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Dynamical models of acute
respiratory illness caused by
human adenovirus on campus

Wei Zhang™?, Xia Ma'?, Yongxin Zhang? and Xiaofeng Luo®*

'Data Science and Technology, North University of China, Taiyuan, China, ?°School of Mathematics,
North University of China, Taiyuan, China

Acute respiratory illness caused by human adenovirus have been increasing in
morbidity and mortality in recent years. Currently, isolation of symptomatic
infected individuals is the primary means of controlling outbreaks in closed
spaces such as schools and military camps. However, the disease is still
spreading despite the implementation of control measures. To reveal the
underlying mechanism of this phenomenon, we propose a dynamic model
that considers invisible transmission and isolated confirmed cases. By
calculating and analyzing the control reproduction number, it is found that
asymptomatic infected individuals play an important role in the spread of the
epidemic. Therefore, in the absence of specific vaccines, non-pharmaceutical
interventions such as quarantine of exposed individuals are effective means to
mitigate severity. The results show that the earlier the control of invisible
transmission is implemented, the lower the peak and the shorter the
duration of the outbreak. These findings will provide the theoretical basis
and recommendations for prevention and control of human adenovirus
transmission in closed spaces.

KEYWORDS

human adenovirus, dynamical model, control reproduction number, sensitivity
analysis, non-pharmacological interventions, quarantine measures

1 Introduction

Acute respiratory illness (ARI) is a widespread disease with increasing morbidity and
mortality year by year [1-3]. The common pathogen causing respiratory infections is
human adenovirus (HAdV), which can cause human illnesses ranging from mild upper
respiratory infections to lethal pneumonia diseases [4]. HAdV first appeared in 1953, was
isolated from a small proliferating gland in the tonsils of children who had been surgically
removed, and was officially named in 1956. It is a kind of DNA virus with more than
90 serotypes identified and divided into seven subgenera, among which respiratory
infections are mostly caused by subgenus B, subgenus C and subgenus E [5, 6]. HAdV is
highly contagious and often causes outbreaks, and it is transmitted primarily through
human behavioral contact or environmental contact such as air and water [7]. Adenovirus
infections are most prevalent in winter and spring, and mainly happen in enclosed and
crowded places, like military, school, and hospital. People are universally susceptible,
about half of them are asymptomatic infections, and those who recover have no
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permanent immunity and can be reinfected again. If the virus
does not cause damage to other vital organs, an infected person
can heal on its own, but if it causes damage to vital organs, it can
be life-threatening. Currently, no adenovirus vaccine is available
in China, only United States military is taking the oral adenovirus
vaccine of type 4 and type 7. Therefore, it is essential to study the
mechanisms of adenovirus transmission in specific places and to
explore the role of non-pharmacological interventions to prevent
the spread of HAdV. Our paper focuses on ARI induced by
human adenovirus in closed schools. On campus, type B-7, type
B-14 and type B-55 are the main pathogens of the disease.
Among them, type B-7 can cause febrile respiratory illness,
bronchitis and pneumonia. Type B-14, a virus type previously
thought to be less pathogenic, has attracted significant attention
for causing an epidemic of severe respiratory infections, which
can even cause fatal injuries. The case fatality rate for ARI caused
by B-14 is 5 percent in four states of the United States of America
[8, 9]. Type B-55, a novel type B adenovirus first identified in
China in 2006 and characterized in 2010, is a recombinant gene
of type B-11 and type B-14 [10-13]. Outbreaks of respiratory
infections caused by type B-55 in adults primarily cause
symptoms of upper respiratory tract infections and are likely
to occur in densely populated, high-intensity military training
places. In addition, adenovirus spreads rapidly and is prone to
severe cases [13]. The main reasons why ARI caused by HAdV is
prone to prevalence and outbreaks on campus are as follows.
First of all, the clinical manifestations of adenovirus infection are
very similar to other respiratory pathogens such as parainfluenza,
and it is difficult to differentiate the symptoms and can only be
the high
concentration of students, especially during classes or during

determined by laboratory diagnosis. Second,
meals, is consistent with all factors for the occurrence and
prevalence of respiratory infections. And finally, there is
currently no available adenovirus vaccine in China.

