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Abstract

Since the late 1990s, hand, foot and mouth disease (HFMD) has become a common health
problem that mostly affects children and infants in Southeast and East Asia. Global climate
change is considered to be one of the major risk factors for HFMD. This study aimed to assess
the correlation between meteorological factors and HFMD in the Asia-Pacific region.
PubMed, Web of Science, Embase, China National Knowledge Infrastructure, Wanfang
Data and Weipu Database were searched to identify relevant articles published before
May 2018. Data were collected and analysed using R software. We searched 2397 articles
and identified 51 eligible papers in this study. The present study included eight meteoro-
logical factors; mean temperature, mean highest temperature, mean lowest temperature,
rainfall, relative humidity and hours of sunshine were positively correlated with HFMD,
with correlation coefficients (CORs) of 0.52 (95% confidence interval (CI) 0.42–0.60),
0.43 (95% CI 0.23–0.59), 0.43 (95% CI 0.23–0.60), 0.27 (95% CI 0.19–0.35), 0.19 (95% CI
0.02–0.35) and 0.19 (95% CI 0.11–0.27), respectively. There were sufficient data to support
a negative correlation between mean pressure and HFMD (COR = −0.51, 95% CI −0.63 to
−0.36). There was no notable correlation with wind speed (COR = 0.10, 95% CI −0.03 to
0.23). Our findings suggest that meteorological factors affect the incidence of HFMD to a
certain extent.

Introduction

Hand, foot and mouth disease (HFMD) is a common infectious disease caused by a group of
enteroviruses, including coxsackievirus A16 (CA16) and enterovirus 71 (EV71) [1]. Since the
late 1990s, HFMD has been a concern in Asia-Pacific countries [2], including China, Japan,
South Korea, Vietnam and Singapore. In March 2008, an outbreak led to the death of 23 chil-
dren infected with EV71 in Fuyang city, Anhui Province, China [3]. According to statistics
from the National Health and Family Planning Commission regarding category C infectious
diseases, there were 994 882 cases of paediatric HFMD reported in China in 2014, including
16 872 (1.69%) severe cases and 624 (0.06%) fatal cases [4]. From January 2000 to
December 2015, there were 2 521 199 cases of HFMD reported in Japan. The majority of
cases involved were children under the age of 5 years; this age group accounted for, and
more than 80.4% of the reported cases from 2000 to 2014 [5]. In Vietnam, the number of
reported cases in 2008 and 2009 was approximately 10 000, twice that of 2007. The outbreak
of HFMD in Vietnam in 2012 resulted in 157 654 cases, and the incidence remained high in
the following years [6]. In 2008, the largest ever outbreak in Singapore was reported, a total of
29 686 cases, with one case resulting in death [7]. HFMD caused a heavy economic and social
burden, resulting in an important public health problem that seriously threatened the life and
health of children and infants.

Although China pioneered the development of an innovative EV71 HFMD vaccine, this
vaccine was only effective to prevent HFMD caused by EV71 infection, and could not prevent
HFMD caused by infection with other enteroviruses (including CA16) [8]. Therefore, identi-
fication of risk factors for HFMD, and targeted prevention and control would be of assistance
in reducing the incidence of HFMD. Currently, a large number of studies at home and abroad
have focused on the impact of meteorological factors on the incidence of HFMD [9–11].
Analysis and comparison of the HFMD data with the corresponding meteorological data
revealed a certain correlation between incidence of HFMD and temperature, humidity and
air pressure. Although these studies were able to show that the incidence of HFMD was closely
related to meteorological factors, the results of the studies were not consistent. For example, a
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study conducted by Zhao et al. [9] reported a positive correlation
between mean temperature and HFMD incidence, while Wei et al.
[12] reported a negative result. In another example, Chen et al.
[13] found that the mean pressure and HFMD incidence was
negatively correlated, while Du et al. [11] reported a positive cor-
relation. Wei et al. also reported no significant correlation
between mean pressure and the incidence of HFMD. These
inconsistencies also existed with respect to other meteorological
factors.

It was clear from previous studies that the correlation between
meteorological factors and HFMD were not consistent. Therefore,
the current study was conducted to perform a meta-analysis of
published articles, with the aim of identifying meteorological
risk factors for HFMD and the role of these risk factors in the
pathogenesis of HFMD. The aim is to provide baseline informa-
tion and a scientific basis for prevention and control measures of
HFMD.

