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ABSTRACT

Visceral leishmaniasis (VL) is a neglected disease caused by trypanosomatid protozoa in the genus Leishmania,
which is transmitted by phlebotomine sandflies. Although this vector-borne disease has been eliminated in sev-
eral regions of China during the last century, the reported human VL cases have rebounded in Western and Cen-
tral China in recent decades. However, understanding of the spatial epidemiology of the disease remains vague,
as the spatial risk factors driving the spatial heterogeneity of VL. In this study, we analyzed the spatiotemporal
patterns of annual human VL cases in Western and Central China from 2007 to 2017. Based on the related spatial
maps, the boosted regression tree (BRT) model was adopted to explore the relationships between VL and spatial
correlates as well as predicting both the existing and potential infection risk zones of VL in Western and Central
China. The mined links reveal that elevation, minimum temperature, relative humidity, and annual accumulated
precipitation make great contributions to the spatial heterogeneity of VL. The maps show that Xinjiang Uygur Au-
tonomous Region, Gansu, western Inner Mongolia Autonomous Region, and Sichuan are predicted to fall in the
highest infection risk zones of VL. Approximately 61.60 million resident populations lived in the high-risk regions
of VLin Western and Central China. Our results provide a better understanding of how spatial risk factors driving
VL spread as well as identifying the potential endemic risk region of VL, thereby enhancing the biosurveillance
capacity of public health authorities.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Visceral leishmaniasis (VL), also known as kala-azar, is not only a
life-threatening parasitic infection but also a largely zoonotic disease.
It is caused by trypanosomatid protozoa in the genus Leishmania and
is transmitted by phlebotomine sandflies (Lun et al., 2015; Pearson
and Sousa, 1996). When the sandfly carrying the parasite bites human
skin, Leishmania promastigotes are hypodermically injected and mostly
ingested by macrophages (Braga et al., 2013). Promastigotes are trans-
formed into amastigotes and then disseminated through the entire re-
ticuloendothelial system via the vascular and lymphatic system,
eventually resulting in their proliferation in bone marrow, liver, and
spleen (Chappuis et al., 2007). Patients with VL typically presents
several clinical manifestations including fever, hepatosplenomegaly,
pancytopenia, pallor, cough, and abdominal distension (Fu et al., 2013;
Wang et al.,, 2016; Zou et al., 2017). It will kill most patients within
2 years if untreated or appropriate treatment is not given, which is
even faster than Acquired Immunodeficiency Syndrome (Kumar et al.,
2014). Visceral leishmaniasis is widely distributed throughout
America, Asia, Africa, and Europe and is endemic in up to 66 countries,
which is associated with approximately 0.5 million new cases and
0.2-0.4 million deaths per year worldwide(Alvar et al., 2012; Desjeux,
2004; Murray et al., 2005; WHO, 2010). Based on the mortality and
morbidity, World Health Organization (WHO) ranked this disease
ninth in a global analysis of infectious diseases (WHO, 2010).

