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Abstract
Studies about the role of urban characteristics in modifying the health effect of temperature extremes are still unclear. This 
study is aimed at quantifying the morbidity risk of infectious diarrhea attributable to temperature extremes and the modified 
effect of a range of city-specific indicators. Distributed lag non-linear model and multivariate meta-regression were applied 
to estimate fractions of infectious diarrhea morbidity attributable to temperature extremes and to explore the effect modifica-
tion of city-level characteristics. Extreme heat- and extreme cold-related infectious diarrhea amounted to 0.99% (95% CI: 
0.57–1.29) and 1.05% (95% CI: 0.64–1.24) of the total cases, respectively. The attributable fraction of temperature extremes 
on infectious diarrhea varied between southern and northern China. Several city characteristics modified the association of 
extreme cold with infectious diarrhea, with a higher morbidity impact related to increased water consumption per capita and 
decreased latitude. Regions with higher levels of latitude or GDP per capita appeared to be more sensitive to extreme hot. In 
conclusion, exposure to temperature extremes was associated with increased risks of infectious diarrhea and the effect can 
be modified by urban characteristics. This finding can inform public health interventions to decrease the adverse effects of 
temperature extremes on infectious diarrhea.
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Introduction

Infectious diarrhea remains a significant cause of morbidity 
and mortality around the world. Globally, diarrhea diseases 
account for more than 1.6 million deaths in 2016 (Troeger 
et al. 2018). In China, diarrhea other than dysentery, chol-
era, typhoid, and paratyphoid is grouped as “other infec-
tious diarrhea (OID)” in the National Notifiable Diseases 

Surveillance System (NNDSS), which is listed as a Class C 
notifiable infectious disease (Zheng et al. 2022). OID is one 
of the most common infectious diseases in China, and there 
were more than 1.28 million new cases reported in 2018 
(DCFPH (Data Center for Public Health in China) 2018). 
Thus, it is critical to identify diarrhea-related risk factors.

Climate change is inextricably linked to health. In recent 
years, many epidemiological studies have shown evidence 
that meteorological factors, especially ambient temperatures, 
play an important role in the prevalence of infectious diar-
rhea (Hao et al. 2019). Temperature changes may affect the 
reproduction and extrinsic incubation period of diarrhea 
pathogens and even promote the emergence of new patho-
gens with large spatiotemporal variation (Alemayehu et al. 
2020). However, the association between extreme temper-
atures and health outcomes and their relative importance 
remains controversial (Kephart et al. 2022). IPCC predicted 
that intensity and frequency of temperature extremes would 
increase during the 21st century (Tollefson 2021). Extreme 
weather may directly cause death and potentially change the 
dynamics of infectious diseases by impacting pathogens, 
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hosts, transmission routes, and their living environmental 
and social conditions (Wu et al. 2016).

Previous studies have quantified the association between 
extreme temperatures and diarrhea disease in terms of rela-
tive risk (RR), but few have given a comparative assess-
ment of the attributable burden (Wu et al. 2014). Measures 
of attributable risk are essential for the planning of public 
health interventions. The quantified attributable burden can 
help to understand how extreme temperatures affects human 
health and how its influence can be reduced (Pascal et al. 
2018). Assessing the relative attributable risk of temperature 
extremes can be conductive to better understand the poten-
tial benefits of public health interventions and to allocate 
health care resources. Moreover, relatively little research 
has investigated the effect modification of urban character-
istics on the morbidity burden of diarrhea diseases attribut-
able to extreme temperatures. To fill this gap, we quantified 
the morbidity burden of OID attributable to temperature 
extremes based on national surveillance data in 16 Chinese 
cities during 2014−2016, and we further investigated the 
effect modifications of different urban characteristics on the 
morbidity burden of infectious diarrhea attributable to tem-
perature extremes.

Materials and methods

Study design

According to surveillance data from China, the newly 
reported OID cases accounted for 86.20% of the total cases 
of infectious diarrhea in mainland China from 2014 to 2016 
(DCFPH (Data Center for Public Health in China) 2016). 
Thus, OID is crucial for the control and prevention of infec-
tious diarrhea. We collected time-series daily data of OID 
cases and meteorological variables from 16 cities in China 
(2014−2016). We chose daily mean temperature as the expo-
sure index computed as the 24 h average based on hourly 
measurements from 16 national basic meteorological moni-
toring stations. We did a sensitivity analysis by modifying 
the modeling choices, changing the degrees of freedom (df) 
of temperature, the maximum lag days, and time, respec-
tively. The appendix contains further information on data 
collection and results from the sensitivity analysis.

