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Background. 'The growing epidemics of severe fever with thrombocytopenia syndrome (SFTS), an emerging tick-borne disease
in East Asia, and its high case fatality rate have raised serious public health concerns.

Methods. Surveillance data on laboratory-confirmed SFTS cases in China were collected. The spatiotemporal dynamics and epi-
demiological features were explored. The socioeconomic and environmental drivers were identified for SFTS diffusion using survival
analysis and for SFTS persistence using a two-stage generalized boosted regression tree model.

Results. During 2010-2018, a total of 7721 laboratory-confirmed SFTS cases were reported in China, with an overall case fa-
tality rate (CFR) of 10.5%. The average annual incidence increased >20 times and endemic areas expanded from 27 to 1574 town-
ships, whereas the CFR declined from 19% to 10% during this period. Four geographical clusters—the Changbai Mountain area, the
Jiaodong Peninsula, the Taishan Mountain area, and the Huaiyangshan Mountain area—were identified. Diffusion and persistence
of the disease were both driven by elevation, high coverages of woods, crops, and shrubs, and the vicinity of habitats of migratory
birds but had different meteorological drivers. Residents >60 years old in rural areas with crop fields and tea farms were at increased
risk to SFTS.

Conclusions.
and in the vicinity of migratory birds to curb the growing epidemic.
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Surveillance of SFTS and intervention programs need to be targeted at areas ecologically suitability for vector ticks

Severe fever with thrombocytopenia syndrome (SFTS) is an
emerging tick-borne infectious disease with a wide clinical
spectrum, ranging from mild febrile illness accompanied by
thrombocytopenia and/or leukocytopenia to severe hemor-
rhagic fever, clinical encephalitis, and multiple organ failure,
with a case fatality rate (CFR) of 12-50% [1-3]. The etiolog-
ical pathogen is a novel phlebovirus (SFTS virus [SFTSV])
in the family Phenuiviridae of the order Bunyavirales [1].
The disease was identified first in China in 2010 and sub-
sequently in South Korea and Japan in 2013 [1, 4, 5]. The
cumulative numbers of cases were 5360 (lab-confirmed) in
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China by 2016, 866 in South Korea by 2018, and 467 in Japan
by August 2019, according to the most recent updates [6-8].
Recently, Vietnam also reported 2 new cases [9]. SFTSV
is genetically closely related to Heartland virus, a novel
phlebovirus first isolated from 2 famers in the United States
in 2009, and the 2 viruses cause similar clinical symptoms in-
cluding acute fever and thrombocytopenia [10]. Despite the
high CFR and rapid spread of SFTS, no vaccine or antiviral
specifically targeting SFTSV are available for the time being.

The public health concern of SFTSV is primarily posed by
the wide distribution of its vectors and the broad spectrum of
its animal hosts [1]. Haemaphysalis longicornis, which is thought
to be the primary vector of SFTSV, is widely distributed in East
Asia, Australia, New Zealand, and Hawaii and has recently in-
vaded the mainland of the United States [11], possibly via trans-
portation of livestock and seasonal migration of birds [11, 12].
Environmental changes, particularly those in climate and land-
scape, may have fueled the spatial expansion of ticks, raising se-
rious concerns about potentially growing epidemics of SFTSV
and other tick-borne pathogens across continents [13, 14].
Meanwhile, the epidemiological features and ecological niches
of SFTS remain elusive.

In the current study, we provide a broad and in-depth epide-
miological analysis of the SFTS epidemics in China using the
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most updated surveillance data, focusing on spatiotemporal
patterns of the disease and socioeconomic and environmental
risk drivers for its diffusion and persistence. This study aims not
only to bridge knowledge gaps in epidemiology and ecology of
the disease but also to provide a risk assessment approach for
planning surveillance and control of SFTS in countries where
either the disease or the associated vector ticks are emerging.