Material and methods

Search strategy

A literature search was performed using PubMed, Web of Science,
Embase, China National Knowledge Infrastructure, Wanfang
Data and Weipu Database. We used the following key words:
hand foot and mouth disease (HFMD), meteorological, climate
change, temperature, precipitation, air pressure, humidity, wind
speed and sunshine. Articles published before May 2018 were
included in the current study. References from the retrieved docu-
ments were also checked to include any additional relevant
articles.

Selection criteria

The inclusion criteria were as follows: (1) article language was
Chinese or English; (2) study with a reported sample size; and
(3) study provided clear correlation coefficient (COR), risk ratio
(RR), odds ratio (OR) and incidence rate ratio (IRR) between
meteorological factors and HFMD incidence.

Exclusion criteria were as follows: (1) review article; (2) repeat-
edly published papers; (3) articles with irrelevant data or lack of
required information.

Data collection and quality assessment

The first author, year of publication, title, location, study period,
time sample size, meteorological factors and COR were
recorded on a form. To evaluate the impact of study quality
on the results of the study, we designed an assessment pro-
gramme according to standard guidelines [14–16]. The evalu-
ation scheme included nine items assessing reporting quality,
external validity and bias, with possible scores ranging from 0
(poor quality) to 10 (high quality). Each document was inde-
pendently scored by two researchers and discrepancies were
resolved jointly [8].

Statistical analysis

R software (R Foundation for Statistical Computing, Vienna,
Austria) was used for meta-analysis. First, Q and I2 statistics
were used to estimate heterogeneity among studies. According
to the Q-statistic, if P value of <0.10 indicates heterogeneity in
the risk factors among studies, then in such cases the

Fig. 1. Flowchart of study selection.
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Table 1. Characteristics of the 51 publications included in the meta-analysis

Reference Location Study period Time sample size Statistical method Resolution Climate group

Tian et al. [18] Beijing, China 2010–2012 36 Bayesian spatiotemporal Poisson regression model Monthly Temperate

Li et al. [30] Shandong, China 2008 47 Spatiotemporal mixed model Weekly Temperate

Chen [13] Mainland, China 2010–2014 60 Spearman correlation analysis Monthly

Zhang and Wang [31] Hainan, China 2010–2014 60 Univariate and multivariate linear regression analyses Monthly Tropical

Du et al. [32] Guangdong, China 2011–2014 208 Seasonal autoregressive integrated moving average (SARIMA) model Weekly Subtropical

Wu et al. [22] Hunan, China 2009–2015 84 Spatial autocorrelation and spatiotemporal cluster analysis Monthly Subtropical

Gou et al. [19] Gansu, China 2010 12 Bayesian spatial conditional autoregressive model Monthly Temperate

Phung et al. [20] Vietnam 2011–2014 48 Generalised linear model (GLD) Monthly Tropical

Zhao et al. [9] Huainan, China 2009–2014 312 Distributed lag non-linear model (DLNM) Weekly Subtropical

Du et al. [11] Mainland, China 2011 12 Classification and regression tree model (CART) Monthly

Jiang et al. [33] Qingdao, China 2007–2014 416 Spearman rank correlation analysis Weekly Temperate

Han [34] Jinan, China 2007–2014 96 Spearman correlation analysis Monthly Temperate

Song et al. [17] Zhengzhou, China 2010–2014 60 Pearson correlation analysis Monthly Temperate

Dong and Wang [35] Xinzheng, China 2012–2015 48 Logistic regression Monthly Temperate

Li et al. [36] Suizhou, China 2010–2014 60 Multiple linear regression Monthly Temperate

Zhou and Gao [37] Shanghai, China 2010–2012 156 Multiple linear stepwise regression Weekly Subtropical

Wang et al. [10] Qinzhou, China 2010–2015 72 Multiple linear stepwise regression Monthly Temperate

You et al. [36] Kunming, China 2014 365 Multiple linear regression Daily Subtropical

Gu et al. [38] Jiangyin, China 2009–2014 72 Pearson correlation analysis Monthly Subtropical

Xu et al. [10] Jiayuguan, China 2008–2012 1825 DLNM Daily Temperate

Zhou et al. [39] Chengdu, China 2011–2013 156 logistic regression model Weekly Subtropical

Lin et al. [40] Hangzhou, China 2014 365 Pearson correlation analysis Daily Subtropical

Zhou and Yu [41] Nanjing, China 2011–2014 48 Multiple linear stepwise regression Monthly Subtropical

Kim et al. [25] South Korea 2010–2013 208 Generalised additive model (GAM) Weekly Subtropical

