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Background: Since July 2019, Pakistan and Afghanistan have been facing an outbreak of serotype-2 circu-
lating vaccine derived poliovirus (cVDPV2) in addition to continued transmission of serotype-1 wild
poliovirus (WPV1) and SARS-CoV-2 in 2020. Understanding the risks of cVDPV2 transmission due to
pause of global vaccination efforts and the impact of potential vaccination response strategies in the cur-
rent context of COVID-19 mitigation measures is critical.
Methods: We developed a stochastic, geographically structured mathematical model of cVDPV2 trans-
mission which captures both mucosal and humoral immunity separately and allows for reversion of
serotype-2 oral polio vaccine (OPV2) virus to cVDPV2 following vaccine administration. The model
includes geographic heterogeneities in vaccination coverage, population immunity and population move-
ment. The model was fitted to historic cVDPV2 cases in Pakistan and Afghanistan between January 2010-
April 2016 and July 2019-March 2020 using iterated particle filtering. The model was used to simulate
spread of cVDPV2 infection from July 2019 to explore impact of various proposed vaccination responses
on stopping transmission and risk of spread of reverted Sabin-2 under varying assumptions of impacts
from COVID-19 lockdown measures on movement patterns as well as declines in vaccination coverage.
Results: Simulated monthly incidence of cVDPV2 from the best-fit model demonstrated general spatio-
temporal alignment with observed cVDPV2 cases. The model predicted substantial spread of cVDPV2
infection, with widespread transmission through 2020 in the absence of any vaccination activities.
Vaccination responses were predicted to substantially reduce transmission and case burden, with a
greater impact from earlier responses and those with larger geographic scope. While the greatest risk
of seeding reverted Sabin-2 was predicted in areas targeted with OPV2, subsequent spread was greatest
in areas with no or delayed response. The proposed vaccination strategy demonstrated ability to stop the
cVDPV2 outbreak (with low risk of reverted Sabin-2 spread) by February 2021.
Conclusion: Outbreak response vaccination campaigns against cVDPV2 will be challenging throughout
the COVID-19 pandemic but must be implemented urgently when feasible to stop transmission of
cVDPV2.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

The COVID-19 pandemic is causing not only devastating conse-
quences on the health and livelihoods of populations but having
substantial negative impacts on global health programmes, includ-
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ing poliovirus eradication. In recent years, the Global Polio Eradica-
tion Initiative (GPEI) has been facing significant challenges in inter-
rupting continued transmission of serotype-1 wild poliovirus
(WPV1) in the only remaining WPV1- endemic countries, Pakistan
and Afghanistan and emerging multi-country outbreaks of circu-
lating serotype-2 vaccine-derived poliovirus (cVDPV2). In 2019,
173 WPV1 cases were reported in Pakistan and Afghanistan (com-
pared to 33 in 2018). In the same year, 366 cVDPV2 cases were
reported globally (compared to 71 in 2018), putting the trajectory
of polio eradication off course. The cVDPV2 outbreak in Pakistan
and Afghanistan that began in July 2019 has resulted in 103 cases
(as of 04 Aug 2020). These challenges have been exacerbated by
the global pause in vaccination activities due to the COVID-19 pan-
demic [1].

While eradication of all WPV1 cases remains critical, stopping
outbreaks of cVDPV2 is becoming an increasing priority.
Serotype-2 oral poliovirus vaccine (OPV) (OPV2) was globally with-
drawn from use in April 2016 (switch from trivalent OPV [tOPV] to
bivalent OPV (containing types 1 and 3)). Since May 2016, there
have been 47 distinct cVDPV2 outbreaks in 23 countries, resulting
in 766 cVDPV2 cases [2] (as of 04 Aug 2020); the majority (�88%)
of which have most likely been seeded from monovalent OPV2
(mOPV2) use as part of outbreak response [3]. In 2019 alone, 357
cVDPV2 cases were reported from 16 countries (compared to only
17 cVDPV2 cases from 4 countries during May 2016-April 2017).
This substantial increase in cVDPV2 case burden and transmission
reflects the accumulation of susceptible birth cohorts with increas-
ing time since OPV2 withdrawal. Although the trivalent Inactivated
Poliovirus Vaccine (IPV) was introduced globally into routine
immunization (RI) in 2015, which results in humoral immunity
and individual protection from paralysis, IPV does not directly
induce mucosal protection required to stop person-to-person
transmission. In addition, RI coverage (including for both OPV
and IPV) is insufficient in most countries currently reporting
cVDPV2 outbreaks, and low IPV immunity is a prominent risk fac-
tor for high cVDPV2 case burden [4]. These challenges have been
compounded by the low case to infection ratio of cVDPV2 and
incomplete surveillance in many high-risk countries resulting in
extensive silent transmission.

In order to stop cVDPV2 outbreaks, vaccination responses with
OPV2 (most commonly through Sabin mOPV2 but increasingly
through trivalent OPV, particularly in Pakistan and Afghanistan)
are currently required; however, the inherent risk of its use in
seeding more cVDPV2 necessitates strategic and appropriate vacci-
nation response strategies [5]. The spatial scale of response must
be sufficient to stop cVDPV2 transmission but no larger given the
risk of OPV2 reverting to virulence and spreading vaccine-
derived virus. Despite the importance of strategic OPV2 use, the
quality of many OPV2 responses has been low and a great deal of
uncertainty around mitigating risk of cVDPV2 remains. The com-
plexity of responding to cVDPV2 outbreaks in 2020 has been exac-
erbated by the COVID-19 pandemic [6–8] (which led to a 4-month
ban on all vaccination campaigns between Mar-Jul 2020, despite
ongoing outbreaks [9]). In this current context, opportunities to
vaccinate in a large-scale are limited, given i) national imposed
lockdowns, ii) the risk to vaccinators traveling house to house,
iii) re-focused polio resources to support in-country COVID-19
strategies and iv) potential declines in polio routine surveillance
(partly due to decreased mobilisation of polio staff in the commu-
nities for active case search and campaigns, and competing
demands of lab capacity for SARS-CoV-2 testing). Therefore, appro-
priate and strategic vaccination response plans against cVDVP2 are
particularly important.

