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Abstract Wuhan shutdownwas implemented on Jan-
uary 23 and the first level response to public health
emergencies (FLRPHE)was launched over the country,
and then China got the outbreak of COVID-19 under
control. A mathematical model is established to study
the transmission ofCOVID-19 inWuhan. This research
investigates the spread of COVID-19 in Wuhan and
assesses the effectiveness of control measures includ-
ing the Wuhan city travel ban and FLRPHE. Based on
thedynamical analysis anddatafitting, the transmission
of COVID-19 in Wuhan is estimated and the effects of
control measures including Wuhan city travel ban and
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FLRPHE are investigated. According to the assump-
tions, the basic reproduction number for COVID-19
estimated that for Wuhan equal to 7.53 and there are
4.718 × 104 infectious people in Wuhan as of Jan-
uary 23. The interventions including the Wuhan city
travel ban and FLRPHE reduce the size of peak and
the cumulative number of confirmed cases of COVID-
19 in Wuhan by 99%. The extraordinary efforts imple-
mented by China effectively contain the transmission
of COVID-19 and protect public health in China.
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1 Introduction

In December 2019, the novel coronavirus pneumonia
case was reported in Wuhan, a metropolis with a popu-
lation of 14.1865million. On 20 January 2020, human-
to-human transmission of the novel Corona Virus Dis-
ease 2019 (COVID-19) was confirmed [1,2]. By Jan-
uary 23, 2020, 495 confirmed cases and 23 deaths were
reported. However, no vaccine and special medicine
are used to treat the patients of COVID-19. Then, a
series of control measures were implemented to pre-
vent and control the transmission of COVID-19. To
stop the further dispersal of COVID-19 from Wuhan
to other cities, Wuhan shutdown was implemented to
limit movement of people in and out of Wuhan on Jan-
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uary 23, 2020 [3], which is the most stringent quar-
antine measures for a metropolis with a population of
over 10 million in human history. On the same day,
the first-level response to public health emergencies
(FLRPHE) [4] was launched in Hubei province. After
the Wuhan shutdown, confirmed and suspected cases
are quarantined, crowds are stopped, close contracts are
tracked and isolated at home, public transport, schools
and entertainment places are closed, floating popula-
tion are managed and information and hygienic knowl-
edge are released. The control measures implemented
provide lessons for other countries or regions to prevent
and control the transmission of COVID-19.

Mathematical modelling could be used particularly
to investigate the transmission of diseases such as
COVID-19, and can also dynamically forecast the
development trend of diseases based on the previ-
ous information [5–7]. Using the number of cases
detected outside mainland China, Imai et al. [8] esti-
mated the number of cases in Wuhan city by 18th
January. Wu et al. [9] posed a transmission dynam-
ics model of COVID-19 in Wuhan and estimated the
overall symptomatic case fatality risk. Song et al. [10]
developed a mathematical model base on the epidemi-
ology of COVID-19, computed the basic reproduc-
tion number, predicted the final size of COVID-19
in China, and investigated the effects of isolation of
healthy people, confirmed cases and close contacts on
the transmission of COVID-19 in China. Tang et al.
[11] assessed the transmission risk of COVID-19 in
China and showed the effect of interventions on the
transmission of COVID-19.

Although the spread of COVID-19 in Wuhan has
been largely studied [8–20], the transmission patterns
of COVID-19 and the effectiveness of interventions
are unclear [2]. Thus, a quantitative analysis is imple-
mented to study the spread ofCOVID-19 beforeWuhan
shutdown and assess the effectiveness of control mea-
sures including the Wuhan city travel ban and FLR-
PHE inWuhan. Reports provide the evidence that Pub-
lic health systems in Wuhan were unable to bear a
heavy burden, which led to many unconfirmed cases of
COVID-19 [12]. Therefore, the spread of COVID-19
inWuhan is estimated using traveller data fromWuhan
to Henan Province. This method is used to estimate
the cumulative number of cases based on two assump-
tions which are that 100% detection in travellers after
arrival over the destination and the same infection rate
between travellers and residents in Wuhan.

