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Abstract 

Background:  Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron (B.1.1.529) variant is highly 
transmissible with potential immune escape. Hence, control measures are continuously being optimized to guard 
against large-scale coronavirus disease 2019 (COVID-19) outbreaks. This study aimed to explore the relationship 
between the intensity of control measures in response to different SARS-CoV-2 variants and the degree of outbreak 
control at city level.

Methods:  A retrospective study was conducted in 49 cities with COVID-19 outbreaks between January 2020 
and June 2022. Epidemiological data on COVID-19 were extracted from the National Health Commission, People’s 
Republic of China, and the population flow data were sourced from the Baidu migration data provided by the Baidu 
platform. Outbreak control was quantified by calculating the degree of infection growth and the time-varying repro‑
duction number ( Rt ). The intensity of the outbreak response was quantified by calculating the reduction in population 
mobility during the outbreak period. Correlation and regression analyses of the intensity of the control measures and 
the degree of outbreak control for the Omicron variant and non-Omicron mutants were conducted, respectively.

Results:  Overall, 65 outbreaks occurred in 49 cities in China from January 2020 to June 2022. Of them, 66.2% were 
Omicron outbreaks and 33.8% were non-Omicron outbreaks. The intensity of the control measures was positively cor‑
related with the degree of outbreak control (r = 0.351, P = 0.03). The degree of reduction in population mobility was 
negatively correlated with the Rt value (r = − 0.612, P < 0.01). Therefore, under the same control measure intensity, the 
number of new daily Omicron infections was 6.04 times higher than those attributed to non-Omicron variants, and 
the Rt value of Omicron outbreaks was 2.6 times higher than that of non-Omicron variants. In addition, the duration 
of non-Omicron variant outbreaks was shorter than that of the outbreaks caused by the Omicron variant (23.0 ± 10.7, 
32.9 ± 16.3, t = 2.243, P = 0.031).
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Background
Infectious diseases tend to have unique features that are 
different from other diseases, and the most important 
characteristic is their unpredictability and the associated 
potentially explosive implications [1, 2]. Coronavirus dis-
ease 2019 (COVID-19) caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) and is transmit-
ted by respiratory droplets and contacts, it has posed an 
enormous threat to public health around the world [3, 4].

COVID-19 endangered human life and health and sig-
nificantly impacted socio-economic development [1, 5]. 
SARS-CoV-2 has continuously evolved into novel vari-
ants, including Alpha (B.1.1.7), Beta (B.1.351), Gamma 
(P.1), Delta (B.1.617.2), and Omicron (B.1.1.529), and 
continuous mutation is expected [6, 7]. For the Delta 
variant, the basic reproduction number (R0) is close to 4, 
the median intergenerational interval is 3  days, and the 
incubation period is 4.4 days [8]. However, the R0 of the 
Omicron variant is close to 10 days, with an even shorter 
intergenerational interval [9]. The biological properties of 
the Omicron variant confer it with strong infectivity and 
rapid and surreptitious transmission, many infections are 
asymptomatic, and the virus is more likely to escape the 
immune response generated by previous infections or 
vaccines [10, 11]. The Omicron variant has a significantly 
higher breakthrough infection rate than that of the Delta 
variant, thereby greatly increasing the difficulty in imple-
menting effective control measures [11]. The number of 
hospitalizations and deaths caused by the Omicron vari-
ant has been higher than that caused by the Delta vari-
ant and has seriously impacted healthcare systems [12, 
13]. Therefore, effective prevention and control measures 
must be comprehensively applied to interrupt Omicron 
transmission.

The control measures for the COVID-19 outbreak 
were based on the biological characteristics of SARS-
CoV-2 and intended for long-term application [2, 14]. 
Previous expertise promoted the idea that herd immu-
nity could be achieved as long as the vaccine coverage 
rate reached a critical value of over 80% [15, 16]. Thus, 
even if there were new COVID-19 infections, outbreaks 
and large-scale epidemics would not occur. However, 
the Omicron variant emerged and, with it, many more 
infections, indicating that the current vaccine was not 

able to prevent infections with the Omicron variant [2, 
17]. Specific drugs for SARS-CoV-2 are being researched 
and developed [2, 18]. The emergence of new mutant 
variants, the imbalance of global vaccine distribution, 
and breakthrough infections in vaccinated populations 
have brought continuous challenges to the effective-
ness of vaccinations, resulting in the inability to form a 
population-wide persistent immune barrier in the short-
term [19, 20]. Non-drug interventions such as social 
distancing, mask-wearing, cleaning hands, and avoid-
ing crowds remain the main prevention and control 
measures [14, 21]. Studies found that social distancing, 
including the cancellation of small gatherings and the 
closure of educational institutions, as well as travel and 
border restrictions, had the greatest impact on prevent-
ing and controlling COVID-19 outbreaks of all exist-
ing non-drug interventions [2, 18, 22]. In contrast, the 
least effective interventions were government-provided 
and international assistance actions, case tracking, and 
environmental disinfection and sterilization [18]. When 
the pandemic broke out on a large scale, implementing 
stricter measures effectively curbed the COVID-19 pan-
demic caused by the Omicron variant within a relatively 
short period and achieved the social management goal of 
dynamic zero-COVID-19.

At the beginning of 2020, COVID-19 began to spread 
around the world [23, 24]. In the process of coping with 
the outbreak, beneficial knowledge was constantly accu-
mulated from relevant experiences. The success of the 
response to COVID-19 threats came not just from the 
scientific recognition of the biological characteristics of 
SARS-CoV-2 variants but also from broad approaches [6, 
25]. These approaches included the constant surveillance 
of SARS-CoV-2 variants, symptom-based surveillance, 
case isolation, the tracing of close contacts (requiring 
quarantine in separate facilities) and the contacts of con-
tacts, occupation-based screening, the targeted screening 
of individuals at high risk of infection, the application of 
big data in epidemiological investigations, and a set of 
social distancing measures that included travel restric-
tions, stringent border control policies, and community 
confinement, all of which played a complementary role 
in fighting COVID-19 transmission [6, 25]. However, the 
Omicron variant began to spread in China in February 

