Research of the University of Mchigan has
conducted a survey entitled A Panel Study of |Income Dynanics (from now on
referred to as the Mchigan Study) in which about 5000 famlies, chosen at
random from 50 states of the United States, have been interviewed from 1968-
1976 [Institute for Social Research (1977)]. The Mchigan Study has
interviewed the fanmlies in the sanple on an annual basis and has collected
numerous informatio,such as age, sex, race, state and county of residence at
the tinme of the interview as well as childhood, parent’s economc status and
education, current and previous enploynent, distance to work, driving habits,
incone, education, life style, eating habits, health insurance, illness,
physical condition, and several other relevant facts for the head of each
famly. During the survey period, the head of some of the fanmilies in the
sanpl e has died (or separated, or otherw se noved away) , and hence a
sub-sanple in the Mchigan Study is created. This sub-sanple (and hence the
M chigan Study) provides an excellent chance of exam ning the possible
relationship between air pollution and |ongevity. The Michigan Study provides
detailed information about the length of life, background variables (such as
the race and sex of the sanple nmenmber, and the parent’s econonic condition
when the sanple nenber was growing up) , current variables (such as the size of
the city of residence at the time of interview, distance to work, education
per capita cigarette and al cohol consunption), and health variables (Ssuch as
i nsurance coverage, illness history, annual income and quality of air). A
great deal of this information is difficult to acquire under norna
circunstances. The present study utilizes the aforenmentioned sub-sanple of
the Mchigan Study to investigate the possible relationship between air
pol lution and | ongevity.

DESCRI PTI ON OF DATA

The M chigan Study provides a wi de range of information about the head of
the fanilies in the sanple who have died during the survey period, 19681976.
The sub-sanple, the set of interviewees who have died during the
aforementioned tine period, consists of 568 observations. Fromnow on the
af orementi oned sub-sanple of the Mchigan Study is the focus of attention. The
M chigan Study has not attenpted to explore the cause of death for the sanple
menbers.  Using the information conpiled in the Mchigan Study, it is possible
to establish a statistical relationship between the age at death and severa
rel evant variables that may fall into three broad categories:

1) background variables: such as the race and sex of the sanple
menber, and the parent’s econom c condition when the sanple
menber was grow ng up;

2) current variables: such as the size of the city of residence at

17



the tine of interview, distance to work education, per capita
cigarette and al cohol consunption;

3)and health vari abl es: such as insurance coverage, illness
hi story, annual incone, and quality of air.

In order to inplement such a study, it was felt necessary to | ook closely into
the data set. It was soon realized that the data set as it stood was not
suitable for a neaningful statistical analysis. It was observed that age,
race, sex, city size as well as state and county of residence when the sanple
menber was growing up, to mention only a few variables, changes several tines
for most of the sanple menbers. Following a careful investigation of the data
set the reason for such a disturbing occurrence was discovered. The following
exanpl e should shed light into the source of this problem  Suppose M. X has
been the head of a fam |y and has been interviewed from 1968 through 1970 as
one of the sample menbers of the Mchigan Study. Suppose M. X dies in 1970
and Ms. Y replaces him  From 1971 no nore information is collected for M. X
and all variables pertaining to M. X takes on a zero value for the remainder
of the survey period. Ms. Y has not been interviewed as the head of this
particular famly for the years 1968 through 1970, hence no information about
Ms. Y is available for this tine period. Information collected for M. X for
the years 1968 through 1970 is assigned to Ms. Y. From 1971 onward, in-
formation about Ms. Y is properly collected. So far two observations have
been created fromonly one head of the famly, M. X One observation CON-
tains informati on about M. X alone from 1968 through 1970, another observa-
tion contains infornmation about M. X from 1968 through 1970 and infornation
about Ms. Y from 1971 onwards. Now suppose Ms. Y dies in 1972 and M. Z
takes on her responsibility as the head of the famly from 1973. According to
the procedures adopted by the Mchigan Study, no nore information about Ms. Y
is conpiled and the variables pertaining to Ms. Y takes on a zero value for
the remai nder of the survey period. In the meantine a new observation is
created, namely M. Z, which contains information about M. X for the years
1968 through 1970, information about Ms. Y for the years 1971 through 1972,
and information for M. Z for the years 1973 to the year he died. If M. Z
dies before 1976 and is replaced by, say, Mss W then yet another observation
is created which would contain information about M. X, Ms. Y, M. Z and M ss
W. Theoretically speaking, one observation could have information about nine
different individuals. If the individuals in one observation are numbered
froml to 9, then information about individual #1 could appear nine tines in
the data set, eight times for individual #2, seven tinmes for individual #3,

., and once for the individual #9. Wrking with such a data set could
provide msleading results. Cbviously, before any reliable statistical study
coul d be conducted, the data set had to be cleaned up and a procedure need be
adopted to conpile a new data set such that the infornmation for each
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i ndi vidual appears only once in the data set. One of the possible solutions
to the existing problemis to deternmine the year in which the sanple nenber
has died and then choose the value of the relevant variables at the year of
death. Accordingly, a data set may be created which would have 568

i ndependent observations with no repetition. There exist two major difficul-
ties with this procedure:

1) Not all the variables that reveal inportant information have been
asked during the entire nine years of the survey period. For
instance, the question “whether or not the interviewee has been
di sabl ed” has been asked only in 1968 and 1976. The question
“whet her or not he has had a disabling illness in the past” has
been asked only in 1968. The question about the trend of disability
has been asked in the years 1970 through 1975. The question
“whet her the individual has been covered by any health insurance”
has been asked in the years 1969 through 1972. The question about
the amount of noney spent on cigarettes and al cohol has been asked
only the years 1970 through 1972. These are but a few exanpl es.
Therefore, if this procedure is adopted, information about very
inportant variables in the year of death may not be available,
sinply because the question has not been asked in that year and
hence several observations may have to be del eted.

2)” More inportantly, since the survey is about the individuals, the
value of a variable for a given year may be exceptionally |ow or
hi gh. For instance, incone of an individual at the year of death,
or the value of any other relevant variable may be | ower or higher
than usual for a variety of reasons. Therefore accepting this
unusual level of income as an independent variable and exploring
its affect on the dependent variable could bring about biased
result. Hence it may be desirable to know the value of the rele-
vant variable for nmore than one year and use their average in the
statistical model so that the study would be statistically unbiased
and hence reliable.

For the aforenentioned reasons it was decided to only choose the obser-
vations that provide information for a specific individual for at least two
consecutive years in the survey period. The age variable was used as the

prime determinant. It is obvious that if the age variable for one observation
does not consistently increase by one unit during the survey period, that
observation contains information about nore than one individual. To neke

certain that each observation contains information about a specific
i ndi vidual, age, sex, race, and the city size when growing up were utilized as
control variables. Following this procedure, the sanple size was reduced from
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568t 0 153. The 153 observations in the new smaller data set are virtually

i ndependent of one another in the sense that each observation contains

i nformation about one specific individual, furthernore, each individual has
been interviewed at |east two consecutive years during the survey period and
hence for each variable of interest there may exist information for at |east
two years (given the relevant question had been asked in the years the

i ndi vidual has been .interviewed) such that their average could be enployed in
the statistical study. The data set thusly conpiled will be referred to as
the “average data” set.

Table 1 lists the dependent and the independent variables that were
chosen fromthe information available in the Mchigan Study based on the
t hought that they mght have significant relationships with the dependent
variable: age at death. Meanwhile, the methodology for narrow ng down the
several -year-information for each variable into one unique number is
expl ai ned

The constructed “average data” set, as previously described, consists of
153 observations which are independent of one another in the sense that each
observation contains information about one specific individual. But since not
all questions had been asked in all nine years of the survey period, severa
observations in the average data set do not provide information about sone of
the relevant variables considered in this study. Hence, at the final stage,
before adding the air quality variables, the average data set was reduced to
114 observations. The last stage of the study was to incorporate the air
quality variables into the statistical nodel. For privacy purposes, only the
county of residence of the sanple nenbers is provided by the Mchigan Study.
The mean annual concentration of suspended particulate and sul fur dioxide for
counties during the years 1968 to 1976 was obtained and added to the “average
data” set [U S. Environnmental Protection Agency (1968)-(1976)]. Unfortunately,
air quality information in the survey period was available only for some of
the counties. Therefore, after the air quality variables were added to the
average data set, nore observations had to be deleted and the new average data
set was further reduced to 51 observations. Based on this data set a
statistical nodel is developed and a relationship between the age at death and
several relevant variables is established. The results of the statistica
model are discussed at the end of the next section; but since the size of the

“average data” set at the final stage turned out to be rather small, it was
decided to conpile another data set hoping it would contain a |arger nunber of
observations. It was decided to choose the value of the relevant variables at

the year of death fromthe original sub-sanple with 568 observations. This
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TABLE 3.1

DEPENDENT AND | NDEPENDENT VARI ABLES CONSI DERED I N THE STUDY

I - Dependent variabl e:

Age at
| ndependent

death - Age of the individual at the tine of death. 11 -
Vari abl es:

A - Background vari abl es:

1 -
2 -

Sex: O=nmale, 1 = female

Race: O = white, 1 = non-white (includes Puerto Rican, Mexican,
Cuban, and others).

Regi on when growing up:* 1 = Northeast, 2 = North Central

3 = South, 4 = West, 5 = Hawaii, Alaska, 6 = all foreign
countries, 9 unknown.

City size when growing up:* 1 = farm 2 = small town,

3 = large city, 4 = other, different place.

Parent’s econom c condition when growi ng up: O = poor,

1 = well off. Mdde of observations was chosen.

Variabl es number 1-4 in group A were used as control variables, hence no
di screpancy existed.
B .- Current and, health variables:

6 -

Distance to a city of 50,000 or nore at the time of interview:*
1 =under 5 mles, 2 =5-14.9 mles, 3 = 15-29.9 mles,

4 = 30-49.9 niles, 5 =50 mles or nore. Mdde of observations
was chosen.

Mles to work:* 00 = none, neither drives nor has car pool,
unenpl oyed, retired, student, etc. 01 = one mle or |ess,

02 = two mles, . . ., 98 =908 mles or nore, 99 = NA

Average of observations (excluding 99) was chosen.

Mles driven per year:* 00 = N A none, no car, XXXXX = actual
mles driven, 99998 = 99998 miles or nore, 99999 = unknown.
Average of observations (excluding 99999) was chosen.

Whet her disabled: 1 = yes, conplete limtation on work, 2 = yes,
severe limtations on work, 3 = yes, sone limtation on work,

4 =yes, no limtation on work, 5 =no, 7-9 = NA 1-3 was
assigned 1; 4, 5 were assigned O 7, 9 = no information avail -
able. Mde of observation (excluding 7, 9) was chosen.
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Table 3.1 (continued)

10 - Trend ' of’ disability: 1 = better, 3 = stays the same,

4 = fluctuates, 5 = worse, 9 = N A unknown,

0 = inap.

(no disability), 1, 3 were assigned O 4, 5 were assigned 1

Mode of observations (excluding 9) was chosen.
more recent observations.

11 - Nunber of hours ill per year:* 0000 = none, XXXX

i ght given to

= actual hours

of illness, 9999 = 9999 hours or nore. Average of observations

was chosen.
12 - \Whether covered by health insurance: 1 = yes,
of observations was chosen.

O = no. Mode

13 - Education:* O = cannot wite or read, 1 = O5 grade, 2 = 6-8
grade, 3 = 9-11 grade, 4 = 12 (high school), 5 = 12 grade
pl us nonacadenmic training, 6 = college but no degree,
7 = college B.A , no advance degree, 8 = college and advanced
or professional degree, 9 = N A unknown. Mde of observations

(excluding 9) was chosen.

14 - Total famly noney income:*
Average of observations was chosen.

15 - Nunmber of adults in the family:*
Average of observations was chosen.

16 - Number of children in the family:*
Average of observations was chosen.

17 - Per capita average income: 14/(15+16)

18 - Amount of noney spent on al cohol per fanmly.*
Average of observations was chosen.

19 - Amount of noney spent on cigarettes per famly.*
Average of observations was chosen.

20 - Per capita al cohol consunption:  18/15.

21 - Per capita cigarette consunption: 19/15.

classifications as stated in Mchigan Study.
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new sanmple, referred to as the “year of death data,” consists of 170 observa-
tions and contains information about the relevant variables that are included
in the nmodel. This data set is also consistent and the observations are inde-
pendent of one another since the value of the variables at the year of death
has been chosen. The air quality information was collected from the same
source as in the case of the “average data” set. To include as many
observations as possible in the statistical nodel, the value of the ai

quality variables at the year of death was chosen. [f air quality variables
were not available at the year of death, the value of the air quality

vari abl es were not available at the year of death, the value of air quality
variables for the year(s) prior to death was chosen. In cases where air
quality information for the year of death and year(s) prior to death was not
available, the value of air quality variables for the year(s) after death was
chosen.  Sinilar procedure has been enployed for the “average data” set. In
both sanples the air quality information for about 75% of the observations are
for the year of death (years the sanple menber has been interviewed for the
average data set) about 15% for the year(s) prior to death, and about 10% for
the year(s) after death. Following this procedure when air quality variables
are included the year of death data set sanmple size reduces to 63

observations, which contains 12 observations nore than the “average data” set.

THE STATI STI CAL MODEL

The statistical nodel used in this study tests the hypothesis that
| ongevity is closely related to background, current, and health variables as
di scussed in the introduction section. It is hypothesized that age at death
Is affected by background factors such as sex, race, geographical region and
the parent’s econom c condition when the sanple menber has been grow ng up;
the current factors such as the size of the city of residence, distance to
wor k, education, cigarette and al cohol consunption; and the health factors
such as health insurance coverage, illness history, incone, and the quality of
air. A series of regression equations have been obtained (for both data sets
previously discussed). Careful investigation of the individual regression
equation has been the basis for the decision on the final formof the
regression equations. Table 2 reports the description of the variables con-
sidered in this study and their nean and standard deviation for the “average
data” set. Table 3 provides simlar information for the “year of death” data
set. The regression equations, in their final form are reported in Tables 4
and 5. Table 4 reports the result of the study when the “average data” set is
utilized, Table 5 reports the result of the study when the “year of death”
data set is utilized. Each table contains two equations. Equation one is the
statistical nodel in its final formwhen air quality variables are included.
Since the size of both data sets at the final stage turned out to be rather
small, it was decided to increase the sanple size by not checking for air
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TABLE 3.2

DESCRIPTION, MEAN, AND STANDARD DEVIATION
OF THE VARIABLES FOR THE “AVERAGE DATA” SET

Description of the Variables Mean S:i?gi:gn
Age at death (years) 52.92 14.08
Race .65 1.04
Distance to a city of 50,000 people or more 1.98 .84
Annual hours ill 120.22 185.17
Miles to work 3.86 5.5
Health insurance .82 .39
Education 3.39 1.92
Education squared 15.12 14.45
Per capita expenditure on alcoholic beverages (%) 44 .43 73.05
Per capita expenditure on cigarettes ($) 42.12 59.28
Mean annual concentration of suspended particulate

in the air (PPM) 90. 47 24.34
Mean annual concentration of sulfur dioxide in
the air (PPM) 45.39 48.78
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TABLE 3.3

DESCRIPTION, MEAN, AND STANDARD DEVIATION OF

THE VARIABLES FOR THE “YEAR OF DEATH” DATA SET

Description of the Variables Mean ggsggiggn
Age at death (years) 51.25 14.78
Distance to a city of 50,000 population or more 1.95 .87
Annual hours ill 149.40 336.74
Miles to work 3.52 6.35
Health insurance ,67 A7
Education 3.52 1.73
Education squared 15.36 13.37
Per capita annual expenditures on alcoholic

beverages (%) 53.71 113.21
Per capita annual expenditures on cigarettes (%) 47.32 78.34
Mean annual concentration of total suspended

particulate in the air (PPM) 98.25 26.79
Mean annual concentration of sulfur dioxide in

the air (PPM) 16.16 11.91
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TABLE 3.4

THE RELATIONSHIP BETWEEN AGE AT DEATH AND THE RELEVANT VARIABLES - THE “AVERAGE DATA” SET

(t-statistics in parenthesis)

Mean Mean *
] ] annual annual
A Distance ] Per calplta Per capita concen - concer?
ge Miles . annua annual Annual tration - 2 Sampl
t - . ple
at Race ma?jo? to Education Eg:ﬁ:ﬁ;g” alcohol cigarette hours ingi?’!am?e of o;rgﬁ:%\r Constant R size
dea th city work consump- consump- ill suspended dioxide
tion tion particulate | th -
in the air 0 the air
Age 1.9 -1.2 -.2 -4 -.08 -.04 -,02 -.03 2.7 .04 -.001 57. ? 26 3
( .93) (-.5) -5 (-1 (--15) (-1,3) (--37N) (-2.2) (.5 -3 (--15) “4.3) ’ >
Age -1.2 .8 -4 -2.6 ,28 -.03 -.03 -.03 -.5 63.8
(--9) (.9) (-2.1) (-1.1 (-9 (-1.2) (-1.3) (-3.0 -1 “ (11.5) e
TABLE 3.5
THE RELAT ONSHIP BETWEEN AGE AT DEATH AND THE RELEVANT VARIABLES - THE “YEAR OF DEATH” DATA SET
(t-statistics in parenthesis)
ea n Mea n
annual annual
_ Per capita Per capita concen - concen - .
Age Distance iy o . annual annual Annua 1 Heal th tration tration Constant R¢ Sample
to a - Education - ea of size
at  Race naior to Education ~ = o alcohol  cigarette  hours ;..\ o0 0 of sulfur
death Jt work q consump- consump- ill susgended dioxide
city tion tion particulate in the air
in the air
-10.3 .35 A1 -.97 -.17 -,007 -.07 .006 -4,8 -.006 -.05 68.3 28 63
Age  (2.5) (.15) (.35) (-.22) (--3) (-.42) (-2.53) (1.0) (-.92) (-.07) (-.29) (5.4
Age -6.8 ,82 -.18  -7.9 .88 -,01 -.03 .001 -1.7 - . 71.0 24 162
9 (-4.4) (1.12)  (-1.3) (-3.5) (3.0) (-1.0) (-2.1) (147)  (-.69) {14.5)



quality variables and observe the sensitivity of the nodel. Therefore,
equation two is identical with equation one but it contains |arger nunbers of
observations by not checking for air quality variables, and hence excluding
the air quality variables fromthe regression equation. The Ordinary Least
Square technique has been utilized in obtaining all regression equations.
Careful analysis of the regression equations in Tables 4 and 5 leads to the
following deductions. -Race, anong background variabl es, has a significant
inverse relationship with life span of the sanple nmenbers in this study. This
result is in agreement with the existing statistics that whites have a |onger
average life span than non-whites.

Anong current variables, distance to a major city is positively related
to the age at death except in equation one of Table 4. The relationship is
not generally significant except for equation two of Table 5 where this
variable is alnost significantly related to life span. This result is also in
agreement with existing statistics that rural populations live longer, on the
average, than the urban populations. Mles to work is inversely related to
age at death, suggesting that people who commute to work have a shorter life
span as the risk of having an accident increases with an increase in the
commuting distance. According to equation two of Table 4, this variable is
significantly related to the age at death. Education has an inverse
relationship with longevity. The relationship is strongly significant
according to equation two of Table 5 in which education squared has a
significant positive relationship with life span. The indication is that as
education increases to about grade 12 (high school) life span decreases, but
with higher education (past high school) life span increases. According to

equation two of Table 5: longevity = 6.8 age_+ .82 distance to mgjor city .18
mles to work 7.9 education + .88 (education) - .01 al cohol consunption .03
cigarette consunption + .001 annual hours ill 1.7 health insurance + 71. The

mnimum life span is associated with education = 4.46. According to Table 1,
this figure refers to a |evel of education between a high school graduate and
a high school graduate with nonacademc training. Therefore it may be
concluded that college education increases |longevity whereas elenentary and

hi gh school education has an inverse effect on life span. This finding may be
justified by observing the characteristics of the existing job markets.

Col | ege education increases the chance of acquiring well-paying, |ess risky
jobs. Furthermore, nore risky jobs require a certain type of skill which may
require education beyond el ementary level. Therefore, observing a binom al

rel ati onship between education and longevity with mininumlife span associated
with high school graduate |evel nmay not be far fromreality. Annual per
capita consunption of alcohol and cigarettes are inversely related to

| ongevity. Furthermore, consunption of cigarettes is significantly related
with age at death, as indicated by equations one and two of Table 5; which,
quite expectedly indicates that cigarette consunption decreases life span.
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Among health variables illness is inversely related with |ongevity and
the relationship is significant (Table 4). According to Table 5 the relation-

ship is positive, but insignificant. This finding indicates that illness
measured as the average nunber of hours ill over several consecutive years is
the proper measure of illness rather than the number of hours ill at the year

of death. Health insurance coverage is inversely related to |ongevity--an
unexpected result (except for equation one of Table 4), but the relationship
is totally insignificant. Air pollution (as measured by total suspended
particulate and sulfur dioxide) is inversely related with longevity (except
for suspended particulate in equation one of Table 4); however, the relation-
ship is not significant.

CONCLUSI ONS

The present study investigated the effect of several relevant variables
on longevity. Based on a sub-sanple of the Mchigan Study (a Panel Study of
I ncome Dynamics conducted by the Institute for Social Research of the
University of Mchigan) two data sets were constructed consisting of the age
of the individuals at the year of death and several explanatory variables
expected to be related with longevity based on the existing epidemiological
studies. Careful investigation of the several Ordinary Least Square
regression equations which included different combinations of the explanatory
variables lead to the final form of the regression equations reported in
Tables 4 and 5. Based on the results of this study, it can be concluded that
air pollution, although inversely related to age at death, does not
significantly affect longevity. It can also be concluded that education and
consunption of alcohol and cigarettes have a stable relationship with
|l ongevity since the direction of relationship is consistent in the two
equations of the two data sets. Distance to a major city, mles to work, and
health insurance are not stable variables affecting longevity. It can also be
concl uded that longevity increases as education goes beyond high school and
al so as education stops short of graduating from high school. It may also be
concluded that illness neasured as the average illness for several consecutive
years is a far better health neasure than illness at the year of death.
Simlar reasoning applies to the consunption of alcoholic beverages; however,
race and cigarette consunption are nore significantly related to longevity if
their value at the year of death is included in the study. Finally,
considering the inverse relationship between health insurance and |ongevity,
it can be concluded that illness is an endogenous variable since illness
decreases an individual’'s chance to purchase health insurance and the |ack of
heal th insurance shortens an individual's life span. Therefore, the
statistical nodel of this study may be inproved by devel oping a two-stage
model in which illness is an endogenous variable affected by such variables as
i ncome, education, race, and age.
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oo CHAPTER |V
A STUDY OF AIR POLLUTI ON-1 NDUCED CHRONI C | LLNESS

| NTRCDUCTI ON

At the time of the national awakening about environmental issues that
occurred in the late 1960's, a great deal of public and scientific attention
was focused on statistical relationships between air pollution and human
health. Wile this research was undertaken with a |arge neasure of acadenic
curiosity, a major inpetus was provided by Federal governnent agencies, such
as the United States Environmental Protection Agency and its predecessors.
The notivating factor for this agency encouragement was a |audable desire to
establish scientific evidence for regul ations designed to mtigate any detri-
mental health consequences of air pollution. For a time in the md-1970"s,
the subject, though continuing to be discussed in scientific councils, did not
capture nuch public attention, perhaps because of substantial reductions in
the ambient concentrations of several common air pollutants. However, with
the imediate threat that switching fromoil and natural gas to coal fuels
poses to the progress of a decade in controlling air pollution, the afore-
mentioned statistical relationships are again a subject of public as well as
scientific scrutiny.

In this paper, we assess the extent to which exiting epidemiological
research can be interpreted as statistically denonstrating a relationship
between air pollution and human health status. W also present sone addi-
tional statistical research of our own. The next section is a critical review
of the methodol ogi cal underpinnings of existing research in air pollution
epidemology. So as not to exenpt our previous work fromthis critica
review, we devote a third section to self-appraisal. A fourth section
presents some new enpirical results nmeant to respond to several of the faults
we confessed in the third section. The two concluding sections summarize what
we think we have thus far |earned and make some suggestions for future re-
search.

A CRITICAL REVI EW OF OTHERS WORK

Mich of the recent work in air pollution epidemology has focused upon
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estimtion of some version of the follow ng expression

Hi = a + bPi + cXi + ui" €))
where His a measure of norbidity or nortality, P is a nmeasure of pollution, X
is a set of other variables thought to influence health status, u is an error
termthat captures the.-effects of unmeasured influences upon health status, i

i ndexes the individuals or groups of individuals in a sanple, and a, b, and c
are paranmeters to be estimated. Epidemiological work of this sort, a large
part of which has been done be economi sts, presunes that there exists a
distribution across individuals of tolerances to air pollutants and that there
exi st sone individuals for whom any air pollution exposures whatsoever wl|
trigger a decline in health status. This perspective nay be contrasted with
anot her, common to nmany epidemiological studies originating in the bionedica
disciplines and sanctified in existing Federal clean air |egislation, which
posits a positive level of air pollution below which no individual wll suffer
a decline in health status .

Two recent enpirical applications of the latter perspective are Mrris,
et al. (1976) and Bauhuys, et al. (1978). Inspired by the principles of
experinmental design, the researchers in each of these studies selected two
comunities simlar in nost respects other than air pollution. Using analysis
of variance techniques, statistically significant differences in health status
between the popul ations of the comunities were then sought. Wether or not
these differences were found, toxicological evidence from |aboratory studies
was then cited to provide a basis for rejecting or failing to reject air
pol lution as a cause of the difference. Mny of the cited laboratory studies
are, in principal, structured in the same fashion as the epidemiological
studies; that is, the experimenter takes a treatment group and a control group
of simlar individual organisnms and increases the pollution exposures of the
treatment group until a decline in health status is observed. The pollution
| evel at which this decline is first observed is then gaid to be the
threshol d at which pollution is universally unhealthy. = Practitioners of
this perspective generally agree that nost substances comonly terned air
pol lutants can have del eterious human health effects. The controversies anmong
them erupt over the threshold pollution |evels at which these effects energe
and whether these threshold levels are found in everyday human environnents.
Because the methods provide no information on the nmagnitudes of any effects
that do exist, the controversies are linmted to questions on the statistica
determination of the existence of an effect.

Unless all factors that contribute to differences in health status across
i ndividuals and |ocations can be controlled, the weaknesses inherent in
enpirical applications of the above perspective are apparent. In particular
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statistically significant differences between the health states of two groups
of individuals may not be observable because the contributions of air
pollution to the true differences are overwhel ned by uncontrolled factors.
Any perceived threshold is then nore a matter of experinental design rather
than of effect: perception of "where the threshold lies will differ with the
extent to which the investigator is initially able to make his sanples ident-
ical in all but their-air pollution exposures. Moreover, even if the sanples
are identical, the outside observer gets the strong inpression that there

exi sts great confusion about the criteria for experinmental design, the
physi ol ogi cal and metabolic responses that constitute excess health inpacts,
the validity of extrapolating from animals to humans, and the processes that
generate any defined health inpact ~

As is well known, the multivariate regression procedures usually used by
economi sts investigating the health effects of air pollution allow explicit
discrimnation between the effects of air pollution, the effects of other
observed control factors, and the effects of unobserved, presumably random
factors. Although the estimated health effects of pollution will be biased if
sone of the assunmed random factors vary systematically with pollution, the
continuous covariation between health states and pollution that the procedures
pernmt does not force one to adopt the anbi guous nozion of a human health

effects threshold before research is even initiated . Neither is the inves-
tigator put in the unconfortable position of having to assign the residua
(“excess” deaths or illnesses) to something particular such as air pollution

The first attenpt to investigate the health effects of air pollution at a
national level wthout the resunption of a threshold was the pathbreaking
effort of Lave and Seskin (1970). Using 114 U.S. netropolitan areas as units
of analysis, they enployed single equation, ordinary-I|east-squares methods to
regress 1960 nortality rates linearly upon anbient concentrations of sulfates
and particulate, and other plausible influences upon nortality. They
tentatively concluded that statistically significant health effects of air
pol lution existed. This original study has inspired a substantial nunber of
simlar subseguent studies, including the culmnating effort of Lave and
Seskin (1977) =  Wthout exception, all have discerned a close and substantial
inverse association between nortality rates and one or nore air pollutants.
Recently however, two studies have become available that should give
consi derabl e pause to those wishing to accept the Lave-Seskin, et al.
findings.

