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Abstract

The study aims to depict the temporal and spatial distributions of hand-foot-and-mouth dis-
ease (HFMD) in Xinjiang, China and reveal the relationships between the incidence of
HFMD and meteorological factors in Xinjiang. With the national surveillance data of HFMD
in Xinjiang and meteorological parameters in the study area from 2008 to 2016, in GeoDe-
tector Model, we examined the effects of meteorological factors on the incidence of HFMD
in Xinjiang, China, tested the spatial-temporal heterogeneity of HFMD risk, and explored
the temporal-spatial patterns of HFMD through the spatial autocorrelation analysis. From
2008 to 2016, the HFMD distribution showed a distinct seasonal pattern and HFMD cases
typically occurred from May to July and peaked in June in Xinjiang. Relative humidity, pre-
cipitation, barometric pressure and temperature had the more significant influences on the
incidence of HFMD than other meteorological factors with the explanatory power of 0.30,
0.29, 0.29 and 0.21 (P<0.000). The interaction between any two meteorological factors
had a nonlinear enhancement effect on the risk of HFMD. The relative risk in Northern Xin-
jiang was higher than that in Southern Xinjiang. Global spatial autocorrelation analysis
results indicated a fluctuating trend over these years: the positive spatial dependency on
the incidence of HFMD in 2008, 2010, 2012, 2014 and 2015, the negative spatial autocor-
relation in 2009 and a random distribution patternin 2011, 2013 and 2016. Our findings
revealed the correlation between meteorological factors and the incidence of HFMD in Xin-
jilang. The correlation showed obvious spatiotemporal heterogeneity. The study provides
the basis for the government to control HFMD based on meteorological information. The
risk of HFMD can be predicted with appropriate meteorological factors for HFMD preven-
tion and control.
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Introduction

Hand-foot-and-mouth disease (HFMD) is an infectious disease related to various enterovi-
ruses that mostly affect children aged below 5 [1]. Its pathogens are typically coxsackieviruses
(coxsackievirus A16 (CVA16)) and enteroviruses (enterovirus 71 (EV71)) [2-5]. Its clinical
manifestations mainly include mouth ulcers, fever, and vesicles on the hands, feet, and mouth
[6]. Most HEMD patients can fully recover since HEMD is a self-limited disease, but some
patients may develop severe life-threatening complications and even death [3].

In recent years, HEMD outbreaks have been reported frequently in Asian countries such as
Vietnam, Thailand, Singapore, Malaysia and China [7,8]. In 2014, China had large-scale out-
breaks of HFMD and the cumulative cases reached 2,778,861 [9]. In May 2008, HFMD was
added into Category C of notifiable diseases for disease surveillance in China [10]. Thus,
HFMD is increasingly widely concerned.

The correlations between the incidence of HFMD and various meteorological factors such
as relative humidity [1,11,12], precipitation [12] and temperature [12,13] have been extensively
explored. The incidence of HFMD showed different characteristics in various countries and
regions with distinct climate conditions [14]. In Vietnam [15], when monthly average air tem-
perature above 26 °C increased by every 1 °C and monthly average relative humidity above
76% increased by every 1%, the incidence of HFMD respectively increased by 7% (RR:1.07;
95%CI: 1.052-1.088) and 3.1% (RR: 1.031, 95%CI: 1.024-1.039). However, the incidence of
HFMD decreased by 3.1% when monthly average precipitation increased by every 1 mm. In
South Korea [16], when monthly average air temperature below 18°C increased by every 1°C,
the incidence of HEMD increased by 10.3% (95% CI: 8.4, 12.3%). In Sichuan, China [17],
when monthly average relative humidity under 65% increased by every 1%, the incidence of
HEMD increased by 6.6% (95% CI: 3.6, 9.7%); when monthly average relative humidity above
65% increased by every 1%, the incidence of HFMD decreased by 1.5% (95% CI: 0.4, 2.7%).
The annual incidence of HFMD was positively correlated with annual average air temperature
(RR: 1.171, 95% CI: 1.0435-1.3134).

In previous studies, different methods were adopted to explore the relationships between
the incidence of HFMD and meteorological factors in four aspects. Firstly, the mathematical
model was used to predict HFMD, such as seasonal auto-regressive integrated moving average
(SARIMA) models [3] and SIR model [18]. Secondly, the changes in meteorological factors
were used to estimate the risk of HFMD with regression models, such as time-series Poisson
regression models [5]. Thirdly, time lag of HFMD and changes in meteorological factors were
explored with the generalized additive model [19], the negative binomial multivariable regres-
sion model [20], and the distributed lag non-linear model [21]. Fourthly, the driving factors of
HFMD were investigated with spatial panel data models [22] and GeoDetector [14]. The geo-
graphical detector is an appropriate model for quantifying the determinant power of driving
factors of HFMD in Xinjiang. It is a set of statistical methods for detecting spatial differentia-
tion and revealing the driving forces behind it.

To sum up, most of previous studies were mostly concentrated in areas with high incidence
of HEMD, such as Hongkong [20], Guangdong [13], Guangxi [23] and Jiangsu [24]. The cli-
mate in these areas is significantly different from that in arid and semi-arid areas in Northwest
China. The HFMD cases ranked first in Category C infectious diseases in Xinjiang in 2019
[25] and the number of HFMD cases increased gradually year by year. However, the correla-
tions between HFMD and meteorological factors in Xinjiang have not been proved. In this
study, we analyzed the spatial-temporal heterogeneity of HFMD and its relationship with
meteorological factors in Xinjiang at the county scale in order to reveal the transmission mech-
anisms of HFMD in these semi-arid regions. The study aims to explore the spatiotemporal
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distribution characteristics of HFMD from 2008 to 2016 in Xinjiang as well as the global spatial
autocorrelation and the incidence of HEMD in different regions. In addition, the factor detec-
tor module of GeoDetector were used to quantify the determinants of meteorological drivers
of HFMD and the risk detector module of GeoDetector was used to detect the relative risks of
HFMD under different meteorological elements. This study provides countermeasures and
suggestions for further public health interventions.

Materials and methods
Study area

Xinjiang Uygur Autonomous Region is the largest provincial administrative region in China.
In the region, the area is 1.66*106 km2 and the population is 24.87 million in 2018.