Conclusions:  Greater intensity of control measures was associated with more effective outbreak control. Thus, in 
response to the Omicron variant, the management to restrict population movement should be used to control its 
spread quickly, especially in the case of community transmission occurs widely. Faster than is needed for non-Omi‑
cron variants, and decisive control measures should be imposed and dynamically adjusted in accordance with the 
evolving epidemic situation.
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2022, and the effective prevention measures based on 
previous strategies were unsuccessful in preventing 
outbreaks promptly [26, 27]. Therefore, this study was 
conducted to explore the relationship between control 
measures and the transmission process of COVID-19 
caused by Omicron and non-Omicron mutants across 
different cities in China. First, the intensity of the preven-
tion measures and the degree of outbreak control were 
quantified. Second, the correlation between the intensity 
of the restriction measures and the degree of outbreak 
control caused by the Omicron variant and non-Omicron 
variants was analyzed. The conclusion from the study will 
provide a reference for formulating better control meas-
ures and strategies to effectively confront future COVID-
19 outbreaks caused by new SARS-COV-2 variants with 
high infectivity.

Methods
Data source and collection
Epidemiological data on COVID-19 were extracted from 
the National Health Commission, People’s Republic of 
China (http://​www.​nhc.​gov.​cn). The data included out-
break location (provincial level and city level), sympto-
matic status (including the clinical outcomes of initially 

asymptomatic infections), date and counts of official 
reporting (daily asymptomatic infected individuals, 
daily new cases, and daily death report cases), and other 
information between January 1, 2020, and June 30, 2022 
(Fig.  1). Infectious individual (including asymptomatic 
person) were all considered to be counted  cases in the 
study.

The population flow data were sourced from the Baidu 
migration data provided by the Baidu platform (http://​
www.​qianxi.​baidu.​com). The Baidu Migration Index 
indicates the scale of population flow between cities 
and covers 368 cities in China. Two types of popula-
tion movement data (inflow intensity and outflow inten-
sity) were extracted from the Baidu migration platform 
between January 1, 2020, and June 30, 2022.

Study scenarios
Since the large-scale outbreak in Wuhan, China, SARS-
CoV-2 has continuously mutated, with concomitant 
changes in infectivity. Many cities in China experienced 
outbreaks caused by various SARS-CoV-2 variants 
(Delta, Omicron, and other major variants). However, the 
inclusion criteria need to be made to select cities for this 
study.

Fig. 1  Flow chart demonstrating the quantification of the strength of outbreak control and intensity of control measures

http://www.nhc.gov.cn
http://www.qianxi.baidu.com
http://www.qianxi.baidu.com
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The R0 value describes the potential transmission 
capacity of a pathogen. The R0 value of the Delta variant 
is between 3.2 and 8.0, and the R0 of the Omicron variant 
is 3.2 times that of Delta, with a doubling time of approx-
imately 3 days [28], and 1–2 generations of SARS-CoV-2 
in one city can cause an outbreak. Hence, we focused on 
the cities with more than 10 infected persons per day 
in an outbreak period. Cities with more than 10 new 
infected  individuals daily for 3 consecutive days in nor-
mal social environments were included. In contrast, cit-
ies were excluded if a COVID-19 outbreak lasted fewer 
than 7 days or occurred on intermittent days. Cities with 
one to ten reported infected individuals with community 
transmission that covered a wide range of time and lasted 
for 3  months were also excluded, as were cities missing 
Baidu Migration Index data when the COVID-19 out-
break occurred.

COVID‑19 outbreak definition
The Chinese Center for Disease Control and Prevention 
(China CDC) defines an outbreak as more occurrences of 
a particular infectious disease at a specific location and 
time than expected. However, the definition of a COVID-
19 outbreak is usually local-context-related. In non-res-
idential settings, the outbreak criteria were two or more 
test-confirmed COVID-19 infections among individuals 
associated with a specific non-residential setting with ill-
ness onset dates within 14 days.

COVID-19 outbreak was expressed by the duration of 
the epidemic. If infected persons were reported in one 
city at time point T and the city had no infection individ-
uals within 5 days from T-5 to T-1, point T was defined 
as the time of the onset of the outbreak (Fig. 1). Some cit-
ies may have had multiple outbreaks. If the time interval 
between the end of the first outbreak and the start of the 
second outbreak was greater than 14 days, it was consid-
ered to be a second outbreak.

The time-varying reproduction number ( Rt ) is an 
important index used to measure SARS-CoV-2 trans-
missibility during COVID-19 outbreaks. Estimating the 
increase or decrease in the rate using Rt is critical for 
monitoring and adjusting outbreak control measures in 
the real world. One of the most common methods to esti-
mate Rt in real-time is through the renewal Eq. (1). This 
model assumes that the incidence of newly infected indi-
viduals on day t (It) can be represented by the following 
equation [29]:

where It is the number of infections that are incident 
on day t, and ws is the serial interval distribution. In the 
renewal equation, the incidence at time t ( It ) is expressed 

(1)It ∼ Rt

t

s=1
It−sws

as a function of the serial interval distribution ( ws ), the 
time-varying reproduction number ( Rt ), and the past 
incidence ( It−s).

The Rt of the model was quantified using the EpiNow2 
package (https://​cran.r-​proje​ct.​org/​web/​packa​ges/​EpiNo​
w2) [30]. It estimates the time-varying reproduction 
number of infectors through the date of infection. The 
method uses the generation time, and the incidence is 
computed backward using distributions for the incuba-
tion period and reporting delays. In this study, for the 
non-Omicron variants, a gamma-distributed generation 
time with a mean of 3.6 days was used in the calculations 
[31]. For the incubation period, a log-normal incubation 
period with a mean of 5.2  days was fitted [32]. For the 
Omicron variant, we referenced the published estimated 
generation time of 2.7 days for the COVID-19 Omicron 
wave in Hong Kong [33]. The incubation period of the 
Omicron variant is set with 3.4 days [34]. Ultimately, Rt 
was estimated using the EpiNow2 in R software (version 
4.2.1, http://​www.r-​proje​ct.​org).

