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Association of ambient sulfur dioxide with stroke incidence among
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[ Abstract] Objective To investigate the correlation between atmospheric sulfur dioxide (SO,) and the incidence of
stroke in residents of Shanghai city, and to provide a reference for the development of stroke prevention and control
measures. Methods Data on 263 872 new stroke cases reported to the Shanghai Stroke and Acute Myocardial Infarction
Registry Information System from 2017 through 2021 were collected. Daily mean concentrations of atmospheric
pollutants-including SO,, nitrogen dioxide (NO,), ozone (Oj3), particulate matter with an aerodynamic diameter < 2.5 pm
(PM; 5), and particulate matter with an aecrodynamic diameter < 10 pm (PM,,), as well as meteorological factors such as
daily average temperature and relative humidity, were obtained from the national air pollution monitoring stations of the
Ministry of Ecology and Environment during the same period. A generalized additive model with a quasi-Poisson
distribution link function was used to analyze the time-series relationship between atmospheric SO, concentration and the
daily number of stroke cases. Results Throughout the study period conducted in Shanghai, the average daily incidence of
registered stroke cases was 145 =+ 28, while the mean daily concentration of SO, was measured at 8.00 + 3.71 pg/m3. The
analysis of the single-day lag model demonstrated that a 10 pg/m® increase in the mean SO, concentration was
significantly associated with percentage changes (%) in daily stroke incidence across different populations and lag days,

FFHISREL: CC BY-NC-ND 4.0 DOI: 10.11847/zgggws1144529

HLWA: Elgiinsga st RAKRE R =E47 800 (2023—2025 ) (GWVI-8); g ings At RAK R %=
FEATENHRI(2023—2025 4F) A 3L T A E A2 RHE R E (GWVI-11.1-22)

F—1EH: TEEK994—), EEEI, Wi, HF T 180 56

i HHEA: 2024-03-25 {&EIBHA: 2024-11-25 FRABHA: 2025-04-02

FIEE IR : TAFAE RIBEE: RbRdh BRI SRR OS5 RIEREEEE DTS I RARBE L TMX



mailto:zhengyang@scdc.sh.cn
mailto:shiyan@scdc.sh.cn
mailto:zhengyang@scdc.sh.cn
mailto:shiyan@scdc.sh.cn
mailto:zhengyang@scdc.sh.cn
mailto:shiyan@scdc.sh.cn
https://doi.org/10.11847/zgggws1144529

FEASLTAE 20254 6 A8 41 555 6 1

as follows: 1. General population: Decreases of 0.21%, 0.28%, 0.29%, and 0.21% were observed at lag days 7, 8, 26, and
27, respectively, while increases of 0.16%, 0.34%, 0.33%, 0.42%, 0.32%, and 0.20% were noted at lag days 19, 20, 21,
22,23, and 24, respectively. 2. Males: A 0.37% decrease was observed at lag day 26, whereas increases of 0.47%, 0.36%,
0.61%, and 0.33% were recorded at lag days 20, 21, 22, and 23, respectively. 3. Females: A 0.40% increase was observed
at lag day 0. 4. Residents aged 60 years and above: Decreases of 0.33% and 0.36% were observed at lag days 8 and 26,
respectively, while increases of 0.35%, 0.32%, 0.41%, and 0.32% were noted at lag days 20, 21, 22, and 23, respectively.
All reported associations were statistically significant (P < 0.05). Multi-day lag model analysis yielded results consistent
with those from the single-day lag analysis: 1. General population: Increases of 16.84%, 18.40%, and 17.95% were
observed at lag days 0 - 24, 0 - 25, and 0 - 26, respectively. 2. Males: Increases of 16.73%, 21.09%, 22.39%, and 21.80%
were observed at lag days 0 - 23, 0 - 24, 0 - 25 d, and O - 26, respectively. 3. Females: An increase of 4.10% was noted at
lag days 0-1.4. Residents aged < 60 years: Decreases of 8.60%, 9.89%, 9.36%, 10.67%, 10.98%, and 11.38% were
observed at lag days 0 -4,0-5,0-6,0-7,0 -8, and 0 - 9, respectively. 5. Residents aged 60 years and above:
Decreases of 15.91%, 19.18%, 20.22%, and 18.99% were observed at lag days 0 - 23, 0 - 24, 0 - 25, and 0 - 26,
respectively (all P <0.05). Conclusions The elevated atmospheric SO, concentration exhibited a significant correlation
with a higher daily incidence of stroke on single-lag days 19 - 24 and multi-lag days 0 - 24 to 0 - 26 among Shanghai
residents, particularly affecting male individuals and those aged 60 years or older.
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i 15 263 872 1) 1o 26 v g A 51, H 35 K E R
(145£28) % . o, B3 150 239 61(56.94%) ,
7k B 113 633 191 (43.06%) 5 4F 4 <60 % B ¥
35189 #1(13.34%), 260 % 35 228 683 11/(86.66% ).
T 20172021 42 K5 )RR G E
ARFFE LR 1.

