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Abstract

Background: Lockdown policies were widely adopted during the coronavirus disease 2019 (COVID-19) pandemic
to control the spread of the virus before vaccines became available. These policies had significant economic
impacts and caused social disruptions. Early re-opening is preferable, but it introduces the risk of a resurgence of
the epidemic. Although the World Health Organization has outlined criteria for re-opening, decisions on re-opening
are mainly based on epidemiologic criteria. To date, the effectiveness of re-opening policies remains unclear.

Methods: A system dynamics COVID-19 model, SEIHR(Q), was constructed by integrating infection prevention and
control measures implemented in Wuhan into the classic SEIR epidemiological model and was validated with real-
world data. The input data were obtained from official websites and the published literature.

Results: The simulation results showed that track-and-trace measures had significant effects on the level of risk
associated with re-opening. In the case of Wuhan, where comprehensive contact tracing was implemented, there
would have been almost no risk associated with re-opening. With partial contact tracing, re-opening would have
led to a minor second wave of the epidemic. However, if only limited contact tracing had been implemented, a
more severe second outbreak of the epidemic would have occurred, overwhelming the available medical resources.
If the ability to implement a track-trace-quarantine policy is fixed, the epidemiological criteria need to be further
taken into account. The model simulation revealed different levels of risk associated with re-opening under different
levels of track-and-trace ability and various epidemiological criteria. A matrix was developed to evaluate the
effectiveness of the re-opening policies.

Conclusions: The SEIHR(Q) model designed in this study can quantify the impact of various re-opening policies on
the spread of COVID-19. Integrating epidemiologic criteria, the contact tracing policy, and medical resources, the
model simulation predicts whether the re-opening policy is likely to lead to a further outbreak of the epidemic and
provides evidence-based support for decisions regarding safe re-opening during an ongoing epidemic.
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Background
Several ways exist to fight an epidemic caused by a novel
virus. Vaccination is admittedly the most effective ap-
proach because it can make the human body immune to
the virus and thus break the chain of transmission. How-
ever, the development and implementation of a new vac-
cine requires a relatively long time. In the case of
coronavirus disease 2019 (COVID-19), even with accel-
erated timelines for development, the world’s first
COVID-19 vaccine did not appear until August 2020, 9
months after the report of the first COVID-19 case. Cur-
rently, with dozens of COVID-19 vaccines in clinical tri-
als and many nations starting to vaccinate their
populations, there is still no certainty about when
COVID-19 vaccines will become widely available around
the world [1].
In the absence of a vaccine, non-pharmaceutical in-

fection prevention and control (IPC) measures can be
reliable “weapons” in the fight against the virus.
These include stay-at-home or shelter-in-place lock-
downs. A lockdown usually includes the closure of
schools and businesses, movement restrictions, inter-
national travel restrictions, and geographic area quar-
antines [2]. The highly contagious nature of COVID-
19 forced a number of jurisdictions around the world
to apply the strictest form of movement restriction,

complete lockdown. The effectiveness of timely lock-
downs has been indicated by many quantitative mod-
elling studies [3–5]. For example, Lai et al. [4] found
that one-, two- or three-week delays in implementing
a lockdown in Wuhan, China, would have led to a 3-
fold, 7-fold or 18-fold increase in the number of
cases, respectively.
However, the shutdown of an administrative district

has enormous social and economic costs, including rip-
ple effects such as the loss of income, unemployment,
anxiety and suicide [6]. Governments that applied lock-
down policies planned to resume social and economic
activities as soon as the pandemic was under control.
However, re-opening comes with the risk of a resur-
gence in infections because it leads to increases in popu-
lation mobility and contact rates. Contact between
individuals at bars, restaurants, and shops has been
found to drive the number of infections [7]. Recent
modelling studies have suggested that relaxing restric-
tions before it is safe to do so could have disastrous con-
sequences [8]. It remains unclear when is the proper
time to re-open without the protection of an effective,
widely available vaccine.
Different governments have applied lockdowns of dif-

ferent lengths and intensities. Figure 1 summarizes the
dates on which the governments of the UK, France,

Fig. 1 Number of new COVID-19 cases per 10,000 people by jurisdiction
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Spain, Shanghai, and Wuhan announced lockdowns and
re-openings, as well as the number of daily new COVID-
19 cases per 10,000 people over time. The consequences
of re-opening have varied across countries. Some experi-
enced a severe second outbreak of the epidemic, in
which the number of daily new cases resurged and
reached a peak value higher than that of the previous
wave. Others had a relatively safe resumption of social
and economic activities, in which only sporadic or small
clusters of cases occurred after re-opening [9]. It can
also be observed in Fig. 1 that a longer lockdown, i.e., a
later re-opening, did not guarantee a reduced severity of
the second outbreak of COVID-19. Therefore, policies
aimed at facilitating a safe re-opening need further
investigation.
The World Health Organization (WHO) has outlined

