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Abstract

Severe outbreaks of hand, foot and mouth disease (HFMD) have occurred in China for
decades. Our understanding of the HFMD transmission process and its determinants is still
limited. In this paper, factors that affect the local variation of HFMD transmission process
were studied. Three classes of factors, including meteorological, demographic and public
health intervention factors, were carefully selected and their effects on HFMD transmission
were investigated with Pearson’s correlation coefficient and multiple linear regression mod-
els. The determining factors for the variation of HFMD transmission were different for the
southeastern and the northwestern regions of China. In the northwest, fadeouts occurred
yearly, and the average age at infection and the fadeout were negatively correlated with the
population density. In the southeast, HFMD transmission was governed by the combined
effects of the birth rate, the relative humidity and the interaction of the Health System Per-
formance and the log of the population density. When the Health System Performance was
low, HFMD transmission increased with the population density, but when the Health Sys-
tem Performance was high, the better health performance counteracted the transmission
increase due to the higher population density.

Introduction

Hand foot and mouth disease (HFMD) is a childhood infectious disease that is principally
caused by enterovirus 71 (EV71) and coxsackievirus A16 (Cox A16). HFMD has circulated in
East and Pacific Asia for decades [1,2]. In China, HFMD shows characteristic spatial incidence
patterns [3,4]. Spatially, the annual peak timing of incidence seasonality varied from April in
the southern region to July in the northernmost region [3]; additionally, the number of HFMD
cases reported varied greatly from the south to the north and from the east to west [5,6].
Research effort about HFMD spatio-temporal patterns in China has mainly focused on spatial
clustering in a locale [7,8], effects of meteorological factors on cases seasonality [9,10]. There
has been only a few studies on the factors that determine the spatial incidence patterns [3-
6,11,12], and these investigations have focused on the association of the climatic or social fac-
tors with the nationwide variation in the number of reported cases.
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Enteroviruses outside of the host can be highly resistant to ambient environmental condi-
tions [13]. Moreover, no experiments have been performed that directly measured the variation
of the survival of the HFMD virus in the air, on fomites and in the food with respect to ambient
humidity or temperature. Nevertheless, the variation in the HFMD occurrence or the ampli-
tude of the seasonality peaks was associated with meteorological factors including rainfall [3-
6,11], wind speed [4,6], relative humidity [4,11], temperature [4-6,11], air pressure [3,5] and
sunshine [3]. Some meteorological factors were significantly associated with the nationwide
variation in HFMD occurrence in some studies, but not in others. Geographical variation in
HFMD reported cases was also associated with socio-economic factors, such as the population
density, the proportion of the student population, and the number of enterprises above a desig-
nated size [4,6,11,12]. Disagreements exist about the type or combination of factors that are
most responsible for the variation of HFMD occurrence in China, which shows great demo-
graphic, social and economic differences among provinces. For example, the child population
density, the number of enterprises above a designated size [6], the tertiary industry were
reported to be dominant in the determinant factors in studies of [11], [6] and [12] respectively.
The disagreements maybe due to the selection of potential factors. Besides, a bias may exist in
the association of the HFMD spatial patterns with possible determinants, due to the large varia-
tion in reporting fraction (the proportion of infections that are reported to the monitor system)
across the country [14] that has not been considered in these studies. The large variation in
reporting fraction was reported for some childhood infectious in Europe and Mexico [15,16],
and reporting fraction was usually considered in models of these diseases.

Severe outbreaks of HFMD had occurred in the southeast provinces of China, and many
fewer cases were reported in the northwest provinces than in the southeast provinces. There
were fadeouts (no cases or only very few were reported) occurred in the northwest provinces.
The drivers of the HFMD transmission in the northwest provinces and southeast provinces
might not be similar. However, different drivers of HEMD transmission have not been studied
up to now.

