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Abstract

Surveillance for poliovirus during the polio endgame remains uncertain. Building on prior 

modeling of the potential for undetected poliovirus transmission for conditions like those in 

Pakistan and Afghanistan, we use a hypothetical model to explore several key characteristics of the 

poliovirus environmental surveillance (ES) system (e.g., number and quality of sites, catchment 

sizes, and sampling frequency) and characterize their impacts on the time required to reach high 

(i.e., 95%) confidence about no circulation (CNC95%) following the last detected case of serotype 

1 wild poliovirus. The nature and quality of the existing and future acute flaccid paralysis (AFP) 

surveillance and ES system significantly impact the estimated CNC95% for places like Pakistan 

and Afghanistan. The analysis illustrates the tradeoffs between number of sites, sampling 

frequency, and catchments sizes, and suggests diminishing returns of increasing these three factors 

beyond a point that depends on site quality and the location of sites. Limitations in data quality 

and the hypothetical nature of the model reduce the ability to assess the extent to which actual ES 

systems offers benefits that exceed their costs. Thus, although poliovirus ES may help to reduce 

the time required to reach high confidence about the absence of undetected circulation, the effect 

strongly depends on the ability to establish effective ES sites in high-risk areas. The costs and 

benefits of ES require further analysis.
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1. INTRODUCTION

Since its launch in 1988 (World Health Assembly, 1988), the Global Polio Eradication 

Initiative (GPEI) achieved many milestones toward the global eradication of wild 

polioviruses (WPVs). Active surveillance reported no cases of paralytic poliomyelitis (polio) 

caused by serotype 2 WPV (WPV2) since 1999 (Global Polio Eradication Initiative, 2017), 

no polio caused by serotype 3 WPV (WPV3) since November 2012 (World Health 

Organization, 2018), and as of early 2018, only Pakistan, Afghanistan, and Nigeria continue 
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to sustain indigenous transmission of serotype 1 WPV (WPV1) (Kew et al., 2014). The 

Global Certification Commission declared successful WPV2 eradication in September 2015 

(Global Polio Eradication Initiative, 2015). This enabled the globally-coordinated switch in 

late April-early May 2016 from oral poliovirus vaccine (OPV) that contains attenuated 

strains of all three serotypes (i.e., trivalent OPV or tOPV), to bivalent OPV (bOPV), which 

only contains the attenuated strains of serotypes 1 and 3 (Hampton et al., 2016). This switch 

stopped the use of serotype 2-containing OPV (except for serotype 2 monovalent OPV 

released and used for emergency outbreak response). The current GPEI strategic plan (World 

Health Organization, 2013) calls for certification of WPV1 and WPV3 eradication following 

the interruption of transmission of all WPVs, which represents a requirement for the 

cessation of the last two serotypes of oral poliovirus vaccine (OPV) (Hampton et al., 2016). 

Consequently, the timing of certification influences the timing of a major global change in 

vaccination, with significant impacts on global costs and risks (Thompson and Duintjer 

Tebbens, 2015). However, observing the interruption of WPV transmission remains 

challenging because extended silent transmission can occur due to the asymptomatic nature 

of the vast majority of poliovirus infections (i.e., approximately 199 out of 200 susceptible 

individuals infected with WPV1 do not develop paralysis (Nathanson & Kew, 2010) and 

asymptomatic reinfection also occurs in individuals with immunity to polio disease) and 

surveillance gaps (e.g., WPV1 re-emerged in Borno, Nigeria in 2016 after nearly 3 years 

with no reported cases (Nnadi et al., 2017)).

A recent review of the polio environmental surveillance (ES) literature highlighted the lack 

of standardization in the development and design of poliovirus ES systems (Duintjer 

Tebbens, Zimmermann, Pallansch, & Thompson, 2017). Prior mathematical modeling 

studies explored the probability of undetected circulation of WPVs in the absence of 

reported cases or poliovirus detections by an ES system. Our 2015 study (Kalkowska, 

Duintjer Tebbens, Pallansch, et al., 2015) used a stochastic adaptation of a poliovirus 

dynamic transmission model (Duintjer Tebbens et al., 2013) and included an analysis of the 

2013 serotype 1 WPV introduction into Israel followed by more than a year of transmission 

detected by the extensive ES system in Israel (Kalkowska, Duintjer Tebbens, Grotto, et al., 

2015). The study considered the impact of acute flaccid paralysis (AFP) surveillance and ES 

on the confidence about no undetected poliovirus circulation as a function of time after the 

last detection through either system (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015). 

The results suggested that it takes up to 3 years without paralytic cases to reach 95% 

confidence about no circulation in the context of perfect (i.e., detecting every case) AFP 

surveillance (without ES). Less than perfect AFP surveillance implies longer times, while 

the addition of high-quality ES reduces the times to reach 95% confidence (Kalkowska, 

Duintjer Tebbens, Pallansch, et al., 2015). The GPEI generally considers 3 years of high-

quality AFP surveillance with no reported polio AFP cases as providing sufficient 

confidence to certify the eradication of a WPV serotype. The development of ES raises 

questions about whether the criteria used to certify the world as free of WPV1 and/or WPV3 

should include the time since the last detected event (i.e., either a polio AFP case or a 

positive isolate from an ES sample). We previously demonstrated that poliovirus 

transmission can continue to occur in the absence of cases, and that die out (i.e., clearance of 

the virus from the last excreting individual) will well occur after the last reported AFP case 
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(Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015). Evaluating the potential for ES to 

effectively increase confidence about no undetected circulation depends on understanding 

the extent to which the AFP and ES surveillance systems will detect transmission.

