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Abstract

Objectives
To quantitatively assess time-series studies of daily nitrogen dioxide (NO) and mortality and
hospital admissions which also controlled for particulate matter (PM) to determine whether or

to what extent the NOz-associations are independent of PM.

Design

A systematic review and meta-analysis

Methods

Time-series studies published in peer-review journals worldwide up to May 2011 which
reported both single- and two-pollutant model estimates for NO, and PM were ascertained from
bibliographic databases (PubMed, EMBASE, and Web of Science) and reviews. Random-effects
summary estimates were calculated globally and stratified by different geographical regions,

and effect modification was investigated.

Outcome measures
Mortality and hospital admissions for various cardiovascular or respiratory diseases in different

age groups in the general population.

Results

Sixty eligible studies were identified, and meta-analysis was done on 23 outcomes. Two-
pollutant model study estimates generally showed that the NO,-associations were independent
of PM mass. For all-cause mortality, a 10 pg/m3 increase in 24 hour NO, was associated with a
0.78% (95% CI: 0.47, 1.09) increase in the risk of death, which reduced to 0.60% (0.33, 0.87)
after control for PM. Heterogeneity between geographical region-specific estimates was
removed by control for PM (12 from 66.9% to 0%). Estimates of PM and daily mortality
assembled from the same studies were greatly attenuated after control for NO: from 0.51%
(0.29,0.74) t0 0.18% (-0.11, 0.47) per 10 pg/m3 PM1o and 0.74% (0.34, 1.14) to 0.54% (-0.25,
1.34) for PM3s.

Conclusions

The association between short-term exposure to NO; and adverse health outcomes is largely
independent of PM mass. Further studies should attempt to investigate whether this is a generic
PM-effect or modified by the source and physicochemical characteristic of PM. This finding

strengthens the argument for NO, having a causal role in health effects.
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Strengths and limitations of this study

This is, to date, the most comprehensive, quantitative systematic review of the time-series
literature on NO2 published worldwide to evaluate the two-pollutant model estimates of
mortality or hospital admissions and short-term exposure to NO; adjusted for particulate
air pollution.

[t reports meta-analytical estimates both globally and for different geographical regions, as
well as an assessment of heterogeneity between the region-specific estimates.

The protocol-led approach to the identification of studies and estimates for use in meta-
analysis minimised selection bias at each stage of the review.

Meta-analysis was limited to studies which provided effect estimates in numerical, rather
than graphical, form along with sufficient quantitative data to enable standardisation of
estimates.

Further work is needed to understand reasons for the heterogeneity observed and to
quantitatively assess the extent to which PM may be associated with health independently
of NO.
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INTRODUCTION

Outdoor air pollution has long been established as a hazard to human health, with particulate
matter (PM) regarded as the most plausible toxicant in the mixture of ambient air pollutants.1-5
The epidemiological evidence has consistently shown adverse associations between chronic and
short-term exposure to PM and mortality and morbidity from cardiovascular and respiratory
disease, and this is supported by experimental evidence.6 Whilst the epidemiological evidence
also shows relationships between nitrogen dioxide (NO) and adverse health effects, concerns
have been expressed repeatedly about the causal nature of these associations.”-1! [t has been
asserted that the NOz-associations do not reflect adverse effects of NO; itself, but rather the
health effects of other air pollutants, mainly PM or other components of the complex mixture of
traffic-related air pollutants. Primarily, this is due to the strong correlations between NO; and
other combustion derived air pollutants, especially PM. The extent of these correlations varies
from city-to-city and over time, due to variations in emission sources. Scepticism also exists
because of limited experimental evidence (controlled human exposure and animal toxicology
studies) for NO2, which, to date, has focused largely on respiratory endpoints and have generally
employed concentrations of NO; well above current ambient levels.”9 In light of the
uncertainties regarding NO2 and the stronger evidence for associations between PM and health,
many researchers and policymakers adopted a view that the epidemiological associations of
NO: reflect adverse health effects of PM.

In an earlier paper we reviewed the time-series evidence associating daily concentrations of
NO; with daily mortality and emergency hospital admissions.12 In this study we assess the
subset of time-series studies, reporting all-year estimates of NO, from both single- and two-
pollutant models adjusted for PM to determine whether the NO-associations are attenuated

after adjustment for PM.

METHODS
The full method and a priori protocols governing the identification of studies and effect
estimates for the systematic review have been described previously, 1214 but a synopsis, along

with aspects unique to this review, is provided below.

Identification of studies for review

Three bibliographic databases were searched to identify peer-reviewed time-series studies of
NO; and daily mortality or hospital admissions indexed up to May 2011. No restriction on
language was applied. The literature search strategy is described in the online supplementary
material, and the following inclusion criteria were used: papers must (i) have had a minimum of
one year of data; (ii) been based on the general population; (iii) have controlled for important
confounding factors, including season and meteorological factors; (iv) have reported sufficient
quantitative information, in numeric format, to enable the calculation of standardised effect

estimates and standard errors for use in quantitative analysis.
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Data extraction and coding
Data from each relevant study were entered into a Microsoft Access database (Microsoft Office
2010, Microsoft Corporation). These included:

a) citation details of each paper

b) all-year single- and two-pollutant model estimates of NO; adjusted for PM.

c) single- and two-pollutant model estimates of PM adjusted for NO; reported in studies
providing data for NO..

d) season-specific estimates of NO», including those adjusted for PM, from studies
reporting all-year estimates.

e) descriptive (outcome, diagnosis (International Classification of Diseases codes), age etc.)
and quantitative data (pollution increment and averaging time etc.) associated with each
estimate, and needed for calculating standardised estimates expressed as the percentage
change (and 95% confidence interval (CI)) in the mean number of daily events
associated with a 10 ug/m3 increase in NO2 (or PM).

f) correlations between concentrations of NO; and PM.

g) effect modifiers for investigating of sources of heterogeneity in all-year estimates

Time-series studies often report results for different time lags (in days) between exposure and
health events, and they vary in the lag for the reported results. We identified for each
outcome/disease/age/averaging time combination from each study a pair of estimates of NO,
that is from a single-pollutant model and a corresponding estimate adjusted for PM, for the
same lag to enable comparison of the NOz-association before and after adjustment for PM. To
avoid selection bias we developed an a priori protocol for identifying the principal lag for each
outcome/disease/age/averaging time combination for use in our review: see the online

supplementary material.

Processing of data also included classifying each study into the geographical region, as the WHO
region, in which the study was conducted, as well as categorising, by size, the various metrics of

PM controlled for in two-pollutant models: see supplementary material for details.

Statistical analyses

A similar procedure to that outlined in our earlier paper was used for meta-analysis,'2 but with
some modifications in order to identify from each study a pair of estimates of NO; for each
pollutant/outcome combination. We applied an a priori protocol to select estimates for meta-
analysis to avoid selection bias and duplication of studies from the same population: see
supplementary material.

Meta-analysis was conducted when =4 estimates were available for an
outcome/disease/age/averaging time combination - including where a multi-city estimate was
available - and summary estimates were calculated using a random-effects model.1> We used a

staged approach to meta-analysis, with single-city estimates pooled within WHO region prior to
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the pooled single-city and selected multi-city estimates being pooled to produce a global
estimate and WHO region-specific summary estimates. Heterogeneity between WHO region
summary estimates was assessed using the 12 statistic!6, with I2 statistics >50% regarded as

being evidence of high heterogeneity.1”

Meta-analysis was undertaken for:

a) single-pollutant NO; estimates relating to two-pollutant models

b) corresponding NO; estimates adjusted for any PM metric:

i) if within a study, several estimates of NO: adjusted for different individual
PM metrics were available, a NO, estimate was selected according to the
following order of priority of PM metric used in adjustment: PM1o, PM2s,
Black Smoke, PM1o.2s.

ii) if having applied the protocol, a NO; estimate was not selected for a city
because several were available due to different PM metrics used to adjust the
NO; effect in different studies, the NO; estimate was chosen in the order of
priority of the PM metrics listed above.

c) We conducted additional meta-analyses for NO; adjusted for specific metrics of
particles, for example NO; adjusted for PM1o, and separately for PM; 5, and so on, to
determine whether the NO,-associations show different sensitivity to control for
different PM metrics.

All analyses were conducted in STATA (STATA/SE 11. StataCorp Texas).

RESULTS

Sixty studies provided estimates of both (i) NO,, single-pollutant and (ii) NO, adjusted for PM: a
list of references is provided in the supplementary material. Table 1 presents a summary of
these 60 time-series studies stratified by the PM metric controlled for in regression models,
broad disease categories, WHO regions in which the studies were conducted, single- and multi-

city study designs, and by averaging time (24 hour and 1 hour).

There were 36 and 24 studies of daily mortality or hospital admissions, respectively, and 13
studies used a multi-city design. The majority of the studies were conducted in the WHO regions
European A and Western Pacific region B and most used 24 hour NO. Forty of the 60 studies
controlled for the effects of daily PM1o in the regression models for NO2, and a much smaller
number of studies used other particle size fractions or constituents of PM. Eight studies of
mortality and two of hospital admissions reported estimates of NO>, each adjusted for a
different PM metric. None of the studies investigated the influence of carbon on the NO,-

associations, and four studies controlled for the effects of ultrafine particles.
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Table 1: Summary of time-series studies of daily mortality or hospital admissions and
NO; adjusted for particulate matter (PM)

Total Multi-city study Single-city study
. Hospital . Hospital . Hospital
Outcome Mortality adm;;ssions Mortality admpissions Mortality adml;ssions
Total 36 24 9 4 27 20
PMio 23 17 6 2 17 15
PMzs 7 1 3 1 4 0
PMio-2s 4 0 3 0 1 0
BS 5 4 3 2 2 2
NO:+PM2 PNC 3 1 0 0 3 1
Carbon 0 0 0 0 0 0
TSP 4 2 0 1 4 1
Visibility 2 1 2 1 0 0
>1 PM metric 0 1 0 0 0 1
All-cause 27 1 7 0 20 1
Diseaseb Cardiovascular 17 11 4 2 13 9
Respiratory 7 17 3 3 4 14
American A 8 4 3 0 5 4
European A 9 12 3 2 6 10
WHO Western Pacific B 14 5 2 0 12 5
Region© American B 4 2 0 0 4 2
Western Pacific A 1 2 1 2 0 0
South East Asia B 2 0 2 0 0 0
Averaging 24 hours 29 21 6 3 23 18

time Maximum 1 hour 7 5 3 2 4 3
a - The eight categories of PM metrics listed in the table above have been generated by grouping different measures of particles.
PM1o and PMzs refer to the mass per cubic metre of particles of generally less than 10 pum, 2.5 um diameter, respectively, in the
ambient air. BS: Black Smoke; PNC: Particle Number Concentration; TSP: Total Suspended Particles.
b - Respiratory includes all-respiratory diseases, asthma, COPD, COPD (including asthma), lower respiratory infections, and upper
respiratory diseases; Cardiovascular includes all-cardiovascular diseases, cardiac disease, heart failure, ischaemic heart disease,
dysrhythmia, and stroke.
¢ - WHO regions: A: very low child and adult mortality; B: low child mortality and low adult mortality; C: low child mortality and

high adult mortality; D: high child mortality and high adult mortality.

NO; and all-cause mortality

Figure 1 shows all available (32 pairs) single- and two-pollutant estimates for 24 hour NO; and
daily all-cause mortality in all ages. In the majority of studies daily NO; was positively and
significantly associated with increases in the risk of death including after controlling for daily
PM. In many of the studies the NO; estimates were not greatly reduced in size, changed
direction, or lose statistical significance after adjustment for PM. In general, the NO; estimates
appeared robust to adjustment for PM at both high and low correlations between

concentrations of NO; and PM.

Fifteen (of 32) pairs of estimates for 24 hour NO; and all-cause mortality, which represented 26
cities from five WHO regions, were selected for meta-analysis (Figure S1). The random-effects
single-pollutant summary estimate for all-cause mortality was 0.78% (95% CI: 0.47, 1.09) per
10 pg/m3 increase in NO,.There was evidence of high heterogeneity (12=66.9%) between the
WHO region-specific estimates which ranged from 0.48% for WHO region America A to 1.41%
for South East Asia B (Table S1). The overall estimate was comparable to the single-pollutant
summary estimate of 0.71% (95% CI: 0.43, 1.00) calculated from the larger body of time-series
evidence analysed in our previous paper.12 After adjustment for daily PM, all-cause mortality
remained positively and significantly associated with 24 hour NO2: 0.60% (95 CI%: 0.33, 0.87)
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per 10 pg/m3 increase in NO, and there was no evidence of heterogeneity (12=0%) between the

region-specific estimates.

Control for specific PM metrics did not greatly alter the relationship of 24 hour NO; with all-
cause mortality (Table 2). With the exception of NO adjusted for PM1o, and to a lesser extent
PM:s, meta-analyses for NO; adjusted for the remaining PM metrics were limited to findings
from the multi-city Canadian study by Burnett et al'8 - see Figure 1.

Six pairs of estimates were available for meta-analysis for all-cause mortality and 1 hour NO;
adjusted for PM (Figure S2). Thirty of the 36 cities represented by these estimates were from
Europe. Meta-analysis of 4 pairs of estimates resulted in an overall estimate of 0.32% (95% CI: -
0.02, 0.66) for a 10 pg/m3 increment in 1 hour NOz and 0.20% (95% CI: -0.24, 0.65) following
adjustment for PM (Table S2). High heterogeneity was observed between the WHO region-
specific estimates. In contrast with findings for 24 hour measures, the summary estimate for 1
hour NO; for WHO region European A was little affected by adjustment for PM; (or Black
Smoke) -Table S2. Table 3 provides meta-analysis results for all-cause mortality and 1 hour NO;
adjusted for different PM metrics. Control for PMi led to attenuation of the estimate and loss of
statistical significance, whilst the association was robust to control for Black Smoke and

visibility (measured as black suspended particles, bsp).

Table 2: Random-effects summary estimates (as percentage change (95% confidence intervals))
for mortality or hospital admissions associated with a 10 pg/m3 increase 24 hour average

Page 8 of 71

pollution
All Selected | 24 hour NO: 24 hour PM
SC/MCa ?Cﬁ MC]b Single-pollutant | Adjusted for PM | Single-pollutant Adjusted for NO2
cities

All-cause mortality, all ages
PMuo 13/3 4/1(21) [ 092(058,1.72) | 0.85(0.52, 1.18) 0.51 (0.29, 0.74) 0.18 (-0.11, 0.47)
PMas 2/3 2/1(14) | 0.53(0.42,0.64) 0.57 (0.24, 0.89) 0.74 (0.34, 1.14) 0.54 (-0.25, 1.34)
PMio.25 0/3 0/1(12) | 0.62(0.19,1.06) | 0.73(0.28,1.18) | 0.65 (-0.10, 1.42) 0.31(-0.49, 1.11)
Visibility 0/1 0/1(12) | 0.60(0.34,087) 0.66 (0.33, 1.00) 40.93 (23.39,60.97)* | 12.42 (-4.47, 32.29)*

All cardiovascular mortality, all ages

PM1o

| 10/0

| 4/0(8)

| 0.99 (0.49, 1.49)

| 0.87 (0.28, 1.46)

| 0.48 (0.18, 0.78)

0.19 (-0.21, 0.59)

All respiratory mortality, all ages

PMio

| 7/0

| 2/0 (5)

| 1.44 (0.63, 2.27)

| 1.15 (0.47, 1.84)

| 0.58 (0.22, 0.93)

0.13 (-0.18, 0.44)

All respiratory hospital admissions, children (5-14 years)

PMuo | 0/1 | 0/1(5) | 5.95 (1.74, 1.033) | 6.56 (3.08,10.17) | - | -
Cardiac hospital admissions, all ages

PMuo 2/1 2/1(7) 0.93 (0.46, 1.40) 0.75 (-0.13, 1.64) | - -
BS 0/1 0/1(4) 0.68 (0.17, 1.20) 0.36 (-0.65,1.38) | - -
TSP 0/1 0/1(6) 1.03 (0.45, 1.61) 1.08 (0.43,1.72) - -

a -Numbers of available pairs of single-city (SC) / multi-city (MC) estimates from all studies
b -Numbers of pairs of pooled (from single-city estimates) and multi-city estimates used to calculate the overall summary estimate

across WHO regions. Estimates were selected for meta-analysis from all available. The number of cities represented by the summary
estimates is given in brackets.
* The results for visibility (measured as Coefficient of Haze (COH units)) are not comparable to other PM results.
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1

2

3 Table 3: Random-effects summary estimates (as percentage change (95% confidence intervals))
4 for mortality or hospital admissions associated with a 10 pg/m?3 increase in air pollution

5 All Selected | 1 hour NO: 24 hour PM

6 SC/MCa | sC/MC Single-pollutant | Adjusted for PM | Single-pollutant Adjusted for NO:
7 (cities)P

8 All-cause mortality, all ages

9 PMio 2/1 2/1(32) | 0.22(-0.15,0.60) | 0.10 (-0.40, 0.61) | 0.52 (0.29, 0.75) 0.48 (0.31, 0.66)
10 BS 0/2 0/1(30) | 0.30(0.22,0.38) | 0.33(0.23,0.43) | 0.60 (0.30, 0.90) 0.26 (0.00, 0.52)
11 Visibility 0/1 0/1 (4) 0.63 (0.21,1.05) | 0.52(0.05,1.00) | 35.70(3.97,77.12)* | 10.24 (-20.03, 51.97)*
12 All cardiovascular mortality, all ages

ﬁ PMuo 1/1 0/1(29) | 0.40(0.29,0.51) | 0.35(0.21,0.49) | 0.76 (0.47, 1.05) 0.17 (-0.10, 0.44)
15 BS 0/1 0/1(29) | 0.40(0.29,0.51) | 0.44(0.31,0.57) | 0.62 (0.35, 0.90) 0.32 (0.05, 0.59)
16 All respiratory mortality, all ages

17 PMuo 0/1 0/1(29) | 0.38(0.17,0.59) | 0.37 (0.08, 0.66) | 0.71 (0.22, 1.20) 0.20 (-0.29, 0.69)
18 BS 0/1 0/1(29) 0.38(0.17, 0.59) 0.26 (-0.12,0.64) | 0.84 (0.11, 1.58) 0.57 (-0.34, 1.48)
19 All respiratory hospital admissions, children (< 5 years)

20 PM1o 11 1/1(6) | 0.77 (-0.59,2.15) | 0.13 (-0.09, 0.35) | -

g; PMas 0/1 0/1(4) 1.62 (0.41,2.84) | 4.85(0.41,9.50) | - -

23 All respiratory hospital admissions, elderly (65 + years)

24 Visibility | 0/1 | 0/1(4) | 1.42 (0.79, 2.06) | 1.21 (0.47, 1.95) | - | -

25 Cardiac hospital admissions, elderly

26 Visibility | 0/1 | 0/1(4) | 1.21 (0.84, 1.58) | 0.73 (0.31, 1.16) | - | -

27 See Table 2 for footnotes

28 * The results for visibility (measured as black suspended particles (10-*.m1)) are not comparable to other PM results.

29

30

g; NO: and mortality from specific causes

33 NO; estimates adjusted for PM were available for several specific causes of death in all ages: all
34 cardiovascular (Figures S3 and S4), all respiratory (Figure S5), stroke (Figure S6), cardiac

gg (Figure S7), ischaemic heart disease, dysrhythmia, chronic obstructive pulmonary disease

37 including asthma, and lower respiratory infections (Figure S8). Sufficient numbers of estimates
gg for meta-analysis were available for all cardiovascular (Table S3), all respiratory (Table S4), and
40 stroke (Table S5) mortality.

41

jé Eight studies providing 14 pairs of estimates showed positive associations between all

44 cardiovascular deaths and 24 hour NO; including after adjustment mainly for PM1, (Figure S3).
45 However, attenuation of estimates and loss of statistical significance was observed in the few
j? studies with control for PMzs or Black Smoke. Meta-analysis of 10 pairs of estimates found a

48 1.07% (95% CI: 0.43, 1.72) increase in the risk of death from all cardiovascular diseases per 10
49 ug/ms3increase in 24 hour NO; (Table S3 and Figure S9). This was attenuated (0.82% (95% CI
22 0.22, 1.42)) Table S3) following adjustment for PM, but comparable to our earlier result (0.88%
52 (95% CI: 0.63, 1.13)).12 Control of the NOz-association with all cardiovascular mortality for

53 specific PM metrics showed an association which was robust to adjustment for PM1, (Table 2).
gg There were too few estimates to permit meta-analysis for other PM metrics controlled for in the
56 studies. The available data for 1 hour NO; and all cardiovascular mortality was sparse and

57

58

59

60 9
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limited to two studies representing 29 European cities which showed positive NO,-associations
that were robust to adjustment for both PM;y and Black Smoke (Table 3 and Figure S4).

Evidence for all respiratory mortality and 24 hour NO; adjusted for PM came from six cities
(Figure S5). Meta-analysis produced a 1.42% (95% CI: 0.64, 2.21) increased risk of all
respiratory deaths per 10 pg/m3increase in 24 hour NO; (Table S4 and Figure S10). The
corresponding estimate adjusted for particles was attenuated (1.13% (95% CI: 0.46, 1.81)) but
was comparable with the single-pollutant estimate (1.09% (95% CI: 0.75, 1.42)) derived from
the larger body of time-series evidence examined in our previous paper.12 There was no
evidence of heterogeneity (12=0%) between the geographic specific estimates either before or
after adjustment for PM (Table S4). Evidence for associations between all respiratory mortality
and 1 hour NOz came solely from the multi-city APHEA II study of 29 European cities,'® which
showed a positive association that was robust to adjustment for PM; but not Black Smoke
(Table 3).

PM and mortality

Meta-analyses were undertaken separately for PM adjusted for the different averaging times of
NO; to allow comparison with the relevant meta-analyses for NO, using data from the same
studies, cities and time periods. Figure 2 shows positive, single-pollutant associations between
various mass metrics of PM and all-cause mortality. In the majority of studies, attenuation of
estimates was observed following control for 24 hour NO,. Estimates for ultrafine particles and
all-cause mortality were robust to adjustment for 24 hour NO; (Figure S11), but the data came
from three studies conducted in the same city, Erfurt, Germany. Results of meta-analysis for all-
cause mortality and PM metrics are shown in Tables 2 and 3 for adjustment for 24 hour and 1
hour NO3, respectively. In contrast to the results for NO;, the summary estimates for PM were
attenuated, in most cases by more than half and confidence intervals overlapped zero. Evidence
of high heterogeneity between region-specific summary estimates for PM1o and all-cause
mortality was identified (Table S6). Summary estimates for deaths from all cardiovascular or all
respiratory diseases and PM were also sensitive to control for NO; (Tables 2 and 3; study

estimates in Figures S12-S13).

NO; and hospital admissions

Few cause- and age-specific combinations of hospital admissions for 24 hour or 1 hour NO; with
control for PM had sufficient numbers of estimates for meta-analysis - all respiratory diseases in
children and the elderly, asthma in children, and cardiac disease in all ages and the elderly - and

half were based solely on a multi-city estimate from a single study.

Positive associations were identified between all respiratory hospital admissions in different
age groups and 24 hour or 1 hour NO,, which remained after control for PM (Tables 2 and 3;

Figures S14-S15 for available study estimates).
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Evidence for the association between hospitalisation for asthma in different ages and daily NO-
adjusted for PM came from seven studies (Figures S16-S17), six of which were conducted in
Europe. Sufficient estimates for meta-analysis were only available for asthma admissions in
children and 24 hour NO; adjusted for any particles (measured as Black Smoke, PM1p and PNC):
a2.81% (95% CI: -1.28, 7.06) increase in risk per 10 pg/m3 24 hour NO; was attenuated
following adjustment for particles (2.24% (95% Cl: -1.12,5.71)).

Five studies provided evidence for the relationship between 24 hour NO; adjusted for PM and
hospitalisation for cardiac disease in all ages (Figure S18) and the elderly (Figure S19). Meta-
analysis for the all age category (Table 2) identified positive estimates which were attenuated
and confidence intervals overlapped zero after control for PMioand Black Smoke. One multi-city
study of four Australian cities provided evidence for the relationship between 1 hour NO; and
cardiac admissions in the elderly. The association (1.21% (95% CI: 0.84, 1.58)) was weakened
by control for BSP (an indicator of fine particles), but remained statistically significant (0.73%
(95% CI: 0.31, 1.16)).

Sources of variation in NO; estimates

We examined season-specific NO; estimates of mortality from studies which reported all-year
estimates to explore possible effect modification by season. Some studies, mainly from Western
Europe, Canada and the USA, reported stronger associations between daily mortality and NO> in
the summer months (Figure S20-S22). The extent of the correlations between concentrations of
NO; and PM in the different seasons is unclear because very few studies reported these data,
and only one study reported season-specific estimates adjusted for PM. Similarly, limited
evidence is available on which to base an assessment of seasonal variation of associations
between hospitalisation for cardiovascular and respiratory diseases and 24 hour NO; (Figure
S23).

We explored reasons for the observed high heterogeneity by ranking study estimates for all-
cause mortality and 24 hour NO; (from the full dataset)!2 by different potential effect modifiers
(Figures S24-S27). None of the variables used to represent the pollution and meteorological
environments in the cities examined accounted for the observed between-study variability.

DISCUSSION

Sixty time-series studies of NO2 were used to determine whether NO; is associated with daily
mortality or hospital admissions independently of daily PM. In general, our results demonstrate
that after controlling for PM, daily NO: remained significantly associated with increases in the
risk of adverse health outcomes. The evidence appears clearest for daily deaths from all-causes
and from all cardiovascular and all respiratory diseases, and for all respiratory hospital
admissions, outcomes for which more co-pollutant estimates were available. Robustness of the
NO;-associations to control for PM was observed at both high and low correlations between NO;
and PM, and no clear relationship could be discerned between the correlations and changes in

the size of the adjusted NO; estimates. In contrast to the results for NO», the associations
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between daily PM and the main mortality outcomes (all-cause, all cardiovascular, all

respiratory) were very sensitive to the inclusion of NO; in two-pollutant models.

Two/multi-pollutant models are increasingly being used to draw conclusions about whether or
not NO; is independently associated with adverse health outcomes. This comprehensive review
provides systematic evaluation and formal meta-analysis of the full body of two-pollutant
estimates of NOz adjusted for PM, across several cause- and age-specific health outcomes, both
globally and by different geographical regions. Whilst earlier reviews?-8 13.20-23 jncluded some
assessment of these data, they were either limited in scope to specific health outcomes and/or
examined together two- and multi-pollutant model NO; estimates, or did not undertake meta-
analysis whatsoever. Another key strength of this review is the protocol-led approach to
identifying and assembling studies and estimates, which aimed to minimise selection bias in the
different stages of the review.

The subset of studies of NO; analysed in this paper were generally comparable to the studies
examined in our earlier paper in terms of the magnitudes of summary estimates and overlap in
confidence intervals.12 For example, the single-pollutant summary estimates for all-cause
mortality, the outcome with the most data, were similar across both datasets, suggesting that
the studies reporting two-pollutant model estimates were typical of the wider body of time-

series evidence of NO..

Whilst evidence of NOz-associations which are robust to control for PM mass have been
identified, it is possible that there may be some residual confounding by PM. The components of
PM - primary combustion particles, for example ultrafine particles or Black Carbon - which have
been proposed as the real causal agents of the NOz-associations were not included in co-
pollutant models of NO; because concentration data for these pollutants were either unavailable
or sparse, reflecting the fact that these PM metrics are not routinely measured. PMo was by far
the most used metric - in 67% of the studies. Summary estimates of NO; were generally robust
to adjustment for PM1o. However, PM1o may not adequately reflect the toxic component of PM
because it reflects a number of sources, which do not include combustion / traffic, that are not
shared with NO,. Where the data permitted meta-analysis, robustness of the NO; associations to
adjustment for PMzs and Black Smoke was observed. Few data were available to permit an
assessment of the extent to which the NOz-associations are sensitive to control for combustion
derived particles such as Black Carbon or ultrafine particles. This has also been noted by

others.7-824

Given that the sources and composition of PM vary by location, and hence its toxicity, it cannot
be assumed that PM represents the same thing in each study (city/country). In view of the
differential toxicity of PM, it is preferable to examine individual studies that used more than one
particle metric to investigate possible confounding of the NO; associations by PM when

answering the research question, because they ‘tested’ the robustness of the NO;-associations to
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different fractions / components of the ambient aerosol in the same location. Unfortunately,
such studies were few in number (8), but their findings support the view that the associations of
NO; with major health outcomes are robust to adjustment for PM measured in different ways.

We observed confounding of the associations between daily PM and mortality outcomes by NO..
This suggests that NO2, rather than the PM metrics examined, is a better predictor of the
observed mortality effects in the cities examined. An alternative interpretation may be that daily
variation in NO; in the cities better represents the mortality effects of daily variations in the
complex urban air pollution mixture or an unknown toxic entity than the metrics of PM used in
the analyses. Some caution is however needed in drawing conclusions about the analysis of PM
estimates because it only reflects a subset of the available studies on PM. Whether the results
are a feature of the subset of studies examined is unclear, and formal meta-analysis of the full
body of PM estimates, similar to the current review, is warranted. This may provide further
insights into whether the different fractions/component of PM might show different sensitivity
to adjustment for NO,.

Our results for PM are in contrast to the predominant views in the literature: although
confounding of the PM-mortality associations by NO; has been observed in some time-series
studies!? 25-26 and noted in reviewss¢, the general consensus is that the PM-mortality estimates
are robust to adjustment for co-pollutantsé. The associations have been regarded as reflecting a
causal relationship, and experimental evidence has been used to support this. There is a lack of
experimental evidence for NO; at current ambient concentrations and for cardiovascular
endpoints, and this has contributed to uncertainty regarding whether NO; is causally related to
health.

We also found evidence of high heterogeneity between the geographic specific summary
estimates of NO2, which suggests that it cannot be assumed that the results for one city (region)
represent the results for all cities (regions). For all-cause mortality and 24 hour NO3, the high
heterogeneity between WHO region-specific estimates was completely removed after control
for PM (12 from 66.9% to 0%), suggesting that some study estimates were a bit extreme in
comparison with others in the meta-analysis, but were less so after adjustment for PM.
Geographical variation in effect estimates may be due to variations in population characteristics
and in pollution sources, mixtures, and ambient concentrations. However, none of the variables
used to represent the pollution and meteorological environments in the cities examined
accounted for the high between-study variability we observed. Further work is therefore
required to investigate potential explanations for the heterogeneity.

Our review supports the conclusions of recent narrative reviews,’-8 but also provides meta-
analytical estimates based on two-pollutant model estimates of NO; from the worldwide data.
Taken together with the recent quantitative reviews of cohort studies on long-term exposure to

NO: and mortality?7-28 and of short-term exposure to NO; and respiratory symptoms in children
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with asthma from panel studies,8 29 the evidence suggests a need for re-evaluation of the
approach to health risk assessment (hazard identification and health impact assessment) for air
pollution, an activity which has long been dominated by PM.30 The current review suggests that
the relationship between temporal variations in PM and mortality may not be as robust to
control for NO; as previously thought. We note also that attenuation of PM-mortality estimates
following control for NO; has been observed in long-term exposure studies.31-32 These findings
could have implications for the calculation of health impacts attributable to these pollutants and

for possible double counting of effects.

In summary, we identified evidence of associations between NO; and adverse health outcomes
that are independent of PM mass. However, there was limited evidence on adjustment of the
NO:.associations for primary combustion particles which are thought to be responsible for the
NO;-associations. Therefore, some uncertainty remains regarding possible confounding and

health impact assessments should reflect this.
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Legend (and footnotes) to Figures

Figure 1: All available studies providing two-pollutant model estimates for meta-analysis for all-
cause mortality, all ages, 24 hour NO;

Footnotes to Figure 1
—— NOZ, single-pollutant ~ —e— NO, adjusted for PM

1000xIn(RR) approximates to a percentage change per 10 pg/m3
* Single-pollutant model estimate for days with both NO; and visibility (Coefficient of Haze, COH) data in
Burnett et al, 2004 [RMID 3000].

Figure 2: All studies providing two-pollutant model estimates for all-cause mortality, all ages,
PM adjusted for 24 hour NO;
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Author,Year City, Study Access Particle Correlation, ES (95% CI
[RMID] Country Period D Co-pollutant NO, + PM S (95% CI)
Amr AMulti-cit
Brook 2007 485 10 Canadian cities, Canada 19842000 15643 jone —— 91 (0.35, 1.46)
15644 PM, 054 —— 81 (0,15, 1.46
15645 PMis 050 —— 76 (0,15, 1.36
15657 PMig25 031 —i— 86 (0.30, 141
Burnett, 2004 [3000] 12 Canadian cities Canada 19811999 22171% joné - 60 (0.34) 08
22161 jone —— 62 (0.19, 1.05
22162 PM, 048 —- 81 (031, 1:30
22164 PMis None reported — 74 (024, 123
22163 PMc. 027 - 73 (0.28, 117
22172 isibify 060 = 66 (0.33, 0.99]
Burnett, 2000 [135] 8 Canadian cities Canada 1986-1996 5771 None —— 93 (0,42, 1.44
5793 PM, 034 —— .73 (0.13, 132
5800 PMio 053 —— .77 (017, 1.38
5799 PMigz5 034 —— 91 (037, 1:45
Amr ASingle city
Ostro, 1999 [3] Coachella Valley,USA 19891992 4055 jone ——— 46 (-0.36, 3.29
4061 PMiq 013 —_— 39 (-1.75, 253
Moolgavkar;2003 [162] Cook County,USA 19871995 12723 joné - 57(0.33,0.81
22023 PMiq 0.49 - 47 (017,07
Moolgavkar,2003 [162] Los Angeles County,USA 1987-1995 127 oné * 52 (0.40, 064
22054 PM,¢ 073 - 47 (0.03, 0.91
12753 PM: 070 - 73 (0,40, 1.05
Kelsall, 1997 [236] Philadelphia USA 574 one > 07, (015,029
19741988 3740 TSP 067 -+ -0.31(-0.58, -0.05)
Amr BSingle city
Borja-Aburto, 1998 [214] Mexico CityMexico 19931995 567 None +— 059 44
20142 PMyg 057 — 001 1
Eur A Single ci
Wichann, 20001205] Erfurt Germany 19951998 7480 jone [ e — 143 26
22269 PNC 061 —1—— 035 (-1.89, 2,58
Peters,2000 [621] 19952001 22212 jone to—— 041 (-1:17, 199
21697 PNC 062 s -1.47 (:3.41,0.47)
Breitner,2009 [1954] 19952002 16174 jone —_— 108¢195/410)
22267 PNC 062 091 85.14, 332)
Hoek,2000 [175] Netherlands Netherlands 1986-1994 5504 jone -+ 1.02 (0.76, 1.28)
5560 BS 087 - 086 (0.46. 125
5552 PMq 062 —— 1,69 (092, 2.46)
Michelozzi, 1998 [219] Rome, ftaly 19921995 1196 one - 043 (0.10; 0.76}
22265 TSP 0507 - 029 (-0.07, 0.65)
Sear B,Single city
Wong,2008 (313] Bangkok,Thailand 1999-2003 161 None ——
16270 PMy, 071 ——
Wpr B,Single cit
Chon 301020621 Anshan China 20042006 21120 jone —e——
21121 PMy 055 S -
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Figure 1: All available studies providing two-pollutant model estimates for meta-analysis for all-cause
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Figure 2: All studies providing two-pollutant model estimates for all-cause mortality, all ages, PM adjusted
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Literature search criteria

Bibliographic databases were searched to identify peer-reviewed time-series (and case
crossover) studies of the relationship between daily concentrations of NO; and daily mortality

or hospital admissions.

Bibliographic databases searched: PubMed, EMBASE or Web of Science (which includes the

Science Citation Index).

The search terms used are shown below and minor refinements were made for use in each
bibliographic database.
(air pollution OR pollution OR nitric oxide* OR nitrogen dioxide?) AND (timeseries OR
time series OR time-series OR daily OR case-crossover) AND (mortality OR death* OR
dying OR hospital admission* OR admission* OR emergency room OR visit* OR
attendance* OR ‘a&e’ OR ‘a and e’ OR accident and emergency OR general pract* OR
physician* OR consultation* OR emergency department*)

No restriction on language was applied. The bibliographic databases were searched by St
George’s for peer-reviewed papers published up to May 2011.

Lag selection protocol

Time-series studies often report results for several different time lags (in days) between
exposure and health events and vary in the lag for the reported headline results for
outcome/disease/age combinations. To facilitate meta-analysis we developed a protocol for
identifying the principal lag for our review for each outcome/disease/age combination from
each paper. This was the lag highlighted by the author or stated a priori, and if this was not
clear, because several lagged model estimates were reported, we chose (i) the lag with the
highest statistical significance, regardless of the estimate being positive or negative, or (ii) the
lag with the largest estimate, again, irrespective of its direction. If only results from cumulative
or distributed lag models, i.e. lags averaged over several days, were reported in a study, this
was used. In some instances, a different lag was investigated in two-pollutant models. In such
cases, the lagged estimate from the two-pollutant model was coded according to the same
algorithm, and the (additional) corresponding single-pollutant estimate for the same lag was
coded in our database.

Protocol for selecting estimates for meta-analysis
We applied an a priori protocol for the selection of estimates for meta-analysis to avoid

selection bias and duplication of studies from the same population. We gave priority to
estimates from multi-city studies over estimates from single-city studies and the results from
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any one city appeared only once in a meta-analysis. If results from more than one multi-city
study within a WHO region were available we selected, in order of priority, the multi-city
estimate from the study:

1) with the most cities/greatest geographical coverage

(i) the most recently published

(iii)  the most recent study time period.

