
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Theoretical Biology 545 (2022) 111149
Contents lists available at ScienceDirect

Journal of Theoretical Biology

journal homepage: www.elsevier .com/locate /y j tb i
A quantitative method to project the probability of the end of an
epidemic: Application to the COVID-19 outbreak in Wuhan, 2020
https://doi.org/10.1016/j.jtbi.2022.111149
0022-5193/� 2022 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors at: School of Mathematics, South China University of
Technology, Guangzhou 510640, China (R. Liu).

E-mail addresses: scliurui@scut.edu.cn (R. Liu), sytang@snnu.edu.cn (S. Tang).
Baoyin Yuan a, Rui Liu a,b,⇑, Sanyi Tang c,⇑
a School of Mathematics, South China University of Technology, Guangzhou 510640, China
b Pazhou Lab, Guangzhou 510330, China
c School of Mathematics and Statistics, Shaanxi Normal University, Xi’an 710119, China

a r t i c l e i n f o
Article history:
Received 21 December 2021
Revised 21 April 2022
Accepted 25 April 2022
Available online 30 April 2022

Keywords:
Epidemic
End-of-outbreak
Nonpharmaceutical interventions
Effectiveness
Mathematical model
a b s t r a c t

The end-of-outbreak declaration is an important part of epidemic control, marking the relaxation or can-
cellation of prevention and control measures. We propose a probability model to retrospectively quantify
the confidence of giving the end-of-outbreak declaration during the COVID-19 epidemic in early 2020 in
Wuhan. By using the linear spline, we firstly estimates the time-varying proportion of cases who miss the
nonpharmaceutical interventions (NPIs) among all reported cases. Assuming the reproduction numbers
being 1.5, 2.0, 3.0, 4.0, 5.0 and 6.0, the respective probability of the end of the COVID-19 outbreak with
time after the last reported case can be iteratively computed. Consequently, the varying reproduction
numbers produce slightly different increasing patterns of NPI effectiveness, and the end-of-outbreak dec-
larations with 95% confidence are projected consistently earlier than the day when the lockdown was
actually lifted. The reason for the timing discrepancy is discussed as well.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Every pandemic of infectious diseases in history has posed a
great threat to human life and health. In the current coronavirus
disease 2019 (COVID-19) era, the disease has spread all over the
world since it was first recognized in Wuhan, China, in early
2020, even though the natural source of the pathogen is still scien-
tifically unknown. The ongoing COVID-19 pandemic is the most
severe public health crisis since the 1918 influenza pandemic
(Liang et al., 2021) and had caused more than 242 million infec-
tions and 4.92 million deaths throughout the world by October
22, 2021. The prevention and control of the epidemic has under-
gone nonpharmaceutical interventions (NPIs) (Kucharski et al.,
2020), such as contact tracing, quarantine and isolation and social
distancing from the beginning to the current vaccination stage
(Rubin, 2021). Specific combinations of interventions have been
implemented to control the spread of COVID-19 despite the differ-
ences in political and social backgrounds between countries. Basi-
cally, two different strategies can be generalized: ‘zero COVID’,
adopted by China, Singapore, South Korea, Australia and New Zeal-
and, and ‘living with COVID’, adopted by most of the other coun-
tries (Normile, 2021).
Since the beginning of the epidemic, China has adhered to the
zero-case policy by carrying out strict entry quarantine and
repeated nucleic acid tests and even enforcing the lockdown of
an entire high-risk city. Multiple rounds of molecular testing for
residents in the enclosed area provides the most direct evidence
for understanding the real-time situation of the epidemic. In the
past local outbreaks (Guangzhou Municipal Health Commission,
2021; The Health Commission of Hainan Province, 2021; Nanjing
Municipal Health Commission, 2021) in China, such a strict policy
has indeed achieved remarkable success in clearing infections. It is
worth noting that there are three basic conditions for cancelling
the epidemic restrictions, including no newly confirmed cases dur-
ing the past 14 days, the full negative nucleic acid testing results of
the residents and their living environments for at least three
rounds, and all close contacts being effectively controlled, even
though there are no universal standards applying to all the local
outbreaks. These three epidemiological conditions currently used
have proven to be relatively reliable in defining the end of the epi-
demic. The early or premature declaration of the end of an out-
break would put the population at risk of a resurgence of
infections, while too late or delayed end-of-outbreak declaration
would greatly increase the economic and social cost owing to
repeated extensive molecular testing and the stagnation of social
activity (Du et al., 2021; Atkeson et al., 2020; The British
Academy, 2021; Elliott, 2020). Quantifying the end-of-outbreak
confidence in the late stage of the epidemic on the basis of
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mathematical models is of great significance to complement the
current surveillance-based standards.

