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Abstract
Background: No study has revealed spatial transmission characteristics of COVID-19 in Wuhan, China.
We aimed to analyze the spatiotemporal spread of COVID-19 in Wuhan and its in�uence factors.

Methods: Information of 32,682 COVID-19 cases reported through March 18 were extracted from the
national infectious disease surveillance system. Geographic information system methods were applied to
analysis transmission of COVID-19 and its in�uence factors in different periods.

Results: We found decrease in effective reproduction number (Rt) and COVID-19 related indicators
through taking a series of effective public health measures including restricting tra�c, centralized
quarantine and strict stay-at home policy. The distribution of COVID-19 cases number in Wuhan showed
an obvious global aggregation and a local aggregation in central urban areas, but such aggregations was
decreased in the later period of the epidemic. In addition, the analysis at streets-level suggested
population density and the number of hospitals were in�uence factors of spatial difference.

Conclusions: The epidemic situation showed obvious global and local spatial aggregations. High
population density and directional �ow of the Population to hospitals may account for the aggregations.
Strong quarantine measures and restrictions on movement of residents in Wuhan make the epidemic
under control in a short time.

Introduction
Coronavirus disease 2019 (COVID-19), a new type of pneumonia caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), was �rst reported in early December 2019 in Wuhan, China. In
mid-January, some clinicians observed that COVID-19 had strong interpersonal transmission capabilities
and could spread through airborne droplets or close contact [1,2]. Subsequently, this disease caused an
outbreak in Wuhan. The Chinese government included it as a Class B infectious disease on Jan.20, and
required to adopt the prevention and control measures for class A infectious disease which is the strictest
control measures.

Wuhan has taken some public health intervention measures to control the spread of COVID-19. On
Jan.23, the government required all residents to stay at home as much as possible, interrupted public
tra�c in the city, and suspended all transport links with other areas. During this period, mild cases and
close contacts were required to be isolated at home. After Feb.7, all mild COVID-19 cases were required to
be centralized treatment in 14 shelter hospitals. At the same time, suspected cases, cases with fever that
cannot be ruled out, and close contacts of con�rmed cases were isolation in requisitioning hotels. At the
same time, suspected cases, cases with fever that cannot be ruled out, and close contacts of con�rmed
cases were isolation in requisitioning hotels. On Feb.18, all shops were closed and the residents are
required to stay at home. Through these measures, the number of new cases fell fast, below 50 on Mar.8
and no new cases on Mar.18.
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Although previous studies predicted or reconstructed the transmission dynamic of COVID-19 in Wuhan
and further discussed the impact of non-pharmaceutical interventions based on COVID-19 epidemic
temporal changes [3-6], no study has revealed spatial transmission characteristics. The application of
geographic information system (GIS) into routine field epidemiologic surveillance could offer visual
evidence for identifying and tracking the spatial spread of infectious diseases [7,8]. In order to learn more
from the outbreak in Wuhan, we performed a spatiotemporal analysis of COVID-19 transmission and its
driving factors in Wuhan as of Mar. 18, 2020 by using exploratory temporal and GIS methods.

Materials And Methods
Data source

COVID-19 was classi�ed as a Class B infectious disease on Jan.20 in China and all infectious cases
should be reported immediately through the infectious disease information system according to legal
requirements. Information of COVID-19 cases till March 18 were extracted from the national infectious
disease surveillance system, which collected birth date, sex, occupation, residential street, date of illness
onset (the self-reported date of symptoms such as fever, cough, or other respiratory symptoms), and date
of con�rmed diagnosis (the laboratory con�rmation date of SARS-CoV-2 in the bio-samples or the date on
which the clinician determines the case as a clinically diagnosed case). The �rst-diagnose physician
reports case information in a �xed infectious disease report card format. The completeness and accuracy
was veri�ed by public health physician in the hospital and then reported to the infectious disease
surveillance system. The county-level, city-level and provincial-level CDC completed three reviews and
con�rmations of the report card within 2 hours, to ensure the accuracy of the data.

