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Summary

Background In early March 2022, a major outbreak of the severe acute respiratory syndrome coronavirus 2 (SARS-  The Lancet Regional
CoV-2) Omicron variant spread rapidly throughout Shanghai, China. Here we aimed to provide a description of the  Health - Western Pacific
epidemiological characteristics and spatiotemporal transmission dynamics of the Omicron outbreak under the popu- ~ 2022;29: 100592

lation-based screening and lockdown policies implemented in Shanghai. Published online ox
https://doi.org/10.1016/j.

. qse . . . . | .2022.100592
Methods We extracted individual information on SARS-CoV-2 infections reported between January 1 and May 31, anwpe

2022, and on the timeline of the adopted non-pharmaceutical interventions. The epidemic was divided into three
phases: i) sporadic infections (January 1—February 28), ii) local transmission (March 1—March 31), and iii) city-wide
lockdown (April 1 to May 31). We described the epidemic spread during these three phases and the subdistrict-level
spatiotemporal distribution of the infections. To evaluate the impact on the transmission of SARS-CoV-2 of the
adopted targeted interventions in Phase 2 and city-wide lockdown in Phase 3, we estimated the dynamics of the net
reproduction number (R,).

Findings A surge in imported infections in Phase 1 triggered cryptic local transmission of the Omicron variant in
early March, resulting in the largest outbreak in mainland China since the original wave. A total of 626,000 SARS-
CoV-2 infections were reported in 99.5% (215/216) of the subdistricts of Shanghai until the end of May. The spatial
distribution of the infections was highly heterogeneous, with 37% of the subdistricts accounting for 80% of all infec-
tions. A clear trend from the city center towards adjacent suburban and rural areas was observed, with a progressive
slowdown of the epidemic spread (from 463 to 244 meters/day) prior to the citywide lockdown. During Phase 2, R,
remained well above 1 despite the implementation of multiple targeted interventions. The citywide lockdown
imposed on April 1 led to a marked decrease in transmission, bringing R, below the epidemic threshold in the entire
city on April 14 and ultimately leading to containment of the outbreak.

Interpretation Our results highlight the risk of widespread outbreaks in mainland China, particularly under the
heightened pressure of imported infections. The targeted interventions adopted in March 2022 were not capable of
halting transmission, and the implementation of a strict, prolonged city-wide lockdown was needed to successfully
contain the outbreak, highlighting the challenges for containing Omicron outbreaks.
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Articles

Research in context

Evidence before this study

On July 22, 2022, we searched PubMed and Europe PMC
for papers published or posted on preprint servers after
January 1, 2022, using the following query: (“SARS-CoV-
2" OR “Omicron” OR “BA.2") AND (“epidemiology” OR
“epidemiological” OR *“transmission dynamics”) AND
(“Shanghai”). A total of 33 studies were identified;
among them, three aimed to describe or project the
spread of the Omicron outbreak in Shanghai. Two pre-
prints described the epidemiological and clinical char-
acteristics of a part of SARS-CoV-2 infections (less than
500), and the other preprint projected the epidemic
progress in Shanghai, without providing an analysis of
field data. In sum, none of these studies provided a
comprehensive description of the epidemiological char-
acteristics and spatiotemporal transmission dynamics of
the outbreak.

Added value of this study

We collected individual information on SARS-CoV-2
infection and the timeline of the public health response.
Population-based screenings were repeatedly imple-
mented during the outbreak, which allowed us to inves-
tigate the spatiotemporal spread of the Omicron BA.2
variant as well as the impact of the implemented inter-
ventions, all without enduring significant amounts of
underreporting from surveillance systems, as experi-
enced in other areas. To our knowledge, this study pro-
vides the first comprehensive assessment of the
Omicron outbreak in Shanghai, China.

Implications of all the available evidence

This descriptive study provides a comprehensive under-
standing of the epidemiological features and transmis-
sion dynamics of the Omicron outbreak in Shanghai,
China. The empirical evidence from Shanghai, which
was ultimately able to curtail the outbreak, provides
invaluable information to policymakers on the impact
of the containment strategies adopted by the Shanghai
public health officials to prepare for potential outbreaks
caused by Omicron or novel variants.

Funding Key Program of the National Natural Science Foundation of China (82130093); Shanghai Rising-Star Pro-
gram (22QA1402300).

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

The first wave of coronavirus disease 2019 (COVID-19)
in China subsided quickly with strict containment
measures in early 2020." As numerous variants have
emerged across the globe, China successfully contained
multiple COVID-19 outbreaks by adhering to a contain-
ment policy. This policy aimed to curb flare-ups of local
transmissions in the shortest possible time, which is
done by relying on a set of non-pharmaceutical interven-
tions (NPIs) with adjusted intensities according to the
situation on the ground.*?

In November 2021, the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) Omicron variant
was first reported in South Africa.* Its high transmissi-
bility and immune escape properties enabled it to rap-
idly replace previous strains and become dominant
globally.”® Although the containment policy imple-
mented in China had been effective in containing pre-
Omicron outbreaks, its effectiveness against Omicron
was unclear. In fact, a total of 750,000 SARS-CoV-2
infections were reported in mainland China in the first
five months of 2022,” the majority in Shanghai.

