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Transmission patterns of COVID-19 in the
mainland of China and the efficacy of
different control strategies: a data- and
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Abstract

Background: The coronavirus disease 2019 (COVID-19) outbreak has seriously endangered the health and lives of
Chinese people. In this study, we predicted the COVID-19 epidemic trend and estimated the efficacy of several
intervention strategies in the mainland of China.

Methods: According to the COVID-19 epidemic status, we constructed a compartmental model. Based on reported
data from the National Health Commission of People’s Republic of China during January 10–February 17, 2020, we
estimated the model parameters. We then predicted the epidemic trend and transmission risk of COVID-19. Using a
sensitivity analysis method, we estimated the efficacy of several intervention strategies.

Results: The cumulative number of confirmed cases in the mainland of China will be 86 763 (95% CI: 86 067–87 460)
on May 2, 2020. Up until March 15, 2020, the case fatality rate increased to 6.42% (95% CI: 6.16–6.68%). On February 23,
2020, the existing confirmed cases reached its peak, with 60 890 cases (95% CI: 60 350–61 431). On January 23, 2020,
the effective reproduction number was 2.620 (95% CI: 2.567–2.676) and had dropped below 1.0 since February 5, 2020.
Due to governmental intervention, the total number of confirmed cases was reduced by 99.85% on May 2, 2020. Had
the isolation been relaxed from February 24, 2020, there might have been a second peak of infection. However,
relaxing the isolation after March 16, 2020 greatly reduced the number of existing confirmed cases and deaths. The
total number of confirmed cases and deaths would increase by 8.72 and 9.44%, respectively, due to a 1-day delayed
diagnosis in non-isolated infected patients. Moreover, if the coverage of close contact tracing was increased to 100%,
the cumulative number of confirmed cases would be decreased by 88.26% on May 2, 2020.
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Conclusions: The quarantine measures adopted by the Chinese government since January 23, 2020 were necessary
and effective. Postponing the relaxation of isolation, early diagnosis, patient isolation, broad close-contact tracing, and
strict monitoring of infected persons could effectively control the COVID-19 epidemic. April 1, 2020 would be a
reasonable date to lift quarantine in Hubei and Wuhan.
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Background
Emerging infectious diseases are a major challenge for global
public health. In December 2019, a cluster of cases of pneu-
monia caused by 2019-nCoV (later named as severe acute
respiratory syndrome-coronavirus-2, SARS-CoV-2) was
reported in Wuhan, China [1]. More than 210 countries/ter-
ritories reported coronavirus disease 2019 (COVID-19) in
early May. On January 23, 2020 Wuhan went into lockdown
to limit population movement and reduce human-to-
human transmission. The pneumonia outbreak caused by
SARS-CoV-2 was impacting people throughout the country.
On January 30, 2020 the World Health Organization
(WHO) declared that the pneumonia outbreak associated
with SARS-CoV-2 was a public health emergency of inter-
national concern. Accordingly, the outbreak of COVID-19
had seriously endangered the lives and health of the Chinese
people and brought heavy economic burden to the country.
The accurate prediction of the COVID-19 epidemic trend,
as well as an accurate estimation of the efficacy of preven-
tion and control strategies, are major health challenges that
need to be addressed immediately.
COVID-19 can be transmitted through body fluid droplets,

contact, and respiratory aerosols of different sizes spread at
close range [1, 2]. The incubation period of SARS-CoV-2 is
3–7 days, with an average of 5.2 days [1, 2]. Since SARS-
CoV-2 is a single-stranded RNA virus that is susceptible to
mutation, the general population is susceptible to this new
coronavirus [3–5]. There is currently no SARS-CoV-2
vaccine available, and the development of a new vaccine
could take several years [6]. As a result, COVID-19 has
spread rapidly throughout the mainland of China. According
to the report of the National Health Commission of China,
as of February 18, 2020 there have been 74 185 confirmed
cases (including 11 977 severe cases), 14 376 cured cases, and
2004 deaths, posing a serious threat to public health and
economic development [7, 8].
In order to prevent and control COVID-19, the Chinese