If a multi-city study did not report a summary estimate across the cities examined, for analysis,
we treated estimates from these studies in the same manner as estimates from single-city
studies. We selected estimates from single-city studies only if they did not appear in multi-city
studies. For cities not included in a multi-city study summary result, we selected, in order of
priority:

1 the most recently published

(i) the most recent study time period.
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Reproduced from The World Health Report 2002 (http://www.who.int/whr/2002/en/,

accessed 7th February 2015)

African Region

Algeria — AFR-D

Angola - AFR-D

Benin - AFR-D

Botswana - AFR-E
Burkina Faso - AFR-D
Burundi - AFR-E
Cameroon - AFR-D

Cape Verde - AFR-D
Central African Republic - AFR-£
Chad - AFR-D

Comoros - AFR-D

Congo - AFR-E

Cote d'Ivoire - AFR-E
Democratic Republic of the Congo - AFR-E
Equatorial Guinea - AFR-D
Entrea - AFR-E

Ethiopia — AFR-E

Gabon - AFR-D

Gambia - AFR-D

Ghana - AFR-D

Guinea - AFR-D
Guinea-Bissau - AFR-D
Kenya - AFR-E

Lesotho - AFR-E

Liberia - AFR-D
Madagascar - AFR-D
Malawi - AFR-E

Mali - AFR-D

Mauritania - AFR-D
Mauritius - AFR-D
Mozambique - AFR-£
Namibia - AFR-E

Niger - AFR-D

Nigeria - AFR-D

Rwanda - AFR-E

Sao Tome and Principe - AFR-D
Senegal - AFR-D
Seychelles - AFR-D

Sierra Leone - AFR-D
South Africa - AFR-E
Swaziland - AFR-E

Togo - AFR-D

Uganda - AFR-E

United Republic of Tanzania - AFR-E
Zambia - AFR-E
Zimbabwe - AFR-E

Region of the Americas

Antigua and Barbuda - AMR-B

Argentina - AMA-B

Bahamas - AMR-E

Barbados - AMR-E

Belize - AMR-8

Bolivia - AMR-D

Brazil - AMR-B

Canada - AMR-A

Chile - AMR-B

Colombia - AMR-E

Costa Rica - AMR-2

Cuba - AMR-A

Dominica - AMA-B

Dominican Republic - AMA-E

Ecuador - AMR-D

El Salvador - AMR-B

Grenada - AMR-B

Guatemala - AMR-D

Guyana - AMR-8

Haiti — AMA-D

Honduras - AMR-E

Jamaica - AMR-8

Mexico - AMR-3

Nicaragua - AMR-D

Panama - AMR-E

Paraguay - AMR-E

Peru - AMR-D

Saint Kitts and Nevis - AMA-B

Saint Lucia - AMR-8

Saint Vincent and the
Grenadines - AMR-E

Suriname - AMR-3

Trinidad and Tobage - AMR-3

United States of America - AMR-A

Uruguay - AMR-8

Venezuela, Bolivarian
Republic of - AMR-B

Eastern Mediterranean Region
Afghanistan - EMR-D

Bahrain - EMA-B

Cyprus - EMR-B

Djibouti — EMR-D

Egypt - EMA-D

Iran, Islamic Republic of - EMA-B
Irag - EMR-D

Jordan - EMR-B

Kuwait - EMA-B

Lebanon - EMR-8

Libyan Arab Jamahiriya - EMR-8
Morocco - EMR-D

Oman - EMR-E

Pakistan - EMR-D

Qatar - EMR-8

Saudi Arabia - EMR-B

Somalia - EMA-D

Sudan - EMR-D

Syrian Arab Republic - EM7-8
Tunisia - EMR-B

United Arab Emirates - EMR-B
Yemen - EMR-D

Mortality strata

A Very low child very low adult
B.Low child, low adult

C.Low child, high adult

D.High child, high adult

E_High child, very high aduit
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European Region
Albania - tUR-8
Andorra - EUR-A
Armenia - EUR-2
Austria - EUR-A
Azerbaijan - EUR-8
Belarus - tUR-C
Belgium - EUR-A
Bosnia and Herzegovina - EUR-8
Bulgaria - EUR-8
Croatia - EUR-A
Czech Republic - EUR-A
Denmark - EUR-A
Estonia - EUR-C
Finland - EUR-A
France - EUR-A
Georgia - EUR-B
Germany - EUR-A
Greece - EUR-A
Hungary - EUR-C
Iceland - EUR-A
Ireland - EUR-A
Israel - EUR-A
Italy - EUR-A
Kazakhstan - EUR-C
Kyrgyzstan - EUR-8
Latvia - EUR-C
Lithuania - EUR-C
Luxembourg - EUR-A
Malta - EUR-A
Monaco - EUR-A
Netherlands - FUR-A
Norway - EUR-A
Poland - EUR-8
Portugal — EUR-A
Republic of Moldova - EUR-C
Romania - EUR-B
Russian Federation — EUR-C
San Marino - EUR-A
Slovakia - EUR-B
Slovenia - EUR-A
Spain — EUR-A
Sweden - EUR-A
Switzerland - EUR-A
Tajikistan - EUR-B
The former Yugoslav
Republic of Macedonia - EUR-B
Turkey — EUR-8
Turkmenistan - EUR-B
Ukraine - EUR-C
United Kingdom - EUR-A
Uzbekistan - EUR-B
Yugoslavia - EUR-B

BMJ Open

South-East Asia Region
Bangladesh — SEAR-D
Bhutan - SEAR-D
Democratic People’s
Republic of Korea - SEAR-D
India - SEAR-D
Indonesia - SEAR-E
Maldives - SEAR-D
Myanmar - SEAR-D
Nepal — SEAR-D
Sri Lanka - SEAR-B
Thailand - SEAR-8

Western Pacific Region
Australia - WPR-A
Brunei Darussalam - WPR-A
Cambodia - WPR-B
China - WPR-B
Cook Islands - WPR-B
Fiji - WPR-8
Japan - WPR-A
Kiribati - WPR-8
Lao People’s
Democratic Republic - WPR-B
Malaysia - WPR-E
Marshall Islands - WPR-8
Micaonesia, Federated
States of - WPR-E
Mongolia - WPR 3
Nauru - WPR-8
New Zealand - WPR-A
Niue - WPR-8
Palau - WPR-8
Papua New Guinea - WPR-8
Philippines - WPR-B
Republic of Korea - WPR-B
Samoa - WPR-B
Singapore - WPR-A
Solomon Islands - WPR-8
Tonga - WPR-B
Tuvalu - WPR-3
Vanuatu - WPR-8
Viet Nam - WPR-8

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 28 of 71

"ybuAdoo Ag paroalold 1sanb Aq 720z ‘8T dy uo jwoo fwqg uadolwa//:dny woly papeojumod ‘9102 ANC TZ Uo TS20T0-ST0Z-uadolwag/9oeTT 0T Se paysignd isiiy :uado rINg


http://bmjopen.bmj.com/

Page 29 of 71

©CoO~NOUTA,WNPE

BMJ Open

Metrics of particulate matter (PM) used in two-pollutant model analyses

Category of PM . .

i Particulate pollutants which map to category
metric
PM10 PM7; PM10; PM13; 11’1(PM7); In (PM13); \/(PMlo); 11’1(PM14);
PM;s PM.;5; PM<1; PMos; Re-suspended Particulate Matter

(RSPM); PM2,5.1

PMio-25 PMio-25
Black Smoke Black Smoke; In(BS); sqrt(BS)

Particle Number
Concentration (PNC)

10-100nm; PNC; <100nm; Nucleation <30nm; Aitken 30-
100nm; Accumulation 100-290nm; NC 0.03-0.05; NC 0.05-
0.1; NC 0.01-0.03; NC 0.01-0.1; PM25 NC; PMz5.10 NC; PM1o
NC; PNC size mode 12nm; PNC size mode 23nm; PNC size
mode 57nm; PNC size mode 212nm; PNC size mode to
100nm; NC128; NC346; NC total; NC31; 10-100nm surface
area

Carbon Black Carbon (BC); Elemental Carbon (EC); Organic Carbon
(0C); PM250C; PM35 EC; PM2s50M; Total Carbon;

Total Suspended TSP; In(TSP); TSP-PM1o; PMzo; SPM; sqrt(TSP); blackness of

Particles (TSP) TSP filters

Visibility Coefficient of haze (COH); light scattering (PMzsindicator =

nephelometry measure instead of gravimetric); dry light
scattering (PM<1 indicator); bsp (PMzsindicator = an
indicator for particles 01-2 um (nephelometry measure
instead of gravimetric)); visibility (PMzsindicator = digital
photography visibility); PM,s nephelpmetry (PMa5
indicator=(nephelometry measure*100,000-.01)/0.28.)
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Table S1: Meta-analysis results for all-cause mortality in all-ages associated with a 10
pg/m3 increase in 24 hour NO;

selected  NOz single-pollutant NO: adjusted for PM
All
SC/MCa ?Eiﬁ\::]b Random Effects 12 Random Effects 12
(95% CI)¢ (%) (95%CI)¢ (%) d
Overal,NO:+PM 59,3 5/1(26) 0.78 (0.47, 1.09) 0.60 (0.33, 0.87)
(any PM metric)e
AMR A 12/3 4/1(16) 0.48 (0.24,0.72) 0.55 (0.12, 0.99)
AMR B 1/0 1/0 (1) 0.59 (-0.26, 1.45) 66.9 0.01 (-1.10, 1.12) 0
EUR A 6/0 3/0(3) 0.71 (0.20, 1.22) 0.43 (-0.86, 1.73)
SEAR B 1/0 1/0 (1) 1.41(0.89,1.93) 0.42 (-0.55, 1.40)
WPR B 9/0 5/0(5) 1.00 (0.54, 1.46) 0.85 (0.37,1.33)
NO: + PM
(specific PM
metric)f
NO: + PM1o 13/3 4/1(21) 0.92 (0.58,1.72) 88.7 0.85 (0.52,1.18) 72
NO: + PM2s 2/3 2/1(14) 0.53 (0.42, 0.64) 0 0.57 (0.24, 0.89) 6.9
NOz + PMio-25 0/3 0/1(12) 0.62 (0.19, 1.06) - 0.73 (0.28,1.18) -
NO:2 + Visibility 0/1 0/1(12) 0.60 (0.34, 0.87) - 0.66 (0.33, 1.00) -
NO: + BS 1/0 -
NOz2 + TSP 3/0 - Insufficient estimates for meta-analysis
NO: + PNC 3/0 -

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S2: Meta-analysis results for all-cause mortality in all-ages associated with a 10
pg/ms3 increase in 1 hour NO;

NO:z single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/MCa (cities)® Random Effects 12 Random Effects 12
(95% CI) ¢ (%)d  (95%CI)¢ (%)4
Overall, NOz + PM
(any PM metric)e 2/4 2/2 (36) 0.32 (-0.02, 0.66) 0.20 (-0.24, 0.65)
AMR A 1/0 1/0 (1) 1.19 (0.20, 2.19) 0.78 (-0.35,1.92)
AMR B 1/0 1/0(1)  -0.09(-0.19,000) 3%  .028(-038-019) 72
EURA 0/3 0/1(30)  0.30(0.22, 0.38) 0.27 (0.16, 0.38)
WPR A 0/1 0/1 (4) 0.63 (0.21, 1.05) 0.52 (0.05, 1.00)
Overall, NO2 + PM
(specific PM
metric)f
NOz + PM1o 2/1 2/1(32)  022(-0.15,0.60) 954  0.10(-0.40,0.61)  96.5
NO: + BS 0/2 0/1(30)  0.30(0.22,0.38) - 0.33 (0.23, 0.43) -
NO; + Visibility 0/1 0/1 (4) 0.63 (0.21, 1.05) - 0.52 (0.05, 1.00) -

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies
b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by

the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10

ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in

Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.
AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S3: Meta-analysis results for all cardiovascular mortality in all-ages associated with
a 10 pg/ms3 increase in 24 hour NO;

Selected  NO2 single-pollutant NO: adjusted for PM
All
SC/MCa ffi{x:)b Random Effects 12 Random Effects I2
(95%CI) « (%) (95% CI)c (%)

OveralLNO:+PM 43,9  5/0(10) 1.07 (0.43,1.72) 0.82 (0.22, 1.42)
(any PM metric)e
AMR A 2/0 2/0(2) 0.52 (0.37, 0.68) 0.47 (0.06, 0.88)
AMR B 1/0 1/0 (1) 0.73 (-0.87, 2.36) 72 -0.36 (-2.47,1.81) 5gg
EUR A 3/0 2/0(2) 1.97 (-0.66, 4.66) 1.81(0.67,2.97)
SEAR B 1/0 1/0 (1) 1.78 (0.47, 3.11) -0.51 (-2.88,1.92)
WPR B 6/0 4/0 (4) 1.37 (0.87, 1.87) 1.13 (0.67,1.58)
Overall, NOz + PM
(specific PM
metric)f
NO2 + PM1o 10/0 4/0 (8) 0.99 (0.49, 1.49) 80.1 0.87 (0.28, 1.46) 61
NOz + PM2s 2/0 2/0(2) Insufficient estimates for meta-analysis
NO:z + BS 2/0 2/0(2) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NOz2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S4: Meta-analysis results for all respiratory mortality in all-ages associated with a
10 pg/ms3 increase in 24 hour NO;

NO2, single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/M(Ca (cities)b Random Effects 12 Random Effects 12
(95% CI) © (%)d  (95%CI)¢ (%) d
Overall, NOz + PM 8/0 3/0(6) 142 (0.64,2.21) 1.13 (0.46, 1.81)
(any PM metric)e
AMR B 1/0 1/0 (1) 1.21(-1.43,3.91) 0 0.61 (-2.83,4.17) 0
SEAR B 1/0 1/0 (1) 1.05 (-0.60, 2.73) 0.32 (-2.66, 3.39)
WPR B 6/0 4/0(4) 1.57 (0.63, 2.51) 1.20 (0.50, 1.90)
Overall, NOz + PM
(specific PM metric)f
NO2 + PM1o 7/0 2/0(5) 1.44 (0.63, 2.27) 0 1.15 (0.47, 1.84) 0
NOz + PM2s 1/0 1/0 (1) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO: adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S5: Meta-analysis results for stroke mortality in all-ages associated with a 10
pg/m3 increase in 24 hour NO;

NO3, single-pollutant NO: adjusted for PM
Selected
All sc/MC
SC/M(Ca (cities)b Random Effects 12 Random Effects 12
(95% CI) © (%)d  (95%CI)¢ (%) d
Overall, NOz + PM 8/0 2/0(5) 176 (0.68, 2.85) 1.12 (0.50, 1.74)
(any PM metric)e
SEARB 1/0 1/0(1)  280(0.70,494)  2>6 "160(220,555) ©
WPRB 7/0 4/0 (4) 1.47 (0.67, 2.27) 1.11 (0.48, 1.74)
Overall, NOz + PM
(specific PM metric)f
NOz + PM1o 7/0 2/0 (4) 1.83 (0.76, 2.92) 9.3 1.04 (0.36, 1.73) 0
NO2 + TSP 1/0 1/0 (1) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
pg/m3NOz2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NOz adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.

13
For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 34 of 71

‘yBuAdoo Ag palosloid 1sanb Ag 20z ‘8T Iudy uo /woo*fwg uadolwg//:dny wouy papeojumod ‘910z AINC TZ U0 TSL0TO-STOZ-uadolwag/9eTT 0T Se paysiignd 1s1y :uado rINg


http://bmjopen.bmj.com/

Page 35 of 71

P OO~NOULAWNPE

Table S6: Meta-analysis results for all-cause mortality in all-ages associated with a 10

BMJ Open

pg/m3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24 hour NO;

. gzl/t?:ltced PM, single-pollutant ;]\(l)lzad]usted for 24 hour
SC/MCa (cities)® Random Effects 12 Random Effects 12
(95% CI)¢ (%) (95% CI)c (%)d
PMi1o
Overalle 12/3 4/1(21) 0.51(0.29,0.74) 82.9 0.18 (-0.11,0.47) 71.9
AMR A 3/3 3/1(15) 0.49 (0.31, 0.66) 0.33 (-0.04, 0.71)
EUR A 1/0 1/0 (1) 0.28 (0.05, 0.52) -0.24 (-0.55, 0.07)
SEARB 1/0 1/0 (1) 1.25 (0.82, 1.68) 0.96 (0.17,1.76)
WPRB 7/0 4/0 (4) 0.35(0.22, 0.47) 0.05 (-0.06, 0.17)
PM:zs
Overalle 2/3 2/1(14) 0.74(0.34,1.14) 19.6 0.54 (-0.25,1.34) 23.9
AMR A 1/3 1/1(13) 0.66 (0.23,1.08) 0.33 (-0.54, 1.22)
AMR B 1/0 1/0 (1) 1.36 (0.20, 2.53) 1.33 (-0.12, 2.80)
PMio-25 0/3 0/1(12) 0.65(-0.10,1.42) - 0.31(-0.49,1.11) -
Visibility 0/1 0/1(12) 40.93(23.39,60.97) - 12.42 (-4.47,32.29) -

Black Smoke 1/0

PNC

3/0

TSP

3/0

Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies
b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10

pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.
d -12 statistic for heterogeneity between WHO region-specific effect estimates
e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;

(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the

overall summary estimate across WHO regions.
AMR, region of the Americas; Eur, European region; WPR, Western Pacific region; SEAP, South East Asian region.
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Table S7: Meta-analysis results for all cardiovascular mortality in all-ages associated with
a 10 pg/ms3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24

hour NO;
. PM adjusted for 24 hour
Al selected PM single-pollutant NO;
SC/MCa ?fi{?:f)b Random Effects 12 Random Effects 12
(95% CI)« (%)d  (95%CI)¢ (%)4
PMio
Overalle 9/0 4/0 (8) 0.48 (0.18, 0.78) 66.5 0.19 (-0.21,0.59) 67.1
AMR A 2/0 2/0(2) 0.43 (0.17,0.70) 0.33(0.03,0.62)
EUR A 1/0 1/0 (1) 0.19 (-0.16, 0.54) -0.32 (-0.80, 0.17)
SEARB 1/0 1/0 (1) 1.90 (0.80, 3.01) 2.27 (0.24, 4.34)
WPR B 5/0 4/0 (4) 0.48 (0.26, 0.70) 0.22 (-0.09, 0.54)
PM:zs 2/0 -

Black Smoke 1/0

Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage increase (95% confidence interval) in the risk of death per 10
pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates

e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the

overall summary estimate across WHO Regions.
AMR, region of the Americas; Eur, European region; WPR, Western Pacific region; SEAP, South East Asian region.

15

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 36 of 71

‘yBuAdoo Ag palosloid 1sanb Ag 20z ‘8T Iudy uo jwoo fwg uadolwg//:dny wouy papeojumod ‘910z AINC TZ U0 TSL0TO-STOZ-uadolwa/9eTT 0T Se paysiignd 1s1y :uado rINg


http://bmjopen.bmj.com/

Page 37 of 71

P OO~NOUILAWNPE

BMJ Open

Table S8: Meta-analysis results for all respiratory mortality in all-ages associated with a
10 pg/ms3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24 hour

NO:
selected PM, single-pollutant PM adjusted for 24 hour NO2
All
SC/M(Ca ffiﬁ‘gg]b Random Effects 12 Random Effects 12
(95% CI)« (%)d  (95%CI)c (%)4

PMio
Overalle 6/0 2/0 (6) 0.58 (0.22, 0.93) 0 0.13(-0.18,0.44) ©
SEAR B 1/0 1/0 (1) 1.01 (-0.36, 2.40) 0.79 (-1.70, 3.34)
WPR B 5/0 4/0 (4) 0.54 (0.17,0.92) 0.12 (-0.19, 0.43)
PM2s 1/0 - Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage increase (95% confidence interval) in the risk of death per 10
pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates

e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the
overall summary estimate across WHO Regions.

WPR, Western Pacific region; SEAR, South East Asian region.
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Figure S1: Studies and two-pollutant model estimates selected for meta-analysis for all-cause mortality, all ages, 24 hour NO:

BMJ Open

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr A,Multi-city
Burnett,2004 [3000] 12 Canadian cities, Canada 1981-1999 22161 None —— 0.62 (0.19, 1.05)
22164  PMy None reported —— 0.74 (0.24, 1.23)
Amr A,Single city
Ostro,1999 [3] Coachella Valley,USA 1989-1992 4055 None o . S 1.46 (-0.36, 3.29)
4061 PM,q 0.13 < 0.39 (-1.75, 2.53)
Moolgavkar,2003 [162] Cook County,USA 1987-1995 12723 None - 0.57 (0.33, 0.81)
22023  PMy, 0.49 —— 0.47 (0.17,0.77)
Los Angeles County,USA 1987-1995 12744 None * 0.52 (0.40, 0.64)
12753 PMy, 0.70 —e— 0.73 (0.40, 1.05)
Kelsall, 1997 [236] Philadelphia,USA 1974-1988 574 None - 0.07 (-0.15,0.29)
3740 TSP 0.67 - -0.31 (-0.58, -0.05)
Amr B,Single city
Borja-Aburto,1998 [214] Mexico City,Mexico 1993-1995 567 None -T—— 0.59 (-0.26, 1.44)
20142 PM,g 057 _ 0.01 (-1.10, 1.11)
Eur A,Single city
Peters,2009 [621] Erfurt,Germany 1995-2001 22212 None —_— 0.41 (-1.17, 1.99)
21697 PNC 0.62 * -1.47 (-3.41,0.47)
Michelozzi,1998 [219] Rome,ltaly 1992-1995 1196 None —— 0.43 (0.10, 0.76)
22265 TSP 0.507 — 0.29 (-0.07, 0.65)
Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5504 None - 1.02 (0.76, 1.28)
5552 PM,q 0.62 — 1.69 (0.92, 2.46)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16196 None — 1.40 (0.89, 1.91)
16270 PM,q 0.71 —r—— 0.42 (-0.55, 1.39)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21120 None T 1.29 (-0.06, 2.64)
21121 PMyg 055 —_— 0.89 (-0.91, 2.69)
Wong,2008 [313] Hong Kong,China 1996-2002 16208  None —— 0.90 (058, 1.21)
16294 PM;o 0.80 —— 0.86 (0.42, 1.29)
Shanghai,China 2001-2004 16220 None —— 0.97 (0.66, 1.27)
16318 PMyq 0.75 —— 0.94 (0.50, 1.37)
Wuhan,China 2001-2004 16232 None — 1.95 (1.30, 2.60)
16342 PMyq 0.75 — 1.68 (0.87, 2.49)
Kwon, 1999 [1643] Seoul,South Korea 1991-1995 14389 None —— 0.35 (0.05, 0.66)
22296 TSP 0.774 o— 0.26 (-0.05, 0.56)
I [ I I
-5 -1 0 1 2
1000xIn(RR)
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Figure S2: All available studies providing two-pollutant model estimates for meta-analysis for all-cause mortality, all ages, 1 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)

©CoO~NOUITA,WNPE

Amr A,Single city

e
[Ny

Ostro,1999 3] Coachella Valley,USA 1989-1992 4056  None ———) 1.19(0.20, 2.17)
4063  PMy, -0.13 ————  0.78(-0.35,1.91)
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Amr B,Single city
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Ostro,1996 [256] Santiago,Chile 1989-1991 439 None * -0.09 (-0.19, 0.00)
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3377 PMy 0.73 © -0.28 (-0.38, -0.19)
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Samoli, 2006 [1671] 30 European Cities,EU 1990-1997 16845  None 0.30(0.22, 0.38)
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Figure S3: All available studies providing two-pollutant model estimates for meta-analysis for all cardiovascular mortality, all ages, 24

hour NO;

BMJ Open

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)
Amr A,Single city
Moolgavkar,2003 [162] Cook County,USA 1987-1995 12877 None A 0.52 (0.15, 0.89)
22072 PM;o 0.49 > 0.26 (-0.20, 0.73)
Moolgavkar,2003 [162] Los Angeles County,USA 12900 None * 0.52 (0.35, 0.69)
22090 PM,o 0.70 - 0.68 (0.22, 1.13)
22100 PM, 5 0.73 > 0.26 (-0.31, 0.83)
Amr B,Single city
Borja-Aburto, 1998 [214]  Mexico City,Mexico 1993-1995 570 None —— 0.73 (-0.87, 2.33)
20145 PM, 5 0.57 = -0.36 (-2.51, 1.79)
Eur A,Single city
Hoek,2000 [175] Netherlands,Netherlands ~ 1986-1994 5513 None - 0.92 (0.50, 1.34)
5584 BS 0.87 [ 0.43 (-0.20, 1.06)
5576 PM;o 0.62 —— 1.66 (0.50, 2.82)
Zeghnoun,2001 [1374] Rouen,France 1990-1995 22295 None —_— 3.67 (0.92, 6.42)
7861 BS 0.77 * 3.97 (-0.67, 8.60)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16200 None — 1.76 (0.47, 3.06)
1999-2003 16273 PM;o 0.71 = -0.51 (-2.92, 1.90)
Wopr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21125 None —_— 2.09 (0.22, 3.96)
21126 PM;o 0.55 e -0.15 (-2.70, 2.40)
Wong,2008 [313] Hong Kong,China 1996-2002 16212 None - 1.22 (0.64, 1.81)
16297 PM,o 0.80 e 1.32 (0.54, 2.10)
Shanghai,China 2001-2004 16224 None - 1.00 (0.55, 1.46)
16321 PM,o 0.75 == 0.98 (0.33, 1.62)
Chen,2008 [1956] Shanghai,China 2001-2004 15756 None hd 1.00 (0.55, 1.46)
15757 PMy, 0.71 - 0.98 (0.33, 1.62)
Wong,2008 [313] Wuhan,China 2001-2004 16236 None - 2.10 (1.17, 3.02)
16345 PM,o 0.75 — 1.40 (0.24, 2.56)
Qian,2007 [1945] Wuan,China 2000-2004 15257 None - 1.64 (0.87, 2.41)
15310 PM,o 0.58 —— 0.98 (0.00, 1.95)
| | | |
-5 101 5 10
1000xIn(RR)
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Figure S4: All available studies providing two-pollutant model estimates for meta-analysis for all cardiovascular mortality, all ages, 1 hour
NO:

Author,Year City, Study Access  Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)

Eur A,Multi-city

Samoli,2006 [1671] 30 European Cities,EU 1990-1997 16850 b g 0.40 (0.29, 0.51)
16852 PM,, 0.11 -0.69 nga 0.35 (0.21, 0.49)
16851 BS 0.11-0.78 - 0.44 (0.31, 0.57)

Eur A,Single city

Bremner,1999 [182]  London,UK 1992-1994 670 —— 0.33 (0.10, 0.56)
780 BS 1o— 0.26 (-0.05, 0.57)
775 PM,, —o— 0.31 (0.01, 0.62)
| [ | [
2 1 0 1 2
1000xIn(RR)
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Figure S5: All available studies providing two-pollutant model estimates for meta-analysis for all respiratory mortality, all ages, 24 hour

NO:

BMJ Open

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr B,Single city
Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 569 None —_— 1.20 (-1.44, 3.83)
20144 PM, 5 0.57 —_— 0.61 (-2.87, 4.08)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16204 None T 1.04 (-0.60, 2.69)
16276 PM,o 0.71 ——— 0.32 (-2.70, 3.33)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21130 None -0.18 (-5.54, 5.18)
21131 PM,o 0.55 + -1.73 (-9.27, 5.80)
Wong,2008 [313] Hong Kong,China 1996-2002 16216 None B 1.14 (0.42, 1.87)
16300 PM,o 0.80 —o— 0.87 (-0.11, 1.84)
Shanghai,China 2001-2004 16228 None —— 1.21 (0.42, 2.01)
16324 PM;o 0.75 —— 1.31(0.21, 2.41)
Chen,2008 [1956] Shanghai,China 2001-2004 15748 None - 1.21 (0.42, 2.01)
15749 PM,, 0.71 —o— 1.31 (0.21, 2.41)
Wong,2008 [313] Wuhan,China 2001-2004 16240 None — 3.61 (1.75, 5.47)
16348 PM,o 0.75 —_—— 2.80 (0.46, 5.14)
Qian,2007 [1945] Wuhan,China 2000-2004 15266 None — 2.21(0.52, 3.89)
15313 PM,o 0.58 T 1.28 (-0.83, 3.40)
| | | | |
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1

2

3

4

2 Figure S6: All available studies providing two-pollutant model estimates for meta-analysis for stroke mortality, all ages, 24 hour NO;
7 Author,Year City, Study Access Particle Correlation,

8 [RMID] Country Period ID Co-pollutant NO, +PM ES (95% CI)

20 Sear B,Single city

11 HEI,2010 [3003] Bangkok,Thailand ~ 1999-2003 22198  None — 2.76 (0.70, 4.83)
ig 22247 PM,, 0.71 —T—— 1.59 (-2.22, 5.40)
14

15 Wopr B,Single city

16 Ren,2008 [2001] ~ Hangzhou,China ~ 2002-2004 17521  None —— 2.05 (0.54, 3.56)
17 17522 PMy, 0.692 —f— 1.27 (-0.86, 3.41)
18 Hong,2002 [1448] Seoul,South Korea 1991-1997 8760 None —— 1.47 (0.37, 2.57)
;g 8767 TSP 0.50 —o— 1.47 (0.00, 2.94)
21 HEI,2010 [3003] Shanghai,China ~ 2001-2004 22190  None - 0.69 (0.08, 1.30)
22 22224  PMy, 0.71 o— 0.79 (-0.07, 1.64)
23 Haidong,2004 [349] Shanghai,China ~ 2001-2001 14215  None ——— 2.86 (0.10, 5.62)
gg 14216 PMyq 0.65 ———— 1.98 (-1.61,5.57)
26 Kan,2003 [130] Shanghai,China ~ 2001-2002 12338  None ———— 2.86 (0.10, 5.62)
27 12339 PMy, 0.65 —] 1.98 (-1.61,5.57)
28 HEI,2010 [3003] Wuhan,China 2001-2004 22195  None —— 2.15(1.06, 3.23)
29 22214 PMy, 0.75 —— 1.50 (0.14, 2.86)
32 Qian,2007[1945]  Wuhan,China 2000-2004 15260  None —— 1.48 (0.56, 2.40)
32 15311 PMyg 0.58 —o— 0.93 (-0.23, 2.08)
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Figure S7: All available studies providing two-pollutant model estimates for meta-analysis for cardiac mortality, all ages, 24 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO; +PM ES (95% Cl)
Amr A,Single city
Moolgavkar,2000 [163] Maricopa,USA 1987-1995 6981 None - 1.20 (0.51, 1.89)
22294 PM,, 0.22 —— 2.33 (-0.15, 4.81)
Wopr B,Single city
HEI,2010 [3003] Shanghai,China 2001-2004 22191 None - 1.53 (0.82, 2.24)
22225 PM,, 0.71 —— 1.55 (0.52, 2.58)
HEI,2010 [3003] Wuhan,China 2001-2004 22196 None — 2.00 (0.44, 3.56)
22215 PMo 0.71 T—— 1.55 (-0.42, 3.52)
Qian,2007 [1945] Wuhan,China 2000-2004 15263 None — 1.75 (0.44, 3.07)
15312 PM,, 0.58 T 1.27 (-0.38, 2.92)
TTT |
101 5
1000xIn(RR)
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1
2
3
4
5 Figure S8: All available studies providing two-pollutant model estimates for meta-analysis for COPD (including asthma), Lower
? Respiratory Infections (LRI), ischaemic heart disease (IHD), dysrhythmia (DYS) mortality, all ages, 24 hour NO:
8
9 Author,Year City, Study Diagnosis Access Particle Correlation, ES (95% Cl)
10 [RMID] Country Period ID Co-pollutant NO, + PM
11 Sear B,Single city
12
13 HEI,2010 [3003] Bangkok,Thailand 1999-2003 COPDp 22199  None —— -1.41 (-5.13, 2.31)
14 22248 PMy, 0.71 —_—— -8.23 (-15.08, -1.38)
15
16 DYS 22245  None —T— 1.29 (-5.55, 8.13)
17 N \
18 22244 PMy, 0.71 - 7 6.1 (-6.29, 18.51)
19 IHD 22202 None T 1.49 (-0.70, 3.68)
20
21 22251  PMy, 0.71 —_— -0.40 (-4.60, 3.80)
22 LRI 22200 None +o— 1.29 (-0.90, 3.49)
23
24 22249  PMy, 0.71 —— 1.88 (-1.71, 5.48)
25
26
27 Wpr B,Single city
gg HEI,2010 [3003] Shanghai,China  2001-2004 COPDp 22192  None - 1.17 (0.34, 2.01)
30 22226 PMy 0.71 - 1.48 (0.30, 2.66)
31
32 LRI 22193 None -+ 1.72 (-1.15, 4.58)
33 22227 PMy, 0.71 — -0.29 (-4.30, 3.72)
34
35
36
37
38 I ) —
39 5 001 5 10
40 1000xIn(RR)
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Figure S9: Studies and two-pollutant model estimates selected for meta-analysis for all cardiovascular mortality, all ages, 24 hour NO;
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Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr A Single city
Moolgavkar,2003 [162]  Cook County,USA 1987-1995 12877  None \d 0.52 (0.15, 0.89)
22072 PMy, 0.49 > 0.26 (-0.20, 0.73)
Los Angeles County,USA 12900 None L4 0.52 (0.35, 0.69)
22090 PMy, 0.70 g 0.68 (0.22, 1.13)
Amr B,Single city
Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 570 None T 0.73 (-0.87, 2.33)
20145  PM,s 0.57 —— -0.36 (-2.51, 1.79)
Eur A,Single city
Zeghnoun,2001 [1374] Rouen,France 1990-1995 22295 None —_— 3.67 (0.92, 6.42)
7861 BS 0.77 T——— 3.97 (-0.67, 8.60)
Hoek,2000 [175] Netherlands,Netherlands  1986-1994 5513 None - 0.92 (0.50, 1.34)
5576 PM,o 0.62 == 1.66 (0.50, 2.82)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16200  None — 1.76 (0.47, 3.06)
16273  PMy, 0.71 —— -0.51 (-2.92, 1.90)
Wopr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21125 None — 2.09 (0.22, 3.96)
21126 PM,o 0.55 — -0.15 (-2.70, 2.40)
Wong,2008 [313] Hong Kong,China 1996-2002 16212  None hd 1.22 (0.64, 1.81)
16297  PMy, 0.80 - 1.32 (0.54, 2.10)
Shanghai,China 2001-2004 16224  None h g 1.00 (0.55, 1.46)
16321 PM;o 0.75 g 0.98 (0.33, 1.62)
Wuhan,China 2001-2004 16236  None —— 2.10 (1.17, 3.02)
16345  PMy, 0.75 - 1.40 (0.24, 2.56)
| [ |
-5 -10 1 10
1000xIn(RR)
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Figure S10: Studies and two-pollutant model estimates selected for meta-analysis for all respiratory mortality, all ages, 24 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
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Figure S11: All studies providing two-pollutant model estimates for all-cause mortality, all-ages, ultrafine particles (UFP) adjusted for 24 hour

NO:

Author,Year City,
[RMID] Country

Eur A,Single city

Wichmann,2000 [1205] Erfurt, Germany
Breitner,2009 [1954] Erfurt, Germany
Peters, 2009 [621] Erfurt, Germany

Study
Period

1995-1998

1995-2002

1995-2001

Access
ID

22277

22278

16186

16189

22210

22211

Correlation,
UFP + NO,

0.61

0.62

0.62

ES (95% Cl)

T 35.44 (-2.37, 73.25)

-1 30.91 (-12.71,74.52)

—_— 70.00 (14.30, 125.69)

79.87 (15.60, 144.15)

L 4

—— 29.34 (3.08, 55.61)

e 40.26 (9.20, 71.31)
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1
2
3
4
5 Figure S12: All studies providing two-pollutant model estimates for all cardiovascular mortality, all-ages, PM adjusted for 24 hour NO;
6 Author,Year City, Study Access Correlation
7 [RMID] Country Period ID PM + NO, ES (95% Cl)
8 x8 [ Eur A,Single city
9 § g Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5508 - 0.79 (0.40, 1.18)
10 o 5 L 5583 0.87 —— 0.62 (0.02, 1.21)
11 [~ Amr A Single city
12 Moolgavkar,2003 [162] ~ Cook County,USA 1987-1995 12872 o 0.40 (0.07, 0.73)
13 22071 0.49 1 0.30 (-0.05, 0.65)
14 Los Angeles County,USA 1987-1995 12892 - 0.50 (0.05, 0.94)
15 22095 0.70 1 0.40 (-0.16, 0.96)
16 Eur A,Single city
17 Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5507 » 0.19 (-0.16, 0.54)
18 5575 0.62 -9 -0.32 (-0.80, 0.17)
19 Sear B,Single city
20 5 Wong,2008 [313] Bangkok, Thailand 1999-2003 16202 — 1.88 (0.80, 2.97)
21 s 16284 0.71 L e 2.24 (0.24, 4.25)
o
22 Wopr B,Single city
23 Chen,2010 [2052] Anshan,China 2004-2006 21796 -- 0.67 (0.29, 1.05)
24 21798 0.55 - 0.69 (0.19, 1.19)
2 Wong,2008 [313] Hong Kong,China 1996-2002 16214 - 0.61 (0.1, 1.11)
5 16308 0.80 —— -0.13 (-0.78, 0.52)
26 Wong,2008 [313] Shanghai,China 2001-2004 16226 o 0.27 (0.10, 0.44)
27 16332 0.75 * 0.01 (-0.22, 0.24)
28 Chen,2008 [1956] 15725 0 0.27 (0.10, 0.44)
15731 0.71 L 4 0.01 (-0.22, 0.24)
29 Wong,2008 [313] Wuhan,China 2001-2004 16238 *> 0.57 (0.31, 0.83)
30 L 16356  0.75 o 0.33 (0.00, 0.66)
31 Amr A,Single city
32 Moolgavkar,2003 [162] Los Angeles County,USA  1987-1995 12895 —— 0.90 (0.16, 1.63)
" 22101 0.73 —_— 0.20 (-1.10, 1.50)
33
34 g
35 = Amr B,Single city
Borja-Aburto,1998 [214] Mexico City,Mexico 1993-1995 560 ——— 2.17 (-0.01, 4.34)
36 20125 057 *> 1.67 (-2.92, 6.25)
37 -
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Figure S13: All studies providing two-pollutant model estimates for all respiratory mortality, all-ages, PM adjusted for 24 hour NO,

