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Evolving epidemiology and transmission dynamics of
coronavirus disease 2019 outside Hubei province,
China: a descriptive and modelling study
Juanjuan Zhang*, Maria Litvinova*, Wei Wang*, Yan Wang, Xiaowei Deng, Xinghui Chen, Mei Li, Wen Zheng, Lan Yi, Xinhua Chen, Qianhui Wu,
Yuxia Liang, Xiling Wang, Juan Yang, Kaiyuan Sun, Ira M Longini Jr, M Elizabeth Halloran, Peng Wu, Benjamin J Cowling, Stefano Merler,
Cecile Viboud, Alessandro Vespignani, Marco Ajelli†, Hongjie Yu†

Summary

Background The coronavirus disease 2019 (COVID-19) epidemic, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), began in Wuhan city, Hubei province, in December, 2019, and has spread throughout
China. Understanding the evolving epidemiology and transmission dynamics of the outbreak beyond Hubei would
provide timely information to guide intervention policy.

Lancet Infect Dis 2020

Methods We collected individual information from official public sources on laboratory-confirmed cases reported
outside Hubei in mainland China for the period of Jan 19 to Feb 17, 2020. We used the date of the fourth revision of
the case definition (Jan 27) to divide the epidemic into two time periods (Dec 24 to Jan 27, and Jan 28 to Feb 17) as the
date of symptom onset. We estimated trends in the demographic characteristics of cases and key time-to-event
intervals. We used a Bayesian approach to estimate the dynamics of the net reproduction number (Rt) at the provincial
level.
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Findings We collected data on 8579 cases from 30 provinces. The median age of cases was 44 years (33–56), with an
increasing proportion of cases in younger age groups and in elderly people (ie, aged >64 years) as the epidemic
progressed. The mean time from symptom onset to hospital admission decreased from 4·4 days (95% CI 0·0–14·0)
for the period of Dec 24 to Jan 27, to 2·6 days (0·0–9·0) for the period of Jan 28 to Feb 17. The mean incubation period
for the entire period was estimated at 5·2 days (1·8–12·4) and the mean serial interval at 5·1 days (1·3–11·6). The
epidemic dynamics in provinces outside Hubei were highly variable but consistently included a mixture of case
importations and local transmission. We estimated that the epidemic was self-sustained for less than 3 weeks, with
mean Rt reaching peaks between 1·08 (95% CI 0·74–1·54) in Shenzhen city of Guangdong province and
1·71 (1·32–2·17) in Shandong province. In all the locations for which we had sufficient data coverage of Rt, Rt was
estimated to be below the epidemic threshold (ie, <1) after Jan 30.
Interpretation Our estimates of the incubation period and serial interval were similar, suggesting an early peak of
infectiousness, with possible transmission before the onset of symptoms. Our results also indicate that, as the
epidemic progressed, infectious individuals were isolated more quickly, thus shortening the window of transmission
in the community. Overall, our findings indicate that strict containment measures, movement restrictions, and
increased awareness of the population might have contributed to interrupt local transmission of SARS-CoV-2 outside
Hubei province.
Funding National Science Fund for Distinguished Young Scholars, National Institute of General Medical Sciences,
and European Commission Horizon 2020.
Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction
Since December, 2019, an increasing number of atypical
pneumonia cases caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) have been reported
in Wuhan, a city in the Chinese province of Hubei.1 As of
Feb 17, 2020, 72 436 cases of coronavirus disease 2019
(COVID-19), including 1868 deaths, had been reported
in mainland China.2 The outbreak has now spread to
198 countries, areas, or territories beyond China.3 On
Jan 30, 2020, WHO declared the COVID-19 outbreak a
public health emergency of international concern.4