Djaafara et al. summarized the end-of-outbreak criteria for var-
ious pathogens in some past epidemics (Djaafara et al., 2021).
Twice the longest length of the incubation period after the last con-
firmed case is most frequently recommended by the World Health
Organization (WHO) to define the end of an epidemic, such as the
MERS outbreak in South Korea in 2015, the Lassa Fever Outbreak in
Benin in 2016 and the Ebola outbreak in the Democratic Republic
of Congo in 2017. The other measure is employed based on the
continuous monitoring of no new cases in the later stage of an epi-
demic, such as no new cases reported for six months in the 2015–
2017 yellow fever outbreak in Angola and the Democratic Republic
of the Congo (WHO, 2017) and no new cases reported for seven
weeks in the 2017 cholera outbreak in South Sudan (WHO,
2018). When it comes to COVID-19, the upper bounds of the incu-
bation period, i.e., 14 days, are currently recommended for quaran-
tine length by the CDC (Centers for Disease Control and Prevention,
2021). According to UKHSA (UK Health Security Agency, 2020), if
there are no new test-confirmed cases for the shortest consecutive
28 days, the end of COVID-19 outbreak can be declared. Given that
some of the surveillance-based criteria ignored the specific trans-
mission dynamics under intervention and tended to make no
immediate adjustments with the development of the epidemic,
some more flexible mathematical models have been proposed to
adapt to the specific epidemiological focus. Depending on the
decision-maker’s ‘acceptable risk’, the days with no cases to
declare the outbreak was over would be substantially influenced
by the surveillance sensitivity (Thompson et al., 2019). Parag
et al. (2020) developed a probabilistic model based on the renewal
process of infection propagation and thus quantified the probabil-
ity of elimination at the tail of one generic disease outbreak. More-
over, the influence of the case reporting defects and migration
between regions on the confidence of the end-of-outbreak declara-
tion has been discussed. With the iteratively computed effective
reproduction number by the method adapted from information
theory, Parag and colleagues (Parag et al., 2021) design a model
framework to quantify the confidence in epidemic elimination,
where the local cases and imported cases are classified. A different
simulation-based model was proposed in (Djaafara et al., 2021) by
phasing the outbreak and projecting the incidence trajectory in the
end-of-outbreak declaration phase. The authors concluded that the
instantaneous reproduction number, the reporting rate and the ill-
ness onset day of the last case were the sensitive factors in declar-
ing the end of the outbreak. One probabilistic model established by
Nishiura (2016) and its modified versions involving reporting delay
of the epidemic curve, defining the end of an epidemic via the
cumulative distribution function of serial interval, were applied
in the epidemics of MERS in South Korea, 2015 (Nishiura et al.,
2016), Ebola in Africa in 2015–2016 (Lee and Nishiura, 2019),
and the ongoing COVID-19 in Japan (Linton et al., 2021), in Taiwan
Island (Akhmetzhanov et al., 2021). As we have emphasized, these
methods only approached some specific epidemiological issues; for
example, the authors of (Linton et al., 2021, Akhmetzhanov et al.,
2021) especially concentrated on reporting delay and underreport-
ing problems in the case reporting procedure when developing
their end-of-outbreak model.

Different from the above models, our new modeling framework
is developed to retrospectively quantify the end-of-outbreak confi-
dence of the COVID-19 outbreak in early 2020 in Wuhan by
accounting for the proportion of infective cases not covered by
intervention restrictions. Now that this outbreak has been termi-
nated, the actual ending declaration of the epidemic can help verify
the predictive ability of the model. After the COVID-19 outbreak in
Wuhan was recognized, various control measures were imple-
mented, and the lockdown of the city started on January 23,
2

2020, strictly restricting the movement of people between cities.
Within the city, extensive nonpharmaceutical interventions were
carried out, dichotomizing all the infected cases into two types:
type I cases, which were effectively isolated prior to developing
infectiousness, and type II cases, which had a chance of further
transmission due to imperfect interventions and which dominated
the transmission mode of this outbreak. Thus, all secondary infec-
tions can be regarded as being caused by type II cases. Quantitative
assessment of the ratio of the two types of cases is of critical signif-
icance for accurately understanding the transmission dynamics
because it directly reflected the NPI effectiveness in cutting off
the virus transmission between infected and susceptible people.
Different mathematical forms as a function of time have been
designed to describe the time-varying intervention effectiveness.
For example, Tang et al. (2020) assumed an exponentially increas-
ing quarantine rate of susceptible individuals with time and used it
to make a short-term risk assessment of the COVID-19 epidemic in
Hubei Province. Liu et al. (2021) studied the impact of NPIs on
COVID-19 transmission by building a fixed-effects regression rela-
tionship between NPIs intensity and the time-varying effective
reproduction number.

In this study, we formulated a linear spline model to analyze
and quantify the time-varying NPIs effectiveness, which can be
measured by the proportion of type II cases defined above among
all the reported infections. Then, we used the estimated type II case
proportion to objectively compute the end-of-outbreak confidence
with time at the end of the epidemic.
2. Materials and methods

First, we constructed a mathematical model explicitly account-
ing for the NPIs effectiveness in the transmission process of COVID-
19 in early 2020 in Wuhan. Second, based on the estimated NPIs
effectiveness with time, the end-of-outbreak probability was com-
puted since the last reported local infections.

