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Comment Letter #85

From: Osterman, Gregory B (US 329I) <gregory.b.osterman@jpl.nasa.gov>
Sent: Saturday, August 13, 2022 2:44 PM

To: Sang-Mi Lee <slee@agmd.gov>
Subject: Air Quality and Health Appendix - Comments

Hi Sang-Mi,

| apologize for this being late. | did go through the Air Quality and Health appendix, though | focused
mostly on the ozone sections. The document looks to be very thorough, with an impressive amount of
referenced support for the need to help alleviate the effects of air quality on human health.

| did not ask any questions during the meeting, | felt my questions were asked by other members of the
committee and answered during the meeting. My questions had to do with the ISA, which | was not too
familiar with. The relationships in table I-2 seem to be very conservative when describing the risks to
health from ozone exposure, but now | understand that they are defined by the EPA. The case for the
effects of ozone on health is still overwhelmingly made in the document.

Also | know that the team that wrote the appendix had to stop at some point and could not consider the
most recent papers. | did a quick search and found the attached paper that started with the same
premise as table 1-2, that the relationship between long-term ozone exposure and cardiovascular
mortality has not been established as causal. The findings of the paper seem to support the relationship
and add to the evidence that their might be a causal relationship. Maybe the team already saw this
paper, | just found it and thought | would pass it along.

Lastly, and this is closer to the subject area | am more familiar with, | did not see any papers from the
NASA Health and Air Quality Applied Science Team about air quality and health effects that utilize
satellite data. These are more recent papers (publication list here), so maybe they came out after the
appendix draft was completed. But there seem to be some papers that might help illustrate the
relationships between PM2.5, NO2 or ozone and health. As you know the satellite data has limitations,
but is good at looking at larger areas or away from places with surface instrumentation. In particular,
Susan Anenberg’s group has published some interesting papers (link). The appendix is very thorough, it
might not need the satellite papers, but | thought | would point them out.

Again, great job by the SCAQMD team working on the draft AQMP and the health effects appendix in
particular.

Best regards,

Greg


mailto:gregory.b.osterman@jpl.nasa.gov
mailto:slee@aqmd.gov
https://haqast.org/haqast-publications-2/
https://publichealth.gwu.edu/departments/environmental-and-occupational-health/susan-anenberg
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Long-term exposure to ozone and cardiovascular mortality
in China: a nationwide cohort study
YueNi*, Yuchang Zhou®, Renjie Chen, Peng Yin, XiaMeng, Weidong Wang, CongLiu, Jotin 3)i Yang Qdu, Haidong Kan, MaigengZ hou

Summary

Background The evidence for a causal relationship between long-term ozone exposure and cardiovascular mortality is
inconclusive, and most published data are from high-income countries. We aimed to investigate the association between
long-term exposure to ozone and cardiovascular mortality in China, the moest populous middle- income country.

Methods We did a nationwide cohort study comprising Chinese adulis aged 18 years and older from the 2010-11
China Chronic Disease and Risk Factors Surveillance project; participants were followed up until Dec 31, 2018, or the
date of death. Data on participants’ deaths were obtained through linkage to the Disease Surveillance Point system, a
national death registration database. Residential ozone exposure was estimated with a previously developed random
forest model. We applied stratified Cox proportional hazards models to estimate the associations of ozone with
mortality due to overall cardiovascular diseases, ischaemic heart disease, and stroke. The models were stratified by
age and sex and adjusted for a set of individual-level and regional covariates. Warm-season average ozone concentration
for the previous 1-3 years was added as a time-varying variable. We also did subgroup analyses by age, sex, level of
education, smoking status, urban or rural residence, and geographical region.

Findings Data were analysed for 96955 participants. The warm-season average ozone concentration during the follow-up
period was §9.7 pg/m? (3D 14.4). In the fully adjusted models, we observed significant and positive associations
between ozone and mortality from overall cardiovascular diseases (hazard ratio [HR] 1-093 [95% CI 1.046-1-142] per
10 pg/m? increase in warl-season ozone concentrations), ischaemic heart disease (1-184 [1-099-1.276] per 10 pg/m?
increase in warme-season ozone concentrations), and stroke (1-063 [1-002- 1-128] per 10 pg/m? increase in warm-
season ozone concentrations). After adjusting for fine particulate matter, the associations with overall cardiovascular
disease and ischaemic heart disease mortality were almost unchanged, whereas the assodation with stroke mortality
lost statistical significance. The association of longterm czone exposure with cardiovascular mortality was more
prominent in people aged 65 years and older than in those younger than 65 years. We did not find any effect modification
of sex, level of education, smoking status, urban or rural residence, and geographical region. We observed an almost
linear exposure—response relationship between ozone and cardiovascular mortality.