In addition to endemic transmission of WPV1, Pakistan and
Afghanistan are currently facing a cVDPV2 outbreak (since July
2019, likely seeded from inadvertent trivalent OPV use [3]). This
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coupled with an increasingly complex challenge of SARS-CoV-2
transmission is posing a major threat to these two countries. Given
the need to ensure appropriate vaccination response against
cVDPV2 (while keeping in mind competing challenges, including
substantial areas remaining inaccessible to vaccinating children
in Afghanistan [10]), we have developed and fitted a stochastic
spatially-structured metapopulation mathematical model of
cVDPV2 transmission in Pakistan and Afghanistan to explore
cVDPV2 risk and outbreak response strategies. We have validated
the model to all historic cVDPV2 daily incidence data reported
since 2010, and calibrated it to the recent outbreak originating in
Diamir, Pakistan in July 2019 (up to 29 February 2020). This work
was performed in June 2020 to inform the outbreak response strat-
egy following the end of the suspension of vaccination activities
due to the COVID-19 pandemic. The model captures geographic
heterogeneity in serotype 2 population immunity and population
movement patterns [11,12]. Moreover, the model allows for
OPV2 to revert to cVDPV2 following vaccine administration and
tracks reverted Sabin-2 transmission separately from the initial
cVDPV2 outbreak. Mucosal and humoral immunity are modelled
separately, capturing the differential impact of oral versus inacti-
vated vaccines, respectively. In this work, we consider varying
assumptions of impacts from COVID-19 lockdown measures on
movement patterns as well as declines in RI coverage and explore
the impact of various response strategies on stopping cVDPV2
transmission between June 2020 and February 2021. Finally, we
provide the response adopted by the country programmes that
were informed by this modelling work.
2. Methods

2.1. Serotype-2 circulating vaccine-derived poliovirus (cVDPV2) data

All poliomyelitis cases are confirmed through isolation and
sequencing of poliovirus from stool collected from notified cases
of all-cause Acute Flaccid Paralysis (AFP) – described as sudden
onset of flaccid paralysis in one or more limbs. AFP is not specific
to poliovirus infection and is characteristic of many aetiologies,
including Guillain-Barre syndrome, trauma and non-polio entero-
virus infections [3]. Stool samples are collected from AFP cases
and tested for poliovirus [13] (negative stool samples are referred
to as non-polio AFP). Here, reported cVDPV2 poliomyelitis cases
with clinical onset between 1 January 2010 and 1 March 2020
(as of 23 April 2020). No cVDPV2 cases were reported in Pakistan
or Afghanistan prior to 2010.
2.2. Underlying cVDPV2 transmission model

To capture cVDPV2 transmission dynamics, we developed a
spatiotemporal stochastic model of poliovirus transmission in Pak-
istan and Afghanistan amongst children < 36 months old (given
that this cohort contributes most to transmission [14]) based on
the susceptible-exposed-infected-recovered (SEIR) compartmental
framework. In brief, the model includes a district-specified geo-
graphic structure, whereby the dynamics of infection in each dis-
trict depends on the local transmission rate within the district as
well as importation rate of virus from other districts. The model
assumes homogeneous mixing within districts. We assumed the
latent and infectious periods for poliovirus to be a mean of 4 and
14 days, respectively [15,16]. Additionally, birth and death rate,
l, are assumed to be constant and the duration in the cohort was
assumed to be a median of three years. Data on actual number of
births at the district level were not available.

In addition to the SEIR compartments, the transmission model
was modified to the cVDPV2 context to by incorporating additional
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states, including: i) newly seeded cVDPV2 infection that is gener-
ated from the outbreak response with Sabin-2 vaccine (compart-
ment J); ii) infection with Sabin-2 vaccine virus (i.e. OPV2)
(compartment O); and iii) incorporating individuals with waned
intestinal mucosal immunity to serotype-2 (compartment W);
see supplemental materials. Distinguishing cVDPV2 infections
resulting from recently reverted Sabin-2 virus used in the response
from those attributed to the initial cVDPV2 outbreak is important
to enable assessment of OPV2 response strategies; specifically to
determine the amount by which cVDPV2 seeded from the OPV2
response to the outbreak contributed to the total amount of
cVDPV2 infection. Additional details are provided in S1 Text. Model
input parameters are presented in Table S2.
2.3. Force of infection

The per district (i) force of infection k determines the rate at
which a susceptible individual is infected with cVDPV2 at time
t + 1:

k1;i;tþ1 ¼ bl
Ii;t
Ni;t

� �
þ bb

X
j;j–i

qj;i
Ij;t
Nj;t

� �
ð1Þ

where Ii,t and Ij,t refer to the number of the original cVDPV2
infected children in district i and j at time t, Ni,t and Nj,t refer to
the total number of children < 36 months of age in district i and
j at time t, bl and bb refer to the local and between-district trans-
mission coefficients respectively. Local transmission in district i
is based on the local transmission coefficient bl and the proportion
of infections in the district at time t. Transmission between dis-
tricts is based on the between-district transmission coefficient bb
and the summation of infection coming into district i from all other
districts. The probability of importation of infection from each
external district is based upon the radiation model [17] and
denoted in equation (1) by the probability of people on average
who move from district j to i, (where j – i) given by qj,i, which
we have previously shown to sufficiently capture the spatial trans-
mission of poliovirus in Pakistan and Afghanistan [18]. Given that
the model includes three infectious polioviruses i.e., 1) original
cVDPV2 (Ii), 2) newly reverted cVDPV2 from Sabin-2 (Ji), and 3)
Sabin-2 poliovirus (Oi), there are three distinct force of infections,
indexed as k1, k2 and k3, respectively (see S1 Text for definitions).
Additionally, we allowed transmission both locally and between
districts to be seasonal (see S1 Text).
2.4. Vaccination with OPV2 and IPV

The model includes routine immunisation with three tOPV
doses until April 2016, after which one IPV dose is administered
for type 2 humoral immunity instead. Births immunised with tOPV
enter the R compartment (mucosal and humoral immunity) whilst
births immunised with IPV enter a new compartment V which rep-
resents humoral immunity only.

