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Conclusions:The estimated basic reproduction number thorough GGM model can reflect the spatial differer
SARS-CoV-2 transmission in China at the early stage. The strict prevention and control measures of SARY
taken at the early outbreak can effectively reduce the new confirmed cases outside Hubei and have mitigajed the
spread and yielded positive results since February 2, 2020. The research results indicated that the outbrea
COVID-19 in China was sustaining localized at the early outbreak stage and has been gradually curbésl by
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Background
The Covid-19 has been the most extensive global pan-
demic to afflict humanity in a century [1]. Facing this
unknown, unexpected, and devastating disease, preven-
tion, and control of COVID-19 are a great challenge for
the entire world. On December 27, 2019, cases of pneu-
monia of unknown cause were first identified in Wuhan,
the capital city of Hubei province and the biggest city in
China’s central region [2]. On January 19, 2020, the
spreading of COVID-19 between humans was deter-
mined [3]. During this period, community spread and
clusters of cases emerged in Wuhan, and confirmed
cases were also reported in other Chinese regions, which
were due to virus carriers traveling before the most im-
portant traditional holiday, the Spring Festival, in China
[4]. Since January 20, 2020, the spread of COVID-19 in
the Chinese mainland became most pressing with the
rapid increase in new confirmed cases. As a crucial step
to contain the spread of SARS-CoV-2, the Chinese gov-
ernment took the decisive measure to close outbound
traffic from Wuhan city and Hubei province on January
23, 2020. Hubei province was the epicenter of the
COVID-19 epidemic in China. Since December 31,
2019, and as of November 30, 2020, more than sixty-two
million cases of COVID-19 have been officially reported
by the World Health Organization in 216 countries,
areas, or territories, and is likely to claim many more [5].
COVID-19 research has already caught the attention
of the majority of scholarly communications communi-
ties in 2020. The analysis and modeling of COVID-19
data have been one of the research topics. Computa-
tional simulation and modeling of the existed COVID-
19 data have played an important role to predict the de-
velopment of the current pandemic [6]. The well-known
SEIR  (Susceptible-Exposed-Infectious-Recovered) and
modified SEIRS models have been widely used to model
epidemics including severe acute respiratory syndrome
(SARS), middle east respiratory syndrome (MERS), and
COVID-19 [7, 8]. Singhal, Singh, Lall, et al. used a
Gaussian mixture model to model and predicted the
COVID-19 pandemic in India, the prediction results
agree well with a very popular study based on the classic

susceptible-infected-recovered (SIR) model [9]. Ayinde,
Lukman, Rauf, et al., used statistical models in simple,
quadratic, cubic, and quartic forms to model Nigerian
COVID-19 cases, and found out that daily cumulative
forecast values of the Least Absolute Deviation estimator
for May and June 2020 with a 99% confidence level [10].
By considering the effects of prevention and control
measures and the increase of the public’s prevention
awareness, Zheng, Du, and Wang, et al. embedded the
natural language processing module and the artificial
neural network into the improved susceptible-infected
(ISI) model to build the hybrid artificial intelligence (AI)
model for COVID-19 prediction in China [11]. Gao,
Zhang, and Yao, et al. proposed using a Boltzmann
function-based model to forecast the cumulative number
of COVID-19 death in China with high confidence [12].
In theory, the prediction of the trend of COVID-19 is a
special case of pattern recognition, which provides a tool
to unravel the hidden rules and principles of an un-
known and novel epidemic from the perspective of
mathematics. Models can help the governments to make
decisive policies to contain the spread of SARS-CoV-2.
But, we should distinguish between what the models can
and cannot predict. However, we also should realize that
all proposed models are incomplete to describe the real-
world system, especially for an epidemic or pandemic
period [13].

To analyze the difference of spatial transmission char-
acteristics of COVID-19 in China at the early outbreak
stage with the joint epidemic prevention and control
mechanism was activated across China, the accumulated
number of confirmed cases publicly reported by China’s
National Health Commission (NHC) from January 20 to
February 11, 2020, were clustered into three groups ac-
cording to the spatial locations, e.g., 31 provincial-level
regions on the Chinese mainland, Hubei province, and
the other 30 provincial-level regions on the Chinese
mainland excluding Hubei province, respectively. Then,
the preliminary estimation of an epidemic mathematical
model to characterize the early rapid ascending phase
outbreak at different spatial locations was carried out,
and the basic reproduction number R, was estimated
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when the fitted GGM of the accumulated number of
confirmed cases exhibits global exponential growth.