Smth (1977), using data for 50 U.S. netropolitan areas in 1968-1969,
applied versions of the Ransey (1969) tests for specification error in the
general linear nodel to 36 different single equation specifications. These
specifications were simlar, and often identical, to those greeted with the
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most approval by the authors of the Lave-Seskin, et al. literature. None of
the specifications could pass all of the Ramsey (1969) tests at the 10 percent
| evel , although four passed all tests except that for non-normal errors.

The Ransey (1969) tests are neant to be used to assess confornmity with
the basic assunmptions for error structure of the classical linear nodel. They
give no hint about events when attenpts are made to correct for one or nore of
the specifications errors. In a recent paper, Crocker-Schulze, et al. (1979,
pp. 24-71) use 1970 nortality data from60 cities while trying to correct for
potential omtted independent variable and simultaneous equation problens.

Upon addi ng neasures of nedical care, cigarette consunption, and diet to the
single equation Lave-Seskin, et al. specifications, they found no
statistically significant effect of nitrogen dioxide, total suspended

particul ate, and sulfur dioxide upon the rate of total nortality .  Retaining
the forner variables, and accounting for the plausible sinmultaneity between
heal th status and nedical care, did nothing to inprove the statistical sign-
ificance of the three air pollution variables. On the presunption that these
findings were sufficient to denonstrate the weakness of the Lave-Seskin type
results, the authors did not go on to account for the obvious simultaneity
between medi an age (or percentage over 65 years) and nortality incidence,
inconme and nortality incidence, and several other plausible sources of
sinultaneity.

The results obtained by Smith (1977) and Crocker-Schulze, et al. (1979)
cast doubt upon the robustness of the Lave-Seskin, et al. estimates, in spite
of the no-threshol d perspective enbodied in these estimates. Nevertheless,
before dismissing the hypothesis of an inverse relation between everyday air
pollution levels and health states, it must be recognized that Lave~ Seskin,
et al, may have been asking nore of their data than it was capable of giving .
Less than one in every 100 people dies in the U S each year. No bionedica
authority asserts that air pollution is the dom nant cause of the deaths that
do occur. Many take the view that it is the direct cause of no nore than a
smal | fraction of these deaths, although they would agree that it may be quite
inportant in intensifying predispositions toward nortality. However, the
general properties of the underlying processes that encourage this
predi sposition are ill-understood. Thus, even with quite |arge sanples,
avai | abl e estimation techniques and a priori_ know edge may be inadequate for
distinguishing the nortality effects of air pollution in a human popul ation
sample froma host of simlar and plausible mnor contributing factors.

The possible inadequacy of many avail able techniques for estimating the
exi stence and/or magnitude of air pollutant-induced nortality applies wth

special force, given the data Lave-Seskin and their successors had to enploy.
Their work can be interpreted as an attenpt at establishing the probability of
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a representative individual currently residing in a representative region
dying in a given year from a geographically representative level of air pol-
lution occurring in a representative year. Since they had no information
about the distribution of influential health factors, including air pollution,
across the urban areas constituting their units of analysis, the %ﬁentifying
variabilities of their sanples were perhaps drastically reduced. — Wen this
relatively |ow variability of the sanples is coupled with what are probably
substantial neasurenment errors in the air pollution variables, the baggage of
additional explanatory variables and more sophisticated estimation techniques
to correct for specification error that the data are able to carry nust be
rather light. The attenpted corrections may serve only to msinform
Furthermore, that which is being corrected may be only an apparition since, as
Crocker (1975, pp. 350-351) denonstrates, the neasure of (the probability of)
death, enploying some group of individuals as the fundanental unit of
observation, can differ fromone group to another; there could be as many

uni que neasures enployed as there are groups.

The preceding remarks |ead us to three conclusions. First, given the
bi omedi cal and econoni ¢ subleties i nherent in conprehending the etiol ogies of
air pollution-induced nortality and norbidity, the estimates obtained from
aggregated data used in the great bulk of extant studies are unlikely ever to
be sufficiently conpelling to establish a consensus. Only the use of actua
i ndi vidual s as fundanental units of observation is likely to provide enough
strength in the data base to carry the requisite statistical burdens. Second,
the statistical burdens that have to be carried mght be considerably
lightened if research concentrates on norbidity rather than nortality. The
frequency, and nost likely the identifying variability, of the former is
greater by a factor of fifteen or twenty. Finally, because one’s health
status is influenced by the choices one makes about |ifestyles, environnenta
and occupational exposures to possible toxics, and other health-influencing
factors, economics can provide a priori hypotheses and an anal ytical franmework
to lend additional structure to epidemiological investigations. The
rel ationships with which observed real world outcomes are consistent can,
therefore, be further narrowed.

A CRITICAL REVIEW OF OUR WORK

Crocker-Schulze, et al., (1979) enbodies both nortality and norbidity
studies. The nortality study had the essentially negative purpose of enpiri-
cally denonstrating that the estimates derived in Lave-Seskin type studies are
not at all robust. The morbidity study had the nmore positive purpose of
investigating air pollution and human health status with a data set better
able to bear added statistical burdens and to accept hypothesis testing about
the inpact of man’s free will upon health status. In this section, we briefly
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discuss several entirely correct ways in which the morbidity study is suscep-
tible to injury. Strangely, although the study has been carefully pursued by
many interested parties, few have hit it where their thrusts could not even
begin to be countered without additional work on our part. Here, we present
sone of those thrusts.

Dependi ng almost entirely upon ordinary-|east-squares (0LS), the
morbidity study estimated the effect of air pollution upon self-reported
health status neasured as length of time chronically ill and annual frequency
of acute illnesses. Expressions linear in the original variables were
estimated for several 400 person sanples independently drawn from al
househol d heads in the Panel Survey of Incone Dynamics (PSID) [Survey Research
Center (1972)] who had always lived in one state. Although sone attention was
devoted to NO_, air pollution was generally measured as the annual 24-hour
geonetric mean of SO, and/or TSP in the head's county of residence for the

year (196775) frOWIW%lch the sanple was drawn. In addition to air pollution
measures of the intensity of the head s illness, his biological and socia

endowrents, |ife-style, and work, home, and outdoor environments were, when
available, included as explanatory variables. Air pollution contributed
positively and significantly to both chronic and acute illnesses in the
mpjority of the unpartitioned sanples. Upon conbining these dose-response
estimates with a sinple recursive labor supply fornulation, the economc

i npact of air pollution-induced chronic illness upon |abor productivity was
estimated to exceed that of air pollution-induced acute illness by nearly a
factor of 20,

These results encouraged us to proceed further, particularly with respect
to investigating air pollution-induced chronic illness. The obvious initia
further step was to correct some of the outstanding technical problenms @? our
treatnent of the dose-response functions estimated from the PSID data. =
These problems fall into three general categories: (1) the definition of self
reported health status; (2) the factors used to explain self-reported health
status; and (3) the algorithmused to estimate self-reported health status.

The PSID data on the chronic illness health status of househol d heads
consists only of responses to four questions stated in the follow ng order:

1. Do you have a physical or nervous condition that limts the type
of work you can do or the anmount of work that you can do?

2. How nuch does it limt your work?

3. How long have you been limted in this way by your health?
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4. Is it getting better, worse, or staying about the same?

In the case of the first question, persons were asked for a yes or no answer,
while for the remaining three questions the response called for was categor-
ical. The response to question #3 was used as the dependent variable in our
earlier analysis. However, the responses to this question were recorded
categorically with ‘the uppernost category being bounded only by age

Moreover, this response was conditional upon the response to question #1 and
possi bly question #2. For these reasons, interpretation of the earlier
chronic illness dose-response estimates required a string of assunptions that
may or may not have been inportant to stated results. In any case, in order
to assess the validity of the earlier results, it is preferable to remove any
clouding that the assunptions may have introduced. The response to question
#1 is unambi guous.

Even though the response to question #1 is unanbiguous in terms of self
reported health status, it need not represent the respondent’s clinical health
status. Mre specifically, individuals may not be alike in the way they
determi ne whether or not they are chronically ill. Econonmic factors including
type of job, access to disability benefits, and other neasures of the
opportunity costs of not working may be inportant to this determ nation. For
exanpl e, consider two persons who are alike in every respect other than their
hourly wage. The person with the [ower of the two wage rates will have a
| ower opportunity cost of not working. He may be perfectly healthy but desire
to work fewer hours and use illness as an excuse, or he may actually be sick
more often than his higher incone counterpart because he does not find it
economi cal |y advantageous to be as heal thy.

The preceding suggests that our earlier estimated chronic illness dose-
response expressions mght be biased because econonmic determ nants of self
reported health status were omitted. In addition to these econom c deter-
mnants, other, nore traditional life-style, biological endowrent, nedica
care, and environnental determ nants were omtted or inperfectly neasured. For
example, the earlier estimates included no information on job accident rates,
and used cigarette expenditures as an index of cigarette consunption. These
variabl e exclusions and inperfectly measured explanatory variables can bias
the estimated contribution of air pollution to self-reported health status.

Finally, given the chronic illness health status variable enployed in our
earlier work, the use of an OLS estimation procedure could have been
i nappropriate for two reasons. First, self-reported health status mght have
been determined jointly with some explanatory variables (e.g., leisure
exercise, cigarette snoking, and nedical care) that were also choice
variables. OLS estimates of the chronic illness dose-response expression woul d
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then be biased and inconsistent. Second, the health status variable was
recorded in a categorical rather than in a continuous fashion. This neans
that hetero-skedasticity could be present in the O.S-estimated chronic illness
dose-response expressions with a consequent introduction of biases in the
standard errors of the air pollution coefficients. As MKelvey and Zavoina
(1975) show, the use of OLS procedures with categorical dependent variables
can cause the relative impacts of certain variables to be severly
under est i mat ed

SOME NEW BUT LIM TED RESULTS

In this section, we present some new results which, insofar as available
data allow, correct partially or wholly for the technical problenms raised in
the previous section. The outstanding failing of these new results is that we
do not construct an explicit analytical nodel to account for the economc
determ nants of self-reported health status. Instead, we do no nore than
introduce explanatory variables such as famly assets and union menbership
that woul d plausibly have a role to play in expressions derived from any
anal ytical nodel dealing with the effect of the opportunity costs of not
wor ki ng upon perceived own health status.

Table 1 lists the variables we enploy. Al cohol expenditures, nunbers of
daily cigarettes smoked, free access to nedical care, physician popul ation,
carcinogenic potential in the workplace, precipitation, workplace job accident
rate, current transfer incone, and union menbership all represent variables
that did not appear in our previous chronic illness dose-response expressions.
Separate structural expressions are estimated for nunbers of daily cigarettes
snoked, whether or not the individual has nedical insurance, and whether or
not he participates in strenuous |eisure exercise on the presunption that they
are jointly determned with health status. To account for plausible
nonlinearities Wi th respect to the inpact of age and food expenditures on
health status, squared, as well as original, values are entered for these
vari abl es.

In view of the categorical nature and the sinultaneity of the dependent
variable, the estimtion technique selected was the two-stage limted depen-
dent variabl es (2sLDpv) approach suggested by Nelson and O son (1978). Mre
specifically, the estimation procedure these authors propose is to:

(i) Estimate the reduced form of the structural systenby
appl ying an appropriate nmaxi mum |ikelihood technique to
each.

(ii) Forminstrunments from the “predicted” values of the
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TABLE 4.1

COMPLETE VARIABLE DEFINITIONS
Self-Reported Health Status Variables

DSAB - Limitation on work = 1; otherwise = 0

LDSA - Disabled for < 2 years = 1; 2-4 years = 2; 5-7 years = 3;
2 8 years = 4; otherwise = O.

Biological and Social Endowment Variables

AGE - Age in years.

EDUC - Completed 6-8 grades = 2; 9-11 = 3; 12 grades = 4; 12grades
plus non-acedemic training = 5; college, no degree=6;
college degree = 7; advanced or professional degree = 8;
otherwise = 1.

FMSZ - Family size in number of persons in housing unit.

POOR - Stated that parents were poor “.. ..when you were growingup..."

=1; otherwise = O.
SEX - Male = 1; Female = O.
Lifestyle Variables

ALKY - Annual alcohol expenditures X 10°per adult family member.

CIGN - Number of daily cigarette packs smoked per adult family member.
This variable was calculated by dividing the PSID data on 13970
cigarette expenditures by the 1970 retail price of a pack of
cigarettes in the 1970 state of residence. Retail price data
was taken from Tobacco Tax Council, Inc. (1978, pp. 67-69).

FOOD - Family food consumption relative to food needs standard in
percent. Consumption refers to food expenditures in dollars
and includes amounts spent in the home, school, work, and
restaurants, as well as the amount saved in dollars by eating
at work or school, raising, canning, or freezing food, using
food stamps, and receiving free food. The food needs standard
is in dollars and is based on USDA Low Cost Plan estimates of
weekly Ffood costs as publ ished in the March 1967 issue of the
Family Economics Review. The standard itself-is calculated by
multiplying the aforementioned weekly food needs by 52 and
making a series of adjustments according to family size.

LEXR - Indication that dominant leisure-time activities involves
strenuous exercise = 1; otherwise = 0. Strenuous activities
were said to include fishing, bowling, tennis, camping,
travel , hunting, dancing, motorcycling, etc.

Health Care Variables

HVET - Free access to medical care as a veteran or through medicaid
= 1; otherwise = O.

INSR - Has hospital or medical insurance = 1; otherwise = 0.
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PHYS - Physicians per 10,000 population in county of residence on
July 1, 1975. This data was obtained from U.S. Bureau of the
Census (1978, Table 2).

Environmental Variables

CANX - An index.of workplace *“carcinogenic potential” by two-digit SIC
code as presented in Hickey and Kearney (1977) and determined

by dividing their Table 8 by their Table 7. We are aware that these
authors insist that “... the magnitude of the derived carcino-

genic potential is not suitable for any health hazard inference”

(p- 1in).

Mean annual January temperature in the 1970 county of residence

in F* X 10. This data is from U.S. Bureau of the Census (.1978,
Table 4).

COLD

PRCP

Mean annual precipitation in inches X 10° in the 1970 county
of residence. This data is from U.S. Bureau of the Census
(1978, Table 4).

Number of disabling work injuries in 1970 by 2 and 3-digit SIC
code for each million employee hours worked. The data is
from Table 163 of Bureau of Labor Statistics (1972).

JACCR

SULM Annual 24-hour geometric mean sulfur dioxide micrograms per
cubic meter as measured by the Gas Bubbler Pararosaniline-
Sulfuric Acid Method. The data were obtained from the annual
USEPA publication, Air Quality Data - Annual Statistics, and

refer to a monitoring station in the 1970 county of residence.

TSPM

Annual 24-hour geometric mean total suspended particulate in
micrograms per cubic meter as measured by the Hi-Vol Gravimetric
Method. The data were obtained from the annual USEPA publication,
Air Quality Data - Annual Statistics, and refer to a monitoring
station in the 1970 county of residence.

Pecuniary Variables

, , 2 , ,
ASSETS - Sum of 1970 income in dollars X 10~ from social security,
retirement pay, pensions, annuities, dividends, iInterest, and
rent.

UNION - Member of a labor union = 1; otherwise = O.
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dependent variables using the observations from the sanple
on the exogenous variables together with the estimted
reduced from coefficients obtained in the first step.

(iii) Replace the jointly dependent variables on the righthand
side of the equations in the structural systemwth their
instruments constructed in the second step.

(iv) Estimate the resulting relations by an appropriate maxinmm
l'i kel i hood nethod

As can be easily seen, this estimation procedure applied to a system of
sinul taneous equations is just two-stage |east squares in the case where al
jointly dependent variables are continuous over the entire real line. How
ever, the approach of Nelson and O son (1978) takes account of the fact that
sone dependent variables, particularly the DSAB variable of interest here, do
not exhibit this type of behavior. They therefore suggest that an appropriate
limted dependent variable technique be used in the estimation of both the
reduced formand the structural formof the nmodel. In this case, since DSAB
is defined to take on only the values of zero or one, the probit nodel would
appear to be the nmost appropriate of the alternative limted dependent
variabl e met hods.

The procedures outlined above were applied to a sanple of 309 individua
househol d heads drawn from the 1970 cal endar year of the PSID sanple. Al
i ndividual s had always resided in the 1970 state of residence. W are, thus,
able to control partially for the air pollution exposure history of the
i ndi vidual, given that relative 1970 pollution concentrations across residen-
tial locations are simlar to the history of relative concentrations, The
year 1970 was selected for detailed enpirical analysis because the chronic
i Il ness dose-response expressions estimated for this year in Crocker-Schulze,
et al. (pp. 105-109) were considered to be the best representatives of all the
expressions for assorted years estimted by ordinary-Ieast-squares fromthe
PSID data

The 309 individuals of the sanple represent all individuals in the 1970
PSID cal endar year data for whom we were able to obtain observations on each
expl anatory variable, including total suspended particulate and sul fur
dioxide. It should be noted that this sanmple is unlikely to correspond to a
random sanpl e of the U.S. population. If anything, as a glance at the
arithmetic mean values of the explanatory variables presented in Table 2
shows, the sanple appears to include a somewhat disproportionately high nunber
of femal e househol d heads, “poor” childhood backgrounds, and relatively |ow
pecuni ary values of famly assets. For our present purposes, of course, a

40



random sanpl e is unnecessary, given that the sanple was not selected on the
basis of whether or not the individual reported he suffered froma chronic
i I'lness.

The results of estimating the augmented (relative to our previous work)
chronic illness dose-response’ expression by the multivariate Probit estimator
are reported in the'last two colums of Table 2. As Poirier and Melino (1978)
have shown, the coefficients are proportional to the change in the probability

that an individual will report being chronically ill for a one unit change in
the explanatory variable. Thus, for exanple, a male, is nearly twice as
likely to report being chronically ill as is a female. Qur use of the Probit

estimater presunes that each individual has a threshold |evel of the

expl anatory variable bel ow which he will not view hinself as being made
chronically ill. However, the estimator also presunes that there exists a
transformation causing these threshold values to be normally distributed over
our sanple and, therefore, that there exist some individuals for whom even .
mnor levels of air pollution will cause themto report being chronically ill
The constant termis sinply a shifter.

Wth the exceptions of CIGN, LEXR and POOR, the signs of all
coefficients coincide with a priori expectations. The combinations of signs
for the AGE variables and the FOOD variables are consistent with increased
| i kel i hoods of reporting chronic illness at the extremes of age and diet
adequacy with a reduced likelihood in the middle ranges. Increases in al cohol
consunption, exposures to carcinogenic substances, accident risks in the
wor kpl ace, physicians to originate or confirm the individual’s self-diagnosis,
and air pollution in the formof sulfur dioxide all serve to increase the
chances of self-reported chronic illness. The coefficients of CANX and JACCR
are probably biased downward, since they refer only to the current workplace,
rather than to the individual's workplace history. On the other hand,
consistent with the work of Tromp (1962) and others, high precipitation and
| ow midw nter tenperatures are less likely to make the individual fee
chronically ill. Those variables such as ASSETS and UNI ON, representing
factors thought to reduce the opportunity costs of feeling chronically ill
all contribute positively to the probability of reporting chronic illness.
Simlarly, more education and larger famly size, variables which capture
factors tending to increase the opportunity costs of feeling chronically ill
each have negative signs attached. Since people who are veterans and have
medi cal insurance face |ower marginal prices for medical care, they can be
expected to consunme nore nedical care thereby reduce the frequency of their
chronic illnesses. The negative signs attached to HVET and INSR are
consistent with this interpretation. Note that the coefficient attached to
the latter variable is estimated froma systemthat accounts for the siml-
taneity between the |ikelihood of possessing nedical insurance and the
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TABLE 4.2

MAXIMUM LIKELIHOOD ESTIMATES OF SELF-REPORTED CHRONIC ILLness (DSAB)

Variable Mean Coefficient Standard Error
AGE -1 39.36 0O . 08 4 0.054
(reE)* x 10 177.00 -0.776 0.582
ALDY 1.11 0.169 0.100
ASSETS 2.68 0.001 0.001
CANX 18.77 0.006 0.021
TIGN CIGN = 1.73

gm = 0.64 ~0.527 0.190
COLD 37.86 -0.025 0.015
EDUC 3.76 -0.087 0.162
FMSZ 3.22 -0.005 0.056
FooR 1.80 -0.499 0.470
(FooD) 3.90 0.089 0.095
HVET 0.19 -0.472 0.400
NS INSR = 0.72
g@= 0.80 ~1.223 0.490
JACCR 33,17 0.003 0.005
LEX LEXR = 0.18
i EXR = -1.13 0.115 0.454
PHYS 24. 08 0.007 0.010
POOR 0.52 -0.503 0.290
PRCP 39.77 -0.043 0.017
SEX 0.57 0.927 0.556
SULM 18.37 0.011 0.010
UN 10N 0.19 0.422 0.398
Constant 1.090 1.807
(-2.0) times log of likelihood ratio 85.609; statistically signifi-

cant at the one percent
for the x? distribution
with 21 degrees of
freedom.

Observations at Unity 77
Observations at Zero 232

NOTE: No levels of significance are indicated because the asymptotic properties
of the standard errors for this sample are not known. A simulation experiment
with the simultaneous probit estimator suggested to Nelson and 0Olson (1978,

p. 702) that its standard errors could be biased upward by as much as a factor
of 1.6.
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presence of chronic illness. Note also, however, that the results for these
variabl es explaining the “demand” for chronic illness have not been derived
froman explicit analytical nodel. The above interpretation may therefore be
unwar r ant ed

Interpretations for the signs of CIGN, LEXR, and PCOR are less readily
provided. It is possible that no one of these variables is a reasonable
measure of the effect we were trying to capture. For exanple, CIGN represents
the estimated nunmber of current cigarettes smoked per adult famly nmenber.
There is no obvious connection between this neasure and the snoking history of
the individual whose health status is being inspected. It is, of course
possi bl e that those who are already chronically ill increase their snoking
because of the greater utility it mght then afford. As for LEXR it appears
fromits estimted mean value that the expression used to calculate it did not
perform very well. In addition, the perception of what constitutes strenuous
exercise can differ across individuals. Again, strenuous exercise mght yield
greater utility for those who are already chronically ill, so that they are
more likely to participate in it than are healthy individuals. Simlarly, the
current perception of whether one’s parents were poor may be nore a neasure of
one’s current real incone status relative to the former status of one’'s
parents rather than an absolute neasure of the latter’s fornmer status. Thu s,
extending the Dusenberry (1949) hypothesis to an intergenerational context, it
m ght be that greater relative current real income may engender a sense of
security reducing the opportunity costs of being chronically ill.
Alternatively, the explanation for the unexpected negative sign mght sinply
be that a selection process operated in the past to elimnate those who were
| ess wel |l genetically endowed and who al so had poor chil dhoods.

A rank-ordering of the explanatory variables fromthe nost to the |east
statistically significant rssuits inthe follow ng: CIGN, INSR, QRCPzF(I}{
ALKY, SEX, COLD, AGE, (AGE) , HVET, Foob, UNI ON, sum, Assers, (FOOD)~, PHYS,
JACCR, EDUC, CANX, LEXR, AND rFMsz. Thus, at least for the sanple represented
in Table 2, air pollution, as measured by annual 24-hour geonetric mean sul fur
dioxide, is less robust statistically than the climte variables but nore
robust than the measures of occupational hazards. However, as indicated in
the table, SULM woul d appear to be statistically insignificant at conventiona
levels.  This general conclusion holds when another air pollution variable,
annual 24-hour geonetric mean suspended particulate, replaces the neasure of
sul fur dioxide used in Table 2. Upon doing this, a coefficient of 0.006 with
a standard error of 0.007 is obtained. Gven that the standard errors of the
sinul taneous probit estimator are thought to be biased upward (perhaps by as
much as 1.6 according to Nelson and O son (1978, p. 702), the actual effect of
air pollution on self-reported health status may be nmore significant than our
results indicate. Nevertheless, even if the standard error on the air
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pol lution coefficients are in fact biased upward by a factor of 1.6, the
statistical significance of these coefficients remins questionable.

In order to provide another basis for conparison with Crocker-Schulze,
et al. (1979), we substituted the measure used for the length of chronic
illness (LDSA) in our earlier work for the dependent variable in Table 2. The
system was estimated by the two-limt simultaneous probit technique enployed
in Nelson and O son (1978). Again, the results obtained were not inconsistent
with our previous OLS estimates. In fact, the magnitudes of the air pollution
coefficients were alnost twice those obtained in the OLS results. However, as
Poirier and Melino (1978) denobnstrate, the coefficients of an explanatory
variable in a truncated regression procedure such as probit is proportiona
to, but not equal to, the partial derivative of the conditional mean of the
dependent variable with respect to a one unit change in an explanatory
variable. This factor of proportionality, which is identical for each
coefficient in a regression, can be determ ned when the variance of the
untruncated variable is known. For the PSID data set, this variance is
unknown.

VWH THER FROM HERE

The motivation for this paper, as well as our previous work in the area,
originated in our convictions that economc analysis and its enpirical tech-
ni ques could contribute to the resolution of certain recurring puzzles in
studies of the incidence and severity of diseases in human popul ations, part-
icularly the epidemology of air pollution. W have viewed human heal th
status as a decision variable and have therefore been able to enpl oy economc
theory as a means of providing nore a priori structure for the analysis of
epidemiological data. Considering only the enpirical results reported in the
previous section, it seens we have not yet provided enough information on
structure for resolution. W have by no means, however, exploited all the
concei vabl e econom c-behavioral structural relations from which restrictions
m ght be obtained.

One nmight introduce nore statistical information by quasi-replication of
the structures already estimted; that is, we could pull additional sanples
fromthe PSID data set and estimate for each of those sanples the sane two
structures already discussed. This strategy has been used [Crocker-Schulze,
et al. (1979)] in an earlier substantially less rigorous treatment of the same
dat a.

Alternatively while retaining the structure that economc analysis and

epi dem ol ogy provide, we can draw upon know edge in biophysics, biochemstry,
and bioenergetics to a nuch greater degree than previous studies in air
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pol lution epidem ol ogy appear to have done. In a manner consistent with human
capital theory, as some existing work has in fact already done [e.g., Cropper
(1977) and Crocker-Schulze, et al. (1979)]. The individual night be construed
as having an initial health endownent that, due to natural aging, depreciates
exogenously over tine. However, by his decisions about life-style and his
occupational and environmental exposures, he can either slow or accelerate
this natural depreciation. An integral part of these human capital treatnents
has been the representation of a production function in inplicit form where
sone crude neasure of health status is determined by rather arbitrary
assortnents of the aforementioned collection of |ife-style, occupational, and
environnental variables. W suggest, at least insofar as enpirical treatnents
are concerned, that one can specify this production function in much nore
detail while retaining the human capital framework for the individual’s

deci sion problem

As an alternative to traditional toxicological research enmphasis upon
met abolities and netabolic pathways, the Second Task Force for Research Plan-
ning in Environnental Health Science (1977, Chapter 14) recomrends that nore
effort be devoted to building upon existing know edge of the structure and
function of particular organ systens such as the respiratory and
cardi ovascular systenms. Contrary to nost of the arcane (to an economi st)
basic research on the fundanental chemical processes at work in various
met abol i ¢ pat hways, nuch of the work on the determinants of the individual’s
research of organ function appears to be readily translatable into nere
displays of the fact that within |imts the same quality of some sinple
measure of the health status of the organ system such as the ventilation

, . . . . . 10
capacity of the lung, can be obtained from various conbinations of inputs .
In many cases, the responses of the health indicator of the organ systemto
various stresses follow well- known physical |aws having Sifcific functi onal
forms and even particular values attached to coefficients.

Wien writing down the individual’s decision problemwth respect to
health status, we may be able to structure the problem nore tightly by build-
ing the aforementioned information on organ system responses directly into the
constraint set. Rather than having an inplicit production function in which
the value of a “self-reported, highly aggregated measure of health status
(e.g., whether or not the individual is chronically ill) is explained by a
collection of intuitively reasonable variables, one can enploy a description
that precisely maps a limted and well-defined set of major influentia
factors into a continuous scaler neasure of the health of an organ system

SUMVARY AND CONCLUSI ONS

The preceding pages are not without technical sin. In particular, wth
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out rigorously explaining from whence they cone, we have introduced variables
that are supposed to represent the opportunity costs of reporting or failing
to report ones self chronically ill. Otherwise, however, by enploying a nore
robust estimation procedure, by redefining the chronic illness variable, and
by introducing better measures of cigarette snoking, hazards and toxic
exposures in the workplace, medical care, and climte, we have responded to
several well-founded. criticisms of the norbidity results in Crocker-Schulze,
et al. (1979). On the basis of those new tests, we see no reason to alter our
previous interpretation of the effect of air pollution upon self-reported
chronic illness.
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REFERENCES

In accordance with the el oquent argument of Calabresi and Bobbit (1978),
one mght attribute the dom nance of this perspective in public policy
settings to the fictions erected by societies to segment narkets that
woul d otherwise require explicit judgments about the relative worths of
individuals’ lives. Calabresi and Bobbit (1978) argue that these
fictions seine to soften intolerable societal stresses. The purpose they
serve in a scientific setting is not obvious.