Shanghai is one of the most populous and economi-
cally advanced metropolises in China, with a population
of nearly 25 million® and unique features compared to
other areas in mainland China and abroad. Compared
to Western countries, the population in Shanghai was
mostly vaccinated with domestically-developed inacti-
vated vaccines, which had relatively lower effectiveness
in preventing SARS-CoV-2 infections due to their lower
antibody-neutralizing responses compared to mRNA
vaccines.””’® In addition, the vaccination coverage was
highest in the young population (100.0% in individuals
aged between 12 and 17 years had completed the pri-
mary vaccine schedule as of March 2022)" and lowest
in the elderly (only 62.0% in individuals aged 6o years
or older had completed the primary schedule as of April
2022)."* Most importantly, a wide range of NPIs were
adopted to achieve outbreak containment, in contrast to
the mitigation strategy adopted by most regions outside
mainland China. Compared to the rest of the cities in
mainland China, Shanghai had the highest risk of
SARS-CoV-2 infection importation due to its global
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connectivity: about 30-40% of all international flights
arriving in China since 2020 landed in Shanghai.”
Although a quarantine period of two weeks was manda-
tory for all incoming travelers, lapses in these measures
may have led to the repeated seeding of SARS-CoV-2
into the community."*"> Consequently, in early March
2022, a major outbreak of the Omicron BA.2 variant
started to spread in Shanghai."®

In this study, we provide a detailed description of
Shanghai’s outbreak response timeline, the spatiotempo-
ral distribution of SARS-CoV-2 infections, and Omicron
transmission dynamics since 2022. The analysis of the
Shanghai Omicron outbreak could provide invaluable
information to policymakers on the impact of the contain-
ment strategies adopted by Shanghai to prepare for poten-
tial outbreaks caused by Omicron or future novel variants.

Methods

Definition of infection and case

An asymptomatic infection is defined as a PCR-con-
firmed individual who i) does not meet any of the fol-
lowing clinical criteria: fever, cough, sore throat, and
other self-perceived and clinical-identifiable symptoms
or signs; and ii) has no radiographic evidence of pneu-
monia. Detailed surveillance, detection, and manage-
ment of infections and cases are presented in the
Supplementary Information.

Public health response

We summarize the NPIs implemented in Shanghai
before and during the Omicron waves. Prior to the ini-
tial surge in Omicron, Shanghai maintained a baseline
level of intensive NPIs against potential outbreaks,
including stringent border control policies, symptom-
based surveillance, case isolation, tracing of close con-
tacts (requires quarantine in separate facilities) and con-
tacts of contacts, occupation-based screening, targeted
screening of individuals at high risk of infection (e.g.,
contacts of contacts), and a set of other social distancing
measures such as travel restrictions and community

Phase 1: January 1 to February 28

Baseline non-pharmaceutical interventions (NPls) Additional NPIs

Border control policy

Publi o closures
of long-distance bus

[ Home-quarantine ] Closure of partial
public places
February 28, 2022 March 12

[ COVID-19 negative certiicate || Quarantine for inbound travelers |

[ Fuse measures for international flights ]

January 1, 2022 ‘ March 15

Phase 2: March 1 to March 31

Grid management of high-risk areas
and non-high-risk areas (Mar 16 - 27)
Lockdown and mass PCR screening
within high-risk areas (Mar 16 - 17)

Airport diversion of inbound flights
(Since Mar 21)

March 18

confinement (Figure 1). Among that, PCR screening
was regularly performed for high-risk groups, including
patients with COVID-19 related symptoms, close con-
tacts of a confirmed infection as well as contacts of close
contacts, occupational-risk individuals, personnel in key
institutions, etc. After the Omicron variant was intro-
duced in Shanghai, a set of additional NPIs were imple-
mented to halt its transmission. In terms of border
control measures, the point of entry for international
flights to Shanghai was diverted to other airports. At the
local scale, the closure of in-person educational activities
at all levels was implemented from March 12 to 15, 2022
(starting from primary and secondary school, then fol-
lowed by universities). From March 16 to March 27,
Shanghai adopted grid management at the subdistrict
level, fractioning subdistricts into high-risk areas. The
lists of high-risk areas changed dynamically over time
based on the following principles: the epidemiological
situation measured in terms of number of cases and
infections, gathering of crowds, population density,
social characteristics, and economic activity.” During
this period, several rounds of nucleic acid screening
were performed within high-risk and non-high-risk
areas. In high-risk areas, either one or two rounds of
population-based nucleic acid screening were per-
formed within 48 h, together with a lockdown. In non-
high-risk areas, a single round of mass PCR screening
was performed between March 18 and 20. Afterwards,
the entire city entered a phased stage of lockdown,
where eastern Shanghai (which comprises areas east of
the Huangpu River, Supplementary Figure 1) entered a
population-wide lockdown on March 28, and then the
rest of Shanghai entered the lockdown phase on April 1.
The lockdown restriction was lifted on June 1 when the
daily new number of infections first declined to 10.

Data sources and collection

Aggregated data on the number of local and imported
infections stratified by symptomatic status in Shanghai
from December 2019 were gathered from the Shanghai
Municipal Health Commission through a combined
approach of manual downloads and compiled scripts.