An early report5 on the epidemiology of the COVID-19
outbreak included analysis of the first 425 confirmed cases
detected in Wuhan up to Jan 22, 2020. Since then, the
temporal dynamics and spatial dissemination of COVID-19
has changed, with 17% of cases reported outside of Hubei
in mainland China as of Feb 17. In provinces outside
Hubei, the COVID-19 epidemic is characterised by a
mixture of local transmission and importation of cases
from Hubei.6 A report6 based on the 44 672 confirmed
cases detected in mainland China up to Feb 11, gave a
description of the characteristics of COVID-19 cases for
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Research in context
Evidence before this study
On March 12, 2020, we searched PubMed and Web of Science
for papers published after Jan 1, 2020, using the search terms
(“nCoV” OR “COVID” OR “novel coronavirus” OR “severe acute
respiratory syndrome coronavirus 2”) AND (“evolving
epidemiology” OR “epidemiological characteristics” OR
“transmission dynamics” OR “net reproduction number”).
No language restrictions were applied. We identified 24 papers
published in peer-reviewed journals. We also included two
relevant papers that had yet to be indexed by PubMed or
Web of Science. The study of the first confirmed 425 cases
in Wuhan reported a mean incubation period of 5·2 days and
a mean serial interval of 7·5 days. One study, based on
291 patients in China, estimated a median incubation period
of 4 days, and another four studies estimated the incubation
period of cases outside Wuhan or Hubei ranging from 5 to
6·7 days. One mathematical modelling study estimated that
the median daily net reproduction number in Wuhan declined
from 2·35 (95% CI 1·15–4·77) 1 week before travel restrictions
were introduced on Jan 23 to 1·05 (0·41–2·39) 1 week after.
A report from the Chinese Center for Disease Control and
Prevention that was based on the analysis of 44 672 confirmed
cases up to Feb 11, 2020, provided an overall description of
the characteristics of coronavirus disease 2019 (COVID-19)
cases in China as a whole and in Hubei province. However, that
study did not provide estimates of key time-to-event intervals
nor of the reproduction number. Until now, there has been
scarce information to understand the changing
epidemiological features and transmission dynamics of the
COVID-19 outbreak beyond Hubei province.
Added value of this study
We collected individual information from official, publicly
available sources on 8579 laboratory-confirmed cases detected
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mainland China and in Hubei. Until now, there has
been little information on the epidemiological features
and trans
mission dynamics of the COVID-19 outbreak
beyond Hubei. This information will be crucial to inform
intervention policy in real-time, not only for China, but
also for other countries with COVID-19 transmission.
We aimed to describe the epidemiological characteristics
of the COVID-19 outbreak 50 days after it was recognised
in Chinese provinces outside Hubei. We also estimated
changes in key time-to-event intervals and reproduction
numbers to assess whether the strict control measures
put in place in China have been successful in slowing
transmission.

Methods

Case definitions and surveillance
Since the outbreak of COVID-19 was first detected
in Wuhan, the Chinese Center for Disease Control
and Prevention (China CDC) has launched a new
2

outside Hubei province up to Feb 17, accounting for 69% of all
12 447 reported cases at that time. We analysed changes in
demographic characteristics, key time-to-event intervals
(eg, incubation period, serial interval, and time from symptom
onset to hospital admission), and the dynamics of the net
reproduction number (Rt) at the provincial level. We found
significant differences in the epidemiology of COVID-19 as the
epidemic continued to spread across China. The time from
symptom onset to hospital admission decreased from 4·4 days
(95% CI 0·0–14·0) in the period of Dec 24 to Jan 27, to 2·6 days
(0·0–9·0) in the period from Jan 28 to Feb 17. The mean
incubation period was estimated at 5·2 days (95% CI 1·8–12·4)
and the mean serial interval at 5·1 days (1·3–11·6).
Most importantly, as of Feb 8, 2020, we estimated Rt to be
below the epidemic threshold in provinces outside Hubei that
have reported the largest number of cases (Hunan, Shandong,
Shenzhen city [Guangdong province], Anhui, Henan,
Jiangsu, Jiangxi, Shaanxi, and Zhejiang).
Implications of all the available evidence
We show that the epidemiology and transmission dynamics of
the COVID-19 epidemic are rapidly changing and should be
closely monitored. Our findings suggest that strict containment
measures, movement restrictions, and increased awareness of
the population might have contributed to controlling the
COVID-19 outbreak outside Hubei province in China. Given that
the reproduction number is positively related to the growth rate
of the epidemic and the length of the serial interval, the shorter
serial interval estimated here (5·1 days vs 7·5 days) implies that
transmissibility of severe acute respiratory syndrome
coronavirus 2 might not be as high as previous estimates
suggest. More broadly, our findings are crucial to inform
intervention policy in real-time for other countries, given the
international expansion of the COVID-19 epidemic.