The population data (including population size, population density and ratio of the elderly population)
were obtained from the statistical yearbooks issued by Wuhan in 2018. The number of public facilities
(tra�c station, shopping center and hospital) were obtained from Google Maps. Population density is the
number of permanent residents per square kilometer; ratio of elderly population was the proportion of the
population over 60 years who live permanently in the areas; tra�c stations contained both bus stations
and subway stations; shopping centers referred to the combinations of retail stores and service facilities
in a single building or area that provides comprehensive services to consumers; hospitals with more than
20 beds were included.

The ethics approval was considered exempt because all data collections and analyses belong to a part of
continuing public health outbreak investigation determined by the National Health Commission of China.

Case de�nitions

Diagnosis of con�rmed COVID-19 was conducted according to the diagnostic criteria recommended by
the National Health Commission of China [9]. Con�rmed case was de�ned as a patient, with
corresponding clinical symptoms and a contact history, who had a positive test of SARS-CoV-2 virus by
the real-time reverse-transcription-polymerase-chain-reaction (RT-PCR) assay or high-throughput
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sequencing of nasal and pharyngeal swab specimens. The severity status of the case was categorized as
mild, moderate, severe, and critical.

Statistical analysis

To better re�ect the epidemic of COVID-19, the effective reproduction number (Rt) was calculated using
the method described by a previous publication [10]. The serial interval (mean: 7.5 days, SD: 3.4 days)
derived from a reported of �rst 425 cases in Wuhan [11] were applied to estimate Rt and its 95%
coe�cient intervals via a 10-days moving average. According to Rt changes in different time, the
outbreak was classi�ed into three periods to describe different states of epidemic. Period 1: the time
before Jan.24, the pre-cognitive period, when no strong intervention was imposed and the epidemic
spread naturally. Period 2: Jan.24-Feb.7, the control period, the spread of COVID-19 was gradually
controlled, but the number of cases was still growing (Rt more than 1). Period 3: Feb.8-Mar.18, the
transmission fading period, (Rt less than 1), when all shops were required to close and the residents were
required to stay at home. Cumulative cases, average daily new cases, double time and interval from
disease onset to diagnosis in different periods were calculated. The doubling time of COVID-19 in each
street was calculated according to the equation introduced by Weon [12]. More speci�c calculation
methods the doubling time and other de�nitions of COVID-19 indicators were well described in the
methods section of the supplementary material.

Since the earliest transmissions may have started at one or several locations, it was not appropriate to
use macroscopic spatial statistics to describe the distribution characteristics at this time. So we
developed early transmission maps of COVID-19 in Wuhan city by Dec. 25, 2020 to demonstrate the
earliest stage of its transmission dynamic. In order to explore the spatial characteristics of COVID-19
spread, we visualized the distribution trend of the onset cases number of each street by constructing a
cubic polynomial in different periods on a 3D grid plot. In addition, Moran's I was calculated to re�ect the
global spatial autocorrelation and local spatial autocorrelation of onset COVID-19 cases number
distribution in street-level during different periods. Monte-Carlo method was used to test the signi�cance
of Moran's I by simulating 999 times. Cluster map of local indicators of spatial association (LISA) was
drawn to show the degree and signi�cance of local cases spatial clustering of one street and its adjacent
streets. The modes of local case spatial clustering were divided into �ve kinds: 1) high-high (area with
high cases number surrounded by areas with high cases number), 2) low-low (area with low cases
number surrounded by areas with low cases number), 3) low-high (area with low cases number
surrounded by areas with high cases number), 4) high-low (area with high cases number surrounded by
areas with high cases number), 5) not signi�cant (no signi�cant clustering was found). The calculation
method of Moran's I was described in detail in a previous literature [13]. In quest of contribution degree of
population density and public facilities in each street to COVID-19 onset cases number, Spatial error
model (SEM) was applied to conduct spatial correlation analysis [14].