The model also captures vaccination through supplementary
immunisation activities (SIA) at specific points in time. Susceptible
children (S), children with waned mucosal immunity (W) or chil-
dren with humoral immunity (V) can be immunised with OPV2
(tOPV or mOPV2) and the majority of them (1- j) enter O compart-
ment (OPV2 infection) for a mean duration of 14 days after which
they progress to full mucosal immunity (R). However, we assume
OPV2 virus will instantaneously revert to create a new cVDPV2
in a small proportion of immunised children (j) and these children
enter state J (whereby J is equally as infectious as I). Susceptible
children or children with waned mucosal immunity can also be
immunised with IPV after which they enter the V compartment
3

(humoral immunity) or R compartment (boosting of waned muco-
sal immunity to full mucosal immunity), respectively.

District-specific RI and SIA coverage were estimated from non-
polio AFP data in 6-month time intervals between 2010 and 2016
and spatially and temporally smoothed, as described in [12,18], (S1
Text). The Jan-Jun 2010 and Jan-Jun 2016 estimates were used for
the model as periods prior to and following OPV2 withdrawal
respectively. Both RI and SIA vaccination coverage of IPV is
assumed to be the same as for that of OPV (IPV doses have not his-
torically been reported in AFP data and therefore cannot be esti-
mated), which is supported by evidence in Pakistan
demonstrating comparable coverage between IPV and OPV SIAs
[18]. The number and timing of SIA campaigns with OPV2 or IPV
were extracted from the WHO SIA calendar (Fig S4).

2.5. Observation model

While infection with poliovirus is typically asymptomatic, few
studies have estimated the case to infection ratio, particularly for
serotype-2. Although there is consensus that a lower proportion
of infections result in paralysis for serotype 2 compared to sero-
type 1 (with the latter having a case-to-infection ratio of � 1:15
0–1:200 [19–22]), the estimates for serotype-2 have been variable
[21–25] and as low as 1:2000. We explored the model fit under
assumptions ranging from 1:400 to 1:2000 and the assumption
of 1:400 provided the best fit to the data (Table S2). Therefore,
we assume an average of 1 poliomyelitis case in every 400 cVDPV2
infections; and that only fully susceptible children that are subse-
quently infected can develop poliomyelitis (i.e. children with
waned mucosal immunity could be re-infected but could not
develop disease [25]). Sensitivity analysis exploring the results
under the assumption 1:2000 is presented in S1 Text. Moreover,
surveillance sensitivity of cases is variable between countries and
may be higher in endemic countries, such as Pakistan and Afghani-
stan [26] meaning the case to infection ratio may be underesti-
mated in areas if surveillance quality is poor.

2.6. Defining the process model

We used the R package POMP [27], which enables simulating
and fitting partially-observed Markov process models (i.e., state-
space models) to time series. The model was fitted to the data
using iterated particle filtering, which computes the probability
of the data Yt given the states Xt and is proportional to the likeli-
hood function. At each day for a given spatial unit the binomial
likelihood of the observed number of poliomyelitis cases was com-
puted given the reporting fraction s and the simulated number of
people completing the incubation period on that day (see S1 Text
for further details).

2.7. Model validation

The transmission model was fitted to historic daily incidence of
cVDPV2 from 2010 to 2016; it was then modified for forward sim-
ulation following OPV2 withdrawal (April 2016) by stopping rou-
tine immunisation with tOPV, incorporating SIAs with mOPV2
and incorporating an additional state representing immunisation
with IPV only (V) through RI and SIAs. We estimated three model
parameters by fitting the model to the incidence of cVDPV2 cases
with clinical onset between January 2010 and April 2016: These
parameters were i) local transmission coefficient (i.e. bl); ii) scaling
factor for between-district transmission (i.e. bb = blf, whereby f is
the estimated parameter); and iii) probability of Sabin-2 reversion
(i.e. j). The parameter f was constrained to be � 1 (i.e. assuming
that local transmission will always be greater than between dis-
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trict transmission, given the increased probability of local contacts
compared to between-district contacts).

The model was then simulated under from April 2016 through
June 2019 with implemented vaccination campaigns to estimate
mucosal and humoral immunity prior to the start of the Diamir,
Pakistan outbreak. The model was then calibrated to daily inci-
dence data of this outbreak, incorporating the SIA calendar, and
was used to explore transmission patterns and impact of vaccina-
tion responses. The outbreak was seeded with 400 infections in
Diamir in July 2019 since the origin of this virus was not known
and was not directly linked to any formal OPV2 use in Pakistan.
The details for all initial conditions are presented in S1 Text. The
local transmission coefficient and scaling factor for between-
district transmission were re-estimated. Due to the limited num-
ber of cases and OPV2 responses, the reversion probability was
fixed based on the 2010–2016 validation.

2.8. Simulating the spread of the cVDPV2 outbreak originating in
Diamir, Pakistan

The model was used to simulate spread of cVDPV2 infection
from Diamir from July 2019 through February 2021. Based on
100 simulations, we determined the median proportion of districts
infected with > 400 cVDPV2 infections (i.e., sufficient transmission
to result in clinical cVDPV2 cases) and the median cumulative
number of cVDPV2 cases over time.

