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Abstract

Background The Omicron variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spreads rapidly
and insidiously. Coronavirus disease 2019 (COVID-19) screening is an important means of blocking community trans-
mission in China, but the costs associated with testing are high. Quarantine capacity and medical resources are also
threatened. Therefore, we aimed to evaluate different screening strategies to balance outbreak control and consump-
tion of resources.

Methods A community network of 2000 people, considering the heterogeneities of household size and age struc-
ture, was generated to reflect real contact networks, and a stochastic individual-based dynamic model was used to
simulate SARS-CoV-2 transmission and assess different whole-area nucleic acid screening strategies. We designed a
total of 87 screening strategies with different sampling methods, frequencies of screening, and timings of screening.
The performance of these strategies was comprehensively evaluated by comparing the cumulative infection rates,
the number of tests, and the quarantine capacity and consumption of medical resource, which were expressed as
medians (95% uncertainty intervals, 95% Uls).

Results To implement COVID-19 nucleic acid testing for all people (Full Screening), if the screening frequency was
four times/week, the cumulative infection rate could be reduced to 13% (95% Ul: 1%, 51%), the miss rate decreased
to 2% (95% Ul: 0%, 22%), and the quarantine and medical resource consumption was lower than higher-frequency
Full Screening or sampling screening. When the frequency of Full Screening increased from five to seven times/week
(which resulted in a 2581 increase in the number of tests per positive case), the cumulative infection rate was only
reduced by 2%. Screening all people weekly by splitting them equally into seven batches could reduce infection
rates by 73% compared to once per week, which was similar to Full Screening four times/week. Full Screening had the
highest number of tests per positive case, while the miss rate, number of tests per positive case, and hotel quarantine
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resource consumption in Household-based Sampling Screening scenarios were lower than Random Sampling Screen-
ing. The cumulative infection rate of Household-based Sampling Screening or Random Sampling Screening seven times/
week was similar to that of Full Screening four times/week.

Conclusions If hotel quarantine, hospital and shelter hospital capacity are seriously insufficient, to stop the spread
of the virus as early as possible, high-frequency Full Screening would be necessary, but intermediate testing frequency
may be more cost-effective in non-extreme situations. Screening in batches is recommended if the testing capacity is
low. Household-based Sampling Screening is potentially a promising strategy to implement.

Keywords COVID-19, SARS-CoV-2, Omicron variant, Whole-area screening strategy, Modeling

Background

The Omicron variant of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), first reported in
South Africa in November, 2021, rapidly became the
dominant variant in the current global coronavirus
disease 2019 (COVID-19) pandemic [1]. Since Febru-
ary, 2022, the Omicron variant has caused outbreaks
in many Chinese cities, particularly in Shanghai. As of
24 May, 2022, the cumulative number of positive infec-
tions detected had exceeded 600,000, 90% of which were
asymptomatic [2]. The high contagiosity of COVID-19 is
led by the short incubation period and the high propor-
tion of pre-symptomatic and asymptomatic infected per-
sons [3-6].

The present vaccine may not effectively prevent infec-
tion caused by the Omicron variant due to its immune
evasion [7]. Without non-pharmacological interventions
(NPIs) such as screening and quarantine, there would be
mass infections resulting in a strain on medical resources
(including developed countries such as the United States
and United Kingdom [8-10]). During the pandemic
caused by Omicron variant, even though the mortality
rate of the whole population is low, the mortality in the
elderly is still high [11]. China’s extremely large popula-
tion includes over 26.4 million elderly people [12]; infec-
tion of this population would lead to high demands on
the health system, mass severe illnesses, and death. In the
response to outbreaks, China adopted strict NPIs includ-
ing mass screening, which played a key role in identifying
pre-symptomatic and asymptomatic infected individu-
als [13, 14]. Similarly, citywide screening was carried out
in Liverpool, UK, to control a COVID-19 outbreak [15].
With improvements in testing technology and the rapid
establishment of testing laboratories, nucleic acid testing
has become a crucial tool for controlling COVID-19 in
China [16]. Screening must be performed with sufficient
frequency so that latent infections in the community can
be identified as soon as possible. Shanghai undertook 13
rounds of nucleic acid screenings from 13 March to 17
April, 2022, and over 200 million tests were performed
[17]. However, high-frequency mass nucleic acid screen-
ing in a short period greatly increases the consumption

of testing resources. The capacity of hotel quarantine is
another limitation. Therefore, either overly restrictive or
overly relaxed NPIs may bring tremendous public health
and socioeconomic costs. Additionally, the potential risk
of infection that exists when people gather and the adher-
ence with testing strategies should be considered.

