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Abstract

Poliovirus surveillance plays a critical role in achieving and certifying eradication and will play a 

key role in the polio endgame. Environmental surveillance can provide an opportunity to detect 

circulating polioviruses prior to the observation of any acute flaccid paralysis (AFP) cases. We 

completed a systematic review of peer-reviewed publications on environmental surveillance for 

polio including the search terms “environmental surveillance” or “sewage,” and “polio,” 

“poliovirus,” or “poliomyelitis,” and compared characteristics of the resulting studies. The review 

included 146 studies representing 101 environmental surveillance activities from 48 countries 

published between 1975 and 2016. Studies reported taking samples from sewage treatment 

facilities, surface waters, and various other environmental sources, although they generally did not 

present sufficient details to thoroughly evaluate the sewage systems and catchment areas. When 

reported, catchment areas varied from 50 to over 7.3 million people (median of 500,000 for the 

25% of activities that reported catchment areas, notably with 60% of the studies not reporting this 

information and 16% reporting insufficient information to estimate the catchment area population 

size). While numerous studies reported the ability of environmental surveillance to detect 

polioviruses in the absence of clinical cases, the review revealed very limited information about 

the costs and limited information to support quantitative population effectiveness of conducting 

environmental surveillance. This review motivates future studies to better characterize poliovirus 

environmental surveillance systems and the potential value of information that they may provide in 

the polio endgame.
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Introduction

Through intensive vaccination efforts over the past decades, the world continues to make 

progress towards the 1988 World Health Assembly resolution to eradicate poliomyelitis 

(polio) (World Health Assembly 1988). Of the three wild poliovirus (WPV) serotypes, 

endemic circulation of serotype 1 WPV persists in only 3 countries (Afghanistan, Nigeria, 

and Pakistan), the world certified serotype 2 WPV eradication in 2015 (Global Polio 

Eradication Initiative 2015a), and serotype 3 WPV has not been detected since late 2012 

(Kew et al. 2014). Current vaccination efforts focus most intensively on the interruption of 

WPV transmission in endemic areas, but all countries must continue sufficient polio 

vaccination to prevent outbreaks due to imported WPVs or outbreaks of circulating vaccine-

derived poliovirus (cVDPV), which can emerge when live, attenuated oral poliovirus vaccine 

(OPV) viruses find enough susceptible individuals to establish circulation and revert to 

WPV-like properties (Burns et al. 2014). Besides vaccination, poliovirus surveillance plays a 

critical role in achieving eradication and will play a key role in the polio endgame, which 

included the global cessation of serotype 2-containing OPV in late April-early May of 2016 

(Hampton et al. 2016).

Currently, most poliovirus surveillance globally involves two different approaches: acute 

flaccid paralysis (AFP) surveillance and environmental surveillance (ES). AFP surveillance 

involves the collection of stool samples from clinical AFP cases to determine the presence of 

poliovirus and provide virological confirmation of polio due to WPV or VDPV. Some high-

income countries with good overall disease notification systems and low polio risks do not 

conduct active AFP surveillance, but instead rely on notifications of any clinical polio cases 

and/or notification of any poliovirus through enterovirus isolation in laboratories. However, 

the AFP surveillance system remains the gold standard for polio surveillance (Asghar et al. 

2014), because it can investigate a high fraction of all individuals with symptoms that can 

indicate polio. These approaches make AFP surveillance a comprehensive global system 

capable of detecting poliovirus circulation in almost all populations (World Health 

Organization 2016). Thus, AFP surveillance plays a key role in documenting WPV 

elimination in many countries. Confirmation of WPV or VDPV in an AFP case can also 

guide outbreak response activities. However, the low paralysis-to-infection ratio (i.e., 

approximately 1:200 infections in fully susceptible individuals for serotype 1 WPV, with 

lower ratios for other serotypes (Nathanson and Kew 2010)) means that only a small fraction 

of first infections result in specific symptoms (i.e., paralysis). In addition, individuals 

immune to polio paralysis due to prior vaccination or poliovirus infection can still become 

infected and potentially participate in poliovirus transmission, particularly those vaccinated 

only with inactivated poliovirus vaccine (IPV) (Hird and Grassly 2012; Duintjer Tebbens et 

al. 2013). Given that AFP surveillance relies on the reporting of cases with clinical paralytic 

symptoms, it captures only a small fraction of all poliovirus infections occurring in a 

population. Thus, as successful polio eradication efforts decrease the number of polio AFP 

cases, the ability of AFP surveillance to detect any limited remaining WPV circulation 

decreases (Kalkowska et al. 2015b). For example, in the context of an IPV-vaccinated 

population that imported a serotype 1 WPV, we estimated that over 7,000 people in Israel 

became infected with serotype 1 WPV in the absence of a single paralytic case (Kalkowska 
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et al. 2015a). Based on the same event, a recent study provided a statistical approach to 

estimate the number of infected people, the ES sensitivity, and the level of confidence about 

die-out from ES data (Berchenko et al. 2017).

ES offers additional information by testing composite human fecal samples from the 

environment for the presence of poliovirus (i.e., WPV, VDPVs, and/or OPV-related viruses) 

(Asghar et al. 2014). Researchers succeeded in detecting poliovirus in sewage as early as the 

1930s, which contributed to early efforts to understand poliovirus epidemiology (Paul et al. 

1939; Paul and Trask 1941; Melnick 1947). Typically, ES involves the collection of water 

containing human sewage, concentration of matter in the collected sample likely to contain 

viruses into a small volume, and isolation of poliovirus through inoculation and observation 

for cytopathic effect in cell culture and/or direct poliovirus detection through polymerase 

chain reaction (PCR) techniques (Zaidi et al. 2016a). Poliovirus ES uses a variety of 

methods globally and no standards for specimen processing exist, which complicates 

characterization of ES system sensitivity and specificity. The World Health Organization 

(WHO) issued draft guidelines that describe a general approach to site selection and sample 

collection and recommended laboratory methods, which most of the recently implemented 

ES activities follow (Global Polio Eradication Initiative 2015b). Most of these ES activities 

involve monthly collection of grab samples and transport to a Global Polio Laboratory 

Network (GPLN) laboratory for processing using standardized virus isolation methods 

(World Health Organization 2004). No established global criteria for optimization or 

accreditation of poliovirus ES exist. While ES does not directly identify infected individuals, 

it can provide valuable information regarding the presence of virus in the catchment area. In 

populations characterized by high risk of transmission and/or low AFP surveillance rates, ES 

can potentially identify areas with clinically undetected circulation for further intervention 

and it may lead to more efficient use of resources by targeting specific locations for which 

stool samples will more likely yield potentially positive results for poliovirus. With 

accumulating experience in many countries, ES increasingly supplements AFP surveillance 

and plays a role in documenting WPV elimination, detecting re-introductions into polio-free 

areas, and detecting VDPVs. In addition, past ES activities documented the disappearance of 

OPV-related virus following the cessation of OPV vaccination in several countries (Mas 

Lago et al. 2003; Huang et al. 2005; Zurbriggen et al. 2008; Mueller et al. 2009; Wahjuhono 

et al. 2014; Nakamura et al. 2015). The expanding global ES system currently monitors the 

decline of serotype 2 OPV viruses following the globally coordinated switch from trivalent 

OPV (which contains attenuated strains of all 3 serotypes) to bivalent OPV (which contains 

attenuated strains of serotypes 1 and 3 only). This ES monitoring effort already detected 

persistent transmission of a serotype 2 VDPV at the time of the switch in Nigeria (Etsano et 

al. 2016), detected several instances of likely inadvertent use of trivalent OPV (Bahl et al. 

2017), and monitored the prevalence of serotype 2 OPV-related viruses following the use of 

serotype 2 monovalent OPV to respond to serotype 2 cVDPV outbreaks after the switch.

Although prior reviews provide some relevant insights (Hovi 2006; Asghar et al. 2014; 

Snider et al. 2016; Zaidi et al. 2016b), no prior evaluation systematically categorized 

poliovirus ES systems or quantified the costs or effectiveness of ES in various settings. A 

few studies exist that quantify the cost-effectiveness of an ES system aimed at rapid 

detection (Kman and Bachmann 2012) or that provide analytical approaches to optimally 
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design an ES system to monitor chemical pollutants (Wang et al. 2015). Neither of these 

provide data that can inform global poliovirus ES cost and design choices or support 

estimates of the value of information provided by global poliovirus ES. This review aims to 

evaluate historical and current use of ES for polioviruses and to synthesize the available 

information on potential ES designs, costs, and effectiveness. We sought to synthesize the 

available evidence to support future evaluation of the potential feasibility of targeted 

implementation of ES in many settings globally and future valuation of the costs and 

benefits of the information provided by poliovirus ES. Despite the WHO guidelines for 

poliovirus ES (World Health Organization 2003), no existing analyses provide insights about 

the variability in approaches that ES systems worldwide use.

Methods

We searched PubMed and Web of Science for any publications in English including the 

terms “environmental surveillance” or “sewage,” and “polio,” “poliovirus,” or 

“poliomyelitis” from 1975 through 2016. We screened each study for relevance and 

identified studies that described a poliovirus ES system or reported the results of attempts to 

detect polioviruses in ES samples. We excluded reviews, outbreak reports that mention ES 

without any details about the activities, commentaries, summary papers, and any studies that 

discussed lab or extraction methods or presented modeling results without reporting sample 

collection results. We also reviewed the bibliographies of reviews and the relevant papers to 

identify potential studies missed by the database search, which we subsequently assessed for 

eligibility. We grouped studies that reported different results related to the same ES activity 

or event (e.g., outbreak) during the data extraction process. We assigned ES activities as 

either activities conducted by the GPLN or not based on the laboratory that performed the 

primary sample processing.

To fully explore available information on costs of an ES system and review any specific 

costing results we conducted several searches using terms related to any enteroviruses and 

costs of any ES system or design of sewage systems. We reviewed any studies that 

mentioned or evaluated costs regardless of meeting other inclusion criteria.

We recorded attributes of each study to characterize the location, timing and nature of the 

activity, sampling characteristics, laboratory methods, and any information about polio cases 

reported from the population. We use letter codes to categorize different attributes for the 

extracted data. For the nature of the activity, we distinguished between time-limited research 

studies (R, e.g., pilot studies to set up ES, ad-hoc monitoring of water quality), continuous 

surveillance or monitoring (S), or activities triggered by an event (T, e.g., by an outbreak, 

transmission event, isolating of a highly-diverged virus related to OPV, or a vaccine policy 

change). For sampling characteristics, we reported the sampling interval (i.e., daily (D), 

weekly (W), monthly (M), yearly (Y), or variable (V) intervals or at a single point in time 

(S)), the collection method (i.e., grab (G), composite grab (CG), or trap (T)), the collected 

volume, the type of ES sites sampled (i.e., wastewater treatment plants (WP), flowing 

surface waters (FW) such as open drains, canals, rivers, sea, and creeks, standing surface 

waters (SW), pumping stations (PS), other sewage access points (AP), or other sources (O)) 

and the whether the sample contained treated (T), partially treated (PT), or untreated (U) 
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sewage, and the estimated catchment area based on the information provided by the authors. 

For laboratory methods, we reported the concentration method (i.e., filter adsorption/elution 

or ultrafiltration methods (FAE), inorganic flocculation (IF) or organic flocculation (OF), the 

pellet method (PM); precipitation using polyethylene glycol (PP); the two-phase separation 

method (TP), and other methods (O)), the volume of concentrate inoculated into cell 

cultures, the effective volume of the environmental sample tested for the presence of 

poliovirus (i.e., volume initially processed for concentration multiplied by fraction of final 

concentrate volume inoculated into cell culture(s)), the virus isolation methods (i.e., cell line 

abbreviation, and/or polymerase chain reaction (PCR) based methods), and whether the 

study reports results from spiking studies that seed ES samples with poliovirus prior to 

concentration.

We recognize the importance of evaluating the effectiveness of an ES system, which requires 

information about the absence or presence of poliovirus from an alternative surveillance 

system and/or known presence of the virus due to intentional use (i.e., a supplemental 

immunization activity) or release (i.e., flushing studies). We recorded whether each study 

reported any information about known symptomatic polio cases in the catchment area and at 

the time of the ES activity, which could facilitate some comparison between ES and AFP.

Results

We identified 569 studies published between 1975 and 2016 that met the search criteria 

(Figure 1). Of 432 studies that did not meet the inclusion criteria, 146 studies examined the 

fate of polioviruses in different environmental media or different approaches to inactivate or 

purify them. Another 100 studies examined methods for ES surveillance without reporting 

any poliovirus ES results. We also excluded reviews, summaries, and reports (n=91), studies 

that did not perform any ES sample analysis (n=49) or did not report any polio ES results 

(n=40), and modeling studies (n=6) (Figure 1). Given the wide availability of OPV and its 

relative safety, many studies used OPV strains as a model for the survival of enteric viruses 

in environmental media or to assess concentration methods, cell lines, or viral transport 

through soil columns.

While we did not review excluded studies in detail, comprehensive reviews of environmental 

fate studies (Dowdle and Birmingham 1997; Fine and Carneiro 1998; Dowdle et al. 2006) 

suggests that polioviruses can survive for days to months in different environmental media, 

depending on temperature, organic content, moisture, and acidity of the medium. After 

adding 6 studies identified through the references, we identified 146 studies from 48 

countries that met all inclusion criteria. Table 1 groups these into 101 separate activities 

listed chronologically and alphabetically (rows) and shows the data we extracted from each 

study.