BMJ Open

Author,Year City, Study Access Correlation
[RMID] Country Period ID PM + NO, ES (95% Cl)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16206 —— 1.00 (-0.36, 2.37)
16287 071 —o—— 0.79 (-1.71, 3.29)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21801 — 0.21(-0.82, 1.24)
21803 0.55 ro— 0.44 (-0.97, 1.85)
ES Wong,2008[313] Hong Kong,China 1996-2002 16218 —— 0.83(0.23, 1.42)
%
16311 0.80 o— 0.34 (-0.47, 1.15)
Wong,2008 [313] Shanghai,China 2001-2004 16230 \d 0.27 (-0.01, 0.55)
16335 0.75 & -0.05 (-0.45, 0.35)
Chen,2008 [1956] 15726 [ 0.27 (:0.01, 0.55)
15734 071 - -0.05 (-0.45, 0.35)
Wong,2008[313] Wuhan,China 16242 - 0.87 (0.34, 1.39)
16359 0.75 — 0.39 (-0.29, 1.07)
Amr B,Single city
Eﬁ Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 559 & 2.47 (-1.13, 6.06)
o
20124 0.57 L 4 1.98 (-2.51, 6.47)
| | |
5 0 1 10
1000xIn(RR)
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Figure S14: Studies providing two-pollutant model estimates for meta-analysis for all respiratory hospital admissions, various age groups,

24 hour NO;
Author,Year City, Study Age* Access Particle ES (95% Cl)
[RMID] Country Period D Co-pollutant
Eur A,Single city
Hagen,2000 [1071] Drammen,Norway 1994-1997 AA 4371 None T 2.70 (-0.29, 5.68)
3681 PM,, 0.61 ——— 2.06 (-1.66, 5.78)
Oftedal, 2003 [1556] Drammen,Norway 1994-2000 AA 12620  None — 2.80 (0.81, 4.79)
12632 PM,, -0.47-0.78 = 2.94 (0.38, 5.49)
Wong,2002 [1429] London,UK 1992-1994 E 22188  None - -0.10 (-0.60, 0.40)
22189  PMy, 0.68 - -0.40 (-1.21, 0.41)
Wopr A ,Multi-city
Barnett,2005 [2039] 7 Australia & 1998-2001 C 18986 None —&— 5.78(1.73,9.83)
New Zealand cities
19024  PM,, 0.21-0.57 —&—— 6.36 (3.03, 9.69)
Wopr B,Single city
Wong,2002 [1429] Hong Kong,China 1995-1997 E 8202 None g 1.78 (1.19, 2.38)
8319 PM,, 0.82 - 1.69 (0.80, 2.57)
I I I
101 10
1000xIn(RR)

* Age: AA = all ages; E = Elderly; C = Children
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Figure S15: Studies providing two-pollutant model estimates for meta-analysis for all respiratory hospital admissions, various age groups,

1 hour NO;
pave es ws.)
Amr B,Single city
Gouveia, 2000 [207] Sao Paulo,Brazil 1992-1994 C 5454 None 4 0.19 (-0.00, 0.39)
(o] 22004  PMy, 0.40 > 0.13 (-0.09, 0.35)
Wopr A,Multi-city
Simpson,2005 [134] 4 Australian Cities, Australia 1996-1999 E 13922 None - 1.41 (0.78, 2.04)
E 13945  Visibility 0.29 - 0.62 = 1.20 (0.47, 1.93)
Barnett, 2005 [2039] 7 Australia & New Zealand cities 1998-2001 C 18977 None —— 1.60 (0.41, 2.80)
C 19020 PM,s 0.34 - 0.68 ———— 474 (0.41,9.07)
C 19021 PM;o 0.21-0.57 0.41 (-6.18, 6.99)
L [
-101 10
1000xIn(RR)

* Age: C = Children; E = Elderly
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Figure S16: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for asthma, children, 24 hour NO;

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
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Figure S17: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for asthma, various age groups, 24

hour NO;
Author,Year City, Study Access Particle Correlation,
[RMID] Country Period Age* ID Co-pollutant NO, + PM ES (95% CI)
Eur A,Multi-city
Sunyer,1997 [398] 4 European Cities,EU 1986-1992 YA 2069 None A 0.57 (0.06, 1.08)
3 European Cities,EU 1682 BS 0.29-0.49 [~ 1.07 (0.10, 2.04)
Eur A,Single city
Anderson,1998 [380] London,UK 1987-1992 AA 2373 None A d 0.65 (0.26, 1.04)
1921 BS - 0.64 (0.25, 1.03)
Anderson, 1998 [380] London,UK 1987-1992 E 2349 None —— 1.52 (0.35, 2.70)
1909 BS T 0.97 (-0.78, 2.73)
Galan,2003 [123] Madrid,Spain 1995-1998 AA 12193 None —— 3.25(1.29, 5.20)
22286 PM,, 0.717 s — 0.10 (-2.94, 3.14)
| [ | [ [
-5 -10 1 5 10
1000xIn(RR)

* Age: AA = All-ages; E = Elderly; YA = Young adults
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Figure S18: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for cardiac disease, all-ages, 24
hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
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Figure S19: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for cardiac disease, elderly, 24
hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)

Amr A,Single city
Moolgavkar,2000 [1196] Cook County,USA 1987-1995 6841 None b g 1.49 (1.21, 1.78)

6846 PM;o 0.49 - 1.19 (0.84, 1.54)

Eur A,Single city

Andersen,2007 [519] Copenhagen,Denmark 1999-2004 18381 None -1 0.96 (-0.52, 2.45)
18383 PMyo 0.42 —_—— 0.00 (-1.89, 1.89)
Andersen,2008 [1950] Copenhagen,Denmark 2001-2004 16127 None —_—— 0.00 (-1.76, 1.76)
16137 PNC 0.66 0.00 (-3.56, 3.56)
| I I I
5 1. 0 1 5
1000xIn(RR)
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Figure S20: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all-cause

P OO~NOULAWNPE

mortality in all-ages
Author,Year City, Study Access Lag Season
[RMID] Country Period D ES (95% CI)
Amr A Multi-city
Brook,2007 [485] 10 Canadian cities,Canada 19802000 15647 lag1 all . 0.66 (0.40, 0.91)
15649 lag1 summer R g 1.16(0.76, 1.55)
15650 lag1 winter ® 0.46 (0.25, 0.66)
0 Burnett, 2004 [3000] 12 Canadian Cities, Canada 1981-1999 22140 lago2  all * 0.52(0.29, 0.75)
22300 lag0-2  summer - 0.95(0.51, 1.40)
1 1 22301 lag 0-2 winter &3 0.28 (0.04, 0.52)
12 Amr A,Single city
Moolgavkar,2003 [162] Cook County,USA 1987-1995 12723 lag 1 all ® 057 (0.33,0.81)
12780 lag1 summer - 1.04(0.50, 1.57)
13 12805 lag 4 winter - 0.78 (0.30, 1.26)
Los Angeles County,USA 1987-1995 12744 lag1 all * 0.52(0.40, 0.64)
14 12836 lag 2 summer <+ 0.83(0.47,1.19)
22328 lag5 winter —to— 0.52(-1.51, 2.55)
15 Eur A,Single city
Wichmann, 2000 [1205] Erfurt Germany 1995.1998 7480 lag 4 all T—— 1.43 (-0.40, 3.26)
16 7498 lag 4 summer — -0.20 (-3.63, 3.23)
7496 lag 4 winter P 1.96 (-0.05, 3.97)
17 Peters, 2000 [621] 1995.2001 21687 lag3 all —1— 069 (-0.88, 2.27)
22325 lag3 summer — -1.65 (:3.74, 0.44)
18 22323 lag3 winter —o— 1.05 (-0.05, 2.16)
Anderson, 1996 [268] London,UK 1987-1992 641 lag1 all 3 0.14(-0.02, 0.30)
643 lag 1 summer o 0.25(-0.04, 0.55)
19 642 lag 1 winter > 0.10(-0.10, 0.30)
Hoek,2000[175] Netherlands, Netherlands 1986-1994 5503 lag 1 all * 057 (0.40, 0.75)
20 5544 lag 0-6 summer - 1.37 (0.76, 1.98)
5543 lag0-6  winter d 0.82(0.46, 1.18)
21 Michelozzi, 1998 [219] Rome, taly 1992-1995 1196 lag2 all i 0.43(0.10, 0.76)
1202 lag 2 summer - 1.09(0.48, 1.71)
1200 lag 2 winter - 0.07 (-0.32, 0.46)
22 Michelozzi, 2000[1299] 1992-1995 7320 lag1-2  all o 0.40(0.10,0.70)
7324 lag12  summer - 1.09(0.50, 1.69)
23 7322 lag 1-2 winter 3 0.10 (-0.30, 0.50)
Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1031 lag 0 all —— -1.10 (-2.26, 0.05)
24 1032 lag 4 summer —eo— 1.71(0.04, 3.37)
1033 lag0 winter — 257 (:3.98, -1.15)
25 Wpr ASingle city
Simpson, 1997 [233] Brisbane, Australia 1987-1993 1142 lag0 all —— -0.27 (-1.39, 0.86)
26 1143 lag 0 summer — 1 -0.96 (3.1, 1.19)
1144 lag 0 winter —— 0.31(-1.13,1.74)
27 Simpson,2000[148] Melbourne, Australia 1991-1996 5634 lag 1 all - 1.25 (0.63, 1.88)
5636 lag 1 summer —— 1.88(0.73, 3.03)
28 5635 lag 1 winter o— 0.78 (-0.05, 1.62)
Wpr B,Multi-city*
29 Wong,2008[313] Shanghai,China 2001-2004 16220 lag O-1 all * 0.97 (0.66, 1.27)
22302 lag -1 summer Lo 0.46 (-0.07, 0.99)
30 22303 lag 0-1 winter - 1.23(0.84, 1.63)
Wpr B,Single city
31 Wong,2001 [1327] Hong Kong,China 1995-1997 5078 lag 1 all - 0.67(0.23,1.12)
6002 lag 1 summer ro— 0.44(-0.22, 1.09)
32 6003 lag 1 winter —— 1.16 (0.47, 1.85)
Kan,2008 [1973] Shanghai,China 2001-2004 17349 lag 0-1 all * 0.97 (0.66, 1.27)
33 17350 lag 0-1 summer Lo 0.46 (-0.07, 0.99)
17351 lag 0-1 winter R 4 1.23(0.84, 1.63)
35 I I I I I
5 10 1 5 10
36 1000xIn(RR)
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Figure S21: All available studies providing estimates from both single and season-specific models for 24 hour NO; and all cardiovascular

mortality in all ages

BMJ Open

Author,Year City, Study Access Lag Season

[RMID] Country Period ID ES (95% CI)

Amr A,Single city

Moolgavkar,2003 [162] Cook County,USA 1987-1995 12877 lag 3 all A 0.52 (0.15, 0.89)
12938 lag 2 summer == 1.19 (0.38, 2.00)
12963 lag 4 winter == 0.93 (0.23, 1.64)

Los Angeles County,USA 12900 lag 1 all * 0.52 (0.35, 0.69)

12992 lag 2 summer - 0.93 (0.41, 1.46)
13024 lag 3 winter \d 0.31 (0.01, 0.62)

Eur A,Single city

Anderson,1996 [268] London,UK 1987-1992 650 lag 0 all * 0.12 (-0.11, 0.35)
652 lag 0 summer [ 0.44 (0.03, 0.84)
651 lag 0 winter * -0.02 (-0.30, 0.25)

Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1043 lag 3 all -T—— 1.19 (-0.60, 2.97)
1044 lag 3 summer —— 3.22 (0.56, 5.89)
1045 lag 0 winter —— -2.11 (-4.25, 0.03)

Wpr B,Multi-city

Wong,2008 [313] Shanghai,China 2001-2004 16224 lag 0-1 all - 1.00 (0.55, 1.46)
22304 lag 0-1  summer -1 0.30 (-0.54, 1.14)
22305 lag 0-1  winter 1.25 (0.68, 1.83)

Wpr B,Single city

Wong,2001 [1327] Hong Kong,China 1995-1997 5982 lag 2 all —— 1.33 (0.45, 2.21)
6010 lag 2 summer e 0.00 (-1.36, 1.36)
6011 lag 2 winter = 2.26 (1.16, 3.37)

Kan,2008 [1973] Shanghai,China 2001-2004 17373 lag 0-1 all - 1.00 (0.55, 1.46)
17374 lag 0-1  summer -1 0.30 (-0.54, 1.14)
17375 lag 0-1  winter o 1.25 (0.68, 1.83)

T T T T
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1000xIn(RR)
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1
2
3
4
5 Figure S22: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all
? respiratory mortality in all-ages
Author,Year City, Study Access Lag Season
8 [RMID] Country Period ID ES (95% Cl)
9 Eur ASingle city
10 Anderson, 1996 [268] London,UK 1987-1992 659 lag 1 all - -0.18 (-0.63, 0.28)
11 661 lag1  summer —of -0.51 (-1.37, 0.34)
12 660 lag 1 winter < -0.05 (-0.56, 0.45)
13 Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1058 lag 0 all —_— -2.27 (-5.56, 1.02)
14 1059 lag 1 summer _—— 3.07 (-2.30, 8.44)
15 1060 lag0  winter —_—— -3.70 (-7.70, 0.29)
16 Wpr A,Single city
17 Simpson, 1997 [233] Brisbane, Australia 1987-1993 1233 lag0 all —_— -2.19 (-6.18, 1.81)
18 1234 lag 0 summer * -3.83 (-12.13, 4.47)
19 1235 lag0  winter —_— -1.94 (-6.66, 2.77)
20 Simpson,2000 [148] Melbourne,Australia 1991-1996 5646 lag 0 all —— 2.35(0.16, 4.54)
5648 lag 0 summer ——— 7.63(3.75, 11.51)
21 5647 lag 0 winter — -0.99 (-3.94, 1.95)
22
23 Wpr B,Multi-city
24 Wong,2008 [313] Shanghai,China 2001-2004 16228 lag 0-1 all == 1.21 (0.42, 2.01)
25 22306  lag 0-1 summer —— -1.38 (-2.90, 0.14)
26 22307 lag 0-1  winter — 2.63 (1.66, 3.59)
27 W i i
pr B,Single city
28 Wong,2001 [1327] Hong Kong,China 1995-1997 5986 lag0 all —— 1.54 (0.45, 2.64)
29 6018 lag 0 summer —— 1.07 (-0.22, 2.37)
30 6019 lag0  winter —— 2.05 (0.47, 3.62)
31 Kan,2008 [1973] Shanghai,China 2001-2004 17385  lag 0-1 all - 1.21 (0.42, 2.01)
17386 lag 0-1  summer === -1.38 (-2.90, 0.14)
gg 17387 lag 0-1  winter = o 2.63 (1.66, 3.59)
34
35 T T1T T T
-5 -101 5 10
36 1000xIn(RR)
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Figure S23: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all
respiratory and all cardiovascular hospital admissions in all-ages
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Author,Year Diagnosis City, Study Access Lag Season

[RMID] Country Period ID ES (95% Cl)

Eur A Single city

De Leon, 1996 [417] All respiratory London,UK 1987-1992 1404 lag 2 all 0.22(0.01, 0.43)
1396 lag 2 summer 0.47 (0.07, 0.88)
1388 lag 2 winter 0.13(-0.12, 0.37)

Sear D,Single city

Jayaraman, 2008 [739] All respiratory Delhi,India 2004-2005 18727 lag3 all 0.40 (-0.80, 1.60)
18739 lag3 summer ——————— 51.76(22.47,81.05)

Wpr B,Single city

Wong,1999[364] All respiratory Hong Kong,China 1994-1995 2082 lag 0-3 all 1.98 (1.29, 2.67)
3005 lag 0-3 winter 0.40(-1.21, 2.01)

All cardiovascular 2994 lag 0-1 all 1.29(0.70, 1.89)

3008 lag 0-3 winter 9.80(-0.10, 19.71)

Chen,2010 [124] All respiratory Shanghai,China 2005-2007 21109 lag 6 all 0.47 (-0.25, 1.19)
21115 lag 5 summer 0.05(-0.91, 1.01)
21114 lag 5 winter 0.65(-0.37, 1.67)

Al cardiovascular 21108 lag 5 all 0.80(0.10, 1.49)
21113 lag 5 summer -0.26 (-1.18, 0.66)
21112 lag 5 winter 1.65 (0.68, 2.62)
1000xIn(RR)
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Figure S24: Ranking of NO: estimates for all-cause mortality in all-ages by mean levels of

24 hour NO; (multi-city studies shown using black bars)
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Figure S25: Ranking of NO; estimates for all-cause mortality in all-ages by mean levels of

PMio (multi-city studies shown using black bars)
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Figure S26: Ranking of NO: estimates for all-cause mortality in all-ages by the NOz/PM1o
concentration ratio (multi-city studies shown using black bars)
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Abstract

Objectives
To quantitatively assess time-series studies of daily nitrogen dioxide (NO) and mortality and
hospital admissions which also controlled for particulate matter (PM) to determine whether or

to what extent the NOz-associations are independent of PM.

Design

A systematic review and meta-analysis

Methods

Time-series studies published in peer-review journals worldwide up to May 2011 which
reported both single- and two-pollutant model estimates for NO, and PM were ascertained from
bibliographic databases (PubMed, EMBASE, and Web of Science) and reviews. Random-effects
summary estimates were calculated globally and stratified by different geographical regions,

and effect modification was investigated.

Outcome measures
Mortality and hospital admissions for various cardiovascular or respiratory diseases in different

age groups in the general population.

Results

Sixty eligible studies were identified, and meta-analysis was done on 23 outcomes. Two-
pollutant model study estimates generally showed that the NO,-associations were independent
of PM mass. For all-cause mortality, a 10 pg/m3 increase in 24 hour NO, was associated with a
0.78% (95% CI: 0.47, 1.09) increase in the risk of death, which reduced to 0.60% (0.33, 0.87)
after control for PM. Heterogeneity between geographical region-specific estimates was
removed by control for PM (12 from 66.9% to 0%). Estimates of PM and daily mortality
assembled from the same studies were greatly attenuated after control for NO: from 0.51%
(0.29,0.74) t0 0.18% (-0.11, 0.47) per 10 pg/m3 PM1o and 0.74% (0.34, 1.14) to 0.54% (-0.25,
1.34) for PM3s.

Conclusions

The association between short-term exposure to NO; and adverse health outcomes is largely
independent of PM mass. Further studies should attempt to investigate whether this is a generic
PM-effect or modified by the source and physicochemical characteristic of PM. This finding

strengthens the argument for NO, having a causal role in health effects.
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Strengths and limitations of this study

This is, to date, the most comprehensive, quantitative systematic review of the time-series
literature on NO2 published worldwide to evaluate the two-pollutant model estimates of
mortality or hospital admissions and short-term exposure to NO; adjusted for particulate
air pollution.

[t reports meta-analytical estimates both globally and for different geographical regions, as
well as an assessment of heterogeneity between the region-specific estimates.

The protocol-led approach to the identification of studies and estimates for use in meta-
analysis minimised selection bias at each stage of the review.

Meta-analysis was limited to studies which provided effect estimates in numerical, rather
than graphical, form along with sufficient quantitative data to enable standardisation of
estimates.

Further work is needed to understand reasons for the heterogeneity observed and to
quantitatively assess the extent to which PM may be associated with health independently
of NO.
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INTRODUCTION

Outdoor air pollution has long been established as a hazard to human health, with particulate
matter (PM) regarded as the most plausible toxicant in the mixture of ambient air pollutants.1-5
The epidemiological evidence has consistently shown adverse associations between chronic and
short-term exposure to PM and mortality and morbidity from cardiovascular and respiratory
disease, and this is supported by experimental evidence.6 Whilst the epidemiological evidence
also shows relationships between nitrogen dioxide (NO) and adverse health effects, concerns
have been expressed repeatedly about the causal nature of these associations.”-1! [t has been
asserted that the NOz-associations do not reflect adverse effects of NO; itself, but rather the
health effects of other air pollutants, mainly PM or other components of the complex mixture of
traffic-related air pollutants. Primarily, this is due to the strong correlations between NO; and
other combustion derived air pollutants, especially PM. The extent of these correlations varies
from city-to-city and over time, due to variations in emission sources. Scepticism also exists
because of limited experimental evidence (controlled human exposure and animal toxicology
studies) for NO2, which, to date, has focused largely on respiratory endpoints and have generally
employed concentrations of NO; well above current ambient levels.”9 In light of the
uncertainties regarding NO2 and the stronger evidence for associations between PM and health,
many researchers and policymakers adopted a view that the epidemiological associations of
NO: reflect adverse health effects of PM.

In an earlier paper we reviewed the time-series evidence associating daily concentrations of
NO; with daily mortality and emergency hospital admissions.12 In this study we assess the
subset of time-series studies, reporting all-year estimates of NO, from both single- and two-
pollutant models adjusted for PM to determine whether the NO-associations are attenuated

after adjustment for PM.

METHODS
The full method and a priori protocols governing the identification of studies and effect
estimates for the systematic review have been described previously, 1214 but a synopsis, along

with aspects unique to this review, is provided below.

Identification of studies for review

Three bibliographic databases were searched to identify peer-reviewed time-series studies of
NO; and daily mortality or hospital admissions indexed up to May 2011. No restriction on
language was applied. The literature search strategy is described in the online supplementary
material, and the following inclusion criteria were used: papers must (i) have had a minimum of
one year of data; (ii) been based on the general population; (iii) have controlled for important
confounding factors, including season and meteorological factors; (iv) have reported sufficient
quantitative information, in numeric format, to enable the calculation of standardised effect
estimates and standard errors for use in quantitative analysis. Two authors of the review - [CM

and RWA - undertook the literature search.
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Data extraction and coding
Data from each relevant study were entered into a Microsoft Access database (Microsoft Office
2010, Microsoft Corporation). These included:

a) citation details of each paper

b) all-year single- and two-pollutant model estimates of NO; adjusted for PM.

c) single- and two-pollutant model estimates of PM adjusted for NO; reported in studies
providing data for NO..

d) season-specific estimates of NO», including those adjusted for PM, from studies
reporting all-year estimates.

e) descriptive (outcome, diagnosis (International Classification of Diseases codes), age etc.)
and quantitative data (pollution increment and averaging time etc.) associated with each
estimate, and needed for calculating standardised estimates expressed as the percentage
change (and 95% confidence interval (CI)) in the mean number of daily events
associated with a 10 ug/m3 increase in NO2 (or PM).

f) correlations between concentrations of NO; and PM.

g) effect modifiers for investigating of sources of heterogeneity in all-year estimates

Time-series studies often report results for different time lags (in days) between exposure and
health events, and they vary in the lag for the reported results. We identified for each
outcome/disease/age/averaging time combination from each study a pair of estimates of NO,
that is from a single-pollutant model and a corresponding estimate adjusted for PM, for the
same lag to enable comparison of the NOz-association before and after adjustment for PM. To
avoid selection bias we developed an a priori protocol for identifying the principal lag for each
outcome/disease/age/averaging time combination for use in our review. This was the lag
highlighted by the author or stated a priori, and if this was not clear, because several lagged
model estimates were reported, we chose (i) the lag with the highest statistical significance,
regardless of the estimate being positive or negative, or (ii) the lag with the largest estimate,
again, irrespective of its direction. If only results from cumulative or distributed lag models, i.e.
lags averaged over several days, were reported in a study, this was used. In some instances, a
different lag was investigated in two-pollutant models. In such cases, the lagged estimate from
the two-pollutant model was coded according to the same algorithm, and the (additional)

corresponding single-pollutant estimate for the same lag was coded in our database.

Processing of data also included classifying each study into the geographical region, as the WHO
region, in which the study was conducted, as well as categorising, by size, the various metrics of
PM controlled for in two-pollutant models: see supplementary material for details.

Statistical analyses
A similar procedure to that outlined in our earlier paper was used for meta-analysis,!2 but with
some modifications in order to identify from each study a pair of estimates of NO; for each

pollutant/outcome combination. We applied an a priori protocol to select estimates for meta-
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analysis to avoid selection bias and duplication of studies from the same population. We gave
priority to estimates from multi-city studies over estimates from single-city studies and the
results from any one city appeared only once in a meta-analysis. If results from more than one
multi-city study within a WHO region were available we selected, in order of priority, the multi-
city estimate from the study: (i) with the most cities/greatest geographical coverage; (ii) the
most recently published; (iii) the most recent study time period. If a multi-city study did not
report a summary estimate across the cities examined, for analysis, we treated estimates from
these studies in the same manner as estimates from single-city studies. We selected estimates
from single-city studies only if they did not appear in multi-city studies. For cities not included
in a multi-city study summary result, we selected, in order of priority: (i) the most recently

published, and (ii) the most recent study time period.

Meta-analysis was conducted when =4 estimates were available for an
outcome/disease/age/averaging time combination - including where a multi-city estimate was
available - and summary estimates were calculated using a random-effects model.1> We used a
staged approach to meta-analysis, with single-city estimates pooled within WHO region prior to
the pooled single-city and selected multi-city estimates being pooled to produce a global
estimate and WHO region-specific summary estimates. Heterogeneity between WHO region
summary estimates was assessed using the 12 statistic!6, with I2 statistics >50% regarded as

being evidence of high heterogeneity.!”

Meta-analysis was undertaken for:

a) single-pollutant NO; estimates relating to two-pollutant models

b) corresponding NO; estimates adjusted for any PM metric:

i) if within a study, several estimates of NO; adjusted for different individual
PM metrics were available, a NO, estimate was selected according to the
following order of priority of PM metric used in adjustment: PM1o, PM35s,
Black Smoke, PM1g.2s.

ii) if having applied the protocol, a NO; estimate was not selected for a city
because several were available due to different PM metrics used to adjust the
NO; effect in different studies, the NO; estimate was chosen in the order of
priority of the PM metrics listed above.

c) We conducted additional meta-analyses for NO; adjusted for specific metrics of
particles, for example NO; adjusted for PM1, and separately for PM;;, and so on, to
determine whether the NOz-associations show different sensitivity to control for
different PM metrics.

All analyses were conducted in STATA (STATA/SE 11. StataCorp Texas).
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RESULTS

Sixty studies provided estimates of both (i) NO, single-pollutant and (ii) NO adjusted for PM: a
list of references is provided in the supplementary material. Table 1 presents a summary of
these 60 time-series studies stratified by the PM metric controlled for in regression models,
broad disease categories, WHO regions in which the studies were conducted, single- and multi-

city study designs, and by averaging time (24 hour and 1 hour).

There were 36 and 24 studies of daily mortality or hospital admissions, respectively, and 13
studies used a multi-city design. The majority of the studies were conducted in the WHO regions
European A and Western Pacific region B and most used 24 hour NO. Forty of the 60 studies
controlled for the effects of daily PMy in the regression models for NO2, and a much smaller
number of studies used other particle size fractions or constituents of PM. Eight studies of
mortality and two of hospital admissions reported estimates of NO», each adjusted for a
different PM metric. None of the studies investigated the influence of carbon on the NO»-
associations, and four studies controlled for the effects of ultrafine particles.

Table 1: Summary of time-series studies of daily mortality or hospital admissions and
NO; adjusted for particulate matter (PM)

Total Multi-city study Single-city study
. Hospital . Hospital . Hospital
Outcome Mortality adm;;ssions Mortality adm;;ssions Mortality adm;;ssions
Total 36 24 9 4 27 20
PMio 23 17 6 2 17 15
PM2s 7 1 3 1 4 0
PMio-25 4 0 3 0 1 0
BS 5 4 3 2 2 2
NO:+PM2 PNC 3 1 0 0 3 1
Carbon 0 0 0 0 0 0
TSP 4 2 0 1 4 1
Visibility 2 1 2 1 0 0
>1 PM metric 0 1 0 0 0 1
All-cause 27 1 7 0 20 1
Diseaseb Cardiovascular 17 11 4 2 13 9
Respiratory 7 17 3 3 4 14
American A 8 4 3 0 5 4
European A 9 12 3 2 6 10
WHO Western Pacific B 14 5 2 0 12 5
Region® American B 4 2 0 0 4 2
Western Pacific A 1 2 1 2 0 0
South East Asia B 2 0 2 0 0 0
Averaging 24 hours 29 21 6 3 23 18

time Maximum 1 hour 7 5 3 2 4 3
a - The eight categories of PM metrics listed in the table above have been generated by grouping different measures of particles.
PM1o and PMzs refer to the mass per cubic metre of particles of generally less than 10 pm, 2.5 um diameter, respectively, in the
ambient air. BS: Black Smoke; PNC: Particle Number Concentration; TSP: Total Suspended Particles.
b - Respiratory includes all-respiratory diseases, asthma, COPD, COPD (including asthma), lower respiratory infections, and upper
respiratory diseases; Cardiovascular includes all-cardiovascular diseases, cardiac disease, heart failure, ischaemic heart disease,
dysrhythmia, and stroke.
¢ - WHO regions: A: very low child and adult mortality; B: low child mortality and low adult mortality; C: low child mortality and

high adult mortality; D: high child mortality and high adult mortality.
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NO; and all-cause mortality

Figure 1 shows all available (32 pairs) single- and two-pollutant estimates for 24 hour NO; and
daily all-cause mortality in all ages. In the majority of studies daily NO; was positively and
significantly associated with increases in the risk of death including after controlling for daily
PM. In many of the studies the NO; estimates were not greatly reduced in size, changed
direction, or lose statistical significance after adjustment for PM. In general, the NO; estimates
appeared robust to adjustment for PM at both high and low correlations between

concentrations of NO; and PM.

Fifteen (of 32) pairs of estimates for 24 hour NO; and all-cause mortality, which represented 26
cities from five WHO regions, were selected for meta-analysis (Figure S1). The random-effects
single-pollutant summary estimate for all-cause mortality was 0.78% (95% CI: 0.47, 1.09) per
10 pg/m3 increase in NO,.There was evidence of high heterogeneity (12=66.9%) between the
WHO region-specific estimates which ranged from 0.48% for WHO region America A to 1.41%
for South East Asia B (Table S1). The overall estimate was comparable to the single-pollutant
summary estimate of 0.71% (95% CI: 0.43, 1.00) calculated from the larger body of time-series
evidence analysed in our previous paper.12 After adjustment for daily PM, all-cause mortality
remained positively and significantly associated with 24 hour NO2: 0.60% (95 CI%: 0.33, 0.87)
per 10 pg/m3 increase in NO, and there was no evidence of heterogeneity (12=0%) between the

region-specific estimates.

Control for specific PM metrics did not greatly alter the relationship of 24 hour NO; with all-
cause mortality (Table 2). With the exception of NO adjusted for PM1o, and to a lesser extent
PM; 5, meta-analyses for NO; adjusted for the remaining PM metrics were limited to findings

from the multi-city Canadian study by Burnett et al'8 - see Figure 1.

Six pairs of estimates were available for meta-analysis for all-cause mortality and 1 hour NO;
adjusted for PM (Figure S2). Thirty of the 36 cities represented by these estimates were from
Europe. Meta-analysis of 4 pairs of estimates resulted in an overall estimate of 0.32% (95% CI: -
0.02, 0.66) for a 10 pg/m3 increment in 1 hour NOz and 0.20% (95% CI: -0.24, 0.65) following
adjustment for PM (Table S2). High heterogeneity was observed between the WHO region-
specific estimates. In contrast with findings for 24 hour measures, the summary estimate for 1
hour NO; for WHO region European A was little affected by adjustment for PMyo (or Black
Smoke) -Table S2. Table 3 provides meta-analysis results for all-cause mortality and 1 hour NO;
adjusted for different PM metrics. Control for PMio led to attenuation of the estimate and loss of
statistical significance, whilst the association was robust to control for Black Smoke and

visibility (measured as black suspended particles, bsp).
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Table 2: Random-effects summary estimates (as percentage change (95% confidence intervals))
for mortality or hospital admissions associated with a 10 pg/m3 increase 24 hour average

pollution
All Selected 24 hour NO: 24 hour PM
SC/MCa  sC/MC Single-pollutant Adjusted for PM Single-pollutant Adjusted for NO:
(cities)P

All-cause mortality, all ages
PM1o 13/3 4/1(21) 0.92(0.58,1.72) 0.85(0.52,1.18) 0.51(0.29,0.74) 0.18 (-0.11, 0.47)
PM2s 2/3 2/1(14) 0.53(0.42, 0.64) 0.57 (0.24, 0.89) 0.74 (0.34, 1.14) 0.54 (-0.25, 1.34)
PMio-2s 0/3 0/1(12) 0.62 (0.19, 1.06) 0.73(0.28,1.18) 0.65 (-0.10, 1.42) 0.31(-0.49,1.11)
Visibility 0/1 0/1(12) 0.60 (0.34, 0.87) 0.66 (0.33,1.00) 40.93 (23.39,60.97)*  12.42 (-4.47,32.29)*
All cardiovascular mortality, all ages
PM1o 10/0 4/0(8) 0.99 (0.49, 1.49) 0.87(0.28, 1.46) 0.48 (0.18, 0.78) 0.19 (-0.21, 0.59)
All respiratory mortality, all ages
PM1o 7/0 2/0(5) 1.44 (0.63, 2.27) 1.15(0.47, 1.84) 0.58(0.22, 0.93) 0.13 (-0.18, 0.44)
All respiratory hospital admissions, children (5-14 years)
PM1o 0/1 0/1(5) 5.95(1.74,10.33)  6.56(3.08,10.17) - -
Cardiac hospital admissions, all ages
PMio 2/1 2/1(7) 0.93 (0.46, 1.40) 0.75 (-0.13, 1.64) - -
BS 0/1 0/1(4) 0.68(0.17, 1.20) 0.36 (-0.65, 1.38) - -
TSP 0/1 0/1(6) 1.03 (0.45, 1.61) 1.08 (0.43,1.72) - -

a -Numbers of available pairs of single-city (SC) / multi-city (MC) estimates from all studies

b -Numbers of pairs of pooled (from single-city estimates) and multi-city estimates used to calculate the overall summary estimate
across WHO regions. Estimates were selected for meta-analysis from all available. The number of cities represented by the summary
estimates is given in brackets.

* The results for visibility (measured as Coefficient of Haze (COH units)) are not comparable to other PM results.

Table 3: Random-effects summary estimates (as percentage change (95% confidence intervals))
for mortality or hospital admissions associated with a 10 pg/m3 increase in air pollution

All Selected 1 hour NO: 24 hour PM
SC/McCa ?C{ MC)b Single-pollutant Adjusted for PM  Single-pollutant Adjusted for NO:
cities

All-cause mortality, all ages
PMio 2/1 2/1(32) 0.22 (-0.15,0.60)  0.10 (-0.40,0.61) 0.52(0.29, 0.75) 0.48 (0.31, 0.66)
BS 0/2 0/1(30) 0.30(0.22,0.38)  0.33(0.23,0.43)  0.60 (0.30, 0.90) 0.26 (0.00, 0.52)
Visibility 0/1 0/1(4) 0.63(0.21,1.05)  0.52(0.05,1.00) 35.70(3.97,77.12)* 10.24 (-20.03,51.97)*
All cardiovascular mortality, all ages
PMio 1/1 0/1(29) 0.40 (0.29,0.51)  0.35(0.21,0.49)  0.76 (0.47, 1.05) 0.17 (-0.10, 0.44)
BS 1/1 0/1(29) 0.40 (0.29,0.51)  0.44(0.31,0.57)  0.62(0.35,0.90) 0.32 (0.05, 0.59)
All respiratory mortality, all ages
PMio 0/1 0/1(29) 0.38(0.17,0.59)  0.37(0.08,0.66)  0.71(0.22, 1.20) 0.20 (-0.29, 0.69)
BS 0/1 0/1(29) 0.38(0.17,0.59)  0.26 (-0.12,0.64) 0.84(0.11, 1.58) 0.57 (-0.34, 1.48)
All respiratory hospital admissions, children (< 5 years)
PM1o 1/1 1/1 (6) 0.77 (-0.59, 2.15)  0.13 (-0.09,0.35) - -
PMas 0/1 0/1(4) 1.62(0.41,2.84) 4.85(0.41,9.50) - -
All respiratory hospital admissions, elderly (65 + years)
Visibility 0/1 0/1(4) 1.42(0.79,2.06) 1.21(0.47,195) - -
Cardiac hospital admissions, elderly
Visibility 0/1 0/1(4) 1.21(0.84,1.58) 0.73(0.31,1.16) - -

See Table 2 for footnotes
* The results for visibility (measured as black suspended particles (10-*.m1)) are not comparable to other PM results.
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NO: and mortality from specific causes

NO; estimates adjusted for PM were available for several specific causes of death in all ages: all
cardiovascular (Figures S3 and S4), all respiratory (Figure S5), stroke (Figure S6), cardiac
(Figure S7), ischaemic heart disease, dysrhythmia, chronic obstructive pulmonary disease
including asthma, and lower respiratory infections (Figure S8). Sufficient numbers of estimates
for meta-analysis were available for all cardiovascular (Table S3), all respiratory (Table S4), and
stroke (Table S5) mortality.

Eight studies providing 14 pairs of estimates showed positive associations between all
cardiovascular deaths and 24 hour NO; including after adjustment mainly for PM, (Figure S3).
However, attenuation of estimates and loss of statistical significance was observed in the few
studies with control for PMzs or Black Smoke. Meta-analysis of 10 pairs of estimates found a
1.07% (95% CI: 0.43, 1.72) increase in the risk of death from all cardiovascular diseases per 10
ug/ms3increase in 24 hour NO; (Table S3 and Figure S9). This was attenuated (0.82% (95% CI
0.22, 1.42)) Table S3) following adjustment for PM, but comparable to our earlier result (0.88%
(95% CI: 0.63, 1.13)).12 Control of the NOz-association with all cardiovascular mortality for
specific PM metrics showed an association which was robust to adjustment for PM1, (Table 2).
There were too few estimates to permit meta-analysis for other PM metrics controlled for in the
studies. The available data for 1 hour NO; and all cardiovascular mortality was sparse and
limited to two studies representing 29 European cities which showed positive NOz-associations
that were robust to adjustment for both PM;o and Black Smoke (Table 3 and Figure S4).

Evidence for all respiratory mortality and 24 hour NO; adjusted for PM came from six cities
(Figure S5). Meta-analysis produced a 1.42% (95% CI: 0.64, 2.21) increased risk of all
respiratory deaths per 10 pg/m3increase in 24 hour NO; (Table S4 and Figure S10). The
corresponding estimate adjusted for particles was attenuated (1.13% (95% CI: 0.46, 1.81)) but
was comparable with the single-pollutant estimate (1.09% (95% CI: 0.75, 1.42)) derived from
the larger body of time-series evidence examined in our previous paper. 12 There was no
evidence of heterogeneity (12=0%) between the geographic specific estimates either before or
after adjustment for PM (Table S4). Evidence for associations between all respiratory mortality
and 1 hour NO; came solely from the multi-city APHEA II study of 29 European cities,1® which
showed a positive association that was robust to adjustment for PM; but not Black Smoke
(Table 3).