Dynamical modeling is an essential and effective method for
revealing the transmission mechanism of infectious diseases and
evaluating interventions. It is widely used in the study of various
infectious diseases, for example, in the study of epidemics such as
Brucellosis [14] Influenza [15, 16], Foot-and-mouth disease [17],
Ebola virus [18], Severe Acute Respiratory Syndromes [19] and
COVID-19 [20-24]. In recent years, HAdV has been studied
from the perspective of epidemiology and biomedicine [25-28],
examining data obtained from laboratory diagnoses, giving
certain incidence rates and epidemiologic characteristics of
each disease [3, 29]. In 2020, Guo et al. [30] proposed an
individual-based random collision model from the perspective
of dynamic model to simulate the spread of adenovirus type 7 in a
military camp. The model is highly accurate and provides greater
flexibility in setting population exposure and the activity of
different types. However, the literature lacks a setting for
invisible infections, resulting in incomplete transmission
for adenovirus its actual

routes and underestimating

transmission capacity.
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In fact, a large part of the ARI outbreaks caused by HAdV
stems from the presence of asymptomatic infected individuals. It
is impossible to actively and effectively avoid contact with them
because we are unable to identify them, which leads to the spread
of the virus. Asymptomatically infected individuals are not only a
prominent feature of HAdV transmission, but also a critical
factor in current preventive and control measures. In addition,
many non-pharmacological interventions, including quarantine
measure, have been implemented in military camps and schools
to control outbreaks and halt transmission of the disease. Arino
et al. [31] and Wang et al. [32] developed dynamic model on
asymptomatic infected individuals and estimated the importance
of the proportional parameter representing symptomatic infected
for the pandemic. Jin et al. [33] considered the impact of
quarantine strategy, and the results suggest that quarantine
has a significant role to reduce malaria transmission.

With the purpose of theoretically revealing the impact of the
hidden transmission route on adenovirus transmission, we
constructed models containing asymptomatic infected and
the of HAdV
transmission based on actual data. The structure of this paper

isolated individuals to explore nature
is shown as follows. Firstly, through the fitting analysis of three
groups of real data, the model is proved to be correctness,
practicability and universality. Then, through theoretical
analysis, the expression of control reproduction number is
obtained and the values of the three types of data are
calculated to be greater than one, which is the reason why the
epidemics is still outbreak despite a series of measures taken by
the school. Further, by analyzing the sensitivity of the model
parameters, we find the main parameters that could control the
spread of the epidemic, and find that the invisible transmission
plays an important role in the high outbreak of the epidemic. In
the absence of specific vaccines and in order to effectively the aim
the

pharmaceutical interventions are effective means to mitigate

of effectively control invisible transmission, non-

severity.

2 Materials and methods

2.1 Data

We will present three complete sets of confirmed cases of ARI
caused by HAdV, which occurred in different cities of China and
with different virus types. Adenovirus type B-7 was an outbreak
that occurred at a school in Tangshan, Hebei Province in 2019,
type B-14 occurred at a school in Dunhuang, Gansu province in
late 2014, and type B-55 data were obtained from an outbreak at a
school in Baoding, Hebei Province in 2012. The data of three
types are shown in Figure 2. And we will fit the three type data
with following mathematical model. In fact, the number of cases
reported daily is so small that the model is fitted with cumulative
data of confirmed persons. It is essential to note that the early
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confirmed cases of type B-14 include other febrile cases due to the
lack of laboratory diagnosis. So, in order to eliminate the effect of
other viruses, we select the later data (containing only confirmed
cases of type B-14) for the fits to validate the applicability of the
model to the same adenovirus type.

2.2 Model formulation

Our research is mainly to establish an appropriate and
reasonable model to help the school to solve the difficulties
encountered in the process of HAAV research. As HAdV
causes a small scare on campus, some schools have
implemented quarantine measures for those infected with
symptoms. Before presenting the dynamic model, we explain
the meaning of the variables involved in the model. The total

population of model is divided into the following six groups:

S(t): the all susceptible individuals in the school at time ¢
who will be infected when they contact with infected
individuals;

o E(1): the group of latent persons at time ¢, indicating that
susceptible persons have been infected, but have not yet
developed any symptoms and cannot infected other
susceptible people;

o I(1): the group of symptomatically infected persons at time
t who exhibit symptoms of HAdV and can infect other
susceptible persons;

o A(t): the group of asymptomatically infected persons at
time t who do not exhibit symptoms of HAdV but can
infect other susceptible persons;

o Q(t): the group of

symptomatically infected persons at time f. In this

individuals  isolated from
group, infections will not infect susceptible population;

o R(t): the group of recovered persons at time .