Xinjiang is located in the geographical center of Eurasia (34.3°-49.5 °N, 73.5°-96.3 °E) and
neighbors Russia, Kazakhstan, Kyrgyzstan, Tajikistan, Pakistan, Mongolia, India and Afghan
from north to south. The mountains border Xinjiang on three sides and the Tianshan Moun-
tains cuts across Xinjiang from east to west. As a typical arid and semi-arid area, Xinjiang has a
temperate continental climate. The annual average air temperature ranges from 9 *Cto 12 °C
and the annual precipitations in Northern Xinjiang and Southern Xinjiang are respectively
210 mm and less than 100 mm, displaying an uneven spatial distribution pattern. The Tian-
shan Mountains has more precipitation, whereas Southern Xinjiang suffers the severe water
stress. The dominant wind is northwest wind. Fig 1 shows the geographical location of
Xinjiang.

Data sources

The data of daily HFMD cases in Xinjiang from January 1, 2008 to December 31, 2016 were
from China Information System for Disease Control and Prevention. The collected patient’s
data include gender, age, living address, types of patients, the onset date of symptom, and con-
firmation time of symptom. This study was reviewed and approved by the Ethics Committee
of the Xinjiang Center for Disease Control and Prevention, China. We aggregated the HFMD
for each day at the county level (excluding the Xinjiang production and construction corps),
not referring to patient’s privacy information. Meteorological data were obtained from the
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Fig 1. The study area (The original map is downloaded from the Gateway to Astronaut Photography of Earth
Website (https://eol.jsc.nasa.gov/SearchPhotos/). Because the map downloaded from this website is free and open to
scholars, our study does not need to supply a copyright permission).

https://doi.org/10.1371/journal.pone.0255222.9001
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China Meteorological Data Sharing Service System [26], including daily average air tempera-
ture (TEM), daily average relative humidity (RHU), daily average barometric pressure (PRS),
daily cumulative precipitation (PRE), daily average evaporation (EVP), daily average wind
speed (WIN) and daily sunshine duration (SSD). Monthly average air temperature, relative
humidity, barometric pressure, precipitation, evaporation, wind speed and sunshine duration
were computed or aggregated from daily weather data. Monthly county-level meteorological
variables data were collected from 66 meteorological surveillance stations in Xinjiang. The
ordinary spatial Kriging interpolation in ArcGIS10.1 was used to interpolate meteorological
data. The 66 meteorological surveillance stations are mapped in Fig 1.

Methods

The authors assert that all procedures contributing to this work comply with the ethical stan-
dards of the relevant national and institutional committees.

GeoDetector. GeoDetector is a statistical method to detect the temporal-spatial heteroge-
neity. It is good at quantitatively express the spatial stratified heterogeneity of the research
object by analyzing the differences and similarities of intra-layer and inter-layer variances
(http://www.geodetector.cn/). It is composed of four modules: factor detector, interaction
detector, risk detector and ecological detector. This tool has been widely used in land use, dis-
ease risk factor detection and other fields [27,28].

Factor detector. The g-statistic in GeoDetector [29] was used to quantify the spatiotem-
poral heterogeneity of HFMD and detect the interaction relationship between temporal and
spatial effects in the study. In the study, GeoDetector was adopted to identify the risk factors
that caused the temporal-spatial stratified heterogeneity of HFMD in Xinjiang from 2008 to
2016 from 7 candidate meteorological factors. The g-statistic is expressed in Eq (1) (The g-sta-
tistic for heterogeneity analysis regarding covariates was provided in the R Geodetector soft-
ware):

1 < ) SSW - ) )
q:1—W;Nhah:1—SS—TSSW:;N,(0,QSST:N0, (1)

where q denotes the explanatory power of a risk factor and quantifies the spatiotemporal strati-
fied heterogeneity of the dependent variables such as HFMD risk (the value of q is strictly
within [0, 1]); N is the number of all units, which can be divided into L strata; Stratum h is
composed of Nj, units; SSW and SST respectively indicate the sum of squares and the total sum
of squares; 0> and ¢? are respectively the variance of all the units and the variance in Stratum h
(h=1,...L).

Interaction detector. In order to detect the interactions between different risk factors X1
and X2, the interaction detector module of GeoDetector can reflect whether the interaction
increases or decreases the explanatory power of the target variable Y. The relationship between
the two factors can be divided into the following five categories [30]:

Weakening (nonlinear): q(X1NX2) < Min(q(X1), q(X2))

Weakening (univariate): Min(q(X1), q(X2)) < q(X1NX2) < Max(q(X1), q(X2))
Enhancement (bivariate): q(X1NX2) > Max(q(X1), q(X2))

Independent: q(X1NX2) = q(X1) + q(X2)

Enhancement (nonlinear): q(X1NX2) > q(X1) + q(X2)
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Risk detector. The spatial heterogeneity of impact factors has different effects on target
variables in different regions. The t-statistic was used to determine whether there was a signifi-
cant difference in the impact of meteorological factor on HFMD between two sub-regions, as
expressed in Eq (2):

t _ Yh:l - Yh:Z (2)
Vh=1—Vh=2 [Var()?hzl) + Var(f/hzz)]l/Z’
Np=1 Np=2

where Y, represents the average value of attributes within sub-region h, such as the incidence
of HEMD; 1, is the number of HFMD cases in sub-region h; Var is the variance.

Spatial autocorrelation analysis. Spatial autocorrelation analysis [31,32] involves global
spatial autocorrelation and local spatial autocorrelation. In this study, Moran’s I of global spa-
tial autocorrelation was used to describe the general spatial autocorrelation and the spatial dis-
tribution of HFMD cases in Xinjiang. LISA of local spatial autocorrelation reflects the specific
cluster regions and cluster categories of HFMD cases in Xinjiang. Global spatial autocorrela-
tion methods and local spatial autocorrelation methods were implemented in GeoDa V1.2.0
software (http://geoda.uiuc.edu/downloadin.php). The Moran’s I statistic is calculated accord-
ing to Eq (3):

Zwa X)(

i=1 j=1

ZZ%Z — X7, ®)

i=1 j=1

where n denotes the number of observed values; X; represents the incidence rate in the region
i; X; represents the incidence rate in the region j; X indicates the average value; w; is a spatial
weight matrix of the systematic binomial distribution and represents neighboring relations
between geographical units; n represents the total number of those units. In the study, the data
were based on regions. If region i and region j are adjacent regions, w;; is equal to 1, otherwise
wy; is equal to 0.