As shown in Table 1, we found 13 studies that describe ES results from Israel and the 

Palestinian Authority, which began routine ES in 1989 and repeatedly detected evidence of 

WPV transmission (Manor et al. 2007; Manor et al. 2014; Shulman et al. 2014a; Shulman et 

al. 2014b; Shulman et al. 2015) and the existence of VDPV excretors (Shulman et al. 2000b; 

Shulman et al. 2006a; Shulman et al. 2006b; Shulman et al. 2011) in the absence of reported 
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clinical polio cases. We identified 12 ES studies conducted in Italy, and 10 in Japan, 9 in the 

US (including one by US authors that does not report the location (Sheladia et al. 1982), 8 in 

Canada, 7 in Nigeria, between 2 and 5 in 19 countries, and a single study in 23 countries 

each (Table 1). Figure 2 maps the number of ES activities (i.e., rows in Table 1) by country 

using different symbols to indicate GPLN or non-GPLN activities, with 10 countries for 

which we found both GPLN and non-GPLN activities (i.e., Brazil, China, Cyprus, Finland, 

Israel, Japan, Mexico, the Netherlands, Poland, and the Slovak Republic). We emphasize the 

map captures all ES activities published between 1975 and 2016, including many one-off 

studies, and thus does not reflect the current extent of poliovirus ES. Moreover, we 

recognize that some countries with extensive ES systems serve programmatic functions and 

may not publish the results of routine surveillance in peer-reviewed manuscripts. 

Consequently, the activities included in Figure 2 and Table 1 probably reflect some bias 

toward one-off ES studies rather than continuous ES activities with the most frequent and 

robust sampling.

Early studies typically reflected research activities, including many that report on microbial 

testing of different water sources or evaluate the ability to recover viruses before and after 

sewage treatment. Other studies involved opportunistic or one-off ES sampling in 

populations with suspected poliovirus transmission following the detection of an outbreak 

(i.e., after the area reported one or more clinical polio cases). Starting in the mid-2000s, 

larger scale ES systems and programs began, leading to larger and more systematic 

surveillance and studies, and some reviews. In recent years, studies increasingly reported ES 

results from developing countries as the GPEI began efforts to globally expand poliovirus 

ES.

Designs

The design of ES sampling significantly impacts the quality of ES. Table 1 reveals 

significant variability with respect to sampling interval, collection method, ES sample 

sources, laboratory methods, and catchment areas. The variability in sampling designs 

reflects different study aims, ranging from assessment of water quality or sewage treatment 

efficiency, which may involve infrequent and irregular sample collection from sources with 

minimal potential sewage contamination (e.g., bathing or drinking waters, treated 

wastewater), to studies specifically targeting poliovirus detection, which may involve 

frequent sample collection at regular intervals from sources with high fecal contamination. 

As noted in Table 1, 54 of the 101 ES activities (53%) sampled from wastewater treatment 

plants (coded as WP), 38 (38%) from flowing surface waters (FW) such as open drains, 

canals, rivers, sea, and creeks, 8 (8%) from standing surface waters (SW) such as ponds, 

lakes, and lagoons, 4 (4%) from pumping stations (PP), 7 (7%) from other sewage access 

points (AP), and the remaining 20 (20%) activities reported sampling from other sources (O, 

e.g., drinking or domestic use water, locally collected household or institutional sewage, 

central sewage collection points, mussels, soil or marine sediments, airplane lavatory waste 

tanks, aerosol samples above sewage effluent-irrigated fields, a sponge tissue found in 

flowing water, swimming pool water, or bore water). Studies that compared isolation rates 

before and after sewage treatment did not always find lower isolation rates after treatment, 

consistently reported poliovirus in treated sewage sources, and frequently highlighted that 
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sewage treatment does not effectively inactivate polioviruses (Sekla et al. 1980; Payment 

1981; Sheladia et al. 1982; van Olphen et al. 1984; Towianska and Potajallo 1990; Ansari et 

al. 1992; Patti et al. 2003; Sano et al. 2004; Kim et al. 2006; Belguith et al. 2007).

The collection method depends on the available technology and the nature of the sampling 

sites. Trap (coded as T in Table 1) sampling can draw from flowing surface waters and 

typically results in a small sample representative of matter passing through over a period of 

time. Grab (G) samples typically collect larger volumes, including some very large volumes 

between 10–520 L reported by some studies that took river or treated water samples that 

they passed through filters as an initial concentration step (van Olphen et al. 1984; Kueh and 

Grohmann 1989; Akiyama et al. 1999; Sano et al. 2004). Like trap sampling, composite grab 

(CG) sampling aims to catch viruses passing through at different hours of the day while 

avoiding laboratory analysis of a large number of samples. However, a study that directly 

introduced poliovirus at a single point in time in the sewage system recovered the virus on 

each of four subsequent days at a downstream location, suggesting that a single grab sample 

during a longer period of time may suffice to detect a naturally occurring virus (Hovi et al. 

2001). Moreover, excreted viruses typically enter the sewage system over a period of time 

rather than a single point in time, thus increasing the period of time during which the virus 

exists at downstream locations. The WHO guidelines recommend grab sampling because it 

allows better “quantitative estimation of the detection sensitivity of the system and long-term 

experience suggests that programmes exploiting concentrated grab samples detect 

polioviruses and non-polio enteroviruses more often than those using trap sampling” (World 

Health Organization 2003, p. 5). In the event of practical infeasibility of grab sampling, the 

guidelines permit trap sampling preferably using “macroporous glass in permeable bags” 

(World Health Organization 2003, p. 5) and not gauze pads. However, almost all studies in 

Table 1 that reported the use of trap sampling used gauze or cotton pads and none reported 

using macroporous glass or glass powder (although some studies used glass powder as part 

of their concentration process, e.g., Grabow et al. 1999). More recently, the GPEI piloted the 

use of a bag-mediated filtration system, which effectively increases the sample volume and 

thus detection sensitivity by allowing on-site filtration of the sample (Fagnant et al. 2014). 

Given that bag-mediated filtration requires more time on-site to collect a sample, the local 

circumstances will determine whether this disadvantage negates the advantage of higher 

volume collection.

Given the large variation in sampling facilities and locations, studies presented a wide range 

of catchment area populations. We found only 25 activities (25%) that provided sufficient 

information to estimate the catchment area population size (Table 1), with a median of 

500,000, mean of 1.1 million, and range from 50 in an experimental study that locally 

monitored sewage from a crèche in conjunction with an OPV campaign in the Prague 

(Zdrazilek et al. 1977) to 7.3 million involving 8 cities across Italy (Cesari et al. 2010; 

Pellegrinelli et al. 2013; Battistone et al. 2014a; Battistone et al. 2014b). We found 10 

activities (10%) that provided an upper bound (i.e., studies that reported the total number of 

people living in the area, without specifying the population coverage of the sewage system), 

3 (3%) that provided a lower bound (i.e., studies that reported catchment populations from 

some but not all sites), 3 (3%) that provided only a population coverage estimate for the 

sewage system without specifying the number of people living in the covered area, and 1 
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(%) that specified only the child population in the catchment area. If we hypothetically 

assume 100 active ES sites currently exist that cover populations around the median, then 

this implies approximately 50 million of the 7.1 billion people in the world living in the 

catchment area of an actively monitored ES site (i.e., less than 1%). Table 1 includes 60 

(60%) activities that did not provide any information about catchment population size. The 

limited information about catchment populations of sewage systems compromises our 

current understanding of ES and therefore estimation of required sampling frequencies and 

volumes for timely and sensitive detection.

To cover a large catchment population, the collection site must represent a converging 

sewage system and flowing water. In developed countries, collection often occurs from the 

inlet of untreated water of a sewage treatment plant, which represents a relatively large 

population covered by the catchment area. While some studies not specific to poliovirus ES 

explore the technical specifications of sewage systems (Astaraie-Imani et al. 2012; Mara 

2013; Qu et al. 2013), to our knowledge no study systematically categorized the types of 

sewage system used by each country in the world. The less sophisticated sewage systems in 

developing countries identified in our review included a variety of surface water systems 

(e.g., rivers, trenches, canals), which may vary in catchment area representation and flow 

rates.

Surface water sources can change seasonally or even daily due to variable volume per 

catchment area and flow rates, and the contents can change hourly, which implies significant 

potential variability in these sites. Many studies report generic sewage collection sites for 

sampling without providing details about the nature of the site, which we cannot use to 

support the determinations of ES quality or best practices. Time and transportation choices 

also represent important determinants of ES system performance. None of the studies 

reported information about the time from sample collection to the time of reporting results 

or the distance from sample site to lab. However, one study detailed the lab processing times 

in the context of adjustments to the process to accommodate a large number of samples 

during an episode of WPV transmission in Israel (Manor et al. 2014). The authors reported 

reducing the turnaround time from arrival of the sample in the lab to sequencing results from 

16–23 days during routine surveillance to 10–16 during the event by collecting lower 

volumes and changing the algorithm of testing from a serial to a more parallel approach 

(Manor et al. 2014).

Cost

We found only one paper when we added “cost” to the literature search terms, but this study 

did not estimate ES costs (Manor et al. 1999a), which left us with very limited information 

about costs. One review estimated ‘start-up’ costs of equipment of approximately US

$50,000 for an existing poliovirus laboratory and a cost of approximately $33,000 for 

supplies used to support the processing of 100 specimens, based on experience of facilitating 

polio ES within GPLN (Hovi et al. 2012). The same review reported that “processing and 

analysis of 100 sewage samples requires trained staff at about the same level as for 

processing and analysis of stools from 200 AFP cases with two specimens from each case” 

(Hovi et al. 2012, p. 3) based on nearly a decade of experience with ES in Egypt. Another 
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review explored filter costs in the evaluation of virus concentration techniques for water 

samples (Cashdollar and Wymer 2013). Although studies suggest low costs associated with 

routine sample collection, training and staff salaries require additional support. A few 

studies discuss lab techniques or processing methods that may reduce costs and/or 

technician hands-on time for sample processing without explicit presentation of costs (Singh 

et al. 1983; Reynolds et al. 1995; Manor et al. 1999a; Tansuphasiri et al. 2000; Donaldson et 

al. 2002; Li et al. 2002; Fuhrman et al. 2005; Cashdollar and Dahling 2006; Karim et al. 

2009). The technical skill, effort, time, and cost needed to develop and maintain the 

laboratory techniques for ES appear similar to existing techniques used to detect poliovirus 

in clinical samples (Vinjé et al. 2004). We did not find any other relevant costing information 

by exploring alternative searches.

Effectiveness

We break down the overall effectiveness of an ES system to detect poliovirus circulation in a 

population into three components (i.e., sample-specific detection probability, site-specific 

detection probability, and population-specific detection probability). We discuss the 

information we identified in the literature for each.

The first component reflects the sample-specific probability (i.e. the probability of detecting 

a virus given the presence of virus in the sample). This depends on the concentration of virus 

in the ES sample and the laboratory methods used. Concentration methods and virus 

detection methods vary, with 36 (36%) activities using filters to adsorb and elute the virus 

for concentration (coded as FAE in Table 1), 22 activities (22%) using the two-phase 

separation (TP) methods, 20 (20%) using polyethylene glycol precipitation (PP), 13 (13%) 

using organic or inorganic flocculation (OF or IF, respectively), and 2 (2%) using the pellet 

method (PM). Three (3%) activities did not report a concentration method and 20 (20%) 

reported various other (O) methods, e.g., extraction/separation through chloroform 

treatment, centrifugation, freezing, and thawing (Zdrazilek et al. 1977; Böttiger 1978; 

Böttiger et al. 1979; Kasova et al. 1981; Matyasova and Koza 1982; Zdrazilek et al. 1982; 

Matyasova and Koza 1985; Bottiger and Herrstrom 1992); protein precipitation, ultrasonic 

water bath, and centrifugation (Sellwood et al. 1981); oyster homogenate adsorption with 

two elution and concentration steps (Sheladia et al. 1982); beef extract elution only or with 

ultracentrifugation (Hamparian et al. 1985; Manor et al. 1999b; Shulman et al. 2000a); 

aluminum sulfate coagulation (Towianska and Potajallo 1990); virus adsorption-

enumeration; hollow fiber concentration/dialysis (Murphy et al. 1983); cellulose method 

(Sano et al. 2004); precipitation using SiO2 (Zurbriggen et al. 2008; Wieczorek et al. 2013; 

Kuryk et al. 2014; Wieczorek et al. 2015); silica adsorption (de Oliveira Pereira et al. 2016). 