All analyses were performed with the use of R software (version 3.6.2), ArcGIS 10.2 and GeoDa 1.14.0.0.
All two-sided tests were considered as statistically signi�cant when P value was less than 0.05.
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Results
Transmission of COVID-19 in 3 time periods

By March 18, a total of 32,682 cases were identi�ed from the national infectious disease surveillance
system (Table S1). Estimates of the effective reproduction number Rt through the whole epidemic period
was shown in Figure 1. The Rt varied in the period 1 with a peak of 3.86 on Jan. 23, and declined in the
period 2 and 3. The Rt fell below 1.0 on Feb. 8, 2020 and further decreased to below 0.1 on Mar. 15, 2020.
As shown in Table 1, the number of onset cases in three periods were 6,981, 18,381 and 7,320,
respectively. Average daily new cases in three periods were 166.2, 1,225.4 and 209.1, respectively. The
median of double time elevated from 3.6 days in period 1 to 103.9 days in periods 3, but the median of
interval from disease onset to diagnosis decreased form 20.0 day in period 1 to 3.0 days in period 3.

The spatiotemporal distribution of COVID-19 cases in Wuhan

To understand the early transmission of COVID-19 in Wuhan, we made an epidemic map of Wuhan till
Dec.25 (Figure 2). We noted that the case �rst appeared in the center of Wuhan, then extended to the
north part after 4 days. On Dec.23, 11 days later, the southern part of Wuhan city also began to report
cases, and soon, after 2 days, the east and west parts reported the �rst case. By Dec.25, 17 days after �rst
reported case, COVID-19 cases had been reported in all 13 districts of Wuhan.

A total of 179 streets in Wuhan city were included in the present analysis and COVID-19 cases were
reported from 177 of them. Global spatial trends in whole epidemic and 3 time periods were visualized in
Figure 3. The trend lines suggested COVID-19 cases aggregated in central urban area during all periods,
but such overall trend of aggregation reduced clearly in period 3. Global spatial autocorrelations in whole
epidemic and different periods were examined by Moran's I (Figure 4). In all Moran scatter plots, bubbles
mainly aggregated in the �rst, second and third quadrants, suggested that the spatial distribution form of
COVID-19 onset cases in all period were mainly composed of three main patterns: high-high, low-high and
low-low. Moran's I in all periods was more than 0, but dropped from 0.31 in period 1 to 0.12 in period 3.
Signi�cance tests of Moran's I performed by Monte-Carlo method with 999-time simulations indicated
signi�cant (pseudo p value <0.05) global autocorrelation existed in all periods (Figure S1).

 In order to have a more intuitive view of spatial distribution of COVID-19 onset cases in different periods,
LISA cluster map was employed to graphically demonstrate local autocorrelation of COVID-19 onset
cases in street-level (Figure 5). From the perspective of the whole epidemic, the main models of onset
cases clustering from the central urban area to the marginal urban area were high-high, high-low or low-
high, and low-low, successively. As shown in Table 2, the number of streets which did not present
signi�cant clustering elevated obviously from 18 in period 1 to 54 in period 3. Closer inspection of the
Table 2 showed such trend of reduction was due to a decrease in both high-high and low-low aggregation
patterns.

Analysis of spatial differentiation drivers
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To explore the driving factors of COVID-19 cases spatial differentiation, we performed a tertile analysis of
the street according to the population density or the number of public facilities in each street (Table S2).
The results suggested that all COVID-19 indictors (including cumulative number of case, average
prevalence, doubling time and daily new cases were monotonic increase across tertiles of population
density (all Ptrend < 0.05). The number of daily new cases in three periods, as well as the average
prevalence and the cumulative cases of COVID-19 (all Ptrend < 0.05) elevated signi�cantly with the
increase in the number of hospitals. We didn’t observe any one-way variation trend between shopping
center (except number of average daily new cases) and other COVID-19 related indicators, or between the
number of tra�c station and COVID-19 indicators.