The range of Moran’s I value is [-1, 1] and the Moran scatter diagram represents the spatial
agglomeration between a unit and its surrounding units. When I >0, there is a positive spatial
autocorrelation between space units within the range. In other words, the difference in attri-
bute values between adjacent space units is small. The two distribution patterns of attribute
values, “low-low” clustering and “high-high” clustering, are presented. Moreover, the closer I
value is to 1, the closer relationship between space units is and the smaller difference between
attribute values is. When I <0, there is a negative spatial autocorrelation between spatial units
within the range. In other words, there is a significant difference in the attribute values of adja-
cent spatial units. When the I value is closer to -1, the distribution pattern between spatial
units is less concentrated and the difference in attribute values is more significant. When I =0,
there is no spatial autocorrelation between spatial units within the range and spatial variables
present a random distribution pattern.

LISA was used to indicate the degree of correlation between a region unit and some attri-
butes of an adjacent region unit. LISA cluster maps visualized the local spatial autocorrelation,
which was classified into four types: high-high cluster (HH, which indicated that the highly
clustered areas were surrounded by other highly clustered areas), low-low cluster (LL, which
indicated that the lowly clustered areas were surrounded by lowly clustered areas), high-low
cluster (HL), and low-high cluster (LH).
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Results
Descriptive analysis

In total, 56,379 HEMD cases were reported from 2008 to 2016 in Xinjiang, with the daily aver-
age of 17.2 cases and the annual average incidence of 25.27/10,000. Fig 2 shows monthly distri-
butions of HFMD cases and meteorological variables in Xinjiang from 2008 to 2016. The
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Fig 2. Heatmap of monthly data of HFMD cases and meteorological variables in Xinjiang, China from 2008 to
2016.

https://doi.org/10.1371/journal.pone.0255222.9002
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Table 1. Descriptive statistics of meteorological variables.

Covariates Minimum 25% Percentile Median
Average relative humidity (%) 32.35 41.64 51.52
Average air temperature (°C) 0.01 4.42 8.82
Average precipitation (mm) 0.02 0.49 0.95
Average sunshine duration (hour) 5.72 6.8 7.89
Average wind speed (m/s) 0.84 1.68 2.53
Average barometric pressure (hPa) 699.42 777.75 856.08
Average evaporation (mm) 0.16 1.92 3.68

https://doi.org/10.1371/journal.pone.0255222.t001

75% Percentile Maximum
61.11 70.69
13.23 17.63

1.42 1.91
8.97 10.05
3.37 4.21
934.41 1012.74
5.44 7.2

incidence of HFMD was significantly correlated with the changes of meteorological variables.
Monthly HEMD distribution showed a distinct seasonal pattern over the period and HFMD
cases typically occurred from May to July and peaked in June. The annual morbidity among
males was about 1.5 times higher than that among females. Children aged below 5 were at the
highest risk of HFMD. Most cases (86.2%) were dispersed children who did not go to kinder-

garten or school.

Table 1 illustrates the descriptive statistics of meteorological variables in the study period.

The monthly average relative humidity, monthly average air temperature, monthly average

precipitation, monthly average sunshine duration, monthly average wind speed, monthly aver-
age barometric pressure and average evaporation were 51.52% (32.35 ~ 70.69%), 8.82 °C (-
0.01 ~ 17.63 °C), 0.95mm (0.02~1.91 mm), 7.89 h (5.72 ~ 10.05 h), 2.53 m/s (0.84~ 4.21 m/s),
856.08 hPa (699.42~ 1012.74 hPa), and 3.68 mm (0.16 ~7.2 mm).

Factor detector analysis. As shown in Table 2, the determinant power of the average rela-
tive humidity is correlated with the incidence of HFMD (q = 0.30), indicating that the average
relative humidity mainly explains the spatial heterogeneity of the incidence of HFMD. Precipi-

tation, barometric pressure, temperature and sunshine duration were also correlated with the
incidence of HFMD in Xinjiang and had the explanatory power q of 0.29, 0.29, 0.21 and 0.20,
respectively. The study revealed that humidity, precipitation and barometric pressure were
three main factors influencing the transmission of HFMD in Xinjiang.

Interaction detector. The interaction of any two meteorological factors had the greater
explanatory power than any single meteorological factor. The interaction between any two
meteorological factors presented the effect of “nonlinear enhancement” or “bivariate enhance-

ment” on the incidence of HEMD. The q-statistic of the interactive effect of average barometric
pressure and average relative humidity (0.5) was significantly higher than that of average rela-
tive humidity (0.3) and average barometric pressure (0.29), indicating that the bivariate
enhanced interaction between relative humidity and barometric pressure was significant
(Table 3). The interactive effect between precipitation and average relative humidity increased
to0 0.39 on HFMD. The coupled impact between average relative humidity (q = 0.3) and aver-
age wind speed (q = 0.07) played an important role in the incidence of HFMD, with an explan-
atory power of 0.43 (Table 3), indicating that high average relative humidity and high average
wind speed were correlated with a high incidence of HFMD. The interaction among these

Table 2. Explanatory power of each factor on the incidence of HFMD in Xinjiang.

EVP PRE PRS RHU SSD
q statistic 0.11 0.29 0.29 0.30 0.20
p value 0.000 0.000 0.000 0.000 0.05

https://doi.org/10.1371/journal.pone.0255222.t1002

TEM WIN
0.21 0.07
0.000 0.05
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Table 3. Values of q for the interactions between pairs of factors on the incidence of HFMD.

Covariates EVP PRE PRS RHU SSD TEM WIN
EVP 0.11
PRE 0.34EB 0.29
PRS 0.35EB 0.37EB 0.29
RHU 0.35EB 0.39EB 0.50EB 0.30
SSD 0.21E 0.33EB 0.40EB 0.38EB 0.20
TEM 0.34EN 0.33EB 0.41EB 0.37EB 0.34EB 0.21
WIN 0.25EN 0.36ID 0.361D 0.43EN 0.35EN 0.32EN 0.07

Note: EN: Enhancement (nonlinear), EB: Enhancement (bivariate), ID: Independent, E: Enhancement

https://doi.org/10.1371/journal.pone.0255222.t003

meteorological factors could effectively explain why two meteorological factors were the most
sensitive to the incidence of HFMD.

