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Abstract

Exposure to extreme temperature events (ETEs) and ambient fine particulate matter (PM, 5)
has been linked to an increased risk of pneumonia mortality, but their interactive effects
remain largely unknown. We investigated 50,196 pneumonia deaths from 2015 to 2022 in
Jiangsu province, China, with a time-stratified case-crossover design. An individual-level
exposure to heat wave, cold spell, and PM, 5 was assessed at each subject’s residential
address using validated grid datasets. Conditional logistic regression models integrated
with a distributed lag nonlinear model were used to quantitatively estimate both inde-
pendent and interactive effects. With different ETE definitions, the cumulative odds ratio
(OR) of pneumonia mortality associated with heat wave and cold spell ranged from 1.22
(95% confidence interval [CI]: 1.14, 1.31) to 1.60 (1.40, 1.81), and from 1.08 (1.002, 1.17) to
1.18 (1.01, 1.38), respectively, while the OR for PM, 5 ranged from 1.013 (1.006, 1.021) to
1.016 (1.009, 1.024). We observed a synergistic effect (relative excess risk due to interac-
tion [RERI] ranging from 0.40 [0.06, 0.76] to 1.16 [0.41, 2.09]) of co-exposure to heat wave
and PMjy 5, as well as an antagonistic effect (RERI ranging from —0.20 [—-0.40, —0.03] to
—1.02 [-1.78, —0.38]) of co-exposure to cold spell and PM; 5 on pneumonia mortality. It
was estimated that up to 6.49% of pneumonia deaths were attributable to heat wave and
PM; 5 exposures. We found that heat wave and cold spell interacted oppositely with PM; 5
to increase the odds of pneumonia mortality, highlighting the needs to reduce co-exposures
to heat wave and PMj 5.
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1. Introduction

As a severe acute respiratory disease, pneumonia continues to be a globally leading
cause of morbidity and mortality [1]. According to the Global Burden of Diseases, Injuries,
and Risk Factors Study (GBD), over 2.18 million lower respiratory infections (LRI, defined
as pneumonia or bronchiolitis) deaths occurred in 2021, resulting in a mortality rate of
27.7 deaths per 100,000 people worldwide [2]. In China, the community-acquired pneu-
monia contributed to approximately 128,720 deaths and 111.98 years of life lost (YLLs) per
100,000 people in 2021 [3]. This situation becomes more severe due to a higher vulnerability
of elderly individuals to pneumonia, posing a significant public health challenge [1,4]. It
is indispensable to identify potential risk factors for pneumonia mortality to effectively
formulate health policies and protect vulnerable populations.

As a matter of climate change, the adverse health effects caused by extreme temper-
ature events (ETEs, including heat wave and cold spell) and ambient air pollution have
drawn increasing concern worldwide [5-7]. Recent studies have identified ETEs and fine
particulate matter (PM;5) as potential risk factors for pneumonia death [8,9]. Given ETEs
are projected to increase in frequency and intensity, and the opportunities to co-exposure to
heat wave, cold spell, and PMj; 5 are gradually increasing [10-12], it is of great importance
and interest to recognize the pattern of interactive effects of these two risk factors on pneu-
monia mortality, which remains largely unknown. A recent time-stratified case-crossover
study conducted in China during 2013-2019 reported that the risk of pneumonia death
associated with PM; 5 exposure was higher in cold season compared with that in warm
season [13], while another case-crossover study in Hong Kong, China identified signifi-
cantly higher acute adverse effects of PM; 5 exposure on pneumonia mortality in warm
climate [14]. Although these limited relevant studies provide certain evidence on potential
interaction of ETEs and PM; 5 on pneumonia mortality, these findings remain inconclusive
and clearly warrant further quantitative studies.

To fill this research gap, a population-based case-crossover study of 50,196 subjects
was conducted to investigate both independent and interactive effects of exposure to heat
wave and cold spell with PM; 5 on pneumonia mortality. Established exposure-response
associations were further used to estimate excess mortality due to co-exposures to ETEs and
PMj; 5. In addition, stratified analyses were conducted by sex and age to detect potentially
vulnerable populations.

