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Abstract

Polio can circulate unobserved in regions that are challenging to monitor. To assess
the probability of silent circulation, simulation models can be used to understand
transmission dynamics when detection is unreliable. Model assumptions, however,
impact the estimated probability of silent circulation. Here, we examine the impact of
having distinct populations, rather than a single well-mixed population, with a discrete-
individual model including environmental surveillance. We show that partitioning a
well-mixed population into networks of distinct communities may result in a higher
probability of silent circulation as a result of the time it takes for the detection of
a circulation event. Population structure should be considered when assessing polio
control in a region with many loosely interacting communities.
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1 Introduction

Wild poliovirus type 1 (WPV1) remains endemic in two countries (Afghanistan and
Pakistan) as hard-to-reach areas within these countries, which include those with an
inter-Local Government Area or those with a nomadic population, have low vaccina-
tion rates (Bawa et al. 2018; Naeem et al. 2013). In one survey designed to understand
the cause of low polio vaccination rates in rural Peshawar, Pakistan, 48.8% of chil-
dren under 4 years old were found to be completely unvaccinated to polio in 2011
with 13.9% of those surveyed claiming health care workers never visited their village
(Naeem et al. 2013). Although some such areas have robust and reliable surveillance
systems for monitoring polio-induced acute flaccid paralysis, the primary method by
which circulation of polio is detected (Saleem et al. 2016), this may not be the case
for all areas with either no or low vaccination coverage.

Determining the continued circulation of polio is further complicated by asymp-
tomatic infections. First infections are typically, and repeat infections almost always,
asymptomatic (Koopman et al. 2017). Surveillance methods can increase confidence
that polio is no longer circulating, but they are difficult to reliably implement (Mbaeyi
et al. 2017; Nnadi et al. 2017; O’Reilly et al. 2012). Simulation models based on
our knowledge of polio natural history can be used to reconstruct difficult-to-observe
transmission dynamics, and thus assess the probability of prolonged silent circulation
in polio-endemic regions (Duintjer Tebbens et al. 2018; Duintjer Tebbens and Thomp-
son 2018; Eichner and Dietz 1996; Kalkowska et al. 2019, 2021, 2018, 2012, 2018;
Koopman et al. 2017; Thompson and Kalkowska 2020; Vallejo et al. 2017).
Modeling can account for infrequent observed cases and ongoing asymptomatic trans-
mission, providing more accurate estimates for the probability of polio circulation
conditional on the timing of the last detected paralytic case. This quantity may be
of particular interest to policy-makers. The World Health Organization (WHO) set a
threshold of 3 years since a detected paralytic case as one of the criteria for declaring
aregion polio-free (Henderson 1989). In 1996, Eichner and Dietz were the first to use
modeling to assess this threshold in terms of the probability of continued circulation,
hereafter the silent circulation statistic, under a specific set of model assumptions
(Eichner and Dietz 1996). Subsequently, researchers have extended the analysis by
relaxing the assumptions in that initial work (Duintjer Tebbens et al. 2019; Kalkowska
etal. 2018, 2012, 2018; Vallejo et al. 2019). These relaxations of model assumptions
make it possible to more confidently assess this time-based criterion in diverse condi-
tions.

Eichner and Dietz used a Markov chain model with susceptible-infectious-recovered
(S-I-R) compartments (Eichner and Dietz 1996). Under their assumptions, the 3-
year threshold used for polio elimination declaration was deemed appropriate for the
large populations (over 500,000 individuals) that they considered (Eichner and Dietz
1996). The model in (Eichner and Dietz 1996) was modified in Kalkowska et al.
(2012) to incorporate seasonality and add a vaccinated class. Under their model’s
assumptions, the 3-year threshold was also found to be suitable for populations over
500,000. In Vallejo et al. (2019), the authors proposed another Markov chain model
which included temporary immunity and the possibility for repeat infection. Under
their assumptions, the 3-year threshold was not consistently acceptable for smaller
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populations (approximately 20,000 individuals) Vallejo et al. (2019). Although these
models varied somewhat, all assumed mass-action transmission and exponentially
distributed event waiting times.

One implication of assuming mass-action transmission is that all individuals in the
system are equally likely to contact all others. This is a potentially problematic assump-
tion for representing polio in endemic regions such as Pakistan, where people reside
in large cities as well as in semi-isolated villages (Demographia World Urban Areas
2020; Baig et al. 2019; Naeem et al. 2013). This partitioned structure needs to be
accounted for in order to accurately predict the probability of silent circulation. Of
particular interest is the probability of silent circulation beyond the 3-year threshold
established by the WHO for polio elimination declaration (Henderson 1989). One way
in which the homogeneous population assumption can be relaxed is through the use
of a metapopulation (or multi-patch) model. This type of model allows for one large,
homogeneously mixed population to be viewed as a collection of sub-populations that
can only make contacts within their subgroup, thus modifying the contact pattern.
Models in which the contact pattern is modified by partitioning the population have
mainly been used to answer questions related to overall persistence (Andreasen and
Christiansen 1989; Etienne and Heesterbeek 2000; Hagenaars et al. 2004). Using a
stochastic S-I-R model, Hagenaars et al. found that increasing spatial heterogeneity (or
the “patchiness”) of the population corresponded to a decrease in disease persistence
(Hagenaars et al. 2004). Similarly, Etienne et al. found that increased habitat fragmen-
tation was associated to a decrease in species persistence (Etienne and Heesterbeek
2000). These papers both provide evidence that one large population is more likely to
sustain persistence when compared to multiple smaller populations of the same total
size.

