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Background: Hemorrhagic fever with renal syndrome (HFRS) is an endemic in China,
accounting for 90% of HFRS cases worldwide and growing. Therefore, it is urgent to
monitor and predict HFRS cases to make control measures more effective. In this study,
we applied generalized additive models (GAMs) in Liaoning Province, an area with many
HFRS cases. Our aimwas to determine whether GAMs could be used to accurately predict
HFRS cases and to explore the association between meteorological factors and the
incidence of HFRS.

Methods: HFRS data from Liaoning were collected from January 2005 to May 2019 and
used to construct GAMs. Generalized cross-validation (GCV) and adjusted R-square (R2)
values were used to evaluate the constructed models. The interclass correlation coefficient
(ICC) was used as an index to assess the quality of the proposed models.

Results: HFRS cases of the previous month and meteorological factors with different lag
times were used to construct GAMs for three cities in Liaoning. The three models predicted
the number of HFRS cases in the following month. The ICCs of the three models were
0.822, 0.832, and 0.831. Temperature and the number of cases in the previousmonth had
a positive association with HFRS.

Conclusion: GAMs applied to HFRS case data are an important tool for HFRS control in
China. This study shows that meteorological factors have an effect on the occurrence of
HFRS. A mathematical model based on surveillance data could also be used in
forecasting. Our study will inform local CDCs and assist them in carrying out more
effective measures for HFRS control and prevention through simple modeling and
forecasting.
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BACKGROUND

Hemorrhagic fever with renal syndrome (HFRS) is caused by a
negative-sense single-stranded RNA virus known as hantavirus
(genus Hantavirus, family Bunyavirdae). More than ten
thousand cases have been reported annually in China in
recent years (Bai and Huang, 2002). Since HFRS was first
recognized in northeast China in 1931 (Zhang et al., 2014),
this disease had been reported in only two provinces until the
1950s, while the disease has been on the rise since then and has
now been reported in 29 of 31 provinces (Chen et al., 1986;
Zhang et al., 2004). More than 1.5 million HFRS cases were
reported from 1950 to 2007 (He et al., 2018; Zhang Y.Z et al.,
2010), and more than 50,000 cases were reported from 2013 to
2018 in mainland China. Several factors are thought to be
related to the increasing HFRS cases and expanding endemic
trend, including urbanization, human migration, economic
development, and the effect of climate change (Zuo et al.,
2011). In China, Hantaan virus (HTNV) and Seoul virus
(SEOV) are two dominant hantaviruses, which are
transmitted by the rodent species Apodemus agrarius and
Rattus norvegicus, respectively (Zuo et al., 2014). The
epidemic of HTNV infection shows a rapid peak in autumn
and winter, while the epidemic caused by SEOV infection always
shows a long-lasting peak in spring and summer (Chen et al.,
1986). To date, HFRS has also been reported in Europe, the
United States, Africa, and the Middle Eastern countries (Klempa,
2009; Knust and Rollin, 2013; Zelená et al., 2013; Witkowski et al.,
2014). In China, the majority of HFRS cases occur in Shaanxi,
Heilongjiang, Jilin, and Liaoning (Zhang Y.Z et al., 2010). Liaoning
is an important HFRS epidemic area in China, with 17,335
reported cases from 2005 to 2017. Because of the transmission
by rodents and the seasonal distribution of HFRS epidemics, HFRS
was chosen as a means of studying the effect of climate factors on
the epidemiology of infectious diseases. The seasonal
autoregressive integrated moving average (SARIMA) model and
seasonal autoregressive integrated moving average with exogenous
variables (SARIMAX) model are the common models used to
predict the incidence of HFRS (He et al., 2018). They evolved from
the classic prediction model ARIMA, which is constructed using
changes, periodic trends, and random disturbances in time series
(Liu et al., 2011a). A complex algorithm is applied to reveal the
factors driving disease epidemics for the purposes of predicting
future outbreaks. The generalized additive model (GAM) is a
classical method and was applied in our study to predict the
incidence of HFRS with meteorological factors and previous
HFRS cases with controlling for nonlinear confounding effects
(Dominici et al., 2002).

