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Background: COVID-19 is spreading quickly all over the world. Publicly released data for 1212 COVID-19
patients in Henan of China were analyzed in this paper.
Methods: Various statistical and network analysis methods were employed.
Results: We found that COVID-19 patients show gender (55% vs 45%) and age (81% aged between 21 and
60) preferences; possible causes were explored. The estimated average, mode and median incubation
periods are 7.4, 4 and 7 days. Incubation periods of 92% of patients were no more than 14 days. The
epidemic in Henan has undergone three stages and has shown high correlations with the numbers of
patients recently returned from Wuhan. Network analysis revealed that 208 cases were clustering
infected, and various People's Hospitals are the main force in treating COVID-19.
Conclusions: The incubation period was statistically estimated, and the proposed state transition diagram
can explore the epidemic stages of emerging infectious disease. We suggest that although the quarantine
measures are gradually working, strong measures still might be needed for a period of time, since ~7.45%
of patients may have very long incubation periods. Migrant workers or college students are at high risk.
State transition diagrams can help us to recognize the time-phased nature of the epidemic. Our
investigations have implications for the prevention and control of COVID-19 in other regions of the world.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
Thisis an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Background

aspects (Zhu et al., 2020; Huang et al., 2020; Zhou et al., 2020; Yang
et al,, 2020; Zhao et al., 2020a; Zhang, 2020): 1) Higher infection

First erupting in Wuhan (in Hubei province of China) at the end
of the year 2019, novel coronavirus pneumonia (named COVID-19
by WHO on February 11, 2020) has spread all over the world. It has
directly resulted in more than 74600 confirmed patients and 2121
people dead in China up to February 20, 2020 (Zhu et al., 2020;
Huang et al., 2020; Zhou et al., 2020; Yang et al., 2020; Zhao et al,,
2020a; Xu et al., 2020a; Yan et al., 2020; Zhang, 2020; Xu et al.,
2020Db; Du et al., 2020; Tang et al., 2020; Liu et al., 2019; Lu and
Wang, 2020; Zhao et al., 2020b; Liu et al., 2020; Wang et al., 2020;
Chen et al., 2020; Zhang et al., 2020). Various investigations reveal
that COVID-19 is different from SARS in 2003 in the following
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rate; 2) Has an incubation period; 3) Patients are infectious during
the incubation period; 4) Low lethality rate; 5) High mortality
among elderly patients with underlying diseases; 6) Symptomatic
infection. These features make the prevention and control of
COVID-19 a difficult task.

As a double-edged sword, modern traffic technologies greatly
shorten the distances among people, but they also facilitate the
rapid and wide spread of epidemic diseases (Lu and Wang, 2020).
Since January 23, Wuhan has undertaken strict measures to close
the city, and many other places have adopted various measures in
succession to prevent COVID-19, such as blocking traffic and using
quarantine measures. After the outbreak of COVID-19, researchers
have focused on investigating it, including its control and
prediction (Zhu et al., 2020; Huang et al., 2020; Zhou et al,,
2020; Yang et al., 2020; Zhao et al., 2020a; Xu et al., 2020a; Yan
et al., 2020; Zhang, 2020; Xu et al., 2020b; Du et al., 2020; Tang
etal., 2020; Liu et al., 2019; Lu and Wang, 2020; Zhao et al., 2020b;
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Liu et al., 2020; Wang et al., 2020; Chen et al., 2020; Zhang et al.,
2020). Initial investigations pointed out that bats are most likely
the source of the virus (Zhou et al., 2020; Xu et al., 2020a), and
Manis pentadactyla may be a potential intermediate host (Liu et al.,
2019). The related investigations have great implications on
prevention, control, and vaccine development (Pastor-Satorras
and Vespignani, 2001; Kitsak et al., 2010; Wang et al., 2014a; Wang
et al., 2016; Wang et al., 2014b; Wang et al., 2019; Lu et al., 2016;
Zhang et al., 2016; Wei et al., 2018; Xu et al., 2019; Pastor-Satorras
et al, 2015). Some recent publications have reported the
epidemiological and clinical features of COVID-19 patients (Zhu
et al,, 2020; Huang et al., 2020; Zhou et al., 2020; Yang et al., 2020;
Zhao et al.,, 2020a; Zhang, 2020). To prevent the spread of COVID-
19, the Centers for Disease Control and Prevention (CDCs) of many
cities have quickly released the data of confirmed cases, which
enables us to explore its epidemiological characteristics and to
understand the current situation and characteristics of the
epidemic.