Quantification of outbreak control intensity
Intervention measures were taken to control COVID-19 
outbreaks. Thus, the intensity of the outbreak control was 
quantified based on the ratio of new cases to the extent of 
change in the Rt value. In the study, for an outbreak event 
in a specific city, the intensity of the outbreak control was 
defined as the ratio of the number of new cases on day 
T + 14, day T + 15, and day T + 16 to the number of new 
cases on day T + 4, day T + 5, and day T + 6 (Fig.  1), it 
was shown in formula (2). If the number of new infected 
persons each day after 2  weeks was less than the num-
bers of cases on days 4–6 of the outbreak, the outbreak 
was considered to be controlled. The lower the ratio, the 
more effective the outbreak control measures.

An Rt of less than 1 suggests that the outbreak was con-
trolled effectively. Therefore, the intensity of outbreak 
control was defined as the average of the Rt values on day 
T + 14, day T + 15, and day T + 16 in an outbreak event, 
as shown formula (3).

Quantification of control measure intensity
The intensity of the prevention and control meas-
ures was calculated based on the daily population flow. 
Baidu Migration Index values, which include inflow and 

(2)

Cases Control = log
(

n

m

)

= log

(

CaseT14 + CaseT15 + CaseT16

CaseT4 + CaseT5 + CaseT6

)

(3)RtControl =
Rt14 + Rt15 + Rt16

3

https://cran.r-project.org/web/packages/EpiNow2
https://cran.r-project.org/web/packages/EpiNow2
http://www.r-project.org
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outflow intensity, were used to comprehensively reflect 
the impact of control measures on population flow. The 
daily population flow intensity was the average of the 
inflow intensity and outflow intensity each day. Finally, 
the intensity of the restraining measures was defined as 
the ratio of the average population flow on day T + 4, day 
T + 5, and day T + 6 to that on day T − 1 (Fig. 1), shown 
in formula (4). Log transformation was additionally 
applied in the study.

Results
COVID‑19 outbreak and SARS‑CoV‑2 variants in China
A total of 65 outbreaks in 49 cities were collected across 
China from January 2020 to June 2022 in this study. The 
Omicron variant emerged in China in January 2022 and 
caused 66.2% of all COVID-19 outbreaks [43/65, 95% 
confidence interval (CI) 0.54–0.77], while the outbreak 
events caused by non-Omicron variants accounted for 
33.8% (22/65, 95%CI 0.24–0.46). More than 24.4% (12/49, 
95% CI 0.25–0.38) of the cities experienced two or more 
outbreaks.

(4)

Strength Control = log

(

b

a

)

= log

(

(FlowT4 + FlowT5 + FlowT6)/3

FlowT−1

)

Relationship between infectious case number 
and population flow
The relationship between population flow and the 
increase in cases caused by non-Omicron variants in 
22 cities is shown in Fig.  2a, where a positive statisti-
cal association was observed (r = 0.173, P = 0.506). In 
Fig.  2a, values greater than 0 on the X-axis indicated 
that control measures were implemented against the 
pandemic outbreak. The larger the value, the lower the 
intensity of restraint management. Values less than 0 
on the X-axis indicated that more stringent restraint 
measures were applied to address the outbreak. The 
smaller the value, the more rapid the reaction time to 
the COVID-19 outbreak, and the stricter the control 
measures. Larger values on the Y-axis indicate ineffec-
tive control of the COVID-19 outbreak. In contrast, 
smaller values on the Y-axis represent better effects of 
the measures used for handling one COVID-19 out-
break. The results showed that the cities where the 
outbreak was not effectively controlled included Shi-
jiazhuang, Tonghua, Harbin, and Xi’an (Fig.  3). Cities 
with other COVID-19 outbreak events and dynamic 
changes in population flow are shown in the Addi-
tional file 1. Figure 2a shows that 81.8% (17/22, 95%CI 
0.565–0.899) of the outbreaks were effectively con-
trolled in China (Additional file 1), suggesting that cit-
ies had fewer newly cases after 2  weeks compared to 
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Fig. 2  The relationship between intensity of outbreak with infection case control and the degree of population control in Omicron pandemic 
and non-Omicron pandemic. a The scatter plot of infection case control with log transform and population flow index control in non-Omicron 
pandemic. b The scatter plot of infection case control with log transform and population flow index control in Omicron pandemic
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the first 5 days. The results demonstrated that when the 
population flow decreased by 1%, the number of cases 
decreased by 2.06 (95%CI 0.25–16.54. Table 1).

The relationship between population flow and 
increases in the number of infections in COVID-19 out-
breaks caused by the Omicron variant is shown in Fig. 2b. 
A positive statistical correlation was found (r = 0.351, 
P = 0.03), and 48.8% (21/43, 95%CI 0.346–0.653) of the 

urban outbreaks were found not to be effectively con-
trolled timely, as reflected in cases numbers that con-
tinued to increase within 14  days after the COVID-19 
outbreak caused by the Omicron variant. The cities with 
lower-intensity restrictions included Harbin and Wuhan 
(Additional file 1). The model showed that the number of 
infections decreased by 4.16 (95% CI 1.14–15.18. Table 1) 
when population flow increased by 1%.

Fig. 3  The daily number of reported infection and the population flow index of the non-Omicron outbreak in Xi’an. a Simulations of daily cases 
in by time-varying reproduction number according to daily number of reported infection, the bar chart is the daily number of reported infected 
individuals. b Model estimating the effective reproductive numbers (Rt) in each day by EpiNow2 package. c The daily number of reported infections 
(bar plot) and population flow index (pink line)

Table 1  Regression model of cases number, Rt value, and intensity of population flow

Case control means the log of COVID-19 outbreak control with cases ratio. Rt means the COVID-19 outbreak was controlled after 14 days. The “–” symbol indicates the 
data can not be calculated

COVID-19 outbreak control Intercept Beta Exp (Beta) (95% CI) P value

Case control* Non-Omicron − 0.76 0.72 2.06 (0.25–16.54) 0.13

Omicron 1.04 1.42 4.16 (1.14–15.18) 0.03

Rt* Non-Omicron 0.52 − 0.52 – 0.06

Omicron 1.38 − 1.34 –  < 0.01
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Association between COVID‑19 transmission 
and population flow
The association between the Rt value for COVID-19 prev-
alence caused by non-Omicron variants and the degree 
of reduction in population flow in 21 cities is shown in 
Fig. 4a. A negative correlation was identified (r = − 0.459, 
P = 0.06), where an Rt value of less than 1 indicated bet-
ter control of the COVID-19 outbreak. Among all cities 
with outbreaks, those with non-Omicron variants were 
found to be effectively controlled after 2  weeks. The 
results showed that the Rt value decreased by 0.52 units 
when the intensity of restrictive measures increased by 
one unit (Table 1).