Previous studies have focused on optimizing screening
strategies to reduce the time from reporting the results
of testing to quarantining contacted individuals and
patients [18-20], exploring optimal screening strategies
in high-risk populations when testing capacity is limited
[21], or evaluating the cost-effectiveness of screening
strategies [22, 23]. However, it is still unclear whether a
nucleic acid screening strategy can be developed that not
only controls the epidemic effectively but also relieves as
much as possible the consumption of resources.

In this study, we developed a stochastic network-based
dynamic model that incorporates real household size, age
structure, and contact patterns. It considered NPIs, such
as testing, tracing, and isolation, and changes in testing
sensitivity due to changes in the viral load of infected
individuals over time. By simulating the spread of Omi-
cron variant, 87 different screening strategies with dif-
ferent sampling methods, frequencies, and timings of
screening were evaluated in terms of the cumulative
infection rate, miss rate, tests per positive case identi-
fied, and the consumption of quarantine and medical
resources.

Methods

Epidemic model

The transition of individuals between different disease
processes was simulated using the Gillespie algorithm,
in which the probabilities of possible events (transition
between compartments) were computed, and one event
was executed accordingly at each time step for a ran-
domly selected node [24]. At each moment, individuals
could be in one of the states shown in Fig. 1a, and the
time spent in each state was generated randomly based
on a specific probability distribution (see Additional
file 1: Text S1.1 for a detailed description and Table S1 for
model parameters). Considering that the current vaccines
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Fig. 1 COVID-19 spread models on the network. a Compartmental structures. Susceptible individuals (S) enter the latent period after being
infected. After the latent period, they enter the pre-symptomatic stage, in which individuals are infectious but asymptomatic. Afterwards, some
individuals develop symptoms, others remain asymptomatic, and individuals in /pre, lsym, and lasym are infectious. Some symptomatic individuals
develop severe disease and are admitted to the hospital (H) for treatment, some of them die due to ineffective treatment (F), and the remaining
infected individuals enter the compartment R after recovery. Infected individuals who tested positive and their close contacts (which were
successfully traced) enter the corresponding isolation compartment and follow the same disease course; if they do not enter other disease
states after the isolation period (14 days) expires, they return to the corresponding non-isolation compartment. b The network structure before
implementation of non-pharmacological interventions (NPIs). Individuals were represented as nodes in the network, and people of different age
groups were distinguished by node color. The edges indicated the close contact between individuals, and the contact rates between individuals
varied by age, individuals in the same age group were more closely connected. ¢ The network structure after implementing NPIs. After the
implementation of the NPIs, the individual will be isolated at home. The household members will still completely connect, but the connection with

the outside of the family will be cut off

for COVID-19 only reduce the symptoms and the sever-
ity rather than prevent infection [25], we assumed that
the susceptibility of individuals was homogeneous. The
infectiousness of an infected individual was determined
by the infection state, and the infectiousness of pre-symp-
tomatic and asymptomatic individuals was 50% of that of
symptomatic individuals [26]. Susceptible individuals can
be infected through close or random casual contact (e.g.,
casual encounters in public) with an infectious person.
We defined the proportion of contacts that were casual

using the parameter p,sual (global transmission param-
eter). The viral load of an individual varies over time after
exposure, as does the sensitivity of nucleic acid tests. The
number of days since each individual was infected was
assumed to influence the sensitivity of the test. Individu-
als entered the corresponding quarantine compartments
and followed the same disease process because of posi-
tive test results or because they were identified as close
contacts. Individuals could not contact other people dur-
ing the quarantine period. Therefore, once quarantined,
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infectious individuals do not infect others and susceptible
individuals are not infected. After quarantine for 14 days,
the quarantined individual returns to the non-quarantine
compartment corresponding to their disease state. A
proportion of the symptomatic infected cases developed
severe disease requiring hospitalization, among which a
small proportion die and others eventually recover. We
assumed that recovered individuals are immunized and
therefore cannot be reinfected.