Duintjer Tebbens et al. put forth one example of a polio-specific metapopulation model
(Duintjer Tebbens et al. 2019). Modifying the model in Kalkowska et al. (2012), the
authors divided the large population considered in Kalkowska et al. (2012) into two
sub-populations. One patch held a population with high vaccination coverage and
high paralytic case surveillance. The second patch was one that was under-vaccinated
with varying rates of paralytic case detection. Movement between patches varied
from isolated (no movement) to well mixed. Among other results, they found that
the smaller (500,000 individuals) and isolated subpopulation had a higher probability
of silent circulation than the larger (5,000,000 individuals), well-mixed population
(Duintjer Tebbens et al. 2019). This metapopulation model was further modified to
incorporate more subpopulations with increased regional specificity (Duintjer Tebbens
et al. 2018; Duintjer Tebbens and Thompson 2018; Kalkowska et al. 2018) as well as
environmental surveillance (ES) (Kalkowska et al. 2019). The primary focus of these
papers was to study the effect of heterogeneity in other aspects of polio transmission
such as access to vaccination and extent of environmental surveillance, and not on
contact patterns.

Here, we use a discrete-individual, multi-patch model to extend past work by con-
sidering a non-homogeneous contact structure (Vallejo et al. 2019). We compare a
homogeneous contact pattern to a heterogeneous one by partitioning a large popu-
lation, while preserving the same total population. We also consider the effect that
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varying vaccination rates and ES detection probabilities have on the probability of
silent circulation within this metapopulation framework.

We show that varying the number of patches changes the estimated probability
of silent circulation. After 3 years since a paralytic case, generally the partitioned
populations have a higher probability of silent circulation when compared to the non-
partitioned population, with an exception in the case of high rates of vaccination.
However, the relationship between patch size and silent circulation probability is not
monotonic. The results we present suggest that the appropriate case-free period for
declaring a region polio-free may need to be adjusted based on both population size
and structure. The goal of this work is therefore to illuminate modeling assumptions
that may present problems when model results are used to declare regions polio-free.
As this model is not detailed enough to directly inform policy, the results presented
in this paper should be viewed principally as a guide to addressing the influence of
common modeling assumptions.

2 Methods
2.1 Discrete-Individual Stochastic Model Specification

The model used in this paper is an extension of the S-I-R type counting process in
Vallejo et al. (2019). The original compartments considered were S: naive suscep-
tible, I;: first infection with the virus, R: recovered and fully immune, P: partially
susceptible, and /,: reinfected. We assume that only individuals in the /; compartment
experience symptomatic polio, in particular polio-induced acute flaccid paralysis. We
extend the model considered in Vallejo et al. (2019) by including a vaccinated com-
partment; transmission seasonality; and a population divided into patches, typically p
patches each with population size N, with and without movement between patches.
We assume an “effective” vaccination rate, such that vaccinated individuals in the
model cannot be infected. A less-than-perfect vaccine would require higher actual
coverage to achieve performance similar to the effective coverage levels we consider.
ES is also incorporated as a possible detection system, but has no effect on transmis-
sion. To simulate the use of ES in the hypothetical population, we use a detection
rate that is the probability of detection via ES multiplied by the number of infected
individuals (/1 and 7,). This is done for each patch and occurs once each day. Although
this does not allow us to explore questions related to implementation of ES such as
location of ES sites or size of catchment areas, we can use this method to understand
how sensitivity of ES affects the probability of silent circulation.

Immunity to polio is parameterized by two terms: waning immunity rate and wan-
ing immunity depth. Waning immunity rate refers to the speed at which the immunity
wanes (i.e., the average rate at which an individual leaves the recovered class). Wan-
ing immunity depth is a unitless quantity that represents the protection offered by
antibodies generated from a natural infection. In the model, waning immunity depth
is accounted for in the reinfection and recovery rates. Reinfection occurs at a much
slower rate on average and recovery occurs at a much faster rate compared to infection
and recovery in a naive susceptible individual. For more details, see (Koopman et al.
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Table 1 Events and corresponding model transitions. For each compartment, the superscript refers to the
patch and the subscript refers to the number in that compartment. All events (with the exception of movement
between patches) occur among individuals of the same patch p. Birth and death events are coupled to keep
population size constant: a death in any compartment induces a birth in the § compartment in that patch

Event description Transition

Vaccination (S[, V,) (S,‘,l fi )
First infection (Si. I, j) = (Si1. Il ]+l)
Reinfection (Pis Ir,j) - ( i—1: 1y j+l)
First infection recovery (I,i- Rj) = (Ii—1 Rj41)
Reinfected recovery (Iris Rj) = (Iriz1, Rjy1)
Immunity waning (Ri, Pj) = (Ri—1, Pj11)
Deathin § No change

Deathin X € {I1,V,R, P, I} (Siv Xj) = (Sig1. Xj—1)
Bi-directional movement between patches p, g (Ml.p, M?) — (M M;’_H)
M,Te{S I,,V.R, P, I} (T,f,T,”)—> (Tk,I,T,H)

2017). Asin Vallejo et al. (2019), we fix the waning immunity scenario as fast shallow
(i.e., immunity wanes quickly but to a shallow depth).

