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Background: A new wave of Coronavirus disease 2019 (COVID-19) infection

driven by Omicron BA.2 subvariant hit Shanghai end of February 2020. With

higher transmissibility and milder symptoms, the daily new confirmed cases

have soared to more than 20K within one and a half months. The greatest

challenge of Omicron spreading is that the rapidly surging number of infected

populations overwhelming the healthcare system. What policy is e�ective for

huge cities to fight against fast-spreading COVID-19 new variant remains

a question.

Methods: A system dynamics model of the Shanghai Omicron

epidemic was developed as an extension of the traditional

susceptible-exposed-infected-susceptible recovered (SEIR) model to

incorporate the policies, such as contact tracing and quarantine, COVID-19

testing, isolation of areas concerned, and vaccination. Epidemic data from

Shanghai Municipal Health Commission were collected for model validation.

Results: Three policies were tested with the model: COVID-19 testing,

isolation of areas concerned, and vaccination. Maintaining a high level of

COVID-19 testing and transfer rate of the infected population can prevent the

number of daily new confirmed cases from recurring growth. In the scenario

that 50% of the infected population could be transferred for quarantine on

daily bases, the daily confirmed asymptomatic cases and symptomatic cases

remained at a low level under 100. For isolation of areas concerned, in the

scenario with most isolation scope, the peak of daily confirmed asymptomatic

and symptomatic cases dropped 18 and 16%, respectively, compared with

that in the scenario with least isolation. Regarding vaccination, increasing the

vaccination rate from75 to 95%only slightly reduced the peak of the confirmed

cases, but it can reduce the severe cases and death by 170%.

Conclusions: The e�ective policies for Omicron include high level

of testing capacity with a combination of RAT and PCR testing to

identify and quarantine the infected cases, especially the asymptomatic

cases. Immediate home-isolation and fast transfer to centralized

quarantine location could help control the spread of the virus.
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Moreover, to promote the vaccination in vulnerable population could

significantly reduce the severe cases and death. These policies could be

applicable to all metropolises with huge population facing high transmissible

low severity epidemic.
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COVID-19, Omicron, system dynamics modeling, intervention policies, simulation

Introduction

A new wave of Coronavirus disease 2019 (COVID-19)

infection driven by the new variant, Omicron, started in

January 2020. Global countries are now facing new challenges

brought by Omicron. Current studies consistently showed that

this new variant is substantially more transmissible than the

Delta variant, capable of significant immune evasion, and with

milder or even without symptoms (1–3). The effectiveness of

vaccination against infection dropped dramatically suggested

by current studies (3, 4), even to 33% reported by one study

(5). WHO reported this February that 130 million cases and

500,000 deaths had been recorded globally since Omicron was

declared a variant of concern in late November, calling the

count “beyond tragic.” Latest data showed that the WHO’s

Europe region accounted for 58% of new confirmed cases, and

35% of new deaths, and the Americas made up 23% of new

cases and 44% of new deaths (6). The huge challenge with

the steep rise of infections of Omicron is the overwhelmed

and understaffed healthcare system. Specialists warned that a

considerable overload of the hospitals is to be expected (7). Based

on a mathematical model of SARS-CoV-2 transmission tailored

to the unique immunization and epidemiological situation of

China, Yu concluded that the level of immunity induced by the

current vaccination campaign would be insufficient to prevent

overwhelming the healthcare system and major losses of human

lives (8). Take the UK as an example, in England, more than

650,000 people have probably been infected twice; most of them

were re-infected in the past 2months, according to data collected

by the UK Health Security Agency (9, 10). The British Medical

Association reported that the facts, figures, and the living reality

for thousands of patients and the National Health Service (NHS)

staff daily demonstrate undoubtedly that the NHS is currently

already overwhelmed (11). Alderwick pointed out that millions

of people are already feeling the unbearable strain in the UK

health system (12).