Furthermore, we chose three areas in Liaoning with high
numbers of HFRS cases—Dandong, Huludao, and
Shenyang—to examine and compare. Among the three areas,
Dandong is a typical HFRS epidemic area, with infections
caused mainly by the HTNV viral strain; Huludao is a typical
epidemic area for the SEOV strain; and Shenyang, the province’s
capital city, is an epidemic area for both viruses. The epidemics of
the three cities show different seasonal distributions of cases
(Supplementary Figures S1–S3), and there may be different

associations between the incidence of HFRS and meteorological
factors. Thus, individual forecasts for these cities must be made.

The relationship between climate factors and HFRS has been
examined in many previous studies (Fang et al., 2010; Liu et al.,
2011b; Xiao et al., 2013a; Li et al., 2013). However, few studies
have focused on the relationships between meteorological factors
and HFRS incidence in areas with different epidemic seasons. In
this study, we constructed three GAMs to analyze the associations
between meteorological factors and HFRS and created models to
make early predictions.

METHODS

Study Sites
Liaoning is situated in northeastern China, located between
latitudes 38°43′ and 43°26′ north and longitudes 118°53′ and
125°46′ east. The province has 14 cities, three of which we chose
to study, namely, Dandong, Huludao, and Shenyang. (Figure 1).

Dandong is located in southeast Liaoning adjacent to the Yellow
Sea. It had a population of 2.34 million in 2014 and an area of
15,222 km2. The city has an annual mean rainfall of 800–1,200 mm
and an annual mean temperature of 8–10°C. Huludao is a coastal
city located southwest of Liaoning, with a population of 2.78
million in 2017. The annual mean temperature is 8–9°C, and
the annual mean rainfall is approximately 500–610 mm.
Shenyang, the capital city of Liaoning, is the only megacity in
northernChina, with a total area of 12,948 km2 and a population of
8.11 million in 2018. The city has an annual rainfall of
600–800 mm, and a mean temperature range of 6–9°C.

Data Collection
Meteorological data were collected from the China Meteorological
Data Sharing Service System (http://data.cma.cn), includingmonthly
means for temperature, minimum temperature, maximum
temperature, relative humidity, precipitation, and sunshine hours.
HFRS is a class B notifiable infectious disease in China (Zou et al.,
2016) and was diagnosed according to the criteria issued by the
Ministry of Health in China. Local healthcare staff must report new
HFRS cases to the Center for Disease Control and Prevention (CDC)
daily through the Nationwide Notifiable Infectious Diseases
Reporting Information System (NIDRIS) within 24 h after
diagnosis. HFRS case-level records from January 2005 to May
2019 for our study were obtained from the NIDRIS.

Data Analysis
First, a descriptive analysis was used to define the overall
epidemiological characteristics of HFRS cases reported in the
three cities during the study period (Figure 2). Second, a Pearson
correlation analysis including lags of up to 6months was performed
to select the lag time. In addition, an autocorrelation analysis was
used to explore whether the monthly HFRS cases were correlated
with the HFRS cases in previous months.

Third, a GAM was used to quantify nonlinear associations
between meteorological factors and HFRS, as the effect of climate
factors on the epidemic of HFRS is considered commonly lagged
with certain months, including the time for the development of
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rodent populations and the incubation period of sensitive
populations (Jiang et al., 2017; Li et al., 2019). The number of
monthly HFRS cases in the whole population is generally
assumed to be small (Li et al., 2011; Sun et al., 2018; Li et al., 2019).

The GAM was formulated as follows:
log(µt) � β0 + s(caset−1, df1) + (MinT , lag1, df 2)

+ s(Prep, lag2, fd3) + s(RH, lag3, df 4)

+montht + yeart,
where μt represents the estimated monthly mean HFRS cases
of month t, and case t-1 denotes the number of HFRS cases in the
previous month. MinT, Prep, and RH represent the monthly mean
minimum temperature, monthly cumulative precipitation, and
monthly mean relative humidity, respectively. df 1–4 and lag
1–3 are the degrees of freedom and lag months for each
variable, respectively, which were confirmed during model
selection. The variables montht and yeart are the month and
year in which HFRS cases occur and were used to control the
seasonality and long trends, respectively.