Using a model developed to characterize poliovirus transmission dynamics in Pakistan and 

Afghanistan (Duintjer Tebbens et al., 2018), which appear likely to become the last 

epidemiological region with WPV1 transmission, a subsequent analysis (Kalkowska, 

Duintjer Tebbens, Pallansch, & Thompson, 2018) focused on modeling the active use of 

some ES to detect the transmission of any and all live polioviruses (LPVs, include WPV, 

OPV, OPV-related, and vaccine-derived poliovirus (VDPV)). The circulation of LPVs 

remains complicated in Pakistan and Afghanistan as both countries continue to pursue 

WPV1 eradication and monitor the disappearance of serotype 2 LPVs. Using the same 

framework as a prior study (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015), the 

subsequent analysis (Kalkowska et al., 2018) used a more detailed approach to model the ES 

system, and explored the likely future confidence about the end of transmission in the 

absence of any epidemiological signals (i.e., after the last reported AFP case and/or 

detection of poliovirus in ES based on analysis of limited data available). We emphasize that 

our prospective modeling (Kalkowska et al., 2018) differs from and complements 

epidemiological modeling efforts that seek to characterize retrospective events using the 

currently available incomplete and/or inconsistent data (Mercer et al., 2017; Molodecky et 

al., 2017; O’Reilly et al., 2018). Building on our prospective analysis (Kalkowska et al., 

2018), we sought to explore key assumptions about the ES systems and their impacts on the 

time required to reach high confidence about no circulation following the last detected event 

of WPV1 in conditions like those in Pakistan and Afghanistan. This analysis uses a 

hypothetical approach that allows us to explore the impacts of varying key ES system design 

choices. This hypothetical model does not consider the potential for ES systems to aid in the 

identification of specific individual poliovirus excretors (which has not been demonstrated 

successfully to date), and it represents an abstraction of the poorly-characterized actual ES 

systems that exist in Pakistan and Afghanistan (Kalkowska et al., 2018).

2. METHODS

We base our analysis on a deterministic, differential equation-based poliovirus transmission 

and OPV evolution model for Pakistan and Afghanistan (Duintjer Tebbens et al., 2018). We 

transformed the model into a stochastic model and expanded its characterization of the AFP 

surveillance and ES systems to estimate the confidence about no circulation after the last 

detection (Kalkowska et al., 2018). We divide the modeled population into 8 immunity states 

further subdivided into 5 immunity waning stages (Duintjer Tebbens et al., 2018; Duintjer 

Tebbens et al., 2013), and eleven age groups, which we combine into 3 preferentially mixing 

age groups (Duintjer Tebbens et al., 2018). We model all LPV infections using a 6-stage 

infection process and model OPV evolution using a 20-stage reversion process for both 

fecal-oral and oropharyngeal transmission (Duintjer Tebbens et al., 2018; Duintjer Tebbens 

et al., 2013). Following our prior work (Duintjer Tebbens et al., 2018; Kalkowska et al., 

2018), we divide both countries into a general population and an under-vaccinated 

subpopulation. We further adopt the demographic model inputs, assumptions about 

poliovirus transmissibility and seasonality, and mixing between the four subpopulations 
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(Duintjer Tebbens et al., 2018; Kalkowska et al., 2018). For all analyses we used the mixing 

assumptions that reflect the “more” isolated under-vaccinated subpopulation (Duintjer 

Tebbens et al., 2018). The model characterizes both routine immunization (RI) and 

supplemental immunization activities (SIAs) (World Health Organization, 2013) based on 

historical information about the use of OPV and inactivated poliovirus vaccine (IPV), as 

summarized in Table 1 (see details elsewhere (Duintjer Tebbens et al., 2018)). We focus on 

the effect of ES strategies on the confidence about no WPV1 circulation within Pakistan and 

Afghanistan while considering bounds on the detection probabilities for the AFP 

surveillance system (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015), which we use as 

a metric to describe AFP quality. Given our focus on confidence about no WPV1 circulation, 

we assume Pakistan and Afghanistan use proactive strategies (Duintjer Tebbens & 

Thompson, 2018) to stop WPV1 such that looking for undetected circulation becomes 

relevant.

Our prior analysis suggested that the immunization plans as of late 2017 would not result in 

WPV1 eradication in the deterministic model for Pakistan and Afghanistan (Duintjer 

Tebbens et al., 2018), which leads to concern about achieving the goal of globally 

eradicating WPV1. As in our previous work (Kalkowska et al., 2018), we consider two 

alternative immunization scenarios that increase the relative SIA coverage in the under-

vaccinated subpopulations compared to the general population in the same country by 0.20 

or 0.15 from 2018 onward (i.e., “increased relative SIA coverage 0.20” or “increased relative 

SIA coverage 0.15,” respectively). We use a previously-generated set of 1,000 distinct 

realizations of the stochastic model from which we recorded the following for each 

subpopulation: (1) the times when polio cases occur and (2) the infectiousness-weighted 

numbers of infectious individuals (EI) at each time step (Kalkowska et al., 2018). Polio 

cases may result in potential detections by AFP surveillance (i.e., if a stool sample taken 

from the case yields WPV1), and the presence of infections of individuals within a 

population may result in potential detections by ES (i.e., if the fecal waste of the infectious 

individual(s) ends up in the catchment area of an ES site with sufficient concentration for 

WPV1 recovery in an ES sample).