Al'ternatively, the laboratory studies try to specify the intervening
processes causing an observed health effect.

Apart from these issues, the practice of applying laboratory results to
everyday human environnents is questionable. As Anderson and Crocker
(1971, p. 146) note, so as to renove all sources of stress other than air
pol lution, all other factors influencing health in the laboratory tend to
be set at biologically optiml levels. Gven that these biologically
optimal |evels exceed those found in everyday environnents, it follows
fromthe |aw of variable proportions that air pollution-induced health
effects in the laboratory will exceed those found in everyday

envi ronnents.

It should be noted that many biomedical authorities strongly dispute the
bi ol ogi cal existence and the policy rel evance of thresholds for nost

envi ronmental contaninants. Authors such as Epstein (1974), Goldsmith
and Friberg (1977) argue that any positive anmount of pollution induces
ill-health effects for sone individuals and increases the probability of
ill-health for everyone exposed.

Among the nore notable exanples are: MDonald and Schwing (1973); Liu
and Yu (1976); Mendel ssohn and Orcutt (1979); Gegor (1977) and Koshal and
Koshal (1973).

However, particulate was statistically significant in an expression
expl ai ning pneuroni a and influenza related deaths. Sulfur dioxide was
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statistically significant in an expression for deaths attributed to early
infant diseases. N trogen dioxide would have been statistically
significant in heart disease if a slightly less severe |evel of
acceptance had been adopt ed.

In order to get the data to “give” nore, the authors of the Lave-Seskin
type work have’ usually tested with the same data set several different
functional forns and conbinations of explanatory variables. The
objective frequently seenms to have been the maximzation of certain
summary statistics (e.g., the coefficient of determination) having no
basis in any a priori hypothesis. \ are unaware that the pretest or
sel ection procedures surveyed in Wallace (1977) and Judge, et al. (1980,
Chap. I1) have ever been enployed during these manipulations. |f these
procedures are not enployed, the properties of the classical |east
squares estimators these authors typically use can be substantially
altered; that is, the customary interpretations cannot be attached to
estimated coefficients and standard errors.

Ambi ent pollution concentrations for a single year at single (usually
downtown) sites served as proxies for the lifetinme exposure histories of
entire regional populations. For a succinct treatnent of the trade-off
between corrections for specification error and identifying variability
when measurenment error is present in an independent variable of interest,
see Griliches (1977, pp. 12-13). The addition of inperfectly measured
expl anatory variables to the expression being estimated wll bias
downward the coefficients of the air pollution variables.

For now, we nuch prefer to |eave accounting issues about what the
estimate mean in terns of national economc inpacts to nore adventuresone

types.

See Kao (1972, Chap. 111 and 1V) for readily understood treatnents of the
| ung as a nechanical punp and as a gas exchanger

Many of these responses have been established in animal rather than hunman
studies. The validity of extrapolating results fromthe former to the
latter is a major source of controversy in bionedical studies of

pol lution effects upon organ systens.
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Chapter v
MEASURI NG THE BENEFI TS FROM REDUCED ACUTE MORBI DI TY

| NTRODUCTI ON

The predom nant view in economcs is that individuals are unaware of the
health effects of air pollution and therefore do not take theminto account in
maki ng decisions (Lave 1972). Gven this view, the appropriate way to neasure
the morbidity benefits of a reduction in pollution is to estimte a damage
function and then assign a dollar value to the predicted decrease in illness.
This, together with any reduction in medical costs, is what an individua
woul d pay for a decrease in pollution if he treated his health as exogenous.

Unfortunately, this approach is inconsistent with the view, widely held
in health economcs, that individuals can affect the time they spend ill by
investing in preventive health care. Support for this view is provided by
M chael Gossman (1972a, 1972b, and 1975) whose work indicates that
individuals diet, exercise and purchase nmedical services to build up
resistance to illness. These findings suggest that if persons in polluted
areas perceive their resistance to illness decreasing they will try to
conpensate by exercising nore, smoking |ess or getting nore sleep.
Conversely, an inprovement in air quality should lead to a decrease in
preventive health care, and the value of this nust be added to the benefits of
pol lution control

Human capital theory thus inplies that the damage function approach, by
ignoring the value of preventive health care, understates wllingness to pay
for a change in air quality. This conclusion, it should be enphasized, does
not assume that individuals know precisely the nmedical effects of air pollu-
tion. Al that is necessary for a person to try and conpensate for the ef-
fects of pollution is that he feels worse when pollution increases.

This paper presents a sinple nodel of preventive health care, simlar to
that of Gossman (1972a, 1972b), and uses the nodel to define what a person
woul d pay for a change in air quality. The nodel assunes that one can build
up resistance to acute illness by increasing his stock of health capital
however, health capital decays at a rate which depends on air pollution. For
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acute illness, willingness to pay as derived fromthe nmodel, is greater than
the benefit estimate conputed using the damage function approach. To
illustrate the size of this discrepancy estimates of willingness to pay are
conputed using data fromthe M chigan Panel Study of Income Dynanics

A MODEL OF | NVESTMENT |IN HEALTH

The essence of the human capital approach to health is that each indi-
vidual is endowed with a stock of health capital, H which nmeasures his

resistance to illness. This stock can be increased by combining time, TH,
with purchased goods, M, to produce investnent in health, !
- 1"’C g 61 E
I, = TH hq Elt S i 2 (1)

Qut puts of equation (1) include exercise, rest and nourishnent. These will be
affected by factors such as the individual’s know edge of health, or the
presence of a chronic disease (Eit’” « ., E . in equation (1)).
n
For sinplicity suppose that investment in health exhibits constant re-

turns to scale so that the marginal cost of investment is constant and inde-
pendent of 1. This is reflected in equation (2) which gives the margina
cost of inveStment, T, 8 a function of the price of purchased goods, PN?
and wage, wt,

« l-z_ ¢ -§ -

™
W PM_E « «pnt

t t t it “ o. (2)

Investment in health increases the individual’'s health stock, Hr
according to equation (3),

dHt/dt = 1t - sth“ ©)

Health capital also deteriorates at the proportional rate § since resistance
to illness would decline if no investnents were made in hea I h.

The main notive for investing in health is that health capital affects

time spent ill, TL . For enpirical work it is npbst appropriate to assume a
t hreshol d relationghip between health capital and illness since a |arge nunber
of persons (half of the Panel Study sample) report zero days of illness each

year. A discontinuous relationship between H and TL , however, makes the

solution to the individual’'s choice problen1d§fficult? Ve therefore assune
that the individual views the log of illness as a decreasing function of the
log of health capital.
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InTL = y - alnH, a > 0. (4)

This inplies that time spent ill can be nade arbitrarily small, although not
zero.

Equations (3) and (4) suggest that the nodel, while appropriate for
accute illness, shotild not be applied to chronic illness. In (4) a reduction
in the health stock increases time spent ill; however, being ill in one
instant does not reduce the stock of health capital in the next. This is
reasonable only if TLt refers to acute illnesses such as colds and the flu.

To sinplify the nmodel and facilitate estimtion of willingness to pay (4)
is assumed to be the only motive for investing in health. This reduces health
to a pure investment good and inplies that the only effect of health on
utility is through the budget constraint.

In this case the decision to invest in health can be separated fromthe
decision to purchase other goods. First, a path of investment in health is
chosen to maximze R, the present value of full income net of the cost of
investnent, then utility is maximzed, given R In the present nodel ful
incone is the market value of the individual's healthy time. If @is the
total time available at t then h = @ - TL is the amount of healthy tine
avai lable. The present value of“full income net of the cost of investing in
health may therefore be witten

.
oj(w*“h’“ - m I e (5)

where T is length of life. The individual’s problemis to choose the path of
i nvest ment which maximzes (5) subject to (3) and (4).

When the marginal cost of investment is constant the solution to this
problem is sinple: at each instant the individual chooses an optimal |evel of
resi stance, H:, and then deternines the anount to invest in health from (3).~
The optinal health stock is determned by equating the value of the margina

product of health capital, wtaht/aﬂt, to its supply price
3h dar 1

t
w —';— = vt (r+6- T -Tr—t-). (6)

The latter consists of three parts: the interest foregone by investing r in
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health rather than at the rate r, the depreciation cost, = & , since each unit
of health immediately declines by an ambunt §, and a capifal gain which
accrues if the cost of investment is changing! |If =» is rising at
approximately the rate of interest then the right-haﬁd-side of (6) reduces to
T8 .

tt

Substituting from (4) the optimal health stock may be witten

1nH* = - (B + 1oW

! Tea - lmrt - ln(St), B=y + | na, @)
while time spent ill is given by
[+
* = - — - -
lnTLt Y - 1ma (B + 1nb{ ln1Tt lndt). (8)
There are several ways that pollution could enter this mdel. The ob-
servation that individuals are ill nore often in polluted environments coul d

mean that pollution enters the equation for time spent ill, (4), with a pos-
itive coefficient. This, however, inplies that two individuals with the sane
health stock are not really equally healthy. Instead, it seems prefera%7 to
assune that pollution physically alters the state of a person’s health. =
This can be acconplished by naking the rate of decay of health capital a
function of air pollution, P,

B St_ ¥, ¢
cSt = e Pt St . )
Equation (9) also inplies that the rate of decay of health varieg with age and
with other factors, St, such as stress or pollution on the job. =

Addi ng equation (9) to the nodel neans that it is nmore costly to build up
resistance to illness in polluted environments, hence individuals in polluted
areas will chose to maintain |ower health stocks and will be ill nore often
than persons in cleaner areas. Proponents of the damage function approach
m ght argue that this is unrealistic since individuals are unlikely to know
the precise formof equation (9). ALl that is necessary, however, for an
i ndi vidual to choose a |ower health stock is that he feels |ess healthy
(perceives 6 to be higher) when pollution increases. Knowi ng the precise
rel ationshi pt bet ween Gt and Pt is irrelevant in choosing Fﬁ.

THE VALUE OF A CHANCGE IN AIR POLLUTI ON
Ve now consider the value to an individual of a small reduction in pol-

lution at tinme t. Since a change in P affects net incone only at t the value
of a small percentage change in Pt i s defined as
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& P, =|d Ly WL+ disp 't (10)
dp d1nP dp_ '
t ( t

The first termon the right-hand-side of (10) is the value of the reduction in
sick time caused by a reduction in pollution. This is unanbiguously positive.
The second term describes the change in investment costs caused by a change in
pol lution. Reducing pollution increases the optimal health stock which, from
(3), increases I*. A reduction in P, however, also reduces § which lowers
the gross investment necessary to maintain a given health stock. For the
functional forns above the net effect of these factors is positive, inplying
that a reduction in air pollution reduces resources devoted to preventive
health care and thus increases wllingness to pay,

ay -1t

gﬁ P = oy - et A ap -rt
Wtht + ' tét)FF e = 2 Teq W TLe ", (11)

dpP t= I:a
t '

1+a

If equation (10) is conpared with the neasure of benefits conputed under the
damage function approach it is clear that the latter understates willingness
to pay. Followi ng Lave and Seskin (1977) the damage function approach woul d
measure the value of the reduction in sick time caused by a reduction in

pol lution, plus any change in nedical costs. Since medical costs are
negligible for acute illness, the damage function neasure woul d equal the
first termon the right-hand-side of, (10). The second term which neasures
the decrease in resources devoted to preventive health care, would be ignored.
To indicate the magnitude of this termand to give some idea of the morbidity
costs of air pollution we present estimtes of (10) based on data fromthe

M chi gan Panel Study of Income Dynanmics.

ESTI MATI ON OF W LLI NGNESS TO PAY

To conpute willingness to pay requires an estimte of ay/(1+a), the
elasticity of sick time with respect to pollution. Equation (8) suggests that
this can be obtained by regressing the log of sick time on the log of pollu-
tion and other variables which determine the optinmal health stock. Since a
| arge nunber of persons report zero days of illness each year the appropriate
statistical fornulation of the equation is a Tobit nodel

1nTL., = undefined if x' B+ u , <0
It it It
InTL., "X' B + U if X' B + > 12
it “ie it T (12)
wher e X, = (1 InPM 1nE_ . . 1nE_ 1nP_ 1nS 1nW t)
t t 1t nt t t t
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B = a(l+a)‘ "(comst. 1- —El Coe —En Yo ~(1-z) 5),
and u,  ~ N(0,c 3 for all t. Consistent estimates of (12) may be obtained by
paximim | i kel i hood.

Table 1 contains estimates of (12) for men between the ages of 18 and 45
fromthe M chigan Panel Study of Income Dynamcs. The dependent variable is
days lost fromwork due to illness, adjusted for differences in weeks worked
I ndependent variables, apart from the wage, either deternine the rate of decay
of health capital or affect the productivity of time invested in health.

Two features of the data should be noted. Since the dependent variable
cannot be observed for persons too sick to work the estimates in Table 1 are
subject to selection bias. This problemis not serious, however, since only
3% of the sanple is unable to work for health reasons. Secondly, the data
support a threshold nodel such as (12) since approximately half of the sanple
reports zero days of illness each year.

Before conputing willingness to pay we comrent briefly on the performance
of the independent variables in Table 1. The first four variables neasure
factors which affect the rate of decay of health capital--air polhr?on,
pol lution at work, parents’ incone (which may affect &) and race.s——The
first three of these consistently have the expected signs and are significant
in six out of eight cases. Race, when significant, inplies that being white
increases the rate of decay of health capital. The second four variables
affect the productivity of time spent investing in health. The presence of a
chronic condition has a |arge negative inpact on the productivity of time
invested in health and is therefore positively related to sick time. Educa-
tion, being married and being cautious should increase the prevention received
for a given expenditure of resources and are in nost cases negatively related
to illness.

The chief anonmaly in the health equations is the behavior of the wage. A
hi gh wage, by increasing the value of healthy time, should increase H* and
reduce TL.. In Table 1 the wage is either insignificant of positive1§ rel ated
to illness. This could be caused by two factors. In the Panel Study the wage
is conputed by dividing |abor incone by hours worked. This is not a good
measure of the marginal wage unless an individual receives the same wage for
each hour worked. Secondly, as G ossman (1972t) has argued, the wage may act
as a proxy for deleterious consunption habits, e.g. , eating rich food, which
increase the rate of decay of health capital

W turn now to estimtes of willingness to pay. In Table 1 pollution is
measured’ by the annual geonetric mean of sulfur dioxide, which has been |inked
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TABLE 5.1

HEALTH EQUATIONS FOR MEN 18-45 YEARS OLD®

Independent Interview Year?P
Variable 1970 1974 1976
Constant *73.5474 -1.2320 -0.5084
(1.1253) (0.9599) (0.9014)
Ln(SOZMean) 0.2879 0.3168 0.3189
(0.2140) (0.2076) (0.1823)
Works in 0.5001 0.4323
Manufacturing® (0.3659) (0.3133)
Parents” Income -0.1832 -0.1310 -0.0150
(0.0936) (0.1182) (0.0953)
Race 0.7318 0.3768 -0.2950
(1=White) (0.2697) (0.4052) (0.3084)
Has a Chronic 1.1972 0.6515 0.9347
Health Condition (0.4582 (0.2862) (0.2602°
Yrs. of Schooling -0.1317 -0.1091 0.0496
(0.0795 (0.1170) (0.0508
Marital Status -0.9678 0.9321 -0.6639
(1=Married) (0.5098 (0.4550) 0.3323
Risk Aversion -0.3970
Index* (0,0881
Ln{(Wage) 0,7492 -0.0899 0.1719
(0.2873 (0.3553) 0.2813,
o 2.1460 2.1586 2.1639
(0.1824) (0.2656) (0.1931)

n

‘The dependent variable in each equation is the log of [work-loss days/(days
worked + work-loss days)]x365. Standard errors appear beneath coefficients.

bEach interview year corresponds to the previous calendar year.

‘Not available in 1970. dNot available in 1974, 1976.

Sources: All variables are from the Michigan Panel Study of Income Dynamics
except SO,which is from the U.S. Environmental Protection Agency.
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with acute illness in epidemiological studies. No other pollution variables
are included since collinearity between pollutants |eads to insignificant
coefficients if several variables appear together. SO0,should therefore be
regarded as a pollution index and willingness to pay estimates viewed as
indicators of the order of magnitude of willingness to pay. For the interview
years 1970, 1974 and 1976 the mean of SO,is asynptotically significant at the
.10 level or better’ (one-tailed test); furthermore its coefficient is approx-
imately 0.3 in each year, despite differences in the specification of the

heal th equati on.

Consi der now the amount an’ individual would pay for an x% reduction in
pol lution. According to (11) this anount is

d1nTL
2(x/ 1 00) W TL . (13)
d1lnP C
t

In equation (12) the elasticity of sick time with respect to pollution is
equal to ®(x' B/u), the probability of being ill, tines the coefficient of the
| og of pollu%lon. Since ®(X! B/u) can be approximted by the fraction of the
sanple which is ill, (X' B/cle = 0.5 in each year, implyinE/that t he

elasticity of sick tine #ith respect to pollution = 0.15. The expected
value of TL , calcul at ed(j the sample nean of Xi’ is approximately 40 hours
in each interview year. —

Equation (13) thus inplies that the average person in the 1976 sanpl e,
who earned $6.00 per hour, would pay $7.20 annually for a 10% decrease in the
mean of SO_. The damage function approach, by contrast, would put the val ue
of a 10% reduction in pollution at only $3.60. In a city with one mllion
prine-aged nmen this would understate the value of a 10% reduction in air
pol lution by $3,600,000 annually. Ignoring adjustments to pollution,
therefore, could sizeably understate the value of an inprovenment in air qual-

ity.
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For this solution to be valid the resulting value of | nust Iie between
Oand I, the mximum | permtted at any t. (That I exists is guar ant eed
by the fact that & and non-labor incone are finite.)

It is also true that air pollution affects productivity of time spent
exercising; however, not all time invested in health is affected in this
way. It therefore seems inappropriate to incorporate pollution in the
production function for health.

In the paper % is viewed as exogenous, hence the possibility of altering
Gt by nmoving or changing jobs is ignored.

Age, which should also affect the rate of decay of health, was dropped
fromthe equation for lack of significance.

Evaluated at the sample nean of X e’ ®(X' B/o) 0.57 in 1970; 0.50 in
1974; and 0.53 in 1976. i

E(lnTl ) = X' BO(X' B/a) + o¢(X' B/a). If this expression is evaluated

at the" sanple thean % X“E E(TL }tls,respectively, 46, 38, and 41 hours
in 1970, 1974, and 1976.
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CHAPTER vI
AIR PCLLUTI ON anp DI SEASE: AN EVALUATION OF THE NAS TWNS

| NTRCDUCTI ON

Human disease,is caused by a mosaic Oof events, exposures, psychoses,
genetic background, and the environment in which the individual resides. Air
pol lution is but one of the many factors potentially influencing norbidity and
nortality rates of the population. The central question arises as to whether
the net effect of air pollution can be assessed and neasured such that a
scientifically defensible estimate can be made of the change in health
resulting from a change in anbient outdoor concentration of air pollutants
In recent years, a number of substantive studies have been undertaken to
estimate this net effect. Lave and Seskin (1977) in their nonunental work
conclude that air pollution, when other factors are taken into account,
contributes substantially to increased nortality across cities in the U.S.
Mre recently, Gaves and Krumm (1982) have denonstrated a connection
(non-linear) between hospital admission rates and concentrations of carbon
nonoxi de and sul fur oxides. Ostro has denonstrated a rel ationship between
work |oss days and particulate concentrations. Cther studies have connected
hi gher concentrations of air pollutants with indirect neasures of |ack of
heal th [Gerking (1982).]

In this study we attenpt to evaluate the inpact of higher anbient
concentrations of air pollutants on certain synptons and reported diseases of
a sanple of approximately 14,000 twins who served in the Arned Forces during
Wrld War |I. The sinple idea underlying the study is that if there is a
relationship between disease and air pollutant exposure, then exposure to
hi gher concentrations of air pollutants, over time, should lead to a higher
| evel of reported synptons and incidence of certain diseases. Problenms arise
from many sources in this approach. For exanple, a symptom such as cough or
shortness of breath can be related to the presence of many types of disease
or no disease at all. The presence of a cough, chest pain, and shortness of
breath may be caused by asthma, enphysema, chronic bronchitis, or ischenic
heart disease, anong others. Secondly, the presence of a disease may not be
detected because of a lack of one or nore synptons, or not seeking nedica
treatnent. In addition, synptoms may be related to the presence of nore than
one type of disease. As one illustration, the individual may have both heart
arrhythma and enphysema, and yet exhibit shortness of breath as a single
synptom  Finally, synptoms may not be accurately diagnosed and thereby
reported on by the individual either because of a lack of basic medica
understandi ng or other reasons. Also, there are substantial difficulties in
relating synmptons ta the preval ence of diseases, even though synptons may
emerge as a result of higher air pollutant exposures

Factors other than the presence of air pollutants may have a significant
effect on the occurrence of synptoms. Heavy snokers would tend to have a
cough and perhaps shortness of breath regardless of air pollution
concentrations. Air pollutants would then only exacerbate the presence of the

synpt om
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These and other qualifications nust be kept in mnd in evaluating the
results reported later. A sinple flow diagram (Figure 1) contains nost of
the hypotheses tested in this study. Exanples of the factors proposed to
influence the presence of synptons are given in colum 1. The list of
symptonms recorded in the National Acadeny of Sciences twins data set are
listed in column 2. A sample of the potential diseases that may be di agnosed
fromthe synptoms are listed in colum 3. Finally, in colum 4 direct and
indirect medical costs.are given. In this study, primary efforts were made
in relating factors affecting synptonms to synptoms and relating synptons
to the likelihood of a particular disease. As one exanple, increases in the
| evel of total suspended particulate in the air may cause a greater number
of individuals reporting severe chest pain (debilitating for more than one
hal f hour) and shortness of breath when other factors such as cigarette
consunption are taken into account. Severe chest pain over a period of
time is one of the primary signals of the possibility of coronary heart
attack or ischemic heart disease, although the signal may be for something
el se much less severe. Approxinmately 2 percent of individuals reporting
severe chest pain have a coronary heart attack in the near future. Working
through the chain of factors; synptons, occurence of di seases, and econom c
cost of diseases, an estimate can be made of the inpact of air pollutant
exposure on economc costs. From sone of the estimates reported later on
a1l ug/md increase in total suspended particulate concentration inplies a
$0.03 Per capita increase in econom c costs associated with coronary heart
attacks. However, these estimates should be viewed as purely experinenta
since many of the calculations and assunptions are new and have not been
verified or replicated in independent analyses.

In the next section, a brief conceptual econom c nodel is described
where synptons becone a part of a household technology in solving medica
problens. The followi ng section contains a description of the data set.

The next to last section contains the estinmated regressions (one set) and
final results on economc costs related to air pollutants.
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Factors Di seases Economic
Affecting p~——————p| Symptom ——p| Rel ated to ] Cost of

€9

Symptom Symptom Diseases
Di et Cough Chronic Bronchitis Hospital
Expendi tures
Age Short ness Enphysena
of Breath Loss of Earnings
Ast hma Bronchiectasis
Chest Pain Loss of Earnings
Al cohol Chronic Interstitial Due to Death
Consunpti on Severe Chest Pneunoni a
Pai n Physi ci ans
Income | schemic Heart Servi ces
Coronary Heart Di sease
Cigarette Attack
Consumption Congenital Heart
Di sease
Anbient Air
Pol l ution Car di omyopat hy

Cardi ac Failure

Figure 6.1 Major Relationships Examined and Statistically Estimated for the NAS Twins



MODEL DEVELCOPMENT

A MODEL OF THE I NDIVIDUAL' S HEALTH PROBLEM

It has been said by many people many tines before that although they may
not be rich, at least they have their health. This not only indicates the
I nportance of one’s health in the enjoyment of his life, but further suggests
that an individual will normally have nore than just a passive interest in
the state or quality of his health. Stated in the termnology of the econom st,
one’s health state is a valued good which yields utility to the individual

There have been a reasonably |arge nunber of alternative econom c nodels
of health status proposed in the economc literature ranging fromlifetime
earnings concepts to |abor market success. Mst of these nodels concentrate
on the effect of health status on the supply or productivity of labor (I1). The
general conclusion of these studies is that the occurence of diseases nay
reduce earnings by 20-30 percent through both amount of hours worked and the
wage rate received. We have not discovered a study simlar to this one
which attenpts to relate the incidence of disease, through synptoms, to
specific causes, such as air pollution. Previous studies by the Wom ng group
have focused on sorting out the demand and supply for medical services and how
this is effected by air pollution (2). The issue of simultaneity in demand
and supply is not addressed in this study.

It is safe to assume ‘that an individual would |ike to have the best
qual ity of health possible, but the procurenment of such is not wthout costs.
In particular, the individual may also gain utility fromthe consunption of
goods which will adversely effect his health. For exanple, he may enjoy
smoki ng cigarettes which has been linked to numerous lung ailnents.  Thus ,
the individual must balance his desire for snoking against his desire for
good health. The acquisition of better health may also involve the necessary
consunption of goods “which in and of thenselves yield the individual dis-
utility. For exanple, in order to increase the quality of his health state
the individual may have to do sone physical exercise when he prefers a nore
sedentary existence or he nay have to eat types and quantities of food which
are not to his liking (i.e., a salt-free diet or a sinple weight-reducing
diet) . Finally, the quest for good health may also involve nore direct costs
such as medical bills and possibly drugs such as aspirin, vitamns, insulin,
or nedicines to control blood pressure problems. Hence, one may envision the
individual’s problemw th respect to his health as an econom c one where
choi ces nust be nade and tradeoffs considered between increased health

quality and the costs of procuring it. In other words, within linits, an
individual's health quality is a variable over which he possesses some contro
and which he will likely attenpt to manage in sone optimal fashion. It is

the intent of this section to present a nodel of this problem and the relevant
factors which are likely to influence the individual’s choice. Particul ar

emphasis will be placed on the role of air quality in this decisionmaking
process.
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The Wility Function

The utility function of an individual is a relationship between different
quantities or bundles of goods and the satisfaction or happiness they provide
to the individual in a specified time period. As noted above, the quality of
one’s health is likely to be a good which yields the individual utility. But
nunerous others could also be mentioned from French caviar to t-shirts. In
this study, however, primary enphasis will be placed on those goods which are
likely to either indirectly or directly effect the health of the individual
In particular, the individual’s desires with respect to snoking, drinking of
al coholic beverages, nutrition, and the nature of his health state itself.

Let the individual's utility function then be expressed as foll ows:

U, = Ut(Qt, Ce» By, E» Hp, X)) )
wher e

Q, refers to the air quality levels to which the individua
is exposed at tine t;

C, is the quantity of cigarettes consuned at tine t;

B, is the quantity of alcoholic beverages consunmed at time t;

E is the quantity of exercise (nunber of mnutes) the individua
engages in at tine t;

Ht is the individual's perceived health status at time t;

X, is the quantity of a conposite good (i.e., all other goods)

consumed at time t.
It appears reasonable to assune that the follow ng relationships exist,

v, U, > O;UQQ’ Ugpr Ugx < 0. (2)

0" g Ux
Wth respect to the other variables, it is possible that either utility or
disutility could be generated by the “goods” listed. |If the goods are
viewed as “goods” by the individual then the follow ng relationships are
likely to exist,

U g u, > 0;10U u

c E cc> Use’ Ygp < 0 - @)

If they are viewed as '"bads" then,

UE<O;U U

‘C ‘B cc’ Upp? Ugg 7 O *
of course, any conbination of some of them as “goods” and some as 'bads"
woul d al so be possible subject to the relationships relevant above.

Several points are relevant to this representation of the utility
function. First, the state of one’s health appears directly as a source of
utility to the individual. It is likely that the health state actually is a
joint “input” with the other goods in the “production” of utility but its
inportance in the utility function should nonethel ess be downpl ayed any nore
than the role of energy inputs as joint inputs with agent inputs should in
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the production of some output. Secondly, although the level of air quality

may be viewed as a choice variable of the individual (he can effect it by
living in different areas, for exanple), for the purposes of this investigation
it wll be taken as given and beyond the control of the individual in order

to keep the number of adjustments the individual can make in response to it

at a workable level. The inclusion of air quality in the utility function is

a proxy for the aesthetic benefits the individual receives from the environ-
mnt. As air qualify deteoriates (i.e., visibility is reduced or the air

begins to snell), it is likely that the individual wll experience a |oss of
aesthetic benefits and so, a resulting loss of utility.

