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Objective: In Spring 2020, South Korea applied non-lockdown social distancing (avoiding mass gathering
and non-essential social engagement, without restricting the movement of people who were not patients
or contacts), testing-and-isolation (testing), and tracing-and-quarantine the contacts (contact tracing) to
successfully control the first large-scale COVID-19 outbreak outside China. However, the relative contri-
butions of these two interventions remain uncertain.
Methods: We constructed an SEIR model of SARS-CoV-2 transmission (disproportionately through super-
spreading events) and fit the model to outbreak data in Daegu, South Korea, from February to April 2020.
We assessed the effect of non-lockdown social distancing (population-wide control measures) and/or
testing-contact tracing (individual-specific control measures), alone or combined, in terms of the basic
reproductive number (RO) and the trajectory of the epidemic.
Results: The point estimate for baseline RO is 3.6 (sensitivity analyses range: 2.3 to 5.6). Combined in-
terventions of non-lockdown social distancing and testing-contact tracing can suppress RO to less than
one and rapidly contain the epidemic, even under the worst scenario with a high baseline RO of 5.6.
In contrast, either intervention alone will fail to suppress RO. Non-lockdown social distancing alone just
postpones the peak of the epidemic, while testing-contact tracing alone only flattens the curve but does
not contain the outbreak.
Conclusions: To successfully control a large-scale COVID-19 outbreak, both non-lockdown social distancing
and testing-contact tracing must be implemented. The two interventions are synergistic.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction remains highly controversial due to the profound negative impacts

on the society (The Great Barrington Declaration 2021). There is an

By July 19, 2021, there were more than 188 million confirmed
cases of coronavirus disease 2019 (COVID-19) and 4 million deaths
globally (World Health Organization 2021). Strict lockdown (con-
fining people at home or shelter) has been widely enforced to
limit the spread of its etiological agent, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Kraemer et al., 2020), but
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urgent need for alternative strategies to control this pandemic.

On February 18, 2020, the authority detected a cluster of
COVID-19 cases in Daegu, South Korea, which rapidly escalated to
the first large-scale outbreak outside of China (Kim et al., 2020).
Instead of lockdown, South Korea used non-lockdown social dis-
tancing (avoiding mass gathering and non-essential social engage-
ment, without restricting the movement of people who are not
patients or contacts) combined with quarantining infectious in-
dividuals through testing-and-isolation (testing) and tracing-and-
quarantine the contacts (contact tracing) and controlled the out-
break rapidly within 4 weeks (Ryu et al., 2020, Korea Ministry of
Foreign Affairs, 2021, Park et al., 2020). However, non-lockdown
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Figure 1. Model structure

S: Susceptible; E: Latent (Infected but not yet infectious); Issg: Infectious and symp-
tomatic superspreaders; Ion.sse: Infectious and symptomatic non-superspreaders;
Asse: Infectious but asymptomatic superspreaders; Apon-ssg: Infectious but asymp-
tomatic non-superspreaders; H: Hospitalized due to severe/critical COVID-19; R:
Recovered; XQ: Quarantine of uninfected contacts; Qg: Isolation/quarantine of in-
fected patients/contacts who either develop a mild illness or remain asymptomatic.
Qy: Isolation/quarantine of infected patients/contacts who develop severe/critical
illnesses.

social distancing yielded mixed results elsewhere (World Health
Organization 2021), for which the causes remain unsettled.

We hypothesize that prompt quarantining of infectious persons
is a prerequisite for the success of a less strict policy on social
activities. This modeling study aimed to examine this hypothe-
sis by assessing the effects of non-lockdown social distancing and
testing-contact tracing, alone or combined, on the basic reproduc-
tive number (RO) of SARS-CoV-2 and the trajectory of the COVID-19
outbreak in Daegu, South Korea, February to April 2020.

This work was initiated, upon request, on February 25, 2020, to
help South Korea to control the COVID-19 outbreak in Daegu. Pre-
liminary results had been presented in special meetings with the
Korean Mission in Taipei on February 25 and March 6, 2020, and
the meeting report had been delivered to the South Korean govern-
ment. This work had been presented as an oral abstract INT4622
at the International AIDS Society COVID-19 Conference: Prevention
(Virtual) on February 2, 2021.

Materials and Methods
Ethics statement

This is a modeling study based on Korean Centers for Disease
Control (KCDC) daily statistics without identifiable individual data,
and therefore, does not require ethical review and approval.

