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Table S1. Annual age-specific population counts for permanent registered residents in Guangzhou, in 2010-2013,

by administrative district.

Age group (years) 2010 2011 2012 2013
Liwan
0-4 29632 23153 24204 25123
5-14 67868 48312 47738 47379
15-29 184809 131714 129081 126551
30-44 176593 149164 149697 148290
45-59 147423 211756 209609 209103
60-69 50627 69720 75057 82229
70-79 35418 50296 48864 46984
80+ 15152 26169 27415 29620
Yuexiu
0-4 48882 42993 43241 44040
5-14 111959 86418 86456 86972
15-29 304948 228166 221996 216732
30-44 291457 276764 277043 272388
45-59 243291 314295 311941 313489
60-69 83565 102880 109699 119237
70-79 58476 80746 79220 76012
80+ 25039 38987 41627 45422
Haizhu
0-4 39598 39900 41478 42506
5-14 90659 73784 74903 75833
15-29 246809 189356 183027 178526
30-44 235771 232617 236862 236556
45-59 196862 250851 250977 254138
60-69 67597 90186 96701 105881



Age group (years) 2010 2011 2012 2013
70-79 47267 64019 64279 63056
80+ 20200 26530 28506 31619

Baiyun
0-4 34117 45116 47310 50368
5-14 78050 79925 81106 83232
15-29 212612 223801 218642 213067
30-44 203210 217160 224605 229935
45-59 169662 155539 157530 163198
60-69 58286 69480 74235 79386
70-79 40770 35596 36933 37737
80+ 17463 16867 17460 18627

Huangpu
0-4 8356 9405 9802 10114
5-14 19144 19813 19733 19509
15-29 52002 42781 42427 42212
30-44 49572 57204 57663 56977
45-59 41421 40488 41284 43048
60-69 14200 17541 18256 18973
70-79 9907 10777 11224 11479
80+ 4198 3281 3463 3803

Panyu
0-4 41811 48116 41492 45524
5-14 95752 105194 83768 83558
15-29 260848 285760 222232 214262
30-44 249346 259926 215537 218455



Age group (years) 2010 2011 2012 2013

45-59 208130 185308 144673 151914
60-69 71497 68813 56099 59801
70-79 50038 36815 29324 30266
80+ 21438 16281 12773 13518
Tianhe
0-4 31818 39802 41320 42820
5-14 72815 67821 71581 75224
15-29 198051 251156 238960 229012
30-44 189022 215829 225290 229626
45-59 157897 122584 126454 134687
60-69 54186 44420 46860 50071
70-79 37844 33415 34495 34987
80+ 16117 9820 10726 12374
Huadu
0-4 27463 35838 37837 40401
5-14 62870 61479 61628 62708
15-29 171213 190308 184630 178773
30-44 163608 170404 175613 178645
45-59 136593 120650 122148 126078
60-69 46913 49856 53606 57383
70-79 32815 25626 25936 26374
80+ 14042 13744 13602 14359
Zengcheng
0-4 34878 39620 39355 41418
5-14 79879 90008 84664 81447



Age group (years) 2010 2011 2012 2013
15-29 217442 246493 243386 239341
30-44 207705 210261 212959 213208
45-59 173421 152987 157158 163554
60-69 59542 52091 55308 59143
70-79 41638 32828 32652 32922
80+ 17789 18739 18371 20330

Chonghua
0-4 23697 30232 30846 32803
5-14 54221 68934 67710 65323
15-29 147636 170392 169888 169005
30-44 141051 149439 153950 154400
45-59 117781 99222 102050 106406
60-69 40450 33468 35568 38179
70-79 28282 20548 20455 20459
80+ 12094 10258 10495 11124

Nansha
0-4 6392 7078 17608 19017
5-14 14637 15494 34869 33476
15-29 39857 40084 93340 93942
30-44 38083 38657 87657 87114
45-59 31795 32632 78559 80687
60-69 10919 12076 30469 32576
70-79 7638 6775 15847 16162
80+ 3267 3455 7721 8165

Luogang



Age group (years) 2010 2011 2012 2013

0-4 7760 12084 13285 14651
5-14 17753 19954 20267 20960
15-29 48320 60775 59867 58861
30-44 46148 51250 54982 58154
45-59 38541 30735 31621 33318
60-69 13233 10873 11717 12533
70-79 9248 6107 6141 6267
80+ 3949 3363 3209 3354
Total 7980045 8129427 8199852 8298470

Note: Data on permanent registered residents for 2010-2013 were collected from the population registry system

at the Guangzhou Center for Disease Control and Prevention (Luo et al., 2019).



Table S2. Convergence diagnostics of IER model.