Finally, note that the individual may get utility fromcigarette
consunption which may adversely effect the utility he receives fromthe
quality of his health. Thus, the tradeoff nentioned earlier and the need to
more closely specify the nature of the effect on health.

The Respiration Process

In order to understand how various factors influence one’s health state
It is necessary to gain a rudinentary idea on how the human body works. The
nornmal sequence of chemical changes in human calls depends on oxygen and
hence, there exists the need for continuous supply. One of the chief end
products of these chem cal changes is carbon dioxide and hence, the need for
continuous elimnation of this waste. In sinple single cell animals the
i ntake of oxygen and the release of carbon dioxide occurs at the surface by
diffusion. However, as organisnms increase in size and conplexity, a
specialized structure is devel oped which functions to serve the needs of the
various cells. In man this function, known as respiration, is performed by
the respiratory system aided by the cardiovascul ar system

Oxygen reaches the various cells in the body through three steps: (1)
fromthe environnent to the lungs, (2) the lungs to the blood stream and (3)
the blood streamto the cells. The novenment of carbon dioxide out of the body
is just in the opposite direction. Each of these steps may be discussed
separately. The first step, referred to as ventilation, involves inspiration,
or the breathing in of outside air and expiration, the breathing out of carbon
dioxi de. The driving physical force behind this process is Boyle's Gas Law
which states that “volume varies inversely with pressure at a constant tenp-
erature.”

On inspiration the primary nuscle of the respiratory system the
di aphragm pulls downward thus enlarging the cavity containing the |ungs.
This increase in volume, a |la Boyle, causes a reduction in the pressure within
this cavity with relative to normal “outside” pressures and so, causes air
to rush in and expand the lungs as pressures are equalized. On expiration
t he di aphragm relaxes and just the opposite occurs forcing air out of the
lungs. The substance of the lungs thenselves is porous and spongy. Bronchia
tubes (hollow air passageways) connect the lungs to the outside environment.
Each lung is conposed of a large nunmber (billions) of air sacs called alveol
each covered by nunerous capillaries. Thus , the ventilation process brings
air into these alveoli on inspiration and renoves air from them during expira-
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tion. The nakeup of the air inspired and that expired of course is not the
sane as that expired in percentage terns as it contains |ess oxygen (16 per-
cent versus 21 percent) and nore carbon dioxide than that inspired.

The second step in the respiration process is called external respiration
and invol ves the passage of oxygen fromthe alveoli of the lungs to the blood
stream (and vice versa, the passage of carbon dioxide fromthe blood stream
into the alveoli). “hat occurs is the passage of oxygen through the alveol
menbrane into the capillaries surrounding it and the opposite passage of
carbon dioxide into the alveoli. This transfer occurs due to variances in
partial pressures. As noted above, inspired air oxygen makes up a larger
percentage of the total volune of air then it, does in the returning blood from
the cells and so, has a higher partial pressure. Thus, as blood flows through
the capillaries surrounding the alveoli, due to the pressure differentials,
oxygen flows fromthe alveoli into the blood stream Since the returning
bl ood contains carbon dioxide released fromthe cells, the partial pressure
differential is just opposite and so, carbon dioxide passes fromthe capillaries
into the alveoli where the partial pressure of carbon dioxide is lower. This
exchange is influenced by several factors: (1) the area of contact for the
exchange, (2) the length of time blood and air are in contact (only about a
second or two at any one tinme--at |east once or twice a mnute all the blood
in the body passes through the capillaries of the lungs), (3) perneability of
cells formng the capillary and alveolar nmenbranes, (4) differences in
concentrations of gases in alveolar air and the blood, and (5) rate at which
chenmical reaction takes place between the gases and the blood. Respiratory
efficiency is also related to the nunber of red cells, henpglobin content
of these cells, and the area of the red cell (3).

The final step is internal respiration which involves the passage of
oxygen fromthe blood into the tissue fluid and on into the cells and the
reverse passage of carbon dioxide. After the exchange of oxygen and carbon
dioxide in the lungs, the newy aerated blood (oxygen-carrying blood) is
returned to the heart and then distributed to all parts of the body. As
bl ood nmoves into the various capillaries, the partial pressure of the oxygen
init is high while that for carbon dioxide is low. Manwhile, the reverse
is true in the tissue fluid and cells since they have “used” previous supplies

of oxygen and have created “waste” carbon dioxide. These pressure gradients
once again result in the transfer of gases between the bl ood stream and the
cells and thus, conplete the respiration process.

The Oxygen Producti on Function

Gven this sonewhat brief description of what in reality is a nost
conpl ex and not fully understood process, the human body, especially the
respiratory and cardiovascul ar systems, may be viewed as a factory which
processes an input (air in the environment) into a useful product for the cells
of the body (oxygen). There is also the elimnation of carbon dioxide,
but this may be seen as just another side of the same coin. Considering
useabl e and delivered oxygen to the cells as the output, an econom c pro-
duction function may be envisioned as follows,
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02 - f(K A (5)

wher e
02 is the anount of oxygen delivered to various cells of the
body during a specified time_ period
Ais the total volume of environmental air of fixed quality,
Q,» which is inspired during the specified time period
Kis the quality of the individual's “body capital” during the
specified tine period
In general, it is to be expected that

but a closer exam nation yields even nmore information

It should be clear that the two “inputs” in this production relationship
serve different roles. The inspired air is material to be processed by the
“body capital” (i.e., the various conponents of the human body--nore on this
bel ow) into useable oxygen. Substitution across these two types of inputs
may thus only be done up to a certain limt.* For exanple, if in a sedentary
position an individual requires 20 liters of oxygen per hour then clearly at
the very least the air inspired during an hour nust contain 20 liters of
oxygen (actually nuch more would normally be required since a relatively snal
percentage of the oxygen inspired is ever taken into the bloodstream). Thus ,
regardl ess of the state of the individual’s body capital, a mnimmof inspired
air is required and cannot be substituted for. On the other hand, the
body capital nust be at some mininum level of efficiency in order to insure
the 20 liters of oxygen eventually reaches the cells. So, for any given
oxygen requirement during sone period there are likely to exist mninmum
requi rements of both inspired air and body capital quality and these require-
ments will increase with increased oxygen requirenments. However, to the
extent these mninuns are attained some substitution between these inputs
are possible. For exanple, one could achieve a given |evel of oxygen produc-
tion in several manners. If the body capital is in a very poor state (but
at least the mninumrequired) this my be offset by a higher flow of inspired
air (increasing the rate of respiration). 1f the body capital is in fairly

good shape, clearly less inspired air would be required. These relation-
ships may be represented by the isoquant mapping of this production function
shown in Figure 2.

Measured along the vertical axis is increasing body captial quality
(nmeasured in terns of sone efficiency parameter), while increased quantities
of inspired air of agiven quality is nmeasured along the horizontal axis
Each isoquant then represents those conbinations of body capital quality and
volumes of inspired air (again, of a given quality) which would yield a given
amount of delivered oxygen to the cells, which as shown, is dependent on the
activity level of the individual. Dimnishing marginal rates of substitution
are assumed. Note that each isoquant approaches both a vertical and horizonta
asymptate t0 reflect the fact that for any level of oxygen produced there
exi st mninum requirements of both body capital and volumes of inspired air
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Figure 6.2 Conceptual Tradeoff Between Body Capital and Respiration

l02 required for heavy physical activity with an inferior air quality

‘02 required for heavy physical activity
302required for light physical activity

402required for sedentary existence
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This il lustration of the “oxygen production function” of the human body wl|
aid greatly in devel oping how an individual perceives the state of his health,
however, let us digress at this point for a nore indepth look at this variable
call ed “body capital”.

Kor K represents the true health status of the individual as given by
the quality of his “body capital,” that is, the actual physical condition of
his heart, lungs, and other conponents of his respiratory or cardio-
vascul ar systems and the proficiency in which they performtheir functions.

Though not directly observable by the individual, in general one would expect
t hat
Kt = KC(KO’ Q+’ C+, B+’ E_>s X__>5 M‘E) (7)
t t t t t ¢t

where K. represents the individual's initial body capital quality endowrent
whi ch woul d be based largely on inherited genes and the subscript =+ refers
to the full “time Profile” of consunption of the respective variabl® y to
time t. This says that not only is the total consunption of some good. say
cigarettes, C, inportant, but also the tining of this consunption. For
exanpl e, given that an individual’s body capital has some natural regenerative
capabilities as many feel it dees, than one woul d expect that someone who
smoked one pack a day for a year 5 years ago mght have a better state of

body captial today than sonmeone who snoked a pack a day for the last year.
Thus, the quality of one’s true health status is probably dependent on

cunul ative doses, as well as, the timng of those doses. This type of
dependence is difficult to nodel, however, most relevant information may

be captured by the follow ng:
Kevp -y = AK = g(Kt,Qt,Ct,Bt,Et,Xt,Mi) - 8K, (8)

where X_ woul d include nuch of the information concerning past |oadings of
Q C efc. and s represents a natural decaying factor of the quality of one's
body capital with age. Cenerally it seens reasonable to assune the follow ng

8y°8c> 8 < 0 and g, {4’x> 0 ©)

given the latest nedical evidence available (renenmber, the function g attenpts
to describe the actual change in one’s true health status given a certain

|l evel of outside influences and that these true xzelationships are still not
whol |y determ ned by the nedical profession). denotes- the anount of

medi cal services and/or nedicines purchased by the individual to inprove
the state of his health, i.e., vitamns, nedicine to control blood pressure
or sinply advice froma doctor. Since Xis a “catch-all” including al

other goods, it is uncertain howit wll over time effect the level of K.
Finally, included in the behavior of g would be sone account for the natura
regenerative capability of the body capital. In other words, for |evels of
Q C and B below some threshold |evel for each, one would expect g to be
positive to reflect an inprovenent in body capital
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The Individual’'s Perceived Heal th Status

Gven a level of K determned as in (7), let us return to Figure 2.
Clearly, if Kis at sonme level such as K* the individual should observe little
problem with lack of oxygen. However, if his level of K were nmore |ike that
of K** then note that |ight physical activity beconmes inpossible for him and
even a sedentary existence requires nore inspired air, A**, then the individua
with K quality (A*). This second individual will thus be getting a symptom
(i.e., shortness of breath or chest pain if his heart nust do extra duty
to process nmore air) that something is wong.

Anot her manner in which a synptom a physical response of the body, m ght
occur involves the level of air quality. However, suppose the air quality
was worse. For a lower level of air quality it is likely that the isoquants
of Figure 2 would shift in a northeasterly direction. That is, to produce a
given amount of delivered oxygen would require both nore inspired air (since
the useable portion of this air would be less) and a higher quality of body
capital since nore of the material input would have to be processed. This
suggests that an individual with a given level of K may experience no
synptons in a “good” air quality situation, but as air quality deteoriated
synptoms woul d arise as the mnimum requirenents of inspired air rose

G ven the above, a synptom an observabl e phenomenon to the individual
has basically two sources--a deteoriation of body capital or a deteoriation
of air quality. Wth respect to air quality then it is possible to distinguish
between its chronic effects (its effects on the quality of body capital) and
its acute effects (its effects on changes in the useable nature of the materia
input-- inspired air). So, the advent of a synptom may be the result of a true
deteoriation of health status or sinply the result of deteoriating environ-
nmental quality (wherein health status is actually not in jeopardy). Take
coughing for exanple. This synptom could occur because the quality of body
capi tal has been reduced to low levels and so even with good quality air the
i ndi vidual coughs (for exanple, the individual could be a long-tine snoker
and this has led to enphysema wherein many of the alveoli of the |lungs have
been rendered all but unusable). On the other hand, coughing could occur
because of a high concentration of sone pollutant in the air one breathes
(that is, the individual's health status may be okay, but the material input
of the oxygen producing process is in some nanner inadequate or unusable)
Of course, the coughing could also be a result of both inferior quality body
capital and inferior air quality. In any case, it is likely that

St = St (K, Q, Mi) (o)

or that the occurence of some synptomis dependent on the true state of the
individual’s health, air quality, and possibly on medicines used to alleviate
the advent of a synmptom (i.e., one could use cough drops to reduce coughing,
eye drops to reduce eye irritation, or aspirin to relieve a headache).

Gven this it is likely that
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b K! & Qj_ k4 “S o“
These synptons are the only observable manner in which the individua
may get a perception of his true health state. If there are no synptons

to the contrary an individual is likely to assume he is okay while if sone are
prevalent he is likely to assume that sonething is not right. Another way in
which he may evaluate his health status is to procure nedical information
For example, although a person with high blood-pressure rarely has noticeable
synptons, a blood pressure test could reveal the problem and thus, give the
individual a clearer picture of his health status. Also, going back to the
exanpl e of coughing above, a medical check-up could tell the individual if in
fact the coughing was due to sonething |ike enphysema or instead just by
“something in the air” meaning his health state was okay. This suggests that
H = H_(St, Mg) 12)
or that the individual’s perceived health status depends on the synptons
he observes and any additional medical information he has purchased concerning
how to eval uate these synptoms or discovering health problems without current
or may assunme he is okay and that there is merely “something in the air”
depending on his opinion and that of any medical person. In either case
his behavior will be based on his perception of his health status whether or
not this perception is right or wong. That is, an individual behaves
according to the perceived state of his health and not the actual or true
state. Mathematically, the individual’s health problem may be stated in
continuous terns as fol | ows:

nax /L UQ C B E H X)e T Cdt (13)

subj ect to:
kK =g(k g C B E X MY-6K

S(K, QM)

S

H = #(s, M)

YiPx+PCc+PBB+PEE+PM(MK+MS+M) vt

X
K(0) = K,

where Y is the individual's income constraint and P are the various prices
of the respective marketed goods. This is an optimil control probl em wherein
the individual’s health state and his consunption of other commodities act

as control variables and his true health state, K is the state variable

with its equation of motion. In other words, the individual's probleminvolves
manipulating C, B, E, H and X subject to a budget constraint in order to

maximze his utility. A solution to this nodel will depend on what assunptions
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are made (is U2 @), but the inportant tradeoffs will be adequately
represented. urther note that the nodel allows for all three manners in
which a change in air quality mght effect the utility of an individual: (1)
directly through aesthetic effects, (2) indirectly through changes in his
body capital which will effect his health status and finally, (3) indirectly
t hrough changes in the synptons he may observe which again effect his percep-
tion of his health status.

An inportant step towards the solution of this nmodel involves the |ink
between air quality, cigarettes, etc. and the advent of synptons or an
estimtion of the symptom function, St' This is a primary objective of the
remai nder of this study.

Unfortunately, a thorough search of the nedical literature has reveal ed
practically no applicable equations to estimate even a “proxy” for health
status or “body capital,” or for the oxygen production function. In conse-
quence, we have had to abandon this modelling approach and apply a nore
sinple model structure

Qutline of the Mbdel Applied

It has been proposed in many econom ¢ studies of health effects that
i ndividuals derive disutility from perceived and/or actual occurrences of
di sease.  However, nost individuals cannot correctly diagnose their own
di seases except for a small set of common ailments. The individual comonly
perceives one or nore symptons of the potential occurence of a disease.
The individual may then select three alternatives, to seek nedical services
for diagnosis and cure; to use self-prescribed nedication or other forms of
self-help, or to do nothing. Typically, the individual wll make these
choi ces based on the severity of synptoms and the cost of nedical services.
|f the synptons are common types, i.e., the sudden appearance of a slight
chest pain, the individual is likely to do nothing. Aso, if the cost of
medi cal services is extrenely |ow or negative, the individual is likely to
seek nedical attention for the appearance of any synptom  The inportant point
is that individuals work with synptons and not the actual disease itself,
whether it is the afflicted party or the physician making the diagnosis.
Thus, we postulate a sinple welfare relationship where S denotes a vector
of synptons and | a vector of other goods and services the individual purchases.
Then the individual's utility can be represented as:

u=Ux, s) (14)
where, for illustrative purposes, the function u(*) is assumed to be
continuous in |l and S and twice differentiable. The individual is assumed

to be constrained by a budget constraint on purchases of nedical services to
alleviate synptons or cure diseases and purchases of other goods and services:

PX+PMLY (15)

where Mis the quantity of nedical services, Y is inconme, and P denotes
the unit price of the service X either as a scalar or vector. finally, to
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conplete this sinple model, we denote a relationship between the incidence
and severity of synptons and required nedical services. For sinplification,
it is assumed there are a fixed set of medical services to alleviate synptons
or treat various diseases, provided the individual seeks treatnent and that
this relationship can be expressed as:

M= h(S) (16)
Next it is presuned the individual maximzes utility subject to the

budget constraint and medical technologies. The first order conditions
become:

" MNP0 (17)
. +8h, <0

s 5 g+ Mg 20

AR, - 6 20

with A >0, § > 0, ug > 0, and y, £ 0. These conditions sinply indicate
that the maxim zing I'ndi'vidual " wi 11 purchase goods and services up to the
point where marginal utility for goods is equated with the utility adjusted
price of the goods. The individual wll purchase a reduction in synptons

(i mprovenent in health) up to the point where marginal disutility associated
with synptoms is equal to utility adjusted productivity of purchases of

medi cal services. Note that this follows regardless of whether there is a
correct doagnosis of synptoms. Wat is inportant to the individual is

whet her the synptonms are alleviated and a return to good health status is
perceived. A derived demand relationship for M can be devel oped fromthe
presence of synptoms as foll ows:

M= £(2,, PM s) (18)

where £(-) evolves fromthe first order conditions in (17). Foll ow ng
Mdler (1974), conpensating and equival ent variation measures of consumer
surplus can be constructed for S where the individual cannot control the
appearance of synptons except through changes in lifestyle or preventative
actions which will not be considered here. Wile conceptually wllingness
to pay to avoid synptons or associated medical expenses can be derived, no
attempt is made in this study to estimate equation (18). The reason for

not doing so is that no adequate data exist for the NAS twins to estimte
Mor PM As an alternative, average U S. nedical expenditures for each type
of illness were used to estimate a mninumw | |ingness to pay to avoid
symptons . The underlying assunption is that individuals, at mninmm would
be willing to pay to avoid synptons what they typically do pay to alleviate
them In this sense, a mninmumestimte is calculated.
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THE DATA SET

NATI ONAL ACADEMY OF SCI ENCES TW N REG STRY*

The data which ‘this research analyzes to discover the net effects of air
pol lutants was obtained from the NAS-NRC Twin Registry (4). This twin panel
consists of 7,960 white male twin pairs, of which 6,741 twin pairs or |ess
are examned in this study. Table 1 summarizes the age distribution of the
NAS Twi n panel in 1967 when the panel was asked to conplete the epidemiological
questionnaire (@) which provides the relevant health data. The twi ns ranged
from41l to 51 years of age at the time the Q@ information was collected. The
average age was 45.

The sanple itself is the result of a detailed procedure by which the
National Research Council identified white nmale twins born during the period
1917 to 1927 in the continental United States. Additional screening was done
on this set of twins to deternmine the twin pairs for which both nenbers
served in the armed forces (5). The process resulted in the 7,960 twin pairs
currently conprising the Twin Registry.

An initial questionnaire (Ql) was used to obtain each individual’s
medi cal history since separation frommlitary service and to identify the
brot hers zygosity (6). Figure 3 presents the question used on Ql to obtain
each individual's nedical history since mlitary separation. This information
provi des the basis for a diagnostic index which is maintained for the NAS-NRC
Twin Registry. This Q1 information has been updated and purged fromthe
di agnostic index as nore conplete information in medical history was
col l ected based on Veterans Administration (VA) clainms records, VA hospita
records, and death certificates. In fact, the present diagnostic index is
| argely based on such VA information sources rather than the self-reported
information from Ql.

The reader nmight find it tenpting to consider using information in
the diagnostic index to quantitatively define health status in the sort of
statistical exercise which is summarized bel ow. However, the diagnostic
i ndex represents an amal gam of different data sources each of which would
be expected to contribute its own unique biases to such an analysis. For
exanple, the self-reported QL information is purged when VA information is
available. Therefore, the entire set of VA criteria determnes the set of
QL information that remains. Fundanentally, the VA criteria relate to
mlitary causes of medical problens as well as a certain socio-economic
status. Actual information in the diagnostic index, because it is collected
fromdifferent sources, may be inconsistent and therefore potentia
introduction of biases is difficult if not inpossible to sort out.
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TABLE 6.1 AGE DI STRIBUTI ON OF NATI ONAL ACADEMY OF SCI ENCES TWN SAWMPLE - 1967

Absol ute Rel ative Cunul ative

Age Frequency Frequency Frequency
41 1622 12. 0% 12. 0%
42 1646 12.2 24.2

43 1470 10.9 35.1

44 1536 11. 4 46.5

45 1419 10.5 57.1

46 1265 9.4 66. 4

47 1282 9.5 76.0

48 1180 8.8 84.7

49 786 5.8 90.5

50 744 5.5 96.1

51 532 3.9 100.0

[EEN
o
o
o

TOTAL 13, 482

76



LL

List any illness, inpairment, disability, hospitalization, and operation you have had since
separation fromnilitary service, stating the year when it first occurred

|11 ness, inpairnent or operation Year it began Name of Hospital City and State

s

Figure 6.3 NAS Twins (Q) Self-Reported Medica

History Questionnaire



And Now Sone Rather Specific Questions About Wiere You Have Lived Since the Second World War

50. For consecutive periods, fill in length of period, city or comunity, as well as state.
Check also at the right of Table in what type of area you were living and working, respectively.
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PERI OD E |8 & |8
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Figure 6.4 NAS Twins (@) Residence and Work History



The epidemiological information obtained in 1967 from @ is the basis
for the quantitative measures of health status that are utilized in the
statistical analysis which is summarized here. The Q@ health status informa-
tion is separated into information on respiratory and cardiovascul ar health
probl ens.

Information on respiratory health status is provided by answers to two
questions: do you get short of breath walking with other people at an
ordinary pace on the level? Do you regularly or for extended periods of time
have a cough? Cearly the binary answers to these questions are either yes
or no.

Wth respect to cardiovascular health status a series of three binary
questions provide relevant information. Have you ever had any pain or dis-
confort in your chest? Have you ever had a severe pain across the front
of your chest lasting for a half hour or nore? Have you ever had a heart
attack?

The statistical analysis summarized | ater uses the answers to these
five questions as binary dependent variables in a regression analysis. @
al so provided information on a nunber of potentially relevant explanatory
variables. The individual is asked by @ to report if he has ever had
asthma, his height and weight, whether he has to diet to keep his weight
down, the number of cigarettes and cigars snmoked per day, as well as the
i ndividual's al cohol consunption. In addition, Q@ collects relatively
detailed information on dietary habits.

A particularly interesting set of information collected by @ is a
detailed residence and work history by location. Figure 4 presents the
question used to gather this information. This type of information may be
particularly useful to a statistical analysis exam ning the association
between air pollution and human health not only because it identifies past
residences by city and state, but also because it identifies if the residence
and work location were in a “downtown”, “suburban”, or “rural” area.

Finally, a third questionnaire (@) collected econonic information such
as household income. Unfortunately, @ was conpleted by the panel in 1973
rather than 1967 when the @ health information was obtained. Yet Q3 provides
the only econonic information and 1973 househol d income is used as a proxy
for the same 1967 variable in the statistical analysis. The actual incone
question was: “How much was your famly income fromall sources (during 1973)?”

@B also provided information on an individual’s access to medical care.
@B asks a detailed set of questions relating to whether the individual does
or does not have an annual nedical check-up. |f SO additional information
is gathered on the source of paynment of check-up: government clinic,
union clinic, conpany clinic, or nedical insurance.
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Ar Quality Data

The United States Environnental Protection Agency nmaintains air quality
data information for approxinmately 12,000 sites. Presently only about 4,000
sites are operational (7), Prior to 1972, air quality neasurenents were net
undertaken on a large scale, and were often subject to considerable neasurenent
errors. The EPA data are published annually in Air Quality Data - Annua
Statistics. The air quality data used in the statistical analysis presented
below is fromthis 1977 annual publication

Air quality data was matched to individual data fromthe NAS Twi ns
Registry by three digit zip code. The nost disaggregated measure of air quality
was found to be based on three digit zip codes. Five digit zip codes were
not a useful basis for air quality data collection because the nunber of

correspondences between air quality nonitoring sites and five digit zip codes
was m ni nal

The data actually collected by three digit zip code included: maximm
24 hour measurement for total suspended particul ate and sul fur dioxide
and type of nonitoring station

Frequently it was necessary to choose between a number of monitoring
sites as representing air quality neasurenents for a given three digit zip
code. The criteria by which such decisions were made were: (1) discard al
sites for which neasurenents were discontinued before the end of the year
1977, (2) discard all sites which were not identified by type of nonitoring
station, (3) choose that site which measures the |argest nunber of pollutants,
(4) if two or nore sites nmeasure the sane nunber of pollutants, choose the
site which has operated the |ongest, (5) if a choice cannot be made, choose
the site with the largest nunber of measurements for total suspended
particulate and (6) if a choice still cannot be made, choose randonmly. Note
that these criteria were to be applied in sequence fromfirst to sixth.

The inportance of the nonitoring station type is with respect to matching
the air quality data to individual twin registry data. |t was pointed out in
di scussing Figure 4 that residence and work history information was obtained
by @ with reference to urban, suburban, or rural locations. Simlarly
air quality nonitoring stations are identified as being located in “center
city”, “suburban”, or “rural”. Therefore, air quality data collection was
based both on three digit zip codes and on the urban, suburban, rural classi-
fication. For each three digit zip code, the goal was to find an urban,
suburban, and rural neasurenment. Unfortunately, this was not always possible.
Finally, the actual conbination of health data with air quality data has been
acconpl i shed by matching the nost recent individual residence urban-suburban-
rural location by three digit zip code and with the appropriate urban-suburban-
rural three digit zip code air quality data
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Unfortunately, the various data sets apply to different points in time
in that symptoms increase, and air pollution concentrations are neasured in
1967, 1973, and 1977, respectively. In addition, there are difficulties in
relating long termair pollutant exposures to individuals at the last |ocation
they have resided at. Mre than one half of the twins have resided since
1945 in two or nore locations, and it is unlikely that anbient concentrations
inthe different logations woul d be conparable. A second qualification is
that cunulative estimtes of cigarette or alcohol consunption have not been
calculated. In consequence, current non-smokers may have synptoms but have
no current cigarette consunption.
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STATI STI CAL RESULTS

In this section, a reasonably neaningful sub-set of the statistica
results are presented along with a partial interpretation of their meaning.
The data set after calling out observations with inconplete data or unusable
responses to questions ended up being between 7,892 and 7,908 in nunber. This
represents slightly nmore than 50 percent of the original NAS twi ns data set.
Most of the deletions were due to the inability to obtain matching zip codes
between the living location of the twins and an air nonitoring station. The
bias resulting fromthis omssion is not known. However, it can be anticipated
that nmost of these omissions are of twins residing in suburban or rura
locarions without nonitoring stations, in which case there are fewer observa-
tions on those exposed to |ower anbient air pollutant concentrations. The
effect is to give less dispersion to exposures and thereby insert an indeter-
mnate bias on the estimted coefficients and make their significance |ess
than woul d be the case.

Gven the lack of dispersion in age, socio-economic class, and race
we should also anticipate a bias downward in estimated effects of air pollution
exposures as contrasted to the U S. total population. The relative uniformty
of the NAS twins sanple reduces problenms of bias associated with conparing
non- honogeneous groups and unknown group differences but increases the
liklihood that nothing will be detected connecting air pollution to synptons
of disease when in fact there is a connection

Wth these qualifications in mnd, we nowturn to the actual results.
In Table 3 are recorded the means and standard deviations of the variables
exanmined. In Table 4, a raw correlation matrix of results is presented for
all of the variables. There is very little correlation between nost of the
variables with two notable exceptions. There is substantial correlation
between the various neasures of nutrients and minerals consumed. For exanple
the raw correlation coefficient between sugar and unsaturated fatty acids
consumption is .75. \Wile the correlation coefficient between calcium and
vitamn A consunption is .84. Relatively high correlations were also observed
anong synptons, which nmight be anticipated in that severe chest painis a
formof chest pain (r = 0.32) and cough and shortness of breath may occur
sinul taneously, (r = 0.19). For the renmainder of variables, there is little
or no raw correlation which would be expected of a relatively honmogeneous
data set of 8,000 observations.