government has implemented a series of strict prevention
and control measures, including strict close-contact tracing,
quarantining of individuals with suspected infection, strict
immigrant monitoring, etc. Based on reported data before
January 23, 2020, earlier studies predicted COVID-19 preva-
lence and estimated the efficacy of interventional strategies
[9–12]. However, few studies accurately predicted the peak
time and ultimate extent of infection, and many studies had

not used the reported data in a comprehensive manner.
There was also no systematic evaluation of the efficacy of
different prevention and control strategies, especially with
respect to when relaxed isolation should be implemented.
This study aims to accurately predict COVID-19

prevalence in the mainland of China and to evaluate the
impact of isolation intensity, delayed diagnosis, the
external input of free infected persons, and the increased
coverage of close-contact tracing on the SARS-CoV-2
transmission trend and case fatality rate.

Methods
Reported data from the National Health Commission of
China
The reported COVID-19 data used in this study were
collected primarily from the National Health Commission
of China [7], including the cumulative numbers of
confirmed, suspected cases and deaths, and the numbers of
existing suspected cases, recovered cases, close-contacts
under medical observation, and existing confirmed cases
from January 10, 2020 to Febuary 17, 2020 (Supplementary
p. 1–4). All of these data were used to estimate the initial
values and parameters of the following model.

Model description
According to the SARS-CoV-2 transmission mechanism,
the actual process of clinical diagnosis, and the preven-
tion and control measures, such as quarantine, isolation
and treatment, we developed a continuous susceptible-
exposed-infectious-suspected-confirmed-recovered
(SEIPQR) compartmental model of COVID-19 transmis-
sion at the population level [1, 9, 10, 13, 14]. Specifically,
we took into account two non-pharmaceutical interven-
tions—quarantine and close-contact tracing. We divided
the total population into the following eight compart-
ments: susceptible individuals in the free environment
(S); quarantined susceptible individuals who had close-
contact with confirmed or suspected individuals (Sq);
free exposed (latent) individuals (E); isolated exposed
individuals (Eq); isolated suspected individuals (P), who
were either exposed individuals or those with similar
symptoms to COVID-19 cases; undiagnosed and non-
isolated infectious individuals (I); confirmed and isolated
infectious individuals (Q); and recovered individuals (R).
For simplicity, we made the following assumptions:
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(i) The total population was constant (1.4 billion) and
was homogeneously distributed;

(ii) The susceptibility to infection for susceptible
individuals in the free environment was the same.

Using the above assumptions, the transfer relationships
between the eight compartments was shown in Fig. 1. Due
to close-contact tracing, we assumed that a proportion (q)
of individuals was quarantined, depending on whether or
not they were exposed to SARS-CoV-2, and that quaran-
tined individuals either moved to compartment Eq or Sq.
The other proportion (1− q) of exposed individuals who
were missed by contact-tracing were moved to non-isolated
compartment E. We assumed that both non-isolated ex-
posed individuals and infectious individuals were infectious.
The relative transmission strength of exposed individuals to
infectious individuals was k, the transmission probability
was β, and the contact rate was c(t). Quarantined susceptible
individuals returned to the free susceptible class at a rate of
λ. Latent individuals progressed to the undiagnosed infec-
tious compartment at a rate of ε. Non-isolated infectious
individuals were diagnosed and confirmed at a rate of diq or
died due to the disease at a rate of δ. We assumed that diag-
nosed and confirmed individuals were strictly isolated and
could not further infect others. Traced and free exposed in-
dividuals were diagnosed as suspected cases at a rate of dep.
Suspected cases might be misdiagnosed, and the number of
misdiagnosed individuals entering the P class was dspQ.

Misdiagnosed suspected cases returned to the susceptible
class at a rate of bsp. Suspected individuals were further diag-
nosed and confirmed at a rate of dpq. Confirmed cases re-
covered at a rate of γ, or died from the disease at a rate of δ.
The introduction of compartment P was necessary and

more in line with the clinical diagnostic standard. This is
because there is a substantial number of individuals in
compartment P without SARS-CoV-2 virus that were
misdiagnosed as possible COVID-19 patients. Based on
the above analysis and Fig. 1, the continuous SEIPQR
model of COVID-19 transmission at the population level
was given by the following equations:

dS=dt ¼ −
1−qð Þβc tð ÞS

N
kE þ Ið Þ− 1−βð Þqc tð ÞS

N
kE þ Ið Þ

−
qβc tð ÞS

N
kE þ Ið Þ−dspQþ bspP þ λSq;

