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In the early 1980s when John Evans got established at the Harvard School of Public 

Health, human health risk assessment in the environmental health context remained a topic of 

considerable controversy.  In 1983, the landmark NRC report (NRC 1983) had established a set 

of guidelines for risk assessment that began to be applied to toxicological data.  However, 

uptake of this framework for regulatory decision making was slow, particularly when it came to 

incorporating findings from the messy science of epidemiology, where the absence of 

experimental control, difficulty in measuring exposures, and uncontrolled variations in potential 

confounding variables presented a confusing picture to regulators more at home with findings 

from the well‐controlled laboratory setting.  John Evans emerged as a young scientist at that 

time, interested in air pollution risk assessment, intrigued by the range of evidence suggesting 

adverse health effects at ambient concentrations, and surprised that much of this evidence was 

being dismissed in the regulatory context.  His 1984 paper, “Cross‐Sectional Mortality Studies 

and Air Pollution Risk Assessment” documents the deep thinking he had done on this issue and 

provides a window into the controversies surrounding the available evidence on the health 

effects of long‐term particulate matter exposures on mortality (Evans et al., 1984).   

The health effects of air pollution was a topic of growing concern.  A large body of 

evidence had emerged starting in the early 1970s which including findings from toxicology, 
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human chamber, and etiologic epidemiology studies that were documenting a range of 

respiratory health effects (Ware et al., 1981).  In the case of mortality, the literature was 

dominated by observational time series and cross‐sectional studies which, if taken at face 

value, implied large societal impacts of air pollution.  In particular, the results from the cross‐

sectional studies of Lave and Seskin (e.g., Lave and Seskin 1973) and other authors suggested 

that long‐term particle air pollution was an important risk factor for death in the US at relatively 

low air pollution concentrations.  Cross‐sectional studies however were highly controversial in 

the regulatory context.  These studies regressed city level mortality rates on annual mean air 

pollution concentrations, along with sets of covariates meant to control for potential 

confounders such as smoking rates, age, race, and economic status.  However, due to their 

group‐level “ecologic” structure, results from cross‐sectional studies were not taken seriously 

by the mainstream biomedical research community of toxicologists, clinicians, biostatisticians 

and epidemiologists trained in clinical trials and etiologic epidemiologic methods who were 

emerging as the thought leaders in the air pollution health field.  Ware et al.’s review of the 

available evidence on air pollution health effects in 1981 noted concerns regarding the difficulty 

of quantifying and controlling for potential confounding variables in cross‐sectional studies.  

While some data on confounders were available, they noted that, 

 

“Nevertheless, it is likely that the effects of variables such as personal habits, occupational 

exposure, and medical care cannot be fully quantified and eliminated in this way. If any of these 

factors covaries with air pollution levels, a spuriously large effect will be attributed to air 

pollution.” 



 

Results from published studies were used to illustrate the high degree of sensitivity to model 

specification, i.e., which potential confounding variables were included.  In the end, they 

summarized their overall opinion about this body of evidence as follows: 

 

“This group of studies, in our opinion, provides no reliable evidence for assessing the health 

effects of sulfur dioxide and particulate matter.” 

 

John Evans had read the original studies too, and came to a different conclusion.  He had 

the sense that, for all their limitations, cross-sectional mortality studies had something important 

to tell us about the health effects of particulate matter, i.e., that long-term exposure to PM causes 

premature mortality.  If true, he argued, risk analysts ought to take these findings into 

consideration when assessing the current health burden of air pollution, or the health benefits that 

could be achieved through air pollution control regulations.  His 1984 paper, for which both Tor 

Tosteson and I provided data processing and statistical support, laid out his thinking in a clear, 

comprehensive way. 

 The analysis in Evans et al., 1984 consisted of three parts: a literature review; a meta 

analysis, and a reanalysis of the central Lave and Seskin 1960 US dataset.  Several 

methodological limitations that had led to questioning of the validity of studies were examined.  