Interpretation This study is, to the best of our knowledge, the first nationwide cohort study to show that long-term
orone exposure contributes to elevated risks of cardiovascular mortality, particularly from ischaemic heart disease, in
a middle-income setting. The exposure-response function generated from this study could potentially inform future
air quality standard revisions and environmental health impact assessmenis.

Funding National Nawral Scence Foundation of China.

Copyright i@ 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction estimated to be attributable to ozone air pollution

Ground-level ozone is a typical secondary air pollutant
that is formed by a series of sunlight-driven reactions
imvolving nitrogen oxides and volatile organic compounds.
Ground-level ozone pollution is a persistent challenge in
high-income countries and is now a growing concemn in
low-income and middle-income countries as well. In 2019,
population-weighted seasonal ozone concentrations in
different countries ranged from approximately 20 pg/m?
to 130 pg/md.! Ozone pollution is of particular concem in
China, which has a higher population-weighted ozone
concentration than most cther countries?

According 1w the findings of the Global Burden of
Diseases, Injuries, and Risk Factors Study (GBED) 2019,
approsimately 0-4 million deaths worldwide were
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in 2019." The estimate only relied on the analysis of
five large-scale cohoris in high-income countries
{eg. Canada, the UK, and the USA)." without induding
any data from low-income and middle-income countries.
Given that these exposure-Tesponse CUVes can
substantially sway GBD estimates, we believe additional
evidence is needed. It is especially pertinent that ozone-
related deaths could be underestimated as previous
modelling approaches only considered mortality from
chronic obstructive pulmonary disease. Other major
diseases, such as cardiovascular diseases, have not been
included in previous estimates.

The effects of ozone on the cardiovascular systemn have
been extensively investigated in short-term exposure
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Research in context

Evidence before this study

‘We searched PubMed with the MeSH terms “azone” AND “long-
temm AND [*cardiovascular disease” OR * coronary disease” OR
“stroke”) for all studies published in English from database
inception to Dec 31, 2020.We found a few epidemiclogical

e posure and mortality due to cardiovascular diseases.
Howiever, these studieswers mainly done in high-income
coamtries (e Canada, the UK, and the USA), and the findings
were incondusive. To date, no nationwide cohort study has
imvestigated such assodiations in bow-income and middle-
income countries, whose demographic characteristics,
socigeconomic status, and ozone exposure levels are different
from those of high-income countries.

Added value of this study

Tothe best of our knowledge, this is the first nationwide
cohort study toinvestigate the effects of long- term czone
@i posure on mortality in a middle-income setting. In this

studies  However, only a few studies have examined
such associations in the context of long-term exposure.
Existing evidence for a causal relationship between long-
term oeone exposure and cardiovascular mortality,
derived from several cohorts in the USA and Furope, was
insufficient and inconsistent. In this context, the US
Environmental Protection Agency stated that there is no
conclusive evidence of a causal relationship between
long-term ozone exposure and cardiovascular outcomes.®
In two studies done in the USA, researchers found
positive associations between long-term ozone exposure
and cardiovascular mortality.®® However, to date, no
study has been done in a low-income or middle-income
country to support these findings. We aimed to
investigate whether long-term ozone exposure was
associated with cardiovascular mortality in China and to
further explore potential effect modification.

Methods

Study design and population

For this cohort study, we analysed data from participants
included in the China Chronic Disease and Risk Factors
Surveillance (CCDRFS) project, a cross-sectional survey
done in 2010-11. We collected information on participants’
deaths through linkage to the Disease Surveillance Point
[DSP) systemn, a national death registration database, until
the end of 2018, Details about the CCDRES project have
been published previousk:® the project was originally
designed to understand the prevalence of and risk factors
for chronic diseases in China. In the CCDRFS project,
participants were randomly selected from 162 study sites
across the country. After excluding one study site outside
of the DSP systern, the remaining 161 sites (97 rural and
&4 urban) that were completely covered by the DSP systemn

seeOnine forappends. - weTe included in the present study (appendix p 4. All

cohort study of 98 058 adults aged 18 years and older in
China, we fouwnd that long-term orone exposure was
significantly associated with increasad risks of mortality due
tocardiovascular diseases, especially ischaemic heart disease.
Such associationswere more prominent in people aged

&5 years and older than in those younger than 65 years.
Additionally, we obsarved an almost linear exposure-
responsa curve for the relationship between ozone and
cardiovasoular mortality.