METHODS

Data Sources

De-identified individual-level epidemiological data of SFTS
patients during 2010-2018 were extracted from the China
Information System for Disease Control and Prevention
(CISDCP). The death data were further supplemented by a
prospective study conducted in Xinyang, Henan Province
[3]. County-level demographic and socioeconomic data were
obtained from the National Bureau of Statistics of China.
County-level and township-level land cover data of China
surveyed in 2005 and 2015 were downloaded (http://www.
geodata.cn). Transportation routes were obtained from the
digital maps of China at the scale of 1:100 000 as previously de-
scribed [15]. Monthly meteorological data during 2010-2018
were obtained from the China Meteorological Data Sharing
Service System (http://cdc.nmic.cn/home.do) and transformed
into 19 ecoclimatic indexes (Supplementary Table 1) [16].
Multicollinearity among the ecoclimatic indexes was screened
by pairwise Pearson correlation coefficients. Highly correlated
predictors were grouped using the package “NbClust” (https://
cran.r-project.org/web/packages/NbClust/index.html) ~ pro-
vided in the statistical software R (R Core Team, 2013), and
only 1 predictor from each group was used for subsequent ana-
lyses (Supplementary Material and Methods). The ecoclimatic
indexes were grouped at the township level (Supplementary
Table 2) and the county levels (Supplementary Table 3) sep-
arately. The location data of 4 tick species carrying SFTSV,
H. longicornis, Diptera silvarum, Rhipicephalus microplus, and
Isoetes sinensis, were derived from our previous studies. Risk
categories (1 = high, 0 = low) for the presence of the 4 tick spe-
cies were calculated from statistical models and serve as po-
tential risk factors for subsequent ecological modeling of SFTS
(Supplementary Material and Methods). For simplicity in de-
scription, we refer to the high- and low-risk categories as pres-
ence and absence of the tick species, respectively.

The Spatial Diffusion of SFTS and Associated Risk Determinants

The location of each lab-confirmed case was georeferenced
based on the residential address at the township level
Geographical clusters of SFTS cases were identified by a spatial
trend surface analysis [17]. For each identified cluster, we used
joinpoint regression to explore the temporal trend of annual
disease incidences and a radar chart of standardized monthly

incidences to display seasonality [18, 19]. Cox proportional
hazards models in the R software package “survival” (https://
cran.r-project.org/web/packages/survival/index.html) were ap-
plied to explore potential risk factors (Supplementary Table 4)
driving the disease diffusion at the township level. Cox propor-
tional hazards models were also fitted to each cluster separately
to explore spatial heterogeneity in risk drivers.

Ecological Modeling and Risk Prediction for SFTS

We employed a 2-stage generalized boosted regression tree
(GBRT) model in the R software package “Xgboost” (https://
cran.r-project.org/web/packages/xgboost/index.html) to ex-
plore potential factors (Supplementary Table 5) contributing to
the presence or incidence of SFTS and to predict the risks of
the disease at the county level in mainland China [20]. At the
first stage, a logistic structure was used to fit the presence/ab-
sence of SFTS cases by county and year, which accounted for
the excessive amount of zero case numbers in the majority of
the nation. At the second stage, a gamma distribution was fitted
to the nonzero annual incidences. Details about screening of
multicollinearity, cross-validation for tuning parameters, and
assessment of goodness-of-fit were given in the Supplementary
Materials and Methods.

RESULTS

From 2010 to 2018, a total of 11 995 SFTS patients in 25 prov-
inces were reported, of whom 7721 (64.4 %) were laboratory
confirmed. Among the confirmed patients, 810 died, leading to
a case fatality rate of 10.5% (95% confidence interval [CI]: 9.8-
11.2%) (Table 1). The median age was 63 years (interquartile
range [IQR]: 54-70 years), and slightly more cases were female
(52.6%). The median age increased from 56 years in 2010 to
64 years in 2018 (Supplementary Figure 1), probably reflecting
the natural aging of the at-risk population and the lack of replen-
ishment of the exposed population. Gender distribution was
similar between years but differed across months, with higher
proportions of female patients hospitalized in April (64%) and
May (60%) than in other months (49%) (P < .001). Median time
from disease onset to hospitalization was 8 days (IQR: 4-9 days)
in 2010, decreased to 7 days in 2011, and flattened at 6 days
(IQR: 4-9 days) in the subsequent years. The CFR declined
from 19% in 2010 to 10% in 2018 (trend test P < .001). Both de-
creased in the time to hospitalization, and CFR were likely due
to improved diagnosis and increased awareness of the disease in
endemic regions. CFRs in the epidemic months (April-August)
were higher than those off the season (P = .004), although hos-
pital admission delay did not differ between months.