Due to the strongly seasonal nature of polio infections (Duintjer Tebbens etal. 2013;
Grassly and Fraser 2006; Martinez-Bakker et al. 2015; O’Reilly et al. 2012), we add
seasonal forcing to the transmission term of the model given in Vallejo et al. (2019).
The form of the seasonal transmission term B(¢) is given in Eq. 1. The amplitude is
chosen to be 5% of the contact rate 8 to mimic the amount of seasonal forcing used
in Kalkowska et al. (2012).

B(t) = B (1 +0.05 - sin(271)) (1)

Event descriptions with corresponding transition in the model are given in Table 1
and a diagram of the model is given in Fig. 1. For more details on the model in the
absence of vaccination, see Vallejo et al. (2019).

Movement between patches is a population density-dependent event in the model.
Once the patch is chosen, the sizes of the compartments (S, /1, V, R, P, I,) are used
as weights to determine the kind of individual to move. To ensure that patch size
is constant, there is a reciprocal movement from the sink patch to the source patch.
Movement from patch p to a randomly chosen patch ¢ is initiated by an individual
in patch p with movement rate «- compartment size (i.e., S, I1, V, R, P, I,). The
corresponding movement from patch ¢ to patch p occurs by randomly choosing an
individual from patch g from a compartment chosen with probability proportional
to the compartment’s size. Individuals are fully characterized by the compartment in
which they are counted.
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Patch p

|
(Iv+ kI)
Yor Rl
N

B(t)

Fig. T A schematic diagram of the model used in this paper, modified from Vallejo et al. (2019). The
compartments of the model are: S (naive susceptible), 71 (first infection with the virus), V (fully vaccinated
against infection), R (recovered and fully immune from infection), P (partially susceptible to infection), and
I, (reinfected). The transmission term (B(t)) is time dependent to incorporate seasonal forcing. Movement
between patches (represented by the dashed lines) is reciprocal to maintain patch sizes

2.2 The Silent Circulation Statistic

The silent circulation statistic is an estimate of the probability of silent circulation
given the time interval since the last detected paralytic case of polio. In Vallejo et al.
(2019), the authors proposed a formula for estimating the statistic from model output.
Slight modifications (in italics) of the definitions used in constructing the formula
were necessary in order to apply it to a multi-patch model.

Here, we define an intercase interval to be the time between days when cases
were detected anywhere in the population across all patches. Note that detected cases
may be paralytic or, if ES is occurring, either paralytic or asymptomatic. We define
an extinction interval to be the time between the day of the last detected case and
extinction (i.e., all infectious compartments empty) in all patches. As before, cases
may be asymptomatic if ES is occurring. Using this collection of time intervals, we used
the following formula (Eq. 2) from Vallejo et al. (2019) to determine the probability
of elimination after an interval of Ar years without a detected paralytic case (denoted
Pr(At)). Since either polio continues to circulate or polio has been eliminated, the
probability of silent circulation given an interval of At years without a case (Psc (At))
is Psc(At) = 1 — Pr(At).

number of extinction intervals < At
Pp(Ar) =

(number of extinction intervals + number of intercase intervals > At)

(2)
There exist two definitions in the literature for the start of the first intercase interval

(Duintjer Tebbens et al. 2019; Eichner and Dietz 1996; Kalkowska et al. 2012, 2018;
Vallejo et al. 2019). Either the first intercase interval begins at the start of the simulation
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or with the first simulated paralytic case; prior work demonstrated that this assumption
does not change the probability of silent circulation estimation in sufficiently large
populations (Vallejo etal. 2019), such as those we consider in this work (see Fig. 9 in the
Appendix). We assume intercase intervals are only between two explicitly simulated
paralytic cases.

2.3 Metapopulation Description

To investigate the consequences of heterogeneous mixing on undetected polio circu-
lation, we compare different partitionings of a population of 64k (64000) individuals:
2 x 32 k (2 patches of 32000), 4 x 16k, 8 x 8k, 16 x 4k, and 32 x 2 k. The main
text figures assume that patches within a model are all equal in size; in Sect. 3.4 and
the Appendix we relax this constraint. A population of 64000 individuals is approx-
imately 10% of the population in districts such as Killa Abdullah and Pishin located
within the Balochistan Province in Pakistan where polio continues to circulate Naqvi
etal. (2017). Considering the potential impact that unvaccinated and under vaccinated
subpopulations have in these areas may help to understand why these areas continue
to have polio circulation.

