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Ozone is associated with adverse health; however, less is known about vulnerable/sensitive populations, which

we refer to as sensitive populations. We systematically reviewed epidemiologic evidence (1988–2013) regarding

sensitivity to mortality or hospital admission from short-term ozone exposure. We performedmeta-analysis for over-

all associations by age and sex; assessed publication bias; and qualitatively assessed sensitivity to socioeconomic

indicators, race/ethnicity, and air conditioning. The search identified 2,091 unique papers, with 167 meeting inclu-

sion criteria (73 on mortality and 96 on hospitalizations and emergency department visits, including 2 examining

both mortality and hospitalizations). The strongest evidence for ozone sensitivity was for age. Per 10-parts per bil-

lion increase in daily 8-hour ozone concentration, mortality risk for younger persons, at 0.60% (95% confidence

interval (CI): 0.40, 0.80), was statistically lower than that for older persons, at 1.27% (95% CI: 0.76, 1.78). Findings

adjusted for publication bias were similar. Limited/suggestive evidence was found for higher associations among

women; mortality risks were 0.39% (95% CI: −0.22, 1.00) higher than those for men. We identified strong evidence

for higher associations with unemployment or lower occupational status and weak evidence of sensitivity for racial/

ethnic minorities and persons with low education, in poverty, or without central air conditioning. Findings show that

some populations, especially the elderly, are particularly sensitive to short-term ozone exposure.

age; air pollution; effect modifiers; hospitalization; mortality; ozone; sex

Abbreviations: CI, confidence interval; CVD, cardiovascular disease; SES, socioeconomic status.

Ozone is a common air pollutant associated with adverse
health outcomes, including mortality (1). In the recently pub-
lished Global Burden of Disease (GBD) Study, Lim et al. (2)
estimated almost 2.5 million disability-adjusted life years at-
tributable to ozone in 2010 worldwide. The Global Burden of
Disease Study is the most comprehensive research on health
burdens worldwide to date, based on a 5-year project involv-
ing about 500 researchers. However, the analysis assumed
that all persons have identical sensitivity to ozone, by apply-
ing a single concentration-response function (3). The authors
noted that such assumptions obscure potentially vast differ-
ences in health risks across regions and populations. Estimat-
ing ozone risks for different populations requires evidence
regarding which subpopulations are most sensitive.

Here we refer to “sensitive populations” broadly as indi-
viduals or communities with higher health risk due to sus-
ceptibility or vulnerability. “Susceptibility” is often used to

describe elevated health risk due to biological or other intrin-
sic factors, such as sex or genetics, whereas “vulnerability”
often refers to higher risk from nonbiological or external fac-
tors, such as socioeconomic status (SES) or occupation (4).
Sensitivity may relate to modified exposure (e.g., different
risks by air conditioning status) or different health responses
from the same exposure across individuals (e.g., different risks
by sex). These population characteristics or factors are also
called effect modifiers of the ozone-health relationship. To
date, there is no consensus on who is more or less sensitive
to health impacts associated with short-term exposure to ozone.

While evidence that ozone adversely affects health is
strong and consistent (5–8), results regarding susceptibility
and vulnerability of exposed populations are inconclusive.
Such evidence would aid efforts to quantify health risks
across heterogeneous populations, such as the Global Burden
of Disease Study. Understanding which populations are
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sensitive could inform knowledge on credible pathological
mechanisms. Assessing susceptibility to air pollutants is a
priority research area for the US Environmental Protection

Agency (9, 10), which sets regulations with a margin of
safety for sensitive individuals. Physicians would benefit
from information on which patients are most likely to be

Table 1. Scientific Evidence on Populations That May Be Sensitive to Associations of Ozone Exposure With Mortality and Hospital Admissions,

1988–2013

Outcome

Statistically Significant Results
Lack of Statistically Significant

Evidence Evidence of
AssociationNo. of

Studies
Reference No(s).

No. of
Studies

Reference No(s).