We estimate the probability of no circulation in each month since the last detected event 

(i.e., detection of WPV1 from an AFP case stool sample or identification of WPV1 from an 

ES sample) (Eichner & Dietz, 1996; Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015; 

Kalkowska et al., 2018; Kalkowska, Duintjer Tebbens, & Thompson, 2012). We define the 

confidence about no circulation as one minus the number of detected-event-free-periods of t 
months with ongoing WPV1 circulation divided by the total number of detected-event-free-

periods of t months (Kalkowska, Duintjer Tebbens, Pallansch, et al., 2015; Kalkowska et al., 

2018). We present the results in terms of the time when the confidence about no WPV1 

circulation in Pakistan and Afghanistan first exceeds 95% (i.e., CNC95%) (Kalkowska, 

Duintjer Tebbens, Pallansch, et al., 2015; Kalkowska et al., 2018). In the absence of ES, the 

CNC95% values for AFP alone ranged from 1.42 years to 3.33 years, and with the addition 

of ES our previous analysis suggested CNC95% values from 0.7 years (i.e., 8 months) to 

3.25 years with no detections, depending on the specific characteristics of the surveillance 

system (Kalkowska et al., 2018). We refer to the prior analysis for discussion about the 

limitations of the available data, which provided motivation for the use of an abstract and 
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hypothetical model for this analysis of tradeoffs (Kalkowska et al., 2018). With a CNC95% 

of one year apparently attainable by a well-performing ES system, we further present results 

in terms of the minimal combinations of ES characteristics (i.e., number of sites, sampling 

frequency, and catchment areas) required to achieve a CN95% of less than one year.

We describe AFP surveillance using the probability of detecting a polio AFP case in a series 

of sequentially detected AFP cases in a subpopulation (i.e., a cluster). We consider different 

case detection probabilities for the general and under-vaccinated subpopulations, with a 

lower-and upper-bound in both under-vaccinated subpopulations (Table 1) (Kalkowska et al., 

2018). We use two previously-developed approaches to describe the ES system: the site-

specific approach (SS) and the system-wide approach (SW) (Kalkowska et al., 2018). 

Briefly, the SS approach determines the probability of detecting poliovirus for each 

sampling site using the detection limit DL50
i , defined as “the effective (i.e., infectiousness-

weighted) number of infected individuals (EI) per person required in the catchment area of 

the site to achieve a 50% probability of detecting the virus” (Kalkowska et al., 2018). We 

determine the site-specific prevalence for ES sampling site i (EIi) proportionally based on 

catchment area population size (Kalkowska et al., 2018). The SW approach determines the 

probability of detecting poliovirus by any sampling site as a function of the total EI in all 

subpopulations with ES sites and the total catchment area from all ES sites in both countries. 

The coefficient C dictates how fast the probability increases from 0 (i.e., for 0% ES 

coverage) to 1 (i.e., for 100% ES coverage) for non-zero EI, with lower values resulting in a 

faster increase (due to the nature of the assumed exponential function, with the coefficient C 
in the exponent (Kalkowska et al., 2018)).

Since the model characterizes under-vaccinated subpopulations that preferentially mix 

abstractly based on various characteristics (i.e., not specifically linked to geographies) 

(Duintjer Tebbens et al., 2018), we cannot explicitly match the actual ES sampling sites to 

the modeled subpopulations. With this hypothetical model, we sought to develop simplified 

situations that would provide some context about the bounds of the information provided by 

ES, which most likely will represent a mixture of the three situations we used (Kalkowska et 

al., 2018). Consequently, we consider the following possible distributions of ES sites relative 

to the four subpopulations: (i) national sites (NS) (i.e., all ES sampling sites distributed 

evenly over the country), (ii) under-vaccinated subpopulation sites (US) (i.e., all ES 

sampling sites distributed evenly only in the under-vaccinated subpopulation of the country), 

and (iii) general population sites (GS) (i.e., all ES sampling sites distributed evenly only in 

the general subpopulation of the country) (Kalkowska et al., 2018).

The CNC95% estimates from our previous analysis (Kalkowska et al., 2018) depended on 

limited information about ES and the methods available to characterize the ES system. 

Given that the available data on catchment areas remains incomplete and/or inconsistent 

with expectations for the ES system (Kalkowska et al., 2018), we used a more hypothetical 

approach to explore the impact of different ES strategies for Pakistan and Afghanistan.

For this analysis, we characterized the ES system according to the number of sampling sites 

and their quality, catchment area, and sampling frequency. Specifically, to explore ES 

strategies, we consider a hypothetical ES system that uses from 1 to 20 sampling sites per 
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country. The estimated catchment areas in Pakistan and Afghanistan based on elevation 

maps (Novel-T Innovative Solutions) vary widely from very small (i.e., <1,000 people) to 

almost 1 million people. The upper limit remains consistent with published catchment areas 

for some urban, developing country settings (Deshpande, Shetty, & Siddiqui, 2003; Duintjer 

Tebbens et al., 2017). Therefore, we consider a catchment area of 1,000, and catchment 

areas between 10,000 and 100,000 people using increments of 10,000, and between 100,000 

and 1,000,000 people using increments of 100,000. Thus, an ES system with 6 sites per 

country and a catchment area of 100,000 each covers 600,000 people per country and a total 

of 1,200,000 people for both countries.

Based on values fitted by comparing our transmission and surveillance model to observed 

isolation rates (Kalkowska et al., 2018), we consider four quality levels (i.e., good, medium, 

bad, or very bad) by varying the values of DL50
i  and C (see Table 1) for all sites 

simultaneously (i.e. all good sites versus all bad sites). Finally, we consider different 

sampling frequencies (f) ranging from 0 to 24 times per year (Table 1), with the sampling 

times evenly distributed over a year (e.g., for f = 2 per year, sampling occurs at six-month 

intervals for all active sites at the same time in June and December). We also explored the 

effect of varied sampling times within the year among sites (e.g., for f = 2 per year, sampling 

occurs six months apart in each active site but at different times in different sites, such as 

January and July, February and August, March and September, etc.) using the “increased 

relative SIA coverage 0.20” scenario with the lower bound AFP detection level in the under-

vaccinated subpopulations and good ES quality.