The active track of travellers from Wuhan to Henan
Province was traced in detail and 398 imported cases
were detected [21–23]. There were over 5 million trav-
ellers fromWuhan to other cities, where about 0.3 mil-
lion travellers entering Henan Province which is the
most travellers fromWuhan outside of Hubei province
in China. Since the first imported case was reported
on January 21, the People’s Government of Henan
Province carried out strict surveillance for travellers
fromWuhan and confirmed cases. Subsequently, FLR-
PHE was launched on January 25 over the Henan
Province. The imported cases from Wuhan to Henan
Province were detected from January 4 to February 14.
Among provinces in China, Henan Province received
the most travellers and imported cases, and showed
the better surveillance of detected imported cases from
Wuhan. Where the time of arrival at Henan Province,
time of symptoms onset, time of seeing a doctor, time
of diagnosis, and time of treatment were reported in
detail during the COVID-19 outbreak [21–23]. Then,
the information of imported cases tracked in Henan
Province could veritably reflect the actual situation.

To estimate the spread of COVID-19 by January 23
and assess the effectiveness of controlmeasures includ-
ing the Wuhan city travel ban and FLRPHE, a mathe-
matical model with immigration fromWuhan to Henan
Province is built. Using the mathematical model, the
size of the epidemic on January 23 is estimated, the
peak time and value, and the cumulative number of
caseswithout interventions includingWuhan city travel
ban and FLRPHE are simulated, and the effectiveness
of interventions is assessed.

The paper is organized as follows. The mathemat-
ical model and dynamics analysis are shown in Sect.
2. Section 3 gives the estimation of the parameters.
The effects of control measures including the Wuhan
city travel ban and FLRPHE are investigated in Sect.
4. Section 5 provides the discussion and conclusion.

2 Mathematical modelling of COVID-19
transmission

The mathematical model is used to estimate the
epidemic of COVID-19 in Wuhan. The 6th edition
treatment of novel coronavirus pneumonia [23] and
report of the WHO-China Joint Mission on COVID-
19 [24] imply that most people are susceptible and the
infected people in the incubation period has infectiv-
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ity. Susceptible people are infected by infectious peo-
ple and become infected people. The patients go to
the hospital and are diagnosed. Finally, the patients
removed from the hospital. The imported cases in
Henan Province are used to estimate the spread of
COVID-19 in Wuhan. Then, the population of Wuhan
(N ) is divided into susceptible people (S1), unfound
infectious people (I1), found infectious people (H1)
and removed people (R1), respectively. The popu-
lation of imported cases in Henan Province from
Wuhan is divided into unfound infectious people (I2),
found infectious people (H2) and removed people (R2),
respectively.

In the model, the following assumptions are given.
The natural birth and death rates are not incorporated
into the model due to that the short period span is con-
sidered. The unfound infectious people has the same
infectivity. The transmission of COVID-19 in Henan
Province is not considered. The susceptible people and
unfound infectious people can travel from Wuhan to
other places, and found infectious people and removed
people cannot travel from Wuhan to other places by
January 23.

In this study, the effects of control measures includ-
ing the Wuhan city travel ban and FLRPHE since
January 23 are investigated. The imported cases from
Wuhan to Henan Province were detected from January
4 to February 14. Therefore, the initial time is cho-
sen as January 4 and the twentieth day corresponds to
January 23. Based on the epidemiological pattern of
COVID-19 and previous work [12,13], the transmis-
sion dynamics of COVID-19 is established by the fol-
lowing equations (The flow diagram is shown in Fig.
1):

Fig. 1 The flow diagram of COVID-19 in the model
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dS1(t)

dt
= − βS1(t)I1(t)

S1(t) + I1(t) + R1(t)

− μS1(t),

dI1(t)

dt
= βS1(t)I1(t)

S1(t) + I1(t) + R1(t)