surveillance system, first in Wuhan, then extended
to the entire country, to record information about
COVID-19 cases (appendix pp 2–3).1,5 Guidelines on
the diagnosis and treatment of patients with novel
coronavirus-infected pneumonia (NCIP) were pub
lished, with the first issued on Jan 15, 2020, defining a
suspected NCIP case as pneumonia that fulfilled
specific clinical criteria and had an epidemiological link
to the Huanan seafood wholesale market in Wuhan or
had travelled to Wuhan in the 14 days before symptom
onset (appendix pp 2–3). The subsequent two versions
of the guidelines (the first issued on Jan 18 and the
second on Jan 22) removed the clinical criterion of no
symptomatic improvement or deterioration after 3 days
of antibiotic treat
ment to accelerate identification of
cases. Additionally, the epidemiological link was revised
to include travel history to Wuhan, direct contact
with patients from Wuhan who had fever or respiratory
symptoms within 14 days before symptom onset, or part
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of a COVID-19 cluster. In the fourth version of the
guidelines (issued on Jan 27), the clinical criteria were
broadened to meet any two of the three remaining
clinical criteria (ie, fever, radiographic findings of
pneumonia, and normal or reduced white blood cell
count or reduced lymphocyte count at early stage of
illness), and an epidemiological criterion was added
(link with a confirmed COVID-19 case). In the fifth
version issued on Feb 4, clinically diagnosed cases were
defined as suspected cases with radiographic findings of
pneumonia, to be used exclusively in Hubei.7
This study was approved by the institutional review
board of the School of Public Health, Fudan University
(Shanghai, China). All data were collected from publicly
available sources. Data were deidentified, and informed
consent was waived.

Data sources and collection
All of the provinces outside Hubei were included in the
analysis of demographic characteristics, key time-toevent intervals, incubation period, and serial interval.
Nine locations for which we had sufficient data coverage
were used to estimate the net reproduction number.
Daily aggregated data on the number of cumulative
cases in mainland China were extracted from the official
websites of national, provincial, and municipal health
commissions (appendix pp 3–10). Individual records on
laboratory-confirmed COVID-19 cases were collected from
two publicly available official sources: the websites of
national, provincial, and municipal health commissions,
and the websites of national and local government news
media. Individual information was extracted by the data
collection team and entered into a structured database
comprising three sections: demographic characteristics;
exposure and travel history; and key timelines, including
exposure timeline, date of symptom onset, date of hospital
admission, and date of official reporting. A well trained
data collection team of about 40 members from Fudan
University collected individual information (appendix
pp 10, 11). Each individual record was cross-checked by
three coauthors (WW, MLi, and WZ), and consensus
was attained before finalising an entry in the database.
Conflicting information was resolved based on the
original data source; for example, if individual records on
local governmental websites and governmental news
media were inconsistent, we extracted the data from the
governmental website. We used information on age, sex,
location of detection, exposure history, dates of symptom
onset, hospital admission, and official reporting to des
cribe demographic characteristics of cases and estimate
key time-to-event intervals, incubation period, serial inter
val, and net reproduction number. Details on the collection
of individual data, the definitions of key variables, and the
assessment of completeness of variables are provided in
the appendix (pp 3–11).
We validated our individual records against the official
line lists obtained from the websites of Shandong

Provincial Health Commission, Shenzhen Municipal
Health Commission, and Hunan Provincial Health
Commission (appendix p 12).

Statistical analysis
We restricted analyses to provinces other than Hubei
where the majority of individual records were available—
ie, 8579 (98%) of 8738. We used the date of the fourth
revision of the guidelines to divide the epidemic into
two time periods. The first period ran from the emergence
of COVID-19 in provinces outside Hubei, Dec 24 to Jan 27,
when the definition of suspected cases was broadened
to capture milder cases. The second period ran from
Jan 28 to Feb 17. We did statistical analyses of demographic
and epidemiological characteristics of confirmed cases
stratified by the two epidemic periods. χ² test was used to
compare the age and sex structure. Two-sample t test was
used to compare the key time-to-event intervals.
We estimated key time-to-event distributions for
COVID-19 cases, including symptom onset to first
health-care consultation, hospital admission, and official
reporting. We estimated the time from infection to
symptom onset (ie, the incubation period) by analysing
COVID-19 cases with confirmed epidemiological links
(clusters) identified by prospective contact tracing. The
date of presumed infection was estimated from history
of exposure, after excluding cases with exposure to
Wuhan. When multiple exposures were reported, we
considered the interval between the first and last
recorded dates of exposure. We fit three parametric
distributions (Weibull, gamma, and lognormal) to timeto-event data and selected the best fit based on the
minimum Akaike information criterion. Confidence
intervals for the estimated distributions were obtained
with 2000 bootstrap simulations for either censored or
non-censored data.
We analysed clusters of COVID-19 cases with epi
demiological links confirmed by prospective contact
tracing (all cases with travel history to Wuhan or Hubei—
ie, declared visiting or residing, where excluded) to
estimate the interval between onset of symptoms in a
primary (index) case and the onset of symptoms in
secondary cases generated by that primary case (ie, the
serial interval). The serial interval was estimated by
fitting a gamma distribution to the lag between the dates
of symptom onset in the index and secondary cases.
Using the estimated distribution of the serial interval,
we calculated the net reproduction number (Rt), which is
the mean number of secondary cases generated by a
typical primary case at time t. Consecutive generations of
cases arise after a period measured by the serial interval
or by the generation time.8 We used a Bayesian approach9,10
to estimate Rt from the time series of symptom onset dates
and the distribution of the serial interval, considering
importations and local transmission.11 For this analysis,
the last 9 days of the dataset were excluded to account
for the possible incompleteness of the dataset due to
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A