PM and mortality

Meta-analyses were undertaken separately for PM adjusted for the different averaging times of
NO; to allow comparison with the relevant meta-analyses for NO; using data from the same
studies, cities and time periods. Figure 2 shows positive, single-pollutant associations between
various mass metrics of PM and all-cause mortality. In the majority of studies, attenuation of
estimates was observed following control for 24 hour NO,. Estimates for ultrafine particles and

all-cause mortality were robust to adjustment for 24 hour NO; (Figure S11), but the data came
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from three studies conducted in the same city, Erfurt, Germany. Results of meta-analysis for all-
cause mortality and PM metrics are shown in Tables 2 and 3 for adjustment for 24 hour and 1
hour NO3, respectively. In contrast to the results for NO,, the summary estimates for PM were
attenuated, in most cases by more than half and confidence intervals overlapped zero. Evidence
of high heterogeneity between region-specific summary estimates for PMo and all-cause
mortality was identified (Table S6). Summary estimates for deaths from all cardiovascular or all
respiratory diseases and PM were also sensitive to control for NO; (Tables 2 and 3; study

estimates in Figures S12-S13; Tables S7 and S8 for region-specific results).

NO; and hospital admissions

Few cause- and age-specific combinations of hospital admissions for 24 hour or 1 hour NO with
control for PM had sufficient numbers of estimates for meta-analysis - all respiratory diseases in
children and the elderly, asthma in children, and cardiac disease in all ages and the elderly - and
half were based solely on a multi-city estimate from a single study.

Positive associations were identified between all respiratory hospital admissions in different
age groups and 24 hour or 1 hour NOz, which remained after control for PM (Tables 2 and 3;
Figures S14-S15 for available study estimates).

Evidence for the association between hospitalisation for asthma in different ages and daily NO,
adjusted for PM came from seven studies (Figures S16-S17), six of which were conducted in
Europe. Sufficient estimates for meta-analysis were only available for asthma admissions in
children and 24 hour NO; adjusted for any particles (measured as Black Smoke, PM;y and PNC):
a2.81% (95% CI: -1.28, 7.06) increase in risk per 10 pg/m3 24 hour NO; was attenuated
following adjustment for particles (2.24% (95% CI: -1.12,5.71)).

Five studies provided evidence for the relationship between 24 hour NO; adjusted for PM and
hospitalisation for cardiac disease in all ages (Figure S18) and the elderly (Figure S19). Meta-
analysis for the all age category (Table 2) identified positive estimates which were attenuated
and confidence intervals overlapped zero after control for PM1pand Black Smoke. One multi-city
study of four Australian cities provided evidence for the relationship between 1 hour NO, and
cardiac admissions in the elderly. The association (1.21% (95% CI: 0.84, 1.58)) was weakened
by control for BSP (an indicator of fine particles), but remained statistically significant (0.73%
(95% CI: 0.31, 1.16)).

Sources of variation in NO; estimates

We examined season-specific NO, estimates of mortality from studies which reported all-year
estimates to explore possible effect modification by season. Some studies, mainly from Western
Europe, Canada and the USA, reported stronger associations between daily mortality and NO; in
the summer months (Figure S20-S22). The extent of the correlations between concentrations of
NO; and PM in the different seasons is unclear because very few studies reported these data,
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and only one study reported season-specific estimates adjusted for PM. Similarly, limited
evidence is available on which to base an assessment of seasonal variation of associations
between hospitalisation for cardiovascular and respiratory diseases and 24 hour NO; (Figure
S23).

We explored reasons for the observed high heterogeneity by ranking study estimates for all-
cause mortality and 24 hour NO; (from the full dataset)!2 by different potential effect modifiers
(Figures S24-S27). None of the variables used to represent the pollution and meteorological

environments in the cities examined accounted for the observed between-study variability.

DISCUSSION

Sixty time-series studies of NO, were used to determine whether NO; is associated with daily
mortality or hospital admissions independently of daily PM. In general, our results demonstrate
that after controlling for PM, daily NO, remained significantly associated with increases in the
risk of adverse health outcomes. The evidence appears clearest for daily deaths from all-causes
and from all cardiovascular and all respiratory diseases, and for all respiratory hospital
admissions, outcomes for which more co-pollutant estimates were available. Robustness of the
NO;-associations to control for PM was observed at both high and low correlations between NO;
and PM, and no clear relationship could be discerned between the correlations and changes in
the size of the adjusted NO; estimates. In contrast to the results for NO», the associations
between daily PM and the main mortality outcomes (all-cause, all cardiovascular, all
respiratory) were very sensitive to the inclusion of NO; in two-pollutant models.

Two/multi-pollutant models are increasingly being used to draw conclusions about whether or
not NO; is independently associated with adverse health outcomes. This comprehensive review
provides systematic evaluation and formal meta-analysis of the full body of two-pollutant
estimates of NO; adjusted for PM, across several cause- and age-specific health outcomes, both
globally and by different geographical regions. Whilst earlier reviews?-8 13.20-23 ijncluded some
assessment of these data, they were either limited in scope to specific health outcomes and/or
examined together two- and multi-pollutant model NO; estimates, or did not undertake meta-
analysis whatsoever. Another key strength of this review is the protocol-led approach to
identifying and assembling studies and estimates, which aimed to minimise selection bias in the

different stages of the review.

The subset of studies of NO; analysed in this paper were generally comparable to the studies
examined in our earlier paper in terms of the magnitudes of summary estimates and overlap in
confidence intervals.12 For example, the single-pollutant summary estimates for all-cause
mortality, the outcome with the most data, were similar across both datasets, suggesting that
the studies reporting two-pollutant model estimates were typical of the wider body of time-
series evidence of NO.
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Whilst evidence of NOz-associations which are robust to control for PM mass have been
identified, it is possible that there may be some residual confounding by PM. The components of
PM - primary combustion particles, for example ultrafine particles or Black Carbon - which have
been proposed as the real causal agents of the NOz-associations were not included in co-
pollutant models of NO; because concentration data for these pollutants were either unavailable
or sparse, reflecting the fact that these PM metrics are not routinely measured. PM1o was by far
the most used metric - in 67% of the studies. Summary estimates of NO; were generally robust
to adjustment for PMio. However, PM1o may not adequately reflect the toxic component of PM
because it reflects a number of sources, which do not include combustion / traffic, that are not
shared with NO,. Where the data permitted meta-analysis, robustness of the NO; associations to
adjustment for PM;s and Black Smoke was observed. Few data were available to permit an
assessment of the extent to which the NOz-associations are sensitive to control for combustion
derived particles such as Black Carbon or ultrafine particles. This has also been noted by

others.7-824

Given that the sources and composition of PM vary by location, and hence its toxicity, it cannot
be assumed that PM represents the same thing in each study (city/country). In view of the
differential toxicity of PM, it is preferable to examine individual studies that used more than one
particle metric to investigate possible confounding of the NO; associations by PM when
answering the research question, because they ‘tested’ the robustness of the NO;-associations to
different fractions / components of the ambient aerosol in the same location. Unfortunately,
such studies were few in number (8), but their findings support the view that the associations of

NO; with major health outcomes are robust to adjustment for PM measured in different ways.

We observed confounding of the associations between daily PM and mortality outcomes by NO,.
This suggests that NO, rather than the PM metrics examined, is a better predictor of the
observed mortality effects in the cities examined. An alternative interpretation may be that daily
variation in NO; in the cities better represents the mortality effects of daily variations in the
complex urban air pollution mixture or an unknown toxic entity than the metrics of PM used in
the analyses. Some caution is however needed in drawing conclusions about the analysis of PM
estimates because it only reflects a subset of the available studies on PM. Whether the results
are a feature of the subset of studies examined is unclear, and formal meta-analysis of the full
body of PM estimates, similar to the current review, is warranted. This may provide further
insights into whether the different fractions/component of PM might show different sensitivity

to adjustment for NO-.

Our results for PM are in contrast to the predominant views in the literature: although
confounding of the PM-mortality associations by NO2 has been observed in some time-series
studies!? 25-26 and noted in reviewss, the general consensus is that the PM-mortality estimates
are robust to adjustment for co-pollutantsé. The associations have been regarded as reflecting a

causal relationship, and experimental evidence has been used to support this. There is a lack of
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experimental evidence for NO; at current ambient concentrations and for cardiovascular
endpoints, and this has contributed to uncertainty regarding whether NO; is causally related to
health.

We also found evidence of high heterogeneity between the geographic specific summary
estimates of NOz, which suggests that it cannot be assumed that the results for one city (region)
represent the results for all cities (regions). For all-cause mortality and 24 hour NO., the high
heterogeneity between WHO region-specific estimates was completely removed after control
for PM (12 from 66.9% to 0%), suggesting that some study estimates were a bit extreme in
comparison with others in the meta-analysis, but were less so after adjustment for PM.
Geographical variation in effect estimates may be due to variations in population characteristics
and in pollution sources, mixtures, and ambient concentrations. However, none of the variables
used to represent the pollution and meteorological environments in the cities examined
accounted for the high between-study variability we observed. Further work is therefore
required to investigate potential explanations for the heterogeneity.

In addition to the issue of confounding, studies have examined the potential for factors (for
example, season, socio-economic status, age, etc.) to modify the relationship between daily NO-
and mortality or hospital admissions. Few studies have however examined modification of the
associations of NO2 with health by particulate air pollution. The available evidence suggests that
the size of an NO; association may be dependent on concentrations of PM1,.19 However, studies
have also observed the potential for daily NO2 to modify the relationship between PM and
mortality. 33 The few available data on this issue come largely from the US and Europe, but
interaction between NO; and PM (on cardiac hospitalisation) has also been observed in Hong

Kong. 3¢ Further research on this aspect of the NO2-PM issue is needed.

Our review supports the conclusions of recent narrative reviews,’-8 but also provides meta-
analytical estimates based on two-pollutant model estimates of NO; from the worldwide data.
Taken together with the recent quantitative reviews of cohort studies on long-term exposure to
NO: and mortality?7-28 and of short-term exposure to NO; and respiratory symptoms in children
with asthma from panel studies, 29 the evidence suggests a need for re-evaluation of the
approach to health risk assessment (hazard identification and health impact assessment) for air
pollution, an activity which has long been dominated by PM.30 The current review suggests that
the relationship between temporal variations in PM and mortality may not be as robust to
control for NOz as previously thought. We note also that attenuation of PM-mortality estimates
following control for NO; has been observed in long-term exposure studies.31-32 These findings
could have implications for the calculation of health impacts attributable to these pollutants and

for possible double counting of effects.

In summary, we identified evidence of associations between NO and adverse health outcomes

that are independent of PM mass. However, there was limited evidence on adjustment of the
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NO;.associations for primary combustion particles which are thought to be responsible for the
NO;-associations. Therefore, some uncertainty remains regarding possible confounding and
health impact assessments should reflect this.
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Legend (and footnotes) to Figures

Figure 1: All available studies providing two-pollutant model estimates for meta-analysis for all-
cause mortality, all ages, 24 hour NO;

Footnotes to Figure 1
—&— NO, single-pollutant —e— NO, adjusted for PM

1000xIn(RR) approximates to a percentage change per 10 pg/m3
* Single-pollutant model estimate for days with both NO; and visibility (Coefficient of Haze, COH) data in
Burnett et al, 2004 [RMID 3000].

Figure 2: All studies providing two-pollutant model estimates for all-cause mortality, all ages,
PM adjusted for 24 hour NO;
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Author,Year City, Study Access Particle Correlation, ES (95% CI
[RMID] Country Period D Co-pollutant NO, + PM S (95% CI)
Amr AMulti-cit
Brook 2007 485 10 Canadian cities, Canada 19842000 15643 jone —— 91 (0.35, 1.46)
15644 PM, 054 —— 81 (0,15, 1.46
15645 PMis 050 —— 76 (0,15, 1.36
15657 PMig25 031 —i— 86 (0.30, 141
Burnett, 2004 [3000] 12 Canadian cities Canada 19811999 22171% joné - 60 (0.34) 08
22161 jone —— 62 (0.19, 1.05
22162 PM, 048 —- 81 (031, 1:30
22164 PMis None reported — 74 (024, 123
22163 PMc. 027 - 73 (0.28, 117
22172 isibify 060 = 66 (0.33, 0.99]
Burnett, 2000 [135] 8 Canadian cities Canada 1986-1996 5771 None —— 93 (0,42, 1.44
5793 PM, 034 —— .73 (0.13, 132
5800 PMio 053 —— .77 (017, 1.38
5799 PMigz5 034 —— 91 (037, 1:45
Amr ASingle city
Ostro, 1999 [3] Coachella Valley,USA 19891992 4055 jone ——— 46 (-0.36, 3.29
4061 PMiq 013 —_— 39 (-1.75, 253
Moolgavkar;2003 [162] Cook County,USA 19871995 12723 joné - 57(0.33,0.81
22023 PMiq 0.49 - 47 (017,07
Moolgavkar,2003 [162] Los Angeles County,USA 1987-1995 127 oné * 52 (0.40, 064
22054 PM,¢ 073 - 47 (0.03, 0.91
12753 PM: 070 - 73 (0,40, 1.05
Kelsall, 1997 [236] Philadelphia USA 574 one > 07, (015,029
19741988 3740 TSP 067 -+ -0.31(-0.58, -0.05)
Amr BSingle city
Borja-Aburto, 1998 [214] Mexico CityMexico 19931995 567 None +— 059 44
20142 PMyg 057 — 001 1
Eur A Single ci
Wichann, 20001205] Erfurt Germany 19951998 7480 jone [ e — 143 26
22269 PNC 061 —1—— 035 (-1.89, 2,58
Peters,2000 [621] 19952001 22212 jone to—— 041 (-1:17, 199
21697 PNC 062 s -1.47 (:3.41,0.47)
Breitner,2009 [1954] 19952002 16174 jone —_— 108¢195/410)
22267 PNC 062 091 85.14, 332)
Hoek,2000 [175] Netherlands Netherlands 1986-1994 5504 jone -+ 1.02 (0.76, 1.28)
5560 BS 087 - 086 (0.46. 125
5552 PMq 062 —— 1,69 (092, 2.46)
Michelozzi, 1998 [219] Rome, ftaly 19921995 1196 one - 043 (0.10; 0.76}
22265 TSP 0507 - 029 (-0.07, 0.65)
Sear B,Single city
Wong,2008 (313] Bangkok,Thailand 1999-2003 161 None ——
16270 PMy, 071 ——
Wpr B,Single cit
Chon 301020621 Anshan China 20042006 21120 jone —e——
21121 PMy 055 S -
Wong,2008 [313] Hong Kong China 19962002 16208 jone b
16294 PMiq 080 —
Kiwon, 1999 [1643] Seoul,South Korea 19911995 14389 joné e
2229 TSP 0774 [
Chen, 2008 [1956] Shanghai China 20012004 15752 jone -
15753 PMyq 071 ——
Wong,2008 [313] 16220 one -
16318 PM1q 075 —
Kan 2003 [76] 20002001 11955 oné ——
11989 PMyq 073 ——
Kan,2003 [1531] 15097 one ——
22270 PMso 073 ——
Qian,2007 [1945] Wuhan China 20002004 152 one ——
15309 PMio 058 ——
Wong,2008 [313] 20012004 16232 oné ——
16342 PMio 075 _—
T T T T
5 2 4 0 1 2
1000xin(RR)

Figure 1: All available studies providing two-pollutant model estimates for meta-analysis for all-cause
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Author,Year City, Study Access Correlation ES (95% CI)
[RMID] Country Period D PM + NO,
5 ¢ Eur A, Single city
§ S| Hoek2000[175] Netherlands,Netherlands 1986-1994 5494 - 999%42.958
55 5559 087 T 0.22(-0.18, 062)
[Amr A Mutti-ci
Brook,2007 [48 10 Canadian cities (inc Quebec, Saint John) Canada 1984-2000 15639 — 073(0.13, 133)
15642 05 —1— 0.20 (054, 554)
Burnett, 2004 [3000] 12 Canadian Cities Canada 19811999 22167 e gario0s 0le)
Burnett 2000 [135] 8 Canadian cities Canada 1986-1996 5767 —— 0.73(0.22,1.24
11 5803 053 —1— 027 (0.3, 0.8
PM10 Amr A Single city
Ostro, 1999 [3] Coachella Valley,USA 1989-1992 4156 = 090(0.12,168)
12 4060 013 090017, 168
Cook County, USA 1967-1995 12718 - 040027, 059)
22020 049 - 050 (0.27, 0.73)
Moolgavkar,2003 [162] Los Angeles County,USA 19871995 12738 —— 0.60(0.29: 001
13 25043 070 —o— 0.0 (028, 0.60)
2| EurAsingle ity
=S| Hoek2000[175) Netherlands, Netherlands. 1986-1904 5492 - 0.28(0.05,052)
14 = 5551 062 —o 624 (0.5, 0
Sear BSingle ci
ite ik Bangkok Thailand 1999.2003 16198 —— 1.24(0:82, 167
15 16281 o7t —_—— 0.96(0.17, 174
Wor B,Single ci
ARy Anshan,China 2004-2008 21791 - 024003, 051
21793 055 ——, 013 (023 049
Wong, 2008[313] Hong Kong China 1996-2002 6210 - 053 (0.26, 0.50)
16305 080 —— 0.05(-0:32, 0.42)
Kan,2003 [76] Shanghai China 20002001 11847 R 0.30(0.10,10.50)
11984 073 - 910529 040)
Kan,2003 [1531] 5095 - 0.30 (010, 0.50)
22271 073 — 0,30 (.60, 0.00)
1 8 Wong,2008[313] 2001-2004 16222 * 0.26 (014, 0, 33&
18529 075 < 0.01 (0,14, 0.16)
Chen,2008 [1956] 15724 * 0.26(0.14,0.38)
15728 071 L 4 0.01(-0.14, 0.16)
19 Wong,2008[313] Wuhan,China 18234 - 043 (0.24,0,62)
| 163538 075 o 0.13{-0.10, 0.36)
Amr A Multici
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Amr BSingle ci
Borja-Aburfo, 1998 [214] Mexico City, Mexico 1993-1995 549 :: 1.35 (0.20, 2.50)
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Figure 2: All studies providing two-pollutant model estimates for all-cause mortality, all ages, PM adjusted
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Literature search criteria

Bibliographic databases were searched to identify peer-reviewed time-series (and case-
crossover) studies of the relationship between daily concentrations of NO; and daily mortality

or hospital admissions.

Bibliographic databases searched: PubMed, EMBASE or Web of Science (which includes the

Science Citation Index).

The search terms used are shown below and minor refinements were made for use in each
bibliographic database.
(air pollution OR pollution OR nitric oxide* OR nitrogen dioxide?) AND (timeseries OR
time series OR time-series OR daily OR case-crossover) AND (mortality OR death* OR
dying OR hospital admission* OR admission* OR emergency room OR visit* OR
attendance* OR ‘a&e’ OR ‘a and e’ OR accident and emergency OR general pract* OR
physician* OR consultation* OR emergency department*)

No restriction on language was applied. The bibliographic databases were searched for peer-
reviewed papers published up to May 2011.
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List of countries by WHO Region and mortality strata

BMJ Open

Reproduced from The World Health Report 2002 (http://www.who.int/whr/2002/en/,

accessed 7th February 2015)

African Region

Algeria — AFR-D

Angola - AFR-D

Benin - AFR-D

Botswana - AFR-E
Burkina Faso - AFR-D
Burundi - AFR-E
Cameroon - AFR-D

Cape Verde - AFR-D
Central African Republic - AFR-£
Chad - AFR-D

Comoros - AFR-D

Congo - AFR-E

Cote d'Ivoire - AFR-E
Democratic Republic of the Congo - AFR-E
Equatorial Guinea - AFR-D
Entrea - AFR-E

Ethiopia — AFR-E

Gabon - AFR-D

Gambia - AFR-D

Ghana - AFR-D

Guinea - AFR-D
Guinea-Bissau - AFR-D
Kenya - AFR-E

Lesotho - AFR-E

Liberia - AFR-D
Madagascar - AFR-D
Malawi - AFR-E

Mali - AFR-D

Mauritania - AFR-D
Mauritius - AFR-D
Mozambique - AFR-£
Namibia - AFR-E

Niger - AFR-D

Nigeria - AFR-D

Rwanda - AFR-E

Sao Tome and Principe - AFR-D
Senegal - AFR-D
Seychelles - AFR-D

Sierra Leone - AFR-D
South Africa - AFR-E
Swaziland - AFR-E

Togo - AFR-D

Uganda - AFR-E

United Republic of Tanzania - AFR-E
Zambia - AFR-E
Zimbabwe - AFR-E

Region of the Americas

Antigua and Barbuda - AMR-B

Argentina - AMA-B

Bahamas - AMR-E

Barbados - AMR-E

Belize - AMR-8

Bolivia - AMR-D

Brazil - AMR-B

Canada - AMR-A

Chile - AMR-B

Colombia - AMR-E

Costa Rica - AMR-2

Cuba - AMR-A

Dominica - AMA-B

Dominican Republic - AMA-E

Ecuador - AMR-D

El Salvador - AMR-B

Grenada - AMR-B

Guatemala - AMR-D

Guyana - AMR-8

Haiti — AMA-D

Honduras - AMR-E

Jamaica - AMR-8

Mexico - AMR-3

Nicaragua - AMR-D

Panama - AMR-E

Paraguay - AMR-E

Peru - AMR-D

Saint Kitts and Nevis - AMA-B

Saint Lucia - AMR-8

Saint Vincent and the
Grenadines - AMR-E

Suriname - AMR-3

Trinidad and Tobage - AMR-3

United States of America - AMR-A

Uruguay - AMR-8

Venezuela, Bolivarian
Republic of - AMR-B

Eastern Mediterranean Region
Afghanistan - EMR-D

Bahrain - EMA-B

Cyprus - EMR-B

Djibouti — EMR-D

Egypt - EMA-D

Iran, Islamic Republic of - EMA-B
Irag - EMR-D

Jordan - EMR-B

Kuwait - EMA-B

Lebanon - EMR-8

Libyan Arab Jamahiriya - EMR-8
Morocco - EMR-D

Oman - EMR-E

Pakistan - EMR-D

Qatar - EMR-8

Saudi Arabia - EMR-B

Somalia - EMA-D

Sudan - EMR-D

Syrian Arab Republic - EM7-8
Tunisia - EMR-B

United Arab Emirates - EMR-B
Yemen - EMR-D

Mortality strata

A Very low child very low adult
B.Low child, low adult

C.Low child, high adult

D.High child, high adult

E_High child, very high aduit
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European Region
Albania - tUR-8
Andorra - EUR-A
Armenia - EUR-2
Austria - EUR-A
Azerbaijan - EUR-8
Belarus - tUR-C
Belgium - EUR-A
Bosnia and Herzegovina - EUR-8
Bulgaria - EUR-8
Croatia - EUR-A
Czech Republic - EUR-A
Denmark - EUR-A
Estonia - EUR-C
Finland - EUR-A
France - EUR-A
Georgia - EUR-B
Germany - EUR-A
Greece - EUR-A
Hungary - EUR-C
Iceland - EUR-A
Ireland - EUR-A
Israel - EUR-A
Italy - EUR-A
Kazakhstan - EUR-C
Kyrgyzstan - EUR-8
Latvia - EUR-C
Lithuania - EUR-C
Luxembourg - EUR-A
Malta - EUR-A
Monaco - EUR-A
Netherlands - FUR-A
Norway - EUR-A
Poland - EUR-8
Portugal — EUR-A
Republic of Moldova - EUR-C
Romania - EUR-B
Russian Federation — EUR-C
San Marino - EUR-A
Slovakia - EUR-B
Slovenia - EUR-A
Spain — EUR-A
Sweden - EUR-A
Switzerland - EUR-A
Tajikistan - EUR-B
The former Yugoslav
Republic of Macedonia - EUR-B
Turkey — EUR-8
Turkmenistan - EUR-B
Ukraine - EUR-C
United Kingdom - EUR-A
Uzbekistan - EUR-B
Yugoslavia - EUR-B

BMJ Open

South-East Asia Region
Bangladesh — SEAR-D
Bhutan - SEAR-D
Democratic People’s
Republic of Korea - SEAR-D
India - SEAR-D
Indonesia - SEAR-E
Maldives - SEAR-D
Myanmar - SEAR-D
Nepal — SEAR-D
Sri Lanka - SEAR-B
Thailand - SEAR-8

Western Pacific Region
Australia - WPR-A
Brunei Darussalam - WPR-A
Cambodia - WPR-B
China - WPR-B
Cook Islands - WPR-B
Fiji - WPR-8
Japan - WPR-A
Kiribati - WPR-8
Lao People’s
Democratic Republic - WPR-B
Malaysia - WPR-E
Marshall Islands - WPR-8
Micaonesia, Federated
States of - WPR-E
Mongolia - WPR 3
Nauru - WPR-8
New Zealand - WPR-A
Niue - WPR-8
Palau - WPR-8
Papua New Guinea - WPR-8
Philippines - WPR-B
Republic of Korea - WPR-B
Samoa - WPR-B
Singapore - WPR-A
Solomon Islands - WPR-8
Tonga - WPR-B
Tuvalu - WPR-3
Vanuatu - WPR-8
Viet Nam - WPR-8
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Metrics of particulate matter (PM) used in two-pollutant model analyses

Category of PM . .

i Particulate pollutants which map to category
metric
PM10 PM7; PM10; PM13; 11’1(PM7); In (PM13); \/(PMlo); 11’1(PM14);
PM;s PM.;5; PM<1; PMos; Re-suspended Particulate Matter

(RSPM); PM2,5.1

PMio-25 PMio-25
Black Smoke Black Smoke; In(BS); sqrt(BS)

Particle Number
Concentration (PNC)

10-100nm; PNC; <100nm; Nucleation <30nm; Aitken 30-
100nm; Accumulation 100-290nm; NC 0.03-0.05; NC 0.05-
0.1; NC 0.01-0.03; NC 0.01-0.1; PM25 NC; PMz5.10 NC; PM1o
NC; PNC size mode 12nm; PNC size mode 23nm; PNC size
mode 57nm; PNC size mode 212nm; PNC size mode to
100nm; NC128; NC346; NC total; NC31; 10-100nm surface
area

Carbon Black Carbon (BC); Elemental Carbon (EC); Organic Carbon
(0C); PM250C; PM35 EC; PM2s50M; Total Carbon;

Total Suspended TSP; In(TSP); TSP-PM1o; PMzo; SPM; sqrt(TSP); blackness of

Particles (TSP) TSP filters

Visibility Coefficient of haze (COH); light scattering (PMzsindicator =

nephelometry measure instead of gravimetric); dry light
scattering (PM<1 indicator); bsp (PMzsindicator = an
indicator for particles 01-2 um (nephelometry measure
instead of gravimetric)); visibility (PMzsindicator = digital
photography visibility); PM,s nephelpmetry (PMa5
indicator=(nephelometry measure*100,000-.01)/0.28.)
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Table S1: Meta-analysis results for all-cause mortality in all-ages associated with a 10
pg/m3 increase in 24 hour NO;

selected  NOz single-pollutant NO: adjusted for PM
All
SC/MCa ?Eiﬁ\::]b Random Effects 12 Random Effects 12
(95% CI)¢ (%) (95%CI)¢ (%) d
Overal,NO:+PM 59,3 5/1(26) 0.78 (0.47, 1.09) 0.60 (0.33, 0.87)
(any PM metric)e
AMR A 12/3 4/1(16) 0.48 (0.24,0.72) 0.55 (0.12, 0.99)
AMR B 1/0 1/0 (1) 0.59 (-0.26, 1.45) 66.9 0.01 (-1.10, 1.12) 0
EUR A 6/0 3/0(3) 0.71 (0.20, 1.22) 0.43 (-0.86, 1.73)
SEAR B 1/0 1/0 (1) 1.41(0.89,1.93) 0.42 (-0.55, 1.40)
WPR B 9/0 5/0(5) 1.00 (0.54, 1.46) 0.85 (0.37,1.33)
NO: + PM
(specific PM
metric)f
NO: + PM1o 13/3 4/1(21) 0.92 (0.58,1.72) 88.7 0.85 (0.52,1.18) 72
NO: + PM2s 2/3 2/1(14) 0.53 (0.42, 0.64) 0 0.57 (0.24, 0.89) 6.9
NOz + PMio-25 0/3 0/1(12) 0.62 (0.19, 1.06) - 0.73 (0.28,1.18) -
NO:2 + Visibility 0/1 0/1(12) 0.60 (0.34, 0.87) - 0.66 (0.33, 1.00) -
NO: + BS 1/0 -
NOz2 + TSP 3/0 - Insufficient estimates for meta-analysis
NO: + PNC 3/0 -

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S2: Meta-analysis results for all-cause mortality in all-ages associated with a 10
pg/ms3 increase in 1 hour NO;

NO:z single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/MCa (cities)® Random Effects 12 Random Effects 12
(95% CI) ¢ (%)d  (95%CI)¢ (%)4
Overall, NOz + PM
(any PM metric)e 2/4 2/2 (36) 0.32 (-0.02, 0.66) 0.20 (-0.24, 0.65)
AMR A 1/0 1/0 (1) 1.19 (0.20, 2.19) 0.78 (-0.35,1.92)
AMR B 1/0 1/0(1)  -0.09(-0.19,000) 3%  .028(-038-019) 72
EURA 0/3 0/1(30)  0.30(0.22, 0.38) 0.27 (0.16, 0.38)
WPR A 0/1 0/1 (4) 0.63 (0.21, 1.05) 0.52 (0.05, 1.00)
Overall, NO2 + PM
(specific PM
metric)f
NOz + PM1o 2/1 2/1(32)  022(-0.15,0.60) 954  0.10(-0.40,0.61)  96.5
NO: + BS 0/2 0/1(30)  0.30(0.22,0.38) - 0.33 (0.23, 0.43) -
NO; + Visibility 0/1 0/1 (4) 0.63 (0.21, 1.05) - 0.52 (0.05, 1.00) -

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies
b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by

the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10

ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to

calculate the overall summary estimate across WHO regions.
f - Overall summary estimate of NO2 adjusted for specific metrics of PM.
AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S3: Meta-analysis results for all cardiovascular mortality in all-ages associated with
a 10 pg/ms3 increase in 24 hour NO;

Selected  NO2 single-pollutant NO: adjusted for PM
All
SC/MCa ffi{x:)b Random Effects 12 Random Effects I2
(95%CI) « (%) (95% CI)c (%)

OveralLNO:+PM 43,9  5/0(10) 1.07 (0.43,1.72) 0.82 (0.22, 1.42)
(any PM metric)e
AMR A 2/0 2/0(2) 0.52 (0.37, 0.68) 0.47 (0.06, 0.88)
AMR B 1/0 1/0 (1) 0.73 (-0.87, 2.36) 72 -0.36 (-2.47,1.81) 5gg
EUR A 3/0 2/0(2) 1.97 (-0.66, 4.66) 1.81(0.67,2.97)
SEAR B 1/0 1/0 (1) 1.78 (0.47, 3.11) -0.51 (-2.88,1.92)
WPR B 6/0 4/0 (4) 1.37 (0.87, 1.87) 1.13 (0.67,1.58)
Overall, NOz + PM
(specific PM
metric)f
NO2 + PM1o 10/0 4/0 (8) 0.99 (0.49, 1.49) 80.1 0.87 (0.28, 1.46) 61
NOz + PM2s 2/0 2/0(2) Insufficient estimates for meta-analysis
NO:z + BS 2/0 2/0(2) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NOz2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S4: Meta-analysis results for all respiratory mortality in all-ages associated with a
10 pg/ms3 increase in 24 hour NO;

NO2, single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/M(Ca (cities)b Random Effects 12 Random Effects 12
(95% CI) © (%)d  (95%CI)¢ (%) d
Overall, NOz + PM 8/0 3/0(6) 142 (0.64,2.21) 1.13 (0.46, 1.81)
(any PM metric)e
AMR B 1/0 1/0 (1) 1.21(-1.43,3.91) 0 0.61 (-2.83,4.17) 0
SEAR B 1/0 1/0 (1) 1.05 (-0.60, 2.73) 0.32 (-2.66, 3.39)
WPR B 6/0 4/0(4) 1.57 (0.63, 2.51) 1.20 (0.50, 1.90)
Overall, NOz + PM
(specific PM metric)f
NO2 + PM1o 7/0 2/0(5) 1.44 (0.63, 2.27) 0 1.15 (0.47, 1.84) 0
NOz + PM2s 1/0 1/0 (1) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO: adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S5: Meta-analysis results for stroke mortality in all-ages associated with a 10
pg/m3 increase in 24 hour NO;

NO3, single-pollutant NO: adjusted for PM
Selected
All sc/MC
SC/M(Ca (cities)b Random Effects 12 Random Effects 12
(95% CI) © (%)d  (95%CI)¢ (%) d
Overall, NOz + PM 8/0 2/0(5) 176 (0.68, 2.85) 1.12 (0.50, 1.74)
(any PM metric)e
SEARB 1/0 1/0(1)  280(0.70,494)  2>6 "160(220,555) ©
WPRB 7/0 4/0 (4) 1.47 (0.67, 2.27) 1.11 (0.48, 1.74)
Overall, NOz + PM
(specific PM metric)f
NOz + PM1o 7/0 2/0 (4) 1.83 (0.76, 2.92) 9.3 1.04 (0.36, 1.73) 0
NO2 + TSP 1/0 1/0 (1) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
pg/m3NOz2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NOz adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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pg/m3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24 hour NO;

. gzl/t?:ltced PM, single-pollutant ;]\(l)lzad]usted for 24 hour
SC/MCa (cities)® Random Effects 12 Random Effects 12
(95% CI)¢ (%) (95% CI)c (%)d
PMi1o
Overalle 12/3 4/1(21) 0.51(0.29,0.74) 82.9 0.18 (-0.11,0.47) 71.9
AMR A 3/3 3/1(15) 0.49 (0.31, 0.66) 0.33 (-0.04, 0.71)
EUR A 1/0 1/0 (1) 0.28 (0.05, 0.52) -0.24 (-0.55, 0.07)
SEARB 1/0 1/0 (1) 1.25 (0.82, 1.68) 0.96 (0.17,1.76)
WPRB 7/0 4/0 (4) 0.35(0.22, 0.47) 0.05 (-0.06, 0.17)
PM:zs
Overalle 2/3 2/1(14) 0.74(0.34,1.14) 19.6 0.54 (-0.25,1.34) 23.9
AMR A 1/3 1/1(13) 0.66 (0.23,1.08) 0.33 (-0.54, 1.22)
AMR B 1/0 1/0 (1) 1.36 (0.20, 2.53) 1.33 (-0.12, 2.80)
PMio-25 0/3 0/1(12) 0.65(-0.10,1.42) - 0.31(-0.49,1.11) -
Visibility 0/1 0/1(12) 40.93(23.39,60.97) - 12.42 (-4.47,32.29) -

Black Smoke 1/0

PNC

3/0

TSP

3/0

Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies
b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10

pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.
d -12 statistic for heterogeneity between WHO region-specific effect estimates
e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;

(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the

overall summary estimate across WHO regions.
AMR, region of the Americas; Eur, European region; WPR, Western Pacific region; SEAP, South East Asian region.
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Table S7: Meta-analysis results for all cardiovascular mortality in all-ages associated with
a 10 pg/ms3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24

hour NO;
. PM adjusted for 24 hour
Al selected PM single-pollutant NO;
SC/MCa ?fi{?:f)b Random Effects 12 Random Effects 12
(95% CI)« (%)d  (95%CI)¢ (%)4
PMio
Overalle 9/0 4/0 (8) 0.48 (0.18, 0.78) 66.5 0.19 (-0.21,0.59) 67.1
AMR A 2/0 2/0(2) 0.43 (0.17,0.70) 0.33(0.03,0.62)
EUR A 1/0 1/0 (1) 0.19 (-0.16, 0.54) -0.32 (-0.80, 0.17)
SEARB 1/0 1/0 (1) 1.90 (0.80, 3.01) 2.27 (0.24, 4.34)
WPR B 5/0 4/0 (4) 0.48 (0.26, 0.70) 0.22 (-0.09, 0.54)
PM:zs 2/0 -

Black Smoke 1/0

Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage increase (95% confidence interval) in the risk of death per 10
pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates

e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the

overall summary estimate across WHO Regions.
AMR, region of the Americas; Eur, European region; WPR, Western Pacific region; SEAP, South East Asian region.
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Table S8: Meta-analysis results for all respiratory mortality in all-ages associated with a
10 pg/ms3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24 hour

NO:
selected PM, single-pollutant PM adjusted for 24 hour NO2
All
SC/M(Ca ffiﬁ‘gg]b Random Effects 12 Random Effects 12
(95% CI)« (%)d  (95%CI)c (%)4

PMio
Overalle 6/0 2/0 (6) 0.58 (0.22, 0.93) 0 0.13(-0.18,0.44) ©
SEAR B 1/0 1/0 (1) 1.01 (-0.36, 2.40) 0.79 (-1.70, 3.34)
WPR B 5/0 4/0 (4) 0.54 (0.17,0.92) 0.12 (-0.19, 0.43)
PM2s 1/0 - Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage increase (95% confidence interval) in the risk of death per 10
pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates

e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the
overall summary estimate across WHO Regions.