six criteria that each country should meet before lifting
restrictions: 1) transmission is controlled, 2) test-trace-
isolation capacities are in place, 3) outbreak risks are
minimized in high-vulnerability settings such as nursing
homes, 4) preventative measures are in place in work-
places and schools, 5) the risks of exporting and import-
ing cases are managed, and 6) communities are educated
and empowered to make the necessary adjustments [2].
However, government decision-makers often emphasize
the first category, relying only on epidemiologic criteria,
i.e., the daily number of new COVID-19 cases. For ex-
ample, Wuhan followed a strict epidemiologic criterion
– the number of new confirmed cases must have de-
creased continuously over the previous 14 days and
reached zero. Conversely, national and state govern-
ments in U.S. adopted various criteria, including no
more than 1 case per 10,000 people in the last 14 days
and no more than 25 cases per 100,000 people in the last
14 days.
Insufficient consideration has been given to the ef-

fects of other measures, especially contact tracing pol-
icies and their real-world implementation. In an
assessment of countries attempting to follow the
WHO recommendations for rolling back their lock-
downs, the Oxford research group found that the lar-
gest variation among countries has centred on the
testing and tracing metrics [10]. This is partly because
the impact of track-and-trace measures on re-opening
is difficult to quantify.
To address this gap, we developed an epidemiological

model based on a case study of COVID-19 in Wuhan
and investigated the effectiveness of the re-opening pol-
icies considering the epidemiologic criteria and track-
trace-quarantine measures. This study will produce a
testbed for IPC measures and present evidence-based ex-
periences with re-opening to assist with decision-making
in controlling the spread of a new virus when a vaccine
is not available.

Methods
Data
We use the COVID-19 outbreak in the city of Wuhan,
China, as the case for this study. Wuhan was shut down
on Jan. 23rd, 2020, and has experienced a remarkably
safe resumption of social and economic activities since
Mar. 16th, 2020. The typicality and representativeness of
the COVID-19 outbreak in Wuhan as the research ob-
ject of a case study have been illustrated by numerous
publications [3, 11, 12], but to the best of our know-
ledge, few studies have addressed the risk associated
with re-opening during the COVID-19 pandemic. Epi-
demiological data for COVID-19 in Wuhan come from
publicly released data collected by the National Health
Commission of the People’s Republic of China and the
Health Commission of Hubei Province (in which Wuhan
is located) [13, 14]. The dataset includes (1) daily counts
of newly confirmed cases, fatalities, and recoveries; (2)
cumulative counts of confirmed cases, deaths, and recov-
eries; (3) the number of identified close contacts; and (4)
the number of patients receiving medical treatment in
hospitals. The data cover the time period from Jan. 10th
(when the first case was confirmed) to Apr. 30th (when
the number of newly confirmed cases stabilized at 0).
From these data, it is possible to estimate the rates of
change needed to parameterize a dynamic model. This
research did not access individual patient data; thus, eth-
ics approval and patient informed consent were not
required.

SD modelling Methods
We developed a model of COVID-19 transmission in
Wuhan using system dynamics (SD). The essence of SD
modelling is to understand how the behaviour of com-
plex systems changes over time by recognizing the sys-
tem structure with causal feedback loops [15] and then
codifying them into stock and flow diagrams [16]. The
simulation of SD models illustrates how multiple feed-
back loops interact over time and lead to time-based be-
haviour. Changes in the behaviour patterns of complex
systems are often accompanied by changes in loop dom-
inance, providing new insights into complex behaviour
[17]. Through model simulation, it is possible to investi-
gate how a system’s behaviour evolves and identify lever-
age points for policies. It is also useful when real-world
complexity surpasses the ability to create closed-form
solutions. Thus, SD models can be used as a micro-
environment to test the effectiveness of various policies
[18].

Model structure
The SEIR framework, which models the flows of people
between four states, namely, susceptible (S), exposed (E),
infectious (I), and recovered (R), has been widely used to
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study the transmission of disease [19, 20]. However, the
original model does not explicitly consider the impact of
IPC measures taken by the government, such as quaran-
tining the contacts of people with newly confirmed cases
and isolating patients with confirmed cases in hospitals
for medical treatment. In addition, asymptomatic indi-
viduals infected with SARS-CoV-2 (the virus that causes
COVID-19) are infectious [21]. This is contrary to the
original assumption that individuals in the “exposed” (la-
tent) state, i.e., those individuals who have been infected
but are currently asymptomatic, are not infectious.
Therefore, we extended the original SEIR framework to
model three new elements: 1) the infectiousness of
asymptomatic exposed individuals, 2) hospitalized pa-
tients, and 3) the quarantine of close contacts of known
infected persons.
Thus, the total population in Wuhan (N) was further

stratified to include the quarantined susceptible (Sq),
quarantined exposed (Eq), quarantined infected with
symptoms (Iq), and hospitalized (H) subgroups in
addition to the traditional S, E, I, and R subgroups.

N ¼ S þ Sq þ E þ Eq þ I þ Iq þ H þ Rþ RI þ D
þ DI

Figure 2 shows the structure of our model, called
Susceptible-Exposed-Infected-Hospitalized-Removed
with and without Quarantine (SEIHR(Q)).
Sq and S represent the susceptible population with

and without quarantine, respectively.