In addition to considering cVDPV2 transmission under typical
movement patterns, we adjusted the poliovirus transmission rate
to account for lockdowns due to COVID-19 between 15 March to
30 June 2020. It is unknown how the reductions in movement
affected poliovirus transmission and so we simulated the model
under a variety of assumptions. Data from mobile devices using
Google services indicated transit related movement decreased
by � 50% during this time period [28]. In all scenarios of move-
ment, we assumed a 50% reduction in estimated between-district
transmission. We also examined a range of reductions to within-
district transmission (i.e., local R0) between 15 March and 30 June
2020, including reducing the within-district reproduction number
from the estimated value by 50% (assuming baseline R0 = 1) as well
as assuming transmission is continuing to grow at a substantially
reduced rate (i.e. R0 local = 1.1) or is brought below the threshold
at which an outbreak is expected to grow (R0 local = 0.9). These
adjustments are hereafter referred to as ‘modest reduction’, ‘sub-
stantial reduction’ and ‘complete halt’ in poliovirus transmission,
respectively. For all scenarios, we also considered the impact of
the lockdown on RI through assuming a 50% reduction in estimated
district-specific IPV RI coverage between 15 March and 30 June
2020 as related to cVDPV2 case burden.

2.9. Simulating the impact of vaccination responses on the Diamir
outbreak

The impact of a range of OPV2 vaccination responses was
explored, considering the impact of timing, geographic scale (i.e.
from targeted Sub-National Immunization Days (SNIDs) to
National Immunization Days (NIDs)) and coverage of response on
cVDPV2 transmission. We specifically considered the differential
impact of NIDs with increasing monthly delays in implementation
(i.e., 15 Jul, 15 Aug and 15 Sep 2020) and compared with SNIDs
only targeting districts with substantial cVDPV2 transmission. Dis-
tricts with substantial cVDPV2 transmission were determined
based on districts with > 400 infections 15 days prior to the SNID.
The number of districts targeted and the total target
population < 5 years of age was estimated for each SNID. Moreover,
2 versus 1 SNIDs were compared along with a combined approach
of one early SNID (i.e. 15 Jul) followed by one NID 1–2 months later
4

(i.e., 15 Aug/Sep). For the SNID, in addition to considering targeting
districts with > 400 infections 15 days prior to the SNID, a larger
target population was also considered (i.e., districts with > 100
infections).

In consultation with the Pakistan and Afghanistan country polio
programmes, a proposed response was considered to incorporate
the context complexities and current operational challenges. In
Pakistan, this planned response included two SNID mOPV2 rounds
(Jul-Aug 2020) (plus an initial round termed ‘round 00 incorporated
for three highest risk districts – Karachi, Faisalabad and Quetta – to
be conducted urgently) followed by 2 NIDs (Sep-Oct 2020). In
Afghanistan, 2 mOPV2 SNIDs in July targeting 3 provinces (Nan-
garhar, Kunar and Laghman), potentially followed by one NID in
September. Given the challenges in successfully implementing
these SIAs, this option was explored under assumptions of reduced
SIA coverage of 10% and 20% absolute declines as well as under
assumption of no NIDs or only NIDs in Pakistan. Moreover, due to
the risk of problems with the first round in July resulting in the
inability to conduct any subsequent rounds, a scenario was
explored with only the July SNID at a 20% reduced SIA coverage.
Finally, the risk of seeding new cVDPV2 transmissionwas evaluated
by considering the proportion of districts with any or larger num-
bers (i.e., >100 infections) of reverted Sabin-2 infections over time.
3. Results

3.1. Reported cVDPV2 cases

Between January 2010 and June 2016, a total of 87 cVDPV2
cases were reported in Pakistan and 18 cases were reported in
Afghanistan. Following OPV2 withdrawal, in December 2016 there
was 1 cVDPV2 case reported in Quetta. In July 2019, a cVDPV2 out-
break originated in Diamir, Pakistan which resulted in 59 cases in
Pakistan and Afghanistan by 29 February 2020 (Fig. 1C,D). The first
cVDPV2 case in Afghanistan was reported in February 2020 in Nan-
garhar province. An additional 44 cases have been reported in Pak-
istan and Afghanistan since 1 March 2020 (as of 07 Aug 2020).

3.2. Vaccination

Both RI and SIA coverage is spatially heterogeneous across Pak-
istan and Afghanistan and fairly consistent over time between
2010 and 2016 (Fig S5-FigS6). In Jan-Jun 2016, vaccination cover-
age through RI and SIAs was 70% (IQR: 45%-83%) and 74% (64%-
83%), respectively (Fig. 3A and Fig. 5A). In Pakistan and Afghani-
stan, the lowest RI coverage was in Balochistan (34%) and Hilmand
(26%); and highest in Punjab (88%) and Kabul (87%). SIA coverage
was highest in Punjab (82%) and Jawzjan (94%) and lowest in
Balochistan (63%) and Kandahar (34%).

3.3. Parameter estimation

For themodel validation between Jan 2010 to Apr 2016, the local
and overall R0 were estimated to be 2.35 and 3.58, respectively (Fig
S7). Between-district transmission was estimated to be 0.52 * qji
times that of local transmission. The Sabin-2 reversion probability
was estimated to be 1.24 � 10-4. The model calibration for Jul
2019 to Mar 2020, resulted in a modestly lower local and overall
R0 of 1.8 and 1.98, respectively, and between-district transmission
was estimated to be 0.1 * qji times that of local transmission.

3.4. Model fit

The monthly number of cVDPV2 cases simulated from the
model (based on 100 simulations) from January 2010 to April



Fig. 1. Model validation. (A) Monthly incidence of cVDPV2 observed cases (red line) in Pakistan and Afghanistan between 2010 and 2016 and simulated cases (boxplots,
across 100 simulations). Inset maps display spatial distribution of observed and simulated cumulative cVDPV2 cases between 2010 and 2016. (B-D) Model calibration of
Diamir, Pakistan cVDPV2 outbreak (between 01 July 2019 to 29 February 2020), including (B) log likelihood profile for R0 local and the factor determining the relative
between- district coefficient compared to within-district transmission. (C) Monthly observed and simulated cumulative cVDPV2 cases and (D) spatial distribution of observed
and simulated cases.