2.4 Interpatch Migration Rates

The populations residing within the remaining polio-endemic countries are mobile,
migrating both nationally and internationally (Kuschminder and Dora 2009). In 2008,
230,700 people were classified as internally displaced persons within Afghanistan
(Kuschminder and Dora 2009). Given a total population of 27.72 million in 2008 in
Afghanistan The World Bank (2020), this is an internal movement rate of approxi-
mately 0.0083 per year. Notably, there is a long history of migration from Afghanistan
to Pakistan Kuschminder and Dora (2009). In 2008, there were approximately 750,000
Afghan refugees living in Pakistan Kuschminder and Dora (2009). Given a total popu-
lation of 27.72 million in 2008 in Afghanistan The World Bank (2020), the movement
rate from Afghanistan to Pakistan is approximately 0.027 per year. While most move-
ment occurs from Afghanistan to Pakistan Kuschminder and Dora (2009), there were
a total of 274,200 Afghan refugees that migrated from Pakistan to Afghanistan in
2008 Kuschminder and Dora (2009). Given a total population in Pakistan in 2008 of
171.6 million The World Bank (2020), this gives a movement rate of 0.002 per year
from Pakistan to Afghanistan. Movement between tehsils (administrative units) in
Pakistan, concentrating on travel to and from Karachi, was captured using cell phone
data (Wesolowski et al. yyy). The data captured movement rates ranging from 21.9
per year to 44.04 per year (Wesolowski et al. yyy).

These numbers most likely contain some biases. The national migration rate of
Pakistan may be much lower, as the tracked population was described as “highly
mobile” (Wesolowski et al. yyy) and necessarily owned a cell phone; cell phone
subscribers represented approximately 22% of the total population. It is also possible
that the true migration rates between Afghanistan and Pakistan as well as the internal
movement rate within Afghanistan are underestimated, as the studies cited above do
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not capture non-refugee movement. Given the wide range of estimated movement
rates and the focus of the paper on metapopulation dynamics, we chose movement
rates to be consistent with observed data while also allowing for multipatch dynamics
to remain prominent. The following movement rates were chosen: 0, 0.05, 0.1, 0.2,
and 1 per year. See Sect. 3.3 for the effect of movement rate on the metapopulation
dynamics.

2.5 Model Iteration Specifics

Previous work assumed that simulations began with a population initialized at the
endemic equilibrium, determined analytically for an arbitrarily large population (Duin-
tjer Tebbens et al. 2019; Eichner and Dietz 1996; Kalkowska et al. 2012, 2018;
Vallejo et al. 2019). This assumption may not hold for finite populations, however,
and real-world polio-endemic regions are not necessarily at endemic equilibrium when
observation begins. We address this with a burn-in period before modeling observa-
tions. A burn-in period is used in simulation modeling to move the system away from
potentially misspecified initial conditions to a state sampled from the system’s station-
ary distribution. Our model is initialized with 99% of the patch population, N, in the
S compartment and the remaining 1% in the /; compartment to replicate the potential
start of a polio epidemic. We simulate a 50-year burn-in (without detecting any cases)
to reach conditions that represent those at the quasi-steady-state. In order to prevent
extinction before the end of the burn-in period (which would correspond to a real-world
population that briefly had polio that was never detected), external exposures occur,
at a rate of 0.1% of the population per year. All individuals in the total population are
equally likely to be exposed during this time. If a susceptible individual (S or P) is
drawn, that person becomes infected (i.e., is moved from S to I, or from P to I,).
If the individual is not susceptible (/1, I, R, V), then no infection occurs. After the
initial 50-year burn-in period, the observation period begins and external exposures
no longer occur; conceptually, this might be because surrounding populations external
to the model have high vaccination rates and have thus eliminated polio. Figure 10
in the Appendix shows the distribution of starting conditions for each compartment
compared to the endemic equilibrium value that comes from the related differential
equations model.

The model is simulated using a Gillespie algorithm Gillespie (1977) with 10,000
replicates. As we are looking to represent real-world polio-endemic settings where
by definition at least one polio case has been observed, replicates without at least
one detected case are repeated as necessary with new random number seeds. Data
collection does not begin until after the burn-in period, and ends when all infectious
compartments in all patches are zero (i.e., extinction of the virus in the population),
or after 100 years, whichever occurs first. Parameter values relating to transmission
and vital dynamics are given in Table 2. The paralysis-to-infection ratio (PIR) is
commensurate with that for poliovirus serotype 1 (1 case for every 200 /; infections).
For simplicity, we assume that every paralytic case that occurs is detected; it is worth
noting that prior work has demonstrated that lowering the paralytic case detection
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Table 2 Parameters used in the model. Parameters related to transmission and vital dynamics taken from
Vallejo et al. (2019)

Parameter Value Description

B 135 Contact rate (contacts/individual/year)

n 0.02 Turnover (birth/death) rate ((year)*l)

y 13 Recovery rate ((year)*l)

w 0.2 Waning immunity rate ((year)*l)

K 0.4179 Waning immunity depth

[ 0%; 5%, 20%; 50% Proportion vaccinated ((year)*])

€ 0% 0.1%; 1%; 10% Probability of detection through ES

PIR 0.005 Paralysis to infection ratio (serotype 1)

o Varies Movement rate between patches ((year)_l)
p 1;2;4;8;16;32 Number of patches

Ni 64k; 32k; 16k; 8k; 4k; 2k Village size dependent upon number of patches (p)

probability substantially increases the probability of silent circulation Vallejo et al.
(2019).

