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Abstract

Since 2013, wild poliovirus (WPV) transmission occurred only for type 1 (WPV1). Following
several years of increasing reported incidence (2017-2019) and programmatic disruptions caused
by COVID-19 (early 2020), Pakistan and Afghanistan performed a large number of supplementary
immunization activities (late 2020-2021). This increased intensity of immunization, following
widespread transmission, substantially decreased WPV1 cases and positive environmental samples
during 2021. Modeling the potential for undetected circulation of WPV 1 after apparent
interruption can support regional and global decisions about certification of the eradication of
indigenous WPV 1 transmission. We apply a stochastic model to estimate the confidence about

no circulation (CNC) of WPV1 in Pakistan and Afghanistan as a function of time since the

last reported case and/or positive environmental sample. Exploration of different assumptions
about surveillance quality suggests a range for CNC for WPV1 as a function of time since the

last positive surveillance signal, and supports the potential use of a time with no evidence of
transmission of less than 3 years as sufficient to assume die out in the context of good acute flaccid
paralysis (AFP) surveillance. We show high expected CNC based on AFP surveillance data alone,
even with imperfect surveillance and some use of inactivated poliovirus vaccine masking the
ability of AFP surveillance to detect transmission. Ensuring high quality AFP and environmental
surveillance may substantially shorten the time required to reach high CNC. The time required for
high CNC depends whether immunization activities maintain high population immunity and the
quality of surveillance data.

Social media blurb:

Modeling suggests that the certification of the global of eradication of type 1 wild polioviruses
could happen with high confidence sooner than 3 years after the last reported case in Pakistan or
Afghanistan
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Introduction

Review of the prior polio modeling (Thompson & Kalkowska, 2020) published during

the period 2000-2019 identified 16 studies related to potential undetected circulation of
polioviruses after apparent die out. One additional study since that review (Kalkowska

& Thompson, 2021) focused on the last reservoir in Africa (i.e., Nigeria) to support
regional certification (World Health Organization, 2020). To date, the Global Commission
for Certification of Poliomyelitis Eradication (GCC) applied a criterion of 3 years without
observing wild poliovirus (WPV) excretion in individuals with active acute flaccid paralysis
(AFP) as an indication of high confidence of elimination of indigenous transmission

(World Health Organization, 2019a). Increased use of environmental surveillance (ES),
particularly in Pakistan and Afghanistan, also raises some questions about the role of ES
information with respect to confidence about no circulation (Kalkowska, Duintjer Tebbens,
Pallansch, & Thompson, 2019; Kalkowska, Duintjer Tebbens, & Thompson, 2019). Some
prior modeling demonstrated the impact of various assumptions that impact population
immunity to transmission and showed that high confidence could occur for relatively shorter
durations with no observed signals from either AFP or ES for some types of polioviruses
and under some conditions (Duintjer Tebbens, Kalkowska, & Thompson, 2019; Kalkowska,
Duintjer Tebbens, Pallansch, et al., 2015; Kalkowska, Duintjer Tebbens, Pallansch, et al.,
2019; Kalkowska, Duintjer Tebbens, & Thompson, 2019; Kalkowska & Thompson, 2021).

Globally, Pakistan and Afghanistan represent the last remaining epidemiological reservoir
for type 1 WPV (WPV1). All other countries remained free of WPV1 for at least 5 years,
with the notable exceptions of a reported WPV1 case with onset in November 2021 reported
in Malawi and a case with onset in March 2022 reported in Mozambique, which are
genetically linked to a WPV 1 strain from Pakistan (World Health Organization, 2022). As
demonstrated by this recent experience and prior outbreaks, for example Syria 2013 (World
Health Organization, 2013), ongoing WPV 1 transmission in Pakistan and Afghanistan poses
a reintroduction risk for other countries (Thompson, Kalkowska, & Duintjer Tebbens,
2015), even with International Health Regulations (Duintjer Tebbens & Thompson, 2017).
However, outbreaks following exportation of WPV do not always occur, for example, a
known prior exportation event that did not lead to any cases includes a 2019 detection in Iran
(World Health Organization, 2019b).

