INTERFACE

royalsocietypublishing.org/journal/rsif

Research )

Check for
updates

Cite this article: Bradbury NV, Hart WS,
Lovell-Read FA, Polonsky JA, Thompson RN.
2023 Exact calculation of end-of-outbreak
probabilities using contact tracing data.

J. R. Soc. Interface 20: 20230374.
https://doi.org/10.1098/rsif.2023.0374

Received: 4 July 2023
Accepted: 17 November 2023

Subject Category:
Life Sciences—Mathematics interface

Subject Areas:
biomathematics, computational biology

Keywords:

mathematical modelling, infectious disease
epidemiology, end-of-outbreak declaration,
public health measures, resurgence, local
extinction

Authors for correspondence:

W. S. Hart

e-mail: william.hart@maths.ox.ac.uk

R. N. Thompson

e-mail: robin.thompson@maths.ox.ac.uk

TContributed equally to this work.

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
.6960558.

THE ROYAL SOCIETY

PUBLISHING

Exact calculation of end-of-outbreak
probabilities using contact tracing data

N. V. Bradbury">", W. S. Hart*", F. A. Lovell-Read®, J. A. Polonsky* and
R. N. Thompson®

!Mathematics Institute, and 2Zeeman Institute for Systems Biology and Infectious Disease Epidemiology
Research (SBIDER), University of Warwick, Coventry CV4 7AL, UK

SMathematical Institute, University of Oxford, Oxford 0X2 6GG, UK

“Geneva Centre of Humanitarian Studies, University of Geneva, Geneva 1205, Switzerland

WSH, 0000-0002-2504-6860; FAL-R, 0000-0002-3039-1159; RNT, 0000-0001-8545-5212

A key challenge for public health policymakers is determining when an
infectious disease outbreak has finished. Following a period without cases,
an estimate of the probability that no further cases will occur in future
(the end-of-outbreak probability) can be used to inform whether or not to
declare an outbreak over. An existing quantitative approach (the Nishiura
method), based on a branching process transmission model, allows the
end-of-outbreak probability to be approximated from disease incidence
time series, the offspring distribution and the serial interval distribution.
Here, we show how the end-of-outbreak probability under the same trans-
mission model can be calculated exactly if data describing who-infected-
whom (the transmission tree) are also available (e.g. from contact tracing
studies). In that scenario, our novel approach (the traced transmission
method) is straightforward to use. We demonstrate this by applying the
method to data from previous outbreaks of Ebola virus disease and Nipah
virus infection. For both outbreaks, the traced transmission method would
have determined that the outbreak was over earlier than the Nishiura
method. This highlights that collection of contact tracing data and appli-
cation of the traced transmission method may allow stringent control
interventions to be relaxed quickly at the end of an outbreak, with only a
limited risk of outbreak resurgence.

1. Introduction

Infectious disease outbreaks require coordinated public health responses that
limit the impacts of disease while avoiding unnecessary interventions. After
an outbreak is brought under control, an important consideration is when the
outbreak can be declared over safely. An end-of-outbreak declaration allows
public health measures to be relaxed, but such a declaration must only be
made when there is a low risk of a resurgence in cases [1,2]. World Health
Organization (WHO) guidance for diseases such as Ebola virus disease
(EVD) recommends that the acute phase of an outbreak is declared over
when no new cases have been detected over a time period that is equal to
twice the theoretical maximum incubation period following the recovery or
burial of the last reported case (42 days for EVD [3]).

Simple rules for determining when to declare an outbreak over, based on
fixed time periods without new cases, are straightforward to apply. However,
the risk of a resurgence in cases in fact depends on specific features of the par-
ticular outbreak under consideration. Previous analyses have found that this
risk depends on factors including the reproduction number, the extent of case
under-reporting, and the time between symptom onset and removal of the
last detected case [4,5]. This indicates that there is a need for quantitative
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approaches that can be applied to guide decisions about
when to declare an outbreak over, accounting for features
of the outbreak under consideration.