Eval uation of Statistical Results from Regressions

After some prelimnary experiments with the NAS twins data set, severa
conclusions energed. First, there was no effect of the Twins on the
estimated relationship between preval ence of a synptom and exposure to
air pollution. Thus, there appears to be no discernible “genetic” effect at
|l east in the sanple analyzed. Second, a variable reflecting zygosity of
twins was never even nmarginally significant. However, much nore detailed
statistical conparisons would need to be nmade in order to rule out the possible
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TABLE 6.2 DEFINITION OF VAR ABLES*

TWNO
CHPN

SHBR

COGH

SVCP

CORN

ASTM

D ET

SMKN

DRNK

CTRM

LI QR

Twi n Nunber

Chest Pain

Short ness
of Breath
Cough

Severe

Chest Pain

Coronary

Ast hma

Rheumati c
Fever

Di et

Snoki ng

Dr unk

[ nt oxi ca-
tion

Cigarette
Tar

Li quor

Hei ght
Wi ght

Number of twn

Whet her the individua
(yes or no)

experienced chest pain in 1967,

As measured by self-reported statenent as to whether it
was encountered when wal king with friends, in 1967

Wiet her or not the individual regularly or for extended
periods of time had a cough before or during 1967

Wiet her the individual experienced severe chest pain
| asting one half hour or nore in 1967, (yes or no)

Whether or not the individual had suffered aheart

attack before or during 1967

Whet her the individua
(yes or no)

had asthma before or during 1967,

Whet her or not the individual had rheumatic fever or
rheumatic heart disease during or before 1967

Whet her the individual undertook a diet for excess
wei ght before or during 1967, (yes or no)

Cigarette consunption (packs per day) where conversions
are used for cigars and pipe smokers before or during
1967

How often did the individual drink at |east one pint
of liquor or two bottles of wine or four quarts of beer
at one occasion in 1967

Whet her or not the individua
in 1967

becones intoxicated daily,
Tar fromcigarettes in mlligrams per year, in 1967

beer, wine,
equivalents in oz. per year,

Al cohol consunption
to ethanol

and spirits converted
in 1967
Hei ght in inches, in 1967

Wi ght, in 1967
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TABLE 6.2 (continued)

wr25 \Wight at Weight at age 25
Age 25
BRTH Birth Year of birth
EARN  Earnings Fam |y earnings in 1973 (dollars)
TSPM  Max imum Maxi mum 24 hour concentration in 1977, in ug/m3
Total Sus- ‘
pended Parti-
culates
SO,M  Maxi mum Maxi mum 24 hour concentration in 1977, in ug/m3
Sul fur
Di oxi de
ZYGT  Zygosity Cassified as either monozygotic for identical tw ns
and dizygotic for fraternal twns
STFT  Saturated G anms per year, in 1967
Fatty Acids
SUGR  Sugar G anms per year, in 1967
FIBR  Fiber G anms per year, in 1967

USFT  Unsatruated Gans per year, in 1967
fatty acids

NTRS  Nitrosamines ug per year, in 1967

IRON  Iron my per year, in 1967
CALC  Calcium nmy per year, in 1967
THW  Thiamn my per year, in 1967
NIAC Nacin my per year, in 1967
VITA Vitanmin A lu per year, in 1967
FATS  Fats G anms per year, in 1967
PROT  Protein G ams per year, in 1967

RIBF  Riboflavin my per year, in 1967

*Tabl es docunenting conversions for food intake variables are reported
in Appendix 1.
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TABLE 6.3 MEANS AND STANDARD DEVI ATI ONS OF VARl ABLES

Vari abl e Mean St andard Devi ati on
CHPN . 24861 . 43920
SHBR . 07145 . 41695
COGH ) . 11292 . 33212
SVCP . 04906 . 21602
CORN . 11596 . 85695
ASTM . 12355 . 60376
RHMF . 03541 . 18482
DI ET . 22129 . 41514
SVKN . 60255 . 51997
DRNK . 85559 . 38287
[ NTX 3. 0567 14. 208
CTRM 134, 87 217. 42
LIR 425, 37 643. 76
HGHT 69. 783 2. 5466
WGEHT 172. 14 22.056
W25 158. 81 20. 808
BRTH 22.956 2.9229
EARN 6.1792 11. 687
TSPM 129. 54 144, 29

SO, M 49,594 88. 189
7y €T 1.5622 55714
STFT 7.5156 2.8017
SUGR 51.575 13. 022
FI BR . 82409 . 28507
US FT 8. 6647 3. 9050
NTRS . 07108 . 06183
| RON 2.3021 . 71629
CALC . 25948 . 01400
THMN . 34392 . 14039
N AC 2.9235 . 86349
VI TA . 46757 . 19714
FATS 17. 436 6. 7949
PROT 18. 606 4,9021
RIBF . 57155 . 08897
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TABLE 6.4 CORRELATI ON MATRI X

RIBF PROT FATS vitTA NIAC THMN CALC IRON NTRS USFT  FIBR SUGR  STFT  ZYGT SUZH TSPM EARN BRIYW WT25 WGIHT HGUT LIQR CIRM ENTX DRNK SMKN DIET RHMF ASTH CORN  SVCP COGH SHRAR €N I'N TWNO
1we -0.00 -0.00 -0.00 -0.00 -0- 60 ¢.00 -0.00 -0.00 .00 -0.00 0.01 -0. v 0 00 0.01 0.00 0.01 -9.02 -0.03 -0.01 g.01 -0.00 -0. 03 -0.04 -0.02 -0.01 -0.03 0.00 0.(31 -0.01 0.01 g.00 -0.01 -0.01 6.0 |. (M
ol -1.01 -0.01 -9- a1 -0.01 -0.01 -0.02 0.00 ~9- 61 -0.02 -9- 00 -0.02 0.01 -0 00 -0. V0 0.02 -0.00 -0.0} 0.00 -0. 05 -0.04 -0.02 0.05 0.06 0.04 o¢.02 0.04 0.04 0.01 o0.07 0.20 @.32 0.22 0.19 1.00
stk 0.01 0.01 0.00 o.01 0.01 a.00 0.00 0.01 -0.02 0.01 -0.02 -0.01 o.me 0.01 ~¢.02 0.01 -0.04 -0.01 -0.01 0.01 -0.01 0.0S .08 0.07 -0.02 0.05 0.02 0.n0 0.06 0.29 o0.38 0.19 1.00
et -0,01 -0.01 -0- o1 ~0- ot 0.1 —p.o0 “9- a1 -0- 01 _g gy ~0- 00 ‘0, 06 0.0t -p.n1 0.02 -0. ON 0.02 -0.04 -0.01 -0.03 -0.04 -0.43 0.15 0.27 0.01 0.07 0.17 -p.03 -0.01 -¢.06 0.04 0.12 1.00
svePr -0.01 -0.08 -0.01 -1.03 -0.0b —g,92 -0.01 =0 y) -0.02 -0. g5 "0- 01 -0.00 -0.00 0.01 0.02 0.01 -0.02 -0.01 -0.03 -0.03 -0.02 0.00 0.05 0,02 -0. W0.02 0.05 -0.01 .00 0.15 1.00
CORN 0. 05 -0.04 -0.04 -0.06 -0.04 -0.05 -0.04 -0. 05 -p.02 -0. 04 -n.p2 % 0) -0.03 0.01 -p.p1 0.03 -0. 03 -0. 05 0.01 0. 92 -0.02 n.01 0.03 0.02 -0.02 a.00 0.08 0.01 0.01 1.00
Am 0.01 0.02 0.02 0.01 0.02 6.02 0.00 0.02 g.03 ©0.00 43.00 -0.00 0.01 -0.00 0.01 e.00 0.02 -0.01 -0.e1 -0.00 0.03 9.6 0.00 0.02 -0. 00 -0.01 0.01 0.00 1.00
RIMF  —0.02 -0.02 -n. .0t -0.02 -0.01 -0.03 -0.01 -0.03 -0.02 -¢.01 -6.61 0.00 -¢.o¢ ©6.91 -0.01 -0.01 0.02 0.02 @.00 0.00 6.0r 0.02 -g.0t -0.012 -0.00 0.01 0.02 1.00
0tk -0.05 -0.04 -0.05 -0.03 -0.09 -0.07 -0.07 -0.06 ~9- 00 -0.05 -0.06 " 10 -0.04 0.00 0.03 0.04 0.09 ‘0.02 0.21 0.29 -0.00 a.02 -0. o8 0.00 0.01 -0.07 1.00
SHKN 0.0} 9.02 -0.00 -0.6) 0.05 0.03 ~0- a0 0.02 - 00 "0 00 0.01 "0 00 0.0 0.00 -0. 00 0.00 -0.04 0.03 -0.01 -0.07 -0.00 o.17 0.49 0.08 0.21 1.00
1kW  -0.10 -0.08 -* 10 -0.09 -U- 06 -0.09 -0.09 -0.09 -0- a4 -0.10 -0.01 -0.07 -0.09 _g.02 0.03 0.01 0-05 0.02 0.00 -0.00 0.02 0.26 .13 0.09 1.00
s .o 02 0.01 -0.01 -n. 02 -0- 40 -a.0L -0.02 -0.01 -0.0} -0.02 -0.06 ~7- 04 _g.04 0.01 ~0- 00 -0.02 -0.01 0.03 -0.0L -0. 00 -0. 01 0.32 0.14 1.00
G .01 0.00 -0.00 -0.02 0.04 n.02 -0.03 0.00 0.00 _9.02 ~0.04 —4.63 _g.ay 041 ~6.00 0.01 -0.67 6.05 -¢g.02 -0.07 -0.00 0.21 1.00
vk o110 -0 07 -0.11 -0.10 -0.0) -0.05 -0.1) -0.07 -0.02 -0.12 ‘' 0. 05 00.14 -0.30 9.00 0.02 -0.02 0.02 0.01 0.01 0.05 e.06 1.00
wos 0.02 0.03 0.02 0.001 0.0 0.04 -o.w 0.03 0.01 1.01 0.01 -0.01 0.01 ¢.06 -0.(51 0.01 0.05 0.05 0.51 g.53 1.00
warr 0.01 0.01 Q (11 N.(11 -v.00 0.01 -u.00 0.01 0.03 0.01 -13.02 -0.01 .61 0.03 ~u.01 0.01 0.04 0.01 v.73 1.00
w25 -0.(32 -0.0L -0. o0 0.00 -0 o) -0.01 -0.02 P 01 9.02 % g2 ‘' 0.0%-0.05 -0.01 6-05 ~0- 92 0.01 0.04 e.05 1.00
BRI -0.01 -0.01 -0.01 -0.02 0.60 0.0t -0.02 -0.01 0. 07 -a.02 0.02 @.0t -".01 -0.01 9.01 0.01 -0.00 p.00
EARN  -0.01 a.00 -9. 00 -0.01 -0 g1 -0.01 ~0: 2 -0.00 -0.00 -0.01 0.01 -0.0) O-00 _g.06 ~0- 00 0.02 1.00
TSPH _p.0k -0.00 -0.00 -0.02 0.00 -0.00 -0.02 -0.01 0.00 -0.01 ~° ov -0.02 -v-00 -0.02 0.22 1.00
s 20,02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 -0.02 -0.01 -0.0z 0.01 - 0w -0.02 -0.u0 1.00
AR 0.01 0.01 0.02 0.01 0.01 0.0t 0.02 0.01 -0.01 0.02 -0.01 0.01 0.01 1.
0.90 0.90 0.93 0.64 0.76 0.59 0.80 0.86 0.21 0.9? 0.20 0.>1 1.00
0.68 0.50 0.62 0.40 0.43 0.43 0.34 0.49 0.1S 0.75 0.40 1.00
tie 028 0.29 0.21 0.19 0.39 0.28 0.31 0.36 0.12 0.19 1.00
wit ¢.87 0.86 0.95 0.66 0.71 o.5a 0.87 0.83 0.20 1.00
il 0.13 0.39 0.42 0.4 0.61 0.?76 0.21 0.35 1.00
tvon 0.92 0.98 0.89 0.79 0.81 0.79 0.86 I1.00
cae 0..97 0.79 0.84 0.8 0.56 0.51 1.00
yme 0.)0 0.79 0.74 0.46 0.81 1.00
N1Ac  0.70 0.239 0.81 0.40 1.00
Vin 0.85 0.72 0.67 1.00
FaTs 0.86 0.93 1.00
reor 0.91 1.00
mier 100




presence of a genetic effect. Since no “genetic” effect was observed, the
researchers decided to “pool” the usable twi n observations for further
statistical analysis. Third, ordinary |east squares and probit statistica
conputations were nade on the sane data and no difference was observed in
estimated coefficients or their standard errors. In consequence, statistica
estimated concentrated al most exclusively on application of the ordinary

| east squares technique. Finally, it was observed that using a randonly
drawn sanmple of twins to estimate the coefficients (of about 5 percent of
the popul ation) yielded coefficients in another. This suggests that for
prediction purposes and accuracy, the entire population should be used for
estimation purposes.

Wth approximately 8,000 unique and usable observations, it can be
expected that R's will be relatively low and that was what was observed
uni formy throughout the results.

In Table 5, are recorded the four variants of the regression equation
for chest pain. The second equation is the sane as the first except intake
of sugar is added. For the third variant saturated fats is added, and in
the fourth variant, vitamns, proteins, and mnerals are added. Across
the four variants, none of the independent variables coefficients or “t”
statistics changes very nuch. And the R°s are uniformly low. The statisti-
cally significant variables are snoking, liquor consumption, but not heavy
drinking, earnings, sugar intake, and to a |esser extent, maximum 24 hour
concentrations of S0, As would be expected, snoking contributes to increased
level s of chest pain (8). The nost conmmon nmechani sm would be snoke ingestion
requiring more inspiration/expiration for the same |level of oxygen and thereby
greater requirements on the heart for punping. Geater daily consunption of
al cohol stresses the cardiovascul ar systemso it is expected that this would
have a positive effect on the incidence of chest pain (9). Birthdate or age
has no inpact, but this is to be expected given the sanple age only ranges
from4l to 51 years. Earnings have a significant negative effect on chest
pain. In this equation, earnings probably reflect education and know edge of
di seases and the denmand for nedical services plus other socio-economic effects.
Thus, no econonic interpretation (in demand and supply terms) can be made of
the earnings coefficient. Finally, while the TSP coefficient is insignificant,
the SO,coefficient is significant at the 95 percent confidence level, and
remai ns stable in magnitude across the four variants of the regression. The
coefficient indicates a one ten thousandth increase in the probability of
chest pain given a 1 ug/m3 increase in maxi num average 24 hour concentrations
of S0,.

Table 6 contains the estimates for four variants depending on dietary
specifications for the synptom severe chest pain. Again, as with chest pain
snoki ng and whet her the individual had dieted were statistically significant

at the 97.5 percent level. Neither air pollution variables were significant
across the four variants. Earnings again were negatively significant at the
95.5 percent level. It is curious that SO,would be significant for chest

pain but not for severe chest pain. However, the severe chest pain variable

is described as ome that |asts one half hour or |onger which may not adequately
reflect the potential chronic effects of either S0,or TSp.
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TABLE 6.5 ALTERNATIVE ORDINARY LEAST SQUARES RI XRESSI1ONS wrtit ONEST PAIN AS TuE DEPENDENT VARIABLE. «© Statistics ARE | N PARENTHESES

| ndependent  Vari abl es

Dependent Variabl e

88

and Regression # DI ET SMKN DRNK LIQR BRTH EARN TSEM SO,M STFT SUGR F1BR USFT
CHPN | . 0512 .0273 . 0080 . 00003 -.00002 -.0013 -. 00002 .0001
(4.285) (2.787) (.589) (3.344) (-.010) (-2.947) (-.619) (1.772) -
CHPN 11 . 0535 . 0269 .0091 . 00003 ~.0001 -. 0012 -. 00002 .0001 . 0007
(4.452) (2.743) (.669) (3.568) (-.036) (2.907) (-.580) (1. 756) - (1.948) -
cuen |11 . 0540 . 0277 . 0088 . 00003 . 00001 -. 0012 -.00002 -.0001 -. 0071 -.0018 ° -. 0503 . 0059
(4.494) (2.712) (0.644) (3.549) (.004) (-2.775) (-.504) (1.719) (-. 768) (2.135) (-2.172) (.644)
cueN |V . 0522 . 0280 . 0070 . 00003 . 0001 -. 0012 -. 00002 . 0001
(4.285) (2.845) (.516) (3.576) (.030) (-2.885) (-.539) (1.699) -
NTRS | RO CALC THMH NIAC VI TA FATS PROT RIBF  CONSTANT R SER
CHPN | . 2085 1515
(5.108) . 0068 7899
CHPN || . 169 1514
(3.692) . 0073 7898
CHPN 111 -.0052 . 0043 . 1659 1512
-1.25 (1.052) - (3. 000) . 0085 7893
CHPN |V -.1215 . 0188 2.0581 -. 0057 -.0237 -.1865 . 1232 -.275 1512

(-. 762  (.200) (2.354)  (-.050)  (-.484) (-1.068) - - (.646)  (-1.558) 0084 7892




Chest pain and severe chest pain synptons are uniformy higher in
i ndi vi dual s who have reported the necessity of dieting. This finding is
col | aborated by extensive medical research on the effect of excess weight
on the liklihood of heart attacks and other cardiovascular problens (10).

In Table 7 are recorded a sanmple of the regression results obtained for
the occurence of coronary heart attacks. The variable reflecting the need
to diet is again highly positively significant. Snoking is |ess significant
but still positive. Consunption of alcohol has a marginally significant
effect while excessive drinking seems to have a negatively significant effect.
Fam |y earnings has the anticipated negative effect on the occurence of
coronary heart attack. O the air pollutant variables, TSP has a positive
and highly significant inpact on coronary heart attack. Alternatively, S0,
I's negatively related to coronary heart attack but the coefficient is only
marginally significant. The consunption of nore starches, fats, and nitro-
sam nes has an apparent positive effect on heart attacks and protein a
negative effect. Conceptually, from these regressions one could conpare the
effects of consunption of certain foods with suspended particulate as to
relative effects on the preval ence of coronary heart attacks. That will not
be done here because of the experimental nature of these results and the need
for additional replication before the results can be accepted.

In Tables 8 and 9 are a sanple of regression results for two respiratory
synptons, the presence of cough and shortness of breath. In both cases, TSP
had a significant inpact on their occurence, while SO,had a negative inpact.
For the presence of cough, smoking, |iquor consunption, sugar Intake, and TSP
had highly significant positive effects. The need for dieting, famly
earnings, and fiber consunption had a negative inpact. For shortness of
breath, the need to diet, snoking, |iquor consunption, and TSP had positive
and significant effects on its incidence.

In Table 10, the “t” statistics are contrasted for the various synptons
and air pollutant variables. As was noted before, these do not vary greatly
when dietary variables are included. Maximum average concentrations of TSP
have a strong connection to the presence of three synptoms, coronary heart
attack, cough, and with less significance, shortness of breath. Maxi mum
average 24 hour concentration of SQ has a positive connection with the
occurence Of chest pain but a signi ficant negative connection wth coronary
heart attack and shortness of breath. This anomolous result cannot be
readily explained. However, S0,concentrations are higher in heavy
manuf act uring-industrial areas where workers doing physical |abor may be in
relatively better physical condition due to exercise. In consequence, the
answer to the shortness of breath question might be biased since it references
wal king on level ground with other people. Healthier individuals resulting
from physical exercise at work may not respond to the shortness of breath
question even though there may be sone respiratory inpairment.

Tabl e 11 presents elasticities of the incidence rate of a synptomwith

respect to air pollution. These elasticities represent point estimates of
elasticity about the mean. They derived via the followi ng formla
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TABLE 6.6 ALTERNATIVE ORDI NARY LEAST SQUARES REGRESSI ONS wiTi SEVERE CHEST PAIN AS THE DEPENDENT VAR ABLE. t STATISTICS ARE | N PARENTHESES

Iudegendentv_ar_iﬂl_ez‘_
Dependent Vari abl e

and Regression # DI ET SMKN DRNK LIQR BRTH EARN TSPM 502M STFT SUGR FIBR USFT
SVCP 1 10290 0120 -.0059  .000001 -.0008  -.0003  .00001 -.000005
(4.928)  (2.496)  (-.878)  (.195)  (-1.016) (-1.652)  (.360)  (-.168) ; ; ;
SVeP 11 10290 0121 -.0059  .000001 -.0008  -.0003  .00001  -.000005 -.00002
(4.895)  (2.498)  (-.882)  (.180)  (-1.015) (-1.654)  (.358)  (-.167) - (-.1048) -
SVCP 111 10289 0119 -.0059  .000001 -.0008  -.0003  .00001  -.00001 -.0017 -.0002  -.0063 0054
(4.865)  (2.457)  (-.876)  (.167)  (-.920) (-1.621)  (.384)  (-.178)  (-.366)  (-.362)  (-.555) (1. 210)
SVCP 1V 10296 0120 -.0067  .000001 -.0008  -.0003  .00001  -.00006
(4-931)  (2.481)  (-.995)  (.151)  (-.961) (-1.629)  (.381)  (-.200) -
NTRS | RON CALC THMN N TAC VI TA FATS PROT RIBF  CONSTANT R g’f,R
SVCP | 0610 367
(3.035) 0041 7899
SVCP 11 0621 367
(2.760) 0041 7898
Svcp I11 -.0034 . 0017 . 0662 367
(-1.680)  (.825) ; (2.431) 0046 7893
SVCP |V ..0528  -.0104 1766 -.0315 0107 0071 -, 0046 0213 368

(-.673) (-.234) (.410) (-.560) (.445) (.082) - (-.049)  (.245) . 0048 7892




TABLE 6,7 ALTERNATIVE ORDINARY LEAST SQUARES wWitn 1HE | NCI DENCE OF CORONARY HEART ATTACK AS THE DEPENDENT VAR ABLE. ¢ STATISTICS ARE IN

PARENTHESES
I ndependent Vari abl es B
Dependent Vari abl e
and Regression # DI ET SVMRN DRNK LIQR BRTH EARN TSPM S0,M STFT SUGR FIBR USFT
CORN | . 1686 . 0183 -.0.427 . 00002 -. 0156 -.2740 . 0002 -. 0001
(7.248)  (.962)  (-1.617)  (1.287) (-4.758) (-3.316) (2.763) (-1.267) -
CORN 11 . 164(1 . 0192 -. 0450 -00002 -. 0155 -.0028 . 0002 -. 0001 -. 0016
(7.017) (1.009) (-1.701) (1.006) (-4.722) (-3.359) (2.721) (-1.250) - (-2.095> -
CORN | Il . 1607 . 0231 -.0513 . 00002 -.0158 -. 0028 . 0002 -.0001 . 0270 —-. 0019 . 0469 -.0433
(6.847)  (1.211) (-1.939)  (1.066) (-4.802) (-3.354)  (2.688) (-1.297)  (1.500) (-1.165)  (1.042)  (-.807)
CORN |V . 1551 . 0250 -. 0555 . 00002 ~.0158 -. 0028 . 0002 -. 0001
. (6. 550)  (1.309) (-2.091)  (1.031) (-4.826) (-3.423) (2.729)  (1,335) -
NTRS | RON CALC THMN NI AC VITA FATS PROT Rl BF CONSTANT R Is)in
e CORN 1 . 4529 5737
(5.701) . 0120 7899
COKN |1 . 5364 5734
(6.036) . 0126 7898
CORN 111 . 0103 -. 0227 . 6911 5724
) - (1.281) (-2.845) - (6. 425) .0143 7893
CORN v . 5283 . 2718 1. 2481 -. 4602 -.1206  -.4820 -.5041 . 5089 5120
(1.70s)  (1.548)  (.734)  (-2.073) (-1.268) (-1.420) - (-1.360)  (1.483) .0149




TABLE 6.8 ALTERNATI VE ORDI NARY LEAST SQUARES REGRESSIONS WITH COUGH AS THE DEPENDENT VARI ABLE. t STATISTICS ARE | N PARENTHESES

| ndependent Vari abl es

Dependent Variable

[49)

and Regression # DI ET SMKN DRNK LIQR BRTH EARN TSPM SOM STFT SUGR FIBR USFT
coat | -. 0166 . 0952 . 0097 . 99996 -.0019 -.0010 . 00006 -. 00004
(-1.873) (13.873) (.966) (10.366) (-1.537) (-3.306) (2.229) (-.896) - - - -
cocn 11 -.0163 . 0951 . 0098 . 00006 -.0019 -. 0010 . 00006 -. 00004 . 00009
(-1.832) (13.106) (.979) (10.322) (-1.541) (-3.298) (2.235) (-.8991) - (.340) - -
coert 111 -. 0158 . 0950 . 0121 . 00006 -.0018 -.0010 . 00006 -.00004  -.0119 .0013 -. 0944 . 0051
(-1.771) (13.021) (1.201) (10.348) (-1.438) (-3.096) (2.361) (-.865) (-1.739) (2.108) (-5.513) (.758)
cocit v -.0102 . 0931 . 0103 . (30006 -.0018 -. 0009 . 00006 -. 00004
(-1.132) (12.792)  (1r.024) (10.308) (-1.474) (-3.012)  (2.350)  (-.963) - -
NTRS | roN CALC THMN NI AC VITA FArs PROT Rl BF CONSTANT R : 3?”
coGi | . 0697 831
(2.305) . 0469 7899
coGH IX . 0646 831
(1.908) . 0469 7898
COCH 11 -. 0024 . 0053 0571 828
(-.776) (1.822) - (1.396) . 0512 7893

CoGH | v -.1781 -.2631  -.3818 - (9m .1299 4264 . 2604 .0218 829
(-1.510) (-3.935)  (-.590)  (1.17) (3.585)  (3.298) - (1.844)  (.167) . 0490 7892




TABLE 6.9 ALTERNATIVE ORDINARY LEAST SQUARES

REGRESSTONS WITIl SHORTNESS OF BREATH AS THE DEPENDENT VARI ABLE.

t STATISTICS ARE | N PARENTHESES

Independent Variahles
Dependent Variable
and Regression # DIET SMKN DINK LIQR BRTH EARN TSPM S0,M ST FT SUCR FIBR USFT
SHBR 1 . 0254 L0166 -0k 00004 -.0010 -.0013 . 00004 -. 0001
(2.240) (3.937) (-3.276) (4.8012)  (-.611) (-3.168) (1.162) (-2.195 -
SIBR 1T . 0255 . 0366 -.0421 (0004 -.0010 -.0013 . 00004 -. 0001 . 00002
(2.234) (3.935) (-3.270) (4.764) (-.614) (-3.166) (1.163) (-2.195) - (.054) , -
sipR 111 . 0256 . 0350 S 0400 . (30004 -.0007 -.0013 . 00004 -. 0001 -.0088 -.0003 -.0411 . 1769
(2.242) (3.761) (~3. 09y) (4.689) (-.410) (-3.129) (1.208) (-2.169) (-.998) (-.377)" (-1.873) (2.044)
sisR |V . 0295 . 0343 -.039'1 . 00004 -.0007 -.0013 . 00004 -. 0001
(2.554) (3.681) (-3.038) (4.741) (-.468) (-3.111) (1.139) (-2.149 -
NTRS | RON CALC TN NIAC  VITA FATS PROT RIBF  OONTANT R * OO
SHBR | . 0957 1363
o (2.470) . 0082 7899
SIIBR 11 .09 1363
(2.183) . 0082 7898
sHBr 111 -.0123 . 0106 . 0669 1360
(-3.140) (2.714) - (1.276) . 0103 7893
cuun v -. 4710 -.0670 <t ne2 . 1877 . 0283 . 0931 . 2437 . 2258 1361
(-3.117) (-.782) (-1.31)1) (1..734) (.609) (.562) - (1.348) (1.350) . 0102 7892




TABLE 6.10 “t” STATISTICS ON AlR POLLUTI ON CCEFFI Cl ENTS*, SELECTED REGRESSI ONS,
NAS TWNS DATA SET

Maxi mum Average 24 hour Concentrations**

Symptom 802 TSP

Car di ovascul ar System a
Chest Pain 1.77 -0.62
Severe Chest -0.17 0.36
Pai n
Coronary Heart ~1.27¢ 2.76°
Attack

Respiratory System .
Cough -0.90 2.23

c d

Short ness of -2.19 1.16

Breath

*Wth nearly 8,000 observations, the “t” distribution approaches the nornal
distribution

8significant «t he 96% confidence |evel
bSi gnificant at the 99.6% confidence |evel

‘Significant at the 98% confidence |evel

Ogignificant at the 87% confidence Ievel

**The sinple correlation coefficient between TSP and S0,is .22.
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TABLE 6.11 ELASTICITIES OF THE | NCl DENCE RATE OF A SYMPTOM W TH RESPECT TO

Al R POLLUTI ON
I ndependent Vari abl es
Dependent Maximum 24 hour average concentration
Variabl e ' S0, TSP
Chest Pain 1.995 -1.04
Severe Chest Pain -0. 505 2.64
Coronary Heart Attack -5.988 21. 23
cough -1.757 6. 88
Short ness of -8. 329 7.25

Breath

*Elasticities are derived fromcoefficients in Equation 1 for all dependent
variables at the nean values of the dependent and independent variables.
This nunber represents the percent change in the probability of occurance

of the synptom depicted by the dependent variable as a result of a 1 percent
change in the independent variable
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change in the dependent variable . nean of the independent variable

Elasticity = change in the independent variable nean of the dependent variable

Note however, that the first ratio on the right hand side of the above fornula
is sinply the coefficient in the regression equation on the variable in
question. This procedure allows the researcher to express results in percent-
age terns which are independent of the units used.

