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Prior modeling studies showed that current outbreak management strategies are unlikely to stop out-
breaks caused by type 1 wild polioviruses (WPV1) or circulating vaccine-derived polioviruses (cVDPVs)
in many areas, and suggested increased risks of outbreaks with cocirculation of more than one type of
poliovirus. The surge of type 2 poliovirus transmission that began in 2019 and continues to date, in con-
junction with decreases in preventive supplemental immunization activities (SIAs) for poliovirus types 1
and 3, has led to the emergence of several countries with cocirculation of more than one type of polio-
virus. Response to these emerging cocirculation events is theoretically straightforward, but the different
formulations, types, and inventories of oral poliovirus vaccines (OPVs) available for outbreak response
present challenging practical questions. In order to demonstrate the implications of using different vac-
cine options and outbreak campaign strategies, we applied a transmission model to a hypothetical pop-
ulation with conditions similar to populations currently experiencing outbreaks of cVDPVs of both types
1 and 2. Our results suggest prevention of the largest number of paralytic cases occurs when using (1)
trivalent OPV (tOPV) (or coadministering OPV formulations for all three types) until one poliovirus out-
break type dies out, followed by (2) using a type-specific OPV until the remaining poliovirus outbreak
type also dies out. Using tOPV first offers a lower overall expected cost, but this option may be limited
by the willingness to expose populations to type 2 Sabin OPV strains. For strategies that use type 2 novel
OPV (nOPV2) concurrently administered with bivalent OPV (bOPV, containing types 1 and 3 OPV)
emerges as a leading option, but questions remain about feasibility, logistics, type-specific take rates,
and coadministration costs.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Paralytic poliomyelitis (polio for short) is a clinical manifesta-
tion of neurological involvement by one of the three known polio-
virus types. Cocirculation of more than one poliovirus type
represented the norm prior to the introduction of polio vaccines,
but global success in polio eradication efforts led to substantial
decreases in cases and less cocirculation as high immunization
coverage led to die out of indigenous strains of wild polioviruses
for types 2 and 3 [1]. Nonetheless, in populations with low polio
immunization coverage, cocirculation still can occur, with the
identification of more than one poliovirus type in a community
raising challenging questions about vaccine choices and vaccina-
tion strategies. Immunological protection for polio requires the
induction of immunity for each of the three types of polioviruses
(types 1, 2, and 3). Historically, routine immunization (RI) pro-
grams relied on delivering multiple doses of trivalent formulations
of the oral poliovirus vaccine (OPV) and/or the inactivated polio-
virus vaccine (IPV) to ensure adequate ‘‘take” (i.e., successful
induction of immunity) for each of the three poliovirus types
[2,3]. IPV is supplied only in trivalent formulations that contain
all three poliovirus types, and take rates for each of the three polio-
virus types are roughly similar and increase in a dose-dependent
fashion with high immunity to all poliovirus types after 2 doses
[4]. However, as an injected vaccine, IPV use generally remains lim-
ited to the coverage levels achieved in RI.

OPV formulations and use, in contrast, are much more compli-
cated. Trivalent OPV (tOPV, containing types 1, 2, and 3) shows dif-
ferent effectiveness for each dose given in RI, with type 2
historically more likely to take first in immunologically naïve indi-
viduals for Sabin tOPV, but relatively high take rates for all three
types observed after 3 tOPV doses in most settings [2,3]. With
the addition of supplemental immunization activities (SIAs) to glo-
bal polio eradication efforts, some countries delivered OPV to
liovirus
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under-vaccinated populations either in preventive SIAs (pSIAs) or
in outbreak response SIAs (oSIAs). In contrast to the inactivated
virus in IPV, which induces humoral immunity in the absence of
viral replication, OPV is a live attenuated virus vaccine given orally
with multiple distinct characteristics. OPV viruses replicate in the
oropharynx and gastrointestinal tract to induce mucosal and
humoral immunity in recipients [5]. Fecal excretion and secondary
spread of the replicating viruses can induce or boost immunity sec-
ondarily in contacts of OPV recipients, resulting in population
immunity benefits that extend beyond the vaccinated individual.
In spite of these benefits, OPV comes with small risks of vaccine-
associated paralytic polio (VAPP) and the development of
vaccine-derived polioviruses (VDPVs) [6,7]. VDPVs pose a particu-
lar threat when OPV use occurs in populations with low immuniza-
tion coverage, because the OPV-related viruses can evolve,
recombine, lose their attenuating mutations (‘‘revert”), and
become circulating VDPVs (cVDPVs) that essentially behave like
wild polioviruses (WPVs) [6,8]. IPV, which costs more to produce
and to administer via injection, does not cause VAPP, does not
replicate to produce VDPVs, and does not induce measurable
mucosal immunity or result in secondary spread or associated-
population immunity benefits [5,9].