The disease incidence patterns are “observations” of a transmission system and are deter-
mined by the transmission process of a disease. Hence once we understand the transmission
characteristics of a disease we can understand its incidence patterns. In the previous studies
about the nationwide variation of HFMD occurrence, possible determining factors were directly
associated with observed HFMD cases or dependent variables calculated from reported cases.
Many insights have been found; however, our understanding of the HFMD transmission process
is still limited. Spatial incidence patterns could be caused by heterogeneity in local transmission
characteristics of the disease. Understanding the factors that determine the transmission charac-
teristics can help us to understand the drivers of the HFMD transmission process, explain its spa-
tial incidence patterns, and is critical in the planning of effective control measures.

National differences in transmission characteristics such as the average age at infection
reflectlocal variations in the dynamic process of HEMD transmission. The average age at infec-
tion is a transmission characteristic that can describe the transmission level and the transmis-
sion process. The average age at infection of HFMD was reported to vary across the country
[14]. National variation of the average age at infection explained one of the spatial pattern, the
variation of the annual peak timing of HFMD seasonality. Regions that showed a lower average
age at infection had an earlier annual peak timing in the spring [14]. The average age at infec-
tion was inversely related to the individual risk of infection and also to the transmission rate
[17]. Hence, if a region had a higher transmission rate or a lower average age of HFMD infec-
tion, an earlier annual peak timing of HFMD seasonality in the region would be observed.

Factors that determine the variation of the average age at infection have been studied for
other childhood diseases. Particularly, a shift in the average age at infection from the pre-
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vaccination era to the post-vaccination era has been predicted [18] and has been well docu-
mented as a general phenomenon for rubella, measles, pertussis, etc. [16,19,20]. The decrease
in the incidence as a consequence of vaccination was expected to reduce the force of infection
and increase the average age at infection [18,20,21]. Spatial variation in the average age at infec-
tion of measles after vaccination had been reported in different countries, and the variation
was shown to be due to both the vaccination coverage and the birth rate [22]. Spatial variation
of the average age at infection before vaccination was observed for measles in different regions
in Italy [23], and the reasons behind it were episodic outbreaks (i.e., highly irregular multi-year
outbreaks). The average age at infection of HFMD in China varied spatially, especially between
the northwestern and the southeastern regions [14]. The reasons for such variation of the aver-
age age at infection of HFMD have not been investigated.

Theoretically, the amplitude of a transmission characteristic such as the average age at infec-
tion is determined by many factors. Based on an environmental infection transmission system
(EITS) model [24,25], the amount of the virus that accumulates in the environment, the pickup
rate of the pathogen from the environment, the population density and the number of suscepti-
ble individuals determine the transmission of a disease transmitted through the environment.
The amount of the virus that accumulates in the environment can be affected by meteorological
factors and population density, and sometimes the weather can also change human behaviour
to strengthen or weaken the effect of population density. Health care interventions, such as
routinely cleaning fomites, decreasing the pathogens in the air, decreasing the contamination
of food and water, and hand washing, could decrease transmission by decreasing the amount
of the virus in the environment or decreasing pickup rate. Birth rate and vaccination change
the number of susceptible individuals. The birth of new babies refreshes the susceptible popula-
tion, and vaccination removes partial susceptible population to the recovered. Hence, theoreti-
cally, population density, number of susceptibles (changed by birth rate and vaccination),
climatic and health care intervention factors should determine the geographical variation of
transmission of a disease. For childhood diseases such as rubella, measles and pertussis, vacci-
nation and birth rate dominant the factors that determine the variation of transmission as
describe in the previous paragraph. Although population density and public health interven-
tion have not been studied specifically for their effects on transmission variation, high popula-
tion density and poor sanitation that can be highly improved by health care intervention, were
reported being highly favourable for the transmission of polio [26,27]. Climatic factors can
cause transmission seasonality due to the fact that they seasonally change population density in
aregion [28], however their effects on the geographical variation of transmission of a disease
has not been reported so far.

In this paper, we took the average age at infection as an index of the transmission of HFMD
and studied the determining factors of the variation in the average age at infection of HFMD in
Chinese provinces. First, we selected three classes of some inferred factors in the regions stud-
ied: meteorological, demographic and public health intervention factors. Then we evaluated
the effects of these factors on the average age at infection using a correlation analysis and multi-
ple linear regression models, and we discovered some significant factors that caused local varia-
tions in HFMD transmission. Finally, we studied the different drivers of transmission in
northwest provinces and in southeast provinces in China.