As a neighbor of the Hubei province, Henan province has a large
population size, and it is also one of the hardest hit areas of the
epidemic. The total number of confirmed cases in Henan is only
lower than Hubei and Guangdong (Feb. 14). Statistical analysis on
the patients’ data can help us to understand its epidemiological
and clinical features. In this paper, based on data collected from all
levels of CDCs in Henan, we address the following points: 1) the
current situation and characteristics of the epidemic in the 18
regions of Henan; 2) the sex and age distributions of confirmed
cases; 3) estimations of the incubation period of patients and
exploration of the time-phased nature of the epidemic; 4) the
correlation between the number of total confirmed cases with
those returning from Wuhan; 5) network analysis of aggregate
outbreak phenomena.

2. Methods
2.1. Data

Various levels of CDCs in Henan province have publicly released
patients’ data, which can be freely obtained from their official
websites.

2.2. Modeling the incubation period

We suppose the incubation period t follows the logarithm
normal distribution (Armenian and Lilienfeld, 1983):

Int ~ N(u,0?). (1)
Thus, the probability density function (PDF) of T can be written

as

p(t) = thﬁe*‘"“mzﬂ“z, t>0. 2)

Here, 11, 02 are two parameters to be estimated from data. We
consider three approaches to estimate the parameters: the
moment estimation (ME), the ordinary least square (OLS)
estimation and the maximum likelihood estimation (MLE)

Table 1

(Buhlmann and Geer, 2011). As to the ME, based on the PDF of
the incubation period, we can easily obtain

{ e e 3)

D(T) = (€% — 1)e2H+7”,

Setting E(7), D(t) with the estimated values from 483 patients
(shown in Table 1), we obtain

{efn + 67 /2 = 7.4286, (5,2 — 1)en 4 67 = 24.1458. 4)

Using the fsolve function in Matlab, we obtain

ftm = 1.8239,62 = 0.3629.
Similarly, for the OLS estimation, the two parameters can be
estimated from the following optimization problem:

(fLo.65) = arg min " (p; — f(1;))*. (5)

Here, p;=n;/n denotes the ratio of patients with incubation
period i(i=1,2,...,m), which can be computed from the n=483
patients. f(t;) corresponds to the PDF with incubation period t;
which is a function of the unknown parameters (t, 62. Since 7> 0in
Eq. (2), we omit the case =0 (29 patients). By solving Eq. (5), we
obtain j1, = 2.0723,52 = 0.5929.

For the MLE, suppose the incubation periods for the n patients
are independent, the estimation of 1, 0 can be obtained from
minimizing the following negative logarithmic likelihood function.

(1, 67) = arg min{ -3 inf(tj)}. (6)

Here, t;(j = 1,2,...,n) denotes the incubation period for the j'th
patient. Similarly to OLS, the case with 7 =0 will not be considered.
Finally, we obtain

nLoing "t — fy)?
== gs60,67 - 2 MG I g 7974
3. Results

3.1. The epidemic situations and characteristics in Henan

From January 21 to February 14, 2020, data from a total of 1212
confirmed cases have been released in Henan. The epidemic
situation, time evolution of daily increase, and cumulatively
confirmed patients are shown in Fig. 1.

The daily increment of patients reached a peak value (109) on
February 3, 2020. After that, the daily increment of patients
significantly decreased. Among the 18 regions of Henan province,
Xinyang, Nanyang, Zhumadian, Zhengzhou, Shangqiu and Zhoukou
encompass more confirmed cases than the other regions. Until
February 14, Xinyang had the highest daily increment as compared
with the other regions. In fact, Xinyang, Nanyang and Zhumadian
are all near Hubei. It was reported that about five million people
have left Wuhan since January 23. According to the investigation
from Xu et al. (Xu et al., 2020b; Du et al., 2020), before Wuhan was
closed on January 23, Xinyang, Zhengzhou, Nanyang, Zhumadian,
Zhoukou, and Shangqgiu were ranked among the top 50 cities in
China that received a huge amount of Wuhan personnel. The

Statistical results of estimated as well as fitted incubation periods (Fig. 3A) from 483 confirmed patients in Henan.