There has been recent interest in using mathematical
modelling to estimate the probability that no cases of disease
will occur in future (the end-of-outbreak probability), based on
the observed outbreak data up to the current date [1,2].
If the end-of-outbreak probability can be estimated in
real-time during an outbreak, then this quantity facilitates
evidence-based removal of public health interventions. For
example, an outbreak could be declared over as soon as the
estimated end-of-outbreak probability exceeds a pre-specified
threshold that is set based on the policymaker’s risk tolerance
level [1]. Several methods exist for estimating the end-of-out-
break probability [1,4-14]. The most commonly used
approach [6-9], and therefore the basis from which we
begin our research here, was introduced by Nishiura et al.
[6] (the Nishiura method) and is based on a branching process
transmission model. The Nishiura method has the advantage
of enabling the end-of-outbreak probability to be approxi-
mated straightforwardly using three inputs (figure 1): (1)
disease incidence time series (the number of cases recorded
on each day of the outbreak up to the current time); (2) the
serial interval distribution (the probability distribution
describing the number of days between the symptom onset
dates of an infector-infectee transmission pair); and (3) the
offspring distribution (the probability distribution character-
izing the number of secondary cases generated by an
infected host).

However, even if these inputs are known exactly, and
transmission does indeed occur according to a branching pro-
cess, the Nishiura method only provides an approximation of
the end-of-outbreak probability (see Methods). Here, we pro-
vide a new approach (the traced transmission method) for
calculating the end-of-outbreak probability exactly under
the branching process transmission model used by Nishiura
et al. [6] (figure 1), which can be applied in scenarios in
which information is available about who-infected-whom.
Specifically, our approach uses the outbreak transmission
tree, which can be obtained or estimated via contact tracing
[7,15], in combination with the inputs to the Nishiura
method. We consider two case studies of outbreaks of viral,
zoonotic diseases: an EVD outbreak in Likati Health Zone,
Democratic Republic of the Congo (DRC) in 2017 [16] and
an outbreak of Nipah virus infection (NiVI) in Bangladesh
in 2004 [17]. For each outbreak, we compare estimates of
the end-of-outbreak probability obtained using the Nishiura
method with analogous estimates using the traced trans-
mission method. We demonstrate that our exact approach,
with contact tracing data incorporated, leads to different
estimates than the Nishiura method while remaining straight-
forward to apply. To encourage uptake of the novel traced
transmission method to inform when outbreaks of a range
of directly transmitted pathogens can be declared over, we
also implement it in an online software application, available
at https:/ /nabury.github.io/end-of-outbreak.html.

2. Methods
2.1. Notation

Here, we define the notation used throughout this section and
the remainder of this article:

— p(y) is the probability mass function of the offspring distri-
bution (in other words, the probability that an infected
individual infects y other people). In each outbreak case
study, we assumed a negative binomial offspring distribution
with mean R (the reproduction number) and dispersion par-
ameter k, so that p(y) = ([ + )/ T K))p)(1 — po)t, for
y=0, 1, 2,..., where py=R/(R+k) and T'(z) is the gamma
function. The choice of a negative binomial offspring distri-
bution enables superspreading to be accounted for [18].
Specific parameter values used for the two case studies
are given below.

— w(x) is the probability mass function of the (discrete) serial
interval distribution (i.e. the probability that the interval
between the symptom onset dates of an infector-infectee
transmission pair is x days, where we assumed that only
non-negative serial intervals can occur and w(0) is small so
that it is unlikely that more than one generation of trans-
mission arises within a single day). The corresponding
cumulative distribution function is denoted by F(x).

— tis the current time, at which we want to estimate the end-of-
outbreak probability (the probability that no cases occur after
day ).

— The cases recorded up to and including the current time, f,
are labelled with integer IDsi=1, 2, ..., m (ordered by symp-
tom onset date). The corresponding symptom onset dates are
denoted by ty, ty, ..., ty,.

— a; is the number of cases who were infected by individual i
recorded up to (and including) the current time, t.

2.2. The end-of-outbreak probability

Below, we describe the Nishiura method and the traced trans-
mission method for estimating the end-of-outbreak probability.
Both methods are based on a branching process transmission
model in which each infected host generates a number of cases
that is sampled from the offspring distribution (input 3 in
figure 1). These secondary cases then arise in the disease inci-
dence time series after time periods (following the infector’s
symptom onset date) that are sampled independently from the
serial interval distribution (input 2 in figure 1). However,
whereas the existing Nishiura method only approximates the
end-of-outbreak probability under this transmission model (as
explained below), the novel traced transmission method enables
the end-of-outbreak probability to be calculated exactly
whenever the outbreak transmission tree is known.