Methods
Data

We obtained the number of reported cases of HFMD from the Chinese CDC [29]. The dataset
covered the age-stratified HFMD cases in mainland China from May 2008 to December 2011
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for 31 provinces and municipalities. Hong Kong, Macau and Taiwan were not included. We
used the term “provinces” for municipalities in this paper for simplification. The average age at
infection in the provinces from May 2008 to December 2011 was calculated in our previous
study and was based on the above data set [14] using an ODE model. Since the data did not dis-
tinguish the virus type, we did not account for EV71 and A16 separately, and we assumed that
their transmission characteristics were similar. This assumption is reasonable, because the age
distributions of EV71 and A16 during 2008-2012 were quite similar [3].

The meteorological data for each province (except Tibet) from 2008 to 2011 were obtained
from the China Meteorological Data Sharing Service System [30]. The data included the mean
temperature, mean relative humidity, mean rainfall, and the mean hours of sunshine.

Demographic data, including the birth rate, the province population, and the GRP, were
obtained from National Bureau of Statistics of China [31]. The population density was calcu-
lated from the province population divided by the province land area. The data that quantify
the public health intervention level in provinces was from the study of Liu et al. [32] and was
calculated from their published data on the performance indicators of health system coverage.

We did not analyse data in finer scale, such as county level, because there were high correla-
tions between subpopulations in county level such that subpopulations act like a well-mixed
population. Province level is a sufficiently large scale to observe necessary dynamics. Similarly,
state level scale was used in an analysis of polio in United States [33].

Selection of factors

As introduced in the Introduction section, theoretically, meteorological, demographic (i.e., the
population density and the birth rate) and public health intervention factors probably deter-
mine the HFMD transmission rate and hence, the average age at HFMD infection. It is strongly
possible that the variability in demographic factors interacts with climatic seasonal stimuli and
public health intervention to govern disease epidemics. In the following, we will select possible
determining factors for the HFMD transmission.

1) Meteorological factors

The mean temperature, maximum temperature, minimum temperature, dew point, atmo-
spheric pressure and evaporation were highly correlated with each other [34], and the total of
bright sunshine and solar radiation were also highly inter-related [34]. Of these factors, consid-
ering the availability of the data, we included only the mean temperature and the mean hours
of sunshine in our model, and excluded other highly correlated factors. Rain and relative
humidity were also included in the model. We did not consider wind speed because virus trans-
mission via airflow is mainly indoor or in-building transmission [35].

2) Factors that would change susceptible individual numbers

The population density and the population density of children of certain ages were reported
to be associated with the occurrence of HFMD or with case ratios for children of certain ages
[4,6,11]. These two factors are highly correlated. Since population size were usually considered in
the analysis of other childhood infections, we only included population density in our model.

Birth rates in Chinese provinces were relatively stable during 2008 to 2011, however the
average birth rates in this time period in provinces varied from 6.86%o (in Jilin) to 15.76%o (in
Xinjiang). The birth rate was included in our model. Because there had been no vaccination for
HFMD during the time period of our data, vaccination effect will not be considered in this
paper.

3) Public health intervention factors

To quantify public health intervention level in the provinces, we used an index called the
Health System Performance, which was calculated from a comprehensive set of health system
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performance indicators for Chinese provinces [32]. The performance indicators summarized
the overall pattern of public health service delivery at the provincial level. To measure the effec-
tive coverage of health intervention, Liu et al. selected representative interventions that were
relevant for China’s major health problems and could be measured in all of the provinces [32].
The Health System Performance in our study was calculated as an average of 11 performance
indicators from Table 2 of Liu et al. In Liu et al., the 11 performance indicators were grouped
into four major types, including “curative interventions to treat different diseases”, “preventive
interventions”, “behavioural interventions” and “intersector public health interventions” for
example, regarding drinking water [32]. The geographical distribution of the performance indi-
cators was noteworthy—-the southeast provinces showed better performance indicators than the
western provinces [32].