Network structure

We constructed a community containing 2000 people
based on the age structure of the urban population and
household size in 2020 [27], among which each individ-
ual was randomly assigned to different households and
age groups (0-9, 10-19, ... , 70-79, >80). Individuals
were represented as nodes in the network, and the edges
indicated close contact between individuals that was suf-
ficient to spread SARS-CoV-2. Individuals randomly con-
nect each other according to the contact matrices by age
[28]. We assumed that all individuals within a household
were fully connected and that individuals from different
households were randomly connected (Fig. 1b). After
the implementation of NPIs, some connections outside
households were cut off; however, the household mem-
bers were still completely connected (Fig. 1c). We used
the parameter ds (distancing scale) to describe how
strictly measures were implemented.

Testing strategies

We designed 87 whole-area nucleic acid screening strat-
egies, considering different sampling methods, fre-
quencies, and timings of screening (Additional file 1:
Table S2). First, we designed three sampling strategies:
(1) Full Screening, screening all people in the commu-
nity; (2) Household-based Sampling Screening, selecting
the individual with the most external connections in each
family; once selected, they were screened on each screen-
ing day; and (3) Random Sampling Screening, randomly
sampling a proportion of people in the community and
then screening them on each screening day. Here, we
set the sample size to be equal to the number of fami-
lies. Second, we designed the frequency of screening to
range between daily and biweekly. Furthermore, we also
established different scenarios that screened three or
four times/week. Finally, we assumed that weekly screen-
ing can be conducted in batches, which allows the indi-
viduals to be allocated into different batches and each
batch is screened on different days. We also considered
the Shanghai Strategy (1st, 2nd, 4th, 7th, and 14th days),
Shenzhen Strategy (1st-7th, 10th, and 14th days), and
Beijing Strategy (1st, 4th, 7th, 10th, and 14th days). These
strategies were implemented every 2 weeks in practice.
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Individuals with positive results were moved to desig-
nated hospitals or shelter hospitals for treatment accord-
ing to their symptom severity, and their family members
and other close contacts outside the household were
moved to hotels for quarantine at the same time. Indi-
viduals who screened positive were no longer screened
routinely, while others were screened according to the
current screening schedule, regardless of whether they
were quarantined. The screening results were associated
with the individual’s infection status and infection time,
we therefore assumed that the sensitivity (1 — false-neg-
ative rate) varied within 30 days after infection (Addi-
tional file 1: Table S3).

Outcomes measured

We measured the effect of different screening strategies
on the epidemic using the time series of daily number of
infections, effective reproduction number (R;), cumula-
tive infection rate (IRcum) and miss rate (1 — cumulative
tested positive cases/cumulative infectors). The resources
consumed in testing were measured by the number of
tests performed, mean number of tests per positive case
identified (cumulative number of tests/cumulative num-
ber of positive cases). The resources consumed due to
quarantine, treatment in shelter hospitals, and treat-
ment in hospitals were measured by cumulative person-
days of people in hotel, shelter hospital, and hospital
compartments (for example, 1 day in hotel quarantine
for an individual was counted as one person-day). The
peak consumption during the simulation period was also
recorded. The results of each simulation were summa-
rized by the medians and 95% uncertainty intervals (95%
Uls).

Simulations and sensitivity analysis

Initially, we assumed that all the people in the commu-
nity were susceptible, except for five randomly exposed
individuals. Once the infection rate reached a threshold
(5/10,000 used for our simulation), NPIs would be imple-
mented (household members are quarantined at home,
but they could go out when necessary, such as purchas-
ing necessities and seeking medical treatment). Screening
with different strategies was carried out simultaneously,
and the screening results were reported 1 day after the
testing day. Each strategy was simulated 1000 times over
of period of 100 days.

We conducted a sensitivity analysis on the basic repro-
duction number (Rp) and proportion of asymptomatic
infected («). We also examined different levels of NPIs
by conducting sensitivity analyses on the probability of
close contacts being successfully traced (pcontact), global
transmission parameter (pPcasual); and the connection
between individuals and people outside the household
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in the contact network under the NPIs (ds) to assess the
robustness of the results. All the statistical analyses were
done using Python (version 3.8; Python Software Foun-
dation, Delaware, USA) and figures were plotted using R
software (version 4.2; R Foundation for Statistical Com-
puting, Vienna, Austria).