Numerous modeling studies explored poliovirus transmission dynamics for Pakistan and
Afghanistan relevant to WPV1 eradication (Duintjer Tebbens et al., 2018; Duintjer
Tebbens & Thompson, 2019; Kalkowska, Badizadegan, & Thompson, 2022; Kalkowska,
Duintjer Tebbens, Pallansch, et al., 2019; Kalkowska, Duintjer Tebbens, & Thompson,
2019; Kalkowska, Pallansch, Cochi, & Thompson, 2021). Most recently, one deterministic
dynamic transmission modeling study identified potential immunization strategies that could
lead to potential die out of WPV1 in Pakistan and Afghanistan (Kalkowska et al., 2022).
Transmission die out occurs stochastically (Eichner & Hadeler, 1995) and depends on the
specific population and its epidemiological conditions. Building on prior stochastic studies
of the confidence of no circulation (CNC) of WPV1 as a function of time, we consider

the current conditions in Pakistan and Afghanistan to update our characterization of CNC
for WPV1 as a function of time. This modeling can help to support future deliberations
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by the Eastern Mediterranean Regional Certification Commission (EMRCC) and GCC as
they respectively consider regional and global certification of the eradication of indigenous
WPV 1 transmission eradication.

Methods

Using previously developed methods, most recently applied to Pakistan and Afghanistan in
2019 (pre-COVID-19) (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019), we updated
immunization and contact mixing assumptions through the end of 2021 (Kalkowska et

al., 2022). With a few of the scenarios in that analysis indicating potential WPV1 die

out as early as 2022, we recognized the opportunity to characterize the probability of no
circulation of WPV1 as a function of the time since the last detected event specifically

for Pakistan and Afghanistan for those scenarios. The transmission model characterizes
individuals in the populations in Pakistan and Afghanistan according to 4 preferentially-
mixing subpopulations, 8 immunity states subdivided into a 5-stage immunological waning
process, 6 stages of infection, and a 20-stage poliovirus reversion process for both fecal-
oral and oropharyngeal routes of transmission (Kalkowska et al., 2022). For Pakistan and
Afghanistan, we divide the population into 11 age groups and we mimic the tendencies of
individuals to mix more with individuals of similar age using 3 preferentially mixing age
groups (Kalkowska et al., 2022).

We modeled Pakistan and Afghanistan as one epidemiological block, and we divide each
country into a general population and an undervaccinated subpopulation, which gives

a total of four distinct subpopulations (Duintjer Tebbens et al., 2018; Kalkowska et

al., 2022; Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019). Model inputs included
demographics, poliovirus transmissibility and seasonality, time-varying mixing among the
four subpopulations (including consideration of the impacts of disruptions caused by
COVID-19), and poliovirus vaccination histories for all formulations of oral poliovirus
vaccine (OPV) and inactivated poliovirus vaccine (IPV) use in routine immunization (RI)
and supplemental immunization activities (SIAs). Similar to the 2019 analysis (Kalkowska,
Duintjer Tebbens, Pallansch, et al., 2019), we considered limited immunization, surveillance,
and population mixing assumptions related to insecurity that affected polio program
performance in the undervaccinated subpopulations in both countries (Kalkowska et al.,
2022).

As with our prior analyses, our transmission modeling approach (using our differential
equation based transmission and OPV evolution model (Kalkowska, Wassilak, Cochi,
Pallansch, & Thompson, 2021) and a stochastic compartmental model) differed from the
use of a theoretical transmission model with far fewer immunity states. Specifically, we
made the deterministic model into a stochastic model by first rounding the fractional number
of individuals for all compartments to the nearest integer (i.e., up or down depending on
the result of a random draw), and then performed stochastic iteration over the prospective
model time horizon using a fixed time step of 0.125 day. At each time step, we recalculated
the rates that change the current state of the model. We then drew a random number from
the Poisson distribution for all of these transition rates with an expected value equal to the
transition rate times the fixed time step. Each random Poisson draw returned the expected
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number of individuals that transition according to the rate using this approach. We then
constrained the model to ensure that the sum of all transitions do not exceed the total
compartment size. We generated random uniform numbers at each time step to determine
which new infection events lead to paralytic cases (if any). The model performed full
accounting of the effective proportion of infectious individuals excreting the virus that we
used to simulate events that ES could detect. Due to the stochastic nature of the model,