3 Results
3.1 Effect of Partitioning on the Probability of Silent Circulation

We first compare the probability of silent circulation in the large, homogeneously
mixed 64k population to isolated (i.e., movement rate « = 0) partitions of the large
population in the absence of vaccination and environmental surveillance. Figure 2A
depicts the probability of silent circulation in each partitioning as calculated by the
silent circulation statistic. Figure 2B presents the differential calculated by subtracting
the probability of silent circulation at each At interval for the partitioned populations
from the large 64k population. Positive values correspond to a higher probability of
silent circulation in the 64k population; negative values correspond to higher in the
comparison scenario. Figure 2C gives the odds ratio of a particular partitioning having
ahigher probability of silent circulation compared to the 64k population. Values greater
than one indicate that it is more likely for the 64k village to have a higher probability
of silent circulation at a particular Az interval compared to the partitioned population.

Initially, up to approximately 2 years since a detected paralytic case of polio, the
homogeneously mixed 64k population has a higher probability of silent circulation
when compared to the various partitionings. The differential increases monotonically
with an increase in the number of partitions. Subsequently, with the exception of 32
patches of 2k, the large population has a lower probability of silent circulation com-
pared to the partitions. This differential, however, does not have monotonic behavior
with patch size. The mid-range partitions (16 x 4k and 8 x 8k) emerge as the divi-
sions with the higher probability of silent circulation after 3 years without a detected
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Fig. 2 Effect of population partitioning on the probability of silent circulation visualized using the silent
circulation statistic (A), the probability differential (B), and the odds ratio (C). The probability differential
(B) is calculated by subtracting the probability of silent circulation in the partitioned populations from that of
the large 64k population. Negative values indicate that the partitioned populations have a higher probability
of silent circulation. Values less than one in the odds ratio plot (C) indicate that the 64k population is less
likely to have continued silent circulation compared to the partitioned populations. The inset plots expand
the y-axis scale to show behavior between 2.5 and 3.5 years since a paralytic case was observed
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paralytic case, with 4 x 16k having the highest overall. This indicates that a smaller
number of larger isolated patches (such as four isolated villages) have a higher proba-
bility of prolonged silent circulation than one homogeneously mixed population (such
as a large city).

3.1.1 Intercase and Extinction Interval Distributions

To understand the source of the nonlinear relationship between patch size and silent
circulation probability after 3 years since a paralytic case observed in the silent circu-
lation statistic, we consider the intervals used to construct it.

Figure 3A shows the cumulative distribution function (CDF) of intercase interval
lengths (time between two detected cases) for all populations considered. The rela-
tionship between patch size and intercase interval length is complex. The mid-range
populations (8 x 8k and 4 x 16k) identified as having the highest probability of silent
circulation after 3 years since a paralytic case also have the greatest density of long
intercase and extinction intervals. In general, extinction intervals tend to be longer than
intercase intervals, but because there may be many intercase intervals before a single
extinction occurs, it is possible that a long interval is most likely to end in another
case for a given set of model parameters.

The CDF of extinction interval lengths is given in Fig. 3B. Again, there is a non-
monotonic relationship between extinction interval length and number of population
divisions. One difference to note in this plot, although the mid-range populations that
were found to have the highest probability of silent circulation after 3 years without
a paralytic case have a higher density of extinction intervals of length greater than 3
years, 8 patches of 8k overtakes 4 patches of 16k to have the highest overall density
during this time. Thus, 8 patches of 8k is more likely to have low levels of persistence
before elimination for a longer period of time. Note that the density of extinction
intervals for the 64k population is zero at 3 years since a detected paralytic case.

Note that in either case the circulation intervals for the 64k population end before 3
years. This confirms that for large populations the 3-year threshold is appropriate as put
forth in (Eichner and Dietz 1996; Kalkowska et al. 2012, 2018; Vallejo et al. 2019).
However, this does not seem to be the case for smaller, isolated, and unvaccinated
populations as also indicated by Vallejo et al. (2019), as these populations have the
potential to have longer times between either a paralytic case or extinction. While
intervals greater than 3 years remain uncommon in our simulations, they may become
increasingly likely as the number of villages (and total population) increases further,
e.g., > 4 patches of 16k people.

3.2 Comparison to a Single Population

Although similar, the scenario of multiple isolated patches each of size x is not equiv-
alent to more replicates of a single population of size x. In constructing the circulation
intervals in the multi-patch scenario, events that end circulation such as a paralytic
case or extinction are considered across all patches. In contrast, there is only one
patch to consider in the case of a single population. We observe the same pattern in
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Fig.3 Cumulative distribution of intercase (time between detected paralytic cases, A and extinction (time
between the last paralytic case and extinction, B intervals for isolated populations. Intercase intervals beyond
3 years are very rare, while some extinction intervals can last more than 3 years
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the intercase and extinction interval distribution by patch size in the single population
and isolated multi-patch scenario (see Fig. 11 in the Appendix). However, the isolated
multi-patch scenario has longer extinction intervals, while the single population has
longer intercase intervals.

3.3 Effect of interpatch movement on the Probability of Silent Circulation

Generally, the subdivided regions described in Sect. 2.3 do not exist in isolation but
experience some interpatch movement. In Sect. 3.3.1, we explore the effect of adding
interpatch movement on the probability of silent circulation. In Sect. 3.3.2, we compare
the silent circulation statistic across all partitions with interpatch movement.

3.3.1 Varying the Movement Rate

Broadly, as the movement rate between patches increases, the probability of silent
circulation in the partitioned populations converges to that of the large 64k population
(i.e., becomes well-mixed). See Figs. 4 and 5 for two such examples (4 x 16k and 16
x 4k, respectively).