We assumed that the implementation of public health control in a province could be facili-
tated by a good economic development. A more economically developed province might have
more resources to allocate to disease control and its population might be more willing to imple-
ment intervention strategies. We used the per capita GRP (gross regional product, which is a
measure of a region’s economic performance) as an indicator of the economic development of
a province, and we designated the per capita GRP and the Health System Performance as the
public health intervention factors.

We examined a total of eight factors in our model: the mean temperature, the mean hours
of sunshine, the rainfall, the relative humidity, the population density, the birth rate, the Health
System Performance and the per capita GRP.

The correlation analysis and the regression model

We examined the association between the average age at infection and each factor and the cor-
relation among the factors using Pearson’s correlation coefficient. To analyse the effect of the
factors on HFMD activity, we entered three classes of factors (i.e., demographic factors, public
health intervention factors, and meteorological factors) into a multiple linear regression model.
Because excessive correlations were present among the four meteorological factors and high
correlations were present among the demographic and health intervention factors, collinearity
could prevent the identification of explanatory variables in our model. One approach to cope
with this problem is to identify collinearity among factors by using variance inflation factors
(VIF) and then remove individual factors that have high VIF values [36]. A backward approach
was used until all factor VIF values were below a given threshold. For this study, we chose a
VIF threshold value of 5. After all factors with a higher VIF value were removed from the
model, we used an analysis of variance, subtracting factors in a stepwise manner until the best
titting model was found. In this way, we identified the factors that caused significant national
variance of the average age at infection. The R software, version 3.1.0 was used for the correla-
tion analysis and the regression models.

To examine different drivers of the average age at HFMD infection in the northwestern and
southeastern regions, we divided the 31 provinces into two groups: nine provinces in the north-
west and 22 provinces in the southeast (see S1 File). Besides analysing the overall data, we ana-
lysed two regions separately for the determining factors of the average age at infection. Because
we did not have meteorological data for Tibet, we used data for only 30 provinces in the data
association and linear regression model for the entire country and we used data for only eight
provinces in the data analysis for the northwestern region.

HFMD fadeouts occurred in the northwestern regional provinces. We associated the fade-
out with each of the three factor classes with Pearson’s correlation coefficient.
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Results

Since the average age at infection is inversely related to the transmission rate, we used it as a
transmissibility index for HFMD to investigate the determinants of HFMD transmission.

Determinants of HFMD transmission in the northwestern region

We only had meteorological data from eight provinces in the northwestern region. Even
though we used six factors, a multiple linear regression model for the northwestern region
could not be found. Hence we examined the Pearson’s correlation coefficients for each factor
with the average age at infection in the northwestern region (Table 1). Regard to the Pearson’s
correlation coefficients for each factor with the average age at infection for the entire country
and the southeastern region, readers can refer Table A in S2 File.

For the eight provinces in the northwestern region, the average age at infection was nega-
tively associated with the log of the population density, but not significantly associated with
any of the other factors.

In the winter in the northwestern region, no cases or only very few were reported during
some weeks. The proportion of stochastic fadeout (weeks with less than 10 cases in a province)
was negatively associated with the log of the population density (p-value <0.005), positively
associated with the birth rate, and was not associated with any other factor (the 3" column on
Table 1). During 2008 to 2011, the birth rate in the northwestern region was negatively associ-
ated with the population density with a correlation coefficient of -0.65 (p-value <0.05). When
considering only the relationship between the fadeout and the population density, the propor-
tion of weeks with stochastic fadeout decreased with the log of the population density (Fig 1),
similarly to findings for other diseases.

In the northwestern region, HFMD had a fadeout during most years, meaning that HFMD
was frequently re-introduced into the region. After introduction into the population, the trans-
mission in a province was higher if the population density was relatively high.