2.1. Data source

In this study, we designed an epidemiological model to describe
the COVID-19 outbreak in early 2020 in Wuhan, and we collected
the daily number of reported cases as in S1. Table from multiple
sources: the case numbers from December 8, 2019, to January
17, 2020, are from two published articles (Li et al., 2020; Pan
et al., 2020); the case data from January 18, 2020, to March 24,
2020, are publicly available from the official website of the Health
Commission of Hubei Province at http://wjw.hubei.gov.cn/bmdt/
dtyw/ (Health Commission of Hubei Province, 2021). It is worth
noting that although the diagnosis guidelines experienced adjust-
ments, only if one individual met the diagnosis criteria at the time
of being surveyed, would he/she be counted as the infected case in
S1. Table, irrespective of whether there are symptoms or not.
Moreover, the timeline of the major nonpharmaceutical interven-
tions (NPIs) implemented during this COVID-19 outbreak was
summarized in S2. Table.

2.2. Estimate the NPIs effectiveness

We present how a statistical model is constructed to quantify
the NPIs effectiveness during the epidemic. In this exercise, the
term NPIs effectiveness exclusively refers to the effect of reducing
the proportion of the type II cases among all the infections, differ-
ing from the namesake measured by the relative reduction in the
effective reproduction number (Haug et al., 2020; Bo et al., 2021;
Liu et al., 2021), or the relative reduction of the infected cases or
deaths (Mendez-Brito et al., 2021). Since the implemented NPIs
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aim to cut off the effective contact between the susceptible indi-
viduals and the infected individuals, the proportion of the infected
cases who are restricted due to NPIs among all the infections can
be used to measure the effectiveness of NPIs. Following the
dichotomization of type I case and type II case, the greater the pro-
portion of the type II cases, the worse the NPIs effectiveness. Math-
ematically, the NPIs effectiveness is equal to one minus the
proportion of type II cases that possess the chance to cause sec-
ondary transmission. For example, if 76% of all the infections are
the type II case, the NPIs effectiveness is 24%, i.e., the proportion
of the type I cases who are completely restricted by NPIs among
all the infections.

As an emerging infectious disease, COVID-19 did not attract
public attention at the very beginning of the outbreak in Wuhan.
However, once its high transmissibility and deadly pathogenicity
were recognized, a series of strict measures were taken to slow
the spread of the disease, especially the lockdown of Wuhan City,
which was implemented on January 23, 2020, which is denoted
as T1. We regarded the period before T1 as the free-transmission
period of COVID-19 in Wuhan, i.e., all the reported cases It had
the chance to produce secondary transmission. In contrast, from
T1 on, extensive NPIs policies targeted at cutting off the contact
of susceptible individuals with individuals with suspected infec-
tion were continuously implemented until the end of the epidemic.
The last confirmed case inWuhan was reported on March 24, 2020,
which is denoted as T2. In this period from T1 to T2 (hereinafter
referred to as the transmission period under intervention), we
assume that all the secondary infections were caused by the infec-
tive people not covered by the NPIs restrictions and let the number
of these infective cases, i.e., type II cases at day t, be Iet . Considering
that the daily intensity and efficiency of the NPIs in implementa-
tion varied over time, the NPIs effectiveness can be written as a
function of time qt 0 < qt < 1ð Þ. Immediately, we assume that the
expected number of type II cases Iet is the binomial sample from
the total reported cases It with the sampling probability 1� qt .
Throughout the epidemic, the daily number of type II cases Iet is
summarized as

Iet ¼ It ; t < T

Iet � B It ; 1� qtð Þ; t P T1

(
ð1Þ

To obtain the estimation of the NPIs effectiveness qt as the func-
tion of time, we introduce the linear spline (LS) model with differ-
ent knot numbers (K ¼ 8;16;24;32;36). For the linear spline, we
assume uj is the weight of each linear function and t � jj

� �
þ is

the j-th linear function with a knot at jj, thereby giving the follow-
ing linear splines:

logit qtf g ¼ b0 þ b1 � t þ
XK

j¼1
uj � t � jj
� �

þ ð2Þ

Note that t � jj
� �

þ is zero if time t is below the j-th knot jj and
a positive value otherwise, i.e.,

t � jj
� �

þ ¼ t � jj if t � jj > 0
0 if t � jj � 0

�
: ð3Þ

The linear spline in Eqs. (2) and (3) allows for a wide variety of
shapes to be fit with the great versatility. By defining more knots or
shifting the existing knots, the linear spline can be easily modified
to better fit the data of interest. However, it is also essential to pick
the optimal number of knots to avoid under- or over-fitting the
data. More details on the linear spline are provided in (Ruppert,
2002; Griggs, 2013).