Risk detector analysis. Fig 3 shows the spatial distribution of HFMD cases in Xinjiang
from 2008 to 2016. The number of HFMD cases is divided into four grades by natural breaks
in ArcGIS. A deeper red color indicates a larger number of HFMD cases. Most of them were
concentrated in Northern Xinjiang.

The risk detection results obtained with the GeoDetector are discussed below. Fig 4 shows
the relative risk (RR) of HFMD with different meteorological factors from 2008 to 2016 in Xin-
jiang. Actually, the spatial distribution of RR was not the same in different years. The spatial
RRs in counties in Northern Xinjiang were higher than those in the counties in Southern Xin-
jiang, implying that these counties had a relatively higher HFMD risk. Conversely, the counties
in Southern Xinjiang generally had the lower RRs. The spatial distribution difference was con-
sistent with the results shown in Fig 3. Northern Xinjiang had a higher average relative humid-
ity, suitable temperature and precipitation, thus resulting in a higher RR of HFMD. The
southern regions are affected by the Taklimakan desert, high temperature, and low relative

2014 cases 2015 cases 2016 cases

1,720
0 430 860 Km HFMD cases 0-40 40.1-177 [ 177.1 - 429 [N 429.1 - 2546

Fig 3. Spatial-temporal distributions of HFMD cases in Xinjiang. The original map is downloaded from The
Gateway to Astronaut Photography of Earth Website (https://eol.jsc.nasa.gov/SearchPhotos/). Because the map
downloaded from this website is free and open to scholars, our study does not need to supply a copyright permission.

https://doi.org/10.1371/journal.pone.0255222.9003
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Fig 4. Relative risk (RR) of HFMD under the influences of meteorological factors. (The original map is downloaded
from the Gateway to Astronaut Photography of Earth Website (https://eol.jsc.nasa.gov/SearchPhotos/). Because the
map downloaded from this website is free and open to scholars, our stud does not need to supply a copyright
permission).

https://doi.org/10.1371/journal.pone.0255222.9004

humidity, precipitation and barometric pressure, so the risk of HFMD was relatively low. We
found the lowest RR of HFMD in Khotan during the study period. As indicated by the RR of
HFMD, Urumgj, Tacheng Prefecture, Changji Prefecture and Ili Kazak Autonomous Prefec-
ture are the high RR areas of HFMD in Northern Xinjiang. It may be ascribed to the higher
average relative humidity and sufficient precipitation in the above areas. These meteorological
conditions are suitable for the transmission of the HFMD virus.

When monthly average precipitation exceeded 0.94 mm, the incidence of HFMD decreased
(Fig 5b). Monthly average precipitation range of 0.02-0.94 mm accounted for 82.5% of the
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Fig 5. Average incidence rates of HFMD calculated with different risk factor strata. a. Evaporation; b. Precipitation;
c. Relative humidity; d. Sunshine duration; e. Temperature; f. Wind speed; g. Pressure. (Vertical axis indicates the
incidence of HFMD; horizontal axis indicates the group of meteorological factors).

https://doi.org/10.1371/journal.pone.0255222.9005

total incidence of HFMD in Xinjiang. There was an inverted V-shaped correlation between
monthly average air temperature and HFMD. A similar pattern was observed from the correla-
tion between HFMD and other four meteorological factors (monthly average relative humid-
ity, monthly average sunshine duration, monthly average precipitation, and monthly average
wind speed) (Fig 5¢, 5d and 5f). When monthly average relative humidity was 51.52% to
70.69%, the incidence of HFMD was higher than that in other relative humidity intervals

(Fig 5¢). The sensitive monthly average sunshine duration for HFMD was 6.8 to 8.96 hours
(Fig 5d). When monthly average air temperature was 8.81 °C, the incidence of HFMD peaked.
The incidence of HFMD was higher in the temperature range from 4.22 °Cto 13.22 °C
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(Fig 5e). With the increase in monthly average relative humidity and monthly average sun-
shine duration, the incidence of HEMD increased, peaked under the conditions of monthly
average relative humidity of 61.1% and monthly average sunshine duration of 7.78 hours and
then decreased. Risk detector value revealed a logarithmic relationship between monthly aver-
age evaporation and the incidence of HFMD and an exponential relationship between monthly
average barometric pressure and the incidence of HFMD (Fig 5a and 5g). The incidence of
HFMD was the highest when monthly average wind speed was less than 2.52 m/s (Fig 5f). It
should be noted that when a single meteorological factor mentioned above reached the range
corresponding to a high incidence of HFMD, it did not necessarily mean the outbreak of
HFMD, which also required the comprehensive action of other meteorological factors.

Spatial autocorrelation of the incidence of HFMD

Moran’s I value was calculated through the global spatial autocorrelation analysis. From 2008
to 2016, the Moran’s I value of HFMD in Xinjiang (Table 4) fluctuated in the range from
-0.135 to 0.202 (P < 0.05), indicating the spatial dependency of HFMD in 2008, 2010, 2012,
2014 and 2015. Moran’s I value in 2009 was -0.135, indicating that there was a negative spatial
autocorrelation of HFMD in Xinjiang. Moran’s I values in 2011 and 2016 were respectively
-0.066 and -0.00018, indicating that the incidence of HFMD in Xinjiang presented a random
distribution pattern. Bayingolin Mongol Autonomous Prefecture showed the high-high spatial
autocorrelation with the incidence of HFMD, whereas Kashgar, Hotan, Aksu and Kizilsu Kir-
ghiz Autonomous Prefecture showed the low-low spatial autocorrelation with the incidence of
HFMD in 2008 and 2010. From 2011 to 2016, Urumgqi always showed the high-high spatial
autocorrelation with the incidence of HFMD.

In this study, we presented an objective fact of spatial autocorrelation of HFMD in Xinjiang
(Fig 6).

In 2008, 2010, 2012, 2014 and 2015, H-H (Bayingol Urumchi Changji Karamay) and L-L
(Kashgar, Hotan, Aksu and Kizilsu) spatial autocorrelation dominated, indicating the spatial
dependency on the occurrence of HFMD.

