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timeliness of the implementations lead to differences in final size of the infections. Taking
the outbreak of COVID-19 in three representative cities Xi'an, Zhengzhou and Yuzhou in
January 2022, as examples, we develop a compartmental model to describe the spread of
novel coronavirus and implementation of interventions to assess concretely the effec-
tiveness of Chinese interventions and explore their impact on epidemic patterns. After

Iég%gftli; applying reported human confirmed cases to verify the rationality of the model, we apply
Close contact tracking the model to speculate transmission trend and length of concealed period at the initial
Large-scale nucleic acid testing spread phase of the epidemic (they are estimated as 10.5, 7.8, 8.2 days, respectively), to
Dynamics estimate the range of basic reproduction number (2.9, 0.7, 1.6), and to define two indexes
The basic reproduction number (transmission rate v; and controlled rate v.) to evaluate the overall effect of the in-
Sensitivity analysis terventions. It is shown that for Zhengzhou, v is always more than v; with regular in-

terventions, and Xi'an take 8 days to achieve v, > v, twice as long as Yuzhou, which can
interpret the fact that the epidemic situation in Xi'an was more severe. By carrying out
parameter values, it is concluded that in the early stage, strengthening the precision of
close contact tracking and frequency of large-scale nucleic acid testing of non-quarantined
population are the most effective on controlling the outbreaks and reducing final size. And,
if the close contact tracking strategy is sufficiently implemented, at the late stage large-
scale nucleic acid testing of non-quarantined population is not essential.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The COVID-19 which was first reported in Wuhan city, Hubei province, China (Hui et al., 2020) in December 2019 spread so
rapidly among people around the world that it has been characterized as pandemic by the World Health Organization

* Corresponding author. Complex Systems Research Center, Shanxi University, 030006, Shanxi, China.
E-mail address: zhangjuan1020@sxu.edu.cn (J. Zhang).
Peer review under responsibility of KeAi Communications Co., Ltd.

https://doi.org/10.1016/j.idm.2022.12.007
2468-0427/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhangjuan1020@sxu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.idm.2022.12.007&domain=pdf
www.sciencedirect.com/science/journal/24680427
www.keaipublishing.com/idm
https://doi.org/10.1016/j.idm.2022.12.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.idm.2022.12.007
https://doi.org/10.1016/j.idm.2022.12.007

X. Wei, M. Li, X. Pei et al. Infectious Disease Modelling 8 (2023) 159—171

(WHO)(World Health Organization, 2020). As of October 2022, the epidemic is spreading faster and faster and has intensified
with time as new strains constantly appeared. It has infected over 615 million confirmed cases (World Health Organization,
2022) and caused incalculable damage to the international community.

In the face of the Wuhan epidemic, timely preventive and control measures that mainly included physical isolation were
taken by China and they succeeded in managing the outbreak. Subsequently, the epidemiological management in China was
improved and regular prevention and control measures were developed, then the government gradually explored its dynamic
zero-COVID policy (Chinese State Council, 2020). With the guidance of dynamic zero-COVID policy, many times of the local
outbreaks on the mainland were eliminated time and time again.

Meanwhile, the risk of clusters of epidemics remain in China due to the repeated shocks of COVID-19. In particular,
considerable movement of people makes it more difficult to prevent and control the epidemic during holiday periods. In
December 2021, approaching New Year and Spring Festival, Xi'an city in Shaanxi Province even experienced the largest
outbreak in clusters since the outbreak in Wuhan. The number of confirmed cases went as high as 2053, which lasted for 43
days (Health Commission of Shaanxi province, 2022). Soon after, two local outbreaks occurred in Zhengzhou and Yuzhou of
Henan Province, respectively. The detailed situations of three outbreaks are given as follows: For the epidemic situation in
Xi'an, there are three known chains of transmission, the first two of which were detected in its early stage and did not cause
the spread of the epidemic. The third chain of transmission was the focused flashpoint of that round of the epidemic in Xi'an.
The first two cases of the third chain of transmission were a college teacher and his wife's mother, who had driven to Xi'an
Xianyang International airport on December 4. On December 14, they were tested positive for the coronavirus. Subsequently,
some of his colleagues were diagnosed successively with COVID-19 and had led to the local outbreak of COVID-19 in Xi'an.
Meanwhile, on December 18 officials drew an elementary conclusion that the outbreak derived from imported cases on flight
from Pakistan to Xi'an on December 4th, which was formally determined on January 7, 2022. On December 15, the relevant
departments rapidly conducted epidemiological investigations, close and indirect contacts were placed in centralized
quarantines and corresponding communities were in lockdown. However, there were still the infected individuals outside the
Lockdown Zone. On December 23, the whole city adopted close management and large-scale nucleic acid testing of non-
quarantined population, then the potential sources of infection were found and the epidemic situation was held down. As
of January 21, 2022, the number of new cases was reported as zero. Xi'an was lifted lockdown and people got back to a normal
life on January 24. Unfortunately, on January 2, 2022, a handyman of a ceramic enterprise in Yuzhou, Henan province, was
found to be infected with SARS-CoV-2 when he went to the hospital for examination of other diseases. An old lady in
Zhengzhou, Henan province, was tested positive for SARS-CoV-2 when taking a routine nucleic acid testing for hospitalization
due to other reasons on Jan 3. Genetic sequencing showed that the strains types of viruses in Zhengzhou and Yuzhou were
homologous, but the source of the viruses was still unknown. The double centers of spreading between the two cities were
formed in that round of epidemic in Henan Province. Neither outbreak spilled over to other regions, and most cases in Yuzhou
were found within regions that were managed early. By triggering a series of emergency action, the outbreaks in these two
cities in Henan province, where the number of new infections returned to zero on January 20, were all brought under control
in less than 20 days. The total number of confirmed cases were 135 and 365 in Zhengzhou and Yuzhou, respectively (Health
Commission of Henan province, 2022). The three cities curbed the epidemics spread by taking regular measures, and achieved
the aim of wiping out the epidemic at last. But the final number of infections, the duration of the epidemic and so on varied a
great deal. Compared with the Xi'an, the outbreaks in Zhengzhou and Yuzhou lasted for a relatively short time and had
smaller final size of the infections. To achieve Zero-COVID Status of high quality and explore the causes of large-scale out-
breaks, we will apply mathematical models to quantificationally assess the effectiveness of the intervention measures taking
these three local outbreaks for examples.

