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Human enterovirus 71 (EV71) has been associated with outbreaks of hand-foot-and-mouth disease (HFMD) in China.
Susceptibility to EV71 is associated with age, but few studies have been accomplished to measure such a relationship. A
better understanding of the connection between susceptibility and age is necessary to develop strategies for control of
HFMD. In 2010, a survey of an epidemic of EV71 was conducted in a northern city of Jiangsu Province in China. Samples
were tested serologically to identify the EV71 neutralizing antibody. Two different mathematical models have now
been employed to describe how this antibody varied with age, and parameters in the model were estimated from
survey data. Both models depicted the variations in EV71-neutralizing antibody. Seroprevalence was high for neonates
but decreased to near zero at 5 months of age. Subsequently, the EV71 antibody levels increased and then remained
stable after about 36 months. For models 1 and 2, values for the coefficient of determination (R?) were 0.9458 and
0.9576, and values for root mean square error (RMSE) were 0.0755 and 0.0752, respectively. Model 2, formulated from
the characteristics of development of the immune system, was more reliable than model 1, formulated from survey
data, because the impact of the survey on the structure of the model was removed. Moreover, model 2 provided the
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possibility to define the parameters in a biological sense.

Introduction

Hand-foot-and-mouth disease (HFMD), a common illness
caused by various enteric viruses, is more likely to occur in infants
and young children. Most of the symptoms are mild, but there
can be painful vesicular lesions on the hands, feet, mouth, and
tongue. Some patients have infection episodes, including pulmo-
nary edema, myocarditis, and aseptic meningitis but, even if the
disease progresses, few of these lead to death."” Since 2008,
large-scale outbreaks of HFMD have occurred in many regions
of China and have resulted in severe public health problems.>*

Human enterovirus 71 (EV71), coxsackievirus Al6
(CoxA16), and some types of ECHO virus are causative agents
of this disease. HFMD caused by CoxA16 usually results in a
mild, self-limiting disease. However, patients infected by EV71
may have serious complications, and the disease may be fatal.”
EV71 is considered to be the dominant pathogen during HFMD
epidemics within the Southeast and East Asian regions, including
China.®”

Although the pathogenesis, clinical features, and molecular
biology of EV71 have been investigated,® ' no vaccine or effec-
tive drug against EV71 is available. Thus, epidemiological sur-
veillance of HEMD and its pathogens is necessary for early
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warning of HFMD outbreaks so that their impact can be
reduced."?

The distribution of the EV71 antibody among children has
been measured, but it is difficult to evaluate the impact of an
HFMD epidemic. Quantitative analyses have been rarely accom-
plished, although such a description of changes in EV71 antibod-
ies in children is essential to develop, for HFMD, control policies
based on predictive mathematical models.

In epidemiological studies, mathematical models are used to
infer the values of parameters or behaviors that cannot be evalu-
ated experimentally or are too expensive to be implemented.14 A
main use of epidemic models is to predict, from a few cases, the
scale of the outbreak, thus allowing preventive actions to be
taken."” For theoretical models of epidemic HFMD, differences
of susceptibility for children of different ages should be consid-
ered."®"” This has rarely been taken into account, however, due
to the lack of a factor adequately representing susceptibility.

In this report, 2 different mathematical models were used to
describe the relationship between prevalence of EV71 antibody
and age. With data from 420 samples collected in a city in the
northern part of the Jiangsu province of China, changes in the
presence of EV71 neutralizing antibody were analyzed, and
mathematical formulas were derived, providing quantitative
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methods to analyze the variation of the susceptibility to EV71
with age. The two models allow a better consideration of suscep-
tibility to EV71 among children of different ages and permit
application into simulations of transmission and control of
HFMD. Further, development of the models provides a reference
for further collection of data.

Results

EV71 positive rate
Evaluated were samples from 20 newborns and 400 children
with ages ranging from 1 month to 15 y (Table 1).

Results for Model 1

Estimated results of coefficients are shown in Table 2. Coeffi-
cients of determination (R?) and root mean square errors
(RMSE) were 0.9458 and 0.0755, respectively. Overall, model 1
was statistically significant, as was the test for each coefficient.

The predicted curve generated from model 1 was consistent
with the actual change of positive rate, although it underesti-
mated the actual rate at 12 months (Fig. 1). Thus, as the
immune systems of the children developed, the presence of anti-
body increased more quickly than predicted by the model.

Results for model 2

The analytical solution to Eq. (1) of model 1 is
x1(6) =0.7-e = %3 Due to the setting up of the initial time, the
solution (Eq. (2)) is x2(t + 6) = %.

Theoretical changes in the positive rate generated by model 2,
which combined the results of Eqs. (1) and (2), are depicted in
Figure 2. In contrast to Model 1, results from this dynamic
model were more consistent with the actual changes. R* and
RMSE values for model 2 were 0.9576 and 0.0752, respectively.