Furthermore, the dynamic model is developed on the basis of
the following assumptions.

o This paper focuses on the short-term transmission of
infectious diseases within enclosed places, and therefore
assumes that there are no immigration, no natural births
and no natural deaths. In addition, because there are no
deaths in the outbreak we will study, the model
hypothesizes no deaths due to disease. Thus, the total
population in the closed place remains
denoted as N.

It is noted that adenovirus is seasonal, but the outbreak of

constant,

ARI will lasts less than 3 months, which is not enough to
span a season, so our model does not consider the
seasonality of the virus. On the other hand, given the
short duration of the outbreak, recovered individuals are
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FIGURE 1
A flow diagram of human adenovirus transmission in closed
school.

considered immune for the duration, in other words,
recovered individuals will not be reinfected.

« The incidence of infectious diseases is considered to be
the standard incidence, i.e. mf\f—fg)s. Where the effective
contact rate is denoted by 8, and the proportion of
susceptible people in all groups except those who are
isolated is %@

» In Equation 1, the proportion of latent people that get
symptomatic disease is defined by the parameter p (0 < p <
1), and the parameter # (0 < # < 1) denotes the reduction
factor of the contagiousness of asymptomatic infections
[34].
infectious, we assume that # > 0. Indeed, due to the lack

Since asymptomatic infected individuals are

of complete clinical data on asymptomatic infected
the model
ascertaining the percentage of asymptomatic infections

individuals, will have a challenge in
and the contagiousness of asymptomatic infections. In
this case, we assume that an asymptomatic infected
person is as infectious as a symptomatic infected person,
i.e. # = 1, as shown in Equation 2.

o When the the

immediately took control measures. Infected persons

disease was discovered, school
appearing symptoms are sent to isolation and treatment

at a rate of b.

According to the pathogenesis and transmission of HAdV,
we establish the compartmental dynamic model as shown in
Figure 1. The specific mathematical model is represented by
Equations 1, 2, while Table 1 contains the description and the
values of the relevant parameters.

o B +nA)S
- e
po PUCRAS g
. N-Q
= pwE-bl, M)
A= (1-pJwE-y,A
Q= bl-yQ
R=y,A+yQ

When the factor satisfies 77 = 1, the model is:
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TABLE 1 Parameter description and value for model 2.

10.3389/fphy.2022.1090234

Parameter Description Value Sours
Y Disease transmission rate Estimate -
p Proportion of symptomatic infections Estimate -
b Isolation rate of symptomatic infections Actual value -
w Latent rate of HAdV 1/8-1/3 [5]
Ya Recovery rate of asymptomatic infections About 1/10 -
Yq Recovery rate of quarantined and treated infections 1/7-1/5 [5]
. I+A)S ds I+A)S
S = _ﬁ(i), _:—ﬁ(—)Z—ﬁS.
N-Q dt N-Q
Be B+ A)S 5
©~ N-Q wh Then, it is directly obtained that S > 0 when t — oo by solving the
I'= pwE-bl, 2) differential equation. The same results can be obtained in the
A= (1-pJwE-y,A, similar approaches for the other variables E>0,1> 0, A > 0 and
Q= bl-y,Q Q0.0
R=yA+ qu' The disease-free equilibrium of the subsystem is E, = (N, 0, 0,

In the following study, we will discuss around the model 2),
including the dynamic analysis and practical application
of that.

2.3 Model analysis

2.3.1 The control reproduction number

Before conducting the mathematical analysis, we observe that
the last equation of model 2) is uncoupled to the others, so that
the dynamic analysis of the original model is transformed into
the study of the following subsystem.

o PU+AS
ﬁ(f’\i_A)S’
F="N—q ¥ (3)
= pwE-bl,
A: (l_p)wE_YaA’
Q= bI—qu.

Now, we give the forward invariant region of the model, it
means that the initial value of the model in the positive invariant
region Q) and the solution of the model remains in this region for
all £ (t > 0).

Theorem 2.1. The set

Q={S,ELAQE€eR:0<S,EILAQ<N,S+E+I+A+Q<N}

defines the forward invariant region of model 3).