SEIR Model

We constructed a dynamic model of SARS-CoV-2 transmission
disproportionately through superspreading events (SSEs) (Lloyd-
Smith et al., 2005, 'Superspreader’ in South Korea infects nearly
40 people with coronavirus, 2021) and fit the model to outbreak
data in Daegu, South Korea, from February to April 2020. An ear-
lier version of our model, specifically adapted to inform Taiwan’s
national policymaking, had been published (Chen and Fang, 2021).
The SEIR model (Figure 1) includes key features in the natural his-
tory of SARS-CoV-2 infection, including an incubation period of
3.0 days (Lee et al., 2020), a presymptomatic infectious period of
2.5 days (He et al., 2020, Slifka and Gao, 2020, Wei et al., 2020),
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and an infectious duration of 8.5 days (up to 6.0 days after ill-
ness onset) (Cheng et al., 2020) (all values are mean duration). The
model considers a very high heterogeneity in SARS-CoV-2 trans-
mission (Lloyd-Smith et al., 2005, 'Superspreader’ in South Korea
infects nearly 40 people with coronavirus, 2021, Lim et al., 2021),
with 14.7% of infected individuals as superspreaders who caused
80% of new secondary infections (Lim et al., 2021). Infectious in-
dividuals, superspreaders or non-superspreaders, can be asymp-
tomatic throughout the course (10%) (Chang, 2021, Wong et al.,
2020, Arons et al., 2020). Infectiousness of asymptomatic infec-
tion is 30% lower than that of symptomatic infections (Chaw et al.,
2020, Hu et al., 2021). Model parameters are listed in Table 1.
Model equations are available in Supplementary Material 1.

Estimating the Baseline RO

Since the epidemic at Daegu, South Korea, was initiated by
COVID-19 cases imported from Wuhan, China, we used publicly
available epidemiological data from Wuhan to estimate the base-
line (before intervention) RO (the average number of secondary
cases generated by an infectious individual in a non-immune, all
susceptible population) of the SARS-CoV-2 strain in this outbreak.
China Centers for Disease Control and Prevention released the
COVID-19 epidemic curve in Wuhan, by illness onset date, in an
epidemic situation report on January 28, 2020 (Chinese Center for
Disease Control and Prevention 2020). An exponential growth of
the COVID-19 epidemic occurred during the period from January 6,
2020, to January 22, 2020, with a linear R-square reaching 98% in
regressing natural logarithm of numbers of incident cases (includ-
ing both laboratory-confirmed and suspected cases, since numbers
of the former were limited by diagnostic capacity) on the calendar
date. We estimated the transmission probability per contact, b, in
the following formula of baseline RO (Keeling and Rohani, 2008),
by fitting our model to the slope of exponential phase (January 6
to January 22, 2020) (Supplementary Material 2) with a numerical
method:

{b(1 —a) + baa} - ;55 - [kssePose + knon-sse (1 — Pse)]
n+y

Baseline Ry = (1)
Here, b and b,y (=0.7-b): transmission probability per con-
tact (with infected individuals who are symptomatic or asymp-
tomatic, respectively); a: proportion of infectious individuals who
are asymptomatic; Psg: proportion of superspreaders; kssg and
knon—sse: contact rate of superspreaders and non-superspreaders,
respectively; 1/0: average duration of latency period (infected but
non-infectious state); 1/y: average duration of infectiousness; j:
natural-causes mortality rate. (see Table 1. for referenced details)

Simulating the Daegu Outbreak

We used the numbers of Shincheonji church members and
their close contacts in Daegu, the predominantly affected group
(Kim et al.,, 2020), to estimate the effective population size of
this outbreak. We calibrated the onset date of the epidemic in
the model to fit it to the cumulative curve of official statistics
on confirmed COVID-19 cases in Daegu (Supplementary Material
2) (Korea Centers for Disease Control and Prevention 2021), taking
into account the 10-day time lag from SARS-CoV-2 transmission to
being listed in KCDC daily reports. This time lag comprises an in-
cubation period (from transmission to onset of illness) of 3.0 days
(Lauer et al., 2020), a patient delay (from illness onset to laboratory
confirmation) of 5.3 days (Kim et al., 2020), and an administrative
delay (from laboratory confirmation to being listed in the official
statistics) of 2 days (all values are estimated mean duration).
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Table 1
Model parameters
Parameters Value Derivation and Reference
Transmission probability per contact (b) 0.0437 (Daegu, South 1. The point estimates for baseline RO and the transmission probability per contact
Korea) (b) in Wuhan, China, were 3.6 and 0.04405, respectively, by fitting the model to the

slope of the exponential phase, January 6 to January 22, 2020, Wuhan, China.
(Chinese Center for Disease Control and Prevention 2020).