Eq and E represent the infected population during the
incubation period with and without quarantine. One fea-
ture of COVID-19 is that the latent population can also
spread the virus, which turns S into E.
Iq and I represent the infected population that de-

velops symptoms with and without quarantine.
H represents the population in hospitals. In general,

infected people will be admitted to the hospital after
testing. Special cases include infected individuals (espe-
cially those with minor symptoms) who might not be
willing to stay in the hospital or cannot be received by
the hospital, especially at times when medical resources
are inadequate. In the case of Wuhan, at the beginning
of the outbreak, when testing capacity was inadequate,
the infected population had to wait several days before
receiving their test results and being admitted to a
hospital.
D and DI represent the population that died in the

hospital or outside a hospital.
R and RI represent the population that recovered from

hospital treatment or recovered without hospital
treatment.
The upper part of the model, where S is converted

to E, then to I, and then to recovery or death, is
similar to the traditional SEIR model. Two extensions
are implemented: 1) in COVID-19, E can also trans-
mit the disease to S in a similar way as infected
group I but with a lower proportion θ, and 2) the
Wuhan government set up specialized fever clinics to
care for people with a fever in an effort to isolate
those with suspected COVID-19 cases during the

Fig. 2 Structure of the SEIHR(Q) model
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diagnosis and treatment process and remove them
from the possible transmission chain as early as pos-
sible. Assuming that μ of the infected with symptoms
population I are isolated at the fever clinic before
their infection is confirmed, the number of effective
sources of infection would be (1-μ) •I. Therefore, in-
dividuals with new infections, i.e., individuals in group
S transmitting to group E is given by (1 − μ) ∗ I ∗ (S/N)
∗ βc + θE ∗ (S/N)βc, where the transmission probability
is β and the contact rate is c.
Movements from S to Sq and E to Eq represent the

impact of the track-and-trace measures on close con-
tacts of individuals with cases of COVID-19. Close con-
tacts refer to people who have been in close contact
with an infectious COVID-19 patient and have not been
properly protected [22]. In the case of Wuhan, whenever
a new case is detected, staff of the Centre for Disease
Control and Prevention (CDC) conduct a detailed and
rigorous epidemiological investigation to learn about the
patient’s activities and suspicious contact during the 14
days before the onset of the disease. Based on the rec-
ommendations of the Chinese clinical guidelines for
COVID-19 from the National Health Commission of the
People’s Republic of China [23], close contacts undergo
a compulsory 14-day quarantine in single rooms at their
own expense. They either develop confirmed cases dur-
ing the quarantine period (move from Eq to Iq) or leave
quarantine after the period (move from Sq to S).
Supposing that the proportion of close contacts of a

confirmed case that can be identified and quarantined is
q, then the rates of E moving to Eq and S moving to Sq
are given by (1 − μ) ∗ I ∗ (S/N) ∗ βcq and (1 − μ) ∗ I ∗ (S/N)
∗ (1 ‐ β)cq, respectively.
Therefore, the number of susceptible individuals in

group S is.

SðtÞ ¼ Sð0Þ þ R t
0ðλSq−ð1−μÞIðτÞβcSðτÞ=NðτÞ−θEðτÞ

βcSðτÞ=NðτÞ−ð1−μÞIðτÞð1−βÞcqSðτÞ=NðτÞÞdτ

The number of susceptible cases under quarantine is
given by

Sq tð Þ ¼ Sq 0ð Þ
þ
Z t

0
1−μð ÞI τð Þ 1−βð ÞcqS τð Þ=N τð Þ−λSq τð Þ� �

dτ

People move from E to I at the rate of σ. The number
of exposed individuals in group E is

E tð Þ ¼ E 0ð Þ þ
Z t

0
1−μð ÞI τð Þβc 1−qð ÞS τð Þ=N τð Þ þ θE τð ÞβcS τð Þ=N τð Þ−σE τð Þð Þdτ

The number of exposed individuals under quarantine
is given by

Eq tð Þ ¼ Eq 0ð Þ
þ
Z t

0
1−μð ÞI τð ÞβcqS τð Þ=N τð Þ−σEq τð Þ� �

dτ

Individuals with severe symptoms go to hospitals
where they are isolated and receive medical treatment at
a rate of δI. Infected individuals without symptoms or
with mild symptoms do not need to go to the hospital
and move to the recovery group RI or death group DI at
rates of γI and αI, respectively. Thus, the number of
these individuals in I is given by

I tð Þ ¼ I 0ð Þ þ
Z t

0
σE τð Þ−δI I τð Þ−αI I τð Þ−γI I τð Þð Þdτ

and the number of cases in group RI and DI are given
by

RI tð Þ ¼ RI 0ð Þ þ
Z t

0
γI I τð Þð Þdτ

DI tð Þ ¼ DI 0ð Þ þ
Z t

0
αI I τð Þð Þdτ

People move from Eq to group Iq at a rate of σ and re-
ceive medical treatment in the hospital at a rate of δH.
Therefore, the number of quarantined infected individ-
uals is given by

Iq tð Þ ¼ Iq 0ð Þ þ
Z t

0
σEq τð Þ−δHIq τð Þ� �

dτ

Then, infected individuals in the hospital move to the
recovery group R or the death group D at rates of γH
and αH, respectively. Accordingly, the number of in-
fected individuals in hospitals is

