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ARTICLE INFO ABSTRACT

Keywords: Background: Hand, foot, and mouth disease (HFMD) appear to be a multi-wave outbreak with
Hand, foot, and mouth disease unknown mechanisms. We investigate the effects of climatic and environmental factors and
Temperature

changes in people’s behavior factors that may be caused by external factors: temperature, relative
humidity, and school opening and closing.

Methods: Distributed lag nonlinear model (DLNM) and dynamic model are used to research multi-
wave outbreaks of HFMD. Climatic and environmental factors impact on transmission rate f(r)
is modeled through DLNM and then substituted into this relationship to establish the dynamic
model with reported case data to test for validity.

Results: Relative risk (RR) of HFMD infection increases with increasing temperature. The RR
of infection first increases and then decreases with the increase of relative humidity. For the
model fitting HFMD dynamic, time average basic reproduction number [R,] of Stage I (without
vaccine) and Stage II (with EV71 vaccine) are 1.9362 and 1.5478, respectively. Temperature has
the highest explanatory power, followed by school opening and closing, and relative humidity.
Conclusion: We obtain three conclusions about the prevention and control of HFMD. 1) According
to the temperature, relative humidity and school start time, the outbreak peak of HFMD should
be warned and targeted prevention and control measures should be taken. 2) Reduce high indoor
temperature when more than 31.5 °C, and increase low relative humidity when less than 77.5% by
opening the window for ventilation, adding houseplants, using air conditioners and humidifiers,
reducing the incidence of HFMD and the number of infections. 3) The risk of HFMD transmission
during winter vacations is higher than during summer vacations. It is necessary to strengthen the
publicity of HFMD prevention knowledge before winter vacations and strengthen the disinfection
control measures during winter vacations in children’s hospitals, school classrooms, and other
places where children gather to reduce the frequency of staff turnover during winter vacations.
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1. Introduction

Hand, foot, and mouth disease (HFMD) is caused by enteroviruses, which are RNA viruses. The main pathogenic Enterovirus
serotypes of HFMD included Coxsackievirus (CV) A type 4 — 7, 9, 10, 16 and B type 1 — 3, 5, some serotypes of Echovirus and
enterovirus 71 (Enterovirus A71, EV71), among which Coxsackievirus-A16 and EV71 are the most common, and most severe and
fatal cases are caused by EVA71 [1-4]. The EV71 vaccine prevents HFMD caused by the dominant strain of HFMD, EV71, and will
significantly reduce the number of severe and fatal cases of HFMD. The Chinese Center for Disease Control and Prevention reports
that the EV71 vaccine is the only one currently available. Coxsackievirus A6 (CV6) and A10 (CV10) have caused epidemics in China,
Japan, Thailand, and France since 2015 [5-8]. HFMD spreads through feces, saliva, nasal secretions, fluid from blisters or scabs
[9-11]. Currently, transmission hot spots are mainly found in schools, daycare centers, and other large concentrations of infants and
children [12-14]. The common symptoms include fever, sores in the mouth, and rashes with blisters on the hands, feet, and buttocks
[5,10]. HFMD mainly occurs in children under five years old, and the incubation period is 2-10 days [10,15]. HFMD mainly affects
children under five years of age, but adults who are in high contact with children are the main group infected in other age groups.
The majority of time, HFMD is mild and self-limiting, without specific medication, and many people get better within 7 to 10 days
[16]. However, some infected people may have no symptoms or severe complications, including aseptic meningitis, encephalitis,
acute flaccid paralysis, and pulmonary edema, all can be life-threatening [10,17,18]. More than a million HFMD reported cases
annually in China, resulting in sporadic challenges for infectious disease prevention and public health [19,20].

Understanding the process of multi-wave outbreaks of HFMD is critical to public health so that policy makers can anticipate
outbreaks before they occur. Current understanding of HFMD epidemiology indicates that it has a certain periodicity, which may
be caused by various climatic and environmental factors such as temperature and relative humidity [11,21]. HFMD outbreaks
often occur in multiple waves in China every year, reaching the peak in spring and autumn, which may be related to schools
opening and closing. At present, numerous studies on the dynamics of HFMD have focused on discussing isolation [22-25], vaccines
[6,25-28], treatment [28-31], simulations of real cases [23,24,32-36] and contaminated environments [25,33,34,37], and study the
transmission of HFMD qualitatively and quantitatively. However, the existing dynamic models do not describe the basic cause of the
multi-wave outbreak of HFMD. Therefore, it is very important to study the outbreak of HFMD from the epidemiological perspective
for the prevention and control of HFMD. By referring to other existing results [38-41], we find that the outbreak of seasonal diseases
is closely related to a variety of climate, environmental factors and human behavior habits. So, the purpose of this study is to
explore the mechanism of multiple outbreaks of HFMD with the help of dynamic models and the method of controlling HFMD based
on environmental factors. Compared with general statistical models, dynamic models can better evolve past outbreak patterns and
predict future outbreaks. There are very few studies on the effects of temperature, relative humidity, and school vacations on HFMD
with the help of dynamic models.