dSq=dt ¼
1−βð Þqc tð ÞS

N
kE þ Ið Þ−λSq;

dE=dt ¼ 1−qð Þβc tð ÞS
N

kE þ Ið Þ−εE−depE;

dEq=dt ¼ qβc tð ÞS
N

kE þ Ið Þ−depEq;

dI=dt ¼ εE−diqI−δI;

dP=dt ¼ dspQþ depEq þ depE−bspP−dpqP;

dQ=dt ¼ dpqP−γQ−δQþ diqI;

dR=dt ¼ γQ:

ð1Þ

Fig. 1 Flow chart of COVID-19 transmission model
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Here, N represents the total population size, which we
assumed to be 1.4 billion, for simplicity.
In order to more comprehensively use the reported data

to estimate unknown parameters, we further derived the
equations of the cumulative number of confirmed cases
(H), cumulative number of suspected cases (Y), and cumu-
lative number of deaths (Z), which were described by the
following eq. (2):

dH=dt ¼ diqI þ dpqP;
dY=dt ¼ depE þ depEq þ dspQ;
dZ=dt ¼ δI þ δQ:

ð2Þ

The major difference with published studies was that
models (1) and (2) comprehensively considered the role of
various preventative and control measures, and distin-
guished the suspected cases compartment, which was more
in line with the actual clinical diagnostic process. Based on
this model, we can make full use of all the information
from reported data (seven types of data) to estimate
unknown parameters and discuss the comprehensive effect-
iveness of different control measures.
By using the next-generation matrix method [10, 15],

we obtained the effective reproduction number of model
(1), which was given by eq. (3).

Re tð Þ ¼ 1−qð Þβc tð ÞkS 0ð Þ
2N εþ dep
� � þ 1

2
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Initial conditions and input parameters
We chose January 23, 2020 as the initial time for
models (1) and (2) because Wuhan was closed to out-
side entry on this date, which is also when the Chinese
government began to implement strict isolation and
control measures. The initial values of diagnosed indi-
viduals (Q(0)), recovered individuals (R(0)), cumulative
confirmed cases (H(0)), cumulative suspected cases
(Y(0)), and cumulative deaths (Z(0)) were given according
to the reported data. Since the average SARS-CoV-2
incubation period was 5.2 days, the transfer rate of ε from
compartment E to compartment I was set to 1/5.2 [2].
Since traced susceptible individuals had to be quarantined
for 14 days, the transfer rate from compartment Sq to
compartment S was 1/14 [16]. In addition, with the imple-
mentation of various preventative and control measures,
and in consideration of public safety, people would con-
sciously restrict their behavior and pay more attention to
daily health and prevention, which might reduce the con-
tact rate with infected or exposed individuals. Therefore,
after January 23, 2020, due to the strict control measures
implemented by the Chinese government, we assumed that
the contact rate decreased exponentially [16, 17]:

c tð Þ ¼ c1 þ c2 exp −c3tð Þ ð4Þ

Other parameters and initial values in models (1) and
(2) were required for estimations using the least square
method and Markov Chain Monte Carlo (MCMC)
approach [18, 19]. The initial values and specific esti-
mated parameters were listed in Table 1. Specifically, in
order to overcome the problem of model overfitting, we
collected seven different data to fit the models (1) and
(2), and estimated the unknown parameters, including
the cumulative numbers of confirmed, suspected cases
and deaths, and the numbers of existing suspected cases,
recovered cases, close-contacts under medical observa-
tion, and existing confirmed cases from January 23, 2020
to February 17, 2020 (Table S1, Supplementary p. 2).
First, we estimated a set of results using the least square
method by setting the iteration number to 100 000. We
then used these results as initial values when applying
the MCMC method by setting the iteration number to
8000 and the first 6000 iterations as burn-in periods.
Finally, we obtained the initial values and estimated
parameters in model (1). We listed the description of
parameters, variables, and their values, as well as the
corresponding 95% confidence intervals (CIs) in Table 1.
In order to verify the validation of the model and
estimated parameters, we further compared the model
estimated values with the seven different reported data
sets in Table S1, where the root mean square error was
2096. This comparison suggested that the estimated
values by model were in very good agreement with real
reported data, models (1) and (2), and that the estimated
parameter values can be used to predict the future devel-
opment trend of COVID-19 in the mainland of China
(Supplementary p. 5–7). MATLAB codes (MATLAB.
(2010). version 7.10.0 (R2010a). Natick, Massachusetts:
The MathWorks Inc.) of the least square and MCMC
approaches were included in the supplementary material
(Supplementary p. 23–34).
In order to discuss the impact of China’s strict preven-