Proof. Since K denotes total population, equation S+ E+ I+ A + Q+
R = Nholds. Therefore, S, E,, A,Q<Nand S+ E+I+A+ Q<N
are true. Further, considering the first equation of the subsystem, it
could be written as
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0, 0) while it has no endemic equilibrium. Hence, the most
important question for infectious disease is whether the epidemic
will spread through the population. There is usually the threshold
as a measure, that is, the basic reproduction number. But since
the model adds isolation measures, we define the control
reproduction number as a measure [35] denoted as R, which
is the average number of secondary cases generated from the
original cases under control measures. To calculate this
threshold, the method of the next-generation matrix is given
below [36, 37].

i 00 0
O/BWNI;WNO p 1
b 5 00
Fo|0 0 0 0] —p 1 ,
00 0 0 V—aoy_ao
00 0 0 P 1l,r
Yo Ya Vg
1_
I%Pj(yup)lg)%o
V-l = 0 000
0 000
0 000

According to the concept of spectral radius [37], the

following expression is obtained:

R -Pp BO-p)
b Ya

As long as R, > 1 is true, the disease will be prevalent, and the
number of infected people show an increasing trend followed by
decreasing trend and eventually converge to zero. Otherwise, the
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disease will not be prevalent and the number of infected people
will be monotonically decreasing to zero when R, < 1.

2.3.2 Stability analysis
Theorem 2.2. The disease-free equilibrium E, is locally
asymptotically stable when R, < 1.

ProofSince the total number of individuals N is constant, we
can obtain S = N—(E + I + A + Q + R). Therefore, we use the
remaining state variable (E, I, A, Q) to study the local stability of
the subsystem 3). The Jacobian matrix at equilibrium E, is

given by
-w B B 0
_ pw -b 0 0
Tzl =pw 0 -y, 0 | @
0 b 0 -y,
and corresponding characteristic polynomial is
det (AI - Jg,)
=(A+y)[(A+y) A+w) (A +b) = A+ b)wp + pw(b-y,)B]
=(A+y,) [V + 2% + x2A + x5, )
where
x1=y,+w+b,
X, = wy, + by, + bw - wp, (6)
X3 :w[b))a+bpﬂ_yupﬁ_bﬁ]‘
Obvious, x; > 0 is true, x, > 0 is true only when w < Y% and

B=7.=0
x3 > 0 is true if and only if R, < 1. By simplification, the three

conditions hold if and only if R, < 1. At this point, the roots of
characteristic polynomial det (AI — Jg,) = 0 all have negative real
parts. Thereby this theorem is proved.
Theorem 2.3. The disease-free equilibrium E, is globally
asymptotically stable in Q when R, < 1.

Proof. We construct the following Lyapunov function (V(t))
to prove the stability of the equilibrium.

V(t)=E+ I+ A+ yQ,

where y; = é, Yy = yﬁa, y3 = %ﬁ. Then the derivative of V(#) is:

v _dE_ dl | dA - dQ
dtfdlt;:ylg;;yzdt*—);dt 5 ’
I+ 2

= N—_Q—wE)+E(pwE—bI)+y—[(l—p)wE—yﬂA]+7(b1—qu)

= (N—_Q—ﬁ)l + (% —ﬂ)A— %fqu+ (—w+ wﬁ—: +wﬁ(ly—;p)>E.
7

Since S<S+E+ 1+ A+ R=N-Q, so that

[ﬁ—P+L1 —p)_ l]wE
b Ya '

dv
<

s ®)

We can see that “;—‘t/ <0is true only when R, < 1. And ”;—‘t/ = 0is true
only when (S, E, I, A, Q) = (N, 0, 0, 0, 0). Therefore, according to
LaSalle's Invariance Principle [38], if R, < 1, the disease-free
equilibrium of E, is globally asymptotically stable. The same
method can be found in the literature [39].
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3 Results
3.1 Fitting result

After a theoretical analysis of the model, we will examine the
broad applicability of the model 2). We use Markov-chain
Monte-Carlo (MCMC) method to fit the
infected cases (see Figure

cumulative
2). The
implementation of Markov chain simulation results of three

symptomatically

sets of data in 10,000 samples are shown in Figure 3, Figures
4, 5, respectively. And the Geweke is used for Markov
convergence diagnosis of the estimated parameters in the
three different types, which is shown in Table 2. In addition,
there are other values obtained by MCMC program, such as the
mean values, variance values and MCMC errors of the estimated
parameters.