In view of the COVID-19 pandemic, many domestic and international scholars have already investigated and reported from
all aspects such as mathematical modeling (Majumder et al., 2022; Rai et al., 2022; Song et al., 2020, 2021; Sun et al., 2022;
Wang et al., 2020; Zhao et al., 2021), epidemiology (Qi & Yu, 2020), and virologists (Ceraolo & Giorgi, 2020). Among math-
ematical modeling, dynamical model is one effective mechanism method and plays an important role in estimating the effect
of measures adopted against outbreaks. One of the most widely used models in COVID-19 research is SEIR model (Sun et al.,
2020; Tang et al., 2020). Based on different research purposes, some researchers also extended the conventional SEIR model
(Biala et al., 2022; Khairulbahri, 2021; Kondo, 2021; Liu et al., 2022; Maged et al., 2022; Rai et al., 2022; Saadatmand et al.,
2022; Tiwari et al., 2021; Wang et al,, 2021; Yu et al., 2021; Zhang et al., 2022) to follow the intervention processes in
different regions. Some of studies focused on the efficiency of single intervention, such as mask-wearing (Maged et al., 2022),
restrictions on interregional movement (Kondo, 2021), contact tracing (Biala et al., 2022) and social media advertisements
(Rai et al., 2022; Tiwari et al., 2021). Some took a single outbreak as the research object to assess the effectiveness of in-
terventions (Liu et al., 2022; Saadatmand et al., 2022; Wang et al., 2021). Some analyzed the importance of measures to
control COVID-19 spread by comparing the COVID-19 flow in different countries (Khairulbahri, 2021; Yu et al., 2021; Zhang
et al., 2022). In this paper, we evaluate the effectiveness of the interventions by analyzing COVID-19 spread in different re-
gions of the country with the same control measures, taking Xi'an, Zhengzhou and Yuzhou as examples. Aimed at the Xi'an
outbreak, Yang et al. (Yang et al., 2022) evaluated the effects of managing population movement by simulating the epidemic
trend in Xi'an under three scenarios of limited population movement. For epidemics in Zhengzhou and Yuzhou in January
2022, there are almost no research up to present.

In this paper, we take the transmission of COVID-19 epidemics in Xi'an, Zhengzhou and Yuzhou as three representative
areas. The local governments adopted similar preventive and control measures with different efficiency and capacity: taking
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large-scale nucleic acid testing of non-quarantined population, accurately tracing close contacts and secondary contacts, and
management of people at high risk, etc. To assess the effects of control measures, we apply dynamics to compare transmission
of COVID-19 in the three regions. The rest of this article is organized as follows: in Section 2, a COVID-19 dynamical model
with interventions is established and we derive the expressions for the basic reproduction number, transmission rate and
controlled rate. We apply public information and data to verify the rationality of the model, carry out the analysis of
sensitivity for key parameters and assess and compare the impact of interventions on the spread of COVID-19 in three cities in
Section 3. Section 4 gives the discussion and conclusion.