Until recently, national immunization programs only used
trivalent polio vaccines (IPV and tOPV). However, following the
global certification of eradication of indigenous transmission of
type 2 wild polioviruses (WPV2) in 2015 [10], the Global Polio
Eradication Initiative (GPEI) coordinated the end of all use of type
2 OPV (OPV2) in RI and pSIAs by May 2016 (‘‘OPV2 cessation”).
OPV2 cessation meant that all tOPV-using countries switched from
tOPV to bivalent OPV (bOPV, containing types 1 and 3) [11]. The
GPEI also developed a stockpile of type 2 monovalent OPV
(mOPV2) to support emergency response use in oSIAs in the event
of detections of type 2 outbreaks after OPV2 cessation, and sup-
ported the introduction of at least one dose of IPV in RI in all coun-
tries [11]. Since 2016, numerous outbreaks of type 2 cVDPVs
(cVDPV2s) occurred and led to increasing mOPV2 use for outbreak
response. This motivated the accelerated development of a genet-
ically modified novel OPV2 (nOPV2) designed to reduce the prob-
ability of reversion to neurovirulence phenotype [12], and its
widespread use [13] under an Emergency Use Listing (EUL) [14].

Over the last 2 decades, numerous prior modeling studies pro-
vided insights into different aspects of the global polio eradication
successes and setbacks, including various risk, decision and eco-
nomic analyses (see [15] for a review of modeling studies pub-
lished between 2000 and 2019). Our work has historically
occupied a unique position among the modeling groups because
our studies include transmission dynamics of all poliovirus types
(including asymptomatic transmission) in all age groups and all
immunity states in the entire population [16]. In addition, we rou-
tinely integrate financial and health outcome analyses with our
modeling polio transmission dynamics and risk management
strategies [17,18].

As polio eradication efforts changed over time with the intro-
duction of various mOPV and bOPV regimens, our modeling studies
explored cocirculation of poliovirus types 1 and 3 and showed that
multivalent vaccines generally outperform separate monovalent
vaccines in oSIAs [19–22]. This conclusion reflected our focus on
population immunity to transmission as the key public health met-
ric in polio eradication [23], instead of outcomes for individual vac-
cine recipients. Specifically, using Sabin tOPV leads to a small
reduction in vaccine effectiveness for types 1 and 3 for a single
SIA in individuals seeing a specific type of OPV for the first time.
However, this type-specific reduction in immune response in
immunologically naïve individuals is completely offset at the pop-
ulation level, because of the increased opportunity for boosting of
immunity in those with some prior OPV-exposure throughout the
2

population [16,19–22]. For example, while using tOPV may mean
that individuals seeing OPV for the first time will primarily take
to type 2, those with pre-existing immunity to type 2 will take to
types 1 and/or 3, and so on. In contrast, the use of a monovalent
type 1 OPV (mOPV1) only allows for immunity induction or boost-
ing to type 1, without any opportunity for that SIA round to
increase population immunity for other poliovirus types. Numer-
ous modeling studies emphasized that the key to achieving global
eradication is to achieve high immunization coverage with vaccine
for all three types of polioviruses and to recognize that under-
vaccinated populations remain at risk for all types such that the
use of type-selective OPVs (i.e., mOPVs or bOPV) opens immunity
gaps for the OPV types not used [15,16,19–29].

Similar to the pre-OPV2 cessation modeling, studies performed
after OPV2 cessation suggested that tOPV would always outper-
form monovalent OPV2 (mOPV2) or IPV for oSIAs [15,16,24–29].
Studies showed essentially no difference for type 2 oSIA outcomes
when using tOPV vs. mOPV2 (all else equal), but large differences
for poliovirus types 1 or 3, which represents a major deficiency
in the context of existing cocirculation [15,16,24–29]. The develop-
ment of nOPV2 focused on reducing the risk of reversion to neu-
rovirulence [12], which necessarily resulted in a vaccine with
reduced replicative fitness [30] and reduced fecal shedding relative
to Sabin OPV2 [31]. Outbreak response modeling with nOPV2
showed a potentially larger difference for type 2 oSIA outcomes
when considering Sabin OPV2 vs. nOPV2, with tOPV or mOPV2
slightly better than nOPV2 due to reduced secondary transmission
of nOPV2 (because of its reduced shedding and/or replicative fit-
ness relative to Sabin) [28,29].

Since 2019, some countries (e.g., Pakistan and Afghanistan [32])
managed cocirculation of WPV1 and cVDPV2 viruses using tOPV in
oSIAs. However, the GPEI plans now emphasize the use of nOPV2
for type 2 oSIAs as the vaccine of choice [33]. In the context of this
recommendation, hesitancy to use vaccines that contain Sabin
OPV2 (i.e., tOPV and mOPV2) for oSIAs leads to questions about
vaccine choices and immunization strategies, even for outbreaks
with cocirculating types of polioviruses.