Phase 3: April 1 to May 31

Additional NPIs
Lockdown of wester Shanghai
Mass PCR screening of western Shanghai

Mass PCR screening

in all of Shanghai
Mass PCR screening
in all of Shanghai

March 28 March 30 April 4 April 26

Lockdown and mass PCR screening
within high-risk areas (Mar 26 - 27)

March 23 June 1

‘ March 2 March 14 March 16

Local control policy

l -

Closure of kindergartens,
primary, secondary, and

sunvelance | [ occup screening |

Mass PCR screening within non-
high-risk areas (Mar 18 - 20)

March 21 March 26 April 1 April 10

Mass PCR screening
in all of Shanghai

May 17

vocational schools
Limiting movement within
city borders

»

[ case isolation | [Contactracing | [ Social istancing |

[ Targeted screening of at-risk groups ] [ Universal facemask ]

Adoption of makeshift isolation

hospitals (Since Mar 23)

Lockdown of
eastern Shanghai
(Mar 28 - May 31)

Mass PCR screening Lift
in all of Shanghai lockdown

1. Closure of universities
2. Limiting gatherings

Lockdown and mass PCR screening
within high-risk areas (Mar 23 - 24)

Mass PCR screening of eastern
Shanghai (Mar 28, Mar 30)

[] Border control policy . Policy of case isolation D Mass screening policy

D Social distancing policy

Figure 1. Timeline of the public health response in Shanghai by epidemic phase.
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We collected individual line lists of all SARS-CoV-2
infections from multiple publicly available official data
sources (websites of municipal health commissions) via
an R code developed ad-hoc by our team. The extracted
data was then validated against independent informa-
tion source of case reporting gathered from the websites
of local government media collected by manual downloads
(Supplementary Table 1). The resulting line list contains
all reported infections with the following variables: resi-
dential location (address, district, and subdistrict), symp-
tomatic status (including the clinical outcomes of initially
asymptomatic infections), date of official reporting, and
means of infection identification (i.e., routine screening of
community groups or general screening of the quaran-
tined population) (Supplementary Table 2). Specifically,
community screening groups referred to those residents
living in areas reporting no new infections, people proac-
tively looking for healthcare or nucleic acid tests, and
essential workers. The quarantined population corre-
sponded to individuals who were quarantined at home or
in designated facilities, lived in areas reporting new infec-
tions or other key settings under close management, and
were identified through screening of close contacts.'® We
obtained the timeline of the adopted NPI strategies from
the official announcements of the authorities of Shanghai
through search engine queries; the list of high-risk areas
during March 16 and March 277 was found by searching
on local media pages (Supplementary Tables 1, 3). More
details on data collection are provided in the Supplemen-
tary Information.

Statistical analyses

Definition of the three phases of the epidemic. Three
phases of the epidemic were defined according to
the staged NPIs policies adopted and the epidemic
situation. The first phase covers the period from Jan-
uary 1 to February 28, 2022, during which the main
risk was posed by the importation of infections and
only small numbers of sporadic and locally transmit-
ted cases were recorded. The second phase started
on March 1, immediately before the outbreak of the
BA.2 Omicron variant was confirmed.'® In addition,
no epidemiological link between infections reported
before and after March 1, 2022, was identified by the
authorities. The third phase covers the period from
April 1 to May 31, 2022, when the entire city went
into staged lockdowns and the epidemic started to
subside. During those periods, majority of positive
samples were confirmed as BA.2/BA.2.2 sub-line-
ages; no other variants were identified.”

Inference of delay between sampling and reporting.
The date of symptom onset or infection was needed to
describe the transmission dynamics, whereas we only

had the date of official reporting for each infection. We
estimated the delayed days between the sampling dates
and reporting dates and then generated the sampling
date for each infection by assuming that the sampling
dates were close to the dates of symptom onset or infec-
tion time.

The number of sampled specimens were most likely
to correlate with the number of reported SARS-CoV-2
infections under different lengths of lag, which can be
reflected by the cross correlation between the cumula-
tive number of reported SARS-CoV-2 infections and the
cumulative number of sampled specimens (Supplemen-
tary Figure 2). We regarded the maximum day lag with
significant coefficient as the delay; the details of which
are presented in the Supplementary Information. We
applied delays of 2 days, 3 days, and 2 days for the peri-
ods before March 15, between March 16 and May 14,
and after May 15, respectively. In the sensitivity analysis,
we considered a four-day delay for the period from
March 16 to May 14.

In addition to reporting delay, we also estimated
individual locations and the progression of pre-symp-
tomatic infections for data analysis (see Supplementary
Information for details).

Spatial trends. Trend surface analysis was used to
explore the SARS-CoV-2 spread in Shanghai, China. Thin-
plate spline regression was used to interpolate the first
date of sampling in each 3 km x 3 km cell of a gridded
population of Shanghai to draw a spatial trend surface
plot, where arrival time was defined as the number of
days from the date of first detected infection in each grid
to the earliest identification of the entire outbreak. The
local slope (time/distance) of the trend surface was then
measured using a 3 x 3 moving window filter, and the
inverse of the slope value was used to estimate the speed
of the spatial spread of SARS-CoV-2 (distance/time).*>*"

Estimation of epidemiological parameters. The net
reproduction number (R,) was estimated using the Epi-
Estim R package.”” Briefly, the estimate is based on a
Bayesian approach that relies on the knowledge of the
time series of infections (sampling date of positive tests
in our analysis) and the distribution of the generation
time. In the absence of estimates of the generation time
for the analyzed outbreak, we assumed it to be gamma-
distributed with a mean of 2.72 days (shape = 3.25,
scale = 0.84), corresponding to the estimated serial
interval during the Omicron wave in Hong Kong in the
presence of strict interventions.”® We also explore a
mean serial interval of 3.3 days (shape = 1.51, scale = 2.11)
as a sensitivity analysis.**

We estimated the growth rate (r) and 95% confi-
dence interval (CI) in the second epidemic phase by fit-
ting a linear regression to the logarithm of the
incidence of infections. The doubling time was then
estimated as In(2)/r, where the 95% CI was calculated
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using the delta method. All analyses and visualization
were performed in ArcGIS 10.7 and R (version 4.0.2).