3. RESULTS

The nature and quality of AFP surveillance and ES significantly impact the estimated 

CNC95% for Pakistan and Afghanistan, which we found varied from 0.2 years (i.e., 2 

months) to 3.4 years over all considered combinations of AFP surveillance quality and ES 

strategies. Figures 1 and 2 show the CNC95% for WPV1 in Pakistan and Afghanistan for 

“increased relative SIA coverage 0.20” and “increased relative SIA coverage 0.15,” 

respectively, as a function of catchment area size per site and number of sites per country 

using the lower-bounds (Figures 1a–c, 2a–c) and upper-bounds (Figures 1d–f, 2d–f) of the 

AFP case detection probabilities in the under-vaccinated subpopulations. While we 

evaluated all combinations of the ES model inputs in Table 1, we show only the worst ES 

performance with the SS approach to characterize the ES system (i.e., very bad quality and 

sampling frequency of 0 times/year in Figures 1a, 1d, 2a and 2d), the best ES performance 

with the SS approach (i.e., good quality and sampling frequency of 24 times/year in Figures 

1b, 1e, 2b and 2e), and the best performance with the SW approach (Figures 1c, 1f, 2c and 

2f).

As expected, the ES system performs the worst when the sampling frequency equals 0 times/

year (i.e., in the absence of any ES) and the resulting CNC95% values in Figures 1a and 2a 

reflect the performance of AFP surveillance alone, regardless of the site quality level or the 

distribution of ES sites over the subpopulations. The CNC95% does not change with the GS 

distribution (i.e., putting all of the ES sites in the general population) regardless of quality or 

frequency since transmission happens almost exclusively in the under-vaccinated 
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subpopulations (results not shown). For the NS and US distributions of ES sampling sites, 

we see that both better site quality and more frequent sampling reduce the CNC95%. As 

mentioned, the under-vaccinated subpopulations sustain most of the transmission, thus 

placing all ES sites in those subpopulations (i.e., US distribution) naturally yields better 

results than distributing them nationally (i.e., NS distribution) with a reduction of up to 2.33 

years in CNC95%, depending on all other modeling choices. The ES system performs the 

best using the US distribution with good quality and a sampling frequency of 24 times/year.

With the SS approach, the CNC95% improves equally with increases in both frequency and 

quality. For the SW approach the improvement appears slower (compared to the SS 

approach, due to the nonlinear nature of the SW approach (Kalkowska et al., 2018)), for 

both frequency and quality. Using small numbers of sampling sites per country and small 

catchment areas per site, the SS approach produces up to 1.75 years shorter CNC95% values 

compared to the SW approach (Figures 1b, 1e, 2b, 2e compared to Figures 1c, 1f, 2c, 2f, 

respectively). This difference decreases to 1 month with the increase in number of sampling 

sites per country and catchment area per site.

A separate analysis that varied the temporal distribution of sampling among the sites showed 

that spreading the sample times among different months in a year (e.g., to optimize the 

transportation and sampling processing logistics), may increase the CNC95% by up to 

approximately 0.5 years for very infrequent sampling (less than 2 samples/year), which 

creates sporadic, low coverage ES when combined with a small number of sites (less than 8) 

or low catchment area (less than 30,000 per site). On the contrary, the temporal distribution 

of sampling in conjunction with the higher number of sites (more than 8) and higher 

catchment area (more than 30,000) compensates for the low frequency and effectively 

decreases the CNC95% by up to 0.67 years. However, as the frequency increases, the effect 

reduces to 0.1 years (i.e., approximately 1 month), because shifting the sampling times 

among the sites in a dense ES system will lead to an overlap with the original schedule.

Table 2 shows that it may not be possible to reach a CNC95% of 1 year for WPV1 in the 

hypothetical model for Pakistan and Afghanistan regardless of the ES approach for very low 

sampling frequencies of less than 2 times/year. Depending on the levels of vaccination and 

the quality of AFP surveillance, the ES system requires a minimum of 2–6 samples per year 

and good site quality with all sites located in the under-vaccinated subpopulations (i.e., US) 

to achieve CNC95% values of less than a year. Once the site distribution becomes less 

precise (NS), the minimum frequency needs to broaden (e.g., 2–24 samples per year in Table 

2). As ES quality decreases from good to very bad, the sampling frequency needs to further 

increase up to a level of more than 24 times/year, thus becoming not feasible (as indicated 

by an “x” in Table 2).

Figures 3 and 4 present the minimum catchment area per site required to reach CNC95% 

within one year for the “increased relative SIA coverage 0.20” and “increased relative SIA 

coverage 0.15” scenarios, respectively, and for combinations of the number of sites per 

country and sampling frequency that support reaching CNC95% within one year. Both 

figures use the lower-bound AFP case detection probability in the under-vaccinated 

subpopulations and compare the ES site distribution options for three ES quality levels 
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(good, medium, bad): SS-NS (Figures 3a–c and 4a–c) and SS-US (Figures 3d–f and 4d–f), 

using varied sampling frequencies. Figures 3 and 4 show that a trade-off exists between key 

ES choices about the number of ES sites, their catchment areas, and the sampling frequency. 

For example, Figure 3a shows that with 10 sites per country, increasing the sampling from 3 

to 24 samples/year reduces the catchment area size required for each site for a CNC95% of 

less than one year by a factor of eight. Both figures further show that once the sampling 

frequency becomes large enough to attain a CNC95% of less than one year, further 

increasing the sampling frequency lowers the number of sites per country needed to 

maintain a CNC95% of less than one year for any given catchment area size. With 

increasing numbers of sampling sites, the minimum catchment area per site decreases to a 

point beyond which no advantages come from adding more sampling sites (i.e., diminishing 

returns).