Some prior modeling that explored the differences between
immunization strategies and policies for modeled hypothetical
populations [16,23,34–39] supported discussions related to the
development of standard operating procedures (SOPs) for outbreak
response and overall strategies [40–43]. In this study, we apply our
poliovirus transmission model to a hypothetical population with
conditions similar to populations currently experiencing outbreaks
of both types 1 and 2 circulating vaccine-derived polioviruses
(cVDPVs) (e.g., the Democratic Republic of the Congo and Mozam-
bique). By highlighting what is required to achieve success in a
modeled hypothetical population, these analyses could inform pol-
icy deliberations and decisions by demonstrating the implications
of using different vaccine formulations and vaccination strategies.
2. Methods

We use an existing deterministic, differential equation-based
(DEB) poliovirus transmission and OPV evolution model
[3,8,27,44–48] and apply generic inputs typical for lower income,
developing countries, similar to prior modeling of hypothetical
populations [16,23,34–39]. The model divides the population into
eight immunity states (i.e., fully susceptible, maternally immune,
and six partially immune states resulting from different numbers
of live poliovirus infections and/or successful IPV vaccination)
[3,44,45]. We model waning of immunity as a five-stage process,
infection as a six-stage process (i.e., two latent and four infectious
stages) for both fecal–oral and oropharyngeal transmission, and
OPV evolution as a 20-stage process, starting with stage 0 for fully
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attenuated Sabin strains and progressing to stage 19 for fully
reverted strains that behave like homotypic WPV [3,8,44,45]. We
assume that only fully susceptible individuals (including infants
born with maternal immunity losing protective maternal antibody
levels) can develop paralytic polio following live poliovirus infec-
tion, but any individuals (from all immunity states) can get re-
infected and participate in poliovirus transmission (asymptomati-
cally and to varying degrees).

We use hypothetical population of 10 million people, which we
divide into general and under-vaccinated subpopulations of 9 and
1 million people, respectively. The general population represents
the fraction of the total population with high vaccination, while
the under-vaccinated subpopulation represents communities with
low immunization coverage (see Table 1). We further subdivide
each subpopulation into four age groups (i.e., 0–2 months, 3–
59 months, 5–14 years, and � 15 years). We use preferential mix-
ing between subpopulations and broad mixing age groups (i.e., 0–
59 months, 5–14 years, and� 15 years), and the death rate equal to
birth rate to maintain constant population size for this hypotheti-
cal population. We assumeWPV1 R0 = 10, which provides the basis
for characterization of all of the transmission dynamics for all 3
types due to fixed assumptions for relative R0 values for all other
live polioviruses for this hypothetical population in our model
structure (e.g., R0 for cVDPV2 = 9) [16,23,34–39]. We also assume
moderate seasonal variations and low contribution of oropharyn-
geal transmission to overall poliovirus transmission in both sub-
populations, consistent with our assumptions for lower-income
hypothetical populations [16,23,34–39]. The model simulates
poliovirus elimination in a subpopulation as soon as the effective
(i.e., infectiousness-weighted) prevalence of given poliovirus type
infection decreases below a threshold of 5 per million people, at
which point the model sets the force of infection for that poliovirus
type to 0. The top of Table 1 shows population- and transmission-
related model input assumptions.

We use per-dose tOPV, bOPV, mOPV, and IPV take rate values
previously assumed for developing country settings [2,46]. Given
limited published data about nOPV2 performance when used in
oSIAs [49], we explore the bounds of the potential nOPV2 trajecto-
ries [27–29,48,50–53]. Specifically, we consider the two scenarios:
‘‘best nOPV2,” which assumes the same effectiveness as mOPV2, no
reversion to neurovirulence despite transmissibility, and no VAPP;
and ‘‘worst nOPV2,” which assumes the 90% of the effectiveness of
mOPV2, prior assumptions for reduced reversion to neurovirulence
[27], further reduced by 10%, and VAPP occurring at a rate 10%
lower than the VAPP rate of mOPV2 [51–53]. For potential concur-
rent use of bOPV and nOPV2 (i.e., bOPV + nOPV2), based on our
limited understanding of preliminary field trial results considering
coadministration of bOPV + nOPV2 (ClinicalTrials.gov Identifier:
NCT04579510), we assumed a lower take rate for the type 2 com-
ponent (i.e., nOPV2 take rate equal to 68% of the Sabin OPV2 take
rate), but no effect for types 1 or 3 (see Table 1).

To model outbreak management strategies for cocirculation of
multiple poliovirus types, we build an immunity profile consistent
with the populations in which cVDPV1 and cVDPV2 transmission
has recently emerged and continued. Specifically, we simulate
the concept that our hypothetical population historically began
with three tOPV doses in RI, then we introduce a birth dose in
the general population, and we add one IPV dose shortly before a
switch from tOPV in RI to bOPV to simulate OPV2 cessation (see
middle of Table 1 and supplemental Figure A1 and for details).
We also introduce between two and five SIAs per year (see middle
of Table 1 and supplemental Figure A2 and for details).