Hubei province

Shiyan

Heilongjiang
Xinjiang

Xiangyang

Jilin

Inner Mongolia

Suizhou

Shennongjia

Liaoning

Gansu

Beijing
Ningxia

Qinghai

Shanxi

Jingmen

Hebei

Tianjin

Shandong

Shaanxi Henan

Tibet
Sichuan

Hubei

Chongqing
Guizhou

Hunan

Yichang

Jiangsu
Anhui

Jiangxi

Xiaogan

Tianmen
Qianjiang

Enshi

Wuhan

Xiantao

Jingzhou

Shanghai

Huangshi
Xianning

Zhejiang

Fujian

Yunnan

Guangxi Guangdong

Taiwan

Confirmed cases (N)
10–184
185−500
501−1000
1001−2000
2001−3320
42 752

Guangdong
Hainan

Macao
Hong Kong
Shenzhen

Huanggang
Ezhou

Confirmed cases (N)
0−100
101−200
201−500
501−1000

1001−1328
59 989
Not applicable

B
Period 1

Period 2

Travel history to Wuhan or Hubei
Local transmission

550

COVID-19 incorporated as a notifiable disease in the
Infectious Disease Law and Health and Quarantine Law in China

500

Transportation leaving from Wuhan
temporarily locked down

450

The fourth version of the case
definition was issued

Number of confirmed cases (individual records)

400
350

WHO declared the COVID-19
outbreak a PHEIC

300

Test reagent issued to all provinces; first case
officially announced outside Hubei province

250
200
150
100

Huanan seafood
wholesale market closed

First case in Wuhan

RT-PCR reagents
provided to Wuhan

50
0
1

4

7

10

13

16

19

22

25

28

31

3

6

9

12

December, 2019

15

18

January, 2020

21

24

27

30

2

5

8

11

14

17

February, 2020

Date of symptom onset
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reporting delays. The methods used to estimate Rt are
reported in detail in the appendix (p 23). Throughout,
95% CI refers to the 2·5th and 97·5th percentiles of the
estimated distribution. Statistical analyses were done
using R, version 3.6.0. Rt was estimated from a code
written by the authors, which is available online.

Role of the funding source
The funder of the study had no role in the study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding authors had
full access to all the data in the study and had
final responsibility for the decision to submit for
publication.

Results
As of Feb 17, 2020, 72 436 COVID-19 cases had been
reported in all 31 provinces of mainland China.
42 752 (59%) of 72 436 cases were detected in Wuhan city
of Hubei province, 17 237 (24%) were detected in cities
other than Wuhan in Hubei province, and 12 447 (17%)
were reported in other provinces (figure 1A). We collected
individual information on 8579 laboratory-confirmed
cases detected outside Hubei up to Feb 17, accounting for
69% of the 12 447 cases reported at that time. For most of
the locations, there was consistency between the time
series derived from our individual records and the official
case reports (appendix pp 12–14).
Starting at the end of December, 2019, the COVID-19
epidemic grew rapidly outside Hubei and was characterised
by a mixture of local transmission and case importations
from Hubei (figure 1B). The median age of cases was
44 years (33–56), with the proportions of cases that were in
age groups younger than 18 years (p<0·0001) and older
than 64 years (p<0·0001) increasing from the earlier to
the more recent time periods (appendix p 15). Overall, the
proportion of cases among individuals younger than
18 years was low (5%; table 1). The proportion of male cases
decreased between the two epidemic periods (p=0·00012),
but remained around 50% (table 1; appendix p 15).