− γ1 I1(t) − θω(t)I1(t),

dH1(t)

dt
= γ1 I1(t) − δ1H1(t),

dR1(t)

dt
= δ1H1(t),

dI2(t)

dt
= ω(t)I1(t) − γ2 I2(t),

dH2(t)

dt
= γ2 I2(t) − δ2H2(t),

dR2(t)

dt
= δ2H2(t),

(1)

where

ω(t) =b
1√
2πσ

e
−( t−u√

2σ
)2

,

μ =
{

μ1, t ∈ [0, 20),
0, t ≥ 20.

b =
{
b1, t ∈ [0, 20),
0, t ≥ 20.

β is the transmission rate, γ1 and γ2 denote the dis-
covery rates of infectious people, and δ1 and δ2 are
the removed rates. According to the real data [21], the
imported cases per day fromWuhan to Henan Province
satisfy the normal distribution function ω(t), where u
is the expectation and σ is the standard deviation, and b
is the proposition of outflow of infectious people from
Wuhan to Henan Province per day. θ is an emigration
coefficient ratio of infectious people fromWuhan based
on the imported cases fromWuhan to Henan Province.
μ (μ1) is the emigration rate of susceptible people from
Wuhan to other places. μ (b) is μ1 (b1) before January
23 and0 after January 23 because thatWuhan city travel
was banned on January 23. Thismodel is supplemented
by the initial values

S1(0) > 0, I1(0) ≥0, H1(0) ≥ 0, R1(0) ≥ 0,

I2(0) ≥0, H2(0) ≥ 0 and R2(0) ≥ 0.

(2)
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Theorem 2.1 For system (1) with initial values (2),
the solutions system (1) are nonnegative and ultimately
bounded.

Proof Using the Theorem 5.2.1 in [25], the nonnega-
tiveness of S1(t), I1(t), H1(t), R1(t), I2(t), H2(t) and
R2(t) follows immediately.

From the first equation of system (1),

dS1(t)

dt
≤ −μS1(t).

Then, lim supt→+∞ S1(t) ≤ S1(0). Thus, S1(t) is ulti-
mately bounded.

Define a Lyapunov function

F(t) = S1(t) + I1(t) + H1(t) + R1(t)

+ θ(I2(t) + H2(t) + R2(t)).

Obviously, F(t) ≥ 0(∀t ≥ 0). Then, differentiating
F(t) along the solutions of system (1) leads to

dF(t)

dt
= −μS1(t).

Then, F(t) ≤ S1(0) for all t > 0. Therefore,
I1(t), H1(t), R1(t), I2(t), H2(t) and R2(t) are ulti-
mately bounded. The proof is completed. 	


It follows from system (1) that there is a disease-
free equilibrium point E0 = (S∗

1 , 0, 0, R
∗
1 , 0, 0, R

∗
2)

with arbitrary constants S∗
1 > 0, R∗

1 > 0 and R∗
2 > 0.

Since that ω(t) varies as time goes on, then ω(t) is
reduced the mean value ω in the theoretical analysis.
Using the next-generation matrix theory [26,27], the
basic reproduction number in Wuhan is computed as

R0 = β

γ1 + θω
.

In the following, the stability of the disease-free
equilibrium point E0 would be analyzed.

Theorem 2.2 For system (1),

(i) The disease-free equilibrium point E0 is locally
asymptotically stable if R0 < 1.

(ii) If R0 < 1, then the disease-free equilibrium point
E0 is globally asymptotically stable.

Proof Since the stability of R1(t), I2(t), H2(t) and
R2(t) are determined by S1(t), I1(t) and H1(t), it is

sufficient to analyze the dynamics of the system with
S1(t), I1(t) and H1(t), then system (1) reduces the fol-
lowing differential equations

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dS1(t)

dt
= − βS1(t)I1(t)

S1(t) + I1(t) + R1(t)

− μS1(t),

dI1(t)

dt
= βS1(t)I1(t)

S1(t) + I1(t) + R1(t)

− γ1 I1(t) − θωI1(t),

dH1(t)

dt
= γ1 I1(t) − δ1H1(t),

(3)

Now the Jacobian matrix of system (3) at the disease-
free equilibrium point E0 is

J =

⎛

⎜
⎜
⎝

−μ − βS∗
1

S∗
1+R∗

1
0

0
βS∗

1
S∗
1+R∗

1
− γ1 − θω 0

0 γ1 −δ1

⎞

⎟
⎟
⎠ .