Spatial Clustering of SFTS Cases

The trend surface analysis identified 4 distinct geographical
clusters, where 94.7% of all confirmed cases in China were re-
ported (Figure 1). Cluster Iis located at the Changbai Mountain
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Table 1. Baseline Demographic Characteristics of Laboratory-confirmed SFTS Patients in China from 2010 to 2018, for the Whole Nation and Stratified by
Cluster
Total Cluster | Cluster Il Cluster Il Cluster IV Other

No. of confirmed cases 7721 386 1510 1128 4286 41
Annual incidence (/10°) 0.064 0.099 0.92 0.16 0.20 0.0048
Average annual percent change (95% Cl) 18.5 (3.5, 35.6) 14 (2.3, 27) 18.9 (10, 28.5) 31.6 (27 36.4) 11.2 (-4.5, 29.4) 25.1(10.2, 42.2)
No. of deaths 810 20 185 107 450 48
Case fatality ratio % (95% ClI) 10.5 (9.8, 11.2) 5.2(3.3,8) 12.3(10.7, 14) 9.5 (7.9, 11.4) 10.5 (9.6, 11.5) 11.7 (8.8, 15.3)
Age in years median (IQR) 63 (564-70) 62 (55-70) 64 (565-71) 63 (65-71) 62 (562-70) 65 (55-73)
No. (%) of female cases 4063 (52.6) 165 (42.7) 730 (48.3) 567 (50.3) 2383 (55.6) 218 (63)
Days from disease onset 6 (4-9) 6(3-9) 6 (4-9) 6 (4-8) 6 (4-9) 5(2-8)

to admission, median (IQR)
Seasonality May-August July-September May-August May-August April-July May-August

Abbreviations: Cl, confidence interval; IQR, interquartile range.

area in Liaoning Province of northeastern China. Two clus-
ters reside in Shandong province on the northern part of the
east coast, cluster II on the Jiaodong Peninsula, and cluster III
surrounding the Taishan Mountain area. Cluster IV, the lar-
gest among the 4 clusters, centers around the Huaiyangshan
Mountain area in central China and stretches over 5 provinces:
Henan, Anhui, Hubei, Jiangsu, and Zhejiang. These 4 endemic
foci are situated in 4 different ecogeographical zones but share
similar mountainous or hilly landscapes covered by forests,
shrubs, or grassland and temperate humid or subtropical wea-
thers (Supplementary Figure 2). The highest average annual
incidence, 0.92 per 10° persons, was observed in cluster II, fol-
lowed by 0.20, 0.16, and 0.10 per 10° in clusters IV, ITI, and I, re-
spectively. The age and gender profiles showed disparity across
clusters (Table 1).

Temporal Trend and Seasonality

At the national level, the annual incidence increased steadily
from 0.0041/10° in 2010 to 0.098/10° in 2015, peaked in 2016 at
0.1/10°, and started to drop after 2017 (Figure 1A). The national
temporal trend was dominated by that in cluster IV where both
the case number and population size outweigh the other 3 clus-
ters (Figure 1E). The average annual percent change (AAPC) in
cluster IV decreased from 37.7% during 2010-2015 to —22.1%
thereafter, marking a sharp turnaround (Figure 2E). In con-
trast, clusters I-III clearly displayed an increasing trend over
the surveillance years (Figure 1B-D). Particularly, the persistent
increasing trend in cluster III with an AAPC of 31.6% warrants
close surveillance in this region.

Similar trends were observed in the total area of affected
townships, increasing from 2010 to the peak in 2016 and
dropped slightly after 2017 (Figure 2F). The growth of the af-
fected areas in clusters I, II, and III was much slower than that
of the annual incidences, but the growth became somewhat
faster after 2016 in clusters I and III (Figure 2G-I). The tem-
poral pattern in cluster IV resembled that of the nation but with
a quicker drop after 2016 (Figure 2J).

The SFTS epidemics at the national level were highly sea-
sonal. The epidemic season spanned from May to August with
a peak in May (Figure 2K-0O). For individual clusters, the epi-
demic season appeared to be slightly later at a higher latitude,
for example, July-September in cluster I (40°N) versus April-
July in cluster IV (30°N), and the peak months occurred in July,
June, May in clusters I, II, and IV, respectively. Cluster III had 2
peaks, one in May and the other in August.