One persistent criticism had to do with exposure.  Was it valid to characterize city- or 

metropolitan area-wide exposures using a single monitoring station?  PM data available at the 

time were limited to TSP and the sulfate fraction of TSP.  Available evidence suggested that 

effect estimates were higher when studies used mortality data at the city level rather than for the 



larger metropolitan area, which would be consistent with reduced exposure measurement error 

when health and exposure data were linked at finer spatial scales.  Much later, this concept 

would gain further support when a fine-scale analysis of mortality effects in LA showed larger 

effect estimates than had been seen in a nationwide, city-unit anlaysis of the ACS study (Jerrett 

et al., 2005).  Concern had also been raised about the validity of using exposure data from a 

single year to represent the exposure history relevant to mortality risks.  It seemed plausible to 

think that the relevant exposure period might extend back by one or two decades.  Mitigating this 

concern was the fact that PM concentrations tended to correlate highly over time, implying that 

the ranking (if not the absolute levels) of exposure would be conserved regardless of averaging 

time.  While both of these exposure issues remain relevant today, subsequent studies have 

confirmed John’s intuition that while they probably add uncertainty, neither issue negates the 

validity of epidemiology studies that rely on such data.   

 Another limitation with the PM data then available was that it was only for Total 

Suspended Particulate matter (TSP) and ammonium sulfate analyzed on the TSP filters.   TSP 

measures the mass concentration of all particles that remain airborne long enough to be collected 

onto a vacuum filter, which can include, and be dominated by, particles with diameters too large 

to penetrate into the human respiratory system. It was well understood that TSP was likely to be 

an imperfect surrogate for the respirable PM thought to be more relevant to human health.  And 

the sulfate fraction, while concentrated in the PM2.5 size range, might or might not represent the 

PM component of greatest health risk.  Still, the evidence suggested that both TSP and especially 

sulfate could serve as useful surrogates for whatever is in PM that increases mortality risks.  

Another complication of many of the studies at that time, which has been avoided in later 

studies, was collinearity among multiple PM metrics included in a single regression model, e.g., 



min, mean, and/or max of TSP and/or SO4.  Some of the literature had included multiple 

simultaneous PM measures in one model, reflecting the exploratory nature of the field at that 

time.  John’s reanalysis in the 1984 paper and subsequent work since the first cohort studies 

(Dockery et al., 1993; Pope et al., 1995) included only one PM metric per model.  This has 

become the standard approach. 

 Most of the other criticisms that had been directed at the cross-sectional air pollution 

mortality literature arose due to their ecologic nature, including concerns related to the 

computation of mortality rates, and the control of potential confounding variables at the group 

level.  Ecologic studies (both time series and cross sectional) have the characteristic that all data 

on health outcomes, exposures, and potential confounders are measured at the administrative unit 

level, e.g., cities or SMSAs.  This is in contrast to cohort studies, where health outcomes and 

most confounders (but not exposures), are measured at the individual level. In contrast to time 

series studies, which quantify short-term associations between air pollution and health, cross-

sectional studies analyze spatial (i.e., between location) contrasts in exposure and health.  This 

means that cross sectional studies have the potential to capture the long-term, chronic impacts of 

air pollution, as do cohort studies.  But they also face the potential limitation that city-to-city 

variations in long-term air pollution concentrations might correlate with variations in other 

known risk factors for mortality, including age, smoking rates, occupation etc.  The question then 

becomes, can reasonable measures of those potential confounding variables be obtained at the 

city scale, and if so, does including those variables in the model adequately control for 

confounding? 

 Computation of mortality rates at the city or SMSA scale presents the challenge of how 

to adjust for demographic differences between locations related to age and race.  Some authors 



had addressed this issue by computing mortality rates adjusted to a standard population age, 

gender and race structure.  More commonly, studies computed crude mortality rates but included 

covariates in the regression model that were intended to control for demographics, e.g., percent 

nonwhite, median age, proportion over age 65.  The only empirical evidence for whether or not 

the issue of mortality rate definition actually affected results in an important way suggested that 

it did not, with risk estimates within 10% of one another regardless of the mortality metric used. 