Fifteen activities (15%) reported either using a combination of the above methods or using 

different methods for different samples. The WHO guidelines for the isolation of 

polioviruses in ES (World Health Organization 2003) recommend use of the two-phase 

method due to its relative simplicity and universal applicability. Consequently, a higher 

fraction of activities since 2003 report using the two-phase method (i.e., 50%). The 

guidelines further recommended validating the concentration method by spiking 

experiments with poliovirus and they characterize a good method as capable of detecting 

10–20 tissue-culture infectious doses (TCID50) per 500 ml sample (World Health 
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Organization 2003). Eighteen (18%) activities reported results of poliovirus spiking 

experiments, including three studies from the same activity that performed spiking 

experiments for the two-phase separation method and achieved the recommended target 

(Pellegrinelli et al. 2013; Battistone et al. 2014a; Battistone et al. 2014b). An experimental 

study in 1975 that sampled sewage at a crèche following an immunization campaign also 

reported a detection limit of approximately 20 TCID50 using a trap sampling approach and a 

concentration method involving chloroform treatment, centrifugation, freezing, and thawing 

(Zdrazilek et al. 1977). Consistent with the GPLN manual (World Health Organization 

2004), the ES guidelines recommend the use of human rhabdomyosarcoma (RD) and 

poliovirus receptor-expressing mouse (L20B) cell lines. However, given that the studies in 

Table 1 cover a broad time period and studies that may not specifically target polio, we 

found 18 additional cell lines used for virus isolation. In studies that compared multiple cell 

lines, L20B cells generally provided the highest sensitivity to poliovirus detection. Some 

studies reported discordant results between cell lines, which could reflect variable sensitivity 

and specificity and/or the variability of viruses present in the samples. Given that ES 

samples may contain fecal matter from a large number of different people, the sample-

specific probability of detecting poliovirus involves inherent uncertainty about the content of 

individual samples. PCR-based methods may allow direct detection without the need to 

inoculate cells, which could save time and costs, but measuring the concordance between 

cell culture methods and direct detection methods for ES samples that may contain a mixture 

of viruses remains challenging. Some studies provide promising results with the use of 

(RT-)PCR at different stages of laboratory processing (Grabow et al. 1999; Tansuphasiri et 

al. 2000; Donaldson et al. 2002; Zhang et al. 2010; Troy et al. 2011; Troy et al. 2012), but 

not all studies consistently report greater sensitivity (Schlindwein et al. 2009; Wieczorek et 

al. 2015). The GPLN continues to consider direct detection methods for both AFP 

surveillance and ES, but in the absence of clear data demonstrating comparability of direct 

detection, virus isolation remains the gold standard for virus detection in the GPLN. The 

sample-specific sensitivity also depends on the collected volume and the proportion of the 

harvested sample (i.e., concentrate) ultimately tested for polioviruses. Table 1 reveals that 

many activities (45%) do not report the volume tested for poliovirus by inoculation into cell 

cultures. Among 56 activities that report the tested volume, volumes range from 0.1 and 25 

ml, with 71% of reported volumes of between 0.1 and 1 ml per cell culture. For direct 

detection using PCR methods, the volumes typically remained much smaller and not directly 

comparable to cell cultures. Computing the effective volume tested requires information 

about both the volume after concentration and the number of cell cultures (i.e., flasks, tubes, 

monolayers, wells, plaques, depending on procedures) for each cell line. Given that few 

studies provide this information, we could only determine the effective volume tested for 

approximately 25% of ES activities. The effective volumes vary greatly from a few 

milliliters to almost 100 liters, reflecting variation in the source of the samples (typically 

much greater volumes for flowing water than sewage with high solid content), concentration 

methods, and cell culture procedures. However, for most of the more recent sewage 

sampling studies, Table 1 shows relatively consistent effective volumes of approximately 

0.2–0.9 liters. .
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The second component reflects the site specific sensitivity (i.e., the probability of capturing 

a poliovirus given the presence of virus in the catchment area). Detection of virus excreted 

by one or more people in the catchment areas depends on a sufficient amount of virus ending 

up in the sample at a level above the detection limit. The poliovirus concentration of an ES 

sample collected at an ES sample collection site depends on the number of people living in 

the catchment area of the site, the mass of stool produced per person, the amount of 

poliovirus excreted by any infected people in the catchment area, and the sewage flow rate at 

the sampling site. Furthermore, higher sampling frequencies and greater sample volumes 

will increase the probability of detecting the virus in a site at the cost of increasing the 

laboratory workload, which may impact workflow. Although sample volumes historically 

varied significantly, more recent studies typically collect 1 L per sample, with half of it 

processed for concentration and virus isolation, consistent with the guidelines (World Health 

Organization 2003; Global Polio Eradication Initiative 2015b). Our review suggests a very 

high ability of continued monitoring by ES sites to detect poliovirus transmission, although 

the studies in Table 1 likely reflect a publication bias towards positive findings. For example, 

studies in the current Czech Republic (Zdrazilek et al. 1977; Matyasova and Koza 1982; 

Zdrazilek et al. 1982), Canada (Sekla et al. 1980), Spain (Lucena et al. 1986), Japan 

(Akiyama et al. 1999; Matsuura et al. 2000), South Africa (Grabow et al. 1999), Cuba (Mas 

Lago et al. 2003), and Mexico (Troy et al. 2011; Troy et al. 2012; Esteves-Jaramillo et al. 

2014) readily detected OPV-related virus in areas with known immunization campaigns. 

More impressively, several studies detected imported OPV-related viruses in populations that 

do not use OPV (van Olphen et al. 1984; Huang et al. 2005; Battistone et al. 2014b) or 

detected WPV in the absence of any reported WPV cases (Bottiger and Herrstrom 1992; 

Manor et al. 1999b; Shulman et al. 2014a). Other ES studies likely detected individual 

excretors of immunodeficiency-associated VDPV from within total ES system catchment 

areas of up to over 2 million people (Blomqvist et al. 2004; Cherkasova et al. 2005; Shulman 

et al. 2006a; Shulman et al. 2006b; Al-Hello et al. 2013; Klement et al. 2013; Cassemiro et 

al. 2016).

Despite this anecdotal evidence of the high potential site-specific sensitivity of ES, we found 

very little information to quantify the site-specific detection probability. Two controlled 

experiments deliberately introduced different amounts of OPV to the sewage and attempted 

to isolate the virus at a downstream location. The first, conducted in Sweden in 1970s, 

detected as little as 8 × 106 TCID50 (the lowest amount tested) introduced 4.5 km from the 

sampled sewage treatment inlet with an unspecified catchment area population size (Böttiger 

1978). The second introduced 3–6 × 1010 cell culture-infective doses (CCID50) into the 

Helsinki sewage system with a catchment area population of 740,000 people and 

successfully recovered the virus on all four consecutive sampling days in a location 20 km 

downstream from the virus introduction site (Hovi et al. 2001). Based on this experiment, 

the authors estimated a widely-cited minimum prevalence of 1 excreting individual per 

10,000 people to detect the poliovirus in a single sewage sample from this system (Hovi et 

al. 2001). These findings reflect the specific setting of a developed country with a 

converging sewage network. We did not find any comparable controlled study from a 

developing country, so we do not know if this sensitivity would apply in developing country 

settings. However, studies from developed (Zdrazilek et al. 1977; Huang et al. 2005; Lodder 
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et al. 2012) and developing (Mas Lago et al. 2003; Troy et al. 2011; Esteves-Jaramillo et al. 

2014) countries exist that simultaneously collected stool and ES samples in the context of 

known exposure to OPV. These studies found a close match between stool and ES isolation 

patterns and generally suggested that ES surveillance appears at least as sensitive as random 

stool collection in the detection of OPV-related viruses. One sewage sampling study 

conducted in the context of a limited OPV challenge study reported the ability to detect 

poliovirus if at least 100 people excrete poliovirus out of a population of tens of thousands 

of uninfected people (Lodder et al. 2012), which remains consistent with an earlier small-

scale study that reported a minimal infection prevalence of 1% to detect poliovirus in local 

sewage (Zdrazilek et al. 1977). Another study estimated a 75% probability of detecting 

poliovirus using ES in a population shedding at a rate of 31% (Mas Lago et al. 2003).

The final component of effectiveness reflects population wide sensitivity (i.e., the 

probability of capturing a poliovirus in the catchment area given poliovirus circulation in the 

wider population). This probability will depend on the ratio of the catchment population to 

the total population and thus on the number and location of ES sites in a population. An 

analysis of the ES system in New Zealand suggested that it could represent 28% of its 

population (Huang et al. 2005) and studies from the Israeli ES system report 30–40% 

coverage of the entire country (Shulman et al. 2014a; Shulman et al. 2014b). With the 

current expansion of ES globally, the global population sensitivity of ES continues to 

increase. However, it remains very challenging to estimate the actual ratio because of the 

challenges associated with estimating catchment area population sizes (Table 1), and the 

possibility of overlapping catchment areas from different ES sites.

Ideally, we could measure the overall effectiveness of detecting a virus using an ES system 

(i.e., the compound probability that combines each of the three component probabilities) by 

comparing detection rates to the true prevalence of virus in a population. Unfortunately, 

given the inability to directly observe transmission due to low paralysis-to-infection ratios, 

we can only estimate but not observe true prevalence of infection. Estimation of the 

effectiveness of ES for detecting poliovirus may also involve comparison of ES to a different 

surveillance system, such as AFP surveillance. However, given that historically, most 

countries established ES only in the context of relatively inactive transmission, many studies 

did not occur in the context of reported polio cases. We identified 14 (14%) ES activities that 

reported at least one polio case at the time of sampling and from the same population, 

although uncertainty remains about whether these all actually excreted into the monitored 

ES system. Two studies reported several transmission pathways in which ES detected WPV 

well before AFP surveillance identified a polio case (van der Avoort et al. 1995; Alam et al. 

2016). The lack of deliberate development of large-scale ES by the GPEI until relatively 

recently most likely limited the design and conduct of systematic studies to compare the 

information simultaneously collected for ES and AFP.

Aside from the probability of detection, the timing of detection represents another important 

component of ES system effectiveness. The time until an ES system detects a poliovirus 

depends on the concentration of virus, the number of sampling sites and concentration labs 

sending specimens to a poliovirus lab, the distances and travel times between each of these 

locations, the frequency of sampling, and the time required to concentrate and process a 
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sample in the lab. Even in the absence of prevalence data, efforts to measure effectiveness of 

ES would benefit from comparison to the time it takes to detect a virus using ES relative to 

that for AFP surveillance in the area (i.e., if ES does not provide a faster result than AFP 

surveillance, then its value as a tool for detection could be limited). However, in most studies 

that reported ES results and polio cases, the ES began after the detection of a polio case by 

AFP surveillance.

Given the numerous uncertainties related to measuring real world effectiveness of ES, 

modeling may provide some useful insights. Our review identified one study that modeled 

the effects of changing the quality of laboratory techniques and loss percentages (i.e., due to 

households not connected to sewage system, disposable diapers, etc.) and produced 

detection probability curves based on these inputs (Ranta et al. 2001). The study concluded 

that ES would perform better than AFP surveillance except in the context of high case-to-

infection ratios or for the worst scenarios for ES sampling quality.

Discussion

This review finds that the published literature provides very limited information about the 

costs of poliovirus ES and some limited and variable information about the design and 

effectiveness of ES systems. No information exists in the literature to support rigorous costs 

estimation and no systematic categorizations allow determination of the optimal ES system 

designs or assessments of the population effectiveness of ES relative to AFP surveillance. 

Further studies will need to quantify the complete costs of ES. Additional controlled studies 

of ES effectiveness in developing countries represent an important research opportunity to 

support more rigorous estimation of the benefits of ES.

This review underscores the very low fraction of the global population potentially covered 

by ES at any given point of time in the past (less than 1%). Although ES may represent an 

opportunity to see circulating polioviruses early, its value will depend on the area covered 

and any promises about the benefits of ES should take this into consideration.

The successful design and implementation of ES in any area requires consideration of key 

attributes of the geographical area, catchment population (size and location), type and 

characteristics of sewage and treatment system, and laboratory resources available. The 

variability in these factors limits both the categorization of ES and the ability to determine, 

optimize, and standardize the quality of its information. Assuming ES aims to detect 

poliovirus more quickly than AFP surveillance, measuring the quality of ES and ensuring 

rapid sample transport and processing emerge as critical hurdles. For GPLN laboratories, 

increasing the laboratory workload may interfere with the primary duties of these 

laboratories to support AFP surveillance, suggesting the need to expand laboratory capacity 

to accommodate the ES workload (Figure 2).

The limitations of our findings underscore the need for further efforts to characterize the 

benefits and potential expanded role of poliovirus ES and to obtain better information about 

costs and effectiveness of existing systems. We (RDT, MAP, KMT) conducted a prior survey 

of the GPLN to characterize the costs and value of the GPLN (de Gourville et al. 2006), 
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which we hoped would motivate further reporting of costs and effectiveness information in 

poliovirus surveillance studies. This review demonstrates the need for further efforts to 

encourage the inclusion of economic information in future studies, and we anticipate the 

need to conduct a repeat survey to collect data from GPLN laboratories. We recommend that 

future poliovirus ES studies should explicitly state key characteristics of the ES system 

(sampling site locations and characteristics, size of catchment areas for sampling sites, 

nature of the sewage system, sampling frequency, laboratory and sampling methods) and 

provide data about costs and effectiveness of the systems, even if reported in supplementary 

materials.

The insights in this analysis remain limited by the available literature, which does not 

include unpublished reports. For example, the review did not include one study submitted 

after the literature search that examined the benefits of an ongoing ES system to detect polio 

sooner than AFP surveillance in 2009–2012 in 6 provinces of Pakistan (Cowger et al. 2017). 

The study reported on the results of monthly samples from sewage systems examined using 

WHO recommended methods and found that ES detected poliovirus circulation before AFP 

surveillance for 60% of polio cases, on average nearly 4 months earlier (Cowger et al. 2017).

ES may play an important role in reaching and maintaining the goal of global polio 

eradication. In combination with AFP surveillance, ES may help to identify final reservoirs 

of WPV and high-risk areas for VDPVs. As the GPEI plans for ES expansion, addressing 

the issues of prioritizing populations, site selection, and sampling schemes will become 

increasingly important for efficient use of surveillance resources. Therefore, estimating the 

effectiveness and costs of a global ES system remains critical to supporting optimal global 

investments. Unfortunately, significant data gaps exist in this area. Optimization will likely 

involve some form of targeting high-risk locations, which may change over time as the 

sources of risk evolve (Duintjer Tebbens et al. 2015). This review highlights some insights 

as well as the significant limitations in the published literature that can help inform 

programmatic choices.
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PV poliovirus

VDPV vaccine-derived poliovirus

WPV wild poliovirus
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Figure 1. 
Process used to identify relevant environmental surveillance studies.
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Figure 2: 
Global distribution of ES activities published between 1975 and 2016 (i.e., rows in Table 1) 

with the area of each square proportional to the number of activities (smallest square shows 

a single activity and largest square (in the US) shows 9 activities. Open (red) squares 

indicate activities for which a GPLN laboratory performed the primary processing and filled 

(blue) squares indicate acitivities for which a non-GPLN laboratory performed the primary 

processing.