Then, the characteristic equation |λI − J | = 0 at E0

gives

(λ + μ)

(

λ −
(

βS∗
1

S∗
1 + R∗

1
− γ1 − θω

))

(λ + δ1) = 0.

(4)

When R0 < 1, all roots (−μ,−δ1,
βS∗

1
S∗
1+R∗

1
−γ1−θω) of

Eq. (4) have negative real parts. Therefore, the disease-
free equilibrium point E0 is locally asymptotically sta-
ble.

Now the global stability of the disease-free equilib-
rium point E0 is proved. Define a Lyapunov function

L(t) = I1(t).

Obviously, L(t) ≥ 0(∀t ≥ 0). Then, differentiating
L(t) along the solutions of system (3) leads to

dL(t)

dt
≤ β I1(t) − γ1 I1(t) − θωI1(t)

= I1(t)(β − γ1 − θω).

If R0 < 1, then L ′(t) ≤ 0. Based on the above discus-
sions, the largest compact invariant set in {L ′(t) = 0} is
the singleton {E0}. Using the LaSalle invariance prin-
ciple [28] and the local stability of E0, the disease-
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Fig. 2 The time series of variables in system (1). S1(t)
approaches to 0

free equilibrium point E0 is globally asymptotically
stable. 	


Numerical results are used to show the stability of
equilibria of the system (1).

Case 1: μ > 0.
Setting the parameter β = 0.5, μ = 0.0018,

γ1 = 0.09, θ = 16.7, ω = 0.009, γ2 = 0.1, δ1 =
0.05, δ2 = 0.1 and initial value (S1(0), I1(0), H1(0),
R1(0), I2(0), H2(0), R2(0)) = (100, 10, 0, 0, 0, 0, 0).
The time series of variables in system (1) are shown in
Fig. 2. In this case, the susceptible people will vanish
as time goes on. Removed people R1 and R2 approach
to R∗

1 and R∗
2 , respectively.

Case 2: μ = 0.
Setting the parameter β = 0.1, γ1 = 0.09,

θ = 16.7, ω = 0.009, γ2 = 0.1, δ1 = 0.05,
δ2 = 0.1 and initial value (S1(0), I1(0), H1(0), R1(0),
I2(0), H2(0), R2(0)) = (100, 10, 0, 0, 0, 0, 0). The
time series of variables in system (1) are shown in
Fig. 3. In this case, the variable S1(t) converges to S∗

1 ,
removed people R1 and R2 approach to R∗

1 and R∗
2 , and

other variables tend to zero.

3 Parameters estimation

3.1 Data source

Data of COVID-19 cases in Wuhan are obtained in
China from the National Health Commission of the
People’s Republic of China and Coronavirus disease
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Fig. 3 The time series of variables in system (1). S1(t)
approaches to S∗

1

(COVID-19) situation reports in WHO [29,30]. The
data set includes the cumulative and new numbers of
confirmed cases, suspected cases, death cases and cured
cases, and the cumulative number of close contacts and
hospitalization time. The data of imported cases from
Wuhan to Henan Province were from the Health Com-
mission of Henan Province [21].

As of January 19, 2020, the epidemiological inves-
tigation of 198 confirmed cases by the Chinese Center
forDiseaseControl and Prevention (CDC) [22] showed
that 22% of patients (43 cases) had direct exposure
to the Huanan Seafood Wholesale Market which was
closed on January 1, 2020. Since it was difficult to
trace all infections of COVID-19 in Wuhan, 82 cases
of COVID-19 inWuhan (twice of 41 cases in our base-
line scenario) by a constant zoonotic force of infec-
tion are assumed. For sensitivity analysis, 123 and 164
cases (twice and triple higher than the baseline scenario
value) are assumed.