tion and control measures, we compared and analysed
two scenarios. In one, no prevention and control measures
had been taken since January 10, 2020; in the other, strict
prevention and control measures had been taken since
January 23, 2020. Without any control measures, we
reduced three compartments in model (1) and obtained a
new susceptible-exposed-infectious-confirmed-recovered
(SEIQR) model (S1) (Supplementary p. 12). If there were
no prevention and control measures since January 10,
2020, the population migration would gradually increase
during the Spring Festival in China, so the contact rate
would peak during the Chinese Spring Festival. However,
with the gradual outbreak of the epidemic, people would
be expected to respond to the disease, possibly consciously
reducing their contact behaviors; as such, after the Spring
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Festival, the contact rate would gradually decrease. There-
fore, we assumed that the exposure rate of c(t) would obey
a normal distribution, which would have reached its
maximum during the Spring Festival (see Formula (S3),
Supplementary p. 12). Based on the cumulative confirmed
cases, cumulative deaths and cured cases reported by the
National Health Commission of China from January 10–22,
2020, we re-estimated the initial values and parameters of
models (S1) and (S2) (Supplementary p. 12–14),
which were shown in Table S4 (Supplementary p. 13).

We also compared the estimated values by models
(S1) and (S2) with the three different reported data in
Figure S4 (Supplementary p. 14), which served as a
validation of the model.

Results
COVID-19 epidemic trend in the mainland of China
The final cumulative number of confirmed cases in the main-
land of China would reach 86 763 (95% CI: 86 067–87 460)
on May 2, 2020 (Fig. 2a). The cumulative number of

Table 1 Parameters and initial conditions description for models (1) and (2)

Parameter Meaning Value 95% CI Reference

q Quarantine rate of close contacts 0.2653 (0.2651, 0.2655) Estimated

β Transmission rate 0.0792 (0.0788, 0.0796) Estimated

k Relative transmission strength of exposed
individuals to the undiagnosed infectious
individuals

0.5825 (0.5823, 0.5827) Estimated

bsp Transfer rate of suspected individuals to the
unquarantined susceptible class

0.0867 (0.0866, 0.0867) Estimated

diq Transfer rate of undiagnosed infectious individuals
to the confirmed class

0.1333 (0.1277, 0.1390) Estimated

dsp Transfer rate of unquarantined susceptible
individuals to the suspected class

3.8124e-05 (0.3573e-04, 0.4051e-04) Estimated

dep Transfer rate of traced and free latent individuals
to the suspected class

0.3106 (0.3105, 0.3106) Estimated

dpq Transfer rate of suspected individuals to the
confirmed class

0.1130 (0.1129, 0.1130) Estimated

c(t) Contact rate c(t) = c1 + c2 exp(−c3t) Estimated

c1Minimum contact rate 0.2362 (0.2225, 0.2499)

c2Adjustment coefficient 20.0877 (20.0092, 20.1662)

c3Exponential decline rate 0.1249 (0.1238, 0.1259)

δ Death rate due to infection 0.0022 (0.0021, 0.0022) Estimated

γ Recovery rate 0.0154 (0.0149, 0.0159) Estimated

λ Release rate of traced susceptible individuals to
the unquarantined susceptible class

1/14 – 18

ε Transfer rate of non-isolated latent individuals to
the undiagnosed infectious class

1/5.2 – 4

S(0) Initial value of susceptible individuals in the free
environment

1.3875e+09 (1.3873e+09, 1.3877e+09) Estimated

Sq(0) Initial value of quarantined susceptible individuals 781 (777, 784) Estimated

E(0) Initial value of non-isolated latent individuals 1.170e+03 (1.168e+03, 1.172e+03) Estimated

