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1. INTRODUCTION

Many researchers have related exposure to ambient air pollution to
respiratory morbidity. To be included in this review and analysis, however,
several criteria had to be met. First, a careful study design and a methodology
that generated quantitative dose-response estimates were required. Therefore, there
was a focus on time-series regression analyses relating daily incidence of
morbidity to air pollution in a single city or metropolitan area. Studies that used
weekly or monthly average concentrations or that involved particulate
measurements in poorly characterized metropolitan areas (e.g., one monitor
representing a large region) were not included in this review. Second, studies that
minimized confounding ad omitted variables were included. For example,
research that compared two cities or regions and characterized them as "high" and
"low" pollution area were not included because of potential confounding by other
factors in the respective areas. Third, concern for the effects of seasonality and
weather had to be demonstrated. This could be accomplished by either stratifying
and analyzing the data by season, by examining the independent effects of
temperature and humidity, and/or by correcting the model for possible
autocorrelation. A fourth criterion for study inclusion was that the study had to
include a reasonably complete analysis of the data. Such analysis would include
an careful exploration of the primary hypothesis as well as possible examination
of te robustness and sensitivity of the results to alternative functional forms,
specifications, and influential data points. When studies reported the results of
these alternative analyses, the quantitative estimates that were judged as most
representative of the overall findings were those that were summarized in this
paper. Finally, for inclusion in the review of particulate matter, the study had to
provide a measure of particle concentration that could be converted into PM10,
particulate matter below 10 microns in diameter.

For this report, dose-response functions have been identified and adapted
from published epidemiologic and economics literature. These functions allow the
estimation of the change in health effects that would be expected to occur with

'Based largely on a working paper by B. Ostro.
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changes in ambient air pollution levels. For each health effect, a range is
presented within which the estimated effect is likely to fall, based on the
judgement of this author. The central estimate is typically selected from the
middle of the range of results reported in a given study or is based on the best
regression specification. The range of the estimate typically reflects the reported
standard error of the estimating regression coefficient.

2. PARTICULATE MATTER (PM10)

For the estimates, alternative measures of particulate matter must be
converted into PM10. Ideally, this would be accomplished by comparing
co-located monitors at each study site. Unfortunately, for many of the measures,
these data are not available, and we are forced to use broad estimates of the
relationships between alternative measures of particulate matter. The results of our
analysis of consistency, however, indicates that the findings are generally robust
to these assumptions. To convert from TSP to PM10, we relied on the estimate
of EPA 1982) suggesting that PM10 is between 0.5 and 06 of TSP, and use the
mean of 0.55. Using the reported averages from 100 cities in 1980, we assumed
that sulfates constitute approximately 0 14 of TSP (Ozkaynak and Thuston, 1987).
Therefore, the ratio of sulfates to PM10 is 025.

2.1 RESPIRATORY HOSPITAL ADMISSIONS

Plagiannakosand Parker(1988)usedpooledcross-sectionalandtime-series
data for nine counties in their Southern Ontario, Canada study, for the period 1976
to 1982. Their model attempted to explain all respiratory-related hospital
admissions for all ages as a function of several socioeconomic factors (education,
population over age 65, alcohol consumption); time; meteorology; and air
pollution including TSP, sulfates, and sulfur dioxide. There was no correction for
autocorrelation. The mean for TSP was approximately 70 [tg/M3, while the mean
for sulfate was approximately 12 �Lg/M3.

A statistically significant relationship was found between the incidence of
hospital admissions due to respiratory diseases (RHA) and ambient sulfate levels.
TSP was not statistically significant. We use the results from the regression
specification that used sulfate as the sole pollutant and which had the greatest
explanatory power. The estimated regression coefficient (b = 0336) provides the
basis for a central estimate, and we use plus or minus one standard error from the
coefficient (0 129) to generate high and low estimates. The original results of
Plagiannakos and Parker indicate the following relationship:
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percent change in Respiratory Hospital Admissions b * 109 SO4)

where:

RHA annual Respiratory Hospital Admissions per I 0,000 people
b 0.464 (upper estimate)

0.336 (central estimate)
0.207 (lower estimate)

3S04 annual arithmetic average sulfate in �tg/m

During the study period in Ontario, the annual average sulfate level was
approximately 12 tLg/M3 , and the recent mean level of annual respiratory ospital
admissions per 100,000 was 1450. These means are used to linearize the
function. Thus, the change in REA per 100,000 per unit of PM1 is
(0.336)(1450)(.25)/12 = 10. 15. The following ranges are calculated for the change
in annual admissions:

upper change in annual Respiratory Hospital Admissions per 100,000
= 14.02 change in PM10

central change in Respiratory Hospital Admissions per 100,000
= 10.15 change in annual PM10

lower change in Respiratory Hospital Admissions per 100,000
= 62 5 * change in annual PM Io.

The central estimate suggests that a I 0 tg/M3 change in PMW results in a
(101.5/1450) or 700 percent increase in RHA.

Supporting evidence for an . . ..... ............. .. . .. .. ..... . . ..... ..
.. ....... .. ..... ..... .. .. .. ............. .. . ...... ..... .. .. .. ..... ... . . ....... ... ... . .. . ..... . .. ..... ........ .. ... .. . ..... .. . . . .. . .. . . . ....... .. ........ .. ......... .. .. ..... .. ... .. .. .. .. . ... .. .. ..... .... ..... .. ... . ....... ... .. ... .. .. ............... ..... ..

effect of particulates on hospital ..... ..... ..... ..... ..... .... ... . .. ...... ..... ...admissions is provided by a study by .. ........ ...... .....::esp- t H
Pope (1991). This study assessed the . .. . ........ . . . . ...... ...... ........ ....... ...10. ..... ..... .. .. . ..

association betw een R H A and P M IO .... ....... .. .... ............. ........ .. .. . . .. ...... .. . . . ..... ........... . .... ... ...... . . ...........chwfte&�M.PMbetween 1985 and 1989 in several ...... .. . .. .. ..... .. .. . ... . ................. ............ ................ . . . . .. ..... ... ..... .. . .t h . ...... . .. . .. ...... . ...... .. ... ......... ..... ... ..
mountain valleys in central .. .... ....
Concentrations of sulfur and nitrogen
dioxide were low to moderate throughout the study period, and ozone
concentrations were low during the winter season, when RHA was elevated. This
study indicated that a 10 Vtg/m 3 change in PM10 related to a 89 percent increase
(range 79 to 99 percent) in one valley and a 27 percent increase (1.0 to 44
percent) in the other.
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2.2 EMERGENCY ROOM VISITS