2. Materials and Methods
2.1. Study Population

We obtained mortality data in Jiangsu province between 1 January 2015 and 30 Novem-
ber 2022 from the Jiangsu provincial mortality surveillance system. Using J12-J18 from
the International Statistical Classification of Diseases and Related Health Problems, 10th
revision (ICD-10), we identified 50,196 individuals dying from pneumonia as the underly-
ing cause during the period. Specific information on date of birth, sex, residential address
before death, and date of death was collected for each subject. The study protocol was
approved by the Ethics Committee of School of Public Health, Sun Yat-sen University with
a waiver of informed consent.
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2.2. Study Design

This study utilized a time-stratified case-crossover design, which has been widely
applied in evaluating the acute effects of both temperature and air pollution on a series of
health outcomes [5,15-17]. This design was characterized that each subject served as its
own control, making it possible to quantify the association between environmental risk
factors and outcomes of interest by comparing the exposure levels on case day and control
days. In this study, the case day was designated as the date of death for each subject, while
the corresponding control days were identified as dates sharing the same month and day
of week as the case day. For instance, if a case died from pneumonia on 13 October 2017
(Friday), its case day would be 13 October 2017, and all other Fridays in October 2017 (i.e.,
October 6, October 20, and October 27) would be selected as the comparable control days.
Accordingly, the effects of time-invariant variables, long-term trends, and seasonality can
be naturally controlled [18].

2.3. Exposure Assessment

Using the China Meteorological Administration Land Data Assimilation System
(CLDAS version 2.0), we assessed daily heat wave and cold spell exposures [19-21]. We
retrieved daily gridded mean temperature (°C) and relative humidity (%) data with a
spatial resolution of 0.0625° x 0.0625° in Jiangsu province from 2015 to 2022, and used
them to determine the heat index (HI) using the R package (version 4.4.1) weathermetrics [22].
HI can compressively reflect human-perceived temperature by combining temperature
with humidity and has been emergingly used to explore the effect of meteorological factors
on health [6,23]. To conduct sensitivity analyses, we used daily mean air temperature,
specific humidity, wind speed, and surface pressure to calculate apparent temperature (AT;
°C) [5,24]. We then employed the gridded data on HI to generate 12 daily gridded datasets
for ETEs in Jiangsu province during 2015-2022. As suggested in prior studies, we identified
a grid-specific heat wave as the HI equal to or exceeding a given threshold (i.e., the 90th,
92.5th, 95th, or 97.5th percentile of HI distribution during 2015-2022 in the grid [P90, P92.5,
P95, or P97.5]) for at least 2, 3, or 4 days, while a cold spell was identified as HI equal to or
below a threshold (P10, P7.5, P5, or P2.5) for at least 2, 3, or 4 days [25,26]. For each subject,
we then extracted ETE exposures at her or his geocoded residential address on the case and
control days.

Gridded data of PM; 5 (daily 24 h mean; 1 km x 1 km) and ozone (O3; daily maximum
8 h mean; 1 km X 1 km) in Jiangsu province during 2015-2022 were retrieved from our
validated ChinaHighAirPollutants (CHAP) dataset (available at: https://weijing-rs.github.
io/product.html; accessed on 1 January 2024). CHAP is a high-quality air pollution dataset
that was generated through satellite remote sensing and machine learning [27,28]. The
cross-validated coefficients of determination (R?) for PM; 5 and O3 were 0.92 and 0.92, while
the root-mean-square deviations (RMSE) were 10.8 and 13.5 pg/ m3, respectively [27,28].
Similarly to ETEs, PM, 5 and O3 exposure was assessed by extracting their concentrations
based on each subject’s residential address.

2.4. Statistical Analysis

A conditional logistic regression model with a distributed lag nonlinear model (DLNM)
was used to investigate the nonlinear and linear association of ETE and PM, 5 exposure
with pneumonia mortality. To explore potential lag effects, we set a maximal lag period
of 6 days by building a cross-basis function of exposure based on prior knowledge that
the short-term effects of PMj, 5 commonly last for about one week [29]. We used a cross-
basis function to generate the basis metrics for the two dimensions of both exposure and
lags. The exposure-response function for ETEs was built using a “strata” function (0,
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neither heat wave nor cold spell; 1, heat wave; 2, cold spell); the lag-response function
was constructed using a natural cubic spline with 2 knots placed at equal interval in the
logarithmic scale [29]. For PM; 5, the exposure-response and lag-response associations
were initially built with a natural cubic spline with 3 degrees of freedom (df) and 2 interval
knots at equally spaced point in the logarithmic scale, respectively. A likelihood ratio
test was then applied to test potential nonlinear association between PM, 5 exposure and
pneumonia mortality. If the association did not depart from linearity, we would use the
DLM using a “lin” function for exposure-response associations and polynomial function
with 3 df for lag-response associations for PM; 5 exposure [30]. Odds ratio (OR) and its 95%
confidence interval (CI) were calculated to assess the cumulative effects of ETEs and PM s.