In this study, we employ the adjusted renewal Equation
(Wallinga and Lipsitch, 2007) to describe the transmission dynam-
ics of COVID-19 in Wuhan. Let f s be the probability mass function
3

(PMF) of generation time, defined as the interval between the time
when one case was infected and the time when the secondary case
was infected by him or her. Then, the expected number of all infec-
tions at day t caused by the infective type II cases before t, i.e.,
Ie1; � � � ; Iet�1, is given by

lt ¼ R0

Xt�1

s¼1

f sI
e
t�s

 !
; ð4Þ

where R0 is the basic reproduction number, which is the average
number of secondary cases generated by one infectious individual
among the susceptible population at the initial time of the epi-
demic. Therefore, if we assume that the daily number of new infec-
tions It follows the Poisson distribution with expectation lt , the
following likelihood function can be designed to obtain the maxi-
mum likelihood estimation (MLE) of the unknown parameters
H ¼ b0;b1;u1; � � � ; uKf g:

L H; Itð Þ ¼
YT2
t¼T1

e�lt � lt
It

It!
: ð5Þ

T2 here is the day of the last reported case in the epidemic,
referring to March 24, 2020, in our case. Since the estimated R0

of COVID-19 has a wide range from 1.4 to 6.49 (He et al., 2020;
Liu et al., 2020; Rahman et al., 2020; Zhao et al., 2020a,b) owing
to the diverse sample data and parameter estimation approaches,
we set the reproduction number in Eq. (4) with constants of 1.5,
2.0, 3.0, 4.0, 5.0 and 6.0 respectively. For each pre-set value of R0,
five set of estimated values of unknown parametersH are obtained
by minimizing the negative log-likelihood of L H; Itð Þ with five dif-
ferent knot numbers (K ¼ 8;16;24;32;36). And the estimation of
H corresponding to each R0 is finalized by selecting knot number
with the minimum AICc (the corrected Akaike information crite-
rion) as follows,

AICc ¼ 2k� 2ln bL� �
þ 2k2 þ 2k
n� k� 1

ð6Þ

where bL is the maximum likelihood value of L H; Itð Þ, k denotes the
number of parameters to be estimated, i.e., K þ 2 and n denotes the
sample size T2 � T1 þ 1. Thus, the role of varying reproduction num-
bers in determining the parameter estimation can be explored.

In addition, for each combination of a constant reproduction
number and the preset knot number, we resampled the estimated
parameters of the NPI effectiveness bqt 1000 times; therefore, the
95% confidence interval (95% CI) of bqt can be summarized based
on the bootstrap method.
2.3. Compute the probability of the end of an outbreak

In this section, we aim to compute the probability of giving the
end-of-outbreak declaration at the late stage of the COVID-19 out-
break in Wuhan. With each of the 1000 resampled NPIs effective-
ness bqt , the epidemic curve of infective cases Iet is recalculated
according to the following equations:

Iet ¼ It ; t < T1

Iet � Binomial It ; 1� q̂tð Þ; t P T1:

(
ð7Þ

Because the last confirmed case in Wuhan was reported on
March 24, 2020, we try to project the trajectory of new cases reap-
pearing after March 25, 2020, by taking the following iterative
steps for each estimated parameter set bqt:
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(i) From March 25, 2020, the expected number of new cases ls

on day s could be computed by using the adjusted renewal
equation based on the binomially sampled unquarantined
cases Iet (t < sÞ;

(ii) The infective type II cases Iet can be sampled binomially with
success probability 1� bqt from the reported number of daily
cases It if t is prior to March 25, 2020 (t � T2), or with the
success probability 1� bqT2 from the expected number of
new cases lt computed in step (i) if t is after March 24,
2020 (t > T2). It is worth noting that here, we assume that
the NPIs effectiveness after March 25, 2020, is invariant,
with the same value as that on March 24, 2020;

(iii) The expected case number lsþ1 and the type II case number
Iesþ1 on the next day sþ 1 can be calculated in the same way,
and the iteration was continued until April 30, 2020, which
is denoted as T3. The period from T2 to T3 is thus referred
to as the end-of-outbreak period.

In Section 2.2, we have obtained N ¼ 1000ð Þ estimations of the
NPIs effectiveness parameters bqt as the function of time from T1

to T2. In the current section, we use each of the estimated bqt to pro-
ject the trajectory of the daily cases emerging after T2 following the
day-by-day iterations (i)–(iii), then we have 1000 projected trajec-
tories of the expected cases per day from T2 to T3. Summarizing the
number of expected cases on each day at specific quantiles, i.e.,
Fig. 1. Scheme plot projecting the end-outbreak probability in the COVID-19 epidemic in
free-transmission period, the transmission period under intervention and the end-of-outb
t; Iet represents the daily number of infective cases missing the NPIs restriction, i.e., the
infections caused by infective cases prior to day t following the adjusted renewal equa
effectiveness, and 1� qt is the proportion of infective cases among all the reported cases
the time-varying qt (1 � t � T2 � T1 þ 1) are the unknown parameters we need to estim

4

0.025 quantile, 0.5 quantile and 0.975 quantile, the value range of
the expected cases with 95% confidence can be obtained instantly.