For larger populations existing in a smaller number of patches (i.e., 4 x 16k,
Fig. 4), increasing the rate of movement has the effect of decreasing the probability
of silent circulation after approximately 2 years since a paralytic case. After 3 years
since a paralytic case, 4 isolated patches of 16k have the highest probability of silent
circulation when compared to either one large population of 64k or another population
of x 16k that has movement between patches.

On the other hand, in the case of smaller populations existing in a larger number
of patches (i.e., 16 x 4k, Fig. 5) the relationship between movement rate and silent
circulation potential is not as straightforward. Similar to the 4 x 16k population up
to 2 years since a paralytic case, increasing movement between patches increases the
probability of silent circulation. After 3 years since a paralytic case, the probability
of silent circulation is highest for the mid-range of the movement rates considered
(¢ = 0.05, 0.1, and 0.2) and lowest for the extremes of the movement rate range
(o =0and 1).

For both partitionings shown, after 3 years since a case, a large enough movement
rate decreased the probability of silent circulation when compared to either some
movement or no movement at all. However, the effect of a small amount of movement
or complete isolation differed by patch size. For a smaller patch size, a small amount
of movement increased the probability of silent circulation when compared to isolated
patches, while for a larger patch size, a small amount of movement decreased the
probability of silent circulation in comparison with isolated patches. Thus, the structure
of the population is important to consider when estimating the silent circulation statistic
in a given region, as even adding a small amount of realism (such as movement) can
have a significant effect on the predicted outcome.
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Fig. 4 Effect of interpatch movement on the probability of silent circulation given a At interval of time
since the last detected paralytic case in the 4 x 16k population visualized using the silent circulation statistic
(A), the differential comparison to the 1 x 64k population (B), and the odds ratio (C). The inset plot shows
the curves restricted to between 2.5 and 3.5 years since a paralytic case. A movement rate («) of 0 indicates
that the 4 patches are isolated from each other. For the nonzero movement rates, the value indicates the rate
at which one individual initiates movement, but with the assumption of reciprocated movement between
the sink and the source patch, two individuals move when one initiates
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Fig. 5 Effect of interpatch movement on the probability of silent circulation given a At interval of time
since the last detected paralytic case in the 16 x 4k population visualized using the silent circulation statistic
(A), the differential comparison to the 1 x 64k population (B), and the odds ratio (C). The inset plot shows
the curves restricted to between 2.5 and 3.5 years since a paralytic case. A movement rate («) of 0 indicates
that the 16 patches are isolated from each other. For the nonzero movement rates, the value indicates the rate
at which one individual initiates movement, but with the assumption of reciprocated movement between
the sink and the source patch, two individuals move when one initiates
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3.3.2 Movement Effect

As can be seen in Figs. 4 and 5 in Sect. 3.3.1 with a large enough interpatch movement
rate, the silent circulation curve of the partitioned population converges onto that of the
homogeneously mixed population, nullifying the effect of subdividing. To analyze the
full influence of partitioning while also considering the impact of interpatch movement,
we focus on an interpatch movement rate of 0.1 per year.

Moving from no movement to a movement rate of 0.1 per year had different effects
on the probability of silent circulation depending on population size (see Fig. 6; darker
lines indicate a movement rate of 0.1 per year and lighter lines are for no-movement
scenarios). For smaller patch sizes (e.g., 32 x 2k and 16 x 4k), increasing the move-
ment rate increased the probability of silent circulation, while for larger patch sizes
(e.g., 2 x 32k, 4 x 16k, and 8 x 8k) increasing the movement rate decreased this
probability. With interpatch movement, 8 x 8k had the highest overall probability of
silent circulation after 3 years since a detected paralytic case. This shows that there
may be a higher probability of undetected circulation in an area with many loosely
connected, small villages than there is in an area with one large interconnected village
such as a city.

Analogous to the results presented in Fig. 2 (no interpatch movement), the rela-
tionship between patch size and circulation potential is not monotonic. This can also
be seen in the intercase and extinction interval distribution curves (Fig. 12 in the
Appendix).

3.4 Effect of Heterogeneous Patch Sizes on the Probability of Silent Circulation

For the initial analyses on the effect of partitioning a large population on the probability
of silent circulation, all subdivided populations were of the same size to simplify
extinction dynamics. Redistributing the population such that one patch contained much
larger population sizes (e.g., 1 x 32k, 4 x 8kor 1 x 32k, 8 x 4k) uncovered thresholds
on the number of smaller-sized patches needed to sustain transmission. For example,
one patch of 32k together with 4 patches of 8k with interpatch movement had a
lower probability of silent circulation than 8 patches of 8k with interpatch movement
(see Fig. 13 in the Appendix). Such thresholds may be important to consider when
developing strategies to break transmission chains.