2. Material and methods
2.1. Materials

The data on COVID-19 human cases from December 9, 2021 to January 20, 2022 in Xi'an comes from the Health Com-
mission of Shaanxi Province (Health Commission of Shaanxi province, 2022), and data from January 2 to January 19, 2022 in
Yuzhou, and data from January 3 to January 19, 2022 in Zhengzhou are obtained from the Health Commission of Henan
Province (Health Commission of Henan province, 2022). The data include the number of cumulative confirmed cases, daily
new pre-symptomatic individuals and the number of daily pre-symptomatic individuals transferred to confirmed cases.

2.2. Model

Based on the transmission mechanism, the clinical progress and interventions of the disease, we construct a mathematical
model with ordinary differential equations that can represent the overall dynamics of SARS-CoV-2 among people.

In the model, the following assumptions are taken. Since the prevalent period of the epidemic is shorter, the natural birth
rate and death rate of human are not taken into account. Meanwhile, since the recovery individuals do not participate in the
spread of disease, the group of people are neglected in model. The pre-symptomatic infected people are assumed to have the
same infectivity with the infected people at the symptom stage with COVID-19. Infected people who are confirmed and
isolated could not infect healthy people and quarantined healthy people can't be infected with COVID-19. The infected people
in the latent period will not be detected by nucleic acid testing and do not have the ability to infect other people due to having
low viral load in the body. In addition, the interventions taken by the government, including close contact tracking followed
by isolation, home quarantine and large-scale nucleic acid testing of non-quarantined population will be incorporated into
model. Home quarantine refers to stay at home, while isolation after close contact tracking means being isolated at assigned
place which is a more stringent measure. It should be emphasized that large-scale nucleic acid testing measure later in the
paper all refers to the detection for non-quarantined population, called as “social testing” in China.

Based on the above assumptions, we subdivide the total human population into eight compartments. That is, the sus-
ceptible (S), the exposed (A), the infected and pre-symptomatic (P), the infected with symptoms (I), the exposed that are
isolated (Aq), the pre-symptomatic that are isolated (Py), the cumulative confirmed cases from non-quarantined population
(0), and the cumulative confirmed cases from isolation people (Cg). The flow diagram of the disease transmission among
above subpopulations is shown in Fig. 1. The chain in the top half of Fig. 1 with pink background represents the natural
transmission processes of the epidemic among non-quarantined population. Susceptible people become exposed people after
being infected due to contacting with pre-symptomatic individuals (P) or symptomatic individuals (I). Let ¢ denotes the
effective transmission coefficients of infected individuals. Exposed people develop to pre-symptomatic infected people at a
rate coefficient m, where 1/m is the average latent period. The progression of pre-symptomatic infected individuals to
symptomatic infected class is at a rate coefficient k, where 1/k is the average pre-symptomatic infection period. The epidemic
transmission with interventions is shown in the bottom half of Fig. 1 with blue background. A proportion, q, of infected
individuals are isolated through close contact tracking. The isolated individuals move to the compartment Ag, Py or Cg at a rate
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Fig. 1. Flow diagram of COVID-19 model.
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qvA, qvP and gl from A, P, I, respectively. v represents the isolation rate coefficient for compartment A and P. While the

remaining proportion, 1 — g of infected individuals escape from the close contact tracking and develop to the next

compartment of epidemiological state according to natural course of disease. Due to home quarantine and static management

for city, only susceptible individuals with a fraction 1 — ¢ participate in disease transmission. ¢ represents coefficient of

detection rate of the infectious individuals to be confirmed to be positive which depends on detection scale and frequency.
The model is given as follows.

s (1-5BSP (1-5)BsI
dt N N
dA_ - (1-9)psP (1-E)s
dt N N

dp
=
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with the nonnegative initial values:

S(0) = So, A(0) = Ao, P(0) = Pg, I(0) = Ip, Aq(0) = Ago, P4(0) = Pgo, C(0) = Co, C4(0) = Cgo.

Additionally, the total size of the population at time t is denoted by M(t), and M = S+A+P+I+Ag+P4+C+Cy, the total size of
the population involved in disease transmission at time t is denoted by N(t), and N = (1 — £)S+A+P+I. Adding all eight
equations in system (1), we obtain dM/dt = 0, for all t > 0, which implies M(t) = M(0) > O for all t > 0. Then the invariant region
for system (1) is

Q = {(S,A,P,1,Aq,Pq,C,Cy) eRi :0 <S,A,P,1,Aq,Pq,C,Cq < M}

2.3. Key quantities

We will present the definitions and expressions of the basic reproduction number, transmission rate and controlled rate of
the COVID-19 by analyzing model (1). The basic reproduction number is the mean number of secondary cases produced by a
single infection in a completely susceptible population during the infection period, which is applied to assess the trans-
mission situation of the epidemic at the initial phase. Applying the next generation matrix theory in (Van den Driessche &
Watmough, 2002), we can calculate the basic reproduction number Ry = p(FV~1!), where