In the graphs above, the three sets of real confirmed data fit
well with the model simulated data. While ignoring the
differential types of human adenovirus, our proposed model
can reflect the transmission law of ARI caused by HAdV in
schools under isolation conditions. The estimated results of the
parameters and specific values of other model parameters are
shown in Table 3. By calculation, the control reproduction
numbers of different adenovirus type are 10.7898, 9.9524 and
12.9512 respectively. From the results, the control reproduction
number of all three data is around ten, which is generally
consistent with the total number of symptomatic and
asymptomatic infections at the beginning of the epidemic in
the real situation. As the number of susceptible people decreases,
the control reproduction number also decreases, and in a closed
space, the epidemic will quickly spread to the entire campus in
about a month. At the same time, R, > 1 can be interpreted by the
fact that the epidemic is still prevalent despite the isolation
control efforts, and that the trajectory increases to a
maximum value before falling back to zero since the model
has only one disease-free equilibrium point.

3.2 Sensitivity analysis

In an attempt to find the key factors contributing to the
outbreak and effective control of the spread of the epidemic, a
series of sensitivity analyses of model 2) are presented below. For
different types of HAdV, the trends in the sensitivity analysis are
the same due to the use of the same mathematical model.
Therefore, we only choose the B-7 type as a case for analysis.

3.2.1 Sensitivity analysis about three groups

In this section, we discuss the effects of changes in each
parameter in the model on the population of S(¢), I(t) and A(t),
which are the groups of most concern in practical life, and
observe trends in the number of people in different
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FIGURE 2

MCMC fitting results of cumulative symptomatically infected cases in three types of data respectively, where Red squares are represent the real

data and blue lines are fitting curves. (A) The data type is B-7 and it happened at a school in Tangshan. The onset time was from 2019.01.26 to
2019.02.22. (B) The data type is B-14 and it happened at a school in Dunhuang. The onset time was from 2014.12.26 to 2015.02.02 (C) The data type is
B-55 and it happened at a school in Baoding. The time of the disease was from 2012.01.24 to 2012.02.28.

populations. In each case, the values of the varying parameter are
given in each figure.

Figure 6 illustrates the sensitivity of transmission rate, reflecting
the impact of different parameter f3 on the three groups. The rate of
change in susceptible individuals is slowing as parameter f
decreases, but the final size of susceptible individuals still closes
to zero, which means that all people in school are infected. For
infected people, both symptomatic and asymptomatic, the peak of
outbreak of diseases decreases with the decreasing transmission rate.
But the time to reach the peak is delayed, at the same time, the whole
period of the epidemic will last longer.

Figure 7 reveals the sensitivity of the proportion of
symptomatic infections (parameter p) on three groups. We
can know that the disease is still prevalent since the final size
closes to zero in group S(#). The changes in peak values in groups
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I(t) and A(t) are completely opposite. The peak of outbreak
increases in symptomatically infected people with the increasing
On the the
asymptomatically infected people.

proportion. contrary, peak decreases in

Figure 8 shows the effect of isolation rate of symptomatic
infections, parameter b, on three groups. The denominator of
parameter b represents the time from symptom onset of infected
people to isolation. The shorter the time, the lower the peak of
outbreak in symptomatically infected people and the whole period of
the epidemic will last shorter. Changes of parameter had little effect
on the group A(t), but the peak of the disease is delayed as the
denominator decreases. It indicates that the earlier isolation
measures are taken, the more effective they are in controlling
outbreaks of symptomatically infected people. But the disease is

still prevalent.
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FIGURE 3
The implementation of Markov chain simulation results of three sets of data in 10,000 samples. It is simulation results for parameters g and p in
type B-7.
B
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The implementation of Markov chain simulation results of three sets of data in 10,000 samples. It is simulation results for parameters g and p in

type B-14.