In China, the history of the struggle between people and VL can be
traced back to the Qing Dynasty in 1904, which is nearly 120 years
ago (Wang and Wu, 1959). Due to the lack of preventive measures
and continuation of several wars, VL had become one of the most seri-
ous parasitic diseases that endanger people in China during the subse-
quent period from 1905 to 1950 (Cochran, 1914; Wang and Wu,
1959). In the 1950s, VL was once prevalent in the vast rural areas
north of the Yangtze River involving 16 provinces and autonomous re-
gions (Wang, 1985; Young, 1923). According to a detailed survey con-
ducted by the government in 1951, there were about 530,000 VL cases
in that year and the incidence rate in each county ranged from 10/
100,000 to 500/100,000 (Geng, 1996; Wang et al., 2000a, 2000b). At
that time, a comprehensive prevention and control measure designed
by the government of the People's Republic of China was carried out
stringently at every administrative level, which resulted in very remark-
able results in the reduction of VL cases in the next decades (Fu et al.,
2013; Guan and Shen, 1991; Wang, 1985; Xu, 1989). For instance,
with this measure, VL in the North China Plain and the Shaanxi
Guanzhong Plain had been basically under control by 1958, and by
1983, prevention of the disease in the entire plain of China had reached
the elimination standard (Wang et al., 2000a, 2000b). However, since
the late 1980s, the grand western development program implemented
by the state provided a suitable habitat as a buffer for the spread of VL,
which caused the recurrence and epidemic of VL in Western and Central
China (Lietal, 2011). In the 1990s, VL was reported resurgent in 43 ep-
idemic counties of 6 provinces in Western and Central China, including
Xinjiang Uygur Autonomous Region, Gansu, Sichuan, Shaanxi, Shanxi,
and Inner Mongolia Autonomous Region (Guan et al., 2000). Since
2000, VL has spread across more than 80 epidemic counties in 8 prov-
inces (Han et al., 2019).

In recent decades, the incidence of VL has rebounded in several re-
gions with the expansion of human activities and the enhancement of
frequency, revealing that the disease remains a serious public health
problem in Western and Central China (Ding et al.,, 2019; Li and
Zheng, 2019; Wang et al., 2012; Zhou et al.,, 2020). However, the spatial
epidemiological characteristics of VL in Western and Central China are
still unclear, as the factors driving the spatial heterogeneity of VL.
Based on the assembled data sets of annual VL cases and maps of spatial
correlates, we were able to analyze the spatiotemporal dynamic pat-
terns of VL cases in Western and Central China from 2007 to 2017, to ex-
plore the complex relationships between spatial correlates and VL, to
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map the potential infection risk zones of VL and to estimate the burden
on public health imposed by the disease. By identifying the spatiotem-
poral patterns and generating the final predicted infection risk maps,
this study is supposed to provide epidemiologists and local govern-
ments with significant information for prevention measures and control
strategies.

2. Material and methods

The research area of this study contains 11 provinces in the western
and central regions of China including Inner Mongolia, Qinghai, Ningxia,
Gansu, Shaanxi, Shanxi, Xinjiang, Henan, Hubei, Chongqing, and
Sichuan. We spatially match the clinical diagnosis and laboratory-
confirmed VL cases (3682) with multi-dimensional spatial correlates in-
cluding geographic, ecological, climatic, and socio-economic factors on
the county level, and then construct the transmission risk model of VL
using the machine learning algorithm. A boosted regression tree
model (BRT) was adopted in this study to analyze the factors driving
the spatial heterogeneity of VL and to generate potential transmission
risk maps of VL in western and central China. Three types of key data
sets are usually needed when building a BRT model: 1) a comprehensive
data set of VL cases with detailed geographic information; 2) a set of
spatial environmental and socioeconomic factors associated with VL,
as shown in Table 1. 3) pseudo-absence records. In this study, all data
were transformed into the same geographical coordinate system
(WGS-84) and the same projected coordinate system (Albers Conical
Equal Area).

2.1. Spatial correlates

2.1.1. Terrain factor

Terrain, though remains unclarified in the internal driving mecha-
nism between itself and vector-borne diseases, has been affecting VL
distribution for its great influence on both landscape and temperature.
For example, it may, to a certain extent, have an indirect impact on
the incubation and survival period of sand flies as well as its distribution
as the hosts of parasites. There are some studies that have already ex-
plored the effect of elevation on the distribution of VL (Gao et al,,
2017). And in this study, elevation was selected to be a potential terrain
variable for VL presence. The elevation dataset with 90 m spatial resolu-
tion generated by the SRTM was downloaded from the CGIAR Consor-
tium for Spatial Information (http://srtm.csi.cgiar .org, Access date:
March 1, 2020). In addition, ArcGIS 10.2 and python 3.7 were employed
to transform the elevation dataset from grid-level to the county-level.