On the issue of confounding, concern had also been raised about such factors as smoking 

rates, occupation exposures, diet, access to medical care, differential migration and other factors. 

For a factor to confound the estimation of air pollution effects, the factor must be a cause of 

mortality, be statistically correlated with air pollution exposure, and be unmeasured or poorly 

measured. All three characteristics must hold for the study to be confounded.  There are many 

risk factors which increase mortality rates, but only a subset may be statistically associated over 

space with air pollution exposures.  For those that are, but which are also well measured, their 

inclusion in the model can reduce or eliminate confounding.  While this is epidemiology 101 

material, John Evans was one of the first to really think hard about its application to the long-

term air pollution and mortality risk question.  It’s easy to dismiss cross sectional studies on the 

basis of possible confounding, but few had critically examined the evidence for this.   

 Of the potential confounders, cigarette smoking probably was of greatest concern.  

Smoking was of course known to be an important risk factor for premature mortality.  However, 

it was unclear whether smoking rates correlated with particulate matter concentrations across 

cities.  And it was hard to know, because smoking rate data were difficult to come by.  State or 

SMSA level per capita expenditure on tobacco products, an admittedly imperfect proxy, was 

included as a covariate in several of the cross-sectional studies.  In the studies that had including 



a smoking variable, smoking was a strong predictor of mortality as expected (which supports the 

validity of the smoking data), but inclusion of smoking had a relatively small influence on the 

coefficients for TSP and sulfate (Chappie and Lave, 1982).  Consistent with this finding, there 

were low cross-sectional correlations between tobacco sales data and air pollution 

concentrations.  Thus, while it seemed plausible that smoking could be a key confounding 

variable, there was little empirical evidence to support the idea. 

 Other postulated confounders that were examined in the cross-sectional mortality 

literature included occupational exposures, socioeconomic status, access to medical care, dietary 

factors, and differential migration.  Interpretation was somewhat complicated by the fact that 

several of these variables are related to economic position.  Still, while PM results showed some 

sensitivity to variables included in regressions to represent these factors, no systematic pattern of 

confounding was apparent. 

 In addition to confounding, concerns had been raised about statistical issues, one being 

outliers and influence points, as some early studies appeared to be strongly influenced by data 

from a small set of cities. Concerns had also been raised about whether basic assumptions of 

linear regression were valid, e.g., are residuals normally distributed and homoscedastic?  Multi-

co-linearity of the explanatory variables had also been raised as an issue. On these and other 

issues, John’s literature review concluded: 

 

“In summary, while various weaknesses of the statistical methodology have been demonstrated, 

the problems do not appear to vitiate the results. … it would seem that as the results of large 

numbers of investigations become available, the instabilities of individual coefficients will be of 

less concern.” 



 

To bolster the literature review,  Evans et al., 1984 carried out a meta analysis of 

published risk coefficients to summarize the main findings of the large and diverse set of studies.  

The analysis was restricted to studies that reported quantitative information on the exposure-

response coefficients and their standard errors.  Data from 500 regression equations across six 

studies were included.  By combining results in this way, we were able to show in a more robust 

way that the main influence that smoking and diet had on the sulfate and TSP coefficients was to 

slightly increase their standard errors. 

 The literature review and meta analysis summarized briefly above had shed important 

new light on the actual degree to which the air pollution results reported in key cross-sectional 

studies were or were not sensitive to various data and modeling choices.  However, interpretation 

of the findings remained somewhat uncertain given the heterogeneity across studies in methods 

and data inputs.  Thus, in a final section, the paper presented a new analyses on the influential 

Lave and Seskin 1960 117 SMSA dataset, augmented with additional variables obtained from 

Fred Lipfert’s dissertation research.   