Methods

The objective of this study is to discuss the difference in
spatial transmission characteristics of COVID-19 and
analyze the effectiveness of the prevention and control
measures of COVID-19 in China at the early outbreak
stage. To characterize the transmission properties of an
epidemic at the early outbreak stage mathematical
models have been widely used [14]. Modeling enables
early indications on the future projections of the pan-
demic and is useful to estimate the efficiency of control
actions in the battle against the COVID-19. A data-
driven epidemic prediction model could provide a quan-
titative framework to explain the reported data, improve
the epidemic scale forecast, assess and optimize the im-
pact of interventions and control strategies through data
mining from the perspective of statistical learning theory
[15]. The generalized-growth model (GGM) is a typical
data-driven model, which only uses the publicly reported
data without a complex hypothesis and prior knowledge.
GGM is one of the useful models to characterize and
forecast early outbreak at the ascending phase of the epi-
demic. GGM is described by the following differential
equations,

/

¢ = et )
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Where C'(£) describes the confirmed cases growth rate
of C(¢) at time ¢, C(¢) represents the accumulated num-
ber of confirmed cases at time ¢t. If the daily reported
new cases of confirmed infections are considered as
C (t) the interval of the time series C(¢) is 1 day. r and p
are two important parameters that control the growth
rate and the deceleration of growth of C(¢) [15]. The ac-
cumulated number of confirmed cases in the Chinese
mainland, the other 30 provincial-level regions on the
Chinese mainland excluding Hubei province, and Hubei
Province was firstly reported in multiple forms by
CNHC on January 20, 2020. In this study, the accumu-
lated number of confirmed cases publicly reported by
CNHC was used as C(t) from January 20 to February 11,
2020. We denote the daily accumulated number of con-
firmed cases of Hubei province and other 30 provincial-
level regions on the Chinese mainland excluding Hubei
province, and the 31 provincial-level regions Chinese
mainland including Hubei province by Cy(¢), C,(f) and
C,(t), respectively. Here, £ =1---23 is a time series of the
outbreak of COVID-19 from January 20 to February 11,
2020.
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When the GGM is built using C,(£), C,(t) or C,,(t), the
value of p that determines the type of GGM, which var-
ies between 0 to 1 [16]. If p =0, GGM is a linear func-
tion. While p =1 GGM is an exponential function. If 1 >
p >0, then GGM is a polynomial function (e.g. polyno-
mial). The basic reproductive number R, is defined as
the expected number of secondary infectious cases gen-
erated by an average infectious case in an entirely sus-
ceptible population [17]. Ry is not only used to describe
the transmission characteristics but evaluate the effect-
iveness of intervention measures. If the number of new
cases of confirmed infections daily reported following an
exponential distribution at the early outbreak phase, the
corresponding mathematical model is as the following,

C(t) = C(t)e 7" (3)
_k

Ry = , (4)

C(t)=C()-C(t-1) (5)

where C (¢) is the number of new cases of confirmed in-
fections at time ¢, § is the mean transmission rate, and y
is the reciprocal of mean infectious period [16]. The
value of 5 and y will be calculated for the estimation of
Ry using the algorithm proposed by Chowell [15, 18].

Results and discussion

Data preparation and analysis

A daily briefing on COVID-19 in 31 provincial-level re-
gions on the Chinese mainland was officially published
by CNHC from January 20, 2020. We used data from
January 20 to February 11, 2020, 2020, based on the ac-
cumulated number of confirmed cases publicly reported
by CNHC. The data are listed in Table 1. We denote the
daily accumulated number of confirmed cases of Hubei
province and other 30 provincial-level regions on the
Chinese mainland excluding Hubei province, and the 31
provincial-level regions of Chinese mainland including
Hubei province by C,(z), C,(t) and C,,(¢), respectively.
Here, t=1---23 is a time series of the outbreak of
COVID-19 from January 20 to February 11, 2020.

In this study, we first built three mathematical models
fu(®), fo(t) and f,(f), using time series data shown in
Table 1. The built model typically varies according to
the time scale when the GGM algorithm is used. After
the model building, we calculated the basic reproduction
number R, with eq. 4 when the built model exhibits glo-
bal exponential growth rates. Each R, will be calculated
for each built model, which will constitute a time series
Ré(t), and /=/h, o or m, has the same meaning as men-
tioned above.

