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Abstract

Despite exhaustive and fully-financed plans to manage the risks of globally coordinated

cessation of oral poliovirus vaccine (OPV) containing type 2 (OPV2) prior to 2016, as of

2022, extensive, continued transmission of circulating vaccine-derived polioviruses (cCVDPVs)
type 2 (cVDPV2) remains. Notably, cumulative cases caused by c\VDPV2 since 2016 now

exceed 2,500. Earlier analyses explored the implications of using different vaccine formulations
to respond to c\VDPV2 outbreaks and demonstrated how different properties of novel OPV2
(nOPV2) might affect its performance compared to Sabin monovalent OPV2 (mOPV2). These
prior analyses used fixed assumptions for how outbreak response would occur, but outbreak
response implementation can change. We update an existing global poliovirus transmission model
to explore different options for responding with different vaccines and assumptions about scope,
delays, immunization intensity, target age groups, and number of rounds. Our findings suggest
that in order to successfully stop all cVDPV2 transmission globally, countries and the Global
Polio Eradication Initiative need to address the deficiencies in emergency outbreak response policy
and implementation. The polio program must urgently act to substantially reduce response time,
target larger populations — particularly in high transmission areas — and achieve high coverage
with improved access to under-vaccinated subpopulations. Given the limited supplies of nOPV2
at the present, using mOPV?2 intensively immediately, followed by nOPV?2 intensively if needed
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and when sufficient quantities become available, substantially increases the probability of ending
cVDPV2 transmission globally.
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1. Introduction

The polio endgame remains complicated by numerous risks, including some risks associated
with using Sabin oral poliovirus vaccine (OPV) strains, to eradicate the transmission of

the three types of polioviruses (i.e., types 1, 2, and 3) [1]. Although not noticeable in

a background with ongoing transmission of indigenous wild polioviruses (WPVSs) [2],
following successful efforts to end WPV transmission by achieving high coverage with
OPV, the risks of OPV become observable (e.g., as occurred in the US [2]). Specifically, as
a live attenuated virus vaccine, OPV induces an infection in vaccine recipients, who can then
excrete or shed OPV and OPV-related strains, which may spread secondarily. This secondary
spread can effectively serve to induce or boost immunity in the population. However, in very
rare instances, OPV may cause vaccine-associated paralytic polio (VAPP) in OPV recipients
or their close contacts [1]. In addition, as OPV-related viruses transmit in populations with
low immunization coverage, they can lose their attenuating mutations and recombine with
other enteroviruses which may lead to outbreaks of circulating vaccine-derived polioviruses
(cVDPVs) that cause paralysis and behave like homotypic WPVs [1,3]. Finally, a very small
fraction of infected individuals with B-cell-related primary immunodeficiencies can develop
prolonged or chronic OPV infections (immunodeficiency-associated VDPVs (iVDPVs),
which hypothetically might lead to community transmission) [1,4]. Recognizing that the
risks of Sabin OPV become less acceptable after transmission of WPV stops, the Global
Polio Eradication Initiative (GPEI) 2013-2018 strategic plan included phased globally-
coordinated cessation of each OPV type following the certification of eradication of the
homotypic WPV, specifically staring with type 2 [5]. Numerous modeling studies supported
the development and evaluation of strategies in support of this plan (see comprehensive
review of results from studies published 2000-2019 elsewhere [6]) and helped to support the
identification of pre-requisites for type-specific OPV cessation [7].

In 2016, globally coordinated cessation of type 2 OPV (OPV2) [8] meant that OPV-using
countries switched from trivalent OPV (tOPV, which contains all three OPV types) to
bivalent OPV (bOPV, which contains only types 1 and 3 OPV) for routine immunization
(RI) and supplementary immunization activities (SIAs). The creation of a stockpile of
monovalent OPV2 (mOPV2) provided a resource to support outbreak response activities in
the event of cVDPV2 outbreaks [9,10]. In preparation for the switch from tOPV to bOPV,
countries that only used OPV in RI began adding a single dose of inactivated poliovirus
vaccine (IPV) to their RI schedules as a strategy to mitigate risks of paralysis in the event
of continued type 2 poliovirus transmission after the switch [11]. In 2016, nearly all OPV2-
related virus transmission stopped [12], which presumably led to a decline in rare type 2
VAPP cases. However, persistent and increasing transmission of type 2 cVDPVs (cVDPV2s)
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since 2018 [13,14], including some outbreaks caused by unknown sources [15,16], continue
to raise questions about outbreak response strategies, tactics and implementation. Notably,
cumulative cases caused by c\VDPV?2 since 2016 now exceed 2,577 [17]. In addition,
insufficient supplies of IPV delayed paralysis risk mitigation efforts for some children born
after OPV2 cessation [18]. However, those children who received the limited IPV doses, and
consequently did not become paralyzed upon becoming infected, likely reduced the number
of cases that otherwise would have occurred, which may have increased the time required

to detected outbreaks through a surveillance system that depends on the detection of cases
[19]. In the first few years following global OPV2 cessation, numerous cVDPV2 outbreaks
and outbreak response SIAs (0S1As) depleted mOPV2 from the stockpile [13-15,20,21]. In
response, GPEI ordered the production of additional mMOPV2 in 2018 and tOPV in 2019
with support from modeling studies that recommended using tOPV, if available, to respond
to cVDPV2 outbreaks in type 1 WPV (WPV1) endemic countries post OPV2 cessation
[22-24]). Use of tOPV for oSIAs in Pakistan and Afghanistan since 2020 substantially
reduced transmission and cases caused by both types 1 and 2 polioviruses [25]. Overall,
prior modeling studies that focused on 0SIA choices consistently suggested the need to start
type-specific OPV 0SIAs shortly after outbreak detection with sufficient coverage and scope
to shut down transmission [6,13,22,26,27].