Different from the existing periodic incidence to describe the outbreak of HFMD [22,23,26,34], we decide to consider the actual
climate, environmental data, the specific time of school opening and closing, and select appropriate functions to simulate the influ-
ence of the above factors on the outbreak of HFMD. This consideration will more realistically reflect the influence of climate and
environment on the spread of HFMD. The function is chosen to describe temperature, humidity, and other climatic and environmental
factors is often essential for disease transmission. Certainly, Distributed lag nonlinear model (DLNM) method in statistics can be used.
It can consider the potential linear, nonlinear, and delayed effects between two or more variables. The DLNM proposed by Gasparini
et al. [42,43] is widely applied in disease research [44-48]. It is derived from classical statistical models that study the linear and lag
effects between variables, such as generalized linear models (GLM), generalized additive models (GAM), and distributed lag linear
models (DLM).

The results of dynamic studies on existing HFMD are insufficient. We focus on the effects of temperature, relative humidity, and
school opening and closing on the transmission of HFMD. The structure of our paper is here: In the second section, we propose
the HFMD epidemic dynamic models to consider three factors on f(z). In the third section, we obtain the specific forms of g(r) by
DLNM. Then, we use the models to fit Shanghai HFMD cases from 2012 to 2019, select the best model, estimate the optimal model
parameters and calculate the time average basic reproduction number [R,]. In the fourth section, DLNM results, [R,], and sensitivity
of parameters are analyzed in detail. The discussion and conclusion are in the last two sections.

2. Model
2.1. Study area and data

Shanghai (30°40’ ~31°53’N, 120°52’ ~122°12'E) is one of the four direct-administered municipalities of China in Fig. 1, with
an area of 6340.5 km? and a resident population of 24.88 million in 2020 [49]. Shanghai has a subtropical monsoon climate, mild
and humid, with an annual average temperature of 17.8 °C and annual average relative humidity of 75% in 2020.

Since 2008, Ministry of Health of the People’s Republic of China declared HFMD as a Category C infectious disease (Infectious
Disease Surveillance and Management) and provided the diagnosis basis for HFMD Control and Prevention Guidelines [50]. Chinese
Center for Disease Control and Prevention (CCDC) collects data of HFMD patients every month. CCDC has published the report
data of HFMD in all provinces (except Hong Kong, Macao and Taiwan). Among them, Shanghai Municipal Health Commission has
published the monthly case data of HFMD in the study area of Shanghai in the form of a web page [51]. The data are shown in
Fig. 4 (blue line), with the multi-wave outbreak. Since the EV71 vaccine was launched in November 2016, we divided the total time
into two stages, namely stage I (without vaccine) and stage II (with vaccine).
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Fig. 1. The location of Shanghai city in China.

The monthly temperature data are collected from the main meteorological index entries of each month in the Shanghai Statistical
Yearbook 2021 released by the Shanghai Bureau of Statistics [52]. Our paper uses the monthly mean temperature data, which is
calculated by adding the average temperature of each day of the whole month and dividing by the number of days in the month.
The monthly relative humidity data are collected from the Shanghai section of the average relative humidity of major cities in China
in 2021 China Statistical Yearbook [53]. Average relative humidity refers to the ratio of the actual water pressure in the air to
the saturated water pressure at the prevailing temperature, and is calculated in the same way as the air temperature. The monthly
temperature relative humidity is shown in Fig. 2a.

Air pollution data [54] are collected from 19 widely distributed monitoring stations in Shanghai, all updating their data online
every hour. Our research’s air pollutant data are averages of 24-hour monitoring concentrations at 19 stations published on the
monitoring website.

2.2. Epidemic model

In order to simplify the problem and focus on the study itself, we make the following assumptions before modeling:

1) The population is assumed to be homogeneous, so differences in age, gender and so on are ignored.

2) The effect of enterovirus of different genotypes in different seasons is ignored.

3) According to data released by the Data-center of China Public Health Science [55] in 2018, 92.76% of children are under the age
of 5, and 99.36% are under 14 in China, so we ignore other age groups.

4) Our study is based on monthly data, so we ignore the influence of the minor holidays and Lunar New Year (7 days) on the spread
of HFMD in Shanghai.

According to epidemiological characteristics, the total population N(¢) is divided into six subgroups based on their infectious
status: susceptible S(r), exposed but not yet infectious E(z), infectious with symptoms (), infectious but not yet symptomatic
(asymptomatic infectious) I,(¢), infectious and hospitalized or quarantined or other ways be isolated from H(r), and recovered R(f)
at time ¢.