Table 1
Spatial correlates adopted in this study.

Factor Parameters Data sources
Terrain Elevation Shuttle Radar Topography Mission
(SRTM)
Ecological NDVI Global Inventory Modelling and Mapping
Studies (GIMMS) group
Climatic Annual cumulative  China Meteorological Data Service Centre
precipitation (CMDC)
Minimum
temperature
Maximum
temperature

Relative humidity
Socioeconomic Urban accessibility =~ European Commission Joint Research
Centre (ECJRC)
GDP Global Change Research Data Publishing &

Repository

Abbreviations: GDP, gross domestic product; NDVI, normalized difference vegetation
index.
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2.1.2. Ecological factor

Strong relationships between sand flies population presence and
landscape have been reported in previous studies (Kuo et al., 2011;
Quintana et al., 2014). For VL, vegetation plays an important role in
the habitat for sand flies to survive by providing necessary resources
and maintaining the water quality required by sand flies (Feliciangeli,
2004; Ready, 2013). In addition, previous studies have illustrated that
spatial heterogeneity of VL is associated with land cover (WHO, 2010).
For instance, the incidence of VL is often highest among people living
at the edge of natural foci, i.e. forests and deserts. And some studies
have found that the distribution of VL was relatively high in grassland
and shrubland areas (Gao et al., 2017). In this study, NDVI was imported
as a potential indicator to reflect the vegetation coverage intensity. We
obtained the NDVI data with a spatial resolution of 8 x 8 km spanned
2007 to 2015 from the Global Inventory Modelling and Mapping Studies
(GIMMS) group (https://ecocast.arc.nasa.gov/, Access date: March 10,
2020). The same way is implemented to convert the gridded NDVI
data into the county-level.

2.1.3. Climatic factors

Climatic conditions are essential constraints on the transmission of
vector-borne diseases (Olson and Scheer, 1978; Traub and Wisseman,
1974). Some previous studies have discovered that temperature, pre-
cipitation, and humidity have strong impacts on the survival, popula-
tion, and distribution of sand flies and reservoir hosts (Hamta et al.,
2020; Shirzadi et al., 2020). For instance, it is noted that precipitation
and humidity have been proved to influence the reproduction and dor-
mancy of vectors (Malaviya et al.,, 2011). Some other studies have also
illustrated that temperature, precipitation, and humidity are related to
the occurrence and distribution of VL (Gao et al., 2017; Li and Zheng,
2019). For example, Li et al. had found that increasing temperature or
decreasing humidity could lead to incremental VL events (Li and
Zheng, 2019), temperature, precipitation, and relative humidity are
thusly taken as important climatic correlates in this study. Based on
data obtained from China Meteorological Data Service Centre (http://
data.cma.cn, Access date: March 10, 2020) of daily scale monitoring sta-
tions, the gridded datasets of monthly meteorological series with a spa-
tial resolution of 1 km ranged from 2007 to 2017 was generated by
ANUSPLIN-SPLINA software. In addition, a distribution map of meteoro-
logical factors including maximum temperature, minimum tempera-
ture, annual accumulated precipitation, and relative humidity at the
county-level were generated based on ArcGIS 10.2 and python 3.7.