Implications of all the avallable evidence

Owr findings provide a better understanding of the causal
relationship between long-temn omone exposure and
cardiovascular diseases, suggesting that a peak-season standand
fior ambient ozone concentrations, in addition to the coment

B hor 1 h standards, is needed. Furthermore. when combined
with the available evidence from the literature, cur findings

could help to establish a more precise exposure-responss
function for future estimation of disease burden.

161 sites were randomly selected with an iterative method
involving multistage stratification to ensure that these
sites covered the representative geographical areas of all
31 provinces, autonomous regions, and municipalities in
mainland China {figure 1). At each DSP site, a method of
multistage stratified cluster random sampling was used to
obtzin a representative sample of adults aged 18 years and
older Only one person was randomly selected from each
sampled household. Further details of sampling are
privided in the appendix (p 2).

The study protocol was approved by the ethical review
committee of the Chinese Center for Disease Control
and Prevention. Written informed consent was obtained
from all participants.

Baseline data and follow-up

Individual-level information obtained through face-to-
face questionnaire interviews under the 2010-11
CCDRFS project was used as baseline data for this cohort
study, including data on personal characteristics, lifestyle
risk factors, and medical history. Specifically, educational
attainment was classified as elementary school or below,
middle school, high school, and above high school.
Marital status was categorised as never married, married
or cohabiting, divorced or separated or widowed, and
other. Participants were grouped according to smoking
status and intensity as follows: non-smokers, former
smokers, current smokers of one pack or less per day,
and current smokers of more than one pack per day.
Exercise was classified as high-intensity exercise,
medium-intensity exercise, and absence of regular
exercise. Information was also collected on passive
smoking, alcohol drinking status and intensity, daily
consumption of vegetables and fruits, as well as the onset
of cardiovascular events in the 12 months before the
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interview. Additionally, two city-level variables were
derived from the China Statistical Yearbook 2011: gross
domestic product (GDP) per capita and the number of
hospital beds per thousand people.

Each participant was followed up from their enrolment
up to Dec 31, 2018, or the date of death through the DSP
systemn, which has been used in various governmental
reports and international publications.™" In this study,
mortality data from the DSP system were merged with
baseline data from the CCDRFS project, relying on the
unigque identification number of each individual. Deaths
were ascertained and coded by trained staff according to
the tenth version of the International Classification of
Diseases. All death records were reviewed anmually,
sirictly following quality comrol procedures. For the
present analysis, we extracted data on deaths from overall
cardiovascular diseases (100-199), ischaemic heart
disease (120-125), and stroke (160-169).

Exposure assessment

Ambient ozone concentrations were estimated with a
previously developed random forest model at 1 ko spatial
resolution.* In brief, we used the ground-level maximum
daily & h average (MDAS) ozone measurements in
2013-19 as the dependent variable and used the spatic-
temporal predictors during the same pericd, including
Community Multiscale Air Quality simulations, meteo-
rological parameters, elevation, road networks, and
population data, as the independent variables to develop
the random forest model. Details about these variables
can be found in the appendix {pp 2-3) and have also been
published previously™ The performance of the random
forest model was evaluated with cross-validation where
training and testing sets were drawn by use of bootstrap
sampling. The cross-validated R? between predictions
and measuremnents at the monthly level was 0.83, the
root-mean-square error (RMSE) was 14-46 pg/m3, and
the mean absolute percentage error was 16-62%,
indicating a relatively high accuracy of prediction. We
used this exposure model and the spatictemporal
predictors in the corresponding years to predict ambient
MDAR oceone concentrations in China between 2005
and 2018. Residential ozone exposure was estimated by
assigning the predicted ozone concentrations to each
participant's residential address at baseline. In this study,
long-term ozone exposure was estimated by calculating
an average of MDAS czone concentrations during the
warm season (May to October).