Figures 3 and 4 illustrate that the point of diminishing returns depends on the location of 

sites and site quality. For example, with sampling 12 times/year and catchment areas of 

10,000 people per nationally distributed site (i.e., NS), increasing the number of good 

quality sites per country beyond 12 results in diminishing returns for both considered 

scenarios and AFP surveillance levels. Using the same settings except with a more precise 

site distribution relative to where transmission occurs (i.e. US), the model shows 

diminishing returns for catchment areas of only 1,000 people per site (Figures 3a and 4a 

compared to Figures 3b and 4b, respectively).

4. DISCUSSION

The benefit of ES with respect to the confidence that it provides about the lack of poliovirus 

transmission appears highly dependent on critical components of the ES system and will 

vary with the level of AFP quality (i.e., the background ability to detect poliovirus 

transmission). Our systematic approach provides insights about the tradeoffs between ES 

system attributes (i.e., sampling frequencies, number of sites, quality, and catchment areas). 

These tradeoffs further depend on the population immunity to transmission and levels of 

vaccination, which suggests the need for frequent testing in under-served subpopulations and 

less value of sampling in general populations. Our model suggests that a CNC95% of less 

than one year may not be possible in Pakistan and Afghanistan in the context of low quality 

and/or low sampling frequency. However, while adding more sampling sites and/or 

increasing the catchment areas increases performance, our analysis also finds diminishing 

returns beyond a point with respect to the value of the information (independent of 

consideration of costs). The costs of poliovirus surveillance remain a significant concern, 

particularly as national governments will need to increasingly support (or secure external 

funding to support) the real costs (Duintjer Tebbens, Diop, Pallansch, Oberste, & Thompson, 

2018) of any activities that occur throughout the remainder of the polio endgame.

Our analysis remains limited by the availability and quality of data (Kalkowska et al., 2018), 

and our framing and assumptions. The existing ES data remain incomplete (i.e., missing 

estimates) and inconsistent (i.e., surprisingly-low estimates) regarding the watershed 

population (i.e., catchment size) of specific sites (Kalkowska et al., 2018). Moreover, unlike 

for AFP surveillance, to the best of our knowledge, objective and universally accepted 
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criteria to evaluate the quality of the existing ES sampling sites do not yet exist. While the 

hypothetical characterization of ES sampling sites circumvents some of the data limitations, 

our results also remain limited to the space of possibilities that we explored (e.g., maximum 

number of sites of only 20 per country) and their abstract utility for actual field conditions 

and insights. Specifically, in real ES systems, the available options for ES sites will come 

with various sizes of catchment areas that depend on the conditions in the field (e.g., the 

existence of converging sewage networks), and countries cannot simply divide up the 

geography according to a target population size and find watershed areas and sampling sites 

that will match. In reality, large cities may represent ideal ES sampling sites because of the 

water and sewage management, but if these areas collect samples from the general 

population alone, they may not provide confidence about the absence of transmission 

nationally (i.e., for countries with significant heterogeneity in immunization coverage and 

surveillance quality).

Our model provides a simplified characterization of mixing between subpopulations that 

truncates very low level transmission and involves significant uncertainty (Duintjer Tebbens 

et al., 2018). In reality, limited transmission may occur stochastically, even in better-

vaccinated communities, and may result in environmental detections in those communities 

(Alam et al., 2016). With respect to our assumptions, the use of a transmission threshold to 

approximate die-out instead of absolute 0 total infected individuals simplifies the 

transmission die-out dynamics (Duintjer Tebbens et al., 2018; Duintjer Tebbens et al., 2013). 

While use of a stochastic transmission model results in some variability in time when the 

prevalence hits the die-out threshold, in reality, transmission may stop stochastically before 

or after reaching this threshold, influencing the CNC95% estimates from this analysis. The 

SW approach also does not explicitly account for the dilution effect of polioviruses excreted 

into large catchment areas, and the SS approach does not explicitly model characteristics of 

the sewage system (e.g., flow rate, time delays), which should remain of topics of further 

empirical and modeling research (Hovi, Stenvik, Partanen, & Kangas, 2001; Ranta, Hovi, & 

Arjas, 2001). We suggest that the tradeoffs of ES quality, quantity, and catchment area size 

and sampling frequency combinations should provide useful insights about the potential 

impact of these factors on ES performance and should motivate improvements in data 

quality. Further analyses may better characterize the tradeoffs as data quality improves. In 

addition, mapping the quality descriptors (from very bad to good), which we characterized 

using assumptions fitted to the very limited and relatively low-quality available ES data 

(Kalkowska et al., 2018), does not map back to actual ES sites. Finally, review of the 

literature demonstrated a wide range of different types of sampling sites, the conditions of 

which most likely impact the likelihood of detection (Duintjer Tebbens et al., 2017). This 

analysis implicitly assumed all sites of equal quality, when in reality the quality of sites 

varies and would require additional modeling to better characterize (e.g., in the context of 

less-hypothetical analyses that explore actual system behavior). The available data do not 

currently support this type of analysis, and the ES system continues to evolve, which makes 

it a moving target.