To ensure the robustness and prediction precision of
the built model using the GGM algorithm, at least 4
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Table 1 Data provided by CNHC from January 20 to February observed data are used for modeling [19]. So, the con-

11, 2020 struction of f,(¢), f,(¢) and f,,(¢) are based on the accu-
Date t (days) Cnl(®) Cu(® . mulated number of confirmed cases from January 20
January 20 1 291 270 21 January 23, 2020. The best fit of the GGM model of
January 21 2 440 375 65 Jm(t) is shown in Fig. 1.
January 22 3 571 444 127 Slmllz.lrly, the GGM .models of fh(t) e.md §AG) werg also
fitted like the ones illustrated in Fig. 2 and Fig. 3,
January 23 4 830 549 281 .
respectively.
January 24 5 1287 729 558 The four-day ahead GGM models of f,(¢), f,(f) and
January 25 6 1975 1052 923 f,(t) are all exponential functions. We also found that
January 26 7 2744 1423 1321 the seven-day ahead GGM model of f,,(t), the six-day
January 27 8 4515 2714 1801 ahead GGM model of f;(¢) and the five-day ahead GGM
model of f,(¢) are all exponential functions with a higher
January 28 9 5974 3554 2420 °
i correlation coefficient R*>0.99. The GGM model of the
January 29 10 il 4586 3125 firgt 7 days of the accumulated number of confirmed
January 30 1 9692 5806 3886 cases of the Chinese mainland is shown in Fig. 4.
January 31 12 11,791 7153 4638  The seven-day ahead GGM model of the accumulated
February 1 13 14,380 9074 5306 number of confirmed cases of a Chinese mainland
February 2 14 17.205 11177 6028 sharply increases when compared with the four-day
February 3 15 20,438 13,522 6916 ahead GGM model because of the 0bv1o?1s.d1fferences
b 5 04324 16.678 among the model parameters, r and p. A similar conclu-
February 4 ! ’ ' sion also can be induced from the GGM models of f,(¢)
February 5 7 28,018 19,665 8353 and f,(¢) when the observing time scale ¢ varies from a
February 6 18 31,161 22,112 9049 shorter one to a longer one.
February 7 19 34,546 24,953 9593 When the observed time scale t of COVID-19 is ex-
February 8 20 37,198 27,100 10,098ended, the GGM model of f;(t>7), fo(¢ 2 6) and f,,(t > 8)
February 9 21 40171 20,631 10,5 4§v111 b.e best fitted WIFh sgb—exponentlal (i.e. polynomial)
) unction. As shown in Fig. 5, the GGM model of f,,(¢)
February 10 22 42,638 31,728 10918:sed on the accumulated number of confirmed cases
February 11 23 44,653 33,366 11.28from January 20 to February 9, 2020, is well fitted with a
polynomial of degree four. The correlation coefficient R
between the reported data and the fitted ones is larger
than 0.99. Similarly, the sub-exponential growth
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Fig. 1 The GGM model of the accumulated number of confirmed cases of the Chinese mainland from January 20 to January 23, 2020
dots are the reported data while the dotted red line corresponds to the built GGM model
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Fig. 2 The GGM model of the accumulated number of confirmed cases of Hubei province from January 20 to January 23, 2020. The b|ue dots are
the reported data while the dotted red line corresponds to the built GGM model
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dynamic is a common phenomenon of epidemics of Estimation of basic reproduction number using GGM
COVID-19 when the accumulated number of confirmed  model

cases in Hubei Province and the other 30 provincial- We estimated the basic reproduction number R, with
level regions on the Chinese mainland excluding Hubei eq. 4 for three different GGM models when they exhibit
province are evaluated through GGM model. The early  global exponential growth rates.

outbreak of COVID-19 exhibits both global polynomial Ry(7) =2.68(95% Crl 2.19-3.12), the corresponding

and local exponential growth pattern. GGM model of f,,(2) is f,,(t) = 196.01e>*"%", t =1---7.
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Fig. 3 The GGM model of the accumulated number of confirmed cases of the other 30 provincial-level regions on the Chinese mainland
excluding Hubei province from January 20 to January 23, 2020. The blue dots are the reported data while the dotted red line correspopds to the
built GGM model
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Fig. 4 The GGM model of the accumulated number of confirmed cases of the Chinese mainland from January 20 to January 26, 2020
dots are the reported data while the dotted red line corresponds to the built GGM model

Ri(6) = 6.46 (95% Crl 4.38-9.17), the corresponding
GGM model of f,(#) is f,(£) = 209.75e**7%, t=1---6.