Determinants of HFMD transmission in the southeastern region and the
entire country
We first checked the correlations between factors. In the entire country and in the southeastern

region, the four climatic factors were highly correlated with each other with Pearson correla-
tion coefficients ranging from 0.711 to 0.996. The log of the population density, the birth rate

Table 1. Correlation coefficient between each factor and the average age at infection and coefficients
of the fadeout with factors for the northwestern region.

Correlation with A’ Correlation with fadeout

Factors Coefficient (p-value) Coefficient (p-value)
Mean temperature -0.2333 (0.5782) -0.4665 (0.2439)
Relative humidity -0.1651 (0.6961) -0.2389 (0.5689)
Rainfall -0.2344 (0.5763) -0.2880 (0.4892)
Sunshine 0.1783 (0.6727) -0.2965 (0.4758)
Log (population density) -0.6803 (0.0437)* -0.8638 (0.0027)*
Health System Performance -0.2032 (0.6000) -0.4581 (0.2150)
Birth rate 0.1626 (0.6761) 0.6997 (0.0359)*
Per capita GRP -0.1202 (0.7580) -0.5841 (0.0987)

' Ais the average age of infection

doi:10.1371/journal.pone.0163789.t001
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Fig 1. Proportion of weeks with less than 10 cases vs. the log of the population density in nine provinces in the northwestern region. Note, Tibet

is included in this figure.

doi:10.1371/journal.pone.0163789.9001

and the per capita GRP were correlated with each other with Pearson correlation coefficients
ranging from 0.56 to 0.89. Please refer to Tables B to D in S3 File for the specific correlation
coefficients.

Because the factors were highly correlated for the entire country and the southeastern
region, we used multiple linear regression models for our analysis, as guided by the VIF selec-
tion. Tables E and F in 54 File explains the VIF values calculated for each step.

Nationally, the average age at infection was associated with the relative humidity, the log of
the population density, the birth rate and the interaction of the Health System Performance
and the log of the population density (see the 2nd to 5th columns of Table 2). The p-value of
the coefficient of the Health System Performance was high (0.9); however, we kept it in the
model because an interaction was present between this factor and the log of the population
density.
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Table 2. Regression models for the country and the southeastern region.

Factors
(Intercept)
Relative humidity
log (PopDen) '
Health System Performance
Birth rate
Log (PopDen):Health?

Estimate

6.734
-0.020
-0.189
-0.001
-0.107
0.015

Country Southeastern region
Std. Error tvalue p-value Estimate Std. Error tvalue p-value
0.513 13.122 2e-12 4.520 0.693 7.069 2e-06
0.006 -3.506 0.0018 -0.011 0.006 -2.011 0.0614
0.045 -4.21 0.0003 0.049 0.064 0.771 0.4519
0.008 0.120 0.9057 0.000 0.0067 -0.053 0.958
0.021 -5.007 4e-05 -0.087 0.027 -3.170 0.0059
0.0038 3.944 0.0006 0.033 0.008 4.085 0.0009

' Log (PopDen) is the log of the population density
2 Log (PopDen):Health is the interaction of the log of the population density and the Health System Performance.

doi:10.1371/journal.pone.0163789.t002

In the southeastern region, the average age at infection was associated with the relative
humidity, the birth rate, and the interaction of the log of the population density and the Health
System Performance (see the 6th to 9th columns of Table 2). The p-values of the coefficients
for the Health System Performance and the log of the population density were high; however,
we kept them in the model because an interaction was present between them.

The model variances that could be explained by variables are listed in Table 3. The relative
humidity could explain 39.2% of the variance of the average age at infection in the country, and
32.9% of the variance in the southeastern region. The demographic factors and the interaction
together could explain more than 40% of the variance of the average age at infection in the
country and in the southeastern region. The multiple linear regression models explained a high
percentage of the variance in the average age at infection in the country and in the southeastern
region.

Determinants for HEMD transmission in the southeastern region and in the entire country
were similar. The transmission was affected by the combined effects of the relative humidity,
the birth rate and the interaction of the Health System Performance and the population
density.