we performed 1,000 iterations of different distinct realizations of times at which paralytic
cases occur, and we used these modeled times to obtain estimates of confidence about no
circulation (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015). Consistent with our prior
modeling, reviewed in (Thompson & Kalkowska, 2020) as noted above, we used the same
algorithms and specific metrics defined as follows (Kalkowska, Duintjer Tebbens, Pallansch,
et al., 2015):

. POE - “the probability of eradication defined as the fraction of stochastic
iterations in which die-out occurs”

. DEFP — “the detected-event-free period defined as the time in months since the
last detected case (AFP) or positive isolate (environmental surveillance)”

. CNC - “confidence about no circulation given the DEFP approximated as (1 -
the number of DEFPs equal to t months with ongoing WPV circulation, divided
by all DEFPs of t months)”

. CNCx% - “the time when the confidence about no circulation exceeds x% (i.e.,
CNC95%, CNC99%)”

. TUC - “the time of undetected circulation after the last detected-event (for those
iterations in which extinction occurs)”

. TUCx% — “the xth percentile of the TUC (i.e., TUC95%, TUC99%)”

We considered the effect of imperfect information from surveillance using a detection
function (DF), which provided a combined indicator of overall surveillance quality. For AFP
surveillance alone, we defined the DF as the probability p, of detecting the et event (polio
AFP case) in a cluster of sequentially detected cases within a subpopulation. We define
perfect AFP surveillance as a system that detects every polio AFP case that occurs, such that
Pe=11in any population (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015; Kalkowska,
Duintjer Tebbens, Pallansch, et al., 2019). Recognizing that AFP surveillance remains
imperfect and the quality varies by subpopulation due to access issues and programmatic
performance (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019), we considered different
probability values for the general and undervaccinated subpopulations, with a lower and
upper bound that reflects a range of possible limited AFP surveillance access levels in the
undervaccinated subpopulations (Table 1) (Kalkowska, Duintjer Tebbens, Pallansch, et al.,
2019). For ES alone, we defined the DF as the probability of detecting the event of finding
poliovirus in a sewage sample and for which we use the effective (i.e., infectiousness-
weighted) number of infected individuals (El) (Kalkowska, Duintjer Tebbens, Pallansch,
etal., 2019). Prior modeling described substantial challenges related to interpretation

of limited ES data as well as its representation in our model as a supplement and/or
alternative to AFP surveillance (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019). As
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with the prior analysis, we considered two general approaches for representing ES in the
model, which we referred to as either a site-specific (SS) or system-wide (SW) approach
(Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019). For the SS approach, we determined
the probability of detecting the event (finding poliovirus in a sewage sample) for each

given sampling site using a site-specific detection limit (DLsg), which we characterized

as the EI per person required in the site catchment area to achieve a 50% probability of
detecting poliovirus (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019). For the SW
approach, we assumed that the DF directly described the probability finding poliovirus in
any sampling site given the total catchment area from all ES sites and the prevalence of El

in the country (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019). For the SS approach,
we consider two ways to allocate EI prevalence to sites: proportional prevalence (PP),

which allocated El proportional to the estimated catchment size of the sites, or isolation-rate
based prevalence (IP), which determined whether each infection happens in the catchment
area of any ES site based on the total estimated catchment size and assigned the infection

to a specific site proportionally to the isolation rates of the sites (Kalkowska, Duintjer
Tebbens, Pallansch, et al., 2019). Our model approach did not link or attempt to match
modeled subpopulations with specific geographical locations in either country, but instead
used more abstract characterization of the different subpopulations (Kalkowska et al., 2022).
As such we cannot explicitly match actual ES sampling sites to the modeled subpopulations.
Therefore, as with prior modeling, we considered three approaches to distribute ES sites

to the four subpopulations: national sites (NS), undervaccinated subpopulation sites (US),

or general population sites (GS) distribution. These options covered the bounds of possible
distributions of ES sites to the subpopulations (see appendix for the updated coefficients
based on updated information on ES sites during 2009-2021 and perspective on how ES
surveillance increased over time in both countries) (Kalkowska, Duintjer Tebbens, Pallansch,
et al., 2019)). Consistent with our prior modeling we considered following nine options to
characterize ES (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019):