Before describing the statistical analysis, it is interesting to examine the basic scatterplot 

of SMSA crude total mortality rate (deaths/100,000 persons) in 117 US metropolitan areas 

plotted against mean sulfate concentration (µg/m3), reproduced here in Figure 1.  I  have added 

an eyeball regression line that makes it possible to back out a rough regression slope depicting 

the crude sulfate effect across the 117 cities.  For an 18 µg/m3 change in sulfate concentration, I 

estimate there was approximately a 310 unit change in mortality rate.  This corresponds to 172 

deaths per 10 µg/m3, which, at the mean mortality rate of 912 deaths/100,000, represents a 19% 



increase in mortality per 10 µg/m3. sulfate.  It should be emphasized that no covariates were 

controlled in this simple analysis. 

 
Figure 1.  Scatterplot of mean total crude mortality rate per 100,000 vs. mean sulfate 
concentrations across 117 standard metropolitan statistical areas in 1960.  From Evans et 
al., 1984.  Lines added by current authors. 
 

For the statistical analysis, Evans et al. constructed a core model in which SMSA-specific 

crude total mortality rates were regressed on particle concentrations, controlling for a set of 

seven putative confounding variables, including percentage of the population over age 65, 

median age, percent nonwhite, log10 population density, percentage with four or more years of 

college, a smoking index, and percent poor.  Notably, annual mean sulfate was chosen as the 

particle measure in the core model, on the basis that this “might best reflect exposure to fine 



particles,” an important insight given the dominant role of TSP as a PM metric at that time.  A 

total of 98 SMSAs had complete data for all eight variables.  

Using the core model, the slope on sulfate concentration was estimated to be 26.3 

deaths/100,000 persons per 10 µg/m3, with a standard error of 14.0.  At the mean mortality rate, 

this corresponds to a 2.9% increase in mortality per 10 µg/m3 sulfate, which is 85% smaller than 

the crude estimate derived from Figure 1 where no covariates were controlled.  This shows that 

including the full set of covariates has a substantial impact on reducing the estimated sulfate 

coefficient.  

Evans et al. carried out a series of sensitivity analyses that added or removed different 

sets of covariates, including on occupation, migration rates, housing quality, home heating fuels, 

and climate.  They tested age-sex-race adjusted mortality as an alternative outcome variable.  

They also ran models that eliminated various cities that were either outliers or influence points in 

the original model. Finally they looked at alternative measures of particulate matter including 

max and min instead of mean sulfate, and likewise for TSP.  While the sulfate coefficient varied 

by up to a factor of three in the various sensitivity analyses, it remained positive in all cases and 

was more robust than TSP in multipollutant models.   

Based on his review of the literature, meta analysis, and reanalysis of one important 

cross-sectional dataset, Evans et al. concluded that, 

 

“many of the putative criticisms of cross-sectional data bases and methodologies are not 

as compelling as they might seem at first” and  

“results are not as sensitive to reasonable variations in choices of model and/or data set as 

previous studies seemed to suggest.”   



further: 

 

“We are of the opinion that the cross-sectional studies reflect a causal relationship 

between exposure to airborne particles and premature mortality. From our point of view it 

is as likely that parameters have been underestimated … as that they are overestimated 

due to confounding. We grant that the apparent association is weak to moderate in 

strength, that the specific type of particle responsible has not been identified, and that 

cross-sectional studies provide no information on the temporal nature of response. But, 

we believe that the repeated and relatively consistent findings in conjunction with the 

evidence from other sources support a causal interpretation. However, we are in the 

minority in taking this view. This ambiguity poses a dilemma for the risk analyst and 

points to the need for further research utilizing alternative approaches.” 

 

This was a really provocative statement at the time, a decade before the first Six Cities and ACS 

cohort papers were published.  

But there was no escaping the fact that major uncertainties remained about model form, 

confounding variables, and the best pollutant metric, leading John to conclude that it remained 

impossible to extract a single number from the cross-sectional mortality literature that could be 

reliably used in risk assessment to quantify the long-term mortality effect of particle air 

pollution.  To address this challenge, John laid out a framework for how to move forward.  John 

called for combining empirical data from the published studies with expert judgement to develop 

probability distributions for the concentration response function, taking into account both 

statistical and model uncertainties.  It would be almost two decades before this idea was finally 



taken up, after the mortality literature had been bolstered by the publication of the first mortality 

cohort studies (Dockery et al., 1993; Pope et al., 1995).  