WPR, Western Pacific region; SEAR, South East Asian region.
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1
2
3
4
5 Figure S1: Studies and two-pollutant model estimates selected for meta-analysis for all-cause mortality, all ages, 24 hour NO:
6
7
8 Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
9 Amr A,Multi-city
10 Burnett,2004 [3000] 12 Canadian cities, Canada 1981-1999 22161 None —— 0.62 (0.19, 1.05)
11 22164  PMy, None reported —— 0.74 (0.24, 1.23)
12 Amr A,Single city
Ostro,1999 [3] Coachella Valley,USA 1989-1992 4055 None o e S 1.46 (-0.36, 3.29)
13 4061 PM,q 0.13 < 0.39 (-1.75, 2.53)
14 Moolgavkar,2003 [162] Cook County,USA 1987-1995 12723 None - 0.57 (0.33,0.81)
15 22023 PMy, 0.49 —— 0.47 (0.17,0.77)
Los Angeles County,USA 1987-1995 12744 None * 0.52 (0.40, 0.64)
16 12753 PMy, 0.70 —e— 0.73 (0.40, 1.05)
17 Kelsall,( 1997 [236] Philadelphia,USA 1974-1988 574 None - 0.07 (-0.15, 0.29)
3740 TSP 0.67 o -0.31 (-0.58, -0.05)
18
19 Amr B,Single city
Borja-Aburto,1998 [214] Mexico City,Mexico 1993-1995 567 None -T—— 0.59 (-0.26, 1.44)
20 20142 PM,, 057 _ 0.01 (-1.10, 1.11)
2 1 Eur A,Single city
22 Peters,2009 [621] Erfurt,Germany 1995-2001 22212 None —_—T 0.41 (-1.17, 1.99)
23 21697 PNC 0.62 \ 4 -1.47 (-3.41,0.47)
Michelozzi,1998 [219] Rome,ltaly 1992-1995 1196 None —— 0.43 (0.10, 0.76)
24 22265 TSP 0.507 o— 0.29 (-0.07, 0.65)
25 Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5504 None - 1.02 (0.76, 1.28)
26 5552 PM,q 0.62 — 1.69 (0.92, 2.46)
27 Sear B,Single city
28 Wong,2008 [313] Bangkok, Thailand 1999-2003 16196 None — 1.40 (0.89, 1.91)
16270 PM;o 0.71 T 0.42 (-0.55, 1.39)
29
30 Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21120 None ——o—— 1.29 (-0.06, 2.64)
31 21121 PMy, 0.55 B e 0.89 (-0.91, 2.69)
32 Wong,2008 [313] Hong Kong,China 1996-2002 16208  None —— 0.90 (058, 1.21)
16294 PM;o 0.80 —— 0.86 (0.42, 1.29)
33 Shanghai,China 2001-2004 16220 None —— 0.97 (0.66, 1.27)
34 16318  PMyq 0.75 —— 0.94 (050, 1.37)
Wouhan,China 2001-2004 16232 None — 1.95 (1.30, 2.60)
35 16342 PMy, 0.75 —_— 1.68 (0.87, 2.49)
36 Kwon, 1999 [1643] Seoul,South Korea 1991-1995 14389 None —— 0.35 (0.05, 0.66)
37 22296 TSP 0.774 o 0.26 (-0.05, 0.56)
38
39 I [ [ I I
-5 -2 -1 0 1 2
1000xIn(RR)
40
41
42
43 16
44
45
46 For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml
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Figure S2: All available studies providing two-pollutant model estimates for meta-analysis for all-cause mortality, all ages, 1 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)
Amr A,Single city
Ostro,1999 [3] Coachella Valley,USA 1989-1992 4056 None ——) 1.19 (0.20, 2.17)
4063 PM,, -0.13 —1—¢— 0.78(-0.35,1.91)
Amr B,Single city
Ostro, 1996 [256] Santiago,Chile 1989-1991 439 None * -0.09 (-0.19, 0.00)
3377 PM;, 0.73 * -0.28 (-0.38,-0.19)
Eur A,Multi-city
Samoli,2006 [1671] 30 European Cities,EU 1990-1997 16845  None . 0.30(0.22, 0.38)
16847 PMy, 0.11-0.69 * 0.27 (0.16, 0.38)
16846 BS 0.11-0.78 * 0.33(0.23,0.43)
Touloumi, 1997 [240] 6 European Cities (inc Athens),EU n/a-n/a 1211 None * 0.26 (0.18, 0.34)
1216 BS * 0.12(0.00, 0.24)
Wopr A,Multi-city
Simpson,2005[133] 4 Australian Cities,Australia 1996-1999 22274  None — 0.63 (0.21, 1.04)
13884  Visibility 0.29-0.62 —r— 0.52 (0.05, 0.99)
[ I I [
-2 -1 0 1 2
1000xIn(RR)
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1
2
3
4
5 Figure S3: All available studies providing two-pollutant model estimates for meta-analysis for all cardiovascular mortality, all ages, 24
6 hour NO;
7 Author,Year City, Study Access Particle Correlation,
8 [RMID] Country Period ID Co-pollutant NO, + PM ES (95% ClI)
9 Amr A Single city
10 Moolgavkar,2003 [162]  Cook County,USA 1987-1995 12877  None > 0.52 (0.15, 0.89)
11 22072 PMy, 0.49 > 0.26 (-0.20, 0.73)
Moolgavkar,2003 [162] Los Angeles County,USA 12900 None * 0.52 (0.35, 0.69)
12 22090  PM,, 0.70 < 0.68 (0.22, 1.13)
13 22100  PM,s 0.73 - 0.26 (-0.31, 0.83)
14 Amr B,Single city
15 Borja-Aburto, 1998 [214]  Mexico City,Mexico 1993-1995 570 None —to— 0.73 (-0.87, 2.33)
16 20145  PM,s 0.57 —— -0.36 (-2.51, 1.79)
17
18 Eur A,Single city
Hoek,2000 [175] Netherlands Netherlands ~ 1986-1994 5513  None - 0.92 (0.50, 1.34)
19 5584  BS 0.87 - 0.43 (-0.20, 1.06)
20 5576  PMi, 0.62 — 1.66 (0.50, 2.82)
21 Zeghnoun,2001 [1374] Rouen,France 1990-1995 22295 None —_— 3.67 (0.92, 6.42)
29 7861 BS 0.77 - 3.97 (-0.67, 8.60)
23 Sear B,Single city
24 Wong,2008 [313] Bangkok, Thailand 1999-2003 16200  None — 1.76 (0.47, 3.06)
25 19992003 16273  PMy, 0.71 —— -0.51 (-2.92, 1.90)
26 Wopr B,Single city
27 Chen,2010 [2052] Anshan,China 2004-2006 21125  None — 2.09 (0.22, 3.96)
28 21126 PMy, 0.55 . — -0.15 (-2.70, 2.40)
29 Wong,2008 [313] Hong Kong,China 1996-2002 16212  None - 1.22 (0.64, 1.81)
30 16297  PMy, 0.80 - 1.32 (0.54, 2.10)
Shanghai,China 2001-2004 16224  None -+ 1.00 (0.55, 1.46)
31 16321 PMy, 075 - 0.98 (0.33, 1.62)
32 Chen,2008 [1956] Shanghai,China 2001-2004 15756  None - 1.00 (0.55, 1.46)
33 15757  PMy 0.71 - 0.98 (0.33, 1.62)
34 Wong,2008 [313] Wuhan,China 2001-2004 16236  None —— 2.10 (1.17, 3.02)
16345  PM,, 0.75 —— 1.40 (0.24, 2.56)
35 Qian,2007 [1945] Wauan,China 2000-2004 15257  None — 1.64 (0.87, 2.41)
36 15310 PMy, 0.58 o 0.98 (0.00, 1.95)
37
38
39 | | | | |
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Figure S4: All available studies providing two-pollutant model estimates for meta-analysis for all cardiovascular mortality, all ages, 1 hour

NO:

Author,Year City,
[RMID] Country

Eur A,Multi-city

Samoli,2006 [1671] 30 European Cities,EU

Eur A,Single city

Bremner,1999 [182] London,UK

Study
Period

1990-1997

1992-1994

Access
ID

16850

16852

16851

670

780

775

Particle Correlation,
Co-pollutant  NO, + PM

ES (95% Cl)

0.40 (0.29, 0.51)

0.35 (0.21, 0.49)

0.44 (0.31, 0.57)

0.33 (0.10, 0.56)

0.26 (-0.05, 0.57)

0.31 (0.01, 0.62)
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Figure S5: All available studies providing two-pollutant model estimates for meta-analysis for all respiratory mortality, all ages, 24 hour

NO:

BMJ Open

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr B,Single city
Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 569 None —_— 1.20 (-1.44, 3.83)
20144 PM, 5 0.57 —_— 0.61 (-2.87, 4.08)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16204 None T 1.04 (-0.60, 2.69)
16276 PM,o 0.71 ——— 0.32 (-2.70, 3.33)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21130 None -0.18 (-5.54, 5.18)
21131 PM,o 0.55 + -1.73 (-9.27, 5.80)
Wong,2008 [313] Hong Kong,China 1996-2002 16216 None B 1.14 (0.42, 1.87)
16300 PM,o 0.80 —o— 0.87 (-0.11, 1.84)
Shanghai,China 2001-2004 16228 None —— 1.21 (0.42, 2.01)
16324 PM;o 0.75 —— 1.31(0.21, 2.41)
Chen,2008 [1956] Shanghai,China 2001-2004 15748 None - 1.21 (0.42, 2.01)
15749 PM,, 0.71 —o— 1.31 (0.21, 2.41)
Wong,2008 [313] Wuhan,China 2001-2004 16240 None — 3.61 (1.75, 5.47)
16348 PM,o 0.75 —_—— 2.80 (0.46, 5.14)
Qian,2007 [1945] Wuhan,China 2000-2004 15266 None — 2.21(0.52, 3.89)
15313 PM,o 0.58 T 1.28 (-0.83, 3.40)
| | | | |
-5 101 5 10
1000xIn(RR)
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Figure S6: All available studies providing two-pollutant model estimates for meta-analysis for stroke mortality, all ages, 24 hour NO;

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, +PM ES (95% CI)
Sear B,Single city
HEI,2010 [3003] Bangkok,Thailand  1999-2003 22198  None —_— 2.76 (0.70, 4.83)
22247  PMyg 0.71 —_—T 1.59 (-2.22, 5.40)
Wopr B,Single city
Ren,2008 [2001] Hangzhou,China 2002-2004 17521  None —— 2.05(0.54, 3.56)
17522 PMyq 0.692 1T 1.27 (-0.86, 3.41)
Hong,2002 [1448] Seoul,South Korea 1991-1997 8760 None —— 1.47 (0.37, 2.57)
8767 TSP 0.50 —— 1.47 (0.00, 2.94)
HEI,2010 [3003] Shanghai,China 2001-2004 22190  None R 0.69 (0.08, 1.30)
22224  PMyg 0.71 [~ 0= 0.79 (-0.07, 1.64)
Haidong,2004 [349] Shanghai,China 2001-2001 14215  None ——— 2.86(0.10, 5.62)
14216 PMyq 0.65 —T—— 1.98 (-1.61, 5.57)
Kan,2003 [130] Shanghai,China 2001-2002 12338  None —— 2.86 (0.10, 5.62)
12339  PM;, 0.65 I 1.98 (-1.61, 5.57)
HEI,2010 [3003] Wuhan,China 2001-2004 22195 None —— 2.15(1.06, 3.23)
22214  PMyg 0.75 = 1.50 (0.14, 2.86)
Qian,2007 [1945] Wouhan,China 2000-2004 15260  None —— 1.48 (0.56, 2.40)
15311 PMyo 0.58 = 0.93 (-0.23, 2.08)
I I I I
-5 101 5
1000xIn(RR)
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Figure S7: All available studies providing two-pollutant model estimates for meta-analysis for cardiac mortality, all ages, 24 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO; +PM ES (95% Cl)

©CoO~NOUITA,WNPE

11 Amr A,Single city
13 Moolgavkar,2000 [163] Maricopa,USA 1987-1995 6981 None - 1.20 (0.51, 1.89)

15 22294 PM;, 0.22 —— 2.33 (-0.15, 4.81)

19 Wpr B,Single city
21 HEI,2010 [3003] Shanghai,China  2001-2004 22191  None - 1.53 (0.82, 2.24)
23 22225  PMy, 0.71 —— 1.55 (0.52, 2.58)
25 HEI,2010 [3003] Wuhan,China 2001-2004 22196 None —— 2.00 (0.44, 3.56)
27 22215 PMy, 0.71 e 1,55 (-0.42, 3.52)

Qian,2007 [1945] Wuhan,China 20002004 15263  None — 1.75 (0.4, 3.07)

15312 PM;o 0.58 == 1.27 (-0.38, 2.92)

39 5 10 1 5 10
1000xIn(RR)
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Figure S8: All available studies providing two-pollutant model estimates for meta-analysis for COPD (including asthma), Lower
Respiratory Infections (LRI), ischaemic heart disease (IHD), dysrhythmia (DYS) mortality, all ages, 24 hour NO:

Author,Year City, Study Diagnosis Access Particle Correlation, ES (95% Cl)
[RMID] Country Period ID Co-pollutant NO, + PM

Sear B,Single city

HEI,2010 [3003] Bangkok,Thailand  1999-2003 COPDp 22199  None — -1.41 (-5.13, 2.31)
22248 PM,, 0.71 —_— -8.23 (-15.08, -1.38)
DYS 22245  None —T— 1.29 (-5.55, 8.13)
22244 PMy, 0.71 < Y 6.1 (-6.29, 18.51)
IHD 22202 None 1T 1.49 (-0.70, 3.68)
22251 PMy, 0.71 o -0.40 (-4.60, 3.80)
LRI 22200  None +o— 1.29 (-0.90, 3.49)
22249 PM,, 0.71 e 1.88 (-1.71, 5.48)

Wopr B,Single city

HEI,2010 [3003] Shanghai,China  2001-2004 COPDp 22192  None - 1.17 (0.34, 2.01)
22226 PMy, 0.71 o 1.48 (0.30, 2.66)
LRI 22193 None o 1.72 (-1.15, 4.58)
22227 PMy, 0.71 —e— -0.29 (-4.30, 3.72)
| [T | [
5 001 5 10
1000xIn(RR)
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1
2
3
4
5 Figure S9: Studies and two-pollutant model estimates selected for meta-analysis for all cardiovascular mortality, all ages, 24 hour NO;
6
4 Author,Year City, Study Access Particle Correlation,
8 [RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
9 Amr A Single city
10 Moolgavkar,2003 [162]  Cook County,USA 1987-1995 12877  None > 0.52 (0.15, 0.89)
11 22072 PMy, 0.49 > 0.26 (-0.20, 0.73)
12 Los Angeles County,USA 12900 None L4 0.52 (0.35, 0.69)
13 22090  PMy, 0.70 < 0.68 (0.22, 1.13)
14
15 Amr B,Single city
16 Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 570 None T 0.73 (-0.87, 2.33)
17 20145  PM,q 0.57 —— -0.36 (-2.51, 1.79)
18 Eur A,Single city
19 Zeghnoun,2001 [1374] Rouen,France 1990-1995 22295 None —_— 3.67 (0.92, 6.42)
20 7861 BS 0.77 ——————  3.97 (-0.67, 8.60)
21 Hoek,2000 [175] Netherlands,Netherlands  1986-1994 5513 None * 0.92 (0.50, 1.34)
22 5576 PMyo 0.62 —— 1.66 (0.50, 2.82)
23
24 Sear B,Single city
25 Wong,2008 [313] Bangkok, Thailand 1999-2003 16200  None —— 1.76 (0.47, 3.06)
26 16273 PM,, 0.71 —— -0.51 (-2.92, 1.90)
;7 Wopr B,Single city

8 Chen,2010 [2052] Anshan,China 2004-2006 21125  None — 2.09 (0.22, 3.96)
29 21126 PMy, 0.55 — -0.15 (-2.70, 2.40)
30 Wong,2008 [313] Hong Kong,China 1996-2002 16212  None - 1.22 (0.64, 1.81)
31 16297  PMy, 0.80 - 1.32 (0.54, 2.10)
32 Shanghai,China 2001-2004 16224  None - 1.00 (0.55, 1.46)
33 16321  PM,, 0.75 - 0.98 (0.33, 1.62)
34 Wuhan,China 2001-2004 16236  None —— 2.10 (1.17, 3.02)
35 16345  PM,, 0.75 —— 1.40 (0.24, 2.56)
36
37 T 1T T T
38 5 101 5 10
39 1000xIn(RR)
40
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Figure S10: Studies and two-pollutant model estimates selected for meta-analysis for all respiratory mortality, all ages, 24 hour NO:
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Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr B,Single city
Borja-Aburto,1998 [214] Mexico City,Mexico 1993-1995 569 None  — 1.20 (-1.44, 3.83)
20144 PM,5 0.57 e A 0.61 (-2.87,4.08)
Sear B,Single city
Wong,2008 [313] Bangkok,Thailand ~ 1999-2003 16204  None T 1.04 (-0.60, 2.69)
16276  PM, 0.71 —T1— 0.32(-2.70, 3.33)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21130  None -0.18 (-5.54, 5.18)
21131 PMy, 0.55 * -1.73(-9.27,5.80)
Wong,2008 [313] Hong Kong,China  1996-2002 16216  None = 1.14 (0.42, 1.87)
16300 PMy, 0.80 T 0.87 (-0.11, 1.84)
Shanghai,China 2001-2004 16228  None - 1.21(0.42, 2.01)
16324  PM,, 0.75 e 1.31(0.21, 2.41)
Wuhan,China 2001-2004 16240  None — 3.61(1.75, 5.47)
16348  PM;, 0.75 — 2.80(0.46, 5.14)
I L I I
-5 -101 5 10
1000xIn(RR)
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Figure S11: All studies providing two-pollutant model estimates for all-cause mortality, all-ages, ultrafine particles (UFP) adjusted for 24 hour
NO:

©CoO~NOUITA,WNPE

Author,Year City, Study Access Correlation, ES (95% Cl)
10 [RMID] Country Period D UFP + NO,

12 Eur A,Single city
Wichmann,2000 [1205] Erfurt, Germany 1995-1998 22277 —— 35.44 (-2.37, 73.25)
17 22278 0.61 —————— 30.91 (-12.71, 74.52)

Breitner,20009 [1954] Erfurt, Germany 1995-2002 16186 —_— 70.00 (14.30, 125.69)

79.87 (15.60, 144.15)

L 4

22 16189 0.62

24 Peters,2009 [621] Erfurt, Germany 1995-2001 22210 —— 29.34 (3.08, 55.61)

22211 0.62 e 40.26 (9.20, 71.31)

39 N I B B

20 0 20 40 60 80 100
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Figure S12: All studies providing two-pollutant model estimates for all cardiovascular mortality, all-ages, PM adjusted for 24 hour NO;

Black
Smoke

PM,,

PM, 5

BMJ Open

Author,Year City, Study Access Correlation
[RMID] Country Period ID PM + NO, ES (95% Cl)
[ Eur A,Single city
Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5508 - 0.79 (0.40, 1.18)
5583 0.87 —— 0.62 (0.02, 1.21)
—Amr A,Single city
Moolgavkar,2003 [162] Cook County,USA 1987-1995 12872 s 0.40 (0.07, 0.73)
22071 0.49 1o~ 0.30 (-0.05, 0.65)
Los Angeles County,USA 1987-1995 12892 - 0.50 (0.05, 0.94)
22095 0.70 1T 0.40 (-0.16, 0.96)
Eur A,Single city
Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5507 - 0.19 (-0.16, 0.54)
5575 0.62 & -0.32 (-0.80, 0.17)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16202 — 1.88 (0.80, 2.97)
16284 0.71 S S 2.24 (0.24, 4.25)
Wopr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21796 - 0.67 (0.29, 1.05)
21798 0.55 - 0.69 (0.19, 1.19)
Wong,2008 [313] Hong Kong,China 1996-2002 16214 o 0.61 (0.1, 1.11)
16308 0.80 —— -0.13 (-0.78, 0.52)
Wong,2008 [313] Shanghai,China 2001-2004 16226 A 0.27 (0.10, 0.44)
16332 0.75 * 0.01 (-0.22, 0.24)
Chen,2008 [1956] 15725 4 0.27 (0.10, 0.44)
15731 0.71 * 0.01 (-0.22, 0.24)
Wong,2008 [313] Wuhan,China 2001-2004 16238 < 0.57 (0.31, 0.83)
16356 0.75 [ 0.33 (0.00, 0.66)
Amr A,Single city
Moolgavkar,2003 [162] Los Angeles County,USA 1987-1995 12895 —— 0.90 (0.16, 1.63)
22101 0.73 — 0.20 (-1.10, 1.50)
Amr B,Single city
Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 560 - 2.17 (-0.01, 4.34)
20125 0.57 g 1.67 (-2.92, 6.25)
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1
2
3
4
5 Figure S13: All studies providing two-pollutant model estimates for all respiratory mortality, all-ages, PM adjusted for 24 hour NO,
6
7 Author,Year City, Study Access Correlation
8 [RMID] Country Period ID PM + NO, ES (95% CI)
9 —
10 Sear B,Single city
11 Wong,2008 [313] Bangkok, Thailand 1999-2003 16206 -T—— 1.00 (-0.36, 2.37)
12
13 16287 0.71 —_— 0.79 (-1.71, 3.29)
14
ig Wpr B,Single city
17 Chen,2010 [2052] Anshan,China 2004-2006 21801 —r 0.21(-0.82, 1.24)
18 21803 0.55 —T— 0.44 (-0.97, 1.85)
;'g ES Wong,2008 [313] Hong Kong,China 1996-2002 16218 —— 0.83(0.23, 1.42)
o

2 1 16311 0.80 —1— 0.34 (-0.47, 1.15)
22 Wong,2008 [313] Shanghai,China 2001-2004 16230 L d 0.27 (-0.01, 0.55)
gi 16335 0.75 - -0.05 (-0.45, 0.35)
25 Chen,2008 [1956] 15726 \d 0.27 (-0.01, 0.55)
26 15734 0.71 - -0.05 (-0.45, 0.35)
;g Wong,2008 [313] Wuhan,China 16242 - 0.87 (0.34, 1.39)
29 L 16359 0.75 -1 0.39 (-0.29, 1.07)
30

1 _
3 Amr B,Single city
32
33 E: Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 559 s 2.47 (-1.13, 6.06)
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34 20124 0.57 L 4 1.98 (-2.51, 6.47)
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Figure S14: Studies providing two-pollutant model estimates for meta-analysis for all respiratory hospital admissions, various age groups,

24 hour NO;
Author,Year City, Study Age* Access Particle ES (95% Cl)
[RMID] Country Period D Co-pollutant
Eur A,Single city
Hagen,2000 [1071] Drammen,Norway 1994-1997 AA 4371 None T 2.70 (-0.29, 5.68)
3681 PM,, 0.61 ——— 2.06 (-1.66, 5.78)
Oftedal, 2003 [1556] Drammen,Norway 1994-2000 AA 12620  None — 2.80 (0.81, 4.79)
12632 PM,, -0.47-0.78 = 2.94 (0.38, 5.49)
Wong,2002 [1429] London,UK 1992-1994 E 22188  None - -0.10 (-0.60, 0.40)
22189  PMy, 0.68 - -0.40 (-1.21, 0.41)
Wopr A ,Multi-city
Barnett,2005 [2039] 7 Australia & 1998-2001 C 18986 None —&— 5.78(1.73,9.83)
New Zealand cities
19024  PM,, 0.21-0.57 —&—— 6.36 (3.03, 9.69)
Wopr B,Single city
Wong,2002 [1429] Hong Kong,China 1995-1997 E 8202 None g 1.78 (1.19, 2.38)
8319 PM,, 0.82 - 1.69 (0.80, 2.57)
I I I
101 10
1000xIn(RR)

* Age: AA = all ages; E = Elderly; C = Children
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Figure S15: Studies providing two-pollutant model estimates for meta-analysis for all respiratory hospital admissions, various age groups,
1 hour NO;

Author,Year City, Study Age* Access Particle
[RMID] Country Period ID Co-pollutant
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Figure S16: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for asthma, children, 24 hour NO;
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Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Eur A,Multi-city
Sunyer,1997 [398] 3 European Cities,EU 1986-1992 1658 None > 0.51 (0.12, 0.91)
2 European Cities,EU 1688 BS 0.29 - 0.49 1o— 0.71 (-0.90, 2.31)
Eur A,Single city
Andersen,2007 [519] Copenhagen,Denmark 1999-2004 18396 None * 8.99 (2.13, 15.85)
18397 PM,, 0.42 < 2.35 (-6.47, 11.17)
Andersen,2008 [1950] Copenhagen,Denmark 2001-2004 16168 None * 3.42 (-7.26, 14.10)
16169 PNC 0.68 * -2.65 (-16.23, 10.93)
Anderson, 1998 [380] London,UK 1987-1992 2128 None & 0.65 (0.16, 1.14)
1888 BS g 1.17 (0.43, 1.90)
Wpr B,Single city
Lee, 2002 [1466) Seoul,South Korea 1997-1999 8586 None —— 5.00 (3.41, 6.60)
8587 PM;o 0.738 —_— 4.38 (2.42, 6.33)
I I
-5 -101 10
1000xIn(RR)
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Figure S17: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for asthma, various age groups, 24
hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period Age* ID Co-pollutant NO, + PM ES (95% CI)
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Figure S18: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for cardiac disease, all-ages, 24

BMJ Open

hour NO:
Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Eur A, Multi-city
Ballester, 2006 [1646] 4 Spanish Cities,Spain ~ 1995-1999 22279  None - 0.68 (0.17, 1.19)
22280 BS 0.23 - 0.69 -1 0.36 (-0.65, 1.37)
5 Spanish Cities,Spain 22281 None Bl 0.67 (0.06, 1.28)
22282 PMyo 0.13-0.62 - 0.02 (-0.67, 0.72)
6 Spanish Cities,Spain 22283 None - 1.02 (0.45, 1.60)
22284 TSP 0.13-0.65 - 1.07 (0.43, 1.71)
Eur A,Single city
Wong,2002 [1429] London,UK 1992-1994 8214 None g 0.70 (0.30, 1.10)
1992-1994 8343 PM,, 0.68 0.60 (0.00, 1.20)
Wopr B,Single city
Wong,2002 [1429) Hong Kong,China 1995-1997 8206 None - 1.39 (0.90, 1.88)
1995-1997 8331 PM,q 0.82 —— 1.69 (0.90, 2.48)
I [ [ I
101 5 10
1000xIn(RR)
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Figure S19: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for cardiac disease, elderly, 24
hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)

Amr A,Single city
Moolgavkar,2000 [1196] Cook County,USA 1987-1995 6841 None b g 1.49 (1.21, 1.78)

6846 PM;o 0.49 - 1.19 (0.84, 1.54)

Eur A,Single city

Andersen,2007 [519] Copenhagen,Denmark 1999-2004 18381 None -1 0.96 (-0.52, 2.45)
18383 PMyo 0.42 —_—— 0.00 (-1.89, 1.89)
Andersen,2008 [1950] Copenhagen,Denmark 2001-2004 16127 None —_—— 0.00 (-1.76, 1.76)
16137 PNC 0.66 0.00 (-3.56, 3.56)
| I I I
5 1. 0 1 5
1000xIn(RR)

34

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

"ybuAdod Ag parosioid 1sanb Ag 20z ‘8T 1dy uo jwod fwg uadolwg//:dny woiy papeojumoq "9T0Z AINC TZ U0 TSZ0TO-STOZ-uadolwag/9ETT 0T Sk paysiignd 1s1y :uado rING


http://bmjopen.bmj.com/

P OO~NOULAWNPE

ADABADIMDPDEDIMDWOWWWWWWWWWNNNNNNNNNNRERRERPRPERPRERERRPR
~NO U BRARWNRPOOO~NOOOPRWNRPOOONOUPRAWNRPOOO~NOOUUOMWNEO

S D
O

BMJ Open

Page 56 of 70

Figure S20: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all-cause

mortality in all-ages

Author,Year City, Study Access Lag Season

[RMID] Country Period D ES (95% CI)

Amr A Multi-city

Brook, 2007 [485] 10 Canadian cities,Canada 1980-2000 15647 lag 1 all * 0.66 (0.40, 0.91)
15649 lag 1 summer - 1.16 (0.76, 1.55)
15650 lag 1 winter 3 0.46 (0.25, 0.66)

Burnett, 2004 [3000] 12 Canadian Cities,Canada 1981-1999 22140 lag 0-2 all * 0.52(0.29, 0.75)
22300 lag 0-2 summer - 0.95 (051, 1.40)
22301 lag 0-2 winter &3 0.28 (0.04, 0.52)

Amr A,Single city

Moolgavkar,2003 [162] Cook County,USA 1987-1995 12723 lag 1 all * 0.57 (0.33, 0.81)
12780 lag 1 summer o 1.04(0.50, 1.57)
12805 lag 4 winter - 0.78(0.30, 1.26)

Los Angeles County, USA 1987-1995 12744 lag 1 all . 0.52(0.40, 0.64)

12836 lag2 summer K 0.83(0.47, 1.19)
22328 lag 5 winter — 0.52(-1.51, 2.55)

Eur A,Single city

Wichmann, 2000 [1205] Erfurt,Germany 1995-1998 7480 lag4 all —— 1.43 (-0.40, 3.26)
7498 lag4 summer R — -0.20 (-3.63, 3.23)
7496 lag 4 winter P 1.96 (-0.05, 3.97)

Peters,2009 [621] 1995-2001 21687 lag 3 all —t— 0.69 (-0.88, 2.27)
22325 lag 3 summer _ -1.65 (-3.74, 0.44)
22323 lag3 winter —o— 1.05 (-0.05, 2.16)

Anderson, 1996 [268] London, UK 1987-1992 641 lag 1 all * 0.14(-0.02, 0.30)
643 lag 1 summer o 0.25(-0.04, 0.55)
642 lag 1 winter > 0.10(-0.10, 0.30)

Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5503 lag1 all * 0.57 (0.40, 0.75)
5544 lag 0-6 summer - 1.37 (0.76, 1.98)
5543 lag 0-6 winter < 0.82(0.46, 1.18)

Michelozzi, 1998 [219] Rome ltaly 1992-1995 1196 lag2 all & 0.43(0.10, 0.76)
1202 lag 2 summer — 1.09(0.48,1.71)
1200 lag 2 winter L 2 0.07 (0.32, 0.46)

Michelozzi, 2000 [1299] 1992-1995 7320 lag 1-2 all - 0.40 (0.10, 0.70)
7324 lag 1-2 summer —o— 1.09 (0.50, 1.69)
7322 lag 1-2 winter 3 0.10 (-0.30, 0.50)

Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1031 lag 0 all —e— -1.10 (-2.26, 0.05)
1032 lag 4 summer —— 1.71(0.04, 3.37)
1033 lag 0 winter —— 2,57 (-3.98, -1.15)

Wpr A,Single city

Simpson, 1997 [233] Brisbane, Australia 1987-1993 1142 lag0 all —— -0.27 (-1.39, 0.86)
1143 lag 0 summer — -0.96 (-3.11, 1.19)
1144 lag 0 winter —— 0.31(-1.13, 1.74)

Simpson, 2000 [148] Melbourne, Australia 1991-1996 5634 lag 1 all - 1.25(0.63, 1.88)
5636 lag 1 summer —— 1.88(0.73, 3.03)
5635 lag 1 winter —o— 0.78 (-0.05, 1.62)

Wpr B,Multi-city*

Wong,2008[313] Shanghai, China 2001-2004 16220 lag 0-1 all * 0.97 0.66, 1.27)
22302 lag 0-1 summer - 0.46 (-0.07, 0.99)
22303 lag 0-1 winter < 1.23(0.84, 1.63)

Wpr B,Single city

Wong,2001 [1327] Hong Kong,China 1995-1997 5978 lag 1 all - 0.67(0.23,1.12)
6002 lag 1 summer o= 0.44 (-0.22, 1.09)
6003 lag 1 winter —— 1.16 (0.47, 1.85)

Kan,2008 [1973] Shanghai,China 2001-2004 17349 lag 0-1 all * 0.97 (0.66, 1.27)
17350 lag 0-1 summer - 0.46 (-0.07, 0.99)
17351 lag 0-1 winter b d 1.23(0.84,1.63)
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1
2
3
4
5 Figure S21: All available studies providing estimates from both single and season-specific models for 24 hour NO; and all cardiovascular
6 . M
mortality in all ages
7
8 Author,Year City, Study Access Lag Season
9 [RMID] Country Period ID ES (95% CI)
10 Amr A,Single city
11 Moolgavkar,2003 [162] Cook County,USA 1987-1995 12877  lag3  all -> 0.52 (0.15, 0.89)
12 12938 lag 2 summer == 1.19 (0.38, 2.00)
13 12963 lag 4 winter o 0.93 (0.23, 1.64)
Los Angeles County,USA 12900  lag 1 all * 0.52 (0.35, 0.69)
14 12992 lag 2 summer - 0.93 (0.41, 1.46)
15 13024 lag3  winter - 0.31 (0.01, 0.62)
16
17 Eur A,Single city
18 Anderson,1996 [268] London,UK 1987-1992 650 lag 0 all * 0.12 (-0.11, 0.35)
652 lag 0 summer [ 0.44 (0.03, 0.84)
19 651 lag 0 winter * -0.02 (-0.30, 0.25)
20 Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1043 lag3 all T 1.19 (-0.60, 2.97)
21 1044 lag 3 summer —— 3.22 (0.56, 5.89)
22 1045 lag 0 winter — -2.11 (-4.25, 0.03)
23 Wpr B,Multi-city
24 Wong,2008 [313] Shanghai,China 2001-2004 16224  lag 0-1 all - 1.00 (0.55, 1.46)
25 22304 lag 0-1  summer -1 0.30 (-0.54, 1.14)
26 22305 lag 0-1  winter - 1.25 (0.68, 1.83)
27 T—
pr B,Single city
28 Wong,2001 [1327) Hong Kong,China 1995-1997 5982 lag2  all —— 1.33 (0.45, 2.21)
29 6010 lag 2 summer —— 0.00 (-1.36, 1.36)
30 6011 lag 2 winter = 2.26 (1.16, 3.37)
Kan,2008 [1973] Shanghai,China 2001-2004 17373 lag 0-1 all - 1.00 (0.55, 1.46)
31 17374 lag 0-1  summer -1 0.30 (-0.54, 1.14)
32 17375 lag 0-1  winter o 1.25 (0.68, 1.83)
33
34
35 T T T T
-5 101 5 10
36 1000xIn(RR)
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Figure S22: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all
respiratory mortality in all-ages
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Author,Year City, Study Access Lag Season

[RMID] Country Period ID ES (95% Cl)

Eur A,Single city

Anderson, 1996 [268] London,UK 1987-1992 659 lag 1 all - -0.18 (-0.63, 0.28)
661 lag 1 summer o1 -0.51 (-1.37, 0.34)
660 lag 1 winter < -0.05 (-0.56, 0.45)

Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1058 lag 0 all —_— -2.27 (-5.56, 1.02)
1059 lag 1 summer _—— 3.07 (-2.30, 8.44)
1060 lag0  winter —_—— -3.70 (-7.70, 0.29)

Wpr A,Single city

Simpson, 1997 [233] Brisbane, Australia 1987-1993 1233 lag 0 all —_— -2.19 (-6.18, 1.81)
1234 lag 0 summer * -3.83 (-12.13, 4.47)
1235 lag 0 winter —_— 1 -1.94 (-6.66, 2.77)

Simpson,2000 [148] Melbourne,Australia 1991-1996 5646 lag 0 all —— 2.35(0.16, 4.54)
5648 lag 0 summer ——— 7.63(3.75, 11.51)
5647 lag 0 winter — -0.99 (-3.94, 1.95)

Wpr B,Multi-city

Wong,2008 [313] Shanghai,China 2001-2004 16228 lag 0-1 all == 1.21 (0.42, 2.01)
22306 lag 0-1  summer — -1.38 (-2.90, 0.14)
22307 lag 0-1  winter == 2.63 (1.66, 3.59)

Wpr B,Single city

Wong,2001 [1327] Hong Kong,China 1995-1997 5986 lag 0 all —— 1.54 (0.45, 2.64)
6018 lag 0 summer —— 1.07 (-0.22, 2.37)
6019 lag 0 winter — 2.05 (0.47, 3.62)

Kan,2008 [1973] Shanghai,China 2001-2004 17385 lag 0-1 all - 1.21 (0.42, 2.01)
17386 lag 0-1  summer === -1.38 (-2.90, 0.14)
17387 lag 0-1  winter —— 2.63 (1.66, 3.59)
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igure : available studies providing estimates from both single-pollutant and season-specific models for our 2and a

5 F S23: All lable stud d t tes fi both 1 llutant and fi dels for 24 h NO d all
? respiratory and all cardiovascular hospital admissions in all-ages
8 Author,Year Diagnosis City, Study Access Lag Season

[RMID] Country Period ID ES (95% CI)
9
10 Eur A Single city
i;‘ De Leon, 1996 [417] All respiratory London,UK 1987-1992 1404 lag 2 all L 3 0.22(0.01,0.43)
13 1396 lag2 summer > 0.47 (0.07, 0.88)
14 1388 lag 2 winter L 3 0.13(-0.12, 0.37)
15
16 Sear D,Single city
17 Jayaraman,2008 [739] All respiratory Delhi,India 2004-2005 18727 lag 3 all 5 0.40 (-0.80, 1.60)
18 18739 lag3 summer —&————— 51.76(22.47,81.05)
19
32 Wpr B,Single city
22 ‘Wong, 1999 [364] All respiratory Hong Kong,China 1994-1995 2982 lag 0-3 all @ 1.98 (1.29, 2.67)
23 3005 lag 0-3 winter S 0.40 (-1.21, 2.01)
24 All cardiovascular 2994 lag 0-1 all ® 1.29(0.70, 1.89)
25 3008 lag 0-3 winter —— 9.80 (-0.10, 19.71)
26 Chen,2010 [124] All respiratory Shanghai,China 2005-2007 21109 lag 6 all & 0.47 (-0.25, 1.19)
27 21115 lag 5 summer ® 0.05(-0.91, 1.01)
28 21114 lag 5 winter > 0.65(-0.37, 1.67)
gg All cardiovascular 21108 lag 5 all & 0.80(0.10, 1.49)

21113 lag 5 summer © -0.26 (-1.18, 0.66)
31
32 21112 lag 5 winter 4 1.65 (0.68, 2.62)
33
34
35 THTT 1 T
36 50510 20 50
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Figure S24: Ranking of NO: estimates for all-cause mortality in all-ages by mean levels of

24 hour NO; (multi-city studies shown using black bars)
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Figure S25: Ranking of NO; estimates for all-cause mortality in all-ages by mean levels of

PMio (multi-city studies shown using black bars)
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3 Figure S26: Ranking of NO: estimates for all-cause mortality in all-ages by the NOz/PM1o
4 concentration ratio (multi-city studies shown using black bars
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Abstract

Objectives
To quantitatively assess time-series studies of daily nitrogen dioxide (NO) and mortality and
hospital admissions which also controlled for particulate matter (PM) to determine whether or

to what extent the NOz-associations are independent of PM.

Design

A systematic review and meta-analysis

Methods

Time-series studies published in peer-review journals worldwide up to May 2011 which
reported both single- and two-pollutant model estimates for NO, and PM were ascertained from
bibliographic databases (PubMed, EMBASE, and Web of Science) and reviews. Random-effects
summary estimates were calculated globally and stratified by different geographical regions,

and effect modification was investigated.