F1 BT 20172021 4 KS5 WA SR R B AR
Table 1 Monitoring data-based mean, minimum, 25th percentile, median, 75th percentile, and maximum values of SO,, NO,, Os,
PM, 5, PM,, daily average temperature, and daily average relative humidity in Shanghai city from 2017 to 2021

TiH S X+ Min Pys M Pys Max

KAL) SO, H B/ (ng/m?3) 8.003.71 1.50 5.39 6.90 9.40 32.1
NO,/(pg/m?) 39.62+18.16 437 26.70 36.35 48.80 138.40
05/(pg/m*) 98.76+44.20 6.40 67.45 92.20 122.63 285.30
PM, 5/(pg/m*) 34.02422.25 3.00 18.00 27.60 43.90 178.40
PM,/(pg/m?) 48.22+27.75 0.00 29.90 41.40 60.40 320.68

e Hi5ig g/ C 17.55+8.41 —4.70 10.39 18.22 24.63 33.71
H AR BE /% 73.89+13.27 31.89 65.44 74.89 83.36 99.04

22 E#&HW 20172021 FRAFEALEHAE
Spearman # 48 X 5~ #7 (% 2)  Spearman #&AH G 7y
fr 45 R B R, SO, H ¥ K 5 NO,. O3 PMys
1 PM, H 3k FE 3 2 IEAH G, 5 H ¥R B f1 H
51 R S0 0 B 35 B ARUAH 9% (33 P<0.001) : NO, H 3
WHES PM,s I PM HIWREEY R IEM L, §
Oy H ¥ B A H 35 40 6 W8 FE ¥ 2 S AH ¢ (3

P<0.001); O3 H¥J#E 5 PM, 5 fl PM,, H ¥k JE
S H S5 BE ¥ SR A OC, 5 H S5 A 0 i FE 5 A A
% (¥) P<0.001); PM, s H##K F 5 PM,, H #1ik
FE R IEAROC, 5 H 3530 A H 35 A X R 8 5
AH 2% (33 P<0.001); PM,, H #4135 H 3% B
H 25 A8 X8 B 38 52 474 96 (P<0.001) ; HIRE S
H Y51 FH % 48 B 2 1E AH ¢ (7=0.25, P<0.001) .

2 LT 2017—2021 SRS R A TS K 2 Spearman FRAH G704 (r)
Table 2 Correlation coefficients among the values of SO,, NO,, O3, PM, 5, PM,, daily average temperature, and daily average
relative humidity in Shanghai city: Spearman rank correlation analysis of the monitoring data from 2017 to 2021

T H SO, NO, 0, PM, s PM, AR H S5 A
SO, 1.00

NO, 0.522 1.00

0, 0.202 —0.08 2 1.00

PM, 5 0.552 0.68 2 0.212 1.00

PM,, 0.66 2 0.60 2 0312 0.79 2 1.00

EE5MY —0.232 —0.442 0.522 -0.302 —0.232 1.00

F S5 A X B —0.452 -0.222 -0.212 -0.212 -0.49 2 0.252 1.00

#:a P<0.001,
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Table 3 Single-day lag-specific percentage change in stroke incidence associated with a 10 pg/m3 increase in ambient SO,
concentration among all residents, males, females, individuals younger than 60 years, and those 60 years or older in
Shanghai city, based on incidence registration and atmospheric pollutants monitoring data from 2017 to 2021