Role of the funding source
The funder of the study had no role in 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.
This study was approved by the institutional review
board of the School of Public Health, Fudan University
(IRB# 2022-05-0968). All data were collected from pub-
licly available sources. Data were de-identified, and the
need for informed consent was waived.

Results

Following the successful containment of the initial epi-
demic wave caused by the Wuhan outbreak in early
2020, Shanghai was under constant pressure of
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potential outbreak introductions due to a high influx of
international travelers relative to the rest of the cities in
mainland China. Despite ranking first in the cumulative
number of imported confirmed SARS-CoV-2 infections
before 2022, Shanghai had sustained minimum local
transmission prior to the emergence of the Omicron
variant (Figure 2a), which was attributable to well-man-
aged entry quarantine, screenings, and case isolation
programs. Nonetheless, sporadic local transmissions
events occurred, and all pre-Omicron outbreaks were
swiftly suppressed.

Starting in mid-February 2022, Shanghai faced a sig-
nificant surge of imported infections, the majority of
which were linked to the Omicron wave in Hong Kong
(Supplementary Figure 3). The number of imported
infections reached a peak of 81 per day on February 24
—more than 19 times the prior daily average in 2020
—202I (4.1 imported infections per day). Overall, from
February 15 to March 13, a total of 1,112 imported infec-
tions were reported (Figure 2b). Compared to any other
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Figure 2. Temporal dynamics of local and imported SARS-CoV-2 infections in Shanghai since early 2020. (a) Number of
reported SARS-CoV-2 infections in Shanghai between 2020 and 2022, stratified by local and imported infections. (b) The same as in

(a), but for the period from January 1 to May 31, 2022.
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time point during the rest of the pandemic, the test pos-
itive rate among inbound travelers was at its highest
throughout February 2022, reaching a peak of 96.3
infections per 100,000 travelers (Supplementary Figure
4)-
The sudden upsurge of infected travelers from
abroad ultimately led to a breach of the entry control
program, which aims at identified and isolating all
incoming SARS-CoV-2 positive travelers. It is thus likely
that undetected infected travelers had contributed to
introduce silent local transmission of the Omicron vari-
ant since early March. A cluster of 14 SARS-CoV-2 posi-
tive individuals was detected starting from March 1
among attendees of a square dance event for seniors.
Because of the Omicron variant’s high transmissibility
and immune evasive properties, as well as the delayed
discovery of the outbreak, the contact tracing program
was quickly overwhelmed, leading to a fast-growing epi-
demic that resulted in a total of 626,000 SARS-CoV-2
infections and 588 deaths (crude mortality rate: 2.33 per
100,000 individuals) as of May 31, 2022 (Supplemen-
tary Figure s5).

Most infections (96.0%) were identified in individu-
als under quarantine (Supplementary Figure 6a). The
extent to which the infections were identified by com-
munity screening (e.g., essential workers) gradually
declined from 13.5% in Phase 2 to 2.8% in Phase 3.
Meanwhile, the proportion of infections presenting
with symptoms varied from 15.5% in Phase 1 to 9.9% in
Phase 3 (Supplementary Figure 6b).

The Omicron outbreak was widespread throughout the
entire area of Shanghai, with 99.5% (215/216) of the sub-
districts reporting positive individuals. However, the spa-
tial distribution of infections was highly heterogeneous,
with 37% of the city area accounting for 80% of all infec-
tions; 35.5% of infections were identified in the Pudong
New Area alone (Supplementary Figure s5). The heteroge-
neous characteristic was also presented across stratifica-
tions by symptomatic status and means of identification,
suggesting they are not the drivers of observed spatial het-
erogeneity (Supplementary Figures 7—8). We divided the
Omicron wave into three phases: Phase 1 (from January 1
to February 28), characterized by a high risk of importa-
tion; Phase 2 (from March 1 to 31), characterized by
local community transmission; Phase 3 (after April
1), characterized by high levels of local transmission
and the implementation of city-scale lockdowns to
contain the outbreak. The total incidence of reported
infections increased from o.02 infections per 1000
individuals in Phase 1 to 2.9 infections per 1000
individuals in Phase 2 and reaching 21.9 infections
per 1000 individuals in Phase 3 (Figure 3a-c). Over-
all, an incidence of 24.8 infections per 1000 individ-
uals was observed (Figure 3d).

The spatial spread of the reported infections shows a
clear trend from the city center towards adjacent subur-
ban and rural areas (Figure 4a-c). Despite the

implementation of a citywide lockdown in Phase 3, the
outbreak continued to expand towards suburban and
rural areas (Figure 4¢). We estimated that spread speed
of the infection throughout the city progressively
slowed from an average of 463 meters/day in the first
week of the outbreak (February 27—March 5) to approx-
imately 244 meters/day at the end of March (March 25
—31), before the city-scale lockdown (Figure 4d).
Although this decreasing trend was common to all dis-
tricts, the central areas (including the districts of
Jing’an, Yangpu, Hongkou, Putuo, Changning, Xuhui,
and Huangpu) showed the fastest rate of spread, espe-
cially in the early stage of the outbreak (Supplementary
Figure 9).