Outcome measures
Mortality and hospital admissions for various cardiovascular or respiratory diseases in different

age groups in the general population.

Results

Sixty eligible studies were identified, and meta-analysis was done on 23 outcomes. Two-
pollutant model study estimates generally showed that the NO,-associations were independent
of PM mass. For all-cause mortality, a 10 pg/m3 increase in 24 hour NO, was associated with a
0.78% (95% CI: 0.47, 1.09) increase in the risk of death, which reduced to 0.60% (0.33, 0.87)
after control for PM. Heterogeneity between geographical region-specific estimates was
removed by control for PM (12 from 66.9% to 0%). Estimates of PM and daily mortality
assembled from the same studies were greatly attenuated after control for NO: from 0.51%
(0.29,0.74) t0 0.18% (-0.11, 0.47) per 10 pg/m3 PM1o and 0.74% (0.34, 1.14) to 0.54% (-0.25,
1.34) for PM3s.

Conclusions

The association between short-term exposure to NO; and adverse health outcomes is largely
independent of PM mass. Further studies should attempt to investigate whether this is a generic
PM-effect or modified by the source and physicochemical characteristic of PM. This finding

strengthens the argument for NO, having a causal role in health effects.
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Strengths and limitations of this study

This is, to date, the most comprehensive, quantitative systematic review of the time-series
literature on NO2 published worldwide to evaluate the two-pollutant model estimates of
mortality or hospital admissions and short-term exposure to NO; adjusted for particulate
air pollution.

[t reports meta-analytical estimates both globally and for different geographical regions, as
well as an assessment of heterogeneity between the region-specific estimates.

The protocol-led approach to the identification of studies and estimates for use in meta-
analysis minimised selection bias at each stage of the review.

Meta-analysis was limited to studies which provided effect estimates in numerical, rather
than graphical, form along with sufficient quantitative data to enable standardisation of
estimates.

Further work is needed to understand reasons for the heterogeneity observed and to
quantitatively assess the extent to which PM may be associated with health independently
of NO.
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INTRODUCTION

Outdoor air pollution has long been established as a hazard to human health, with particulate
matter (PM) regarded as the most plausible toxicant in the mixture of ambient air pollutants.1-5
The epidemiological evidence has consistently shown adverse associations between chronic and
short-term exposure to PM and mortality and morbidity from cardiovascular and respiratory
disease, and this is supported by experimental evidence.6 Whilst the epidemiological evidence
also shows relationships between nitrogen dioxide (NO) and adverse health effects, concerns
have been expressed repeatedly about the causal nature of these associations.”-1! [t has been
asserted that the NOz-associations do not reflect adverse effects of NO; itself, but rather the
health effects of other air pollutants, mainly PM or other components of the complex mixture of
traffic-related air pollutants. Primarily, this is due to the strong correlations between NO; and
other combustion derived air pollutants, especially PM. The extent of these correlations varies
from city-to-city and over time, due to variations in emission sources. Scepticism also exists
because of limited experimental evidence (controlled human exposure and animal toxicology
studies) for NO2, which, to date, has focused largely on respiratory endpoints and have generally
employed concentrations of NO; well above current ambient levels.”9 In light of the
uncertainties regarding NO2 and the stronger evidence for associations between PM and health,
many researchers and policymakers adopted a view that the epidemiological associations of
NO: reflect adverse health effects of PM.

In an earlier paper we reviewed the time-series evidence associating daily concentrations of
NO; with daily mortality and emergency hospital admissions.12 In this study we assess the
subset of time-series studies, reporting all-year estimates of NO, from both single- and two-
pollutant models adjusted for PM to determine whether the NO-associations are attenuated

after adjustment for PM.

METHODS
The full method and a priori protocols governing the identification of studies and effect
estimates for the systematic review have been described previously, 1214 but a synopsis, along

with aspects unique to this review, is provided below.

Identification of studies for review

Three bibliographic databases were searched to identify peer-reviewed time-series studies of
NO; and daily mortality or hospital admissions indexed up to May 2011. No restriction on
language was applied. The literature search strategy is described in the online supplementary
material, and the following inclusion criteria were used: papers must (i) have had a minimum of
one year of data; (ii) been based on the general population; (iii) have controlled for important
confounding factors, including season and meteorological factors; (iv) have reported sufficient
quantitative information, in numeric format, to enable the calculation of standardised effect
estimates and standard errors for use in quantitative analysis. Two authors of the review - [CM

and RWA - undertook the literature search.
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Data extraction and coding
Data from each relevant study were entered into a Microsoft Access database (Microsoft Office
2010, Microsoft Corporation). These included:

a) citation details of each paper

b) all-year single- and two-pollutant model estimates of NO; adjusted for PM.

c) single- and two-pollutant model estimates of PM adjusted for NO; reported in studies
providing data for NO..

d) season-specific estimates of NO», including those adjusted for PM, from studies
reporting all-year estimates.

e) descriptive (outcome, diagnosis (International Classification of Diseases codes), age etc.)
and quantitative data (pollution increment and averaging time etc.) associated with each
estimate, and needed for calculating standardised estimates expressed as the percentage
change (and 95% confidence interval (CI)) in the mean number of daily events
associated with a 10 ug/m3 increase in NO2 (or PM).

f) correlations between concentrations of NO; and PM.

g) effect modifiers for investigating of sources of heterogeneity in all-year estimates

Time-series studies often report results for different time lags (in days) between exposure and
health events, and they vary in the lag for the reported results. We identified for each
outcome/disease/age/averaging time combination from each study a pair of estimates of NO,
that is from a single-pollutant model and a corresponding estimate adjusted for PM, for the
same lag to enable comparison of the NOz-association before and after adjustment for PM. To
avoid selection bias we developed an a priori protocol for identifying the principal lag for each
outcome/disease/age/averaging time combination for use in our review. This was the lag
highlighted by the author or stated a priori, and if this was not clear, because several lagged
model estimates were reported, we chose (i) the lag with the highest statistical significance,
regardless of the estimate being positive or negative, or (ii) the lag with the largest estimate,
again, irrespective of its direction. If only results from cumulative or distributed lag models, i.e.
lags averaged over several days, were reported in a study, this was used. In some instances, a
different lag was investigated in two-pollutant models. In such cases, the lagged estimate from
the two-pollutant model was coded according to the same algorithm, and the (additional)

corresponding single-pollutant estimate for the same lag was coded in our database.

Processing of data also included classifying each study into the geographical region, as the WHO
region, in which the study was conducted, as well as categorising, by size, the various metrics of
PM controlled for in two-pollutant models: see supplementary material for details.

Statistical analyses
A similar procedure to that outlined in our earlier paper was used for meta-analysis,!2 but with
some modifications in order to identify from each study a pair of estimates of NO; for each

pollutant/outcome combination. We applied an a priori protocol to select estimates for meta-
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analysis to avoid selection bias and duplication of studies from the same population. We gave
priority to estimates from multi-city studies over estimates from single-city studies and the
results from any one city appeared only once in a meta-analysis. If results from more than one
multi-city study within a WHO region were available we selected, in order of priority, the multi-
city estimate from the study: (i) with the most cities/greatest geographical coverage; (ii) the
most recently published; (iii) the most recent study time period. If a multi-city study did not
report a summary estimate across the cities examined, for analysis, we treated estimates from
these studies in the same manner as estimates from single-city studies. We selected estimates
from single-city studies only if they did not appear in multi-city studies. For cities not included
in a multi-city study summary result, we selected, in order of priority: (i) the most recently

published, and (ii) the most recent study time period.

Meta-analysis was conducted when =4 estimates were available for an
outcome/disease/age/averaging time combination - including where a multi-city estimate was
available - and summary estimates were calculated using a random-effects model.1> We used a
staged approach to meta-analysis, with single-city estimates pooled within WHO region prior to
the pooled single-city and selected multi-city estimates being pooled to produce a global
estimate and WHO region-specific summary estimates. Heterogeneity between WHO region
summary estimates was assessed using the 12 statistic!6, with I2 statistics >50% regarded as

being evidence of high heterogeneity.!”

Meta-analysis was undertaken for:

a) single-pollutant NO; estimates relating to two-pollutant models

b) corresponding NO; estimates adjusted for any PM metric:

i) if within a study, several estimates of NO; adjusted for different individual
PM metrics were available, a NO, estimate was selected according to the
following order of priority of PM metric used in adjustment: PM1o, PM35s,
Black Smoke, PM1g.2s.

ii) if having applied the protocol, a NO; estimate was not selected for a city
because several were available due to different PM metrics used to adjust the
NO; effect in different studies, the NO; estimate was chosen in the order of
priority of the PM metrics listed above.

c) We conducted additional meta-analyses for NO; adjusted for specific metrics of
particles, for example NO; adjusted for PM1, and separately for PM;;, and so on, to
determine whether the NOz-associations show different sensitivity to control for
different PM metrics.

All analyses were conducted in STATA (STATA/SE 11. StataCorp Texas).
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RESULTS

Sixty studies provided estimates of both (i) NO, single-pollutant and (ii) NO adjusted for PM: a
list of references is provided in the supplementary material. Table 1 presents a summary of
these 60 time-series studies stratified by the PM metric controlled for in regression models,
broad disease categories, WHO regions in which the studies were conducted, single- and multi-

city study designs, and by averaging time (24 hour and 1 hour).

There were 36 and 24 studies of daily mortality or hospital admissions, respectively, and 13
studies used a multi-city design. The majority of the studies were conducted in the WHO regions
European A and Western Pacific region B and most used 24 hour NO. Forty of the 60 studies
controlled for the effects of daily PMy in the regression models for NO2, and a much smaller
number of studies used other particle size fractions or constituents of PM. Eight studies of
mortality and two of hospital admissions reported estimates of NO», each adjusted for a
different PM metric. None of the studies investigated the influence of carbon on the NO»-
associations, and four studies controlled for the effects of ultrafine particles.

Table 1: Summary of time-series studies of daily mortality or hospital admissions and
NO; adjusted for particulate matter (PM)

Total Multi-city study Single-city study
. Hospital . Hospital . Hospital
Outcome Mortality adm;;ssions Mortality adm;;ssions Mortality adm;;ssions
Total 36 24 9 4 27 20
PMio 23 17 6 2 17 15
PM2s 7 1 3 1 4 0
PMio-25 4 0 3 0 1 0
BS 5 4 3 2 2 2
NO:+PM2 PNC 3 1 0 0 3 1
Carbon 0 0 0 0 0 0
TSP 4 2 0 1 4 1
Visibility 2 1 2 1 0 0
>1 PM metric 0 1 0 0 0 1
All-cause 27 1 7 0 20 1
Diseaseb Cardiovascular 17 11 4 2 13 9
Respiratory 7 17 3 3 4 14
American A 8 4 3 0 5 4
European A 9 12 3 2 6 10
WHO Western Pacific B 14 5 2 0 12 5
Region® American B 4 2 0 0 4 2
Western Pacific A 1 2 1 2 0 0
South East Asia B 2 0 2 0 0 0
Averaging 24 hours 29 21 6 3 23 18

time Maximum 1 hour 7 5 3 2 4 3
a - The eight categories of PM metrics listed in the table above have been generated by grouping different measures of particles.
PM1o and PMzs refer to the mass per cubic metre of particles of generally less than 10 pm, 2.5 um diameter, respectively, in the
ambient air. BS: Black Smoke; PNC: Particle Number Concentration; TSP: Total Suspended Particles.
b - Respiratory includes all-respiratory diseases, asthma, COPD, COPD (including asthma), lower respiratory infections, and upper
respiratory diseases; Cardiovascular includes all-cardiovascular diseases, cardiac disease, heart failure, ischaemic heart disease,
dysrhythmia, and stroke.
¢ - WHO regions: A: very low child and adult mortality; B: low child mortality and low adult mortality; C: low child mortality and

high adult mortality; D: high child mortality and high adult mortality.
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NO; and all-cause mortality

Figure 1 shows all available (32 pairs) single- and two-pollutant estimates for 24 hour NO; and
daily all-cause mortality in all ages. In the majority of studies daily NO; was positively and
significantly associated with increases in the risk of death including after controlling for daily
PM. In many of the studies the NO; estimates were not greatly reduced in size, changed
direction, or lose statistical significance after adjustment for PM. In general, the NO; estimates
appeared robust to adjustment for PM at both high and low correlations between

concentrations of NO; and PM.

Fifteen (of 32) pairs of estimates for 24 hour NO; and all-cause mortality, which represented 26
cities from five WHO regions, were selected for meta-analysis (Figure S1). The random-effects
single-pollutant summary estimate for all-cause mortality was 0.78% (95% CI: 0.47, 1.09) per
10 pg/m3 increase in NO,.There was evidence of high heterogeneity (12=66.9%) between the
WHO region-specific estimates which ranged from 0.48% for WHO region America A to 1.41%
for South East Asia B (Table S1). The overall estimate was comparable to the single-pollutant
summary estimate of 0.71% (95% CI: 0.43, 1.00) calculated from the larger body of time-series
evidence analysed in our previous paper.12 After adjustment for daily PM, all-cause mortality
remained positively and significantly associated with 24 hour NO2: 0.60% (95 CI%: 0.33, 0.87)
per 10 pg/m3 increase in NO, and there was no evidence of heterogeneity (12=0%) between the

region-specific estimates.

Control for specific PM metrics did not greatly alter the relationship of 24 hour NO; with all-
cause mortality (Table 2). With the exception of NO adjusted for PM1o, and to a lesser extent
PM; 5, meta-analyses for NO; adjusted for the remaining PM metrics were limited to findings

from the multi-city Canadian study by Burnett et al'8 - see Figure 1.

Six pairs of estimates were available for meta-analysis for all-cause mortality and 1 hour NO;
adjusted for PM (Figure S2). Thirty of the 36 cities represented by these estimates were from
Europe. Meta-analysis of 4 pairs of estimates resulted in an overall estimate of 0.32% (95% CI: -
0.02, 0.66) for a 10 pg/m3 increment in 1 hour NOz and 0.20% (95% CI: -0.24, 0.65) following
adjustment for PM (Table S2). High heterogeneity was observed between the WHO region-
specific estimates. In contrast with findings for 24 hour measures, the summary estimate for 1
hour NO; for WHO region European A was little affected by adjustment for PMyo (or Black
Smoke) -Table S2. Table 3 provides meta-analysis results for all-cause mortality and 1 hour NO;
adjusted for different PM metrics. Control for PMio led to attenuation of the estimate and loss of
statistical significance, whilst the association was robust to control for Black Smoke and

visibility (measured as black suspended particles, bsp).
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Table 2: Random-effects summary estimates (as percentage change (95% confidence intervals))
for mortality or hospital admissions associated with a 10 pg/m3 increase 24 hour average

pollution
All Selected 24 hour NO: 24 hour PM
SC/MCa  sC/MC Single-pollutant Adjusted for PM Single-pollutant Adjusted for NO:
(cities)P

All-cause mortality, all ages
PM1o 13/3 4/1(21) 0.92(0.58,1.72) 0.85(0.52,1.18) 0.51(0.29,0.74) 0.18 (-0.11, 0.47)
PM2s 2/3 2/1(14) 0.53(0.42, 0.64) 0.57 (0.24, 0.89) 0.74 (0.34, 1.14) 0.54 (-0.25, 1.34)
PMio-2s 0/3 0/1(12) 0.62 (0.19, 1.06) 0.73(0.28,1.18) 0.65 (-0.10, 1.42) 0.31(-0.49,1.11)
Visibility 0/1 0/1(12) 0.60 (0.34, 0.87) 0.66 (0.33,1.00) 40.93 (23.39,60.97)*  12.42 (-4.47,32.29)*
All cardiovascular mortality, all ages
PM1o 10/0 4/0(8) 0.99 (0.49, 1.49) 0.87(0.28, 1.46) 0.48 (0.18, 0.78) 0.19 (-0.21, 0.59)
All respiratory mortality, all ages
PM1o 7/0 2/0(5) 1.44 (0.63, 2.27) 1.15(0.47, 1.84) 0.58(0.22, 0.93) 0.13 (-0.18, 0.44)
All respiratory hospital admissions, children (5-14 years)
PM1o 0/1 0/1(5) 5.95(1.74,10.33)  6.56(3.08,10.17) - -
Cardiac hospital admissions, all ages
PMio 2/1 2/1(7) 0.93 (0.46, 1.40) 0.75 (-0.13, 1.64) - -
BS 0/1 0/1(4) 0.68(0.17, 1.20) 0.36 (-0.65, 1.38) - -
TSP 0/1 0/1(6) 1.03 (0.45, 1.61) 1.08 (0.43,1.72) - -

a -Numbers of available pairs of single-city (SC) / multi-city (MC) estimates from all studies

b -Numbers of pairs of pooled (from single-city estimates) and multi-city estimates used to calculate the overall summary estimate
across WHO regions. Estimates were selected for meta-analysis from all available. The number of cities represented by the summary
estimates is given in brackets.

* The results for visibility (measured as Coefficient of Haze (COH units)) are not comparable to other PM results.

Table 3: Random-effects summary estimates (as percentage change (95% confidence intervals))
for mortality or hospital admissions associated with a 10 pg/m3 increase in air pollution

All Selected 1 hour NO: 24 hour PM
SC/McCa ?C{ MC)b Single-pollutant Adjusted for PM  Single-pollutant Adjusted for NO:
cities

All-cause mortality, all ages
PMio 2/1 2/1(32) 0.22 (-0.15,0.60)  0.10 (-0.40,0.61) 0.52(0.29, 0.75) 0.48 (0.31, 0.66)
BS 0/2 0/1(30) 0.30(0.22,0.38)  0.33(0.23,0.43)  0.60 (0.30, 0.90) 0.26 (0.00, 0.52)
Visibility 0/1 0/1(4) 0.63(0.21,1.05)  0.52(0.05,1.00) 35.70(3.97,77.12)* 10.24 (-20.03,51.97)*
All cardiovascular mortality, all ages
PMio 1/1 0/1(29) 0.40 (0.29,0.51)  0.35(0.21,0.49)  0.76 (0.47, 1.05) 0.17 (-0.10, 0.44)
BS 1/1 0/1(29) 0.40 (0.29,0.51)  0.44(0.31,0.57)  0.62(0.35,0.90) 0.32 (0.05, 0.59)
All respiratory mortality, all ages
PMio 0/1 0/1(29) 0.38(0.17,0.59)  0.37(0.08,0.66)  0.71(0.22, 1.20) 0.20 (-0.29, 0.69)
BS 0/1 0/1(29) 0.38(0.17,0.59)  0.26 (-0.12,0.64) 0.84(0.11, 1.58) 0.57 (-0.34, 1.48)
All respiratory hospital admissions, children (< 5 years)
PM1o 1/1 1/1 (6) 0.77 (-0.59, 2.15)  0.13 (-0.09,0.35) - -
PMas 0/1 0/1(4) 1.62(0.41,2.84) 4.85(0.41,9.50) - -
All respiratory hospital admissions, elderly (65 + years)
Visibility 0/1 0/1(4) 1.42(0.79,2.06) 1.21(0.47,195) - -
Cardiac hospital admissions, elderly
Visibility 0/1 0/1(4) 1.21(0.84,1.58) 0.73(0.31,1.16) - -

See Table 2 for footnotes
* The results for visibility (measured as black suspended particles (10-*.m1)) are not comparable to other PM results.
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NO: and mortality from specific causes

NO; estimates adjusted for PM were available for several specific causes of death in all ages: all
cardiovascular (Figures S3 and S4), all respiratory (Figure S5), stroke (Figure S6), cardiac
(Figure S7), ischaemic heart disease, dysrhythmia, chronic obstructive pulmonary disease
including asthma, and lower respiratory infections (Figure S8). Sufficient numbers of estimates
for meta-analysis were available for all cardiovascular (Table S3), all respiratory (Table S4), and
stroke (Table S5) mortality.

Eight studies providing 14 pairs of estimates showed positive associations between all
cardiovascular deaths and 24 hour NO; including after adjustment mainly for PM, (Figure S3).
However, attenuation of estimates and loss of statistical significance was observed in the few
studies with control for PMzs or Black Smoke. Meta-analysis of 10 pairs of estimates found a
1.07% (95% CI: 0.43, 1.72) increase in the risk of death from all cardiovascular diseases per 10
ug/ms3increase in 24 hour NO; (Table S3 and Figure S9). This was attenuated (0.82% (95% CI
0.22, 1.42)) Table S3) following adjustment for PM, but comparable to our earlier result (0.88%
(95% CI: 0.63, 1.13)).12 Control of the NOz-association with all cardiovascular mortality for
specific PM metrics showed an association which was robust to adjustment for PM1, (Table 2).
There were too few estimates to permit meta-analysis for other PM metrics controlled for in the
studies. The available data for 1 hour NO; and all cardiovascular mortality was sparse and
limited to two studies representing 29 European cities which showed positive NOz-associations
that were robust to adjustment for both PM;o and Black Smoke (Table 3 and Figure S4).

Evidence for all respiratory mortality and 24 hour NO; adjusted for PM came from six cities
(Figure S5). Meta-analysis produced a 1.42% (95% CI: 0.64, 2.21) increased risk of all
respiratory deaths per 10 pg/m3increase in 24 hour NO; (Table S4 and Figure S10). The
corresponding estimate adjusted for particles was attenuated (1.13% (95% CI: 0.46, 1.81)) but
was comparable with the single-pollutant estimate (1.09% (95% CI: 0.75, 1.42)) derived from
the larger body of time-series evidence examined in our previous paper. 12 There was no
evidence of heterogeneity (12=0%) between the geographic specific estimates either before or
after adjustment for PM (Table S4). Evidence for associations between all respiratory mortality
and 1 hour NO; came solely from the multi-city APHEA II study of 29 European cities,1® which
showed a positive association that was robust to adjustment for PM; but not Black Smoke
(Table 3).

PM and mortality

Meta-analyses were undertaken separately for PM adjusted for the different averaging times of
NO; to allow comparison with the relevant meta-analyses for NO; using data from the same
studies, cities and time periods. Figure 2 shows positive, single-pollutant associations between
various mass metrics of PM and all-cause mortality. In the majority of studies, attenuation of
estimates was observed following control for 24 hour NO,. Estimates for ultrafine particles and

all-cause mortality were robust to adjustment for 24 hour NO; (Figure S11), but the data came
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from three studies conducted in the same city, Erfurt, Germany. Results of meta-analysis for all-
cause mortality and PM metrics are shown in Tables 2 and 3 for adjustment for 24 hour and 1
hour NO3, respectively. In contrast to the results for NO,, the summary estimates for PM were
attenuated, in most cases by more than half and confidence intervals overlapped zero. Evidence
of high heterogeneity between region-specific summary estimates for PMo and all-cause
mortality was identified (Table S6). Summary estimates for deaths from all cardiovascular or all
respiratory diseases and PM were also sensitive to control for NO; (Tables 2 and 3; study

estimates in Figures S12-S13; Tables S7 and S8 for region-specific results).

NO; and hospital admissions

Few cause- and age-specific combinations of hospital admissions for 24 hour or 1 hour NO with
control for PM had sufficient numbers of estimates for meta-analysis - all respiratory diseases in
children and the elderly, asthma in children, and cardiac disease in all ages and the elderly - and
half were based solely on a multi-city estimate from a single study.

Positive associations were identified between all respiratory hospital admissions in different
age groups and 24 hour or 1 hour NOz, which remained after control for PM (Tables 2 and 3;
Figures S14-S15 for available study estimates).

Evidence for the association between hospitalisation for asthma in different ages and daily NO,
adjusted for PM came from seven studies (Figures S16-S17), six of which were conducted in
Europe. Sufficient estimates for meta-analysis were only available for asthma admissions in
children and 24 hour NO; adjusted for any particles (measured as Black Smoke, PM;y and PNC):
a2.81% (95% CI: -1.28, 7.06) increase in risk per 10 pg/m3 24 hour NO; was attenuated
following adjustment for particles (2.24% (95% CI: -1.12,5.71)).

Five studies provided evidence for the relationship between 24 hour NO; adjusted for PM and
hospitalisation for cardiac disease in all ages (Figure S18) and the elderly (Figure S19). Meta-
analysis for the all age category (Table 2) identified positive estimates which were attenuated
and confidence intervals overlapped zero after control for PM1pand Black Smoke. One multi-city
study of four Australian cities provided evidence for the relationship between 1 hour NO, and
cardiac admissions in the elderly. The association (1.21% (95% CI: 0.84, 1.58)) was weakened
by control for BSP (an indicator of fine particles), but remained statistically significant (0.73%
(95% CI: 0.31, 1.16)).

Sources of variation in NO; estimates

We examined season-specific NO, estimates of mortality from studies which reported all-year
estimates to explore possible effect modification by season. Some studies, mainly from Western
Europe, Canada and the USA, reported stronger associations between daily mortality and NO; in
the summer months (Figure S20-S22). The extent of the correlations between concentrations of
NO; and PM in the different seasons is unclear because very few studies reported these data,
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and only one study reported season-specific estimates adjusted for PM. Similarly, limited
evidence is available on which to base an assessment of seasonal variation of associations
between hospitalisation for cardiovascular and respiratory diseases and 24 hour NO; (Figure
S23).

We explored reasons for the observed high heterogeneity by ranking study estimates for all-
cause mortality and 24 hour NO; (from the full dataset)!2 by different potential effect modifiers
(Figures S24-S27). None of the variables used to represent the pollution and meteorological

environments in the cities examined accounted for the observed between-study variability.

DISCUSSION

Sixty time-series studies of NO, were used to determine whether NO; is associated with daily
mortality or hospital admissions independently of daily PM. In general, our results demonstrate
that after controlling for PM, daily NO, remained significantly associated with increases in the
risk of adverse health outcomes. The evidence appears clearest for daily deaths from all-causes
and from all cardiovascular and all respiratory diseases, and for all respiratory hospital
admissions, outcomes for which more co-pollutant estimates were available. Robustness of the
NO;-associations to control for PM was observed at both high and low correlations between NO;
and PM, and no clear relationship could be discerned between the correlations and changes in
the size of the adjusted NO; estimates. In contrast to the results for NO», the associations
between daily PM and the main mortality outcomes (all-cause, all cardiovascular, all
respiratory) were very sensitive to the inclusion of NO; in two-pollutant models.

Two/multi-pollutant models are increasingly being used to draw conclusions about whether or
not NO; is independently associated with adverse health outcomes. This comprehensive review
provides systematic evaluation and formal meta-analysis of the full body of two-pollutant
estimates of NO; adjusted for PM, across several cause- and age-specific health outcomes, both
globally and by different geographical regions. Whilst earlier reviews?-8 13.20-23 ijncluded some
assessment of these data, they were either limited in scope to specific health outcomes and/or
examined together two- and multi-pollutant model NO; estimates, or did not undertake meta-
analysis whatsoever. Another key strength of this review is the protocol-led approach to
identifying and assembling studies and estimates, which aimed to minimise selection bias in the

different stages of the review.

The subset of studies of NO; analysed in this paper were generally comparable to the studies
examined in our earlier paper in terms of the magnitudes of summary estimates and overlap in
confidence intervals.12 For example, the single-pollutant summary estimates for all-cause
mortality, the outcome with the most data, were similar across both datasets, suggesting that
the studies reporting two-pollutant model estimates were typical of the wider body of time-
series evidence of NO.
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Whilst evidence of NOz-associations which are robust to control for PM mass have been
identified, it is possible that there may be some residual confounding by PM. The components of
PM - primary combustion particles, for example ultrafine particles or Black Carbon - which have
been proposed as the real causal agents of the NOz-associations were not included in co-
pollutant models of NO; because concentration data for these pollutants were either unavailable
or sparse, reflecting the fact that these PM metrics are not routinely measured. PM1o was by far
the most used metric - in 67% of the studies. Summary estimates of NO; were generally robust
to adjustment for PMio. However, PM1o may not adequately reflect the toxic component of PM
because it reflects a number of sources, which do not include combustion / traffic, that are not
shared with NO,. Where the data permitted meta-analysis, robustness of the NO; associations to
adjustment for PM;s and Black Smoke was observed. Few data were available to permit an
assessment of the extent to which the NOz-associations are sensitive to control for combustion
derived particles such as Black Carbon or ultrafine particles. This has also been noted by

others.7-824

Given that the sources and composition of PM vary by location, and hence its toxicity, it cannot
be assumed that PM represents the same thing in each study (city/country). In view of the
differential toxicity of PM, it is preferable to examine individual studies that used more than one
particle metric to investigate possible confounding of the NO; associations by PM when
answering the research question, because they ‘tested’ the robustness of the NO;-associations to
different fractions / components of the ambient aerosol in the same location. Unfortunately,
such studies were few in number (8), but their findings support the view that the associations of

NO; with major health outcomes are robust to adjustment for PM measured in different ways.

We observed confounding of the associations between daily PM and mortality outcomes by NO,.
This suggests that NO, rather than the PM metrics examined, is a better predictor of the
observed mortality effects in the cities examined. An alternative interpretation may be that daily
variation in NO; in the cities better represents the mortality effects of daily variations in the
complex urban air pollution mixture or an unknown toxic entity than the metrics of PM used in
the analyses. Some caution is however needed in drawing conclusions about the analysis of PM
estimates because it only reflects a subset of the available studies on PM. Whether the results
are a feature of the subset of studies examined is unclear, and formal meta-analysis of the full
body of PM estimates, similar to the current review, is warranted. This may provide further
insights into whether the different fractions/component of PM might show different sensitivity

to adjustment for NO-.

Our results for PM are in contrast to the predominant views in the literature: although
confounding of the PM-mortality associations by NO2 has been observed in some time-series
studies!? 25-26 and noted in reviewss, the general consensus is that the PM-mortality estimates
are robust to adjustment for co-pollutantsé. The associations have been regarded as reflecting a

causal relationship, and experimental evidence has been used to support this. There is a lack of
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experimental evidence for NO; at current ambient concentrations and for cardiovascular
endpoints, and this has contributed to uncertainty regarding whether NO; is causally related to
health.

We also found evidence of high heterogeneity between the geographic specific summary
estimates of NOz, which suggests that it cannot be assumed that the results for one city (region)
represent the results for all cities (regions). For all-cause mortality and 24 hour NO., the high
heterogeneity between WHO region-specific estimates was completely removed after control
for PM (12 from 66.9% to 0%), suggesting that some study estimates were a bit extreme in
comparison with others in the meta-analysis, but were less so after adjustment for PM.
Geographical variation in effect estimates may be due to variations in population characteristics
and in pollution sources, mixtures, and ambient concentrations. However, none of the variables
used to represent the pollution and meteorological environments in the cities examined
accounted for the high between-study variability we observed. Further work is therefore
required to investigate potential explanations for the heterogeneity.

Results from the studies published since our literature search cut-off are summarised and
discussed in Appendix 1 of the supplementary material. The studies indicate that, in general, the
associations between NO; and mortality and hospital admissions remain after control for PM.

This is in keeping with the findings set-out in this paper.

In addition to the issue of confounding, studies have examined the potential for factors (for
example, season, socio-economic status, age, etc.) to modify the relationship between daily NO;
and mortality or hospital admissions. Few studies have however examined modification of the
associations of NO; with health by particulate air pollution. The available evidence suggests that
the size of an NO; association may be dependent on concentrations of PM1,.1° However, studies
have also observed the potential for daily NO» to modify the relationship between PM and
mortality. 33 The few available data on this issue come largely from the US and Europe, but
interaction between NO; and PM (on cardiac hospitalisation) has also been observed in Hong

Kong. 3¢ Further research on this aspect of the NO2-PM issue is needed.

Our review supports the conclusions of recent narrative reviews,’-8 but also provides meta-
analytical estimates based on two-pollutant model estimates of NO; from the worldwide data.
Taken together with the recent quantitative reviews of cohort studies on long-term exposure to
NO: and mortality?7-28 and of short-term exposure to NO; and respiratory symptoms in children
with asthma from panel studies,8 29 the evidence suggests a need for re-evaluation of the
approach to health risk assessment (hazard identification and health impact assessment) for air
pollution, an activity which has long been dominated by PM.30 The current review suggests that
the relationship between temporal variations in PM and mortality may not be as robust to
control for NO; as previously thought. We note also that attenuation of PM-mortality estimates

following control for NO; has been observed in long-term exposure studies.31-32 These findings
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could have implications for the calculation of health impacts attributable to these pollutants and

for possible double counting of effects.

In summary, we identified evidence of associations between NO and adverse health outcomes
that are independent of PM mass. However, there was limited evidence on adjustment of the
NO:.associations for primary combustion particles which are thought to be responsible for the
NO;-associations. Therefore, some uncertainty remains regarding possible confounding and

health impact assessments should reflect this.
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Legend (and footnotes) to Figures

Figure 1: All available studies providing two-pollutant model estimates for meta-analysis for all-
cause mortality, all ages, 24 hour NO;

Footnotes to Figure 1
—&— NO, single-pollutant —e— NO, adjusted for PM

1000xIn(RR) approximates to a percentage change per 10 pg/m3
* Single-pollutant model estimate for days with both NO; and visibility (Coefficient of Haze, COH) data in
Burnett et al, 2004 [RMID 3000].

Figure 2: All studies providing two-pollutant model estimates for all-cause mortality, all ages,
PM adjusted for 24 hour NO;
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Author,Year City, Study Access Particle Correlation, ES (95% CI
[RMID] Country Period D Co-pollutant NO, + PM S (95% CI)
Amr AMulti-cit
Brook 2007 485 10 Canadian cities, Canada 19842000 15643 jone —— 91 (0.35, 1.46)
15644 PM, 054 —— 81 (0,15, 1.46
15645 PMis 050 —— 76 (0,15, 1.36
15657 PMig25 031 —i— 86 (0.30, 141
Burnett, 2004 [3000] 12 Canadian cities Canada 19811999 22171% joné - 60 (0.34) 08
22161 jone —— 62 (0.19, 1.05
22162 PM, 048 —- 81 (031, 1:30
22164 PMis None reported — 74 (024, 123
22163 PMc. 027 - 73 (0.28, 117
22172 isibify 060 = 66 (0.33, 0.99]
Burnett, 2000 [135] 8 Canadian cities Canada 1986-1996 5771 None —— 93 (0,42, 1.44
5793 PM, 034 —— .73 (0.13, 132
5800 PMio 053 —— .77 (017, 1.38
5799 PMigz5 034 —— 91 (037, 1:45
Amr ASingle city
Ostro, 1999 [3] Coachella Valley,USA 19891992 4055 jone ——— 46 (-0.36, 3.29
4061 PMiq 013 —_— 39 (-1.75, 253
Moolgavkar;2003 [162] Cook County,USA 19871995 12723 joné - 57(0.33,0.81
22023 PMiq 0.49 - 47 (017,07
Moolgavkar,2003 [162] Los Angeles County,USA 1987-1995 127 oné * 52 (0.40, 064
22054 PM,¢ 073 - 47 (0.03, 0.91
12753 PM: 070 - 73 (0,40, 1.05
Kelsall, 1997 [236] Philadelphia USA 574 one > 07, (015,029
19741988 3740 TSP 067 -+ -0.31(-0.58, -0.05)
Amr BSingle city
Borja-Aburto, 1998 [214] Mexico CityMexico 19931995 567 None +— 059 44
20142 PMyg 057 — 001 1
Eur A Single ci
Wichann, 20001205] Erfurt Germany 19951998 7480 jone [ e — 143 26
22269 PNC 061 —1—— 035 (-1.89, 2,58
Peters,2000 [621] 19952001 22212 jone to—— 041 (-1:17, 199
21697 PNC 062 s -1.47 (:3.41,0.47)
Breitner,2009 [1954] 19952002 16174 jone —_— 108¢195/410)
22267 PNC 062 091 85.14, 332)
Hoek,2000 [175] Netherlands Netherlands 1986-1994 5504 jone -+ 1.02 (0.76, 1.28)
5560 BS 087 - 086 (0.46. 125
5552 PMq 062 —— 1,69 (092, 2.46)
Michelozzi, 1998 [219] Rome, ftaly 19921995 1196 one - 043 (0.10; 0.76}
22265 TSP 0507 - 029 (-0.07, 0.65)
Sear B,Single city
Wong,2008 (313] Bangkok,Thailand 1999-2003 161 None ——
16270 PMy, 071 ——
Wpr B,Single cit
Chon 301020621 Anshan China 20042006 21120 jone —e——
21121 PMy 055 S -
Wong,2008 [313] Hong Kong China 19962002 16208 jone b
16294 PMiq 080 —
Kiwon, 1999 [1643] Seoul,South Korea 19911995 14389 joné e
2229 TSP 0774 [
Chen, 2008 [1956] Shanghai China 20012004 15752 jone -
15753 PMyq 071 ——
Wong,2008 [313] 16220 one -
16318 PM1q 075 —
Kan 2003 [76] 20002001 11955 oné ——
11989 PMyq 073 ——
Kan,2003 [1531] 15097 one ——
22270 PMso 073 ——
Qian,2007 [1945] Wuhan China 20002004 152 one ——
15309 PMio 058 ——
Wong,2008 [313] 20012004 16232 oné ——
16342 PMio 075 _—
T T T T
5 2 4 0 1 2
1000xin(RR)

Figure 1: All available studies providing two-pollutant model estimates for meta-analysis for all-cause
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Author,Year City, Study Access Correlation ES (95% CI)
[RMID] Country Period D PM + NO,
5 ¢ Eur A, Single city
§ S| Hoek2000[175] Netherlands,Netherlands 1986-1994 5494 - 999%42.958
55 5559 087 T 0.22(-0.18, 062)
[Amr A Mutti-ci
Brook,2007 [48 10 Canadian cities (inc Quebec, Saint John) Canada 1984-2000 15639 — 073(0.13, 133)
15642 05 —1— 0.20 (054, 554)
Burnett, 2004 [3000] 12 Canadian Cities Canada 19811999 22167 e gario0s 0le)
Burnett 2000 [135] 8 Canadian cities Canada 1986-1996 5767 —— 0.73(0.22,1.24
11 5803 053 —1— 027 (0.3, 0.8
PM10 Amr A Single city
Ostro, 1999 [3] Coachella Valley,USA 1989-1992 4156 = 090(0.12,168)
12 4060 013 090017, 168
Cook County, USA 1967-1995 12718 - 040027, 059)
22020 049 - 050 (0.27, 0.73)
Moolgavkar,2003 [162] Los Angeles County,USA 19871995 12738 —— 0.60(0.29: 001
13 25043 070 —o— 0.0 (028, 0.60)
2| EurAsingle ity
=S| Hoek2000[175) Netherlands, Netherlands. 1986-1904 5492 - 0.28(0.05,052)
14 = 5551 062 —o 624 (0.5, 0
Sear BSingle ci
ite ik Bangkok Thailand 1999.2003 16198 —— 1.24(0:82, 167
15 16281 o7t —_—— 0.96(0.17, 174
Wor B,Single ci
ARy Anshan,China 2004-2008 21791 - 024003, 051
21793 055 ——, 013 (023 049
Wong, 2008[313] Hong Kong China 1996-2002 6210 - 053 (0.26, 0.50)
16305 080 —— 0.05(-0:32, 0.42)
Kan,2003 [76] Shanghai China 20002001 11847 R 0.30(0.10,10.50)
11984 073 - 910529 040)
Kan,2003 [1531] 5095 - 0.30 (010, 0.50)
22271 073 — 0,30 (.60, 0.00)
1 8 Wong,2008[313] 2001-2004 16222 * 0.26 (014, 0, 33&
18529 075 < 0.01 (0,14, 0.16)
Chen,2008 [1956] 15724 * 0.26(0.14,0.38)
15728 071 L 4 0.01(-0.14, 0.16)
19 Wong,2008[313] Wuhan,China 18234 - 043 (0.24,0,62)
| 163538 075 o 0.13{-0.10, 0.36)
Amr A Multici
2 0 Brook,2007 [48 10 Canadian cities (inc Quebec, Saint John) Canada 1984-2000 15637 —— 13012200
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Borja-Aburfo, 1998 [214] Mexico City, Mexico 1993-1995 549 :: 1.35 (0.20, 2.50)
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3360 067 - 051 (0.2, 077
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Figure 2: All studies providing two-pollutant model estimates for all-cause mortality, all ages, PM adjusted
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Literature search criteria

Bibliographic databases were searched to identify peer-reviewed time-series (and case
crossover) studies of the relationship between daily concentrations of NO; and daily mortality

or hospital admissions.