N.A. Molodecky, H. Jafari, R.M. Safdar et al. Vaccine xxx (xxxx) xxx
2016 generally align with observed cVDPV2 cases (Fig. 1A). The
model captures peak incidence of cVDPV2 in July-December 2012
and July-December 2013, albeit failing to capture the incidence
in mid-2014. The spatial distribution of total cVDPV2 cases simu-
lated from the model between Jan 2010 to Jun 2016 is similar to
observed cVDPV2 cases (Fig. 1A). The model underestimates the
number of cVDPV2 cases in Southern Afghanistan and overesti-
mates the number of cVDPV2 cases in Northern Sindh, Pakistan.

For the outbreak originating in Diamir in July 2019, simulations
from the model similarly demonstrate a general alignment with
observed cVDPV2 cases through March 2020, both in time and
space (Fig. 1C). In November 2019, fewer cases were reported than
expected and in Jan-Feb 2020, the model modestly underestimated
the number of cases.
3.5. Simulated serotype-2 immunity

Simulated serotype-2 mucosal immunity was estimated to be
low (median: 22%; IQR: 20%–23%) in March 2020 across Pakistan
and Afghanistan, apart from select parts of Pakistan (i.e., provinces
of GB, KP and select districts of Punjab), where mOPV2 responses
were conducted between July 2019 to March 2020 (Fig. 2A). The
levels of humoral immunity were higher (68%; 57%-74%), however,
mostly < 80% apart from districts with recent mOPV2 and IPV
responses (Fig S5).
5

3.6. Simulating the spread of the 2019–20 cVDPV2 outbreak
originating in Diamir, Pakistan

In the absence of vaccination activities (from March 2020
through November 2020), the cVDPV2 outbreak seeded in Diamir,
Pakistan was predicted to spread rapidly during the summer
months of 2020, resulting in 24% (IQR: 22–25%) and 44% (44–
46%) of districts infected with > 400 infections by September and
November 2020 (Fig. 2BC), respectively, corresponding to 305
(294–319) and 1,138 (1,110–1,154) cVDPV2 cumulative cases
(from 1 July 2019). These results were under the assumption of
modest reduction in poliovirus transmission from lockdown activ-
ities between Mar-Jun 2020 (Fig. 2D). Assuming no changes to
transmission patterns instead, the outbreak was predicted to
spread � 3-fold faster than under the lockdown scenarios (i.e.,
986 (834–1,173) and 2,992 (2,680–3,496) cases, by September
and November 2020, respectively) (Fig. 2BCD). Substantially reduc-
ing transmission between Mar-Jun 2020 resulted in sustained low
levels of transmission with only 7% (7–9%) and 25% (24–29%) of
districts reporting > 400 infections by September and November
2020, corresponding to 137 (126–151) and 369 (354–385) cases,
respectively (Fig. 2B–D). This was further reduced under the
assumption of a complete halt in poliovirus transmission between
Mar-Jun 2020, with 2% (2–3%) and 14% (11–17%) of districts
reporting substantial numbers of infections (i.e. > 400); and 102
(93–110) and 187 (175–196) cumulative cases (Fig. 2BCD). By



Fig. 2. Forward simulation of cVDPV2 outbreak originating in Diamir, Pakistan, assuming no vaccination response (since March 2020) based on varying assumptions of the
impact of population movement changes on poliovirus transmission due to COVID-19 lockdown. (A) Serotype-2 mucosal and humoral immunity in March 2020 based on
simulations from the model. (B) Proportion of districts with > 400 cVDPV2 infections (corresponding to 1 cVDPV2 case) with no response (since March 2020) and various
assumptions of poliovirus transmission from changes in transmission due to lockdown measures (typical, modest reduction, substantial reduction, complete halt) between
March-June 2020 and March-November 2020). (C) Maps displaying the number of cVDPV2 infections over time under the various assumptions of movement patterns
between March-June 2020. (D) Distribution of cumulative number of cVDPV2 cases between July 2019 to November 2020 across the assumptions of movement on
transmission.
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assuming the modest reduction, substantial reduction or complete
halt in transmission remained through to the end of November
2020 (i.e. lockdown extended), the cumulative number of cases
by November reduced to 405 (387–423), 128 (117–139) and 94
(86–104), for the three transmission scenarios, respectively
(Fig. 2D).

Declines in RI coverage (Fig. 3A) (i.e. 50% reduction) were
predicted to substantially increase cases under settings of very
high transmission, where susceptible birth cohorts accumulate
rapidly (i.e. places with high birth rate) and/or in places with
typically high RI coverage (Fig. 3B). This was demonstrated with
31% relative increase in median cumulative cases by November
2020 under the scenario of typical transmission) (Fig. 3CD); with
48% of this increase in case burden coming from Punjab where
RI coverage, population size and birth rate are high (Fig. 3B
and [18]).
6

3.7. Impact of outbreak response vaccination strategies

Under the assumption of modestly reduced transmission
between Mar-Jun 2020, the impact of one National mOPV2
response (i.e. NID) in both countries mid-July, mid-August or
mid-September, was predicted to result in an 100%, 95% and 66%
relative reduction in the number of districts with substantial
cVDPV2 transmission (i.e. districts with > 400 cVDPV2 infections),
resulting in 222 (209–237), 393 (376–408) and 746 (718–768)
cumulative cases, by November 2020 (Fig. 4AB). The impact of
one SNID along the same time schedule (i.e. mid-July, mid-
August or mid-September) resulted in 10%, 3% and 1% relative
reduction in districts with substantial transmission by November,
if targeting only districts with > 400 cVDPV2 infections (i.e. based
on districts with > 400 cVDPV2 infections 15 days prior to SNID)
(i.e. 9 districts; target population:�4.6 million) and 41%, 30% and