Duintjer Tebbens et al. Page 28

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.

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

Duintjer Tebbens et al. Page 29

Ta
b

le
 1

.

St
ud

ie
s 

in
cl

ud
ed

 in
 th

e 
re

vi
ew

 a
nd

 c
ha

ra
ct

er
is

tic
s 

of
 th

e 
st

ud
y 

lo
ca

tio
n,

 ti
m

in
g,

 s
am

pl
in

g,
 a

nd
 la

bo
ra

to
ry

 m
et

ho
ds

 (
14

5 
st

ud
ie

s 
re

fl
ec

tin
g 

10
1 

E
S 

ac
tiv

iti
es

).

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

Sa
tta

r 
an

d 
W

es
tw

oo
d 

19
76

; S
at

ta
r 

an
d 

W
es

tw
oo

d 
19

77
; S

at
ta

r 
an

d 
W

es
tw

oo
d 

19
78

k

C
an

ad
a 

(O
tta

w
a)

N
R

R
W

;V
C

G
;T

5(
C

G
);

0.
06

(T
)

W
P(

PT
,N

S)
36

0,
00

0
FA

E
0.

5
N

R
Y

V
er

o
N

R

Z
dr

az
ile

k 
et

 
al

. 1
97

7
C

ze
ch

os
lo

va
ki

a 
(P

ra
gu

e)
3/

75
–5

/7
5

R
R

T
0.

06
–0

.0
8

O
(U

)
50

O
5

N
R

N
V

er
o

N
R

B
öt

tig
er

 
19

78
; 

B
öt

tig
er

 e
t 

al
. 1

97
9;

 
B

ot
tig

er
 a

nd
 

H
er

rs
tr

om
 

19
92

l

Sw
ed

en
67

–9
0

S;
R

;T
N

R
G

;T
N

R
W

P(
U

)
N

R
O

5
N

R
N

C
G

M
;G

M
;H

A
;H

L
1

V
au

gh
n 

et
 a

l. 
19

78
U

SA
 (

L
on

g 
Is

la
nd

, N
Y

)
6/

76
–5

/7
7

R
M

G
95

;3
80

W
P(

T
)

N
R

FA
E

+
IF

0.
5

N
R

N
B

G
M

N
R

K
at

ze
ne

ls
on

 
an

d 
K

ed
m

i 
19

79

Is
ra

el
 

(J
er

us
al

em
 

ar
ea

, T
el

 A
vi

v)

N
R

R
N

R
N

R
2–

3
A

P(
U

,T
)

≤ 
70

0,
00

0
O

F
0.

3
N

R
N

B
G

M
N

R

Pa
ym

en
t e

t 
al

. 1
97

9a
; 

Pa
ym

en
t e

t 

al
. 1

97
9b

m

C
an

ad
a 

(L
av

al
)

8/
77

–8
/7

8
R

W
N

R
2–

4
PS

(U
)

≤ 
30

,0
00

FA
E

+
O

F
5

2–
4

N
V

er
o

0

Se
kl

a 
et

 a
l. 

19
80

C
an

ad
a 

(M
an

ito
ba

)
5/

76
–4

/7
9

R
V

T;
G

0.
05

m
l(

T
);

2–
20

(G
)

W
P(

U
,P

T,
T

);
FW

(T
);

O
(T

)
N

R
FA

E
0.

2
N

R
N

H
A

;H
L

;R
M

;V
er

o
N

R

Te
lts

ch
 e

t a
l. 

19
80

Is
ra

el
 (

C
en

tr
al

)
77

–7
8

R
N

R
G

2 
(s

ew
ag

e)
W

P(
T

);
O

(T
)

N
R

FA
E

+
O

F
2 (s

ew
ag

e)
N

R
N

B
G

M
N

R

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 30

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

K
as

ov
a 

et
 a

l. 
19

81
C

ze
ch

os
lo

va
ki

a 
(N

or
th

 
B

oh
em

ia
)

3/
79

–2
/8

0
R

M
N

R
N

R
S(

U
);

O
(U

)
N

R
O

0.
2

N
R

N
H

L
;M

K
N

R

Se
llw

oo
d 

et
 

al
. 1

98
1

U
K

 (
R

ea
di

ng
)

9/
74

–9
/7

7
R

N
R

T;
G

0.
01

5(
T

);
5(

G
)

W
P(

U
,T

);
FW

(T
)

N
R

FA
E

;O
N

R
N

R
N

B
G

M
;H

A
;H

ep
-2

;H
F;

R
M

;V
er

o
N

R

Sh
el

ad
ia

 e
t 

al
. 1

98
2

N
ot

 r
ep

or
te

d
10

/7
8–

3/
80

R
M

/2
G

1
SW

(U
,T

)
45

,0
00

O
N

R
N

R
Y

B
G

M
N

R

M
at

ya
so

va
 

an
d 

K
oz

a 
19

82
; 

Z
dr

az
ile

k 
et

 
al

. 1
98

2;
 

M
at

ya
so

va
 

an
d 

K
oz

a 

19
85

n

C
ze

ch
os

lo
va

ki
a 

(3
 u

rb
an

 a
nd

 2
 

ru
ra

l a
re

as
 w

ith
 

m
ul

tip
le

 s
ite

s)

9/
68

–
12

/8
2

S
~M

T
N

R
W

P(
U

);
O

(U
)

N
R

O
N

R
N

R
N

H
L

;V
er

o
N

R

Pa
ym

en
t 

19
81

; 
Pa

ym
en

t e
t 

al
. 1

98
3o

C
an

ad
a 

(M
on

tr
ea

l a
re

a)
8/

78
–4

/8
1

R
W

;V
N

R
5;

10
0;

10
00

PS
(U

);
O

(U
,T

)
N

R
FA

E
+

O
F

1;
0.

1;
0.

01
N

R
;6

;6
0

N
V

er
o

N
R

M
ur

ph
y 

et
 

al
. 1

98
3

A
us

tr
al

ia
 

(N
or

fo
lk

 
Is

la
nd

)

9/
80

–
11

/8
1

T
V

G
5(

w
at

er
);

25
(e

f
fl

ue
nt

)
O

(U
,P

T
)

N
R

O
0.

2
4;

20
N

H
ep

-2
;H

F;
M

K
;V

er
o

N
R

va
n 

O
lp

he
n 

et
 a

l. 
19

84
T

he
 

N
et

he
rl

an
ds

 (
8 

lo
ca

tio
ns

)

11
/7

8–
4/

80
R

~0
.4

 M
N

R
0.

25
–5

20
FW

(U
,P

T,
T

);
SW

(U
,P

T,
T

)
N

R
FA

E
+

O
F

N
R

N
R

Y
B

G
M

N
R

W
ul

le
nw

eb
er

 
an

d 
A

gb
al

ik
a 

19
84

Fr
an

ce
 (

N
an

cy
)

1/
83

–2
/8

3
R

N
R

N
R

N
R

W
P(

U
)

N
R

FA
E

+
O

F
N

R
N

R
N

B
G

M
N

R

H
am

pa
ri

an
 

et
 a

l. 
19

85
U

SA
 (

O
hi

o)
78

–8
0

R
bW

N
R

1.
5–

2
W

P(
U

)
48

0,
00

0
O

5
>

0.
57

N
B

G
M

;C
G

M
;H

eL
a;

R
D

N
R

K
ri

ke
lis

 e
t 

al
. 1

98
5

G
re

ec
e 

(K
er

at
si

ni
)

1/
83

–3
/8

4
R

W
;b

W
N

R
10

W
P(

U
)

N
R

FA
E

10
N

R
N

B
G

M
N

R

H
ov

i e
t a

l. 
19

86
; 

H
uo

vi
la

in
en

 
et

 a
l. 

19
88

; 

Fi
nl

an
d 

(H
el

si
nk

i, 
17

 
ad

di
tio

na
l 

lo
ca

tio
ns

)

12
/8

4–
5/

86
T

M
-W

N
R

N
R

W
P(

U
,T

);
A

P(
U

)
N

R
T

P
0.

5
N

R
N

G
M

;V
er

o
9

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 31

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

Po
yr

y 
et

 a
l. 

19
88

p

L
uc

en
a 

et
 a

l. 
19

86
Sp

ai
n 

(B
ar

ce
lo

na
 

ar
ea

)

79
–8

0
S

N
R

N
R

N
R

FW
(N

S)
≤ 

30
0,

00
0

N
R

N
R

N
R

N
N

R
N

R

A
m

in
 1

98
8

B
ah

ra
in

 (
M

ai
n 

is
la

nd
 a

nd
 

M
uh

ar
ra

q)

85
–8

6
R

N
R

N
R

N
R

W
P(

U
,P

T
)

20
0,

00
0

N
R

N
R

N
R

N
N

R
N

R

M
at

su
ur

a 
et

 
al

. 1
98

8
Ja

pa
n 

(T
oy

om
a 

pr
ef

ec
tu

re
)

6/
83

–5
/8

5
R

M
;b

M
T;

G
0.

8(
T

);
2(

G
)

FW
(N

S)
;W

P(
N

S)
≤ 

30
0,

00
0

FA
E

N
R

N
R

Y
V

er
o

N
R

K
ue

h 
an

d 
G

ro
hm

an
n 

19
89

A
us

tr
al

ia
 

(S
yd

ne
y 

ar
ea

)
2/

89
–4

/8
9

R
0.

6M
G

1(
se

w
ag

e)
;8

0
– 12

0(
se

aw
at

er
)

FW
(T

)
N

R
PP

+
FA

E
0.

5
0.

04
;3

.2
–

4.
8

N
B

G
M

;H
ep

-2
;H

F;
M

N
R

To
w

ia
ns

ka
 

an
d 

Po
ta

ja
llo

 
19

90

Po
la

nd
 (

L
ak

e 
Z

ar
no

w
ie

ck
ie

)
4/

86
–8

9
R

M
N

R
5

SW
(T

)
N

R
O

N
R

N
R

N
G

M
N

R

A
ns

ar
i e

t a
l. 

19
92

U
SA

 (
Fl

or
id

a 
an

d 
M

ic
hi

ga
n)

N
R

R
N

R
G

5–
20

W
P(

U
,P

T,
T

);
SW

(T
);

O
(T

)
N

R
IF

N
A

N
A

N
R

T-
PC

R
N

R

B
ot

er
o 

et
 a

l. 
19

92
V

en
ez

ue
la

 
(L

ak
e 

M
ar

ac
ai

bo
)

N
R

R
#

M
G

10
SW

(U
)

≤1
,0

00
,0

00
FA

E
0.

4
N

R
N

R
M

N
R

H
ug

he
s 

et
 a

l. 
19

92
U

K
 (

N
or

th
er

n 
Ir

el
an

d 
co

as
t)

4/
86

–5
/8

9
R

V
G

10
SW

(U
);

FW
(U

)
N

R
FA

E
+

IF
N

R
N

R
Y

B
G

M
N

R

Ta
ni

 e
t a

l. 
19

92
Ja

pa
n 

(S
af

o 
ri

ve
r)

1/
88

–
12

/8
9

R
W

G
1

FW
(N

S)
18

0,
00

0
PP

N
R

N
R

Y
H

eL
a;

H
ep

-2
R

D
;V

er
o

N
R

Ta
m

bi
ni

 e
t 

al
. 1

99
3

C
ol

um
bi

a 
(C

ar
ta

ge
na

)
91

T
#

V
G

;T
2(

G
);

N
R

(T
)

FW
(U

)
5,

30
0 

(C
O

)
FA

E
N

R
0.

2;
N

R
N

R
D

;H
ep

-2
;P

C
R

0r

C
ar

du
cc

i e
t 

al
. 1

99
5;

 
M

us
ci

llo
 e

t 

al
. 1

99
7b

q

It
al

y 
(P

is
a)

5/
92

–4
/9

3
R

M
/2

N
R

0.
1 

(s
ew

ag
e)

W
P(

U
);

O
(U

)
30

0,
00

0
O

N
R

N
R

N
B

G
M

N
R

Se
llw

oo
d 

et
 

al
. 1

99
5

U
K

N
R

R
N

R
N

R
10

FW
(N

S)
N

R
FA

E
N

R
N

R
N

B
G

M
N

R

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 32

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

va
n 

de
r 

A
vo

or
t e

t a
l. 

19
95

T
he

 
N

et
he

rl
an

ds
 

(c
ou

nt
ry

-w
id

e)

8/
92

–3
/9

3
T

#
V

G
0.

5(
se

w
ag

e)
;1

80
(r

iv
er

 
w

at
er

)

A
P(

N
S)

;F
W

(N
S)

N
R

FA
E

+
O

F
N

R
N

R
N

H
ep

-2
;B

G
M

71

M
us

ci
llo

 e
t 

al
. 1

99
7a

; 
M

us
ci

llo
 e

t 

al
. 1

99
9s

It
al

y 
(P

es
ar

o 
ar

ea
)

1/
94

–9
/9

5
R

V
G

10
FW

(N
S)

N
R

FA
E

20
10

Y
B

G
M

;H
ep

-2
N

R

Sh
ie

h 
et

 a
l. 

19
97

U
SA

 
(M

et
ro

po
lit

an
 

ar
ea

s,
 

ai
rp

la
ne

s)

95
–9

6
R

N
R

N
R

4–
10

S(
N

S)
;O

(U
)

N
R

PP
0.

1
0.