The relationship between the Rt value of a COVID-
19 outbreak caused by the Omicron variant and the 
degree of reduction in population flow in the 43 cities 
is shown in Fig. 4b. A negative correlation was observed 
(r = − 0.612, P < 0.01). Of the urban outbreaks caused by 
the Omicron variant, 25.5% (11/43, 95% CI 0.149–0.402) 
were not effectively controlled in short time (Fig.  4b) 
using the restriction measures previously implemented 
in response to outbreaks caused by non-Omicron vari-
ants. That is, the Rt values remained greater than 1 for 
14  days after the outbreak. Shanghai had the highest Rt 
value (Fig. 5). The results demonstrated that the Rt value 
decreased by 1.34 units as the intensity of the restriction 
measures increased by 1 unit.

Comparison of COVID‑19 transmission between Omicron 
and non‑Omicron variants
The relationship between population flow and the growth 
rate of infection number was statistically significant in 
COVID-19 transmissions caused by the Omicron variant 
(r = −  0.323, P = 0.032), a negative correlation result was 
found in COVID-19 outbreaks caused by non-Omicron 
variants (r = − 0.341, P = 0.129). However, the intercept of 
the two regression models was different (Table  1). Under 
control measures of the same intensity, the log-transforma-
tion of increases in cases during the Omicron outbreak was 
1.80 times higher than that of the non-Omicron variants 
(Table  1). These results showed that the number of new 
daily cases caused by the Omicron variant after 2  weeks 
was 6.04 times higher than the number of patients with 
non-Omicron variants in  situations with the same initial 
outbreak conditions and the same intensity of restriction 
measures. In addition, the Rt value of COVID-19 outbreaks 
caused by the Omicron variant increased by 0.86 compared 
to COVID-19 outbreaks caused by non-Omicron variants 
under restriction measures of the same strength. The Rt 
value of the Omicron variant was 2.6 times higher than that 
of the non-Omicron variants (1.38/0.52).

COVID‑19 outbreak duration
COVID-19 outbreaks caused by non-Omicron vari-
ants lasted an average of 23.0  days [standard deviation 
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Fig. 4  The direct relationship between intensity of outbreak with time-varying reproduction number (Rt) and the degree of population control 
in Omicron pandemic and non-Omicron pandemic. a The scatter plot of time-varying reproduction number with population control intensity in 
non-Omicron pandemic. b The scatter plot of time-varying reproduction number with population control intensity in Omicron pandemic
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(SD) = 10.7], whereas Omicron outbreaks lasted an aver-
age of 32.9  days (SD = 16.3). In the presence of inter-
vention and control measures, the mean duration of 
COVID-19 outbreaks caused by the Omicron variant was 
longer than that of outbreaks of non-Omicron variants 
(t = 2.243, P = 0.031).

Discussion
The study showed that if control measures were adopted 
at an early stage, the explosive growth of infection num-
bers rarely occurred in non-Omicron outbreaks even if 
the number of newly infected persons continued to rise. 
However, the same intensity of restriction measures 
provided invalid control for Omicron outbreak, and the 
potential risk of exponential growth of infected indi-
viduals and community transmission still existence. The 
findings from the study can help to render our response 
to COVID-19 more scientific-based and targeted meas-
ures, more targeted approaches must be adopted when 
it comes to quarantining and transporting patients and 
close contacts, conducting nucleic acid testing, managing 

personnel flows, administering vaccination, etc. Opti-
mization of COVID-19 rules based on the nature of 
SARS-CoV-2 variant can help us to effective response to 
COVID-19 outbreak, specific measures include shorten-
ing quarantine periods for incoming travelers and close 
contacts of people with COVID-19 infection, cancel the 
circuit breaker for inbound flights, no longer determine 
secondary close contacts of confirmed cases, adjust the 
categories of COVID-19 risk areas to high and low, pro-
vide guidance for psychological counseling when nec-
essary, modern material supply must be answered and 
handled properly. It is necessary to adjust to epidemic sit-
uation of infectious diseases and promote the construc-
tion of control capacity to coordinate anti-virus policies 
with social and economic development. It was pointed 
out that all individuals should adapt to the strong trans-
missibility of the virus, effectively implement the require-
ments of early detection, reporting, quarantine and 
treatment, and adopt swift measures, so as to prevent 
further expansion of infections or a prolonged prevention 
and control endeavor.
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The Omicron variant became the main pandemic 
strain worldwide at the end of 2021. There are no spe-
cific treatment drugs and preventive vaccine available. 
Although the fatality rate of Omicron is lower than that 
of the original strain, the absolute number of deaths 
in a certain population where the virus is left to spread 
unchecked would still be very high due to the virus’s fast 
transmission and overextended medical systems. The 
conclusion of the study suggested that restriction meas-
ures reduce transmission and unknown contacts that 
can be difficult to trace, and the response stresses rapid 
and targeted action to bring new infections under con-
trol in regions with large elderly populations and limited 
healthcare resources, and it has enabled the country to 
keep infection and fatality rates very low. Also, similar 
to our findings, the scientists showed similar approach 
has been successfully adopted to rapidly subdue several 
waves of COVID-19 caused with Omicron BA.2 in China 
[35, 36]. In addition, a large number of established fact 
proved that effective measures  are not taken to respond 
to Omicron, and the the epidemic will not stop even if 
the vaccination rate is high [37–39], it can cause massive 
infections, severe infections and many deaths, especially 
in a country with a large elderly population and a large 
number of people with chronic illnesses who are at high 
risk of severe morbidity and mortality [37–39]. Hence, 
adherence to positive control measures can also prevent 
most people from becoming infected and experienc-
ing long-term COVID-19 symptoms (such as fatigue, 
breathing difficulties, and cognitive impairment) in the 
severe patients [40]. Thus, implementing positive control 
measures (dynamic zero-COVID strategy and restriction 
measures) can protect vulnerable populations and help 
to cope with the uncertainties associated with emerging 
variants and the lingering effects of COVID-19 in future. 
Although critical health services were exempt from the 
strict suppression strategy, widespread disruptions to 
routine and emergency non-COVID care due to trans-
port and curfew barriers for patients and health workers, 
hospitals turning patients away, and supply chain dis-
ruptions that affected medicine access and costs [41]. It 
should be emphasized that life-saving services  must be 
taken into account in the implementation of lockdown. 
It is necessary that making special arrangements by des-
ignating hospitals to receive COVID-19 risk groups and 
setting up green channels for their hospital visits.