In general, the population density should be negatively related to the average age of infec-
tion (i.e., positively related to the transmission rate) as shown in the result for the model of the
entire country. However, the estimate of the log of the population density in the model of the
southeastern region was positive. In order to understand the effect of the population density
and its interaction with the Health System Performance, we plotted the predictor of the average

Table 3. ANOVA table for regression models for the entire country and the southeastern region.

Factors df
Relative Humidity 1
log (PopDen)’ 1
Health System Performance | 1
Birth rate 1
Log(PopDen): Health? 1
Residuals 24
Multiple A2

Sum sq

2.552
1.202
0.179
0.812
0.693
1.069

Country Southeastern region

F value |p-value | Variance explained | df | Sumsq | Fvalue |p-value | Variance explained
57.307 8e-08 39.2% 1 0.744 27.413 8e-05 32.9%
27.000 3e-05 18.5% 1 0.239 8.812 0.0091 10.6%

4.018 0.0564 2.8% 1 | 0.00591 0.217 0.6473 0.3%
18.224 | 0.0003 12.5% 1 0.389 14.306 | 0.0016 17.2%
15.552 | 0.0006 10.6% 1 0.453 16.689 | 0.0009 20.0%

16
0.836 0.808

" Log (PopDen) is the log of the population density
2 Log (PopDen):Health is the interaction of the log of the population density and the Health System Performance.

doi:10.1371/journal.pone.0163789.t003
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age at infection with respect to the population density and the Health System Performance (Fig
2). To facilitate expression, we divided the population density into three levels: extra high,
high, and medium (Fig 3). The provinces that had an extra high population density were
Shanghai, Beijing and Tianjin. Note that the population densities of most of the provinces in
the northwestern region that are not shown in Figs 2 and 3 were lower than the population
densities of the 22 provinces in the southeastern region, and we assigned them to a low level.
There were no provinces that had an extra high population density with a low Health System
Performance (upper left part in Fig 3).

Provinces that had a low Health System Performance had an average age at infection that
was negatively related to population density (Fig 2). This result was similar to the northwestern
region in which the provincial population densities were relatively lower than those in the
southeastern region. In general, a high population density increased disease transmission,
reducing the average age at infection. However, in the southeastern region in provinces that
had a higher level of Health System Performance, the effects of the Health System Performance
compensated for the decrease in the average age at infection as a result of the population den-
sity. Especially, the effect of the Health System Performance is even higher at a higher popula-
tion density. Therefore, provinces with a high Health System Performance and a high or extra
high population density had a higher average age at infection. We found that the Chinese

J.OJ,O'-peJd Jeeull

Health

Fig 2. The linear predictor of the average age at infection as a function of the population density and the
Health System Performance in the southeastern region.

doi:10.1371/journal.pone.0163789.g002
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Fig 3. The observed average age at infection. The circle sizes are proportional to the values of the average age
at infection.

doi:10.1371/journal.pone.0163789.9003

provinces that had the highest value of the product of population density and Health System
Performance were mostly economically developed and were along the east coast, including
Guangdong, Zhejiang, Shanghai, Jiangsu, Shandong, Tianjin and Beijing.

Provinces that had higher transmission potential or a lower average age at infection, for
example, HeNan, Anhui, Hubei, Hunan, Fujian, etc., had a high to medium population density
and a relatively lower Health System Performance.

Discussion

We studied the response of HFMD transmission to meteorological, demographic and public
health intervention factors using the average age at infection calculated from age-specific inci-
dence data at the province level. We identified the response patterns of HFMD infection to
these factors and discovered which factors affected transmission in the northwestern and the
southeastern regions of China.

The results of our multiple linear regression model showed that the nationwide transmis-
sion of HFMD was due to the combined effects of relative humidity, the log of the population
density, the birth rate and the interaction of the log of the population density and the Health
System Performance. Until now, most studies that investigated the seasonality and the nation-
wide variation of HFMD occurrence have focused on the effects of meteorological factors.
Meteorological factors are important because the effects of the ambient environment on the
survival of the virus have long been considered to be related to the seasonality of many diseases.
Our results also showed that relative humidity was a significant factor that affected HFMD
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transmission in the country. However, besides the meteorological factors, the importance of
other factors is evident. In the southeastern region of China in which severe HFMD outbreaks
occurred, the relative humidity was only weakly related to the number of HFMD case reports,
while the birth rate and the interaction of the public health performance and the population
density were significant for HFMD transmission. The birth rate and the public health perfor-
mance had not been investigated in previous studies.