We hope that this analysis will motivate serious discussions within the GPEI and countries 

about the actual quality of the information that comes from ES systems, and lead to 

significantly improved data collection related to the characteristics and performance of ES 
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sites. Since choices about ES systems significantly influence the role of ES in increasing 

national and global confidence about the absence of circulation in the absence of observed 

cases, improved understanding and characterization of the costs and benefits of ES appears 

warranted. Although ES may reduce the time required to reach high confidence about the 

absence of undetected circulation, the effect strongly depends on the ability to detect 

transmission in high-risk areas. Since ES remains sensitive to the location of its sampling 

sites, it does not serve as a replacement for AFP surveillance, which remains universal in its 

ability to detect polioviruses wherever case reporting occurs. The potential role and value of 

ES may shift if AFP quality declines. National and global polio stakeholders must continue 

to recognize the critical role that poliovirus surveillance plays in the polio endgame.
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LIST OF ABBREVIATIONS

AFP acute flaccid paralysis

bOPV bivalent OPV

CNC confidence about no circulation

EI effective number of infected individuals

ES environmental surveillance

GPEI Global Polio Eradication Initiative

GS general population sites

IPV inactivated poliovirus vaccine

LPV live poliovirus

NS national sites

OPV oral poliovirus vaccine

R0 basic reproduction number

RI routine immunization

SIA supplemental immunization activity

SS site-specific

SW system-wide

tOPV trivalent OPV
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US under-vaccinated subpopulation sites

WPV(1,2,3) wild poliovirus (of serotype 1, 2, 3, respectively)
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Figure 1. 
CNC95% for WPV1 in Pakistan and Afghanistan (z-axis) for the increased relative SIA 

coverage 0.20 scenario as a function of catchment area per site (x-axis) and number of sites 

per country (y-axis) using: lower bound AFP detection level in under-vaccinated 

subpopulations with (a) worst ES performance (any ES approach with very bad quality and 

sampling frequency 0 times/year), (b) best SS-US performance (with good quality and 

sampling frequency 24 times/year), and (c) best SW-US performance (with good quality and 

sampling frequency 24 times/year); upper bound AFP detection level in the under-vaccinated 

subpopulations with (d) worst ES performance (any ES approach with very bad quality and 

sampling frequency 0 times/year), (e) best SS-US performance (with good quality and 

sampling frequency 24 times/year), and (f) best SW-US performance (with good quality and 

sampling frequency 24 times/year).
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Figure 2. 
CNC95% for WPV1 in Pakistan and Afghanistan (z-axis) for the “increased relative SIA 

coverage 0.15” scenario as a function of catchment area per site (x-axis) and number of sites 

per country (y-axis) using: lower bound AFP detection level in the under-vaccinated 

subpopulations with (a) worst ES performance (any ES approach with very bad quality and 

sampling frequency 0 times/year), (b) best SS-US performance (with good quality and 

sampling frequency 24 times/year), and (c) best SW-US performance (with good quality and 

sampling frequency 24 times/year); upper bound AFP detection level in the under-vaccinated 

subpopulations with (d) worst ES performance (any ES approach with very bad quality and 

sampling frequency 0 times/year), (e) best SS-US performance (with good quality and 

sampling frequency 24 times/year), and (f) best SW-US performance (with good quality and 

sampling frequency 24 times/year).
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Figure 3. 
Minimal catchment area per site required for a CNC95% of 1 year for WPV1 in Pakistan 

and Afghanistan with the “increased relative SIA coverage 0.20” scenario as a function of 

the number of sites per country (x-axis) and sampling frequency (f, times/year, legend upper 

right corner) using lower bound AFP detection level in under-vaccinated subpopulations 

and: SS-NS approach with (a) good, (b) medium, and (c) bad ES quality; or SS-US approach 

with (d) good, (e) medium, and (f) bad ES quality.
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Figure 4. 
Minimal coverage per site required to reach CNC95% within 1 year for serotype 1 in 

Pakistan and Afghanistan under “increased relative SIA coverage 0.15” scenario as a 

function of the number of sites per country (x-axis) and the sampling frequency (f, times/

year, legend upper right corner) using lower bound AFP detection level in under-vaccinated 

subpopulations and: SS-NS approach with (a) good, (b) medium, and (c) bad ES quality; or 

SS-US approach with (d) good, (e) medium, and (f) bad ES quality.

Kalkowska et al. Page 16

Risk Anal. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kalkowska et al. Page 17

Ta
b

le
 1

L
is

t o
f 

m
od

el
 in

pu
ts

 f
or

 th
e 

tr
an

sm
is

si
on

 m
od

el
 a

nd
 th

e 
su

rv
ei

lla
nc

e 
co

m
po

ne
nt

, b
as

ed
 o

n 
pr

io
r 

w
or

k 
(D

ui
nt

je
r 

Te
bb

en
s 

et
 a

l.,
 2

01
8;

 K
al

ko
w

sk
a 

et
 a

l.,
 

20
18

) 
an

d 
hy

po
th

et
ic

al
 E

S 
st

ra
te

gi
es

 a
nd

 c
ha

ra
ct

er
is

tic
s 

(b
ot

to
m

 o
f 

ta
bl

e)
.

M
od

el
 in

pu
t 

(u
ni

t 
if

 a
pp

lic
ab

le
),

 S
ym

bo
l

V
al

ue
(s

)

D
et

er
m

in
is

ti
c 

an
d 

st
oc

ha
st

ic
 t

ra
ns

m
is

si
on

 m
od

el
 in

pu
ts

:

St
oc

ha
st

ic
 m

od
el

 s
ta

rt
 y

ea
r

20
18

Pa
ra

ly
si

s-
to

-i
nf

ec
tio

n 
ra

tio
 f

or
 W

PV
 a

nd
 V

D
PV

1/
20

0

A
ve

ra
ge

 R
0 

fo
r 

W
PV

1
11

A
nn

ua
l b

O
PV

 S
IA

 f
re

qu
en

cy
 a

ft
er

 2
01

7 
fo

r 
Pa

ki
st

an
, A

fg
ha

ni
st

an
 (

C
um

ul
at

iv
e 

fr
ac

tio
n 

ta
rg

et
ed

 b
y 

al
l S

IA
s 

in
 a

 y
ea

r)
8.