2.2.1. Nishiura method

Using the notation described in the previous subsection, in the
Nishiura method [6] each case to date, i, is considered in turn.
The offspring and serial interval distributions are used to calculate
the probability, g;, that all secondary cases generated by individual i
develop symptoms no later than the current time, f, assuming noth-
ing is known about the actual number (or symptom onset dates)
of secondary cases already generated by individual i (up to
time f). Specifically, g; = 3"y p()F(t — 1})". The end-of-outbreak
probability can then be approximated by

Prob(outbreak over on day 1) =~ [T1; g: = [T, 20,0 pF(t — £:)".

If the offspring distribution is a negative binomial distribution, then
this formula can be simplified to give

Prob(outbreak over on day ) ~ Hl";l ((1 = po)/(1 — poF(t — ti)))k,

as shown in the electronic supplementary material.

However, this is only an approximation of the end-of-outbreak
probability under the assumed branching process transmission
model, because the remaining case data are not accounted for
when calculating g; (the probability that previous case i generates
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Figure 1. Schematic showing the inputs required for the Nishiura method and the traced transmission method for estimating the end-of-outbreak probability, and
the type of output produced. Both methods require disease incidence time series (input 1), the serial interval distribution (input 2; values on the y-axis represent the
probability that the number of days between the symptom onset dates of an infector—infectee transmission pair is the value shown on the x-axis) and the offspring
distribution (input 3; values on the y-axis represent the probability that an infector generates the number of secondary cases shown on the x-axis). The traced
transmission method also requires the outbreak transmission tree (input 4; here, and in subsequent transmission tree figures, dates are in DD/MM format). Blue
arrows therefore indicate the inputs required for both methods, and the orange arrow indicates the additional input required for the traced transmission method. The
output of both methods is an estimate of the end-of-outbreak probability on a particular day (i.e. the probability that no further cases occur in future, based on the

outbreak data observed up to and including that day).

no future secondary cases). Even if the transmission tree is not
known, the symptom onset dates of other recorded cases still pro-
vide some information about how many secondary cases may
have been generated by each case i; this information is not used
in the Nishiura method. In other words, the risk that a past case

generates future cases is calculated independently of the actual
number of cases that the individual has already generated. In
the branching process transmission model on which the Nishiura
method is based, with a negative binomial offspring distribution
the probability of a past case generating future cases increases
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with the number of cases generated to date—this reflects, for
example, that a more infectious individual is likely to have gener-
ated more secondary cases to date (and is also more likely to
generate future cases) than a less infectious individual who devel-
oped symptoms on the same date [18]. Therefore, the Nishiura
method only approximates the end-of-outbreak probability,
irrespective of whether or not the transmission tree is known.

2.2.2. Traced transmission method
In contrast to the Nishiura method, which provides an approxi-
mation of the end-of-outbreak probability, the traced
transmission method allows the end-of-outbreak probability
under the assumed branching process transmission model to
be calculated exactly if the transmission tree up to the current
time, t, is known. Specifically, the traced transmission method
requires the number of secondary cases, a; generated to date
by each existing case, i, to have been recorded.

Under the traced transmission method, the end-of-outbreak
probability is

Prob(outbreak over on day )

_ HWI p(ﬂi)
i=1

o (") A = Ft = t)pla; + 1)

This expression is derived in the electronic supplementary material,
and arises through exact calculation of the probability that each
case, i, in turn does not generate any cases after the current
time, f. Again, if the offspring distribution is a negative binomial
distribution, then this formula can be simplified, here giving

Prob(outbreak over on day #) = [/, (1 — po(1 — F(t — t))* ™.

We note that in this formula (and in the more general formula above
for the traced transmission method), the probability that each case i
generates no future secondary cases (i.e. the ith term of the product)
depends on the number of secondary cases generated by that indi-
vidual up to and including the current time, ¢ (i.e. a;), but not on the
precise times at which those secondary cases occurred.

2.3. Outbreak case studies
2.3.1. Case study 1: Ebola virus disease, Likati, Democratic
Republic of the Congo

The first case study we considered is an EVD outbreak that
occurred in the Likati Health Zone of DRC in 2017 [16]. Eight
EVD cases were reported between 27 March and 11 May 2017,
and symptom onset dates were recorded; five cases were con-
firmed and the remaining three were probable. Four of the
infected individuals died [16]. The transmission tree was con-
structed using contact tracing and the symptom onset date of
each case [16] (figure 2a).