2.1.4. Socioeconomic factors

Previous studies have illustrated that socio-economic factors link to
vector-borne diseases closely (Hasker et al., 2012; Wu et al., 2016). For
instance, low-income people are more likely to be infected with VL for
two reasons, one is the reduction of immunity caused by malnutrition,
the other is poor housing conditions leading to the increasing reproduc-
tion and resting place of sand flies (Boelaert et al., 2009; Marcos-Marcos
et al., 2018; WHO, 2010). Since the result of GDP is commonly used to
measure the level of urbanization, we selected GDP data with a spatial
resolution of 1 x 1 km in this study as one of the spatial drivers, which
can be downloaded from the global change research data publishing &
repository (http://www.geodoi.ac.cn, Access date: March 20, 2020). In
addition, urbanization trends and human movement are taken as exam-
ples of key drivers in the expansion and transmission of vector-borne
diseases (Aung et al., 2014; Ericsson et al., 2004). For example, the
entry of a non-immune person into an epidemic area with existing
vector-borne diseases may lead to new infection cases. On the other
hand, liberalization of cross-regional trade may affect agricultural prac-
tices, which in turn may influence vectors and rodent hosts by changing
the ecological landscape (Kuo et al., 2012). In the present study, we use
the urban accessibility data with 1 x 1 km spatial resolution as a spatial
driver that can be obtained free through the European Commission Joint
Research Centre (ECJRC) (http://forobs.jrc.ec.europa.eu/, Access date:
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March 20, 2020). The socio-economic factors are converted to the
county-level as well.

2.2. Occurrence and pseudo-absence records

In the present study, western and central China includes Inner
Mongolia, Qinghai, Ningxia, Gansu, Shaanxi, Shanxi, Xinjiang, Henan,
Hubei, Chongqing, and Sichuan. The known clinically-diagnosed and
laboratory-confirmed VL human cases in western and central China
from 2007 to 2017 were obtained from the Chinese Centre for Disease
Control and Prevention (CDC) (http://www.chinacdc.cn/, Access date:
March 1, 2020). Based on VL cases data with detailed information on
the geographical locality, VL prevalence at county-level was obtained.
In addition, each county with an average VL prevalence of greater than
or equal to 1 person is regarded as high-risk samples, which is equiva-
lent to occurrence records. While each county with no VL prevalence
from 2007 to 2017 is regarded as low-risk samples, which also means
pseudo-absence records. In total 231 occurrence records were dig out,
and the same number of pseudo-absence records from low-risk areas
were randomly selected correspondingly.

2.3. Modelling analysis

In the present study, a boosted regression model is employed to pre-
dict the potential transmission risk of VL based on 2007-2017 VL cases
as well as multiple county-level environmental and socioeconomic pre-
dictors. Its functional form can be described as below:

feX) = feea(X) + A peh(X; ar) NE(0,1] (1)
Ly, f(X)) = log(1 + exp(—2yf(X))) 2)

X = {X1,X2,"", X} refers to related spatial environmental and socio-
economic correlates. y refers to VL risk. f,(X) represents the mapping
function between X and y estimated at the t-th iteration. A means learn-
ing rate. p, means weight parameter. a, defines segment variables. h
(X;a,) links to the expression function of a single tree. p,; and a, were
generated by minimum loss function (Eq. (2)). More detailed informa-
tion about BRT can be found somewhere else (Friedman, 2001;
Ridgeway, 2006).

Based on occurrence and pseudo-absence records, a total sample
(462) of VL will be constructed after each random selection process,
and it will be randomly divided into training samples (75%; 348) and
test samples (25%; 114). Based on these steps, version 3.3.3 of R statis-
tical program was used to build BRT model combined with extended
package “gbm” and “dismo”. According to Messina's (Messina et al.,
2016), the main adjustment parameters are set as follows: tree.com-
plexity = 4, learning.rate = 0.005, bag.fraction = 0.75, step.size = 10,
cv. folders = 10, max.trees = 10,000 while keep other parameters as
default. Besides, we integrated an ensemble of 300 BRT models to in-
crease the robustness of the fitted model and to quantify its uncertainty.
In the process of fitting the model, a ten-fold cross-validation method is
used to prevent overfitting, and the area under the curve (AUC) statisti-
cal indicator is applied to evaluate the accuracy of the ensemble models.
Relative contribution (RC) index was used to estimate the relative im-
portance of each spatial predictor during the modelling process.