Blocking continuous community transmission can pre-
vent large-scale epidemics, and a comprehensive strat-
egy can promptly and precisely detect and control new 
outbreaks to halt the transmission of COVID-19 across 
communities, prevent large-scale viral flare-ups, and 
achieve a balance between virus control and socioeco-
nomic development [42, 43]. Detecting and identifying 

the   early infection is crucial for interrupting epidemic. 
Nucleic acid testing presents the opportunity to identify 
the number of infectious individuals in the early stages 
[43, 44], it was regularly performed for high-risk groups, 
including patients with COVID-19-related symptoms, 
the close contacts of someone with confirmed infection, 
as well as the contacts of close contacts, occupational-
risk individuals, and personnel in key institutions [35, 
44]. In addition, antigen detection could help to identify 
infected people and prevent community communica-
tion before nucleic acid testing were conducted in a large 
crowd. If transmission can be found within three gen-
erations, then an outbreak can be controlled in a small 
area through epidemiological investigations and targeted 
epidemic-control measures, and large-scale city lock-
down measures will not be necessary [25]. By the time 
the outbreak spreads to more than the fifth generation, 
indicating a relatively large transmission scope, or com-
munity transmission has occurred in several independent 
communities, control measures must be strengthened to 
contain the outbreak [25].

The COVID-19 pandemic has created an unprece-
dented global crisis [2]. Many factors must be considered 
in making decisions to implement or terminate preven-
tative measures [25, 45]. These factors mainly include 
government willingness, the COVID-19 transmission 
situation, public acceptance of the policies, public health 
capacity, and medical treatment resources and capabili-
ties, as well as material security resources and capabilities 
[25]. During the early COVID-19 outbreak, many coun-
tries imposed restrictions on population movement, pro-
viding time to reduce the incidence, as well as to develop 
and apply sustained and robust transmission prevention 
measures [2, 46]. Strict suppression strategy were imple-
mented to slow the spread of SARS-COV-2, prevent case 
spillovers, and prevent healthcare systems from being 
overwhelmed [2, 46]. Some cities and countries imple-
mented either complete or partial lockdown. However, 
individuals affected by restraint measures may experi-
ence a loss of personal freedom and autonomy under 
lockdown, and lower production efficiency from working 
at home for a long period may result [47, 48]. Therefore, 
lockdown strategies and other extreme restrictions can-
not be sustained for an extended period in one outbreak 
event.

Governments around the world are now faced with 
the problems of when and how restrictions should be 
eased while balancing various health, social, and eco-
nomic concerns, in certain circumstances that these is 
not specific therapeutic agents or an effective preventive 
vaccine, significant weakening of the pathogenicity of 
the COVID-19 virus has not been observed [2, 46]. The 
World Health Organization (WHO) warned that lifting 



Page 10 of 12Zheng et al. Infectious Diseases of Poverty          (2022) 11:114 

lockdown restrictions may trigger a COVID-19 resur-
gence, but prolonged lockdown may lead to economic 
collapse in long term [2, 46]. Some studies reported the 
short-term and long-term effects of COVID-19 control 
strategies of different intensities on economic develop-
ment from the perspective of supply chains [5, 36]. The 
losses incurred by the supply chain from strong restric-
tive measures were largely dependent upon the duration 
(primary significance) and severity (secondary signifi-
cance) of the lockdown and other suppression strate-
gies [5, 36]. However, longer-term lockdown measures 
were found to be less costly than short-term measures 
but high-frequency lockdown, and earlier, stricter, and 
shorter lockdown periods could minimize the overall 
losses. No matter what control measures are undertaken, 
the losses to the complex global supply chain will exceed 
the direct losses caused by the COVID-19 pandemic [5, 
36]. Therefore, implementing a series of comprehen-
sive measures that combine short-term intense restraint 
measures and other effective methods, such tenaciously 
pursue the general policy of "dynamic zero-COVID.", can 
coordinate COVID-19 prevention efforts with economic 
and social development, protect the people’s safety and 
health to the utmost, so as to achieve safe development.

Emerging pathogens with high transmissibility have the 
characteristic of biological invasion, where the pathogen 
can rapidly replicate and spread under the synergism of 
biological features and socioeconomic factors [25, 49]. An 
intelligent early warning platform for infectious diseases 
based on multi-point trigger mechanisms and multi-
channel surveillance mechanisms can improve the moni-
toring capacity and control the outbreak of infectious 
diseases at the early stages [43], the optimised surveillance 
system have capable of providing early and robust data 
on a new pathogen. Infectious diseases caused by highly 
transmissible pathogens can be effectively intercepted by 
fast and accurate response actions by crossdisciplinary 
approach and multidisciplinary, multisectoral, and mul-
tiprofessional collaboration [50]. Once a highly transmis-
sible pathogen colonizes a very small geographic region, 
and sporadic infections begin to appear across different 
regions in one city, a large-scale disease outbreak will 
soon follow [49]. In this case, precise and differentiated 
epidemic control strategies based on big data to quickly 
conduct epidemiological investigations, identify transmis-
sion chains, and trace close contacts have modest help-
ful for quickly controlling COVID-19 outbreaks. Delayed 
or inadequately prepared control measures are unable 
to successfully deal with biosecurity threats, resulting in 
devastating damages and costs. As long as the number of 
infected individuals increases rapidly, a great burden will 
be imposed on medical resources, causing medical lim-
iting availability, and threatening the health of patients 

with underlying diseases, including elderly people, chil-
dren, and pregnant women. At this stage, large-scale and 
powerful interventions need to be actively implemented 
at the beginning of community transmissions during an 
outbreak as they can successfully deal with highly trans-
missible infectious diseases within a short period. In addi-
tion, the COVID-19 crisis has exposed major weaknesses 
in health system and social management system [45, 51], 
a change in health-care framework is needed to improve 
pandemic prevention [51, 52]. Hence, One Health 
approach, it has been suggested to address complex 
global health problems at the human–animal–environ-
ment interface, coupled with inter- and trans-disciplinary 
involvement, that makes broader contributions to achieve 
optimal public health outcomes by monitoring and man-
aging the interactions between humans, animals, and 
their environment, it can provide service for formulating 
policies to promote the prevention and control of emerg-
ing infectious diseases [45, 51].