To further validate such potential associations, a spatial error model was constructed to detect the
association of the number of COVID-19 onset cases with population density, ratio of the elderly
population and number of public facilities in street-level. As shown in Table 3, population density and the
number of hospitals were signi�cantly associated with the number of onset cases at street-level (both P
<0.05) rather than ratio of elderly population and the number of other public facilities throughout the
whole epidemic. When strati�ed into three periods, signi�cant associations of onset cases with
population density and the number of hospitals were observed in period 1 and 2. In addition, the number
of tra�c stations was positively associated with onset cases with a coe�cient of 4.437 in period 2.
Strikingly, no signi�cant association between population density and onset cases was found in period 3.
Nonetheless, the number of hospitals was still positive associated with onset cases elevation in period 3,
but the coe�cient was lower than that in period 2 (6.809 vs 13.559).

Discussion
The present study found that the transmission of COVID-19 in Wuhan experienced three periods of
outbreak, control and decline in time, and presented a spatial clustering in the central urban distrain. In
addition, population density and the number of hospitals were both positive associated with COVID-19
indicators at streets-level.

In the early stage, it took 17 days from the �rst case to cases appeared in all districts in Wuhan. The Rt
reached a peak on Jan.23, 46 days from the �rst case reported. The government intervened with a series
of public health measures after the discovery of conclusive evidence that COVID-19 could be passed from
person to person [15]. The present study divided the epidemic of COVID-19 in Wuhan into three periods. In
period 1, when no strong intervention was implemented, the doubling time of COVID-19 cases was 3.6
days, which was shorter than the 7.5 (5.3-19) days calculated by model simulations in an earlier study
[11]. Such difference may be due to the limitation of detection capacity in the early stage of the outbreak,
resulting some cases not being con�rmed in a timely manner and the transmission not being properly
assessed. In period 2, indicators of transmission, including onset cases and average daily new cases
indicated that the epidemic was still rising, but changes in doubling time and Rt both suggested the
epidemic was under control in some degree. On one hand, as the median incubation period of COVID-19
is up to 14 days [16,17], so changes in indicators may lag behind the impact of intervention measures. On
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the other hand, mild and suspected cases were required to isolate at home during that period, which still
had a great risk of transmission, especially in areas with high population density. In period 3, the doubling
time increased more than 10 times that of the previous period. In fact, almost all of the identi�ed
potential infectors were isolated during the period 3, and the strict stay-at-home policy for all residences
cut off transmission to a great extent. Therefore, more stringent measures to isolate and limit population
movements, rather than just restricting public transportation and population gathering, are needed to
control the outbreak of COVID-19 in a short time.

The present study found that the epidemic situation showed obvious aggregation in central urban areas,
where found the �rst case. In three periods, signi�cant spatial autocorrelations of COVID-19 onset cases
number in Wuhan were found, especially in period 1 and 2. The transmission of COVID-19 in �rst two
periods tended to spread from high-incidence areas to low-incidence areas. The size of aggregation
reduced in the later stage (after the implementation of strict population movement control measures,
period 3) of the epidemic. Such a change in spatial distribution characteristics suggested that the
movement of people during an epidemic should be limited to the greatest extent, especially in high-
incidence areas.