Wei et al. [42] Shanxi, China 2009–2013 261 SARIMA model Weekly Temperate

Xu et al. [43] Beijing, China 2010–2012 1095 DLNM Daily Temperate

Luo et al. [42] Guangzhou, China 2009–2012 48 Concentration and circular distribution method Monthly Subtropical

Feng et al. [44] Zhengzhou, China 2008–2016 312 SARIMA model Weekly Temperate

Xiang et al. [45] Shanghai, China 2010–2013 208 Back-propagation neural network model Weekly Subtropical

Li et al. [46] Beijing, China 2009–2013 60 Multivariate linear regression Monthly Temperate

Song et al. [47] Guangzhou, China 2009–2013 252 SARIMA model Weekly Subtropical

Feng et al. [48] Zhengzhou, China 2008–2012 234 SARIMA model Weekly Temperate
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Table 1. (Continued.)

Reference Location Study period Time sample size Statistical method Resolution Climate group

Chen et al. [49] Suzhou, China 2012–2013 24 Spearman’s rank correlation analysis Monthly Subtropical

Wu [50] Laiwu, China 2010–2012 36 Series analysis Monthly Temperate

Wei and Zhang [12] Linyi, China 2007–2012 72 Pearson correlation analysis Monthly Temperate

Shi et al. [51] Laiwu, China 2011–2013 36 Linear regression Monthly Temperate

Wang et al. [52] Kunming, China 2009–2012 36 Univariate and multivariate linear regression Monthly Subtropical

Bo et al. [23] Mainland, China 2008–2009 12 Spatial autologistic regression model Monthly

Huang et al. [53] Guangzhou, China 2008–2011 212 GAM Weekly Subtropical

Liu et al. [54] Weifang, China 2007–2010 208 Univariate correlation and stepwise multiple regression analyses Weekly Temperate

Liu et al. [54] Hebei, China 2009–2011 36 Multiple linear stepwise regression Monthly Subtropical

Zhuang et al. [55] Shanghai, China 2005–2010 72 Pearson correlation analysis Monthly Subtropical

Tian et al. [56] Baoji, China 2009–2011 156 Principal component analysis Weekly Temperate

Liu et al. [57] Renqiu, China 2010–2012 36 Pearson correlation analysis Monthly Temperate

Luo et al. [58] Guangzhou, China 2010–2011 24 Non-parametric correlation analysis Monthly Subtropical

Zheng et al. [59] Shenzhen, China 2008–210 36 Geographically weighted regression model (GWR) Monthly Subtropical

Wang et al. [60] Liaocheng, China 2009–2011 36 Pearson correlation analysis Monthly Temperate

Hu and Dong[61] Wuwei, China 2008–2010 1095 Pearson correlation analysis Daily Temperate

Onozuka and
Hashizume [21]

Japan 2000–2010 520 DLNMs Weekly Subtropical

Hii et al. [2] Singapore 2001–2008 416 Time-series Poisson regression model Weekly Tropical

MA et al. [62] Hong Kong, China 2000–2004 260 Spearman’s rank correlation analysis Weekly Subtropical
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Table 2. Summary of the studies included on the relationships between meteorological factors with HFMD

Reference Location

Mean
temperature

(°C)
Mean maximum
temperature (°C)

Mean minimum
temperature (°C)

Mean air
pressure
（kPa）

Rainfall
(mm)

Average relative
humidity (%)

Hours of
sunshine
(hour)

Mean wind
speed (m/s)

Tian et al. [18] Beijing, China 0.01 n.a. n.a. n.a. 0.01 0.01 n.a. n.a.

Li et al. [30] Shandong,
China

n.a. 0.14 0.14 −0.11 n.a. 0.07 n.a. 0.08

Chen et al. [13] Mainland,
China

0.71 n.a. n.a. −0.56 0.54 0.40 −0.09 n.a.

Zhang and Wang
[31]

Hainan, China 0.90 n.a. n.a. −0.73 n.a. n.a. n.a. −0.10

Du et al. [32] Guangdong,
China

0.66 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Wu et al. [22] Hunan, China 0.17 n.a. n.a. n.a. 0.09 0.09 n.a. n.a.

Gou et al. [19] Gansu, China 0.08 n.a. n.a. n.a. n.a. −0.02 n.a. n.a.

Phung et al. [20] Vietnam 0.01 n.a. n.a. n.a. 0.01 0.00 n.a. n.a.

Zhao et al. [9] Huainan,
China

0.34 n.a. n.a. −0.36 0.02* −0.04* n.a. n.a.

Du et al. [11] Mainland,
China

0.49 n.a. n.a. 0.26 n.a. 0.31 n.a. n.a.