2,
 6

.6

T
ru

e 
SI

A
 c

ov
er

ag
e 

in
 th

e 
ge

ne
ra

l p
op

ul
at

io
n 

af
te

r 
20

17
 f

or
 P

ak
is

ta
n,

 A
fg

ha
ni

st
an

0.
80

, 0
.7

0

R
el

at
iv

e 
SI

A
 c

ov
er

ag
e 

in
 th

e 
un

de
r-

va
cc

in
at

ed
 s

ub
po

pu
la

tio
n 

af
te

r 
20

17
 f

or
 P

ak
is

ta
n,

 A
fg

ha
ni

st
an

0.
25

, 0
.2

0

N
at

io
na

l R
I 

co
ve

ra
ge

 a
ft

er
 2

01
7 

fo
r 

Pa
ki

st
an

, A
fg

ha
ni

st
an

0.
72

, 0
.5

7

R
el

at
iv

e 
R

I 
co

ve
ra

ge
 in

 th
e 

un
de

r-
va

cc
in

at
ed

 s
ub

po
pu

la
tio

n 
af

te
r 

20
17

 f
or

 P
ak

is
ta

n,
 A

fg
ha

ni
st

an
0.

40
, 0

.6
0

A
F

P
 s

ur
ve

ill
an

ce
 m

od
el

 in
pu

ts
:

C
lu

st
er

 le
ng

th
 (

da
ys

),
 c

l
90

Pr
ob

ab
ili

ty
 o

f 
de

te
ct

in
g 

a 
ca

se
 b

y 
A

FP
 s

ur
ve

ill
an

ce
 in

 g
en

er
al

 p
op

ul
at

io
n,

 p
 =

 (p
1,

 p
2,

 …
, p

i)
(0

.7
5,

 0
.8

0,
 0

.8
5,

 0
.9

0,
 …

, 0
.9

0)

Pr
ob

ab
ili

ty
 o

f 
de

te
ct

in
g 

a 
ca

se
 b

y 
A

FP
 s

ur
ve

ill
an

ce
 in

 u
nd

er
-v

ac
ci

na
te

d 
su

bp
op

ul
at

io
n,

 lo
w

er
 b

ou
nd

, p
 =

 (p
1,

 p
2,

 …
, p

i)
(0

.1
0,

 0
.1

0,
 …

, 0
.1

0)

Pr
ob

ab
ili

ty
 o

f 
de

te
ct

in
g 

a 
ca

se
 b

y 
A

FP
 s

ur
ve

ill
an

ce
 in

 u
nd

er
-v

ac
ci

na
te

d 
su

bp
op

ul
at

io
n,

 u
pp

er
 b

ou
nd

, p
 =

 (p
1,

 p
2,

 …
, p

i)
(0

.5
0,

 0
.5

3,
 0

.5
7,

 0
.6

0,
 …

, 0
.6

0)

E
S 

m
od

el
 in

pu
ts

:

E
ff

ec
tiv

e 
(i

.e
., 

in
fe

ct
io

us
ne

ss
-w

ei
gh

te
d)

 n
um

be
r 

of
 in

fe
ct

io
us

 in
di

vi
du

al
s 

(i
nf

ec
tio

ns
)

Fr
om

 tr
an

sm
is

si
on

 m
od

el

N
um

be
r 

of
 p

eo
pl

e 
in

 th
e 

po
pu

la
tio

n 
(p

eo
pl

e)
Fr

om
 tr

an
sm

is
si

on
 m

od
el

D
et

ec
tio

n 
lim

it 
of

 ith
 E

S 
sa

m
pl

in
g 

si
te

 o
f 

qu
al

ity
 le

ve
l (

in
fe

ct
io

ns
/p

eo
pl

e)
, D

L 5
0i

:

 
G

oo
d 

(g
)

1/
10

00
00

 
M

ed
iu

m
 (

m
)

1/
10

00
0

 
B

ad
 (

b)
1/

10
00

 
V

er
y 

ba
d 

(v
b)

1/
10

0

C
oe

ff
ic

ie
nt

 o
f 

sy
st

em
-w

id
e 

E
S 

fo
r 

qu
al

ity
 le

ve
l, 

C
:

 
G

oo
d 

(g
)

0.
05

 
M

ed
iu

m
 (

m
)

0.
1

Risk Anal. Author manuscript; available in PMC 2021 February 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kalkowska et al. Page 18

M
od

el
 in

pu
t 

(u
ni

t 
if

 a
pp

lic
ab

le
),

 S
ym

bo
l

V
al

ue
(s

)

 
B

ad
 (

b)
0.