Eq(0) Initial value of isolated latent individuals 2.653e+03 (2.653e+03, 2.654e+03) Estimated

I(0) Initial value of undiagnosed infectious individuals 794 (792, 796) Estimated

P(0) Initial value of suspected individuals 1.888e+03 (1.886e+03, 1.890e+03) Estimated

Q(0) Initial value of confirmed and isolated individuals 771 – Reported data

R(0) Initial value of recovered individuals 34 – Reported data

H(0) Initial value of cumulative confirmed cases 830 – Reported data

Y(0) Initial value of cumulative suspected cases 1072 – Reported data

Z(0) Initial value of cumulative deaths 25 – Reported data

N Total population in the mainland of China 1 400 000 000 – Reported data
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confirmed cases would stabilize from April 1, 2020, which
indicated that the number of new confirmed cases every
day was minimal. Since March 13, 2020, the number of
new confirmed cases would be less than 100 every day,
and from April 1, 2020, the number of new confirmed
cases would be less than 10 every day. The number of new
daily confirmed cases began to decline since February 8,
2020. Up until March 15th, the cumulative number of
deaths in the mainland of China would reach 5535 (95%
CI: 5308–5763). Overall mortality rate due to disease was
approximately 6.42% (95% CI: 6.16–6.68%) (Fig. 2b).
The number of existing confirmed cases in the main-

land of China would reach its peak around February 23,
2020, and the number would reach 60 890 cases (95%
CI: 60 350–61 431) (Fig. 3a). After the peak, the number

of existing confirmed cases would decline slowly, follow-
ing a chi-square distribution approximately.
Substituting the initial and parameter values in Table

1 into eq. (3), we can see that the effective reproduction
number of COVID-19 on January 23, 2020 was about
2.620 (95% CI: 2.567–2.676). On February 5, 2020, the
effective reproduction number had dropped below 1.0,
which suggested that the number of new infections
would gradually decline from February 5, 2020 (Fig. 3b).

Impact of different prevention and control strategies on
the COVID-19 epidemic trend
Before January 23, 2020, because there were no quaran-
tine and close-contact tracing, so we reduced three
compartments in model (1) and obtained a new SEIQR

Fig. 2 COVID-19 epidemic trends in the mainland of China for cumulative cases over time. a Confirmed cases. b Deaths. CI: confidence interval;
COVID-19: Corona virus disease 2019
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model (S1) (Supplementary p. 12). Based on the new
model (S1), we found that there were no interventional
measures that began on January 10, 2020, then the peak
time of existing confirmed cases would have appeared
around March 11, 2020, and the number at peak time
would have reached 38 425 800, representing an increase
of 38 364 910 cases compared with the current situation
(Fig. 4a). Similarly, the cumulative number of confirmed
cases and deaths in the mainland of China would have
reached 58 613 197 and 7 117 271, respectively (Fig. 4b,
c). In addition, the effective reproduction number would
have reached 3.231 (95% CI: 3.117–3.348) on January 23,
2020 (Fig. 4d). The cumulative number of confirmed
cases, existing confirmed cases at the peak time, and
deaths would be reduced by 99.85, 99.84, and 99.84%,

respectively, compared with the quarantine and preven-
tion measures implemented by the Chinese government
since January 23, 2020.

Impact of relaxing isolation
When discussing the impact of relaxing isolation, we
assumed that the contact rate would no longer exponen-
tially decline as in eq. (4) but would instead become a
constant c. If the quarantine was relaxed from February
24, 2020 and the contact rate satisfied c > 4.356, then
there would be a second peak of infection. Particularly,
when c = 4.394, the number of existing confirmed cases
would reach 433 100 at the time of the second peak on
June 11, 2020 (Fig. 5a).