There were several limitations to the study. Firstly, we 
used the daily number of new cases for each outbreak, 
and the actual infection time was earlier than the reported 
time, which may have led to some bias in calculating the 
effective reproductive number. Secondly, when estimat-
ing the Rt for each outbreak, we utilized the parameter 
for the distribution of delays between symptom onset in a 
primary and secondary case, and it was different between 
Omicron and non-Omicron variants. Hence, this may have 
affected the Rt results in the models. Thirdly, the strength 
of the governmental control policies was estimated using 
the Baidu Migration Index. However, mask-wearing, vac-
cinating, and the closing of public facilities in parks and 
schools were not considered in the study, which could have 
decreased the estimates of the strength of the control poli-
cies. Finally, real-world effectiveness of strict strategy was 
obtained from the perspective of preventing infection, it 
may not be appropriate from a full range of perspectives. 
Hence, information on outbreak and control policies will 
be collected systematically to conduct deep analyses.

Conclusions
The COVID-19 transmission are complex and the inten-
sity of the control measures are varied with different cit-
ies. However, the intensity of the control measures can be 
reflected by population movements. Our findings high-
light the decrease of population movement can reduce 
COVID-19 transmission in cities level, and in response 
to the Omicron variant or other variants with high infec-
tivity in future, early population movement restriction 
should be undertaken to control its spread quickly, and 
decisive control measures should be imposed and dynam-
ically adjusted in accordance with the epidemic situation.



Page 11 of 12Zheng et al. Infectious Diseases of Poverty          (2022) 11:114 	

Abbreviations
CDC: Centers for Disease Control and Prevention (CDC); CI: Confidence 
interval; COVID-19: Coronavirus disease 2019; SD: Standard deviation; R0: 
Basic reproduction number; Rt: Time-varying reproduction number; SARS-
COV-2: Severe acute respiratory syndrome coronavirus 2; WHO: World Health 
Organization.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40249-​022-​01043-2.

Additional file 1. The daily number of reported infections, population 
flow index and the estimated effective reproductive numbers of SARS-
CoV-2 non-Omicron and Omicron outbreak in city levels.

Acknowledgements
Not applicable.

Author contributions
J-XZ, S-XZ and W-MW conceived and designed the research, J-XZ, Z-YG, S-YG, 
P-YZ and Y-LC collected and analyzed the data, S-XZ, J-XZ, Z-YG, SL and L-GT 
contributed to the draft writing-reviewing-editing. J-XZ and SL contributed 
equally to this work, W-MW and S-XZ are common correspondent authors. All 
authors read and approved the final manuscript.

Funding
This work was supported by the fund of the fund of Three-year Action Plan for 
Promoting Clinical Skills and Innovation Ability of Municipal Hospitals (Grant 
No. SHDC2022CRS039) and Medical Innovation Research Special Project of 
the Shanghai “Science and Technology Innovation Action Plan” (Grant Nos. 
21Y11922500, 21Y11922400), and the fund of talent fund of Longhua Hospital 
(Grant No. LH001.007). In addition, it was also supported by scientific research 
project on prevention and treatment of COVID-19 with traditional Chinese 
medicine (Grant No. XGYJKY2022-09) and the emergency study of traditional 
Chinese medicine on COVID-19 (Grant No. 2022ZYLCYJ05-10). Funding 
sources had no role in the design and conduct of the study, collection, man‑
agement, analysis, and interpretation of the data; and preparation, review, or 
approval of the manuscript.

Availability of data and materials
The data will be available upon requested to first author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Nephrology, Ruijin Hospital, Institute of Nephrology, Shanghai 
Jiao Tong University School of Medicine, Shanghai 200025, People’s Republic 
of China. 2 Chinese Center for Disease Control and Prevention (Chinese Center 
for Tropical Diseases Research), NHC Key Laboratory of Parasite and Vector 
Biology, WHO Collaborating Centre for Tropical Diseases, National Center 
for International Research On Tropical Diseases, National Institute of Parasitic 
Diseases, Shanghai 200025, People’s Republic of China. 3 Longhua Hospital, 
Shanghai University of Traditional Chinese Medicine, Shanghai 200032, Peo‑
ple’s Republic of China. 4 Department of Epidemiology and Biostatistics, School 
of Public Health, Anhui Medical University, Hefei 230032, People’s Republic 
of China. 5 School of Global Health, Chinese Center for Tropical Diseases 
Research, Shanghai Jiao Tong University School of Medicine, Shanghai 200025, 
People’s Republic of China. 6 One Health Center, Shanghai Jiao Tong Univer‑
sity–The University of Edinburgh, Shanghai 200025, People’s Republic of China. 

Received: 14 June 2022   Accepted: 8 November 2022

References
	1.	 Wang L, Wang S, Zhang X, Jia Z. Impact of regions with COVID-19 cases 

on COVID-zero regions by population mobility—worldwide, 2021. China 
CDC Wkly. 2022;4:79–82.

	2.	 Sachs JD, Karim SSA, Aknin L, Allen J, Brosbøl K, Colombo F, et al. The Lan‑
cet Commission on lessons for the future from the COVID-19 pandemic. 
Lancet. 2022;400:1224–80.

	3.	 Wang X, Cai Y, Zhang B, Zhang X, Wang L, Yan X, et al. Cost-effectiveness 
analysis on COVID-19 surveillance strategy of large-scale sports competi‑
tion. Infect Dis Poverty. 2022;11:32.

	4.	 Larkin HD. Global COVID-19 death toll may be triple the reported deaths. 
JAMA. 2022;327:1438.

	5.	 Guan D, Wang D, Hallegatte S, Davis SJ, Huo J, Li S, et al. Global 
supply-chain effects of COVID-19 control measures. Nat Hum Behav. 
2020;4:577–87.