086 600
00000
F=|{0 0000
000O0O
000O0O
(1 —qm+qu 0 0 0 1
~(1-qgm (A-q@k+qu+dé O 0
0 —-(1-q)k 0+q 0
V= 1
—qu 0 0 T 0
-1 1
0 —av—9 O Tm—im Tk-ipw
Thus
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Ry = n(Fv")
_ B —qm[d+q+ (1 - q)k
[ —qm+ ql(1- @k +qu+ 3G+ q) @)
_ g d-am 1 g d1-am (1-qk 1

(1-qgm+qv (1—q)l<+qu+6Jr 1I-gm+qu(1—-qQk+qu+dd+q

= Rp+R;.

the basic reproduction number in (2) is composed of two components: secondary infections generated from the infectious
people without symptom (Rp) and with symptom (R;), respectively.

We define two indices: the transmission rate and the controlled rate, which are important quantities to assess the spread
and control level of infectious diseases. Transmission rate (v;) refers to the number of new cases infected with the virus per
unit of time. Controlled rate (v.) refers to the number of the infected persons that withdraw from transmission process per
unit time under control measures, which is the sum of isolation rate (v;) and detection rate (vq4) in this paper. Isolation rate is
the number of infected persons isolated per unit of time due to close contact tracking and detection rate is the number of
infected persons confirmed per unit of time due to large-scale nucleic acid testing. According to model (1), we give their
mathematical expressions:

(1-5BsP  (1-6)8sI

Y N ©
Vi = qVA+qVvP+ql, vqg = 0P+0l,
S0

Ve = v + vy = QA + quP + gl + 6P + 6l (4)
We notice

dA_ dP  dI _

m"’ H+ dt = 1/[.7 Vc.
From the equation

dA_ dP , dI _ _
m"’ E+-a =Vt — Vc = 0.
We obtain

R(t) ==,

Ve

where R(t) represents the effective reproduction number which means that the average number of secondary infections
produced by an infected individual at time t during the infection period (Cao et al., 2020).

2.4. Parameter estimation approach

The estimation of parameters in this paper is carried out in two steps (de Ledn et al., 2020). First, We use the nonlinear least
square method to fit the model with real data. The sum of squared residuals, that is objective function, is defined as:

SSE = zn: (x; — %;(0))2. (5)
i=1

where x; and X; () represent observational data and the solution of the model, respectively. # stands for estimated parameters.
The objectives of data fitting are to obtain the values of model parameters # by minimizing the equation (5) and to verify the
rationality of the model. Secondly, the Markov Chain Monte Carlo (MCMC) method is adopted to find confidence intervals of
estimated parameters 6, where Metropolis-Hastings algorithm is used to carry out random sampling. We set 10000 iterations
in the MCMC procedure, where the first 9000 are regarded as the burn period. Then we calculate the model solutions under
each set of samples of parameters, and the mean and standard deviation of solutions after the burn period. Finally we obtain
the mean, standard deviation and 95% confidence interval of the estimated parameters # and the basic reproduction number.

For the Xi'an outbreak, December 15, 2021 is taken as the starting point of the epidemic for fitting and analysis, because
the three cases detected before December 15 that belong to the first two chains of transmission respectively didn't cause
further spread. For outbreaks in Zhengzhou and Yuzhou in Henan province, the source of infection is unknown. In that case,
we need to estimate the length of the concealed transmission period t, i.e. the time between infected first and detected first.
For which we give the following approach to handle with.
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During the concealed transmission period, the epidemic have not yet been detected and the virus spread naturally in
population. Therefore, it is reasonable to assume that parameters which correspond to control measures are equal to 0, i.e
£ =0=q=v=0.Somodel (1) is transformed into:

s_ _pSP_psI

de M M’

dA_ fsP , sl

da- M "M

dP ®)
Fr mA — kP,

dl

- kP.

when the number of infected people is relatively small compared with the population size M at the start of an epidemic in a
city, model (6) can be rewritten using S = M as homogeneous linear differential equations. We solve linear differential
equations with an initial value xo(M—c, c, 0, 0), which is the value of variables on the day when the first infected person was
infected, and c represents the initial number of infected persons in the concealed transmission period. According to the
solution, we obtain the initial value of model (1) (5(0), A(0), P(0), I(0)), which is the value of variables on the day when the
epidemic was discovered, and estimate the length of the concealed transmission period tp:

_ eohito (MG MAE—2K) Gy —(M+E)(2k+E—M)
S(0) = et +c 4km et 4km v

_ o mag)m+g—2k) s (E—M)Ck+E—M)
A0)= ¢ 4km e G 4km co

, —(m+ -m
P(O) _ CzeAztg 405 ( o g)e)‘gfo + C4(g 5k )el4t07
10) = —cye™o 4 et 4 cqetslo,
where
g=+/m(48 + mj;
= M. o — 2kmc ( 1 N 1 > o = 2kmc o) = 2kmc
T=R = e \2k+g—-m m+g—2k) > gim+g—2k’ % g2k+g-m)
m+ m—