Figure 1: Geographical distribution and temporal dynamics of confirmed
COVID-19 cases
(A) Geographical distribution of confirmed COVID-19 cases (including clinically
diagnosed cases for Hubei province), officially reported as of Feb 17, 2020
(n=72 436), in each province of mainland China (left) and in each city of Hubei
province (right). Provinces or cities with a blue contour indicate those selected
for analysis of the net reproduction number. (B) Time series of COVID-19 cases
for which we had individual records in provinces outside Hubei province, divided
into cases with travel history to Wuhan or Hubei and cases of local transmission.
If no information about the travel history of a patient was reported in the
individual records, we assumed that the patient acquired the infection locally.
This graph refers to 5683 cases with available symptom onset date (out of
8579 individual cases available in our individual records). The decline in the
number of cases in the last few days of February is in part due to the delay
between the date of reporting of cases and the date of symptom onset. The first
period ran from Dec 24 to Jan 27. Dec 24 is the earliest symptom onset date of
the cases reported outside Hubei. COVID-19=coronavirus disease 2019.
PHEIC=public health emergency of international concern.

The presence of at least one known exposure was
reported by 6611 (77%) of 8579 cases (table 1). In the
early epidemic period, most cases reported an exposure
in Wuhan or Hubei. Subsequently, an increasing
number of cases reported exposure to COVID-19 cases
or patients with acute respiratory infections (p<0·0001;
table 1).
The time from symptom onset to hospital admission
shortened as the epidemic progressed, decreasing from
4·4 days (95% CI 0·0–14·0) during the first period of the
epidemic to 2·6 days (0·0–9·0) in the second period
(table 2). A similar decreasing time trend was observed
for the interval from symptom onset to first health-care
consultation (table 2).
We analysed the time from exposure to illness onset for
49 cases with no travel history who were identified by
prospective contact tracing. These cases represented
37 clusters. We estimated a mean incubation period of
5·2 days (95% CI 1·8–12·4), with the 95th percentile of
the distribution at 10·5 days. The incubation period was
well approximated by a lognormal distribution (appendix
pp 17–19).
We analysed the time between symptom onset in
35 secondary cases and 28 corresponding primary cases
(appendix pp 19–22). One case who reported the onset of
symptoms on the same day as the index case was removed
from the analysis. The serial interval followed a gamma
distribution with an estimated mean of 5·1 days (95% CI
1·3–11·6). A comparison of the distribution of the
incubation period and the serial interval is reported in
figure 2, and shows overlap between the two distributions.
As we cannot exclude that a fraction of these secondary
cases had a previous exposure to an unidentified infection
source, we did a sensitivity analysis using different levels
of data censoring; the resulting estimates were between
5·0 days (0·8–13·0) and 6·3 days (3·2–10·5; appendix
p 22).
The transmission dynamics of COVID-19 differed
between provinces outside Hubei. Here we report the
results for a city (Shenzhen—a major city with more
than 12 million inhabitants in Guangdong province) and
two provinces (Hunan and Shandong) for which we
have validated our individual records against the full
official line lists (appendix pp 3–8). Results for the other
six locations are included in the appendix (p 24).
Although these locations were among those that
reported the largest number of COVID-19 cases as of
Feb 17, 2020,3 they showed highly different transmission
patterns. Specifically, in Shenzhen, we estimated that
the mean Rt was above the epidemic threshold for about
1 week (approximately from Jan 18 to Jan 23), with a
maximum value of 1·08 (95% CI 0·74–1·54) on Jan 22,
and the outbreak was mostly sustained by cases with
travel history to or from Wuhan or Hubei (figure 3). In
Hunan province, we estimated the mean Rt to be above
the epidemic threshold for about 2 weeks from Jan 13 to
Jan 28, with a peak value of 1·34 on Jan 20 (1·06–1·68;
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All (n=8579)
Age, years

Period 1
Period 2
(Dec 24 to Jan 27; n=4210) (Jan 28 to Feb 17; n=2379)

44 (33–56)

43 (33–55)

46 (33–58)

Unclassified*
(n=1990)
44 (31–56)

Age group, years
0–6

124/8579 (1%)

28/4210 (1%)

44/2379 (2%)

52/1990 (3%)

7–17

233/8579 (3%)

65/4210 (2%)

81/2379 (3%)

87/1990 (4%)

18–24

477/8579 (6%)

248/4210 (6%)

106/2379 (4%)

123/1990 (6%)

25–49

4127/8579 (48%)

2147/4210 (51%)

1082/2379 (45%)

898/1990 (45%)

50–64

2113/8579 (25%)

990/4210 (24%)

631/2379 (27%)

492/1990 (25%)

≥65

1002/8579 (12%)

394/4210 (9%)

373/2379 (16%)

235/1990 (12%)

Sex
Female

3943/8579 (46%)

1841/4210 (44%)

1163/2379 (49%)

939/1990 (47%)

Male

4401/8579 (51%)

2258/4210 (54%)

1166/2379 (49%)

977/1990 (49%)

6611/8579 (77%)†

3342/4210 (79%)