3.5 Effect of Vaccination on the Probability of Silent Circulation

Although our model is conceptually based on isolated sub-populations with minimal
effective vaccination coverage, such as may be present in regions with overall high
coverage, we also consider the effect of increasing vaccination coverage on silent cir-
culation. Figure 7 shows a comparison of the probability of silent circulation between
the 1 x 64k and 4 x 16k populations, with a movement rate of 0.1 per year, for arange
of vaccination rates. Overall, the probability of silent circulation decreases as the vac-
cination rate increases. In this model, vaccinations decrease the number of individuals
susceptible to infection, which in turn results in sooner extinction of polio.
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Fig. 6 Comparison of the probability of silent circulation in partitioned populations with a reciprocated
movement rate of 0.1 per year visualized using the silent circulation statistic (A), the probability differential
(B), and the odds ratio (C). The probability differential (B) is calculated by subtracting the probability
of silent circulation in the partitioned populations from that of the large 64k population. Negative values
indicate that the partitioned populations have a higher probability of silent circulation. Values less than one
in the odds ratio plot (C) indicate that the 64k population is less likely to have continued silent circulation
compared to the partitioned populations. Lighter, more transparent, lines represent the value of the quantity
in the absence of movement to use for comparison. The inset plot focuses on behavior between 2.5 and 3.5
years since a paralytic case was observed
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Fig.7 Comparison of the effect of vaccination on the probability of silent circulation in the 1 x 64k (dotted
lines) and the 4 x 16k population with movement rate 0.1 per year (solid lines) visualized using the silent
circulation statistic (A), the probability differential (B), and the odds ratio (C). The probability differential
(B) s calculated by subtracting the probability of silent circulation in the partitioned populations from that of
the large 64k population. Negative values indicate that the partitioned populations have a higher probability
of silent circulation. Values less than one in the odds ratio plot (C) indicate that the 64k population is less
likely to have continued silent circulation compared to the partitioned populations. The inset plot focuses
on behavior between 2.5 and 3.5 years since a paralytic case was observed

At the lower rates of vaccination considered in this model, the 4 x 16k population
with movement still had a higher probability of silent circulation at 3 years since
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Fig. 8 Comparison of the effect of utilizing environmental surveillance on the probability of silent cir-
culation in the 1x64k (dotted lines) and the 4 x 16k population with movement rate 0.1 per year (solid
lines) visualized using the silent circulation statistic (A), the probability differential (B), and the odds ratio
(C). The probability differential (B) is calculated by subtracting the probability of silent circulation in the
partitioned populations from that of the large 64k population. Negative values indicate that the partitioned
populations have a higher probability of silent circulation. Values less than one in the odds ratio plot (C)
indicate that the 64k population is less likely to have continued silent circulation compared to the partitioned
populations. A detection event is defined as detection through either a paralytic case or through ES

a detected paralytic case when compared to the 1 x 64k population. This was also
the case for the isolated and 0.1 per year movement scenarios but in the absence of
vaccination. Reducing the susceptible population in accordance with these vaccination
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rates was not sufficient to bring the probability of silent circulation in the 4 x 16k
population to that of the 1 x 64k population. However, at the highest vaccination rate
considered, the 4 x 16k population had the higher probability of silent circulation at
3 years since a detected paralytic case. This provides a threshold for the size of the
susceptible population necessary in these four patches in order for the silent circulation
potential to be highest in the well-mixed regime versus the segmented population. This
further supports the need to consider population structure when utilizing the silent
circulation statistic.

3.6 Effect of Environmental Surveillance on the Probability of Silent Circulation

Figure 8 shows a comparison of the probability of silent circulation in the 1 x 64k
population with the 4 x 16k population with a movement rate of 0.1 per year for a
range of environmental surveillance (ES) detection probabilities. For these scenarios,
either a paralytic case or detection via ES are used to construct the intervals of the
silent circulation statistic. Instead of considering the probability of silent circulation
since a detected paralytic case, we consider the probability since a detection event
(circulation detected either through a paralytic case or by ES).

In general, the probability of silent circulation decreases as the probability of detec-
tion through ES increases. In particular, the probability of silent circulation was zero
at 3 years since a detection event for both population scenarios with at least a 0.1% ES
detection probability. Unlike detection of paralytic cases which occurs at a particular
rate but only with a first infection, ES can in principle be implemented at any rate and
can detect both paralytic and the more common non-paralytic infections.

Increasing the ES detection probability decreased the difference in silent circulation
potential between the two population scenarios considered. While this assumes that
ES would be as thorough (per capita) in small populations as in large ones—which
may not be realistic—this result suggests that having a more thorough ES program
reduces the importance of taking population structure into account.

4 Discussion

In this paper, we demonstrate that partitioning a large population can meaningfully
change the probability of silent circulation. We found that a large population of 64k had
a high probability of elimination after 3 years without a detected paralytic case. While
the WHO’s elimination criterion does not specify the configuration of the population
in its guidelines, these results support using the WHO’s elimination criterion of 3 years
without a detected paralytic case if the population under consideration is large and
well-mixed. However, partitioning this population of 64k, and, in particular, increasing
the number of divisions, increased the probability of silent circulation beyond 3 years
since a detected case. This suggests that if a population is not well-mixed, the 3-year
case-free criterion may warrant more scrutiny.

We show that the frequency of detected cases is the main driver behind longer inter-
vals of time between events that end silent circulation in the partitioned populations.
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In particular, prolonged circulation appears to be driven by extinction intervals rather
than intercase intervals. In order to decrease these interval lengths, it is important to
increase the probability of detecting cases when they occur. As paralytic infections
are already likely to be detected, other methods of detection such as environmental
surveillance could be used as a supplement Brouwer et al. (2018).