Results

Mitigating the outbreak

The higher the frequency of screening, the lower the
cumulative infection rate (IRcym) and miss rate (Figs. 2a,
3al, bl). If the frequency of Full Screening increased
from biweekly to daily, the first day when R; < 1.00 was

Current number of infections

a
—— 1-biweekly Beijing (5-biweekly) 4-weekly —— 6-weekly
—— 1-weekly Shanghai (5-biweekly) Shenzhen (9-biweekly) —— 7-weekly
—— 2-weekly 3-weekly —— 5-weekly
30

2

5 20

Q

]

10
1000

§2) 0 10 20 30 40 50
§ Time (day)
o
500 4
\\
04 - —
0 25 50 75 100
Time (day)
c Current number of individuals in compartments
for screening at different timings
E [e3 fpre Qpre sym Qsym lasym Qasym W H
even (day 147) beginning (day 123) middle (day 345) end (day 567)
300 1
200 4
|2}
€
=3
Q
o

100 4

o] # N \ N B

0 25 50 75 1000 25 50 75 1000 25 50 75 100 O

Time (day)

25 50 75 100

Page 5 of 13

reduced from day 16 to day 7 (Fig. 2b), IRcym was reduced
from 94% (95% UL 93%, 96%) to 1% (95% UL 0%, 4%), and
the miss rate decreased from 43% (95% UL 40%, 46%) to
0% (95% UI: 0%, 4%). What was noteworthy was that the
IR cym decreased by 12% and the miss rate only decreased
by 2%, if the frequency of Full Screening increased from
four to seven times/week. If completing screening weekly
in batches, the higher the number of batches, the lower
the IR.um and miss rate (Figs. 2d, 3a2, b2). If batches were
changed from two to seven, the IR.ym of Full Screening
decreased from 82% (95% UL 70%, 89%) to 14% (95% UI:
1%, 22%), and the miss rate decreased from 32% (95% UI:
30%, 35%) to 27% (95% UI: 17%, 38%). Similar trends also

Effective reproduction number
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Fig. 2 The daily number of infections of the Full Screening with different frequencies, timings, and batches. a Time series of the number of infections
in various frequencies ranging from once biweekly to daily. b Time series of the number of effective reproduction number in various frequencies
ranging from once biweekly to daily. ¢ Time distribution of the number of infections in each compartment of dynamic model of screening in

three times/week, which contained four screening timings in a week: evenly distributed, concentrated forward, concentrated in middle, and
concentrated backward. d Time series of the number of infections in various batches which was from one batch to seven batches per week. The
area charts represented the 95% uncertainty intervals (Uls) in a and d, and 95% confidence intervals in b
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occurred in Household-based Sampling Screening and
Random Sampling Screening.

At the same frequency, the timing of screening affected
epidemic control. For Full Screening as an example, although
the frequency of both the Shanghai Strategy and Beijing
Strategy was five times/week, the number of infections of
the former was less than that of the latter in the early period,
but the opposite was true in the later period (Fig. 2a). IRcum
of the Shanghai Strategy (58%, 95% UL: 3%, 72%) was higher
than that of the Beijing Strategy (49%, 95% UL 16%, 66%).
The daily number of infections during the outbreak assum-
ing the Shenzhen Strategy (nine times every 2 weeks) was
between that of screening four times/week and screening
five times/week (being quite close to the latter). When the
frequency was three times/week, IRcym and miss rate of
screening with evenly distributed timing (32%, 95% UL 1%,
57%; and 2%, 95% UI: 0%, 9%) was lower than that of screen-
ing centrally at the beginning, middle, and end of the week
(Fig. 2¢). As for the timings of screening in batches, IRcym of
screening at the end of the week was higher than that of the
other three options under the strict social distancing meas-
ures, although the difference between the four was not so
obvious (Additional file 2: Fig. S8).
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Although the two sampling strategies were not as effec-
tive in controlling the epidemic as Full Screening, IR.um
of Household-based or Random Sample Screening seven
times/week was similar to that of Full Screening four
times/week (13%, 95% UI: 1%, 51%) (Fig. 4a, b). When
screening in batches, IRcum for the Household-based or
Random Sampling Screenings weekly in seven batches
was similar to that for the Full Screening weekly in six
batches (35%, 95% UI: 1%, 56%) (Fig. 4d, e). In addition,
IR cym of Household-based Sampling Screening was lower
than that of Random Sampling Screening, especially with
frequency > three times/week, and the miss rate of the
former was obviously lower than the latter at various fre-
quencies (Fig. 3al, bl).