Care should be taken when interpreting the elasticities presented in
Table 11. One should renenber that the dependent variable is a probability.
In this context, elasticities in the table represent the percentage change
in the probability of the occurence of the event depicted by the dependent
variable as a result of a one percent change in the independent variable. For
example, if the maxi num 24 hour average concentration of total suspended
particul ate increases by one percent then there will be a corresponding
21.23 percent change in probability of experiencing a coronary heart attack.
However, the initial probability of a coronary heart attack (incidence) was
slightly less than 12 percent in the sanple. These val ues range for S0,from
a lowof -8.33 to a high of 2.00. Corresponding values for TSP range from
a lowof -1.04 to a high of 21.23

what can be tentatively concluded from these experinental results? First,
there appears to be a statistically significant connection between anbient
concentration of total suspended particulate and several disease synptons
associated with both the respiratory and cardiovascul ar systems.
particular inportance is a strong and apparently replicative rel ationship
between the incidence of coronary heart attacks and TSP. The evidence on
concentrations of SO,and synptons is much less clear. S0,is positively
related to the self-reported occurence of chest pain. However, from these
statistical results, SO,is negatively related to severe chest pain, coronary
heart attack, cough, andshortness of breath. These findings should raise
questions as to the reliability of self-reported data and the appropriateness
of the questions thenselves across diverse socio-economic Qroups.

Finally, regression equations were run omtting in sequence the S0,
variable or the TSP variable. The onission of one of the air pollution
variables had no influence on the magnitude, sign, or statistical significance
of the included air pollutant variable. This lead us to the conclusion that
the estimates reported in Tables 5 through 9 are relatively robust with
regard to magnitude and sign.
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ECONOM C COSTS FROM POLLUTI ON

Lave and Seskin's (11) fanmous study, published in 1977, was one of the
first to examne the statistical relationship between air pollution and health.
They estimated the effects of air pollution, i.e., sulfur oxides and tota
suspended particulate, on the total nortality rate. Using the foregone
earnings approach, they estimated benefits of pollution abatement via the
reduction in the nortality rate. Lave and Seskin did not incorporate the
rel ationship between air pollution and synptoms. Their approach focused
on the direct relationship between air pollution and death.

Several other studies have been performed which relate air pollution and
health. Mst of these studies use nmortality or norbidity rates as measures
of health. For exanple, Crocker et.al. (12), 1979, use the nortality rate
for pneunonia, influenza, enphysema, bronchitis and early infant disease as
well as the total nortality rate for dependent variables. They used a variety
of different air pollution measures as explanatory variables, concluding that
only particulate and sul fur dioxide have statistically significant effects
on health. Liu/Yu (13), 1979, utilized total nortality rates and the norbidity
rate for bronchitis as health neasures. They chose to use total suspended
particulate and sul fur dioxides as pollution variables. Using both |inear
and non-linear nodels, they found that SO, and TSP have significant effects
upon nortality and norbidity rates.

In contrast, this study focuses on the chain of events which link air
pol lution to the cost of increased symptons due to air pollution. This
met hodol ogy represents a substantial departure fromthat used in earlier
studi es

Regressi on anal yses, reported on earlier, were used to analyze the
relationship between the occurence of a symptom and the factors affecting
the synptom  Therefore, where Lave and Seskin use the nortality rate as the
dependent variable, this report uses the occurence of a synptom such as cough,
shortness of breath, etc. Coefficients on the independent variables give
the change in the probability of a synptom given a unit change in a factor
affecting the synptom

Enphasis of this study is placed on the derivation of estimates of the
reduction in costs of disease incurred when air pollution is reduced. The
first step in this analysis is to depict the relationship between synptonms
and di sease. Consider:

P(D)

p(sy) . P(D/Sy) (19)

wher e
P(D)

the probability of occurance of disease,

P(Sy) " probability of the occurance of a di sease synptom and
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P(D/s_) = probability of the occurance of a disease given the presence
of a synptom

This equation illustrates that the probability of a disease occuring is the
probability of having a synptomrelated to that disease nmultiplied by the
probability of having the disease given that synptom

As is evident from the analysis presented in the previous section, one
of the determ nants of disease synptons is air pollution. Therefore, the
probability of incuring a disease synptom and the resultant probability of
incuring the disease, is conditional upon a given level of air pollution.
In this context equation (19) becones:

P(D/f’o) = P(sy/f’o).P{ D/ Sy), (20)

where Po is some given level of air pollution. Note that the probability
of disease given a synptom is assuned independent of the pollution |evel.

For a change in the given level of air pollution, we observe:

PD/B)) - B(D/R) = [B(S,/B)) - P(Sy/Fe)] - 2(D/s ); (21)
wher e Pl is anew level of pollution. This inplies that:

AP(D/AP) = AP(sy/Aﬁ).P(D/sy). (22)
Equation (22) illustrates that, as a result of a change in the level of air

pol lution, the change in the probability of incurring a disease is equal to
the change in the probability of incuring a synptom multiplied by the associated
probability of incuring a disease given the synptom

From this analysis, the expected cost of disease can be defined as:
E(CD/PO) = P(D/Po).CD, (23)

where C_ is the cost of disease. A change in the expected cost given a
change in the pollution level is given by:

AE(C,/4P) = AP(D/AB) - Cp- (24)

Substitution of equation (22) into equation (24) yields:
P) = . P).P .
AE(CD/AP) CD AP(Sy/AP) (D/Sy) (25)

Equation (25) represents the change in the expected cost of disease given a
unit change in the level of pollution for each synptom The change in
expected costs for each synptom can now be summed over the diseases to

eval uate the total change in the expected cost of a synmptomfroma unit change
in the pollution Ievel.
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Note that in the contex of the above analysis, an individual who has
a di sease symptom faces three possible states of the world. A synptom may
exist and the individual has a disease or the synptom may exist without the
correspondi ng presense of a disease. Further, since only certain rather
specific diseases are considered in this analysis, it is possible that the
i ndi vidual who has a synptom does not have one of the diseases considered.
The following diagramillustrates the possible situations:

No di sease =»zero econoni c cost

Sy‘.nptt"m = either/or Disease specific to = positive economic
Exi sts to study cost (consi dered)
Disease =» and/or

Ot her di seases =>positive econonm c cost
(not consi dered)

Only the upper half of the bottom chain is considered in the definition of
econonic costs in this analysis. Therefore, this study only concentrates on
the econonmic costs of a few diseases. Economc costs of other diseases are
not considered

One possible source of distortion in this analysis arises due to the
fact that the econom c costs incurred by a person who has several different
di seases simultaneously is probably |ower than the sinple summation of
econonmi ¢ costs fromthe individual diseases. In this aspect, nedical costs
are lower for an individual suffering from several diseases than for severa
i ndividuals suffering fromone disease. This arises due to the fact that the
sane treatnent procedures may apply to many di seases and that some costs,
such as office calls, hospitalization, and |oss of work time are relatively
fixed once a disease is incurred. These costs tend to remain nearly the same
whet her one or several diseases are treated in the sane individual

Nine different diseases were used as representative of the circulatory
and respiratory diseases which have these synptons. Al though there are many
ot her diseases which are related to these synptons, the inability to acquire
data on alternate diseases prevented their use in this study.

The expected econom ¢ costs associated with these nine diseases were
taken from alternative sources and adjusted to per case estimates (14)(15)(16).
The total econom c cost of a disease per case is the sumof the direct, in-
direct and expected nortality costs. Per case adjustnents were made using
morbidity and nortality rates. Table 12 presents the per case annual econonic
costs of each disease by type of expenditure. For exanple, the estimated
expected average cost to an individual from having ichemic heart disease is
$7,388.11 per year in 1981 dollars. O this anount, $3,422 are direct
expenditures Whi ch consist of hospital expenditures, nursing hone fees and
expenditures on physician services and prescriptions. Indirect costs, |oss
of work time due co illness is $3,720. The rest of the total expected cost is
made up of the expected |oss of earnings due to death. Expected |ost
earnings of the individual are discounted present values calculated with an
8 percent discount rate.
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TABLE 6. 12 ESTI MATED ANNUAL PER CASE EXPECTED COST OF DISEASES, BY TYPE OF DISEASE, IN 1969 DCLLARS

Expect ed" Tot al* Number of Preval ence/
Direct® Indirect Mortality Expect ed Deaths/ Year
cost cost cost cost Year (Thousands)
Respiratory Di seases’
Chronic Bronchitis $57 (154) $30 (81) $.90 (2.45) $87.90 (237.45) 5, 305 6, 526
Bronchiectasis 198 (537) 60 (163) .25 (.68) 258.25 (700.68) 1,476 116
Enphysema 130 (352) 344 (932) 3.82 (10.35) 477.82 (1294. 35) 20, 873 1, 313
Chronic Interstitial 62 (168) - 9.96 (26.98) 71.96 (194.98) 4,218 403
.. Pneunoni a
8
Heart Diseases'
Ischemic Di sease 1391 (3422) 1512 (3720) 100.05 (246.11) 2931.05 (7,388.11) 669, 829 1,333
Rheumatic Fever and 291 (716) 407 (1001) 3.44 (8.47) 701. 44 (1725.47) 15, 432 327
Rheurmatic Heart Disease
Car di omyopat hy 15 (37) 96 (236) 3.66 (8.99) 114.66 (281.99) 17,753 1, 560
Arrhythm as 325 (1800) 139 (342) 1.49 (3.66) 465.49 (1145.66) 7,298 389
Cardiac Failure 2736 (6731) 418 (1028) 1.67 (4.12) 3155.67 (7763.12) 11, 388 113

TABLE 12 (continued)



- = Insufficient data

‘For heart disease direct costs = hospital expenditures + nursing home
expenditures + expenditures on physician services. For respiratory

di sease direct costs = hospital expenditures + nursing home expenditures
+ expenditures en physician services + expenditures on prescriptions.

bIndirect cost = loss of earnings due to illness or disability.

‘Expected nmortality cost = expected |oss of earnings due to death =
(probability of death from disease) .(loss of earnings due to death).
For respiratory disease a 6% discount rate is used, for heart disease
an 8% discount rate is utilized.

dExpected total cost = direct + indirect cost + expected nortality cost.

‘Heart disease data is in 1969 dollars and utilized 1969 and 1970 data.
The figures in ( ) are adjusted to 1981 dollars.

fRespiratory data is in 1967 dollars and utilized 1967 and 1970 dat a.
The figures in ( ) are adjusted for 1981 dollars.

References: 1. Acton, Jan Paul, *“Measuring the Social Inpact of Heart
and Circulatory Disease Prograns: Prelimnary Frame-
work and Estinates,” Rand Corp. R-1697-NHLI, April 1975.

2. US National Heart and Lung Institute, “Respiratory
Di seases: Task Force Report on Problems, Research

Approaches, Needs,” DHEW Pub. No. (NIH) 76-432, pp. 205-
243, Cctober 1972.

3. Department of Health, Education and Wl fare, Nationa
Center for Health Statistics, “Prevalence of Selected
Chronic Respiratory Conditions,” DHEW Pub. No. (HRA)
74-1511, Series 10, 84, 1970.
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Expected val ues are a necessary conponent of the total cost of a disease
since all individuals who have a disease do not necessarily die fromthe
disease. This necessitates the use of an expected cost of nortality in the
cal cul ations. This nunber represents the | oss of earnings due co death
multiplied by the disease specific nortality rate. The nortality rate is
the probability that an individual will die from the disease in question
Therefore, in this context the per case expected cost of disease becomes

E(Cp) = d + 1 + E(m) (26)
wher e

E(CD) " the expected cost of disease,

o
1

direct costs,

i ndirect costs, and

E(m = Probability . Loss of Earnings _ The Per Case Expected
of Death due to Death Cost of Death

ldeally, to depict the probability of death in this study, a nortality
rate shoul d be used which is conditional upon the presence of disease
synptons.  However, since this information was unobtainable, per capita
mortality rates derived for the society (of the U S) as a whole were used
as a proxy. These rates are presented in the first colum of Table 13

Use of the societal mortality rate instead of a rate conditional on the
exi stence of disease synptoms induced a downward bias to cost estimates.
This is due to the fact that death rates due to disease are undoubtable
hi gher in persons who al ready experience disease synptons than in the society
as a whole

Note now that equation 25 nust be nodified to include the expected cost
of disease. Equation 25 becones:

BE(CL/8B) = E(CD)-AP(Sy/IB).P(D/sy) (27)

Equation 27 forns the basis for derivation of cost savings due to reductions
in the level of air pollution presented in this study. The first term on
the left hand side, the per case expected cost of disease, is presented in
Table 12. The second term the change in the probability of incurring a

di sease synptom given a unit change in the |level of air pollution, is sinmply
the regression coefficient on air pollution variables which are presented in
Section IV. The third and final term necessary to calculate the change in
costs arising froma reduction in air pollution, the probability of disease
given a synptom is proxied in this analysis via the societal preval ence
rate for the disease in question

Again, as in the above discussion on nortality, use of the societa

preval ence rate for a disease as a proxy for the incidence of that disease
in individuals who already show evidence of synptons will introduce a down-
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TABLE 6.13 PER CAPI TA PREVALENCE AND MORTALITY RATES OF SPECIFIC
DI SEASES IN THE UNI TED STATES

Mrtality Preval ence
Rat e Rat e

Respiratory Di seases’
Chronic Bronchitis . 00004 . 03185
Bronchi ect asi s . 00001 . 00057
Enphysena . 00018 . 00641
Chronic Interstitial . 00004 . 00197
Pneunoni a
Heart Diseases’
Ischemic Di sease . 00330 . 00658
Rheumatic Fever and . 00007 . 00161
Rheumatic Heart Disease
Car di omyopat hy . 00009 . 00769
Arrythmias . 00004 .00192
Cardiac Failure . 00006 . 00056

‘Based on number of deaths in 1967 and preval ence in 1970 from Table
12 and a U S. population of 119,118,000 in 1967, U S. Departnent of
Conmerce, Current Popul ation Reports: Popul ation Estinmates and Pro-
[ections, pg. 12, July 31, 1982, and a U S. popul ation 204,879,000 in
1970, 1bid., U S. Departnment of Commerce, pg. 11, December 1972.

bIbi d. , prevalence and deaths in 1969 from Table 12 and U.S. popul ation

of 202,677,000 in 1969, lbhid., US. Departnment of Commerce, pg. 11,
Decenber 1972.
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ward bias to the results. This occurs due to the fact that, at the margin,
the change in the probability of incurring a disease given a change in a
synptom wi || be larger than the corresponding change in the incidence rate
of that disease in the society as a whole. Societal prevalence rates for
the nine diseases considered in this analysis are presented in the second
colum of Table 13.

Per capita estimates of the change in expected cost of disease given a
unit change in the pollution level, derived via equation 27, are presented
inthe first colum of Table 14. To derive these estimates, information from
Table 12, Table 13 and the regression tables of Section IV are used. Note
that these costs are presented by synmptom and that they are adjusted to
reflect 1981 dollars.

These results can be summed over diseases to yield per case estinates of
the total cost of synptomgiven a unit change in air pollution. The |ast
colum of Table 14 presents these results. Note that not all synptons apply
to each disease and vice versa

Tabl e 15 presents estimtes of cost of benefits in relation to unit
changes in pollution levels. For extrapolative purposes, change in expected
cost is assumed to be independent of the initial |evel of pollution.
Intuitively, one would expect an increasing average relationship between the
costs (benefits) incurred froma pollution increase (decrease) and the initia
pollution level. This is illustrated garphically in Figure 5. If the initia
level is P. and a change in the pollution level occurs bringing society to
a level of P9 the benefits received are B .. Naw if the initial level is P.
and a reduct%on in pollution of the sane amount as above occurs, AP, the
benefits received will be less than By and are equal to B.. However, it has
been denonstrated that rather than increasing average benéfits for i ncreasi ng
initial levels of pollution, there may be decreasing average benefits (17).
Due to uncertainty surrounding the actual relationship, a linear relationship
bet ween pol | ution changes and economic costs is assuned to hold for purposes
of extrapolating the results to larger pollution changes.

In order to derive estimates of total United States cost savings due to
a reduction in air pollution, a 30 percent inprovement in mean air quality
is assumed. These results are presented in Table 16. Total cost savings
are presented, by symptom for nmales between the ages of 55 and 64 and for the
total population in the United States. Male menmbers of the U S. population
between 55 and 64 years of age nost closely represent the tw ns sanple as
characterized by 1980 census data. A nore proper characterization of the
twins data set is to include all males 55 to 65 years of age in 1981. However
due to limtations in census data, this categorization is not possible.
Approxi mately 10,178,000 males were in this age group in 1980. At that tine,
the total U S. population was about 226,505, 000.

A 30 percent reduction in average nmaxi num 24 hour concentration of SO,
and TSP inmplies that nean levels gf so, will .he reduced by 14.88 vg/m> and
TSP will be reduced by 38.86 ug/m~ Tﬁerefore, total cost savings, per
synptom can be calculated via the follow ng formla:
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TABLE 6. 14 THE CHANGE | N THE TOTAL ANNUAL pER CAPITA EXPECTED COST OF A SYMPTOM DUE TO A UNIT

CHANGE IN THE POLLUTI ON LEVEL,

BY SYMPTOM AND DISEASE2

Change in Total Cost of Symptom G ven

Synpt om Di sease AE(CD/AP) a Unit Change in the Pollution Leve
TSP 50,
Cough Chronic Bronchitis . 00045 . 00391
Bronchiecstasis . 00002
Enphysena . 00050
Chronic Interstitial . 00001
Pneunoni a
Ischemic Heart Disease . 00292
Shbr Chronic Bronchitis . 00030 . 00308
) Bronchiecstasis . 00002
w Enphysena . 00033
Chronic Interstitial . 00002
Pneunoni a
Ischemic Heart Di sease . 00195
Rheumatic Heart D sease . 00011
Car di omyopat hy . 00009
Arrhythm as . 00009
Coronary Heart Attack . 00017
Chpn Chronic Bronchitis . 00076 . 00693
Bronchiecstasis . 00004
Enphysena . 00083
Ischemic Heart Disease . 00486
Car di ommyopat hy . 00022
Arrhythm as . 00022

TABLE 14 (conti nued)



Svchpn Ischemic Heart Disease  .00049 . 00053b
Cardiac Failure . 00004

Corn Cardi ac Failure . 00087 . 00087

4 al ues are reported only if the regression coefficient has a positive sign

b

the coefficients used fromthe regression analysis to calculate these figures
were not significant at the 90 percent |eve
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TABLE 6.15 CHANGE |N PER CAPI TA ANNUAL EXPECTED COST OF SYMPTOM G VEN
A CHANGE IN THE POLLUTI ON LEVEL

a

Unit Change in the Pollution Level

S ymptom lug/m3
Cough . 00391
Shortness of Breath . 00308
Chest Pain . 00693
Severe Chest Pain . 00053
Cardiac Failure . 00087

‘TSP is used for all the synptons except for chest pain where SO, is used.
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Total Econom c Costs
of Pollution

P P Initial Pollution
Level

VWhere AP = AP

Figure 6.5 Measuring benefits from pollution reduction assumng increasing
costs of pollution
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TABLE 6.16 TOTAL COST SAVINGS, BY SYMPTOM FOR A 30 PERCENT | MPROVEMENT | N
US. AIR QUALITY IN 1981 DOLLARS®

Total for nmales between Total U S
Synptom . 55- 64 years of ageb Popul ati on’
Cough $1, 546, 000 $34, 416, 000
Shortness of Breath 1,218,000 27,110, 000
Chest Pain’ 1, 050, 000 23, 357,000
Severe Chest Pain 210, 000 4,665, 000
Cardiac Failure 344,000 7,658, 000
TOTAL 4,368, 000 97, 206, 000

anean val ues for SO2 and TSP were used as initial values

b1980 census of population data

‘SOis the air pollution variable used here and TSP is used for all
other synptons
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Total Cost
Savi ng

- : Reduction in _ Per Case Cost

= Population Air Pollution of Synptom

A 30 percent reduction in TSP is assumed for all symptoms except for chest
pain where a 30 percent reduction in Sqfis assumed.

Summation over the five synptons yields an overall measure of the health
benefits of air quality inprovement. Note that for the age group nearest
to the twins sanple, total cost savings from disease is over $4 mllion.
If these results are extrapolated to the entire U S population, a savings
of nearly $100 mllion is incurred.

In order to conpare this result to Ostro (1982) (18) and Crocker et.al.
(1979) (19), it is necessary to exclude the cost savings arising froma reduc-
tion in SO,and only consider the costs savings arising from a reduction in
total suspended particulate. Cost savings are reduced by $23,357,000 to
$73,849,000 (in 1981 dollars) when only a 30 percent reduction in TSP is
consi dered

Ostro (1982) estimated that a 19 percent reduction in TSP will yield an
urban benefit by reducing the nunber of work |oss days by a range of 3 to
78 mllion. If a daily average wage of $46.00 is assuned for 1981, the range
of damages in Ostro's analysis becomes $138 million to 3.588 billion

Crocker et.al. (1979) analyzed the urban benefits of reduced nortality.
Using the mean concentration of TSP in a sixty-city sanple, they estimated
the average reduction in risk of pneunonia nortality for a 60 percent reduction
in particulate. Urban benefits of reduced nortality due to a 60 percent
reduction in the level of total suspended particulate were estimted to be
within a range of 5.4 to 16.7 billion dollars (adjusted to 1981 dollars).

In conparing the results presented in this paper to these other studies,
one notes that the synptom sensitive analysis utilized here yields a |ower
bound. Only the lower end of Ostro’s range is conparable with the results of
this paper. Crocker et.al. estimates are nmuch larger than the benefits
estimated in either this study or Ostro's.

However, one can note that Ostro's results, which were calcul ated across
all diseases, represent a marginal representation of work loss days. The
indirect costs of disease presented in the d'Arge et.al. anal ysis were based
on average work |oss days due to a few specific diseases. In this aspect we
would fully expect marginal work |oss days to be larger than average work | oss
days because days |ost increase as pollution increases.

Further, in considering the Crocker et.al. results, it nust be realized
that their results were based on the population as a whole while the d'Arge
et.al. results were calibrated to a very specific sanple of the popul ation.

At the time health statistics were collected for the twins data set, the

group ranged in age from41l to 51 years. In this context, the twins sanple
represented a fairly healthy segnent of society. The Crocker et.al. sanple

i ncl uded nany ol der individuals whom we woul d expect would be nore effected by
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air pollution. Therefore, the Crocker et.al. result should exceed the d’ Arge
et.al. results in magnitude.

Finally, one should not forget the inpact of the use of societal preval ence
and death rates to proxy rates in individuals who exhibit disease synptons in
the d'Arge et.al. analysis. This phenonena will also result in the d'Arge
et.al. results being |ower bounds.
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CONCLUSI ONS

This anal ysis eval uated di sease synptons as related to snoking,
consunption of alcohol, exposure to TSP and SO,outdoors, diet, age and
earnings in 1973 as & proxy for socio-economic status. The study found
that the only statistically significant relationship for air pollutants, which
had the expected signs, were between TSP and cough and coronary heart attack
and between S0 and chest pain. A slightly less significant relationship
was found between TSP and shortness of breath.

The nost significant “explanatory variables” for respiratory synptons
were dieting, snoking, alcohol consunption, socioc-economic Status, and air
pollution. In this context, a positive relationship was found between short-
ness of breath and dieting, smoking, TSP concentrations, and one of the alcoho
consunption variables. S0,and earnings were found to negatively effect short-
ness of breath. Dieting, age, earnings, and to a | esser extent S9 had
negative effects on coughing while snoking, alcohol consunption ané TSP had
positive effects on the synptom

The need to diet and smoking were consistently found to be positively

correlated and econom ¢ status negatively correlated wth cardiovascul ar
system problems. Significant positive relationships between al cohol consunp-
tion and cardiovascul ar problems were found for chest pain and to a |esser
extent coronary heart attack. Age was found to be negatively correlated

with the occurance of all cardiovascul ar synptons. However, a significant
relationship between age and a synptom was only found for coronary heart
attach. TSP was found to have a significantly positive effect on the incidence
of coronary heart failure while SO, was found to positively effect chest pain.
SO0,was found to have a negatively significant effect on coronary heart
attack. Finally, no air pollution variables were found to significantly

i nfluence severe chest pain. These findings suggest that the air pollution
variables may be “msking” or replacing some other significant affects. Only
simlar analyses will perhaps lead to a net effect on anbient air quality

on certain disease synptons.

The list of synptons were collected fromthe 1967-68 period while air
pol lution data were recorded for the year 1977, by zip code. Thus, only
a weak inference can be made between air pollution common to tines and
synptons. Because of time and manpower limitations, past air pollution
data have not been included, inclusive of where the twin resided since 1945.
Thus, unless the twin resided in the same place and there were no substantia
changes in anbient air quality between the 1960's and late 1970’s, the link
bet ween exposure and synptom can occur only be chance. Future research should
center on nore closely aligning synptons with sinmilar |ocations of exposure.

Eval uation of ordinary least squares and a nore advanced technique of
econonetric analysis called "probit" yielded almpst identical results except
for a “scale” factor on the coefficients over at least fourty variants of
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the prelinmnary nmodel. This leads us to believe that OLS may be a reasonable
technique to apply to nore “robust” variables and theoretical systens.

Adequate variables measuring total inhalation of particulate, diet
internms of fat consunption, and “stress” variables have not been modelled.
It is unlikely that current consunption of cigarettes, alcohol consunption
as neasured by a weighted sum of pure alcohol, or the need to diet, accurately
reflect the inpact on body processes. For exanple, a “heavy” snoker may have
quit smoking in the early 1960's and yet retain sone of the respiratory
synptoms.  Until these variables are adequately neasured by conplete exposure
it is unlikely that they will be useful for interpretation or prediction for
policy purposes.

The effects of air pollution on health symptons found in this study
are roughly consistent with earlier work. However, wth mnor exception
all earlier sutdies focused on the effects of air pollution on nortality
and norbidity. In four separate studies, Lave and Seskin (20)(21)(22)(23)
McDonald/Schwing (24), Crocker (25), and Liu/Yu (26) all found partia
| i nkages between air pollution and nmortality and norbidity. Ostro (27)
estimated the effects of total suspended particulate on work |oss days. A
conparison of the Ostro and Crocker et.al. results to the results presented
in this study revealed that estimtes presented in this study, ias predicted
are of smaller nagnitudes. Only Page (28) used a nethodol ogy renotely simlar
to the synptompollution relationships analyzed in this study. Page's
measure of health effects was a self reported diary from 1,000 victins of
respiratory illness as to whether they felt better, worse, or the same.

In order to derive total savings in health care costs, a 30 percent
improvement in ambient air quality was assuned. The societal preval ence and
death rates for nine diseases were used as proxys for the probability of
incurring a disease or death given the presence of a synptomin the sanple
population. In this context, estimates of cost savings for a 30 percent
reduction in maxi mum 24 hour anbient concentration of TSP and S0,was
estimated to be over $4 million in males 55 to 65 years of age. Extrapol a-
tion of these savings to the total U S. population yields an estinmate of
heal th cost savings of nearly $100 nillion.
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APPENDI X 1

METHODOLOGY USED FOR FOOD CONVERSI ONS

Table 17 presents the figures used to calculate the yearly consunption
of different nutrients for the questionnaire respondents. In order to cal-
culate Table 17, several assunptions were made on the serving sizes, given a
questionnaire response. These assunptions, along with the figures in Table

19 were used to estimate Table 17. Figures in Table 19 were gathered from
alternate sources (29)(30)(31)(32).