Table 1. EV71 positive rate of 420 subjects

Age (months) Number evaluated Number positive Positive rate
Newborn 20 14 70%
1 20 11 55%
2 20 5 25%
3 30 1 3%
4 30 3 10%
5 30 0 0%
6 30 1 3%
7 20 2 10%
8 20 1 5%
10 20 1 5%
12 20 4 20%
24 20 9 45%
36 20 16 80%
48 20 14 70%
60 20 15 75%
72-120 40 39 97%
132-180 40 33 82%
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Table 2. Fitting coefficients and statistical test of model 1

Coefficient t P>|t| 95% CI
al 0.72 0.55 <0.01 [0.61,0.83]
a2 0.46 0.07 <0.01 [0.31,0.61]
b1 0.85 0.02 <0.01 [0.80, 0.90]
b2 —0.17 0.03 <0.01 [—0.24, —0.11]
b3 23.00 1.44 <0.01 [20.1, 26]
Discussion

The presence of EV71 neutralizing antibody is closely related
with age.”'” As demonstrated here, EV71 antibody decreased
between 0 to 4 months, remained at a low level until 10 months,
and increased to a maximum at 36 months. The overall trends
were consistent with those for another investigation conducted in
the same region,”* although, in our study, the seroprevalence
between 4 and 10 months fluctuated somewhat. For neonates,
the positive rate was higher than that for other areas. This may be
due to the presence of maternal antibody, for there is a strong
correlation of neutralizing antibody in prenatal women and neo-
nates.”'”** Moreover, the low level of EV71 neutralizing anti-
body in children between 5 and 6 months of age showed that
they were more likely to be infected, indicating the optimal time
for vaccination. Nevertheless, application of these findings into
strategies to improve the efficiency of control of HFMD remains
to be determined.

For various epidemics, mathematical models have guided the
development of control policies. A variety of models have been
formulated, analyzed, and applied to infectious diseases.”” The
theoretical models provided scientific guidance, facilitating exper-
imental investigations and the collection and analysis of epidemi-
ological data."**° For the study of HFMD epidemics caused by
EV71, mathematical models have been developed to predict the
occurrence of outbreaks. Most research has involved ordinary dif-
ferential equations (ODE) to formulate a compartmental model.
Some children were moved between compartments, and ODE
was used to describe such changes. An indicator, such as basic
reproduction numbers, was estimated from models to evaluate
the effectiveness of disease control.>'"** However, some factors
affecting HFMD epidemics at a population level, such as the dif-
ference in immunological response at different ages were usually
neglected; the relationship between susceptibility to EV71 and
age of children was rarely analyzed quantitatively. In this report,
2 models, originating from survey data and from development of
the immune system, were used to explore variations between pos-
itive rates and age.

For model 1, parameters were estimated to minimize devia-
tions between the theoretical curve and reported data. The Lev-
enberg-Marquardt algorithm was applied to estimate parameters,
and an optimal solution derived by least squares was obtained.
Therefore, the structure of the fitting equation was relevant. For
the present report, the structure of the fitting equation was deter-
mined based on the observed changes in trends provided by an
epidemiological survey. Thus, results generated from model 1
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Figure 1. Theoretical and actual prevalence of EV71 generated by model 1.

demiological survey. Results
from the dynamic model
would be more reliable because the impact of the survey on the
structure on model was eliminated. Model 2 also provides an
explanation of parameters from a biological view. According to
the results of model 2, parameter k was the decreasing rate of
EV71 antibody caused by decay of innate immunity, and A was
the increasing rate owing to development of the immune system
of the children. The positive rate was high in inidal stages. As
maternal immunity disappeared, the positive rate increased, then
remained stable as immunity to EV71 developed.

Both of the models approximately described the changes of
EV71 neutralizing antibody and derived quantitative formulas.
Model 2 focused on variation

fluctuated slightly at the 2 sides of curve. The deviation of model
curve with actual survey was more likely to be caused by overlook
of feeding pattern. Little research was carried out to explore the
impact of feeding pattern on infection of HFMD. One report
published in Chinese indicated that breast-feeding for 3-6
months reduced risk of infection of HFMD.?> As a limitation of
this report, the difference of feeding pattern was not considered
at the stage of investigation due to low exclusive breastfeeding
rate. The unbalanced distribution of breast-feeding and milk-
feeding among age groups less than one year may result in unsta-
ble fluctuation of positive rate. Group based on feeding pattern
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Figure 2. Theoretical and actual prevalence of EV71 generated by model 2.
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and verification by external data will be considered in further
study.

In the last decade, human EV71 has caused outbreaks of
HFMD in mainland China, resulting in thousands of fatal cases.®
The major protective mechanism against EV71 is cell-mediated
immunity. Since humoral immunity with neutralizing antibodies

is necessary for protection against EV71 infections,”>%¢

seroepi-
demiological surveys of EV71 have been conducted in various
areas of China.?®> Our research, however, was the first to establish
a dynamic model of susceptibility to EV71 in relation to age.
The results presented provide a better understanding of differen-
ces in immunological response to EV71 from a population level
and a better evaluation of interventions that consider differences

in immunity.