For each trajectory Xs, if the predicted daily number of new
infections is consistently less than one from some given day s,
we set d Xsð Þ ¼ 1; otherwise, d Xsð Þ ¼ 0. The probability that no addi-
tional cases are reported after day s can be defined as

Ps ¼
PN

i¼1d Xs;i
� �

N
� 100%; ð8Þ

where i ¼ 1;2; � � �N represents each trajectory. Therefore, we can
declare that the epidemic is over after day s with 95% confidence
if Ps � 95%.

In summary, the methodological scheme to complete the above
computation is shown in Fig. 1. The procedure of parameter esti-
mation is performed in the transmission period under intervention,
and we project the probability of epidemic termination in the end-
of-outbreak period.

2.4. Summarize assumptions

In summary, along with the above modeling analysis, the fol-
lowing critical assumptions are proposed:

- We only considered the reported cases published within one
city but ignored the cases exported to other places or imported
from outside;
Wuhan in early 2020. The entire epidemic period is divided into three periods: the
reak period. It is used to describe the daily number of the total reported cases at day
type II cases defined in the main text. lt represents the daily number of expected
tion, where the black dots correspond to Iet at the same time. qt denotes the NPIs
. In the free transmission period, there are no interventions, so qt is set as one, while
ate. In the end-of-outbreak period, qt is invariably set to be the same as qT2�T1þ1.
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- The probability distribution of the generation time was invari-
ant over time with a mean of 5.1 days and a standard deviation
of 5.3 days;

- We did not consider the time delay in relation to the reporting
time of cases, for example, the time delay from infection to
report and the time delay from symptom onset to report.

- During the whole study period, reinfection of the recovered
cases was excluded, and all the reported infections were caused
by human-to-human transmission.

3. Results

According to the published articles (Li et al., 2020; Pan et al.,
2020) and the official report of the Health Commission of Hubei
Province (Health Commission of Hubei Province, 2021), the earliest
confirmed cases of COVID-19 in Wuhan date back to December 8,
2019. On January 23, once the rapid spread of the infectious dis-
ease was recognized, the city was placed under lockdown. With
the implementation of various strict control interventions, the out-
break came to an end in late March 2020. The last case was sus-
pected of being infected in the hospital where the individual
worked. Even though there was one additional case confirmed in
April according to the report of the Health Commission of Hubei
Province, he was not included in this study because this case had
no direct contact with other susceptible people: the case reported
on April 1, 2020, was imported from the UK and acquired a com-
plete quarantine upon arrival at Wuhan. Thus, the epidemic curve
of the reported cases per day in Wuhan is shown as the bar plot in
Fig. 1. Note that there is an extraordinarily high number of
Fig. 2. The epidemic curve of daily reported cases of COVID-19 and the corresponding e
original data of reported cases by day during the COVID-19 epidemic in Wuhan in early 2
of which is measured by the right y-axis. When Rt is above the threshold value one re
otherwise, it is in decline. The left vertical dashed line with an arrow pointing to T1 (Janua
dashed line with an arrow pointing to T2 (March 24, 2020) is the day when the last con

5

reported cases on February 13, which is the accumulated report
of the previous cases due to case correction.

Even though the effective reproduction number Rt is not
involved in the modeling framework, for the purpose of exhibiting
time-varying transmissibility during the epidemic, Rt and its confi-
dence interval were estimated with the R package EpiEstim devel-
oped by Cori et al. (2013) as shown in Fig. 2. The estimation of Rt

prior to January 23, 2020 (T1) fluctuates around a mean size of
�3 and produces a relatively wide confidence interval caused by
the sparse number of reported cases at this stage. After T1, Rt

increased rapidly to the highest value of 4 on January 28, 2020,
and then showed a wavelike decrease but remained above one
until 3 weeks later, which accounted for the largest wave of case
growth. On around February 13, we can see a steep ascent from
an ongoing downward trend and then a subsequent slow descent,
which was definitely caused by the spike number of reported cases
on February 13. With the implementation of various interventions,
Rt continued to fall below one after February 20, 2020, and the
daily number of reported cases was reduced to less than 600 per
day, indicating the gradual control over the epidemic. The end of
the outbreak was finally declared and the lockdown was lifted on
April 8, 2020. A total of 50,008 infections and 2574 deaths were
caused in Wuhan City.

For each preset constant basic reproduction number 1.5, 2.0,
3.0, 4.0, 5.0 and 6.0, we obtained the parameter estimation for
the linear spline (LS) with different knot numbers 8, 16, 24, 32
and 36, which were used to describe the NPIs effectiveness as a
function of time and are shown in Fig. 2. The AIC (Akaike informa-
tion criterion) and AICc (corrected Akaike information criterion)
ffective reproduction number. The bar in the figure gives the epidemic curve of the
020. The black solid line is the effective reproduction number Rt over time t, the size
presented by the horizontal dot-dash line, the epidemic is in an increasing trend;
ry 23, 2020) is the day when the lockdown started inWuhan, while the right vertical
firmed case was reported.
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measuring the goodness of fit for the 60 maximum likelihood esti-
mations are summarized in S3. Table. Under the case of all six pre-
set reproduction numbers, we found that a further increase in the
number of knots K is unlikely to decrease the AICc because the AICc
at K ¼ 24 is smaller than 0.4% times the AICc at K ¼ 16. Therefore,
all further computations throughout the study are based on the
parameter estimations by setting the number of linear spline knots
to 24 following the selection criterion of knot number by Ruppert
(2002).