Samet et al. 1981) analyzed the relationship between emergency room
visits (ERV) and air pollution levels in Steubenville, Ohio, an industrial town in
the idwestern United States. Daily
all-cause as well as respiratory-related .... ..... .. .......... .. .. .......... . . .. .. . . .. ........ .............. .......... ........... ..... .. .. .... .............. .. ................. ................... ..... . . ...........ERVs at the primary hospital in the ..... .. .... .... .......... ........ ............. ... ........ ..... .. .. .............. .. .. .. .. . .. ................. ........ .. .. ...... ..... .... ........ .. .... .. ................... .... .. .. . .. .. .. .. ............... .. .. .... . ...... ..... .. .... .. ... ... .. ........ ......................... ...area were matched with daily levels of :.:::.oo:�Vent 1. h. .. .. .... . ra r angajwannua............U...TSP, sulfur dioxide levels, and R....... .. .. .. .. y.:::� .... oom�j t N�per��:��. .. ........ .. .. . .. .. . ..........nitrogen dioxide levels for March, S. *��xhanke . .......... ...... ... .. . .. ........ . . ..... . . ..... .. ...... ....... .. .... ..... ..... . . ........ . . .. ....... .. ...... .. .. .......... .. ..... ... .. . ... .. .. .. .. ... ........... ..April, October, and November of 1974 4h ........... .. .... .. . . ... ........ . . . .. .. : ::.. A �.. k:_ 0 :1

................. ................ .. ........ .. . . .. .. .... .. ..through 1977. Daily all-cause and .. ..... ... ..... ..... .. ... ...... .. .... ... ...... .............. ..... ..... .. .. .. . .. . ..... .. .. .. ....... ... ... ................ ............... .. .. .. .............. .. .. ... .. .. .. .. .. .. ..... ... . .. .... ........ ... ... ... . .... . .... .... .. .. .. ...
respiratory-related ERV were regressed
on maximum temperatures and on
each of the pollutants in separate regressions. For each of these endpoints, both
particulates and sulfur dioxide coefficients were statistically significant in separate
regressions, but these measures were highly correlated.

We have selected the estimated regression coefficient relating TSP to
all-cause ERV for this effect and have used plus or minus one standard deviation
from the coefficient to generate high and low estimates. All-cause ERV is
reasonable to use since (1) some actual respiratory-related ERV may be
misclassified into other categories, 2) air pollution may relate to nonrespiratory
effects, and 3) the inclusion in the dependent variable of random elements not
related to air pollution will not bias the estimated regression coefficients. The
results obtained by Samet et al. 1981) indicate the following relationship:

change in daily ERV = .0 II change in daily TSP in Steubenville.

The standard error of the regression estimate is not provided, but since the
reported p-value is <0.05, we assume it to be 0.0055. Since the approximate
population in Steubenville during this period was 31,000, and PM10 is 0.5 of
TSP, we annualize this equation and obtain a central estimate of.

central change in annual Emergency Room Visits per 100,000
23.54 change in PM101

The upper and lower coefficients are 34.25 and 12.83, respectively.

2.3 RESTRICTED ACTIVITY DAYS

Restricted activity days (RAD) include days spent in bed, days missed from
work, and other days when activities are restricted due to illness. Ostro 1987)
examined the relationship between adult all-cause RAD in a 2-week period and
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fine particles (FP, diameter less than 25 microns) in the same two 2-week period
for 49 metropolitan areas in the United States. The RAD data were from the
Health Interview Survey conducted annually by the National Center for Health
Statistics. The FP data were estimated from -visual range data available for
airports in each area. Since fine particles have a more significant impact on visual
range than do large suspended particles, a direct relationship can be estimated
between visual range and FP.

Separate regression estimates were obtained for 6 years, 1976-1981 A
statistically significant relationship between FP and all-cause RAD was found in
each year and supported earlier findings (Ostro 1983) relating RAD to TSP. The
mean of the six coefficients is used for
the central estimates, and the mean of

.. .. . ..... .. . .... .the highest and lowest two estimates . ... . ...
are derived to establish the upper and . ... .......

.. .............. . .... es hel. iir�� av&�per�:�lower ranges. The form of the R 6' dA D.. . . . . .. . ..... . ..... . ... .estimated relationship was such that pgam Opera,: yddr�� =..O. 051 ii. ....... .. .............. ................the coefficient for FP gives the W:.XXX : Chan. hi..... ...... ....... . . .....percentage change in RAD associated ..... .. .. ..... . ...... ... ... ...... ... .. ..... ..... . ..... .....
with a unit change in FP.
Specifically, the results indicate that

change in RAD per adult per year b annual RAD * change in FP,

where the high, central, and low estimate of b are 00076, 00048, and 00030,
respectively.

To convert this function for our use, we use the following information
from the original study: the annual average RAD per adult was about 19 days,
and sulfates were 40 percent of FP. Therefore, we annualize the results and
convert from FP to PMIO� to obtain the following relationship:

upper change in annual RAD per person per year
= 00903 change in PM 105

central change in annual Restricted Activity Days per person per year
0.0575 change in PM10

lower change in annual Restricted Activity Days per person per year
.0356 change in PMIO.
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2.4 RESPIRATORY SYMPTOMS

Respiratory symptoms are an additional measure of acute effects of air
pollution. Results of Krupnick et al. (I 990) can be used to determine the effects
of particulate matter. This study examined the daily occurrence of upper and
lower respiratory symptoms among a panel of adults in Southern California. A
Markov process model was developed to determine the effects of air pollution on
health which incorporated the probability of illness on the prior day and controlled
for autocorrelation. Among the pollutants examined independently, coefficient of
haze (COH) was found to be statistically associated with the probability of
reporting a symptom (b = 00126, s.e.

0.0032). Available data (Fairley ... ..... . .. . ... ....... . ..........
1990) suggest a ratio of COH to PM10 . ....... . ....

. . . ........
of 175. The marginal effect of COH C 0pg. n #nnua OM ...... ... . ...... ........... .
was calculated by incorporating the dM :Peryear�pgrpe on'..�.=;
stationary probabilities as described in 2 65:..�. :��::Vhanee, iPM.Fluor:.
the paper. Therefore, using the results . .. . ..... ..
of regressions when COH was the sole
pollutant included as an explanatory variable, the following ranges were
determined:

upper change in annual symptom days per year per person
= 257 change in PMIO�

central change in annual symptom days per year per person
= 205 change in MW

lower change in annual symptom days per year per person
= 163 change in PM1 .