The transmission rate f(¢) considers temperature, relative humidity, and school opening and closing, as follows:

1) Temperature and relative humidity are crucial factors in the transmission of human infectious diseases by influencing the biolog-
ical activity, transmission, and proliferation of pathogens [56-58].

2) School is opening and closing to characterize children’s behavioral changes. It influences the incidence of HFMD by influencing
the contact between susceptible groups of children. The specific time is obtained from the school calendar [59] of the Education
Bureau. The winter vacations vary from mid-January to late February, and the summer vacations are from July to August.
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(a) Temperature and relative humidity in Shanghai from January 2012 to December 2019.
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(b) Periodic phenomena of four air pollutants in Shanghai, China, from January 2016 to December 2019.

Fig. 2. Data of Temperature, relative humidity, PM2.5, PM10, SO,, and O;.

Table 1
Parameter definition of HFMD model equations (1).
Parameter  Definition
A Recruitment rate
P Proportion of susceptible vaccinated with EV71 vaccine
r Infection reducing factor
n Remove rate from R(t) to S(r)
u Natural mortality rate
c Rate of progression to be infected
P Proportion of infected people with symptoms
q Proportion of infected people hospitalized or isolated vaccine
d Mortality rate caused by HFMD
V157273 Recovery rate of 1(1), I,(r) and R(r), respectively
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Phase III clinical trials have shown that the EV71 vaccine protects significantly against EV71-induced HFMD, up to 90% [60].
Based on this, we believe that people vaccinated with EV71 are entirely immune to EV71-induced HFMD; Obviously, these people
are at risk for HFMD caused by other viruses, as shown in function f(¢). The vaccine is also considered in the f(r). Since there
was no vaccine in Shanghai before November 2016, the proportion of susceptible population is set at 1. After the vaccine is used
locally in Shanghai, the number of susceptible people consists of two parts. Suppose the proportion of the population receiving this
vaccine is p, so the proportion of the unvaccinated population is 1 — p. The susceptible population is (1 — p)S(¢). In addition, after
the development of the EV71 vaccine, because EV71 vaccine does not have cross protection against other viruses caused by HFMD,
so people who have been vaccinated still have a certain possibility of contracting the disease. However, these people are less likely
to be infected with HFMD, so the infection reduction factor r is used in our model. Finally, after November 2016, the susceptible
population is f(7)S(¢), of which f(r)=1— p+ rp in equation (2).

The differential equations for the HFMD model are as follows, and the parameters are defined in Table 1.

% —A— POSWSU+I,) +47R—uS,
dE _ pOSOSU+L) o
E = ~ oE — uE,
2 =OoPE—yI—ul, )
3 di,
< =0 =pE—-y 1, —ul,
dH
= =y1q] —y3;H —dH — uH,
X =yl = I+ I +y3H —nR = uR,
which
1, t < November 2016,
f®= ()
1—p+rp, t> November 2016.

2.3. Time average basic reproduction number [R]

The basic reproduction number R, indicates the outbreak’s severity, which is a threshold parameter. R, represents the number
of people that an initial patient can spread during an infection period. For a threshold system, the disease will persist when R, > 1,
the disease will die out when R, <1 [61]. The equations (1) with initial condition (S5(0), E(0), 1(0), 1,(0), H(0), R(0)) € Rfr, according
to P. Van den Driessche [61], we can compute the time average basic reproduction number [R] in equation (3) (See Appendix A for
calculations):

W, t < November 2016
[Ry] =4 Ltmntmintu -

ﬂv(pyz+(l—p)n+M)(1—p+rp)’ +> November 2016
(O+m)(r1+m)(ra+1)

and

b= p(nydt, &)

S| -
o .

which T shows the epidemic period of HFMD in equation (4).
3. Methods

The distributed lag nonlinear model (DLNM) and dynamic model equations (1) are used in this paper. The relationship between
temperature, relative humidity, and HFMD is obtained by DLNM. Then, above connections are used to construct the dynamic model
equations (1) of transmission rate f(¢) to study the epidemic of HFMD.

3.1. Distributed lag nonlinear model (DLNM)

DLNM is a flexible framework for studying the nonlinear relationship between single or multiple variables and response variables
by cross basis [42,43].

According to the existing research results, we find that temperature and humidity are extremely important for the incidence of
HFMD [62-64]. To explore the relationship between temperature and relative humidity on HFMD simultaneously, we establish a
DLNM model by cross-basis function cb() based on some model [65,66]. Air pollutants are thought to affect HFMD in some studies
[66-69]. Therefore, they are included in the model to obtain a more accurate relationship. Finally, our model is in equations (5) and
(6), and the modeling steps are as follows:

loglu] = a + cb(temp, df|.lag,df,) + cb(rh,df3,lag, df )

(5)
+ 2 ns(X;)+ ns(time,dfs) + factor(weekday)+ factor(holiday)

5
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and
Y ns(X;) = ns(PM2.5, df) + ns(S Oy, df7) + ns(03, dfy),i =1,2,3 (6)

Step 1. Establish the nonlinear part of the model: Establish two cross basis of temperature and relative humidity by [11,65,66,70].
Y, is the number of reported cases on day ¢, y, means the expectation of Y,, E(Y;) = y,, a denotes the intercept. temp for
temperature, rh for relative humidity, and cb denote the cross-basis function used to estimate the relationship between
temperature, relative humidity, and the incidence of HFMD. The weekday is an indicator variable representing the day of
the week. The holiday represents a dichotomous variable that indicates whether day 7 is on vacation.