Resource consumptions of testing, quarantining

and medical treatment

With an increase in the screening frequency, the
number of tests and tests per positive case identified
increased (Fig. 3cl). Using Full Screening as an exam-
ple, as the frequency increased from once biweekly to
daily, the number of tests per positive case increased
from 6 (95% UL 6, 6) to 4252 (95% UI: 2155, 8325). It
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was notable that if screening was increased from four
times/week to seven times/week, the increase in the
number of tests per positive case identified was as high
as 3895. When screening in batches, there was a slight
increase in number of tests per positive case identified
with increasing number of batches (Fig. 3c2). The tests
per positive case was generally lower for Household-
based Sampling Screening than for Random Sampling
Screening.

With increasing screening frequency or increasing
batches in which a weekly screening was split, the cumu-
lative and peak resource consumption of hotel quarantine
increased while the medical resources in shelter hospitals
and hospitals decreased (Figs. 5, 6). An exception was the
threshold for hotel quarantine. Specifically, when the fre-
quency exceeded three times/week, the cumulative and
peak hotel quarantine resource of Full Screening decreased,
simultaneously the cumulative and peak of quarantine and
medical resource for Full Screening were less than that for
the two sampling strategies. Additionally, the frequency
threshold was lower when Ry was lower (Additional file 2:
Figs. S10, S11). The resource consumption of hotel quaran-
tine for Household-based Sample Screening were generally
lower than that for Random Sample Screening.

Results of sensitivity analysis

The results with the different parameters were simi-
lar except for Ry. The lower the Ry, the lower were the
a and the more stringent the NPIs, the lower was the
cumulative infection rate. The threshold for significantly
diminished marginal benefit of frequency was still four
times/week for Full Screening in our scenarios of dif-
ferent o, Pcontacts Pcasual, and ds, while the threshold is
three times/week (IRcum = 4%) if Ry = 5 and one time/
week (IRq.um = 8%) if Rgp = 2.5. Besides, the advantage of
Household-based Sampling Screening and screening in
batches remained. In the context of @ = 0.5, 0.7, or 0.9:
With the frequency of seven times/week, the miss rates
of Household-based Sampling Screening (26%, 28%, or
30%) were lower than those of Random Sampling Screen-
ing (31%, 34%, or 38%); IRcum s of Full Screening seven
batches/week (8%, 12%, or 14%) were substantially lower
than those of Full Screening once per week (83%, 85%, or
87%). The complete results of sensitivity analysis were
shown in Additional file 2: Figs. S10-S19.

Discussion

Large-scale screening is a key measure in China’s con-
trol of COVID-19 [29]. A recent study showed that with-
out any interventions, the Omicron variant epidemic in
China would result in 5.08 million hospitalizations and
1.55 million deaths [30]. However, mass screening results
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in numerous social and economic burdens, and unneces-
sary wastes. This study simulated the epidemic situation
and resource consumption of various screening strategies
to design nucleic acid screening strategies which balances
effectiveness and feasibility.

Our results showed that (1) if the quarantine and medi-
cal resources are seriously insufficient, the strict screen-
ing strategy—Full Screening with high frequency—is
necessary. (2) If the testing capacity is quite low, screen-
ing the targeted population in many batches is rec-
ommended. For example, the tests consumed by Full
Screening the population once a week in seven batches
was considerably less than the tests consumed by Full
Screening four times/week, although the IR.ym s of
the two strategies were similar. (3) If neither of these
resources are sufficient (the most common scenario), the
frequency of Full Screening does not need to be very high
because the marginal effect of increasing frequency on
epidemic control decreases with increasing frequency.
In the case of Ry = 10, Full Screening four times/week
is a reasonable compromise. Besides, high-frequency
sampling strategies also work under the restriction of
testing, quarantine and medical resources. Household-
based Sampling Strategy is better than Random Sampling
Screening because the infection rates, miss rates, tests
per positive case identified, and hotel resource consump-
tion of the former were all lower. The outbreak mitiga-
tion effect of Household-based Sampling Screening seven
times/week was comparable to Full Screening four times/
week in our simulation.