Before Omicron, strict intervention protection controls

(IPCs) were adopted by China after the outbreak of COVID-19,

such as active case surveillance at fever clinics, immediate

isolation of cases, quarantine of close contacts and high-

risk groups, polymerase chain reaction (PCR) testing, and

compulsory use of masks in the general population (13).

China’s strict policy preference, called zero-COVID strategy, was

corroborated by WHO of the outbreak dynamic and case count

reported by the Chinese government (14), demonstrating that

a strict and rapid response to an emerging epidemic can halt

the spread of a new virus (15). The previous study reported

that the zero-COVID strategy was estimated to have saved one

million lives, compared with the global average mortality of

COVID-19 (as of 16 February 2022) (16). This zero-COVID

policy is undoubtedly successful containing the pandemic prior

to the current outbreak caused byOmicron. However, this policy

is being challenged as a new wave of Omicron hits. Recently,

China’s National Health Commission changed its rules so that

mild cases could be isolated in centralized locations, rather

than treated in hospitals, and the criteria for a patient to be

discharged from isolation have also been lowered, which has

aroused extensive attention and discussion. There have been

arguments that it is time to prepare for relaxing the policy. Chen

and Chen believed that this change will happen sooner or later,

as SARS-CoV-2 will probably become a seasonal infection in

2022 and circulate in humans indefinitely (17).

In Shanghai, the timely and precise strategies taken to

prevent the spread of COVID-19 had been successful in the past

2 years (18). Active monitoring, precise and fast contact tracing,

and timely PCR testing for related population helped interrupt

the transmission of virus with minimal social economic impact.

However, in this wave of Omicron BA.2 subvariant infection,

which started from February 24th 2022 with one asymptomatic

case, the number of daily new confirmed cases soared to more

than 20K within one and a half months. From March 12th,

all primary and secondary schools stopped offline classes and

switched to online learning. On March 27th, extending the IPC

policy of isolating high-risk areas, the Shanghai government

announced a two-stage home isolation of the whole city, while

PRC testing was carried out city-wide. About 9 million residents

of Pudong, the eastern half of Shanghai, have been home isolated

since March 28th. On the other side of the bund, roughly 15

million people in the west of the city, initiated a home isolation

policy since April 1st 2021. After almost 2-week home isolation,

on April 9th, the authority announced that the city’s residential

compounds. Villages and business locations will be classified

into three types of zones: isolation, control, and precaution.

Shanghai, as a metropolis with huge population, faced extreme
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challenges in this wave of Omicron BA.2 subvariant. A series

of questions remained unanswered, for example, under current

regulation, how will the epidemic develop? More importantly,

what is the effective policy for huge cities to fight against

fast-spreading COVID-19 new variant? Responding to these

questions, we constructed a system dynamicmodel to predict the

COVID-19 trend in Shanghai and tested different policy tools to

figure out effective measures for future policy decision-making.

Materials and methods

Data collection

Two kinds of data were used in this research. First, we

tracked the policies implemented, such as contact tracing and

quarantine, isolation of areas concerned, and PCR testing, of

which the implementation time schedule and the scope were

collected in order to set model parameters accordingly. Second,

the epidemic data of COVID-19 for this wave (Mar 24th to Apr

10th) were collected from the website of the Shanghai Municipal

Health Commission, which was publicly published (19). The

data included the following items: (1) daily counts of new

confirmed cases, such as asymptomatic cases and symptomatic

cases; (2) cumulative counts of confirmed cases; and (3) the

number of people in hospital for symptomatic cases and the

number of people under observation for asymmetrical cases.

These data were required for model validation.

Model structure

Susceptible-infected-recovered (SIR), and the related

susceptible-infected-susceptible (SIS), susceptible-exposed-

infected-susceptible-recovered (SEIR), models are typical

mathematical models investigating the evolution of a disease

over time. These models are based on a set of ordinary

differential equations (ODEs), which presume a well-mixed

population (20). The features of the epidemic determine which

model to use. If the recovered populations do not become

immune to the disease, the SIS model should be considered. If

the epidemic has a significant incubation period, the exposed

population should be added. Extensions of these classic

models have been developed to incorporate human behavior,

government policies, or other specific conditions (21). For

example, the SVMBIR model includes an individual’s decision

on vaccination (V), intermediate-defense-measure (M), and

both of them (B) (22). The SVEIR model has been used to study

quarantine or isolation (23). The SVnIR2n model is used to

study the impact of waning effect of vaccination on the spread

of the disease (24).