Jiang et al. [33] Qingdao,
China

0.77 n.a. n.a. n.a. 0.33 0.51 0.01* n.a.

Han [34] Jinan, China 0.72 n.a. n.a. −0.66 0.16 0.11 0.18 0.01*

Song et al. [17] Zhengzhou,
China

0.55 n.a. n.a. −0.56 0.26* −0.04* 0.58 0.34

Dong and Wang
[35]

Xinzheng,
China

0.56 n.a. n.a. −0.15 0.48 0.15 −0.13 0.37

Li et al. [36] Suizhou,
China

0.50 n.a. n.a. −0.62 0.41 0.25* 0.31 n.a.

Zhou and Gao
[37]

Shanghai,
China

0.33 0.37 0.33 −0.44 0.16 0.31 n.a. n.a.

Wang et al. [10] Qinzhou,
China

0.84 n.a. n.a. −0.73 0.42* 0.84 0.67 −0.62

You et al. [36] Kunming,
China

0.53 n.a. n.a. −0.42 0.20 0.06* n.a. −0.06*

Gu et al. [38] Jiangyin,
China

0.40 n.a. n.a. −0.49 0.20* 0.15* 0.04* 0.15*

Xu et al. [10] Jiayuguan,
China

0.25 n.a. n.a. −0.15 0.02* −0.21 n.a. 0.13

Zhou et al. [39] Chengdu,
China

0.33 0.32 0.32 −0.26 0.21 −0.06* n.a. −0.02*
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Table 2. (Continued.)

Reference Location Mean
temperature

(°C)

Mean maximum
temperature (°C)

Mean minimum
temperature (°C)

Mean air
pressure
（kPa）

Rainfall
(mm)

Average relative
humidity (%)

Hours of
sunshine
(hour)

Mean wind
speed (m/s)

Lin et al. [40] Hangzhou,
China

0.85 n.a. n.a. n.a. 0.80 0.87 n.a. n.a.

Zhou and Yu [41] Nanjing, China 0.53 n.a. n.a. n.a. 0.58 n.a. 0.19* n.a.

Kim et al. [25] South Korea 0.61 n.a. n.a. n.a. 0.39 0.49 −0.15 n.a.

Wei et al. [42] Shanxi, China 0.63 0.62 0.66 n.a. 0.26 0.19 0.26 n.a.

Xu et al. [43] Beijing, China 0.83 n.a. n.a. n.a. 0.22 0.37 0.09 −0.01*

Luo et al. [42] Guangzhou,
China

0.47 n.a. n.a. n.a. 0.60 0.35 n.a. n.a.

Feng et al. [44] Zhengzhou,
China

0.39 0.39 0.37 −0.43 0.16 −0.06* 0.34 0.26

Xiang et al. [45] Shanghai,
China

0.38 0.40 0.38 −0.49 0.11* 0.13 −0.04* 0.07*

Li et al. [46] Beijing, China 0.71 0.71 0.71 −0.76 0.65 0.41 0.12* −0.04*

Song et al. [47] Guangzhou,
China

0.17 −0.04 −0.22 n.a. 0.21 0.20 n.a. 0.05

Feng et al. [48] Zhengzhou,
China

0.65 0.63 0.62 −0.65 n.a. −0.14 0.24 n.a.

Chen et al. [49] Suzhou, China 0.57 n.a. n.a. n.a. 0.44 0.31 0.27 0.40

Wu [50] Laiwu, China 0.57 n.a. n.a. −0.73 n.a. 0.66 0.50 0.04*

Wei and Zhang
[12]

Linyi, China −0.36 n.a. n.a. 0.19* −0.19* −0.57 0.37 0.15*

Shi et al. [51] Laiwu, China 0.58 0.60 0.80 n.a. n.a. n.a. n.a. n.a.

Wang et al. [52] Kunming,
China

0.58 n.a. n.a. −0.67 0.21* 0.36* 0.15* 0.25*

Bo et al. [23] Mainland,
China

0.04 n.a. n.a. n.a. 0.04 n.a. n.a. 0.02

Huang et al. [53] Guangzhou,
China

0.28 n.a. n.a. n.a. 0.28 0.27 n.a. 0.16

Liu et al. [54] Weifang,
China

0.49 n.a. n.a. −0.15 0.15 0.09* n.a. −0.17

Liu et al. [54] Hebei, China 0.61 n.a. n.a. −0.69 0.20* n.a. n.a. 0.39*

Zhuang et al. [55] Shanghai,
China

0.33 0.27 0.34 n.a. 0.14* 0.23* 0.05* n.a.