Random initialization Fixed initialization?
Items
Coefficients (95% Ul)  N_eff° R® Coefficients (95% UlI) N_eff R
a 2589.49 (534.08, 2600.79 (545.46,
4475.17 1.0000 3445.3 1.0001
5791.18) 5837.89)
B 0.00 (0.00, 0.00) 4871.36 0.9998 0.00 (0.00, 0.00) 1844.41 0.9998
Y 1.47 (1.20, 1.79) 4793.77 0.9999 1.47 (1.19, 1.80) 1937.25 0.9999
01 0.87 (0.62, 1.25) 6000.00 0.9999 0.88 (0.62, 1.26) 2605.73 0.9999
5, 3.48 (0.14, 19.09) 3100.55 1.0000 6.73 (0.16, 33.82) 2208.31 1.0002
&3 0.12 (0.06, 0.20) 2506.75 0.9999 0.11 (0.06, 0.19) 3434.77 0.9998
04 0.12 (0.01, 0.28) 1937.51 0.9999 0.12 (0.01, 0.28) 3431.32 0.9998
Time®
Burn-in 2325.7 66.64
Sampling 651.128 73.45
WAICE®
(SE) -20980.72 (7.01) -21059.12 (7.09)
f
DIC .39 65 -32.98

Note: IER model, integrated exposure-response model; Ul, uncertainty interval. To properly estimate the
unknown prior parameters, technique of two-step Bayesian fitting was implemented in the study (Foreman et al.,
2012). The random-initialization IER models were run for three times (first step) and parameters from the
resulting three models were implemented as initial priors in the fixed-initialization model (second step). The latter
model was then used as the estimation model for relative risks. In the study, the final IER model was run using a
Markov Chain Monte Carlo sampling technique, where we implemented the No-U-Turn Sampler algorithm



(NUTS algorithm) in the STAN Bayesian fitting language, for an iteration of 12000 steps, with 6000 steps as
burn-ins, and for a total of three independent Markov Chains (Burnett et al., 2014; Cohen et al., 2017). Further
convergence diagnostics of the IER model is presented in Figure S3 below, where traceplots for each parameter
were drawn (Carpenter et al., 2017; Lunn et al., 2012).

Fixed initial parameters at: @ = 2600.79; f = 0.00; y = 1.47; §; = 0.88; 5, = 6.73; 63 = 0.11; 6, = 0.12.
N_eff, number of effective samples (Carpenter et al., 2017).

°R, potential scale reduction factor for diagnosing convergence in Markov Chains (Carpenter et al., 2017). If R
of a parameter approximates one, the multiple Markov Chains are consistent among chains for the corresponding
parameter.

4Time for Monte Carlo simulation in IER models, in seconds (Stan, 2016).

*WAIC, Watanabe-Akaike information criterion (the smaller the values, the better fit to the data) (\VVehtari et al.,
2017), generated by the loo package in R (version 3.4.3).

'DIC, Deviance Information Criterion (the smaller the values, the better fit to the data) (Clements, 2005;
Spiegelhalter et al., 2002).



Table S3. Diagnostics of variogram models fitted by universal kriging interpolation.

Null model? CV1o” Test Model with PM;s covariate CVyo Test
Dataset and Variance Variance

RMSE¢ RMSE
model RSS® explained MSE® MSNE'  RSS explained MSE  MSNE

(%) (%)

(%) (%)

Dataset for
2010
Nug? 2392.73 62.09 0.05 0.39 1.98 2301.74 60.90 3.75 0.37 1.93
Gau" 323.48 22.83 86.47 0.05 0.99 32199 22.78 86.54 0.05 0.98
Wav' 632.25 31.92 73.56 0.10 1.48 633.11 31.94 73.53 0.10 1.48
Dataset for
2011
Nug 2444.03 62.75 0.02 0.39 2.00 2186.03 59.35 10.54 0.35 1.88
Gau 327.06 22.95 86.62 0.05 1.00 315.82 22.56 87.08 0.05 0.97
Wav 633.58 31.95 74.07 0.10 1.49 635.52  32.00 73.99 0.10 1.46
Dataset for
2012
Nug 1379.98 47.15 0.05 0.22 1.78 1237.02 44.64 10.32 0.20 1.60
Gau 210.61 18.42 84.73 0.03 1.01 19790 17.86 85.65 0.03 0.96
Wav 406.12  25.58 70.56 0.07 151 40251 25.47 70.82 0.06 1.39
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Dataset for

2013
Nug 141441 47.74 0.06 023 181 1216.11 44.26 13.97 020 1.60
Gau 206.72  18.25 85.38 0.03 1.00 206.09 18.22 85.42 0.03 0.99
Wav 410.87  25.73 70.93 0.07 150 408.92  25.67 71.07 0.07 1.48