We believe that Household-based Sampling Screening
is potentially promising in practice. Due to the extremely
contagious nature of the Omicron variant, family clus-
ter epidemics were common, and the secondary attack
rate among households was over 50% [31, 32]. Therefore,
the results of screening the individual in each household
who has the most contact with the outside can reflect
the household’s infection status. Household-based Sam-
pling Screening was also convenient to organize in the
actual implementation process, and since it screened
fewer individuals, it not only reduced the potential risk
of disease spread caused by gathering during nucleic
acid screening, but also greatly reduced the demand for
testing, medical, and other resources during the whole-
area screening, ensuring the sampling quality and test-
ing accuracy. In addition, Household-based Sampling
Screening was conducive to the epidemic control meas-
ure implemented—quarantining close contacts—because
quarantining infected individuals and their household
members together improved the efficiency of transfer
and quarantine which in turn helps breaks transmission
and improves control the epidemic. Household-based
Sampling Screening is a form of stratified sampling.
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In the future, the prevention and control of COVID-19
will gradually turn to “normalization’; which allows for
more flexible “stratification” according to key areas and
key populations. A unit consists of a group of people with
a similar risk of infection due to close contact with each
other. For example, a school, a dormitory room, class, or
grade can be considered a unit. A certain number of peo-
ple from each unit are selected for testing, and if a posi-
tive test is found, the entire unit is quarantined.

With a certain frequency of screening, the screen-
ing efficacy can be improved by optimizing the timing
of screening. We recommend scheduling screenings
evenly during a screening cycle. The Shanghai Strategy
is an example of testing with a higher frequency at the
beginning of a screening cycle, while the Beijing Strategy
is closer to evenly distributed screening, the number of
infected people in the former being more than that of the
latter. Dividing once only screening into multiple batches
is an extended way of arranging the tests evenly during
a certain time period. The more batches, the more even
the distribution. Furthermore, screening above the test-
ing capacity is likely to extend the turnaround time of
transferring people to the quarantine or medical places,
reduce the quality of sampling and testing, and influ-
ence the efficiency of close contact tracing and quaran-
tine [20]. So, screening in batches—which can effectively
control the epidemic with a small amount of testing—is
worth pursuing.

This study has several limitations. First, reinfection
with COVID-19 was not considered. Previous studies
have indicated that the reinfection rate of COVID-19 is
approximately 0.22-0.32% [33], which is relatively low.
We only simulated the transmission of COVID-19 during
a period of 100 days and, therefore, ignored the occur-
rence of reinfection of COVID-19 cases in our study.
Second, the effects of the vaccine were not considered.
Due to the immune evasion of the Omicron variant, the
present vaccine significantly prevents severe cases and
deaths, but is not enough to prevent morbidity [25, 34].
Thus, ignoring the effect of the vaccine did not affect
the main results of this study. Third, we did not directly
account for the effect of variation in viral load on the
testing results; however, the effect of variation in viral
load was considered indirectly by accounting for varia-
tions in the probability of testing at different times after
infection. We only considered the heterogeneity in the
rate of severe illness among different age groups and
did not address differences in susceptibility. Due to the
highly contagious nature of the Omicron variant and
the fact that family members were fully exposed in their
households during the simulation period under “lock-
down measures’; all family members were more likely
to be infected if one family member been infected. This
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assumption did not significantly alter the conclusions of
the present study.

Conclusions

Intermediate screening (such as four times/week for
a fast-spreading outbreak), screening in batches, and
Household-based Sampling Screening are recommended
with the goal of mitigating the outbreak and restrict-
ing the consumption of resources. The specific strat-
egy design should be determined according to the virus
transmission feature and actual resource constraints con-
sidering cost-effectiveness, feasibility and sustainability.
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