Step 2. Establish the linear part of the model: ns() denotes a natural cubic spline function for the air pollution variable X;. The long-
term trends and seasonality are controlled by the variable time, the factor() denotes the indicator variables. Spline knots are
defined in equal space, and the lag knots are also defined on the equal log scale by default.

Step 3. Determine the variables of X;: Previous studies have shown that sulfur dioxide (SO,), ozone (O3), particulate matter with an
aerodynamic diameter of 2.5 microns or less (PM2.5), and particulate matter with an aerodynamic diameter of 10 microns or
less (PM10), can potentially increase HFMD risk [66-69]. Therefore, we include the above four air pollutants in the analysis.
Then, we check the correlation of temperature, relative humidity, and air pollutants. The examination results are shown in
Figure S1 of the Supplementary material. The conclusion is that PM2.5 and PM10 correlation coefficient is 0.85. To avoid
collinearity, we eventually include only PM2.5, SO,, and O in ns(X;) at equation (6), and use PM10 in Step 5. to test for
robustness.

Step 4. Determine the parameter value: the maximum lag day is set to 14 days due to the incubation period and refers to similar
studies [57,71,72], which aim to estimate the overall cumulative effect. The Akaike Information Criterion determines the
degree of freedom (df) for each variable for quasi-Poisson (Q-AIC) [73]. For a 14-day lag, df ranges from 3 to 5 to represent
complex lags [72]. df,,df,,df5,df, are set as 5, 5, 4, and 5, respectively. Besides, dfs for time with 8 degrees of freedom per
year [70,72]. The natural cubic spline controls PM2.5, SO,, and O3 with 4, 4, and 4 degrees of freedom, respectively.

Step 5. Sensitivity analysis is carried out to verify the robustness of the model. Four sensitivity analyses are performed in the feasible
interval [62]: (a) change PM2.5 to PM10. (b) Change the df of temperature is 4 to 6. (c) Change the df of relative humidity
is 4 to 6. and (d) Change the df of long-term trends and seasonality is 7 to 9 per year. The results show no significant change,
indicating Step 1. to 4. are reasonable and our DLNM is robust in Supplementary material.

Fig. 2a shows the meteorological factors, and Fig. 2b shows the air pollution. Periodicity is observed for PM2.5, PM10, and Os.
The concentration of SO, shows a downward trend, but seasonality is observed. Daily air pollution data come from the Shanghai
Municipal Bureau of Ecology and Environment [54]. Other daily data required by DLNM are interpolated randomly from monthly
temperature, monthly relative humidity and monthly cases using the bootstrap method [74,75]. Modeling and analysis in this section
are done using the R packages “spline” and “dlnm”.

3.2. Parameter estimation and data fitting for epidemic model

On the basis of the biological significance of the parameters and according to the transmission characteristics of HFMD in
Shanghai, we set the upper and lower bounds for each parameter as follows:

1) According to The 6th Population Census in 2010, the number of children aged 0-14 in Shanghai is 1985634 [76], so S(0) =
2 x 107. Initially, 1046 cases were reported, setting H(0) to range from 0 to 2000. Let the upper band of E(0), 1(0), I,(0), R(0) be
108,104, 10%,10%.

2) From 2012 to 2019, shanghai has an average of 1.12 x 10° newborns [77] per year, with 9333 per month, taking A = 9000.

3) Due to the lack of adequate case data for laboratory etiological diagnosis and classification, the infection reduction factor r is set
to 0 to 1.

4) The annual mortality proportion of 3.95 per 10000 people [78], with 3.29 x 10~ per month, so d =3.29 x 107>.

5) The duration of the loss of immunity is set as one month to three years, so 7 is set as 1/36 to 1.

6) As most HFMD patients clear up on their own within 7 to 10 days [16], the course of the disease y,,7,,y; is considered to be
1/(10/30)=3 to 1/(7/30) = 4.2875.

7) The incubation period usually ranges from 2 to 10 days [15] and is translated into months, so ¢ is set to 1/(10/30) to 1/(2/30),
namely 3 to 15.

8) The hesitation period for patients to choose medical treatment is considered as 1 day to 10 days, 1/30 to 10/30 months, thus & is
set as 3 to 30.