Spatial Diffusion and Driving Factors of SFTS

Multiple endemic foci of SFTS had been established as early
as 2011, and the disease mainly spread from the center of each
cluster to its surrounding areas (Supplementary Figure 3). The
periodicity in the baseline hazards of reporting the first SFTS
case at the township level further confirmed the strong sea-
sonality of SFTSV (Supplementary Figure 4). The spread was
fueled by high levels of elevation and seasonal variation of pre-
cipitation with hazard ratios (HR) of 2.04 (95% CI: 1.87-2.24)
and 1.79 (95% CI: 1.57-2.05), respectively (Supplementary
Table 6). On the contrary, a high coverage of rural settlement,
a long distance to the nearest freeway/highway, and a long dis-
tance to the nearest habitat of migratory birds impeded the
disease diffusion (Supplementary Table 6 and Supplementary
Figure 5). The estimated effects of influential predictors were
mostly consistent with the diffusion trend when overlaid on
the maps, including elevation, land cover, and distance to the
nearest habitat of migratory birds (Figure 3). For example,
the diffusion of the disease from high to low elevations was
clear in clusters I, II, and IV (Figure 3A, D, and G). Survival
analyses revealed similar effects for elevation, coverage of
rainfed cropland, and distance to the nearest wetland across
the 4 clusters (Supplementary Table 7 and Supplementary
Figure 6B), However, there also appears to be heterogeneity
in some effects across the clusters. For example, the hazard in-
creased linearly with a longer distance to the nearest freeway/
highway in cluster IT (Supplementary Table 7), but the associa-
tion was opposite in cluster IV (Supplementary Figure 6D). In
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Abbreviation: SFTS, severe fever with thrombocytopenia syndrome.

addition, a longer distance to the nearest habitat of migratory
birds was associated with a lower hazard in cluster I and IV, a
higher hazard in cluster III, and a nonlinear trend in cluster II
(Supplementary Table 7 and Supplementary Figure 6C).

Distribution of and Drivers for the Ecological Risk of SFTS

According to the 2-stage GBRT models, altitude, the coverage
of closed-canopy woodland, proportion of senior residents
(>60 years old), and precipitation in the driest season were

important drivers (RC >5%) for the presence of SFTS cases
(Supplementary Table 8). Among the counties with reported
SFTS cases, the coverage of tea farms was the leading factor
contributing to higher incidences, with an RC of nearly 14%.
Other important factors include population density, the pro-
portion of senior residents, gross domestic product (GDP), the
number of hospitals, and the coverages of rainfed cropland,
closed-canopy woodland, and shrubland. Two factors, the pro-
portion of senior residents and the coverage of closed-canopy
woodland, contributed RCs >5% for both stages of the model.
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bocytopenia syndrome.

The presence of H. longicornis contributed moderately to the
presence of SFTS (RC = 3.68). The lower-than-expected contri-
bution is possibly due to the inclusion of social-environmental
variables that were predictive for and thus correlated with the
presence of the tick vector. The exact associations of model-
predicted incidence with 10 factors with RC >5%, as well as the
annual average temperature and the presence of H. longicornis,
are shown in Supplementary Figures 7-9. The model success-
fully differentiated low-risk from high-risk counties, although
the predictability is less impressive for the moderate-risk group
(Supplementary Table 9). The overall predictive performance
was satisfactory with AUCs of 99% and 96% for the training and
testing datasets, respectively (Supplementary Table 10). The spa-
tial distribution of model-predicted incidences largely matched
that of the observed incidences in the endemic regions, with
extra ecologically suitable high-risk areas predicted, mostly in
the vicinity of the observed high-incidence areas where no cases
have been reported yet (Supplementary Figure 10).

DISCUSSION

By synthesizing surveillance, socioeconomic and environ-
mental data during 2010-2018 in mainland China, we provided
an up-to-date and in-depth overview of the epidemiolog-
ical and ecological characteristics of SFTS. Four distinct geo-
graphic clusters were identified, among which epidemiological

characteristics and diffusion patterns are comparable but also
with important differences. Cluster IV, where cases earlier than
2010 were retrospectively found [21], had the highest disease
burden but showed a sign of declining incidence since 2016.
In contrast, the other 3 clusters, particularly cluster III, are still
seeing increasing disease incidence, calling for more active pre-
ventive and control programs.

Via diffusion analyses and ecological modeling, we found
that altitude and coverages of woodland, rainfed cropland, and
shrubland were highly influential for both diffusion and per-
sistence of the disease. Although disease diffusion was faster at
higher altitudes, disease incidence was actually higher at lower
altitudes (<300m), likely a consequence of diffusion from high
to low altitudes. These environmental conditions are directly
related to the ecological suitability of the vector ticks as well
as animal hosts [2]. H. longicornis, a major vector of SFTVS, is
widely distributed in China with habitats found in most prov-
inces [22]. H. longicornis has been adapted to a broad range of
ecological conditions but is most active and reproductive where
vertebrates are abundant and climate is moist and warm [23].
The preferred ecological environment by H. longicornis were
common in regions with low and middle altitudes, high cov-
erage of woodland, rainfed cropland, and shrubland. The ge-
ographic expansion of H. longicornis in the recent decades has
drawn wide attention and was possibly driven by climatic and
environmental changes [24]. The direct account of variables
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[l'and Il (D-A), and cluster IV (G-).

that are indicative of ecological suitability for H. longicornis ex-
plains why the vector itself is only moderately influential in our
ecological model for SFTS.