For the proportion of infective type II cases that were assumed
to cause all the reported infections in our study, the model with
different R0 values produces comparative estimations, as shown
in Fig. 3. The degressive maximum estimation of the proportion
of type II cases was obtained with the reproduction numbers
increasing from 1.5 to 6.0. For the R0 values of 1.5, 2.0 and 3.0, max-
imum values of 0.65, 0.60 and 0.53 are observed on 05 February
2020, 03 February 2020, and 30 January 2020, respectively, while
for the R0 values of 4.0, 5.0 and 6.0, the maximum estimation of
0.5 is on the first day of intervention implementation, i.e., T1. For
the three greater R0 values of 4.0, 5.0 and 6.0, the continuous
decline in estimation indicates that the strict NPIs measures suc-
ceeded in permitting fewer cases to produce secondary transmis-
sion throughout the population with time, and the declining
trend agrees with the decreasing transmissibility reflected by the
effective reproduction number. However, the estimation based
on the smaller R0 values of 1.5, 2.0 and 3.0 descended more slowly
after the day with the maximum estimation. For all six reproduc-
tion numbers, the proportions of type II cases decayed to the
near-zero level until the end of the transmission period under
intervention. This discrepancy suggests that the decreasing pattern
is to some extent influenced by the different assumptions about
the reproduction numbers and essentially reflects the balance
between infectious disease transmissibility and intervention inten-
sity when fitting the reported epidemic curve.
Fig. 3. Comparison of the NPIs effectiveness estimated by the linear spline (LS) with
varying reproduction numbers. The epidemic curve of daily reported cases is given
in the bar graph. The solid line and its corresponding ribbon in the same color are
the median and 95% confidence interval of the estimated NPIs effectiveness for each
preset reproduction number, 1.5, 2.0, 3.0, 4.0, 5.0 and 6.0. The linear spline model is
constructed with 24 knots. The left vertical dashed line with an arrow pointing to T1

(January 23, 2020) is the day when the lockdown started in Wuhan. The right
vertical dashed line with an arrow pointing to T2 (March 24, 2020) is the day when
the last confirmed case was reported. The size of the estimated NPIs effectiveness is
measured by the right y-axis.
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In Fig. 4, we show the projected number of expected cases over
time from March 24, 2020, when the last confirmed cases were
reported, until April 30, 2020. The median numbers of new cases
per day computed by all six reproduction numbers present a con-
tinued declining trend, and the 95% confidence intervals shrink
over time. In addition, the earliest dates when the predicted case
number goes below one, i.e., the end-of-outbreak day with 95%
confidence were reached 05 April, 02 April, 02 April, 04 April, 03
April, and 01 April, corresponding to R0 values of 1.5, 2.0, 3.0, 4.0,
5.0 and 6.0, respectively. Here, we set the daily case number calcu-
lated frommathematical models smaller than the integer one to be
zero case, i.e., indicating no infection on this day. Furthermore,
Fig. 5 explicitly illustrates the probability of end-of-outbreak dec-
laration over time during the late period of the epidemic, and the
first days when the probability is greater than 95% agree with that
in Fig. 4 just listed above. For the six preset R0 values, the end-of-
outbreak probability experienced a quick increment over time dur-
ing the beginning of April from the near-zero level to the higher
near-one level and persisted until the end of the research period.
It should be noted that the lockdown in Wuhan was lifted on April
8, 2020. When we look into the daily number at the late stage of
the outbreak, the last case was reported unexpectedly on March
24. But the estimated proportion of type II case on this day is extre-
mely small (See Fig. 3), which means the possibility of the last
reported case to cause further transmission is tiny and the influ-
ence of the only last reported case on the predicted elimination
date is also insignificant in our modeling framework. Since there
have been five continuous days without new cases before March
24, it is possible that the ending probability of the outbreak
increases rapidly to a high level after the low-risk days. In the
end, we conducted the sensitivity analysis of varying the threshold
defining no daily infection from one to smaller values of 0.7, 0.5,
0.3 and 0.1 towards the final projection of the end-of-outbreak
days in Fig. 6. Overall, varying thresholds produce the undifferen-
tiated trend of the ending probability of the outbreak over time.
While the greater threshold corresponds to the earlier end-of-
outbreak days with 95% confidence, setting a smaller threshold will
Fig. 4. Comparison of the predicted case numbers by the linear spline (LS) with
varying reproduction numbers. The dots and error bars in the same color are the
median number of predicted cases calculated under the LS method, with 24 knots
for each preset reproduction number of 1.5, 2.0, 3.0, 4.0, 5.0 and 6.0. The extended
whisker represents the 95% confidence interval. The vertical dashed line is the day
when the actual lockdown was lifted. The horizontal dotted line at case number one
gives the reference for epidemic termination.