Tian et al. [56] Baoji, China 0.81 n.a. n.a. −0.74 0.57 n.a. n.a. n.a.

Liu et al. [57] Renqiu, China 0.58 n.a. n.a. n.a. n.a. 0.51 n.a. n.a.

Luo et al. [58] Guangzhou,
China

0.56 n.a. n.a. n.a. 0.68 0.44 0.19* n.a.
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random-effect model was used for the meta-analysis. Otherwise,
the fixed-effect model was used. When we extracted data from
the included literature, we found that most of the articles used
Spearman correlation to analyse the relationship between
meteorological factors and HFMD, for instance, Chen et al.
[13], and the others used Pearson correlation to analyse this asso-
ciation, for example, Song et al. [17]. If the COR was not given in
the article, we could extract the RR (risk ratio) [18–21], OR
[22,23] and IRR (incidence rate ratio) [2] values. Among the
Southeast Asian countries researched, the incidences were all
<5% [2,20,21,23–25]. When the disease incidence is <5%, OR is
an excellent approximation of RR, and IRR can be regarded as
OR [26]. Then methods were available to convert the OR to
COR [27]. The steps are as follows.

We converted from the log OR to the standardised mean dif-
ference (SMD) using

SMD = lgOR

��
3

√

p
, (1)

where π is the mathematical constant (approximately 3.14).
We then could convert from the standardised mean difference

(SMD) to the correlation (r value) using

r = SMD������������
SMD2 + A

√ , (2)

where A is the parameter related to the sample size (n1 and n2) of
the two sets of data in the correlation analysis, where n1≠ n2

A = (n1 + n2)2
n1n2

. (3)

The parameter (A) depends on the ratio of n1 to n2, rather than
the absolute values of these numbers. Therefore, if n1 and n2 are
not sure, using n1 = n2, this will yield A = 4.

Summary statistics were then calculated, as most meta-analyses
do not directly use CORs when combining CORs, because
the variance of each COR is too dependent on the correlation
[27–29]. The commonly used method is to calculate the sample
COR (summary r value) of each study by Fisher’s Z transform.
We calculated Fisher’s Z value and its standard error SEz for
analysis, which yield the summary effect (summary Z) and 95%
confidence interval (CI). Then the summary Z value was
transformed into the summary r value [29]. The formulas are
as follows.

The transformation from sample COR (r value) to Fisher’s Z
value is given by

Fisher′s Z = 0.5 ln
1+ r
1− r

. (4)

The standard error of Z is

SEz =
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Then we convert each of summary Z values back to CORs
(summary r) using

Summary r = e2Z − 1
e2Z + 1

. (6)

To calculated the summary r, and 95% CI. Based on the het-
erogeneity test results, we then judged the combination of effect
values (summary r) using a random-effect model or a fixed-effect
model. The hypothesis test was used to judge whether the correl-
ation was statistically significant. The data were calculated and
transformed using R software. Finally, forest plots were used to

indicate the effect size. Publication bias was assessed with funnel
plots and Egger’s test.

Results

Characteristics of eligible studies

A total of 2437 articles were retrieved and 51 articles were
included in the present study (Fig. 1). Detailed information
regarding the meta-analysis is provided in Tables 1 and 2.

All studies shown in Tables 1 and 2 were conducted in the
Asia-Pacific areas; the time unit was month, week and day. The
number of included studies were as follows: mean temperature

Fig. 2. Forest plot of the correlation between
mean temperature and incidence of HFMD. COR,
correlation coefficient; CI, confidence interval.
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(49 studies), mean maximum temperature (15 studies), mean
minimum temperature (15 studies), mean air pressure (28
studies), rainfall (41 studies), average relative humidity (42 stud-
ies), hours of sunshine (24 studies) and mean wind speed
(25 studies).

Correlation between meteorological factors and HFMD

Heterogeneity test: mean temperature (I2 = 97%, P < 0. 001) sug-
gested that there was heterogeneity, using the random-effects
model to pool the effect values. The combined effect showed
that the correlation between mean temperature and HFMD was
statistically significant. CORs (mean temperature, mean air pres-
sure and average wind speed with HFMD) were 0.52 (95% CI
0.42–0. 60), −0.51(95% CI −0.63 to −0.36) and 0.10 (95% CI
−0.03 to 0.23) (Figs 2, 5, 9), the other CORs were displayed in
the diagram (Figs 3, 4, 6, 7, 8), respectively, indicating that
mean temperature and mean air pressure were correlated with
HFMD.