To incorporate Shanghai’s policy of central quarantine of

close contacts and isolation of areas concerned such as residence

building or working place, we extended the SEIR model to

disaggregate the total population into three layers, people who

are in normal condition, people who are isolated with certain

areas and people who are in central quarantine. Moreover,

considering the enormous asymmetric cases caused byOmicron,

in this model, we also differentiated two types of infected

populationA (asymptomatic cases) and I (cases with COVID-19

symptoms). Therefore, in each layer of population, there were S

(the susceptible), E (the exposed), A (the asymptomatic cases),

and I (the infected), as illustrated in Figure 1.

Model equations

The Omicron spread process was represented by VE and

VEi where the S or Si contact with E and A or Ei and Ai. We

noticed that people under isolation still contacted other persons

within the isolation area, such as getting deliveries, taking part

in PCR testing, and other necessary living or working activities.

This made it possible for the virus to spread within the isolation

area even though the contact rate was lower than that in outside

the isolation areas. People under quarantine did not spread the

virus anymore.

VE = c ∗ β ∗ S ∗ (A+ I)/N ∗ θ ∗ (1− ηi)

+c ∗ β ∗ S ∗ (A+ I)/N ∗ (1− θ) (1)

VEi = ci ∗ β ∗ Si ∗ Ai/N ∗ θ ∗ (1− ηi)

+ci ∗ β ∗ Si ∗ Ai/N ∗ (1− θ) (2)

where c and ci represent the contact rate of the people outside

isolation and under isolation, respectively; β represents the

probability of transmission; N presents the total population;

θ represents the vaccination rate; and ηi represents the

effectiveness of vaccination against infection.

The E, will developed into asymptomatic cases, A, and

symptomatic cases, I, and similarly for Ei and Eq expect that

Ei, as already in isolation, when develop into symptomatic cases,

will be immediately quarantined, which transferred into Iq.

VA = E*α/Tin VI = E*(1-α)/Tin (3)

VAi = Ei*α/Tin VIq1 = Ei*(1-α)/Tin (4)

VAq = Eq*α/Tin VIq2 = Eq*(1-α)/Tin (5)

where α represents the percentage of asymptomatic cases;

therefore (1-α), was the percentage of cases with symptom, and

Tin represents the incubation period.

The infected people without symptoms, A and Ai, could

only be identified with COVID-19 testing. When confirmed to

be infected, they would be transferred to cabin hospitals for

quarantine and when they recover, they will be released from the

cabin hospitals. VAq1 and VAq2 represent the flow of ① and ③,

Frontiers in PublicHealth 03 frontiersin.org

https://doi.org/10.3389/fpubh.2022.927387
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Qian et al. 10.3389/fpubh.2022.927387

FIGURE 1

The structure of Shanghai Omicron epidemic model.

respectively, in Figure 1.

VAq1 = A ∗ τ1 VAq2 = Ai ∗ τ2 (6)

VRAq = Aq1 ∗ γAq (7)

where τ1 and τ2 represents the transfer rate of A and Ai,

respectively, which are related to the testing capacity and time

for other related transfer process; and γAq represents recover

fraction of asymptomatic cases.

The people with symptom would be received in hospital.

Overtime, some would recover and some would deliver into

severe cases, who would get recover or die. VIH and VIqH

represent the flow of ② and ④, respectively, in Figure 1.