	6.	 Polonsky JA, Bhatia S, Fraser K, Hamlet A, Skarp J, Stopard IJ, et al. Feasibil‑
ity, acceptability, and effectiveness of non-pharmaceutical interventions 
against infectious diseases among crisis-affected populations: a scoping 
review. Infect Dis Poverty. 2022;11:14.

	7.	 Barouch DH. Covid-19 vaccines—immunity, variants, boosters. N Engl J 
Med. 2022;387:1011–20.

	8.	 Guo Q, Ruhan A, Liang L, Zhao X, Deng A, Hu Y, et al. An imported case of 
BA.2 lineage of Omicron variant COVID-19—Guangdong Province, China, 
December 28, 2021. China CDC Wkly. 2022;4:98–9.

	9.	 Hu T, Zhang M, Deng A, Zhang Y, Li B, Li Y, et al. Comparison of Omicron 
and Delta variant infection COVID-19 cases—Guangdong Province, 
China, 2022. China CDC Wkly. 2022;4:385–8.

	10.	 Young M, Crook H, Scott J, Edison P. Covid-19: virology, variants, and vac‑
cines. BMJ Med. 2022;1: e000040.

	11.	 Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C, Buchrieser 
J, et al. Considerable escape of SARS-CoV-2 Omicron to antibody neutrali‑
zation. Nature. 2022;602:671–5.

	12.	 Bilinski A, Emanuel EJ. COVID-19 and excess all-cause mortality in the US 
and 18 comparison countries. JAMA. 2020;324:2100–2.

	13.	 Jørgensen SB, Nygård K, Kacelnik O, Telle K. Secondary attack rates for 
Omicron and Delta variants of SARS-CoV-2 in Norwegian households. 
JAMA. 2022;327:1610–1.

	14.	 Zheng B, Zhu W, Pan J, Wang W. Patterns of human social contact and 
mask wearing in high-risk groups in China. Infect Dis Poverty. 2022;11:69.

	15.	 Pan J, Zhu W, Tian J, Liu Z, Xu A, Yao Y, et al. Vaccination as an alternative 
to non-drug interventions to prevent local resurgence of COVID-19. 
Infect Dis Poverty. 2022;11:36.

	16.	 Puhach O, Adea K, Hulo N, Sattonnet P, Genecand C, Iten A, et al. Infec‑
tious viral load in unvaccinated and vaccinated individuals infected with 
ancestral, Delta or Omicron SARS-CoV-2. Nat Med. 2022;28:1491–500.

	17.	 Bar-On YM, Goldberg Y, Mandel M, Bodenheimer O, Amir O, Freedman L, 
et al. Protection by a fourth dose of BNT162b2 against Omicron in Israel. 
N Engl J Med. 2022;386:1712–20.

	18.	 Arbel R, Wolff Sagy Y, Hoshen M, Battat E, Lavie G, Sergienko R, et al. Nir‑
matrelvir use and severe Covid-19 outcomes during the Omicron surge. 
N Engl J Med. 2022;387:790–8.

	19.	 Davies NG, Kucharski AJ, Eggo RM, Gimma A, Edmunds WJ, Centre for the 
Mathematical Modelling of Infectious Diseases COVID-19 working group. 
Effects of non-pharmaceutical interventions on COVID-19 cases, deaths, 
and demand for hospital services in the UK: a modelling study. Lancet 
Public Health. 2020;5:e375-85.

	20	 Huang Z, Xu S, Liu J, Wu L, Qiu J, Wang N, et al. Effectiveness of inacti‑
vated and Ad5-nCoV COVID-19 vaccines against SARS-CoV-2 Omicron 
BA.2 variant infection, severe illness, and death. BMC Med. 2022;20:400.

	21.	 He G, Zeng F, Xiao J, Zhao J, Liu T, Hu J, et al. When and how to adjust 
non-pharmacological interventions concurrent with booster vaccina‑
tions against COVID-19—Guangdong, China, 2022. China CDC Wkly. 
2022;4:199–206.

	22.	 Zhou F, Hu TJ, Zhang XY, Lai K, Chen JH, Zhou XH. The association of 
intensity and duration of non-pharmacological interventions and imple‑
mentation of vaccination with COVID-19 infection, death, and excess 

https://doi.org/10.1186/s40249-022-01043-2
https://doi.org/10.1186/s40249-022-01043-2


Page 12 of 12Zheng et al. Infectious Diseases of Poverty          (2022) 11:114 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

mortality: natural experiment in 22 European countries. J Infect Public 
Health. 2022;15:499–507.

	23.	 Zu J, Li ML, Li ZF, Shen MW, Xiao YN, Ji FP. Transmission patterns of 
COVID-19 in the mainland of China and the efficacy of different control 
strategies: a data- and model-driven study. Infect Dis Poverty. 2020;9:83.

	24.	 Chen M, Ai L, Huang D, Chen J, Feng T, Mei S, et al. Soaring asymptomatic 
infected individuals bring about barriers and difficulties for interrup‑
tion of COVID-19 prevalence in China. Vector Borne Zoonotic Dis. 
2021;21:777–84.

	25.	 Zhang SX, Yang M, Zheng JX, Zhang BQ, Pan CH, Tian LG. Comprehen‑
sive strategies and measures to control COVID-19. Infect Dis Poverty. 
2022;11:67.

	26.	 Chen Z, Deng X, Fang L, Sun K, Wu Y, Che T, et al. Epidemiological 
characteristics and transmission dynamics of the outbreak caused by 
the SARS-CoV-2 Omicron variant in Shanghai, China: a descriptive study. 
Lancet Reg Health West Pac. 2022;29: 100592.

	27.	 Ye L, Li WF, Shao J, Xu Z, Ju J, Xu H. Fighting Omicron epidemic in China: 
real-world big data from Fangcang shelter hospital during the outbreak 
in Shanghai 2022. J Infect. 2022;85:436–80.

	28.	 Fan Y, Li X, Zhang L, Wan S, Zhang L, Zhou F. SARS-CoV-2 Omicron variant: 
recent progress and future perspectives. Signal Transduct Target Ther. 
2022;7:141.

	29.	 Sherratt K, Abbott S, Meakin SR, Hellewell J, Munday JD, Bosse N, et al. 
Exploring surveillance data biases when estimating the reproduction 
number: with insights into subpopulation transmission of COVID-19 in 
England. Philos Trans R Soc Lond B Biol Sci. 2021;376:20200283.