Fig. 3. Forward simulation of cVDPV2 outbreak originating in Diamir, Pakistan, assuming no vaccination response (since March 2020) based on 50% reduction in routine
immunization (RI) coverage (between March-June 2020) due to COVID-19 lockdown. (A) Estimated RI coverage. (B) Absolute increase in median cumulative number of
cVDPV2 cases by 1 November 2020 due to 50% reduced RI during March–June 2020 compared to normal RI coverage (assuming typical poliovirus transmission). (C)
Cumulative number of cVDPV2 cases from March 2020 across the assumptions of changes in poliovirus transmission and with or without 50% reduction in RI coverage.
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8% relative reduction if increasing the target population to include
districts with lower levels of transmission (i.e. based on districts
with > 100 cVDPV2 infections 15 days prior to SNID) (i.e. 27 dis-
tricts; target population:�11.9 million). Increasing this to 2 SNIDs
in either mid-June/mid-July or mid-July/mid-August resulted in a
relative reduction of 12% and 8%, respectively, by November, for
targeting districts with confirmed transmission and 41% and 37%
relative reduction at the larger target. A combined approach of
one early SNID (i.e. mid-Jul) followed by one NID 1 or 2 months
later (i.e. mid-Aug or mid-Sep) resulted in 100% and 83% relative
reduction in districts with substantial transmission and 301
(285–311) and 469 (449–477) cumulative case burden by Novem-
ber under the more conservative target of � 4.6 million. Consider-
ing the larger target population (i.e. � 11.9 million) for the SNID
increased this relative reduction to 100% and 100% (with 245
(232–258) and 312 (300–323) cumulative cases by November).
Consistent trends were demonstrated across the varying assump-
7

tions of movement (Fig S8 and Fig. 4B), albeit with lower levels
of transmission (Fig S8) and cumulative case burden (Fig. 4B).

The proposed strategy to implement 2 SNIDs (Jul-Aug) and 2
NIDs (Sep-Oct) in Pakistan and 2 SNIDs (Jul) and 1 NID (Sep) in
Afghanistan (Fig. 5C) predicted to result in only 2% (2–2%) of dis-
tricts with substantial transmission by December 2020 and no dis-
tricts reporting substantial transmission by February 2021
(Fig. 5D-E) (under the assumption of modest reduction in trans-
mission between Mar-Jun 2020). The predicted cumulative
cVDPV2 case burden for this response was 570 (550–584) and
597 (575–612) cases by November 2020 and February 2021,
respectively (Fig. 5E). Reducing estimated SIA coverage (Fig. 5B)
by absolute values of 10 and 20%, resulted in nearly no impact
on the proportion of districts with substantial transmission by
the end of 2020 (i.e. 0% and 1% relative increase). The impact of
reducing or eliminating the number of NIDs on transmission and
case burden was substantial. Considering no NIDs resulted in a



Fig. 4. Forward simulation of cVDPV2 outbreak originating in Diamir, Pakistan, considering impact of different vaccination strategies. (A) Impact of number, timing and
geographic scope (i.e., National and Sub-National) of SIAs based on assumption of modest reduction in transmission between Mar-Jun 2020. (B) Distribution of cumulative
number of cVDPV2 cases between July 2019 to November 2020 based on the different assumptions of the impact of population movement on poliovirus transmission and
vaccination strategies.
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20% relative increase in districts with substantial transmission by
the end of 2020 compared to the proposed response and a cumu-
lative case burden of 817 (799–844) and 2334 (2301–2365) by
November 2020 and February 2021, respectively. Excluding the
NID in Afghanistan (September) resulted in 5% relative increase
in districts with substantial transmission compared to the pro-
posed response and increased case burden to 954 (933–989). Fur-
ther excluding one of the Pakistan NIDs (October) (i.e. only one NID
for Pakistan remaining), similarly resulted in 5% relative increase in
districts with substantial transmission and 964 (940–988) cumula-
tive case burden by February 2021. Finally, considering only one
SNID in July with a 20% reduced SIA coverage was only modestly
different from no response in terms of proportion of districts with
substantial transmission. Similar trends of transmission and case
burden were observed across assumptions (Fig S9 and Fig. 4B),
however, decreasing the transmission substantially or completely
between March-June 2020 reduced the cumulative case burden
to 203 (194–216) and 124 (114–136), respectively, by November
8

2020; and 212 (202–223) and 127 (118–13) by February 2021,
for the proposed response (see Fig. 6).

Under the proposed response, the proportion of districts with
any reverted Sabin-2 infections was 12% (10–13%) in August (fol-
lowing 1 SNID plus initial focused SIA in Pakistan), 26% (24–28%)
in October (following 2 SNIDs and 1 Pakistan NID) and 6% (5–7%)
in December (following all responses) (Fig. 4A) (assuming modest
reduction in transmission between Mar-Jun 2020). By February
2021, there were no districts predicted to contain reverted Sabin-
2 infection. Between July-December 2020, low levels of risk (1–9
reverted Sabin-2 infections) were reported across a wide geogra-
phy, including most of Punjab, parts of Sindh, Quetta (Balochistan),
South-East Afghanistan and dispersed throughout various pro-
vinces of Afghanistan (Fig. 4B). Excluding NIDs from the proposed
response strategy resulted in a lower proportion of districts with
any reverted Sabin-2 infections in October (10% (8–12%)), but
higher proportion in December (15% (11–20%)) and February
(20% (13–27%)). The proportion of districts with greater levels of



Fig. 5. Forward simulation of cVDPV2 outbreak originating in Diamir, Pakistan, considering impact of proposed vaccination response. (A) Estimated SIA coverage. (B)
Geographic scope and number of proposed SIAs. (C) Impact of proposed SIAs in proportion of districts with > 400 cVDPV2 infections under-estimated and reduced SIA
coverage and considering responses with and without NIDs. (D) Maps displaying the number of cVDPV2 infections over time under the proposed response and modest
reduction in transmission between March-June 2020. (E) Distribution of cumulative number of cVDPV2 cases between July 2019 to November 2020 (top panel) and July 2019
to February 2021 (bottom panel) based on the different assumptions of movement and vaccination strategies.
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reverted Sabin-2 infections (i.e. > 100) was 0.6% (0.6–1.2%) in
August, 1.2% (0.6–1.7%) in October and 0% (0–0.6%) in both Decem-
ber and February. Excluding NIDs resulted in an overall increase to
2% (1–4%) in October, 5% (4–7%) in December and 7% (5–12%) by
February. The greatest risk of reverted Sabin-2 transmission was
focused in Afghanistan (Kabul and surrounding provinces).
4. Discussion