The forest plots of other meteorological factors can be found in
Table 3. The results of heterogeneity testing demonstrated statis-
tically significant heterogeneity with respect to mean temperature,
average maximum temperature, average minimum temperature,
mean air pressure, rainfall, average relative humidity, sunshine
hours and average wind speed, using a random-effects model to
merge effect values (Table 3).

Subgroup analysis

The study also included subgroup analysis. In Table 4, the studies
of daily resolution show that CORs of mean temperature, mean
maximum temperature, mean minimum temperature, mean air
pressure, rainfall and mean wind speed were highest compared
with those of the remaining two groups, and the CORs of these
factors were 0.70 (0.40–0.86), 0.79 (0.77–0.81), 0.77 (0.74–0.79),
−0.57 (−0.89 to −0.16), 0.36 (0.09–0.58) and 0.21 (−0.17 to
0.54), respectively. In the subgroup analysis of humidity and
hours of sunshine, the CORs in the subgroup of the month

Fig. 3. Forest plot of the correlation between
mean maximum temperature and incidence of
HFMD. COR, correlation coefficient; CI, confidence
interval.

Fig. 4. Forest plot of the correlation between mean
minimum temperature and incidence of HFMD.
COR, correlation coefficient; CI, confidence interval.

Epidemiology and Infection 9

https://doi.org/10.1017/S0950268818003035 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268818003035


were 0.25 (0.09–0.41) and 0.21 (−0.17 to 0.54) higher than the
values of the other groups.

In subgroup analysis by regional climate, the studies of sub-
tropical climate showed a slightly lower COR than the non-
stratified group in relation to all the meteorological factors except
average relative humidity, and the association of hours of sun-
shine with HFMD was not statistically significant and showed
less heterogeneity (I2 = 19.7%, P = 0.003). The studies of tropical
climate found no statistically significant correlation between the
incidence of HFMD and any of the meteorological factors. The
results of subgroup analysis based on exposed time resolution (cli-
mate group) were consistent with those without stratification, as
shown in Table 4 (Table 5).

Sensitivity analysis and publication bias

Sensitivity analyses were performed to evaluate the effect of each
study on the pooled results by excluding single studies sequen-
tially. The findings showed that the stability of results not signifi-
cantly differ after exclusion of individual studies. Funnel plot
asymmetry was observed for studies of rainfall and mean tem-
perature (Fig. 13). The funnel plots of other meteorological factors
are shown in Table 6 (Figs 10–12). Egger’s test was used to assess
funnel plot asymmetry, as shown in Table 6. No publication bias
existed in the meta-analysis.

Discussion

The current study found associations between meteorological fac-
tors and HFMD and indicated that these factors play an

important role in the occurrence of HFMD. The COR for mean
temperature was 0.52 (95% CI 0.42–0.60), that for mean max-
imum temperature was 0.43 (95% CI 0.23–0.59). CORs for
mean minimum temperature, rainfall, mean relative humidity
and sunshine were 0.43 (95% CI 0.23–0.60), 0.27 (95% CI 0.19–
0.35), 0.19 (95% CI 0.02–0.35) and 0.19 (95% CI 0.11–0.27),
respectively. These meteorological factors showed positive correla-
tions with HFMD. However, mean air pressure was negatively
correlated with HFMD, while mean wind speed showed no sig-
nificant association (COR 0.10; 95% CI −0.03 to 0.23). The mech-
anism of meteorological factors on HFMD remains unclear.
Possible reasons to explain these findings may be that, first, ele-
vated temperatures contribute to the survival, reproduction and
transmission of enterovirus in the outside environment [63].
There is also a threshold for the influence of temperature on
the incidence of foot and mouth disease [5]. With increases in
relative humidity and total rainfall, HFMD-causative pathogens
are more likely to adhere to the surfaces of objects in the environ-
ment, and the probability of human contact with infectious agents
increases [64, 65]. Decreases in air pressure result in lowered
immunity in humans, thus increasing the risk of disease [66].
With decreases in the duration of sunshine, the time people
spend in outdoor activities is reduced, thus reducing the chance
of patient contacts [67]. Although the mechanism is not clear,
our study examines the association between weather factors and
HFMD, indicating that weather factors affect the incidence of
HFMD infection.