The EVD offspring distribution was modelled as a negative
binomial distribution with reproduction number R =0.95 and dis-
persion parameter k=0.18 [19] (figure 2b). While this R value is
lower than some other estimates for EVD, it is consistent with
the fact that sustained transmission did not occur in this outbreak,
potentially due to intensive surveillance and public health
measures. The sensitivity of our results to the assumed values of
R and k is considered later. We assumed a gamma-distributed con-
tinuous serial interval distribution (the distribution of time periods
between the precise symptom onset times in infector-infectee
transmission pairs) with mean 15.3 days and standard deviation
9.3 days [20], and discretized this distribution using the method
described by Cori et al. [21] (for details, see web appendix 11 in
the Supplementary Data section of that article), generating the
discrete probability distribution shown in figure 2c.

End-of-outbreak probabilities were estimated each day n

(based on the data up to and including that day) from the symp-
tom onset date of the first reported case until 100 days after the
symptom onset date of the last reported case (total duration 146
days), using both the Nishiura method and the traced
transmission method. Since the estimated end-of-outbreak
probability is close to one for a long duration at the end of this
time period, results are plotted up to 64 days after the symptom
onset date of the last reported case (total duration 110 days).

2.3.2. Case study 2: Nipah virus infection, Bangladesh

The second case study we considered is an outbreak of NiVI in the
Faridpur district of Bangladesh between 19 February and 16 April
2004 [17]. Using laboratory testing and contact tracing, 36 cases
were identified of which 23 were laboratory confirmed and 27
died [17]. The number of daily cases (by symptom onset date)
peaked at nine on 1 April 2004 [17]. The probable transmission
tree is shown in figure 3a [17]. Two individuals (IDs i=10 and
i=30) were not traced to any other cases [17], and were therefore
considered as imported cases in our analyses (i.e. we assumed that
they were not infected by any other case in the dataset). The indi-
vidual with ID i = 6 was a local religious leader and was identified
as the infector of 22 of the other cases in this outbreak [17].

The offspring distribution for this outbreak was modelled
using a negative binomial distribution with reproduction number
R =0.2 and dispersion parameter k = 0.06 [22] (figure 3b), reflecting
the fact that a high proportion of cases generated no secondary
cases but superspreading may occur (as observed in this outbreak,
as described above). The low value of R is consistent with the
limited human-to-human transmission observed in previous
NiVI outbreaks, although this virus remains of substantial public
health concern. Limited previous information about the serial
interval for NiVI exists, so we fitted a probability distribution to
the recorded serial intervals in the 2004 Bangladesh outbreak data-
set (figure 3c; details are given in the electronic supplementary
material). End-of-outbreak probabilities were calculated daily
from the date of the first case until 76 days after the last case
(total duration 134 days). Since the estimated end-of-outbreak
probability was close to one for a long duration at the end of
this time period, results are plotted up to 52 days after the symp-
tom onset date of the last reported case (total duration 110 days).

In both case studies, we assumed that cases were reported on
their symptom onset dates, thereby neglecting reporting delays
when estimating the end-of-outbreak probability. The symptom
onset dates of reported cases are referred to as ‘case dates’ in
the remainder of this article.

3. Results

3.1. Real-time estimation of the end-of-outbreak
probability

We first used both the Nishiura method and the novel traced
transmission method to obtain end-of-outbreak probability
estimates for the 2017 Likati EVD outbreak (figure 2d). For
both methods, the estimated end-of-outbreak probability
increased over successive days without cases and decreased
when new cases occurred.

While the general temporal trends were similar under both
approaches, the extent of temporal variations in end-of-
outbreak probability estimates was generally more pro-
nounced for the traced transmission method. For example,
on 17 April 2017 there had only been one reported case of
EVD, with case date 21 days previously. The end-of-outbreak
probability was estimated to be 0.87 using the Nishiura
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Figure 2. Real-time estimation of the end-of-outhreak probability for the 2017 Likati EVD outbreak. (a) Transmission tree for the 2017 EVD outbreak in the Likati
Health Zone of DRC [16]. (b) Offspring distribution assumed for EVD (negative binomial with reproduction number, R = 0.95 and dispersion parameter, k =0.18
[19]1). () Serial interval distribution assumed for EVD. The continuous serial interval was assumed to be gamma-distributed with mean 15.3 days and standard
deviation 9.3 days [20]. This distribution was then discretized using the method from [21]. (d) Estimated daily end-of-outbreak probabilities. Reported cases are
represented by the green bars, with the left y-axis showing the daily number of cases. The line plots represent the estimated probability that the outbreak is over for
each day of the outhreak for both the Nishiura method (blue) and the traced transmission method (orange). These probabilities are displayed on the right y-axis.