Based on the median exposure to PM; 5 (cut-off values: 40.8 pug/ m3), we divided
PMj; 5 exposure into high-level and low-level, and constructed a categorical variable to
reflect different exposure scenarios including: (1) neither heat wave nor cold spell (non
ETEs) and low-level PMj; 5 (reference level); (2) non ETEs and high-level PM;5; (3) heat
wave and low-level PMj, s5; (4) cold spell and low-level PM; 5; (5) heat wave and high-level
PM,5; and (6) cold spell and high-level PM, 5. In building the cross-basis function in
DLNMs, the “strata” function was used for this categorical exposure. The estimated ORs
and their 95% ClIs were then used to calculate the relative excess risk due to interaction
(RERI, indicating the direction of additive interaction), attributable proportion due to
interaction (AP, indicating the proportion of the risk associated with interaction), and
synergy index (S, indicating whether the risk associated with co-exposure is greater than
risk associated with single-exposure), which have been extensively used in quantitatively
assessing additive interactions [31,32]. We applied a bootstrap method to estimate the 95%
CI using 1000 replicate samples [33].

RERI = ORy; — ORjg — ORp; + 1 (1)
RERI

AP = 2

OR1 @
Ry —1

g_ ORyy 3)

(ORyp — 1) + (ORp1 — 1)
where OR1; refers to the estimated OR for scenario 5 or 6; ORq refers to the OR for scenario
3 or 4; ORy; refers to the OR for scenario 2. An RERI of 0, AP of 0, and S of 1 indicate no
interaction or exact additivity. An RERI and AP greater than 0, and S greater than 1 indicate
a positive interaction (synergistic effect), while a negative RERI and AP, and S smaller than
1 indicate a negative interaction (antagonistic effect) [32].

To estimate excess pneumonia mortality, we calculated the excess fraction and number
of excess deaths due to heat wave, cold spell, and high-level PM; 5 based on the estimated
associations and their exposures [34]. We further calculate 95% empirical confidence
intervals (eCls) using Monte Carlo simulations [34].

_vyvL
Excess fractiony; = 1 — "Lty Py ) 4)

Number of excess death, ; = Excess fraction, ; x N (5)

where x refers to heat wave, cold spell, and/or high-level PM; 5 exposure; t refers to the
date of the lag period; I refers to lag days; [y refers to minimum lags; L refers to maximum
lags; B refers to the coefficient associated with exposure to x; N; refers to the number of
deaths at time ¢.
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To identify the effects on different populations, we performed stratified analyses by
age (<80 years old, >80 years old) and sex (women, men). A 2-sample z-test was used to
compare the significant difference between different stratum-specific estimates [35].

,__ PP )
\/SE1% + SE5?

where 1 and B, refer to coefficients of the conditional logistic regression models, respec-
tively; SE1 and SEj; refer to the corresponding standard errors.

We conducted the following sensitivity analyses to examine the robustness of our
findings. To account for potential confounding by other pollutants, we fitted 2-pollutant
models by further including O3 (a typical gaseous pollutant) by constructing a similar cross-
basis function as PM, 5 in the model. In addition, like most studies, we conducted analyses
in different seasons (warm: May to October; cold: November to March) to indirectly
identify potential interactions. We also used the interim target 3 value (IT3: 37.5 ug/m?3) of
PM, 5 in World Health Organization (WHO) air quality guidelines (AQGs) to categorize
PM, 5 exposure in the interaction analysis. Finally, we employed air temperature and AT
instead of the HI to define heat wave and cold spell, and explore interactive effects with
PM, 5. Similarly to HI, AT is a commonly used indicator of perceived temperature, but
it incorporates humidity and wind speed in addition to air temperature. The use of air
temperature and AT enabled us to assess the robustness of our findings across different
temperature metrics. All analyses were analyzed using R version 4.4.1. A 2-sided p < 0.05
was defined as statistically significant.

3. Results
3.1. Descriptive Statistics

During the study period, we identified 50,196 deaths from pneumonia, yielding
50,196 case days and 169,721 control days. Table 1 gives the basic characteristics of the
subjects. Men accounted for 52.3% of the subjects. About 71.5% of the subjects died af-
ter 80 years old. The mean concentration of PM; 5, O3, and HI on the date of death was
49.0 ug/ m3,103.1 ug/ m3, and 15.7 °C, respectively (Table 2). The threshold of heat wave
(90th, 92.5th, 95th, or 97.5th percentile of HI) was 31.6, 33.6, 35.8, and 38.7°C, and threshold of
cold spell (2.5th, 5th, 7.5th, or 10th percentile of HI) was 0.4, 1.7, 2.5, and 3.2°C, respectively
(Table S1). The spatial distribution of number of heat wave days (A), number of cold spell days
(B), mean PM; 5 concentration (C), and number of pneumonia deaths (D) is demonstrated in
Figure 1. Table S2 shows the number of pneumonia deaths in different exposure conditions.
Overall, more subjects died on cold spell days, during which a higher proportion of days were
accompanied with high-level PM, 5 compared with that on heat wave days.