Bibliographic databases searched: PubMed, EMBASE or Web of Science (which includes the

Science Citation Index).

The search terms used are shown below and minor refinements were made for use in each
bibliographic database.
(air pollution OR pollution OR nitric oxide* OR nitrogen dioxide?) AND (timeseries OR
time series OR time-series OR daily OR case-crossover) AND (mortality OR death* OR
dying OR hospital admission* OR admission* OR emergency room OR visit* OR
attendance* OR ‘a&e’ OR ‘a and e’ OR accident and emergency OR general pract* OR
physician* OR consultation* OR emergency department*)

No restriction on language was applied. The bibliographic databases were searched for peer-
reviewed papers published up to May 2011.
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List of countries by WHO Region and mortality strata

BMJ Open

Reproduced from The World Health Report 2002 (http://www.who.int/whr/2002/en/,

accessed 7th February 2015)

African Region

Algeria — AFR-D

Angola - AFR-D

Benin - AFR-D

Botswana - AFR-E
Burkina Faso - AFR-D
Burundi - AFR-E
Cameroon - AFR-D

Cape Verde - AFR-D
Central African Republic - AFR-£
Chad - AFR-D

Comoros - AFR-D

Congo - AFR-E

Cote d'Ivoire - AFR-E
Democratic Republic of the Congo - AFR-E
Equatorial Guinea - AFR-D
Entrea - AFR-E

Ethiopia — AFR-E

Gabon - AFR-D

Gambia - AFR-D

Ghana - AFR-D

Guinea - AFR-D
Guinea-Bissau - AFR-D
Kenya - AFR-E

Lesotho - AFR-E

Liberia - AFR-D
Madagascar - AFR-D
Malawi - AFR-E

Mali - AFR-D

Mauritania - AFR-D
Mauritius - AFR-D
Mozambique - AFR-£
Namibia - AFR-E

Niger - AFR-D

Nigeria - AFR-D

Rwanda - AFR-E

Sao Tome and Principe - AFR-D
Senegal - AFR-D
Seychelles - AFR-D

Sierra Leone - AFR-D
South Africa - AFR-E
Swaziland - AFR-E

Togo - AFR-D

Uganda - AFR-E

United Republic of Tanzania - AFR-E
Zambia - AFR-E
Zimbabwe - AFR-E

Region of the Americas

Antigua and Barbuda - AMR-B

Argentina - AMA-B

Bahamas - AMR-E

Barbados - AMR-E

Belize - AMR-8

Bolivia - AMR-D

Brazil - AMR-B

Canada - AMR-A

Chile - AMR-B

Colombia - AMR-E

Costa Rica - AMR-2

Cuba - AMR-A

Dominica - AMA-B

Dominican Republic - AMA-E

Ecuador - AMR-D

El Salvador - AMR-B

Grenada - AMR-B

Guatemala - AMR-D

Guyana - AMR-8

Haiti — AMA-D

Honduras - AMR-E

Jamaica - AMR-8

Mexico - AMR-3

Nicaragua - AMR-D

Panama - AMR-E

Paraguay - AMR-E

Peru - AMR-D

Saint Kitts and Nevis - AMA-B

Saint Lucia - AMR-8

Saint Vincent and the
Grenadines - AMR-E

Suriname - AMR-3

Trinidad and Tobage - AMR-3

United States of America - AMR-A

Uruguay - AMR-8

Venezuela, Bolivarian
Republic of - AMR-B

Eastern Mediterranean Region
Afghanistan - EMR-D

Bahrain - EMA-B

Cyprus - EMR-B

Djibouti — EMR-D

Egypt - EMA-D

Iran, Islamic Republic of - EMA-B
Irag - EMR-D

Jordan - EMR-B

Kuwait - EMA-B

Lebanon - EMR-8

Libyan Arab Jamahiriya - EMR-8
Morocco - EMR-D

Oman - EMR-E

Pakistan - EMR-D

Qatar - EMR-8

Saudi Arabia - EMR-B

Somalia - EMA-D

Sudan - EMR-D

Syrian Arab Republic - EM7-8
Tunisia - EMR-B

United Arab Emirates - EMR-B
Yemen - EMR-D

Mortality strata

A Very low child very low adult
B.Low child, low adult

C.Low child, high adult

D.High child, high adult

E_High child, very high aduit
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European Region
Albania - tUR-8
Andorra - EUR-A
Armenia - EUR-2
Austria - EUR-A
Azerbaijan - EUR-8
Belarus - tUR-C
Belgium - EUR-A
Bosnia and Herzegovina - EUR-8
Bulgaria - EUR-8
Croatia - EUR-A
Czech Republic - EUR-A
Denmark - EUR-A
Estonia - EUR-C
Finland - EUR-A
France - EUR-A
Georgia - EUR-B
Germany - EUR-A
Greece - EUR-A
Hungary - EUR-C
Iceland - EUR-A
Ireland - EUR-A
Israel - EUR-A
Italy - EUR-A
Kazakhstan - EUR-C
Kyrgyzstan - EUR-8
Latvia - EUR-C
Lithuania - EUR-C
Luxembourg - EUR-A
Malta - EUR-A
Monaco - EUR-A
Netherlands - FUR-A
Norway - EUR-A
Poland - EUR-8
Portugal — EUR-A
Republic of Moldova - EUR-C
Romania - EUR-B
Russian Federation — EUR-C
San Marino - EUR-A
Slovakia - EUR-B
Slovenia - EUR-A
Spain — EUR-A
Sweden - EUR-A
Switzerland - EUR-A
Tajikistan - EUR-B
The former Yugoslav
Republic of Macedonia - EUR-B
Turkey — EUR-8
Turkmenistan - EUR-B
Ukraine - EUR-C
United Kingdom - EUR-A
Uzbekistan - EUR-B
Yugoslavia - EUR-B

BMJ Open

South-East Asia Region
Bangladesh — SEAR-D
Bhutan - SEAR-D
Democratic People’s
Republic of Korea - SEAR-D
India - SEAR-D
Indonesia - SEAR-E
Maldives - SEAR-D
Myanmar - SEAR-D
Nepal — SEAR-D
Sri Lanka - SEAR-B
Thailand - SEAR-8

Western Pacific Region
Australia - WPR-A
Brunei Darussalam - WPR-A
Cambodia - WPR-B
China - WPR-B
Cook Islands - WPR-B
Fiji - WPR-8
Japan - WPR-A
Kiribati - WPR-8
Lao People’s
Democratic Republic - WPR-B
Malaysia - WPR-E
Marshall Islands - WPR-8
Micaonesia, Federated
States of - WPR-E
Mongolia - WPR 3
Nauru - WPR-8
New Zealand - WPR-A
Niue - WPR-8
Palau - WPR-8
Papua New Guinea - WPR-8
Philippines - WPR-B
Republic of Korea - WPR-B
Samoa - WPR-B
Singapore - WPR-A
Solomon Islands - WPR-8
Tonga - WPR-B
Tuvalu - WPR-3
Vanuatu - WPR-8
Viet Nam - WPR-8
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Metrics of particulate matter (PM) used in two-pollutant model analyses

Category of PM
metric

PMio

PM;s

PMio-25
Black Smoke

Particle Number
Concentration (PNC)

Carbon

Total Suspended
Particles (TSP)

Visibility

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Particulate pollutants which map to category

PMy7; PMao; PMi3; In(PM7); In (PM13); V(PMuo); In(PMu4);

PM_;5; PM<1; PMos; Re-suspended Particulate Matter
(RSPM); PM25.1

PMio-25
Black Smoke; In(BS); sqrt(BS)

10-100nm; PNC; <100nm; Nucleation <30nm; Aitken 30-
100nm; Accumulation 100-290nm; NC 0.03-0.05; NC 0.05-
0.1; NC 0.01-0.03; NC 0.01-0.1; PM25 NC; PM25.10 NC; PM1,
NC; PNC size mode 12nm; PNC size mode 23nm; PNC size
mode 57nm; PNC size mode 212nm; PNC size mode to
100nm; NC128; NC346; NC total; NC31; 10-100nm surface
area

Black Carbon (BC); Elemental Carbon (EC); Organic Carbon
(0C); PM250C; PM25 EC; PM25OM; Total Carbon;

TSP; In(TSP); TSP-PM1o; PMyo; SPM; sqrt(TSP); blackness of
TSP filters

Coefficient of haze (COH); light scattering (PM. s indicator =
nephelometry measure instead of gravimetric); dry light
scattering (PM<1 indicator); bsp (PMzsindicator = an
indicator for particles 01-2 um (nephelometry measure
instead of gravimetric)); visibility (PM_ s indicator = digital
photography visibility); PM2s nephelpmetry (PMz.5
indicator=(nephelometry measure*100,000-.01)/0.28.)
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1
2
3 Table S1: Meta-analysis results for all-cause mortality in all-ages associated with a 10
4 pg/m3 increase in 24 hour NO;
5
6 . .
7 selected  NOz, single-pollutant NO: adjusted for PM
All
8 SC/MCa ?Eiﬁ\:g]b Random Effects 12 Random Effects 12
9 (95% CI)c (%)d (95% CI)c (%)4d
10 Overall, NOz + PM
11 (any PM metric)e 22/10 5/1(26) 0.78(0.47,1.09) 0.60 (0.33, 0.87)
12 AMR A 5/10 4/1(16) 0.48 (0.24, 0.72) 0.55 (0.12, 0.99)
ﬁ AMRB 1/0 1/0(1)  0.59(-026,145) g9  0.01(-110,1.12)
15 EURA 6/0 3/0(3) 0.71 (0.20, 1.22) 0.43 (-0.86, 1.73)
16 SEARB 1/0 1/0 (1) 1.41 (0.89, 1.93) 0.42 (-0.55, 1.40)
17 WPR B 9/0 5/0(5) 1.00 (0.54, 1.46) 0.85 (0.37,1.33)
18 NO:z + PM
19 (specific PM metric)f
20 NO2z + PM1o 13/3 4/1(21) 0.92 (0.58,1.72) 88.7 0.85 (0.52,1.18) 72
21 NO2z + PMzs 2/3 2/1(14) 0.53 (0.42, 0.64) 0 0.57 (0.24, 0.89) 6.9
22 NO2 + PM1o-25 0/3 0/1(12) 0.62 (0.19, 1.06) - 0.73 (0.28,1.18) -
23 NO2 + Visibility 0/1 0/1(12) 0.60 (0.34, 0.87) - 0.66 (0.33,1.00) -
24 NO2 + BS 1/0 s
gg NOz + TSP 3/0 - Insufficient estimates for meta-analysis
27 NO2z + PNC 3/0 -
a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies
28 b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
29 the estimates is given in brackets.
30 ¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.
31 d -12 statistic for heterogeneity between WHO region specific estimates
32 e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
33 Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
34 from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.
35 f - Overall summary estimate of NO2 adjusted for specific metrics of PM.
36 AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
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Table S2: Meta-analysis results for all-cause mortality in all-ages associated with a 10
pg/ms3 increase in 1 hour NO;

NO:z single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/MCa (cities)® Random Effects 12 Random Effects 12
(95% CI) ¢ (%)d  (95%CI)¢ (%)4
Overall, NOz + PM
(any PM metric)e 2/4 2/2(36) 0.32(-0.02,0.66) 0.20 (-0.24, 0.65)
AMR A 1/0 1/0 (1) 1.19 (0.20, 2.19) 0.78 (-0.35, 1.92)
AMR B 1/0 1/0(1)  -0.09(-0.19,000) 238  .028(-0.38-0.19) >2
EURA 0/3 0/1 (30) 0.30 (0.22, 0.38) 0.27 (0.16, 0.38)
WPR A 0/1 0/1 (4) 0.63 (0.21, 1.05) 0.52 (0.05, 1.00)
Overall, NOz + PM
(specific PM metric)f
NO2 + PM1o 2/1 2/1(32) 0.22 (-0.15, 0.60) 95.4 0.10 (-0.40, 0.61) 96.5
NOz + BS 0/2 0/1(30)  0.30(0.22, 0.38) - 0.33 (0.23, 0.43) -
NO2 + Visibility 0/1 0/1 (4) 0.63 (0.21, 1.05) - 0.52 (0.05, 1.00) -

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO: adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NO2 adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S3: Meta-analysis results for all cardiovascular mortality in all-ages associated with
a 10 pg/ms3 increase in 24 hour NO;

All Selected  NO2 single-pollutant NO: adjusted for PM
SC/MCa ffi{x:)b Random Effects 12 Random Effects I2
(95%CI) « (%) (95% CI)c (%)
?X;ﬁ;&lﬁt;gﬁd 14/0 5/0(10) 1.07 (0.43,1.72) 0.82 (0.22, 1.42)
AMR A 3/0 2/0(2) 0.52 (0.37, 0.68) 0.47 (0.06, 0.88)
AMR B 1/0 1/0 (1) 0.73 (-0.87, 2.36) 72 -0.36 (-2.47,1.81) 58.8
EUR A 3/0 2/0(2) 1.97 (-0.66, 4.66) 1.81(0.67,2.97)
SEARB 1/0 1/0 (1) 1.78 (0.47, 3.11) -0.51 (-2.88,1.92)
WPR B 6/0 4/0 (4) 1.37 (0.87, 1.87) 1.13(0.67, 1.58)
Overall, NOz + PM
(specific PM metric)f
NO2 + PM1o 10/0 4/0(8) 0.99 (0.49, 1.49) 80.1 0.87 (0.28, 1.46) 61
NO2 + PM2s 2/0 2/0(2) Insufficient estimates for meta-analysis
NO2 + BS 2/0 2/0(2) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NOz2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NOz adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S4: Meta-analysis results for all respiratory mortality in all-ages associated with a
10 pg/ms3 increase in 24 hour NO;

NO2, single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/M(Ca (cities)b Random Effects 12 Random Effects 12
(95% CI) © (%)d  (95%CI)c (%) d
Overall, NO2 + PM
(any PM metric)e 8/0 3/0 (6) 1.42 (0.64, 2.21) 1.13 (0.46,1.81)
AMR B 1/0 1/0 (1) 1.21 (-1.43,3.91) 0 0.61 (-2.83, 4.17) 0
SEARB 1/0 1/0 (1) 1.05 (-0.60, 2.73) 0.32 (-2.66, 3.39)
WPR B 6/0 4/0(4) 1.57 (0.63, 2.51) 1.20 (0.50, 1.90)
Overall, NOz + PM
(specific PM metric)f
NO:z + PM1o 7/0 2/0(5) 1.44 (0.63, 2.27) 0 1.15 (0.47, 1.84) 0
NOz + PM2s 1/0 1/0 (1) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NOz adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S5: Meta-analysis results for stroke mortality in all-ages associated with a 10
pg/m3 increase in 24 hour NO;

NO2, single-pollutant NO: adjusted for PM
Selected
All SC/MC
SC/M(Ca (cities)b Random Effects 12 Random Effects 12
(95% CI) © (%)d  (95%CI)¢ (%) d
Overall, NO2 + PM
(any PM metric)e 8/0 2/0 (5) 1.76 (0.68, 2.85) 1.12 (0.50,1.74)
SEARB 1/0 1/0(1)  280(0.70,494)  2>6  160(-220,555) O
WPR B 7/0 4/0(4) 1.47 (0.67, 2.27) 1.11 (0.48, 1.74)
Overall, NOz + PM
(specific PM metric)f
NO2 + PM1o 7/0 2/0(4) 1.83(0.76, 2.92) 9.3 1.04 (0.36, 1.73) 0
NOz + TSP 1/0 1/0 (1) Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs of single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by
the estimates is given in brackets.

¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
ug/m3NO2.

d -12 statistic for heterogeneity between WHO region specific estimates

e -Overall (global) summary estimate of NO2 adjusted for PM and by WHO regions. Protocol for selection of PM metrics defined in
Chapter 4 (Methods). Estimate numbers for Overall refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available
from all studies; (ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to
calculate the overall summary estimate across WHO regions.

f - Overall summary estimate of NOz adjusted for specific metrics of PM.

AMR, region of the Americas; EUR, European region; WPR, Western Pacific region; SEAR, South East Asian region.
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Table S6: Meta-analysis results for all-cause mortality in all-ages associated with a 10
pg/m3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24 hour NO;

All Selected  PM, single-pollutant ;l\(l)lzad]usted for 24 hour
SC/MCa ?Ei{?g:]h Random Effects 12 Random Effects 12
(95% CI)c (%)4 (95% CI)¢ (%)4
PMi1o
Overalle 12/3 4/1(21) 0.51(0.29,0.74) 82.9 0.18 (-0.11, 0.47) 71.9
AMR A 3/3 3/1(15) 0.49 (0.31, 0.66) 0.33 (-0.04, 0.71)
EURA 1/0 1/0 (1) 0.28 (0.05, 0.52) -0.24 (-0.55, 0.07)
SEAR B 1/0 1/0 (1) 1.25 (0.82, 1.68) 0.96 (0.17,1.76)
WPR B 7/0 4/0 (4) 0.35(0.22, 0.47) 0.05 (-0.06, 0.17)
PMzs
Overalle 2/3 2/1(14) 0.74(0.34,1.14) 19.6 0.54 (-0.25,1.34) 239
AMR A 1/3 1/1(13) 0.66 (0.23, 1.08) 0.33 (-0.54, 1.22)
AMR B 1/0 1/0 (1) 1.36 (0.20, 2.53) 1.33 (-0.12, 2.80)
PM1o-2:5 0/3 0/1(12) 0.65(-0.10,1.42) - 0.31(-0.49,1.11) -
Visibility 0/1 0/1(12) 40.93(23.39,60.97) - 12.42 (-4.47,32.29) -

Black Smoke 1/0

PNC

3/0

TSP

3/0

Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage change (95% confidence interval) in the risk of death per 10
pg/m3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates
e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the
overall summary estimate across WHO regions.
AMR, region of the Americas; Eur, European region; WPR, Western Pacific region; SEAP, South East Asian region.
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Table S7: Meta-analysis results for all cardiovascular mortality in all-ages associated with
a 10 pg/ms3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24

hour NO;
All Selected PM, single-pollutant ;]g adjusted for 24 hour
2
SC/MC
SC/MCa (ci{ jes)b Random Effects 12 Random Effects 12
(95% CI)« (%)d (95% CI)c (%)d

PM1o
Overalle 9/0 4/0 (8) 0.48 (0.18, 0.78) 66.5 0.19 (-0.21,0.59) 67.1
AMR A 2/0 2/0(2) 0.43 (0.17,0.70) 0.33(0.03,0.62)
EUR A 1/0 1/0 (1) 0.19 (-0.16, 0.54) -0.32 (-0.80, 0.17)
SEARB 1/0 1/0 (1) 1.90 (0.80, 3.01) 2.27 (0.24, 4.34)
WPR B 5/0 4/0 (4) 0.48 (0.26, 0.70) 0.22 (-0.09, 0.54)
PMzs 2/0 3 Insufficient estimates for meta-analysis

Black Smoke 1/0

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage increase (95% confidence interval) in the risk of death per 10
pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates

e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the

overall summary estimate across WHO Regions.
AMR, region of the Americas; Eur, European region; WPR, Western Pacific region; SEAP, South East Asian region.
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Table S8: Meta-analysis results for all respiratory mortality in all-ages associated with a
10 pg/ms3 increase in metrics of Particulate Matter (PM) - estimates adjusted for 24 hour

NO:
selected PM, single-pollutant PM adjusted for 24 hour NO2
All
SC/M(Ca ffiﬁ‘gg]b Random Effects 12 Random Effects 12
(95% CI)« (%)d  (95%CI)c (%)4

PMio
Overalle 6/0 2/0 (6) 0.58 (0.22, 0.93) 0 0.13(-0.18,0.44) ©
SEAR B 1/0 1/0 (1) 1.01 (-0.36, 2.40) 0.79 (-1.70, 3.34)
WPR B 5/0 4/0 (4) 0.54 (0.17,0.92) 0.12 (-0.19, 0.43)
PM2s 1/0 - Insufficient estimates for meta-analysis

a -Numbers of pairs of single-city (SC) / multi-city (MC) estimates available from all studies

b -Numbers of pairs single-city (SC) / multicity (MC) estimates selected for meta-analysis. The number of cities represented by the
selected estimates is given in brackets.
¢ - Random-effects summary estimates presented as a percentage increase (95% confidence interval) in the risk of death per 10
pg/ms3increase in 24 hour measures of PM. Estimates presented for ‘Overall’ and by WHO Region.

d -12 statistic for heterogeneity between WHO region-specific effect estimates

e -Estimate numbers for ‘Overall’ refer to: (i) the number of single-city (SC) / multi-city (MC) estimates available from all studies;
(ii) for selected estimates, it is the number of pooled (from single-city estimates) and multi-city estimates used to calculate the
overall summary estimate across WHO Regions.

WPR, Western Pacific region; SEAR, South East Asian region.
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1
2
3
4
5 Figure S1: Studies and two-pollutant model estimates selected for meta-analysis for all-cause mortality, all ages, 24 hour NO:
6
7
8 Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
9 Amr A,Multi-city
10 Burnett,2004 [3000] 12 Canadian cities, Canada 1981-1999 22161 None —— 0.62 (0.19, 1.05)
11 22164  PMy, None reported —— 0.74 (0.24, 1.23)
12 Amr A,Single city
Ostro,1999 [3] Coachella Valley,USA 1989-1992 4055 None o e S 1.46 (-0.36, 3.29)
13 4061 PM,q 0.13 < 0.39 (-1.75, 2.53)
14 Moolgavkar,2003 [162] Cook County,USA 1987-1995 12723 None - 0.57 (0.33,0.81)
15 22023 PMy, 0.49 —— 0.47 (0.17,0.77)
Los Angeles County,USA 1987-1995 12744 None * 0.52 (0.40, 0.64)
16 12753 PMy, 0.70 —e— 0.73 (0.40, 1.05)
17 Kelsall,( 1997 [236] Philadelphia,USA 1974-1988 574 None - 0.07 (-0.15, 0.29)
3740 TSP 0.67 o -0.31 (-0.58, -0.05)
18
19 Amr B,Single city
Borja-Aburto,1998 [214] Mexico City,Mexico 1993-1995 567 None -T—— 0.59 (-0.26, 1.44)
20 20142 PM,, 057 _ 0.01 (-1.10, 1.11)
2 1 Eur A,Single city
22 Peters,2009 [621] Erfurt,Germany 1995-2001 22212 None —_—T 0.41 (-1.17, 1.99)
23 21697 PNC 0.62 \ 4 -1.47 (-3.41,0.47)
Michelozzi,1998 [219] Rome,ltaly 1992-1995 1196 None —— 0.43 (0.10, 0.76)
24 22265 TSP 0.507 o— 0.29 (-0.07, 0.65)
25 Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5504 None - 1.02 (0.76, 1.28)
26 5552 PM,q 0.62 — 1.69 (0.92, 2.46)
27 Sear B,Single city
28 Wong,2008 [313] Bangkok, Thailand 1999-2003 16196 None — 1.40 (0.89, 1.91)
16270 PM;o 0.71 T 0.42 (-0.55, 1.39)
29
30 Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21120 None ——o—— 1.29 (-0.06, 2.64)
31 21121 PMy, 0.55 B e 0.89 (-0.91, 2.69)
32 Wong,2008 [313] Hong Kong,China 1996-2002 16208  None —— 0.90 (058, 1.21)
16294 PM;o 0.80 —— 0.86 (0.42, 1.29)
33 Shanghai,China 2001-2004 16220 None —— 0.97 (0.66, 1.27)
34 16318  PMyq 0.75 —— 0.94 (050, 1.37)
Wouhan,China 2001-2004 16232 None — 1.95 (1.30, 2.60)
35 16342 PMy, 0.75 —_— 1.68 (0.87, 2.49)
36 Kwon, 1999 [1643] Seoul,South Korea 1991-1995 14389 None —— 0.35 (0.05, 0.66)
37 22296 TSP 0.774 o 0.26 (-0.05, 0.56)
38
39 I [ [ I I
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Figure S2: All available studies providing two-pollutant model estimates for meta-analysis for all-cause mortality, all ages, 1 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)
Amr A,Single city
Ostro,1999 [3] Coachella Valley,USA 1989-1992 4056 None ——) 1.19 (0.20, 2.17)
4063 PM,, -0.13 —1—¢— 0.78(-0.35,1.91)
Amr B,Single city
Ostro, 1996 [256] Santiago,Chile 1989-1991 439 None * -0.09 (-0.19, 0.00)
3377 PM;, 0.73 * -0.28 (-0.38,-0.19)
Eur A,Multi-city
Samoli,2006 [1671] 30 European Cities,EU 1990-1997 16845  None . 0.30(0.22, 0.38)
16847 PMy, 0.11-0.69 * 0.27 (0.16, 0.38)
16846 BS 0.11-0.78 * 0.33(0.23,0.43)
Touloumi, 1997 [240] 6 European Cities (inc Athens),EU n/a-n/a 1211 None * 0.26 (0.18, 0.34)
1216 BS * 0.12(0.00, 0.24)
Wopr A,Multi-city
Simpson,2005[133] 4 Australian Cities,Australia 1996-1999 22274  None — 0.63 (0.21, 1.04)
13884  Visibility 0.29-0.62 —r— 0.52 (0.05, 0.99)
[ I I [
-2 -1 0 1 2
1000xIn(RR)
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1
2
3
4
5 Figure S3: All available studies providing two-pollutant model estimates for meta-analysis for all cardiovascular mortality, all ages, 24
6 hour NO;
7 Author,Year City, Study Access Particle Correlation,
8 [RMID] Country Period ID Co-pollutant NO, + PM ES (95% ClI)
9 Amr A Single city
10 Moolgavkar,2003 [162]  Cook County,USA 1987-1995 12877  None > 0.52 (0.15, 0.89)
11 22072 PMy, 0.49 > 0.26 (-0.20, 0.73)
Moolgavkar,2003 [162] Los Angeles County,USA 12900 None * 0.52 (0.35, 0.69)
12 22090  PM,, 0.70 < 0.68 (0.22, 1.13)
13 22100  PM,s 0.73 - 0.26 (-0.31, 0.83)
14 Amr B,Single city
15 Borja-Aburto, 1998 [214]  Mexico City,Mexico 1993-1995 570 None —to— 0.73 (-0.87, 2.33)
16 20145  PM,s 0.57 —— -0.36 (-2.51, 1.79)
17
18 Eur A,Single city
Hoek,2000 [175] Netherlands Netherlands ~ 1986-1994 5513  None - 0.92 (0.50, 1.34)
19 5584  BS 0.87 - 0.43 (-0.20, 1.06)
20 5576  PMi, 0.62 — 1.66 (0.50, 2.82)
21 Zeghnoun,2001 [1374] Rouen,France 1990-1995 22295 None —_— 3.67 (0.92, 6.42)
29 7861 BS 0.77 - 3.97 (-0.67, 8.60)
23 Sear B,Single city
24 Wong,2008 [313] Bangkok, Thailand 1999-2003 16200  None — 1.76 (0.47, 3.06)
25 19992003 16273  PMy, 0.71 —— -0.51 (-2.92, 1.90)
26 Wopr B,Single city
27 Chen,2010 [2052] Anshan,China 2004-2006 21125  None — 2.09 (0.22, 3.96)
28 21126 PMy, 0.55 . — -0.15 (-2.70, 2.40)
29 Wong,2008 [313] Hong Kong,China 1996-2002 16212  None - 1.22 (0.64, 1.81)
30 16297  PMy, 0.80 - 1.32 (0.54, 2.10)
Shanghai,China 2001-2004 16224  None -+ 1.00 (0.55, 1.46)
31 16321 PMy, 075 - 0.98 (0.33, 1.62)
32 Chen,2008 [1956] Shanghai,China 2001-2004 15756  None - 1.00 (0.55, 1.46)
33 15757  PMy 0.71 - 0.98 (0.33, 1.62)
34 Wong,2008 [313] Wuhan,China 2001-2004 16236  None —— 2.10 (1.17, 3.02)
16345  PM,, 0.75 —— 1.40 (0.24, 2.56)
35 Qian,2007 [1945] Wauan,China 2000-2004 15257  None — 1.64 (0.87, 2.41)
36 15310 PMy, 0.58 o 0.98 (0.00, 1.95)
37
38
39 | | | | |
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Figure S4: All available studies providing two-pollutant model estimates for meta-analysis for all cardiovascular mortality, all ages, 1 hour

NO:

Author,Year City,
[RMID] Country

Eur A,Multi-city

Samoli,2006 [1671] 30 European Cities,EU

Eur A,Single city

Bremner,1999 [182] London,UK

Study
Period

1990-1997

1992-1994

Access
ID

16850

16852

16851

670

780

775

Particle Correlation,
Co-pollutant  NO, + PM

ES (95% Cl)

0.40 (0.29, 0.51)

0.35 (0.21, 0.49)

0.44 (0.31, 0.57)

0.33 (0.10, 0.56)

0.26 (-0.05, 0.57)

0.31 (0.01, 0.62)
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Figure S5: All available studies providing two-pollutant model estimates for meta-analysis for all respiratory mortality, all ages, 24 hour

NO:

BMJ Open

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr B,Single city
Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 569 None —_— 1.20 (-1.44, 3.83)
20144 PM, 5 0.57 —_— 0.61 (-2.87, 4.08)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16204 None T 1.04 (-0.60, 2.69)
16276 PM,o 0.71 ——— 0.32 (-2.70, 3.33)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21130 None -0.18 (-5.54, 5.18)
21131 PM,o 0.55 + -1.73 (-9.27, 5.80)
Wong,2008 [313] Hong Kong,China 1996-2002 16216 None B 1.14 (0.42, 1.87)
16300 PM,o 0.80 —o— 0.87 (-0.11, 1.84)
Shanghai,China 2001-2004 16228 None —— 1.21 (0.42, 2.01)
16324 PM;o 0.75 —— 1.31(0.21, 2.41)
Chen,2008 [1956] Shanghai,China 2001-2004 15748 None - 1.21 (0.42, 2.01)
15749 PM,, 0.71 —o— 1.31 (0.21, 2.41)
Wong,2008 [313] Wuhan,China 2001-2004 16240 None — 3.61 (1.75, 5.47)
16348 PM,o 0.75 —_—— 2.80 (0.46, 5.14)
Qian,2007 [1945] Wuhan,China 2000-2004 15266 None — 2.21(0.52, 3.89)
15313 PM,o 0.58 T 1.28 (-0.83, 3.40)
| | | | |
-5 101 5 10
1000xIn(RR)
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Figure S6: All available studies providing two-pollutant model estimates for meta-analysis for stroke mortality, all ages, 24 hour NO;

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, +PM ES (95% CI)
Sear B,Single city
HEI,2010 [3003] Bangkok,Thailand  1999-2003 22198  None —_— 2.76 (0.70, 4.83)
22247  PMyg 0.71 —_—T 1.59 (-2.22, 5.40)
Wopr B,Single city
Ren,2008 [2001] Hangzhou,China 2002-2004 17521  None —— 2.05(0.54, 3.56)
17522 PMyq 0.692 1T 1.27 (-0.86, 3.41)
Hong,2002 [1448] Seoul,South Korea 1991-1997 8760 None —— 1.47 (0.37, 2.57)
8767 TSP 0.50 —— 1.47 (0.00, 2.94)
HEI,2010 [3003] Shanghai,China 2001-2004 22190  None R 0.69 (0.08, 1.30)
22224  PMyg 0.71 [~ 0= 0.79 (-0.07, 1.64)
Haidong,2004 [349] Shanghai,China 2001-2001 14215  None ——— 2.86(0.10, 5.62)
14216 PMyq 0.65 —T—— 1.98 (-1.61, 5.57)
Kan,2003 [130] Shanghai,China 2001-2002 12338  None —— 2.86 (0.10, 5.62)
12339  PM;, 0.65 I 1.98 (-1.61, 5.57)
HEI,2010 [3003] Wuhan,China 2001-2004 22195 None —— 2.15(1.06, 3.23)
22214  PMyg 0.75 = 1.50 (0.14, 2.86)
Qian,2007 [1945] Wouhan,China 2000-2004 15260  None —— 1.48 (0.56, 2.40)
15311 PMyo 0.58 = 0.93 (-0.23, 2.08)
I I I I
-5 101 5
1000xIn(RR)
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Figure S7: All available studies providing two-pollutant model estimates for meta-analysis for cardiac mortality, all ages, 24 hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO; +PM ES (95% Cl)

©CoO~NOUITA,WNPE

11 Amr A,Single city
13 Moolgavkar,2000 [163] Maricopa,USA 1987-1995 6981 None - 1.20 (0.51, 1.89)

15 22294 PM;, 0.22 —— 2.33 (-0.15, 4.81)

19 Wpr B,Single city
21 HEI,2010 [3003] Shanghai,China  2001-2004 22191  None - 1.53 (0.82, 2.24)
23 22225  PMy, 0.71 —— 1.55 (0.52, 2.58)
25 HEI,2010 [3003] Wuhan,China 2001-2004 22196 None —— 2.00 (0.44, 3.56)
27 22215 PMy, 0.71 e 1,55 (-0.42, 3.52)

Qian,2007 [1945] Wuhan,China 20002004 15263  None — 1.75 (0.4, 3.07)

15312 PM;o 0.58 == 1.27 (-0.38, 2.92)
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Figure S8: All available studies providing two-pollutant model estimates for meta-analysis for COPD (including asthma), Lower
Respiratory Infections (LRI), ischaemic heart disease (IHD), dysrhythmia (DYS) mortality, all ages, 24 hour NO:

Author,Year City, Study Diagnosis Access Particle Correlation, ES (95% Cl)
[RMID] Country Period ID Co-pollutant NO, + PM

Sear B,Single city

HEI,2010 [3003] Bangkok,Thailand  1999-2003 COPDp 22199  None — -1.41 (-5.13, 2.31)
22248 PM,, 0.71 —_— -8.23 (-15.08, -1.38)
DYS 22245  None —T— 1.29 (-5.55, 8.13)
22244 PMy, 0.71 < Y 6.1 (-6.29, 18.51)
IHD 22202 None 1T 1.49 (-0.70, 3.68)
22251 PMy, 0.71 o -0.40 (-4.60, 3.80)
LRI 22200  None +o— 1.29 (-0.90, 3.49)
22249 PM,, 0.71 e 1.88 (-1.71, 5.48)

Wopr B,Single city

HEI,2010 [3003] Shanghai,China  2001-2004 COPDp 22192  None - 1.17 (0.34, 2.01)
22226 PMy, 0.71 o 1.48 (0.30, 2.66)
LRI 22193 None o 1.72 (-1.15, 4.58)
22227 PMy, 0.71 —e— -0.29 (-4.30, 3.72)
| [T | [
5 001 5 10
1000xIn(RR)
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1
2
3
4
5 Figure S9: Studies and two-pollutant model estimates selected for meta-analysis for all cardiovascular mortality, all ages, 24 hour NO;
6
4 Author,Year City, Study Access Particle Correlation,
8 [RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
9 Amr A Single city
10 Moolgavkar,2003 [162]  Cook County,USA 1987-1995 12877  None > 0.52 (0.15, 0.89)
11 22072 PMy, 0.49 > 0.26 (-0.20, 0.73)
12 Los Angeles County,USA 12900 None L4 0.52 (0.35, 0.69)
13 22090  PMy, 0.70 < 0.68 (0.22, 1.13)
14
15 Amr B,Single city
16 Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 570 None T 0.73 (-0.87, 2.33)
17 20145  PM,q 0.57 —— -0.36 (-2.51, 1.79)
18 Eur A,Single city
19 Zeghnoun,2001 [1374] Rouen,France 1990-1995 22295 None —_— 3.67 (0.92, 6.42)
20 7861 BS 0.77 ——————  3.97 (-0.67, 8.60)
21 Hoek,2000 [175] Netherlands,Netherlands  1986-1994 5513 None * 0.92 (0.50, 1.34)
22 5576 PMyo 0.62 —— 1.66 (0.50, 2.82)
23
24 Sear B,Single city
25 Wong,2008 [313] Bangkok, Thailand 1999-2003 16200  None —— 1.76 (0.47, 3.06)
26 16273 PM,, 0.71 —— -0.51 (-2.92, 1.90)
;7 Wopr B,Single city