M =0,y = —k I3 = 2g,x4: 2g.
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Fig. 2. The fitting results of the cumulative number of confirmed cases (C+C,) in Xi’ an, Zhengzhou and Yuzhou. Red circles represent the actual cumulative data,

the solid red line is the theoretical mean value and the red area represents the 95% confidence interval of 1000 fitting results. The time range of fitting consists of
the total time it took for a epidemic from start to finish.
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3. Results
3.1. Parameter values

We apply the dynamical model (1) to fit the cumulative number of daily confirmed cases of three cities and estimate the
values of parameters, respectively. The fitting results are shown in Fig. 2, where the mean value and 95% confidence interval at
each time point are contained. The accuracy of the model is also verified.

The parameters values for model corresponding to the fitting curve for three regions are listed in Table 1. The values and
sources of partial parameter are interpreted as follows: (1) Parameters £ and ¢ alter in time as interventions are implemented
and changed. The values of parameter ¢ are reckoned based on the range of controlled zones. The values of parameter ¢ are
reckoned based on the cycle of large-scale nucleic acid testing.

The values of parameter ¢ in Xi’ an, Zhengzhou and Yuzhou are given as follows, respectively.

024, te[1.2,1.5]

¢ (006 (12151222, o
= 048, te[1.6,1.20].

057,  te[1223.121). ¢ = 007 te[1.3,1.20}.§:{

The values of parameter ¢ in Xi’ an, Zhengzhou and Yuzhou are:

) 0, te[1.2,15],
0, te[12.15,12.22], 1 icns3i1s
60=205 te[1223,11], 6={3 SU313), 5 % te[1.6,1.9], (8)
1, te[1.2,1.21]. 1, t€[1.6,1.20].
1, t€[1.10,1.20).

(2) The strains types of viruses in Zhengzhou and Yuzhou are homologous. Therefore, we assume that the value of
parameter § in the Yuzhou is equal to that in Zhengzhou. Meanwhile, Zhengzhou and Xi'an are both new first-tier cities with
similar capacity to arrange quarantine places, that is concentrated quarantine resources, so we assume that the value of

Table 1
Values of parameters for COVID-19 in Xi’ an, Zhengzhou and Yuzhou.
Parameters Xi’ an Source Zhengzhou Source Yuzhou Source
Mean 95%Cl Mean 95%ClI Mean 95%Cl
m 1/2 - (Zhang et al., 1/2 - (Zhang et al., 12 - (Zhang et al., 2020,
2020, 2021; Jin 2020, 2021; Jin 2021; Jin et al,,
et al,, 2020) et al., 2020) 2020)
k 1/3 - (Zhang et al., 1/3 - (Zhang et al., 1/3 - (Zhang et al., 2020,
2020, 2021; Jin 2020, 2021; Jin 2021; Jin et al.,
et al,, 2020) et al., 2020) 2020)
v 1.2072 [1.2071, MCMC 1.2072 - Assumed 0.7682 [0.7681, MCMC,
1.2073] 0.7683]
to 10.5 - AS 7.7988 [7.7966,7.8010] MCMC 8.2700 [8.2655, MCMC
8.2745]
c 2 - AS 1 - Assumed 1 - Assumed
£ equation (7) — AS equation(7) — AS equation (7) — AS
) equation (8) — AS equation(8) — AS equation (8) - AS
I 0.7465 [0.7462, MCMC 1.1923 [1.1921, MCMC 1.1923 - Assumed
0.7467] 1.1925]
q 0.1629 [0.1627, MCMC 0.3546 [0.3540, MCMC 0.4230 [0.4228, MCMC
0.1631] 0.3552] 0.4232]
S(0) 1.2953 x 107 — (Xian Statistics 1.2601 x 107 — (Zhengzhou  1.1098 x 10° — (Peoples
Bureau, 2020) Statistics Bureau, Government of
2021) Xuchang City,
2020)
A(0) 46.0575  [45.9941, MCMC 27.6174 [27.5785, MCMC 36.0005 [35.9142, MCMC
46.1210] 27.6563] 41.36.0976]
P(0) 30.9995 [30.9618, MCMC 15.4490 [15.4279, MCMC 20.1330 [20.0821, MCMC
31.0371] 15.4702] 20.1840]
1(0) 21.1547  [21.1315, MCMC 9.1399 [9.1277, MCMC 11.9246 [11.8943, MCMC
21.1779] 9.1520] 11.9549]
Ay0) 15 — Assumed 1 — Assumed 2 — Assumed
P4(0) 21 — Assumed 1 — Assumed 21 — Assumed
Cq(0) 0 — Data 0 — Data 0 — Data
C(0) 4 — Data 0 — Data 0 — Data