VIH = I*κ VIqH = Iq*κ (8)

VSC = H ∗ υ ∗ θ ∗ (1− ηs)+ H ∗ υ ∗ (1− θ) (9)

VRH = H1 ∗ γH VRSC = SC ∗ γSC (10)

VD = SC ∗ φ (11)

where κ represents the hospital acceptance rate, which is

related to the hospital capacity; ν represents severe case fraction

and ηs represents the effectiveness of vaccination against severe

case; γH represents recover fraction of hospital patients; γSC

represents recover fraction of severe cases; φ represents death

fraction. Details of the model equations are listed in Appendix

section model structure and parameter settings are listed in

Appendix section parameter setting, Tables 2, 3 in Appendix.

Model validation

The SEIR model and its extension have been widely used

for the studying the spread of epidemic (25), especially for

COVID-19 (26–29). This extension of the model and the

parameter setting are based on the policies implemented

in Shanghai, with details in Appendix. Finally, the model

simulation results are compared with the epidemic data, as

shown in Figure 2. Fitting the real data adds confidence to

model validity.

Results

Based on the Shanghai Omicron epidemic model, we

performed simulation to investigate the effect of three policies,

COVID-19 testing, isolation, and vaccination.

Policy 1 COVID-19 testing

Four scenarios were tested with identification rate set

at 10, 20, 30, and 50% after May 22nd. Results showed

that if the identification rate dropped to 10%, within a

month, the new infected asymptomatic cases would surge

again and approach 8,000, as shown in Figure 3. With

higher identification rate, the new infected asymptomatic cases

would not reach that high. For the identification rate at 20

or 30%, the asymptomatic cases would increase to around
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FIGURE 2

(A–D) Model simulation result and historical data.

2,600 and 770, respectively. When the identification rate

remained at 50%, the asymptomatic cases would be <100.

Similar simulation results were identified for symptomatic

cases. This simulation result illustrated that the possible

way of sustainable control of the COVID-19 was high

identification rate.

Policy 2 isolation of areas concerned

In this model, we used the average number of people

isolated for each confirmed case or close contact as an index of

the scope of the isolation policy. Three scenarios were tested,

with the average number of people isolated at 250, 200, and

150, respectively. Simulation results showed that the patterns

of the spread of the Omicron remained the same for three

scenarios, with a slow increase at the beginning, following a

fast increase, and then a decrease, as shown in Figure 4. Yet

the higher the average number of people isolated, the lower

the peak of the daily confirmed cases. In the scenario with

the least isolation scope that is on average only 150 people

isolated per each risky source, the numbers of daily confirmed

asymptomatic and symptomatic cases reached more than 30

and 3.7 K, respectively. While in the scenario with the most

isolation scope, the number of daily confirmed asymptomatic

and symptomatic cases reduced to 25.5 and 3.2 K, representing

a drop of 18 and 16%, respectively, compared with the scenario

with least isolation.

FIGURE 3

Simulation results for asymptomatic cases under di�erent

testing policies.

Policy 3 vaccination rate

Vaccination has been widely implemented in Shanghai and

we investigate the impact of various vaccination rates on this

wave of Omicron variant. Three scenarios were simulated with

vaccination rate at 75, 85, and 95%. The simulation results are

shown in Figure 5.

Due to the fact that the effectiveness of vaccination against

infection for this new variant Omicron is not high, increasing

the vaccination rate from 75 to 95% only slightly reduced

the peak of the confirmed cases, with around 19% drop,

as shown in Figures 5A,B. However, because of the high

effectiveness of vaccination against severe cases, the peak of

severe cases reduced significantly, from around 700 cases when

the vaccination rate was 75% to around 260 cases when the
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FIGURE 4

(A,B) Model scenarios with di�erent isolation policy.

FIGURE 5

(A–D) Model scenarios with di�erent vaccination rate.

vaccination rate was 95%, representing almost 170% drop.

And the death population reduced from around 1,000 to 370

when the vaccination rate increased from 75 to 95%, as shown

in Figure 5C.