The results of this study were consistent with the majority of
research findings. However, a study conducted by Wei et al.
[12] reported that the average temperature had a negative

Fig. 5. Forest plot of the correlation between
mean air pressure and incidence of HFMD. COR,
correlation coefficient; CI, confidence interval.
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correlation with HFMD incidence (r =−0.36, P = 0.005), a finding
that might be accounted for by a gap between the star time of the
study and the establishment and improvement of the HFMD sur-
veillance system [68]. In addition, most of the results of Wang
et al. [52] were not statistically significant. Therefore, we should
be cautious in interpretation of this and other studies to prevent
over-generalisation and drawing the wrong conclusion. There
was no significant correlation in the present study between the
average wind speed and the incidence of HFMD; although this
finding was consistent with the conclusion of most of the other
studies, the COR was small and conclusions should not be arbi-
trarily drawn.

In subgroup analysis, no statistical significance was reported
between mean relative humidity and subgroup of days. The
same pattern was reported for hours of sunshine. It is possible
that different time scales have an impact on the results of the
study; while on the other hand, the effect was non-significant
among the larger sample size studies. On the time scale, there

was a lag effect in the subgroup of weeks, and there were seasonal
problems in the monthly subgroup, all of which should be consid-
ered. It was concluded that time scales might be the factors affect-
ing heterogeneity. As shown in Table 5, we found statistically
significant association between meteorological factors and inci-
dence of HFMD in subtropical and temperate regions. The sub-
tropical and temperate climates are considered as those that are
more suitable for the survival and reproduction of enteroviruses.
Individuals living in these climates may participate in more out-
door activities, thereby increasing their exposure to pathogens
[69, 70]. In the tropics, due to the existence of threshold, the exces-
sive temperature may inhibit the survival and reproduction of the
virus, thus reducing the opportunity for disease infection [5, 63].

The strength of our study is based on its design as a
meta-analysis; this was the first meta-analysis to examine correla-
tions between eight meteorological factors and the incidence of
HFMD. We observed that some meteorological factors such as
temperature, air pressure, duration of sunshine, humidity and

Fig. 6. Forest plot of the correlation between rain-
fall and incidence of HFMD. COR, correlation coef-
ficient; CI, confidence interval.
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rainfall might be risk factors for HFMD and confirmed that these
meteorological factors might affect the incidence of HFMD to a
certain extent, more reliable and power than the conclusions
obtained from single studies. As shown in Table 6, we found
that publication bias was not statistically significant.

The study has some limitations. First, we found the signifi-
cant heterogeneity between the studies included in this
meta-analysis. All of the included studies were conducted in
Southeast and East Asia, especially in China. So differences in
regional and analytical methods might result in high heterogen-
eity in estimates from the literature. Most of the included studies
that were conducted in subgroup analysis only analysed time
resolution and regional climate. Additional possibilities such as
national income should be considered to better understand
sources of heterogeneity. The second limitation is that we only
considered the eight meteorological factors affecting HFMD,
ignoring other factors. In the present study, there were few stud-
ies of some of the meteorological factors involved, such as

mean maximum temperature, so the results might be biased.
Confirmation and clarification of these findings will require
larger sample size and wider research region, such as the stud-
ies reviewed were from other Asian countries or throughout the
world. Lastly, the studies we examined in this meta-analysis
were studies of association. The researches we included were
cross-sectional designs that limited the causal inference. The
true relationship between meteorological factors and HFMD
could be more complex, and there are potential difficulties in
accurately measuring complex associations. Therefore, the asso-
ciation between meteorological factors and HFMD might be
one of many influencing factors.

In summary, among the eight meteorological factors exam-
ined, the average temperature, average maximum temperature,
mean minimum temperature, mean air pressure, rainfall, mean
relative humidity and sunshine were related to HFMD, indicating
that these factors play important roles in the incidence of HFMD.
However, only eight major meteorological factors were analysed

Fig. 7. Forest plot of the correlation between
mean relative humidity and incidence of HFMD.
COR, correlation coefficient; CI, confidence
interval.
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Fig. 8. Forest plot of the correlation between
hours of sunshine and incidence of HFMD. COR,
correlation coefficient; CI, confidence interval.

Fig. 9. Forest plot of the correlation between
mean wind speed and incidence of HFMD. COR,
correlation coefficient; CI, confidence interval.
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in this study. HFMD is a multifactorial disease that may be
affected by additional meteorological factors (such as evaporation,
water vapour pressure and radiation). Further analyses should
examine various comprehensive indicators.