GPEI paused all mass vaccination campaigns between March
and June 2020 in response to the COVID-19 pandemic to adhere
to national lockdowns and protect populations from SARS-CoV-2
transmission. The emergence and spread of cVDPV2 in Pakistan
in late 2019 at a time when majority of children lack mucosal
9

immunity against this serotype presents a critical challenge to
interrupt transmission when opportunities to respond are limited.
We developed and validated a mathematical model of poliovirus
transmission to explore the risk of the current cVDPV2 outbreak
in Pakistan and Afghanistan. The best-fitting model demonstrated
general alignment with observed cVDPV2 cases between 2010
and 2016 and 2019–2020 in terms of geographic and temporal dis-
tribution. While the forward simulations from the model demon-
strated substantial cVDPV2 transmission and case burden
through 2020 (despite assuming a modest reduction in poliovirus
transmission due to lockdownmeasures), the impact from the pro-
posed vaccination response were promising with the potential to
interrupt transmission by early 2021. This work directly informed
the vaccination response strategies to the cVDPV2 outbreak in Pak-
istan and Afghanistan.



Fig. 6. Risk of emergence and spread of reverted Sabin-2 from proposed SIA response (based on modest reduction in transmission between March-June 2020). (A) Proportion
of districts with any (i.e. > 0) and > 100 reverted Sabin-2 infections over time under proposed response, reduced SIA coverage, and without NIDs. (B) Geographic distribution
of number of reverted Sabin-2 infections over time based on proposed response with and without NIDs.
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In the absence of vaccination response and assuming modest
reduction in poliovirus transmission between Mar-Jun 2020, the
cVDPV2 outbreak was predicted to spread rapidly during the sum-
mer months resulting in substantial case burden by September
2020. Without adjusting poliovirus transmission to account for
lockdown in response to SARS-CoV-2, the spread of infection and
resulting case burden was 3-fold higher indicating the potential
indirect benefit of control strategies for COVID-19 may have polio-
virus transmission. Moreover, this reduction in movement during
the peak transmission in summer months shifted transmission
towards the low season, likely impacting the overall magnitude
of the outbreak in the absence of vaccination responses. Assuming
further reductions in poliovirus transmission (i.e., strictly upheld
lockdown measures) resulted in more dramatic impacts on polio
case burden; however, this degree of lockdown was unlikely in
Pakistan and Afghanistan [28].

RI uptake may be affected by the pandemic with declines
already documented in Pakistan [29]. We simulated the effect of
declines in RI in administration of IPV on the cVDPV2 outbreak
but this was predicted to play a less pronounced role in altering
case burden. This is partly owing to the fact that IPV in RI only
induces humoral immunity and has no impact on person-to-
person transmission of cVDPV2 and that RI coverage is suboptimal
in many areas of Pakistan and Afghanistan. The greatest impact of
reduction in RI coverage was in Punjab where RI coverage is typi-
cally high as is the birth rate; that coupled with the high popula-
tion size in Punjab and fully susceptible population (in terms of
mucosal immunity) also put it most at risk of cVDPV2 transmis-
sion. In Afghanistan, most of the areas typically at highest risk
for cVDPV2 have very low RI coverage (i.e., South-East provinces)
and therefore the impact was not pronounced.

Large scale vaccination responses (i.e. NIDs) were predicted to
substantially reduce transmission and case burden, with a greater
10
impact from earlier responses (i.e. mid-July). These findings cor-
roborate previous findings that responding sooner to outbreaks
has greater impact [16]. Targeting only districts with confirmed
local transmission, resulted in only a modest impact on geographic
distribution of substantial transmission and overall case burden
and the larger the response, the greater the impact. Targeting dis-
tricts twice with the same geographic scope resulted in only a very
modest impact on overall transmission (unless the scope is large),
as virus easily escapes the response zone due to the highly mobile
nature of the population [30]. Following up the SNID with an NID
within 1–2months results in a similar impact compared to an early
NID. Given the challenges of operationalizing a National SIA in July,
this is reassuring that a focused response in areas with substantial
transmission followed by an NID when possible was an impactful
strategy. The proposed strategy to implement 2 SNIDs (Jul-Aug)
and 2 NIDs (Sep-Oct) in Pakistan and 2 SNIDs (Jul) and 1 NID
(Sep) in Afghanistan was predicted to interrupt transmission by
early 2021. Declines in SIA coverage by 10–20% resulted in only
modest increase in transmission compared to typical coverage,
likely due to the relatively high efficacy of OPV2 (in contrast to
type-1 containing vaccines against WPV1). Without NIDs, large-
scale transmission was predicted to persist through 2020 and into
2021. Moreover, only 1 SNID in July at 20% reduced coverage,
resulted in only modest decline in overall transmission compared
to no response. This is concerning given the challenges of predict-
ing the quality and feasibility of conducting these SIAs in the cur-
rent climate.