Table 1. Characteristics of the study subjects in Jiangsu province, China, 2015-2022.

Characteristic N (%)
Pneumonia deaths (case days), n 50,196
Control days, n 169,721
Age, mean (SD) 81.9 (15.3)
<80, 1 (%) 14,316 (28.5)
>80, n (%) 35,880 (71.5)
Sex, n (%)
Men 26,269 (52.3)
Women 23,925 (47.7)
Unknown 2(0)
Season at death, n (%)
Spring (March to May) 12,549 (25.0)
Summer (June to August) 10,299 (20.5)
Autumn (September to November) 10,763 (21.4)
Winter (December to February) 16,585 (33.0)

SD, standard deviation.
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Table 2. Distribution of air pollutants and meteorological factors on case days and control days.

On Case Days On Control Days
Exposure
Mean P25 P50 P75 Mean P25 P50 P75
PM 5 (ng/m?) 49.0 26.4 408 622 485 26.1 40.0 61.6
03 (nug/m3) 103.1 68.4 94.1 132.1 102.8 68.2 94.1 131.9
flgt index 15.7 56 14.2 24.0 15.7 5.7 14.4 24.0
P25—the 25th percentile; P50—the 50th percentile; P75—the 75th percentile; PM, s—fine particulate matter;
O3—ozone.
A No. of heat wave days, P95_3d B No. of cold spell days, P5_3d
36°N - 105-110 123-128 36°N 4 74-79 || 92-97
111-116 129-134 80-85 98-103
117-122 135-140 86-91 104-109
35°N - 35°N - '
34°N - 34°N -
33°N 33°N A
32°N - 32°N -
31°N ~ i } 31°N 4 i&
B W 100 km B W 100 km
116°E 118°E 120°E 122°E 124°E 116°E 118°E 120°E 122°E 124°E
c Mean PM, 5 concentration, ug/m® No. of pneumonia deaths
36°N - 19-25 || 40-46 36°N 120 61-80
26-32 l 47-53 21-40 [ 81-100
- o 41-60 >100
a5°N - 33-39 54-60 35°N 4 .
34°N 4 34°N -
33°N 33°N A
32°N A 32°N A
31°N - i } 31°N 4 i&
B 100 km ECEW 100 km
116°E 118°E 120°E 122°E 124°E 116°E 118°E 120°E 122°E 124°E

Figure 1. Spatial distribution of heat wave (P95_3d), cold spell (P5_3d), mean PM; 5 concentra-
tion, and pneumonia mortality in Jiangsu province, China, during 2015-2022. Spatial distribu-
tion of number of heat wave days of P95_3d (A), number of cold spell days of P5_3d (B), mean
PMj; 5 concentration (C), and study subjects (D). The spatial resolution is 0.0625° x 0.0625° (A),
0.0625° x 0.0625° (B), 1 km x 1 km (C), and 0.0625° x 0.0625° (D). PM, 5s—fine particulate matter.

3.2. Exposure—Response Analysis

As presented in Table 3, the risk for pneumonia mortality positively increased follow-
ing a single exposure to heat wave, cold spell, and PM, 5 conditions (all p < 0.05), though
the association for cold spell in P5_3d was statistically insignificant. In general, the effects of
short-term exposure to heat wave were stronger than that of cold spell, with the OR of heat
wave ranging from 1.22 (P90_3d) to 1.60 (P97.5_3d) and 1.08 (P5_2d) to 1.18 (P2.5_4d) for
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cold spell, respectively; in addition, the associations were gradually stronger with stricter
HI threshold. After adjusting for ETEs with different definitions, the odds of pneumonia
mortality associated with PM, 5 exposure were significant and stable, and the associations
did not depart from linearity (Figure S1).