. SS-PP-NS - “site-specific approach with proportional prevalence allocation and
national sites distribution”,

. SS-PP-US - “site-specific approach with proportional prevalence allocation and
undervaccinated sites distribution”,

. SS-PP-GS - “site-specific approach with proportional prevalence allocation and
general sites distribution”,

. SS-1P-NS - “site-specific approach with isolation-rate based prevalence
allocation and national sites distribution”,

. SS-1P-US - “site-specific approach with isolation-rate based prevalence
allocation and undervaccinated sites distribution”,

. SS-1P-GS - “site-specific approach with isolation-rate based prevalence
allocation and general sites distribution”,

. SW-NS - “system-wide approach with national sites distribution”,

. SW-US - “system-wide allocation with undervaccinated sites distribution”,
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. SW-GS - “system-wide allocation with general sites distribution”.

Overall, the different approaches and assumptions used to model the information from ES
provide a means to characterize its uncertain potential role as a tool to increase sensitivity of
the overall poliovirus surveillance system and to increase confidence about no circulation.

For the this analysis, we started with the WPV1 transmission results from a companion
study (Kalkowska et al., 2022) and transformed the deterministic model into a discrete,
stochastic model (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015)). We defined
Scenario 1 as the increased reach and coverage scenario that assumes 36% true coverage

in the undervaccinated subpopulations for both Pakistan and Afghanistan from October 2020
(i.e., IRC 36) (Kalkowska et al., 2022). We selected this option as Scenario 1 because as of
November 2021, this scenario led to small numbers of estimated WPV 1-associated cases in
2021 and led to die out in the deterministic model in 2022, which appeared consistent with
epidemiology in late 2021. For this scenario, we focused on characterization of the modeled
confidence about no circulation (CNC) as a function of the DEFP in the context of both
perfect and imperfect AFP, ES, and combined surveillance for 95% and 99% confidence. As
of May 2022, recently reported AFP cases and active ES in both countries indicate ongoing
transmission of WPV1 (Kalkowska et al., 2022; World Health Organization, 2022).

Recognizing uncertainty about the epidemiological situations in both countries, in late

2021 we also performed the analysis for a second scenario (Scenario 2) that assumed

the same level of programmatic improvement as in Scenario 1 (i.e., 36% true coverage

in undervaccinated subpopulations of both Pakistan and Afghanistan), but shifts this
improvement such that it began from January 1, 2021 (Kalkowska et al., 2022). This
scenario also led to die out of WPV1 transmission in early 2022 (Kalkowska et al., 2022).
Both of these scenarios assumed sustained improvements once they began (Kalkowska et
al., 2022), and we did not model any scenarios with wavering levels of commitment to
improvement (Duintjer Tebbens & Thompson, 2009; Thompson & Duintjer Tebbens, 2007).

3. Results

Figures 1-4 present the model results for Scenario 1 of the CNC as a function of DEFP

with black horizontal lines at the top shown for reference to indicate the 99% (small dots)
and 95% (larger dots) confidence levels. For consistent context in all figures, we show the
curve that would result from assuming perfect AFP surveillance only as a point of reference.
Estimating the CNC as a function of time since the last detected event simply requires
quantifying the time period since the last case or positive ES isolate, going across the x-axis
to that time and then up to the appropriate curve, and then comparing that point to the
location on the y-axis. With the 95% and 99% confidence levels provided for reference,