1708/2379 (72%)

1561/1990 (78%)

34/6611 (1%)

23/3342 (1%)

2978/6611 (45%)

855/3342 (26%)

Exposure history
Presence of at least one exposure
Exposure to animals and seafood markets,
or wild animals
Exposure to COVID-19 cases or patients
with acute respiratory infections
Exposure to Wuhan or Hubei

7/1708 (0%)

4/1561 (0%)

1125/1708 (66%)

998/1561 (64%)

3672/6611 (56%)

2428/3342 (73%)

591/1708 (35%)

653/1561 (42%)

1602/3672 (44%)

1135/2428 (47%)

216/591 (37%)

251/653 (38%)

Visited Wuhan

577/3672 (16%)

413/2428 (17%)

96/591 (16%)

68/653 (10%)

Residence in Hubei or visit Hubei§

519/3672 (14%)

222/2428 (9%)

153/591 (26%)

144/653 (22%)

Residence in Wuhan‡

Data are median (IQR), or n/n (%). Lower denominators indicate missing data, excluded from the analysis. Percentages might not total 100% because of rounding.
COVID-19=coronavirus disease 2019. *We defined two time periods as the symptom onset date; if the date of symptom onset was missing and the date of official reporting,
hospital visit, or outcome was earlier than or equal to Jan 27, 2020, cases were classified into period 1, otherwise, they were unclassified. †77% of records contained specific
information on the exposure. ‡Wuhan residents or individuals who have lived in Wuhan for at least 14 days before symptom onset. §Hubei residents or individuals who
visited Hubei, without specific city where they lived or visited.

Table 1: Characteristics of laboratory-confirmed COVID-19 cases in provinces outside Hubei in mainland China by epidemic period, as of Feb 17,
2020

All

Period 1 (Dec 24 to Jan 27)

Period 2 (Jan 28 to Feb 8)* Difference† (95% CI), p value

Time from symptom onset to
first health-care consultation, days‡

2·5 (0·0–10·0), n=2888

3·0 (0·0–11·1), n=1836

1·6 (0·0–7·0), n=1052

1·4 (1·2–1·6), p<0·0001

Time from symptom onset to
hospital admission, days‡

3·8 (0·0–12·0), n=2001

4·4 (0·0–14·0), n=1310

2·6 (0·0–9·0), n=691

1·8 (1·5–2·1), p<0·0001

Time from first health-care
consultation to hospital
admission, days‡

1·5 (0·0–9·0), n=1725§

1·4 (0·0–9·0); n=850

1·4 (0·0–9·0), n=353

0·0 (0·2–0·4), p=0·6551

Time from symptom onset to official
reporting, days‡

7·4 (1·0–18·0), n=5024§

8·9 (2·0–19·8), n=2727

5·4 (1·0–12·0), n=2079

3·5 (3·3–3·7), p<0·0001

Data are mean (95% CI), n, unless otherwise specified. *To account for reporting delays, we excluded the last 9 days of data (ie, data after Feb 8, 2020). †Difference between
periods 1 and 2; Welch two-sample t test was used to calculate the p value. ‡Estimated from empirical data through complete-case analysis; the estimates obtained by fitting
gamma, Weibull, and lognormal distributions are reported in the appendix (pp 15–17). §Sample size may be different from the sum of the two periods because it also includes
cases without recorded date of symptom onset, which was used for classification of cases into temporal periods.

Table 2: Key time-to-event intervals for laboratory-confirmed COVID-19 cases by epidemic period, as of Feb 17, 2020

figure 3). Shandong province showed a slightly longer
epidemic period than Hunan characterised by sustained
local transmission and a larger peak mean Rt of 1·71 on
Jan 23 (1·32–2·17; figure 3). In these three locations, the
mean Rt steadily decreased and has remained below the
epidemic threshold since the end of January, 2020. In
general, we found that in all the analysed areas (among
the most affected provinces outside Hubei), Rt had
decreased below 1·0 from Feb 8.
6