Study areas

The study period was from 2014 to 2016. We selected 16 
cities in China shown in Fig. 1 as the basis of our analy-
ses, with eight southern cities (Hefei, Shanghai, Chengdu, 
Wuhan, Hangzhou, Changsha, Fuzhou, and Guangzhou) 
and eight northern cities (Shenyang, Tianjin, Yinchuan, 

Shijiazhuang, Taiyuan, Jinan, Lanzhou, and Xi’an). The 
southern and northern cities were divided by the Qinling 
Mountain and Huai River (Yang et al. 2016). We chose 
the 16 cities for the following reasons: (1) these 16 capital 
cities were the representative cities of the corresponding 
provincial administrative regions, which basically capture 
the diversity of climates conditions in China; (2) an inclu-
sion criterion of cumulative number of OID cases > 5000 
was adopted to ensure sufficient statistical power; (3) the 
selected cities had relatively good sanitary conditions, and 
the possibility of under-reporting of infectious diseases 
was low.

Data collection

For each city, data on daily OID cases during 2014−2016 
were obtained from the National Center for Disease Con-
trol and Prevention of China. All OID cases included in 
this study were diagnosed by serological test confirmation 
or clinical symptoms. According to the diagnostic criteria 
published by the Ministry of Health of the People’s Repub-
lic of China (WS271-2007), a clinically diagnosed OID is 
defined as loose or watery stools more than three times per 
day (Zheng et al. 2022). OID is categorized as category C 
notifiable infectious diseases in China. According to the 
National Communicable Disease Control Act, doctors in 
hospital or clinic must report each OID case to local health 
departments, and then these cases are mandatory to be 
reported online to the higher levels of the system through 
the NNDSS within 24 hours (Zhang et al. 2019).

Daily meteorological variables in the 16 cities over 
the same period were collected from the China Meteoro-
logical Data Sharing Service System (http://​data.​cma.​
gov.​cn/), including mean temperature, relative humidity, 
and rainfall. The missing values of meteorological data 
are interpolated using the average of the adjacent three 
days. Socio-economic and urban development variables 
of the 16 cities were collected from the statistical year-
books of each city. The greenness in specified area is 
measured by the Normalized Difference Vegetation Index 
(NDVI) in which higher values indicating a higher den-
sity of green vegetation. The monthly NDVI data with 
a 1 km spatial resolution were obtained from the Data 
Center for Resources and Environmental Sciences of the 
Chinese Academy of Sciences (http://​www.​resdc.​cn). The 
monthly 1 km NDVI for each city was calculated using the 
maximum synthesis method based on the 1 km vegeta-
tion index data from SPOT/VEGETATION PROBA-V 1 
KM PRODUCTS (http://​www.​vito-​eodata.​be). The city-
specific NDVI was calculated as the average of monthly 
NDVI values (with a spatial resolution of 1 km) during 
the study period.

http://data.cma.gov.cn/
http://data.cma.gov.cn/
http://www.resdc.cn
http://www.vito-eodata.be
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Statistical methods

Temperature percentile‑morbidity relationship cumulated 
over 30 days

In the first stage, a distributed lag non-linear model (DLNM) 
combined with quasi-Poisson regression was used to inves-
tigate the temperature-morbidity relationship in each city. 
DLNM could simultaneously estimate the nonlinear expo-
sure-response association and lag-response association 
through a cross-basis function (Gasparrini et al. 2010). The 
model was as follows:

where Yt denotes the daily case number of OID on day 
t and β is the intercept. According to the incubation peri-
ods of OID, the maximum lag time was set to 30 days to 
capture the lag structure of temperature effect (Zheng 

Log
[

E
(

Yt
)]

= � + cb(TP) + ns(Hum, 3) + ns(rain, 3)