2.5 LOWER RESPIRATORY ILLNESS IN CHILDREN

Estimates of lower respiratory illness in children are based on an analysis
by Dockery et al. 1989) of children in six cities in the United States. The study
related annual concentrations of TSP, PM15, P2.5, sulfate and sulfur dioxide to
the presence of chronic cough, bronchitis, chest illness, persistent wheeze, and
asthma. These outcomes were noted during a health examination and intake
questionnaire taken of the sample of children in each city. A condition of asthma
or bronchitis required a physician's diagnosis in the previous year, while chronic
cough was defined as a cough being 'present for 3 months in the last year. A
logistic regression analysis was used to estimate the relationship between the
probability of a illness being present and the average of the 24-hour mean
concentrations during the year preceding the health examination. We focused on
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the results using M151 M2.5, and sulfates since they are most closely related to
PMIO. The.analysisofthesethreepollutantsforthefivedifferenthealthoutcomes
indicated above demonstrated that PM15 had a statistically significant relationship
to bronchitis and chronic cough. The other pollutant-morbidity associations were
positive but not statistically significant at the 95 percent level of confidence. The
results are applied to the population age 17 and be low (approximately 17 percent
of the total population). The basic findings that are used suggest the following:

log odds of health outcome = log [B/(I-B) = 002368 M15-

The change in the probability of the health outcome due to a change in PM,( can
be calculated since, after taking the partial derivative of the above, the following
holds:

dB = b p (I -po) * change in M,51

where:

dB = change in probability of outcome,

b = estimated regression coefficient,
p. = the baseline probability of bronchitis.

To determine the effect of a . . .. ... ... ..... ....... . .... .... . .. .... . .. .. .. .. ......... ....... ... .. .. ..... ......change in PMIO on bronchitis, we . ....... ..... ........ t tch.... ..... ... . . . . .. ..... . ... . . ..... ... ............assume a PMIO to PM,5 ratio of 0 .. .. . .. . . ......r WM0 W boq.. .. .... . .. .... . .. ....... . ......... .. ....... ........ ... ... .. . ... . .... .and use the baseline probability of .... . .. .
c' an9bronchitis of 6.47 percent. The central so.... .... ..... ... . ...estimate uses the estimated regression ........ ... .. ..... .I.. ......... ..... ........ ............. . ... ........ ..... ...... .. ..... ... .. ...... .............. . .......... . ... . .. ....

coefficient reported by Dockery et al. ii 666:6 6:
(1989) 0.02368), and the upper and
lower ranges are plus or minus one standard error from this coefficient 0.03543
and 0. 0 197).

Therefore, the central estimate for the effect of a unit change in PMIO
equals(O.02368)(1/0.9)(0.0647)(0.9353)=0.00160. Incorporatingtheabovedata,

the changes in the annual risk of bronchitis in children are estimated as:

upper change in annual proportion with bronchitis per year
0.00238 *.change in PMIO,

central change in annual proportion with bronchitis per year

0.00160 change in PMIO�

lower change in annual proportion with bronchitis per year
= 0.0008 change in PM,,.
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For chronic cough, the estimated coefficient is 00338, with a standard error
of 00170, and a mean incidence rate of 00577. Therefore, the risk of annual
chronic cough can be estimated by:

upper change in proportion with chronic cough per year,
= 000276 change in PM1O

central change in proportion with chronic cough per year,
= 0.001 84 change in PMIO

lower change in proportion with chronic cough per year
= 00009 change in PM,,,

2.6 ASTHMA ATTACKS
. . .... .. .. . .. . . .

. . . . .. ....
Several studies have related air Cen hral �94 lh:�

pollution to increases in exacerbation proportion. With% h HW�U C ro...
of asthma. For example, in a study of .. ..... . .... .
asthmatics in Los Angeles, 52� X0 peryear -

�A#0184. ��*��XhqwWhittemore and Korn reported a ......
relationship between exacerbations of
asthma and daily concentrations of
TSP and ozone (Whittemore and Korn, 1980). In a recent study Ostro et al.
(I 99 1) examined the association between several different air pollutants, including
sulfates, M2.5, and acidic aerosols, on increases in asthma attacks among adults
residing in Denver. A significant association between the probability of moderate
or severe asthma easured as shortness of breath, cough, or wheeze) and
particulate matter was found after controlling for temperature, day of study,
previous-day illness, and use of gas stove. The empirical relationship suggests the
following:

probability of an asthma attack = 077 log S4'

Using the reported sulfate mean of 211 �Lg/rn 3and the sulfate/PM10 ratio reported
above, a central estimate is obtained. The low and high range are generated using
plus and minus one standard error from the estimated regression coefficient.
These estimates should be applied to the approximately percent of the U.S.
population that are asthmatic (Evans et al. 1987). The estimates for increases in
the daily probability of an attack are

upper change in asthma attacks per person
0.0143 change in PMIO,
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central change in asthma attacks per person
0.00962 change in M101

lower change in asthma attacks per person
0.00487 change in PM10.

Supporting estimates of the .... ...................
.... . ....... .. .... ...... .. ......... .. . . ... ..................... X : - ... ..... .......................... ......... ........ ........ .. . .. .................... .. ..... ...... ........... ... ........ .. ..... . . ......... ... .. . ...... .............effects of air pollution on asthma are ....... ............. . .......��� h. Was 0C an. T11ma.... .. ............... . ...... ..p ro v id ed b y P op e et al. (19 9 1. T h is ....... .. ... ..............................................................m: X dh::: 0. 0962 ..........P. P. .......::�: .......... ... .... .... .. .... ...study exam ined the response to air . .... .. .. ..... .... ...... ... P: ........................... .. .. ...... . ............ ... ... ... ... ... ...... .. ....... .......... ..... .. ......... ........................ . ........ .. ....... .................. ...............pollution among asthmatics in a ......... ...... . ................ ..... ....................... ......

mountain valley in Utah. Separate
analyses were conducted for a sample
recruited through a school survey and one recruited through local private physician
practices. Subjects were asked to record, on a daily basis, peak expiratory flow,
upper and lower respiratory symptoms, and whether extra medication was used.
Air pollution, measured as PM10, was associated with diminished.peak flow in
both samples. Pollution was also associated with lower and upper symptoms
among the school-based sample, but not with the patient-based sample. 'The
authors attributed this to proper medical management, awareness, and averting
behavior among the asthmatics recruited from active physician practices. Finally,
there was a statistically significant association between PM, O and extra medication
use among both samples.

Since the use of medication is ......
......... .... .. ... . ... ......... .......... ... .......... ... ......... ........ . ................... ............... ..... .................. . .... ..... ...................... .. . .. ............. ... . .. .. ... ................. .. ........... . ...... . ......................... ..... .. .. .. ................ ..... ........... .. .. .............. .. .. ..... .. .. .. .. ........ ........... .. .. . ........ ........... ................... ................ .............. .. ........ .............................. .. ... .... ... ......... ................................... . .. ......................... .. .. .. .. ......... .... ..... ..... ............ . ..... .............. .. ..... ... .....

strongly associated with symptoms, we inN.Wra d M............. .............. : . . ........ ................................ ............................. .....use it as an comparison with the above ...... ............. ..................
:0 .....7 4 . ................estimates. The results suggest the .............................. ... .... ......... ..... ...... .. .........-an . .. ...... . ... .. ..� .: .. ... ...... ..... ......... ..............follow ing: .. ......... . .. .. . ... ......... .. ... .................. .. ............. ....... . .. .... .. .. ............ ..... ............. .................. ...... .... ....... .............................................. ........................................ ................................ ............

upper change in extra medication per person = 00076 * change in PM103

central change in extra medication per person = 00074 change in PM10,

lower change in extra medication per person = 00071 change in PM10.