Sex

Mortality Limited or suggestive
evidence of higher
associations in
women

Individual data 11 31, 32, 44, 45, 67–73

Higher risk in women 2 22, 23

Hospitalization

Individual data 18 37, 39, 43, 74–88

Higher risk in women 5 24–28

Higher risk in men 1 28

Age

Mortality Strong evidence of
higher associations
in older populationsIndividual data 32 1, 8, 29, 44, 46, 67, 69,

70, 73, 95–117

Higher risk with higher age 11 22, 23, 45, 71, 72,
89–94

Lower risk with higher age 4 30–32, 93

Community data 0 1 29

Hospitalization 26

Individual data 24–27, 37, 43, 74, 77,
78, 80–83, 86–88,
108, 126–134

Higher risk with higher age 13 28, 33–36, 118–125

Higher risk with lower age 9 28, 33–36, 38–40, 84

Race/Ethnicity

Mortality Weak evidence of
higher associations
in minority
populations

Individual data 0 2 22, 44

Community data 1 42

Higher risk for higher minority
population

1 41

Hospitalization (individual data) 2 24, 43

Higher for minority populations 2 27, 135

Lower for minority populations 1 27

Education

Mortality Weak evidence of
higher associations
with lower
educational level

Individual data 5 22, 44, 46, 69, 72

Lower risk with higher education 1 45

Higher risk for unknown education than
for known education

1 31

Higher risk for known education than for
unknown education

1 31

Community data 0 1 42

Hospitalization

Community data 0 2 75, 76

Table continues
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affected. Lack of scientific evidence on how different popu-
lations may respond differently to ozone also hinders under-
standing of health impacts from climate change (11).

We systematically reviewed population-based studies
regarding which persons are most sensitive to risk of mortal-
ity and risk of hospital admission from short-term exposure to
ozone. Meta-analysis was performed to generate overall risk
estimates by subpopulation. Systematic reviews with meta-
analyses can help decision-makers, physicians, and researchers
integrate findings and identify consistencies in the scientific
literature (12).

METHODS

We performed a systematic search in the National Library
of Medicine’s MEDLINE/PubMed database (13). Search
terms and exclusion criteria were designed to identify
population-based studies on health impacts of short-term
exposure (i.e., a day or a few days) to ambient ozone with re-

gard to mortality, hospital admissions, and emergency room
visits in adults (see Web Appendix, available at http://aje.
oxfordjournals.org/). Study designs other than population-
based research (e.g., chamber studies) were excluded. Both
single-city and multicity studies were included.

Article titles and abstracts were reviewed in relation to ex-
clusion criteria, and the full texts of remaining articles were
then reviewed. Web Figure 1 provides a flow diagram of the
search. The systematic review and meta-analysis were per-
formed with consideration of PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) and
MOOSE (Meta-Analysis of Observational Studies in Epide-
miology) guidelines (14, 15).

We extracted information on each study’s time frame, loca-
tion, population description, sample size, ozone metric (e.g.,
24-hour average), study design (e.g., time series), lag period
between exposure and health responses, health outcome, and
statistical approach to assessment of ozone sensitivity (e.g.,
stratification). We then performed data extraction. Although
we focused on populations’ sensitivities to ozone, we noted

Table 1. Continued

Outcome

Statistically Significant Results
Lack of Statistically Significant

Evidence Evidence of
AssociationNo. of

Studies
Reference No(s).

No. of
Studies

Reference No(s).

Income

Mortality No evidence of ozone
sensitivity by
incomeCommunity data 0 6 23, 42, 44, 45, 47, 136

Hospitalization

Community data 0 3 75, 76, 137

Employment/Occupation

Mortality Strong evidence of
higher associations
with lower
employment status

Individual data 0

Higher risk for lower-level employment 3 31, 45, 46

Higher risk for higher-level employment 1 46

Community data 9

Higher risk with higher unemployment 2 29, 41

Poverty

Mortality Weak evidence of
higher associations
in high-poverty
areas

Community data 0 2 44, 47

Hospitalization

Community data 2 48, 49

Higher risk for higher-poverty areas 1 36

Air Conditioning

Mortality Weak evidence of
higher associations
with lower AC
prevalence

Community data 0

Higher risk with lower AC prevalence 3 6, 41, 42

Higher risk with higher AC prevalence 2 22, 42

Hospitalization

Community data 0

Higher risk with lower AC prevalence 1 48

Abbreviation: AC, air conditioning.
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results for other potential modifiers of the association between
ozone and health. We classified each potential modifier as
individual-level (e.g., individual’s SES), community-level
(e.g., county’s unemployment rate), or temporal (e.g., day’s
temperature or season). Results were divided by health out-
come (mortality, hospital admissions), grouping emergency
department visits with hospitalizations. For multicity studies
providing city-specific results, we examined each city’s re-
sults separately.
No studies were excluded for quality considerations; how-