Since this model is not calibrated to an exact region, the time at which changes
in silent circulation probability between subpopulations take place should not be the
main focus. Nonetheless, the observation that at the 3-year benchmark the relationship
between population structure, the amount of interpatch movement, and silent circu-
lation potential can be non-monotonic may be important. Non-monotonicity implies
that silent circulation estimation predictions are challenging to make based upon data
from other population scenarios. More complex models that take these factors into
account and are calibrated to specific populations should be developed in order to
better inform policy.

If the silent circulation statistic is to be used to make predictions concerning polio
elimination potential in areas with continued circulation, additional work is needed to
understand the effect of the assumptions of the data-generating model. For example,
the results in this paper confirm the observations in Duintjer Tebbens et al. (2019)
when the population is divided into a smaller number of larger patches (e.g., 4 patches
of 16k). However, we show that the observation does not hold given a larger number
of smaller patches (e.g., 16 patches of 4k).

In this work, we focused on total populations of 64k, with all subpopulations sym-
metrically connected with one another. For computational reasons, we did not consider
substantially larger total populations, but larger, more complex networks of small
subpopulations may be able to sustain undetected polio transmission for substan-
tially longer. An important, related operational issue is the scale at which regions are
declared polio-free. It is possible that in a sufficiently large, complex population, polio
would be sustained, largely undetected, in small refugia, tending to be spread to other
such semi-isolated populations before local extinction occurs. These are important
considerations for future work.

Additional areas of future investigation include exploration of varying immunity
levels, further relaxation of the mass-action transmission term by use of a network
model, and considering non-exponential time intervals between events. A clear under-
standing of how these assumptions affect the probability of silent circulation will
produce more accurate estimations. This can be used to understand where transmis-
sion may be persistent and highlight the populations in which resource allocation needs
to be increased in order to curb the transmission potential.
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5 Appendix

5.1 Intercase Interval Definition

The initial intercase interval has been defined as either the time between the start of
the simulation and the first simulated paralytic case (referred to as the initial case
assumption (ICA) in Vallejo et al. (2019)) (Eichner and Dietz 1996; Kalkowska et al.
2012) or as the time between the first two explicitly simulated paralytic cases (referred
to as the non-initial case assumption (NICA)) Vallejo et al. (2019). Vallejo et al. (2019)
explored the consequence of the ICA in small populations (25000 and smaller). They
determined that defining the first interparalytic case interval as the time between the
start of the simulation and the first paralytic case had the effect (in most cases) of
estimating a higher probability of silent circulation when compared to the NICA. This
effect decreased with an increase in population size. In this paper the population size
considered is large enough such that either definition of the first interparalytic case
interval is appropriate (see Fig. 9). In any case, we believe it is more realistic for
observation of the system to begin after a paralytic case had been detected, rather than
at the exact moment of detection. Therefore, we define all interparalytic case intervals
as between two explicitly simulated paralytic cases (or the NICA).

- — NICA
— ICA

Probability of silent circulation

T T T T T T
2 3 4 5

o
-

Years since last detected paralytic case

Fig.9 A comparison of the silent circulation statistic curves with the initial case assumption (defining the
time between the start of the simulation and the first simulated paralytic case as an intercase interval; ICA)
and without the initial case assumption (defining only the time between explicitly simulated paralytic cases
as an intercase interval; NICA) for the 16 patches of 4k scenario. Note that in this paper NICA was used
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s 5.2 Initial Patch Population Distribution

s See Flg 10.
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Fig. 10 Box plots demonstrating the distribution of starting values for each compartment after the 50-
year burn-in period compared to the endemic equilibrium value obtained by solving the related system
of differential equation represented by the solid red horizontal line. Note that the extinction dynamics are
highly influential in determining the starting conditions. Even the 64k population is not large enough to
reproduce equilibrium-like conditions
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s 5.3 Intercase and Extinction Interval Distribution in Single Populations

s See Flg 11.
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Fig. 11 Cumulative distribution function (CDF) of intercase (time between detected paralytic cases, A and
extinction (time between the last detected paralytic case and extinction, B intervals for single populations
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5.4 Intercase and Extinction Interval Distribution for the Multi-patch Model with
Interpatch Movement

See Fig. 12.
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Fig. 12 Cumulative distribution function (CDF) of intercase (time between paralytic cases, A and extinction
(time between the last detected case and extinction, B intervals for the multi-patch model with an interpatch

movement rate of 0.1 per year. Lighter, more transparent, lines represent the value of the quantity in the
absence of movement to use for comparison
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s 5.5 The Probability of Silent Circulation in Heterogeneous Patches

s See Flg 13.
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Fig. 13 Comparison of the probability of silent circulation between evenly distributed patch populations
and heterogeneous patch distributions visualized using the silent circulation statistic (A), the differential
comparison to the 1 x 64k population (B), and the odds ratio (C). The probability differential (B) is
calculated by subtracting the probability of silent circulation in the partitioned populations from that of the
large 64k population. Negative values indicate that the partitioned populations have a higher probability
of silent circulation. Values less than one in the odds ratio plot (C) indicate that the 64k population is less
likely to have continued silent circulation compared to the partitioned populations. The inset plot shows the
curves restricted to between 2.5 and 3.5 years since a paralytic case. The mixed population distributions
are represented by dashed lines
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