9) Both p, p, and q represent proportions whose ranges we cannot specify, so they are set from 0 to 1.

10) Assume that the person’s natural mortality follows a uniform distribution. The registered population in Shanghai accounts for 60%
approximately, with a life expectancy of 83.67 years [49]. Moreover, the floating population accounts for 40% approximately,
and the life expectancy is 77.3 years [79]. Therefore, the natural mortality rate of humans can be calculated as y = 1/(83.66 x
60% + 77.3 x 40%) x 12) = 0.00103.
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Table 2

The value, range, and sources of parameters, initial conditions, and [R,] in the model (I).
Parameter Value Range Source Parameter Value Range Source
E(0) 2270 x 10° [0,10°0] Estimate a 0.0248 [0,1] Estimate
1(0) 4.285 % 10? [0,10%] Estimate a, 0.7885 [0,100] Estimate
1,(0) 8.654 x 103 [0,10%] Estimate b 0.8934 [0,1] Estimate
R(0) 3.764 x 103 [0,10%] Estimate 8 0.0018 [0,1] Estimate
H(0) 1.588 x 10° [0,2x 10%] Estimate 6, 0.1386 [0,1] Estimate
Bo 7.1726 [0.1,10] Estimate c 6.6122 [3,15] Estimate
r 0.5136 [0,1] Estimate n 0.4127 [0.0278,1] Estimate
» 0.4124 [0,1] Estimate S5(0) 2% 107 - Fix
p 0.3340 [0,1] Estimate A 9000 - Fix
q 0.0151 [0,1] Estimate " 0.0010 - Fix
7 3.6232 [3,4.2875] Estimate d 3.29%x 1073 - Fix
7 3.1263 [3,4.2875] Estimate [R,] (stagel) 1.9362 - Calculate
73 3.5192 [3,4.2875] Estimate [Ry] (stagell) 1.5478 - Calculate

We estimate 15 parameters and 5 initial values in the above four models by calculating the sum of chi-square values [80-82] as
in equation (7), respectively. We choose the particle swarm optimization algorithm [83-85] in the global optimization toolbox of
MATLAB software. The algorithm is an evolutionary algorithm to help find the global optimal parameters.

(H(t) = H(t))
J = s
21’ H(t;)

@

where the study lasts 96 months from 2012 to 2019, H(t;) (i = 1,2,...,96) represents the number of reported cases each month and
Jii (t;) represents the estimated number of cases each month.

3.3. Model selection criteria for epidemic model

To test which biological hypothesis are more consistent with HFMD infection in Shanghai, we need to employ model selec-
tion methods to evaluate different models. Standard model selection criteria include the Akaike information criterion (AIC) [86]
in equation (8), which compares models from the perspective of information entropy. Bayesian information criterion (BIC) [87]
in equation (9), compares models from the decision theory perspective. The consistent AIC (CAIC) [88] in equation (10) imposes
an additional penalty for complex models compared to the BIC. In large samples, the Hannan-Quinn criterion (HQC) [89] in equa-
tion (11) imposes a smaller penalty on complex models than BIC. Smaller values of these criteria indicate a better, more parsimonious
submodel. RMSE for the root mean square error. Under a likelihood framework, these criteria can be written as:

AIC =-2log(L) + 2k, (8)
BIC =-2log(L)+ k log(n), 9
CAIC =BIC +k, 10
HQC = -2 log(L) + 2k log(log(n)). an

L is the likelihood function, k is the number of parameters, and » is the sample size. The models and corresponding information
criteria values are shown in Supplementary material. Then, the §(r) and parameters value of the model (I) are shown in Supplementary
material and Table 2, respectively.

3.4. Sensitivity method for epidemic model

Sensitivity analysis is used to identify the degree of correlation between input parameters and output parameters. The sensitivity
analysis essentially assesses the relative change of R, as the model parameters change. And in general, the basic reproduction number
R, directly describes the spread of the disease. At present, the Latin hypercube sampling (LHS) method and partial rank correlation
coefficients (PRCC) are generally combined to analyze the sensitivity of each parameter to R,. Use this way to determine which
parameters change have the larger effect on R.

In this paper, we use LHS method to obtain the sample matrix LHS matrix, and calculate the PRCC of R, to analyze the sensitivity
of each parameter to R,. Here, we assume that PRCC values are significant when the significance level is less than 0.01. The
details are as follows. First we set the sample size to X. The probability density function of each parameter is divided into X equal
probability (1/X) intervals by Latin hypercube sampling method. We randomly select a value from each interval, so that each
parameter generates X groups of values, and then randomly mixes X groups of different parameter values to calculate the values of
R, namely the distribution of R,. Through this distribution, the sensitivity of parameters to R, can be obtained, which provides a
basis for subsequent research.
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Fig. 3. The relationship between temperature and relative humidity and HFMD cases by DLNM.