We define a reference case (RC), in which the model eliminates
WPV1 and WPV2 transmission using OPV, and then allows the
population immunity to evolve as a function of the RI and SIAs.
The modeled cessation of Sabin OPV2 following the shift from tOPV
3

to bOPV, which occurs with insufficient population immunity in
the modeled population, leads to OPV evolution and emergence
of cVDPV2 transmission. In addition, due to the decline in the num-
ber of bOPV SIAs, a cVDPV1 also emerges.

Table 2 summarizes the modeled outbreak response strategies.
Given potential delays in detection and longer response times in
countries with cocirculation in 2022 (e.g., Democratic Republic of
the Congo, Mozambique [54]), we assume outbreak response
begins 135 days after the first cVDPV1 case occurs in the model.
For any oSIA that uses nOPV2, given uncertainty about its field
properties, we separately consider either ‘‘best nOPV2” or ‘‘worst
nOPV2” for the nOPV2 oSIA rounds. We focus on four major strate-
gies: (1) ‘‘all at once,” (2) ‘‘sequential elimination,” (3) ‘‘concurrent
administration,” and (4) ‘‘alternate administration.” First, the ‘‘all at
once” strategy assumes monthly tOPV oSIA rounds until elimina-
tion of cVDPV2, followed by monthly bOPV oSIA rounds until elim-
ination of cVDPV1 transmission. Second, the ‘‘sequential
elimination” focuses on elimination of one type at a time, and
therefore follows two possible sub-strategies: (2a) ‘‘cVDPV1 first,”
which assumes monthly bOPV oSIA rounds until elimination of
cVDPV1 transmission, followed by monthly mOPV2 or nOPV2 oSIA
rounds until elimination of cVDPV2 transmission; or (2b) ‘‘cVDPV2
first,” which assumes monthly mOPV2 or nOPV2 oSIA rounds until
elimination of cVDPV2 transmission, followed by monthly bOPV
oSIA rounds until elimination of cVDPV1 transmission. Third, the
‘‘concurrent administration” assumes simultaneous monthly
administration of bOPV and nOPV2 (i.e., bOPV + nOPV2) oSIA
rounds until elimination of cVDPV2 transmission, followed by
monthly bOPV oSIA rounds until elimination of cVDPV1 transmis-
sion. Finally, the ‘‘alternate administration” strategy assumes the
vaccine type used for each oSIA round alternates monthly until
elimination of cVDPV2 transmission, followed by monthly bOPV
oSIA rounds until elimination of cVDPV1 transmission. Here, we
also consider two sub-strategies by choosing which vaccine use
occurs first (i.e., (4a) ‘‘bOPV first” or (4b) ‘‘OPV2 first”).

We use a three-year analytical time horizon for the model and
we perform all simulations using JAVATM programming language
in the integrated development environment EclipseTM. Recognizing
that different attributes of oSIAs may represent important consid-
erations for immunization program leaders, we report the numbers
of rounds of each type of vaccine for each strategy. Given our focus
on identifying the minimum number of rounds for each scenario
required to stop transmission of both types of cocirculating polio-
viruses and our assumed fixed timing between oSIA rounds, we
recognize that the time required to complete the outbreak
responses, and thus the time to achieve elimination of both
cVDPV1 and cVDPV2, varies by strategy. We report the total elim-
ination time since the beginning of analytical time horizon (T0) as
a way to facilitate comparisons for this attribute. In addition, we
recognize that the costs of the different strategies will vary due
to the different numbers of rounds and doses of vaccines required.
We use previously developed cost input assumptions [55] to esti-
mate the costs of the oSIAs for each scenario, with the cost input
assumptions required for this analysis shown in the bottom of
Table 1. Consistent with our focus on outbreak response, we use
a model time horizon of 3 years.
3. Results

As shown in Fig. 1, the prospective model time horizon begins
at T0 (year 0) with already established cocirculation of cVDPV1
and cVDPV2 representing the current global situation with cocircu-
lating polioviruses in some countries. Detection of the first mod-
eled paralytic case of cVDPV1 occurs in the under-vaccinated
subpopulation within the third month of transmission (indicated

http://ClinicalTrials.gov


Table 1
Model inputs.