In 2011 and 2016, the spatial autocorrelation showed the same characteristics. Only two
prefectures (Urumchi and Ili) showed H-H and L-H spatial correlations with other prefectures
and the other 12 prefectures were all grey. In 2013, three prefectures showed H-L and L-H spa-
tial correlation with other prefectures. The value of Moran’s I was the closest to 0 (-0.066,
0.056, and -0.001), indicating that the incidence of HFMD in Xinjiang presented a random dis-
tribution pattern.

In 2009, only one prefecture showed H-L (Altay) spatial autocorrelation with other prefec-
tures. The value of Moran’s I was -0.135, indicating that Altay had a negative spatial autocorre-
lation with the incidence of HFMD in Xinjiang.

Discussion

In recent years, HFMD has become a significant health problem [33,34]. Moreover, in the
areas with different climate types, the HFMD risk was significantly different. The correlation

Table 4. Results of the spatial autocorrelation test on HFMD cases in Xinjiang from 2008 to 2016.

Years 2008 2009
Moran’s 0.144 -0.135
Z-score 1.904 -0.647
P values P<0.05 P<0.05

https://doi.org/10.1371/journal.pone.0255222.t1004

2010 2011 2012 2013 2014 2015 2016
0.202 -0.066 0.120 0.056 0.134 0.146 -0.001
2.832 0.042 1.933 1.181 2.092 2.146 0.625
P<0.05 P<0.05 P<0.05 P<0.05 P<0.05 P<0.05 P<0.05
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Fig 6. Results of local spatial autocorrelation analysis in Xinjiang from 2008 to 2016. (The original map is
downloaded from the Gateway to Astronaut Photography of Earth Website (https://eol.jsc.nasa.gov/SearchPhotos/).
Because the map downloaded from this website is free and open to scholars, our study does not need to supply a
copyright permission).

https://doi.org/10.1371/journal.pone.0255222.9006

between the incidence of HFMD and climatic factors has been extensively explored [6,15]. The
relationships between the incidence of HFMD and various meteorological factors in Xinjiang
were interpreted with daily HFMD surveillance data for the first time in the study. The study
on HFMD in such arid and semi-arid areas would further reveal the transmission mechanism
of HEMD under different climate conditions.

Previous studies indicated that the response of the incidence of HFMD to climate change
differed. In temperate regions, HFMD outbreaks usually occurred in summer or early fall [5]
since temperature rise and precipitation increase occurred later than those in tropical regions.
Therefore, the incidence of HFMD in temperate regions was different from that in tropical
and subtropical regions [19,34]. For example, in Vietnam, the incidence of HFMD peaked in
April, whereas it peaked in June in Gansu, China [35]. The climate types of the two places
mentioned above differed markedly. The study on the response of meteorological factors to
HFMD obtained some different results from the previous studies. For instance, in Guangdong
in South China, a nonlinear relationship between temperature and the incidence of HEMD
was reported [13]. The positive correlation between temperature increases and the incidence
of HFMD was corroborated in other studies. For instance, in Japan, with the increase in tem-
perature, the incidences of Herpangina & HFMD increased. In a warm environment, the
transmission of HFMD was enhanced, but cold and hot climates limited HFMD transmission
[5,6,24]. Similarly, in Ningxia in the upper reaches of the Yellow River in Western China, aver-
age air temperature, relative humidity, and wind speed played significant roles in the spatial-
temporal distributions of HFMD risk [14].

In our research, the relationship between monthly average air temperature and HFMD rela-
tive risk represented an inverted V-shaped pattern. A similar pattern was observed from the
correlations between HFMD and other four meteorological factors (monthly average relative
humidity, monthly average precipitation, monthly average sunshine duration, and monthly
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average wind speed). The relationships between meteorological factors and the risk of HFMD
in Xinjiang were non-linear relationships. Furthermore, in Guangdong, China, where the inci-
dence of HFMD was high, the risk of HFMD was significantly correlated with monthly average
relative humidity, monthly average air temperature, and monthly average rainfall. In this
study, from the results of GeoDetector, an increase in the incidence of HFMD was found to be
correlated with monthly average relative humidity, monthly average precipitation, monthly
average barometric pressure and monthly average air temperature. The relative humidity had
the strongest explanatory power. Previous studies in Zhejiang [36], Guangdong [37,38] and
other regions showed that temperature has the strongest influence on HFMD among meteoro-
logical factors. The studies on the relationship between meteorological factors and HFMD in
Henan [11] and Shandong [15] showed that relative humidity had a stronger effect on HFMD
than temperature. In Ningxia [14], average air temperature and relative humidity were the
dominant factors in the spatial-temporal distribution of HFMD. The inconsistency of the
research results was ascribed to different climate types in study areas. Xinjiang is located in an
arid and semi-arid climate zone with average annual relative humidity of 50.5%, which is
lower than that in the central and eastern regions of China. However, in the central and eastern
regions of China, the annual change of relative humidity is much less significant than that of
temperature. Therefore, the daily incidence of HFMD was sensitive to the change of tempera-
ture in the central and eastern regions of China. On the contrary, in arid and semi-arid areas,
the change of relative humidity as sensitive to the incidence of HFMD. The differences in cli-
mate and latitude between Southern and Northern Xinjiang and the arid and semi-arid geo-
graphical environments were partially responsible for the distribution difference of HFMD in
Xinjiang from other temperate continental climatic zones. These correlations highlight cli-
mate-related health issues and shall be considered in the development of accurate spatiotem-
poral prevention measures of HFMD in Xinjiang, China. In addition to relative humidity, the
synergistic effects of other meteorological factors also affected the daily incidence of HFMD in
Xinjiang. Climate conditions might also have a threshold effect [39]. It should be noted that
the thresholds of meteorological factors corresponding to the incidence of HFMD in Xinjiang
were significantly different from those in other study areas. A study conducted in mainland
China showed that relative humidity of 80.59% to 82.55% would lead to a higher risk of
HFMD [40]. However, monthly average relative humidity of 51.52% to 61.10% was the thresh-
old for the high incidence of HFMD in Xinjiang. In our previous study [41], we found the cor-
relation between temperature, precipitation and the incidence of HFMD in Xinjiang China.
The risk detector value presented a logarithmic relationship between monthly average evapo-
ration and HFMD and an exponential relationship between monthly average barometric pres-
sure and HFMD. The spatial-temporal heterogeneity of HFMD in Xinjiang was reported by us
for the first time.