2.7 CHRONIC BRONCHITIS

Abbey et al. 1993) compared health surveys of 3310 healthy, over 25
years old, Seventh Day Adventists in 1977 and 1987 and matched these surveys
to daily pollution concentrations over the I 0-year interval based on their residential
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location.' The study found that 71% of the subjects had developed clinical (not
doctor confirmed) cases of chronic bronchitis during the 10-year period. Logit
models were used to explain whether a subject developed a new case as a function
of a variety of exposure measures, including the average number of hours per year
that concentrations exceeded various cut-offs, and the average of concentrations
exceeding these cut-offs (including, apparently zero). The calculation of these
variables is unclear, particularly as particulate data are never reported in terms of
hourly concentrations. The most temporally detailed statistic is a 24-hour average
and measurements of TSP (or PM10) are generally taken every sixth day.
Additional explanatory variables included exposure to passive smoking, the usual
demographics, and occupational exposures.

The researchers found a statistically significant association between the
probability of developing a case of chronic bronchitis in I years and the average
annual number of hours exposed to TSP above 100 [tg/m'. However, no effects
were found for cut-offs below 100 �Lg/rn' (i.e., 75 and 60 �Lg/m) . Almost
parenthetically the authors also report significant relationships between chronic
bronchitis and the 10-year mean concentrations above various cutoffs 60 [Lg/m'
and above).

Regarding the first set of results, the authors say that their results "indicate
no significantly increased relative risks for levels [concentrations] at or below the
Federal standard of 75 [tg/m'." This statement deserves scrutiny. First, 75 �Lg/m'
was the annual TSP standard, but it was changed to a PMIO standard of 50 �tg/m'.
Converting the 75 �tg/m' TSP cut-off to PMIO (using the 0.55 PMWTSP ratio used
throughout our health effects analyses), the threshold appears to be 41 �tg/m PM,,,
below the PMIO annual average standard of 50 �tg . Second, given that the
key measure of TSP is "annual average hours over the cut-off," it is unclear if an
annual average standard is an appropriate benchmark. The 24-hour average
standard 260 �tg/m' for TSP, changed to 150 [tg/M3 for PM10) may be more
appropriate. In this case, there may very well be elevated chronic bronchitis risk
for areas in compliance with annual standards but with many hours exceeding this
standard.

As the air quality models and protocols we follow do not provide estimates
of the numbers of hours above the standard, the above results cannot be used to
estimate damages. However, as noted above, Abbey et al. 1993) also report
relative risks for different 10-year mean TSP exposures, which match well with
our estimates of changes in annual average TSP concentrations.

2This matching process was very complicated. There were no requirements that subjects live "close" to

an air monitoring station.
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From their Table 5, the relative risk to those exposed to mean TSP
concentrations of 60 [tg/m' is 136. This implies that the effect of a I �tg/M3

3change in TSP on the log odds ratio is 000512. The effect of any change in
TSP on the probability of a new case of chronic bronchitis is then (I-
0.071)*0.071*0.00512 = 338*10- * 10-year TSP. To convert to PM10 and to
annual cases we divide by 0.55 (the PMj0/TSP ratio) and by I years.' The
function is then applied to adults 25 years old and up.

The final issue concerns the threshold. Abbey et al. focused on peak TSP
readings because of their underlying model that repeated exposures to igh
readings are the problem rather than average exposures. As noted above, Abbey
et al. found significant effects of mean concentrations on chronic bronchitis risks
for persons exposed to 10-year average TSP concentrations of 60 [g/M3 but also
found a cut-off of 100 [tg/m' for effects on an hourly basis. This implies that a
sufficient number of peak hours were recorded over this period to contribute to
chronic bronchitis risks even though the average readings were 60 �tg/ni'. The
issue for our study is whether peaks and averages are related in a comparable way
in our reference environments to the areas in California examined by Abbey et al.
If TSP readings in our environments are narrowly dispersed around 40, 50, or 60
�tg/ni', then transfer of this dose-response function to our reference environnients
would be misleading. Accordingly, based on Abbey et al.'s results that significant
effects are not observed unless there are at least 1 0 days with TSP readings of I 0
Vtg/M3 or more, we will insist that this requirement be met in the reference
environments before the dose-response relationship based o the mean is applied.

3This is calculated from epx = relative risk 1.36, where is the estimated coefficient from the logit
regression and X is the TSP concentration 60). Taking logs of both sides, OX = n(l.36), and = 000512.

'It is likely that the cases of chronic bronchitis were bunched up towards the end of the 10 year interval
rather than evenly spread through it, as is implied by dividing by 10 to obtain an annual incidence rate. This
procedure results in an upward bias to annual damage estimates given the effect of discounting.
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3. SULFUR DIOXIDE

3.1 REVIEW OF STUDIES

Effects of sulfur dioxide S2) on the respiratory system have been
observed after either short-term (less than I -hour average) or longer term (24-hour
average) exposures. In controlled laboratory experiments of human volunteers
with asthma and others who appear to be sensitive to S21 short 5-10 minutes to
I our) exposures to S02 result in bronchoconstriction and increased lower
respiratory symptoms at concentrations of 020 ppm and above (Sheppard et al.
1980, 1981). At concentrations near 020 ppm S02, this effect is observed only
with exercise or voluntary hyperventilation. The current 1-hour standard in
California is 025 ppm, while the federal 3-hour standard is 0.5 pprn. For a
24-hour averaging time, the California standard is 004 ppm, versus the Federal
standard of 014 ppm.

Several recent epidemiologic studies indicate that changes in 24-hour
average exposure to S02 may affect lung function, the incidence of respiratory
symptoms and diseases, and risks of mortality. These studies have been conducted
in different geographic locations and climates, and with different populations and
covarying pollutants. Although many of these investigations also indicate that
particulate matter or ozone was associated with these adverse health outcomes,
several studies appear to show an effect of S2 where one from the other
pollutants cannot be demonstrated. Furthermore, in some of the publications
reporting an effect of both S02 and particulates, they are highly correlated, but in
others, the correlation of the daily levels is only weak to moderate. Thus, it is
possible to infer the possibility of an effect of S2 independent of particulate
matter. This section focuses on effects related to 24-hour exposure to S2'

Epidemiologic studies undertaken in several locations indicate that S21
acting alone or as a surrogate for other sulfur-related species, is associated with
increased risk of mortality. This includes studies in Athens (Hatzakis et al. 1986),
France (Derriennic et al. 1989; Loewenstein et al. 1983), England (Chinn et al.
1981), and Poland (Krzyzanowski and Wojtyniak 1982). Respiratory symptoms
and asthma exacerbation have also been associated with exposure to 24-hour
average concentrations Of S02- Unfortunately, most of the available studies do not
provide dose-response functions. Below, a brief review of several relevant studies
and available dose-response relationships are provided from respiratory morbidity.