00
7–

0.
03

2
Y

R
D

;R
T-

PC
R

N
R

A
du

 e
t a

l. 
19

98
N

ig
er

ia
 (

O
yo

 
an

d 
O

gu
n 

St
at

e)

1/
96

–3
/9

7
R

#
N

R
G

1
FW

(U
);

O
(U

)
N

R
T

P
N

R
N

R
N

H
ep

-2
N

R

R
ey

no
ld

s 
et

 
al

. 1
99

8
U

SA
 (

O
ah

u,
 

H
I)

N
R

R
M

;3
M

N
R

N
R

FW
(T

)
N

R
FA

E
N

R
0.

61
94

Y
B

G
M

N
R

A
ki

ya
m

a 
et

 
al

. 1
99

9
Ja

pa
n 

(M
iy

ag
o 

Pr
ef

ec
tu

re
)

9/
96

–
12

/9
8

R
#

N
R

N
R

20
FW

(T
)

N
R

FA
E

1
16

N
B

G
M

;H
eL

a;
H

ep
-2

;R
D

N
R

D
iv

iz
ia

 e
t a

l. 
19

99
A

lb
an

ia
 

(T
ir

an
a)

19
96

T
N

R
N

R
10

FW
(N

S)
N

R
FA

E
+

PP
N

R
N

R
N

B
G

M
9

G
ra

bo
w

 e
t 

al
. 1

99
9

So
ut

h 
A

fr
ic

a 
(P

re
to

ri
a,

 
Jo

ha
nn

es
bu

rg
)

1/
96

–
10

/9
7

R
≤ 

W
G

10
FW

(U
)

>
 1

5,
00

0
FA

E
1

N
R

N
B

G
M

;L
20

B
;P

L
C

;P
V

K
N

R

M
an

or
 e

t a
l. 

19
99

b
Is

ra
el

 a
nd

 th
e 

Pa
le

st
in

ia
n 

A
ut

ho
ri

ty
 

(c
ou

nt
ry

-w
id

e)

2/
89

–2
/9

7
S#

M
/V

C
G

;T
1.

5–
2(

C
G

);
N

R
(T

)
W

P(
U

)
N

R
O

4.
5

0.
20

.2
7;

N
R

N
B

G
M

;H
ep

-2
0

K
itt

ig
ul

 e
t a

l. 
20

00
; 

Ta
ns

up
ha

si
ri

 

et
 a

l. 
20

00
t

T
ha

ila
nd

 
(B

an
gk

ok
)

2/
98

–6
/9

8
R

N
R

G
1(

se
w

ag
e)

;5
(

w
at

er
)

FW
(U

);
A

P(
T,

U
)

N
R

FA
E

0.
2

0.
3–

2
Y

H
ep

-2
;R

M
;R

T-
PC

R
N

R

M
at

su
ur

a 
et

 
al

. 2
00

0;
 

Y
os

hi
da

 e
t 

al
. 2

00
0;

 
H

or
ie

 e
t a

l. 
20

02
a;

 H
or

ie
 

Ja
pa

n 
(T

oy
am

a 
pr

ef
ec

tu
re

)
9/

93
–9

/9
5

R
M

/2
G

;T
1(

G
);

0.
7–

08
(t

)
W

P(
N

S)
;F

W
(T

)
60

%
FA

E
N

R
N

R
N

M
K

;R
D

;V
er

o
0

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 33

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

et
 a

l. 
20

02
b;

 
Y

os
hi

da
 e

t 

al
. 2

00
2u

Pi
an

et
ti 

et
 a

l. 
20

00
; 

Pi
an

et
ti 

et
 a

l. 

20
04

v

It
al

y 
(P

es
ar

o 
ar

ea
)

1/
98

–9
/0

0
R

M
/4

;Y
/2

G
10

FW
(P

T,
T

)
N

R
FA

E
N

R
N

R
N

B
G

M
N

R

Sh
ul

m
an

 e
t 

al
. 2

00
0a

Is
ra

el
 a

nd
 th

e 
Pa

le
st

in
ia

n 
A

ut
ho

ri
ty

 
(c

ou
nt

ry
-w

id
e)

10
/8

8
T

#
N

R
C

G
;T

1.
5–

2(
C

G
);

N
R

(T
)

S(
N

S)
N

R
O

N
R

N
R

N
B

G
M

20

Sh
ul

m
an

 e
t 

al
. 2

00
0b

; 
Sh

ul
m

an
 e

t 
al

. 2
00

6a
; 

Sh
ul

m
an

 e
t 

al
. 2

00
6b

; 
Sh

ul
m

an
 e

t 

al
. 2

01
1w

Is
ra

el
 (

C
en

tr
al

 
re

gi
on

)
98

–0
5

T;
S#

≤ 
M

C
G

;T
1.

5–
2(

C
G

);
W

P(
U

);
A

P(
U

)
2,

40
0,

00
0

PP
N

R
N

R
N

L
20

B
0

H
ov

i e
t a

l. 
20

01
Fi

nl
an

d 
(H

el
si

nk
i)

N
R

R
#

D
C

G
1

W
P(

U
)

74
0,

00
0

T
P;

PP
0.

5
0.

2
N

L
20

B
;R

D
N

R

D
on

al
ds

on
 e

t 
al

. 2
00

2
U

SA
 (

Fl
or

id
a)

8/
97

R
S

G
2–

20
FW

(N
S)

;O
(N

S)
N

R
FA

E
N

A
N

A
Y

R
T-

PC
R

N
R

D
es

hp
an

de
 

et
 a

l. 
20

03
b

In
di

a 
(M

um
ba

i)
1/

01
–

12
/0

1
R

#
W

G
2

PS
(U

);
FW

(U
)

≤1
,8

00
,0

00
PP

0.
1–

0.
5

0.
18

Y
L

20
B

1

D
es

hp
an

de
 

et
 a

l. 
20

03
a

In
di

a 
(3

 
di

st
ri

ct
s 

in
 

U
tta

r 
Pr

ad
es

h)

12
/0

2–
1/

03
T

#
S

G
2

FW
(N

S)
N

R
PP

0.
1–

0.
5

0.
18

N
L

20
B

6

E
l B

as
si

on
i 

et
 a

l. 
20

03
; 

H
ov

i e
t a

l. 
20

05
; 

B
lo

m
qv

is
t e

t 

al
. 2

01
0x

E
gy

pt
 (

8 
pr

ov
in

ce
s)

1/
01

–
12

/0
2

S#
M

;M
/2

G
1

W
P(

N
S)

;F
W

(N
S)

;O
(N

S)
2,

00
0,

00
0

T
P

0.
5;

1.
2

~ 
0.

50
.9

N
L

20
B

;R
D

8

M
as

 L
ag

o 
et

 
al

. 2
00

3
C

ub
a 

(H
av

an
a)

97
–9

8
R

#
W

C
G

1.
0 

(t
ot

al
)

S(
N

S)
N

R
PP

0.
2

N
R

N
L

20
B

;P
C

R
N

R

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 34

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

Pa
tti

 e
t a

l. 
20

03
It

al
y 

(7
 

re
gi

on
s)

94
–1

/9
8

R
N

R
N

R
1(

ra
w

 
se

w
ag

e)
W

P(
U

);
FW

(T
);

O
(T

)
N

R
FA

E
N

R
N

R
N

B
G

M
0

Se
dm

ak
 e

t 
al

. 2
00

3
U

SA
 

(M
ilw

au
ke

e,
 

W
I)

8/
94

–
12

/0
2

S
M

C
G

1
W

P(
U

)
60

0,
00

0
O

F
~ 

1.
5

N
R

N
B

G
M

;C
ac

o-
2;

R
D

;R
M

;H
L

N
R

B
lo

m
qv

is
t e

t 
al

. 2
00

4;
 A

l-
H

el
lo

 e
t a

l. 

20
13

y

E
st

on
ia

 
(T

al
lin

n)
02

 
on

w
ar

ds
T;

S#
M

T;
G

N
R

(T
);

1(
G

)
W

P(
U

)
50

0,
00

0
T

P
N

R
N

R
N

L
20

B
;R

D
0

D
ay

an
 e

t a
l. 

20
04

E
cu

ad
or

 (
6 

hi
gh

es
t-

ri
sk

 
pr

ov
in

ce
s)

5/
01

–6
/0

1
R

V
N

R
1

FW
(N

S)
N

R
PP

N
R

N
R

N
L

20
B

;R
D

0

Sa
no

 e
t a

l. 
20

04
Ja

pa
n 

(S
en

da
i, 

C
hi

ba
, O

sa
ka

)
2/

01
–5

/0
3

R
M

;S
;V

N
R

0.
4–

80
W

P(
U

,T
)

>
 3

6,
00

0
PP

;O
0.

3
N

R
N

B
G

M
;H

ep
-2

;R
D

N
R

V
in

je
 e

t a
l. 

20
04

H
ai

ti 
an

d 
D

om
in

ic
an

 
R

ep
ub

lic
 

(i
sl

an
d-

w
id

e)

11
/0

0–
12

/0
0

T
V

N
R

1
S(

N
S)

;F
W

(N
S)

;O
(N

S)
N

R
PP

1
N

R
N

L
20

B
;R

D
21

Č
er

ná
ko

vá
 e

t 
al

. 2
00

5;
 

H
ov

i e
t a

l. 
20

13
a;

 H
ov

i 
et

 a
l. 

20
13

b;
 

K
le

m
en

t e
t 

al
. 2

01
3z

Sl
ov

ak
 

R
ep

ub
lic

 
(c

ou
nt

ry
-w

id
e)

1/
03

–
12

/0
4

S;
T

#
M

/2
;W

G
1

W
P(

U
);

A
P(

U
)

≤5
,4

00
,0

00
aa

T
P

0.
5

0.
3

N
H

ep
-2

;L
20

B
;R

D
0

C
he

rk
as

ov
a 

et
 a

l. 
20

05
R

us
si

a 
(S

ar
at

ov
)

6/
02

T
S

T
N

R
O

(U
)

N
R

O
N

R
N

R
N

R
D

1*

H
ua

ng
 e

t a
l. 

20
05

N
ew

 Z
ea

la
nd

 
(A

uc
kl

an
d,

 
H

am
ilt

on
, 

W
el

lin
gt

on
 

ar
ea

)

11
/0

1–
4/

03
T

*#
W

N
R

N
R

W
P(

N
S)

1,
10

0,
00

0
N

R
N

R
N

R
N

L
20

B
;T

D
0

Pa
pa

ve
nt

si
s 

et
 a

l. 
20

05
; 

Pa
xi

m
ad

i e
t 

al
. 2

00
8ab

C
yp

ru
s 

(N
ic

os
ia

, 
L

im
as

so
l)

4/
03

–
12

/0
3

R
#

N
R

G
1

W
P(

N
S)

15
0,

00
0

O
N

R
N

R
N

B
G

M
;R

T-
PC

R
N

R

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 35

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

Pa
vl

ov
 e

t a
l. 

20
05

; P
av

lo
v 

20
06

ac

So
ut

h 
A

fr
ic

a 
(P

re
to

ri
a,

 
Jo

ha
nn

es
bu

rg
)

01
–0

3
R

N
R

G
1

W
P(

N
S)

;F
W

(U
)

50
0,

00
0aa

PP
1

N
R

N
B

G
M

;H
ep

-2
;P

L
C

0

K
im

 e
t a

l. 
20

06
So

ut
h 

K
or

ea
8/

01
–7

/0
5

R
N

R
N

R
N

R
FW

(N
S)

;W
P(

N
S)

;O
(T

)
N

R
O

1
N

R
N

B
G

M
;I

C
C

-P
C

R
(B

G
M

)
N

R

M
er

te
ns

 e
t 

al
. 2

00
6

T
he

 
N

et
he

rl
an

ds
 

(R
ot

te
rd

am
)

00
–0

1
T

#
N

R
G

1
A

P(
N

S)
N

R
FA

E
+

O
F

N
R

N
R

N
H

ep
-2

0

B
el

gu
ith

 e
t 

al
. 2

00
7

T
un

is
ia

 
(M

on
as

tir
)

10
/0

0–
9/

01
R

N
R

N
R

N
R

W
P(

U
,P

T,
T

)
N

R
PP

N
R

N
R

N
H

ep
-2

;L
20

B
;R

D
N

R

D
ed

ep
si

di
s 

et
 a

l. 
20

07
; 

Pa
xi

m
ad

i e
t 

al
. 2

00
8ad

G
re

ec
e 

(A
th

en
s)

5/
96

–
10

/9
7

R
N

R
N

R
1

W
P(

N
S)

N
R

T
P

~ 
5

N
R

N
H

ep
-2

0

M
an

or
 e

t a
l. 

20
07

Is
ra

el
 a

nd
 th

e 
Pa

le
st

in
ia

n 
A

ut
ho

ri
ty

 
(G

az
a 

di
st

ri
ct

)

02
S#

M
C

G
1.

5
W

P(
U

)
N

R
PP

N
R

N
R

Y
B

G
M

;L
20

B
N

R

C
ho

w
dh

ar
y 

an
d 

D
ho

le
 

20
08

In
di

a 
(L

uc
kn

ow
)

04
–1

0/
06

S#
W

G
1–

2
W

P(
N

S)
;O

(N
S)

2,
20

0,
00

0
PP

0.
2

N
R

N
L

20
B

;R
D

0

G
ar

y 
et

 a
l. 