2. Based on a baseline RO of 3.6 for the SARS-CoV-2 strain (imported from Wuhan,
China) which initiated the Daegu outbreak, the point estimate for the transmission
probability per contact (b) in Daegu, South Korea is 0.0437, by solving the
Equation (1) (see Method section).

The proportion of superspreaders among 14.7% Based on South Korean data (Lim et al., 2021)
infectious patients (Pssg)
Contact rate in SSE group (kssg) 54.4/day (mean) Based on (1) an average contact rate of 10/day (Wallinga et al., 2006); and

(2) a kssg/knon—sse ratio of 23.13 (estimated by South Korean data: 14.7%
superspreaders caused 80% secondary infections) (Lim et al., 2021)

Contact rate in the non-SSE group (Knon_sse) 2.4/day (mean) Based on (1) an average contact rate of 10/day (Wallinga et al., 2006), and (2) a
ksse//Knon—sse Tatio of 23.13 (estimated by South Korean data: 14.7% of the
superspreaders caused 80% of the secondary infections) (Lim et al., 2021)

The incubation period (from infection to the 3.0 days (Daegu, South The incubation period can be varied by the different settings and different periods

onset of illnesses) Korea) (mean) of the COVID-19 pandemic (Xin et al., 2021)
1. The point estimate for the incubation period in Wuhan, China, was 5.5 days
(mean) (Lauer et al., 2020).
2. The point estimate for the incubation period in Daegu, South Korea, was 3.0 days
(median) (Lee et al., 2020)

Presymptomatic infectious period before the 2.5 days (mean) (He et al., 2020, Slifka and Gao, 2020, Wei et al., 2020)

onset of illnesses

The latency period (infected but non-infectious) 0.5 days (Daegu, South 1. The point estimate for the bvlatency period in Wuhan, China was 3.0 days, i.e.

(1/0) Korea) (mean) 5.5 days (incubation period) (Lauer et al., 2020) minus 2.5 days (pre-symptomatic
infectious period before the onset of illnesses) (He et al., 2020, Slifka and Gao, 2020,
Wei et al., 2020) (the uncertainty range: 0-5 days)
2. The point estimate for the latency period in Daegu, South Korea was 0.5 days, i.e.,
3.0 days (incubation period) (Lee et al., 2020) minus 2.5 days (the presymptomatic
infectious period before the onset of illnesses) (He et al., 2020, Slifka and Gao, 2020,
Wei et al., 2020)

The infectious duration after the onset of 6.0 days (mean) The point estimate is based on Taiwan contact-tracing data (Cheng et al., 2020) and
illnesses (uncertainty range: 4.6 to is in line with Chinese clinical study data:
9.1 days). 4.6 days (onset to first medical visit (Li et al., 2020))

to 9.1 days (onset to hospitalization (Li et al., 2020))
(assume that patients were isolated after medical visits or hospitalization).
The infectious period (1/y) 8.5 days (mean) 2.5 infectious days before the onset of symptoms plus 6.0 infectious days after the
(uncertainty range: 7.1 to onset of symptoms.
11.6 days, i.e., 4.6 to 9.1 We assume that asymptomatic infections have the same total infectious period.
days plus 2.5 days,

respectively)

Infection-related mortality among severe/critical 12% (The Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020)

cases (p)

The infection-related mortality rate in those 0.0097 /day Calculated by the formula (Keeling and Rohani, 2008)

who were hospitalized (m) m=(p/(1-p)) (r+pn)

The natural-causes mortality rate () 1/78.5 years (The World Bank 2021)

The birth rate (u) 1/78.5 years We assume a stable population size (birth rate identical to natural-cause death rate).