3

 
V

er
y 

ba
d 

(v
b)

0.
5

Sa
m

pl
in

g 
fr

eq
ue

nc
y 

(t
im

es
/y

ea
r)

, f
0,

 1
, 2

, 3
, 4

, 6
, 1

2,
 2

4

N
um

be
r 

of
 s

am
pl

in
g 

si
te

s
1,

 2
, …

, 2
0

C
at

ch
m

en
t a

re
a 

po
pu

la
tio

n 
of

 th
e 

ith
 s

am
pl

in
g 

si
te

 (
pe

op
le

),
 N

i
1,

00
0,

 1
0,

00
0 

to
 1

00
,0

00
 b

y 
10

,0
00

 in
cr

em
en

ts
 a

nd
 1

00
,0

00
 to

 1
,0

00
,0

00
 b

y 
10

0,
00

0 
in

cr
em

en
ts

A
bb

re
vi

at
io

ns
: A

FP
, a

cu
te

 f
la

cc
id

 p
ar

al
ys

is
; b

O
PV

, b
iv

al
en

t o
ra

l p
ol

io
vi

ru
s 

va
cc

in
e;

 E
S,

 e
nv

ir
on

m
en

ta
l s

ur
ve

ill
an

ce
; P

V
, p

ol
io

vi
ru

s;
 R

0,
 b

as
ic

 r
ep

ro
du

ct
iv

e 
nu

m
be

r;
 R

I,
 r

ou
tin

e 
im

m
un

iz
at

io
n;

 S
IA

, 

su
pp

le
m

en
ta

ry
 im

m
un

iz
at

io
n 

ac
tiv

ity
; V

D
PV

, v
ac

ci
ne

-d
er

iv
ed

 p
ol

io
vi

ru
s;

 W
PV

, w
ild

 p
ol

io
vi

ru
s;

 W
PV

1,
 s

er
ot

yp
e 

1 
w

ild
 p

ol
io

vi
ru

s.

Risk Anal. Author manuscript; available in PMC 2021 February 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kalkowska et al. Page 19

Ta
b

le
 2

M
in

im
al

 s
am

pl
in

g 
fr

eq
ue

nc
y 

(f
, t

im
es

/y
ea

r)
 r

eq
ui

re
d 

to
 o

bt
ai

n 
a 

C
N

C
95

%
 o

f 
le

ss
 th

an
 o

ne
 y

ea
r 

fo
r 

W
PV

1 
in

 P
ak

is
ta

n 
an

d 
A

fg
ha

ni
st

an
 w

ith
 v

er
y 

ba
d 

(v
b)

, b
ad

 (
b)

, m
ed

iu
m

 (
m

) 
an

d 
go

od
 (

g)
 s

am
pl

in
g 

si
te

 q
ua

lit
y.

 A
n 

x 
in

di
ca

te
s 

th
e 

im
po

ss
ib

ili
ty

 o
f 

re
ac

hi
ng

 C
N

C
95

%
 w

ith
in

 o
ne

 y
ea

r.

E
S 

ap
pr

oa
ch

SW
SS

Si
te

 d
is

tr
ib

ut
io

n
G

S
N

S
U

S
G

S
N

S
U

S

Si
te

 q
ua

lit
y*

vb
b

m
g

vb
B

m
g

vb
b

m
g

vb
b

m
g

vb
b

m
g

vb
b

m
g

“i
nc

re
as

ed
 r

el
at

iv
e 

SI
A

 c
ov

er
ag

e 
0.

20
”

lo
w

er
 b

ou
nd

 A
FP

 d
et

ec
tio

n
x

x
x

x
x

x
x

24
x

x
12

4
x

x
x

x
x

x
12

2
x

12
2

2

up
pe

r 
bo

un
d 

A
FP

 d
et

ec
tio

n
x

x
x

x
x

x
x

12
x

24
6

3
x

x
x

x
x

x
12

2
x

12
2

2

“i
nc

re
as

ed
 r

el
at

iv
e 

SI
A

 c
ov

er
ag

e 
0.

15
”

lo
w

er
 b

ou
nd

 A
FP

 d
et

ec
tio

n
x

x
x

x
x

x
x

24
x

x
12

6
x

x
x

x
x

x
12

3
x

12
3

2

up
pe

r 
bo

un
d 

A
FP

 d
et

ec
tio

n
x

x
x

x
x

x
x

12
x

x
12

4
x

x
x

x
x

x
12

2
x

12
2

2

* Fo
r 

E
S 

ap
pr

oa
ch

 o
f 

SW
, s

ite
 q

ua
lit

y 
co

rr
es

po
nd

s 
to

 c
oe

ff
ic

ie
nt

 o
f 

sy
st

em
-w

id
e 

E
S 

fo
r 

qu
al

ity
 le

ve
l, 

C
, (

se
e 

Ta
bl

e 
1)

, a
nd

 f
or

 E
S 

ap
pr

oa
ch

 o
f 

SS
, s

ite
 q

ua
lit

y 
co

rr
es

po
nd

s 
to

 th
e 

de
te

ct
io

n 
lim

it 
of

 it
h  

E
S 

sa
m

pl
in

g 
si

te
 o

f 
qu

al
ity

 le
ve

l, 
D

L 5
0i

 (
se

e 
Ta

bl
e 

1)
.

A
bb

re
vi

at
io

ns
: A

FP
, a

cu
te

 f
la

cc
id

 p
ar

al
ys

is
; b

, b
ad

; C
N

C
95

%
, 9

5%
 c

on
fi

de
nc

e 
ab

ou
t n

o 
ci

rc
ul

at
io

n;
 E

S,
 e

nv
ir

on
m

en
ta

l s
ur

ve
ill

an
ce

; g
, g

oo
d;

 G
S,

 g
en

er
al

 s
ite

s;
 m

, m
ed

iu
m

; N
S,

 n
at

io
na

l s
ite

s;
 S

IA
, 

su
pp

le
m

en
ta

ry
 im

m
un

iz
at

io
n 

ac
tiv

ity
; S

S,
 s

ite
-s

pe
ci

fi
c;

 S
W

, s
ys

te
m

-w
id

e;
 U

S,
 u

nd
er

-v
ac

ci
na

te
d 

si
te

s;
 v

b,
 v

er
y 

ba
d

Risk Anal. Author manuscript; available in PMC 2021 February 03.


	Abstract
	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