Model simulations highlight that while the greatest risk of seed-
ing reverted Sabin-2 is in areas targeted with OPV2, the greatest
risk of subsequent spread occurs in areas not targeted with OPV2
or those with a delayed response. This risk of spread is predomi-
nantly in Afghanistan since apart from three provinces in the North
(Nangarhar, Kunar and Laghman) no other areas are planned to be
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targeted until a potential NID in September (not yet confirmed).
Across all simulations, Kabul results in greatest risk of reverted
Sabin-2 infections; second greatest risk is Nangarhar. In Pakistan,
the greatest risk of seeding was in South and Central Punjab, Sindh
(including Karachi) and Quetta; however, the risk was minimal and
did not result in sustained transmission. If not considering NIDs,
while the immediate risk of reverted Sabin-2 infections is lower
(due to less use of OPV2), the risk of sustained transmission is
much higher, particularly in Afghanistan. In Afghanistan, while
Kabul and surrounding provinces are predicted to be at the great-
est risk of spread of reverted Sabin-2, the South-Eastern provinces
have historically been the hotspot for cVDPV2 outbreaks due to
large pockets of under-vaccinated children and substantial poten-
tial for seeding from OPV2 use (which is difficult to capture with
the model given that it assumes homogeneity at the province level)
and therefore may pose a risk if an NID is conducted in September
2020. Novel OPV2 (nOPV2) with increased stability (i.e., decreased
risk of reversion) has been developed [31] and is expected to be
available for initial emergency authorization use in late 2020
[32]; however, use of nOPV2 in Pakistan and Afghanistan will likely
not be an option in 2020 or early 2021.

There are some limitations to our findings. Firstly, our model
contains the simplifying assumptions of restricting the population
to < 36 months of age [14], with an exponentially distributed dura-
tion of time within the cohort, an instantaneous reversion proba-
bility to account for the reversion of OPV2 virus (as the loss of
key attenuating mutations may occur almost instantaneously lead-
ing to accelerated evolution in the first few days after administra-
tion [33,34]), and a meta-population structure of spatial spread.
These seemed reasonable assumptions given that the best-fit
model was able to reasonably reproduce cVDPV2 case incidence
between 2010 and 2016 in Pakistan and Afghanistan (in both space
and time). While cVDPV2 data from Environmental Surveillance
(ES) could help inform transmission dynamics (and scope of vacci-
nation response), the heterogenous coverage of sampling sites
across the two countries limits its use in a geographically struc-
tured model. We assumed the rate of within-district transmission
is the same across all districts. The initial reported cases of the Dia-
mir outbreak occurred in a different geography to historic cVDPV2
cases and this could explain the difference in the reproduction
number between 2010 and 2016 and 2019–2020. Diamir is spar-
sely populated and experiences colder temperatures than the rest
of Pakistan. However even with a slightly lower reproduction num-
ber, model simulations show an urgent need for widescale out-
break response activities to stop transmission. Furthermore, the
reproduction number may be particularly different in Punjab,
where sanitation has reported to be higher [35] and overall poverty
lower [18]; however, due to very high historic immunity and
absence of cVDPV2 cases in Punjab this was not possible to evalu-
ate. Given the high population size, birth rate and movement pat-
terns in Punjab (that result in a substantial amount of simulated
cVDPV2 transmission and case burden), the overall predicted
transmission and case burden may be lower. Moreover, the model
is at the district-level in Pakistan and province-level in Afghanistan
and therefore does not capture pockets of heterogeneity. While the
lower coverage in provinces of Southern and Eastern Afghanistan
reflect challenges with accessing children for vaccination, larger
pockets of unreached children may be masked by overall immu-
nity, impacting inferences on localized transmission and seeding
risk. Furthermore, access challenges in Afghanistan have been
exacerbated since May 2018 due to restrictions on house-to-
house vaccination strategies imposed by insurgent groups in cer-
tain high risk areas (especially Southern provinces) and further
deteriorated in 2019 [10]. While this work assumes consistent cov-
erage across time periods, the exploration of reduced coverage by
10–20% in provinces with baseline coverage estimates of � 35%
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(i.e. in Southern provinces) attempts to capture near complete
inaccessibility. Additionally, while the case to infection ratio for
cVDPV2 may be overestimated [21,24], sensitivity analyses with
a much lower ratio (i.e., 1:2000, S1 Text) produced similar results.
Furthermore, for the forward simulations in 2020, we did not dis-
tinguish vaccination responses with tOPV and mOPV2 (the NIDs
would potentially be conducted with tOPV). Data indicating
whether tOPV is inferior to mOPV2 in serotype-2 seroconversion
are inconclusive [36]. We make unconfirmed assumptions about
reduction in movement during lockdowns due to SARS-CoV-2, will
be variable between districts; we crudely assumed the same
impact in all geographies. Moreover, while we assume movement
is impacted until the end of June 2020 and formal lockdown has
been lifted, behavioural patterns will likely be impacted through-
out the COVID-19 pandemic. Finally, due to delays in reporting of
cVDPV2 cases [37], exacerbated in the context of SARS-CoV-2
[38], the actual epidemiology will not be evident likely until early
2021.

In June 2020, we demonstrated that while cVDPV2 transmission
spreads rapidly across Pakistan and Afghanistan, the proposed vac-
cination response was predicted to stop transmission by early
2021. In the end, a slightly different response was conducted due
to the dynamically changing COVID-19 situation, unprecedented
challenges with accessibility in Afghanistan and the availability
of sufficient tOPV to replace bOPV in NIDs between Oct 2020 and
Jan 2021 (Fig S16). Since February 2021, 20 cVDPV2 cases have
been reported (2 in Pakistan and 18 in Afghanistan (as of 30 August
2021)), 85% of which were reported in March/April 2021. The
response to stop the cVDPV2 outbreak must be considered within
the ongoing risk of WPV1 and SARS-CoV-2. Due to the much lower
expected magnitude of case burden for WPV1 (resulting from
much higher serotype-1 immunity compared to serotype-2) and
larger number of responses required for the same impact on
immunity (owing to the lower efficacy of the serotype-1 compo-
nent of vaccine), cVDPV2 response strategies are to be prioritised
(increasing the number of cases averted per response). While
cVDPV2 remains an urgent priority, WPV1 responses are still nec-
essary to maintain low levels of, or interrupt, transmission and use
of tOPV provides a viable option to address both. This modelling
work was important in informing the urgency of response. If
cVDPV2 transmission continues alongside WPV1 circulation, this
modelling framework can be used to guide strategy for balancing
these two priorities.
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