Recent studies that provide quantitative evidence of an effect of S2 on
symptoms include Charpin et al. 1988), Bates and Sizto 1993, 1987, 1989,
1990), Ponka 1990), Dodge et al. 1985), Schwartz et al. 1988) and Schwartz et
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al. 1991). Dose-response information can be generated from the latter two
studies.

Charpin et al. (I 988) examined the effects of S02 on respiratory symptoms
in children in an area in proximity to a coal-fired power plant in France. The
study involved 450 children aged 9 to I I in eight communities, whose respiratory
symptoms were logged in a daily diary for one month by their parents. Symptom
scores were correlated with S2 and particle readings in each city. This analysis
showed that only in the two most polluted cities (mean 24-hour S2 levels = 146
�Lglm 3) were the correlations statistically significant. The incidence of both cough
(p < .05) and wheezing (p < .01) were significantly related to 24-hour S2

readings. In the other six cities, with lower S02 readings (but lower, equal, and
higher concentrations of respirable particulates relative to the first two cities), S02

was not correlated with symptoms. Annual averages of respirable particulate
concentrations (particulate matter approximately 35 microns in diameter) were 67
[,g/M3 in the highest towns and ranged from 77 to 22 �Lg/M3 in the other towns.
However, neither particles nor daily temperature were correlated with symptoms
during the one-month period of analysis. Since the particulate matter levels were
similar in the two areas, this study suggests that S2 (or perhaps other sulfur
compounds) was associated with adverse health outcomes. Unfortunately,
dose-response relationships were not provided and cannot be estimated from the
available data.

In a series of studies of hospital admissions in Southern Ontario, Canada,
Bates and Sizto 1983, 1987, 1989) examined the daily effects of sulfur
compounds (including both S2 and sulfates) and ozone. Summer and winter
effects were disaggregated to reduce the impact of seasonal variations and
influences. The 1983 study indicated an association in the summer months
between hospital admissions related to respiratory disease and concentrations of
S02 and ozone. This study took into account the potential confounding of
temperature, humidity, and day of the week. Unfortunately, the high covariation
between these two pollutants makes it difficult to determine the extent of any
independent impact of S2' Subsequently, Bates and Sizto 1997) incorporated
additional years of data and the measurement of abient sulfates. The correlation
analysis of the daily data indicated that during the summer, S2, ozone, and
sulfate were related to both asthma and other respiratory-related hospital
admissions. Again, however, daily concentrations of ozone, S2 and sulfates were
highly correlated.

More recently, Bates et al. 1990) analyzed hospital emergency visits in
Vancouver, British Columbia. The study involved emergency visits over a
28-month period from 1984 to 1986, including 8300 visits per year for acute
respiratory conditions. The data for both asthma and other respiratory-related
visits were correlated with several air pollutants for each of three age groups (ages
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1-14, 15-60, and 60+). Lower correlations among the pollutants were reported
in this study, since Vancouver has much lower levels of ozone and sulfates (and
most likely acid aerosols, as well) than Southern Ontario. Specifically, the
correlations between S02 and three pollutant measures - ozone, sulfates, and
coefficient of haze (COH - were 023 046, and 034, respectively. Analyses of
these data indicate that for the summer months, the more significant correlations
for the pollutants are with the age 15 to 60 subgroup, and indicate an association
between asthma and total respiratory admissions and both S02 and sulfate. In the
winter, S02 was associated with respiratory-related emergency room visits across
all three age groups and is related to asthma admissions for the oldest subgroup.
Sulfates were associated with asthma in the oldest subgroup, while ozone had little
effect on emergency room visits. This study provides greater evidence for a
sulfur-specific effect than the Ontario studies, which were more subject to
confounding from ozone. No dose-response relationship is provided by the
authors.

1`6nkii 1990) investigated the association between weekly averages of air
pollution and respiratory infections and absenteeism in children and adults in
Helsinki, Finland. The mean of the 1-week average of 1-hour daily maxima for
S02 was 50 �Lg/M3' with a range of 25 to 125 PLg/M3' while TSP ranged from 48
to 123 tg/m 3. Temperature was inversely correlated with S2 (P < -0000-

Health data were from 25 communal health centers handling 54% of all acute care
problems. All social classes and age groups were included. Among the health
outcomes measured were upper respiratory tract infections diagnosed at communal
health centers, upper and lower respiratory tract infections in children attending
day care centers, and absenteeism due to febrile illness among day care children,
schoolchildren, and adults. Weekly averages of S02 and temperature were both
associated with upper respiratory illness in children and with absenteeism in day
care attendees and adults. After an attempt was made to standardize for
temperature, only respiratory illness diagnosed at health centers remained
correlated with S2. Analysis using TSP was not reported, although its correlation
with S2 was high.

Samet et al. 1981) examined the daily association between air pollution
and emergency room visits in Steubenville, Ohio. The 24-hour averages for S2

and TSP, which were highly correlated (r = 069), were 85 [tg/M3 and 156 ± 123)
�Lg/M3 , respectively. Small but significant associations were observed between
emergency room visits related to respiratory disease and both S2 and TSP.
Because of the high covariation between these two pollutants, an independent
effect from S2 cannot be isolated. The effect on emergency room visits is
calculated under the section for particulate matter, but there is some possibility
that visits were related to some sulfur species.
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Dodge et al. 1985) examined respiratory symptoms in an area with
moderate levels of S02 and low levels of particulate sulfate, total suspended
particulates (TSP) and fine particulates near an Arizona smelter. This study
compares the health of 343 Mexican-American and non-Mexican-American
children in third through fifth grades, living in four towns with varying pollution
concentrations. The annual mean 24-hour average for S2 in the highest pollution

area was 103 [tg/M3 versus less than 4 �Lg/M3 in the cleanest area. TSP levels

were approximately similar in the four towns (;:�- 52 [tg/m 3) while sulfates varied

from I [tg/M3 to 44 Rg/M3 . The point prevalence (i.e., the number of persons

with the condition at the time of the survey) of persistent cough and wheeze in

each of the towns were reported on an intake questionnaire.

Among the sample of non-Mexican-Americans, persistent cough correlated

significantly with the annual average of 24-hour S2 concentrations, but not with

other air pollutants. Since the prevalence of parental smoking and gas stove use

were not different across the cities, these factors could not explain the observed

difference in the prevalence of cough. Thus, this study suggests that repeated

exposure to low to moderate levels of S02 and sulfate concentrations are

associated with a persistent cough. This study has particular relevance for

determining an effect of S2 since particulate matter, a potential confounder, was

at low concentrations and because in the ad Arizona climate, it is unlikely that

S02 was a surrogate for sulfuric acid or fine particulate sulfates. Again, no

dose-response function was provided by the authors.