the curves also allow simple identification of the time required to reach those levels of
confidence. Prior assessments of CNC focused on AFP cases, largely because these analyses
preceded the development of ES systems. In the absence of ES, the time since the last
reported case (or case-free period) represents the key observation, but ES adds the potential
to instead consider the time since the last event detected by either AFP (i.e., a reported case)
or ES (i.e., a positive isolate).
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Figure 1 shows the CNC curve for WPV1 given currently assumed levels of population
immunity necessary to interrupt WPV 1 transmission and assuming perfect AFP surveillance,
which is an updated result similar to the “increased relative SIA coverage 0.15” scenario

in a 2019 study (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019). Figure 2 explores
the uncertainty in CNC as a function of AFP quality only, and shows the extent to which
imperfect AFP surveillance pulls the CNC curve to the right implying longer times to reach
high confidence. Figure 2 shows the CNC curves for imperfect AFP surveillance for the
lower and the upper bound assumptions for the undervaccinated subpopulations (Table 1,

in both bounds, the assumptions of imperfect AFP surveillance in the general population
remain the same). Figure 2 shows that poor AFP surveillance quality in inaccessible areas
may result in more than 1.5 years longer required DEFPs to obtain equal levels of CNC
compared to perfect AFP. As shown in Figure 2, however, even with the worst performing
AFP surveillance sensitivity modeled (and no ES), the model anticipates high confidence
(CNC95%) of WPV1 eradication with 3 years of no reported AFP cases. The relevant
bounding curve depends on the “weakest link,” such that whichever country performs worse
drives the rightmost and relevant location of the CNC curve.

Figure 3 compares the CNC curves for ES alone using the different approaches, but includes
the perfect AFP only surveillance curve for reference. Figure 3 shows only one of the

GS methods (i.e., SW-GS, no observable difference compared to SS-PP-GS or SS-IP-US
approach, since most of the transmission takes place in the undervaccinated subpopulations).
Figure 3 demonstrates a range of possible CNC estimates based on our understanding

of the ES system in Pakistan and Afghanistan and corresponding different approaches to
model the system and to allocate observed prevalence to the sampling sites (Kalkowska,
Duintjer Tebbens, & Thompson, 2019). Figure 3 suggests that the SS approach continues to
perform better than the SW approach (since in the SS approach detection by the system on

a given scheduled sampling day requires detection by just one of the active sampling sites),
while both approaches continue to perform best with sites located in the undervaccinated
subpopulations, in which poliovirus circulates the most at the time of sampling, see similar
results shown in an earlier study (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019).

Figure 4 shows the space of possible outcomes following the joint effect of the range

of imperfect AFP surveillance and the spectrum of the investigated ES approaches.

The lower bound of the space in Figure 4 corresponds to the worst performing AFP
surveillance sensitivity, which reflects the assumption of not doing worse than the worst
AFP surveillance sensitivity independent of the quality of ES. The upper bound curve
represents the upper bounds of AFP and the best performing ES.

Table 2 reports the POE, CNC95%, CNC99%, TUC95% and TUC99% estimates assuming
perfect AFP surveillance only and with either the worst or best modeled estimates of actual,
imperfect surveillance quality. The model suggests that with perfect AFP only (no ES),
achieving 95% CNC about the interruption of WPV 1 transmission requires 1.6 years without
any WPV1 cases (Table 2). Depending on the amount of poliovirus excreted into the sewage
system and the quality of sampling sites at detecting those viruses, good quality ES used

in addition to a good quality AFP surveillance could reduce the CNC95%. For example,

the best performing ES can reduce the DEFP required by 16 months compared to perfect
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AFP surveillance alone, and by up to 36 months compared to the worst performing modeled
AFP surveillance alone (Table 2). This interval changes depending on the quality of the AFP
surveillance and sensitivity of ES.

For Scenario 2, Figure 5 shows the comparable results to those shown in Figure 4 for
Scenario 1. The 3-month later shift in coverage improvement of Scenario 2 (relative

to Scenario 1) leads to lower population immunity to WPV1 transmission and more

WPV1 cases with shorter times between cases, which implies shorter times required to
reach confidence about no undetected circulation. The reduction in DEFP for the lower
bound curve for Scenario 2 compared to Scenario 1 translates to reaching a CNC95%
approximately 7 months earlier than in the lower bound of Scenario 1 (Table 2). This occurs,
because increased occurrence of cases implies more chances to detect cases even with the
worst performing AFP surveillance sensitivity.