H tð Þ ¼ H 0ð Þ
þ
Z t

0
δHIq τð Þ þ δI I τð Þ−αHH τð Þ−γHH τð Þ� �

dτ

The number of individuals who were hospitalized and
then recovered or died are

R tð Þ ¼ R 0ð Þ þ
Z t

0
γHH τð Þð Þdτ

D tð Þ ¼ D 0ð Þ þ
Z t

0
αHH τð Þð Þdτ

The parameters, their definitions, their values and the
validity of their values are listed in Table 1. To estimate
the dynamics of an epidemic, a couple of similar pairs of
concepts with different definitions, including the incuba-
tion period [30] and the latent period [33], the serial
interval and the generation time [34], have been pro-
posed as key parameters. Besides the slight differences in
concepts, a number of scientific papers reported various
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values for these parameters. Griffin et al. conducted a lit-
erature review of these works and summarised different
estimates of these parameters for COVID-19 [34]. Fol-
lowing previous studies including papers in top journals,
we choose to use the incubation period, which is the
time between infection and the onset of symptoms [30]
with a mean/median value of 5.2 days [11, 27–30].
The assumptions of this model include:
(1) Population movements between Wuhan and other

parts in China as well as foreign countries were not
allowed due to the lockdown policy; therefore, N was
fixed. Population changes from births and from deaths
due to non-COVID-19 causes were not included in the
model because of the short time horizon of this study
(less than a year).
(2) Patients who recovered from COVID-19 were as-

sumed to be non-infectious and not at risk of a second
infection [35].
(3) Individuals with suspected COVID-19 cases were

quarantined or isolated in single rooms and did not
come into contact with non-quarantined/isolated indi-
viduals. This assumption was made based on the recom-
mendations of the Chinese clinical guidelines for
COVID-19 [23]. In Wuhan, few confirmed cases resulted
from contact with quarantined individuals. Therefore,
the model assumed that quarantined or isolated individ-
uals did not infect any other individuals.

(4) Work resumption occurred in stages, and people’s
contact rate gradually increased after re-opening. In
addition, even when full re-opening had been imple-
mented, people usually reduced unnecessary outdoor ac-
tivities during the ongoing pandemic. Thus, the contact
rate after re-opening would not be as high as that before
the COVID-19 pandemic. As supported by the Baidu
migration data [36], 90% of the normal contact rate be-
fore the COVID-19 pandemic was adopted in the model.

Model validation
We constructed the SEIHR(Q) model using Vensim
8.09, developed by Ventana Systems in the United States.
Vensim provides a flexible way of building system dy-
namics simulation models and offers tools for improving
the quality of the models, such as unit check and sensi-
tivity tests. The model calibration function in Vensim
helps estimate parameters without precise numerical
values.
The validity of the model structure lies in the fact that

the SEIR model has been widely used for the simulation
of the spread of epidemics. Moreover, the simulation re-
sults of SEIHR(Q) are highly consistent with historical
data released by the Heath Commission of Hubei Prov-
ince, as shown in Fig. 3. Variables such as the number of
existing cases in the hospital, the number of cumulative
confirmed cases, the number of cumulative deaths, and

Table 1 Parameter settings in the SEIHR(Q) model

Parameter and definition Value Source and Explanation

c: Contact rate 14.5 Prior to the implementation of the Level-1 emergency response on January 23 [13, 24], the con-
tact rate was approximately 14.5 [25]. After that, the contact rate dropped dramatically and stabi-
lized at a low rate of 4. Since the resumption of work, the value has gone up gradually.

β: Probability of transmission 0.035 The reproduction number R can be calculated as the transmission rate multiplied by the
transmission time, which in this model is βc/σ. In Wuhan, the initial R0 was estimated to be
approximately 2.67 [26, 27]. Therefore, β can be calculated to be 0.035

σ: Transition rate 0.19 The mean incubation period is 5.2 days [11, 27–30].

q: Quarantined rate of exposed
individuals

0 Initialized as 0 and gradually increased to 0.7 as Level-1 emergency response was implemented
[11, 13].

λ: Rate of return from Sq to S 1/14 Estimated based on the recommendation of the Shanghai Municipal Health Commission [31].

δI: Transition rate of individuals in I to the
hospitalized group

0.12 The initial value taken from the reference [11] quickly dropped due to abundant medical
resources in Wuhan and the acceleration of nucleic acid testing.

δH: Transition rate of individuals in Iq to
the hospitalized group

1 Quarantined infected individuals were admitted to the hospital immediately after nucleic acid
testing.

μ: Isolation rate of patients at fever clinics 0 No isolation at a fever clinic in Wuhan at the beginning. With the policy of stricter isolation at
fever clinics, the value increased to 0.4 and then 0.7 [32].

γI: Recovery rate of individuals in I 0.07 Individuals with mild symptoms or an asymptomatic infection recovered within 14 days on
average [11, 12].

γH: Recovery rate of individuals in H 0.01 Model calibration

αI,αH: Death rate 0.004 Model calibration

θ: Infectious weight in incubation period 0.5 Consistent with the reference [11, 12].

q: Percentage of close contacts who are
quarantined

0 Initialized as 0 and gradually increased to 0.7 as Level-1 emergency response was implemented
[13, 32]..
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the number of cumulative recoveries reproduce histor-
ical values. The simulation results for validation stopped
in early June, as there were no new cases in Wuhan after
Mar. 16th, the hospitalized population approached zero
at the end of April, and the cumulative number of con-
firmed cases stabilized thereafter.
Table 2 compares the historical and simulated peak

values of the hospitalized population as well as the peak
dates. The simulated peak date of hospitalized cases is 2
days ahead of the historical data, and its peak value
shows a − 7.13% difference from the historical data. For
cumulative confirmed cases, cumulative recoveries and
cumulative deaths on Apr. 30th, the differences were

only 5.09, 3.73 and 0.12%, respectively. Therefore, the
validity of the SEIHR(Q) model for COVID-19 Wuhan
is confirmed, and the model has face validity for running
policy simulations.