Model input Estimate Notes

Transmission model inputs
Number of subpopulations 2 Under-vaccinated and general

Population size 10,000,000
- under-vaccinated subpopulation 1,000,000
- general population 9,000,000

Initial age distribution Mixing age groups of 0–4, 5–14, and � 15 years
- 0–2 months 0.01
- 3–59 months 0.15
- 5–14 years 0.25
- � 15 years 0.59

Proportion of contacts reserved for individuals within Extent of preferential mixing
- the same subpopulation (pwithin) 0.90
- the same mixing age group (j) 0.35

Birth rate (b) and death rate (l) 0.02

Average basic reproductive number (R0) (PV1; PV2; PV3) 10; 9; 7.5

Proportional change in R0 due to seasonality (a) 0.15

Day of seasonal peak in R0ðpdÞ 0 (January 1)

Proportion of transmissions via oropharyngeal route (poro) 0.3 High R0 developing country value

Transmission threshold 5/1,000,000

Paralysis-to-infection ratio for fully susceptible individuals Upper and lower bounds of PV evolution process by poliovirus type
- infected with FRPV (PV1; PV2; PV3) 0.005; 0.0005; 0.001
- infected with OPV (PV1; PV2; PV3) 7.4�0-8; 6.2�0-7; 1.3�10-6

Time inputs
- run-up start T0 – 72.00
- R0 seasonality start T0 – 47.00
- die out first allowed T0 – 47.00
- OPV RI start T0 – 42.00
- birth dose start T0 – 32.00
- SIA start T0 – 26.00
- IPV RI start T0 – 6.00
- tOPV-bOPV switch T0 – 5.75
- RI coverage increase stop T0 – 2.00
- end of analytical tie horizon T0 + 3.00

Vaccination related inputs
Per-dose take rate (tr) (PV1; PV2; PV3) Developing country values
- tOPV 0.45; 0.70; 0.35
- bOPV 0.54; 0.00; 0.54
- mOPV 0.60; 0.70; 0.60
- nOPV NA; 0.70; NA
- bOPV + nOPV2 0.54; 0.48; 0.54
- IPV 0.63; 0.63; 0.63

Relative nOPV2 take rate (reltr)
- best 1.00
- worst 0.90

Routine immunization coverage (subpopulation; general)
- birth dose 0.00; 0.40
- 3 dose 0.25; 0.80

SIA intensity (under-vaccinated; general)
- true coverage (TC) 0.25; 0.80
- repeated missed probability (PRM) 0.84; 0.70

Cost inputs
Vaccine cost per dose 0.150 US$2019
Waste factor 1.333
Non-vaccine cost per dose 0.948 US$2019
Coadministration factor 1.5

Abbreviations: PV(1,2,3), poliovirus(type); bOPV, bivalent OPV; FRPV, fully-reverted poliovirus (stage 19 of PV evolution process, including both wild PV and circulating
vaccine-derived PV); IPV, inactivated poliovirus vaccine; mOPV, monovalent OPV; nOPV, novel OPV; OPV, oral poliovirus vaccine (stage 0 of PV evolution process); RI, routine
immunization; SIA, supplementary immunization activity; tOPV, trivalent OPV; US$2019, 2019 United States dollars
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by a black diamond tick mark in Fig. 1). This is an important land-
mark, because we assume outbreak response begins 135 days after
the first cVDPV1 case (see Methods).

For context, the RC explores the transmission dynamics assum-
ing no outbreak response. Fig. 1 shows the daily incidence of par-
alytic cases (left) and cumulative number of cases (right) by type of
cVDPV and for each subpopulation as a function of time since T0.
4

Note that in this model the daily ‘‘incidence” can be a fraction
because it simply represents virus transmission rate multiplied
by the infection to paralysis ratio for the respective virus, unlike
the actual observations of any cases that occur stochastically.

Without any outbreak response, the modeled paralytic inci-
dence reaches 624 expected cases during the prospective 3-year
model time horizon (482 cVDPV1 cases and 142 cVDPV2 cases,



Table 2
Outbreak management strategies.

Option Vaccines Description

1. All at once tOPV then bOPV Monthly tOPV SIA rounds until elimination of cVDPV2, followed by monthly bOPV SIA
rounds until elimination of cVDPV1 transmission

2. Sequential elimination
a) cVDPV1 first i) bOPV then mOPV2

ii) bOPV then best nOPV2
iii) bOPV then worst nOPV2

Monthly bOPV SIA rounds until elimination of cVDPV1 transmission, followed by
monthly mOPV2 or best nOPV2 or worst nOPV2 SIA rounds until elimination of
cVDPV2 transmission

b) cVDPV2 first i) mOPV2 then bOPV
ii) best nOPV2 then bOPV
iii) worst nOPV2 then bOPV

Monthly mOPV2 or best nOPV2 or worst nOPV2 SIA rounds until elimination of
cVDPV2 transmission, followed by monthly bOPV SIA rounds until elimination of
cVDPV1 transmission

3. Concurrent administration i) bOPV + best nOPV2
ii) bOPV + worst nOPV2

Simultaneous monthly administration of bOPV and best nOPV2 or worst nOPV2 SIA
rounds until elimination of cVDPV2 transmission, followed by monthly bOPV SIA
rounds until elimination of cVDPV1 transmission, using low or high effectiveness
assumptions