Concerns about OPV-associated risks also motivated plans to use inactivated poliovirus
vaccine (IPV) exclusively for 0SIAs after successful OPV cessation (e.g., after 5 years
[22,28,29] or 8 years [30], with the shift to later time occurring after delays in succeeding
with OPV2 cessation). In parallel, GPEI partners made substantial investments to develop
new oral poliovirus vaccines [31-33], including a novel OPV2 (nOPV2) designed with
properties that make it less prone to reversion and with a substantially lower risk

of neurovirulence as measured in experimental animals [34-37]. The World Health
Organization (WHO) granted nOPV2 Emergency Use Listing (EUL) in November 2020,
however, due to extensive requirements for countries to meet readiness criteria under the
EUL, the first uses of nOPV2 began in March 2021 [38]. Based on the most recent report of
the Global Advisory Committee on Vaccine Safety (GACVS), nOPV2 shows an acceptable
safety profile and appears more genetically stable than mOPV2 in field use (as designed)
[39] with a growing body of clinical evidence related to its characteristics [40]. The Strategic
Advisory Group of Experts on Immunization (SAGE) recommended the transition to wider
use of nOPV2 in October of 2021, while emphasizing “the importance of a timely response
to cVDPV2 outbreaks using any available type 2 oral poliovirus vaccine rather than waiting
for requirements for use of the nOPV2 to be met.” [41].

Recent studies considered the potential impacts of using nOPV2 for 0SIAs in the polio
endgame prior to [16,20,30] and after initial disruptions caused by the COVID-19 pandemic
[26,42]. While these studies provided some insights, they assumed that future oSIAs would
mimic the performance of 0SIAs in the past few years, and did not consider potential
changes in oSIA implementation or nOPV2 performance in field use. With nOPV2 playing
a prominent role in recent and current GPEI strategic plans and policies [43-47], we
recognized the importance of updating our global modeling to reflect actual immunization
practices and epidemiological conditions through the end of 2021 and to explore the impact
of a wide range of prospective 0SIA options.
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2. Methods

We updated and extended prior global poliovirus transmission modeling [26] that considered
different bounding scenarios for the field properties of nOPV2 recently observed. Briefly,
the global model divides the world into 72 blocks of 10 subpopulations of approximately
10.7 million total population each according to World Bank Income Level (low-income,

LI; lower middle-income, LMI; upper middle-income, UMI; high-income, HI) and current
vaccine use in routine immunization (OPV + IPV, IPV/OPV, IPV-only) [48]. Although the
age distributions within the subpopulations vary (consistent with variability in the global
population), on average a subpopulation includes approximately 8%, 18%, and 25% of
children under 5 years, 10 years, and 15 years of age, respectively (i.e., approximately 1
million children < 5 years, 2 million < 10 years, and 3 million < 15 years of age). Mixing
within blocks occurs homogenously in space and heterogeneously by age, while mixing
between blocks occurs according to nine varying preferential mixing areas of different size,
which in abstract represent larger geographical regions. Unlike the prior analysis [26] that
modeled 0SIAs only with fixed assumptions consistent with actual GPEI oSIA performance
[30], for this analysis we explore a range of different 0SIA vaccine choices and performance
characteristics (Table 1). We consider a prospective analytical time horizon of Ty of January
1, 2022 to Teng of December 31, 2026, consistent with the duration of the current GPEI
Strategic Plan [47]. To update the global model for a new time horizon, we review the
epidemiological and immunization data for the time period between the beginning of the
prior model time horizon (e.g., 2020 for the time horizon of 2020-2023 [26]) and the
beginning of the new time horizon (i.e., 2022). We then convert the years with available
data to part of the deterministic run up. This process involves ensuring that the model uses
the same number of rounds and types of vaccine for each round in the subpopulations that
abstractly represent countries to simulate actual historical performance, and that the model
correctly simulates observed retrospective importation events. Thus, for the deterministic run
up, we mimic the events that actually occurred, while modeling for the prospective time
horizon allows for stochastic importations to occur in different places at different times.

For the reference case (RC), a modeling benchmark that is well characterized and will
facilitate subsequent comparisons, we use the same fixed assumptions from prior analyses
for the characteristics of prospective 0SIAs [20,26,30], which assume they target children
< 5 years of age, start 45 days after detection, and include 2 rounds of mOPV2 separated
by 30 days with 2 additional rounds after any breakthrough transmission. Although the
GPEI uses the term outbreak on the scale of geopolitical units, we defined an outbreak

in the model on the scale of a subpopulation, which we note may represent more than

one country (for small countries) or a small part of a large country. In most modeled
subpopulations, for which WPV1 R < 10, if an outbreak occurs, the 0SIA scope would
include only the outbreak subpopulation. However, for subpopulations modeled with WPV1
Rg = 10, which represent the highest-risk outbreak areas, the 0SIA scope includes the
outbreak subpopulation and its four worst-performing neighbor subpopulations within the
same block [30]. The oSIA intensity varies for different subpopulations, ranging from
15% true coverage and 95% repeatedly missed probability to 80% true coverage and

50% repeatedly missed probability. We use mOPV2 for the RC since it represented the
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primary vaccine available and recommended for use for type 2 0SIAs in 2021, with the
understanding that the actual vaccine use data will likely differ given the evolving landscape
of vaccines and outbreak response activities. Specifically, although GPEI plans a complete
shift to nOPV2 for 0S1As at some point in the near future [47] and tOPV may be used in
some outbreak responses, at the beginning of the time horizon for the model (January 1,
2022), mOPV2 served as the primary vaccine available for rapid use for type 2 0SIAs and

it represents an important baseline for comparison given historical experience with mOPV2
and its well-known properties.