The above relationships between HFMD and meteorological factors might be ascribed to
the stability of the HFMD enterovirus in the external environment, such as humidity and tem-
perature. Moderate monthly cumulative precipitation could maintain the prevalence of
HFMD because precipitation might affect water sanitation, promote the attachment of HEMD
virus, increase the risk of exposure, and facilitate the spread of HFMD [1,12].

In order to further reveal the relationships between meteorological factors and the inci-
dence of HFMD, in this study, the spatial and temporal heterogeneity and their interactive
effects on the incidence HFMD in Xinjiang were explored with GeoDetector and the spatial
pattern of HFMD in Xinjiang was investigated with the spatial autocorrelation analysis
method. The incidence of HFMD showed significant regional differences, displaying a
dynamic spatial-temporal distribution. HEMD cases were mainly concentrated in Northern
Xinjiang. The incidence of HFMD in Southern Xinjiang might be ascribed to the precipitation
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stress. The incidence of HFMD in Urumgqji, Changji Prefecture, Tacheng Prefecture and other
areas in Northern Xinjiang was worthy of in-depth investigation. We believed that in these
focal areas meteorological factors were the predisposing factors of HFMD and that the well-
developed economy, fast highway system, and large heterogeneous migrant population also
increased the HFMD risk [17].

The global spatial autocorrelation analysis results demonstrated that the area with the high
incidence of HFMD was different from the high spatial autocorrelation area of HFMD in Xin-
jiang. Urumgqi always showed the high spatial autocorrelation of the incidence of HFMD
because the incidence of HEMD in Urumqi remained high over the years and adjacent areas
also had a high incidence of HFMD. Multiple regions showed the low spatial autocorrelation
because the incidence of HFMD had inter-annual variations in several regions and the inci-
dence of HFMD in adjacent areas was low, such as Aksu and Ili Kazak Autonomous Prefecture.

The study has some limitations. First, there were only 66 meteorological surveillance sta-
tions in Xinjiang and ordinary Kriging interpolation results might not cover all variations of
the meteorological variables at the county level. However, it was more accurate than the result
obtained with the same meteorological data in all counties in each city. Second, we estimated
spatio-temporal variations in HFMD at the scales of counties and months and we did not
include the factors at an individual and pathogenic levels, such as personal hygiene, educa-
tional background, income of children’s parents, living conditions, and the composition of
major pathogens, and social environmental factors such as the population density, health facil-
ities and services. The potential impacts of these factors should be considered in the future
studies.

Conclusions

The study indicated that the spatial-temporal distribution of HEMD risk in Xinjiang, China
was non-homogeneous. The counties with the higher relative risk were mainly located in
Northern Xinjiang. Meteorological factors, such as monthly average relative humidity,
monthly average precipitation, monthly average barometric pressure and monthly average air
temperature, were the driving factors of HFMD in Xinjiang. Both the areas with high relative
risks and the areas with the high spatial correlation of HFMD were located in Northern Xin-
jiang. Therefore, in the season with a high incidence of HEMD and in areas with a high relative
risk, we can reduce environmental exposure and contact transmission in order to decrease the
spread of HFMD.

Acknowledgments

We would like to extend our thanks to Xinjiang Center for Disease Control and Prevention,
China for sharing data on Xinjiang hand-foot-and-mouth disease not referring to patient’s pri-
vacy information.

Author Contributions

Data curation: Ruifang Huang.

Funding acquisition: Hongwei Wang.

Supervision: Suhong Liu.

Writing - original draft: Ling Xie.

Writing - review & editing: Ling Xie, Hongwei Wang, Suhong Liu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255222  August 2, 2021 14/16


https://doi.org/10.1371/journal.pone.0255222

PLOS ONE

Spatial-temporal heterogeneity study between meteorological factor and hand-foot-mouth disease

References

1.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Chen C, Lin H, Li X, Lang L, et al. Short-term effects of meteorological factors on children hand, foot
and mouth disease in Guangzhou, China. Int J Biometeorol. 2014, 58:1605-1614. https://doi.org/10.
1007/s00484-013-0764-6 PMID: 24258319

Chen S, Yang D, Liu R, et al. Estimating the transmissibility of hand, foot, and mouth disease by a
dynamic model. Public Health. 2019, 174:42—48. https://doi.org/10.1016/j.puhe.2019.05.032 PMID:
31306888

Ma E, Lam T, Wong C, Chuang SK. Is hand, foot and mouth disease associated with meteorological
parameters? Epidemiol Infect. 2010, 138:1779-1788. https://doi.org/10.1017/S0950268810002256
PMID: 20875200

Nguyen HX, Chu C, Nguyen HLT, et al. Temporal and spatial analysis of hand, foot, and mouth disease
in relation to climate factors: A study in the Mekong delta region, Vietnam. The Science of the total envi-
ronment. 2017, 581-582:766—772. https://doi.org/10.1016/j.scitotenv.2017.01.006 PMID: 28063653

Yien Ling Hii, Joacim Rocklov, Ng N. Short term effects of weather on hand, foot and mouth disease.
PLoS One. 2011, 6(2): e16796. https://doi.org/10.1371/journal.pone.0016796 PMID: 21347303

Onozuka D, Hashizume M. The influence of temperature and humidity on the incidence of hand, foot,
and mouth disease in Japan. The Science of the total environment. 2011, 410-411:119-125. https://
doi.org/10.1016/j.scitotenv.2011.09.055 PMID: 22014509

Wang Y, Feng Z, Yang Y, et al. Hand, foot, and mouth disease in china: Patterns of spread and trans-
missibility. Epidemiology. 2011, 22:781-792. https://doi.org/10.1097/EDE.0b013e318231d67a PMID:
21968769

Xing W., Liao Q., Viboud C., J. et al. Hand, foot, and mouth disease in China, 2008 moutan epidemiolog-
ical study. The Lancet Infectious Diseases. 2014, 14(4): 308-318. https://doi.org/10.1016/S1473-3099
(13)70342-6 PMID: 24485991

http://www.phsciencedata.cn/.

Mao Qunying, Wang Yiping, Liang Z. Hand, foot, and mouth disease in mainland china. The lancet
infection disease. 2014, 14:1041.