Table 3. Cumulative odds ratio of pneumonia mortality associated with exposure to heat wave, cold
spell, and PM; 5 L

Heat Wave Cold Spell PM, 5 2

Definition OR (95% CI) Definition OR (95% CI) Definition OR (95% CI)

P90_2d 1.23(1.15,1.32) P10_2d 1.10 (1.04, 1.17) P90/10_2d 1.016 (1.009, 1.024)
P90_3d 1.22(1.14,1.31) P10_3d 1.10 (1.04, 1.17) P90/10_3d 1.016 (1.008, 1.023)
P90_4d 1.23(1.14,1.32) P10_4d 1.10 (1.03, 1.18) P90/10_4d 1.015 (1.008, 1.023)
P92.5_2d 1.27(1.18,1.36) P7.5_2d 1.11 (1.04, 1.18) P92.5/7.5_2d 1.016 (1.008, 1.023)
P92.5_3d 1.25(1.16,1.35) P7.5_3d 1.10 (1.02, 1.18) P92.5/7.5_3d 1.015 (1.007, 1.022)
P92.5_4d 1.25(1.16,1.36) P7.5_4d 1.11 (1.02, 1.20) P92.5/7.5_4d 1.014 (1.007, 1.022)
P95_2d 1.36(1.25,1.48) P5_2d 1.08 (1.002, 1.17) P95/5_2d 1.015 (1.007, 1.022)
P95_3d 1.35(1.24,1.48) P5_3d 1.08 (0.99, 1.18) P95/5_3d 1.014 (1.007, 1.021)
P95_4d 1.35(1.22,1.48) P5_4d 1.11 (1.002, 1.22) P95/5_4d 1.013 (1.006, 1.021)
P97.5_2d 1.53(1.36,1.71) P2.5_2d 1.16 (1.04, 1.28) P97.5/2.5_2d 1.014 (1.007, 1.022)
P97.5_3d 1.60(1.40,1.81) P2.5_3d 1.17 (1.03, 1.33) P97.5/2.5_3d 1.014 (1.007, 1.022)
P97.5_4d 1.59(1.38,1.84) P2.5_4d 1.18 (1.01, 1.38) P97.5/2.5_4d 1.013 (1.006, 1.021)

PM; 5, fine particulate matter; OR, odds ratio; CI, confidence interval. 1 Lag structure up to 6 days for both heat
wave and cold spell. 2 Cumulative association of PMy 5 (lag 0-6 day) exposure with pneumonia deaths were
estimated by adjusting heat wave (P90_2d) and cold spell (P10_2d).

Figure S2 illustrates lag structures of the significant association between heat
wave and cold spell and pneumonia mortality. Under most heat wave definitions
(i-e., P95_3d), the odds of heat wave peaked on the lag 0 day and then attenuated
to null by lag 1 day but slightly increased again at lag 3—4 days. In contrast, under
most definitions (i.e., P5_3d), cold spell showed certain delayed effects, with the
odds beginning and peaking at lag 1 day or lag 2 day, and then attenuating. The lag
patterns of PMj 5 showed a similar trend to heat wave, with the strongest association
at lag 0 day, decreased at lag 1 day, and attenuated to null afterward (Figure S3).

3.3. Interactive Effects

Figure 2, as well as Tables S3 and 5S4, illustrates the positive interactive effects
of heat wave and high-level PM; 5 on pneumonia mortality. The OR of heat wave
and high-level PM; 5 co-exposure over lag 0-6 day (OR1;) was much higher than that
of heat wave only (ORjp) and high-level PM; 5 only (OR1g) across all definitions of
heat wave, with interactive effects that were all significantly synergistic (RERI > 0,
AP >0, and S > 1). The RERI, AP, S were ranged from 0.40 to 1.16, 0.23 to 0.45, and
2.29 to 4.25, respectively. In addition, the RERI, AP, and S appeared to be higher
with increasing severity of heat wave (i.e., higher HI threshold, or more consecutive
days). In contrast, the OR;; of exposure to both cold spell and high-level PM; 5 was
generally lower than ORjg and/or ORy1, and the RERI was lower than 0 (ranging from
—0.20 to —1.02), indicating an antagonistic effect between cold spell and high-level
PM; 5 on pneumonia mortality (Figure 2, Tables S3 and 54).
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Figure 2. Cumulative association and additive interactive effects of exposure to ETEs and high-level
PMj; 5 on pneumonia mortality. Cumulative association of exposure to heat wave and high-level
PM,5 (A), cumulative association of exposure to cold spell and high-level PM; 5 (B), interactive
effects of exposure to heat wave and high-level PM, 5 (C), and interactive effects of exposure to cold
spell and high-level PM, 5 (D). Solid markers and “*” indicate statistical significance, while hollow
markers represent non-significance. RERI > 0 indicates a positive interaction (synergistic effect), while
RERI < 0 indicates a negative interaction (antagonistic effect). OR, odds ratio; PM, s, fine particulate
matter; RERI: relative excess odds due to interaction; ETEs: extreme temperature events.