Our study also found that the population density as well as the number of hospitals in the streets may be
driver factors of spatial differences. In addition, our research con�rmed that high population density and
higher number of hospitals facilitated the spread of COVID-19 in street, and streets with low population
density and higher hospitals number had lower daily new cases and attack rate. Due to the emergence of
huge cases, the hospital may become a source of infection. In fact, a large number of panicked
residences with similar or suspected symptoms of COVID-19 �ocked to hospitals to seek for treatment,
which not only led to the directional movement of cases, but also increased the risk of cross-infections.
An analysis of 138 COVID-19 cases conducted by a hospital in Wuhan showed that the ratio of hospital
infection was up to 41.3% [18], which also suggested a high risk of hospital infection. In addition, a
number of public health interventions were implemented by the Wuhan government from Jan.23 to
Feb.18, including shutdown of public gathering places, restrictions of inner-city tra�c, and strict stay-at-
home policy for all residences. These effective interventions might lead to the fact we did not observe the
association of tra�c stations with increased number of average daily new cases. Restricting tra�c
eliminated the impact of the number of stations on COVID-19. Furtherly, no relationship was found
between prevalence and the number of shopping center. These results suggested that interventions have
a strong ability to control the epidemic of COVID-19. It is surprising that no association was observed
between ratio of elderly population and the number of onset cases, even though multiple studies [3-6] and
our results jointly con�rmed the susceptibility of elderly to COVID-19. We thought that it may be because
area with ratio of elderly population had lower population density and some of them are located in
remote areas [19]. The lower population density and population mobility resulted in the reduced a lower
probability of infection among the residents in these areas.

The present study performed a spatiotemporal analysis of the COVID-19 transmission in Wuhan, China
for the �rst time. There are some limitations in this study. As the data source is the national infectious
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disease surveillance system, the statistics of the number of cases in each street are based on the current
address of the reported cases rather than the contact history, which may lead to a decrease in the
authenticity of the number of cases in each street. However, given a series of measures to limit
population movement was taken relatively early in the outbreak, our study was deemed to be of good
credibility.

Conclusion
In the early stage of the epidemic, COVID-19 spread rapidly in Wuhan and showed a trend of spreading
from downtown to surrounding areas. The epidemic situation shows obvious aggregation in central city.
High population density and high number of hospitals may be risk factors for the transmission of the
COVID-19 in Wuhan. The spatiotemporal analysis of COVID-19 transmission in Wuhan proves that
reducing the movement of population as far as possible and stronger isolation have a signi�cant effect
on containing the transmission.
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Tables
Table 1. Transmission of COVID-19 in Wuhan during different period

Variables Before Jan.24,
2020

Jan.24- Feb.7,
2020

After Feb.7,
2020

Onset cases, n 6,981 18,381 7,320

Average daily new cases, n 166.2 1225.4 209.1

Double time, day 3.6 8.1 103.9

Interval from disease onset to diagnosis,
median (IQR), day

20.0 (14.0-
25.0)

11.0 (8.0-16.0) 3.0 (1.0-5.0)

Abbreviations: COVID-19, coronavirus disease 2019; IQR, interquartile range.

 

 

Table 2. Street-level spatial clustering models of COVID-19 onset cases in different periods

http://mzj.wuhan.gov.cn/mzdt_912/bsmz_913/201701/t20170126_156925.shtml
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Period Number of different spatial clustering models

High-high High-low Low-high Low-low Not signi�cant

The whole epidemic 68 4 43 37 27

Period 1 69 4 41 47 18

Period 2 70 5 43 39 22

Period 3 59 3 39 24 54

Signi�cance of local spatial clustering was tested by local Moran's I. Period 1, the pre-cognitive period,
when COVID-19 spread without strong inventions. Period 2, the control period, the spread of COVID-19 is
gradually being controlled, but the number of cases is still growing (Rt more than 1). Period 3, the
transmission fading period (Rt less than 1).