Source Mean Mean 95% CI Median Mode Variance Interquartile range
Data 7.4286 (2.0000,20.0000) 7.0000 4.0000 241458 [4.0000,11.0000]
ME 7.4287 (1.9025,20.1787) 6.1960 4.3103 241432 [4.1495,9.3523]

OLS 10.6840 (1.7561,35.9274) 7.9431 4.3903 92.3723 [4.7254,13.3519]
MLE 9.1463 (1.2202,33.5482) 6.3981 3.1308 87.3000 [3.6175,11.3160]
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Fig.1. Epidemic situation in Henan through February 14, 2020. A. Epidemic situation on February 14, 2020; B. The evolution of provincial daily increase in confirmed cases
and provincial cumulatively confirmed cases. C. The heatmaps of daily increase in confirmed cases and cumulatively confirmed cases in 18 regions. Here, ZZ: Zhengzhou; KF:
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Fig. 2. Summary statistics on the gender and age distributions of confirmed cases in Henan. A. MFR in the whole province; B. MFRs in the 18 regions. C. Scatter plot of MFR
versus MFPR in the 18 regions; D. Age distribution for confirmed cases in the whole province and its 18 regions.
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Fig. 3. Statistical results of estimated incubation periods for 483 confirmed patients in Henan. A. Frequency distribution of estimated incubation periods and the
probability density curve for fitted incubation period. B. The cumulative frequency distribution of estimated incubation periods. C. Transfer diagram from exposure to
infection for the 483 patients. Nodes at the two ends of an edge correspond to the exposed date and the date with clinical symptoms or diagnosis. Edges represent the transfer
from the two dates, and thicknesses of edges are proportional to the numbers of patients. Self-loops mean that the dates for exposure and appearance of clinical symptoms or
diagnosis were the same. D. Weighted indegree and outdegree distributions of the directed graph as shown in C. Weighted indegree denotes the total number of patients with
clinical symptoms or diagnosis; while weighted outdegree represents the total number of exposed persons that will be confirmed to be infected later.

number of virus carriers is supposed to be proportional to the
received amount of Wuhan personnel, which may be one of the
main reasons why the mentioned regions in Henan are so severely
affected.

3.2. Gender and age distribution

Among the 1212 patients, we extracted the gender information
of 1158 patients (95.54%) and the age information of 1156 patients
(95.38%).

Statistical results reveal that 637 out of the 1158 patients (55%)
are male, and apparently higher than the number of females
(Fig. 2A), although there are slight differences among different
regions (Fig. 2B). We guess that three possible reasons may result
in such a gender difference. Firstly, men may be more active and
have wider social activities than women, which increases their risk
of COVID-19. Secondly, an existing medical investigation reported
that the expression and distribution of ACE2 was wider in male
patients than in females (Zhao et al., 2020a). Similarly to SARS, it is
reported that COVID-19 invades the human body through ACE2
receptors. Based on single cell RNA sequencing technology,
researchers have investigated the expression profiles of ACE2 in
two male and six female COVID-19 patients from single cell
resolution, and they found that the expression of ACE2 was
correlated with gender. The proportion of ACE2 expressed cells is
higher in men than in women (1.66% vs. 0.41%)(Zhao et al., 2020a).
Additionally, the distribution of ACE2 was also wider in men. Zhao
et al. (Zhao et al., 2020a) reported that there were at least five
different types of cells in the lungs of men with expression of the
ACE2 receptors, while the number was about 2 to 4 in female
patients. This may be one of the reasons why male patients were

higher in number than female patients. Thirdly, one may doubt
that the distribution difference may correlate with population
structure. To verify whether the male to female ratio (MFR) affects
the finding, based on the statistical yearbook report of Henan
province in 2019, the MFR in the whole province was 1.0126:1,
which is very different from the male to female patient ratio
(MFPR) (637:521=1.2226:1). Moreover, we performed a correla-
tion analysis for the two ratios in the 18 regions; the two ratios
show very weak correlation, with Pearson correlation coefficient
PCC=0.1555 (Fig. 2C). Kolmogorov-Smirnov (KS) test (Hodges,
1957) on the MFR and MFPR in the 18 regions also shows that the
two have a significant difference (p=0.0018 <0.05). Thus, we
speculate that the MFR has no apparent correlation with the MFPR.
In conclusion, the former two reasons may be the driving force for
gender difference.