From March 16 to March 27, prior to the blanket
lockdown of the entire city, Shanghai launched a set of
targeted interventions and management strategies on a
smaller geographical scale. The policy was adopted at
the subdistrict level, and subdistricts were divided into
high-risk areas (see definition in the Methods section),
where the interventions were implemented, and non-
high-risk areas. We further divided the non-high-risk
areas into two categories based on their spatial proxim-
ity to the high-risk areas: moderate-risk areas (i.e., areas
that were not classified as high-risk but were adjacent to
high-risk areas) and low-risk areas (i.e., areas that were
neither classified as high-risk nor adjacent to high-risk
areas) (Figure 5a). From March 16 to March 29, the
cumulative number of infections per 1000 individuals
was highest in high-risk areas (2.30, 95% CI, 2.28
—2.32), followed by moderate-risk areas (1.32, 95% CI,
1.29—1.35) and low-risk areas (0.52, 95% CI, 0.48
—0.56) (Figure 5b-d). The implemented targeted inter-
vention strategies prior to the citywide lockdown were
not sufficient to prevent infections to rise (Figure se),
and R, remained well above 1 (the epidemic threshold)
across all three area categories for the entire period
(Figure 5f). Moreover, R, in moderate-risk and low-risk
areas increased slightly from March 22 to March 24.
The sensitivity analysis that considered alternative val-
ues for the delay between sampling and reporting
showed similar patterns (Supplementary Figure 10).
Overall, the growth rate of the epidemic in Phase 2 was
estimated to be 0.216 per day (95% CI, 0.210 to 0.222),
with infections doubling every 3.21 days (95% CI, 3.12 to
3-29) (Figure 5g).

Three days after the implementation of a citywide
lockdown on April 1 (Phase 3), R, started to decrease
and fell below the epidemic threshold on April 14
(Figure Ga-b). Despite the marked differences in R,
observed between eastern and western Shanghai when
the targeted interventions were adopted (Phase 2),
immediately after the implementation of the citywide
lockdown, the same level of SARS-CoV-2 transmission
(R;) was observed in all of Shanghai (Figure 6b and Sup-
plementary Figure 11—12, where two sensitivity analyses
confirming this finding were presented).
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Figure 3. Geographical distribution of SARS-CoV-2 infections. (a-d) Cumulative number of new SARS-CoV-2 infections per 1000

individuals in each phase and overall.

Discussion

This study provides a comprehensive picture of the
spatiotemporal dynamics of the Omicron outbreak in
Shanghai in 2022. Our findings highlight that, given
the Shanghai population’s susceptibility to the SARS-
CoV-2 Omicron BA.2 variant and its high transmissi-
bility, the heightened importation risk of infected
individuals from areas with widespread viral circula-
tion was capable of triggering a major epidemic wave.
The targeted interventions implemented in March
were not enough to halt transmission. The citywide
lockdown imposed on April 1 led to a decrease in
transmission, bringing the reproduction number

www.thelancet.com Vol 29 Month , 2022

below the epidemic threshold in the entire city. Over-
all, the Omicron outbreak in Shanghai was success-
fully contained through a combination of stringent
measures.

Our findings suggest that when facing a high influx
volume of travelers from high-risk areas, breaches in
the screening and quarantine of travelers may have the
potential to trigger major outbreaks. It is also possible
that the wave was simultaneously triggered by interna-
tional importations, as suggested by previous field
investigations by local authorities.”> We cannot exclude
that the outbreak might have originated from multiple
distinct introductions that led to simultaneous
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Figure 4. Spatial trends and speed of spread of the epidemic in the three phases. (a) Spatial location of the reported infections
during the first phase of the epidemic. (b-c) Estimated arrival time of the epidemic in the different areas of Shanghai in Phase 2 and
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transmission chains prior to the identification of the
first local transmission event.

Compared to previous local SARS-CoV-2 outbreaks
that emerged in China after the original COVID-19
wave, the rapid spread of the Omicron outbreak in
Shanghai was likely driven by the high transmissibility
and/or immune-escape properties of Omicron BA.2.%°
The immunological landscape of Shanghai at the onset
of this outbreak was fragile, with essentially no prior
natural immunity (less than 0.01% of the population
was infected prior to the outbreak®”). In addition,
although the coverage of the primary vaccination series
exceeded 90% of the total population, the vaccination
coverage for individuals aged > 6o years was relatively
low (62% for the primary series and 38% for the booster
dose™). Moreover, the inactivated vaccines used in
Shanghai provided very low protection against Omicron
variant infection (approximately 17.0% after receiving a
booster dose,” based on the level of neutralizing titer),