Results: policy simulation
In this study, we focused our investigation on two IPC
measures: epidemiologic criteria for re-opening and
intervention measures targeting close contact tracking,
tracing and quarantining. The epidemiological criteria
for re-opening are mostly concerned with the number of
new confirmed cases expressed as a proportion of the
population. For example, in the US in general and

Fig. 3 Simulation results and historical data from the government

Table 2 Comparing simulated results with historical data

Simulated Historical Difference (%)

Hospitalized peak value 36,820 38,970 −5.52%

Hospitalized peak date Feb 17th Feb 18th −1 days

Cumulative confirmed cases on Apr. 30th 52,300 50,860 2.83%

Cumulative recovery on Apr. 30th 48,560 47,390 2.47%

Cumulative deaths on Apr. 30th 2650 2579 2.75%
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specifically in the state of California, two criteria have
been used: one is fewer than 25 new confirmed cases in
a population of 100,000, and the other is fewer than 1
new confirmed case in a population of 10,000. In Wu-
han, the criterion was that the number of new confirmed
cases had reached zero and there had been a continuous
decrease in case numbers over the previous 14 or more
days. As COVID-19 has an incubation period up to 14
days, the most conservative re-opening criterion would
be to wait another 14 days after the number of new con-
firmed cases reaches zero.
Tracking and tracing close contacts of individuals with

confirmed cases is very labour intensive to implement.
Human resources, technological capacity, and the degree
of cooperation from citizens will impact the percentage
of detected close contacts. The most important factor
determining the success of this measure is the degree to
which governments are willing to emphasize and put ef-
fort into contact tracing.

Exploring the contact tracing policy
The Wuhan government put a tremendous effort into
contact tracing to prevent and control the spread of
COVID-19 as work was resumed. The question to be in-
vestigated is how the epidemic would have evolved if
Wuhan had changed its contact tracing policy, resulting
in different percentages of close contacts, q, being iden-
tified and quarantined. The parameter settings are
shown in Table 3.
The model simulations in Fig. 4 show that with com-

prehensive contact tracing, i.e., with q reaching 60% or
above, the evolution of the epidemic after re-opening
was similar, converging to zero new confirmed cases.
Partial contact tracing led to an increase in the number
of new confirmed cases. When q was 50%, the new con-
firmed cases slowly increased to approximately 113 at
the end of the simulation. However, when q was reduced
to 40%, the new confirmed cases increased to triple
digits in mid-October and reached approximately 1086
new confirmed cases every day by the end of the simula-
tion. Limited contact tracing caused a sharp increase in
newly confirmed cases. When q was 30%, the number of
new confirmed cases increased to more than 100 at the
end of August and finally reached more than 7000 new

confirmed cases every day. In the case when q was only
20%, the situation became even more severe: the new
confirmed cases reached triple digits in early August and
reached approximately 20,000 at the end of the
simulation.
As shown in Fig. 5, under comprehensive contact tra-

cing, the hospitalized population remained very low,
with fewer than 200 people. For partial contact tracing,
when q was 50%, the hospitalized population increased
slightly, reaching approximately 1500 at the end of simu-
lation; when q was 40%, the hospitalized population
exceeded four digits in early October and reached al-
most 14,000 people in the end. Under limited contact
tracing, a severe second outbreak of the epidemic oc-
curred. When q was 30%, the hospitalized population in-
creased to more than 1000 in late August and finally
reached approximately 91,700. With q at 20%, the hospi-
talized population quickly increased to four digits in
early August and finally climbed to more than 310,000
people.
The total number of beds in medical and health insti-

tutions is regarded as a key indicator of medical care
capacity, as it limits the number of infected patients the
local hospital institutions can hold (1). According to
publicly released reports, the total number of beds in
Wuhan medical and health institutions in 2019 was
99,400 [37], as marked by the dotted line in Fig. 5. Simu-
lation results show that when q was larger than 40%,
existing medical care resources would be sufficient for
receiving all COVID-19 cases and providing medical
treatment. However, with a trace and quarantine propor-
tion less than 30%, the local medical care capability
would be insufficient, which would lead to a disaster in
which patients would not be able to receive proper treat-
ment and could not be admitted to the hospital, promot-
ing the further spread the virus to the susceptible
population.
Figure 6 shows the results for cumulative deaths. With

comprehensive contact tracing, the number of deaths
stabilized at approximately 2600 persons. With partial
contact tracing, the number of deaths increased slightly,
reaching approximately 2700 and 2900 when q was 50
and 40%, respectively. Under limited contact tracing, the
number of deaths showed a sharp increase. When q

Table 3 Different intensities of the contact tracing policy

Close contact tracing policy Scenario name q (Percentage of contacts traced)

Limited contact tracing S1 20%

S2 30%

Partial contact tracing S3 40%

S4 50%

Comprehensive contact tracing S5 60%

S6 80%
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Fig. 4 Simulation results of new confirmed cases under different levels of track-and-trace

Fig. 5 Simulation results of the hospitalized population under different levels of track-and-trace
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equalled 30%, the number of deaths exceeded 4100 at
the end of the simulation; the consequence of q being
only 20% was even more severe, with the number of
deaths climbing to more than 8800 people.