The overall lag structures of heat wave, cold spell, and high-level PM; 5 are shown
in Figures 3 and 4. Except for the P90_3d and P97.5_2d definitions, the lag patterns for
exposure to heat wave and high-level PM; 5), heat wave only, and high-level PM; 5 only all
peaked at lag 0 day and then attenuated. For certain definitions (i.e., P90_2d and P95_3d),
the exposure to heat wave and high-level PM; 5 slightly increased on lag 3 day or lag 4 day.
In comparison, under most definitions (i.e., P7.5_2d, P5_2d, and P2.5_2d), co-exposure to
cold spell and high-level PM, 5 showed different lag structures to exposure to cold spell
and high-level PM; 5 and cold spell. For instance, for P5_2d, the odds of cold spell and
high-level PM; 5 exposure showed a downward trend at lag 0 and 1 day, and slightly
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escalated at lag 2 and 3 day, then continuously decreased till lag 6 day. Conversely, the
ORj of cold spell exposure increased and peaked at lag day 2 and then attenuated, while
the odds of exposure to PM; 5 peaked at a concurrent day and then decreased.

iéj%mm&ﬂ“* K “’J‘”L**-“Mm#- _—%_J_@ww@#_é
;E—MMJI&M _—}_jgl_@m_ﬂmw_ _*}_Js#_#f@%-m#%m#“-g
§ me& dpddday 4. J-ML&MF
Eﬁuﬂmﬁmw _J_ﬂ}_# b -%_-aﬁ-ammwuj_g

o 1 2 3 4 5 6 o 1 2 3 4 5 6 o 1 2 3 4 5
Lag period, day

—=— ORyp; (high-level PM;s) —=— ORj, (heat wave) —=— OR;; (heat wave & high-level PM;s)

Figure 3. Overall lag structure for the association of PM, 5, heat wave, and co-exposure with
pneumonia mortality in Jiangsu province, China during 2015-2022. Solid markers indicate statistical
significance, while hollow markers represent non-significance. PM 5, fine particulate matter.
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Figure 4. Overall lag structure for the association of PM, 5, cold spell, and co-exposure with pneu-
monia mortality in Jiangsu province, China during 2015-2022. Solid markers indicate statistical
significance, while hollow markers represent non-significance. PMj 5, fine particulate matter.
As shown in Figure 5 and Table S5, we estimated that 4.91% (95% CI: 2.69%, 7.00%),
0.45% (95% CI: 0.24%, 0.67%), and 0.36% (95% CI: 0.26%, 0.45%) of the pneumonia deaths
were attributable to exposure to PM; 5, heat wave, and their co-exposures under a definition
of P95_3d, corresponding to 2462 (95% CI: 1396, 3552), 227 (95% CI: 108, 338), and 180 (95%
CI: 127, 222) deaths, respectively. For cold spell of P5_3d, the excess fraction of deaths for
cold spell and its co-exposure to PM; 5 was 0.48% (95% CI: 0.22%, 0.70%) and 0.06% (95%
CIL: —0.27%, 0.37%), respectively (Figure 5, Table S5).
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Figure 5. Excess fraction and number of excess deaths from pneumonia due to exposure to ETEs
and high-level PM; 5. Excess fraction of pneumonia due to exposure to heat wave, cold spell, and
high-level PM; 5 (A), number of excess deaths of pneumonia due to exposure to heat wave, cold spell,
and high-level PM, 5 (B), percent of excess deaths of pneumonia due to exposure to heat wave, cold
spell, and high-level PM, 5 (C), and percent of pneumonia deaths in different exposure (D). ETEs,
extreme temperature events; PMj 5, fine particulate matter.

3.4. Stratified Analysis

Except for the stronger adverse effect of cold spell under P2.5_4d among individuals
< 80 years, the results of the stratified analysis did not show statistically different associa-
tion of ETEs or PM; 5 with pneumonia mortality by sex or age (Tables S6, S7, 59 and 510).
Overall, the synergistic effect of heat wave and high-level PM; 5 and antagonistic effect of
cold spell and high-level PM; 5 remained among men, but not among women (Table S8).
Compared with individuals > 80 years, individuals < 80 years exhibited generally stronger
synergistic effects of heat wave and high-level PM; 5. Under most cold spell definitions
(except P10_4d), cold spell and high-level PM; 5 only demonstrated antagonistic effects in
individuals < 80 years (Table S11).

3.5. Sensitivity Analysis

By further adjusting for O3 in the model, we observed similar associations and effects
of exposure to ETEs, and PM, 5 with pneumonia mortality (Tables S12 and S13). Compared
with cold season, we observed significantly stronger adverse effects of PM; 5 exposure on
pneumonia in warm season (Table 514). In addition, categorizing the PM; 5 exposure using
37.5 ug/m3 (Tables S15-S17) and using air temperature and apparent temperature instead
of the HI to define heat wave and cold spell (Tables S18-521) also yielded similar results.