The proportion of asymptomatic infection (a) 10% (Chang, 2021, Wong et al., 2020), (Arons et al., 2020)

The ratio of transmission probability of 0.7 (Chaw et al., 2020, Hu et al., 2021)

asymptomatic patients versus symptomatic

patients (by)

The proportion of severe/ critical cases (h) 19% (The Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020)

Time from hospitalization to recovery among 14 days (mean) (Huang et al., 2020).

severe/critical patients (1/r)

Time from onset of symptoms to laboratory 5.3 days For the Shincheonji religious group (Kim et al., 2020)

confirmation

Time from the onset of infectiousness to 7.8 days (mean) 5.3 days plus 2.5 days (the presymptomatic infectious period) before the onset of

quarantine (1/d) illnesses (He et al., 2020, Slifka and Gao, 2020, Wei et al., 2020)

The proportion of contact tracing (q.) 0% to 90% Intervention scenarios

The duration of quarantine among mild cases 14 days Intervention scenario, based on current standard practice

(1/7)

The duration from quarantine to hospitalization 3 days (mean) 7 days (mean duration from the onset of symptom to the onset of severe disease

among severe/critical patients (1/ty) (Huang et al., 2020)), minus 4 days (mean duration from the onset of symptom to
diagnosis in the intervention scenario).

The fraction of the contact rate (f) rendered less 0% to 90% Intervention scenarios

effective under social distancing

The proportion (p) of decrease in transmission  90% (Chu et al., 2020)

probability per contact (b) under social distancing

The population size (N) 30,000 (10,000 to 50,000) The estimated number of Shincheonji Church members and their associates in
Daegu, South Korea

Initial infectious population 5 Initial condition of simulation.
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Figure 2. Simulating the Daegu outbreak

Date

Simulations were conducted under a baseline primary reproductive number (RO) of 3.6 (point estimate, based on epidemiological data from Wuhan, China, January 6 to

January 20, 2020).

Panel A: Black line shows predicted cumulative numbers of infections in Daegu (by date of transmission in the model) with testing (mean duration from illness onset to
confirmation before quarantine: 5.3 days) and 50% contact tracing, started on February 20, 2020, as well as 50% non-lockdown social distancing, started on February 29, 2020
(purple arrows, respectively). To smooth the curve, testing-contact tracing and non-lockdown social distancing started from zero and gradually increased to the targeted level
over a period of 10 days and 3 days, respectively. The population size of Shincheonji members and their close contacts in Daegu was assumed as 30,000. Blue shadow shows
the sensitivity analysis on outbreak size by the uncertainty range of the Shincheonji population (range: 10,000 to 50,000). The Red line shows the number of cumulative
confirmed cases by date from the Korean Center for Disease Control (KCDC) statistics.
Panel B: Dark red shadow shows the cumulative numbers of superspreading events (SSEs)-associated infection. Light red shadow shows cumulative numbers of infections

that were not associated with SSEs.

Impact of Interventions

After validation of the model, we examined the effect of non-
lockdown social distancing and testing-contact tracing, alone or
combined, on RO and trajectory of the COVID-19 epidemic:

Non-lockdown Social Distancing

Non-lockdown social distancing decreases transmission by ren-
dering a fraction f (50% to 75%) of the contact rate between sus-
ceptible and infectious individuals, kssg or kyon_sse, less effective
due to physical distancing between people. For this fraction f, we
assume that the probability of transmission per contact, b, de-
creases by a proportion (p) of 90% (Chu et al.,, 2020). We model
the overall effect of non-lockdown social distancing on the average
probability of transmission by the following formula:

b=b-[f(1-p)+(1A-HI=b-(1-fp) (2)
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Testing-Contact Tracing

Testing-and-isolation detects and quarantines infectious individ-
uals who are symptomatic by a rate of d (Figure 1). Shincheonji
religious group members in the Daegu outbreak took an average
of 5.3 days from the onset of symptom to laboratory confirmation
(Kim et al., 2020) before quarantine, equivalent to d = 1/7.8 days
(after adding the 2.5-day presymptomatic infectious period). Trac-
ing contacts of detected infected individuals allows early quaran-
tine of infected persons (Figure 1) by a proportion of gc, ranging
from 0% to 90%. The overall effect of test-contact tracing on RO is
given by the formula below: (Keeling and Rohani, 2008)

ksse b TG 1 - qe(j5g) ] ksse - ba - SER )
0T w+y+d w+y
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Figure 3. Reproductive number (RO) under social distancing alone (A) or testing-contact tracing alone (B)
If the RO is more than one (red color), then the disease will continue to spread. On the other hand, if the RO is less than 1 (green color), the epidemic can be controlled.