Since receiving the EUL, nOPV2 use occurred broadly in Africa, although uncertainty
remains about its field use characteristics and the ultimate timing of its licensure. Pakistan,
Afghanistan, and Yemen used tOPV in some 0SIAs in 2020-2022. Consistent with actual
prior use, the model includes tOPV use for 0SIAs by Pakistan and Afghanistan in 2021 [49].
Prospective use of tOPV (instead of mOPV2) does not impact the RC results for cVDPV2
due to the same assumptions about type 2 take rate, although it may improve the control and
eradication outcomes for WPV1 and type 1 cVDPVs (cVDPV1). Prior modeling recognized
the challenges of managing co-circulation of both types 1 and 2 polioviruses, issues with
competition between 0SIAs and preventive SIAs (pSIAs), and the benefits of using tOPV to
increase population immunity [22-24]. Building on prior modeling specific to Pakistan and
Afghanistan that explored prospective scenarios [49], we assumed that improved vaccination
intensity for the RC in the remaining endemic block could lead to elimination of WPV1

in early 2022, although uncertainty remained about what intensity would actually occur

in 2022. Given this assumption, despite continued WPV1 transmission in Pakistan and
Afghanistan as of the end of 2021 [49] and reported cases in 2022 [50], we also focus the
results of this analysis on type 1 cVDPVs (cVDPV1s). The visibility and importance of
cVDPVs increases as transmission of WPVs declines. Notably, cVDPV1 outbreaks led to
more cases in 2021 than WPV1 (i.e., 14 cVDPV1 cases vs 5 WPV1 cases in 2021 [17,50]).

2.1. Vaccine options and characteristics

The top rows of Table 1 describe the different vaccine options and characteristics that

we considered, each scenario designated by a letter; for example, “A” indicates the use

of mOPV2 for the entire time horizon, as assumed for the RC. Recognizing the limited
available information about how nOPV2 will actually perform in the field, we consider
different assumptions to bound the performance of nOPV2 in 0SIAs based on a prior
analysis [20,26]. We do not consider the possibility of any countries restarting the use

of Sabin type 2 OPV in RI [16,51]. In the prior modeling, we assumed the same field
effectiveness of nOPV2 as mOPV2 for recipients based on non-inferiority in seroconversion
studies compared to mOPV2 [20]. We previously considered four alternative scenarios
assuming the use of the low-dose candidate 1 nOPV2 vaccine granted the EUL [36,37,52]
(referred to as nOPV2) and we compared them to using mOPV2 for all 0SI1As for cVDPV2s
starting in January 1, 2021 [20]. For this analysis we again consider two of these nOPV2
characteristics bounding scenarios. Scenario B (previously called “no reversion, no VAPP”
[20,26]) assumes the same effectiveness as mMOPV2, no reversion despite transmissibility,
and no VAPP2, and Scenario C (previously called “some reversion, same VAPP”) assumes
the same effectiveness as mOPV2, prior assumptions for reduced reversion [26], and
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VAPP2 occurring at the mOPV2 rate for vaccine recipients [26]. For this analysis, we
also add two lower bound scenarios that allow for slightly lower effectiveness of nOPV2
compared to mOPV2. Scenario D assumes 90% effectiveness of mOPV2, no reversion
despite transmissibility, and paralysis occurring at the 90% of mOPV2 VAPP2 rate for
vaccine recipients, and Scenario E assumes 90% of the effectiveness of mOPV?2, prior
assumptions for reduced reversion [26] further reduced by 10%, and VAPP2 occurring at
90% of that for mOPV2 rate in vaccine recipients.

The very small contribution of VAPP cases to the total cases shown elsewhere [20], led us
to ignore VAPP in Scenarios B and D. We note that by comparison to Scenario B, a “no
reversion, same VVAPP” scenario would give the same behavior and results as scenario B
except that the total incidence would increase by<10 VAPP cases.

Prior modeling assumed that all type-specific OPV use in 0SIAs would cease within 5
years [22,28,29] or 8 years [30] of its globally coordinated cessation (e.g., in 2021 or
2024 for OPV2). This assumption changed over time, and is no longer consistent with the
current GPEI strategic plan, but shifting to IPV for 0SIAs remains a possible option [47].
Recognizing the possibility, we also consider scenario F that assumes mOPV?2 use prior to
May 1, 2024 (i.e., within 8 years of OPV2 cessation [30]) followed by IPV exclusively for
0SIAs for the remainder of the time horizon, albeit with lower 0SIA intensity [30].