PERLN S 2k <60% =60%

PN

% 95%CI % 95%CI % 95%CI % 95%CI % 95%CI
Lag0 d 0.17  —0.01~0.35 —-0.02 —0.37~034 0.40 0.02~0.78 029  —0.84~0.27 024  —0.08~0.56
Lagl d -0.09  —0.26~0.08 -033  —0.67~0.00 021 —0.15~0.58  —046 —098~0.07  —0.03 —0.34~027
Lag2 d 0.04 —0.12~0.21 -0.10 —0.42~022 022 —0.12~057  -035 —0.85~0.16 0.10  —0.19~0.40
Lag3 d 0.10  —0.06~0.27 0.13 —0.18~045 006 —028~040  -032 —0.82~0.18 0.17  —0.12~0.46
Lag4 d 0.15 —0.01~0.31 021  —0.10~0.53 0.07 —027~041 028 —0.78~0.22 022  —0.07~0.51
Lag5d 0.05 —0.12~0.21 020 —0.11~0.51 -0.15  —0.49~0.19 0.01  —0.48~0.51 0.05 —0.24~034
Lag6d -0.04  —0.20~0.12 0.17 —0.15~0.48 031 —0.65~003  -022 -0.71~027  -0.01 —0.30~0.28
Lag7 d 021 —037~-005  -0.13 —0.44~0.19 031 —0.65~003  -0.10 —0.59~040  -023  —0.51~0.06
Lag8d 028 —044~-012  —030 —0.61~0.01 025  —0.59~0.08 0.02 —047~0.51  -033  —0.61~-0.04
Lag9d 0.01  —0.15~0.17 -0.02  —0.33~0.29 0.04 —0.29~0.38 0.13 —035~062  -0.01 —0.30~027
Lagl0d 0.11  —0.05~0.27 0.10 —021~0.41 0.12 —021~046  —0.01 —0.50~0.48 0.13 —0.16~0.42
Laglld -0.06 —0.22~0.10 0.00 —0.30~0.30 -0.14 —046~0.19  -0.15 —0.63~033  -0.05 —0.31~022
Lagl2d -0.02  —0.18~0.14 0.04 —0.28~035 —-0.10  —0.44~0.25 024 —025~0.74  —0.06 —0.35~023
Lagl3 d 0.07 —0.10~0.23 0.00 —0.32~0.32 0.15 —0.20~0.49 032  —0.18~0.82 0.02 —027~0.32
Lagl4 d 0.04 —0.12~0.20 0.03 —0.29~035 0.05 —0.29~0.39 0.15 —0.34~0.65 0.02 —027~0.31
Lagl5d 0.10  —0.06~0.27 0.12 —0.20~0.44 0.08 —0.26~0.42 027 —023~0.77 0.08 —0.21~0.37
Lagl6 d —0.02  —0.18~0.15 0.04 —0.28~035 —-0.09 —043~026 024 —0.74~0.26 0.02 —0.27~0.31
Lagl7d -0.11  —0.28~0.05 -0.12  —0.44~0.20 -0.11 —045~024  -044 —093~0.06  —0.06 —0.35~023
Lagl8d 0.08  —0.08~0.24 0.03 —0.28~0.35 0.13 —021~0.48 0.04 —0.46~0.54 0.08 —0.21~0.38
Lagl9 d 0.16 0.00~0.33 021  —0.11~0.53 0.10 —0.24~0.45 025 —0.25~0.76 0.15 —0.15~0.44
Lag20d 0.34 0.18~0.51 0.47 0.15~0.79 0.18  —0.16~0.52 031 —0.19~0.81 0.35 0.06~0.64
Lag21d 0.33 0.17~0.49 0.36 0.04~0.67 030  —0.04~0.64 039  —0.10~0.89 0.32 0.03~0.61
Lag22 d 0.42 0.26~0.58 0.61 0.29~0.92 0.18 —0.16~0.52 047  —0.03~0.96 0.41 0.13~0.70
Lag23 d 0.32 0.16~0.48 0.33 0.02~0.64 030  —0.04~0.64 029 —0.20~0.79 0.32 0.03~0.61
Lag24 d 0.20 0.03~0.36 0.16 —0.15~047 024  —0.10~0.58 045  —0.04~0.94 0.15 —0.13~0.44
Lag25 d -0.14  —0.30~0.02 -0.18  —0.49~0.14 -0.09 —0.43~026 029 —020~0.79 021  —0.50~0.08
Lag26 d -029 —045~-0.12  -037 -0.69~-0.06 -0.18 —0.52~0.16 0.16 —033~0.66  -036 —0.65~-0.07
Lag27d 021 —037~-004 022 —0.54~0.09 -0.18 —0.52~0.16  -0.17 —0.67~032  -021 —0.50~0.08
Lag28 d -0.16  —0.32~0.00 -0.13  —0.45~0.19 -020 —0.54~0.15  -047 —096~0.03  -0.11 —0.40~0.18
Lag29d -0.09  —0.25~0.08 -0.19  —0.51~0.13 0.05 —030~039 045 —094~0.05  —0.03 —0.32~0.26
Lag30 d 0.00 —0.16~0.17 022  —0.54~0.09 030 —0.04~0.64 021 —0.70~0.29 0.04 —0.25~033
232 ZHWEHEMON(R4) ZHAGEHEE G I8N, oM E RS H R WA Lag0l d 3