(RO of supersupreaders under testing-contact tracing)

o (1-a)(1-Pssg) d+yh
Knon-sse - b - S 1 — qe (52555 ]
n+y+d
1-P
knon—SSE : bA ' %;SE)

(4)

w+y

(RO of non-superspreaders under testing-contact tracing)

Here, h is the proportion of symptomatic infectious individuals
whose diagnosis is delayed till hospitalization due to severe/critical
COVID-19.

Sensitivity analyses

We conducted two-way sensitivity analyses on the estimated
baseline for RO across uncertainty ranges of latency period and in-
fectious period (Table 1 for details). We assess the impact of inter-
ventions on RO and epidemic trajectory across different levels of
social distancing or testing-contact tracing, alone or combined.

Results

The point estimate for baseline RO is 3.6 (95% confidence inter-
val: 3.4-3.9). The two-way sensitivity analyses (sensitivity analyses
range: 2.3 to 5.6) show that the maximum estimate at the worst-
case scenario is 5.6 when the latent period is five days and the
infectious period is 11.6 days (Supplementary Figure 1).

Figure 2 shows the validation of the model. Based on the point
estimate for baseline RO in the Wuhan outbreak, 3.6, and the num-
ber of Shincheonji members and their associates in Daegu, 30,000
(range: 10,000 to 50,000), the model predicts that cumulative
numbers of all infected individuals (including those asymptomatic
and undiagnosed) will reach 7,094 (range: 4,082 to 8,732) by April
6, 2020 (Figure 2, Panel A). The model-predicted curve parallels
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the actually observed curve, with a 10-day time lag from incuba-
tion period, laboratory confirmation, and statistic administration.
The actual cumulative numbers of laboratory-confirmed COVID-19
cases in KCDC statistics reached 6,794 by April 6, 2020 (red line),
within the predicted range (blue shadow). The model simulation
results affirm that an overwhelming majority (80%) of infections in
this outbreak are associated with SSEs (Figure 2, Panel B).

We examined the effect of the single intervention on RO. Ei-
ther non-lockdown social distancing or testing-contact tracing de-
creases RO (Figure 3). However, in the absence of testing-contact
tracing, non-lockdown (50% to 75%) social distancing measures
alone would not suppress RO to less than 1 when baseline RO is 3.6
(point estimate) or higher (Figure 3, Panel A). On the other hand,
without social distancing measures, feasible testing-contact tracing
(with a mean interval from illness onset to isolation of four days,
and tracing 50% to 75% contacts) alone would also fail to suppress
RO to less than 1 when baseline RO is 3.6 (point estimate) or higher
(Figure 3, Panel B).

Consistent with the known pattern of epidemics spread-
ing predominantly through SSEs (Lloyd-Smith et al., 2005), our
model indicates that non-lockdown social distancing (population-
wide control measures) does not alter the ratio between the
number of secondary infections from superspreaders and that
from non-superspreaders (Figure 4, Panel A). This is in contrast
to testing-contact tracing (individual-specific control measures),
which sharply increases heterogeneity in infectiousness per indi-
vidual between these two groups (Figure 4, Panel B), which favors
epidemic control (Lloyd-Smith et al., 2005).

In contrast to single interventions, combined interventions with
non-lockdown (50%) social distancing and test-contact tracing
(50%) decrease the RO to less than 1 when the baseline RO is 3.6
(Figure 5, Panel A). Even under the worst scenario (a baseline RO of
5.6), combined interventions with non-lockdown (75%), social dis-
tancing, and test-contact tracing (75%) still decrease the RO to less
than one (Figure 5, Panel B).
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Figure 4. Heterogeneity in infectiousness per individual: (A) Effect of social distancing (population-wide interventions); (B) Effect of testing-contact tracing (individual-

specific interventions)

Heterogeneity in infectiousness per individual is defined by the ratio between the numbers of secondary infections from superspreaders (Issg and Assg) and that from

non-superspreaders (Inon-sse and Anon-ssg)-

Targeting non-lockdown (50% to 75%) social distancing to super-
spreaders alone, without any restrictive public health measures on
non-superspreaders, does not alter the effectiveness of combined
interventions in suppressing RO to below one (Supplementary Fig-
ure 2).