ever, information on study design and presentation of results
was summarized for the following characteristics: description
of model structure (e.g., model structure provided, general
description), consideration of co-pollutants, single or multi-
ple lags, rationale for selected lag, exposure approach (e.g.,
ambient monitors), presentation of ozone sensitivity results
(e.g., tables, figures), and specification of International Clas-
sification of Diseases codes and source of health data. For
studies included in the meta-analysis, we extracted informa-
tion on ozone-related health risk (e.g., relative risk), measure
of uncertainty (e.g., confidence interval), increment of pollu-
tion for estimates of the association (e.g., 10 μg/m3), and
ozone metric (e.g., 24-hour average).
Meta-analysis by random-effects modeling (16), which ad-

dresses heterogeneity in the actual effects across studies, was
performed separately for sex and age groups. Population char-
acteristics that were defined differently by study (e.g., employ-
ment defined as “percent unemployed” vs. “occupation”) could
not meaningfully be combined quantitatively. Meta-analyses
were considered when at least 5 studies using individual-level
data were available. If studies presented estimates for multiple
lags, we used the key lag presented by the study authors or the
single-day lag closest to the health outcome (i.e., lag 0 if avail-
able). If multiple models had been utilized in a given study
(e.g., different sets of confounding variables), we used results
from themainmodel as presented by the original study authors.
For multicity studies, city-specific estimates were included sep-
arately when available. Results based on categorical exposures
(e.g., the highest quartile of exposure vs. the lowest quartile)
were not incorporated into the meta-analysis. Results reported
in various forms were converted to regression coefficients and
their standard errors for pooling. Estimates based on specific
8-hour periods (e.g., 10 AM–6 PM) were combined with those
for daily 8-hour maximum. Values from other ozone metrics
were converted to daily 8-hour maximum based on standard
ratios, although true ratios vary (17). Estimates presented in
μg/m3 were converted to parts per billion (ppb), assuming
standard temperature and pressure. Overall estimates were cal-
culated for a 10-ppb increase in daily 8-hour maximum. We
calculated the uncertainty parameter (I2) representing the per-
centage of total variance in study-specific results explained
by heterogeneity (18). We assessed publication bias with
Egger’s test for asymmetry (19) and adjusted for publication
bias using the “trim and fill” method (20). Analyses were per-
formed in R, version 2.15.2 (R Foundation for Statistical Com-
puting, Vienna, Austria). We generated forest plots and funnel
plots for each meta-analysis.
A priori, we identified population characteristics poten-

tially relevant to ozone sensitivity: sex, age, race/ethnicity,
SES indicators (education, income, employment/occupation,

and poverty), and air conditioning. For these characteristics,
we synthesized the overall evidence using categories loosely
based on those established by Institute of Medicine commit-
tees (21) and applied by government agencies and research-
ers. The original categories used by the Institute of Medicine
and other groups were: sufficient evidence of a causal rela-
tionship; sufficient evidence of an association; limited/sug-
gestive evidence of an association; inadequate/insufficient
evidence to determine whether an association does or does
not exist; and limited/suggestive evidence of no association
(21). Because our study focused on modification of associa-
tions for epidemiologic studies, we altered these categories
to the following, in increasing order of certainty: no evidence
of ozone sensitivity, weak evidence of ozone sensitivity, lim-
ited/suggestive evidence of ozone sensitivity, and strong ev-
idence of ozone sensitivity. The overall state of scientific
evidence for each population characteristic was assigned a
category based on the quality and quantity of studies providing
consistent and significant evidence in comparison with con-
flicting findings. For sex and age, we also considered meta-
analysis results. These categories allowed qualitative synthesis
of evidence for population characteristics for which meta-
analysis was not viable.