In the process of model selection, we first performed a
correlation analysis of the climate variables at certain lag times
of 1–6 months (Zhang W.Y et al., 2010; Supplementary Table
S1). Second, all significant variables with specific delays were
included in the model. After permutation and combination, many
models were obtained. Among these models, better-fittingmodels
had a higher adjusted R2 and deviance explained value but a lower
GCV score (Wood, 2006).

Data in this study were split by using the first 12 years (from
January 2005 to December 2016) for model fitting and the last
time period of less than 3 years (from January 2017 to May 2019)
to test the constructed model and make a prediction (Tian et al.,
2017; Xu et al., 2017). The interclass correlation coefficient (ICC)
was applied to measure the consistency between the predicted and
actual values (Dayama and Kameshwaran, 2013; Sun et al., 2018).

The package “mgcv” (Wood, 2004) in R Project 3.4.4 (R
Development Core Team, 2012) was used to construct the GAM.
Geographicmaps for the study sites were generated usingArcGIS 10.3
software (ESRI, Redlands, CA, United States).

FIGURE 1 | Geographical distribution of study areas in China. The map was created by ArcGIS 10.3 (Environmental Systems Research Institute; Redlands, CA,
USA). The base map was acquired from data center for geographic sciences and natural sources research, CAS (http://www.resdc.cn/).

FIGURE 2 | Time series of HFRS cases and meteorological factors in the study areas from 2005-2019. [(A): Dandong; (B): Huludao; (C): Shenyang].
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FIGURE 3 | Results of the GAM for Dandong. (A) The effect of meteorological on the epidemics of HFRS, (B) Forecast and comparison of the fitted values.
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RESULTS

Descriptive Analysis
Dandong, Huludao, and Shenyang reported 1,503; 3,832; and
1,876 HFRS cases, respectively, with averages of 8.69, 22.15, and
10.84 new HFRS cases every month during the study period
(Table 1). We also observed that the incidence of HFRS is
seasonal and that the epidemic months are different in these
three cities. Dandong had an autumn peak of HFRS in
2005–2018, and HFRS cases spiked in October to December
(Supplementary Figure S1), accounting for 51.63% (776/1,503)
of the total number of cases; November was the month with the
highest incidence of HFRS. The number of HFRS cases in
Huludao peaked in spring in 2005–2018, with cases
concentrated in February to May (Supplementary Figure S2),
accounting for 50.10% (1,918/3,832) of the city cases. Shenyang
had two HFRS epidemic peaks: a spring peak and an
autumn–winter peak (Supplementary Figure S3) in
February–May and October–December, respectively. The two
peaks accounted for 71.70% of the total reported cases in the
whole year (1,345/1,876). The temporal variation trend of HFRS
cases and meteorological factors in the study areas are shown in
Figure 2.

Correlation Analysis
In the three study areas, RH, prep, and MinT were significantly
correlated with monthly HFRS cases and had different lag times
(Supplementary Table S1). In addition, for the three study areas,
the p value of the Ljung-Box Q statistic of HFRS incidence for
each lagged month was <0.05, and the values of the
autocorrelation coefficient and partial autocorrelation
coefficient during the first lagged month were greater than
those of other lagged months, which indicated that the HFRS
cases had a strong autocorrelation with the first one-month lag
(Supplementary Table S2).

Model Construction and Evaluation
For Dandong, the monthly mean minimum temperature at a lag
of 3 months, monthly cumulative precipitation at a lag of

2 months, and monthly relative humidity at a lag of 4 months
were included in the final best-fitting model of HFRS, with a GCV
score of 2.33, adjusted R2 of 0.863, explained value of deviance of
87.3%, and ICC of 0.822 (Figure 3B). The model suggests that the
HFRS cases in the previous month, Prep and MinT, are positively
correlated with HFRS cases, while RH has a negative relationship
with the occurrence of HFRS cases (Figure 3A). Residuals under
different lags of autocorrelation and partial autocorrelation were
not significant (Supplementary Figure S4).