To adjust for the potential confounding effects of fine
particulate matter (PM,.), we estimated PM,, concen-
trations at a 1kom spatial resclution following the method
described previousk.® In brief, we used random forest
algorithms to develop a gap-filling approach by linking
ground-level PM, , measurements (the dependentvariable)
to a set of predictors (the independent variables), including
simulated PM, . concentrations from MERRA-2 [Modern-
Fra Retrospective Analysis for Research and Applications,
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Version 2), aerosol optical depth product, metesrological
parameters, land use, population density, and visibility
data. The crossvalidated B2 between PM, , predictions and
measurements at the daily level was 0-81 and RMSE was
18-5 pg/m.

Statistical analysis

Stratified Cox proportional hazards models were applied
to evaluate the effects of orone on cardiovascular
mortality. The proportional hazards assumption for each
Cox model was verified with the Schoenfeld residual test,
and we detected no viclations. We fitted four models
(models 1-4). All models were stratified by 14ear age
categories and sex to allow for flexible stratum-specific
mortality rates at baseline. The covariates in model 1
included body-mass  index (BMI), BMI squared,
education, marital status, smoking, passive smoking [yes
or na), alcohol drinking status |yes or no), consumption
of alcohol, and two region-level variables [urban or rurl
residence and geographical region). In model 2, we
further adjusted for two city-level sociceconomic
variables (ie, GDP per capita and the number of hospital
beds per thousand people). In model 3, we further added
three individual-level variables, including consumption
of fresh vegetables, consumption of fresh fruits, and
exercise. Finally, we fitted model 4 by incorporating
twir dichotomous variables to model 3 (ie, the onset of
stroke and acute myocardial infarction in the previous
12 months) to control for the influence of comorbidity. In
all models, long-term ozone exposure was treated as a

tons (May-October 20109 and location of all
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time-varying variable at yearly intervals to account for
temporal variation in ozone concentrations. To explore
lag patterns, we constructed five time-varying exposure
variables by calculating the average ozone concentration
for each individual and for each follow-up year during
the preceding one to five warm seasons. The lag window
that generated the largest risk estimate was used in the
main analysis. We did not consider exposure during the
current year to avoid exposure misclassification due to
chronological disorder. Additionally, to test whether the
effects of ozone were confounded by long-term PM,,
exposure, we fitted two-pollutant models as in previous
studies by adding residential annual concentrations of
PM, ., to models -4%=

Based on model 4, we did subgroup analyses by age
[«65 years vs =65 years), sex (male ws female),

Partidpants {n=94955) Orone alone Orone adjpested for P4,
Age, years 465 (15-0) Model 1
Sex Dverall criovmodar 1004 (1048-1147) 1109 (1035-1184)

Female 52631 (543%} diseame

Mae 4T3 (25 TH) Hl:hﬂn 1174 [1091-1264) 1158 [(1.043-1288)
Body maesinder, ki ZAGE Stroke 1064 1004-1128)  1.0560-966-1156)
Educational attzinment Model2

Hementary school or lower 42303 (43-6%)

R B E::'ndm.h- 1043 (1046-1.147) 1110 [1.040-1186)

High school 15823 (16:3%) kchasmic heart 1102 (1097-1374) 1168 (10511300

Abave high schodl BogE (B3 demse
Marital stats Stroke 1063 (LO0Z-11F)  LOST [0-966-1158)

Wever rmarried E300 (B6%) Model3

Maried or cohabitating 7BT6E (B12%) Dverall crfiovmniar 1004 (104-114F) 1102 (1032-1177)

Divorced, sepamated, crwidowed 9680 [10.0%) diease

Other 207 [0 7% echaemic heart 1186 (1100-1378) 1168 (1050-1301)
Smoking saths

o, o8 7% Stroke 1063 (1002-1128) 1047 {0-955-1147)

Former snoker 5326 (55%) ey

Curvet sencker of <1 pack perday S mwmuﬁm 1093 (LO46-1147) 1104 (1033-1180)

Currertt=moker of -1 pack per day 2875 3-0%) lschaernic heart 1184 (10021376 1170 [1.051-1307)

Unkncwn 11933 (12.3%) disease
Fassve smaking Stroke 1063 (100-1.128) 1050 {0-958-1.150)

Ne 46353 (9% Dita ave harard ratios {57 D). Mo 1: stratified by age and sex, and acjusted

Yes S0S56 (SE1%) for body mass indes (AT, BMA squares, ecumbion, martal sahs, smoking,
Alcshol drinking penshve smoking alcohol drinicing status, consmption of slcofol, wban o ured