For all scenarios, we assume no possibility of coordinated or uncoordinated OPV?2 restart
(of any formulation) in routine childhood immunization, and we assume no constraints on
vaccine availability (i.e., unlimited stockpiles), which allows us to characterize potential
vaccine supply needs, which we report without adjustment for wastage [30]. Management of
vaccine supplies is essential to ensure timely responses [9,10,22,53], and GPEI encountered
multiple challenges that led to insufficient type 2-containing vaccine supplies in the
stockpile to meet demand since 2019 [21]. Recognizing that as of early 2022, mOPV2
supplies exceeded 300 million doses and nOPV2 supplies remain constrained, we also
included scenarios G-J that assume mOPV2 used during the first six months of 2022 (instead
of throughout the time horizon in scenario A), followed by a shift to nOPV2 with the
properties of scenarios B-E, respectively, from July 1, 2022, throughout the remainder of the
time horizon.

2.2. 0SIA characteristics options

We also consider several options that vary individual 0SIA characteristics as shown in
the bottom of Table 1, all of which use scenario A vaccine (i.e., mOPV2) for direct
comparison with the RC. We use “0"” to indicate the characteristics of 0SIAs for the RC
as described in earlier studies [20,30]. We explore the impact of changing the scope of
the oSIA in population blocks with high transmission potential (i.e., WPV1 Rq = 10) by
using option 1 that restricts the 0SIA scope in high Rg blocks to the outbreak subpopulation
only, and option 2 that expands the 0SIA scope in high Rq blocks to the whole block
containing the outbreak subpopulation. We also consider the impact of the time delay
between outbreak detection to the first oSIA round, for which we explore options 3 and
4 that respectively decrease or increase the delay by 15 days compared to the RC to
either 30 or 60 days, respectively. We recognize that the assumption of 45 days of delay
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to the first oSIA round better reflects pre-COVID-19 activities than experienced during

the COVID-19 pandemic and response. However, GPEI standard operating procedures
recommend implementing 0SIAs as promptly as possible after outbreak confirmation [54],
and GPEI partners anticipate a return to pre-COVID oSIA performance during 2022. A
recent study also shows potential promise of the use of direct detection methods to speed up
detection and confirmation of polio cases [55]; therefore, we did not change the assumption
for the RC for this analysis.

Since prior modeling studies argued for aggressive 0SIAs immediately after OPV2 cessation
using at least four rounds [22,28], we considered options 5 and 6 that assume the use of
three or four oSIA rounds, respectively, instead of the two rounds in the RC as has been

the standard operating procedure (SOP). Similarly, since prior studies argued for aggressive
0SIAs with high intensity, we consider option 7 that assumes 80% for true coverage and
70% of repeatedly missing the same children for all 0SIAs. Finally, taking into account the
time elapsed since globally coordinated OPV2 cessation in 2016 (i.e., more than 5 years),
and the expectation by prior modeling that 0SIAs would include all age cohorts born since
OPV cessation, we consider options 8 and 9 that involved an expanded age group (EAG) for
the oSIA target population of all children aged < 10 years. For this analysis, we consider
option 8 that uses the target age group of children < 10 years without consideration of any
mOPV2 use since OPV2 cessation, and option 9 that expands the 0SIA target age group to
children < 10 years only in blocks for which more than 5 years have passed since the last
OPV2 use in outbreak response.

Recognizing the potential for oSIA changes that combine the individual effects explored
by the preceding scenarios, we consider the joint effect of two vaccine options: A (i.e.,
mOPV2) or B (i.e., nOPV2, no reversion, no VAPP2) and group the best performing
univariate changes (i.e., SIA options “2379” or “23579” that show the combination of

the characteristics with these options in the bottom of Table 1). We also consider the
combinations with vaccine characteristics in scenarios G-J given the reality of constrained
vaccine supplies. Recognizing the importance of improving quality, we also repeated the
runs with the best performing characteristics except for improving quality using scenarios
G239 and G2369. Similarly, we simulated the effect of reduced potential seeding effects
when using nOPV?2 instead of mOPV?2 for larger (i.e., blockwide) 0SIAs using scenarios B2
and G2.

We performed all simulations using JAVA™ programming language in the integrated
development environment Eclipse™, and we simulated 100 stochastic iterations starting
with the same random number seeds and initial conditions for each scenario. We estimated
the probability of transmission die-out of cVDPV2 by counting the number of iterations
with no ongoing transmission of type 2 at the end of the time horizon (i.e., December 31,
2026) and the expected number of affected modeled subpopulations out of 720 modeled
subpopulations as a surrogate for geographical spread.
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3. Results

For this analysis, we focus primarily on cVDPV?2 cases, which dominate the global polio
incidence as of the end of 2021. For the time horizon of 2022-2026, the model estimates

an average of over 9,523 expected cVDPV?2 cases and 9,775 total cases for the RC (Table
2), leads to an estimated probability of die out of 1% for cVDPV (Table 3), and comes with
expected use of an average of 437 million mOPV2 doses (Table 4). The estimates in Table
4 do not adjust for any wastage and they are intended for direct comparison of the modeled
scenarios, not for use for estimating GPEI prospective vaccine needs. Modeling insights are
presented in the context of results shown in Figs. 1 through 4, which compare alternative
scenarios to the RC from a global perspective. Now 6 years after OPV2 cessation, seeding of
type 2 live poliovirus vaccines introduced from any source can restart transmission in many
subpopulations, and the model integrates over all possible risks of reintroduction.