Fig. 5. Comparison of the projected end-of-outbreak probability by the linear spline
(LS) with varying reproduction numbers. The projected probability of the end of the
outbreak over time after the last reported case is shown with different shapes of
points for the LS method with 24 knots. The five gray vertical dashed lines v1, v2,
v3, v4, v5 and v6 represent the earliest day when the probability reaches 95% for
each preset reproduction number of 1.5, 2.0, 3.0, 4.0, 5.0 and 6.0. The rightmost gray
dashed line is the day when the lockdown was actually lifted, namely, April 08,
2020. The horizontal dotted line gives the reference for the 95% probability.

Fig. 6. Comparison of the projected end-of-outbreak probability by the linear spline mod
to define no daily infection are 0.1, 0.3, 0.5 and 0.7 respectively.

B. Yuan, R. Liu and S. Tang Journal of Theoretical Biology 545 (2022) 111149

7

ensure the inherent risk of infection at a lower level and thus post-
poned the end-of-outbreak day.
4. Discussion

In this study, we performed a retrospective epidemiological
assessment of the time-varying effectiveness of the NPIs policy
implemented in the 2019–2020 epidemic of COVID-19 in Wuhan
by developing a new model to explicitly parameterize the NPIs
effectiveness as a function of time. The model was constructed
directly based on the daily number of reported cases in Wuhan
without distinguishing symptoms and is therefore applicable to
other epidemic curves, such as the epidemic curve based on illness
onset. In the model, we did not clearly distinguish the intervention
items implemented during this epidemic but exclusively attributed
the change in epidemic growth to the effect of NPIs cutting off the
contact of infected cases with the susceptible population. Even
though (Lee, 2019) has proposed the distinct transmission modes
may cause the resurgence of the Ebola virus disease (EVD), we
did not make the similar distinction of the COVID-19 transmission
mode in the current study, but separated the reported cases
according to whether the case received NPIs restrictions prior to
developing infectiousness or not. Therefore, the reported cases
were classified into two types: i) cases that could no longer cause
secondary infection due to timely and effective quarantine or iso-
lation constraints and ii) infective cases that were a potential
source of further transmission due to imperfect or missing NPIs.
The estimated results showed that the increasing patterns of NPIs
el with varying thresholds defining no daily infection. From (a) to (d), the thresholds



Fig. 7. Comparison of the projected end-of-outbreak probability by the linear spline
model with that by the method of Nishiura et al. (2016). For both models, the same
generation time distribution was used as in the main text. The other tunable
parameters used in the linear spline model included: the basic reproduction
number R0 ¼ 1:5, the number of knots being 24 and the threshold to define no daily
infections being 0.1, and Nishiura et al. (2016) included the dispersion parameter
being 0.7 which governing the variation of the individual infectiousness.
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effectiveness with time differ slightly from the reproduction num-
bers, indicating the balanced interaction between transmissibility
and intervention intensity during the epidemic.

On the other hand, based on the estimated NPIs effectiveness
parameter, we proposed an iterative method to project the
expected case number from the reported day of the last confirmed
case to the end of April, and thus, the end-of-outbreak probability
per day during this period was computed. In our results, the pro-
jected end-of-outbreak probability was surprisingly sensitive to
the calendar day at the beginning of April, featuring a leaping
increment with each day. This sensitivity highlights the necessity
of using great caution when declaring the termination of the out-
break. The varying preset reproduction number in our project
results in different timings of the end-of-outbreak declaration with
95% confidence. Intuitively, the greater transmissibility of the
pathogen, the harder to control the outbreak and thus the later
date of elimination to be expected for higher R0. However, this
intuition is not always exact. Essentially, the elimination of the
outbreak is the result of the balanced interaction between trans-
missibility of the pathogen and intervention intensity during the
epidemic. In our modeling framework, the NPIs effectiveness
parameter bqt which was closely related to the proportion of type
II cases was estimated to best fit the reported epidemic curve.
When the reproduction number R0, i.e., the metrics of epidemic
transmissibility is larger, the NPIs effectiveness should be esti-
mated greater compared with that of the less infectious epidemics
to bring the outbreak under control. With the more intensive
implementation of NPIs, it is possible to expect an earlier date of
elimination as larger R0. However, it is also noteworthy that if
the pre-set R0 is too greater than the actual value, the overestima-
tion of the NPIs effectiveness is possible, resulting in advanced pro-
jection of the epidemic elimination. Moreover, all the days of the
end-of-outbreak declaration projected using the six preset repro-
duction numbers were earlier than the day when the lockdown
was lifted. This discrepancy reflects the difference in judgment cri-
teria based on stiff epidemiological surveillance practice and flex-
ible mathematical simulation modeling transmission dynamics.
Undoubtedly, a later declaration of epidemic termination is well
advised when focusing on the high risk of epidemic recurrence,
but we must acknowledge that intense interventions are very
likely to bring about the end of the outbreak at an earlier date,
which is also a key point our model highlights.