It’s not clear whether John’s thoughtful 1984 paper really had much influence on general 

views about air pollution risk assessments over the subsequent decade.  The paper wasn’t cited in 

the 1986 addendum to the 1982 criteria document in support of the 1987 PM National Ambient 

Air Quality Standard revision.  There, the Lave and Seskin and related studies were dismissed as 

being irrelevant for exposure-response analysis and thus standard setting because of inadequate 

information on smoking and inadequate characterization of exposure.  It’s worth noting that, in 

those days, air pollution research at EPA was dominated by toxicology and human chamber 

studies, and staff who were more comfortable in the scientific setting where experimental 

conditions could be controlled.   

It is interesting to evaluate the quantitative findings of the Evans et al. 1984 paper in light 

of subsequent cohort epidemiology findings that emerged a decade later.  Recall from the above 

review that the Evans et al. reanalysis reported a sulfate coefficient from a core model that 

represented about a 2.9% increase in total mortality rate for a 10 µg/m3 increase in sulfate 

concentrations.  Also, a crude analysis based on Figure 1 above implied a much bigger effect - 

19% per 10 µg/m3.  The landmark Six Cities Study paper in 1993 was the first to report results 

for effects of long-term sulfate and fine particle concentrations on total mortality rates in a cohort 

of individuals for whom covariate and mortality data were collected at the individual level 

(Dockery et al., 1993).  That study reported a 26% increase in total mortality rates in the most vs. 

least polluted city, controlling for an extensive set of covariates.  The range in sulfate across the 

six cities was 8 µg/m3.  Assuming linearity, this effect corresponds to a 32.5% increase in 

mortality per 10 µg/m3 sulfate. 



Two years later, the Pope et al., 1995 study reported the first air pollution findings from 

the American Cancer Society cohort.  Importantly, that study included both a Cox proportional 

hazards (CPH) analysis of the kind used in Docker et al., 1993, as well as a naïve cross-sectional 

analysis of age-sex-race adjusted total mortality rates across the cities included in the cohort, 

corresponding to what a purely cross-sectional study would do (but with no covariate controls).  

The study reported that sulfate concentrations ranged by 19.9 µg/m3 across 151 metropolitan 

areas.  In the CPH model, the sulfate effect on total mortality, controlling for age, sex, race, 

cigarette smoking, passive smoke exposure, BMI, alcohol consumption, education and 

occupational exposure, was 15% for highest vs. lowest concentration city (range of 19.9 µg/m3 in 

sulfate).  That corresponds to a 7.5% increase in mortality per 10 µg/m3.   In the naïve cross-

sectional analysis of age-sex-race adjusted mortality, there was a 25% increase in mortality risk 

from the low to high sulfate cities, or 12.6 % per 10 µg/m3 at the mean mortality rate.  Similar 

results were reported for PM2.5.  These findings show that, across 151 US metropolitan areas, 

the mortality effect of PM was within a factor of two when an uncontrolled cross-sectional 

regression analysis is used vs. a fully controlled cohort-based analysis of individual level data.  A 

real difference, but not as large as one might have expected. 

Taken together, these findings suggest that the cross-sectional study design produces 

results for the US that range from well below, to somewhat higher than, the risk estimates 

derived from the most important cohort studies that underpin the current regulatory foundation 

for PM.  Given the difficulty, expense, and time required for conducting long-term cohort follow 

up studies, and the urgent need for regulatory-relevant air pollution health evidence in 

developing countries, is it worth considering whether well-designed cross-sectional studies might 

play a role in initial characterization of air pollution health risks in settings where other evidence 



is lacking? This could help those countries avoid the excess burden of PM-related mortality that 

will inevitably continue while waiting for cohort studies to be completed and incorporated into 

regulations, as happened in the US prior to the PM2.5 standard of 1997. 
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