Fig. 1 shows the expected value of the estimated annual incidence of global polio cases

for the modeled primary vaccine choice options (Table 1, top B-F) compared to the RC
(Table 1, vaccine option A) for cVDPV1 and cVDPV2. (All simulations shown in Fig. 1
use oSIA option characteristic 0 (Table 1, bottom), hence the legends A0, BO, and so on

for the different curves in Fig. 1.) Scenario B0, the best nOPV2 scenario, shows lower
expected cVDPV?2 cases than expected with mOPV2 use in the RC, with an immediate drop
from 2022 and no new cVDPV2s seeded afterwards. However, simply using nOPV2 instead
of mOPV2 (independent of the properties assumed (BO-EQ)) while maintaining the other
0SIA characteristics the same as the RC, fails to stop the cVDPV2s already seeded and
leads to a similar probability of die out. Scenario CO performs marginally better compared
to the RC due to the counteracting effects of lower reversion and lower secondary spread
associated with less transmissibility of the vaccine itself, leading to the expected annual
cVDPV?2 cases closely following the RC results, including the same probability of die out.
Scenario DO shows lower expected cVDPV?2 cases than with mOPV2 use in RC, but higher
than Scenario B0 due to lower vaccine effectiveness. Scenario EO performs the worst due

to combination of lower vaccine effectiveness and diminished secondary spread, leading to
substantially higher expected annual cVDPV2 cases compared to the RC. Scenario FO shows
that switching to IPV from 2024 starts to diverge from and perform worse than the RC as
soon as IPV 0SIAs begin. This reflects the properties of IPV, which offers protection from
paralysis to recipients with no prior immunity induced by prior live poliovirus exposure, but
does not lead to indirect community vaccination due to secondary transmission (as occurs
for OPV) [56]. In addition, the model assumes lower intensity SIAs for IPV.

Fig. 2 shows the expected value of the total number of global polio cases for the modeled
0SIA characteristic options (Table 1, bottom 1-9) compared to the RC (Table 1, bottom
option 0) for cVDPV1 and cVDPV2. (All simulations shown in Fig. 2 use vaccine option A
(Table 1), hence the legends A1, A2, and so on for the different curves in Fig. 2). Scenario
Al shows that a subpopulation response in high Rq blocks overall performs worse than the
RC. While limiting the geographical scope of outbreak response to avoid seeding of new
cVDPV2s may save some expected cases during early years, in the long run, diminishing
population immunity to transmission in surrounding areas allows for the wider virus spread
(i.e., more than a 60% increase in the number of affected modeled subpopulations compared
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to the RC). In contrast, the results for scenario A2 show that using larger (i.e., blockwide
0SIAs) in high Rq blocks performs better compared to the RC. This occurs because wider
geographical scope increases population immunity in surrounding subpopulations within
the block, which prevents potential outbreak virus spread and new outbreaks in other
subpopulations within the block and beyond (i.e., more than a 60% decrease in the number
of affected modeled subpopulations compared to RC). The results from scenario A3 show
that shorter delay to the first round (by 15 days compared to the RC) leads to around a 20%
decrease in cVDPV2 cases and around 15% reduction in affected modeled subpopulations
compared to the RC. Scenario A4 shows that a longer delay to the first round (by 15

days compared to the RC) leads to around a 20% increase in cVDPV?2 cases and around
15% more affected modeled subpopulations compared to the RC. As noted, recent 0SIA
experience included substantially longer delays for some 0SIAs for various reasons, and thus
future modeling may need to consider average delays of over 60 days.

Scenario A5 shows that using three rounds for 0SIAs initially performs worse compared to
the RC, since more rounds lead to more cVDPV2s seeded starting from last quarter of 2022.
This occurs due to the increased vulnerability of the population to mOPV2 transmission
now 6 years after OPV2 cessation [57,58], which makes OPV2 exportations from outbreak
subpopulations to other areas more likely to seed new cVDPV2 emergences and motivated
prior analyses that explored restarting Sabin OPV2 in routine immunization [6,10,28,51].
However, the expected number of cases for scenario A5 starts to decrease after 2 years

due to the overall increase in population immunity, leading to net improvement relative

to the RC from 2026 onwards. Similarly, scenario A6 shows that using four oSIA rounds
initially performs worse compared to the RC starting from the last quarter of 2022, with
improvement relative to the RC from 2026 onwards, albeit more slowly. Scenario A7 shows
that changing oSIA intensity closely follows the RC, with an initial (2022) decrease in
cVDPV?2 cases followed by a slight increase (2023-24) due to the trade-off between an
increase in the amount of vaccine that can lead to potential seeding early on versus a
threshold amount of population immunity that can shut down the transmission. The change
in 0SIA intensity eventually leads to a substantial decrease in cases by the end of the time
horizon.

The results from scenario A8 show that always targeting an expanded age group of children
< 10 initially performs worse compared to the RC, since the 0SIAs seed new cVDPV2s
outbreaks (particularly in already poorly-performing populations) starting from last quarter
of 2022. However, the expected number of cases starts to decrease after 2 years due to

the overall increase in population immunity, and scenario A8 outperforms the RC from
2025 onwards. The results of scenario A9 show that only targeting expanded age groups
for populations that have not implemented 0SIAs since OPV cessation performs better
compared to always targeting the expanded age group. Better performance is accomplished
by avoiding unnecessary seeding of new cVDPV2s in poorly-performing populations that
experienced prior outbreaks, effectively producing fewer expected cVDPV2 cases compared
to the RC.