Addressing safe epidemiological criteria with various
intensities of contact tracing policy
Wuhan resumed work on Mar. 16th, after there had
been more than 14 days characterized by a successive
decrease in new confirmed cases and at which point the
number of new confirmed cases had reached zero. The
proper criteria for re-opening under different levels of
implementation of the contact tracing policy remain un-
clear. The question of interest is what the consequences
would have been if Wuhan had re-opened earlier or
later. For a given jurisdiction, the ability to implement a
track-trace-quarantine policy may not be adjustable
within a short time period. Therefore, a more general

research question is, with a given q, how would the epi-
demic evolve if the authorities decided to re-open earlier
or later. Here, we simulated the development of the epi-
demic under different re-opening criteria at four differ-
ent levels of q. The parameter settings are shown in
Table 4.

1) Re-opening under the condition that 60% of close
contacts can be traced and quarantined

As shown in Fig. 7, if 60% of the close contacts could
be traced and quarantined, no second wave of the epi-
demic would appear after re-opening, regardless of
which epidemiological criteria were applied. Under the
most relaxed criteria, C1, which would have led to the
re-opening starting on Feb. 27th, the number of newly
confirmed cases would only be 157 people at the end of
the simulation. This demonstrates that, provided that

Fig. 6 Simulation results of cumulative deaths under different levels of track-and-trace

Table 4 Epidemiological criteria for re-opening

Criteria Definition Re-opening Date in Wuhan’s case

C1 The number of new confirmed cases was fewer than 25 per 100,000 population over the past 14 days Feb. 27th

C2 The number of new confirmed cases was fewer than 1 per 10,000 population over the past 14 days Mar. 3rd

C3 Successive decrease in new confirmed cases over the past 14 days, reaching zero Mar. 16th

C4 Zero new confirmed cases over the past 14 days Mar. 30th
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comprehensive contract tracing was in place in Wuhan,
full re-opening could have taken place as early as Feb.
27th.

2) Re-opening under the condition that 50% of close
contacts can be traced and quarantined

As shown in Fig. 8, under the condition that 50% of
the close contacts could be traced and quarantined, both
C3 and C4 would lead to a safe re-opening; the number
of new confirmed cases and the number of hospitalized
cases did not increase after the re-opening. However,
criteria C1 and C2 would result in increases in new con-
firmed cases, although not as much as during the first
outbreak. The number of new confirmed cases reached
1700 and 900 for criteria C1 and C2, respectively, at the
end of the simulation, and the hospitalized population
reached more than 22,000 and 11,000, respectively.
Deaths stabilized at approximately 2600 with criteria C3
and C4, but with criteria C1 and C2, the number of
deaths climbed to approximately 3200 and 2900, which
represent increases of 18 and 12%, respectively.

3) Re-opening under the condition that 40% of close
contacts can be traced and quarantined

Figure 9 shows that if 40% of the close contacts could
be traced and quarantined, the use of C1 and C2 would
lead to a second outbreak of the epidemic; new con-
firmed cases would sharply increase until they exceeded
7000 and 5000, respectively. The hospitalized population
would exceed 123,000 and 85,000 using criteria C1 and
C2, respectively. Since the total number of beds in Wu-
han medical and health institutions is 99,400 [37], the
use of C1 would exhaust the available medical resources.
Compared to the number of deaths in the first wave (ap-
proximately 2600), the number of deaths would be more
than doubled using criteria C1 (approximately 6200) and
increased by more than a 50% using C2 (approximately
4600).

4) Re-opening under the condition that 30% of close
contacts can be traced and quarantined

Figure 10 shows that if 30% of close contacts could be
traced and quarantined, C1 and C2 would lead to a se-
vere second outbreak of the epidemic; new confirmed
cases would sharply increase and peak at approximately
13,000 per day. Furthermore, the hospitalized population
would peak at approximately 220,000, a number well be-
yond the capacity of existing medical resources, which in

Fig. 7 Simulation results if the quarantine level equals 60%
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the real world would lead to a collapse of the medical
system without the influx of new resources. Using C3,
the peak number of new confirmed cases and the hospi-
talized population in the second wave would be slightly
higher than those in the first wave. Using C4, there
would be limited increases in the new confirmed cases
and hospitalized population.

5) Re-opening under the condition that 20% of close
contacts can be traced and quarantined

Figure 11 shows that if 20% of the close contacts could
be traced and quarantined, C1, C2 and C3 would lead to
a severe second outbreak of the epidemic; new con-
firmed cases would sharply increase and peak at ap-
proximately 20,000 per day. The peak value of the
hospitalized population would climb to over 340,000 and
far exceed the capacity of available medical resources.
Even C4 would lead to a second severe outbreak, causing
the number of new confirmed cases, hospitalized popu-
lation and cumulative deaths to exceed their first wave
peaks.