In conclusion, the results of this meta-analysis provide epi-
demiological evidence that meteorological factors (such as
temperature and air pressure) may increase the incidence of
HFMD in the Asia-Pacific regions. Further research should be

Table 3. Meta-analysis of the correlation between meteorological factors and HFMD

Meteorological factors No. of studies I2 (P-value) COR (95%CI)

Mean temperature (°C) 49 97% (P = 0.000) 0.52 (0.42–0.60)

Mean maximum temperature (°C) 15 98% (P = 0.000) 0.43 (0.23–0.59)

Mean minimum temperature (°C) 15 98% (P = 0.000) 0.43 (0.23–0.60)

Mean air pressure（kPa） 28 98% (P = 0.000) −0.51 (−0.63 to −0.36)

Rainfall (mm) 41 93% (P = 0.000) 0.27 (0.19–0.35)

Average relative humidity (%) 42 99% (P = 0.000) 0.19 (0.02–0.35)

Hours of sunshine (hour) 24 93% (P = 0.000) 0.19 (0.11–0.27)

Mean wind speed (m/s) 25 96% (P = 0.000) 0.10 (−0.03 to 0.23)*

*No statistical significance, P > 0.05; COR, correlation coefficient.

Table 4. Subgroup analysis of the correlation between meteorological factors and HFMD (time resolution)

Meteorological factors
No. of
studies Month

No. of
studies Week

No. of
studies Day

Mean temperature (°C) 28 0.50 (0.37–0.61) 16 0.48 (0.34–0.59) 5 0.70 (0.40–0.86)

Mean maximum temperature (°C) 4 0.54 (0.30–0.71) 10 0.33 (0.17–0.48) 1 0.79 (0.77–0.81)

Mean minimum temperature (°C) 4 0.61 (0.35–0.78) 10 0.31 (0.11–0.48) 1 0.77 (0.74–0.79)

Mean air pressure（kPa） 15 −0.56 (−0.67 to
−0.42)

10 −0.43 (−0.54 to
−0.30)

3 −0.57 (−0.89 to
−0.16)

Rainfall (mm) 22 0.28 (0.16–0.39) 14 0.22 (0.14–0.30) 5 0.36 (0.09–0.58)

Average relative humidity (%) 22 0.25 (0.09–0.41) 15 0.15 (0.03, 0.26) 5 0.09(−0.55 to 0.66)
*

Hours of sunshine (hour) 16 0.26 (0.13–0.38) 7 0.10 (−0.04 to
0.23)*

1 0.09 (0.03–0.15)

Mean wind speed (m/s) 13 0.09 (−0.10 to
0.28)*

8 0.06 (−0.04 to
0.15)*

4 0.21 (−0.17 to
0.54)*

*No statistical significance, P > 0.05.

Table 5. Subgroup analysis of the correlation between meteorological factors and HFMD (regional climate)

Meteorological factors
No. of
studies Subtropical climate

No. of
studies Temperate climate

No. of
studies Tropical climate

Mean temperature (°C) 22 0.44 (0.31–0.55) 22 0.58 (0.44–0.69) 2 0.62 (−0.59 to 0.97)*

Mean maximum
temperature (°C)

6 0.26 (0.12–0.40) 8 0.58 (0.40–0.72) 1 0.02 (−0.08 to 0.12)*

Mean minimum
temperature (°C)

6 0.23 (0.03–0.42) 8 0.60 (0.44–0.73) 1 −0.01 (−0.11 to 0.08)*

Mean air pressure (kPa) 9 −0.43 (−0.50 to −0.36) 16 −0.53 (−0.71 to
−0.34)

1 −0.73 (−0.83 to −0.59)

Rainfall (mm) 20 0.29 (0.15–0.43) 16 0.26 (0.16–0.35) 2 0.00 (−0.09 to 0.09)*

Average relative humidity
(%)

18 0.26 (0.07–0.44) 21 0.12 (−0.14 to 0.37)
*

1 0.00 (−0.28 to 0.29)*

Hours of sunshine (hour) 9 0.00 (−0.08 to 0.08)* 14 0.29 (0.18–0.39) n.a. n.a.

Mean wind speed (m/s) 10 0.08 (0.00–0.15) 13 0.10 (−0.12 to 0.30)
*

1 −0.10 (−0.35 to 0.16)*

*No statistical significance, P > 0.05; n.a., data were not searched.
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Fig. 11. Funnel plots of mean air pressure and mean relative humidity.

Fig. 10. Funnel plots of hours of sunshine and mean wind speed.

Fig. 12. Funnel plots of mean maximum temperature and mean minimum temperature.
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performed to explain clearly the correlation between meteoro-
logical factors and HFMD in other areas of the world, outside
the Asia-Pacific region. At the same time, monitoring these
meteorological factors would play a warning role in the occur-
rence and prevalence of HFMD and could provide information
useful in the development of prevention and control measures
for HFMD, particularly in subtropical and temperate climates.
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