4. Alternate administration
a) bOPV first i) bOPV then mOPV2

ii) bOPV then best nOPV2
iii) bOPV then worst nOPV2

Alternate monthly bOPV and mOPV2 or best nOPV2 or worst nOPV2 SIA rounds until
elimination of cVDPV2 transmission, followed by monthly bOPV SIA rounds until
elimination of cVDPV1 transmission

b) OPV2 first i) mOPV2 the bOPV
ii) best nOPV2 then bOPV
iii) worst nOPV2 then bOPV

Alternate monthly mOPV2 or best nOPV2 or worst nOPV2 and bOPV SIA rounds until
elimination of cVDPV2 transmission, followed by monthly bOPV SIA rounds until
elimination of cVDPV1 transmission

Abbreviations: bOPV, bivalent OPV; cVDPV(1,2), circulating vaccine-derived poliovirus (type 1 or 2); mOPV2, type 2 monovalent OPV; nOPV, type 2 novel OPV; OPV, oral
poliovirus vaccine; SIA, supplementary immunization activity; tOPV, trivalent OPV.

Fig. 1. Reference case (RC) paralytic incidence in the absence of outbreak response SIAs. For this hypothetical model, we use time in years since T0 instead of actual calendar
dates on the x-axis.
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see also the first row of results in Table 3). In the RC, the transmis-
sion of both viruses continues throughout the time horizon. Thus,
although the curves shown in Fig. 1 suggest a substantial drop in
the cVDPV1 transmission, without oSIAs to increase population
immunity to type 1, after the cVDPV1 burns through the accumu-
lated susceptible population, the transmission does not die out.
5

Given enough time, the low level of transmission will periodically
increase to cause outbreaks due to the accumulation of new sus-
ceptible individuals in the population, and the cVDPV1 re-
establishes endemic transmission (as already occurred for cVDPV2
prior to T0). The shapes of the curves for the two types in Fig. 1
demonstrate the different nature of endemic transmission and an



Table 3
Performance of SIA schedules for outbreak management strategies.

Option Vaccines Number of
monthly
rounds

Minimum number of
rounds to achieve
elimination

Number of cases by
cVDPV type and total

Elimination time
(days after T0)

Total cases
prevented

Intervention costs
(US$2019, millions)

bOPV OPV2 1 2 Total cVDPV1 cVDPV2

Reference case No OPV NA NA NA 482 142 624 – – 0 0
1. All at once tOPV then bOPV 12 9 3 167 41 208 994 578 416 9.37

2. Sequential elimination
a) cVDPV1 first i) bOPV then mOPV2

ii) bOPV then best nOPV2
iii) bOPV then worst nOPV2

18
17
19

14
14
14

4
3
5

152
152
152

88
87
88

240
239
240

881
881
881

960
887
961

384
385
384

14.05
13.27
14.84

b) cVDPV2 first i) mOPV2 then bOPV
ii) best nOPV2 then bOPV
iii) worst nOPV2 then bOPV

7
7
8

4
4
4

3
3
4

301
301
361

41
41
41

342
342
402

710
710
631

578
400
537

282
282
222

5.47
5.47
6.25

3. Concurrent administration i) bOPV + best nOPV2
ii) bOPV + worst nOPV2

14
14

14
14

3
5

152
152

41
42

193
194

881
881

486
605

431
431

12.31
13.22

4. Alternate administration
a) bOPV first i) bOPV then mOPV2

ii) bOPV then best nOPV2
iii) bOPV then worst nOPV2

11
11
12

8
9
8

3
2
4

221
208
225

42
42
42

263
250
267

901
728
944

550
491
567

361
374
357

8.59
8.59
9.37

b) OPV2 first i) mOPV2 then bOPV
ii) best nOPV2 then bOPV
iii) worst nOPV2 then bOPV

10
10
10

7
8
6

3
2
4

247
226
254

41
41
42

288
267
296

680
685
737

550
474
547

335
356
329

7.81
7.81
7.81

Abbreviations: bOPV, bivalent OPV; cVDPV(1,2), circulating vaccine-derived poliovirus (type 1 or 2); mOPV2, type 2 monovalent OPV; nOPV2, type 2 novel OPV; OPV, oral poliovirus vaccine; SIA, supplementary immunization
activity; tOPV, trivalent OPV; US$2019, 2019 United States Dollars;
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epidemic or outbreak following (re)introduction into a population
that previously stopped transmission.