AS: indicates that the parameters depend on the actual situation.
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Fig. 3. Graphs for the spread of COVID-19 in Xi'an, Zhengzhou and Yuzhou. The dotted lines indicate transmission during concealed transmission period, and the
solid lines represent transmission after the outbreak was detected. Black curve shows A(t), blue curve shows P(t) and red curve shows I(t).

parameter v in Zhengzhou is the same as that in Xi'an. (3) The initial number of infected persons in the concealed trans-
mission period is unknown in Zhengzhou and Yuzhou, we assume that ¢ = 1. (4) The sum of a4(0) and p4(0) can be obtained
through the information of traces. But their respective values are unknown, we make assumption based on the time of
diagnosis.

As shown in Table 1, the mean value of the parameter tg is 7.7988 in Zhengzhou that shows the outbreak in Zhengzhou
originated on December 26, 2021. Similarly, the outbreak in Yuzhou started on December 24, 2021. Therefore, it can be
inferred that the outbreak in Yuzhou was prior to Zhengzhou. In fact, we also estimate the length of concealed period (ty) of
Xi'an to be 10.5054 with a 95% confidence interval [10.4879, 10.5229], which incorporates the actual length of ty 10.5. It
indicates that our method of estimating ty is reasonable and feasible. Fig. 3 shows entire spread situations of COVID-19
including the concealed transmission period. We can see taht after the outbreak was detected, the number of the exposed
people A(t) began to decline in Zhengzhou on the second day and in Yuzhou on the fourth day. However, the number of the
exposed people A(t) in Xi'an continued to rise until the tenth day which is one of reasons that Xi'an had a larger final size of
infections.

3.2. The assessment of interventions

Substituting the parameters values into equation (2) to obtain the basic reproduction number, and corresponding values
are shown in Table 2. The basic reproduction number in Zhengzhou is less than one. It is greater than one in Xi'an and Yuzhou.
However, the outbreaks were controlled with increased frequency of the large-scale nucleic acid testing. If Xi'an and Yuzhou
conducted large-scale nucleic acid testing once every two days (6 = 1/2) when outbreaks were first detected, the basic
reproduction number will fall to 0.666 and 0.7395, respectively. It illustrates that the expansion of the large-scale nucleic acid
testing can effectively reduce the basic reproduction number and plays an extremely important role in controlling epidemic
situation. In addition, Rp is greater than one in Xi'an and Yuzhou, and Rp is even much greater than R; in Yuzhou, which shows
that transmission capacity of pre-symptomatic infectious persons P cannot be ignored and may even exceeds that of
symptomatic infections I. Therefore, it is particularly significant to detect and isolate P, while how to find P as soon as possible
is also one of the difficulties in the current COVID-19 prevention and control.

To quantify COVID-19 transmissibility and assess current effectiveness of control measures, we analyse how v; and v,
which are defined in 2.3 subsection, change over time (Fig. 4). Without implementing control measures, v; becomes gradually
fast and v, is always 0 during the concealed transmission period. As of the day of detection, v; in Zhengzhou reached 29 people
per day. But there was an astounding 27.5% increase in v, in Xi'an and Yuzhou. The three places all took relevant measures to
control after the epidemic was detected. However, v. > v; only in Zhengzhou that shows the effectiveness of interventions in
Zhengzhou is undoubtedly the best. Xi'an took 8 days to achieve v, > v; twice as long as Yuzhou. Meanwhile, interventions can
indirectly curb the transmission rate v; by reducing the number of non-quarantined infected people from the expression of v;.
We also note that v in Xi'an far beyond other two cities with a peak of 3—4 times higher than theirs and when v; of Yuzhou

Table 2
The basic reproduction number in Xi’ an, Zhengzhou and Yuzhou.
Xi’ an Zhengzhou Yuzhou
Rp 1.0675 ([1.0670,1.0680]) 0.5249 ([0.5239,0.5260]) 1.0839 ([1.0832,1.0846])
Ry 1.8292 ([1.8256,1.8327]) 0.1644 ([0.1637,0.1650]) 0.4929 ([0.4922,0.4937])
Ro 2.8966 ([2.8926,2.9006]) 0.6893 ([0.6877,0.6909] 1.5768 ([1.5754,1.5783])
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Fig. 4. Transmission rate (v;) and controlled rate (v) in (a) Xi'an, (b) Zhengzhou and (c) Yuzhou. The black dotted lines, as the days on which the interventions
change, refer to time nodes when the parameter ¢ in equation (7) and the parameter ¢ in equation (8) change.

had started declining, it continued to rise in Xi'an. Therefore, it illustrates that Xi'an's measures at that time were not enough
to control the epidemic. So enhancing interventions is necessary for Xi'an on December 23, 2022.