R3(5) =2.18 (95% Crl 1.61-3.09), the corresponding
GGM model of f,(¢) is f,(t) = 11.002e%80%4 f=1...5,

The basic reproduction number R, for each GGM
model was computed along with a 95% confidence inter-
val. The two built models f,(¢) and f,(¢), represent the
transmission at the early outbreak phase of 2019-nCoV

in two different spatial locations. The basic reproduction
number of the 31 provincial-level regions Chinese main-
land including Hubei province is 2.68, which is coinci-
dent with the estimated result in Wu’s work [8].

In the research of Wu and his collaborators, the basic
reproduction number was 2.68 (95% Crl 2.47-2.86) esti-
mated by SEIR model by using the data from December
31, 2019, to January 28, 2020, in Wuhan city, China [8].
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Fig. 5 The GGM model of the accumulated number of confirmed cases of the Chinese mainland from January 20 to February 11, 202(
dots are the reported data while the dotted red line corresponds to the built GGM model
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It's that more than 90% of the confirmed cases at the
early stage were in Wuhan city, the original epicenter of
China’s COVID-19 outbreak [20]. Wang, et al. employed
the Markov Chain Monte Carlo algorithm to estimate
the basic reproduction number that is 5.78 (95% Crl
5.71-5.89) by using the number of cumulative confirmed
cases from 10 January to 4 February 2020 in mainland
China [21]. It is worth noting that February 4 is an im-
portant turning point in the COVID-19 in China, and
the transmission trend was under control [22]. This is
the main reason responsible for the relatively large basic
reproduction number when compared with our result.
Wan, et al. proposed a COVID-19 transmission dynamic
model to estimate the transmission risk of COVID-19 in
the mainland of China excluding Hubei province by
using the data including the cumulative confirmed cases,
the cumulative deaths, newly confirmed cases, and the
cumulative recovered cases between 20 January and 3
March 2020 [23]. The calculated basic reproduction
number is 3.36 (95% Crl 3.20-3.64) in reference [23],
which is a description of a prolonged transmission
period under the strict containment strategies imple-
mented by the Chinese government. According to the
systematic review of the modeling of transmission dy-
namics of COVID-19 by Guan, Wei, and Yang, the basic
reproduction numbers at different stages are affected by
the control measures and are not constant [6].

The difference of spatial transmission of SARS-CoV-2 at
the early outbreak

A higher Ry of f,(t) for Hubei province was estimated
because of the capital of Hubei province, Wuhan city,
which is the epicenter of the COVID-19 outbreak. No
COVID-19-specific nationwide interventions were car-
ried out before January 23, 2020, because of the great
uncertainty about the new disease. More research was
needed to understand its mode of transmission and the
risk of human-to-human transmissibility. The spread
model of SARS-CoV-2 is very complicated. There is no
doubt that the massive migration and gathering of
people during the Chinese Lunar New Year accelerated
the rapid transmission in the first several weeks of the
outbreak. The severe transmission of asymptomatic car-
riers was not taken into consideration at the early stage
because of the shortage of test kits, which aided the
transmission rate of COVID-19 in Hubei Province at the
early stage.

A lower Ry of f,(¢) for the model of the other 30
provincial-level regions on the Chinese mainland exclud-
ing Hubei province was estimated accounting for the
outbreak of COVID-19 in these regions are caused by
some imported cases and the effect of the substantial
public health interventions. More effective epidemic pre-
vention and control measures were carried out to reduce
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the risk of COVID-19 transmission through passenger
transportation. On January 22, 2020, the immediate im-
position of tight restrictions on the movement of people
and channels of exit in Hubei and Wuhan was carried
out. At the same time, the Ministry of Transport issued
an emergency circular suspending passenger traffic into
Wuhan from other parts of the country by road or
waterway. On January 23, 2020, the CNHC and five
other government departments also issued Notice on
Preventing the Transmission of Novel Coronavirus
Pneumonia via Means of Transport. From January 23 to
January 29, 2020, all provinces and equivalent adminis-
trative units on the Chinese mainland activated Level 1
public health emergency response. These resolute efforts
and rigorous measures are effective to stem the spread
of SARS-CoV-2 within Hubei province and beyond at
the early outbreak stage.