Mo 62558 164.0%) reskienc, and geographical region. Model 2: moced 1 phs cily-level gross

comestic product (GOF| per capta plus the numbe of hospial beds per howsand

Yes 33997 351%) pﬂ:pk Mol 3: model 2 plus caily comsumption of vegetabies plus daily

crmmptior of sk ity o) frutsp Mg 4 el 3 phos the orset of sokeane
M_ o xumﬂilnhﬂmmmummsbﬁ:mﬂm'mmﬂnt
Daiy intake of wegetables, giday 103 26904 meodelwas foiher adjostes for re annual concentabone of fine particcite
Daily intake of fruits, g/day B5-1 (1449} atber {PAL, | In theyearof enmiment.
Brendse
Table - Azsoc of cands lar mortality with a 10 pgim®

High-intersity ecercise 4B1E 50} e 7-_ Talty —

Mipdiurn.intermity exercise 11377 (L1.7%)

Albmence of regubar exercess BoH10 (B3:3%) educational attainment (low vs high), smoking status
Dataane men (=0} or n [%). {non-smokers vs former smokers vs current smokers),
T 1 Bakc charactertstics of participants at enrckment residential area (urban vs ruml), and geographical

region (north ws south). Low educational attainment

was defined as elementary school or below, whereas
high educational attainment was defined as above
elementary school. Between-group differences were
tested with the Cochran's Q-test.

Last, to allow for more flexibility in plotting exposure—
response curves, we incorporated a penalised spline
function of czone in place of a linear term of ozone in
model 4. Four degrees of freedom were automatically
set for the penalised splines according to the Akaike
Information Criterion. The other variables were the same
as those in model 4 The linearity of the curves was
examined by comparing the mean square of the residuals
between the non-linear models and the corresponding
linear models by use of an F-test.™ A p value greater
than 0-05 indicates that there is no significant difference
between the two models and therefore the linearity of the
curves cannot be denied.
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All analyses were done with R software (version 4.0.3). In
descriptive analyses, continuous variables were expressed
as means with comesponding 5Ds and categorical variables
were expressed as counts with percentages.  Effiect
estimates were presented as hazard ratios (HREs) and their
95% Cls for a morality cutcome assocated with a
10 pg/m? increase in oeone concentrations.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the Article.

Results

98058 adults from the CCDRFES project were included
in our cohort study and were followed up through the
DSP system up to Dec 31, 2018, or the date of death
[appendix p 4). We included 96955 participants in the
analyses; 1103 participants were excluded due to missing
data on baseline varables (appendix p 4). The
demographic characteristics of all eligible participants
at enrolment are summarised in table 1. All participants
were 18 years or older, with an average age of 46-5
[SD 15-0) years. More than half of participants
were female and 75-3% were not educated up to high
school. During the follow-up period, 2064 (2-1%) of
96955 participants died from cardiovascular diseases
overall, of whom 726 (35- 2%) died from ischaemic heart
disease and 1116 {54-1%) died from stroke. During the
follow-up period, participants’ warm-season ozone
exposure was 89-7 pg/m? (SD 14-4) on average, nearly
50% higher than WHO's air quality guidelines [peak
season average for ozone of 60-0 pg/m?). The spatial
variation of ozone concentrations is shown in figure 1.
There was a relatively high correlation (r=0-77) berween
participants’ warm-season ozone exposure and their
annual PM, . exposure.

The lag patterns were similar for the effects on monality
from overall cardiovascular diseases, ischaemic heart
disease, and stroke [appendix p 5). The effect estimates
increased from lag 1 year to lag 3 years, and then
decreased in longer lag times. Therefore, we used the
3-year warm-season average ozone concentrations with a
lag of 1-3 years in the subsequent statistical analyses.

We consistently found significant assodations
between long-term cezone exposure and elevated risks
of mortality due to overall cardiovascular diseases
(HR 1.093 [95% CI 1-046-1-142] per 10 pg/m? increase
in ozone concentrations), ischaemic heart disease
(1-184 [1-099-1.276] per 10 pg/m? increase in ozone
concentrations), and stroke (1-063 [1-002-1-128] per
10 pg/m? increase in ozone concentrations) in the
single-pollutant model 4 (table 2). Afier adjusting for
long-term  PM,, exposure, the associations with
mortality due to overall cardiovascular disease and
ischaemic heart disease remained almost unchanged.
The effect on mortality due to stroke did not change

wrw thelancet.comyplanetany- health Vol 6 June 2002

appreciably in magnitude, but the association lost
statistical significance with a wider 95% CI. In the
two-pollutant model 4, 2 10 pg/m® increase in ozone
concentrations was associated with an  increase
of 10-4% (HE 1-104 [95% CI 1.033-1-180]} in overall
cardiovascular  disease mortality, 17-0% (1-170
[1-051-1-302]) in ischaemic heart disease mortality,
and 5-0% {1050 [0-958-1-150]) in stroke monality.