Figure 6 further shows the effects of interventions on the epi-
demic trajectory. Under a baseline RO of 3.6 (Figure 6, Panel A)
or 5.6 (Figure 6, Panel B), non-lockdown social distancing (50% or
75%) alone just postpones the peak of the epidemic (brown lines),
while testing-contact tracing (50% or 75%) alone only flattens the
curve but does not contain the outbreak (green lines). In contrast,
combined interventions effectively suppress the incidence of new
COVID-19 infections to zero (blue lines).

Discussion

To our knowledge, this is the first study to show that the pres-
ence of testing-contact tracing is required to ensure the success of
non-lockdown social distancing (not restricting the movement of
people who are not patients or contacts) to control a large-scale
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COVID-19 outbreak in Daegu, South Korea, 2020, in term of RO and
epidemic trajectory. Both interventions are necessary for the suc-
cessful containment of a large-scale COVID-19 outbreak.

Previous studies showed that non-pharmacological interven-
tions (testing-contact tracing and social distancing) effectively re-
duced SARS-CoV-2 transmission in South Korea (Ryu et al., 2020,
Park et al., 2020, Park et al., 2020), but it is difficult for empirical
studies to separately measure the respective effects of these two
almost simultaneously implemented interventions. Using a mathe-
matical modeling approach to examine hypothetical scenarios, our
study provided new insight on the necessary conditions for effec-
tive SARS-CoV-2 epidemic control.

SARS-CoV-2 spreads predominantly through SSEs, in which a
small number of infectious individuals are associated with the vast
majority of secondary infections (Lim et al., 2021, Adam et al.,
2020, Miller et al, 2020, Bi et al, 2020, Endo et al., 2020,
Hamner et al., 2020). This suggests that early quarantine of a few
superspreaders may yield an out-of-proportion effect to control the
spread of SARS-CoV-2 (Lloyd-Smith et al., 2005, Althouse et al.,
2020, Superspreading drives the COVID pandemic — and could
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* From symptoms onset to isolation: 5.3 days

Figure 5. Reproductive number (RO) under combined interventions
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(B)

Contact tracing-and-quarantine

RO 0% | 25% | 50% | 75% | 90%
0% | 289 251 218 175 152
2| 25% | 224 195 165 136 1.18
©
c
3
%’ 50% | 1.59 138 1.17 096 0.84
©
8
n | 75% | 094 082 0.69 057 0.49
90% | 0.55 048 040 0.33 0.29

* From symptoms onset to isolation: 5.3 days

Panel A: Under a baseline RO of 3.6, combined interventions with 50% non-lockdown social distancing and testing-contact tracing (50%) suppress the RO to less than 1. Panel
B: under a baseline RO of 5.6, combined interventions with 75% non-lockdown social distancing and testing-contact tracing (75%) suppress the RO to less than 1.

help to tame it 2021). Althouse et al. suggested that elimi-
nate SSEs through extensive testing, and contact tracing might
make it possible to contain the epidemic without strict lockdown
(Althouse et al., 2020). Based on the empirical data from the Daegu
outbreak in 2020, the present work is the first study to demon-
strate that testing-contact tracing does have an essential role in
South Korea’s successful control of a large-scale COVID-19 outbreak
using a non-lockdown approach.

An important unsettled question is whether targeting the con-
trol effort in "problem places,” where SSEs occur, can suppress
SARS-CoV-2 transmission to allow the lifting of restrictive public
health measures such as physical distancing and mask mandate
elsewhere (Althouse et al., 2020, Superspreading drives the COVID
pandemic — and could help to tame it 2021). Our modeling results
show that, theoretically, this “target control” approach is indeed
capable of suppressing RO to less than 1 when simultaneously im-
plemented with testing-contact tracing (50% to 75%) (Supplemen-
tary Figure 2). Nevertheless, practically, it might be challenging to
preemptively identify all such places before SSEs occur.