Fig. 3 COVID-19 epidemic trends in the mainland of China for existing confirmed cases and effective reproduction number over time. a Number
of existing confirmed cases in the mainland of China. b Estimated effective reproduction number. CI: confidence interval; COVID-19: Corona virus
disease 2019
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However, if the quarantine was relaxed from February
24, 2020 and the contact rate satisfied c ≤ 4.356, then the
number of existing confirmed cases would continue to
decline but the downward trend would be slower (when
c = 4.334; see Fig. 5b). In Fig. 5, panels B and C,
compared with the current situation, it was evident that
when c = 4.334, if isolation was relaxed on February 24,
March 2, March 9, March 16, and April 1, 2020, respect-
ively, then on April 30, 2020, the number of existing
confirmed cases would increase by 174.56%, 71.79%,
28.54%, 11.59%, and 2.59%, respectively; the cumulative
number of confirmed cases would increase by 68.80%,
26.49%, 9.63%, 3.36%, and 0.26%, respectively.
Similarly, if the quarantine was relaxed on February 24,

2020, and the contact rate satisfied c = 4.394, then the cu-
mulative number of deaths would reach 12 100 on April
30, 2020, representing an increase of 39.95% compared
with the current situation. When c = 4.334, compared with
the current situation, if the quarantine was relaxed from
February 24, March 2, March 9, March 16 and April 1,
2020, respectively, then on April 30, 2020, the cumulative
number of deaths would increase by 38.33%, 12.56%,
3.79%, 1.29%, and 0.48%, respectively (Fig. 5d).

Impact of delayed diagnosis
If infectious individuals in the free environment had a de-
layed diagnosis by 1 day after January 23, 2020, the transfer
rate of undiagnosed infectious individuals to the confirmed
class would become diq= 0.1176. Therefore, the number of
existing confirmed cases at peak time (February 24, 2020)
and the total number of confirmed cases would increase by
4250 and 7480, respectively, which would correspond to an
increase of 7.07% and 8.72% (Fig. 6a, b). If the diagnosis
was delayed by 2 days, with a diq = 0.1052, the number of
existing confirmed cases at peak time (February 25, 2020)
and the total number of confirmed cases would increase by
7970 and 14 410, respectively, corresponding to an increase
of 13.26% and 16.80%. The peak time would then be
slightly delayed due to delayed diagnosis.
Similarly, if infectious individuals in the free environ-

ment had a delayed diagnosis for 1 or 2 days, the cumu-
lative number of deaths would increase by 1060 and
2050, corresponding to an increase of 9.44% and 18.26%,
respectively (Fig. 6c).

Fig. 4 COVID-19 epidemic trends in the mainland of China over time without any control measures from January 10, 2020. a Number of existing
confirmed cases. b Cumulative number of confirmed cases. c Cumulative number of deaths. d Estimated effective reproduction number without
any control measures from January 10, 2020. CI: confidence interval; COVID-19: Corona virus disease 2019
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Impact of external input of infected persons and
quarantined rate (q)
If there was an external input of 1 or 10 free infected persons
on January 23, 2020, then the number of existing confirmed
cases at peak time compared with the current situation
would increase by 40 and 400, respectively (Fig. 7a). The final
cumulative number of confirmed cases would increase by 50
and 560, respectively (Fig. 7b), and the final cumulative num-
ber of deaths would increase by 10 and 80 cases, respectively
(Fig. 7c).
In addition, if there was an exogenous input of 1 or 10

free infected persons every day since March 4, 2020, then
the final cumulative number of confirmed cases compared
with the current situation would increase by 50 and 610
cases, respectively (Figure S3D). The final cumulative
number of deaths would increase by 40 and 410 cases,
respectively (Figure S3E) (Supplementary p. 9–11).
Under the current situation, the quarantined rate of q

was estimated to be 26.53%. If the quarantined rate of q
was increased to 50%, then the number of existing
confirmed cases at peak time would decrease by 37 220,
equating to a decrease of 61.93%. Furthermore, the
cumulative number of confirmed cases and deaths would
decrease by 62.22% and 62.64%, respectively (Fig. 7d-f).

If the quarantined rate of q was increased by 100%,
then the number of existing confirmed cases at peak
time compared with the current situation would
decrease by 52 718, equating to a decrease of 87.72%.
The cumulative confirmed cases and deaths would
decrease by 88.26% and 88.53%, respectively. Addition-
ally, the peak time would be slightly ahead (Fig. 7d-f).
Therefore, broad close-contact tracing played an import-
ant role in controlling COVID-19 transmission trends.