We provide a sensitivity analysis of incidence % (that is new infected cases per time) with parameters in Xi'an,
Zhengzhou and Yuzhou (see Fig. 5) to identify key parameters or control measures that influence the spread of disease by
partial rank correlation coefficients (PRCCs)(Wu et al., 2013). We chose a normal distribution for the parameters obtained
from MCMC and a uniform distribution for the other parameters. The effect of parameters on incidence varies over time. We
observe that: (1) The coefficient of correlation between parameter § and incidence remains above 0.85, showing that mea-
sures to reduce the probability of infection such as wearing masks are always effective throughout the entire outbreak. So is
the parameter g, whose coefficient of correlation increases rapidly to —0.98, almost —1. Enhancing precision in close contact
tracking (increasing q) is the most effective control measure. (2) The correlation between the parameters ¢ and incidence is
consistently weak, which is almost always around 0. Home quarantine of susceptible people is a weaker measure to reduce
the transmission risk of COVID-19. (3) Parameter v becomes increasingly related with the incidence, especially for Yuzhou,
where the correlation increases by up to 48.7%. It confirms that quickening isolation pace (increasing parameter v) after close
contact tracking is more effective at the late stage of the disease outbreak. And the parameter ¢ shows overall upward trend
with oscillation due to the fact that ¢ is piecewise function; (4) In contrast, parameter to becomes less and less relevant to the
incidence with time, decreases by 86.2%, 51.5% and 29.5%, respectively. It indicates that discovering outbreak early greatly
affects the spread of the disease during the early stage. However, in practice, the first few days after initial infection for COVID-
19, individuals may experience no symptoms or unobvious symptom that leads to low desire to seek medical treatment, and
hence it will be difficult to diagnose and detect outbreaks as soon as possible. For Zhengzhou and Yuzhou, outbreaks were
accidently discovered when the infected people went to hospital due to other diseases which illustrates the importance of
routine nucleic acid testing.

Comparing these three outbreaks, it is found that effective contact coefficients () in Xi'an is the smallest, but its basic
reproduction number (Rp), the time taken for controlled rate (v.) to exceed transmission rate (v;), duration of the epidemic
and final size were the largest. Therefore, it is necessary to retrospectively investigate how to strengthen the control strategy
to effectively reduce final size of the epidemic in Xi'an. For this purpose, we discuss the impact of three important parameters
g, v and 6, that are strongly associated with the incidence (see Fig. 5), on final size of the epidemic in Xi'an by drawing contour
plots (see Fig. 6). It follows from Fig. 6 that, increasing q is more sensitive to reduce the final size than d1, d2, 63 and v. When q is

PRCCin Xi'an
PRCC in Zhengzhou

PRCCin Yuzhou

10 15 20 25 30 35 0 2 4 6 8 10 12 14 16 12 14 16 18
Time(days: 2021.12.15-2022.1.21) Time(days: 2022.1.3-2022.1.20) Time(days: 2022.1.2-2022.1.20)

(a) (b) (@

Fig. 5. Partial rank correlation coefficients (PRCCs) for the incidence and each input parameter variable. Input parameters are §, to, &, v, ¢, 0.
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sufficiently large (more than 50%), the final size can be reduced by at least 85.39%, even if 4, (or d2, 03, v) is in a very small range
whose change has little impact on final size, especially 6, and ¢s. If g is very small (less than 5%), it is impossible to control the
epidemic with a small final size that is no more than 5000 no matter what are the values d,, 63 and v (see Fig. 6(b)(c)(d)).
However, it doesn't mean that increasing ¢, and 63 are unnecessary. It is worth noting that the influence of ¢, and d3 on final
size increases with decrease of q, while v is opposite. All these reflect that enhancing precision in close contact tracking is the
most valid method in view of the circumstance in Xi'an. Furthermore, if close contact tracking is wear, intensifying large-scale
nucleic acid testing is effective (see Fig. 6(e)(f)(g)). We find that increasing ¢, is the most effective for decreasing final size
followed by 6, d3. For example, if g, 41, 62, 63 and v increase by 0.1 respectively, the final size will decrease respectively 63.63%,
33.98%,13.3%,0.93% and 10.27%. It indicates that enhancing large-scale nucleic acid testing strategy in the early stages is more
effective in reducing the total number of infections, while test in the later period has limited effect on reducing final size since
the potential infected people have been quarantined. Therefore, the most stringent testing should be implemented as soon as
possible in the early days of the outbreak. However, Xi'an did not pay attention to testing in the early stage, whose large-scale
nucleic acid testing strategy was gradually strengthened. As can be seen in Fig. 6(e), the final size of the epidemic could not be
reduced to less than 1000, no matter how hard Xi'an tested in the middle and late period. On the contrary, if large-scale
nucleic acid testing was implemented in Xi'an at the early stage (61 = 0.5), the final size would be reduced to 412, with a
decline rate of 79.93%.