R EIR, SO, FHIRE /TR 10 pg/m’, Bk HE
B 25 B H R BUE Lag024 d~Lag026 d ¥ 76
B hn; S5 e AR H AW 8UE Lag023 d~Lag026 d

hns <60 % J& B & v & H K % L (E Lag04 d~
Lag09 d 35176 ik b ; 260 % J& [ 2 b i H R

s =

HBAE Lag23 d~Lag26 d %145 48 in (¥ P<0.05) .
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4 KUSO, BT 10 pg/m3 b7 B AS o A S 71 20 b o2 (22 H i Je i)

Table 4 Multi-day lag-specific percentage change in stroke incidence associated with a 10 pg/m?3 increase in ambient SO,

concentration among all residents, males, females, individuals younger than 60 years, and those 60 years or older in
Shanghai city, based on incidence registration and atmospheric pollutants monitoring data from 2017 to 2021

) Sk Hk Ltk <60% 260%
i Je R
% 95%CI % 95%CI % 95%CI % 95%CI % 95%CI

Lag01d 1.69 —1.43~4.90 -0.17 —3.65~3.44 4.10 0.22~8.12 -2.82 —8.09~2.74 242  —0.83~5.78
Lag02d 025 —3.29~3.93 -2.72 —6.63~1.36 4.19 —0.28~8.86 =534 —11.27~0.99 1.17 —2.53~5.01
Lag03 d 0.44 —3.45~448 -2.79 —7.06~1.68 4.73 —0.20~9.91 —6.66  —13.06~0.21 1.61 —2.47~5385
Lag04 d 0.64 —3.60~5.06 —-1.81 —6.50~3.12 3.87 —1.45~9.48 -8.60 —15.39~-1.27 2.18 —2.28~6.84
Lag05d 0.99 —3.62~~5.82 —-0.90 —6.03~4.51 3.47 —2.28~9.56 —-9.89 —17.14~ -2.02 282  —2.04~7.93
Lag06 d 1.28 —3.68~6.49 0.35 —5.21~6.23 2.49 —3.65~9.01 -9.36 —17.19~-0.79 3.07  —2.16~8.57
Lag07d 080 —4.47~6.36 0.93 —5.05~7.29 0.62 —5.82~7.50 -10.67 —18.92~ -1.57 2.74  —2.83~8.63
Lag08 d -0.05 —5.63~5.86 0.63 —5.74~17.42 -0.93 —7.69~6.32 -10.98 —19.76~ -1.24 1.79 —4.10~8.04
Lag09 d -1.29 —7.16~4.95 —-0.76 —7.45~6.41 -1.99 —9.12~5.71 -11.38  —20.68~ -0.99 0.40 —5.79~7.00
Lag010d -0.76 ~ —7.05~5.95 —0.68 —7.81~7.01 —-0.89 —8.59~7.45 -10.74  —20.73~0.52 091 —5.73~8.01
Lag011d -0.41 —7.11~6.79 -0.95 —8.51~7.25 0.27 —8.01~9.30 -11.35  —21.93~0.68 143 —5.65~9.04
Lag012d 1.54 —5.33~8.91 1.23 —6.68~9.81 1.92 —6.67~11.29 -9.09 —20.45~3.91 332 —3.95~11.13
Lag013 d 2.64 —4.75~~10.60 2.58 —5.95~11.87 2.68 —6.52~12.79 —6.15  —18.59~8.21 408 —3.71~12.51
Lag014d 278 —5.11~11.34 2.81 —6.30~12.80 2.71 —7.11~13.56 -5.53 —18.83~9.94 415 —4.17~13.20