which quickly wanes over time.** As a result, the Shang-
hai population was particularly vulnerable to the Omi-
cron variant. Nonetheless, inactivated vaccines could
provide high protection against severe outcomes."**?
These considerations further emphasize the importance
of administering vaccines, especially to the most vulner-
able segments of the population, and deploying immu-
nization strategies with improved effectiveness against
the current circulating variants through procuring cur-
rently available mRNA vaccines, approve other domesti-
cally developed vaccine candidates with broader
protection against Omicron and future variants, and
heterologous boosting strategies that have demon-
strated improved antibody response. Should the spatial
data on vaccine uptake become available, understanding
the association between vaccine uptake and force of
infection during this outbreak would provide more
insights into the impact of vaccine-derived immunity on
SARS-CoV-2 Omicron transmission.
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Another factor that led to the major outbreak might
have been the large number of asymptomatic carriers
that contributed to widespread silent transmission.>®
Here, we found a high proportion (more than 9o%) of
asymptomatic infections, larger than that estimated for
the ancestral lineage (69%*"), but in line with other esti-
mates for other SARS-CoV-2 variants in the presence of
vaccination (85%7?). Unfortunately, scarce information

www.thelancet.com Vol 29 Month , 2022

on asymptomatic proportion of ancestral lineage from
repeated testing or screening in Shanghai are available
for comparison. Lower proportions of asymptomatic
infections were reported in previous studies, including
for the Omicron BA.2 outbreak in Hong Kong*; how-
ever, those estimates were obtained in the absence of
repeated screenings of the population. Moreover, the
potential introduction of misclassification bias in term
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of the symptomatic/asymptomatic status would amplify
the scale (e.g., not all pre-symptomatic infections might
be tracked for the progression of symptoms), and the
criteria adopted for the definition of asymptomatic
infection may vary across locations and the study
period.

Between March 1 and March 31, a series of public
health measures were adopted to reduce transmission
between individuals living in areas at different risk lev-
els, and the estimated doubling time in this phase of
the epidemic was comparable to that of the Omicron
wave in Hong Kong (3.2 days as compared to 3.1 days
estimated for Hong Kong®). However, the imple-
mented interventions were insufficient to curtail the
epidemic. In fact, the repeated two-day lockdowns and
population screenings implemented in high-risk areas
were not sufficient to halt SARS-CoV-2 transmission,
and these failed to identify all infected individuals (e.g.,
those in the early course of the infection, when the viral
load was below the detection limit*}). Once the two-day
local lockdowns were lifted, unidentified infected indi-
viduals were allowed to freely move and transmit the
infection to other areas, as shown by the rise in new
daily infections identified in areas adjacent to high-risk
areas.

The implementation of the citywide lockdown pre-
vented further growth of the epidemic and successfully
contained the outbreak. However, given the number of
infectious individuals at the time of implementation
(over 10,000 new infections reported per day), it took

13 days for R, to fall below the threshold. It is also possi-
ble that it was difficult to transport and isolate all posi-
tive individuals in a timely manner into dedicated
facilities during the lockdown. Moreover, residents may
still have been exposed to the virus inside their build-
ings.** It is thus important to carry out quantitative eval-
uations of the unavoidable risks posed by the adopted
strategies. Empirical evidence from Shanghai shows
that it is possible to maintain containment policies
against the highly transmissible Omicron BA.2 variant,
although this required unprecedented efforts to achieve.
However, it is important to stress that the interruption
of onward transmission in Shanghai might have pre-
vented the infection from spreading into other cities,
potentially preventing a major public health crisis in
mainland China.” Nonetheless, it is important to stress
that the measures adopted during the Omicron out-
break in Shanghai, including a strict and prolonged
city-scale lockdown, would be socially and economically
costly and impractical in the long term,” emphasizing
the importance refining NPI strategies to attain the
trade-off between being less disruptive of daily lives and
boosting population immunity level to significantly
reduce the morbidity and mortality burden of SARS-
CoV-2."

A strength of our study is the unique features of the
analyzed dataset. In fact, Shanghai’s population-wide,
multi-round screening policy, which allowed infections
to be identified irrespective of symptom presentation,
likely resulted in a high infection ascertainment rate
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and the identification of the majority of infections
throughout the outbreak. This allowed us to investigate
the spatiotemporal spread of the Omicron BA.2 variant
as well as the impact of the implemented interventions,
all without significant amounts of underreporting from
surveillance systems, as experienced in other areas.
Nonetheless, our study still suffers from an under-ascer-
tainment of SARS-CoV-2 infections, albeit to a lesser
extent than other regions in the world, due to factors
including imperfect spatial and temporal coverage of
the population-wide mass testing program as well as
imperfect PCR sensitivity due to poor specimen quality
and/or false negative PCR results. However, our study
also suffers from the limitations rooted in the uncer-
tainty and fragmentary nature of publicly available sour-
ces. First, key variables, such as the date of symptom
onset and the addresses of infected individuals, suffered
from a high level of missing data. Second, the sparse
information on the demographic characteristics of posi-
tive individuals limits the scope of our study. Third, the
final clinical outcome of infected individuals was miss-
ing for the majority of cases and we have no hospital
records. Moreover, this study has not addressed the pro-
portion of transmission driven by symptomatic, asymp-
tomatic, or pre-symptomatic infections since we have
no contact tracing data to construct the transmission
chains at the individual-level. Finally, this study does
not provide quantitative estimates of the impact of spe-
cific interventions on transmission dynamics, but pro-
viding an overall assessment of the synergetic effect of
the adopted interventions.

In conclusion, this study provides a quantitative
description of the spatiotemporal spread of the Omicron
BA.2 variant in Shanghai and explores the impact of the
multifaceted implemented response measures. Our
findings highlight the risk of widespread outbreaks in
mainland China, particularly under the large pressure
of imported infections. The successful containment of
the Shanghai outbreak through the implementation of
a strict and prolonged citywide lockdown shows that it
is possible to successfully contain an Omicron outbreak
in China, although it requires the implementation of a
set of very stringent interventions. Disentangling the
effects of each of the performed interventions might
provide further insights into key public health priorities
when faced with the emergence of future novel variants.