There are two lessons to be learned from our exercise. First, we
classified reported cases into two types based on whether the case
was effectively treated. This distinguishment explicitly highlights
the fact that not every case had the chance to cause the secondary
transmission in the context of NPIs’ implementation and only the
cases missing NPIs restrictions contributed to continuing the trans-
mission of the pathogen. Comparing with making no such distinc-
tion where the end-of-outbreak confidence was projected on the
basis of all the infected cases (Nishiura et al., 2016), the distinction
here would be likely to advance the projected date of epidemic
elimination, as shown in Fig. 7. That is because the dichotomiza-
tion of infected cases has exclusively attributed the epidemic elim-
ination to the infective cases unrestricted by NPIs, rather than all
the infected cases. Second, the declaration of the end of the epi-
demic was conventionally based on two incubation periods, but
other infectious disease outbreaks, such as MERS (Nishiura et al.,
2016) and Ebola (Lee and Nishiura, 2019), have shown that this
way to define the termination of an outbreak is not always correct.
A customized scheme to correctively predict epidemic termination
should be made to take full account of the specific outbreak con-
text like the implementation of NPIs. Even though declaring the
termination of the epidemic at a later date is more reliable, it
would be beneficial to the mental health of the individual and
the social order to return to normal as early as possible by lifting
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the ban of quarantine and lockdown according to the theoretically
predicted end-of-outbreak day. Policy-makers must be radical
enough to balance the public demand for earlier removal of restric-
tions and the anti-epidemic reliability of prolonged NPIs.

The present study was not free from limitations. First, we have
to acknowledge that with the increasing understanding about the
COVID-19 and the improved epidemiological surveillance since
its emergence, the reporting process involving the issues of report-
ing delay and underreporting would not be changeless throughout
the whole epidemic period. The current study rested on reported
cases without considering the reporting delay from infection, from
illness onset or from confirmation of infection. If involving the time
delay, the practical declaration of the end of the outbreak should
have been given several days earlier than our prediction. On the
other hand, the underreporting issue, i.e., some cases not being
reported, would result in undercounting the absolute number of
the infected cases and hence postponing the predicated date of
the epidemic elimination depending on the size of underreporting
rate. Also note that if the underreporting rate is time-invariant
throughout the epidemic, it seems not to influence the estimation
of NPIs effectiveness since the following two events are epidemio-
logically independent, i.e., i) case to be reported or not and ii) case
belonging to type II or not. Quantifying the effect of the time-
varying reporting process on the projection of the end-of-
outbreak confidence is beyond the scope of this study and would
be the next topic to improve our modeling scalability. Second,
we assumed invariant distribution parameters of the generation
time over time, but Hart et al. (2022) concluded that the mean gen-
eration time would shorten greatly as the epidemic continued.
Thus, the time-varying NPIs effectiveness under our assumption
must have been underestimated, especially in the late period of
the epidemic, and the predicted end-of-outbreak day was also
delayed. The influence of varying generation time during the differ-
ent epidemic periods on the end-of-outbreak prediction is our next
research focus. Third, this epidemic transmission was complicated
by multiple infection modes, including common source infections
and propagated infections. In our models, all the reported cases
were dichotomized depending on whether one case received effec-
tive intervention, and we assumed that the secondary infections
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were exclusively produced by the infective cases, ignoring the
common source infections. Fourth, to accommodate the change
in diagnostic criteria and case definition at the beginning of the
epidemic, the original case data we used in this study were cor-
rected by the local government two times, on February 13 and
February 21, 2020. The misreported or unreported cases in the past
were accumulatively reported on the two days, but we fit them
directly instead of redistributing these cases in our model because
we believe this correction occurred at the very beginning of the
epidemic, posing little effect on the parameter estimation and
end-of-outbreak prediction in the later stage of the epidemic, and
the model we proposed features the direct use of the reported
cases as well. Fifth, the current model did not include the variation
in individual infectiousness which was closely linked to the super-
spreading events (Chen et al., 2021), though six pre-set reproduc-
tion numbers were independently simulated to project the end-
of-outbreak probability. The impact of overdispersed transmission
of SARS-CoV-2 on the probability projection needs to be considered
further.

In summary, we have proposed an objective model to dichoto-
mize all the reported cases into two types based on whether the
cases received effective intervention before evolving infectious-
ness. By estimating the time-varying NPIs effectiveness under six
different reproduction numbers, the timings of the end-of-
outbreak declaration were projected, and we acknowledged that
the timings were very sensitive to the size of the basic reproduc-
tion number. The timing discrepancy of the end-of-outbreak decla-
ration caused by epidemiological surveillance criteria and
mathematical modeling criteria highlights the potential for intense
interventions to bring about the end of the outbreak within one
incubation period after the last confirmed case. How to predict
the exact end-of-outbreak time by including the varying genera-
tion time distributions over time remains an open question,
toward which we may combine the mathematic model with the
data-driven approaches (Liu et al., 2021) in our next study.
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