Ages of patients in the whole province or each region all roughly
follow normal distributions (Fig. 2D). Patients between ages 21 and
60 years old make up more than 81% (938 out of 1156). There are
many migrant workers and college students in this age interval.
Moreover, those people may have wider social circles than the
others. As a summary, people between ages 21 and 60 are at high
risk, and we should give priority to migrant workers and college
students in the prevention and control of COVID-19.

3.3. Statistical estimation of incubation period and state transition
diagram

3.3.1. Definition of incubation period and statistical results
Traditionally, the incubation period is defined as the period

between the infection of an individual by a pathogen and the

manifestation of the illness or disease it causes (Incubation period,



P. Wang et al./ International Journal of Infectious Diseases 95 (2020) 391-398 395

300 7
A

250 <

™ Contact infected cases

¥ With Wuhan contact history
® Without Wuhan travel history.
® With Wuhan travel history

200

150 +

100 +

gATAATIT

ENBEEZEING

=

Total confirmed cases
Total confirmed cases

40 6 80
‘Without Wuhan travel history

4 6 80
Cases with Wuhan travel histrory

1s 2
 onsc ot s

2
With Wuhan contact history

Fig. 4. COVID-19 infection and Wuhan travel histories. A. Bar-plots for the numbers of four categories of patients in the 18 regions of Henan. B. Transportation manners of
250 patients that came from Wuhan. C. The heat-map of the correlation matrix among Y, X;(i = 1,2,3,4) (corresponding to 1-5). D. The scatter plots of Y versus X;-X,

respectively and the corresponding fitted linear regression lines.

2020; Armenian and Lilienfeld, 1983). Different infectious diseases
have different incubation periods. However, for a certain infectious
disease, its incubation period is relatively fixed. Since the numbers
of pathogens entering the body, virulence and reproductive
capacity, as well as power of resistance are varied for different
people, the incubation periods for patients with a certain disease
may follow logarithmic normal distribution (Armenian and
Lilienfeld, 1983). Generally, incubation period can be measured
by physiological observations and biological experiments (Arme-
nian and Lilienfeld, 1983). The determination of incubation period
has great implications for disease control and policy making.

The estimation of the incubation period of COVID-19 is a very
difficult task. The main difficulty is that it is difficult to determine
the infected time. Based on patients’ information, Yang et al. (Yang
et al., 2020) reported that the median incubation period of COVID-
19 is 4.75 days; the interquartile range is 3.0-7.2 days. Hereinafter,
we try to estimate the incubation period of patients in Henan. The
collected data are of varied quality, many descriptions of patients
only told us when the person left Wuhan, or when she/he had
suspicious contacts with persons from Wuhan or suspicious
persons (hereinafter, we name these as exposed). To facilitate the
estimation of the incubation period, we define estimated incuba-
tion period as the period from the date of exposure to the date of
appearance of clinical symptoms or making a definite diagnosis.
Apparently, such a definition overestimates the actual ones. For
example, the information from a patient (Mr Zhou, No.2 patient) in
Nanyang said that his son returned from Wuhan on January 6; he
and his son were disease-free for a long period. On February 3, he
became sick and was confirmed with infection. His son has been
disease-free until now. From our definition, his incubation period is
28 days, which is surprisingly high. We note that our definition
may be a little higher than the actual case, since we cannot exclude
the possibility that the person has contacted some other infected
persons. That is, we cannot know the intermediate spreader
(unknown person B), and when she/he transmitted the virus from
person A to C.

Among the collected data, incubation periods of 483 confirmed
patients could be estimated. Statistical results are shown in Fig. 3A,
B and Table 1. The estimated incubation periods roughly follow
logarithmic normal distribution. Specifically, the average

estimated incubation period was 7.4 days, the mode was 4 days
(50 cases) and the median was 7 days (48 cases). About 55% and
92% of patients had incubation periods no more than 7 and 14 days,
respectively. About 7.45% patients were overestimated with longer
than 14-day incubation periods. 285 of the 483 patients were men
and 198 were women, their average incubation periods were 7.8
and 7.2 days. KS test revealed that men and women have no
significant difference (p >0.05) on incubation periods, which was
different from existing findings (Xiong et al., 2020).