3. Results
3.1. Spatiotemporal patterns

Fig. 1 reveals the spatial patterns of annual clinical and laboratory-
confirmed human cases of VL reported from 2007 to 2017 in Western
and Central China. In 2007, the reported human VL cases were mainly
concentrated in the southeast part of Gansu, the central and southwest
regions of Xinjiang Uygur Autonomous Region, and the northeast zone
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Fig. 1. Annual human cases of visceral leishmaniasis in Western and Central China from 2007 to 2017.

of Sichuan. For instance, Gansu ranks first (158 cases), followed by
Xinjiang Uygur Autonomous Region (117 cases) and Sichuan (71
cases). The remaining new cases of VL in Western and Central China
were scattered in Inner Mongolia Autonomous Region (2 cases),
Shaanxi (2 cases), Chongqing (2 cases), Hubei (1 case), and Qinghai (1
case). In 2008, the number of new cases of VL in Xinjiang Uygur Auton-
omous Region increased significantly, reaching 300 cases, mainly dis-
tributed in the Kashgar region. Compared with cases in 2007 the
number of new cases in Gansu decreased by 6, though its spatial distri-
bution expanded slightly. Meantime, the number of new cases in Si-
chuan has decreased with its spatial distribution shrinking as well.
From 2009 to 2011, new VL cases were still mainly distributed in
Gansu, Xinjiang Uygur Autonomous Region, and Sichuan. During this
period, the annual new cases in Gansu (153, 151, and 161 cases

respectively) and Sichuan (58, 54, and 55 cases respectively) were
relatively stable while the number of cases of VL in Xinjiang Uygur Au-
tonomous Region has changed most with the number of new cases
dropping from 289 to 57. Since 2011, the change in the number of
new cases of VL in Xinjiang Uygur Autonomous Region has been fluctu-
ating. For example, the number of new cases decreased from 41 to 26
during the period from 2012 to 2013, while it increased dramatically
to 396 during the period from 2013 to 2015. In addition, the number
of new cases in Xinjiang Uygur Autonomous Region decreased rapidly
to 44 from 2015 to 2017. During the period from 2011 to 2017, the
change in the number of new cases of VL in Gansu is relatively consis-
tent with that in Sichuan. For instance, the number of new cases de-
creased to 53 (Gansu) and 15 (Sichuan) respectively during the period
from 2011 to 2015, while the number of new cases increased to 95
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(Gansu) and 27 (Sichuan) respectively during the period from 2015 to
2017. The annual new cases of VL in Shanxi and Shaanxi increased
from 0 and 2 cases to 21 and 16 cases respectively during the period
from 2007 to 2017 while the spatial distribution of the annual new
cases in Shanxi was gradually expanding. Overall, the new cases of VL
from 2007 to 2017 were mainly distributed in Xinjiang Uygur Autono-
mous Region, Gansu, and Sichuan of Western and Central China with a
few cases scattering in other provinces. It should be noted that the num-
ber of new VL cases in the four provinces of Gansu, Sichuan, Shanxi, and
Shaanxi is showing an increasing trend.

3.2. Relative contribution of spatial risk factors

Fig. 2 shows that elevation is the most important predictor in the en-
semble BRT models, which is strongly correlated with the presence of
VL, accounting for 31.52% (SE: 4.41%). Other main predictors including
minimum temperature (positive correlation), relative humidity (posi-
tive correlation), annual accumulated precipitation (negative correla-
tion), maximum temperature (complex association), NDVI (negative
correlation) and urban accessibility (positive correlation) are account-
ing for12.75% (SE: 1.22%), 12.69% (SE: 2.95%), 11.22% (SE:3.29%),
9.83% (SE:2.62%), 9.30% (SE:3.07%) and 8.13% (SE: 2.63%) of variation
explained by the ensemble BRT models respectively. In addition, it is
shown that GDP (RC: 4.56%, SE: 1.81%, complex association) has little
contribution to the ensemble BRT models.