4. Result
4.1. Time-varying transmission rate p(t)

We use three-dimensional (3D) plots to visualize the relationship between HFMD cases and their delayed response to temperature
and relative humidity in Fig. 3a. Fig. 3b shows the cumulative effect of temperature and relative humidity on infection’s relative
risk (RR), using their median values (17.5 °C, 72.5%) as the reference. The temperature-relative risk (RR) of the infection curve
shows an exponential function, and the peak occurred at 31.5 °C with a relative risk (RR) of infection is 3.47 (95%CI: 2.61-4.62).
The relative humidity-RR curve shows a U shape in favor of low humidity, and the lowest value occurred at 77.5% with a RR of
0.74 (95%CI: 0.66-0.82). According to the above figures, we used the exponential function to describe the relationship between
temperature and the incidence of HFMD and the quadratic function to describe the relationship between relative humidity and the
incidence of HFMD. Then, the relationship between school opening and closing and the incidence of HFMD is described by piecewise
functions, consistent with other similar studies [40,41].

The above relationship between the incidence of HFMD and temperature and relative humidity obtained by DLNM, as an impor-
tant result, has been considered in the g(¢) function of the key parameter of the epidemic model equations (1). The f(¢) has the form
shown in equation (12), f, is the baseline transmission rate. 7'() and rh(t) in equation (13) are the temperature and relative humidity
in month ¢, respectively. The a; and a, represent the strength of response to temperature and relative humidity, 7 and rh represent
the average temperature and average relative humidity, respectively. §; and 6, in equation (14) are the changes in transmission rates
during summer and winter vacations relative to school opening, respectively.

BO) =By frOf @) fs@), (12)
which

fr@=eTOD  £() = ay(rh(t) — rh)* + b, (13)
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1-6;, te winter vacation (January),
fs(®)=41-6,, t€summer vacation (July, August), 14)
1, t € other months every year;§,,5, € [0, 1].

4.2. Comparison of three multi-wave outbreak factors

p(t) defines 4 scenarios since we can choose to turn off one of the three factors to study the effect of that factor in the epidemic
model. Then, we focus on the following the model (I) (1) = yfr () f () fs(?), and three “submodels”: (i) only temperature and
relative humidity, p(r) = B, fr(t)fy (), (ii) only temperature and school opening and closing, #(t) = , fr(t) fs(?), and (iii) only relative
humidity and school opening and closing, f(t) = B, f (t) f(t). Through these three submodels, we can compare the importance of
these three factors.

The fitting results of the four models are shown in Fig. 4a-4d. At Stage I and Stage II, fitted cases (red) are consistent with reported
cases (blue), which could explain the multi-wave outbreak of HFMD.

In the Supplementary material, model (I) has the smallest (best) selection criteria, indicating that model (I) has the best fitting
effect. It is best to consider model (I) three factors. Therefore, we conclude that temperature, relative humidity, and school opening
or closing play essential roles in HFMD multi-wave outbreaks. Our subsequent discussion will focus on model (I). Then, relative to
model (I), submodel (iii) does not consider temperature and has the worst (maximum) selection criteria. The fitting effect is the worst
ignoring the temperature factor. We conclude that temperature has the highest explanatory power for the multi-wave outbreak of
HFMD. Based on similar comparisons, the explanation degree of HFMD multi-wave outbreak was temperature, school opening and
closing, and relative humidity.

4.3. Comparative analysis of [R]

The smaller the R, in the epidemic model, the better for disease control. Our epidemic model incorporates actual temperature,
relative humidity, and school data into the transmission rate f(z), not a periodic model. f(z) is averaged and substituted into R to
get [Ry].

The estimated [R,] of the two stages are shown in Table 2, which are 1.9362 and 1.5478 respectively. First, we can see from
the results that [R,] in the stage II is lower than that in the stage I, which indicates that the vaccine has an inhibitory effect on the
transmission of HFMD. Secondly, the values of the basic reproduction number in both stages are greater than 1, indicating that the
disease would persist. In other words, the vaccine alone cannot completely eliminate HFMD.

4.4. Parameter sensitivity analysis

We obtain the optimal epidemic model parameters in Table 2, and all parameters have biological significance. We calculated the
sensitivity of [R,] to verify the effectiveness of the HFMD control strategy. All parameters in equations (3) and (4) of [R,] are used
as input values, and the value of [R] is used as output values and assuming that all input parameters are uniformly distributed. The
sensitivity is compared with the relative change of [R,] as the model parameters change, is shown in Fig. 6. The larger the absolute
value of PRCC of the parameter, the more sensitive the corresponding parameter. Therefore, we can draw a conclusion. In stage II,
and r has a positive effect on [R,]; On the contrary, p, y,, and y, have negative effects on [R,]. And the most sensitive parameters are
B, followed by the p, r, y;, and y,, respectively. Other parameters have no obvious influence. It has the potential to provide guiding
information for HFMD prevention and control strategies.