Discussion
From the model simulation results, it is obvious that
some re-opening policies would lead to a severe second

outbreak, while others would not. Based on the severity
of the second outbreak, we classified the risk of re-
opening into the following categories: (1) no-risk/safe,
meaning that there was almost no observed increase in
the number of new cases after re-opening; (2) low risk,
which corresponds to a slight increase in new confirmed
cases, but a lower peak in the second wave than in the
first; (3) high risk, which corresponds to a sharp increase
in new infected cases, generating a higher peak in the
second wave than in the first; and (4) unacceptable risk,
in which case not only would the second wave have a
higher peak value but the hospitalized population would
exceed the hospital capacity, which implies a collapse of
the medical system if new resources were not supplied.
In the case of Wuhan, the following conclusions can

be drawn from the simulation results shown in Figs. 4, 5,
and 6. With comprehensive contact tracing, there would
have been almost no risk of re-opening and returning to
normal daily activities. With partial contact tracing in
place, re-opening in Wuhan would have led to a low-
risk situation. However, if only limited contact tracing
had been implemented, the risk resulting from re-
opening would have been unacceptable.
To examine situations in which the ability to imple-

ment the track-trace-quarantine policy is fixed within a
short time period, this study conducted additional

Fig. 8 Simulation results if the quarantine level equals 50%
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simulations to reveal the risk of re-opening under vari-
ous epidemiological criteria with a given proportion of
close contacts being traced and quarantined. We devel-
oped a matrix to evaluate the risk of re-opening under
different re-opening policies, as shown in Table 5. More
specifically, when q was 60% or above, it would be safe
to re-open, even with the most relaxed epidemiological
criterion. When q was 50%, the relaxed epidemiologic
criteria (C1, C2) would lead to a minor level of risk, gen-
erating a second wave of the epidemic that would not be
not as severe as the first wave, while the strict criteria
(C3, C4) would lead to no risk after re-opening. Under
the condition that 40% of close contacts were traced and
quarantined, the risk of re-opening varied across epi-
demiological criteria. The most relaxed epidemiological
criterion (C1) would cause disaster, as the soaring num-
ber of infections would exceed the available medical re-
sources. Criterion C2 would lead to a high risk, with a
second outbreak that would be more severe than the
first one. Criterion C3 would lead to a low re-opening
risk, while Criterion C4 could guarantee safe re-opening.
When q equalled 30%, re-opening using relaxed criteria
C1 and C2 would not be acceptable. Re-opening using
criterion C3 would lead to a low risk, but re-opening
with criterion C4 would be quite safe. In the case of q

being 20%, re-opening with criteria C1, C2, or C3 would
not be acceptable. Even with criterion C4, the strictest
epidemiology criterion, re-opening would be high risk.
One major finding of our research is that contact tra-

cing is of significant importance when establishing re-
opening policies. Track-trace-quarantine is an effective
approach to breaking the transmission chain and thus
limiting the risk of another outbreak [8, 30]. Digital
contact-tracing Apps can fasten the contact tracing
process by building a memory of proximity contacts and
immediately notifying contacts of positive cases and help
to achieve epidemic control [30]. This study shows that
if the authorities in Wuhan could have identified and
quarantined more than 60% of the close contacts of in-
fected persons, they could have allowed the city to re-
open sooner. Previous studies have shown that on aver-
age, 80% of close contacts can be traced and quarantined
in many regions in China [9, 28]. However, track-and-
trace measures also have capacity issues. When the size
of the infected population is very large, it would be diffi-
cult or even impossible to trace all close contacts. In
China, the government has put a great deal of effort into
building its contact tracing capacity. For example, due to
the surge in contact tracing tasks after the beginning of
the COVID-19 outbreak, the Shanghai CDC had to

Fig. 9 Simulation results if the quarantine level equals 40%
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recruit and train many ad hoc teams from local hospitals
and communities to work together with its contact tra-
cing team. New technology, such as QR code registra-
tion for public places, has been implemented to improve
close contact tracing efficiency. Therefore, to ensure a
safe re-opening, the government should put effort into
contact tracing.
After China re-opened its economy, new confirmed

cases were occasionally detected in Beijing, Qingdao and
other places. Due to the strong implementation of its
track-trace-quarantine policies, the government has been
able to control the source of infection and stop the
spread of the epidemic at the earliest possible time. To
date, although many nations have started vaccinating
their populations, we are not sure when COVID-19 vac-
cines will become widely available worldwide. A study
published in Science predicted that we might have to
cope with COVID-19 until 2025 [38]. Therefore, we may
enter a “new normal” condition, living with COVID-19
around us, and experiencing occasional, scattered out-
breaks. Under such conditions, tracing close contacts be-
comes even more important. It is a more efficient and
cost-effective response than allowing more infections or

adopting the large-scale testing of hundreds of thou-
sands of people.
Second, our research shows that deciding the timing

of re-opening using only epidemiological criteria is very
risky. Without a proper level of contact tracing, re-
opening will cause a severe second outbreak even when
the number of new confirmed cases is very low before
re-opening. In the case of Wuhan, even if the number of
new confirmed cases had reached zero after 14 days with
continuous decreases before re-opening, a further out-
break would still have occurred after a period of time if
only 20% of the close contacts could be identified and
quarantined. The new confirmed cases would increase
exponentially over time due to the reinforcing loop in
the SEIHR(Q) model.
Finally, hospital capacity is an additional factor that

needs to be considered when deciding an administrative
district’s readiness to re-open [39, 40]. Given a predicted
peak value of hospitalized cases in a potential second
outbreak after re-opening, the bottom line is that this
value should not exceed the capacity of the health sys-
tem in an administrative district. The simulation results
show that if the intensity of contract tracing had been