+ ns(Time, 8 per years) + lag(res, 1)

et al. 2022). cb(TP) represents a cross-basis function 
of temperature percentiles composed of a natural cubic 
spline with 4 df for the temperature dimension, and a 
natural cubic spline with 3 df for the lag dimension. 
Natural cubic splines (ns) with 3 df for daily relative 
humidity and cumulative precipitation were included in 
the model to adjust for their confounding effect. Long-
term trend and seasonality were controlled using a natu-
ral cubic spline of calendar time with 8 df per year (Gas-
parrini et al. 2015). The first-order lagged item of the 
model residual error lag (res, 1) was included to control 
the autocorrelation (Bhaskaran et al. 2013). Given the 
temperature ranges of different cities vary widely in our 
study, we used a relative scale measurement of tempera-
ture to convert temperatures into the related city-specific 
percentiles, so as to unify the temperature ranges across 
cities (Wang et al. 2021). The daily temperature percen-
tile for each city was calculated using the temperature 
values of that city during the study period, and the 50th 
percentile of ambient temperatures was defined as the 
reference.
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Fig. 1   Locations of the 16 Chinese cities in this study
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Estimation of morbidity burden attributable 
to temperature extremes

In the second stage, a multivariate meta-analysis was con-
ducted to obtain the pooled exposure-response relationship 
between temperatures and OID morbidity in 16 China cities 
(Gasparrini and Armstrong 2013). We obtained the best linear 
unbiased prediction (BLUP) for the city-specific effect esti-
mates (Gasparrini et al. 2012). The BLUP is a weighted aver-
age between the city-specific association estimated in the first 
stage and the pooled association, where the weight is inversely 
proportional to the variance of the first stage estimates (Kim 
et al. 2019). In brief, the BLUP approach allows the cities 
that has lower number of cases to borrow information from 
cities with larger populations. Extreme heat and extreme cold 
were defined as temperatures above the 97.5th and below the 
2.5th percentiles of city-specific temperatures, respectively 
(Yang et al. 2016). Referring to a procedure developed by 
Gasparinni et al., we calculated the city-specific attributable 
fractions (AF%, in percentage) of temperature extremes using 
a forward perspective (Gasparrini et al. 2015). In brief, the 
number of OID cases attributable to temperature extremes by 
summing the temperature-related cases occurring in days with 
temperature extremes, and then dividing by the total number 
of cases produced the AF%. We calculated empirical con-
fidence intervals using Monte Carlo simulations, assuming 
a multivariate normal distribution of the first-stage reduced 
coefficients.

Association between urban characteristics and attributable 
fraction of temperature extremes

The possible nonlinear association between each urban char-
acteristic and morbidity burden attributable to extreme heat 
and extreme cold was investigated by fitting two separate 
multilevel meta-regression models with two levels (cities 
nested within regions) using urban characteristic as expo-
sure and annual average temperatures as covariate (Sera 
et al. 2019; Sera et al. 2021). The inclusion of region as a 
random effect allowed the two-level meta-regression model 
to account for region differences. Associations between the 
urban characteristics and extreme temperature-related AF% 
were expressed as the AF% change for a standard deviation 
increase of the indicators.

R software (version 3.5.3) with the dlnm, mvmeta, and 
mixmeta packages were used for data analysis. We chose 
0.05 (two-tailed) as our statistically significant level.

Results

Table 1 shows the descriptive statistics from 16 large Chi-
nese cities. A total of 471,871 OID cases occurred during 
the study period. The daily mean OID cases ranged from 5 to 
98 in study cities. Different cities experienced a wide range 
of temperatures, with city-specific annual mean temperature 
ranged from 8.1°C in Lanzhou to 22.0°C in Guangzhou.

Table 1   Descriptive statistics 
for 16 selected Chinese cities, 
2014–2016

P2.5, P25, P50, P75, and P97.5 are the 2.5th, 25th, 50th, 75th, and 97.5th percentiles of daily mean tempera-
ture, respectively

City Latitude Population Average 
daily 
cases

Temperature (°C)