Lag015d 250 —5.89~11.63 2.84 —6.86~13.54 2.01 —8.36~13.57 -5.73  —19.81~10.82 3.85 —4.98~13.51
Lag016d 2,52 —6.33~12.21 2.88 —7.36~14.26 2.02 —8.91~14.27 =577  —20.63~11.87 3.89 —5.45~14.15
Lag017d 226 —7.03~12.49 2.71 —8.04~14.73 1.64 —9.82~14.56 -8.10  —23.31~10.12 3.99 —5.85~14.85
Lag018d 1.52  —8.14~12.20 1.33 —9.75~13.78 1.75 -10.27~15.38 -12.75  —27.82~5.45 3.94 —6.35~15.36
Lag019 d 1.62 —8.48~12.83 096 —10.57~13.98 2.49  —10.11~16.87 -12.92  —28.55~6.12 409 —6.67~16.09
Lag020d 190 —8.66~13.68 1.89 —10.22~15.63 1.92 -11.17~16.94 -11.86  —28.30~8.34 422 —7.02~16.81
Lag021d 442 —6.86~17.06 5.58 —7.51~20.52 293 —10.87~18.86 -9.84  —27.34~11.87 6.81 —5.19~20.34
Lag022 d 8.59 —3.61~22.33 10.24 —3.97~26.56 6.49 —8.40~23.79 —6.24  —25.16~17.46 11.09 -1.91~25.81
Lag023 d 13.15  —0.11~28.17 16.73 1.02~34.87 8.63 =7.21~27.17 -3.05 —23.40~22.70 1591 1.76~32.02
Lag024 d 16.84 2.58~33.08 21.09 4.10~40.84 11.48 —5.45~31.44 2.80 —19.59~31.43 19.18 4.02~36.55
Lag025 d 18.40 3.38~35.59 22.39 4.57~43.25 13.36 —4.54~34.63 727 —17.04~38.69 20.22 4.33~38.52
Lag026 d 17.95 2.39~35.88 21.80 3.35~43.55 13.11 —5.45~35.32 11.51  —14.70~45.78 18.99 2.64~37.95
Lag027 d 1548 —0.16~33.56 17.31 —0.98~38.98 13.10 —6.04~36.14 12.51 —14.86~48.68 1595 —0.42~35.02
Lag028 d 1430 —1.73~32.94 16.53 —2.29~38.97 11.46 —8.09~35.16 13.64 —14.93~51.80 14.40  —2.33~33.99
Lag029 d 14.17  —2.45~33.63 16.01 —3.43~39.35 11.93 —8.40~36.77 10.18  —18.53~49.02 14.82  —2.60~35.36
Lag030 d 13.67 —3.49~33.88 15.29 —4.74~39.54 11.58 —9.42~37.47 2.92  —24.85~-40.95 1545 —2.72~37.01

24 BREMHSAT AHHFALEZ HE GBI (Lag025d)
(b 1, 2050 51 N R 5 K E NO, O3 PM
FPM, 5 55 K5 R i 7 X5 Je i B4 f £
15 G A R AT BURE 3 T . 45 R B OR, SO, 1E
Lag025 d I 1) 22 H i J5 208 RR 1B N 1.02(95%CI=
1.00~1.03) 5 7EEIEA_F 53 51l %E NO,. O3+ PM,( F
PM, 5 Ji& I 0075 G i U 7E Lag025 d B 1) 2 H i
Ja RN RR B 53598 1.02(95%CI=1.00~1.04) . 1.02
(95%CI=1.00~ 1.03). 1.02(95%CI=1.01~ 1.04) fll
1.02(95%CI=1.01~1.04) ; ¥4 i G 75 <P &N
() 2 75 G W) IS R AE Lag025 d IS A %2 H W 5 R R
RR 159 1.02(95%CI=1.00~1.03) . Xi5 Heifs A
A1 22 95 Ye W B AE Lag025 d I SO, i i 26