Discussion
We have provided an assessment of the rapidly changing
epidemiology and transmission dynamics of the COVID-19
outbreak beyond Hubei province in mainland China.
We found significant differences in the epidemiology of
COVID-19 as the epidemic continued to spread across
China. We estimated that, as of Feb 8, 2020, Rt has been
below the epidemic threshold in the nine locations for
which we had sufficient data coverage, which were among
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those with the largest number of reported cases (outside
Hubei). This finding suggests that China has made key
steps towards the interruption of COVID-19 transmission,
owing to stringent containment measures, including
isolation of cases, quarantine of contacts, and strict res
trictions on personal movement (appendix pp 26–30), as
well as to increased awareness and behavioural change of
the population.
At the beginning of the epidemic, COVID-19 cases were
mostly observed among elderly people.12 As the epidemic
progressed, we observed a further increase in number of
cases among people aged 65 years and older, as well as an
increase among younger individuals (<18 years). Since
Jan 28, 2020, however, the proportion of confirmed cases
that are in people younger than 18 years is still only about
5%, although this age group represents approximately
20% of the Chinese population.13 From the data available
here, it is not possible to ascertain whether younger
individuals have a reduced risk of infection or an increased
propensity for a milder clinical outcome of infection (thus
resulting in a lower rate of detection). Schools in China
were closed for most of the epidemic because of the 2020
Chinese New Year holidays;14 given studies15 showing that
children record the largest number of contacts among
all age groups on a regular weekday due to contacts at
schools, it is possible that children were less exposed than
normal during this time. It is unclear whether nationwide
school holidays contributed to the low proportion of con
firmed COVID-19 cases among school-age individuals
and whether reopening of schools will lead to a change in
the transmission patterns of COVID-19.16
At the beginning of the epidemic, a disproportionate
fraction of COVID-19 cases were male.12 As of Feb 17, 2020,
however, we observed about the same number of cases
among men and women (51% of cases are male). This
finding suggests either differential exposure by sex
occurring at the beginning of the epidemic (most cases
reported possible exposure to live markets because they
were shop owners, or worked at or visited the live
markets17,18) or possible bias in the detection of the first
few cases.
In provinces outside Hubei, we estimated the mean
incubation period to be 5·2 days, in agreement with
previous studies,5,19–21 although estimates between 4·0
and 6·7 days have been reported.22,23 The 95th percentile
of the distribution (10·5 days) suggests contact tracing
and medical observations of contacts of people with
COVID-19 are important to detect individuals with a
long incubation period. In these provinces, the mean
serial interval was 5·1 days (95% CI 1·3–11·6). This
estimate is considerably shorter than a previous
estimate (7·5 days) derived from an analysis of
six observations of the serial interval in Wuhan.5 Given
that the basic reproduction number is positively
associated with the growth rate of the epidemic and the
length of the serial interval,8 the shorter mean serial
interval estimated here implies that transmissibility

60

40

20

0
0

2

4

6

8

10

12

14

Time (days)

Figure 2: Distributions of the incubation period and serial interval
(A) Comparison between the best-fitting distributions of the incubation period and of the serial interval;
the vertical dashed lines represent the means of the two distributions. (B) Cumulative density function of the
best-fitting distributions of the incubation period and the serial interval.

might not be as high as initial estimates suggest. We
cannot rule out, however, that the serial interval might
differ between Wuhan and other Chinese provinces.
The short estimate of the serial interval that we obtained
might be linked to the short estimate for the interval
from symptom onset to hospital admission (with a
mean of about 2·6 days since Jan 28) for mainland
China outside Hubei. A longer admission delay was
reported in Wuhan in the early phase of the outbreak,5
which could drive longer serial intervals. It should be
stressed also that serial interval estimates based on
household clusters might be up to 20% shorter than the
true value, as suggested by a theoretical study.10
We estimated that the serial interval was about as long
as the incubation period, which is in overall agreement
with an independent previous estimate.5 This finding
suggests the possibility of an early peak of infectiousness,
with possible transmission of SARS-CoV-2 before the
onset of symptoms. If confirmed, the presence of relevant
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Figure 3: Temporal dynamics of Rt in three Chinese locations outside Hubei
Period 1 ran from Dec 24 to Jan 27, and period 2 from Jan 28 to Feb 8. (A) Daily number of new cases in Shenzhen city (Guangdong province), Hunan province, or Shandong province, divided into cases
with travel history to Wuhan or Hubei and cases resulting from local transmission. The insets show maps of China highlighting Hubei province (dark colour) and the analysed location (lighter colour).
(B) Estimated Rt over a 4-day moving average. We excluded the last 9 days of data (ie, data after Feb 8) to account for reporting delays. We estimated the 90th percentile of the distribution of the time
from onset to reporting in mainland China outside Hubei province during period 2 of the epidemic to be 9·0 days. Rt=net reproduction number.