Although the peak value and duration of the outbreak of
group I(t) in Figures 7, 8 are reduced, the entire outbreak is still
prevalence and group S(#) is still fully infected. From the figures,
we can clearly see that it is due to the existence of asymptomatic
infections A(t), and its change does not reduce with the decrease
of symptomatic infections I(f). On the contrary, its peak value
either increases or the time to reach the peak value is delayed. A
prominent feature of adenovirus transmission is the inclusion of
of the
breakthroughs of prevention and control, but also the
difficulty of them.

asymptomatic infected persons, which is one

Frontiers in Physics 07

As shown in the simulation results above, the susceptible
population eventually converges to zero for all cases, and the
underlying reason for this phenomenon is because the control
reproduction number of the model satisfies R. > 1 for each of the
mentioned values of the parameters. Therefore, a condition satisfying
R, < 1 needs to be found in order to eradicate this epidemic.

3.2.2 Sensitivity analysis about the control
reproduction number

Since both symptomatic and asymptomatic infected
individuals contribute to the spread of the outbreak, we
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FIGURE 5

The implementation of Markov chain simulation results of three sets of data in 10,000 samples. It is simulation results for parameters g and p in

type B-55.

TABLE 2 Parameter estimates obtained using the MCMC method in three types of data.

Data Parameters Mean Standard MC error Geweke
Type B-7 B 1.888 0.018786 0.00058238 0.99813
p 0.14252 0.0014649 3.4798e-05 0.99919
Type B-14 B 1.5603 0.056489 0.0018084 0.99968
p 0.5405 0.0069947 0.00022522 0.99973
Type B-55 B 2.8019 0.016587 0.00040401 0.99916
p 0.34443 0.0014032 3.8201e-05 0.99966

TABLE 3 Values of model parameters and control reproduction number in
three types of data.

Type B-7 1.888 | 0.14252  1/5 | 1/6  1/3.5 1/4 2,763 | 10.7898
Type B-14 | 1.5603 ‘ 0.5405 | 1/6 ‘ 1/8 ‘ 1/3 1/5 ‘ 1,453 9.9524‘
Type B-55 = 2.8019 ‘ 0.34443  1/5 ‘ 1/6 ‘ 1/55 172 ‘ 1834 12.9512‘

will not distinguish them explicitly anymore. This section will
consider the impact of all infected individuals per unit time on
the outbreak, which can be portrayed by the control
reproduction number. Although the model 2 has six
parameters, in real life, we currently have control over only
three parameters, so we will only conduct sensitivity analysis
on them below.

From Figure 9, it is easy to find that, as long as the
transmission rate 8 is low, no matter what the values of
parameters p and b are, the control reproduction number
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will be less than 1. At this time, the epidemic will not break
out, and population of S(t) will eventually tend to a non-zero
constant. The value of the parameter f plays an important role
on control reproduction number. However, keeping the
parameter  small is hard to do. If transmission rate is
uncontrollably small, both the parameter b and the
parameter p need to be large. This phenomenon is also
illustrated in Figure 10. In addition, the change in b and p
is inversely proportional. Since the expressions of the three
groups about the reproduction number are consistent, and
only the parameter values have slight differences, the
parameter sensitivity changes of each type are also
consistent. Therefore, Figure 10 only shows the trend of
parameter changes for type B-7.

The biological significance of the changes in parameters 3
and b is obvious, and similarly, p has a very intuitive
interpretation. It also makes sense in a biological sense that
a higher parameter p means more people have symptoms, at
the same time, the number of people who have symptoms can
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FIGURE 6

Trends in different transmission rates in groups S(t), /(t) and

A(t). The solid blue line represents § = 1.888, which is the estimated
value in data type B-7. The red line indicates § = 1.4, the yellow
denotes g = 1.0, the purple denotes = 0.8.
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FIGURE 7

Trends in various proportions of symptomatic infections in
groups S(t), I(t) and A(t). The solid blue line represents p = 0.14252,
which is the estimated value in data type B-7. The red indicates p =
0.3, the yellow is p = 0.5 and the purple denotes p = 0.7.

be effectively controlled by isolation. However, the number of
asymptomatic infections decreases, which reduces the number
of infections in the population. Under the values of the above
three real parameters, it can be seen from the numerical
analysis that the value of the controllable parameters f3, b
and p needs to reach a very extreme situation to control the
epidemic in the three schools, i.e. R, < 1. Therefore, the next
section presents the use of non-pharmaceutical interventions
to mitigate the severity of the outbreak and thus effectively
control transmission.
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FIGURE 8

Trends in different isolation rates of symptomatic infections

in groups S(t), /(t) and A(t). The solid blue line represents b = 1/4,
which is the real value in data type B-7. The red indicates b = 1/2,
the yellow is b = 1/1 and the purple denotes b = 1/0.5.