For the different outbreak response strategies listed in Table 2,
Table 3 shows the minimum number of rounds needed to achieve
die out of both types of cVDPVs in the outbreak population as well
as the cases by type and total expected for each strategy. Depend-
ing on the strategy and the OPV2 vaccine used, the model can elim-
inate the transmission of both viruses while preventing between
222 and 431 paralytic cases. The most successful strategies aim
to target both viruses at the same time (i.e., ‘‘all at once” with tOPV
or ‘‘concurrent administration” with bOPV and nOPV2 used for as
long as both viruses are in cocirculation). The ‘‘concurrent adminis-
tration” strategies prevent 431 expected cases, requiring vaccine
doses to perform the equivalent of 17 SIA rounds, when using
bOPV and best nOPV2, or 19 SIA rounds when using bOPV and
worst nOPV2.

The more efficient strategy uses doses of tOPV and then
switches to bOPV after eliminating cVDPV2, which requires 12
SIA rounds and prevents the total of 416 paralytic cases. However,
if countries prefer not to use tOPV due to the Sabin OPV2 compo-
nent, then, if they can concurrently administer bOPV and nOPV2
and achieve the same coverage with both vaccines, then they can
prevent the same number of cases with the same number of
rounds at a higher cost, if nOPV2 behaves like the assumed best
nOPV2. If nOPV2 behaves like the assumed worst nOPV2, then this
strategy implies fewer cases prevented, more rounds, and higher
costs (see Table 3).

Notably, the results for concurrent administration implicitly
ignore any logistical challenges that could lead to delays and/or
additional costs or impact coverage achieved for either type (i.e.,
the results implicitly assume that all children vaccinated in the
oSIAs receive both doses). In addition, we highlight uncertainty
about the cost implications of concurrent administration, for which
we assumed that delivering two doses of OPV containing vaccines
at the same oSIA contact would cost less than two separate con-
tacts due to cost-savings for some oSIAs activities (e.g., social
mobilization), but more than delivering only one vaccine. In addi-
tion, concurrent administration of bOPV and nOPV2 falls outside of
GPEI policies for nOPV2 use [56].

Although for this analysis we focused on comparison of strate-
gies assuming no limitations on the availability of vaccine supplies,
the ‘‘sequential elimination” strategy may prove useful when facing
shortages of a specific vaccine type. However, focusing on elimina-
tion of only one virus at a time comes with a burden of paralytic
cases caused by the virus that was left unmanaged and may change
the number of oSIA rounds required in the long run due to the
transmission dynamics. For example, in our hypothetical situation,
focusing on ‘‘cVDPV2 first” and delaying bOPV response allows for
cVDPV1 transmission to burn through the majority of the low-
immunity population. In contrast, focusing on ‘‘cVDPV1 first” pre-
vents more cases, but requires more effort to stop the outbreak
due to the higher level of transmission, and ultimately leads to
the highest number of minimum rounds required to stop transmis-
sion of both types.

Finally, if the simultaneous administration of bOPV and nOPV2
is not possible, those immunization programs that want to make
progress on both cVDPV types without using tOPV might prefer
the ‘‘alternate administration” strategy. Table 3 shows the relative
expected increase in costs, time, and cases associated with such
national preferences.
4. Discussion

The polio endgame strategy continues to increase in complexity
due to ongoing transmission of type 2 polioviruses, new emer-
7

gences of type 1 polioviruses, and the development of novel vacci-
nes, including nOPV2 currently in use under emergency use listing
by the World Health Organization. As such, the cocirculation of
poliovirus types 1 and 2 in several areas in the context of different
national and regional preferences for specific vaccines and limita-
tions in the availability of vaccines represent substantial manage-
ment challenges. The current dynamics of transmission of
multiple types of polioviruses globally demonstrates the limited
ability of IPV use in RI to substantially contribute to preventing
poliovirus transmission in most countries. Thus, despite substan-
tial investments by all countries to introduce IPV into their RI pro-
grams, poliovirus transmission continues in many countries and
globally 23 years after the original global target of achieving polio
eradication by the year 2000. In addition, as the complexity
increases, so do the cumulative costs of polio eradication [17].

The logistical challenges of responding to cocirculation include
multiple issues. We highlighted issues related to the management
of vaccine supplies for outbreaks. The development of global stock-
piles of OPV2-containing vaccines (i.e., mOPV2, tOPV, and nOPV2)
continues to face challenges due to mismatches between global
forecasting, vaccine production and filling decisions, and demand
from countries for oSIAs. In addition, the relatively poor perfor-
mance and low coverage achieved by oSIAs in some countries
[27,28,46,47], may imply higher vaccine demands for oSIAs glob-
ally due to longer, larger, and more-widely spread transmission.