3.2 ESTIMATES OF HEALTH EFFECTS

Schwartz et al. 1991) relate daily levels of S02 to respiratory symptoms

among a sample of approximately 280 children in Watertown, Massachusetts,

were part of the Harvard Six-Cities Study. A daily diary completed by parents

recorded several acute symptoms of their children including upper respiratory

illness and cough. Annual average of the 24-hour S2 Concentrations was

approximately 27.8 ppm. The correlation among pollutants was not reported. A

logistic regression was used to examine the relationship of pollution to these

symptoms. Sulfur dioxide had a statistically significant association with cough.

The effects of other pollutants were unclear from this primarily methodological

article. Nevertheless, the results suggest the following:

logit (cough)= 00130 S2'

The standard error of the estimated regression coefficient was 00059 and the

mean incidence rate was one percent. Taking the derivatives, and substituting, we

obtain the following functions for children:
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upper change in the probability of cough per. 1,000 children per day
= 0. 87 * S02 Gg/ni 3),

central change in the probability of cough per 1,000 children per day
= 129 S2,

lower change in the probability of cough per 1,000 children per day
0.070 S2'

... .. .. ................... .. .. .. . .. ........ .. . ..
.. ..... . .. ........... .... . ... .. ... .. .. ..... .... .. ....Schwartz et al. (1988) .. .. .. ........ ...... ...... . ................. .......... .............. .. .... .. .. .. ............. ... ..... .... ..... . .. .. ........... ....... ..... ....... .. ... .... . .............. . . .......... ...... ............... .. .. .. .... .. .. . . .. .... ... . . ......... .. . .... .. . .. .... . .. .. ....... .. .. . .. ... .. ..... ..... . .. .... ................... .. .. .. ... ......... ........ ..... .. ...... .....examined the effects of air pollution h ln.:��1heprobqb I 0ancestor q
.. .. ................ ........ .. .. .. ........ .. .. .. .among a population beginning nursing : ... � �� c i ren PerNcoqgftlper I 000 Mid

school in Los Angeles in the early . ...... ... . . .. .............. ..
jj29.. so:::1970s. Daily diaries were completed . .. ........ .. .. ......... .. . .. . .. :: :: : : 4x.... .. . . .. ........ ....... .... .. .. ..... .. . .. . .... .. ... ... . ... .. .. .. .......

and provided information on incidence
of symptoms including cough, phlegm,
and chest discomfort. Pollutants under investigation included oxidants, sulfur
dioxide, nitrogen dioxide and carbon monoxide. In models corrected for
autocorrelation a significant association was found between S2 and chest
discomfort. Daily concentrations of S02 averaged approximately 0.09 ppm.
Specifically, the results indicated

logit (chest discomfort) = 1.88 S2 (PPM),

or converted to S2 in micrograms per cubic meter:

logit (chest discomfort) = 0.00072 S02 (�Ig/ni).

T he standard error of the estim ated . . .. ..... ............. .... . .. .. .. . . . ... . . .. .. ..... .....
.. ..... . .. .. ........ .. ..
.. .. . .... .. .. . ......

regression coefficient was 0.00036. . ... ........ ..... ....... .. .. .. ..... .... ..... .. . .. ................... .. .Taking the derivatives, and substituting '.pr habur-l'
the mean rate of chest discomfort of 004 M .. d'iscom r per.,the following functions are obtained for .. .. ..... .... . . . ....... ... .. .. ... .. ....... ....... .... . . . . ................... ..:=...Oi,028: soTer; Y.. .. . .. .:� �a d u lt s : ::�.:. ....... ........ ... .. . .. . . . .....

. .... .. .. .. .... .... .. .... . . .... . ........ ......... . . ....... . ......... .. . ... ... . . ........ .. . ..... .. ... .... ........... .... .. . .. .. .. .. .. ............. . ............ .... . ........ . .... ....... .. . ..... . . .. . ... . .. ........... . .. .. .. .. ..... .. ....... ............... .. .. . ............ .. ...... . . ... ...............upper change in the probability of
cases of chest discomfort per day
per 1,00 = 0.041 * S02 qtg/in),

central change in the probability of cases of chest discomfort per
day per 1,000 = 0028 S21

lower change in the probability of cases of chest discomfort per day
per 1,00 = 00145 S2'
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4. LEAD

4.1 REVIEW OF EFFECTS OF BLOOD LEAD ON BLOOD PRESSURE

Exposure to ambient lead occurs primarily from leaded fuel in automobiles
and from stationary sources including primary and secondary smelters and battery
recycling plants. Once absorbed, lead is distributed throughout the body and is
only slowly removed. Lead has been reported to cause many different health
effects. Based on current knowledge, clinical effects that may occur at low blood
lead concentrations include neurodevelopmental effects in children, and
hypertension and related cardiovascular conditions in adults. A thorough review
of health outcomes associated with lead exposure is provided by U.S. EPA
(1990ab) and ATSDR 1990). Of particular interest, low levels of lead in the
blood have been associated with increased blood pressure and hypertension in
adults. The relationship between both systolic and diastolic blood pressure and
blood lead appears to hold across a wide range of blood lead values, with no
apparent threshold. Most of the studies indicate an effect of blood lead only on
males, although an effect on females cannot be completely ruled out.

Since the studies on blood pressure effects use lead concentration in blood
as their indicator of exposure, it is necessary to relate changes in air lead to
subsequent concentrations of blood lead. For this purpose an "aggregate" model
was used, relating ambient concentrations of lead to blood lead, both directly
through inhalation and indirectly through other media such as soil and dust. This
model indicates a strong and consistent association between ambient concentrations
of lead in the air and subsequently measured blood lead in adults. The aggregate
model, as well as studies in experimental exposure chambers, were used to
estimate the effects of changes in ambient lead levels on the subsequent blood lead
levels in adults.

The association between lead and hypertension was first observed in
animals. This effect has been shown across a range of doses and in several
species (Victery 1988), and was recently examined in occupational and
population-based epidemiological studies. The population-based studies will be
briefly reviewed here.

Several investigators have used NHANES II data to investigate the
relationship between blood lead level and hypertension (Harlan et al. 1985; Pirkle
et al. 1985; Schwartz, 1985ab, 1986ab). NHANES 11 is a large, individual-level
.database that includes information on a variety of potentially confounding factors.
Therefore, these studies avoided common study design problems (e.g., healthy
worker effect, workplace exposures to other toxic agents, selection bias, and
problems of control group selection).
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Using these data, Harlan et al'(1985):demonstrated statistically significant
linear associations (p < 0001) between blood lead concentrations and both systolic
and diastolic blood pressure among males aged 12 to 74 years. Further analyses
reported by Pirkle et al. 1985) focused on white males, aged 40 to 59 years. This
age group was used to reduce any potential confounding effects of age on blood
pressure. In the subgroup studied, significant associations were found between
blood lead and blood pressure even after controlling for all risk factors known to
be correlated with blood pressure. Furthermore, no threshold for the effect was
observed across a blood lead range of 7 to 34 �Lg/&.