RESULTS

The search identified 2,470 published articles, with 2,091
unique papers. After exclusions, 169 papers remained. Two
peer-reviewed agency reports that duplicated published arti-
cles were omitted. Of the remaining 167 papers, 73 examined
mortality and 96 examined hospitalizations and emergency
department visits, including 2 studies that considered both
mortality and hospitalization. Web Tables 1 and 2 provide in-
formation on the studies of mortality and hospital admission,
respectively. Although we focused on certain population
characteristics for ozone sensitivity, Web Tables 1 and 2
also show results for other potential modifiers considered in
these studies. The most represented country was the United
States (21% of studies), while 12% of the studies were in
Taiwan and 11% were in Canada. Web Figure 2 gives
study characteristics regarding analytical decisions and the
presentation of study design and results.
Table 1 presents scientific evidence for selected population

characteristics and provides our conclusions on ozone sensi-
tivity. The table notes the numbers of studies that found sta-
tistically significant evidence of ozone sensitivity (and in
which direction the evidence pointed) and those that did
not. Below we provide evidence for ozone sensitivity with re-
gard to sex, age, race/ethnicity, SES indicators, and air con-
ditioning, including the results of meta-analyses for sex and
age. Meta-analysis was not applied to other population char-
acteristics because of few estimates or substantial heterogene-
ity in how characteristics were defined.

Modification of the association by sex

Thirty-six studies examined ozone sensitivity by sex, all
using individual-level data. Risk estimates were generally
higher for women, with 6 studies finding this result (2 for
mortality (22, 23), 4 for hospitalization (24–27)) and 1 finding
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higher hospitalization associations for women during the
warm season and for men during the cool season or all year
(28). Twenty-nine studies identified no significant results.
We conducted meta-analysis for total mortality separately
by sex, based on 9 pairs of risk estimates from 9 studies
(Table 2, Figures 1 and 2). For women, a 10-ppb increase
in daily 8-hour ozone concentration was associated with a
1.12% (95% confidence interval (CI): 0.62, 1.63) increase
in mortality—slightly higher than the estimate for men at
0.73% (95% CI: 0.40, 1.07) (Figure 3). The ozone-mortality
relative risk was 0.39% (95% CI: –0.22, 1.00) higher for
women than for men. Estimates adjusted for publication
bias were similar. We found limited/suggestive evidence of
higher associations in women than in men.

Modification of the association by age

Ozone sensitivity by age was investigated in 46 mortality
studies and 43 hospitalization studies. Categorization of age
differed by study. All studies used individual-level data on
age, except for 1 mortality study that found no evidence
that risk varied by communities’ percentage of persons
over age 75 years (29). Of mortality studies using individual-
level data for age, 10 found risk increases with age, and 1 ad-
ditional study found higher or lower risks for older persons
depending on season and cause of death (Table 1). Three
studies finding lower risk for older persons were based on
subpopulations (e.g., survivors of myocardial infarction)
(30–32).

% Increase in Risk of Total Mortality

Zhang, 2006 (73)

Yang, 2012 (72)

Vichit-Vadakan, 2010 (71)

Stafoggia, 2010 (23)

Son, 2012 (31)

Ren, 2010 (44)

Qian, 2010 (70)

Kan, 2008 (69)

Cakmak, 2011 (45)

Overall

First Author, Year
(Reference No.)

Women
Men

−1 0 1 2 3 4 5 6 7

Figure 1. Percent increase in risk of total mortality for a 10-ppb in-
crease in 8-hour ozone concentration for published studies included
in a meta-analysis, by sex, 1988–2013. The open points represent in-
dividual study estimates; the closed points and dashed vertical lines
represent overall estimates from the meta-analysis. Horizontal lines
represent 95% confidence intervals.

Table 2. Results From a Meta-Analysis of Associations Between Ozone Exposure and Mortality, by Sex, 1988–2013

I 2 (Uncertainty
Parametera), %

95% CI
P Value (Egger’s
Regression Test)

Overall Risk
Estimate,b %

95% CI
Overall Estimate
Adjusted for

Publication Bias,b %
95% CI

No. of
Adjusted
Estimates

Men 26.4 0.0, 65.6 0.02 0.73 0.40, 1.07 0.64 0.31, 0.98 2

Women 64.7 27.8, 82.7 0.003 1.12 0.62, 1.63 1.12 0.62, 1.63 0

Women vs. menc 0.39 –0.22, 1.00 0.48 –0.13, 1.09

Abbreviation: CI, confidence interval.
a Percentage of variance in observed study results explained by heterogeneity.
b Percent increase in risk for a 10-ppb increase in 8-hour ozone concentration.
c Percent increase in ozone risk estimates for women compared with men.