20
08

U
SA

 (
C

am
er

on
 

an
d 

H
id

al
go

 
co

un
tie

s,
 T

X
)

N
R

R
S

N
R

1
W

P(
U

)
N

R
PP

1
N

R
N

L
20

B
;R

D
N

R

K
ho

da
ei

 e
t 

al
. 2

00
8

Ir
an

 (
Si

st
an

 
an

d 
B

al
ou

ch
es

ta
n)

3/
04

–2
/0

5
S#

N
R

G
1

W
P(

U
);

FW
(U

);
O

(U
)

>
 1

70
,0

00
PM

;T
P

0.
2

N
R

N
H

ep
-2

;L
20

B
;R

D
0

R
ic

ht
er

 e
t a

l. 
20

08
C

yp
ru

s 
(c

ou
nt

ry
-w

id
e)

10
/0

5–
6/

07
R

M
G

1
W

P(
N

S)
N

R
O

N
R

N
R

N
B

G
M

, R
D

0

Z
ur

br
ig

ge
n 

et
 a

l. 
20

08
Sw

itz
er

la
nd

 
(Z

ur
ic

h)
1/

04
–

10
/0

6
T

*
W

G
N

R
W

P(
N

S)
40

0,
00

0
O

1.
5

0.
5

Y
L

20
B

;R
D

N
R

M
ue

lle
r 

et
 

al
. 2

00
9

A
rg

en
tin

a 
(C

or
do

ba
 

Pr
ov

in
ce

)

5/
05

–4
/0

6
T

*
W

;W
/2

G
1.

5
W

P(
N

S)
;A

P(
U

)
1,

00
0,

00
0

PP
1

0.
3

N
L

20
B

;R
D

0

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 36

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

C
es

ar
i e

t a
l. 

20
10

; 
Pe

lle
gr

in
el

li 
et

 a
l. 

20
13

; 
B

at
tis

to
ne

 e
t 

al
. 2

01
4a

; 
B

at
tis

to
ne

 e
t 

al
. 2

01
4b

ae

It
al

y 
(8

 c
iti

es
)

1/
05

–
12

/1
0

S
<

 M
C

G
;G

1
W

P(
T,

U
)

7,
30

0,
00

0
T

P
0.

2–
1

0.
1–

0.
5

Y
L

20
B

,R
D

0

R
oi

va
in

en
 e

t 
al

. 2
01

0
Fi

nl
an

d 
(T

am
pe

re
)

12
/0

8–
3/

10
S#

N
R

N
R

N
R

N
R

N
R

T
P

N
R

N
R

N
L

20
B

;R
D

N
R

Sc
hl

in
dw

ei
n 

et
 a

l. 
20

10
B

ra
zi

l 
(F

lo
ri

an
op

ol
is

)
6/

07
–5

/0
8

R
M

N
R

0.
00

5(
sl

ud
ge

);
2(

w
at

er
)

W
P(

U
)

N
R

PP
;F

A
E

N
A

N
A

N
IC

C
 -

PC
R

(V
er

o)
;P

C
R

N
R

Ta
o 

et
 a

l. 
20

10
; T

ao
 e

t 
al

. 2
01

3;
 

W
an

g 
et

 a
l. 

20
14

; T
ao

 e
t 

al
. 2

01
6af

C
hi

na
 (

Ji
na

n,
 

L
in

yi
)

2/
08

–
12

/1
3

S#
M

;M
/2

G
;T

1
W

P(
U

)
2,

30
0,

00
0

FA
E

0.
2

~0
.4

Y
H

ep
-2

;L
20

B
;R

D
3*

Z
ha

ng
 e

t a
l. 

20
10

C
hi

na
 (

X
ia

n)
N

R
R

#
N

R
N

R
1

W
P(

U
);

FW
(N

S)
;S

W
(N

S)
N

R
FA

E
N

A
N

A
Y

R
T-

PC
R

N
R

B
as

hi
ar

de
s 

et
 a

l. 
20

11
C

yp
ru

s 
(5

 
ci

tie
s)

4/
07

–
12

/0
8

R
M

G
10

O
(T

)
N

R
FA

E
N

A
N

A
Y

R
T-

PC
R

T
ro

y 
et

 a
l. 

20
11

; T
ro

y 

et
 a

l. 
20

12
ag

M
ex

ic
o 

(O
ri

za
ba

)
8/

09
–7

/1
1

R
M

,V
N

R
1

FW
(U

)
<

 1
80

,0
00

FA
E

N
A

N
A

Y
R

T-
PC

R
N

R

A
m

di
ou

ni
 e

t 
al

. 2
01

2
M

or
oc

co
 

(C
as

ab
la

nc
a 

ar
ea

)

4/
08

–7
/0

8
R

M
/2

N
R

0.
5

W
P(

T,
U

);
FW

(U
)

N
R

PP
0.

1
N

A
N

IC
C

PC
R

(H
E

p-
2;

R
D

)
N

R

B
lo

m
qv

is
t e

t 
al

. 2
01

2
E

gy
pt

 (
19

 
pr

ov
in

ce
s)

00
–1

0
S#

M
;M

/2
G

1
S(

N
S)

N
R

T
P

0.
5

~0
.9

N
L

20
B

;R
D

0

L
od

de
r 

et
 a

l. 
20

12
T

he
 

N
et

he
rl

an
ds

N
R

R
V

G
10

PS
(N

S)
37

,0
00

FA
E

20
10

N
L

20
B

N
R

Ta
fu

ri
 e

t a
l. 

20
12

It
al

y 
(M

ig
ra

nt
s 

ho
us

in
g 

in
 

Pu
gl

ia
)

6/
11

R
N

R
N

R
N

R
O

(U
)

N
R

T
P

N
R

N
R

N
B

G
M

;L
20

B
N

R

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 37

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

Sh
uk

la
 e

t a
l. 

20
13

In
di

a 
(L

uc
kn

ow
)

1/
09

–
12

/1
0

R
#

M
N

R
N

R
W

P(
N

S)
75

%
T

P
0.

. 3
N

R
N

H
ep

-2
;H

ep
-2

;L
20

;R
D

;R
T-

PC
R

0

W
ie

cz
or

ek
 e

t 
al

. 2
01

3;
 

K
ur

yk
 e

t a
l. 

20
14

; 
W

ie
cz

or
ek

 e
t 

al
. 2

01
5ah

Po
la

nd
 (

14
 

to
w

ns
)

1/
11

–
12

/1
1

S#
N

R
N

R
N

R
S(

U
)

N
R

O
0.

2
N

R
N

C
ac

o-
2;

L
20

B
;R

D
;R

T-
PC

R
N

R

A
de

ni
ji 

an
d 

Fa
le

ye
 

20
14

a;
 

Fa
le

ye
 a

nd
 

A
de

ni
ji 

20
15

ai

N
ig

er
ia

 (
K

an
o 

an
d 

So
ko

to
 

st
at

es
)

7/
12

–8
/1

2
R

#
N

R
G

N
R

S(
N

S)
N

R
T

P
0.

2
N

R
N

L
20

B
;M

C
F-

7;
R

D
;R

M
N

R

A
de

ni
ji 

an
d 

Fa
le

ye
 

20
14

b;
 

Fa
le

ye
 a

nd
 

A
de

ni
ji 

20
15

aj

N
ig

er
ia

 
(L

ag
os

)
6/

10
–9

/1
0

R
#

V
N

R
1

FW
(U

);
W

P(
U

)
N

R
PM

0.
2

N
R

N
L

20
B

;R
D

0

A
la

m
 e

t a
l. 

20
14

; A
la

m
 

et
 a

l. 
20

16
ak

Pa
ki

st
an

 (
4 

pr
ov

in
ce

s,
 

Is
la

m
ab

ad
)

11
–1

5
S#

M
G

0.
5

FW
(U

);
PS

(U
)

N
R

T
P

0.
5

~0
.1

N
L

20
B

;R
D

46
3*

E
st

ev
es

-
Ja

ra
m

ill
o 

et
 

al
. 2

01
4

M
ex

ic
o 

(4
 

ci
tie

s)
5/

10
–

10
/1

0
R

#
V

G
1

W
P(

U
);

FW
(U

)
1,

40
0,

00
0

T
P

N
R

N
R

N
L

20
B

;R
D

0

M
an

or
 e

t a
l. 

20
14

; 
Sh

ul
m

an
 e

t 
al

. 2
01

4a
; 

Sh
ul

m
an

 e
t 

al
. 2

01
4b

; 
Sh

ul
m

an
 e

t 

al
. 2

01
5al

Is
ra

el
 (

co
un

tr
y-

w
id

e)
1/

13
–4

/1
4

T
#

V
C

G
1

W
P(

U
)

2,
80

0,
00

0–
3,

20
0,

00
0

PP
2

~0
.1

5–
0.

30
N

L
20

B
;R

T-
PC

R
0

M
om

ou
 e

t 
al

. 2
01

4
C

ot
e 

dI
vo

ir
e 

(A
bi

dj
an

 a
re

a)
9/

08
–1

/0
9

R
#

W
;W

/2
N

R
1

S(
N

S)
59

0,
00

0
T

P
0.

5
N

R
N

B
G

M
;H

ep
- 

2;
L

20
B

;R
D

;R
T-

PC
R

N
R

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 38

R
ef

er
en

ce
C

ou
nt

ry
 

(S
tu

dy
 r

eg
io

n,
 

if
 a

va
ila

bl
e)

Sa
m

pl
e 

co
lle

ct
io

n 
ti

m
e 

pe
ri

od
 

(Y
Y

 o
r 

M
/Y

Y
 a

s 
av

ai
la

bl
e)

E
S 

de
si

gn
L

ab
or

at
or

y 
m

et
ho

ds
R

ep
or

te
d 

po
lio

 

ca
se

sj
N

at
ur

e 
of

 E
S 

ac
ti

vi
ty

a

Sa
m

pl
in

g 

in
te

rv
al

(s
)b

C
ol

le
ct

io
n 

m
et

ho
dc

C
ol

le
ct

ed
 

vo
lu

m
e 

(b
y 

co
lle

ct
io

n 
m

et
ho

d 
or

 
si

te
 if

 
ap

pl
ic

ab
le

),
 

in
 li

te
rs

Si
te

s 
(c

on
ta

in
in

g 
tr

ea
te

d/
 u

nt
re

at
ed

 

se
w

ag
e)

d

E
st

im
at

ed
 

ca
tc

hm
en

t 
ar

ea
 

po
pu

la
ti

on
e

C
on

ce
nt

ra
ti

on
 

m
et

ho
df

V
ol

um
e 

te
st

ed
 

pe
r 

cu
lt

ur
e,

 
in

 m
l

E
ff

ec
ti

ve
 

vo
lu

m
e 

te
st

ed
, i

n 

lit
er

sg

Sp
ik

in
g?

h
V

ir
us

 is
ol

at
io

n 
m

et
ho

d(
s)

i

N
di

ay
e 

et
 a

l. 
20

14
Se

ne
ga

l 
(D

ak
ar

)
4/

07
–5

/1
3

S#
N

R
G

1
W

P(
PT

);
FW

(U
)

≤3
,0

00
,0

00
T

P
0.

2
N

R
N

H
ep

-2
;L

20
B

;R
D

18

W
ah

ju
ho

no
 

et
 a

l. 
20

14
In

do
ne

si
a 

(u
rb

an
 Y

 
og

ya
ka

rt
a)

7/
04

–
12

/1
2

T
*#

W
;W

/2
G

1
W

P(
U

)
N

R
T

P
N

R
N

R
N

L
20

B
;R

D
N

R

L
im

 e
t a

l. 
20

15
Ta

iw
an

 
(c

ou
nt

ry
-w

id
e)

7/
12

–
12

/1
3

S
M

N
R

1
W

P(
U

)
N

R
T

P
0.

2
N

R
N

A
54

9;
L

20
B

;R
D

N
R

N
ak

am
ur

a 
et

 
al

. 2
01

5
Ja

pa
n 

(K
yu

sh
u)

4/
10

–1
/1

3
T

*#
M

N
R

1
W

P(
U

)
19

0,
00

0
FA

E
0.

1
N

R
N

H
A

;H
ep

-2
;

N
R

R
D

;R
M

;V
er

o

C
as

se
m

ir
o 

et
 

al
. 2

01
6

B
ra

zi
l (

Sa
o 

Pa
ul

o 
St

at
e)

1/
14

S
2W

;W
/2

N
R

N
R

FW
(N

S)
N

R
O

F
N

R
N

R
N

H
ep

-2
;L

20
B

;R
D

0

de
 O

liv
ei

ra
 

Pe
re

ir
a 

et
 a

l. 
20

16

B
ra

zi
l (

R
io

 d
e 

Ja
ne

ir
o)

12
/1

1–
12

/1
2

S#
W

C
G

1
W

P(
N

S)
<

1,
50

0,
00

0
O

0.
5

0.
15

N
R

D
, L

20
B

0

D
ui

ze
r 

et
 a

l. 
20

16
B

el
gi

um
 

(R
ix

en
sa

rt
)

9/
14

–
11

/1
4

T
#

V
N

R
1 

(s
ew

ag
e)

S(
N

S)
;W

P(
U

,T
);

O
(N

S)
N

R
FA

E
0.

1
0.

1–
0.

3
N

L
20

B
;R

T-
PC

R
N

R

E
ts

an
o 

et
 a

l. 
20

16
; 

H
am

is
u 

et
 a

l. 
20

16
; 

Jo
hn

so
n 

M
ul

uh
 e

t a
l. 

20
16

am

N
ig

er
ia

 (
11

 
st

at
es

)
11

–1
6

T
#

M
;2

W
;W

G
1.