(N) (Millions) Min P2.5 P25 P50 P75 P97.5 Max Mean

Shenyang 41.7 731.7 7.5 −20.5 −12.4 −2.6 11.1 21.2 25.8 30.1 9.1
Tianjin 39.1 1542.0 98.8 −14.1 −2.8 2.7 15.6 24.1 28.5 32.5 13.9
Yinchuan 38.5 216.1 13.1 −15.4 −7.2 0.9 12.6 20.5 26.0 29.4 10.8
Shijiazhuang 38.0 1070.1 54.4 −9.4 −1.5 4.4 16.4 24.5 29.1 35.5 14.8
Taiyuan 37.9 432.1 5.0 −14.9 −5.5 1.4 12.8 20.7 25.0 27.8 11.2
Jinan 36.7 714.4 10.9 −12.4 −1.3 6.2 17.4 24.1 28.9 34.0 15.3
Lanzhou 36.1 368.8 7.3 −17.5 −8.9 −1.2 9.8 17.1 23.0 27.6 8.1
Xi’an 34.3 872.2 18.6 −6.7 0.3 6.9 16.3 23.8 29.7 33.8 15.5
Hefei 31.8 778.5 51.6 −5.9 2.2 8.8 18.0 24.4 29.7 33.7 16.8
Shanghai 31.2 2420.2 16.2 −6.1 3.7 10.1 18.4 23.9 29.8 34.7 17.3
Chengdu 30.6 1500.1 15.5 −1.9 4.8 10.1 17.4 22.8 26.3 29.8 16.6
Wuhan 30.6 1057.1 15.3 −3.8 2.7 9.1 18.4 24.6 29.9 33.0 17.0
Hangzhou 30.2 903.3 60.2 −5.0 4.1 10.5 19.1 24.4 30.5 34.4 17.8
Changsha 28.2 489.7 13.4 −0.9 4.9 10.5 18.9 24.7 30.2 33.5 17.9
Fuzhou 26.1 750.0 10.9 2.3 9.2 14.9 21.6 26.8 30.4 32.3 20.8
Guangzhou 23.1 1354.2 31.8 3.4 11.1 17.0 23.7 27.3 29.8 31.1 22.0
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Figure 2 presents the pooled associations between tem-
perature percentiles and OID incidence in different geo-
graphical regions cumulated over 30 days. Results indicate 
that high temperatures significantly enhanced the risk of 
OID in northern China, with the peak RR of 2.20 (95% CI: 
1.43, 3.37) at the 84th percentile of ambient temperatures. 
This suggests a possible “harvesting effect” for extreme high 
temperatures. By contrast, the risk of OID generally esca-
lated quickly and linearly in southern China on cold days, 
with the highest RR of 2.58 (95% CI: 1.55, 4.30) at the 0th 
percentile of ambient temperatures.

Figure 3 shows the estimated attributable fraction related 
to temperature extremes in each city. Our findings show that 
the attributable fraction of temperature extremes varied 
among different regions. Extreme heat was responsible for a 
higher morbidity burden of OID in northern region of China, 
whereas the attributable fraction of OID cases caused by 
extreme cold was higher than extreme heat in most southern 
cities. In total, we estimated that 0.99% (95% CI: 0.57, 1.29) 
and 1.05% (95% CI: 0.64, 1.24) of the OID morbidity were 
attributable to extreme heat and extreme cold, respectively 
(Table S1).

After adjusting for annual mean temperatures, the asso-
ciation between urban characteristics and extreme tem-
perature-related AF% is depicted in Fig. 4. We found that 
extreme cold-related AF% was negatively associated with 

latitude and longitude, whereas it was positively correlated 
with water consumption per capita and NDVI in winter. 
Cities with higher levels of latitude or GDP per capita 
appeared to be more sensitive to extreme hot exposure.

A linear association of latitude and temperature 
extremes AF% was observed in our study (Fig. 5). The 
association between extreme cold and longitude was an 
approximately V-shape, with a maximum AF% difference 
of 0.08 (95% CI: 0.03, 0.13) at 123 degrees East. We also 
found that the extreme cold AF% increased by water con-
sumption per capita, and the maximum change was 1.76 
(95% CI: 0.41, 3.11) at 256.56 m3 per person. The asso-
ciation between extreme cold AF% and NDVI in winter 
was an inverted V-shape curve, with the AF% rising to a 
peak when NDVI value was 0.37, then having a decreas-
ing trend. A similar non-linear relationship was found for 
extreme heat AF% and GDP per capita.