3.3 Control model with the non-
pharmaceutical intervention

Through the above analysis, we know that the key reason why
the epidemic is still serious is that asymptomatic infected people are
not under control even though schools have implemented isolation
measures for symptomatic infections. In the absence of vaccination,
non-pharmaceutical interventions are a very effective way to
mitigate the severity of an epidemic, aiming to effectively reduce
the spread of the virus by reducing the peak or duration of outbreaks.
Since the diagnostic methods for HAAdV include antigen detection,
polymerase chain reaction, virus isolation and serology, individuals
infected with adenovirus can be detected within a limited time.
Therefore, we recommend implementing quarantine of exposed
individuals in order to effectively reduce the influence of infected
people without symptom. In this section, we will provide a control
model to characterize the impact of non-pharmaceutical
interventions to quarantine suspected cases on the outbreak. The
specific equations and flow chart can be seen in Eq. 9 and Figure 11,

respectively.
. BOI + A)S
S= ————agl+ (1 -0)&Q,,
N—a g el (1-9aQ
be oI +A)S
T N-Q-Q 7
I= pwE-bl, 9)
A = (1 _p)wE_YaA’
Qi = bl -y,Qi +ceQss
R=y A+ qui,
Q = aal - Q.

In Figure 11, we add the quarantine content in the red dotted
box and ae;I(t) indicates suspected cases, where « represents the
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FIGURE 9

Sensitivity analysis of three parameters on the control reproduction number R, these three parameters are B, p and b. The different color
indicates the different value of the parameter . The entire surface represents the control reproduction number satisfies R. = 1. Above the surface
represents R. > 1, and conversely, below the surface is R. < 1. (A—C) are sensitivity analyses of types B-7, B-14, and B-55, respectively.
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FIGURE 11
A flow diagram of human adenovirus transmission in school

with non-pharmaceutical interventions. The red dotted box
indicates the quarantine of suspected cases.

most intimate mates around each isolating patient in unit time.
Parameter ¢, is quarantined rete, whose denominator represents
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analysis of p and b, (B) is sensitivity analysis of p and b, and (C) is sensitivity

the time from symptom onset of one symptomatically infected
people to its intimate mates isolated. It should be less than the
value of parameter b, we set ¢ = 1/5 here. Parameter ¢ (0 <c< 1) is
the proportion of susceptible persons confirmed to be infected in
quarantine population, combining symptomatically and

asymptomatically infected person. Without any experimental
0.3 in this section. Parameter &, is

data, we assume ¢
removal rate from group Q,, whose denominator represents

the time of laboratory diagnosis which is about one to
2 hours. Here, we assume &, = 1/0.5. It should be noted that
the group Q,, in this control model, includes both symptomatic
and asymptomatic infected people. In addition, In a closed
environment, as the number of people isolated increases, the
ability of the disease to spread decreases. Therefore, we will add a
parameter 6 (0 < 6 < 1) to characterize this phenomenon as a
decreasing factor in the rate of disease transmission to reflect the
reduction in disease incidence due to population density
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TABLE 4 Parameter description and value of control model with non-pharmaceutical interventions.

Parameter Description Value
6 Decreasing factor of disease transmission rate 1
a The average number of intimate mates of every individual 8
£ Quarantined rate 1/5
& Removal rate from group Q 1/0.5
c The proportion to become infected persons 0.3
100 T T T T T 450 T T T T
— Original model — Original model
- = —With diagnosis T=10 400 - = = With diagnosis T=10| |
= 80 = = = With diagnosis T=15| | % i = = —With diagnosis T=15| |
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8 = = = With diagnosis T=25 P = = = With diagnosis T=25
e 8300 1
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c z 250
S c
8 £ 2001
[ =
E 40 ] g
> £ 150
2 =
Q =
z L i 100 -
20 2
501
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
Time (day) Time (day)
FIGURE 12
The impact of different intervention times on the epidemic. The black solid black line is the baseline, the left picture is the number of new
symptomatic infections /(t), and the right is the number of new asymptomatic infections A(t). The red dashed line indicates the implementation of the
intervention to quarantined suspected cases on the 10th day of the outbreak and the blue dashed line is on the 15th day. But the green and magenta
dashed line indicate the implementation on the 20th day and 25th day, respectively, which both exceed the peak time for newly infection cases.

reduction caused by quarantine. For an intuitive comparison
with the original model 2, we set the value is 6 = 1 here.