Previous modeling studies show that, when superspreading is
the predominant transmission pattern, individual-specific control
measures (testing-contact tracing) outperform population-wide
control measures (social distancing) (Lloyd-Smith et al.,, 2005).
In keeping with this general rule, the present modeling work
in analyzing the Daegu outbreak shows that testing-contact trac-
ing alone will outperform social distancing alone in suppressing
the RO of SARTS-CoV-2 (Figure 5) and controlling the COVID-19
outbreak (Figure 6). However, delay in laboratory confirmation is
the Achilles’ heel of SARS-CoV-2 testing (Althouse et al., 2020,
Superspreading drives the COVID pandemic — and could help to
tame it 2021, Park et al., 2020). Studies showed that it took up to
3 days (average) from symptom onset to quarantine in Seoul, Korea
(Park et al., 2020) because initial symptoms are often non-specific
(Huang et al., 2020). For less cooperative Shincheonji religious
group members who avoided epidemiological investigation, there
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was an even longer delay (5.3 days) between illness onset and
laboratory confirmation (Kim et al., 2020). Furthermore, transmis-
sion frequently occurs before the onset of illness (He et al., 2020,
Slifka and Gao, 2020, Wei et al., 2020, Chang, 2021, Wong et al.,
2020, Chaw et al., 2020, Hu et al., 2021). Therefore, population-
wide control measures (social distancing or mask), which univer-
sally decrease transmission probability for all individuals, includ-
ing undetected superspreaders, are essential for combined inter-
ventions to successfully control a COVID-19 outbreak.

We did not consider a separate category for imported cases in
outbreak scenarios to avoid unnecessary model complexity. Korea
Disease Control and Prevention Agency official statistics showed
that, by April 6, 2020, only 12 (0.18%) of the 6,794 COVID-19 cases
diagnosed in Daegu were imported cases. While the local outbreak
was initiated by imported cases (Kim et al., 2020, Korea Centers
for Disease Control and Prevention 2021, Ki, 2020), the number of
imported cases becomes negligible soon after a dramatic increase
in locally acquired cases.

In non-outbreak scenarios, however, imported cases carry the
risk of initiating new outbreaks. Even though testing-contact trac-
ing and social distancing can keep local transmission levels from
escalating to large-scale outbreaks, burdens on medical/public
health systems will soon exceed the capacity limit in the absence
of strict border control (Chen and Fang, 2021). Our previous mod-
eling work showed that, when the number of escaped imported
cases (not detected and quarantined at entry, due to false-negative
testing results, and not adhered to 14-days quarantine after entry)
increases from one to ten per day, the 90-day cumulative num-
ber needed to hospitalize and quarantine will jump from 349 and
4,092 to 3,483 and 40,810, respectively (Chen and Fang, 2021).
Once medical and public health systems are overburdened and
collapsing, testing-contact tracing will not be timely performed,
with the risk of losing epidemic control. Therefore, strict restric-
tion of travel from high-risk areas is needed to prevent new
outbreaks.
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Figure 6. Trajectories of COVID-19 epidemic under different scenarios
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Red line: natural course of the epidemic, without interventions. Brown line: non-lockdown social distancing (SD) alone. Green line: testing (with a mean time of 5.3 days
from illness onset to confirmation) and contact-tracing (T & T) alone. Blue line: Combined intervention (SD + T & T). All interventions were started when the number of new
infections reaches 50 per day (marked by black arrow) in a 30,000 population. The color shadows show sensitivity analyses, ranging from -5% to +5% of the interventions.
Panel A: Under a baseline RO of 3.6, effects of SD 50% alone (brown line), T & T 50% alone (green line), and SD 50% + T &T 50% (blue line). Panel B: Under a baseline RO of
5.6, effects of SD 75% alone (brown line), T & T 75% alone (green line), and SD 75% + T &T 75% (blue line).

Our finding has an important implication--adopting a non-
lockdown approach to control a large-scale COVID-19 outbreak is
feasible but needs to be accompanied by a robust testing-contact
tracing mechanism to promptly identify and break chains of trans-
mission. The lack of effective contact tracing thus may explain the
unprecedented massive surge of COVID-19 epidemic in Europe af-
ter lifting lockdown in 2020 autumn/winter (World Health Organi-
zation 2021).

Allowing people to freely go outside to receive testing and care,
non-lockdown social distancing facilitates early detection/isolation
of infected persons and subsequent contact tracing, ensuring the
feasibility of a non-lockdown social policy to control an outbreak.
Therefore, non-lockdown social distancing and testing-contact trac-
ing not only have an epidemiological synergism in breaking the
chains of SARS-CoV-2 transmission but also reinforce each other in
practical implementation.

The successful control of the COVID-19 outbreak at Daegu,
South Korea, is a public health triumph. This success highlights
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that a democratic and humane strategy to contain a highly con-
tagious disease is feasible and highly effective.
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