The results of subgroup analyses are shown in
figure 2. We found that long-term ozone exposure had a
greater effect on cardiovascular morality in people aged
65 years and older than in those younger than 65 years
{p=0-018). The effect on cardiovascular mortality was
modestly larger in rural areas and southern China, but
the between-group differences did not reach statistical
significance. We did not observe significant between-
group differences in sex., educational attainment, or
smoking status.

The exposure-response curves for the relationships
between ozone and mortality from overall cardiovascular
diseases, ischaemic heart disease, and stroke are shown
in figure 3. Overzll, all three exposure-response curves
showed a monotonic increasing trend. The slope of the
curve for monality due to ischaemic heart disease was
slightly steeper. while the other two curves were flatter.
The p values for comparisons between the non-linear
and linear models were 0-44 for overall cardiovascular
disease mortality, 0-22 for ischaemic heart disease
mortality, and 0-53 for stroke mortality, suggesting that
all three curves were nearly linear.
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Discussion

To our knowledge, this is the first nationwide cohort
study to investigate the effects of long-term ozone
exposure on mortality in China, the most populous
middle-income country. We consistently found that long-
term ozone exposure was significantly associated with
elevated risks of montality from overall cardiovascular
diseases and ischaemic heart disease, whereas the
evidence for stroke monality was comparatively weaker
The effect of ozone was more prominent in people aged
65 years and older than in those younger than 65 years.
Furthermore, we observed an almost linear relationship
between oeome concentrations and the risk of
cardiovascular mortality.

Almost all studies investigating the chronic effects of
ozone have been done in high-income countries, such as
the USA and Canada. In the US Cancer Prevention
Study 11 cohort? the US NIH-AARP Diet and Health
cohort® and the Canadian Census Health and
Environment Cohort (CanCHEC) study,” researchers
found a significant and positive association between
long-term ozone exposure and cardiovasoular mortality.
In these studies, a 10 ppb increase in warm-season ozone
concentration was associated with a 1-4% increase in the
risk of cardiovascular mortality (100-199), and the results
were robust after adjusting for other air pollutants. We
observed a similary significant association in China,
although the effect estimate in our study was larger.
Motably, the chronic effects of czone on cardiovascular
meaortality were not consistent in previous studies. Unlike
the present study, two cohort studies in California, USA,
did not find elevated risks of cardiovascular mortality
comresponding to ozone exposure, even in single-
pollutant models. ™™ Paradosically, a few studies found
seemingly beneficial effects of ozone. For example, in a
Danish cohort™ and an English cohort,” long-term ozone
exposure was estimated to be negatively associated with
cardiovascular mortality The inconsistency in the
epidemiological findings of the cardiovascular effects of
ozone might be attributable to many factors, such as the

accuracy of exposure estimation, duration of follow-ups,
population characteristics, and levels of ozone exposure.
Therefore, more evidence from prolonged and large-
scale cohort studies is urgently needed o better
understand the chronic effects of ozone on the
cardiovascular system.

After adjusting for PM, .. we found a significant and
robust association between long-term ozone exposure and
mortality due to ischaemic heart disease (HR 1-170
[95% CI 1-051-1-302]). Consistently, in the NIH-AARP
Diet and Health Study, Lim and colleagues™ showed a
positive association between ozone and ischaemic heart
disease mortality (HE 105 [95% CI 1-03-1-08] per 10 ppb
increase). The CanCHEC study similarly suggested that
ozone exposure was significantly associated with mortality
due to ischaemic heart disease (HR 1-06 [95% CI
1-04-1.08] per 9-5 pph increase).” However, our estimates
of the effect of ozone on stroke mortality should be treated
with caution, as the association lost statistical significance
after adjustment for PM,,. possibly due to diminished
statistical power and increased statistical uncertainty
caused by a relatively high correlation between PM,, and
ozone {r=0-77). Thus, we cannot confirm an independent
effect of ozone on stroke mortality—a finding consistently
observed in maost, but not all, previous studies done in
high-income countries. For example, the US Cancer
Prevention Study II cohort” the NIH-AARP Diet and
Health Study cohort.™ and the California Teachers Study
cohort™ did not observe prominent effects of ozone on
stroke mortality, whereas a cohort study in Canada
estimated a statistically significant effect™ These findings
suggest that ischaemic heart disease might be one of the
primary causes of ceone-related cardiovascular mortality.