Discussion

Faced with the Omicron new variant, especially with BA. 2

subvariant, the most effective policy is testing. As the Omicron

BA.2 is more transmissible and milder in symptoms, the former

COVID-19 control essentials “early detection, early reporting,

early isolation, early treatment” become harder to achieve. Fever

clinics become less effective in identifying infected populations

as increasing number of people do not have fever or only

have a little bit fever without the need to visit clinics. The

main method for identifying the infected population is now

COVID-19 testing (30). In Shanghai, PCR used to be the only

method for COVID-19 testing. PCR testing provides relatively

accurate results but is time- and people-consuming. For a

metropolis like Shanghai with 24 million residents, even with

the support of medical staffs from other provinces, it took 2

days to conduct COVID-19 testing for the entire population and

at least another day to get all the results. As the serial interval

of Omicron might be <3 days (31), during the time period of

PCR, the infected population would have already been doubled,

with new exposed population remained in the population to

further develop into infected population and spread the virus

around. RAT has recently been applied for identifying infected

people as it is fast, inexpensive, and laboratory-independent

(30). However, the sensitivity of RAT to detect the COVID-

19 variants has been questionable. Independent laboratory
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evaluations showed variable results (32–34). Caution should

be taken when using RAT as a virus detection strategy. A

combination of RAT with PCR test should be considered. On

one hand, those who are tested positive with RAT should

be re-examined using PCR. On the other hand, populations

with high contagious risks should use PCR tests. In this way,

early detection of the people infected by Omicron could be

better achieved.

Isolation of the areas concerned has helped to reduce the

peak of the daily confirmed cases, but the effectiveness of this

policy is limited. Several reasons exist: (1) the isolation of the

involved areas cannot fully cut the contact with the outside, for

example, delivery of living necessities might bring the virus to

the receiver; (2) internal movement still occurs, for instance,

community workers or volunteers might get into contact with

community residents when providing living support, such as

maintenance or delivering services; (3) It takes one-or-two-

day’s time to re-confirm the COVID-19 testing result if one’s

test turns out to be positive, during which in the infection

people might spread the virus to their family members or

nearby neighbors. Besides, in the early stage, the healthcare

system could not provide for enough hospital beds for the daily

new confirmed cases, which might delay the transfer process

as well. Our model implicated that immediate isolation of the

infected people, either by transferring to a centralized quarantine

location or by home isolation, can cut the infection chain

more effectively.

Simulation results illustrated that increasing vaccination

will not affect the new confirmed cases much, but has a

significant impact on reducing the severe cases and death. The

antigenic changes of Omicron reduced the sensitivity of this

virus to antibody neutralization, which is responsible for the

breakthrough cases (30). In this case, even though Shanghai has

a high vaccination rate, the spread of the virus was still fast.

In Shanghai, currently, more than 95% of the residents have

completed 2 doses of vaccination and more than 10 million

people have taken the booster shot (25). It is the similar case

in Hong Kong, where more than 80% of the population has

completed the second dose and more than one-third had taken

the booster shot. The fifth wave of Omicron hit Hong Kong

badly. Moreover, the death rate in Hong Kong was extraordinary

high due to the low vaccination rate of the elderly population.

Approximately, 95.8% of deaths were from ages above 60, a

large portion of whom has not completed the second dose (35).

Vaccination has proved to be effective against severe cases. It

is important to improve the vaccination rate, especially for the

vulnerable population group, such as the elderly.

Conclusions

Currently, many countries have gradually ceased their

restrictive policies, considering the enormous impact on

the national economy and daily life. Facing the future,

China also needs to look for policies that better balance

COVID-19 and other economic and social issues, especially

when SARS-CoV-2 new variants become less severe. The

major challenge is the rapidly surging infected patients

overwhelming the healthcare system. This study showed that

high level of testing capacity with a combination of RAT

and PCR testing to identify the asymptomatic cases. A

combination of immediate home-isolation and fast transfer

of confirmed cases is the key to cut the infection chain

and reduced the daily infection. Moreover, to promote the

vaccination in vulnerable populations could significantly reduce

the severe case. These policies could be applicable to all

metropolises with huge populations facing high transmissible

low severity epidemic.
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