Note: CV1o, 10-fold cross validation test; PM2s, particulate matter with aerodynamic diameter <2.5 um. Prior to
choosing specific kernel models for quantitative performance diagnosis, a range of kernels were tested using the
eye-fit method (Hdfle et al., 2017; Tsutsumi et al., 2011). However, only the Gaussian and Wave kernels stood
out in the test and were chosen for further model diagnosis. The diagnosis of model goodness-of-fit suggests that
variogram models with Gaussian kernel are better than those with Nugget or Wave kernel because Gaussian-
kernel models have advantages in terms of smaller RSS (the sum of squares of the residuals) and RMSE (the root
mean squared error) for model goodness-of-fit. Besides, in cross-validation test, Gaussian-kernel models are more
likely to yield lower errors in terms of MSE (the mean squared error) and more likely to approximate one in terms
of MSNE (the mean square normalized error). Also, the variogram model using PM2s as covariate outperforms
the null model fitted with only intercept. The PM2s-fitted model has more advantages in explaining the spatial
variance, while at the same time, yielding lower modeling errors in terms of RMSE (the root mean squared error).
aModel was fitted without any covariates.

CV10, 10-fold cross validation test (Clements, 2005).

‘RSS, the sum of squares of the residuals from the fitted function (Oliver and Webster, 2014).

9RMSE, the root mean squared error (the smaller the values, the better fit to the data) (Hijmans and van Etten,
2014).

*MSE, the mean squared error (the smaller the values, ideally close to zero, the better fit to the data) (Oliver and
Webster, 2014).

'MSNE, the mean square normalized error (the closer to one, the better fit to the data) (Bivand et al., 2008; Oliver
and Webster, 2014).

9Nug, the nugget kernel in kriging, which is a baseline variogram model for spatial interpolation (Lam, 1983;
Oliver and Webster, 1990).

"Gau, the Gaussian-kernel model (Lam, 1983; Oliver and Webster, 1990).

'Wav, the Wave-kernel model (Lam, 1983; Oliver and Webster, 1990).
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Figure S1. Trends in population-weighted mean concentrations of particulate matter with aerodynamic diameter
<2.5 pm, by administrative district.

Note: PM2s, particulate matter with aerodynamic diameter <2.5 um. Shaded areas represent the range of standard
deviation (SD) of PM2s concentrations for each administrative district. Population-weighted mean concentrations
of PM2s (ug/m3) were calculated based on the Guangzhou population density with a resolution of 0.01x0.01°
(or approximately 1 km? at the equator). The population density was first extracted from the Global Population
Projection Grids (Jones and O Neill, 2016) and provided a continuous surface of population counts covering the
12 districts of Guangzhou, but only with a grid cell resolution of 1/8x1/8(or approximately 14 km? at the
equator). Detailed information and validation of the population estimates can be extracted elsewhere (Jones and
O Neill, 2017). To obtain population counts at a more refined resolution, the gridded population data was then
disaggregated and projected to match the grid cell resolution of 0.01 degree observed in the ambient PMz.s remote
image data, using the method of bilinear interpolation (Chang, 2006). Based on the derived population density,
district-level as well as the city-level population-weighted mean concentrations of PM2.s were estimated for the
period 2010-2013.
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Figure S2. Trends in population-weighted average of PAFs in Guangzhou, by administrative district.

Note: PAF, population attributable fraction (%). It represents the proportion of lung cancer burden that would be
reduced in a given year if the exposure to PMzs in the past were reduced to the counterfactual concentration
(defined as the theoretical minimum risk exposure level in the current study) (Gakidou et al., 2017).

In the above figure, black dash line indicates trends in the overall estimates of PAFs for the city of Guangzhou,
and the shaded area represents the estimated uncertainty interval of the overall PAFs across the city for the period
2010-2013.

PAFs were weighted by the population counts estimated at 0.01x0.019or approximately 1 km? at the equator)
resolution. The gridded data was extracted from the Global Population Projection Grids (Jones and O Neill, 2016)

and provided a continuous surface of population counts with a grid cell resolution of one-eighth degree (or
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approximately 14 km? at the equator), covering the 12 administrative districts of Guangzhou. Gridded population
data was then disaggregated and projected to match the grid cell resolution of 0.01 degree observed in the ambient
PM2.s remote image data, using the method of bilinear interpolation (Chang, 2006). Detailed information and

validation of the population estimates can be extracted elsewhere (Jones and O Neill, 2017).
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Figure S3. Mixing in the Monte Carlo Chains for the IER model.

Note: IER model, integrated exposure-response model as purposed by Burnett et al. (Burnett et al., 2014). We
ran the IER model using the No-U-turn sampler (NUTS) algorithm purposed by Hoffman et al. (Hoffman and
Gelman, 2014). To test stationarity (Lunn et al., 2012) of the stochastic IER model, we ran a total of three Markov
Chains, each with an iteration of 12000 steps, and then we discarded the first 6000 iterations as burn-in (indicated
by the shaded area in plots). The remaining samples reached convergence as indicated by R parameters of the

initialization-fixed model in Table S2, and all three chains mixed well together.
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