method, compared with a higher value of 0.96 using the traced
transmission method. On 2 May 2017, following six further
cases, the estimated end-of-outbreak probability reached its
lowest value for both approaches: 0.17 for the Nishiura
method, and a lower value of 0.004 for the traced transmission
method. Similarly, the estimated end-of-outbreak probability
increased more rapidly following the final case date for the
traced transmission method than for the Nishiura method,
with the probability first exceeding 0.99 on 22 and 28 June
2017 using the two methods, respectively.

We then applied the two methods for estimating the end-of-
outbreak probability to the data from the 2004 outbreak of NiVI
in Bangladesh (figure 3d). Again, following new cases, the esti-
mated end-of-outbreak probability usually fell lower for the
traced transmission method than for the Nishiura method—
for example, on 1 April 2004 (When there were nine new symp-
tomatic cases, the highest daily number during the outbreak),
the end-of-outbreak probability was 0.0001 for the traced
transmission method and 0.17 for the Nishiura method. The
estimated end-of-outbreak probability also increased more
rapidly following the final recorded case for the traced
transmission method than for the Nishiura method.

3.2. End-of-outbreak declaration thresholds

In principle, an outbreak could be considered over whenever
the estimated end-of-outbreak probability exceeds a pre-

determined threshold. This threshold can be set according
to the policymaker’s willingness to accept a risk of future
cases occurring (a lower threshold corresponds to a faster
end-of-outbreak declaration, but with a higher risk that
future cases occur). In figure 4, we present plots showing
the dates on which the 2017 Likati EVD outbreak would
have been considered over for a range of end-of-outbreak
probability threshold values. Results are shown for both the
traced transmission method and the Nishiura method. Equiv-
alent results for the 2004 outbreak of NiVI in Bangladesh are
shown in the electronic supplementary material, figure S1.

For each threshold considered, the two outbreaks would
have been declared over earlier following the final case date
using the traced transmission method than using the Nishiura
method. Both methods suggested the EVD outbreak could
potentially have been declared over earlier than the actual
end-of-outbreak declaration date of 2 July 2017 [23] (42 days
after the final case recovered, indicated as a green horizontal
dash-dotted line in figure 4)—the estimated end-of-outbreak
probability on 2 July 2017 was 0998 for the traced
transmission method and 0.995 for the Nishiura method.

We note that, if the traced transmission method was used
with an end-of-outbreak probability threshold of 0.96 or
below, or the Nishiura method was used with an end-of-
outbreak probability threshold of 0.87 or below, then the out-
break would have been considered over early in the outbreak,
in April 2017, after only one case had occurred. A similar
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Figure 3. Real-time estimation of the end-of-outbreak probability for the 2004 NiVI outbreak in Bangladesh. (a) Transmission tree for the 2004 outbreak of NiVI in
Bangladesh. (b) Offspring distribution assumed for NiVI (negative binomial with reproduction number, R = 0.2 and dispersion parameter, k = 0.06 [22]). (c) Fitted
serial interval distribution for NiVI (see the electronic supplementary material). (d) Estimated daily end-of-outbreak probabilities. Reported cases are represented by
the green bars, with the left y-axis showing the daily number of cases. The line plots represent the estimated probability that the outbreak is over for each day of
the outbreak for both the Nishiura method (blue) and the traced transmission method (orange). These probabilities are displayed on the right y-axis.

phenomenon was seen when the Nishiura method and the
traced transmission method were applied to data from the
2004 NiVI outbreak (electronic supplementary material,
figure S1). The occurrence of further cases when the two
methods suggested this to be unlikely under the assumed
transmission model is discussed below (see Discussion).

3.3. Sensitivity of findings to the offspring distribution
Estimates of the reproduction number, R (representing overall
transmissibility), and dispersion parameter, k, vary between
outbreaks, even of the same infectious disease [18,24]. For
example, the offspring distribution may differ due to different
strains of a virus or behavioural characteristics of the affected
population. Furthermore, the precise values of R and k under-
lying the outbreaks that we studied here are highly uncertain,
particularly given that these were small outbreaks with rela-
tively few cases. We therefore investigated the effect of the
assumed values of R and k on estimates of the end-of-outbreak
probability using the Nishiura method and the traced
transmission method, for the EVD and NiVI case studies
(electronic supplementary material, figures S2 and S3).