In Fig. 3b, we observe that the relative risk (RR) of infection of HFMD is in the same trend as temperature, and the relative risk
of infection increases with increasing temperature. The RR peaks at 31.5 °C. Then, we observe that the relative risk of infection of
HFMD is different from that of relative humidity in trend. The relative risk of infection first increases and then decreases with the
increase of relative humidity, reaching the lowest humidity at 77.5%. Therefore, to reduce the HFMD infection, we should avoid
the temperature reaching the peak of 31.5 °C and increase the relative humidity to the lowest humidity at 77.5%. Combining with
Fig. 3a, temperature and relative humidity play vital roles in the spread of HFMD with delaying and nonlinear effects. Extreme high
temperature and extreme relative humidity increase the risk. Besides, low temperatures and middle relative humidity may reduce
the incidence of HFMD.

5. Discussion
5.1. Basic reproduction number

As can be seen from the results of the basic reproduction number, we can find that the vaccine has a positive effect on curbing
the spread of HFMD, but it cannot eliminate it. Therefore, in order to better control HFMD on the basis of vaccines, we still need
more prevention and control measures. Many previous studies have combined dynamic models with real data to estimate the basic
reproduction number of HFMD in China, ranging from 1.0414 to 1.7420 [23,24,32-35]. Our estimates are consistent with these
results. But our estimated [R,] are slightly larger than the R, of these results. The reason could be that the risk of disease epidemics
may be overestimated or underestimated by calculating the time average basic reproduction number [R,] [90-92]. And also some
studies show that the time average reproduction number may not be as accurate as the basic reproduction number [22,23,34].
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Fig. 4. Fitting the model (I) and its three submodels to reported cases of HFMD.

5.2. Estimated parameters

We also notice other estimated parameters in Table 2. §, < §,, it indicates that the risk of infection during winter vacation is
higher than that in summer vacation. According to the result and consideration of the actual situation, we think that the potential
reason may be that winter vacation includes the Lunar New Year which greatly increases the frequency of people’s exposure. In
addition, cold weather may increase exposure by keeping people indoors. So it is necessary to strengthen the publicity of HFMD
prevention knowledge before winter vacations and strengthen the disinfection control measures during winter vacations. The p is
0.41243, indicating about 41.2% of the population in Shanghai is vaccinated. Using climate and environment data and estimated
parameters, we plot f(1), f (1), f5(t) and B(r) in Fig. 5. We observe that () is almost periodic, which indicates that it is reasonable
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Fig. 6. The values of PRCC on the outcome of [R,]. All parameter values are derived from Table 2 in the model (I).

to consider temperature, relative humidity, and school opening and closing to construct the periodicity transmission rate, which is
consistent with other studies [22,23,34].

5.3. Three multi-wave outbreak factors

Our finding indicates that climatic and environmental factors indeed affect several domains of HFMD transmission. We obtain an
exponential relationship for the temperature and incidence of HFMD in Shanghai, which is similar to the DLNM study of HFMD [72]
in China from 2009 to 2014. And He et al. also use exponential functions [40,41] to describe the association between temperature and
influenza incidence. Few DLNM studies of HFMD obtained the inverted U or M relationship [62,65], etc. For the relative humidity
and incidence of HFMD in Shanghai, we obtain a quadratic function relationship, which is similar to the results of the DLNM study
of HFMD conducted in Wuhan, China, from 2013 to 2017 [62]. Then, We agree with Zhao et al. that the association between
temperature and HFMD varies across China [65] and that the impact of future climate change on HFMD incidence will vary, as these
studies [63-65,72,93].

5.4. Applicability of models and methods

The study area in our paper is Shanghai which has a subtropical monsoon climate controlled alternately by tropical Marine air
masses and polar continental air masses. Our study may be applicable to regions with climates (temperature, relative humidity)

11
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similar to Shanghai we studied. Take Wuhan for example, Wuhan and Shanghai are similar in geography and climate. Shanghai is
between 30°40’ and 31°53’ north latitude, while Wuhan is between 29°58’ and 31°22’ north latitude. The two cities have close
latitude. Both cities belong to the Subtropical Monsoon Climate, which is controlled alternately by the tropical Marine air mass and
the polar continental air mass. Therefore, the study of HFMD in Shanghai may provide a reference for the study of HFMD in Wuhan.

5.5. Research limitations

Our study has some limitations that could be improved and researches that can be done in the future.

We will consider age and gender in the HFMD model in the future when detailed data is available. With no data on reported
HFMD cases daily. Shanghai’s health and statistics authorities have released only monthly data on HFMD, with no data related to
age or gender. After obtaining detailed data, more valuable results and conclusions can be obtained according to age and gender.

Winter vacations and Lunar New Year may impact the infection of HFMD. However, since we are looking at monthly data, we
ignore the influence of the minor holidays and the Luner New Year. Therefore, we don’t conduct in-depth research on it in the paper.
We will study it in detail when sufficient data is available.