Materials and Methods

Study site and sample

The current survey was conducted in a rural county located in
the northern part of Jiangsu, a province of eastern China. There
was a higher HFMD prevalence relative to nearby areas, and,
since 2008, several outbreaks of HFMD have occurred in this
county. In 2009, the incidence reached 127.8 per 100 000.'®
Stratified random sampling was used to recruit participants into
18 groups determined in advance. Since August 2010, 420 chil-
dren, with 210 each of 2 groups, were recruited from 2 townships
of the county. All samples were tested serologically to identify the
EV71 antibody. The study was approved by the Ethics Commit-
tee of Nanjing Medical University. Legal guardians of all partici-
pants provided signed informed consent.

Measurement of EV71 neutralizing antibody

EV71 serum neutralizing antibodies were measured by the
micro cytopathic effect method. In 96-well microplates, serum
samples were diluted at ratios starting at 1:8. They were inacti-
vated at 56° for 30 min, neutralized with 100 CCID 50/50 wl
of human EV71 virus at 37° for 2 h. A suspension of rhabdo-
myosarcoma (RD) cells was added at a concentration of 2 X 10°
cells/ml, 100 pl/well, and the preparations were cultivated in a
35° CO; incubator for 7 days, at which time the serum neutraliz-
ing antibodies were measured by their cytopathic effect.

Modeling

After the time of birth, the rate of EV71 infection fell to near
zero at 5 months. Afterwards, the rate increased and then became
stable at about 36 weeks. Therefore, the changing pattern of
EV71 antibody was probably a combination of exponential
decrease and S-shaped logistic growth.

Model 1 was based on survey data. In the first step of the
modeling, average age was allocated to correspond to the positive
rate between the last 2 age groups such that a one-to-one relation-
ship between antibody level and age group was established.

In detail, let x(#) be children’s positive rate of EV71 antibody
at time ¢. Based on the observed trend, a mathematical model
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by

14+ eb2(t—b3)
change in EV71 antibody over time. The model combined the

x(t) =a;-e” '+ was employed to describe the

effect of exponential decay with S-shaped growth. The parame-
ters in model 1 were estimated by a Levenberg-Marquardt algo-
rithm based on nonlinear least squares.

Model 2 was based on development of the immune system.
Due to the immature immune system of newborns, innate
immunity from mothers provides protection against disease.
Thus, the reduction of EV71 antibody before 6 months is chiefly
caused by the loss of innate immunity. Afterwards, the immune
systems of the children develop, leading to an increase in EV71
antibody until a plateau is reached."”

To consider the impact of EV71 antibody of immune system,
suppose that x; (f) is the positive rate of EV71 antibody resulting
from innate immunity and that x,(#) is positive rate due to the
development of the individual’s own immune system at time t.
x1(¢) and x; (#) satisfy that

dx
@ =k “)
and
dX2 - X2

Eq. (1) describes the reduction of EV71 antibody, and & denotes
the rate of decay. Eq. (2) describes the change of EV71 antibody
based on the child’s own immune system. A is the changing rate
of antibody at the initial stage of the development. x,, denotes

the final, stable level of the positive rate.
The two models were solved by Matlab 8.0 (R2012b).

Model solving

The analytical solution to Eq. (1) is x1(f) =x;(0)-e~ k where
x1(0) denotes the initial value of the equation, i.e., the positive
rate of neonates. Obtained by the survey, its value was 0.7. To
estimate the unknown parameter, k, suppose that T is the reten-
tion time for children before EV71 antibody turned to be nega-
tive. The distribution of 7', a random variable, is

— kt

x(1) _

P(0<T§t)=1—x1(0)_

1—e

1
Therefore, the mathematical expectation of T is ?20 In this

1 S .
report, - represents the average retention time of maternal anti-

body by babies. By use of data from birth to 6 months, it was
estimated to be 2.65, therefore, k = 0.38. Thus, the solution to
Eq. (1) is x(f) = 0.7e = 3%,

The analytical solution to Eq. (2) was x,(f) = —, and

Xm
1+ Ce
the positive rate of EV71 antibody remained stable at 82%.
Therefore, x,, was replaced with 0.82, and the solution of

Eq. (2) was estimated to be x,(f) = %, where C and A are
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undetermined constants. To estimate C, the positive rate at the
sixth month was regarded as the initial value, and A represented
the changing rate of EV71 antibody at the stage at which the
immune system started to develop. Using the initial value of
3.33% when t =0, C was estimated to be 23.6. Another param-
eter, A, was determined by the points of the inflection, i.e.,

I"TCZO. The increment of the positive rate decelerated after 3 y of

age. Therefore, lnTC =3, and A=0.11. The final solution of
Eq. (2) isx2(t+6) = %-
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