0

1,000

2,000

3,000

−1 0 1 2 3 4 5

% Increase in Mortality Risk per 10-ppb Increase in Ozone

Women
Men

Figure 2. Estimates of the association between ozone exposure and
total mortality for published studies included in a meta-analysis, by
sex, 1988–2013. Estimates show the percentage increase in risk per
10-ppb increase in 8-hour ozone concentration. The open points rep-
resent individual study estimates; the closed points represent “missing
studies” for which data were derived from the trim-and-fill method to
adjust for publication bias. Solid vertical lines represent overall esti-
mates based on study results; dashed lines represent overall esti-
mates adjusted for publication bias.
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Of the 43 hospitalization studies on age, higher associa-
tions were observed for older persons in 13. Five studies
found mixed results, with the highest risk appearing in an
age group other than the youngest or oldest (33, 34), or dif-
ferent results on age by time lag (35), outcome and cause
(36), or sex (28). Four studies finding lower risks for older
persons were for subpopulations (e.g., asthma emergency de-
partment visits for women during the warm season) (37–40).
We performed meta-analysis by age category (younger and

older populations) for total, cardiovascular disease (CVD), and
respiratory mortality and for CVD, respiratory, and asthma

hospitalizations (Table 3, Figures 3–5, Web Figures 3–12).
For older populations, we used the oldest age category avail-
able in each study. Younger populations were considered those
most closely matching adults, excluding elder populations.
Some studies compared estimates for older populations with
persons of all ages, in which case we combined estimates for
“all ages”with younger populations and performed sensitivity
analysis excluding these studies.
A 10-ppb increase in daily 8-hour ozone concentration was

associated with a 0.60% (95%CI: 0.40, 0.80) increase in total
mortality for younger persons and a 1.27% (95% CI: 0.76,
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Figure 3. Results from a meta-analysis of associations of ozone exposure with mortality and hospital admission, by sex or age, 1988–2013.
A) Risk of mortality by sex; B) risk of mortality by age; C) risk of hospital admission by age. Points represent central estimates for the increase in
health risk for a 10-ppb increase in daily 8-hour ozone concentration. Vertical lines represent 95% confidence intervals. CVD, cardiovascular
disease.
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1.78) increase for older persons. The ozone-mortality risk
was 0.66% (95% CI: 0.12, 1.12) higher for older populations
than for younger populations (Table 3). Sensitivity analysis
removing studies comparing “all ages” with older popula-
tions was based on 22 pairs of estimates from 20 studies. Es-
timates were higher for older populations at 0.87% (95% CI:
0.61, 1.13) as compared with 0.50% (95% CI: 0.24, 0.76) for
younger populations. Meta-analysis results were higher, but
not statistically so, for older persons than for younger persons
for CVD mortality, CVD hospital admissions, and respira-
tory hospital admissions (Web Figures 3–10). Results for

respiratory mortality or asthma hospitalization were lower
for older groups than for younger groups but were not statisti-
cally different (Table 3). Results from Egger’s test did not sug-
gest heterogeneity (P > 0.05), except for ozone–respiratory
mortality estimates. We found strong evidence of higher
ozone associations for mortality in older populations.

Modification of the association by race/ethnicity

Eight studies examined ozone sensitivity by race/ethnicity.
Two found higher risks for minority populations, 1 with

Table 3. Results From a Meta-Analysis of Associations Between Ozone Exposure and Mortality and Hospital Admission, by Age, 1988–2013

No. of
Estimate
Pairs

No. of
Studies

I2 (Uncertainty
Parametera), %

95% CI

P Value
(Egger’s

Regression
Test)