	30.	 Jin S, Dickens BL, Lim JT, Cook AR. EpiRegress: a method to estimate 
and predict the time-varying effective reproduction number. Viruses. 
2022;14:1576.

	31.	 Ganyani T, Kremer C, Chen D, Torneri A, Faes C, Wallinga J, et al. Estimating 
the generation interval for coronavirus disease (COVID-19) based on 
symptom onset data, March 2020. Euro Surveill. 2020;25:2000257.

	32.	 Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The 
incubation period of coronavirus disease 2019 (COVID-19) from publicly 
reported confirmed cases: estimation and application. Ann Intern Med. 
2020;172:577–82.

	33.	 Mefsin YM, Chen D, Bond HS, Lin Y, Cheung JK, Wong JY, et al. Epidemiol‑
ogy of infections with SARS-CoV-2 Omicron BA.2 variant, Hong Kong, 
January–March 2022. Emerg Infect Dis. 2022;28:1856–8.

	34.	 Wu Y, Kang L, Guo Z, Liu J, Liu M, Liang W. Incubation period of COVID-19 
caused by unique SARS-CoV-2 strains: a systematic review and meta-
analysis. JAMA Netw Open. 2022;5: e2228008.

	35.	 Yuan P, Tan Y, Yang L, Aruffo E, Ogden NH, Yang G, et al. Assessing the 
mechanism of citywide test-trace-isolate Zero-COVID policy and exit 
strategy of COVID-19 pandemic. Infect Dis Poverty. 2022;11:104.

	36.	 Li X, Zhang Z, Lyu K, Xu D. Strengthening community defenses to 
prevent and control the spread of COVID-19 in China. China CDC Wkly. 
2022;4:191–4.

	37.	 Erikstrup C, Laksafoss AD, Gladov J, Kaspersen KA, Mikkelsen S, Hindhede 
L, et al. Seroprevalence and infection fatality rate of the SARS-CoV-2 
Omicron variant in Denmark: a nationwide serosurveillance study. Lancet 
Reg Health Eur. 2022;21: 100479.

	38.	 Wolter N, Jassat W, Walaza S, Welch R, Moultrie H, Groome M, et al. Early 
assessment of the clinical severity of the SARS-CoV-2 omicron variant in 
South Africa: a data linkage study. Lancet. 2022;399:437–46.

	39.	 COVID-19 Excess Mortality Collaborators. Estimating excess mortality due 
to the COVID-19 pandemic: a systematic analysis of COVID-19-related 
mortality, 2020–21. Lancet. 2022;399:1513–36.

	40	 Ballering AV, van Zon SKR, Olde Hartman TC, Rosmalen JGM, Lifelines 
Corona Research Initiative. Persistence of somatic symptoms after 
COVID-19 in the Netherlands: an observational cohort study. Lancet. 
2022;400:452–61.

	41.	 Jain R, Dupas P. The effects of India’s COVID-19 lockdown on critical non-
COVID health care and outcomes: evidence from dialysis patients. Soc Sci 
Med. 2022;296: 114762.

	42.	 Zou H, Shu Y, Feng T. How Shenzhen, China avoided widespread commu‑
nity transmission: a potential model for successful prevention and control 
of COVID-19. Infect Dis Poverty. 2020;9:89.

	43.	 Kong L, Duan M, Shi J, Hong J, Zhou X, Yang X, et al. Optimization of 
COVID-19 prevention and control measures during the Beijing 2022 
Winter Olympics: a model-based study. Infect Dis Poverty. 2022;11:95.

	44.	 Kucharski AJ, Klepac P, Conlan AJK, Kissler SM, Tang ML, Fry H, et al. Effec‑
tiveness of isolation, testing, contact tracing, and physical distancing on 
reducing transmission of SARS-CoV-2 in different settings: a mathemati‑
cal modelling study. Lancet Infect Dis. 2020;20:1151–60.

	45.	 Lefrançois T, Malvy D, Atlani-Duault L, Benamouzig D, Druais PL, Yazdan‑
panah Y, et al. After 2 years of the COVID-19 pandemic, translating One 
Health into action is urgent. Lancet. 2022. https://​doi.​org/​10.​1016/​S0140-​
6736(22)​01840-2.

	46.	 Han E, Tan MMJ, Turk E, Sridhar D, Leung GM, Shibuya K, et al. Lessons 
learnt from easing COVID-19 restrictions: an analysis of countries and 
regions in Asia Pacific and Europe. Lancet. 2020;396:1525–34.

	47.	 Gandjour A. Cost-effectiveness of future lockdown policies against the 
COVID-19 pandemic. Health Serv Manage Res. 2022. https://​doi.​org/​10.​
1177/​09514​84822​10806​87.

	48.	 Reddy KP, Shebl FM, Foote JHA, Harling G, Scott JA, Panella C, Fitzmaurice 
KP, et al. Cost-effectiveness of public health strategies for COVID-19 epi‑
demic control in South Africa: a microsimulation modelling study. Lancet 
Glob Health. 2021;9:e120–29.

	49.	 Nuñez MA, Pauchard A, Ricciardi A. Invasion science and the global 
spread of SARS-CoV-2. Trends Ecol Evol. 2020;35:642–5.

	50.	 Fei SW, Gu SY, Chen FM, Zhou N, Cheng ZL, Xie Y, et al. Towards a global 
One Health index: a potential assessment tool for One Health perfor‑
mance. Infect Dis Poverty. 2022;11:57.

	51.	 Li Q, Bergquist R, Grant L, Song JX, Feng XY, Zhou XN. Consideration of 
COVID-19 beyond the human-centred approach of prevention and con‑
trol: the ONE-HEALTH perspective. Emerg Microb Infect. 2022;11:2520–8.

	52.	 Zhang XX, Liu JS, Han LF, Simm G, Guo XK, Zhou XN. One Health: new 
evaluation framework launched. Nature. 2022;604(7907):625.

https://doi.org/10.1016/S0140-6736(22)01840-2
https://doi.org/10.1016/S0140-6736(22)01840-2
https://doi.org/10.1177/09514848221080687
https://doi.org/10.1177/09514848221080687