The fitted PDF curves based on three statistical methods can be
found in Fig. 3A, and some theoretical results are summarized in
Table 1. Comparing among the three methods, the fitted curve from
the ME method has the smallest variance; the variances of the OLS
and MLE approaches are both very high. High variance indicates
higher proportions of patients with long incubation periods. The
ME method may well mimic the actual long right tail of the
incubation periods, while the OLS estimation could well describe
the cases with middle incubation periods (2-14). The estimated
interquartile range from the ME method is [4.1495, 9.3523], which
is close to the result from the 483 patients ((Yang et al., 2020; Tang
et al., 2020)).

The theoretical modeling of incubation periods further
illustrates that they may follow the logarithmic normal distribu-
tion. Moreover, it can be used to estimate the actual statics of
incubation periods, and provide valuable references for decision-
making. Though the estimated incubation periods may be longer
than the actual cases, the distribution has some implications. It
indicates that a few patients may have very long incubation period,
which increases the difficulty of controlling and preventing COVID-
19, and strong quarantine measures still may be needed for a
period of time after the last confirmed case is reported.

3.3.2. State transition diagram reveals the time-phased nature of
epidemic

The epidemic of COVID-19 in Henan has undergone three stages
(Fig.3C, D). For the first stage before January 13, the numbers of both
exposed and confirmed patients were not high, and the number of
exposed (outdegree) patients was higher than confirmed patients
(indegree). For the second stage, between January 13 and 23, the
disease was in outbreak period, numbers of both exposed and
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confirmed cases were considerable, and the number of exposed cases
was far more than the confirmed ones. During this period, many
college students and migrant workers in Wuhan returned to their
hometowns; the large number of people flowing from Wuhan
increased the risks of exposure and infection. After January 23, the
epidemic entered the third stage, daily-confirmed cases were higher
than exposed ones, and the confirmed cases roughly decreased with
time. This may be attributed to the adoption of prevention and
control measures. With the closing of Wuhan city on January 23,
many regions of Henan quickly adopted very strict measures to
prevent the spread of COVID-19. Thus, after January 23, the number
of exposed cases became fewer and fewer (Fig. 3D), which is a good
phenomenon, indicating that the prevention and control measures
were gradually working.

3.4. Correlation with Wuhan travel histories

For the 18 regions of Henan province, we also summarized the
numbers of currently confirmed patients with Wuhan travel
histories (noted as vector X;), the numbers of patients without
Wuhan travel histories (X;), the numbers of patients that had
contacts with persons from Wuhan (X3), as well as the numbers of

patients that were without Wuhan travel histories, but who had
contacts with suspicious persons (X4). The bar-plots for the four
categories of patients in the 18 regions are shown in Fig. 4A (In total
of 1149 patients). Among patients with Wuhan travel histories, the
released information of 250 patients contained transportation
information. We found that 46% of the 250 patients had recently
travelled by train or bus; these patients may transmit COVID-19 to
a lot of people in the same train or bus.

We investigated the correlation between the current total
numbers of confirmed patients (Y) with X;-X,. The heatmap of the
correlation matrix is shown in Fig. 4C. It reveals that Y has
the highest correlation with X;, the PCC between the two is 0.9643,
the fitted regression equation (Samuels et al., 2016) is

Y = 1.8146X; + 9.0920. (6)

Such linear relationship statistically holds (R?=0.9299,
p<0.001). However, although there are certain correlations
between Y and X;-X4, their strength of correlations are lower
than that between Y and X;. This indicates that persons with
Wuhan travel histories have high risks of infection, and regions
with more of such persons tend to encompass more COVID-19
patients.
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3.5. Network analysis on aggregate outbreak phenomena

From the 1212 patients, we constructed a heterogeneous
network and performed some analysis on the network (Fig. 5).
The network contains 1105 patients that have been treated in 248
hospitals, 123 inter-hospital transfer relationships that involved
206 patients, and 208 patients that were clustering infected.