75
FW

(U
);

W
P(

U
)

N
R

T
P

N
R

N
R

N
L

20
B

;R
D

53
*

Ša
rm

ír
ov

á 
et

 
al

. 2
01

6
Sl

ov
ak

 
R

ep
ub

lic
12

–1
4

R
Y

N
R

1
SW

(N
S)

N
R

T
P

N
R

N
R

N
H

ep
-2

;V
er

o;
R

T-
PC

R
N

R

a R
 =

 T
im

e-
lim

ite
d 

re
se

ar
ch

 s
tu

dy
, i

nc
lu

di
ng

 p
ilo

t o
r 

ad
-h

oc
 m

on
ito

ri
ng

 o
f 

w
at

er
 q

ua
lit

y;
 S

 =
 C

on
tin

uo
us

 s
ur

ve
ill

an
ce

 o
r 

m
on

ito
ri

ng
; T

 =
 T

ri
gg

er
ed

 b
y 

an
 e

ve
nt

 (
i.e

., 
ou

tb
re

ak
 o

r 
ev

id
en

ce
 o

f 
tr

an
sm

is
si

on
, 

V
D

PV
 d

et
ec

tio
n,

 u
ni

nt
en

de
d 

po
lio

vi
ru

s 
re

le
as

e 
in

to
 th

e 
en

vi
ro

nm
en

t; 
as

te
ri

sk
 in

di
ca

te
s 

tr
ig

ge
re

d 
by

 a
 v

ac
ci

na
tio

n 
po

lic
y 

ch
an

ge
, e

.g
., 

sw
itc

h 
fr

om
 O

PV
 to

 I
PV

).
 A

 h
as

h 
si

gn
 (

#)
 a

st
er

is
k 

in
di

ca
te

s 
th

at
 a

 
G

PL
N

 la
bo

ra
to

ry
 p

er
fo

rm
ed

 th
e 

pr
im

ar
y 

sa
m

pl
e 

pr
oc

es
si

ng
.

b bM
=

B
i-

,m
on

th
ly

 (
un

cl
ea

r 
if

 tw
ic

e 
a 

m
on

th
 o

r 
on

ce
 p

er
 tw

o 
m

on
th

s)
; b

W
=

B
i-

w
ee

kl
y 

(u
nc

le
ar

 if
 tw

ic
e 

a 
w

ee
k 

or
 o

nc
e 

pe
r 

tw
o 

w
ee

ks
);

 D
=

D
ay

; M
=

M
on

th
; N

R
=

N
ot

 r
ep

or
te

d;
 S

=
Si

ng
le

 p
oi

nt
 in

 ti
m

e 
(p

er
 

si
te

);
 V

=
V

ar
ia

bl
e/

co
nv

en
ie

nc
e;

 W
=

W
ee

k;
 Y

=
Y

ea
r

c C
G

=
C

om
po

si
te

 g
ra

b 
sa

m
pl

e;
 G

=
G

ra
b 

sa
m

pl
e;

 N
R

=
N

ot
 r

ep
or

te
d 

; T
=

T
ra

p 
sa

m
pl

e

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 39
d A

P=
Se

w
ag

e 
ac

ce
ss

 p
oi

nt
s 

(n
ot

 a
t w

as
te

w
at

er
 tr

ea
tm

en
t p

la
nt

);
 F

W
=

Fl
ow

in
g 

su
rf

ac
e 

w
at

er
 (

e.
g.

, o
pe

n 
dr

ai
ns

, c
an

al
s,

 r
iv

er
s,

 s
ea

, c
re

ek
s)

; N
R

=
Ty

pe
 o

f 
si

te
 n

ot
 r

ep
or

te
d;

 N
S=

N
ot

 s
pe

ci
fi

ed
 w

he
th

er
 s

ew
ag

e 
so

ur
ce

 w
as

 tr
ea

te
d;

 O
=

O
th

er
 (

in
cl

. d
ri

nk
in

g 
or

 d
om

es
tic

 u
se

 w
at

er
, l

oc
al

ly
 c

ol
le

ct
ed

 h
ou

se
ho

ld
 o

r 
in

st
itu

tio
na

l s
ew

ag
e,

 c
en

tr
al

 s
ew

ag
e 

co
lle

ct
io

n 
po

in
ts

, m
us

se
ls

, s
oi

l, 
ai

rp
la

ne
 la

va
to

ry
 w

as
te

 ta
nk

s,
 a

er
os

ol
 

sa
m

pl
es

 a
bo

ve
 s

ew
ag

e 
ef

fl
ue

nt
-i

rr
ig

at
ed

 f
ie

ld
s,

 s
po

ng
e 

tis
su

e,
 s

w
im

m
in

g 
po

ol
 w

at
er

, b
or

e 
w

at
er

);
 P

S=
Pu

m
pi

ng
 s

ta
tio

n;
 P

T
=

Pa
rt

ia
lly

 tr
ea

te
d 

or
 p

re
-t

re
at

ed
; S

=
Se

w
ag

e 
fr

om
 u

ns
pe

ci
fi

ed
 lo

ca
tio

n;
 

SW
=

St
an

di
ng

 s
ur

fa
ce

 w
at

er
 (

in
cl

. l
ak

e,
 p

on
d,

 la
go

on
);

 T
=

T
re

at
ed

; U
=

U
nt

re
at

ed
 (

ra
w

, i
nc

l. 
ac

tiv
at

ed
 s

lu
dg

e)
; W

P=
W

as
te

w
at

er
 tr

ea
tm

en
t p

la
nt

;

e To
ta

l f
ro

m
 a

ll 
E

S 
si

te
s,

 w
ith

 a
ll 

nu
m

be
rs

 r
ou

nd
ed

 to
 tw

o 
si

gn
if

ic
an

t d
ig

its
; L

ow
er

 b
ou

nd
 (

“>
“)

 m
ea

ns
 th

at
 r

ep
or

te
d 

po
pu

la
tio

n 
do

es
 n

ot
 in

cl
ud

e 
al

l s
ite

s;
 U

pp
er

 b
ou

nd
 (

“≤
”)

 m
ea

ns
 th

at
 th

e 
st

ud
y 

re
po

rt
s 

on
ly

 th
e 

to
ta

l n
um

be
r 

of
 p

eo
pl

e 
liv

in
g 

in
 th

e 
ar

ea
, w

ith
ou

t s
pe

ci
fy

in
g 

th
e 

po
pu

la
tio

n 
co

ve
ra

ge
 o

f 
th

e 
se

w
ag

e 
sy

st
em

; P
er

ce
nt

ag
e 

(%
) 

m
ea

ns
 th

at
 th

e 
st

ud
y 

on
ly

 r
ep

or
ts

 th
e 

po
pu

la
tio

n 
co

ve
ra

ge
 o

f 
th

e 
se

w
ag

e 
sy

st
em

, w
ith

ou
t s

pe
ci

fy
in

g 
th

e 
to

ta
l n

um
be

r 
of

 p
eo

pl
e 

liv
in

g 
in

 th
e 

ar
ea

s;
 C

O
=

N
um

be
r 

re
fl

ec
ts

 c
hi

ld
re

n 
on

ly
; N

R
=

N
ot

 r
ep

or
te

d

f FA
E

=
Fi

lte
r 

ad
so

rp
tio

n/
el

ut
io

n 
or

 u
ltr

af
ilt

ra
tio

n;
 I

F=
In

or
ga

ni
c 

fl
oc

cu
la

tio
n;

 P
M

=
Pe

lle
t m

et
ho

d;
 P

P=
Pr

ec
ip

ita
tio

n 
us

in
g 

po
ly

et
hy

le
ne

 g
ly

co
l; 

O
=

O
th

er
 (

in
cl

ud
in

g 
ex

tr
ac

tio
n/

se
pa

ra
tio

n 
th

ro
ug

h 
ch

lo
ro

fo
rm

 
tr

ea
tm

en
t, 

ce
nt

ri
fu

ga
tio

n,
 f

re
ez

in
g,

 a
nd

 th
aw

in
g;

 u
ltr

as
on

ic
 w

at
er

ba
th

 a
nd

 c
en

tr
if

ug
at

io
n,

 p
ro

te
in

 p
re

ci
pi

ta
tio

n,
 o

ys
te

r 
ho

m
og

en
at

e 
ad

so
rp

tio
n 

w
ith

 tw
o 

el
ut

io
n 

an
d 

co
nc

en
tr

at
io

n 
st

ep
s,

 b
ee

f 
ex

tr
ac

t e
lu

tio
n 

on
ly

, a
lu

m
in

um
 s

ul
fa

te
 c

oa
gu

la
tio

n,
 v

ir
us

 a
ds

or
pt

io
n-

en
um

er
at

io
n,

 h
ol

lo
w

 f
ib

er
 c

on
ce

nt
ra

tio
n/

di
al

ys
is

, p
re

ci
pi

ta
tio

n 
us

in
g 

Si
O

2,
 s

ili
ca

 a
ds

or
pt

io
n)

; O
F=

O
rg

an
ic

 f
lo

cc
ul

at
io

n;
 T

P=
Tw

o-
ph

as
e 

se
pa

ra
tio

n

g D
ef

in
ed

 a
s 

th
e 

fr
ac

tio
n 

of
 th

e 
co

nc
en

tr
at

ed
 s

am
pl

e 
te

st
ed

 f
or

 p
re

se
nc

e 
of

 p
ol

io
vi

ru
s,

 m
ul

tip
lie

d 
by

 th
e 

vo
lu

m
e 

pr
oc

es
se

d 
fo

r 
co

nc
en

tr
at

io
n.

 F
or

 e
xa

m
pl

e,
 if

 a
 s

tu
dy

 c
ol

le
ct

ed
 1

 li
te

r 
of

 r
aw

 s
ew

ag
e,

 
co

nc
en

tr
at

ed
 h

al
f 

of
 it

 to
 a

 f
in

al
 v

ol
um

e 
of

 3
0 

m
l a

nd
 in

oc
ul

at
ed

 1
 m

l o
f 

th
e 

co
nc

en
tr

at
ed

 in
to

 6
 f

la
sk

s 
w

ith
 d

if
fe

re
nt

 c
el

l l
in

es
, t

he
n 

th
e 

ef
fe

ct
iv

e 
vo

lu
m

e 
eq

ua
ls

 (
6/

30
)×

0.
5=

0.
1 

lit
er

. N
R

 in
di

ca
te

s 
th

at
 th

e 
st

ud
y 

re
po

rt
(s

) 
in

cl
ud

ed
 in

su
ff

ic
ie

nt
 in

fo
rm

at
io

n 
to

 d
et

er
m

in
e 

th
e 

ef
fe

ct
iv

e 
vo

lu
m

e.
 N

A
 in

di
ca

te
s 

th
at

 w
e 

co
ul

d 
no

t d
et

er
m

in
e 

a 
m

ea
ni

ng
fu

lly
 c

om
pa

ra
bl

e 
ef

fe
ct

iv
e 

vo
lu

m
e 

in
 th

e 
co

nt
ex

t o
f 

st
ud

ie
s 

th
at

 
pe

rf
or

m
ed

 d
ir

ec
t d

et
ec

tio
n 

us
in

g 
PC

R
 te

ch
ni

qu
es

.

h A
ff

ir
m

at
iv

e 
(Y

) 
on

ly
 if

 th
e 

st
ud

y 
re

po
rt

s 
th

e 
re

su
lts

 o
f 

se
ed

in
g 

po
lio

vi
ru

s 
to

 th
e 

sa
m

pl
e 

pr
io

r 
to

 a
nd

 r
ec

ov
er

y 
af

te
r, 

th
e 

co
nc

en
tr

at
io

n 
st

ep
 (

ot
he

rw
is

e 
N

).
 S

ee
 te

xt
 f

or
 s

tu
di

es
 th

at
 r

ep
or

t e
xp

er
im

en
ts

 
at

te
m

pt
in

g 
to

 is
ol

at
e 

po
lio

vi
ru

s 
in

tr
od

uc
ed

 d
ir

ec
tly

 in
to

 th
e 

se
w

ag
e 

sy
st

em
.

i A
54

9=
H

um
an

 lu
ng

 a
de

no
ca

rc
in

om
a 

ep
ith

el
ia

l; 
B

G
M

=
B

uf
fa

lo
 g

re
en

 m
on

ke
y 

ki
dn

ey
; C

ac
o-

2=
H

um
an

 a
de

no
ca

rc
in

om
a 

of
 th

e 
co

lo
n;

 C
G

M
=

C
yn

om
ol

gu
s 

gr
ee

n 
m

on
ke

y 
ki

dn
ey

; G
M

=
G

re
en

 m
on

ke
y 

(n
ot

 
fu

rt
he

r 
sp

ec
if

ie
d)

 k
id

ne
y;

 I
C

C
-P

C
R

=
In

te
gr

at
ed

 c
el

l c
ul

tu
re

 P
C

R
, w

ith
 c

el
l l

in
e 

in
di

ca
te

d 
in

 p
ar

en
th

es
es

; H
A

=
H

um
an

 a
m

ni
on

; H
eL

a=
H

um
an

 c
er

vi
ca

l c
an

ce
r;

 H
ep

-2
=

 H
um

an
 e

pi
th

el
ia

l t
yp

e 
2;

 H
F=

H
um

an
 

em
br

yo
ni

c 
fi

br
ob

la
st

; H
FS

=
H

um
an

 f
or

es
ki

n;
 H

L
=

H
um

an
 e

m
br

yo
ni

c 
lu

ng
; L

20
B

=
 M

ou
se

 c
el

l l
in

e 
ex

pr
es

si
ng

 th
e 

hu
m

an
 p

ol
io

vi
ru

s 
re

ce
pt

or
; M

=
M

on
ke

y 
ki

dn
ey

 (
no

t f
ur

th
er

 s
pe

ci
fi

ed
);

 M
C

F-
7=

H
um

an
 

m
am

m
ar

y 
gl

an
d 

ad
en

oc
ar

ci
no

m
a;

 N
R

=
N

ot
 r

ep
or

te
d;

 P
C

R
 =

 D
ir

ec
t d

et
ec

tio
n 

us
in

g 
po

ly
m

er
as

e 
ch

ai
n 

re
ac

tio
n;