Overall Risk
Estimate,b %

95% CI

Overall
Estimate

Adjusted for
Publication
Bias,b %

95% CI
No. of

Adjusted
Estimates

Total mortality 35 33

Younger
persons

66.5 52.2, 76.5 0.06 0.60 0.40, 0.80 0.55 0.34, 0.76 4

Older persons 99.9 99.9, 100 0.48 1.27 0.76, 1.78 1.43 0.98, 1.89 6

Older vs.
youngerc

0.66 0.12, 1.12 0.16 0.07, 0.24

CVD mortality 17 12

Younger 70.6 51.8, 82.0 0.48 0.53 0.20, 0.86 0.53 0.20, 0.86 0

Older 64.4 40.2, 78.8 0.18 0.73 0.43, 1.04 0.73 0.43, 1.04 0

Older vs.
younger

0.20 −0.25, 0.65 0.20 −0.25, 0.65

Respiratory
mortality

16 11

Younger 0.0 0.0, 23.7 0.33 0.45 0.24, 0.65 0.43 0.23, 0.64 3

Older 8.1 0.0, 44.5 0.04 0.36 0.09, 0.63 0.32 0.03, 0.61 5

Older vs.
younger

−0.09 −0.42, 0.25 −0.12 −0.47, 0.24

CVD
hospitalization

8 8

Younger 72.0 42.4, 86.4 0.45 0.29 −0.80, 0.22 0.29 −0.80, 0.22 0

Older 84.8 71.8, 91.8 0.16 0.57 −0.05, 1.19 0.57 −0.05, 1.19 0

Older vs.
younger

0.86 0.05, 1.67 0.86 0.05, 1.67

Respiratory
hospitalization

12 11

Younger 78.3 62.5, 87.4 0.65 −0.20 −0.73, 0.33 0.22 −0.31, 0.76 4

Older 77.2 60.4, 86.9 0.49 0.32 −0.31, 0.96 0.32 −0.31, 0.96 0

Older vs.
younger

0.52 −0.31, 1.35 0.10 −0.73, 0.93

Asthma
hospitalization

8 8

Younger 81.9 65.5, 90.5 0.15 2.74 0.47, 5.06 3.30 1.24, 5.40 2

Older 61.5 16.8, 82.2 0.61 2.43 0.47, 4.42 2.43 0.47, 4.42 0

Older vs.
younger

−0.31 −3.20, 2.79 −0.85 −3.57, 1.95

Abbreviations: CI, confidence interval; CVD, cardiovascular disease.
a Percentage of variance in observed study results explained by heterogeneity.
b Percent increase in risk for a 10-ppb increase in 8-hour ozone concentration.
c Percent increase in ozone risk estimates for older persons compared with younger persons.
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individual-level data and 1 with community-level data, and
an additional study with individual-level data found higher
risk for non-Caucasians for asthma and pneumonia emer-
gency room admissions and higher associations for Cauca-
sians for exacerbation of chronic obstructive pulmonary
disease. We conclude that there is weak evidence of higher
associations in minority populations. Investigation of ozone
sensitivity by race/ethnicity was limited. All 4 hospitalization
studies considered a single community (1 in Italy, 3 in the
United States). All 4 mortality studies were US multicity
studies. Race/ethnicity categorizations were simplistic, with

most studies using 2 categories (e.g., black and other (22,
41, 42)). Only 2 studies used 3 or more race/ethnicity catego-
ries (43, 44).

Modification of the association by SES indicators

We considered ozone sensitivity with the following SES
indicators: education, income, employment/occupation,
and poverty. Overall, research suggested higher associa-
tions with lower SES. The most commonly studied SES
indicator was education, with 10 studies evaluating this

−8 −4 0 4 8 12 16
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Figure 4. Percent increase in risk of total mortality for a 10-ppb increase in 8-hour ozone concentration for published studies included in a meta-
analysis, by age, 1988–2013. The open points represent individual study estimates; the closed points and dashed vertical lines represent overall
estimates from the meta-analysis. Horizontal lines represent 95% confidence intervals.
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association. One mortality study found higher risk for per-
sons with less than a primary school education than for
those with a university education (45); there were no signif-
icant results in the remaining studies. We found weak evi-
dence of higher associations with lower education.

We conclude that current research provides no evidence of
ozone sensitivity by income, since none of the 9 such studies
found statistically significant evidence. Analysis was limited
because of exclusive reliance on community-level data and
the US focus.