The differences between the estimated R, also indicate
that COVID-19 are sustaining localized outbreaks in
some neighboring provinces and the ones with related
industry chain and close economic partnership. While
the transmissibility of COVID-19 is not similar every-
where domestically over time because of the imported
infectious cases from Hubei province have been effect-
ively controlled through the metropolitan-wide and rural
quarantine in several provinces. Some rural areas in the
neighboring provinces, such as Hunan province, Henan
province, Anhui province, Jiangxi province and Chong-
qing city (municipality directly under the Central Gov-
ernment of China) with close transport have also
become potential outbreak epicenters because of the
imported cases (e.g., migrant workers working in Hubei
province). Although Zhejiang province and Guangdong
province are not contiguous to Hubei province, the re-
lated industry chain and close economic partnership are
two important reasons responsible for the imported
cases during the Spring Festival.

Achievements of the prevention and control measures at
the early outbreak

Although COVID-19 has no longer been circulated in
Hubei province since January 2020, the potential of sus-
taining localized outbreaks out of Hubei province has
been eliminated because of great efforts to prevent and
control COVID-19 at all levels in China. Extraordinary
measures have been taken during mass population
movements at Lunar New Year since January 23, 2020,
including nationwide quarantine, access restrictions of
urban communities and rural villages, close of school
and business, suspension of flights and trains into and
out of Wuhan, suspension of public transportation, ser-
vice, and entertainment industries, extended holiday of
the Spring Festival, even cash rewards for informing on
people who came from Hubei province [24].
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As shown in Fig. 6, new confirmed cases of the novel
coronavirus pneumonia have seen their seventh con-
secutive day of decline in the Chinese mainland outside
Hubei Province from February 3, 2020 (e.g., t = 15 in Fig.
6). The successive decrease of new confirmed cases indi-
cates the strong prevention and control measures have
mitigated the spread and yielded positive results. The
epidemic trend of COVID-19 can also be forecasted by
the daily reported number of new cases of confirmed in-
fections, as shown in Fig. 6.

At the early outbreak phase, the number of new cases
of confirmed infections sharply increases in both Hubei
province and the other 30 province-level regions of the
Chinese mainland excluding Hubei province. The num-
ber of new cases of confirmed infections of Hubei prov-
ince accounts for the majority because of the effect of
the metropolitan-wide quarantine of Wuhan and sur-
rounding cities since January 23, 2020. At the same time,
Hubei province was not only improving its ribonucleic
acid (RNA) testing capability but also adding more med-
ical workers from other provinces to diagnose the sus-
pected cases as soon as possible to control possible
transmission and offer the patients proper treatment.
Since February 2, 2020, Wuhan has adopted measures to
put the confirmed cases, suspected cases, febrile patients
who might be carriers, and close contacts under classi-
fied management in designated facilities. The policy of
ensuring that all those in need are tested, isolated, hospi-
talized, or treated was implemented. Actions were taken
to conduct mass screenings to identify people with infec-
tions, hospitalize them, and collect accurate data on case
numbers.

As shown in Fig. 6, the trend of the new cases of con-
firmed infections daily reported in Hubei province is also
stepping into decrease phase with small swing due to
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many patients are unable to get treated promptly be-
cause of strain on medical resources there. Since Febru-
ary 2, 2020, a total of 346 medical teams composed of
42,600 medical workers and 965 public health workers
from across the country and the armed forces were dis-
patched to support Wuhan city in fighting the epidemic.
Nineteen provincial-level regions on the Chinese main-
land have paired up with 16 cities across Hubei to pro-
vide medical aid with a massive influx of equipment and
supplies since February 10, 2020. Two makeshift hospi-
tals (SARS treatment-model) for the treatment of in-
fected patients, Huoshenshan Hospital and Leishenshan
Hospital built in 10 days with a total of 2900 beds have
started receiving and treating patients from February 2
and February 8, 2020, respectively. The number of desig-
nated hospitals in Wuhan has risen to 45, and 16 tem-
porary hospitals, which were converted from gyms,
convention, or exhibition centers, have all been put into
use [25]. Now, all confirmed cases have received medical
treatment in China. China’s strong command system has
ensured efficient decisions and synchronized policies in
fight COVID-19 [26]. The lockdown of Wuhan city ef-
fectively reduced the number of infections in China [27,
28]. The free nucleic acid test, the strict quarantine of all
confirmed patients as well as suspected cases and close
contacts, and all patients could be admitted to hospitals
in Wuhan city with makeshift hospitals built and exist-
ing ones expanded, helped to control the infection
spread. The Chinese government also mobilized efforts
to boost medical supplies and daily necessities to Hubei
province. A mechanism was established to organize
pairing assistance from other provinces to Hubei’s cities
other than Wuhan for the treatment of the infected. As-
sistance from 19 provinces was rendered to 16 cities in
Hubei. On February 11, 2020, the supply of medical
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