(¢) (d)

92)

0.4 05 0.6

08 09 1

07
3
Fig. 6. Contour plots of final size of the epidemic in Xi'an. The red hexagon represents the actual situation in Xi'an. ¢, indicates earlier coefficient of detection rate

(2021.12.15-2021.12.22), 6, is the medium-term coefficient of detection rate (2021.12.23—2022.1.1) and 43 shows later coefficient of detection rate
(2022.1.2—2022.1.21).
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4. Discussion and conclusions

There are different final size for local COVID-19 outbreaks in China, even as similar interventions and policy are adopted. So
it is essential to explore effectiveness of control measures to prevent large-scale outbreaks of COVID-19. Therefore, we
establish a mathematical model with mass testing and quarantine measures to compare the local outbreaks in Xi'an,
Zhengzhou and Yuzhou to explore internal transmission and control mechanism.

First, we verify the model with the cumulative number of daily confirmed cases and estimate the model parameters in
three cities. The beginning time of the epidemic is estimated, and entire spread process of COVID-19 with time is deduced,
especially in concealed transmission period. In order to reflect the transmission capacity of the epidemic and the imple-
mentation and effect of intervention measures, we obtain the basic reproduction number Ry of COVID-19 by the next gen-
eration matrix method. Ry in Xi'an equals to 2.5421 that is greater than Zhengzhou and Yuzhou. Meanwhile, transmission rate
(vy) in Xi'an is larger. It was 191 on December 22, 2021 which was 3—4 times more than other two cities. And controlled rate
(vc) didn't catch up with v; until the eighth day after the disease was discovered. All these mean that the epidemic is more
serious and the overall effect of the intervention is smaller in Xi'an, which cause that the final size in Xi'an is the largest among
the three cities.

To further investigate what caused the epidemic in Xi'an to be more severe than in the other two cities, we evaluate the
effect of each intervention on controlling epidemic situation through sensitivity analysis. The analysis based on PRCCs shows
that the key variables that contribute to new daily infections are those associated with close contact tracking, large-scale
nucleic acid testing and transmission probability. Comparing these measures in the three cities, we find that the effective
contact coefficients () of Xi'an is the lowest among three places. However, the precision in close contact tracking (q) is also
the lowest in Xi'an followed by Zhengzhou, Yuzhou. This may be because Yuzhou, as a prefectural class town, has a simple
contact network among people than the other two cities. Hidden transmission in the community in Xi'an has greatly
increased the difficulty of tracking. For large-scale nucleic acid testing (¢), the speed and frequency of implementation in the
early days arrange from low to high as: Xi'an, Yuzhou and Zhengzhou. Xi'an did not immediately carry out testing after the
epidemic was discovered, while the two cities of Zhengzhou and Yuzhou learned from Xi'an and tried their best to carry out
large-scale testing when the outbreak was discovered. In addition, perhaps there are fewer places in Yuzhou to isolate close
contacts than in the other two cities, resulting in the slowest isolation pace after close contact tracking (v).

With all that said, Xi'an had the lowest probability of infection, but the mass tracking and testing strategies were not fully
implemented, resulting in the worst effect of comprehensive intervention and the largest final size. Further, we draw Contour
plots to explore how to reduce final size of Xi'an. We find that large-scale nucleic acid testing strategy in early period works
better than middle and late phases. If Xi'an conducts test once every two days in the early stage as it does in the middle stage,
the final size will be reduced by at least 75%. Of course, strengthening testing strategy in the middle and late period also made
a certain contribution to contain the epidemic, otherwise it will lead more than 20,000 people to be infected. We also point
out that enhancing the precision of close contact tracking is more effective than large-scale nucleic acid testing. For example,
if the tracking accuracy is increased to 0.5, the final size of the epidemic in Xi'an will not exceed 300.

In summary, we find that the mass tracking and testing strategies are most effective, which is consistent with (Djaoue
et al.,, 2020; Li et al., 2021). However, the differences from the previous studies are that we further get that large-scale
nucleic acid testing is not essential when the close contact tracking is strictly implemented. We also develop a method to
estimate the length of the concealed period and the transmission process during the period, define two new indicators to
evaluate the effectiveness of the interventions in real time, and eventually reveal the cause of the severity of the outbreak in
Xi'an.

The model presented in this paper not only is applicable for the three cases studied, Xi'an, Zhengzhou and Yuzhou, but
other regions in China during the implementation of mass tracking and testing strategies as well. Therefore, this study
provides information on the design and evaluation of interventions in China. In addition, we do not consider the role of
vaccine coverage and protection rata in controlling the outbreak. Considering the effect of vaccines will make the model more
complex and have more parameters, which is our future work.
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