3.3. Existing and potential infection risk zones

Validation statistics illustrated that the fitted ensemble BRT models
obtained high predictive accuracy within Western and Central China
with training dataset 10-fold cross-validation AUC = 0.833 +0.025
and validation dataset AUC = 0.830 =+ 0.041. Based on the mined rela-
tionship between the environmental predictors and the presence of the
human VL cases, combined with the spatial environmental predictors at
county level, we were able to predict the potential infection risk zones
of VL in Western and Central China. Fig. 3 depicts the geographic distri-
bution of the average infection risk level of VL in each county of Western
and Central China which was generated from the ensemble BRT models.
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The predicted map reveals that Xinjiang Uygur Autonomous Region,
Gansu, western Inner Mongolia Autonomous Region, and Sichuan are
predicted to be the highest infection risk areas of VL. Meantime, the pre-
dicted infection risk of VL is also relatively high in the north-west re-
gions of Qinghai, Chongqing City, Shaanxi, Hubei, and the western part
of Henan.

We also estimated the predicted mean infection risk level map of VL
throughout China (Supplementary Fig. 1) by combining the inferred
patterns derived from the fitted BRT ensembles with county-scale re-
lated spatial correlates. The Supplementary Fig. 1A revealed that the
predicted highest infection risk zones in unmodeled areas of China
were mainly distributed in southeastern and western parts of Tibet Au-
tonomous Region, central and northern regions of Yunnan, western and
northern parts of Guizhou, western part of Hunan, and northern part of
Guangxi Zhuang Autonomous Region. Based on upper and low bounds
of the 95% confidence intervals of the fitted BRT ensembles, we also gen-
erated the predicted infection risk maps as shown in Supplementary
Fig. 1B-1C. In addition, the uncertainty of the predicted risk level (Sup-
plementary Fig. 1D) was quantified using standard deviation method,
which illustrates a generally low level of the uncertainty of the fitted
BRT ensemble.

3.4. Population at risk

To estimate the number of people located in the predicted infection
risk zones, we adopted 0.5 as the threshold value and convert the con-
tinuous risk level map of VL into a binary map. Based on the county-
level resident population distribution map in China derived from the
Sixth National Census in 2010, we calculated the population living in
the predicted VL infection risk zones within each province or municipal-
ity in Western and Central China, as shown in Table 2. Table 2 revealed
that 61.60 million population in Western and Central China live in the
predicted high infection risk areas of VL, with 95% confidence interval
of 60.36-64.95 million. In Sichuan, the estimated population living in
the predicted high infection risk areas is the largest among all the re-
gions with about 29 million people, accounting for 46.67% of the total
number of Western and Central China. The second is Chongqing
(15.96%, 9.83 million people), followed by Gansu (12.36%, 7.61 million
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Fig. 2. Marginal effect curves of each predictor over the fitted BRT ensemble models. The black lines represent the mean effect curves, calculated from the ensemble BRT models. The shaded
areas depict the predicted relationships to each predictor from all 300 BRT ensembles, within the 95% confidence interval.
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Fig. 3. Geographic distribution of infection risk level for VL in Western and Central China, with the risk level ranging from 0 (blue) to 1 (red).

people), Shaanxi (10.21%, 6.29 million people), Xinjiang Uygur Autono-
mous Region (6.02%, 3.71 million people), Hubei (3.51%, 2.16 million
people) and Henan (2.34%, 1.44 million people). The estimated popula-
tion living in high-risk areas of VL of the rest province (Shanxi, Ningxia,
Qinghai, and Inner Mongolia) are all less than 1 million, with a total

Table 2
Resident populations living in the predicted infection risk zones of visceral leishmaniasis
within each province or municipality in Western and Central China.

Region Population living in the predicted
infection risk zones (Millions)
Average 95% confidence
Sichuan 28.75 28.55-29.03
Chongging 9.83 9.83-10.77
Gansu 7.61 7.33-8.13
Shaanxi 6.29 5.98-7.20
Xinjiang 3.71 3.63-3.74
Hubei 2.16 2.10-2.44
Henan 1.44 1.35-1.44
Shanxi 0.68 0.45-0.49
Ningxia 0.49 0.49-0.49
Qinghai 0.43 0.43-0.54
Inner Mongolia 0.21 0.21-0.21
Western and Central China 61.60 60.36-64.95

population of about 1.81 million people, accounting for nearly 1.83% of
the total number.