The follow ng procedure was used to calculate nutrients ingested per year
from consum ng pasteries and candies:

(1) if nmore than one response was given the sanple was del eted, and

(2) if only one response was given then the follow ng was assumed:

Response Assunption

O never O serving/ day

1 several tines a day 3 servings/day
3 once a day 1 serving/day

5 less often .5 serving/day

Nutrients in pork, frankfurters, beef, cereal, eggs, fish,

veget abl es
and fruit were determned via the follow ng procedure.

(1) if nmore than one response was given the sanple was del eted, and

(2) if only one response was given then the follow ng was assumed:

Response Assunption

O never O servings/ day

1 daily 1 serving/day

3 once or tw ce/week 6 servings/nonth
5 once or twice/week 1.5 servings/nonth
7 less often 6 servings/year

For exanple, to deternmine the grans of protein consumed from eating a

serving of frankfurters daily, multiply the 7 grams/day from Table 17 by
365 days in the year, i.e.

7 gr/day + 365 days/year = 2555 gr/yeay

which gives the yearly consunption of protein from consumng frankfurters
daily. If the respondent answered that he consumed frankfurters once or
twice a nonth, it was assuned they consumed 1.5 servings per nonth. Therefore
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the equation to calculate the grams of protein ingested in a year is
1.5 servings/month.7 gr/serving .12 nonths/year = 126 gr/year.
The yearly consunption of a nutrient for each respondent may be cal cul ated
by summing over the types of food for each nutrient. The yearly figures were

used in the regression analysis to determine the inportance Of these nutrients
to different synptons reported.
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L11

l’ork3

(60) 1 7300| 8760 4380 3825 0 0 ) 80.30| 1715.50| 284.70 3825| 985.5
3 1440 864 432 324 0 0 0 7.92|  169.20 28. 80 324  97.2
5 360 432 216 162 0 0 0 3.96 84.6C 14. 04 162]  .48.6
7 120 144 72 b4 0 0 0 1.32]  28.20 4.68 54|  16.2

3

Frankfurters

(61) 1 25551 5475 na na 365 0 na 40.15 511 C 292 1095 292
3 252 540 na na 36 0 na 3.96 50. 4 28.8 108| 28.8
5 126 270 na na 18 0 na 1.98 25.2 14.4 54| 14.4
] 42 90 na na 6 0 na .66 8.4 4.8 18 4.8

Beefj .

(62) 1 1300 9855 4745 4745 0 0 18250 58. 40 1460  18.25 1825| 912.5
3 1440 972 468 468 0 0 1800 5.76 144 1.8 324 90
5 360 486 234 234 0 0 900 2.88 72 .9 162 45
7 120 162 78 78 0 0 300 .96 24 .3 54| 15

Cereal3

(63) 1 730 na na 7665 0 0 7.3 182.5{ 40.15 1460 146
3 72 na na 756 0 1] .72 18.0 3.96 144 144
5 36 na na 378 0 0 .36 9.0 1.98 72 7.2
7 12 _na aa 1.26 0 0 .12 3.0 .66 24 2.4

3

Lgegs

(64) 1 4380| 4380  2190| 14 00 430700 109.5 -l 36.50 19710 803
3 432 432 216 144 - 42480 10.8 - 3.6 1944  79.2
5 216 216 108 72 21240 5.4 - 1.8 972| 39.6
7 72 72 36 24 7080 1.8 - .6 324| 13.2

Fisl|3

(65) 1 6205 1825 365 365 1825 0 na 21.9 985. 5 10. 95 12410 365
3 612 180 5 36 180 0 na 2.16 97.2 1.08 1224 36
5 306 90 L8 18 90 0 na 1.08 48.6 .54 612 18

. 102 30 o 6 30 0 na .36 16.2 .18 204 6

chetnbles3

(66) 1 1095 na na 8103 292 18.25 730 47. 45 3650 292
3 108 na na 799.2 28.8 1.80 72 4.68 360 28.8
5 54 na na 399.6 14.4 .90 36 2.34 180 14.4
7 18 na aa 13).2 4.8 .30 12 78 60 4.8

TABLE 6.17 (continued)
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Frult3

((,7) 1 - - na na 5840 730 18250 7.30 36.5|  14.60 2920 146
3 - - na na 576 72 1800 .72 3.6 1.44 288 14.4
5 - - na na 288 36 900 .36 1.8 .72 144 7.2
7 - - ua na 96 12 300 .12] .6 .24 48| 2.4

Footnotes:

llotes: na:

0 :

References:

(1) There are two types of figures here, Var. 51, 52 and 60-67 already have the questionnaire response
included within the calculation and only need to he identified by response. Var. 53-59 do not have
response included in the calculacion and therefore Lhe coefficient mwmust be multiplied by Lhe response

(2) 1f nore than two responses where given on Lhe questionnaire then these sanpl es were del eted

I'f this

is not the case, the following was as:i umed.

%Eﬁneﬂéﬁ
never
1 several tiwes a day

3 once a day
5 less often

As s anpl fon

) ser vings/day
Voge :viunﬁ/d;ly
L sen vings/day

.5 sevvings/day

(3) Again if more thaun one response wis given the sanple was dropped and the followi ng assunptions
were nmade for the samples used

Response
never

daily

once or twice a week
once or twice a month
less often

~NUlwrFk QO

1.

servings/day
servi ngs/ day
servings fmonth
servings/month
6 servings/year

Vo= o

suitable data was notavailable bul | he nu trient s suspected LO be present

only a trace has been detected
the nutrient i S not present and is 11d suspecred to be so

1. Hamilton, E.M. and . Whitney, Nutritioun: Concepts and Controversy
2. Nutrjcion Search Co., Nutritjon Almauac, McGraw Hill Book CO, 1975
3. National Dairy Council, Cuide LO Good Katlng, 1980




TABLE 6. 18 FI GURES USED TO CALCULATE YEARLY CONSUVPTI ON OF NITROSAMINES BY
QUESTI ONNAI RE RESPONDENTS BY TYPE OF FOOD CONSUMED AND QUESTI ON
NAI RE RESPONSE

Type of Food (Var. #) Response Nitrosamines (ug)

Por k 60 31.03
3.06
1.53

.51

—N U1 W

Frankfurters 61 224. 84
22.18
11.09

3.70

—~ W w

Beef 62 na
na
na

na

— O W

Fish 65 31.03
3.06
1.53

.01

RS I

Note: M ninum values are used here
References:  Unpublished manuscript by Ron Shank for EPA Nitrates report
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TABLE 6.19 LEVELS OF NUTRI ENTS AND NITROSAMINESPER SERVING BYTYPE OF FOOD

Nutrients Fatty Acid |Zarbohydrates Nitro-
Type of 'rotein|Fats| ung  sat |sugar  fiber| ric. Aboflavin|Niacin| "hiamir | ;alciun | Iron|samines
Food Serving (gm) ) | (gm)  gm) | (pm) (em) | (1u) (mg) (mg) | (gin) [ (ma) |(mghl Cue)
Pasteries |1 avg' 5 15 | 10 5 | 30 o | 200 10 5 | .05 33 6 0
(51) _
Candy 2 oz+ 4 18 3 5 32 0 160 .2 .2 .04 30 .6 0
M Ik Choc bar
(52) —
Br ead 1 slice* 2 1 na na 13.95 .05 .06 .7 .07 24 T 0
Wi te 22 slicel
(53) | oaf _
*
Whol e 1 glass 9 9 3 5 12 0 350 41 .2 .07 288 .1 0
M1k
(54) —
*
Skim M1k 1 glass 9 na na 12 0 10 .44 .2 .09 296 1 i}
(55)
Cof fee' 1 cup* .3 .1 | na na 8 0 0 .01 .9 .01 4.6 .23 0
(.56) —
Coffee W 1 cup .3 1| oa | na |11.8 0 0 .01 .9 .01 4.6 .23 0
tsp. sugar w/l tsp.
(57) sugar
Tea® 1 cupt 1 na | na | .9 0 0 .04 1 0 50 |.20 0
(58) .
Tea w/ 1 cup 1 na | na [11.9 0 0 .04 1 0 5.0 .20 0
tsp. sugar w1l tsp.
(58) sugar
Por k 3 oz* 20 24 12 9 0 0 0 .22 4.7 .78 9 2.7 . 085
(60) i . ) __
Beef 3 CZ# 20 27 13 13 0 0 50 .16 4.0 .05 9 2.5 na
(62) _

TABLE 17 (continued)
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Frankfurters |2 oz# 7 15 na na 1 0 na J11 1.4 .8 3 .8 . 616
(61) — _
Cer eal 1 Cp 2 na na | 21 0 0 .02 5 11 4 4 0
Coruflakes no sugar
(63) _ .
Eggs 2 12 2] 6 4 0 |1180 3 10 54 1.2 0
(64)
Fi sh 3 ot 17 5 3 1] 5 0 | na .06 2.7 .03 31 1 . 085
Hladdock
(65)

Vegetables |1 cup 3 na na |22.2 .8 .05 2.0 .13 10 .8 .0
(66) _
Fruit-apple|1 ned na na | 16 2 50 .02 1 .04 8 4 0
(67) _

Foot not es: (1) all figures cane from reference (1) except for those which cane from reference (2).

Notes: * - These foods are neasured in same manner as in questionnaire
¥ — Daily recommended servings are mot used here as both references 1 and 2 used 3 @. as an average
serving

+ - Gven there are no dally recommended servings for these variables. W assuned the average serving of
pastery as 1 and an average serving of candy as a candy bar

pref erences: 1. Hamilton, E.M. and E. Whitney, Nutrition: Concepts and Controversy, West publishing Co.,
St. Paul, Mnnesota, 1979.
2. National Dalry Council, Guide t0 Good Eating, 1980.
3.  Nutrition Search Co., Nutrition Al manac, McCraw-ilill Book Co., 1975.
4 Shank, R, unpublished manuscript for EPA Nitrate's Report, ch. 8, 1977.
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Chapter Vi

ANALYTI CAL PRIORS a¥p THE SELECTION OF AN “I DEAL" AIR
PCLLUTI ON EPI DEM OLOGY DATA SET

| NTRCDUCTI ON

W despread concern with the health effects of econonics benefits
generated by air pollution control prograns has provoked a nunber of
statistical studies of the association between air pollution and health
status. However, the appropriateness of methodol ogy and accuracy of the
results of these studies have been widely disputed. The purposes of this
paper, therefore, are threefold. First, we examne the role of optina
decision rules in testing the validity of price information to produce “best”
estimtes of the human health |osses attributable to air pollution and the
econonmi ¢ valuation of these losses. Secondly, we exam ne the use of
price-information decision rules in previous air pollution-human health
studies. Finally, based on optimal decision rules, we summarize statistically
accepted prior information about the elements of an “ideal” air pollution
epi demi ol ogy data set.

Statistical estimation of the degradation of health due to air pollution
and the econonic valuation thereof requires the use of prior information
decision rules in four principal areas: (1) rmodel selection (e.g.
sinul taneous, recursive, errors in variables, or single equations); (2) choice
of functional formand the dinension of the design matrix; (i.e., matrix of
exogenous variables); (3) the choice of values assigned to each elenment of the
design matrix, if under the control of the experinenter; and (4) choice of the
density function of the dependent variable. Mst statistical analysis
invol ved regressing a dependent variable (usually mortality and norbidity
rates on time-to-failure for a systenm) a set of covariates which have been
postulated to explain the variation in the dependent variable. |nposing prior
information through exact parametric restrictions (whether correct or not)
reduces the variance of estimated paraneters. However, if incorrect, the
restrictions increase estimator bias. Thus , the use of prior information,
which is always incorrect to same degree except by chance, necessarily
involves a tradeoff between the bias and efficiency of estimated paraneters.
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W evaluate this tradeoff in terns of the risk, i.e., the expected loss

associ ated with each estimated parameter, measuring | oss as the squared error
of each estimated parameter relative to its true value, risk equals the sum of
estimated parameter variances and squared biases. Stated sonewhat
differently, the researcher must choose decision rules which maximze the net
benefit fromutilizing prior information, where the benefit of such action is
the resulting variance reduction and the cost is the resulting increase in
bias. He seeks a nmiddle ground sonewhere between the overly restrictive case
(high bias, low variance) and the totally unrestrictive case (unbiased, high
variance).

In seeking decision rules for inposing prior information which nmnimze
risk, there are valuable guidelines for accepting or rejecting hypotheses of
exact prior restrictions (the nmost conmon type) and inequality restrictions.
Regardl ess of the correctness of equality restrictions the positive-part
Stein-rule estimtor introduced by Baranchik (1964) which possesses m ni mum
risk conpared to the unrestricted estimator or the pre-test estimator (based
on the standard decision rule to accept or reject the null hypothesis at a
pre-specified level of significance). In addition, if inequality restrictions
are correct in sign, they always exhibit less risk than the unrestricted
estimator [see Judge, et al., 1980].

Qur general conclusion regarding previous analysis of the effects of air
pol lution on hunan health and the valuation of these inpacts. is that the pre-
ponderence Of attenpts to inpose prior information have failed to mninize
risk. Weak priors have rarely been correctly (if at all) tested before being
i nposed, while other strong but untestable priors have been ignored. W also
conclude that the ideal data set, based on optimal decision rules, is not
conprised of an exhaustive set of explanatory variables, since this would |ead
to unacceptably large estimator variances. Conversely, the ideal data set
does not consist of a design matrix which excludes potentially inportant
expl anatory variables previous to statistical testing. To the extent that
magni tudes of explanatory variables are under the control of the experinenter,
the values assigned to an ideal data set should mininize risk subject to a
given experiment budget constraint. |f variables are not under the
experimenter’s control, the composition of the design matrix should be
determned by optimal statistical tests based on prior information. An idea
data set can only be defined in conjunction with such information.

The plan for the remainder of the paper is to exanm ne optimal decision
rules for the use of prior information in section Il and, in light of this,
provide a critical review of the epidemiological literature neasuring the
effects of air pollution on human nortality and norbidity in section 111. A
simlar review of the literature which attenpts to value these adverse health
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affects is presented in section |V. Based on statistically accepted priors,
in section V we suggest superior data sets for potential analysis. Finally,
concl usi ons about optinal use of prior information are drawn in section V.

USE OF PRI OR | NFORMATI ON

Statistical estimation of the effects of air pollution on human health is
I npossi bl e without the use of sonme prior information. This may take the form
of nodel selection, choice of function form and dinension of the design
matrix, selection of the values of each elenent of the design matrix (for
variabl es under control of the experinenter), and choice of the density
function for the dependent variable. The inposition of prior restrictions in
these areas |leads to an increase in the efficiency of estimted parameters.
However, if restrictions are incorrect, estimated paraneters are biased [see
Judge, et al., (1980, ch. 11)]. Thus, the inescapable act of inposing prior
information requires that the econometric researcher walk a tightrope between
efficiency, on the one hand, and bias, on the other.

Ve proceed, therefore, to seek information regarding the optiml use of
prior information which mninizes risk. [In the context of regression
analysis, we first define loss as the cost incurred if our estimate of the

true value of the paraneter vector of 8is 8. Adopting a squared error |oss
criterion, we my wite [oss as

L =(8-8) '(3-8), (1)

invol ving the k-dinensional vectors 8 and fé. Risk is defined as the expected
val ue of |oss

P E [(6-6) '(6-6)], (2)
which equal s the sum of variances for each element of 8 plus the sum of
squared biases for each elenent of 8. Qur objective is to mnimze the risk
frominposing prior restrictions.

Choi ce of Functional Form and D nension of the Desire Matrix

W first consider this objective for the choice of functional form and
di mensi on of the design matrix within the context of the testing of nested
hypothesesl' for a single equation regression nodel. Four types of prior
information may be inposed: exact restrictions, stochastic restrictions,
inequality restrictions, and prior density functions. W conpare the risks of
utilizing these types of prior information to that of the unrestricted
estimator, the pre-test estimator, and the Stein-rule estimator. The pre-test

129



estimator is sinply the standard nested hypotheses test procedure whereby the
nul | hypothesis (generally 8 = O is accepted or respected based on sone
predeternmined level of significance. One exanple of a pre-test estimator is
accepting or rejecting nested nodels of the quadratic Box-Cox (1964) form
based on pre-determned |evels of the likelihood function. Restrictions on
estimated parameters lead to the inverse sem-log, sem-log, translog,
general ized |inear, quadratic, generalized square root quadratic, and |inear
model s. [ See Berndt and Khal ed (1979)]. Choice anong these nested nodels is
typically based on the likelihood ratio test statistic. Additional res-
trictions allow testing of hypotheses about consumer behavior (homotheticity,
additivity, and symmetry) or cost, production and profit function

(homot heticity, honogeneity).

Exact information is the nost common type of prior restriction. |f the
exact prior information is correct, the restricted |east squares estinmates are
“best” estimates (i.e., mninumvariance, unbiased). Incorrect exact prior
restrictions, however, lead to biased estimtes, which have snaller variances
than under the correct nodel. The risk for the restricted |east-squares

estimator increases nonotonically and exceeds the constant risk of the unres-
tricted maxinum |ikelihood estimtor, (MLE) over a w de range of hypothesis
error under the assunptions of the general linear nodel. Further, the
pre-test estimator has greater risk than the MLE estimator over a w de range
of hypothesis error and hence, is inadm ssible under our risk function
criterion.

Stein-rule estimators [see Judge, et al. (1980, pp. 432) and Judge and
Bock (1978)] exhibit less risk over the entire parameter space than the un-
restricted and restricted MLE estimators, and the pre-test estimator. The
positive-part Stein-rule estimator involves testing the hypothesis that g =
O where BO is a vector of K paraneters. If u the val ue of the ©

(kz)’
likelihood ratio statistic, is less than or equal to C(k) , Where
C . C* . 2C C = k-2 ( Tk /k(T-k+2) .
o<k2) (kz) °x )2 and o(kz)

where k is the total nunber of variables and T is the total nunber of
observations, we exclude the k_variables fromthe nodel. CQherw se, we

enploy the Stein-rule to trans%orn1the unrestricted MLE estimates using
u [see Judge et al. (1980)]. A second type of prior
C (k) and (kz)
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information involves the use of stochastic prior information. Restrictions
are assunmed to hold subject to a normally distributed random vector. The
sanpling results for this type of prior restriction are parallel to those for
the equality restricted estimtor [see Judge et al. (1980)]. Inequality
constraints conprise a third type of restriction. The risk function for the
inequal ity constraint (when the direction is correct) is less than or equal to
that of the ME over the whole range of the paraneter space the risk of the
inequal ity pretest estimtor (again when the direction is correct) is less
than that of the traditional pretest estimator over alnost the entire
paramet er space [see Judge and Yancky (1978)]. This result, which is
particularly powerful, ‘has largely been ignored by applied econometricians

It inplies that risk can be reduced, sonetimes substantially, by inmposing sign
constraints on estimated coefficients, when these signs are prescribed by
econom ¢ theory. Thus for exanple, estimated paraneters in health

effect-pol lutant exposure studies should be constrained to be non-negative.

Finally, prior information may be inposed in regression analysis through
Bayesi an procedures [see Zellner (1971)] which require the selection of prior
density functions. The Bayesian procedure, a systematic way of conbining
sanple information with prior information expressed as a density function,
mnimzes average risk for correct prior densities. However, econom sts have
made little use of this technique because of their general reluctance to
specify and test prior densities. The use of priors in nodel selection is
sinply a generalization of the procedures of their use in determning
functional form and dinmension of the design matrix in a single equation
context. The use of ME estimators, pre-test estimators, and Stein-rule
estimators to test the validity of restrictions on the paraneters in a
simul taneous systemis totally analogous to their use in a single-equation
model . Appropriate restrictions could yield a recursive systens, a system
with unobservabl e variables (but identifiable equations), or a Zellner
seem ngly-unrel ated equation system [see Zellner (1962)] as restrive forns of
the general jointly dependent system Full-in format estimtes are consistent
and asynptotically efficient. Although single-equation estimators of a
si mul taneous equation model are biased and inconsistent, they possess ninimm
variance. In small sanples, their risk as neasured by mean square error is
general Iy much higher than that of the full- information methods, based on
Monte Carlo experiments, even with extrenes of multicollinearity, [See
Atkinson (1978) and Johnston (1972)]. Thus, the modeller i s well-advised to
first estimate a simultaneous equation nodel, if justified by priors, and
apply the positive-part Stein-rule estimator to test nested hypotheses on
restricted coefficients. Even if inconpletely specified, additiona
restrictions across equations on paraneters and, possibly, disturbance
covariances aid in identifying the response structure. In addition, when
these same cross-equation restrictions are viewed as hypot heses, significance
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tests may be used to assess the statistical validity of the nodel

Unobserved variables are a special class of errors-in-neasurement
probl ems which include omtted explanatory variables, and sinultaneous

equation systens.

In the air pollution epidemology literature, attenpts to grapple wth
the measurement error issue have been few.  Crocker-Schulze, et al. (1979)
raise the simultaneity issue for both air pollution-induced nmortality and
morbidity. Page and Fellner (1978) enploy factor and canonical correlation
analysis to attack the unobserved variable problemwth respect to air
pol | ution-induced nortality. Qherwise, air pollution epidemology research
| argely consists of a vast nunber or single-equation regressions. Let us
briefly examne the relationship between simultaneous equations, unobserved
variables, and errors-in-neasurement and their inpact on estimator risk with
the following exanple. Following Weld and Jureen (1953), who argued that nany
si mul taneous equation relationships involving jointly dependent variables are
really recursive relationships, we trace the chain of events from pollutant
exposure to behavior change in Figure 1. The outcome at each step in the
sequence is conditioned by the outcome in the previous period. Thus, for
exanpl e, pollution does not imnmediately affect self-reported disability but
rather has a delayed effect via its inmpact upon nmetabolism and organ system
functions. Consider the follow ng expressions:

Yl =% ale . a2X2 - e (3)
Y, =8 *BY +B8X +e, (4)

where Y_ and Y, are, respectively, organ system function and self-reported
disability, X "is pollution, X, is a vector of the other predetermned vari-
ables, and the ¢'s are random disturbances. Gven (3), estimating (4) is
equi valent to estimating the reduced form equation,

Y =8 +8

) . 1% * B + B8 a X + B X_ +yu, (5)

19151 * BopRy * X,

where u = g + Ble . If the contenporaneous disturbances in (3) and (4) are
uncorrelate sing}e equation M.E of (3) and (4) are equivalent to full-
information estimtion of this system

However, if Y&is unobservabl e, some investigators have sinply estinated

tp g YR YKy v w (6)

Thus , if a MLE of (6) is to yield the sane estimate of the inpact of
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FI GURE 7.1

A SCHEMATI C FOR AR POLLUTI ON HEALTH EFFECTS

Exposure
No Change Change in
Met abol i sm
No Change Change in

Organ Function

/ \

No Change Sel f - Reported
Di sability
No Change Change in
Behavi or
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pollution, X ., on self-reported disability, Yy , as would a MLE of (4) given
(3), Y must™ equal a,. For this to occur, £ and € and the X's in (5) mnust

be pair-w se uncorre Bted [see Judge, et al. (}980, Ctap. 13)]. OQherwise the
estimte of Yy will be biased and inefficient.

However, the random disturbances that influence organ system functions
seem unlikely to be independent of factors affecting self-reported
disabilities. For exanple, assuming that occupational exposures to toxiecs i S
not included anong the explanatory variables of (3), and hence are part of the
error, an exposure of this sort is likely to intensify the inpact in (6) of
any particular level of outdoor pollution upon self-reported disability.
Instrumental variable nethods, which involve the substitution into (4) of a
proxy for Y_ that is both highly correlated with it yet uncorrelated With ¢
are availab £ to overcone this problem In the context of the structure
represented by (3) and (4), it is not obvious what this proxy mght be wthout
addi tional prior information about (3). Further, use of a proxy in (6) would
yield consistent but inefficient estimates of y . In short, whether an
instrumental variable or a direct measure of %s used, the power of the
regression significance tests will most |ikely be reduced, requiring either a
| arger sanple or nore a priori information to maintain a given degree of test
power .

Measures of the effective functioning of organ systems conpletely remove
the necessity of westling with these particular estinmation issues involving
unobserved variables. This may be the reason that nortality rates and, nore
recently, tinme-to-systemfailure, have held great appeal as a measure of the
health status of a population. Both the biomedical and the economc air
pol lution epidemology literature would be considerably advanced through
access to direct clinical measures of organ system functions or changes in
met abol i ¢ processes.

Sel ection of Values of the Design Matrix

Having sel ected the appropriate nmodel and the functional form and
dimension of the design matrix, additional gains in efficiency can be achieved
through the optimal choice of values of the design matrix. This includes both
sel ection of the optimal values of the design variables under the control of
the experinenter and the optimal nunmber of observations of each selected
value. Solution of this problem [see Figure 1, and Conlisk and \Watts (1969)]
invol ves mininmizing an objective function, equal to a weighted function of the
covariance matrix of the estinmated parameters (where weights indicate the
a priori inportance attached to precise estimation of each variable) subject
to a cost constraint on the experinent. The application of this technique to
the creation of an epidemiological data base is straight forward. However
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again the estimator risk of this procedure depends on the risk associated with
the exclusion of variables fromthe design matrix, the choice of functional
form and the choice of nodel to be estimated.

Choi ce of Density Function for Dependent Variable

The assuned density function of the dependent variable, and hence the
error term has been limted to the nornmal distribution for purposes of
regression analysis throughout the economcs literature. However, in many
cases, the assunption of a normal density is unwarranted. \Wen the dependent
variable is a positive-valued variable representing either tine-to-failure for
a systemor the nortality or norbidity rate for a specific population,
previous enpirical evidence yields strong priors which argue against the
validity of a normal density. In fact, a substantial body of biomedica
literature [see Kalbfleisch and Prentice (1980)] has nmade substantial use of
non-normal nodels. The consequences of incorrectly assunming a normal density
are estimator bias, since the parameters describing the likelihood function
are incorrect, and possibly a loss in efficiency. Researchers in the
bi onedi cal area have adopted two principal nodels relying on non-norma
density functions for the dependent variable in regression analysis. The
first involves formulating a parametric regression nodel based on the
generalized F distribution. Paranetric restrictions on this distribution
specialize it to the Weibull (which further specializes to the exponential),
the generalized Gamma (which further specializes to the Ganma), the |og
l ogistic, and the log nornmal [see Kalbfleisch and Prentice (1980)]. Although
hypothesis testing for nested densities has been carried out using ME
pre-test estimators, we recommend use of the positive-part Stein-rule
estimator for the reasons discussed above. The second principal type of
non-normal regression nodel is the partially paranetric Cox (1972)
proportional hazards (CPH) nmodel or a non-proportional hazards generalization
thereof. The CPH nodel is ternmed partially non-paranetric because, with the
introduction of appropriate paranetric restrictions, it specializes to the
Weibull and experinmental regression nmodels. In the case of a discrete
dependent variable, the CPH model specializes to the logistic nodel. [See
Kalbfleisch and Prentice, (1980, pp. 36-37)]. The CPH model has recently been
applied to an increasingly w de nunmber of regression problenms attenpting to
explain systemtinme-to-failure. The choice of a partially non-parametric
model such as the CPH nmodel in lieu of one of its nested counterparts (e.g.
the Weibull or exponential regression nodels) is again based on mnimm risk
Estimated paraneters fromthe CPH nodel will have less bias that those from
the nested nodels, but will be less efficient. However, Kalbfleisch and
Prentice (1980) indicate that the CPH estimator possesses excellent relative
asynpotic efficiency as well as small sample efficiency conpared to nested
alterations. Thus, although the evidence regarding efficiency and risk is not
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conpete, the CPH nodel appears to afford a considerable increase in
flexibility with little increase in risk. Additionally, it allows testing for
and accepting its nested densities. The alternative of inposing one of the
nested forms appears to offer little gain in efficiency at the risk of

consi derabl e increase in bias.

A CRITICAL REVI EW OF THE DOSE- RESPONSE LI TERATURE

Over the past decade nunerous studies of the economc value of the
adverse health effects from air pollution have been carried out by economsts
and epidemologists. The ultimate goal of these analyses has been the
estimation of defensible functional relationships between dose and response,
and then to estimate the resulting economic |osses, so that narginal benefits
of pollution reduction can be derived fromthem The optinal |evel of
pol lution control can then be determ ned where the narginal benefit equals the
margi nal cost of additional pollution reduction. Recently, substantial
controversy has devel oped over the adequacy and validity of certain
met hodol ogi cal approaches and empirical results of studies quantifying
dose-response relationships.

In general, there appears to be a mniml attenpt in this literature to
utilize prior information to fornulate and test restrictions of the type
previously discussed.