Table 2 shows the estimated expected values and ranges of cases for 2022—-2026 for the
0SIA options modeled. While none of the simulated scenarios that simply change the
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vaccine used or make a univariate change in an oSIA characteristic succeeds at completely
containing the cVDPV2 outbreaks alone (low probabilities of die out, see Table 3), some of
the scenarios show a substantial decrease in the estimated expected number of cases (up to
87% reduction while responding by block in high Rq blocks).

Table 4 shows estimated expected values and ranges of vaccine use for outbreak response
over the 5-year time horizon for the scenarios modeled. Since all scenarios use the same

set of random number seeds for long range exportations, all non-IPV scenarios include
iterations with a few exportations of cVDPV2 viruses into high-income countries that
perform oSIAs with IPV. This leads to low numbers of IPV doses used for 0SIAs shown

for these scenarios. Comparing the performance on expected incidence (Table 2) to the
respective vaccine needs for each scenario (Table 4) reveals some notable trade-offs. While
some scenarios require a substantial increase of available vaccine doses, they offer high
returns with respect to reducing expected cases. For example, although blockwide response
in high Rg blocks (scenario A2) requires around 1.75 times the amount of vaccine dose over
5-year time horizon compared to the RC, scenario A2 leads to an expected 87% reduction
in cases. At the same time, if nOPV2 behaves as assumed in scenario BO, its use may
substantially reduce the amount of vaccine doses needed (around 50%) while simultaneously
substantially reducing the number of cVDPV?2 cases (decreased around 75%) compared to
the RC. The use of nOPV2 with blockwide response (B2 or G2) reduce the number of
expected cases and doses compared to scenario A2, which provides an indication of the
benefits offered by reduced seeding, albeit in the context of inadequate 0SIAs to shut down
the outbreaks.

Fig. 3 shows the results of the different 0SIA option combinations modeled. Combining

the best univariate 0SIA characteristic options (2, 3, 7, and 9, with or without 5) and using
either vaccine choice A or B shows that with block response in high Rg blocks, shorter
delay, three oSIA rounds, high intensity, and conditional EAG leads to the best performance
in terms of epidemiology of poliovirus transmission (i.e., highest probability of die out

— up to 96%, reduction in the number of affected modeled subpopulations — 88%, and

cases avoided — 99%). As shown for the combinations that use vaccine characteristics in
scenarios G-J (see Table 1, top), first using the available mOPV2 and then shifting to nOPV2
with the best performing oSIA characteristics could strike a balance between scenario
performance in terms of epidemiological targets and vaccine dosses needed to achieve
them. Specifically, given current mOPV2 stockpile levels as well as projected production

of nOPV2 and its delivery times, considering two high-intensity oSIAs with shorter delays
to the first round, wider response geographies in high Rq settings that expand the target

age group if appropriate, and using immediately available mOPV2 followed by the use of
nOPV?2 (once available in sufficient quantities), emerges as an important option. Notably
this option yields a 97% probability of die out, an 89% reduction in the number of affected
modeled subpopulations, and a 99% reduction in expected cases, while avoiding waste of
doses already purchased and ultimately saving almost 30% of overall doses (relative to the
RC).

Fig. 4 shows the results of the additional scenarios that use nOPV2, but do not improve
quality. B2 and G2 show the substantial reductions that occur with blockwide response, and
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G239 and G2369. These scenarios show lower expected cases due to the larger oSIAs, but
transmission continues in most of the stochastic iterations, which leads to lower PODs than
those estimated when quality improves (see Table 4).

Although we focused on cVDPV2s, even with the optimistic assumption of WPV1 dying
out in 2022, the risks of type 1 poliovirus transmission (i.e., WPV1 and/or cVDPV1) may
potentially require simultaneous management of two types. The cVDPV1 results in Figs.
1-4 hint at this by showing some stochastic differences between the results that reflect the
displacement of bOPV pSIAs by cVDPV2 outbreak response in some subpopulations for
some 0SIA characteristics.

4. Discussion

Despite suggestions from prior modeling about the need to treat any type 2 poliovirus
transmission as global emergencies after OPV2 cessation and to aggressively shut these
outbreaks down [7,22,26], global cases caused by type 2 increased over time [14] and
success of OPV2 cessation for the current trajectory looks unlikely based on the RC.

The results of our analyses suggest that none of the simulated oSIA options with univariate
changes succeed at completely containing the cVDPV2 outbreaks alone; however, some of
them provide a substantial decrease in estimated expected number of cases. As anticipated
by the prior modeling, increased time since OPV2 cessation makes larger outbreak response
activities more important due to declines in population immunity [22]. To reach a high
probability of ending global cVDPV?2 transmission, countries need to employ a combination
of changes to the implementation of 0SIAs that substantially improve field performance.
Countries need to use available OPV2s (mOPV2 or nOPV2) with shorter delays, wider
response geographies in high Rq settings (e.g., sub-Saharan Africa), and focus on high
intensity rounds with higher oSIA intensity (i.e., high coverage and low repeatedly missed
children) that expand the target age group, if necessary. This approach requires substantial
increases in vaccine doses needed over the currently planned stockpiles, but offers high
probability of die out and a low number of cases.

Using increased amounts of mOPV2 for outbreak response comes with a risk of seeding
new outbreaks if exported into populations with low and decreasing population immunity
to transmission. However, the failure to contain existing outbreaks results in potential
exportation of the outbreak virus and represents a greater risk [26], consistent with the
most recent observations and recommendations of the SAGE [41]. Using tOPV, if available,
instead of mMOPV2 or nOPV2 would come with substantial benefits of also boosting
immunity for types 1 and 3, with no or minimal impact on the effectiveness of type 2
responses [49]. With the co-circulation of types 1 and 2 reported in Mozambique in 2022
[17,50], the simultaneously management of two types will likely emerge as a priority and
motivate discussions about the use of tOPV for 0SIAs outside of Pakistan, Afghanistan, and
Yemen.