3.3.1 Numerical simulations

In this section, we will explore the effect of initiating quarantine
measures at different times. Here, adenovirus type B-55 is selected as
the research object, and the specific parameter values are shown in
Table 3 and Table 4. The group of symptomatically infected cases is
the main focus of attention. Our expectation is to expect a smaller
peak value and to end it as soon as possible. Figure 12 illustrates the
impact of starting a non-pharmaceutical intervention at different
time points. It is easy to see that the earlier quarantine measures are
implemented at school, the lower the peak and shorter the duration
of the outbreak, and the sooner the outbreak ends. In addition, even
if schools implement quarantine measures after peak time, although
there is no action against the peak value, it can still greatly shorten
the duration of the outbreak. Measures to quarantine suspected cases
in the absence of vaccine greatly reduce the risk of transmission from
an infected person exposed to the environment.
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In addition, other non-pharmaceutical interventions
should be implemented, such as drinking more water,
eating fresh food and strengthening physical exercise to
improve immunity of people. People also should keep the
indoor environment clean, wear a mask when going out, and
avoid contact with patients to prevent infection. Everyone
should be careful to avoid contact with potential sources of
infection and try to avoid contact with people with colds
during an adenovirus epidemic. All of the above measures are
applied in the control model as reflected in parameter 6,
whose sensitivity is the same as that of parameter p.
However, in real life, it is difficult to implement the
measures about quarantine of suspected cases. So it is
necessary to strengthen the ideological publicity on
infectious diseases in school, and pay attention to and
adjust psychological problems of
the should
isolation prevention and control measures for patients to

suspected people.

Furthermore, school strictly implement

avoid cross-infection.
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4 Conclusion

We study the transmission law of ARI caused by HAdV
occurring in Chinese schools from a mathematical perspective,
and verified the correctness and practicability of our model by
fitting the data of B-7, B-14 and B-55 types. Through
mathematical calculations, we obtain the specifical expression
of the control reproduction number, from which we can explain
that the ARI is still prevalent because the control reproduction
number satisfies R. > 1, thus, ARI is not eradicated. In addition,
some series of sensitivity analyses are done on the parameters of
the model in order to find the main factors influencing the spread
of the epidemic. During the research process, we find that
asymptomatic infection is the main factor leading to the
outbreak of the
implemented in schools. Vaccines are an effective means of

disease when relevant measures are
reducing the prevention of outbreaks, and the resumption of
adenovirus vaccination in the United States military in March
2011 has reduced the incidence. But, for now, only the U.S.
military has the vaccine. In the absence of a vaccine, we propose
non-pharmaceutical interventions to control the impact of
asymptomatic infection on the epidemic, which can be
effective in mitigate the severity of the outbreak.
Consequently, in order to effectively control the outbreak, we
propose the control model to quarantine the exposed individuals,
and the results indicate that the invention is effective in
mitigating the spread of the outbreak. Thus, in the absence of
a specific vaccine, we strongly recommend implementing
quarantine measures, although this can be very stressful on
campus. The reasons are as follows. First, the epidemic will
affect the normal The

implementation of quarantine allows other students to

education and life of students.

continue their normal lives while the suspected case is
quarantined, and in addition, patients can return to their
normal lives and studies as soon as they recovery. Second, it
can reduce the uncertainty of the invisible transmission route.
Last, though the fatality rate of disease is very low, the number of
deaths caused by HAdV is increasing year by year. Thus, the
implement of measures can be taken to detect and treat the severe
patients in time to reduce mortality.

In further planning, Large amounts of data from different
types of HAdV are needed to discover the difference between
types B-7, B-14 and B-55. Therefore, dynamic models can be
useful tools for predicting disease. In our analysis, we assume the
infectivity of those infected by symptomatic and asymptomatic
infection is consistent, that is # = 1. However, there can be
significant heterogeneity in the infection rates of different
infected individuals [40]. For a more accurate analysis, it
should be set 0 < n < 1. However, this special value needs to
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be acquired by fitting a large amount of real data, and different
values may be obtained for different types of HAdV, which is a
direction we need to research in the future.
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