For both outbreaks, the assumed value of k (i.e. the extent
of superspreading) had a pronounced effect on the difference
between the end-of-outbreak probability estimates under the
Nishiura and traced transmission methods. Lower values
of the dispersion parameter, k, correspond to more

overdispersion in the offspring distribution (a higher chance
of superspreading) and higher values of k correspond to
less overdispersion (a lower chance of superspreading). In
general, the difference in the outputs from the Nishiura and
traced transmission methods was greater for lower values
of k (electronic supplementary material, figures S2 and S3).
The difference between estimates under the two methods
also varied according to the value of R.

4. Discussion

Quantitative approaches for estimating the probability that an
infectious disease outbreak has ended can help policy advi-
sors determine when outbreaks should be declared over
[1,2]. Accurate estimation of the end-of-outbreak probability
enables resource-intensive surveillance and control measures
to be relaxed or removed as quickly as possible while limiting
the risk of additional cases occurring. Here, we have devel-
oped a new approach (the traced transmission method) for
estimating the end-of-outbreak probability in scenarios
in which contact tracing enables reconstruction of the out-
break transmission tree (up to the current date). Our
method uses the same branching process transmission
model as an existing approximate approach for estimating
the end-of-outbreak probability [6] (the Nishiura method),
but unlike the Nishiura method, the traced transmission
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method gives the exact end-of-outbreak probability under
this transmission model.

While we used the Nishiura method as the basis for our
research, given its previous use to calculate end-of-outbreak
probabilities during outbreaks of a range of diseases (includ-
ing Middle East respiratory syndrome (MERS), EVD and
COVID-19 [6-9]), we note that other methods for estimating
the end-of-outbreak probability exist [4,5,10-14,25]. These
methods have accounted for factors such as unreported
cases [4,5,11] and temporal variations in the reproduction
number [4,11]. While such methods can be complex, some-
times requiring large numbers of simulations of stochastic
epidemiological models to be run [4,5,25], a benefit of the
Nishiura method is its straightforward application. The
traced transmission method is similarly easy-to-use, allowing
the end-of-outbreak probability to be estimated using a
simple formula. We have developed an interactive, web-
based software application to facilitate future use of our
approach (available at https://nabury.github.io/end-of-
outbreak.html).

To demonstrate our method, we considered outbreaks of
EVD and NiVI as case studies. Both of the causative viruses
are zoonotic pathogens that cause sporadic outbreaks in
humans, with high case fatality rates of 25-90% [26] and
40-75%, respectively [27]. Outbreaks are typically met with
stringent control measures aiming to break chains of human-
to-human transmission as rapidly as possible [26,27]. The
question of when an outbreak can be declared over so that
costly interventions can be safely relaxed or removed is there-
fore particularly pertinent to these viruses. Furthermore, as
was the case for the two specific outbreaks we considered,

intensive contact tracing provides an opportunity to
reconstruct outbreak transmission trees.

We found that estimates of the end-of-outbreak prob-
ability can vary substantially between our novel traced
transmission method and the existing Nishiura method
(figures 2d and 3d). Specifically, estimates of the end-of-
outbreak probability obtained using the traced transmission
method exhibited larger temporal variations than using the
Nishiura method, with the probability typically reaching
lower values following new cases but then increasing more
rapidly over successive days without any cases. The traced
transmission approach therefore indicated that the two case
study outbreaks could have been declared over earlier than
suggested by the Nishiura method. The difference in outputs
from the methods generally increased when assuming a smal-
ler value of the dispersion parameter, k, corresponding to a
greater degree of superspreading (electronic supplementary
material, figures S2 and S3).