The results of our analyses depend on a number of assumptions, with known limitations
of modeling poliovirus transmission and OPV evolution, and available information (see
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details in appendix of [30]). The limitations include the conceptual characterization of global
variability using block/subpopulation structure and the simplified modeling structures used
to simulate effective poliovirus introductions during exportation to new block/subpopulation,
transmission die-out, waning of immunity, OPV evolution in general and the field
characteristics of nOPV2 specifically. In particular, assuming the best potential properties

of nOPV2 (including the same individual protection as for mOPV2) while clinical trials in
infants are still ongoing may prove too optimistic and therefore underestimate the actual
vaccine needs. Moreover, trying to estimate the probability of die out of the scenarios by
counting the number of iterations with no ongoing transmission of type 2 at the end of the
time horizon may lead to both over- or underestimation due to artificial truncation of the
time horizon.

Active reporting and field investigation of experiences with using nOPV2 should

resolve some remaining questions. For example, ongoing clinical and field studies will
provide insights about the safety and immunogenicity of nOVP2 in naive infants, field
effectiveness in outbreak populations, the impact of coadministration with bOPV, and further
characterization of nOPV2 reversion properties with longer potential times of observation
for transmission in populations.

With respect to delays to the first round of 0SIAs, several issues warrant mention. First,
disruptions in national surveillance activities and transportation networks continues to
extend the time between sample collection and sequencing results in some countries (e.g.,
the confirmation of recent outbreaks in Guinea Bissau and Yemen followed long delays
due to challenges in transporting specimens). Second, gaps in surveillance in detecting
cases of acute flaccid paralysis in children, delays in investigation and sample collection,
and delays in transporting and processing samples singly or in combination contributed

to substantial delays in some national responses to cVDPVs. Third, limited supplies of
mOPV2 from 2018 to 2020 and nOPV2 in 2021 further contributed to delays in many
0SIAs. Fourth, despite the SAGE recommendation urging rapid response with any available
OPV2-containing vaccine [41], many countries have delayed outbreak response and chosen
not to use available supplies of mMOPV2 due to an expressed preference to request nOPV2
even though limited supplies are available. As recovery from the disruption of COVID-19
continues, questions remain about how quickly oSIA activities will occur and with what
effectiveness in reaching the target population.

Although not a limitation of the analysis as performed, we emphasize that our assumption
about unlimited vaccine supplies influences the outcomes of the modeled scenarios. The
reality of insufficient supplies makes actual implementation of some strategies impractical
in the short term, even with efficient use (i.e., low wastage). Vaccine supply management
for polio vaccines remains one of the most significant polio eradication areas for risk
management.

Our implicit assumptions about the prospective trajectories of WPV1 and cVDPV1 also
come with limitations. While the trajectory of interrupting WPV1 transmission in Pakistan
and Afghanistan remains uncertain, particularly given the ongoing transmission observed
through September 2022 [50], the RC assumes WPV1 dies out globally in 2022. The recent
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detection of a confirmed WPV1 case in Malawi, for which the closest genetic relative

in Pakistan indicated transmission somewhere for almost two years [59], and cases in
Mozambique [50] raises concerns about the quality of surveillance and the possibility of
undetected transmission of WPV1 outside of Pakistan and Afghanistan. If transmission

of WPV1 continues in Pakistan, Afghanistan, and/or other countries, then this could lead

to changes in the model results due to operational interference that could occur when
national responses to type 1 or type 2 outbreaks delay oSIA rounds that use OPV vaccine
containing the other serotypes, because historically 0SIA rounds have disrupted the timing
and occurrence of preventive SIAs, as mentioned in the results. Since these results do not
consider the impact of bOPV cessation, which could further increase the risks of cVDPV1,
further modeling should consider the consequences of co-circulation of types 1 and 2 under
conditions with even less (or no) bOPV use. The overall reduction in preventive SIAs

that has occurred since 2016 increases the vulnerability to cVDPV1 and WPV1 risks in
populations with poor RI as the population immunity to transmission for types 1 and 3
declines in these areas [51,60-62], while increasing use of IPV both partially off-sets some
of this risk and may make any transmission occurring more difficult to detect. Cocirculation
of multiple poliovirus types could lead to increasing demand for tOPV for oSIAs and
reconsideration of restarting OPV2 in routine immunization.

In order to successfully stop all cVDPV2 transmission globally, countries and GPEI need
to address the deficiencies in emergency outbreak response policy and implementation. This
will require rapidly achieving and then maintaining much better program performance in
areas experiencing outbreaks, and ensuring the maintenance of high polio immunization
coverage in polio-free areas. These results should help decision makers at all levels
recognize that using a different vaccine and partial or incremental improvements will

not suffice to shut down global cVDPV2 transmission. If national and global leaders act
urgently to substantially reduce response times, target larger populations — particularly in
high transmission areas, achieve high coverage with improved access to under-vaccinated
subpopulations, and use available type-2 containing vaccines, then this could substantially
increase the probability of die-out of cVDPV2 transmission globally.
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2022
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2024
Year