During the 4 years in which NHANES II data were collected, there were
declines nationally for both blood lead and hypertension. In addition, sites were
sampled without revisitation at different times. The variations observed in these
sampling sites over time could be due to these national declines, resulting in the
observed association. Schwartz (1985ab, 1986ab, 1988) reanalyzed the data of
Pirkle et al. and showed that the association decreased but remained significant for
both systolic and diastolic blood pressure when adjusted for site.

Landis and Flegal 1988) examined the robustness of the association of lead
and diastolic blood pressure in males aged 12-74, adjusting for age, body mass
index, and sampling site. The association remained statistically significant at the
p < .05 level across 478 subgroups. They concluded that the NHANES II
findings could not be dismissed as due to concurrent secular trends across the
4-year survey period. Furthermore, this analysis indicates that the blood
lead-blood pressure relationship holds for all adult males, age 20 to 70.

Another major population-based study was conducted by Pocock et al.
(I 985, 1988) using data from the British Regional Heart Study (BRHS). In 73 71
men aged 40-49 there was a small but significant association of both systolic P
= 003) and diastolic (p < .001) blood pressure with blood lead level when
adjusted for site in multiple regression analyses. The analyses included an
adjustment for body mass, age, alcohol intake, social class, and observer. The
magnitude of the effect of blood lead on diastolic blood pressure from this British
data was very similar to those involving the analysis of NHANES II. Specifically,
an estimated mean increase of about 15-3.0 im. Hg in diastolic blood pressure
appears to occur for every doubling of blood lead concentration in adult males.
Slightly smaller increases have been observed in adult females. The relationship
between diastolic blood pressure and blood lead level appears to hold across a
wide range of blood-lead values extending possibly down to at least as low as 7
ttg/dL for men.

Additional support for the magnitude of the effect of blood lead on
diastolic blood pressure is provided by a study of 342 San Francisco bus drivers
(Sharp et al. 1988). Multiple regression analysis was used to examine this
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association while controlling for age, body mass index, sex, race, and caffeine
intake. The results indicate a change of 183 to 245 im Hg in diastolic blood
pressure associated with a unit increase in ln(�tg/dl,). Additional analysis of this
data (Sharp et al., 1990) showed that the effect of blood lead on blood pressure
was greater for the Blacks than non-Blacks.

Data from the Canada Health Survey support the above findings (Neri et
al. 1988). Over 2000 male and female subjects aged 25 years to 64 years were
studied for 10 months. The authors observed a small but statistically significant
relationship (p < .001) between diastolic blood pressure and blood lead level.

Several investigators have attempted to predict the impact of the observed
increase in blood pressure on other significant cardiovascular events. For example,
large-scale epidemiological studies including the Pooling Project Research Group
(1978) and the Framingham study (McGee and Gordon 1976) have shown that
elevated blood pressure increases the risk of cardiovascular disease.

The Pooling Project combined the results of five longitudinal studies that
examined the incidence of coronary heart disease (CHD) in middle-aged white
men. The first onset of CHD, defined as fatal or nonfatal myocardial infarction
and sudden CHD death, was measured over a 10-year period. Using logistic
analysis, the research indicted that smoking, serum cholesterol, and diastolic blood
pressure were major risk factors in the incidence of CHD (Pooling Project
Research Group 1978). The Framingham study (McGee and Gordon 1976) was
one of the studies included in the Pooling Project. Besides estimating the
incidence of CHD, this study of white, middle-aged men considered the incidence
of deaths from all causes. Diastolic blood pressure was again identified as a
significant predictor of all-cause mortality. These studies were used by Pirkle
(1985) to estimate the quantitative effects of blood lead on diastolic blood pressure
and subsequent CHD and mortality.

Using coefficients relating hypertension to other cardiovascular events
derived from the Pooling Project and the Framingham studies, Pirkle et al. 1985)
estimated that the 37% drop in blood lead levels from 1976-1980 resulted in a
4.7% decrease in incidence of fatal and nonfatal myocardial infarction over 0
years, a 67% decrease in the incidence of fatal and nonfatal strokes over IO years,
and a .5% decrease in the incidence of death from all causes over 11.5 years.
In addition, as a result of the blood lead decrease observed in NHANES 11, they
estimated that the number of white males 40-59 with hypertension (as measured
by diastolic blood pressure greater than 90) decreased by 17.5%.

Additional support for an association of lead with cardiovascular disease
is provided by Schwartz 1989), where the relationshi p of abnormal
electrocardiograms indicative of left ventricular hypertrophy (LVH) and lead level
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was examined. Using logistic regression, a statistically significant (p �< 0.01)
coefficient was found between blood lead levels and increased prevalence of LVH
was found after adjusting for age, race, sex, and smoking.

4.2 THE CONTRIBUTION OF AIRBORNE LEAD TO HEALTH RISKS

For this analysis, it is necessary to establish a direct association between
changes in lead emitted into the air and subsequent concentrations of lead in the
blood of adults. There are two alternative methods for determining the
relationship between air lead and blood lead. First, a disaggregate model can be
developed in which the separate contribution of all potential sources of lead -- air,
soil, dust, food, and water are determined. In order to arrive at an integrated lead
exposure function, this method requires the estimation of the relationship between
air emissions and subsequent concentrations of lead in other media, determination
of exposure scenarios for all sources of lead (i.e., the amount of lead in air, food,
water, soil, etc. and the amounts subsequently inhaled and ingested by both
children and adults), and absorption factors for inhalation and ingestion.

A second method, an aggregate model, uses a single variable, air lead, to
serve as an index for lead emitted into the air and ultimately affecting individuals
though all possible media. This method relates air emissions to the subsequent
change in blood lead through many different exposure routes. In a review of nine
different studies covering 13 different populations of children, Brunekreef 1984)
found high correlations between air lead and the lead found in dustfall (r = 092),
soil (r = 062), and housedust (r = 0.88). Since we are interested in the ultimate
impact that changes in air lead emissions will have on blood lead and subsequent
health effects, the aggregate method, which requires fewer assumptions and
extrapolations, is preferred and will be used to develop dose-response estimates for
air lead.

There are many studies that relate ambient lead to blood lead in adults.
Results are obtained from both observational studies in the field and studies in
experimental exposure chambers. The latter are particularly useful in providing
estimates of the blood lead/air lead slope since they may involve longitudinal
examination of individuals exposed to relatively small changes in air lead under
controlled conditions. For example, Griffin et al. 1975) exposed 24 adult
volunteers to two different doses over a 16-week period in an experimental
chamber. The pooled slope for all individuals, as determined by reanalysis of the
data by EPA 1986), was 1.8.

Three other experimental studies (Rabinowitz et al. 1977; Kehoe 1961;
Chamberlain 1983) also provide data that can be used to develop slope estimates.
In their reanalysis of these data, EPA 1986) reported slopes of 16 to 36 for the
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Rabinowitz et al. data, 034 to 260 for the Kehoe data, and 27 for the
Chamberlain data. Although there are several distinct advantages to using these
experimental studies, each has some deficiencies. Among these are the difficulty
in fully determining either the lead exposure received prior to starting the
controlled experiment or received outside of the chamber. Nevertheless, the
weight of evidence regarding the magnitude of the slope, considering the studies
together, is compelling.