Contributors

H.Y. conceived and designed the study. H.Y. and J].Z.
supervised the study. X.D., J].Z., Z.C., JY.Z., ].C., Y.W_,
Y.T.,N.Z., XY, RS., XX, X.Z,S.G., Y.L, and L.Y. col-
lected and checked data. Z.C., J]J.Z., L.E., T.C., YP.W.,
JY.Z.,].C, H.L., K.S., Y.W., T.W., and Y.T. analyzed the
data. Z.C., JJ.Z.. and H.Y. wrote the first draft of the
manuscript. Z.C. J].Z, K.S., M.A,, L.F., ].Y,, and H.Y.
interpreted the results and revised the content critically.

www.thelancet.com Vol 29 Month , 2022

All authors approved the final version for submission
and agreed to be accountable for all aspects of the work.

Data sharing statement

Aggregated data and line lists are obtained from the
websites of Shanghai Municipal Health Commission
and other publicly available sources, with associated
links in Supplementary Information. Other data will be
made available on request addressed to the correspond-
ing author.

Declaration of interests

H.Y. has received research funding from Sanofi Pas-
teur, GlaxoSmithKline, Yichang HEC Changjiang Phar-
maceutical Company, Shanghai Roche Pharmaceutical
Company, and SINOVAC Biotech Ltd. M.A. has
received research funding from Seqirus. None of those
research funding is related to this work. All other
authors report no competing interests.

Acknowledgments

The findings and conclusions in this report are those of
the authors and do not necessarily represent the official
position of the NIH. This study was supported by grants
from the Key Program of the National Natural Science
Foundation of China (No. 82130093 to H.Y.) and
Shanghai Rising-Star Program (No. 22QA1402300 to
JJ.Z.). The funders had no role in study design, data col-
lection, data analysis, data interpretation or writing of
the report.

Supplementary materials

Supplementary material associated with this article can
be found in the online version at doi:ro.1016/j.
lanwpc.2022.100592.

References

1 Pan A, Liu L, Wang C, et al. Association of public health interven-
tions with the epidemiology of the COVID-19 outbreak in Wuhan,
China. Jama. 2020;323(19):1915-1923.

2 Luo L, Yang Z, Liang ], et al. Crucial control measures to contain
China’s first Delta variant outbreak. Natl Sci Rev. 2022;9(4):
nwacoo4.

3 LiL, Han ZG, Qin PZ, et al. Transmission and containment of the
SARS-CoV-2 Delta variant of concern in Guangzhou, China: A pop-
ulation-based study. PLoS Negl Trop Dis. 2022;16(1):e0010048.

4  World Health Organization. Tracking SARS-CoV-2 variants. 2022.

5  Viana R, Moyo S, Amoako DG, et al. Rapid epidemic expansion of
the SARS-CoV-2 Omicron variant in southern Africa. Nature.
2022;603(7902):679-686.

6 Arora P, Zhang L, Rocha C, et al. Comparable neutralisation eva-
sion of SARS-CoV-2 omicron subvariants BA.1, BA.2, and BA.3.
Lancet Infect Dis. 2022;22(6):766—767.

7 National Health Commission of the People’s Republic of China.
Update on COVID-19. 2022.

8 Tu WJ, Zeng X, Liu Q. Aging tsunami coming: the main finding
from China’s seventh national population census. Aging Clin Exp
Res. 2022;34(5):1159-1163.

9 Suah JL, Tng BH, Tok PSK, et al. Real-world effectiveness of
homologous and heterologous BNT162b2, CoronaVac, and
AZDi1222 booster vaccination against Delta and Omicron SARS-
CoV-2 infection. Emerg Microbes Infect. 2022;11(1):1343-1345.

1


https://doi.org/10.1016/j.lanwpc.2022.100592
https://doi.org/10.1016/j.lanwpc.2022.100592
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0001
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0001
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0001
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0002
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0002
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0002
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0002
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0003
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0003
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0003
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0005
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0005
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0005
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0008
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0008
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0008
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0008
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0009
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0009
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0009
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0009

Articles

12

20

21

22

23

24

McMenamin ME, Nealon J, Lin Y, et al. Vaccine effectiveness of
one, two, and three doses of BNT162b2 and CoronaVac against
COVID-19 in Hong Kong: a population-based observational study.
Lancet Infect Dis. 2022;51473-3099(22):00345-0.

CaiJ, Deng X, Yang ], et al. Modeling transmission of SARS-CoV-2
Omicron in China. Nature Medicine. 2022;28(7):1468-1475.
Shanghai Municipal Health Commission. The 167th press confer-
ence of COVID-19 in Shanghai. 2022.

Annual Report 2020 of Shanghai International Airport. 2021.

Siu GK, Lee LK, Leung KS, et al. Will a new clade of SARS-CoV-2
imported into the community spark a fourth wave of the COVID-
19 outbreak in Hong Kong? Emerg Microbes Infect. 2020;9
(1):2497-2500.

Gu H, Krishnan P, Ng DYM, et al. Probable transmission of SARS-
CoV-2 Omicron variant in quarantine Hotel, Hong Kong, China,
November 2021. Emerg Infect Dis. 2022;28(2):460-462.