Xu C, Zhang X, Xiao G. Spatiotemporal decomposition and risk determinants of hand, foot and mouth
disease in Henan, China. The Science of the total environment. 2019, 657:509-516. https://doi.org/10.
1016/j.scitotenv.2018.12.039 PMID: 30550914

Nguyen H. X., Chu C., Tran Q. D., et al. Temporal relationships between climate variables and hand-
foot-mouth disease: a multi-province study in the Mekong Delta Region, Vietnam. International Journal
of Biometeorology. 2019, 12 e:018249.

XuZ.,HuW., Jiao K., et al. The effect of temperature on childhood hand, foot and mouth disease in
Guangdong Province, China, 2010 of temperature on childhood hand, foot and mouth disease 19
(1):969.

LiJ., Zhang X., Wang L., et al. Spatial-temporal heterogeneity of hand, foot and mouth disease and
impact of meteorological factors in arid/semi-arid regions: a case study in Ningxia, China. BMC Public
Health. 2019, 19(1):1482. https://doi.org/10.1186/512889-019-7758-1 PMID: 31703659

Phung D, Nguyen HX, Nguyen HLT, et al. Spatiotemporal variation of hand-foot-mouth disease in rela-
tion to socioecological factors: A multiple-province analysis in Vietnam. The Science of the total environ-
ment. 2018, 610-611:983-991. https://doi.org/10.1016/j.scitotenv.2017.08.158 PMID: 28838035

Munderloh UG, Kim BI, Ki H, et al. Effect of climatic factors on hand, foot, and mouth disease in South
Korea, 2010-2013. Plos One. 2016, 11: e0157500. https://doi.org/10.1371/journal.pone.0157500
PMID: 27285850

Liao J, Qin Z, Zuo Z, et al. Spatial-temporal mapping of hand foot and mouth disease and the long-term
effects associated with climate and socio-economic variables in Sichuan province, china from 2009 to
2013. The Science of the total environment. 2016, 563-564:152—159. https://doi.org/10.1016/j.
scitotenv.2016.03.159 PMID: 27135578

DuZ., Zhang W., Zhang D., et al. Estimating the basic reproduction rate of HFMD using the time series
SIR model in Guangdong, China. PLoS One. 2017, 12(7): e0179623. https://doi.org/10.1371/journal.
pone.0179623 PMID: 28692654

Xu J, Zhao D, Su H, et al. Impact of temperature variability on childhood hand, foot and mouth disease
in Huainan, china. Public Health 2016, 134:86—94. https://doi.org/10.1016/j.puhe.2015.10.029 PMID:
26708474

Wang P, Goggins WB, Chan EY. 2016. Hand, foot and mouth disease in Hong kong: A time-series anal-
ysis on its relationship with weather. PLoS One. 11: e01610086. https://doi.org/10.1371/journal.pone.
0161006 PMID: 27532865

PLOS ONE | https://doi.org/10.1371/journal.pone.0255222  August 2, 2021 15/16


https://doi.org/10.1007/s00484-013-0764-6
https://doi.org/10.1007/s00484-013-0764-6
http://www.ncbi.nlm.nih.gov/pubmed/24258319
https://doi.org/10.1016/j.puhe.2019.05.032
http://www.ncbi.nlm.nih.gov/pubmed/31306888
https://doi.org/10.1017/S0950268810002256
http://www.ncbi.nlm.nih.gov/pubmed/20875200
https://doi.org/10.1016/j.scitotenv.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28063653
https://doi.org/10.1371/journal.pone.0016796
http://www.ncbi.nlm.nih.gov/pubmed/21347303
https://doi.org/10.1016/j.scitotenv.2011.09.055
https://doi.org/10.1016/j.scitotenv.2011.09.055
http://www.ncbi.nlm.nih.gov/pubmed/22014509
https://doi.org/10.1097/EDE.0b013e318231d67a
http://www.ncbi.nlm.nih.gov/pubmed/21968769
https://doi.org/10.1016/S1473-3099%2813%2970342-6
https://doi.org/10.1016/S1473-3099%2813%2970342-6
http://www.ncbi.nlm.nih.gov/pubmed/24485991
http://www.phsciencedata.cn/
https://doi.org/10.1016/j.scitotenv.2018.12.039
https://doi.org/10.1016/j.scitotenv.2018.12.039
http://www.ncbi.nlm.nih.gov/pubmed/30550914
https://doi.org/10.1186/s12889-019-7758-1
http://www.ncbi.nlm.nih.gov/pubmed/31703659
https://doi.org/10.1016/j.scitotenv.2017.08.158
http://www.ncbi.nlm.nih.gov/pubmed/28838035
https://doi.org/10.1371/journal.pone.0157500
http://www.ncbi.nlm.nih.gov/pubmed/27285850
https://doi.org/10.1016/j.scitotenv.2016.03.159
https://doi.org/10.1016/j.scitotenv.2016.03.159
http://www.ncbi.nlm.nih.gov/pubmed/27135578
https://doi.org/10.1371/journal.pone.0179623
https://doi.org/10.1371/journal.pone.0179623
http://www.ncbi.nlm.nih.gov/pubmed/28692654
https://doi.org/10.1016/j.puhe.2015.10.029
http://www.ncbi.nlm.nih.gov/pubmed/26708474
https://doi.org/10.1371/journal.pone.0161006
https://doi.org/10.1371/journal.pone.0161006
http://www.ncbi.nlm.nih.gov/pubmed/27532865
https://doi.org/10.1371/journal.pone.0255222

PLOS ONE

Spatial-temporal heterogeneity study between meteorological factor and hand-foot-mouth disease

21.

22,

23.