Fig. 10 Simulation results if the quarantine level equals 30%
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less than 30% in Wuhan, a severe second outbreak
would have occurred that would have exceeded the cap-
acity of existing hospital facilities. It is obvious that Wu-
han was not ready to re-open under limited track-and-
trace conditions.
The risk of re-opening summarized in Table 5 is based

on the case of Wuhan, in which there was no SARS-
CoV-2 variants involved, resulting in a constant trans-
mission probability and incubation time in the model.
However, to date, several new variants of SARS-CoV-2
have been found, and the WHO recently revealed the
names of these variants first identified in the UK, India,
and other places [41]. With new variants, the transmis-
sion probability and the incubation period, which are re-
lated to model parameters β and σ, respectively, could
both change. Under such circumstances, the safe re-

opening policies derived from the current model might
no longer be safe because the new variants of SARS-
CoV-2 could increase the transmissibility. To further in-
vestigate re-opening policies with these new variants, the
related parameters should be adapted to determine
which track-and-trace measures and epidemiological cri-
teria would lead to a safe re-opening.
This model could be applicable in other countries or

other settings, as long as the parameter values could be
set according to the local conditions. Many differences
exist among various countries, such as the geographic
setting and travel patterns. Most Western countries have
different political realities than Wuhan, in that compli-
ance with track-trace-quarantine policies may be lower,
even if such compliance is mandatory. The unique geo-
graphic, social and political realities in each jurisdiction

Fig. 11 Simulation results if the quarantine level equals 20%

Table 5 Risk of re-opening under different epidemiological criteria and various contact tracing intensities

q = 60% q = 50% q = 40% q = 30% q = 20%

C1 No risk Low risk Unacceptable risk Unacceptable risk Unacceptable risk

C2 No risk Low risk High risk Unacceptable risk Unacceptable risk

C3 No risk No risk Low risk Low risk Unacceptable risk

C4 No risk No risk No risk No risk High risk

Qian et al. BMC Public Health         (2021) 21:1638 Page 15 of 18



would not change the basic structure of our model.
However, the parameter settings and initial values would
need to be adjusted to reflect these features to yield lo-
cally applicable policies for re-opening.

Conclusions
The epidemiologic criteria, the effectiveness of track-
and-trace measures, and the availability of medical re-
sources are important factors to consider when deter-
mining the risk of further outbreaks of an epidemic after
re-opening. To ensure early and safe re-opening,
decision-makers need to consider all these factors when
generating the re-opening policies. This study conducted
a case study of COVID-19 in Wuhan and quantitively
evaluated the risk of further outbreaks under various re-
opening policies using the SEIHR(Q) model. Our study
shows that track-and-trace measures are critically related
to the level of risk associated with re-opening. There
would be no risk associated with re-opening with com-
prehensive contact tracing in place. With partial contact
tracing, re-opening would lead to a minor second wave
of the epidemic. However, with only limited contact tra-
cing, a more severe second outbreak of the epidemic
would occur, overwhelming the available medical re-
sources. In addition, epidemiological criteria could affect
the risk associated with re-opening, given that the ability
to implement track-trace-quarantine interventions is
usually pre-defined. Different levels of risk associated
with re-opening arise under various epidemiological cri-
teria with a fixed level of track-and-trace capability.
The SD model designed in this study illustrated that

the comprehensive trace-track policy implemented in
China is effective for determining the conditions needed
for a safe re-opening. It can serve as a micro-
environment to test various re-opening policies, facilitat-
ing decision-making regarding re-opening during an on-
going epidemic.
This study has several limitations. The first concerns

the assumption of the independence between the per-
centages of close contacts who could be traced and the
number of new confirmed cases. We have not consid-
ered the fact that the percentage of contacts that could
be traced decreases when the number of new confirmed
cases increases sharply due to the fact that there would
be an insufficient workforce to identify and monitor
contacts and insufficient facilities in which to quarantine
contacts. Although such a simplifying assumption is
common in modelling studies of this type [39, 42], the
consequence is that the SEIHR(Q) model might under-
estimate the risk associated with re-opening in an ad-
ministrative district. The second limitation is that only
epidemiological criteria, the intensity of contact tracing,
and the number of medical beds were addressed in the
policy simulation. Given that the WHO outlined six

recommendations for rolling back lockdown, future
studies could apply or extend the SEIHR(Q) model to
conduct quantitative analyses that include other IPC
measures and provide a more comprehensive assessment
of preparedness to re-open. Finally, given the various re-
ported values of generation interval, serial interval and
incubation period, there are suggestions that real-time
estimations of these parameters allowing for variations
over time, should be conducted to provide more accur-
ate estimates of reproduction numbers [34]. Tang et al.
argue that using longer generation interval leads to an
overestimation of the reproductive number and exagger-
ates control effectiveness in the initial epidemic phase
[33]. Accordingly, further research can explore compre-
hensive evaluations of these parameters to improve the
accuracy the estimated re-opening risks [34].
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