4. Discussion

This is the first study to systematically explore the interactive effects of short-term
exposure to ETEs with PM;5 in relation to pneumonia mortality. In this population-
based case-crossover study with an individual-level exposure assessment, we identified
robust associations of heat wave, cold spell, and PMj; 5 exposure with an increased odds of
pneumonia mortality, and found a synergistic effect between heat wave and PM, 5 but an
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antagonistic effect between cold spell and PMj; 5. In general, these interactions appeared to
be stronger among men and individuals < 80 years.

To date, only a few studies in Australia, Japan, Thailand, and China have investigated
the adverse effects of heat wave or cold spell exposure on pneumonia mortality [36-40].
Despite differences in study design, exposure assessment, and the definition of ETEs, the
findings of these studies were generally consistent with our study that both heat wave and
cold spell exposure were significantly associated with pneumonia mortality. In contrast,
the association between PM; 5 exposure and pneumonia mortality has been extensively
studied, and the findings were overall conclusive and consistent with our study [41-43].

To our knowledge, no studies have quantitatively explored the interaction of co-
exposure to heat wave, cold spell, and PM; 5 on pneumonia mortality. Limited studies have
indirectly investigated the interaction by conducting stratified analyses by season (warm,
cold) or levels of PM; 5 exposure, and the findings are mixed. A case-crossover study in
Hong Kong, China reported a higher risk of pneumonia death due to PM; 5 exposure in
warm climate (6.17%) than that in cool climate (—4.06%) [14]. Conversely, a nationwide
case-crossover study in China demonstrated a stronger association in cold season (2.71%
for viral pneumonia and 2.33% for bacterial pneumonia), though the effect modification by
season did not reach statistical significance [13]. Another ecological study across 482 cities
globally in 20002018 identified higher adverse effects of heat at high PM; 5 exposures
(14.32%) than that at low PM,; 5 exposures (7.65%) [44]. Consistent with our results, this
limited evidence suggests synergistic adverse effects of co-exposure heat wave and high-
level PM; 5. The novel findings from our study reveal antagonistic effect between cold
spell and PM, 5 insights that heat wave and cold spell can interact differently with PM; 5
to induce pneumonia mortality. This antagonistic effect was also identified for mortality
from respiratory diseases (including pneumonia) in an ecological study in Shanghai, China,
under several definitions for cold spell [45], although a synergy was observed under some
other definitions and in another time-series study in Xining, China [46].

The opposite interactive effects on the respiratory system can be explained by some
biological mechanisms. PM, 5 can induce neutrophilic pulmonary inflammation, generate
oxidative stress, and therefore result in the development or aggravation of pneumonia [47].
During heat waves, extremely high temperatures can significantly increase the respiratory
rate of human, which leads to more inhalations of PM; 5 and exacerbate respiratory damage
to pneumonia patients [48]. Moreover, exposure to heat wave would impair virus-specific
adaptive immunity, thereby synergistically making the lung more susceptible to virus’
infection carried by PM; 5 [49,50]. During cold spell, compared with extreme heat that
only appear in specific days, winter with shorter days and adverse weather conditions
(including cold wind and high precipitation) would last longer; therefore, individuals tend
to significantly reduce their outdoor activities in winter, and this kind of more indoor activ-
ities would protect themselves from co-exposures to cold spell and high-level PM; 5 [51].
This behavioral adaptation is reinforced by the higher electricity consumption in winter. A
smart meter data from 2970 households in Jiangsu indicated that 87.3% of residents had
winter electricity consumption peaks equal to or higher than summer peaks, suggesting a
higher reliance on electric or other household heating devices in winter compared to air
conditioning and other cooling devices in summer [52]. Additionally, low temperature
can decrease the physiological responses, reduce the respiratory overall responsiveness for
PMj; 5 exposure, and potentially diminish the harmful effects of PM; 5 [53].

We provide novel evidence that men and individuals < 80 years were more vulner-
able to the interaction of ETEs and high-level PM; 5. Several mechanisms may relate to
the vulnerability of synergistic effects and antagonistic effects on pneumonia mortality.
Compared with women, men are overrepresented in outdoor professions and tend to
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experience higher activity levels, leading to more opportunities for heat wave and PM; 5
co-exposure [54]. During cold spell, men can mitigate the impact of cold spell with higher
blood perfusion, vasoconstriction, and heat conservation, reducing vulnerability to pneu-
monia mortality when exposure to cold spell and PM; 5 [55]. Individuals < 80 years may
synergistically increase the vulnerability to both heat wave and PM; 5 through greater
physiological responsiveness (i.e., metabolic rate) [56]. Conversely, the antagonistic effects
observed during cold spells among individuals < 80 years could be attributed to the greater
thermoregulatory responses to cold exposure [57]. This nuanced difference in outdoor
activities and thermoregulatory responses among different sex and age highlights the
complex interaction between heat wave, cold spell, and high-level PM; 5. Our findings
highlight critical needs to encourage the government, health sectors, and individuals to
collaborate to implement effective prevention and protective measures based on individual
and environmental conditions.