 

Table 3. Street-level correlation of COVID-19 cases number with population density and the number of
public facilities of Wuhan city in different periods
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Periods Characteristics Coe�cient Std.
Error

z-
value

P value for
Coe�cient

The whole
epidemic

Population density 0.003 0.001 4.961 <0.01

  Ratio of the elderly
populations

-0.468 3.453 -0.136 0.892

  Number of tra�c stations 6.439 3.617 1.780 0.075

  Number of shopping
centers

-5.152 4.824 -1.068 0.286

  Number of hospitals 25.373 7.042 3.603 <0.01

Period 1 Population density 0.001 0.001 4.852 <0.01

  Ratio of the elderly
populations

-0.335 0.793 -0.059 0.953

  Number of tra�c stations 1.616 0.827 1.954 0.051

  Number of shopping
centers

-1.403 1.103 -1.273 0.203

  Number of hospitals 5.119 1.609 3.182 <0.01

Period 2 Population density 0.002 0.001 5.157 <0.01

  Ratio of the elderly
populations

-1.336 1.943 -0.687 0.492

  Number of tra�c stations 4.437 2.033 2.183 <0.05

  Number of shopping
centers

-3.324 2.711 -1.226 0.220

  Number of hospitals 13.559 3.957 3.427 <0.01

Period 3 Population density 0.001 0.001 -0.358 0.720

  Ratio of the elderly
populations

1.456 1.017 1.432 0.152

  Number of tra�c stations 0.428 1.117 0.384 0.701

  Number of shopping
centers

-0.545 1.497 -0.364 0.716

 Number of hospitals 6.809 2.191 3.107 <0.01

Spatial error model was applied to detect the correlation of COVID-19 cases number with population
density and the number of public facilities. Period 1, the pre-cognitive period, when COVID-19 spread
without strong inventions. Period 2, the control period, the spread of COVID-19 is gradually being
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controlled, but the number of cases is still growing (Rt more than 1). Period 3, the transmission fading
period (Rt less than 1).

Figures

Figure 1

The Effective Reproduction Number (Rt) Estimates Based on Coronavirus Disease 2019 (COVID-19)
Cases in Wuhan, China. Period 1: the pre-cognitive period, when COVID-19 spread without strong
inventions. Period 2: the control period, the spread of COVID-19 is gradually being controlled, but the
number of cases is still growing (Rt more than 1). Period 3: the transmission fading period (Rt less than
1).
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Figure 2

Early Transmission of COVID-19 in Wuhan, China. The red dots represent the �rst cases in each street.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.
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Figure 3

Street-level global spatial trend of onset COVID-19 cases Wuhan, China in different periods, respectively.
A: The whole epidemic time (from Dec. 8, 2019 to Mar. 18, 2020). B: Period 1, the pre-cognitive period,
when COVID-19 spread without strong inventions. C: Period 2, the control period, the spread of COVID-19
is gradually being controlled, but the number of cases is still growing (Rt more than 1). D: Period 3, the
transmission fading period (Rt less than 1). The X-axis points to the north of Wuhan, the Y-axis points to
the east of Wuhan, and the Z-axis is cases number. The points on the grid are projections of cases
number in each street. The curve on the grid shows the distribution trend of cases in overall city. The red
column represents the cases number in each street.
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Figure 4

Moran scatter plot of onset COVID-19 cases spatial autocorrelation in streets of Wuhan city. The X-axis is
the standardized value of cases number, and the Y-axis is the standardized value of the cases number in
adjacent streets. The bubbles represent all streets of Wuhan city. A: The whole epidemic time (from Dec.
8, 2019 to Mar. 18, 2020). B: Period 1, the pre-cognitive period, when COVID-19 spread without strong
inventions. C: Period 2, the control period, the spread of COVID-19 is gradually being controlled, but the
number of cases is still growing (Rt more than 1). D: Period 3, the transmission fading period (Rt less
than 1).
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Figure 5

Lisa cluster map of onset COVID-19 cases local spatial autocorrelation of Wuhan city in street-level. A:
The whole epidemic time (from Dec. 8, 2019 to Mar. 18, 2020). B: Period 1, the pre-cognitive period, when
COVID-19 spread without strong inventions. C: Period 2, the control period, the spread of COVID-19 is
gradually being controlled, but the number of cases is still growing (Rt more than 1). D: Period 3, the
transmission fading period (Rt less than 1). Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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