Based on Supplementary Fig. 1, we further estimated approximately
34.35 million (ranges from 30.19 to 38.47 million) resident populations
living in the predicted infection high-risk zones of VL within each prov-
ince or municipality in the unmodeled regions of China, as shown in Sup-
plementary Table 1. Notably, 91.4% of these residents are living in Yunnan
(43.90%), Guizhou (26.05%), Hunan (14.76%), and Fujian (6.69%).

4. Discussion

Based on the comprehensive VL infection records, we analyzed the
spatiotemporal distribution characteristics of human VL cases in West-
ern and Central China from 2007 to 2017. The result shows that VL is
a long-term epidemic in northeastern Sichuan, southeastern Gansu,
and Kashgar district in Xinjiang Uygur Autonomous Region, while in
other areas VL cases are only sporadically distributed. On this basis,
we predicted the existing and potential infection risk areas of the dis-
ease by combining VL cases and a set of county-scale spatial covariate
layers in BRT models, illustrating that southern Xinjiang Uygur Autono-
mous Region, northern and southern Gansu, central and eastern Si-
chuan, central Chongqing, southern Tibet, and northern Yunnan are
predicted to be high-risk areas for VL infection, which could be used
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to form the design of detailed prevention and control strategies for VL in
China.

During the period from 2007 to 2017, the annual human VL cases had
been increasing in several provinces (i.e., Sichuan and Shanxi) as VL began
to re-emerge, which accentuated the need to better understand the spa-
tial risk factors driving the disease spread. In the present study, the com-
plex relationships between VL and related spatial risk factors were
explored based on the BRT modelling framework. For instance, elevation
was estimated to be the most important predictor contributing to the oc-
currence of VL, which was consistent with some previous studies (Salahi-
Moghaddam et al., 2010; Elnaiem et al., 2003 ). Our findings revealed that
there was a significant positive correlation between elevation and VL oc-
currence, which may be due to the effect on the habitat (i.e., grassland and
scrubland) distribution of disease vectors or rodent hosts (Gao and Zheng,
2019) of the increase in altitude. Besides, the marginal effect curves illus-
trated that climate factors have a profound effect on VL incidence. For in-
stance, an increase in the spread risk of VL was observed as minimum
temperature and maximum temperature initially increased, while a neg-
ative effect on the response was observed at a higher temperature. This
pattern inferred from the modelling may be due to the mortality of
adult sandflies when the temperature reaches a certain threshold temper-
ature (Kasap and Alten, 2006). We also found that the spread risk of VL is
positively correlated with relative humidity, which is consistent with
some studies on the suitable habitat conditions that immature sand flies
are usually more inclined to occupy cool and moist habitats (Ready
et al,, 1985; Ready, 2008). Overall, our findings are expected to have im-
portant implications, particularly in vector control strategies and manage-
ment of risk associated with VL.

Compared with previous work on clinical manifestations, diagnosis
and treatment, immunological characteristics, epidemiological charac-
teristics (Leng, 1982; Yuan et al., 2017), a novel insight was provided
to understand VL in Western and Central China from the perspective
of space epidemiology. However, it is also important to realize that the
probability of being exposed to the infection risk of VL varies with peo-
ple due to their diversified occupation, behavioral habits as well as pro-
tective measures. For instance, it is shown that children under 5 years
old are the main infected population because those children are under
inadequate protection with little immunity (Zhao et al., 2015; Zheng
et al,, 2017). In future work, we will make efforts in collecting compre-
hensive and detailed population-related data to accurately assess the
health burden imposed by VL on China.
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