99 DA IGE 1) B T 2550 82 35) G B I S0, A R &
33t it

AHE TS5 R B R, 2017—2021 £ KK SO, #
a0 b i T R AR R IR 52 e A LE S AR
R, EEWT SO, kETHmZ Ja i) 3~4 A fEH
J5i 5 25 d(Lag025 d) i SO, £ 75 i B A % wi ik
K, SO, VI AT 10 ng/m?, A% 25 & 95
N 18.40%; £ SO, Hi5 YW AL i 2l |,
H NO,. O3 PM Fil PM, 5 25 HoAth K35 Y 1
M J5, SO, 2 52 0T G A% v &8 1R 52 e 475 98 2. 3%
PR BAR &5 Ye e 2 A AH DG, {H SO, 2 52 X)

BN
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i 2 R R A R AT B A SO AR 5 W Z 2T
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TR i S 280 B A e TS B T 9 i 2850 . ) 8¢
58 . Shen S 212 56T SO, 45 M 2 % 5 i 25 vh 13
B RS 1 BT 7T 45 SRR W, 72 SO, % & =4 R AN J5
1 d ] o 2% H 3 5 XU 52 1L 1 2580 . B K, SO, A< B
B 1T 10 pg/m?, 1 A 4 e A S0 B8 0 1.27%
A 1.55%; 5255 1375 = ol iy 8000 [X 3R AT 1) 25 /<,
T3 Y 5 1 A A DGR IR I TR) R B 9 45 SRR B, SO,
XoF i 2 o 12 N B 5 e A7 TR i S RN, TR S
55 14 d I 28 B 98 Chen H 2519V 75 5 P i 4T
(1) 25 S35 G b5 1 A6 o B XGRS 1) B Ta) P B AT 9T
KB, AEW S A5 4 d I, SO, o FR ot B o A5 (3 B
JR 6 5 W0 4 35K 1 B i, SO, K B TH T 10 pg/m?,
i 25 R ON e N B0 0 4.8%. BT LA B T AEAS
7] by 35 R0 AN [F] N R R AT, DR 5 28508 A B
() R 2008 K /N P 22 57 AT RE ER SO, B 85 K -F A
FRIE FEA S MBS TS 5 X LAt 5%
FHEL, BT SO, 2 85 KU S B K (0~30d),
AT LA EE AT VY i SO, B 5 0 o A% ot A0 1 i
J& RO, R R 52 BRT I T8) 7 B0 B A 0 1 T, R R
2 1) °T Be VR A R R, TE A J5 B AL L 7 6 A
W50 25 B3t — 25 I LAIRAE . {H SO, 2 55 X T i 48
ORI R B A A PR R
B, N SO, RS B4R 02 2848 S 1, 4 iy A ALK T
38 5 58 1M T R, kO TR R, 3 0 G AR R AR
e R 20 Bl s 56 F AL TR R B, SO, $E R T A
FHF-1.HFH—FEEGH. REAA -2, 4
Jfa 1] 286 B 4 7 —1 15 1 RNA F1 2R [ 5T &34 10K
S, X e B A 3R b 25 AT RE S A R R R R
J& B A e kY,

PR i 2 r R R 5% SO, 2 58 52 M K )
fa S5 R A HE AL P AR L, F A 5T
F VR RO AR W 53 2 34T T WA Ay Hr, 33— 20 a0
SO, %o A [] V. 2H J& B fiod 2 v 5 9 DA (9 52 ) o 12
N AH 73 A7 25 B 7R, 76 5 H 3 S AR Y (Lag20 d~
Lag23 d)f1 £ H ¥ J5 15 Y (Lag023 d~ Lag026 d)
W BRI H R B A BT N mikR T &
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X — 25 B 5 AT 7P 45 R — 5. Wang Z &
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I Pl 2 H R XU ) s ) B s — 904 36 [ 44
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