Pneumonia remains a significant public health concern, with considerable mortality
and healthcare burden globally [1]. Our study provides compelling evidence that heat wave
and PM; 5 interact synergistically to increase the risk of pneumonia mortality, emphasizing
the urgency for policymakers and individuals with pneumonia to implement strategies
to minimize exposure to both heat wave and PM; 5. In contrast, we found an antagonistic
interaction between cold spell and PMj; 5, which may not necessarily mean that cold spell
can protect human against PMj 5. Instead, considering the substantial disease burden of
PM; 5 exposure, adaptive behaviors such as reducing outdoor activities during cold spell
should be emphasized to help mitigate PM,; 5 exposures. Overall, policymakers need to
recognize the complex interaction of heat wave, cold spell, and PM; 5, and develop targeted
strategies to reduce pneumonia deaths from the rising threat of climate change and the
increasing disease burden of PM; 5 [7].

One major strength of our study is that we used HI as the temperature metric to
define and assess heat wave and cold spell, as it can better capture an individual’s per-
ceptions of temperature by accounting for humidity and reflecting health effects more
accurately [58]. In addition, we assessed the heat wave, cold spell, and PM; 5 exposure
using validated datasets with high spatiotemporal resolutions, which can help obtain
more accurate estimates. Yet this study also has certain limitations. First, like most prior
studies, we did not measure individual exposure directly, therefore we were unable to
account for time-activity patterns (e.g., the allocation of each subject’s time at work, home,
and school) and personal behaviors (e.g., using the air conditioner to reduce heat wave
exposure or staying indoors to reduce cold spell exposure). Exposure misclassifications of
ETE, PM; 5, and O3 were inevitable, though these misclassifications were more likely to be
non-differential and bias our results towards the null [59]. Second, it is essential to acknowl-
edge the possibility of unmeasured confounders (i.e., smoking and drinking), which may
lead to bias in our estimates. Third, one should exercise caution when extrapolating our
findings to diverse populations, because the subjects were exclusively from one province in
China, which has a temperate climate. The magnitude of the independent and interactive
effects of ETEs and PMj, 5 may differ in regions with warmer or colder climates, potentially
affecting generalizability.

5. Conclusions

We found robust associations of exposure to heat wave, cold spell, and PM, 5 with
pneumonia mortality, and that PM; 5 could interact synergistically with heat wave and
antagonistically with cold spell to increase the risk of pneumonia mortality, especially in
men and individuals < 80 years. Our findings emphasize urgent needs to address adverse
effects of heat wave and high-level PM; 5 co-exposures on pneumonia mortality as a priority



Toxics 2025, 13, 702

14 of 17

and highlight the importance to tailor policies on climate extremes and air pollution with
consideration of the interactive effects between ETEs and PM;, 5. Our findings provide
novel epidemiological evidence on the complex interaction between ETEs and PM, 5. The
results underscore urgent needs for targeted public health interventions and environmental
policies to reduce co-exposures to heat wave and PMj,5. Given the substantial excess
deaths associated with PM; 5 exposure, the identified antagonistic interaction of cold
spell and PMj 5 further emphasizes the importance of prioritizing the reduction of PM; 5
exposure and promoting adaptive measures to prevent pneumonia deaths. Further studies
are needed to explore the underlying biological mechanisms, examine other susceptible
populations, and assess if similar interaction patterns exist for different respiratory diseases
and in diverse climatic regions.
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GBD Global Burden of Diseases, Injuries, and Risk Factors Study

LRI lower respiratory infections

YLLs years of life lost

ETEs extreme temperature events

PM, 5 fine particulate matter

ICD-10 International Statistical Classification of Diseases and Related Health Problems
HI heat index

O3 ozone
CHAP  ChinaHighAirPollutants
R? cross-validated coefficients of determination

RMSE  root-mean-square deviations
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DLNM  distributed lag nonlinear model

df degrees of freedom

OR odds ratio

CI confidence interval

RERI relative excess risk due to interaction

AP attributable proportion due to interaction
S synergy index

eCl empirical confidence interval

WHO = World Health Organization
AQGs  air quality guidelines
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