COVID-19 epidemic trend in Hubei, China
The final cumulative number of confirmed cases in the Hubei
Province would reach 72 023 (95% CI: 71 815–72 023).
On January 23, 2020, the effective reproduction num-
ber of COVID-19 in the Hubei Province was 3.511
(95% CI: 3.489–3.534), and had dropped below 1.0 on
February 7, 2020. The cumulative number of confirmed
cases would begin to stabilize on April 1, 2020. Since
March 13, 2020 the number of new confirmed cases
would be less than 100 every day, and from April 1, 2020,
newly confirmed cases would be less than 10 every day
(Supplementary p. 15–20).
Similar to the entirety of the mainland of China, if iso-

lation was relaxed compared with the current situation,

Fig. 5 Impact of relaxing isolation at different times on COVID-19 epidemic trends in the mainland of China. a Number of existing confirmed
cases when c = 4.394. b Number of existing confirmed cases when c = 4.334. c Cumulative number of confirmed cases when c = 4.334. d
Cumulative number of deaths when c = 4.334. COVID-19: Corona virus disease 2019
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then the number of existing confirmed cases would only in-
crease by 3.36% by April 30, 2020. The cumulative number
of confirmed cases and deaths would only increase by 0.02
and 0.17%, respectively. Based on the above analysis, we
proposed a gradual relaxation of quarantine beginning on
April 1st in the Hubei Province (Supplementary p. 20–22).

Discussion
The emerging COVID-19 reported in Wuhan, Hubei
Province, China has posed a great threat to public health
and economic development since early 2020. An accurate
estimate of the impact of strict preventive and control
measures, as implemented by the Chinese government, on

Fig. 6 Effect of delayed diagnosis in non-isolated infectious individuals on COVID-19 epidemic trends. a Number of existing confirmed cases. b
Cumulative number of confirmed cases. c Cumulative number of deaths. COVID-19: Corona virus disease 2019
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the COVID-19 epidemic trend was of great importance
for preventing and controlling the spread of COVID-19
throughout China [20–23].
In the early stages of the COVID-19 epidemic, there

was minimal literature on the COVID-19 transmission
mechanism [16, 24]. To the best of our knowledge, this
is an important and comprehensive report to predict the
epidemic trend and transmission risk of SARS-CoV-2
infection after government intervention in the mainland
of China.
In the current study, we developed a continuous SEIPQR

model of COVID-19 transmission at the population level by

considering the transmission mechanism of SARS-CoV-2 as
well as the current prevention and control strategies, such as
isolation and close-contact tracing as implemented by the
Chinese government. The major difference among the
published studies has been that models (1) and (2) compre-
hensively considered the role of various preventative and
control measures, and distinguished the suspected cases
compartment, which was more in line with the actual
clinical diagnostic process. Based on reported data (seven
different types of data) from the National Health Commis-
sion from January 23 to February 17, 2020, we estimated
some initial values and important parameters by using the

Fig. 7 Impact of external input of infected persons and increasing qua rantine rate. Impact of external input of free infected persons on January
23rd on (a) existing and (b) cumulative confirmed cases, and (c) cumulative death numbers. Impact of increasing quarantine rate (q) on (d)
existing and (e) cumulative confirmed cases, and (f) cumulative death numbers
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MCMC approach. Our study ultimately showed that the
final cumulative number of confirmed cases in the mainland
of China will be 86 763 (95% CI: 86067–87 460). We also
predicted that the peak of existing confirmed cases would
occur around February 23, 2020, with 60 890 cases (95% CI:
60350–61 431). Existing confirmed cases would slowly
decline after the peak, which would approximately follow a
chi-square distribution. Until March 15, 2020, the case fatal-
ity rate would increase to 6.42% (95% CI: 6.16–6.68%), and
this estimated result may be slightly higher, mainly because
we accounted for the number of deaths due to illness among
infected patients that were not treated in isolation. Our
study also shows that the effective reproduction number
was 2.620 on January 23 and had dropped below 1.0 since
February 5. More importantly, with intervention from the
Chinese government, the total number of confirmed cases
would be reduced by 99.85%.
Another concern from our study was the timing of