The imported cases are people who have travel his-
tory from Wuhan to Henan Province. The active track
of imported cases fromWuhan to Henan Province was
traced in detail. These data provide the date of arrival
at Henan Province, date of symptoms onset, date of
confirmation, the time between arrival and symptoms
onset, the time between symptoms onset and confirma-
tion, and time of treatment. During the Spring Festival
from January 21 to February 2, 2019, there was an aver-
age outflow of 5.2 million people from Wuhan before
the Chinese Lunar New Year. In 2020, about 5 mil-
lion people travelled out of Wuhan before January 23
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Table 1 Parameters estimation

Parameter Mean STD 95% CI Sources

The baseline scenario I1(0) = 41

u 13.7104 0.0158 [13.7099, 13.7108] Estimated

σ 2.4370 0.0034 [2.4369, 2.4371] Estimated

β 0.6866 0.0003 [0.6865, 0.6867] Estimated

b1 0.01 0.0000007 [0.0100, 0.0100] Estimated

γ1 0.0894 0.0003 [0.0893, 0.0895] Estimated

δ1 0.0605 0.0002 [0.0604, 0.0606] Estimated

The second scenario I1(0) = 123

u 9.5819 0.0739 [9.5666, 9.5972] Estimated

σ 3.1972 0.0047 [3.1962, 3.1981] Estimated

β 0.5785 0.0001 [0.5785, 0.5785] Estimated

b1 0.01 0.000005 [0.01,0.01] Estimated

γ1 0.0905 0.0004 [0.0905, 0.0906] Estimated

δ1 0.0576 0.0001 [0.0575, 0.0576] Estimated

The third scenario I1(0) = 164

u 9.3038 0.1796 [9.2666, 9.3410] Estimated

σ 3.4477 0.0050 [3.4467, 3.4488] Estimated

β 0.5637 0.0043 [0.5629, 0.5646] Estimated

b1 0.01 0.000001 [0.01, 0.01] Estimated

γ1 0.0870 0.0051 [0.0860, 0.0881] Estimated

δ1 0.0566 0.0004 [0.0565, 0.0566] Estimated

(a) The second scenario: the initial infectious people are twice higher than our baseline scenario value; (b) The third scenario: the initial
infectious people are triple higher than our baseline scenario value

which is the time ofWuhan city travel ban. The average
number of travellers from Wuhan between January 4
and January 23 was obtained from the Baidu migration
data [31], where the first imported cases from Wuhan
to Henan Province arrived at Henan Province on Jan-
uary 4, 2020. Then, estimation of the average propo-
sition of daily travel volume from Wuhan was given
and about 0.3 million people travelled from Wuhan to
Henan Province between January 4 and January 23,
2020. The average proposition of daily exported cases
from Wuhan to other places was computed based on
the imported cases and the number of travellers from
Wuhan to Henan Province and the number of trav-
ellers out of Wuhan between January 4 and January
23, 2020. These data used are from publicly available
data sources.

3.2 Parameters estimation

Wuhan is a metropolis with a population of 14.1865
million including 9.0935million permanent population
and 5.103 million floating population. The cumulative
number of cases in Wuhan before January 23, 2020
is estimated based on the confirmed cases exported to
Henan Province from January 4 (the arrival time of the
first imported case from Wuhan to Henan Province) to
January 23. According to the data of imported cases
fromWuhan to Henan Province [21], the time between
arrival and symptoms onset is defined as the mean
incubation period which is 7.9 days, the time between
arrival and confirmation is 10.6 days (γ2 = 1

10.6 ),
and time of treatment in Henan Province is 10 days
(δ2 = 1

10 ), respectively. Since about 5 million people
travelled out of Wuhan before January 23 and about
0.3 million people travelled from Wuhan to Henan
Province between January 4 and January 23, then the
proposition of emigration of susceptible people from
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Wuhan to other places per day is 0.0018 (μ1 = 0.0018),
and the emigration coefficient ratio of infectious peo-
ple from Wuhan to other places is 50

3 (θ = 50
3 ). The

initial values on January 4 are S1(0) = 14.1865 ∗ 106,
H1(0) = 41, R1(0) = I2(0) = H2(0) = R2(0) = 0,
and I1(0) is defined in Table 1.