The model residuals were approximately independ-
ent over time and following the normal distribution (Fig. 
S1 and Fig. S2). Sensitive analyses showed that the esti-
mates of attributable fractions attributable to temperature 
extremes were broadly similar when we changed the maxi-
mum lag days, the df for temperatures and the df for time 
trend (Table S2). The shapes of association between tem-
perature percentiles and morbidity remained robust when 
we change the maximum lag days (Fig. S3).

Fig. 2   Meta-pooled cumulative 
effects between temperatures 
percentiles and OID morbidity 
in different geographical regions
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Discussion

We conducted a multi-site time-series analysis of 16 large 
cities in China on the attributable fraction of temperature 
extremes on infectious diarrhea morbidity and how urban 
characteristics affect vulnerability to temperature extremes. 
Results showed that most of the morbidity burden was attrib-
utable to the contribution of cold days in the south and hot 
days in the north. This study also reveals that the morbidity 
burden of infectious diarrhea contributed by extreme tem-
peratures can be modified by varies urban characteristics. 
Our findings are helpful for increasing public health aware-
ness about the adverse effects of temperature extremes on 
infectious diarrhea.

In line with previous studies, we found temperature 
extremes increased the morbidity risk of infectious diarrhea, 
and extremes cold and extreme heat were responsible for 
0.99% and 1.05% of OID morbidity, respectively. A review 
study revealed that most identified studies support positive 
relationship between extreme heat and diarrhea (Uibel et al. 
2022). Another study found maximum temperature contrib-
uted 52% and 63% in predicting the morbidity of diarrhea 

disease for children and older adult groups, respectively 
(Chou et al. 2010). Alternatively, Hasan et al. showed that 
suitable cold temperatures for an extended time could accel-
erate the onset and intensity of Rotavirus Diarrhea (Hasan 
et  al. 2018). A study in Hongkong, China, showed the 
adjusted relative risk for gastrointestinal infection admis-
sions increased about 2% per unit increase in the number of 
cold days (Chong et al. 2021). Several underlying mecha-
nisms have been postulated for the increased risk of diarrhea 
associated with temperature extremes. One main potential 
mechanism leading to extreme heat-related cases is that hot 
temperatures may promote the proliferation and survival of 
diarrhea pathogens, such as Salmonella and Escherichia coli 
(Wang et al. 2018a). Moreover, increased consumption of 
unsanitary water and raw food during hot days may account 
for the increased risk of infection (Wang et al. 2021). Rota-
virus is a common diarrhea pathogens during cold days, and 
extreme cold may promote the fecal-oral transmission of 
Rotavirus (Chong et al. 2021). In addition, people tend to 
spend more time indoors in cold weather and thus may lead 
to higher exposure to contaminated surfaces, air, food, and 
water for vulnerable groups (Wang et al. 2018b).
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Fig. 3   Fraction of OID morbidity attributable to temperature extremes in 16 Chinese cities
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A linear increasing trend of RR was observed at low tem-
perature percentiles in the southern region, reflecting the 
potential risk of extreme cold in a climate change perspec-
tive. Research on the relationship between human health and 
ambient temperatures was mainly focused on the effects of 
extreme heat in the context of global warming (Gasparrini 
et al. 2015). Our findings indicate that public health plans 
and adaptive measures should be extended and refocused to 
reducing the morbidity burden of cold temperature-related 
infectious diarrhea in southern regions.

We found that temperature extremes are responsible 
for excess morbidity of OID, with important differences 
between cities. Generally, the southern cities are character-
ized by relatively stronger attributable risk of extreme cold 

on OID, whereas extreme heat-related burden was higher in 
norther cities. This result was consistent with previous stud-
ies. A Swedish study suggests that northern populations have 
not adapted to the heat as have been done for cold (Rocklöv 
and Forsberg 2008). Additionally, people in warmer regions 
tend to have higher thermal thresholds, the temperature at 
which the harmful effects of heat begins to occur, suggesting 
acclimatization (Huang et al. 2011). Our study also illus-
trates that there is a negative association between longitude 
and extreme cold-related AF%. Previous studies have shown 
modification effects of longitude on the temperatures-health 
impacts (Tian et al. 2019; Guo et al. 2016). The geographical 
latitude and longitude are closely linked to weather types. 
As a vast country with substantial geographic variations in 
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Fig. 4   The relationship between urban characteristics and the AF% of temperature extremes
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China, there are various climatic features in China. This 
suggested that the great geographical diversity should be 
taken into account when quantifying the health impacts of 
temperature extremes at the country level.