relaxed isolation. After the relaxation of isolation,
people’s social distance would become smaller, and
factories and schools would gradually return to the pre-
pandemic routines, so that the average contact rate (c)
would increase. Through the model calculation, we
found a critical level of contact rate: c = 4.356. If people
did not pay attention to social distance after the isolation
is relaxed, the average contact rate would be greater
than this critical level; as such, relaxing isolation since
February 24, 2020, would carry the risk of leading to a
second peak of existing confirmed cases. However, if
after the relaxation of isolation, people maintained a
certain social distance, such that the average contact rate
was less than this critical level, then extending isolation
to March 16, 2020 or later would be expected to rapidly
reduce the numbers of existing and cumulative con-
firmed cases, as well as that of fatality cases. Considering
that the epidemic was relatively light outside of Hubei, it
was feasible for provinces outside of Hubei to gradually
relax isolation in early or middle March, according to
the spread trends of COVID-19. On the other hand,
extending isolation to April 1, 2020 or later in Hubei
and Wuhan was necessary to comprehensively control
COVID-19 spread. These results had important implica-
tions on the government’s public health decisions that
would promote maximal epidemic control with minimal
impact on both people’s lives and the economy.
Furthermore, we evaluated the impact of isolation

intensity, delayed diagnosis, external input of free
infected persons, and increased coverage of follow-up on
close-contacts on the COVID-19 epidemic trend in the
mainland of China. If coverage of close-contact tracing
was increased to 100%, the cumulative number of con-
firmed and death cases would decrease by 88.26 and
88.53%, respectively, and the peak time would be earlier.
On the contrary, the total number of confirmed and

death cases would increase by 8.72 and 9.44%, respect-
ively, with a 1-day delay in diagnosis in unquarantined
infected patients after January 23, 2020, corresponding
to the delay of the peak time. These results once again
emphasized the validity of government decision-making
as well as the importance of early diagnosis and exten-
sive medical isolation. Additionally, our study showed
that external input of a single infected person from
January 23, 2020 would lead to an increase of 50 cumu-
lative confirmed cases and 10 cumulative deaths. There-
fore, the strict immigrant monitoring measures that
were implemented in different regions were critical.
In addition, according to our model’s calculation, the num-

ber of infected patients who failed to seek medical treatment
in a timely manner could exceed 10 000 (Supplementary p.
8–9). Had they been treated in time, the number of con-
firmed cases and deaths would have been greatly reduced.
There were some limitations to this study that must be

considered. First, we ignored the effect of uneven population
distribution and assumed that the total population was
homogeneously distributed. Second, we ignored the differ-
ences in individual susceptibility and we assumed that infec-
tion susceptibility for all individuals in the free environment
was the same; whereas, in actuality, adults and older people
are more likely to be infected by SARS-CoV-2. Third, we
did not take into account the limitation of medical re-
sources, such as health care workers and medical protective
equipment. Fourth, the effects of viral variation on infectivity
and virulence, which might be directly related to the
number of confirmed cases and deaths, were not taken into
account. Finally, our model forecasts are based on reported
data from the National Health Commission of China before
February 17, 2020. Therefore, it is possible that treatment
options such as Remdesivir’s approval for clinical use, the
use of serum in convalescent patients, and mesenchy-
mal stem cells may significantly reduce mortality from
COVID-19 [25–28], which would lead to an overesti-
mation of mortality in our study. Furthermore, since
the study was constructed from reported data and
some parameters were calculated based on preliminary
studies, these data came from heterogeneous sources,
which may have introduced biases. It was important to
note that when we predicted the epidemic trend of
COVID-19 without any control measures, due to the
small amount of reported data, the estimated parameters
might have certain errors and the predicted results might
represent an over-prediction.

Conclusions
Based on real reported data and a SEIPQR model of
SARS-CoV-2 transmission, the pneumonia outbreak
caused by SARS-CoV-2 in China had been effectively
controlled. The series of quarantine measures adopted
by the Chinese government since January 23, 2020 were
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necessary and effective. Postponing the relaxation of
isolation until March 16, 2020 or later decreased the
existing confirmed cases and case fatality rates. April 1,
2020 was supposed to be a reasonable date to relax the
isolation in Hubei and Wuhan. Early detection and
patient isolation can effectively reduce the scale of infec-
tion and mortality. Measures such as broad close-contact
tracing and strict monitoring of infected persons entering
the country were also necessary and had proven to be very
effective. These results provided a quantitative reference
for government agencies in China as well as in other
countries and regions to prevent and control COVID-19.
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