Based on the mathematical model and the cumula-
tive number of confirmed cases, using Markov Chain
Monte Carlo (MCMC) method employing the adaptive
Metropolis-Hasting algorithm with 20,000 iterations
and a 10,000 iteration burn-in period [32], parameter
values β, b1, γ1, δ1, u and σ are estimated for three dif-
ferent scenarios. Furthermore, themean value, standard
deviation (STD) and 95% confidence interval (95%CI)
are given in Table 1 for three different scenarios. There-
fore, the basic reproduction number of three different
scenarios are 7.53, 6.27 and 6.35, respectively.

3.3 Fitting results with three different scenarios

Regarding the uncertainty of estimated parameter val-
ues, the MCMC method is used to assess the perfor-
mance of our model using the estimated parameter val-
ues in Table 1. In the baseline scenario, Fig. 4 dis-
plays the estimated cumulative number of imported
people and real data from Wuhan to Henan Province,
and shows the 95% confidence interval of simulation
results. It is obvious that our simulations are consistent
with the real data, which verifies the exactitude of our
model.

4 The spread of COVID-19 and the effectiveness of
interventions in Wuhan

4.1 Estimating the spread of COVID-19 in Wuhan

Simulation results for the cumulative number of con-
firmed cases by January 23 for three different scenarios
are given in Figs. 5, 6 and 7. In the baseline scenario,
Fig. 5 shows that the cumulative number of cases of
COVID-19 in Wuhan arrives at 4.718× 104 as of Jan-
uary 23, 2020. If the initial infectious cases by zoonotic
force of infection were twice higher than our baseline
scenario value, Fig. 6 reveals that the cumulative num-
ber of cases of COVID-19 in Wuhan is 3.828 × 104

as of January 23, 2020, which means that the cumu-
lative number of cases of COVID-19 would be 19%
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Fig. 4 In the baseline scenario, the fitting results of estimated
cumulative number of imported cases with real data fromWuhan
to Henan Province

Fig. 5 In the baseline scenario, the estimated cumulative number
of cases in Wuhan with real data as of January 23, 2020

lower than the baseline scenario. If the initial infec-
tious cases by zoonotic force of infection were triple
higher than our baseline scenario value, Fig. 7 indicates
that the cumulative number of cases of COVID-19 in
Wuhan was 4.595× 104 as of January 23, 2020, which
means that the cumulative number of cases of COVID-
19 would be 2.6% lower than the baseline scenario.

4.2 Assessing the effectiveness of interventions in
Wuhan

If there were no interventions including Wuhan city
travel ban and FLRPHE (Figs. 6, 7 and 8), the epidemic
ofCOVID-19 inWuhanwill arrive the peakwith 4.69×
105 (4.18 × 105 and 4.168 × 105) around February 7
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Fig. 6 For twice higher than the baseline scenario value, a the
fitting results of estimated cumulative number of imported cases
with real data from Wuhan to Henan Province; b the estimated
cumulative number of cases inWuhanwith real data as of January
23, 2020; c simulation results of the spread of COVID-19 in
Wuhan without interventions

(a)

(b)

(c)

Fig. 7 For triple higher than the baseline scenario, a the fitting
results of estimated cumulative number of imported cases with
real data fromWuhan to Henan Province; b the estimated cumu-
lative number of cases in Wuhan with real data as of January 23,
2020; c simulation results of the spread of COVID-19 in Wuhan
without interventions
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Fig. 8 In the baseline scenario, simulation results of the spread
of COVID-19 in Wuhan without interventions

(February 9), 2020, and the cumulative number of cases
ofCOVID-19 inWuhanwould arrive 8.83×106 (8.46×
106 and 8.49×106) in the baseline scenario (twice and
triple higher than the baseline scenario value), which
means that the peak time is consistentwith the real data,
but interventions including Wuhan city travel ban and
FLRPHE reduce peak value and the cumulative number
of cases of COVID-19 by about 99%.