The difference in end-of-outbreak probability estimates
between the two methods may be partially attributable to
the fact that the traced transmission method leverages more
data than the Nishiura method. However, this is unlikely to
explain the trends described in the previous paragraph
fully. As described in Methods, in the transmission model
underlying both approaches, an individual who has already
generated more secondary cases (who may be more infec-
tious or may have more contacts with susceptible
individuals) is more likely to generate future cases (either
through future transmissions or past transmissions to indi-
viduals yet to develop symptoms), compared with a
different individual with the same case date who has
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generated fewer secondary cases to date. This effect, which is
enhanced for a more overdispersed offspring distribution (i.e.
a lower value of k, corresponding to more variation between
infected individuals in the number of secondary cases gener-
ated), is captured by the traced transmission method for
calculating the end-of-outbreak probability. On the other
hand, the Nishiura method neglects information provided
by the case data about how many secondary infections each
case to date may have already generated. Even when the
transmission tree is not known, some information is available
about possible numbers of secondary cases generated by each
case to date through the disease incidence time series, and
this information is not used in the Nishiura method.

Both methods considered here for estimating the end-of-
outbreak probability suggest a high probability that the
Likati EVD outbreak had ended by the actual date on which
the outbreak was declared over (based on current WHO guid-
ance that recommends waiting for 42 days following the
recovery or safe burial of the last recorded case). In compari-
son, one previous investigation recommended that the
current 42-day waiting time guideline needed to be extended
to ensure a high probability of an EVD outbreak being over
at the time of an end-of-outbreak declaration [4], while another
study found the appropriate waiting time to depend on the
level of surveillance [5]. This second finding is consistent
with our result here that a shorter waiting time before declar-
ing the Likati EVD outbreak over may have been sulfficient,
since intensive contact tracing was undertaken.

For both case studies considered, our traced transmission
method gives a high end-of-outbreak probability estimate
immediately before the second case occurred (0.96 for the
Likati EVD outbreak and 0.98 for the Bangladesh NiVI out-
break), and a similar phenomenon can be seen using the
Nishiura method. While the subsequent occurrences of further
cases may have indeed been realizations of unlikely events,
other explanations for this finding are possible. For example,
the assumed offspring and serial interval distributions may
not have been correct for the specific outbreaks considered—
a higher value of the dispersion parameter and reproduction
number would lead to lower end-of-outbreak probability
estimates on the corresponding days (see the electronic
supplementary material, figures S2 and S3).

It should also be noted that the methods presented here
did not account for the possibility that some cases are not
recorded [28,29]. This is particularly likely early in an out-
break when intensive surveillance may not yet be in place,
or for outbreaks due to pathogens for which asymptomatic
transmission is common [30,31]. Extension of the traced
transmission method to account for unreported cases and
reporting delays, considering the sensitivity of the surveil-
lance system and the time required to put enhanced
surveillance in place, is a target for future exploration. This
is particularly important as outbreaks of diseases such as
EVD tend to emerge in locations with limited surveillance.
In addition, other possible areas for future work include
accounting for uncertainty and/or temporal changes in the
offspring and serial interval distributions.

In some scenarios, the outbreak transmission tree may be
unknown and it may not be possible to estimate it precisely
from available data. For example, in the acute phase of a
large outbreak when case numbers are high, contact tracing

can be challenging as there may be many potential infectors
for each case. Even for large outbreaks, however, the traced
transmission method may still be useful to inform end-of-out-
break declarations. One possibility is to apply this method to
the final clusters of cases at the tail end of the outbreak, when
case numbers are low and the transmission trees for the clus-
ters under consideration can be recorded. Another option that
may be useful when the transmission tree is unknown, which
is a focus of our ongoing work, is to use Bayesian inference to
estimate the transmission tree. The estimated transmission
tree accounting for uncertainty could then be used as an
input to the traced transmission method to infer the end-of-
outbreak probability.

In general, careful consideration should be given to the
choice of probability threshold for an end-of-outbreak
declaration, ensuring an appropriate balance between the
risk of an incorrect declaration and the economic and social
costs of maintaining stringent outbreak controls for longer
than necessary. One possibility is to take a stepped approach
in which an initial end-of-outbreak declaration is made but
surveillance measures are not removed completely until the
estimated end-of-outbreak probability reaches a second,
higher, threshold. Current policy for EVD requires heightened
surveillance to be maintained for at least six months following
an initial end-of-outbreak declaration [3].

In summary, we have developed a new approach for
calculating the end-of-outbreak probability that accounts for
recorded transmission data rigorously. Application of our
method indicates that two past outbreaks could have been
declared over earlier than suggested by an existing approxi-
mate method. We hope that results from our approach are
useful, in combination with a range of sources of evidence,
for informing end-of-outbreak declarations at the tail ends
of future infectious disease outbreaks.
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