24,

25.
26.
27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zhang Z, Xie X, Chen X, et al. Short-term effects of meteorological factors on hand, foot and mouth dis-
ease among children in Shenzhen, China: Non-linearity, threshold and interaction. The Science of the
total environment. 2016, 539:576-582. https://doi.org/10.1016/j.scitotenv.2015.09.027 PMID:
26386448

Wang H, Du Z, Wang X, et al. Detecting the association between meteorological factors and hand, foot,
and mouth disease using spatial panel data models. Int J Infect Dis. 2015, 34:66—70. https://doi.org/10.
1016/}.ijid.2015.03.007 PMID: 25770912

LiuH., Song G., He N., et al. Spatial-temporal variation and risk factor analysis of hand, foot, and mouth
disease in children under 5 years old in Guangxi, China. BMC Public Health. 2019, 19(1): 1491. https://
doi.org/10.1186/s12889-019-7619-y PMID: 31703735

Liu W, JiH, Shan J, et al. Spatiotemporal dynamics of hand-foot mouth disease and its relationship with
meteorological factors in Jiangsu province, China. PLoS One. 2015, 6(29):e 0131311 https://doi.org/10.
1371/journal.pone.0131311 PMID: 26121573

http://www.xjhfpc.gov.cn/.
http://data.cma.cn/.
http://www.geodetector.cn/.

Wang J.-F. et al. Geographical Detectors-Based Health Risk Assessment and its Application in the Neu-
ral Tube Defects Study of the Heshun Region, China. International Journal of Geographical Information
Science, 2010, 24, 107s of.

Gu J., Liang L., Song H., et al. A method for hand-foot-mouth disease prediction using GeoDetector and
LSTM model in Guangxi, China. Sci Rep. 2019, 9(1): 17928. https://doi.org/10.1038/s41598-019-
54495-2 PMID: 31784625

Wang J. Zhang T. Fu B. A measure of spatial striated heterogeneity. Ecol. Indic. 2016, 67, 250 tial.

WANG J F, XU C D. Geodetector: Principle and prospective [J]. Acta Geographica Sinica, 2017, 72(1):
116-134.

Mao Y., Zhang N., Zhu B., et al. A descriptive analysis of the Spatio-temporal distribution of intestinal
infectious diseases in China." BMC Infect Dis. 2019, 19(1): 766. https://doi.org/10.1186/s12879-019-
4400-x PMID: 31477044

ZhangHY, Y L., LiL P, etal. The epidemic characteristics and spatial autocorrelation analysis of hand,
foot and mouth disease from 2010 to 2015 in Shantou, Guangdong, China. 2019.

Huang R., NingH., He T., et al. Impact of PM10 and meteorological factors on the incidence of hand,
foot, and mouth disease in female children in Ningbo, China: a spatiotemporal and time-series study.
Environmental Science and Pollution Research. 2017, 26(18): 17974-17985.

Gou F., Liu X., He J., et al. Different responses of weather factors on hand, foot and mouth disease in
three different climate areas of Gansu, China. BMC Infect Dis. 2018, 18(1): 15. https://doi.org/10.1186/
$12879-017-2860-4 PMID: 29310596

Lau S. Y.-F, Chen E, Mohammad K. N et al. Ambient temperature and relative humidity as possible driv-
ers of the hand, foot, and mouth disease epidemics in Zhejiang Province, China. Atmospheric Environ-
ment. 2021, 244: 117984.

Wang Y., LaiY., DuZ, et al. Spatiotemporal Distribution of Hand, Foot, and Mouth Disease in Guang-
dong Province, China and Potential Predictors, 2009—-2012. Int J Environ Res Public Health. 2019, 16
(7):1191.

Du Z., Lawrence W. R., Zhang W., et al. Interactions between climate factors and air pollution on daily
HFMD cases: A time series study in Guangdong, China. Sci Total Environ. 2019, 656: 1358—1364.
https://doi.org/10.1016/j.scitotenv.2018.11.391 PMID: 30625664

Du Z C, Zhang W J, Zhang DM, et al. The threshold effects of meteorological factors on hand, foot, and
mouth disease (HFMD) in China, 2011. Sci Rep. 2016, 6:36351. https://doi.org/10.1038/srep36351
PMID: 27848955

Huang RF, Xie L, Liu SH, et al. Correlation analysis on meteorological factors regarding the incidence of
hand, foot and mouth disease in Xinjiang Uygur Autonomous Region, 2011-2018. Chinese Journal of
Epidemiology, 2019, 40(12): 1563—1568. https://doi.org/10.3760/cma.j.issn.0254-6450.2019.12.011
PMID: 32062916

Wei J, Hansen A, Liu Q, et al. The effect of meteorological variables on the transmission of hand, foot
and mouth disease in four major cities of Shanxi province, china: A time series data analysis (2009—
2013). PLoS Negl Trop Dis. 2015, 9: e0003572. https://doi.org/10.1371/journal.pntd.0003572 PMID:
25742504

PLOS ONE | https://doi.org/10.1371/journal.pone.0255222  August 2, 2021 16/16


https://doi.org/10.1016/j.scitotenv.2015.09.027
http://www.ncbi.nlm.nih.gov/pubmed/26386448
https://doi.org/10.1016/j.ijid.2015.03.007
https://doi.org/10.1016/j.ijid.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25770912
https://doi.org/10.1186/s12889-019-7619-y
https://doi.org/10.1186/s12889-019-7619-y
http://www.ncbi.nlm.nih.gov/pubmed/31703735
https://doi.org/10.1371/journal.pone.0131311
https://doi.org/10.1371/journal.pone.0131311
http://www.ncbi.nlm.nih.gov/pubmed/26121573
http://www.xjhfpc.gov.cn/
http://data.cma.cn/
http://www.geodetector.cn/
https://doi.org/10.1038/s41598-019-54495-2
https://doi.org/10.1038/s41598-019-54495-2
http://www.ncbi.nlm.nih.gov/pubmed/31784625
https://doi.org/10.1186/s12879-019-4400-x
https://doi.org/10.1186/s12879-019-4400-x
http://www.ncbi.nlm.nih.gov/pubmed/31477044
https://doi.org/10.1186/s12879-017-2860-4
https://doi.org/10.1186/s12879-017-2860-4
http://www.ncbi.nlm.nih.gov/pubmed/29310596
https://doi.org/10.1016/j.scitotenv.2018.11.391
http://www.ncbi.nlm.nih.gov/pubmed/30625664
https://doi.org/10.1038/srep36351
http://www.ncbi.nlm.nih.gov/pubmed/27848955
https://doi.org/10.3760/cma.j.issn.0254-6450.2019.12.011
http://www.ncbi.nlm.nih.gov/pubmed/32062916
https://doi.org/10.1371/journal.pntd.0003572
http://www.ncbi.nlm.nih.gov/pubmed/25742504
https://doi.org/10.1371/journal.pone.0255222