We also found that a high coverage of rural settlement and
a long distance to habitats of migratory birds could protect
against both diffusion and incidence of SFTS, although the ef-
fect was moderate for the incidence. Rural settlement refers to
man-made constructions in rural areas, with coverage inversely
proportional to the coverage of crop fields and wooded areas,

and therefore a negative association is expected. The negative
association of disease diffusion with the distance to habitats of
migratory birds is also not surprising, given numerous studies
reporting evidence for transportation of ticks via migrating
birds [13, 25-27]. For example, the expansion of Amblyomma
maculatum from southeastern states towards northern and
western states during the past few decades in the United States
was thought to be partly due to immature ticks carried by mi-
gratory birds along the Atlantic flyway [25]. H. longicornis
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was found on a variety of migratory birds including Zoothera
aurea, Turdus hortulorum, Halcyon coromanda, Pitta nympha,
and Anas platyrhynchos, which were found in eastern or north-
eastern China [13, 28, 29]. Antibodies against SFTSV were de-
tected migratory birds such as Anser cygnoides and Streptopelia
chinensis in eastern China [14]. We used the A4 category in the
Directory of Important Bird Areas (IBA) in China (mainland):
Key Sites for Conservation by Bird Life International (2009)
to represent habitats of migratory birds [30]. This category of
IBAs comprises of sites that, on a regular or predictable basis,
hold congregations of either >1% of the global population of >1
species, or >20 000 water birds, or migratory species exceeding
thresholds at bottleneck sites. In contrast to the negative asso-
ciation in other clusters, a longer distance to habitats of migra-
tory birds appears to imply a higher risk in cluster ITI. However,
cluster III is the only cluster where its center is about 100 kilo-
meters away from the nearest habitat (Figure 3), suggesting this
counterintuitive effect could be artificial.

The associations of SFTS incidence with low levels of popula-
tion density, GDP and number of hospitals are consistent with
the fact that the majority of patients were rural residents. The
percentage of residents >60 years old was a driving factor for
both presence and high incidence of SFTS. In rural areas of the
endemic regions, young adults pursue work opportunities in
urban cities most of the year, and the senior adults become the
majority of the exposed population through agricultural activi-
ties. Similarly, women assume more tea-farming activities than
men, which may partly account for the higher SFTS incidence
among females in April-June, the tea-harvesting season. This
is also consistent with the strong influence of coverage of tea
farms on SFTS incidence.

Compared to our previous ecological modeling for the pres-
ence of SFTS using the surveillance data during 2010-2013
[31], the current analysis modeled both presence/absence and
the magnitude of incidence. The inclusion of more data and
screening for multicollinearity further improved the robust-
ness of statistical inference about ecological drivers and predic-
tive power for disease risks. Other countries with existing or
emerging establishment of H. longicornis, such as South Korea,
Japan, and the United States, can use this model to assess poten-
tial risks of SFTS and to target surveillance and control meas-
ures at high-risk regions [32-34].

Our study is subjected to a few limitations. The CFRs might
be underestimated as some patients with adverse clinical pro-
gression were discharged per family’s request for economic
reasons [3]. Therefore, we did not pursue further death-related
analysis. In addition, the diffusion analysis did not consider the
possibility that the first detection of SFTS cases in some places
could be due to improved diagnosis rather than recent disease
spread. Finally, our ecological model was built on annual inci-
dence at the county level. The relatively large space and time
units may subject our analyses to ecological fallacy [35].

In summary, our study presented key epidemiological charac-
teristics and ecological drivers of the emerging SFTS epidemics
in China. The drivers for diffusion and persistence of the disease
are mostly related to the ecological suitability of the competent
vector of SFTSV, H. longicornis. The ongoing growth of the di-
sease burden is likely associated with the geographic expan-
sion of the vector possibly via transportation of livestock and
migratory birds, analogous to the observation that this vector
emerged and spread quickly in North America. Meanwhile, we
recommend active surveillance of SFTSV and H. longicornis be
placed in countries and regions with ecological suitability for
the tick vector, especially those trading livestock with or on the
flyway of migratory birds from East Asia. The highly predictive
ecological model developed in the current study can be used to
assess the risk levels of SFTS in agricultural or wooded areas
where the disease has not been reported.
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