presymptomatic transmission might hamper control
efforts, including contact tracing and timely isolation of
index cases, as well as passenger screening at airports. By
contrast, strategies based on social distancing, such as
limiting mass gatherings and contact in the workplace
and in schools, might still be effective.15,24,25 Evidence is
accumulating to indicate the possibility of transmission
during the incubation phase.25–31 It is worth noting also
that our estimates of the incubation period and serial
interval were based on analysis of cluster data, for which
we assumed that the risk of infection from the community
was negligible compared with that from infected
individuals in the cluster. Although this assumption
8

appears to be reasonable given the intensity of contact
tracing, community transmission cannot be fully ruled
out.
The results presented thus far support a change in
epidemiological characteristics of the COVID-19
outbreak over time and as the epidemic expanded to
multiple locations. Many of the key epidemiological
time-delay distributions are different from those
reported in studies focusing on the early transmission
dynamics of COVID-19 in Wuhan.5 This difference is
probably the consequence of the increased awareness
of the public and physicians, behavioural changes of
the population with respect to respiratory disease
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symptoms, increased health-care readiness, and elev
ated alert and response across mainland China.
We estimated that Rt followed different patterns across
China. We found that the epidemic was self-sustained for
short periods of time only (no more than 3 weeks) in
provinces outside Hubei that reported a large number of
cases,32 and estimated that, since the end of January, 2020,
Rt has been below the epidemic threshold in all studied
provinces. This finding is consistent with the gradual
decrease in the number of detected COVID-19 cases
reported across China and suggests a beneficial effect of
the strict public health intervention policies implemented
in China. In particular, strict social-distancing measures
were implemented in all the analysed Chinese provinces
and included close community management (eg, case
isolation and household quarantine of close contacts),
suspension of public activities, traffic restrictions, and
school closure. A full list and timeline of the implemented
interventions in each of the analysed locations is reported
in the appendix (26–30). It should be stressed that
the effectiveness of containment measures only applies
while they are in place, and a relaxation of public health
interventions or a substantial change in human behaviour
might lead to a subsequent increase in transmission.
Furthermore, our findings are based on analysis of
nine of the most affected provinces in mainland
China outside Hubei. Therefore, although unlikely, it is
possible that other provinces reporting only a few
cases could still have self-sustained outbreaks. Finally,
the contribution of asymptomatic and presymptomatic
infections to COVID-19 transmission remains unclear, as
does the amount of asymptomatic or presymptomatic
transmission captured in existing datasets.28–31,33,34
This study is prone to the usual limitations pertaining
to analysis of rapidly evolving infectious disease out
breaks, including biases due to case ascertainment, nonhomogeneous sampling over time and by location, as
well as hidden and unmodelled correlations. Thus, the
uncertainty might be larger than estimated. Our
estimates of Rt are most robust, when assuming that
under-reporting and the frequency of asymptomatic or
presymptomatic transmission remain constant. Our
estimates, however, are sensitive to marked changes in
reporting rates and in the proportion of SARS-CoV-2
infections that lead to clinically identifiable symptoms.
Individual records were retrieved from different data
sources and thus might be affected by geographical
differences in sampling of cases with specific exposures
(eg, imported or locally acquired infections) and available
dates of symptom onset. However, we compared our data
for Shenzhen city, Hunan province, and Shandong
province with official line lists and found the datasets to
be of similar quality. It should also be stressed that the
case definition has been changed several times since the
start of the epidemic, and in particular, it was broadened
on Jan 27. Therefore, because potentially more cases were
identified since this change in case definition, our

estimate of Rt should be considered an upper bound
(appendix pp 25, 26). This finding lends further support
to our conclusion that Rt has been decreasing since the
end of January.
Despite these limitations, a real-time updated patient
line list such as the one we have compiled is crucial to
assess the epidemiology and transmission dynamics of an
emerging pathogen, inform situational awareness, and
optimise responses to the outbreak. Since Jan 20, 2020,
the National Health Commission of China has incor
porated COVID-19 as a notifiable disease.35 The Chinese
Government has committed to timely disclosure of
COVID-19 information, a decision highly praised by
WHO.36 Accordingly, the local health commissions and
the official data sources, from which our individual
data originate, were authorised to release real-time
information about epidemiological investigations on
COVID-19 cases. The data collected for this analysis
represent a valuable source of information and highlight
the importance of publicly available records.
In conclusion, our study provides a detailed overview of
the changing epidemiology and transmission dynamics
of COVID-19 in mainland China outside Hubei province.
Our findings suggest a slowing down of the COVID-19
outbreak in mainland China (outside Hubei province),
indicating that the initial steps taken towards interruption
of COVID-19 transmission might have been effective.
However, the epidemic is not yet under control, and a
large proportion of the population is still susceptible. The
trajectory of the outbreak in China and beyond will
depend on the effectiveness of control policies and
human behaviour in the coming months.
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