For Huludao, the best-fitting GAM contained variables
including the one-month lag of cases, monthly cumulative
precipitation at a lag of 4 months, monthly mean minimum
temperature at a lag of 3 months, and monthly mean relative
humidity at a lag of 2 months, with a GCV value of 2.81, an
adjusted R2 of 0.878, an explained value of deviance of 85.8%, and
an ICC of 0.832 (Figure 4B). The number of HFRS cases was
positively associated with the previous-month HFRS cases,
monthly cumulative precipitation, monthly mean minimum
temperature, and monthly mean relative humidity (Figure 4A).
No significant autocorrelation or partial autocorrelation was found
between residuals at different lags (Supplementary Figure S5).

For Shenyang, the monthly cumulative precipitation at a lag of
2 months, monthly mean minimum temperature at a lag of
2 months, and monthly mean relative humidity at a lag of
1 month were significantly associated with HFRS and used to
construct the best-fitting model, with a GCV value of 2.81, an
adjusted R2 of 0.88, an explained deviation value of 85.5%, and an
ICC of 0.83 (Figure 5B). Positive associations of HFRS cases were
found with the previous-month HFRS cases, monthly mean
minimum temperature, monthly mean relative humidity, and
monthly cumulative precipitation below 200 mm. However, the
HFRS cases were negatively correlated with monthly cumulative
precipitation higher than 200 mm (Figure 5A). There was no
significant autocorrelation or partial autocorrelation between
residuals for the final model of Shenyang under different lag
months (Supplementary Figure S6).

Evaluation of Forecast Models
We validated our models by comparing the predicted results with
the surveillance HFRS data from January 2017 to May 2019, and
the results showed good performances in all three study areas.
Figures 3B, 4B, 5B also show that the majority of the predicted
data agreed closely with the observed data; however, the results
for Huludao City presented better ICCs (Table 2).

DISCUSSION

Time-series analysis is widely used in the field of epidemiology to
explore the relationships between climate variables and vector-
borne viral infectious diseases, and HFRS is among the most
sensitive of all diseases to climate change (Liu et al., 2011b; Xiao
et al., 2013b). Compared with SARIMA and SARIMAX, the GAM
is a flexible statistical method that uses smoothing functions on
the predictor variable and whichever link function may be
appropriate (Dominici et al., 2002). The results of our study
indicated that the GAM method was efficient in constructing

TABLE 1 | Monthly meteorological variables and HFRS occurrence in the three
cities from 2005 to 2019.

Cities Variables Mean Min P25 P50 P75 Max

Dandong Case 8.69 0 1 3 11 67
RH (%) 69.44 44.23 61.56 67.12 78.34 93.32
Prep(mm) 84.65 0.00 15.24 38.22 110.61 666.40
MinT(°C) 4.84 −16.8 −6.07 5.59 15.88 22.20

Huludao Case 22.15 0 10 18 29 143
RH (%) 44.36 40.43 54.12 61.21 74.34 95.56
Prep(mm) 63.80 0.00 1.90 15.72 57.24 530.84
MinT (°C) 4.17 −19 −5.2 5.01 14.93 22.22

Shenyang Case 10.84 0 3 7 12 73
RH (%) 55.46 39.7 55.48 65.71 73.07 88.39
Prep(mm) 64.85 0.00 12.2 35.6 74.4 363.70
MinT (°C) 2.39 −23.88 −9.50 3.68 13.67 22.58

Abbreviations:Min: theminimumof variables,Max: themaximumof variables. All the data
are presented as monthly average or aggregate values.
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models for forecasting HFRS occurrence and exploring the effects
of weather variables on HFRS.