Sensitivity by employment/occupationwas investigated in 5
mortality studies and no hospitalization studies. Employment
categories were defined differently by study (e.g., unemployed,
blue-collar, white-collar (45)). Unemployed persons had higher
ozone-mortality risk than white-collar employees in Chile (45)
and higher risk than professional employees in South Korea
(31). The other study with individual-level data, based in
Hong Kong, China, found higher ozone-mortality risk for
blue-collar workers than for white-collar or never-employed
workers (46). Two studies found higher community-level
ozone-mortality estimates with higher unemployment (29,
41). We found strong evidence of higher ozone-mortality
risk with lower employment status.

Ozone sensitivity by community-level poverty was consid-
ered in 5 US studies (2 mortality (44, 47) and 3 hospitalization
(36, 48, 49)). Poverty was typically defined as percentage of
persons, or persons aged 65 years or more, living in poverty.
Some studies divided communities’ populations into binary

categories (36, 49) or quartiles (44) by poverty status. One
study found higher risks of ozone-related emergency depart-
ment visits for CVD and dysrhythmia in high-poverty areas
(36). The remaining studies found no evidence of ozone sen-
sitivity by poverty level. We found weak evidence of higher
ozone associations in high-poverty communities.

Modification of the association by air conditioning

Four studies examined sensitivity to ozone mortality by
the presence of air conditioning (6, 22, 41, 42). Findings
were more consistent for central air conditioning than for
window air conditioning; there were higher associations
with lower levels of central air conditioning in 3 studies (6,
41, 42). The 1 hospitalization study found higher risks with
lower air conditioning (48). Analyses were limited by the use
of community-level data, measurement of air conditioning
prevalence rather than use, and a US focus, with the excep-
tion of 1 meta-analysis that included both US and Canadian
cities (6). We found weak evidence of higher ozone associa-
tions with lower air conditioning prevalence.

DISCUSSION

Ozone sensitivities may relate to physiological differences.
The structure of the respiratory system changes as we age,
with decreased chest wall compliance, respiratory muscle
strength, and vital capacity (50). Hormones and structural/
morphological differences in the respiratory system may af-
fect differences in risk between men and women (51).

Populations likely differ in terms of how estimated expo-
sure relates to actual exposure. In the studies we identified,
most researchers estimated exposure using outdoor levels,
whereas actual exposure is affected by occupational exposure
and indoor/outdoor activity patterns. A US survey found that
86.9% of participants’ time was spent indoors (52). Activity
patterns can differ by sex, age, race/ethnicity, employment,
and education (53). The indoor/outdoor ratio of ozone levels
varies with air conditioning status (54) and housing structure,
which can relate to SES. Further, studies use different ap-
proaches to estimate exposure to ozone, such as the nearest
monitor value, the average of monitor values over a given
area, interpolated values from several monitors, and modeled
estimates, and they can take different approaches on whether
to estimate ozone levels for days missing monitor values and
the nature of such estimation.

Baseline health status, smoking, obesity, occupation, and
other health-related factors that may affect vulnerability to
ozone are more prevalent in some populations. For example,
obesity can vary by race/ethnicity and sex (55, 56). Further, pop-
ulation characteristics are not independent (e.g., SES and race/
ethnicity), complicating the ability to disentangle which factors
in this complex system are most relevant for ozone sensitivity.

Previous meta-analyses of ozone associations did not
focus on sensitive populations, although some examined
risks by age. One earlier meta-analysis found a 0.57%
(95% CI: –0.26, 1.41) higher total mortality–ozone estimate
for older populations than for younger populations (8), afinding
confirmed by our significant result of 0.66% (95% CI: 0.12,
1.12). Ozone–respiratory hospitalization estimates were
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Figure 5. Estimates of the association between ozone exposure and
total mortality for published studies included in a meta-analysis, by
age, 1988–2013. Estimates show the percentage increase in risk
per 10-ppb increase in 8-hour ozone concentration. The open points
represent individual study estimates; the closed points represent
“missing studies” for which data were derived from the trim-and-fill
method to adjust for publication bias. Solid vertical lines represent
overall estimates based on study results; dashed lines represent over-
all estimates adjusted for publication bias.
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0.52% higher for older populations than for younger popula-
tions in our study, whereas a previous meta-analysis found a
0.15% difference (57); in both meta-analyses, risks were not
statistically different by age group. An earlier meta-analysis
found a 2.45% lower estimate for the association between
ozone exposure and chronic obstructive pulmonary disease
hospitalization among older persons than among persons of
all ages; findings were not statistically significant and were
based on 4 estimates for all ages (57). Other previous meta-
analyses of ozone investigated mortality without exploration
of sensitive populations (5, 58, 59).
In this analysis, 69% of studies provided results for multi-