A few hospitals encompass a large number of patients in
treatments, and the aggregate outbreak phenomena were ubiqui-
tous (Fig. 5). For example, five patients that were treated in
Zhengzhou Jinshui General Hospital are relatives of each other,
who were successively infected. Similarly, 12 patients in Kaifeng
are clustering infected. In fact, a total of 208 patients were
clustering infected, and Zhengzhou, Shangqiu, Zhoukou, Xuchang
and Luoyang encompassed the most aggregative outbreak
patients. Among the designated hospitals in Henan province,
people’'s hospitals in different cities encompass a great number of
patients. The Fifth People's Hospital of Xinyang received the most
patients in Henan, followed by the The Sixth People's Hospital of
Zhengzhou and the Luoshan County People's Hospital. Network
analysis can provide us important information about patients,
hospitals and their relationships; it can also provide valuable
guidance for the distribution of epidemic prevention materials.

4. Discussion

Based on publicly released patient data by various CDCs in
Henan province during January 21 to February 14 of 2020, we
performed epidemiological analysis on COVID-19 patients. Newly
confirmed cases reached a peak at February 3, and started to fall
after that day. Among the 18 regions of Henan, Xinyang has the
heaviest epidemic. We found that 55% of patients in Henan were
male, which is higher than females. The gender difference of
patients in Henan is 1.2226:1, while Yang et al.(Yang et al., 2020)
reported that the gender difference for 4021 patients from over 30
provinces is 1.1481:1. We reported that the MFRs of the whole
province and its 18 regions are not the main factor that results in
the gender difference in patients. Two possible factors include 1)
the expression and distribution of ACE2s were wider in male than
in female patients, and 2) men may be more active and have wider
social activities than females in many regions of Henan. The ages of
patients generally follow normal distribution, and more than 81%
of patients are ages 21-60 years old. Our analysis suggested that
migrant workers or college students might be the key crowds
during the prevention and control of COVID-19 in Henan.

Incubation period is very important but very difficult to be
estimated. We define the period from first contact with suspicious
persons or recent return from Wuhan to first appearance of clinical
symptoms (fever, cough etc) as incubation period, and we estimate
its distribution. Statistical analysis on 483 patients reveals that the
average estimated incubation period was 7.4 days; the mode was 4
days. About 55% and 92% of patients had incubation periods no
more than 7 and 14 days. Incubation periods of about 7.45% of
patients were overestimated with more than 14 days. Based on ME,
OLS and MLE approaches, we modelled the incubation period as
logarithmic normal distributions, and we found the ME method
can closely mimic the long right tails of the PDF for the incubation
periods. Based on the ME approach, interquartile range of
theoretically estimated incubation period is between 4.1 and 9.4
days. Different from existing findings (Buhlmann and Geer, 2011),
among the 483 patients in Henan, we found there was no
significant difference on incubation periods between men and
women. Due to our definition, the estimated values are unavoid-
ably higher than the actual cases; however, the distribution and
statistics from the estimated ones are undoubtedly meaningful for
real-world decision-making.

State transition diagram reveals that the epidemic of COVID-19
in Henan has undergone three stages, which could be explained by
the strategies that we adopt at each stage. We also found that the
numbers of patients with recent Wuhan travel histories are highly
correlated with the total confirmed cases in the 18 regions of
Henan. During our analysis, we considered the linear relationship
between Y with each X;, mainly for the purpose of avoiding
multicollinearity (Buhlmann and Geer, 2011) among Xj(i=1,2,3,4).
Furthermore, we performed network analysis on aggregate
outbreak phenomena; we reported that 208 cases were clustering
infected ones. Various people's Hospitals in Henan are the main
forces in treating patients.

It is noted that, since the data quality from different regions was
varied, only some of the 1212 patients were used for certain
questions. We also noted that the 1212 patients’ data were
collected before February 14, 2020; after that day, only tens of
patients were confirmed, thus, the considered data are close to full
sample in Henan. Furthermore, although we only considered
patients in Henan, the obtained conclusions are suitable for other
places in the world. The related investigations may provide
valuable suggestions and guidance for the prevention and control
of COVID-19 in other regions of the world.
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