The most important management insight gained from this mod-
eling exercise comes from recognizing that saving the largest num-
ber of children from paralytic polio in the context of cocirculating
viruses requires responding with immunization activities that
include coverage for all three virus types at the onset (Table 3).
This may include tOPV or concurrent administration of nOPV2
and bOPV. In order to operationalize this approach, however,
national preferences and/or administrative obstacles must be first
removed. Reluctance to use Sabin OPV2s presents a substantial
obstacle that is rooted in the perceived notion that the risk of seed-
ing new outbreaks is higher than the risk of continued circulating
viruses, which runs counter to both modeling experience and glo-
bal policy recommendations [57,58]. Although coadministration of
nOPV2 with other vaccines is not contraindicated under EUL [14],
the GPEI operational guidelines prohibit delivery of nOPV2 with
bOPV [56,59] presents another substantial obstacle. In addition,
data on the immunogenicity and take rate of nOPV2 when coad-
ministered with bOPV are not currently available. Anecdotally, pre-
liminary results from a clinical trial conducted in 2021
(ClinicalTrials.gov Identifier: NCT04579510) suggest that bOPV
interferes with immunogenicity of nOPV2 when administered at
the same time (A. Wilkinson, personal communication), but the
final results of this trial are not available publicly.

From a logistical perspective, maximizing the number of lives
saved may not always be achievable. Specifically, the monetary
or personnel costs of such interventions may exceed the available
resources, or the interventions may be not feasible from a health-
care delivery perspective. In our modeling exercise, the sequential
elimination strategy of cVDPV2 first, followed by cVDPV1 second,
required the least number of total oSIA rounds and lowest cost of
all modeled interventions (Table 3). However, this strategy
resulted in nearly twice as many paralytic cases compared to the
all at once or concurrent elimination strategies discussed above.

In order to visualize some of these tradeoffs, we present Fig. 2,
in which we compare cases prevented and intervention costs for all
modeled scenarios. Fig. 2 clearly demonstrates that sequential
elimination with bOPV first followed by any monovalent OPV2
(red circles) are neither cost preferred nor lead to the largest num-
ber of cases prevented. As such, these strategies appear the least
favorable. In contrast, sequential elimination with mOPV2 or best
nOPV2 first (blue circles) represent the lowest cost strategies that

http://ClinicalTrials.gov


Fig. 2. Demonstration of tradeoff between various outbreak management strategies (see Table 2 for descriptions of the scenarios that correspond to the circle labels and
Table 3 for cases and numbers of rounds) based on the number of paralytic cases prevented (x-axis), immunization campaign costs (y-axis) and the number of monthly
campaign rounds needed (area of circles) to control the outbreak of cocirculating types 1 and 2. Strategies highlighted in green save the most patients from paralytic disease,
those in blue are the most cost-effective in terms of paralytic cases prevented per dollars spent and the number of rounds needed to control the outbreak, and the strategies
highlighted in red are the least cost-effective both in terms of money spent and campaign rounds conducted per paralytic case prevented. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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result in elimination of circulating viruses with the least number of
campaign rounds, albeit at the cost of increased paralytic cases.
The largest numbers of paralytic cases are prevented when cam-
paigns target eliminating both types of cVDPVs at the same time
(green circles). The lowest cost strategy that targets both cVDPV
types at once is to use tOPV, but other scenarios with concurrent
administration of nOPV2 with bOPV achieve the similar clinical
objective, albeit at higher cost.

We use modeling to gain policy insight, and fully acknowledge
the limitations of our poliovirus modeling with limitations dis-
cussed in detail elsewhere [46,47]. In addition, any hypothetical
modeling also comes with the limitations associated with the sim-
plifying assumptions made that affect its behavior [16,23,34–39].
For this analysis, we use a hypothetical population to systemati-
cally explore vaccination strategies using scenarios that only vary
the oSIA vaccine strategy. As a hypothetical population model,
the outcomes of the scenarios may differ from the real-life situa-
tions in countries with reported cocirculation, because population
immunity profiles are specific to national vaccination and polio-
virus transmission histories. In addition, we use a simplified, deter-
ministic approach to characterize the poliovirus transmission die
out, although in reality the die out of a poliovirus in small popula-
tions can occur by chance, even with low vaccination coverage
[60]. Due to uncertainty about the actual costs, clinical feasibility,
and effectiveness of campaigns with coadministration of nOPV2
and other polio vaccines, future policy analyses will need to use
any available improved data. Finally, with our focus on a hypothet-
ical population for this analysis, we implicitly leave efforts to
explore the implications of different oSIA vaccine choices and
strategies for specific countries or other geographic regions with
cocirculating viruses and the collective impacts of strategies at
the global level to future modeling studies.

In spite of its limitations, our hypothetical model provides
insights about the management of current outbreaks of types 1
8

and 2 polioviruses. Despite their risks, in the context of cocirculat-
ing outbreaks, Sabin OPVs are a favorable choice. In contrast,
sequential approaches that prioritize type 1 appear unfavorable,
while sequential strategies targeting cVDPV2 first are highly cost
effective and result in most rapid elimination of circulating viruses
for a situation similar to the hypothetical population we modeled.
Coadministration of nOPV2 with bOPV is also a favorable strategy
based on our modeling studies, but better estimates of the costs,
feasibility, and effectiveness of such campaign depend on addi-
tional field and clinical data.
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