ple lag structures. The rationale for the selected lag structure
varied and was not presented in all articles (Web Figure 2).
Presentation of findings from a single lag structure may result
in publication bias (8). Earlier work found that estimates of
ozone associations from meta-analysis were consistently
higher when based on a single lag than when results for mul-
tiple lags were reported (8). In future work, investigators
could examine whether risks differ by lag using studies that
presented results on multiple lag structures.
Although our findings ascertained sensitive populations, we

identified gaps in the scientific literature. The lack of sufficient
numbers of studies to perform meta-analysis necessitated qual-
itative assessment for sensitivity by race/ethnicity, SES indica-
tors, and air conditioning. Categorization of cause of death or
hospitalization by means of International Classification of Dis-
eases codes is not perfectly consistent across studies (57).Many
studies were designed to investigate issues other than popula-
tion sensitivities. Studies developed specifically to explore
ozone sensitivity may have different study designs. In particu-
lar, analysis of sensitivity by race/ethnicity used crude catego-
ries. Only 2 studies used 3 ormore race/ethnicity categories (43,
44). No studies used individual-level data to investigate sensi-
tivity by education or employment for hospitalizations, or to in-
vestigate income or poverty for either health outcome. All air
conditioning studies employed prevalence of air conditioning
rather than use. Some analysis was hindered further by a US
focus. Because of these limitations and publication bias, the ab-
sence of evidence for ozone sensitivity should not be interpreted
as evidence for the absence of sensitivity.
Many of the differences in estimates of ozone associations

among groups were small in terms of the relative percent dif-
ference (Tables 2 and 3). However, these values present the
relative increase in risk for a given group as compared with
another group, and the actual health burden will relate to
the baseline level of risk for ozone and the given health out-
come for each group. Given the high levels of ozone pollution
in many parts of the world and the large populations exposed,
small relative differences in the risks for 2 populations could
translate to large differences in the public health burden. Fur-
ther, evidence on differences in sensitivity to ozone can
inform policy-makers in their efforts to protect the public
from air pollution, the medical community in their efforts
to protect patients, and researchers who assess health impacts
across different populations, as in the Global Burden of
Disease Study.
Ozone levels have generally declined inmany industrialized

countries, yet over 123 million people in the United States live
in areas with ozone concentrations exceeding the levels

specified in health-based ozone regulations (60). Concentra-
tions are increasing in much of the developing world with
the expanding transportation networks, energy consumption,
and industry that accompany urbanization (61). Worldwide,
an estimated 470,000 respiratory deaths per year result from
ozone exposure (62), and it is estimated that ozone-related
deaths in the United Kingdom will increase 71% by 2050
(61). However, the true health burden of ozone is unknown
without evidence regarding which populations are most sensi-
tive. Estimates on health consequences from ozone for specific
populations, such as in the Global Burden of Disease Study,
for the present day (2, 62–64), or under a changing climate
(61, 65, 66), often rely on a single or small number of
concentration-response functions applied to all persons, al-
though such functions may be based on populations with char-
acteristics quite dissimilar from the population of interest and
such characteristics change over time. Our findings indicate
that health responses to ozone differ by age and employ-
ment/occupation, and possibly by sex, race/ethnicity, and
other SES indicators. Evidence on which populations are
most sensitivity to ozone is needed to inform physicians as
to which patients face higher risk, to aid decision-makers
who formulate air-quality regulations, and to help sensitive in-
dividuals themselves, who may wish to modify their ozone ex-
posure and understand their risk factors. Future studies should
investigate ozone sensitivity for the population characteristics
identified here, ideally with studies designed for this task.
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