4. Discussion

As the EMRCC and GCC consider the evidence relevant to certifying the region and

world, respectively, as free of indigenous WPV1 transmission, these results show that a
3-year period with no cases in the context of continued AFP surveillance alone supports
certification with high confidence. If the EMRCC and GCC assess the quality of the AFP
surveillance system as high in all areas or very high overall, then this could reduce the time
with no observed cases AFP cases to 2 years to reach high confidence considering only AFP.
Our analysis suggests that if assessments support assumptions of good AFP surveillance
sensitivity, then the DEFP could shift closer to 2-2.5 years for both countries based on AFP
alone (see the upper bound curve in Figure 2).

We also provide a bounding analysis that can support GCC deliberations as it considers
both AFP and ES information for Pakistan and Afghanistan, which will raise questions
about how to consider the information from both parts of the polio surveillance systems

in these countries. Given the existence of ES in Pakistan and Afghanistan, the EMRCC
and GCC may benefit from ES information, and this may support some reduction in the
DEFP required to achieve high CNC. The GCC may find it useful to separately consider
the value of the different types of surveillance information, and this analysis supports

that by providing separate discussions of AFP and ES (Figures 2 and 3). For example,
characterization of the quality of AFP surveillance may prove useful with respect to
considering the likely trajectory for CNC as a function of DEFP based on the quality of
AFP only. Then, consideration of the information from ES may help to inform the extent to
which the combined CNC as a function of DEFP could shift the curve to the left (toward
shorter times). The information provided by ES provides an opportunity to potentially shift
the curve over toward shorter DEFPs, but counting the DEFP would need to begin at the
time of the last positive isolate, which would likely occur after the last reported case.

As shown in several prior analyses (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015;
Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019; Kalkowska, Duintjer Tebbens, &
Thompson, 2019), population immunity to transmission, which depends on type, quality,
and scope of activities, and the quality of surveillance both substantially impact confidence.
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Given that IPV protects individuals from paralysis but does not prevent infection,
immunization with IPV can reduce the ability to detect transmission of polioviruses with
AFP surveillance alone without stopping transmission (see (Thompson & Kalkowska, 2020,
Table 4) for modeling studies that mentioned “silent transmission on an IPV background
and/or delayed detection of transmission due to IPV use” and the “role of IPV after OPV
cessation”). Notably, the extensive ES system in Israel detected WPV1 importations and
transmission that did not result in any AFP cases due to the high immunization IPV coverage
and intensive response to the detection (Anis et al., 2013; Kalkowska, Duintjer Tebbens,
Grotto, et al., 2015). The relatively low coverage with IPV in Pakistan and Afghanistan
limits the extent to which IPV delays the detection of cases by AFP surveillance, but the
use of IPV in both countries may increasingly mask some transmission. Our modeling
includes immunization with IPV in both countries at current levels. Immunization coverage
remains uneven in both countries, with some areas not accessible for polio immunization

or surveillance activities, leading to uncertainty about immunity and surveillance levels in
some areas. The extent of interactions with hard-to-reach populations impacts their role in
certification (Duintjer Tebbens et al., 2019). The importance of continuing to maintain both
intensive OPV1-containing SIAs and AFP surveillance and ES despite apparent or potential
die out may present challenges in both countries (potentially for different reasons), but
should remain a priority with respect to supporting the certification of WPV 1 eradication.
Counterintuitively, IPV immunization may extend the time required to observe AFP cases,
and increase dependence on ES.