5 Discussion and conclusion

Since the first case of COVID-19 was reported in
Wuhan in December 2019, COVID-19 has spread
rapidly over all provinces in China and caused 50,008
reported cases and 2574 deaths in Wuhan by April 13.
In our study, a mathematical model of the COVID-19
transmission was established. Based on the dynami-
cal analysis and data fitting, the estimated basic repro-
duction number is 7.53 and the estimated cumulative
number of cases of COVID-19 reaches 4.718× 104 in
Wuhan as of January 23, 2020 which is greater than the
cases reported due to the difficulties of tracing all infec-
tions and lack of sufficientmedical resources. The basic
reproduction number estimated is consistent with the
value in [33], where a median value R0 of 5.7 (95%CI:
3.8–8.9) is calculated, which means that the epidemic
was very serious in Wuhan. The cumulative number of
cases estimated in our study is greatly less than the epi-
demic size estimated in [12] which overestimated the
epidemic size of COVID-19 in Wuhan by January 23,
2020. Therefore, our results truly reflect the spread of
COVID-19 in Wuhan as of January 23, 2020 since the

imported cases in Henan Province from Wuhan were
traced in detail. Furthermore, the interventions includ-
ingWuhan city travel ban andFLRPHE reduce the peak
value and the cumulative number of cases of COVID-
19 inWuhan by over 99%.The interventions effectively
contained the spread of COVID-19 and protected pub-
lic health all over the world [3,34]. The interventions
implemented by China have provided lessons for other
countries to prevent and control the transmission of
COVID-19.

In our study, there are two assumptions on the esti-
mation of the epidemic size of COVID-19 in Wuhan.
The first assumption is that the detection rate of
imported cases in Henan Province is 100% sensi-
tive. When our model is correct, the epidemic size of
COVID-19 in Wuhan as of January 23, 2020 is esti-
mated using the lower bound of detection rate since that
the imported infectious people including asymptomatic
patients or low severity cases were not detected. The
second assumption is the same infection rate between
travellers and residents inWuhan. According to the dis-
cussions in [13], the true prevalence between travellers
and residents might be different due to that the peo-
ple visiting few individuals produced fewer infections
and some visitors have less exposure to the infection
than residents for a short time. However, the transmis-
sion of COVID-19 in Henan Province was not consid-
ered in our model which incorporated the transmission
of COVID-19 in Wuhan and imported cases in Henan
Province from Wuhan.

The mathematical modelling used in our study is
similar with the work to model the epidemic dynamics
of COVID-19 [8,9,14–18]. The mathematical model
with emigration from Wuhan to Henan Province pro-
vides support for our estimation of the epidemic size
of COVID-19 in Wuhan and the assessment of inter-
ventions using the imported cases and Baidu migra-
tion data. Nevertheless, our study has some limitations.
First, the epidemic size of COVID-19 in Wuhan was
estimated using the imported cases in Henan Province
which might not completely reflect all exported cases
from Wuhan. Second, the other interventions were not
considered and incorporated into our model, which
might overestimate the epidemic size in Wuhan as of
January 23, 2020. Third, whether the transmission of
COVID-19 was influenced by temperature and precip-
itation or not, the related study could not be found out.

Although COVID-19 has been under control in
China, the normal production and life return to the
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previous status. But the epidemic of COVID-19 in the
world is very serious and the imported cases from over-
seas continue to appear, which leads to an increase in
the transmission risk of COVID-19 in China. There-
fore, people must maintain vigilance against the poten-
tial second epidemic of COVID-19 in China [10,35].
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