Al'though the health effects of air pollutants have long been studied in
| aboratories by toxicologists, there appears to be linmted use of this
information in non-laboratory studies by epidemologists. Laboratory
experiments on aninals allow careful control of the level of individual
pol lutants, other covariates, and a detailed record of response. These
studies, therefore, have been useful for identifying potential human health
effects.

Laboratory experinents with human subjects avoid extrapolation from
animal to man, but raise other concerns, such as ethical
considerations and practical difficulties in studying long-term

exposur es. In addition, laboratory studies cannot duplicate the
activity patterns and pollutant mxture experienced by free-1iving
popul ations. Wthin these constraints, experinents involving human
subjects can be conducted and used to establish 1leyels at which
adverse responses occur after short-term exposures .= Despite their

limtations, nuch of what has been learned from |aboratory studies could
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be enmpl oyed to provide structure for epidemiological studies. However, many
epidemiological studies appear to ignore nuch of the toxicological literature
by assuming linear dose-response functions, thereby failing to investigate
possible , Sy nergistic effects among pollutants and other inportant persona
factors="as well as nore conplex non-linear mathematical dose-response nodel s
based on non- nz;mal di stributions, which have been observed by
toxicologists.—

Studi es of occupational groups have been suggested as another source of
information. Although such non-experimental studies may allow accurate
estimates of exposure, the mix of pollutants and concentrations in workplaces
is usually different than the mix in the general ambient air. Exposures are
for only work hours rather than the entire day. Tenperature and hunidity
conditions are also likely to differ in inmportant ways from those
experienced by the general population. The very young, elderly, and ill are
not included. There is considerable selection by the enployer and
self-selection by the worker, so that those with current disease or those who
are nore sensitive or nore susceptible are found among the enployed |ess
frequently than in the general population. Consequently, one cannot
extrapolate from findings for occupational groups to the general population.
On the other hand, if an association between an air pollutant and a health
effect is found in an occupational setting, we would expect a greater
association in the general population, if exposed to the same level of the
particular pollutant.

In view of these limtations, nost of the relevant infornmation about the
health effects of air pollutants at |evels of exposure near present anbient
conditions nust cone from observational studies of the general population.
Here, too, there are linitations with respect to estimating exposure and
nmeasuring health effects. Uncontrolled variations in ambient pollution |evels
make it difficult to deternmine whether nmean concentrations, peak
concentration, the variance, or some other neasure of air pollution
concentration is the nost inportant deternminant of health. Additionally,
pollution data are usually obtained from outdoor nmonitoring stations, but the
actual exposure burden can vary greatly between individuals even living in the
same nei ghborhood. CQutdoor mcroneteorology and indoor environnent can sig-
nificantly alter exposure [Benson, et al. , (1972)1 . This inprecision tends to
bias estimated associations between air pollution and health effects toward
zero. Mreover, health endpoints, including frequency of synptons, |ung
function, hospital adm ssions, and cause of death also are neasured with
substantial variability. \Wen an association between air pollution and health
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is found, a high degree of collinearity between pollutants and the possibility
of conplex chemcal interactions may make it very difficult to associate any

health effect with a single pollutant.

Mich of the recent work in air pollution epidemology has focused upon
estimation of a linear regression nodel based on the assunption of a norna
error term where a nmeasure of the incidence of nortality or nmorbidity is
regressed on air quality and other covariates. Many covariates are “personal”
factors such as diet, smoking habits, exercise, medical care, age, sex,
occupation, income, and genetic predisposition--while others are environnenta
factors-- such as quality of drinking water, toxic contamnation, tenperature,
humi dity, and exposure to allergins.

Many epidemiological studies originating in the bionedical disciplines
and sanctified in existing Federal clean air |egislation, assunes a positive
| evel of air pollution orsyhreshold bel ow which no individual will suffer a
decline in health status.= However, this assunption is clearly a testable
hypothesis.  The first attenpt to enploy regression analysis to investigate
the health effects of particulate and sulfate air pollution (i.e., principally
stationary source pollution) at a national |evel without the presunption of a
t hreshol d was the pathbreaking effort of Lave and Seskin (1970). Using a
cross-section of 114 U S. metropolitan areas, they enployed single equation,
ordinary-| east-squares nethods to regress 1960 nortality rates upon ambient
concentrations of sulfates and particulate, and other denographic and socio-
econom ¢ variables. However, they maintained rather than tested the
hypot hesi s that personal factors such as nedical care, snoking, and ingestion
of fat and al cohol were distributed independently of pollution levels. Thus ,
Lave-Seskin's analysis is imrediately suspected of omtted variabl e bias,
since there is substantial evidence that these factors synergistically
interact with air pollution. They tentatively concluded that air pollution
caused statistically significant health effects.

This original study has inspired a substantial nunber of simlar studies,
including the culmnating effort of Lave and Seskin (1977). Included in this
list are studies by Gegor (1977), Wza (1978), Mendel ssohn and Orcutt (1979),
Seneca and Asch (1979), and Lipfert (1979) involving the nortality effects of
sul fur oxides, sulfates, and particulate, and Schwing and MDonal d (1976)
involving the nortality effects of carbon nonoxide, nitrogen dioxide, hydro-
carbons, and photochemical oxidants. Studies of the norbidity effects of air
pol lutants include those by Jaksch (1973) and Seskin (1979). These nortality
and norbidity, without exception, all have discerned a significant inverse
associ ation between nortality rates and one or nore air pollutants, and in
general these studies enploy the nmodel and functional form of Lave and Seskin.
The results of these and nore recent studies, which significantly question the
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validity of the Lave-Seskin assunptions and results, are summarized in Table
1. v.k. Smith (1977), who used data for 50 U S. netropolitan areas in

1968- 1969, applied versions of the Ransey (1969) tests for specification error
in the general linear nmodel to 36 different single equation specifications.
These specifications were similar, and often identical, to those greeted with
the nost approval ky Lave-Seskin, and others. None of the specifications
could pass all of the Ramsey tests at the 10 percent level, although four
passed all tests except that for non-normal errors which was rejected by all
specifications. This result is particularly disturbing. Since Lave-Seskin
estimated a linear single-equation nodel, the change or variable theorem
indicates that the dependent variable, nortality rates, are also non-normally
distributed. Thus, maxinmum likelihood techniques should have been enployed to
estimate a non-nornmal nodel, e.g., the Cox proportional hazard nodel or the
Weibull or exponential regression nodels which are restricted cases thereof.
This analysis could even be extended to include Bayesian prior distribution
qguality and other socio-economic and denopgraphi ¢ variabl es.

Second, Thibodeau, et al. (1980) report on a linited reanalysis of the
Lave and Seskin data. While they did notargue the existence of a
heal t h-pol | uti on association, they questioned Lave and Seskin's nethodol ogy.
In particular they found significant lack-of-fit and their reanalysis resulted
in estimted effects which differed considerably from those reported by Lave
and Seski n.

In a recent nonograph, Crocker-Schulze, et al. (1979, pp. 24-71) analyzed
1970 nortality data from a cross-section of 60 cities while trying to correct
for potential onitted independent variable and sinultaneous equation
m sspeci fication. Addi ng neasures of medical care, cigarette consunption, and
diet to the single equation Lave-Seskin, specification, they found a
nonstatistically significant effect of nitrogen dioxide, total suspended
particulate, and sul fur dioxide upon the rate of total nortality,—in sharp
contrast to the results of Lave and Seskin. Retaining the former variables
and accounting for the plausible simultaneity between health status and
medi cal care did nothing to inprove the statistical significance of the three
air pollution variables. On the presunption that these findings were
sufficient to denmonstrate the lack of robustness in the Lave-Seskin type
results, the authors did not go on to account for the obvious simltaneity
between nedian age (or incidence) and several other plausible sources of
simultaneity.

The results of Crocker-schulze et al. (1979) , indicating that
the Lave-Seskin type of analysis suffers from omtted variable bias,
are gi ven addi ti onal support by G aves, Kr unmm and  Violette
(1979) who found significant synergisns between pollutant |evels and
per sonal factors in explaining mortality rates. Thus ,
Lave-Seskin should have tested rather than maintained the hypothesis
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TABLE 7.1

A SUMVARY OF EPI DEM OLOG CAL STUDI ES OF AIR POLLUTI ON

The Effect of Air Pollution on Human Morbidity and Mortality

Mrtality

Aut hor

Lave and Seskin (1970)
(1977)

Crocker et al. (1970)
nodel ; |inear

regression of
si mul t aneous
equati ons

Li pfert (1979a)
nodel ; |inear
regressi on

G egor (1977)
nodel ; |inear
regressi on

Seneca and Asch (1979)
nmodel ; |inear
regressi on

Wyzga (1978)
model ; |inear
regression wth
| agged dependent
variable

Mbdel and
Functional Form

genera
l'i near

genera

linear nodel;
regressi on

[ i near

sulfur di oxi de a
and particul ate

genera

[ i near

particul ate, and
Sul f ates®

genera

[ i near

particulatesa

genera

[ i near

and sul fur dioxide

genera
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[ i near

Pollutants Used
to Explain Leve
of Dependent

Vari abl e

sul fur oxides and
particul ate

nitrogen di oxide

sul fur dioxide

sul fur dioxide

sum of particul ate

particul ate



Mendel ssohn and Orcutt
(1979)
regressi on

Schwing and MDonal d
(1976)

Morbidity

Aut hor

Jaksch (1973)

Crocker et al. (1979)

Gaves and Krumm (1979)

Seskin (1979)

a Indicates dependent variable explained by persona

TABLE 2.1 (continued)

general |inear
nodel , |inear
and sul fur dioxide

general |inear

nodel ; |inear
regression, ridge
regression, and sign
constrained | east
squar es

Model and
Functional Form

general |inear
nodel ; |inear
regressi on

general |inear
model ; |inear
regression and
recursive |inear
regression

general |inear
nodel ; second
order Tayl or
expansi on

general |inear model;
| i near regression
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sul f at es
carbon nonoxi de

hydr ocar bons and
nitrates®

Pol lutants Used
to Explain Level
of Dependent
Vari abl e

. a
particulates

ni trogen dioxide
sul fur dioxide
and particulatea

sul fur dioxide and
particul ate

photochemical
oxi dant

factors as well as air



that personal factors are independent of air pollution with the framework a
sinul taneous equation Box-Cox nodel

The results obtained by Vv.K. Smth (1977), Thi bodeau, et al. (1980), and
Crocker-Schulze, et al. (1979) cast doubt upon the robustness of the Lave-
Seskin, et al. estimates, in spite of the no-threshold perspective enbodied in
these estimates. These doubts are particularly bothersome when the results
are extrapolated to project pollution regulation inpacts. Nevertheless,
before dismissing the hypothesis of an inverse relation between everyday air
pol lution levels and health states, it nust be recognized that Lave-Seskin,
et al.,_may have been asking nore of their data than it was capable of

giving.— Less than one in every 100 people dies in the U S. each year. No
bi onedi cal authority asserts that air pollution is the domi nant cause of the
deaths that do occur. Many take the view that it is the direct cause of no

nore than a small fraction of these deaths, although they would agree that it
may be quite inportant in intensifying predispositions toward nmortality.
However, the general properties of the underlying processes that encourage
this predisposition are ill-understood. Thus, even with quite |arge sanples,
avai |l abl e estimation techniques and a priori know edge may be inadequate for
di stinguishing the nortality effects of air pollution in a human popul ation
sanple froma host of simlar and plausible mnor contributing factors.

The possi bl e inadequacy of many available techniques for estimating the
exi stence and/or magnitude of air pollutant-induced nmortality applies with
special force, given the data Lave-Seskin and their successors had to enploy.
Their work can be interpreted as an attenpt at establishing the probability of
a representative individual currently residing in a representative region
dying in a given year from a geographically representative |level of air
pol lution. Lave and Seskin justify their use of cross-section regional data
on the grounds that these data reflect |ong-run adjustments by capturing
response to pollution levels that have existed for |ong periods of tinme.
Clearly, this assunption is questionable for many areas where pollution |evels
and popul ations at risk (due, e.g. , to in and out mgration) have changed over
time. In addition, since they had no information about the distribution of
covariates including air pollution across urban areas, the idenfg ying
variabilities of their sanples were perhaps drastically reduced.=-¥en this
relatively low variability of the sanples is coupled with what are probably
substantial neasurement errors in the air pollution variables, attenpted
corrections in nmodel specification may serve only to misinform

The preceding remarks lead us to three conclusions. First, given the
bi omedi cal and economi ¢ subtleties inherent in conprehending the etiologies of
air pollution-induced nortality and norbidity, the estimates obtained from
aggregated data used in the great bulk of extant studies are unlikely ever to
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be sufficiently conpelling to establish a consensus. Only when physiol ogica
model s are coupled with observations on individuals can we expect conpelling
evi dence. Second, statistical power should be substantially increased if
research concentrates on norbidity rather than nortality. The frequency, and
most likely the identifying variability, of norbidity data appears to be
greater than that for nortality data by a factor of fifteen or twenty.

Geater variability is also expected with nore disaggregated data sets on
nmortality or nortality for the same reason. Finally, because one's health
status is influenced by choices about |ifestyles, environmental and
occupational exposures to possible toxics, and other health-influencing
factors, econonmics can provide a priori hypotheses and an anal ytical framework
to lend additional structure to epidemiological investigations. The
researcher can then further narrow the relationships with which observed rea
worl d outcomes can be conmpared. That is, the limted prior information from
the existing epidemiological studies contribute something worthwhile to our
goal of parsinonious data collection, but still confronts us with an
enornously |arge paraneter space, many el ements of which could be
insignificant for human health status. The nore correct a priori information
we can introduce to the problem the greater the reduction in estinmator risk.
Gven that health effect estimtes are to be used for valuation assessnents,
efforts to reduce the severity of this tradeoff becone particularly

wor t hwhi | e.

A CRITICAL REVIEW OF THE VALUATION OF HEALTH EFFECTS LI TERATURE

Econonic Valuation of Mrtality and Mrbidity

Two principal nethods of valuing nortality have been utilized in the
enpirical studies valuing human health. The first involves calculating the
di scounted present value of earnings lost due to nortality or norbidity [see
Wi sbrod (1971) and Cooper and Rice (1976)]. This is generally agreed to be
an incorrect neasure of the true value of nortality and morbidity, whose
theoretically correct neasure is either the willingness-to-pay to avoid
mortality or the conpensation required to voluntarily accept such adverse
effects.— At best, the discounted present value neasure is a very linted
estimate of the value of life (e.g., zero for the unenployed or retired) and
does not allow for observed trade-offs in the job market between wages and
risk of death or injury.

The second nethod of valuing nortality and norbidity involves estimting
willingness-to-pay for risk reduction from 1) surveys or questionnaires; 2)
wage prem uns for hazardous occupations; and 3) the cost and estinated
ef fectiveness of safety devices. An individual's wllingness-to-pay for a
smal| reduction in the probability of death is generally extrapolated to
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calcul ate the value of statistical 1life,

Two willingness-to-pay surveys have been conducted to estimate the val ue
of life. Acton (1973) asked a sanple of 37 Boston area residents to state
their willingness to pay for energency coronary care facilities which would
reduce the probability of a fatal heart attack. Fromthe responses, Acton
estimated a value of life of less than $100,000 ($ 1978). Jones-Lee (1976)
estimated a far higher value of life in excess of $6 million ($ 1978) for
safer air travel, by asking travelers their wllingness to pay higher fares to
travel on airlines with lower probabilities of a fatal crash. However,
difficulties in obtaining reliable estimates to theoretical questions arise
because of incentives for strategic behavior, e.g., with public goods, and the
l[imted ability of the individual to nmake an accurate determnation of
preferences in hypothetical situations. See Freeman (1979) for a discussion
of attenpts to overcone various types of strategic bias.

A nore fruitful approach has been taken by a nunmber of studies attenpting
to neasure the value of life fromdata on wage differentials in hazardous
occupations. Thaler and Rosen (1976) analyzed a sanple of 900 individuals in
37 high-risk occupations taken fromthe records of the Survey of Economc
Qpportunity.  They explained wage differentials among these occupations wth:
(1) the extent to which the risk of accidental death exceeded the expected
average fromstatistical life tables; (2) regional and urban dumy variabl es;
(3) denographic characteristics; and (4) job characteristic and occupational
dummy variables. By extrapolating risk to zero, Thaler and Rosen calcul ated a
value of life ranging from $273,000 to $508,000, with a best estimate of
$391,000 ($ 1978). Using the sane data on wages but different estimations of
occupational risk, R.S. Smith (1976) obtained substantially higher estimates
of the value of life, ranging from$2.2 million to $5.1 mllion ($ 1978).
Finally, using a different data set, Viscusi (1976) obtained estinates ranging
from$1.8 to $2.7 million ($ 1978) for blue-collar workers.

Three caveats nust be applied to the use of these estimates. First, they
represent the value of narginal changes in the probability of death extra-
polated to a zero probability of death. If the marginal valuation of
different probabilities varies significantly, this extrapolation nay be highly
biased. Secondly, the willingness to pay neasured by these studies nost
likely is associated with accidental death and excludes the value of the
disutility associated with the norbidity, pain, suffering with characterize
fatal but chronic diseases such as cancer. Thus, these estimtes nay
understate the willingness to pay by the general population. Finally, data on
risk by occupation are not corrected for the fact that omtted persona
characteristics are often associated with high risk jobs which account for
non-job related deaths. Thus , a certain conponent of increased nortality
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cannot be associated with a correspondi ng wage differenti al

Studies estimating the willingness to pay by the general population for
risk reduction as evidenced in consuner purchases of safety devices include
t hose by Blomquist (1979) and Dardis (1980). Blomquist (1979) developed a
sinple life-cycle nodel of individual life-saving activity and estinmates a
value of life based on autonpbile seat belt use. Solution of his sinple
utility optimzation model yields the first-order condition that the margina
val ue product of reduced nortality plus the marginal value product of reduced
morbidity equals marginal cost. Blomquist then used probit analysis to
explain the incidence of seat belt use with a set of denpgraphic variabl es,
length of work trip, speed limt, labor wealth, and wage rate. This fitted
equation, evaluated at the nean of the data is equated to the net nargina
benefits of seat belt use, up to a factor or proportionality, equal to the
vari ance of the dependent variable. Assuming zero time and disutility costs
of operation, the inplied value of life is solved fromthis equation. Hs
estimtes of the average value of life, based on a non-random sanple of about
5,500 households in A Panel Study of Incone Dynanmics, 1968-1974 is $370,000 ($
1978) . However, Blomquist relies heavily of the estimated wage coefficient in
the profit equation to estimate the variance of the dependent variable. To
the extent that the wage rate does not accurately reflect value of life, these
estimates will be biased.

Dardis estimates willingness to pay for risk reduction by exam ning data
on consumers’ voluntary purchase of snoke detectors and their expected
reduction in the incidence of death by fire. He estimates the annualized cost
of snoke detectors per household based on a catal og purchase price, life
expectancy of ten years, an average of 1.5 snoke detectors per househol d, and
di scount rates of 5%and 10% Then under the assunption that 13% of
househol ds in 1976 were equi pped with detectors, that only 80% of these were
functional, and that these functional detectors provided only 45% protection,
the total deaths in the absence of functional detectors was estimated at
6,492. Savings of life fromthe provision of snmoke detectors in each
househol d was then estimated at 2,337 (equal to_.8 x .45 x 6,492) for a
probability of reduction in death of 3.16 x 10 ~ for all househol ds.

Combining this probability with the annualized cost of snmoke detectors yiel ded
estimtes of the value of life to purchasing househol ds ranging from $293, 000
to $341,000 ($ 1978). The estimated value of life to the entire population
was considerably less - ranging from $157,000 to $175,000 ($ 1978).

Al'though the behavior of the general population is observed in these two
studies of consuner safety devices, there are many inportant shortcomngs to
their work. The first two caveats associated with the wage rate willingness
to pay studies also apply to the studies by Blomquist and Dardis. In
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addition, the nost serious problem wth Dardis' approach is that the total
value of consumer willingness to pay cannot be accurately estimted using the
selling price of the safety device. Clearly, many consuners with higher

subj ective probabilities of risk would pay far more than the nodest price of
the detector, whose production costs are substantially |owered by scale
econonies. However, the enpirical inportance of this bias is not clear. In
l'ight of these shortcom ngs, we suggest the follow ng theoretical structure
for hypothesis testing in valuing health effects.

The problem of valuing health effects is the discovery of the rates at
which individuals are willing to substitute air pollution-induced changes in
health status for noney or its equivalent. The conceptual framework enployed
in the great bulk of the work on the demand for health is the household pro-
duction nodel, particularly its human capital versions [Gossman (1972),
Crocker-Schulze, et al. (1979, pp. 137-149)]. In this franework, the indiv-
idual or famly unit is viewed as a firmattenpting to naximze utility
subject to constraints on the household budget and the production of goods and
services which yield utility. Market goods and services are purchased and
conbined with the tine of various fanmly menbers in production. Household
nmenbers are therefore inplicit demanders of their own tine resources as well
as of the factors, including health status, that influence what they are able
to do with these tine resources. The framework is useful for studying the
value of air pollution-induced health effects because: (1) it assesses
i ndividual well- being by “full income”--the value of all the individual’s
tinme, including time passed in productive nonmarket activities such as raising
children--and not nerely by his money income; and (2) it provides a nmeans of
introducing a priori information on behavior of organ systens into a health
production function

Wthin the househol d production framework, changes in behavior due to a
change in air pollution-induced health status flow fromthree nmjor sources.
First, a change in health status can change the income and wealth positions of
some individuals, thus changing the amount and possibly the mix of
“commodities” these individuals consume. Second, changes in health status may
i nfluence the type of income sought by the individual. [Individuals can be
expected to shift their efforts and investnent patterns toward obtaining those
types of incone that yield the highest net return for expended tinme and noney.
Al ternatively, because of increases in the difficulty of internal financing,
reductions in self-investnent, job search schooling, on-the-job-training, and
mgration may occur. Finally, various incone support prograns as well as the
i ndividual's social reputation are contingent upon others’ perceptions of
one’'s health status. Therefore, to the extent possible, individuals will tend
to tailor their self-reported health status to increase their chances of being
categorized in a nmanner offering themthe nbst advantageous tinme and noney
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terms.

Thus, changes in wage rates and inconme will reflect, to a degree, changes
in health status. \Wges, which are the nost inportant source of income for
most househol ds, are fairly accurately reported in nost data sets. However
this by no means inplies that they are free of measurenment error and ot her
probl ens. There are” at least three major difficulties with nost wage data.

First, the individual’'s behavior is based upon his nmarginal, not his
average, wage rate. The marginal wage rate is net of taxes and it nust be
adjusted for fringe benefits and for the cost-of-living. Since marginal and
average rates obviously differ for all persons subject to progressive inconme
taxes, failure to take account of these taxes will bias toward zero the
estimated coefficient relating hours worked to wages.

Second, the wage rate used for estimation should distinguish between the
permanent and the transitory conponents of wages [J.P. Smith (1977)]. The
observed wage rate may be systematically related to the wages the individua
expects to receive in the future. Ignoring anticipations regarding wage
profiles over the life cycle can lead to seriously biased results. For
exanple, if people who currently receive relatively high wages anticipate nore
steeply sloped wage profiles than do low wage people, the effect of current
wage on |abor supply is likely to be underestimated. To help control for the
effect of differences in permanent and transitory wages, J.P. Smith suggests
estimating expressions using cross-sectional data on narrowy defined age
groups.

Third, data must be provided that allows the inputation of wage rates for
nonwor kers, many of whom adopt this status because of health problems. (ne
solution is to inpute a potential wage rate for nonworkers on the basis of the
wages observed for healthy persons of otherwise simlar characteristics for
whom wage data is available. Gonau (1974) shows, however, that this
procedure will overstate wage rates for individuals belonging to groups with
| ow | abor market participation rates.

Changes in incone can occur for reasons other than changes in the wage

rate. In particular, it is necessary to know the individual's and the
househol d’ s nonemployment i ncome flows. For nost househol ds, the prinary
sources of nonenpl oynment income are the honme and the autonobile. Ignoring the

nonnonetized returns from these assets can seriously bias estimated relations
bet ween changes in incone |levels and changes in behavior. J.P. Smith (1977)
suggests that the problem of inputing values to nonmonetized assets can be
avoided if subsamples are defined to include individuals who are at the sane
point in their life cycles and have had sinmilar wage paths and other factors
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that may influence their time allocations over the life cycle.

Anot her inportant determnant of individual income is the amount of |abor
the individual supplies. Because of disequilibria in |abor markets, the
actual hours of enploynment for some persons may differ substantially fromthe
nunber of hours they wish to work at the wage rate they receive [Ashenfelter
(1977)]. \en assessing the value of air pollution-induced changes in health
status, we wish to know the changes in actual hours worked

Al'l of the above wage and |abor supply responses may differ among various
types of people; that is, the characteristics defining types of people may
interact with the explanatory variables of the expressions to be estinmated.
Wien these characteristics are exogenous, and when the existence but not the
formof the interaction is known, the sanple nust be stratified so that
separate estimtes can be made for each type. Failure to do so can lead to
seriously msleading estimates. Crocker and Horst (forthcom ng) have shown,
for exanple, that reductions of the earnings of workers in the same occupation
exposed to near-identical anbient concentrations in Los Angeles vary between
zero and nine percent. Pooling these workers would have inposed statistically
unacceptabl e restrictions. In light of the preceding discussion of the
optimal use of prior information we draw the followi ng conclusion: in the
absence of prior information and hypothesis testing, the “ideal” data set
cannot be specified. One can only say that data on all imaginable factors
that affect health status, will not be ideal since it will produce intolerable
risk. To minimze risk, we nust introduce priors from accunul ated statistica
evi dence to structure testable hypotheses about functional form
dimensionality of the parameter space, the nodel, the values of the design
matrix under experinmental control, and the density of the dependent variable,
and we nust enploy optimal test procedures otherwise, there is no optinmal way
to judge the value of a data set. A good approxi mate specification of what
woul d be ideal nust therefore wait upon the results of explorations of what is
gai ned by inposing nore structure on existing data sets. For exanple, the
introduction into the nodel structure of expressions for metabolic processes
and organ system functions can provide identifying restrictions for the
paraneters of the self-reported disability, even though such data are scarce.
O course, the nost conplete identifying restrictions would be obtained if
direct observations were available on these processes and functions. A data
set having these observations could then be used to assess the gains from
i ncl udi ng expressions for these undeserveable processes and functions in the
model structure relative to the gains from having direct observations on them
Gven the likely expense of collecting accurate data on organ system
functions, for exanple, a prior assessment of the size of these gains seenms a
wort hwhi | e i nvest nent.
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steps in the causal chain in Figure 1 as the HES data set. This is the Health
Exam nation Survey (HES) data set collected fromlate 1959 through 1962 for a
nationwi de sanple of 7710 adult, civilian, noninstitutionalized individuals
[National Center for Health Statistics (1965)]. Gven the early date of the
HES data set and the broadness of its locational information (counties or sets
of counties) , nore measurement error than usual would be introduced when the
set was matched with air pollution information. However, as Leaderer (1979)
has suggested, visibility information from airports mght serve as a very
adequate proxy for fine particles which are suspected as the major source of
heal th inpairment from air pollution.

CONCLUSI ONS AND RECOMMENDATI ONS

Nei t her epidem ol ogi sts nor economsts are yet able to provide estinates
of the health consequences of air pollution with sufficiently reliable
hypot heses to carry out a defensible cost-benefits analysis. The range of
uncertainty is unacceptably large. A traditional response to unacceptably
| arge ranges of uncertainty is a plea for undertaking a fresh data collection
effort. To say that one wants all “feasible” information on individuals’
genetic and social endownents, netabolic processes, organ system functions,
past and present |ife-style habits, risk exposures other than air pollution,
attitudinal variables related to stress, indoor and outdoor air pollution
exposures, family characteristics and enploynent opportunities, as well as a
history of tine and budget allocations is to say little. Mninization of
estimator risk requires physiological and economic nodels to specify testable
hypot heses and hence to guide the data specification. A great deal of
rel evant economc information will have been made available when the neasures
of labor supply, wages, and income described in the previous sections are
generated. Snoking habit information, diet, and occupational exposures appear
to be necessary. Beyond this, data sets nust be collected and explored wth
the explicit objective of mnimzing estimator form nodel selection,
experimental control of the design matrix, and choice of density function for
the dependent variable. This will require that nore attention be devoted to
the role played by organ system functions using data di saggregated to the
individual level. Expressions which purport to explain these functions, along
with expressions which explain tinme and budget allocations, will nost likely
becone the major sources of_a priori information that can be used to bound the
investigation. Thus, the epidemiologist is at the difficult position where
more testable hypotheses appear to be as inportant as nore data.
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