Regarding the interactions of factors on HFMD transmission in the southeastern region,
when the Health System Performance was relatively low, the average age at infection was nega-
tively related to the population density. In this situation, a province with a relatively higher
population density would have a lower average age at infection (or higher transmission poten-
tial). For provinces that had a high Health System Performance, the better health performance
counteracted the increase in transmission due to the higher population density. Hence, even
when the population density is high, high performance in public health intervention still can
remarkably reduce HFMD transmission. In China, the majority of provinces with high popula-
tion densities are along the east coast, and these provinces are also more economically devel-
oped and have a higher Health System Performance than the other provinces.

The mechanism of the variation of the average age at HFMD infection in the northwestern
region is different than that for the southeastern region. In the northwestern region, fadeouts
occurred almost every year, mainly in December or January. HEMD cases began in February
after the Chinese spring festivals. The occurrence of HFMD in this region might due to the
migration of people between the northwestern and the southeastern regions, especially during
spring festival week in January or February, depending on the Chinese lunar calendar. Once it
was introduced into the population, virus transmission and fadeout then depended on the pop-
ulation density. The average age at infection or the transmission rate was not associated with
climatic factors and the public health performance in the northwestern region.

We made some assumptions regarding the use of the selected factors. The Health System
Performance values for the provinces were calculated from the 2005 to 2008 data [32]. We did
not update the Health System Performance due a limitation in the source data, and hence we
assumed that the relative strength of the provincial Health System Performance from 2008 to
2011 was similar to 2005 to 2008. An updated performance index might have given more accu-
rate model results. Still, our results showed a significant effect of the interaction of the Health
System Performance and the population density. A province that had a higher Health System
Performance should have better intervention for control of HFMD. A good health system in a
province also meant that the province had a good water treatment, sewage systems etc. and
likely had good community hygiene overall. Regarding economic development factors, several
different indexes, such as the number of enterprises above a designed size, tertiary industry,
GDP, and first industry, were assessed in a study for their relationship with HFMD occurrence
[12]. In our study, we only considered that economic development might help facilitate the
implementation of public health intervention and we supposed that the per capita GNP could
be used as the index for provincial economic development. Some factors, such as visiting an
outpatient clinic for other reasons, or neighbourhood children congregating in a playground,
have important roles in transmission [37]. Because factors such as these reflect population
aggregation, we did not specifically consider their effects.

Disagreement of the results of previous studies regarding the driving factors of the variation
in the number of cases might be because reporting fractions were not considered in those stud-
ies. The reporting fraction of HFMD ranged from 2% to 25% in Chinese provinces [14]. The
use of reported cases data without considering the variation in the reporting fraction may
cause a bias in the effects of associated factors on the HFMD transmission and may not reveal
the true relationship. Moreover, comparing seasonality peaks does not necessarily reveal if the
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transmission is high, because high transmission may be associated with a relatively lower sea-
sonality peak, but the transmission might be prolonged. So we used the average age at infection,
which was not affected by the reporting fraction, to study the variation of HFMD transmission
in China. The second reason for conflicting results could be the high correlation among the fac-
tors. Collinearity would prevent the identification of determining factors. The third reason for
conflicting results might be the existence of an interaction between the population density and
the public health performance. The population density effects on the average age at infection
varied for different public health performance levels.

In this paper, we studied the effects of three classes of factors on the spatial pattern of
HFMD transmission. We did not examine whether these significant factors also drove the inci-
dence seasonality. The identification of driving factors of the annual seasonality HFMD will be
the objective of our next study. Because we did not know exactly how much public health inter-
vention reduced the level of the three types of factors, this study did not assess the effectiveness
of the different control measures adopted in the country. We only identified the factors and
interactions that significantly affected the average age at infection.
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