Although the exact biological mechanisms by which
ozone exposure contributes to cardiovascular montality
remain uncertzin, some studies have proposed a few
plausible mechanisms. For example, inflammatory
cytokines that are initially produced in the respimatory
tract following ozone inhalation have the potential to
enter the circulatory system and trigger a systemic
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inflammatory  response. ™ which might consequently
lead to the onset or exacerbation of cardiovascular
diseases. Exposure to ozone can also stimulate the
release of biomarkers related to coagulation, platelet
dysfunction, and endothelial injury.®* Over time, these
changes might increase the potential for thrombosis and
then promaote ischaemic heart disease or thromboembaolic
diseases. Moreover, studies have shown that ozome
exposure might lead to onset of cardiovascular disease by
modulating  the auwonomic nervous system  and
neurcendocrine system.®® However, we noted that not
all studies exploring biclogical mechanisms identified a
mechanistic basis for the cardiovascular effects of czone
described in epidemiclogical studies ™

In subgroup analyses, we chserved that people aged
65 years and older might be more vulnerable to
cardiovascular mortality due to ambient ozone pollution
than those younger than 65 years. Age has bean shown to
be of the most commeon demographic characteristics that
increases susceptibility to short-term czone exposure®
although there is no evidence for this chservation in
long-term exposure studies. In the NIH-AARP Diet and
Health Study cohort in the USA, Lim and colleagues®
also found that the effect estimate for ozone and
cardiovascular mortality was slightly larger in old people
than in young people, but the between-group difference
was insignificant.

Evaluating the shape of the eposure-response
function between ozone exposure and the risk of
cardiovascular mortality is crucial for estimating the
disease burden of ozome and revising air quality
guidelines for ozone. In line with a previous study,® we
observed a continuous upward trend in the risk of cardio-
vascular mortality as warm-season czone concentrations
increased from approsimately 55 pgfm? 1o 120 pg/fm?.
There is no obvious safe thresheld for these relationships,
which supports the updated WHO air quality guidelines
(ie, a peak season average for ozone of 60 pg/m3).

Some uncertainty in effect estimations should be noted.
First, we used ambient ozone concentrations as a proxy
for individual exposure, which could lead to exposure
misclassification as participants spent most of their time
indoors. We assigned the predicted ceone concentrations
to each participant's residential address at baseline, as
residential information was unavailable during the
follow-up period, which could lead 1w exposure
measurement ertors. However, we do not think this could
substantially affect our results, as frequent relocation is
not common in Chinese culture. Previous studies also
revealed a minimal impact on the associations between
lifetime or long-term exposure and mortality when
residential mobility was not considered ™ Moreover, due
to the scarcity of ground-level ozone measurements
before 2013, we used exposure prediction models to
simulate cezone concentrations, which might also have
introduced uncertainty. Second, some degree of under-
reporting might exist in the death registration system, as
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in almost all registration databases. However, we believe
the under-reporting rate is acceptable since reporting of
deaths is mandatory in China and a series of quality
control or assurance measures are in place to ensure
reporting of deaths. Moreover, the DSP system has been
used in various governmental or international reports
and publications. Third, we did not adjust for the possible
confounding effects of other gaseous pollutants because
of the scarcity of such data.

In summary, this cohort study is, w the best of our
knowledge, the first to evaluate the cardiovascular effects
of long-term ozone exposure in China, a middle-income
country, and to depict exposure—response curves over a
relatively wide range of czone concentrations. Cur study
found a clear association between long-term ozone
exposure and an increased risk of mortality from cardio-
vascular diseases, espedally ischaemic heart disease.
These findings. combined with existing evidence, could

help to establish a more precise exposure-response
function for future disease burden estimation and also

suggest that a peak-season standard for ambient ozone
concentrations, in addition to the current 8h and 1h
standards, is needed in China.
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