Although not generally appreciated, some individuals infected with WPV1 may continue to
excrete the virus for an extended period of time (i.e., more than 60 days) prior to clearing
their infections. The time delay between the last reported case and the disappearance of
signals from ES depends on many factors, including prolonged excretion and continued
silent transmission. The relatively recent expansion of ES limited its prior use in national,
regional, and global certification decisions. However, sensitive ES may detect transmission
after the last case, because of the time taken to fully clear the virus. Prior experience

with detection of polioviruses by ES after die out or cessation of use should prove helpful
with respect to communicating this point (Blomgvist et al., 2012; Huang et al., 2005;
World Health Organization, 2004), but the relevant time for Pakistan and Afghanistan will
depend on the specific conditions in that reservoir and the locations of ES sites (Kalkowska,
Duintjer Tebbens, Pallansch, et al., 2015; Kalkowska, Duintjer Tebbens, Pallansch, et al.,
2019; Kalkowska, Duintjer Tebbens, & Thompson, 2019).

ES coverage remains limited to relatively small geographies (Duintjer Tebbens,
Zimmermann, Pallansch, & Thompson, 2017). For Pakistan and Afghanistan, we estimate
that ES may cover a small fraction of the total population with periodic sampling (e.g., on
the order of 3-4%, see Table Al(c)), although we remain uncertain due to limitations of the
available information about catchment areas. The distribution of sampling sites relative to
where transmission occurs remains a substantial source of uncertainty (Kalkowska, Duintjer
Tebbens, Pallansch, et al., 2019; Kalkowska, Duintjer Tebbens, & Thompson, 2019). If

the ES provides good information about transmission (or lack thereof) in undervaccinated
populations, then this may increase confidence and support a lower DEFP required to
achieve high CNC. However, if the ES mainly provides no evidence of transmission in areas
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unlikely to experience transmission, then placing too much weight on ES could lead to a
false sense of security or greater confidence than warranted.

Our results come with the same limitations as prior similar modeling (Kalkowska, Duintjer
Tebbens, Pallansch, et al., 2015; Kalkowska, Duintjer Tebbens, Pallansch, et al., 2019;
Kalkowska, Duintjer Tebbens, & Thompson, 2019). In particular, the ability to estimate
confidence about no undetected circulation depends on the occurrence of the transmission
die-out, for which we use a transmission threshold criterion rather than absolute 0 total
infected individuals. Thus, our model represents a simplified construct of the complex
dynamics of transmission die-out. As shown in Figure 3, the results of the model remain
sensitive to the chosen ES approach and the assumptions about the site distribution, but
also depend on the information quality about existing ES sampling sites themselves (see
Appendix Al). Since the available data on catchment population of ES sampling sites still
remain incomplete (see appendix and compare it with similar earlier analyses (Kalkowska,
Duintjer Tebbens, Pallansch, et al., 2019; Kalkowska, Duintjer Tebbens, & Thompson,
2019)), we continue to assume country average catchment population in place of missing
catchment estimates. Therefore, we may misrepresent the true catchment population for
some sites, and our model remains limited with respect to its representation of the ES data
from Pakistan and Afghanistan.

In depth reviews of surveillance quality (for both AFP and ES) and intensified efforts to
look for any indications of children missed by surveillance in the recent past would help

to support potential consideration of a shorter DEFP to certify WPV1 eradication. The
challenges and situations in both countries differ, and perceptions of WPV1 dying out as the
time since the last reported AFP case increases may make investment in further intensive
efforts difficult. However, if Pakistan and Afghanistan can both contemporaneously achieve
and maintain sufficiently high population immunity for WPV1 and achieve good quality
surveillance, then WPV certification appears possible within the next couple of years based
on this modeling.

5. Conclusion

The time required to achieve high confidence of no circulation of WPV1 will depend on

the degree to which polio immunization activities increase and maintain high population
immunity to transmission, and on the quality of the surveillance data in Pakistan and
Afghanistan. However, modeling supports the potential use of a criterion of less than 3 years
since the last reported AFP case for certification of global WPV1 eradication, and may
support accelerated timelines for EMRCC and GCC deliberations.
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Figure 1:
Confidence about no circulation in Pakistan and Afghanistan as a function of the detected-

event-free period (DEFP) assuming perfect AFP surveillance, and reference lines provided
to indicate 95% and 99% confidence for WPV 1 for Scenario 1

Abbreviations: AFP, acute flaccid paralysis; DEFP, detected-event-free period; WPV1,
serotype 1 wild poliovirus
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Figure 2:

Confidence about no circulation in Pakistan and Afghanistan as a function of the detected-
event-free period (DEFP) assuming different estimates of less than perfect AFP surveillance,
with perfect AFP surveillance without ES, and reference lines provided to indicate 95% and
99% confidence for WPV1 for Scenario 1

Abbreviations: AFP, acute flaccid paralysis; DEFP, detected-event-free period; ES,
environmental surveillance, WPV1, serotype 1 wild poliovirus
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Figure 3:

Confidence about no circulation in Pakistan and Afghanistan as a function of the detected-
event-free period (DEFP) assuming different ES approaches compared to perfect AFP
surveillance without ES, and reference lines provided to indicate 95% and 99% confidence
for WPV 1 for Scenario 1
Abbreviations: AFP, acute flaccid paralysis; DEFP, detected-event-free period; ES,
environmental surveillance; GS, general population sites distribution; IP, isolation-rate based
prevalence; NS, national sites distribution; PP, proportional prevalence; SS, site-specific;
SW, system-wide; US, undervaccinated subpopulation sites distribution, WPV1, serotype 1
wild poliovirus
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Figure 4:
Confidence about no circulation in Pakistan and Afghanistan as a function of the detected-

event-free period (DEFP) assuming a range of less than perfect AFP surveillance and a
range of ES, with perfect AFP surveillance without ES, and reference lines provided to
indicate 95% and 99% confidence for WPV1 for Scenario 1

Abbreviations: AFP, acute flaccid paralysis; DEFP, detected-event-free period; ES,
environmental surveillance, WPV1, serotype 1 wild poliovirus
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Figure 5:
Confidence about no circulation in Pakistan and Afghanistan as a function of the detected-

event-free period (DEFP) assuming a range of less than perfect AFP surveillance and a
range of ES, with perfect AFP surveillance without ES, and reference lines provided to
indicate 95% and 99% confidence for WPV1 for Scenario 2

Abbreviations: AFP, acute flaccid paralysis; DEFP, detected-event-free period; ES,
environmental surveillance, WPV1, serotype 1 wild poliovirus
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List of model inputs for the transmission model and the surveillance component
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Model input Symbol Value
Deterministic and stochastic transmission model inputs
Stochastic model start date January 1, 2021
Paralysis-to-infection ratio for WPV1 1/200
Average Ry (WPV1) considering the seasonal changes over the year 11
Annual SIA frequencies from 2021 (cumulative fraction targeted) 45
True SIA coverages from 2021 (general populations) 0.80
Relative SIA coverage from 2021 (undervaccinated subpopulations) 0.45
National RI coverage from 2021

Pakistan 0.75

Afghanistan 0.57
Relative RI coverage from 2021 (undervaccinated subpopulation)

Pakistan 0.40

Afghanistan 0.60
Surveillance model inputs
Cluster length (days) c/ 90
Probability of detecting a case by perfect AFP surveillance in either population P =z Pz ..., PI) 1111, ..,1)
Probability of detecting a case by imperfect AFP surveillance in general population =01 Pz -, P (0.75, 0.80, 0.85, 0.90, ..., 0.90)
Saggzgﬂ:gigz’dleot\(lavtét:nbgoﬁncgse by imperfect AFP surveillance in undervaccinated PR (0.10,0.10, ..., 0.10)
SPJEE?)BH:%SLYdj:)%c;:nbgoasgse by imperfect AFP surveillance in undervaccinated 0= (01 D rs D) (0.50, 0.53, 057, 0.60, ..., 0.60)
Effective (i.e., infectiousness-weighted) number of infectious individuals (infections) El Obtained from transmrins(s)i;er;
Number of people in the population (people) N Obtained from transm;qsgi(g;
Catchment area population of the it sampling site (people) N; Varies per site
Detection limit of i ES sampling site (infections/person) DL, Varies per site

Abbreviations: AFP, acute flaccid paralysis; ES, environmental surveillance; PV, poliovirus; R, basic reproductive number; RI, routine
immunization; SIA, supplementary immunization activity; WPV, wild poliovirus
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