8 Chen,2010 [2052] Anshan,China 2004-2006 21125  None — 2.09 (0.22, 3.96)
29 21126 PMy, 0.55 — -0.15 (-2.70, 2.40)
30 Wong,2008 [313] Hong Kong,China 1996-2002 16212  None - 1.22 (0.64, 1.81)
31 16297  PMy, 0.80 - 1.32 (0.54, 2.10)
32 Shanghai,China 2001-2004 16224  None - 1.00 (0.55, 1.46)
33 16321  PM,, 0.75 - 0.98 (0.33, 1.62)
34 Wuhan,China 2001-2004 16236  None —— 2.10 (1.17, 3.02)
35 16345  PM,, 0.75 —— 1.40 (0.24, 2.56)
36
37 T 1T T T
38 5 101 5 10
39 1000xIn(RR)
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Figure S10: Studies and two-pollutant model estimates selected for meta-analysis for all respiratory mortality, all ages, 24 hour NO:
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Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Amr B,Single city
Borja-Aburto,1998 [214] Mexico City,Mexico 1993-1995 569 None  — 1.20 (-1.44, 3.83)
20144 PM,5 0.57 e A 0.61 (-2.87,4.08)
Sear B,Single city
Wong,2008 [313] Bangkok,Thailand ~ 1999-2003 16204  None T 1.04 (-0.60, 2.69)
16276  PM, 0.71 —T1— 0.32(-2.70, 3.33)
Wpr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21130  None -0.18 (-5.54, 5.18)
21131 PMy, 0.55 * -1.73(-9.27,5.80)
Wong,2008 [313] Hong Kong,China  1996-2002 16216  None = 1.14 (0.42, 1.87)
16300 PMy, 0.80 T 0.87 (-0.11, 1.84)
Shanghai,China 2001-2004 16228  None - 1.21(0.42, 2.01)
16324  PM,, 0.75 e 1.31(0.21, 2.41)
Wuhan,China 2001-2004 16240  None — 3.61(1.75, 5.47)
16348  PM;, 0.75 — 2.80(0.46, 5.14)
I L I I
-5 -101 5 10
1000xIn(RR)
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Figure S11: All studies providing two-pollutant model estimates for all-cause mortality, all-ages, ultrafine particles (UFP) adjusted for 24 hour
NO:

©CoO~NOUITA,WNPE

Author,Year City, Study Access Correlation, ES (95% Cl)
10 [RMID] Country Period D UFP + NO,

12 Eur A,Single city
Wichmann,2000 [1205] Erfurt, Germany 1995-1998 22277 —— 35.44 (-2.37, 73.25)
17 22278 0.61 —————— 30.91 (-12.71, 74.52)

Breitner,20009 [1954] Erfurt, Germany 1995-2002 16186 —_— 70.00 (14.30, 125.69)

79.87 (15.60, 144.15)

L 4

22 16189 0.62

24 Peters,2009 [621] Erfurt, Germany 1995-2001 22210 —— 29.34 (3.08, 55.61)

22211 0.62 e 40.26 (9.20, 71.31)
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Figure S12: All studies providing two-pollutant model estimates for all cardiovascular mortality, all-ages, PM adjusted for 24 hour NO;

Black
Smoke

PM,,

PM, 5

BMJ Open

Author,Year City, Study Access Correlation
[RMID] Country Period ID PM + NO, ES (95% Cl)
[ Eur A,Single city
Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5508 - 0.79 (0.40, 1.18)
5583 0.87 —— 0.62 (0.02, 1.21)
—Amr A,Single city
Moolgavkar,2003 [162] Cook County,USA 1987-1995 12872 s 0.40 (0.07, 0.73)
22071 0.49 1o~ 0.30 (-0.05, 0.65)
Los Angeles County,USA 1987-1995 12892 - 0.50 (0.05, 0.94)
22095 0.70 1T 0.40 (-0.16, 0.96)
Eur A,Single city
Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5507 - 0.19 (-0.16, 0.54)
5575 0.62 & -0.32 (-0.80, 0.17)
Sear B,Single city
Wong,2008 [313] Bangkok, Thailand 1999-2003 16202 — 1.88 (0.80, 2.97)
16284 0.71 S S 2.24 (0.24, 4.25)
Wopr B,Single city
Chen,2010 [2052] Anshan,China 2004-2006 21796 - 0.67 (0.29, 1.05)
21798 0.55 - 0.69 (0.19, 1.19)
Wong,2008 [313] Hong Kong,China 1996-2002 16214 o 0.61 (0.1, 1.11)
16308 0.80 —— -0.13 (-0.78, 0.52)
Wong,2008 [313] Shanghai,China 2001-2004 16226 A 0.27 (0.10, 0.44)
16332 0.75 * 0.01 (-0.22, 0.24)
Chen,2008 [1956] 15725 4 0.27 (0.10, 0.44)
15731 0.71 * 0.01 (-0.22, 0.24)
Wong,2008 [313] Wuhan,China 2001-2004 16238 < 0.57 (0.31, 0.83)
16356 0.75 [ 0.33 (0.00, 0.66)
Amr A,Single city
Moolgavkar,2003 [162] Los Angeles County,USA 1987-1995 12895 —— 0.90 (0.16, 1.63)
22101 0.73 — 0.20 (-1.10, 1.50)
Amr B,Single city
Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 560 - 2.17 (-0.01, 4.34)
20125 0.57 g 1.67 (-2.92, 6.25)
| | I
10 1 10
1000xIn(RR)
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1
2
3
4
5 Figure S13: All studies providing two-pollutant model estimates for all respiratory mortality, all-ages, PM adjusted for 24 hour NO,
6
7 Author,Year City, Study Access Correlation
8 [RMID] Country Period ID PM + NO, ES (95% CI)
9 —
10 Sear B,Single city
11 Wong,2008 [313] Bangkok, Thailand 1999-2003 16206 -T—— 1.00 (-0.36, 2.37)
12
13 16287 0.71 —_— 0.79 (-1.71, 3.29)
14
ig Wpr B,Single city
17 Chen,2010 [2052] Anshan,China 2004-2006 21801 —r 0.21(-0.82, 1.24)
18 21803 0.55 —T— 0.44 (-0.97, 1.85)
;'g ES Wong,2008 [313] Hong Kong,China 1996-2002 16218 —— 0.83(0.23, 1.42)
o

2 1 16311 0.80 —1— 0.34 (-0.47, 1.15)
22 Wong,2008 [313] Shanghai,China 2001-2004 16230 L d 0.27 (-0.01, 0.55)
gi 16335 0.75 - -0.05 (-0.45, 0.35)
25 Chen,2008 [1956] 15726 \d 0.27 (-0.01, 0.55)
26 15734 0.71 - -0.05 (-0.45, 0.35)
;g Wong,2008 [313] Wuhan,China 16242 - 0.87 (0.34, 1.39)
29 L 16359 0.75 -1 0.39 (-0.29, 1.07)
30

1 _
3 Amr B,Single city
32
33 E: Borja-Aburto, 1998 [214] Mexico City,Mexico 1993-1995 559 s 2.47 (-1.13, 6.06)

o
34 20124 0.57 L 4 1.98 (-2.51, 6.47)
35 L
36
37
38
39 T T T T T
5 1 0 1 5 10

40 1000xIn(RR)
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Figure S14: Studies providing two-pollutant model estimates for meta-analysis for all respiratory hospital admissions, various age groups,

24 hour NO;
Author,Year City, Study Age* Access Particle ES (95% Cl)
[RMID] Country Period D Co-pollutant
Eur A,Single city
Hagen,2000 [1071] Drammen,Norway 1994-1997 AA 4371 None T 2.70 (-0.29, 5.68)
3681 PM,, 0.61 ——— 2.06 (-1.66, 5.78)
Oftedal, 2003 [1556] Drammen,Norway 1994-2000 AA 12620  None — 2.80 (0.81, 4.79)
12632 PM,, -0.47-0.78 = 2.94 (0.38, 5.49)
Wong,2002 [1429] London,UK 1992-1994 E 22188  None - -0.10 (-0.60, 0.40)
22189  PMy, 0.68 - -0.40 (-1.21, 0.41)
Wopr A ,Multi-city
Barnett,2005 [2039] 7 Australia & 1998-2001 C 18986 None —&— 5.78(1.73,9.83)
New Zealand cities
19024  PM,, 0.21-0.57 —&—— 6.36 (3.03, 9.69)
Wopr B,Single city
Wong,2002 [1429] Hong Kong,China 1995-1997 E 8202 None g 1.78 (1.19, 2.38)
8319 PM,, 0.82 - 1.69 (0.80, 2.57)
I I I
101 10
1000xIn(RR)

* Age: AA = all ages; E = Elderly; C = Children
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Figure S15: Studies providing two-pollutant model estimates for meta-analysis for all respiratory hospital admissions, various age groups,
1 hour NO;

Author,Year City, Study Age* Access Particle
[RMID] Country Period ID Co-pollutant
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Figure S16: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for asthma, children, 24 hour NO;
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Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Eur A,Multi-city
Sunyer,1997 [398] 3 European Cities,EU 1986-1992 1658 None > 0.51 (0.12, 0.91)
2 European Cities,EU 1688 BS 0.29 - 0.49 1o— 0.71 (-0.90, 2.31)
Eur A,Single city
Andersen,2007 [519] Copenhagen,Denmark 1999-2004 18396 None * 8.99 (2.13, 15.85)
18397 PM,, 0.42 < 2.35 (-6.47, 11.17)
Andersen,2008 [1950] Copenhagen,Denmark 2001-2004 16168 None * 3.42 (-7.26, 14.10)
16169 PNC 0.68 * -2.65 (-16.23, 10.93)
Anderson, 1998 [380] London,UK 1987-1992 2128 None & 0.65 (0.16, 1.14)
1888 BS g 1.17 (0.43, 1.90)
Wpr B,Single city
Lee, 2002 [1466) Seoul,South Korea 1997-1999 8586 None —— 5.00 (3.41, 6.60)
8587 PM;o 0.738 —_— 4.38 (2.42, 6.33)
I I
-5 -101 10
1000xIn(RR)
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Figure S17: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for asthma, various age groups, 24
hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period Age* ID Co-pollutant NO, + PM ES (95% CI)
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Figure S18: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for cardiac disease, all-ages, 24

BMJ Open

hour NO:
Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% CI)
Eur A, Multi-city
Ballester, 2006 [1646] 4 Spanish Cities,Spain ~ 1995-1999 22279  None - 0.68 (0.17, 1.19)
22280 BS 0.23 - 0.69 -1 0.36 (-0.65, 1.37)
5 Spanish Cities,Spain 22281 None Bl 0.67 (0.06, 1.28)
22282 PMyo 0.13-0.62 - 0.02 (-0.67, 0.72)
6 Spanish Cities,Spain 22283 None - 1.02 (0.45, 1.60)
22284 TSP 0.13-0.65 - 1.07 (0.43, 1.71)
Eur A,Single city
Wong,2002 [1429] London,UK 1992-1994 8214 None g 0.70 (0.30, 1.10)
1992-1994 8343 PM,, 0.68 0.60 (0.00, 1.20)
Wopr B,Single city
Wong,2002 [1429) Hong Kong,China 1995-1997 8206 None - 1.39 (0.90, 1.88)
1995-1997 8331 PM,q 0.82 —— 1.69 (0.90, 2.48)
I [ [ I
101 5 10
1000xIn(RR)
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Figure S19: Studies providing two-pollutant model estimates for meta-analysis for hospital admissions for cardiac disease, elderly, 24
hour NO:

Author,Year City, Study Access Particle Correlation,
[RMID] Country Period ID Co-pollutant NO, + PM ES (95% Cl)

Amr A,Single city
Moolgavkar,2000 [1196] Cook County,USA 1987-1995 6841 None b g 1.49 (1.21, 1.78)

6846 PM;o 0.49 - 1.19 (0.84, 1.54)

Eur A,Single city

Andersen,2007 [519] Copenhagen,Denmark 1999-2004 18381 None -1 0.96 (-0.52, 2.45)
18383 PMyo 0.42 —_—— 0.00 (-1.89, 1.89)
Andersen,2008 [1950] Copenhagen,Denmark 2001-2004 16127 None —_—— 0.00 (-1.76, 1.76)
16137 PNC 0.66 0.00 (-3.56, 3.56)
| I I I
5 1. 0 1 5
1000xIn(RR)
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Figure S20: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all-cause

mortality in all-ages

Author,Year City, Study Access Lag Season

[RMID] Country Period D ES (95% CI)

Amr A Multi-city

Brook, 2007 [485] 10 Canadian cities,Canada 1980-2000 15647 lag 1 all * 0.66 (0.40, 0.91)
15649 lag 1 summer - 1.16 (0.76, 1.55)
15650 lag 1 winter 3 0.46 (0.25, 0.66)

Burnett, 2004 [3000] 12 Canadian Cities,Canada 1981-1999 22140 lag 0-2 all * 0.52(0.29, 0.75)
22300 lag 0-2 summer - 0.95 (051, 1.40)
22301 lag 0-2 winter &3 0.28 (0.04, 0.52)

Amr A,Single city

Moolgavkar,2003 [162] Cook County,USA 1987-1995 12723 lag 1 all * 0.57 (0.33, 0.81)
12780 lag 1 summer o 1.04(0.50, 1.57)
12805 lag 4 winter - 0.78(0.30, 1.26)

Los Angeles County, USA 1987-1995 12744 lag 1 all . 0.52(0.40, 0.64)

12836 lag2 summer K 0.83(0.47, 1.19)
22328 lag 5 winter — 0.52(-1.51, 2.55)

Eur A,Single city

Wichmann, 2000 [1205] Erfurt,Germany 1995-1998 7480 lag4 all —— 1.43 (-0.40, 3.26)
7498 lag4 summer R — -0.20 (-3.63, 3.23)
7496 lag 4 winter P 1.96 (-0.05, 3.97)

Peters,2009 [621] 1995-2001 21687 lag 3 all —t— 0.69 (-0.88, 2.27)
22325 lag 3 summer _ -1.65 (-3.74, 0.44)
22323 lag3 winter —o— 1.05 (-0.05, 2.16)

Anderson, 1996 [268] London, UK 1987-1992 641 lag 1 all * 0.14(-0.02, 0.30)
643 lag 1 summer o 0.25(-0.04, 0.55)
642 lag 1 winter > 0.10(-0.10, 0.30)

Hoek,2000 [175] Netherlands,Netherlands 1986-1994 5503 lag1 all * 0.57 (0.40, 0.75)
5544 lag 0-6 summer - 1.37 (0.76, 1.98)
5543 lag 0-6 winter < 0.82(0.46, 1.18)

Michelozzi, 1998 [219] Rome ltaly 1992-1995 1196 lag2 all & 0.43(0.10, 0.76)
1202 lag 2 summer — 1.09(0.48,1.71)
1200 lag 2 winter L 2 0.07 (0.32, 0.46)

Michelozzi, 2000 [1299] 1992-1995 7320 lag 1-2 all - 0.40 (0.10, 0.70)
7324 lag 1-2 summer —o— 1.09 (0.50, 1.69)
7322 lag 1-2 winter 3 0.10 (-0.30, 0.50)

Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1031 lag 0 all —e— -1.10 (-2.26, 0.05)
1032 lag 4 summer —— 1.71(0.04, 3.37)
1033 lag 0 winter —— 2,57 (-3.98, -1.15)

Wpr A,Single city

Simpson, 1997 [233] Brisbane, Australia 1987-1993 1142 lag0 all —— -0.27 (-1.39, 0.86)
1143 lag 0 summer — -0.96 (-3.11, 1.19)
1144 lag 0 winter —— 0.31(-1.13, 1.74)

Simpson, 2000 [148] Melbourne, Australia 1991-1996 5634 lag 1 all - 1.25(0.63, 1.88)
5636 lag 1 summer —— 1.88(0.73, 3.03)
5635 lag 1 winter —o— 0.78 (-0.05, 1.62)

Wpr B,Multi-city*

Wong,2008[313] Shanghai, China 2001-2004 16220 lag 0-1 all * 0.97 0.66, 1.27)
22302 lag 0-1 summer - 0.46 (-0.07, 0.99)
22303 lag 0-1 winter < 1.23(0.84, 1.63)

Wpr B,Single city

Wong,2001 [1327] Hong Kong,China 1995-1997 5978 lag 1 all - 0.67(0.23,1.12)
6002 lag 1 summer o= 0.44 (-0.22, 1.09)
6003 lag 1 winter —— 1.16 (0.47, 1.85)

Kan,2008 [1973] Shanghai,China 2001-2004 17349 lag 0-1 all * 0.97 (0.66, 1.27)
17350 lag 0-1 summer - 0.46 (-0.07, 0.99)
17351 lag 0-1 winter b d 1.23(0.84,1.63)
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1
2
3
4
5 Figure S21: All available studies providing estimates from both single and season-specific models for 24 hour NO; and all cardiovascular
6 . M
mortality in all ages
7
8 Author,Year City, Study Access Lag Season
9 [RMID] Country Period ID ES (95% CI)
10 Amr A,Single city
11 Moolgavkar,2003 [162] Cook County,USA 1987-1995 12877  lag3  all -> 0.52 (0.15, 0.89)
12 12938 lag 2 summer == 1.19 (0.38, 2.00)
13 12963 lag 4 winter o 0.93 (0.23, 1.64)
Los Angeles County,USA 12900  lag 1 all * 0.52 (0.35, 0.69)
14 12992 lag 2 summer - 0.93 (0.41, 1.46)
15 13024 lag3  winter - 0.31 (0.01, 0.62)
16
17 Eur A,Single city
18 Anderson,1996 [268] London,UK 1987-1992 650 lag 0 all * 0.12 (-0.11, 0.35)
652 lag 0 summer [ 0.44 (0.03, 0.84)
19 651 lag 0 winter * -0.02 (-0.30, 0.25)
20 Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1043 lag3 all T 1.19 (-0.60, 2.97)
21 1044 lag 3 summer —— 3.22 (0.56, 5.89)
22 1045 lag 0 winter — -2.11 (-4.25, 0.03)
23 Wpr B,Multi-city
24 Wong,2008 [313] Shanghai,China 2001-2004 16224  lag 0-1 all - 1.00 (0.55, 1.46)
25 22304 lag 0-1  summer -1 0.30 (-0.54, 1.14)
26 22305 lag 0-1  winter - 1.25 (0.68, 1.83)
27 T—
pr B,Single city
28 Wong,2001 [1327) Hong Kong,China 1995-1997 5982 lag2  all —— 1.33 (0.45, 2.21)
29 6010 lag 2 summer —— 0.00 (-1.36, 1.36)
30 6011 lag 2 winter = 2.26 (1.16, 3.37)
Kan,2008 [1973] Shanghai,China 2001-2004 17373 lag 0-1 all - 1.00 (0.55, 1.46)
31 17374 lag 0-1  summer -1 0.30 (-0.54, 1.14)
32 17375 lag 0-1  winter o 1.25 (0.68, 1.83)
33
34
35 T T T T
-5 101 5 10
36 1000xIn(RR)
37
38
39
40
41
43
44
45
46 For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml
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Figure S22: All available studies providing estimates from both single-pollutant and season-specific models for 24 hour NO: and all
respiratory mortality in all-ages
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Author,Year City, Study Access Lag Season

[RMID] Country Period ID ES (95% Cl)

Eur A,Single city

Anderson, 1996 [268] London,UK 1987-1992 659 lag 1 all - -0.18 (-0.63, 0.28)
661 lag 1 summer o1 -0.51 (-1.37, 0.34)
660 lag 1 winter < -0.05 (-0.56, 0.45)

Ocana-Riola, 1999 [190] Seville,Spain 1992-1996 1058 lag 0 all —_— -2.27 (-5.56, 1.02)
1059 lag 1 summer _—— 3.07 (-2.30, 8.44)
1060 lag0  winter —_—— -3.70 (-7.70, 0.29)

Wpr A,Single city

Simpson, 1997 [233] Brisbane, Australia 1987-1993 1233 lag 0 all —_— -2.19 (-6.18, 1.81)
1234 lag 0 summer * -3.83 (-12.13, 4.47)
1235 lag 0 winter —_— 1 -1.94 (-6.66, 2.77)

Simpson,2000 [148] Melbourne,Australia 1991-1996 5646 lag 0 all —— 2.35(0.16, 4.54)
5648 lag 0 summer ——— 7.63(3.75, 11.51)
5647 lag 0 winter — -0.99 (-3.94, 1.95)

Wpr B,Multi-city

Wong,2008 [313] Shanghai,China 2001-2004 16228 lag 0-1 all == 1.21 (0.42, 2.01)
22306 lag 0-1  summer — -1.38 (-2.90, 0.14)
22307 lag 0-1  winter == 2.63 (1.66, 3.59)

Wpr B,Single city

Wong,2001 [1327] Hong Kong,China 1995-1997 5986 lag 0 all —— 1.54 (0.45, 2.64)
6018 lag 0 summer —— 1.07 (-0.22, 2.37)
6019 lag 0 winter — 2.05 (0.47, 3.62)

Kan,2008 [1973] Shanghai,China 2001-2004 17385 lag 0-1 all - 1.21 (0.42, 2.01)
17386 lag 0-1  summer === -1.38 (-2.90, 0.14)
17387 lag 0-1  winter —— 2.63 (1.66, 3.59)
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1
2
3
4
igure : available studies providing estimates from both single-pollutant and season-specific models for our 2and a

5 F S23: All lable stud d t tes fi both 1 llutant and fi dels for 24 h NO d all
? respiratory and all cardiovascular hospital admissions in all-ages
8 Author,Year Diagnosis City, Study Access Lag Season

[RMID] Country Period ID ES (95% CI)
9
10 Eur A Single city
i;‘ De Leon, 1996 [417] All respiratory London,UK 1987-1992 1404 lag 2 all L 3 0.22(0.01,0.43)
13 1396 lag2 summer > 0.47 (0.07, 0.88)
14 1388 lag 2 winter L 3 0.13(-0.12, 0.37)
15
16 Sear D,Single city
17 Jayaraman,2008 [739] All respiratory Delhi,India 2004-2005 18727 lag 3 all 5 0.40 (-0.80, 1.60)
18 18739 lag3 summer —&————— 51.76(22.47,81.05)
19
32 Wpr B,Single city
22 ‘Wong, 1999 [364] All respiratory Hong Kong,China 1994-1995 2982 lag 0-3 all @ 1.98 (1.29, 2.67)
23 3005 lag 0-3 winter S 0.40 (-1.21, 2.01)
24 All cardiovascular 2994 lag 0-1 all ® 1.29(0.70, 1.89)
25 3008 lag 0-3 winter —— 9.80 (-0.10, 19.71)
26 Chen,2010 [124] All respiratory Shanghai,China 2005-2007 21109 lag 6 all & 0.47 (-0.25, 1.19)
27 21115 lag 5 summer ® 0.05(-0.91, 1.01)
28 21114 lag 5 winter > 0.65(-0.37, 1.67)
gg All cardiovascular 21108 lag 5 all & 0.80(0.10, 1.49)
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Figure S24: Ranking of NO: estimates for all-cause mortality in all-ages by mean levels of

24 hour NO; (multi-city studies shown using black bars)
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Figure S25: Ranking of NO; estimates for all-cause mortality in all-ages by mean levels of

PMio (multi-city studies shown using black bars)
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APPENDIX 1
Update literature search and commentary

In May 2015, BM] Open published our systematic review and meta-analysis in which we
demonstrated that short-term exposure to NO: is associated with mortality and hospital
admissions for cardiovascular and respiratory diseases in different age groups
(doi:10.1136/bmjopen-2014-006946). Whether the NO; associations are independent of the
effects of particulate matter (PM) is the subject of the current manuscript under consideration
by BM] Open. The manuscript builds upon our earlier paper and forms the second part of our
two-part study. Both parts of the study are based on a literature search with a cut-off of May
2011.

During the peer-review of the first (already published) paper, we faced criticisms regarding our
literature cut-off similar to those made about the second manuscript. At that time, we addressed
the points by undertaking a partial update of the literature:

i) using the same search string

(i) searching only one (of three) bibliographic databases - PubMed

(iii)  focusing only on papers published in the English language

(iv) focusing on the period from 1st April 2011 to 26t July 2014, the date of the search
After applying the same inclusion criteria, we identified 37 studies of all-year NO,.

To address the latest comments regarding the literature cut-off, we re-examined the 37 studies
to:

i) identify papers which reported estimates of NO, adjusted for a metric of PM

(i) assess how the adjusted estimates compare with the results of our study

(iii)  determine whether the papers published since our cut-off alter the messages in our
manuscript.

Twelve of the 37 studies (that is 32%) reported numerical estimates of NO; adjusted for a
metric of PM: see reference list. Table 1 provides an overview of the data, by outcome, diagnosis,
averaging time, multi-city status of the study and location in which the study was conducted.
Table 2 summarises the quantitative results of each study, and the paragraphs which follow
provide commentary on the information presented in the tables.

Seven studies examined mortality outcomes whilst five examined hospital admissions. Eleven
studies used 24 hour average NOz and the majority of the studies used PMio to control for the
effects of particles. These findings are in keeping with our manuscript: (i) 29% of the studies
published up to May 2011 reported estimates of NO adjusted for PM; (ii) 67% of the studies
used PMj, to control for the effects of particles. Table 1 also shows that six of the 12 studies
used a multi-city design and the majority of the new data comes from the Western Pacific
Region B, which includes China. The growth in studies from this region of the world was
identified in our review and cities in this region are represented in our meta-analytic estimates.

Many of the new studies include locations which are represented in our meta-analyses and
there is also some overlap in study time periods between studies included in our review and
newly published evidence. Some of the new studies are however based on a larger number of
cities from a particular country, but also include cities represented in our meta-analyses
(Moolgavkar et al, 2013; Chen et al, 2012). Chiusolo et al (2011) report further analyses of
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existing data. Only one single-city study provided data for a less well studied part of the world:
Ho Chi Minh city, Vietnam (HEI, 2012).

The results of the studies presented in Table 2 indicate that, in general, the associations
between NO2and mortality and hospital admissions remain after control for PM and support an
independent effect of NO; (adjusted for PM). This is in keeping with the key findings of our
manuscript, and does not alter the conclusions of our review of studies published up to May
2011. Whilst we acknowledge that a more up-to-date review is desirable, it would be unlikely to
significantly alter the relevance or importance of our review. To our knowledge, no quantitative
systematic review of the two-/multi-pollutant model estimates of NO; has been published since
2002 (Stieb et al), and this was only for all-cause mortality. Since then, the evidence of adverse
effects of NO; has increased and strengthened. Our analyses therefore contribute new
quantitative evidence to the science-policy debate, indicating that NO; is associated with
adverse health outcomes independently of PM (measured mainly as PM1o, PM2 5, and Black
Smoke). Table 2 also shows that the estimates of PM are more sensitive to control for NO; in
joint models than the estimates of NO; are. This observation provides some support for the
findings in our manuscript, and, as discussed in our manuscript, is an issue which warrants
further investigation.

The resources required to undertake a detailed systematic ascertainment and quantitative
meta-analysis of the growing time-series literature limits the ability of our systematic review to
incorporate the very latest published evidence. Further work would be required to search
additional databases (as was done in our manuscript), sift and translate relevant foreign
language papers (also done for our review), enter quantitative estimates in our database, and
apply our estimate selection protocol before judgements could be made about the specific meta-
analyses that would or would not need to be updated in light of the new evidence. Furthermore,
as the current manuscript builds upon our earlier paper and forms the second part of our two-
part study, it is desirable to base the two papers on the same literature cut-off to enable
comparison of results.
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Table 1: Summary of time-series studies of daily NO; and mortality or hospital

admissions published since May 2011

Total Multi-city study Single-city study

oraiy | Mot woraiy | Mot | oy | ool
Total 7 5 4 2 3 3

Respiratory 3 3 2 1 1 2
Disease? Cardiovascular 4 2 3 1 1 1

All-cause 5 2 2

American A 1 1

European A 1 4 1 2 2
WHO Western Pacific B 5 2 3
Region® American B

Western Pacific A

South East Asia B 1 1

24 hours 7 4 4 1 3 3
Q\I/::aging Maximum 1 hour 1 1

Other

a - Respiratory includes all-respiratory diseases, asthma, COPD only, COPD (including asthma), lower respiratory infections, and
upper respiratory diseases; Cardiovascular includes all-cardiovascular diseases, cardiac disease, heart failure, ischaemic heart

disease, dysrhythmia, and stroke.

b - WHO regions: A: very low child and adult mortality; B: low child mortality and low adult mortality; C: low child mortality and
high adult mortality; D: high child mortality and high adult mortality. A list of countries which form part of each WHO region is
given in Appendix 3.
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Table 2: Summary of results of time-series studies of mortality and hospital admissions reporting estimates of NO; adjusted for

a metric of PM.

8 Chinese cities
1996-2008, years varied
across the cities

Stroke (ICD10 160-69)
All ages

per 10 pg/m3 NO2
Lag0-1
24 hour average

adjusted for PM1o

across cities
ranged from
0.51to 0.87

per 10 pg/m3 PM1o
Lag0-1
24 hour average

Outcome NO:; effect estimate Correlation PM effect estimate
Author (year) Dia : (95% confidence interval) NO./PM (95% confidence interval)
. gnosis

Study location A

Study period gegroup Single-pollutant Adjusted for PM Single-pollutant Adjusted for NO;
Bhaskaran et al (2011) Hospital admissions 1.1% (0.3, 1.8) per 0.8% (0, 1.6) NOz/PM1o 1.2% (0.3, 2.1) per 10 0.8% (-0.1, 1.8)
15 conurbations in England | Myocardial infarction 10 pg/m3 NO2 adjusted for PM1o 0.48 pg/ms3 PM1o
and Wales Adults / Elderly Lag 1-6 hours Lag 1-6 hours
2003-06 Hourly average Hourly averaging time
Chen et al (2013a) Mortality 1.47% (0.88, 2.06) 1.17% (0.47, 1.88) PM10/S02/NO2 | 0.54% (0.28, 0.81) 0.14% (-0.04, 0.31)

1996-2010, years varied
across the cities

99)
All ages

Lag0-1
24 hour average

Mortality

All cardiovascular (190-
99)

All ages

1.80% (1.00, 2.59)

1.19% (0.30, 2.08)
adjusted for PM1o

Mortality
All respiratory (J00-98)
All ages

2.52% (1.44, 3.59)

1.75% (0.76, 2.75)
adjusted for PM1o

0-1
24 hour average

Chen et al (2013b) Mortality 0.66% (0.47, 0.86) 0.81% (0.53, 1.11) None reported | 0.15% (0.07, 0.23) -0.08% (-0.2, 0.04)
Shanghai All-cause (ICD10 A00- per 10 pg/m3 NO2 adjusted for PM1o per 10 ug/m3 PM1o Lag
2001-2008 99) Lag 0 0

All ages 24 hour average 24 hour average
Chen et al (2012) Mortality 1.63% (1.09, 2.17) 1.28% (0.72, 1.84) NOz/PM1o 0.35% (0.18, 0.52) 0.16% (0.00, 0.32)
17 Chinese cities All-cause (ICD10 A00- per 10 pg/m3 NO2 adjusted for PM1o 0.66 per 10 ug/m3 PM1o Lag

0.44% (0.23, 0.64)

0.23% (0.03, 0.43)

0.56% (0.31, 0.81)

0.24% (0.00, 0.49)

Chiusolo et al (2011)
10 Italian cities
2001-2005

Mortality
All-causes (ICD9 <800)
> 35 years

2.09% (0.96, 3.24%)

per 10 pg/m3 NO2
Lag 0-5
24 hour average

1.95% (0.50, 3.43%)

adjusted for PM1o

None reported
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Outcome NO:; effect estimate Correlation PM effect estimate
Author (year) Diagnosis (95% confidence interval) NO./PM (95% confidence interval)
Study location A eg o
Study period ge group Single-pollutant Adjusted for PM Single-pollutant Adjusted for NO:
Mortality 2.63% (1.53,3.75) 2.58% (1.05, 4.13) - -
Cardiac (ICD9 390-429) adjusted for PM1o
> 35 years
Mortality 3.48% (0.75, 6.29) 3.39% (0.77, 6.08) - -
All respiratory (ICD9 adjusted for PMio
460-519)
> 35 years
Mortality 2.35% (-013, 4.89) 2.55% (-0.71, 5.92) - -
Cerebrovascular (ICD9 adjusted for PM1o
430-438)
> 35 years
Faustini et al (2013) Hospital Admissions 1.19% (0.23-2.15) 0.86% (0.30-2.02) NO2z/PM1o 0.59% (0.10-1.08) per | 0.45% (-0.12-1.01)
6 Italian cities All respiratory per 10 pg/m3 NO2 adjusted for PM1o 0.22-0.79 10 pg/m3 PMio
2001-05 > 35 years Lag 0-5 Lag0-1
24 hour average 24 hour average
Hospital Admissions 1.20% (0.17-2.23) 1.02% (-0.45-2.51) 0.67% (-0.02-1.35) 0.54% (-0.41-1.49)
COPD adjusted for PM1o
> 35 years
Hospital Admissions 1.79% (-1.16-4.83) 2.01% (-1.78-5.94) 1.91% (0.06-3.79) 2.14% (-0.74-5.11)
Lower respiratory tract adjusted for PM1o
infections
> 35 years
Guo etal (2014) Mortality 1.6% (0.4 to 2.8) 1.6% (-0.2 to 3.5) NO2/PMzs 1.3% (0.1 to 2.6) per 0.3% (-1.4 to 2.0)
Shanghai All-causes per 30 pg/m3 (IQR) adjusted for PMzs 0.61 94 pg/m3 (IQR) PMzs, | PMzs
2004-08 All ages NO:z Lag 0-1 Lag 0-1
24 hour average 24 hour average
0.5% (-1.3 to 2.3) NO2/PM1o 1.7% (0.6 to 2.9) per 1.3% (-0.4 to 3.0)
adjusted for PM1o 0.67 106 pg/m3 (IQR) PM1o | PMio
HEI (2012) Hospital admissions 4.32% (0.04, 8.79) 4.81% (0.04, 9.80) NO2/PM1o 0.26% (-0.94, 1.47) -0.31% (-1.65, 1.04)
Ho Chi Minh city, Vietnam Acute lower respiratory | per 10 pg/m3 NO2 adjusted for PM1o 0.78 per 10 pg/m3 PM1o
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1

2

3

4

5 Outcome NO:; effect estimate Correlation PM effect estimate

6 Author (year) Diagnosis (95% confidence interval) NO./PM (95% confidence interval)

7 Study location Age srou

8 Study period ge group Single-pollutant Adjusted for PM Single-pollutant Adjusted for NO:

9

10 2003-05 infections Lag1-6 Lag 1-6

11 Children <5 years 24 hour average 24 hour average

12 Iskandar et al (2012) Hospital admissions OR 1.10 (1.04 to OR 1.08 (1.01 to NO2z/PM1o OR1.07 (1.03to 1.12) | OR1.04 (1.00 to

13 Copenhagen Asthma (ICD10 J45-46) | 1.16) 1.15) adjusted for 0.43 per 13.4 pg/m3 (IQR) 1.09)

14 2001-08 Children 0-18 years per 6.53 ppb (IQR) PMio PMio Lag 0-4

15 NO:2 Lag 0-4

16 24 hour average OR 1.12 (1.05 to NO2/PMzs OR 1.09 (1.04 to 1.13) | OR1.06 (1.02 to

17 1.19) 0.33 per 4.8 pg/m3 (IQR) 1.11)

18 adjusted for PM2s PMzsLag 0-4

19

20 OR 1.13 (1.05 to NO2z/ultrafine OR 1.06 (0.98 to 1.14) | OR 0.97 (0.89 to

21 1.22) particles per 3812.86 1.06)

22 adjusted for ultrafine | 0.51 particles/cm3 (IQR)

23 particles ultrafine particles Lag

24 04

25 Moolgavkar et al (2013) Mortality 1.03% (0.91, 1.18) 0.94% (0.60, 1.26) None reported | 0.40% (0.30, 0.53) per | 0.20% (0.03, 0.36)

26 108 metropolitan US areas | All-cause per 10 ppb NO: Based on 72 cities 10 pg/m3 PM1o Based on 72 cities

8

27 1987-2000 All ages Lag1 Lag1

28 24 hour average 24 hour average

29 Nuvolone et al (2013) Hospital admissions OR 1.022 (1.004, OR 1.025 (0.999, NO2/PM1o OR 1.013 (1.000, OR 1.001 (0.980,

30 6 urban areas in Tuscany Myocardial infarction 1.041) per 10 pug/m3 | 1.053) 0.44-0.71 1.026) per 10 pg/ms3 1.021)

31 2002-05 (ICD9 410) NO: Lag 2 adjusted for PM1o PMio Lag 2

32 24 hour average 24 hour average

33

34 Zhang et al (2011) Mortality RR 1.00271 RR 0.99866 (0.99765, | NO2/PM1o RR 1.00164 (1.00144, | RR1.00181

35 Beijing All cardiovascular (190- | (1.00086, 1.00457) 0.99967) adjusted for | 0.615 1.00184) per 10 (1.00157, 1.00205)
2003-08 99) per 10 pg/m3 NO2 PMio pg/m3 PM1o Lag 0

36 All ages Lag0 24 hour average

37 24 hour average

38

39 Mortality RR 1.00947 RR 1.01005 (1.00782, RR 1.00101 (1.00057, | RR0.99974

40 All respiratory (J00-98) | (1.00759, 1.01135) 1.01228) adjusted for 1.00145) per 10 (0.99922,1.00027)

a1 All ages per 10 pg/m3 NO2 PMio pg/m3 PM1o Lag 0

z:z .
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Author (year)
Study location
Study period

Outcome
Diagnosis
Age group

NO; effect estimate
(95% confidence interval)

Correlation
NO./PM

PM effect estimate
(95% confidence interval)

Single-pollutant Adjusted for PM

Single-pollutant Adjusted for NO;

Lag0
24 hour average

24 hour average
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gE assessment of
2:5 publication
24 bias.
S? Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item None
p 16)).
o]
2@ DISCUSSION
29 Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main outcome; consider their 11
30 relevance to key groups (e.g., healthcare providers, users, and policy makers).
3]
3p Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval 12-13
33 of identified research, reporting bias).
3‘} Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, and implications for future 12-14
3% research.
36
37 FUNDING
38 Funding 27 | Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders 15
3 for the systematic review.
4

41
42 From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097.
doi:10.1371/journal.pmed 1000097
3 For more information, visit: www.prisma-statement.org.
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