Zhang X, Zhang W, Chen S. Shanghai’s life-saving efforts against
the current omicron wave of the COVID-19 pandemic. The Lancet.
2022;399(10340):2011—2012.

Shanghai Municipal Health Commission. The 125th press confer-
ence of COVID-19 in Shanghai. 2022.

Shanghai Municipal Health Commission. The 170th press confer-
ence of COVID-19 in Shanghai. 2022.

Shanghai Municipal Health Commission. The 177th press confer-
ence of COVID-19 in Shanghai. 2022.

Kraemer MUG, Reiner Jr. RC, Brady OJ, et al. Past and future
spread of the arbovirus vectors Aedes aegypti and Aedes albopictus.
Nat Microbiol. 2019;4(5):854-863.

Tisseuil C, Gryspeirt A, Lancelot R, Pioz M, Liebhold A, Gilbert M.
Evaluating methods to quantify spatial variation in the velocity of
biological invasions. Ecography. 2015;39(5):409—418.

Cori A, Ferguson NM, Fraser C, Cauchemez S. A new framework
and software to estimate time-varying reproduction numbers dur-
ing epidemics. Am J Epidemiol. 2013;178(9):1505-1512.

Mefsin Y, Chen D, Bond HS, et al. Epidemiology of infections with
SARS-CoV-2 Omicron BA.2 variant, Hong Kong, January-March
2022. Emerg Infect Dis. 2022;28(9):1856—1858.

Backer JA, Eggink D, Andeweg SP, et al. Shorter serial intervals in
SARS-CoV-2 cases with Omicron BA.1 variant compared with Delta

25
26

27

28

29

30

31

32

33

34

35

variant, the Netherlands, 13 to 26 December 2021. Euro Surveill.
2022;27(6):2200042.

Shanghai Municipal Health Commission. The 1r7th press confer-
ence of COVID-19 in Shanghai. 2022.

Yamasoba D, Kimura I, Nasser H, et al. Virological characteristics
of the SARS-CoV-2 Omicron BA.2 spike. Cell. 2022;185(12):
2103—2115.

Li Z, Guan X, Mao N, et al. Antibody seroprevalence in the epicen-
ter Wuhan, Hubei, and six selected provinces after containment of
the first epidemic wave of COVID-19 in China. Lancet Reg Health
West Pac. 2021;8:100094.

Ranzani OT, Hitchings MDT, de Melo RL, et al. Effectiveness of an
inactivated Covid-19 vaccine with homologous and heterologous
boosters against the Omicron (B.1.1.529) Variant. medRxiv. 2022:
2022.03.30.22273193.

Jara A, Undurraga EA, Zubizarreta JR, et al. Effectiveness of Coro-
naVac in children 3 to 5 years during the SARS-CoV-2 Omicron
outbreak in Chile. Nat Med. 2022;28(7):1377-1380.

Garrett N, Tapley A, Andriesen ], et al. High Rate of Asymptomatic
Carriage Associated with Variant Strain Omicron. medRxiv. 2022:
2021.12.20.21268130.

Poletti P, Tirani M, Cereda D, et al. Association of age with likeli-
hood of developing symptoms and critical disease among close con-
tacts exposed to patients with confirmed SARS-CoV-2 infection in
Ttaly. JAMA Netw Open. 2021;4(3):e211085.

Cohen C, Kleynhans |, von Gottberg A, et al. SARS-CoV-2 inci-
dence, transmission, and reinfection in a rural and an urban set-
ting: results of the PHIRST-C cohort study, South Africa, 2020-21.
Lancet Infect Dis. 2022;22(6):821-834.

Hay JA, Kissler SM, Fauver JR, et al. Viral dynamics and duration
of PCR positivity of the SARS-CoV-2 Omicron variant. medRxiv.
2022 2022.01.13.22269257.

Zhang X, Wu J, Smith LM, et al. Monitoring SARS-CoV-2 in air and
on surfaces and estimating infection risk in buildings and buses on
a university campus. | Expo Sci Environ Epidemiol. 2022:1-8.
Acemoglu D, Chernozhukov V, Werning I, Whinston MD. Optimal
targeted lockdowns in a multigroup SIR model. Am Econ Rev:
Insights. 2021;3(4):487-502.

www.thelancet.com Vol 29 Month , 2022


http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0010
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0010
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0010
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0010
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0010
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0011
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0011
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0014
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0014
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0014
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0014
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0015
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0015
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0015
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0020
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0020
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0020
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0021
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0021
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0021
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0022
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0022
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0022
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0024
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0024
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0024
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0024
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0027
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0027
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0027
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0027
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0030
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0030
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0030
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0032
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0032
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0032
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0032
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0033
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0033
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0033
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0033
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0035
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0035
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0035
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0036
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0036
http://refhub.elsevier.com/S2666-6065(22)00207-3/sbref0036

	Epidemiological characteristics and transmission dynamics of the outbreak caused by the SARS-CoV-2 Omicron variant in Shanghai, China: A descriptive study
	Introduction
	Methods
	Definition of infection and case
	Public health response
	Data sources and collection
	Statistical analyses
	Definition of the three phases of the epidemic
	Inference of delay between sampling and reporting
	Spatial trends
	Estimation of epidemiological parameters

	Role of the funding source

	Results
	Discussion
	Contributors
	Data sharing statement
	Declaration of interests
	Acknowledgments
	Supplementary materials
	References