The registered population and floating population in shanghai are similar in size and reporting methods, but the number of
reported cases differs significantly. Therefore, in the following article, we will divide the registered and floating populations into two
groups, which belong to multiple groups problems in epidemiological dynamics and will be valuable.

Based on the 2015 report [5-8], Coxsackievirus A6 (CV6) and A10 (CV10) have caused epidemics in China. It is reasonable to
guess that the dominant strains in Shanghai may have changed from EV71 to A6 and A10. We can think about modeling from the
evolution of the strain in the future, so as to study the impact of different genotypes of enterovirus in different years and seasons,
which belong to a multi-strain problem in epidemiological dynamics.

6. Conclusion

This paper aims to study the mechanism of the multi-wave outbreak of HFMD. We set up the dynamical HFMD models, considering
time-varying transmission rates with two climate-environmental factors (temperature, relative humidity) and one people’s behavior-
altering factor (school opening and closing). The relationship between temperature and relative humidity and the infection of HFMD
is exponential and quadratic, respectively, obtained by DLNM. This idea makes up for the lack of consideration of the transmission
rate function in the HFMD dynamics model. Then, we fit the four models to the data of reported cases in Shanghai from 2012 to
2019. According to the fitted figure and model selection criteria, all three factors are vital for explaining the multi-wave outbreak of
HFMD. In addition, the temperature is the most important, followed by school opening and closing and relative humidity, which may
provide positive information for the prevention and control of HFMD. However, the [R,] of Stage I (without vaccine) and Stage II
(with EV71 vaccine) are 1.9362 and 1.5478, respectively, which indicates continued transmission of HFMD. The continued spread of
HFMD may be due to low vaccination rates against the dominant strain EV71, the dominant strain be replacing, or mutations in the
dominant virus that allow HFMD to continue to spread despite the vaccine. Thus, we obtain three conclusions about the prevention
and control of HFMD. 1) According to the temperature, relative humidity and school start time, the outbreak peak of HFMD should
be warned and targeted prevention and control measures should be taken. 2) Reduce high indoor temperature when more than 31.5
°C, and increase low relative humidity when less than 77.5% by opening the window for ventilation, adding houseplants, using
air conditioners and humidifiers, reducing the incidence of HFMD and the number of infections. 3) The risk of HFMD transmission
during winter vacations is higher than during summer vacations. It is necessary to strengthen the publicity of HFMD prevention
knowledge before winter vacations and strengthen the disinfection control measures during winter vacations in children’s hospitals,
school classrooms, and other places where children gather to reduce the frequency of staff turnover during winter vacations.

Finally, although our study may not have much reference significance for regions with different climates, it is worth noting
that our method can be applied to other regions. In the future, we will consider more and smaller areas and analyze the outbreak
mechanism of minor holidays and Lunar New Year according to the reported daily data, considering the differences in age, gender,
and disease strains to make more detailed studies.
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Appendix A. The process of calculate [R]

The next generation matrix method rewrites the system as & — 7, and preserves 4 infected compartments (E, I, I,, H):

F =(f1).0,0,0)", (A1)
which
F0)= w, t < November 2016, (A.2)
7ﬂ(r)(1+le)(]§1—p)+rp)5’ t > November 2016, '
and
(c+wnwkE
—opE+ (v + w1
. (A.3)
—c(1-pE+(rp,+wl,
ngl+@3+d+uwH
The disease-free equilibrium (DFE) of the system is E, = (%,0,0, 0,0,0).
Calculating the Jacobian matrices at the DFE, we have,
of  of
F= 0 0 0 0 ) (A.4)
0 0 0o 0
0 0 0 0
which
af _of _ [P t < November 2016, (A.5)
oI al, E(l —p+rp), t> November 2016, :
and f = % /OT B(t)dt, which T shows the epidemic period of HFMD.
c+u 0 0 0
—po Yitu 0 0
= A.
—(1-p)o 0 vy +mu 0 ’ (A-6)
0 —qv; 0 r3+u+d
1/(c+mw 0 0 0
vl po /(6 + )y + w) /(i +w) 0 0 (A7)
(1 =p)o/((c + u)yy + 1) 0 1/(rn+mw 0
pgo /(o + W)(r) + W3 +u+d) qr/((ry + wWys + pu+d)) 0 1/(r3+u+d)
So [R,] is the maximum spectral radius of (FV 1),
Bopry H(1piry+0) t < November 2016
[Ry] = o+ +m)ra+m)’ - ’ (A.8)

ﬁU(PVZJr(l*P)V]Jrﬂ)(l*ﬂJr’ﬂ)’ t> November 2016.
O+ (1 +1)(ra+1)

Appendix B. Supplementary material
Supplementary material related to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e18212.
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