These experimental studies are also supported by population studies. Azar
et al. 1975) recorded air and blood lead for 30 individuals in each of five areas
over a 2- to 4-week period. A linear regression of blood lead versus air lead for
all of the subjects was highly significant and generated a slope of 175. Finally,
Snee and Pfeifer 1983) reanalyzed the data from five previous observational
studies and obtained a pooled slope of 14.

Considering both the experimental and observational information, we
assume a blood lead/air lead slope of 20 for adults.

4.3 DOSE-RESPONSE FUNCTIONS FOR CARDIOVASCULAR
EFFECTS

This section provides estimates of the change in health effects associated
with changes in ambient lead concentration. The methodology used in this section
is similar to that used previously by the U.S. EPA in its analyses of the effects of
reducing lead in gasoline (Schwartz et al. 1985) and the effects of reducing lead
in drinking water (Levin 1986). Dose-response functions are provided to estimate
the effect of a change in air lead on the likelihood of hypertension (diastolic blood
pressure 90 un Hg), and the effects of more serious health outcomes including
myocardial infarction (heart attacks) and mortality.

To estimate the change in hypertension related to air lead, we use
dose-response information provided by Schwartz et al. 1985). Additional
documentation for this estimation process is found in Pirkle et al. 1985) and
Brennan et al. 1986). The estimates are based on a logistic regression of the
probability of hypertension versus blood lead. The original estimates were
conducted for the subset of the population of adult males age 40 to 59. However,
sensitivity analysis conducted by Schwartz et al. 1985) and analysis by Landis
and Flegal 1988) indicate that the blood lead-blood pressure relationship holds
for all adult males, age 20 to 70. Therefore, the dose-response functions can be
applied to all adult males.

To develop the estimate, the mean values of the NHANES II sample for
covariates such as body mass, albumin, hemoglobin, vitamin C, dietary potassium,
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total carbohydrates, and recreational . ................... ........... ... ........................exercise were used. We determined t4h ........ ....... .. ........ ...................................... ............ ................ .............. ............... .. :. . .. ....... .how the risk of hypertension changes .. .. ... .... ........ . .. .. .. .. .. .. . . ...... .. ............babrhR I 1 . ........ ... .. . . .. .................. .. .... ............. .... .... ............... ..w hen w e reduce am bient lead ... ... . .... ..... .... .. ... ................ ... . .. ...... ...... . ... .. .......
. .. ........ 

. . ...... ..
.. ............ ......... ...concentrations by 1.00 n /m " ... .. .. ....................... ............... ...... ................. . .... ..resulting in a 2.00 [tg/dL change in blood.1.. .. .. ...................................... .... . ........ .. ..... .. . . .......... . ........... .. . .. .......................... .. ....................... ... . .. .. ........ .. .. . ....... ....... ........ .. ............................. .. .. .............. .. .. .. .. ........... ..... .. .. . . . .. ........... .. .. .. . . .. ................... .. ......... .. ... ........... .... .. . .. .......... ......... ..... . .. ..... ..... ......... .. ..... ...

blood lead. We then can predict the
probability of hypertension as a
function of log of blood lead by

change in H (I + exp +2.744 0.793 (In PbB2)))-l -
(I + exp +2.744 0793 (In PbBl)))-l

where:

H = the probability of hypertension,
PbBl = initial blood lead level (�tg/& ),
PbB2 = new blood lead level (�tg/& ).

Using the blood lead/air lead relationship, the change in the probability of
hypertension can be expressed as 

change in H (I + exp +2.744 0.793 (In 2PbA2)))-l -
(I + exp +2.744 0793 (In 2PbAl)))-l

where PbAl and PbA2 = initial and new air lead levels (�tg/in).

Although this model is nonlinear, sensitivity analysis indicates that the
results are relatively insensitive to assumptions about either the initial blood lead
level or the change in blood lead.

Since the risk of all-cause mortality and of heart attacks was provided as
a function of diastolic blood pressure, the association between blood lead and
diastolic blood pressure is needed. Based on Pirkle et al. 1985) and U.S. EPA
(1986), we use the following relationship:

change in DBP = 274 (In PbB2 - In PbB I)

where:

DBP = diastolic blood pressure.

Again, the above equation can be expressed in terms of a change in ambient air
lead. We obtain
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change in DBP = 2.74(ln 2PbA2 - In 2PbAI).

Using the sample means of the independent variables in the Pooling
Project, we can express the relationship between the change in blood pressure and
the change in the probability of a CHD event in the following 10 years as

change in PR(CHD) I + exp -( 4.996 0030365 (DBP2)))-l -
(I + exp -( 4.996 0030365 (DBPI)))-',

where PR(CHD) the I 0-year probability of a coronary heart disease event, and
DBP1 and DBP2 initial and new diastolic blood pressure levels.

The Framingham study (Shurtleff 1974) can be used to estimate the change
in mortality due to the change in diastolic blood pressure. Controlling for serum
cholesterol levels and smoking, the association can be estimated by

change in PR(MORT) I + exp -(-5.3158 + 0.03516(DBP2)))-l-
(I + exp -(-5.3158 + 0.03516(DBPI)))-',

where PR(MORT) = the 12 years probability of death from all causes.
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5. NITROGEN DIOXIDE

The epidemiologic evidence for an effect of nitrogen dioxide NO2 on
respiratory symptoms is more uncertain than the effects of the criteria pollutants
described above. Although many studies demonstrate an effect on children from
indoor exposure to gas stoves, a primary source of indoor N2, effects from
outdoor N02 on either children or adults are rarely observed. For this review,
results from studies of gas stoves (usually associated with a 30-[Eg/M3 increase in
exposure to N2) are not used. Instead, we rely on the study by Schwartz and
Zeger 1990) that relates outdoor N2 to respiratory symptoms.

This research examined the effects of air pollution among a population
beginning nursing school in Los Angeles in the early 1970s. Daily diaries were
completed and provided information on incidence of symptoms including cough,
phlegm, and chest discomfort. Pollutants under investigation included oxidants,
sulfur dioxide, nitrogen dioxide and carbon monoxide. In models corrected for
autocorrelation a significant association was found between N02 and phlegm.
Daily concentrations of N02 averaged approximately 0 13 ppm. Specifically, the
results indicated:

logit (phlegm) = 0843 N02 (PPM)'

The standard error of the estimated regression coefficient was 0343. Taking the
derivatives, and substituting the mean incidence rate of phlegm of 00345, the
following functions are obtained for adults:

upper change in the probability of cases of phlegm per day per person
= 00395 N2 qtg/in),

central change in the probability of cases of phlegm per day per person
= 0028 N029

lower change in the probability of cases of phlegm per day per person
= 00165 N2-
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