In our study, the impact of extreme heat was higher in 
more developed cities characterized by a higher GDP per 
capita, which is similar to the findings of previous studies 
(Tan et al. 2010; Sera et al. 2019). China has experienced 
rapid urban development in recent decades, the continued 
urbanization and increased anthropogenic activities have 
significantly altered the atmospheric and surface properties 
of the Earth, and have thus altered the urban energy bal-
ance and affected the thermal environment in cities (Yang 
et al. 2019). As a result, there is a distinct temperature differ-
ence between urban areas and their surrounding hinterland 
due to the heat storage capacity of the built environment, 
a phenomenon known as the urban heat island effect (Sera 
et al. 2019). Previous studies have shown that the urban heat 
island effect may greatly increase the energy consumption 
during summer months and lead to increased heat stress and 
heat health risks for residents (Vargo et al. 2016; Cui et al. 
2017). Moreover, the accessibility of extreme heat protection 
measures may also contribute to these differences (Li et al. 
2014). This result may imply that preparedness of the health 
system for extreme heat temperatures should be improved, 
particularly given the projected increases in heat extremes 
events related to global warming and growing urbanization 
in the future (Filho et al. 2019).

The results showed that the extreme cold-related attribut-
able risks increased with the water consumption per capita. 
This could be due to drinking contaminated water during 

cold days. Therefore, water quality monitoring in areas with 
high water consumption should be strengthened in winter. 
Our results also indicated that extreme cold-related AF% was 
positively correlated with NDVI value in winter. The was 
similar to the results from a study in China, which found that 
the ratio of relative risk for the highest to lowest quartiles of 
greenness for mortality risk on extreme cold days was 2.08 
(95% CI: 0.12, 36.2) among old adults in China (Qiu et al. 
2021). Interestingly, we also observed an inverted V-shaped 
curve on the association between NDVI in winter and extreme 
cold-related attributable risk, with higher greenness expo-
sure could alleviate the attributable risk when NDVI value 
above 0.37. The plausible mechanism supporting this result 
remains unclear, but some studies revealed that increasing 
level of greenness might be one of the good strategies to alle-
viate adverse effects of non-optimum temperature, including 
increased physical and social activity as well as mental health 
and well-being (Qiu et al. 2021; Denpetkul and Phosri 2021). 
There is a dearth of literature on the quantitative relationship 
between greenness and extreme cold worldwide, and thus the 
complex relationship between greenness and cold temperature 
effects warrants further investigation.

Our analysis has two main strengths. To our best knowl-
edge, this is the first multicity study to estimate the attributa-
ble risk of infectious diarrhea due to temperature extremes in 
China. The observed north-south differences have important 
implication for the planning of public-health interventions 
and to protect the vulnerable populations. Additionally, we 
further investigated the potential effect modification of vari-
ous urban characteristics on the association between OID 
and temperature extremes, and evidence from this study 
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can help inform public health practices and urban planning 
under a variety of climate change and urban development 
scenarios.

Several limitations of our study should be noted. First, 
people often spent more time indoors during extreme 
weather conditions, leading to underestimating the true mor-
bidity burden of temperature extremes on infectious diar-
rhea. Second, our study did not further analyze the effects 
of temperature extremes on different OID pathogens due 
to the unavailable data. Surveillance efforts for diarrheal 
pathogens are needed in future study to verify the effect of 
different etiological factors on infectious diarrhea. Third, 
the OID cases obtained from NDSS may not cover all cases 
since some people with mild clinical symptoms may not 
seek help in hospitals or clinics. Fourth, infectious diarrhea 
includes dysentery, cholera, typhoid, and paratyphoid and 
OID in China. For limitations by data accessibility, only 
OID cases in 16 cities were included in this study, and the 
findings need to be further validated by studies with wider 
coverage and more comprehensive infectious diarrhea data.

Conclusion

In conclusion, we found that temperature extremes are an 
important cause of the excess incidence of infectious diar-
rhea and the effect can be modified by urban characteristics. 
Our findings can provide a practical reference for the pre-
vention of infectious diarrhea under temperature extremes 
conditions in China.
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