The lag effect between climate and HFRS was also proved in
some other studies (Kallio et al., 2006; Bai et al., 2015; Jiang et al.,

2017), and models including temperature, rainfall, humidity in
the previous several months, and the number of cases in the
previous month seemed more reliable and practical in
predicting HFRS in endemic areas than other previously

FIGURE 4 | Results of the GAM for Huludao. (A) The effect of meteorological on the epidemics of HFRS. (B) Forecast and comparison of the fitted values.
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FIGURE 5 | Results of the GAM for Shenyang. (A) The effect of meteorological conditions on the epidemics of HFRS. (B) Forecast and comparison of the fitted
values.
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reported models (Li et al., 2012; Li et al., 2016). Some previous
studies reported that the occurrence of HFRS was associated
with meteorological factors. Our results for the three cities
consistently revealed that there is an obvious inverted-U
shape between the monthly cumulative rainfall and the
incidence of HFRS. When the monthly total rainfall is less
than 200 mm, the effect of HFRS increases with increasing
rainfall. When the monthly rainfall exceeds 200 mm, the
effect decreases with increasing rainfall. The results of this
study are partially consistent with those of other studies. The
studies of Yan et al. and Bi et al. revealed that wetlands with
moist soil are an ideal habitat for rodents and present an
increased risk for disease transmission (Bi et al., 2005; Yan
et al., 2007). Adequate rainfall is essential to the reproduction of
rodents (Bi et al., 1998). This means that moderate monthly
precipitation is good for rodent growth, while monthly rainfall
that exceeds 200 mm may destroy the microenvironment of
rodents, including their nests, and thus reduce the chance that
they will survive to infect humans. Liu et al. found that
precipitation ranging between 10 and 120 mm is the most
favorable condition for the occurrence of HFRS (Liu et al.,
2013).

The relationship between temperature and HFRS is S-shaped.
At the three study sites, with increasing temperature, the effect of
temperature on HFRS increases with no maximum effect.
Temperature influences rodent pregnancy rate, litter size, birth
rate, and survival rate and promotes the activity of both rodents
and humans (Zhang et al., 1993). Jiang et al. found that the
pregnancy rate of rodents was 25% at 10–25°C and 90.63% at
15–20°C (Jiang et al., 2017). However, our study showed no
maximum effect of temperature on the incidence of HFRS at our
study sites.

The relationship between relative humidity and the incidence
of HFRS seemed inconsistent among the three cities. There was a
negative relationship between relative humidity and the incidence
of HFRS in Dandong but a positive one in Huludao and
Shenyang. This may partly be because, compared with
Dandong, the other two cities have similar lower monthly
mean relative humidity values, which creates a special
environment for rodents and the occurrence of HFRS.
However, the mechanism needs further study.

We validated our models by comparing the predictive results
with the surveillance HFRS data from January 2017 to May 2019.
The ICC, which ranges from 0 to 1, was used to verify the
consistency between the predicted and actual data. The closer the

ICC value is to 1, the smaller the difference between the predicted
value and the actual value, and the better the model’s predictive
effect (Shrout and Fleiss, 1979; Koo and Li, 2016). In this study,
the ICC values for the three cities were larger than 0.8, and the
results showed good performance for all three models.

There are several limitations in our study that should also be
acknowledged. First, this study followed an ecological design. We
only added meteorological variables and lacked data on factors
such as rat density and local economic factors; thus, important
unknown and unmeasured factors may have existed. In addition,
tourism and transportation may also have effects on the
transmission of HFRS, especially in these tourist cities;
however, due to data availability, they were not included in
this study.

CONCLUSION

In summary, our study indicated that the seasonal dynamics
of HFRS are correlated with meteorological factors; when the
monthly rainfall is 200 mm, the effect on HFRS incidence is
the largest, and temperature has a significant positive
correlation with the incidence rate of HFRS. By including
meteorological variables in the model and adjusting their lag
time, a well-fitted prediction model was established. The
prediction results of our study will be helpful in developing
an early warning system, and this study on the relationships
between meteorological factors and HFRS is helpful for
disease prevention and control staff seeking to better
understand the relationship between these factors and to
develop corresponding measures in advance under specific
meteorological conditions.
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