2025

Expected global number of polio cases by year for 100 stochastic iterations of the different
vaccine characteristics scenarios for 2022—-2026 compared to the reference case (see main
text for descriptions). Notes: All scenarios use the characteristics of the reference case
(Table 1 bottom, row 0). Abbreviations: cVDPV(1,2), circulating vaccine-derived poliovirus
(type 1 or 2); RC (A0) indicates the reference case, which uses monovalent Sabin OPV2
(A); BO indicates the use of novel OPV2 (nOPV2) assuming the same effectiveness, no
reversion, and no vaccine-associated paralytic polio (VAPP) [16]; CO indicates the use of
nOPV2 assuming the same effectiveness and same VAPP as mOPV2, but reduced reversion
relative to mOPV2; DO assumes nOPV2 with reduced effectiveness, no reversion, and no
VAPP; EO assumes nOPV2 with reduced effectiveness and VAPP and less reversion relative
to mOPV2; and FO uses mOPV2 until April 30, 2024 and then inactivated poliovirus vaccine
(IPV) for the rest of the time horizon.
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Expected global number of polio cases by year for 100 stochastic iterations of univariate
outbreak response SIA change scenarios using mOPV2 for direct comparison to the
reference case for 2022—-2026 (see main text for descriptions). Notes: All scenarios use
monovalent Sabin OPV2 (Table 1, top, row A) and all or all but one of the reference case
characteristics (Table 1, bottom, row 0). Abbreviations: cVDPV/(1,2), circulating vaccine-
derived poliovirus (type 1 or 2); RC (A0) indicates the reference case, which assumes
response in the outbreak subpopulation and 4 subpopulations in the same block at highest-
risk (1 + 4) in blocks with high transmissibility that starts 45 days after case detection
with 2 rounds with immunization intensity consistent with recent experience in preventive
campaigns, and target children < 5 years of age; Al reduces the scope of the response to
just the outbreak subpopulation (1 + 0) in blocks with high transmissibility; A2 increase

the scope to all 10 subpopulations in the block (1 + 9) in blocks with high transmissibility;
A3 assumes a shorter delay of 30 days to the first round; A4 assumes a longer delay of 60
days to the first round; A5 assumes three rounds; A6 assumes four rounds; A7 assumes high
intensity rounds (i.e., 80% immunization coverage, 70% repeated miss probability) for all

response rounds; A8 assumes an expanded target age group of children < 10 years of age for

all responses; and A9 assumes an expanded target age group of children < 10 years of age
for outbreaks in subpopulations with no OPV2 use since 2016.
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Expected global value of polio cases by year for 100 stochastic iterations of the combination
of SIA options for 2022—-2026 compared to the reference case (see main text for
descriptions). Notes: All scenarios use the best combination of univariate changes (see

Table 1, bottom) and either monovalent Sabin OPV2 (Table 1, top, row A), novel OPV2
(nOPV2) with the most favorable properties (Table 1, top, row B), or the use of mMOPV2

for six months followed by nOPV2 with different properties (G, H, I, and J). Abbreviations:

cVDPV(1,2), circulating vaccine-derived poliovirus (type 1 or 2); RC (AQ) indicates the
reference case.
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2022

2023
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Expected global value of polio cases by year for 100 stochastic iterations of some nOPV2
0SIA options with larger (blockwide) response and some other improvements characteristics
that exclude improvement of quality for 2022—-2026 compared to the reference case (see
main text for descriptions). Notes: All scenarios use the best combination of univariate
changes (see Table 1, bottom) and novel OPV2 (nOPV2) with the most favorable properties
(Table 1, row B), or the use of mOPV2 for six months followed by nOPV2 with the
most favorable properties (Table 1, row G). Abbreviations: cVDPV/(1,2), circulating vaccine-
derived poliovirus (type 1 or 2); RC (AO0) indicates the reference case.
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Table 3

Page 26

Estimated probability of type 2 transmission die-out number of iterations with no ongoing transmission as of
December 31, 2026) and the expected number of affected modeled subpopulations out of 720 in 100 stochastic
iterations for the scenarios modeled (see main text for descriptions).

Scenario

Probability of die out

Estimated expected affected modeled subpopulations out of 720 (median) [range]

RC (A0)
BO

co

DO

EO

FO

Al

A2

A3

A4

A5

A6

A7

A8

A9
A2379
B2379
A23579
B23579
G2379
H2379
12379
32379
B2

G2
G239
G2369

1%
0%
1%
0%
0%
0%
0%
2%
1%
0%
13%
15%
25%
20%
1%
81%
95%
85%
96%
95%
88%
97%
93%
1%
0%
0%
58%

40 (23) [5 - 158]
17 (11) [5 - 82]
36 (21) [5 - 198]
27 (19) [6 - 136]
53 (49) [6 - 197]
63 (49) [5 - 261]
69 (49) [15 — 279]
13 (7) [5-63]
33 (18) [5 - 187]
46 (28) [5 - 183]
42 (28) [5 - 174]
44 (32) [5 - 160]
34 (19) [4 - 155]
37 (26) [5 - 132]
27 (18) [5 - 116]
6 (4) [3 - 49]

4 (4) [3-15]

6 (4) [3 48]
4(3) [3-14]

4 (4) [3-15]

5 (4) [3-41]

4 (4) [3-13]

4 (4) [3-19]
9(7) [5-41]
9(7) [5-47]
7(6) [5-17]

5 (5)[5 -16]

Abbreviations: RC, reference case, for details about scenarios see Table 1.
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