 P
L

C
=

H
um

an
 p

ri
m

ar
y 

liv
er

 c
ar

ci
no

m
a;

 P
V

K
=

Pr
im

ar
y 

ve
rv

et
 k

id
ne

y;
 R

D
=

H
um

an
 

rh
ab

do
m

yo
sa

rc
om

a;
 R

M
=

R
he

su
s 

m
on

ke
y 

ki
dn

ey
; R

T-
PC

R
=

D
ir

ec
t d

et
ec

tio
n 

us
in

g 
re

al
 ti

m
e 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
PC

R
; V

er
o=

V
er

o 
(m

ay
 in

cl
ud

e 
pr

im
ar

y 
B

C
-S

-1
 a

nd
 c

on
tin

uo
us

 A
fr

ic
an

 g
re

en
 m

on
ke

y 
ki

dn
ey

 c
el

l l
in

es
)

j N
um

be
rs

 r
ef

le
ct

 p
ar

al
yt

ic
 p

ol
io

 c
as

es
 r

ep
or

te
d 

du
ri

ng
 th

e 
tim

e 
of

 th
e 

st
ud

y 
fr

om
 th

e 
ca

tc
hm

en
t a

re
a,

 w
hi

ch
 ty

pi
ca

lly
 r

ef
le

ct
 u

pp
er

 b
ou

nd
s 

be
ca

us
e 

w
e 

ca
nn

ot
 d

et
er

m
in

e 
if

 a
ll 

re
po

rt
ed

 c
as

es
 r

es
id

ed
 in

 th
e 

ca
tc

hm
en

t a
re

a 
du

ri
ng

 th
e 

tim
e 

of
 th

e 
st

ud
y 

(a
st

er
is

k 
m

ea
ns

 th
at

 n
um

be
r 

in
cl

ud
e 

at
 le

as
t o

ne
 p

ol
io

 c
as

e 
as

so
ci

at
ed

 w
ith

 a
 v

ac
ci

ne
-d

er
iv

ed
 p

ol
io

vi
ru

s)
; N

R
=

no
t r

ep
or

te
d

k Sa
tta

r 
an

d 
W

es
tw

oo
d 

19
77

 d
es

cr
ib

ed
 th

e 
is

ol
at

io
n 

of
 a

 s
er

ot
yp

e 
1 

w
ild

 p
ol

io
vi

ru
s,

 S
at

ta
r 

an
d 

W
es

tw
oo

d 
19

76
 c

om
pa

re
d 

th
e 

vi
ru

s 
re

co
ve

ry
 r

at
e 

fo
r 

di
ff

er
en

t e
lu

en
ts

 f
or

 th
e 

sa
m

e 
E

S 
si

te
, S

at
ta

r 
an

d 
W

es
tw

oo
d 

19
78

 in
ve

st
ig

at
es

 d
if

fe
re

nc
es

 in
 is

ol
at

io
n 

ra
te

s 
at

 d
if

fe
re

nt
 s

ew
ag

e 
tr

ea
tm

en
t s

ta
ge

s

l B
öt

tig
er

 1
97

8 
de

sc
ri

be
d 

th
e 

E
S 

ac
tiv

ity
 a

nd
 a

bi
lit

y 
to

 d
et

ec
t O

PV
 v

ir
us

es
 d

el
ib

er
at

el
y 

in
tr

od
uc

ed
 in

 th
e 

se
w

ag
e 

sy
st

em
, B

öt
tig

er
 e

t a
l. 

19
79

 a
pp

lie
d 

th
e 

ap
pr

oa
ch

 to
 in

ve
st

ig
at

e 
tr

an
sm

is
si

on
 a

ro
un

d 
a 

re
po

rt
ed

 c
lin

ic
al

 c
as

e,
 B

ot
tig

er
 a

nd
 H

er
rs

tr
om

 1
99

2 
re

vi
ew

ed
 th

e 
en

tir
e 

E
S 

ex
pe

ri
en

ce
 f

ro
m

 1
96

7–
19

90

m
In

cl
ud

es
 a

 d
is

cu
ss

io
n 

of
 th

e 
fe

as
ib

ili
ty

 o
f 

po
lio

vi
ru

s 
as

 a
n 

in
di

ca
to

r 
of

 w
at

er
 q

ua
lit

y 
(P

ay
m

en
t e

t a
l. 

19
79

b)
 a

nd
 a

 r
ep

or
t o

f 
po

lio
vi

ru
se

s 
an

d 
ot

he
r 

en
te

ro
vi

ru
se

s 
de

te
ct

ed
 in

 s
ew

ag
e 

sa
m

pl
es

 (
Pa

ym
en

t e
t a

l. 
19

79
a)

n M
at

ya
so

va
 a

nd
 K

oz
a 

19
82

 a
nd

 M
at

ya
so

va
 a

nd
 K

oz
a 

19
85

 p
ro

vi
de

d 
ge

ne
tic

 c
ha

ra
ct

er
iz

at
io

n 
of

 a
 s

ub
se

t o
f 

is
ol

at
es

 r
ep

or
te

d 
in

 Z
dr

az
ile

k 
et

 a
l. 

19
82

o Pa
ym

en
t 1

98
1 

re
po

rt
ed

 p
ol

io
vi

ru
s 

is
ol

at
io

n 
fr

om
 b

ot
h 

ra
w

 a
nd

 tr
ea

te
d 

dr
in

ki
ng

 w
at

er
 a

t a
 w

at
er

 tr
ea

tm
en

t p
la

nt
, P

ay
m

en
t e

t a
l. 

19
83

 r
ep

or
te

d 
po

lio
vi

ru
s 

is
ol

at
io

n 
fr

om
 tw

o 
se

w
ag

e 
tr

ea
tm

en
t p

la
nt

s 
in

 th
e 

sa
m

e 
ar

ea

p Po
yr

y 
et

 a
l. 

19
88

 d
et

ai
ls

 th
e 

E
S 

fi
nd

in
gs

, H
ov

i e
t a

l. 
19

86
 d

es
cr

ib
ed

 th
e 

ou
tb

re
ak

, i
nc

lu
di

ng
 e

nv
ir

on
m

en
ta

l d
et

ec
tio

ns
, H

uo
vi

la
in

en
 e

t a
l. 

19
88

 p
ro

vi
de

d 
an

tig
en

ic
 c

ha
ra

ct
er

iz
at

io
ns

 o
f 

cl
in

ic
al

 a
nd

 
en

vi
ro

nm
en

ta
l i

so
la

te
s

q C
ar

du
cc

i e
t a

l. 
19

95
 r

ep
or

te
d 

th
e 

E
S 

st
ud

y 
of

 s
ew

ag
e 

an
d 

ac
tiv

at
ed

 s
lu

dg
e 

ae
ro

so
ls

, M
us

ci
llo

 e
t a

l. 
19

97
b 

fu
rt

he
r 

ch
ar

ac
te

ri
ze

d 
a 

se
ro

ty
pe

 3
 p

ol
io

vi
ru

s 
ae

ro
so

l i
so

la
te

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 40
r H

ow
ev

er
, 3

 p
ol

io
 c

as
es

 r
ep

or
te

d 
in

 a
dj

ac
en

t a
re

as
 (

Ta
m

bi
ni

 e
t a

l. 
19

93
)

s M
us

ci
llo

 e
t a

l. 
19

97
a 

re
po

rt
ed

 th
e 

E
S 

st
ud

y 
of

 s
ea

w
at

er
s,

 M
us

ci
llo

 e
t a

l. 
19

99
 f

ur
th

er
 c

ha
ra

ct
er

iz
ed

 a
 s

er
ot

yp
e 

3 
O

PV
-r

el
at

ed
 is

ol
at

e

t K
itt

ig
ul

 e
t a

l. 
20

00
 d

es
cr

ib
ed

 r
es

ul
ts

 o
f 

E
S 

st
ud

y,
 T

an
su

ph
as

ir
i e

t a
l. 

20
00

 e
va

lu
at

ed
 th

e 
la

bo
ra

to
ry

 m
et

ho
ds

 u
se

d

u M
at

su
ur

a 
et

 a
l. 

20
00

 d
es

cr
ib

ed
 th

e 
E

S 
st

ud
y 

an
d 

a 
ge

ne
tic

 a
na

ly
si

s 
of

 is
ol

at
ed

 S
ab

in
-l

ik
e 

vi
ru

se
s,

 Y
os

hi
da

 e
t a

l. 
20

00
 a

nd
 Y

os
hi

da
 e

t a
l. 

20
02

 p
er

fo
rm

ed
 m

ut
an

t a
na

ly
si

s 
on

 s
er

ot
yp

e 
3 

an
d 

2 
vi

ru
se

s,
 

re
sp

ec
tiv

el
y,

 to
 d

et
er

m
in

e 
po

te
nt

ia
l n

eu
ro

vi
ru

le
nc

e,
 H

or
ie

 e
t a

l. 
20

02
a 

an
d 

H
or

ie
 e

t a
l. 

20
02

b 
ch

ar
ac

te
ri

ze
d 

is
ol

at
ed

 s
er

ot
yp

e 
1 

vi
ru

se
s 

w
ith

 r
es

pe
ct

 to
 a

nt
ig

en
ic

ity
, n

eu
ro

vi
ru

le
nc

e,
 a

nd
 te

m
pe

ra
tu

re
 s

en
si

tiv
ity

v Pi
an

et
ti 

et
 a

l. 
20

00
 r

ep
or

te
d 

re
su

lts
 f

ro
m

 r
eg

ul
ar

 s
ea

w
at

er
 s

am
pl

in
g 

in
 1

99
8,

 P
ia

ne
tti

 e
t a

l. 
20

04
 a

dd
ed

 a
 g

ra
in

 s
iz

e 
an

al
ys

is
 f

or
 tw

o 
sa

m
pl

in
g 

ro
un

ds
 in

 2
00

0

w
Sh

ul
m

an
 e

t a
l. 

20
00

b 
pr

ov
id

ed
 a

 f
ir

st
 r

ep
or

t o
f 

a 
hi

gh
ly

-d
iv

er
ge

d 
se

ro
ty

pe
 2

 v
ac

ci
ne

-d
er

iv
ed

 p
ol

io
vi

ru
s 

de
te

ct
io

n 
in

 1
99

8,
 S

hu
lm

an
 e

t a
l. 

20
06

a 
an

d 
Sh

ul
m

an
 e

t a
l. 

20
06

bp
ro

vi
de

d 
fu

rt
he

r 
ch

ar
ac

te
ri

za
tio

n 
of

 th
e 

is
ol

at
es

, d
es

cr
ib

ed
 a

 g
en

et
ic

al
ly

 u
nr

el
at

ed
 h

ig
hl

y-
di

ve
rg

ed
 s

er
ot

yp
e 

2 
va

cc
in

e-
de

ri
ve

d 
po

lio
vi

ru
s 

de
te

ct
io

n 
in

 2
00

4–
20

05
, r

ep
or

te
d 

on
 a

 u
ps

tr
ea

m
 s

ea
rc

h 
fo

r 
th

e 
in

fe
ct

ed
 in

di
vi

du
al

(s
),

 e
xa

m
in

ed
 th

e 
se

qu
en

ce
 o

f 
ot

he
r 

is
ol

at
ed

 O
PV

-r
el

at
ed

 v
ir

us
es

, a
nd

 s
tu

di
ed

 th
e 

im
m

un
ity

 o
f 

th
e 

po
pu

la
tio

n 
to

 th
es

e 
vi

ru
se

s,
 S

hu
lm

an
 e

t a
l. 

20
11

 s
tu

di
ed

 th
e 

in
 v

itr
o 

ef
fe

ct
 o

f 
an

 a
nt

iv
ir

al
 o

n 
th

e 
is

ol
at

ed
 s

tr
ai

ns
.

x E
l B

as
si

on
i e

t a
l. 

20
03

 d
es

cr
ib

ed
 th

e 
E

S 
ac

tiv
iti

es
 a

nd
 r

es
ul

ts
 f

or
 2

00
1,

 H
ov

i e
t a

l. 
20

05
 u

pd
at

ed
 w

ith
 r

es
ul

ts
 th

ro
ug

h 
20

02
 a

nd
 m

et
ho

do
lo

gi
ca

l f
in

di
ng

s,
 B

lo
m

qv
is

t e
t a

l. 
20

10
 g

en
et

ic
al

ly
 c

ha
ra

ct
er

iz
ed

 
se

ro
ty

pe
 2

 a
nd

 3
 O

PV
 r

ec
om

bi
na

nt
s 

de
te

ct
ed

 b
y 

th
e 

E
S 

sy
st

em
 in

 2
00

5 
an

d 
20

07

y B
lo

m
qv

is
t e

t a
l. 

20
04

 r
ep

or
te

d 
a 

se
ro

ty
pe

 3
 v

ac
ci

ne
-d

er
iv

ed
 p

ol
io

vi
ru

s 
de

te
ct

ed
 b

y 
E

S 
in

 2
00

2,
 A

l-
H

el
lo

 e
t a

l. 
20

13
 u

pd
at

ed
 th

is
 w

ith
 in

fo
rm

at
io

n 
fr

om
 s

ub
se

qu
en

t d
et

ec
tio

ns
 in

 2
00

8–
10

 in
di

ca
tin

g 
bo

th
 

se
ro

ty
pe

 2
 a

nd
 3

 v
ac

ci
ne

-d
er

iv
ed

 p
ol

io
vi

ru
se

s 
lin

ke
d 

to
 th

e 
20

02
 is

ol
at

io
n

z K
le

m
en

t e
t a

l. 
20

13
 d

es
cr

ib
ed

 th
e 

E
S 

ex
pe

ri
en

ce
 f

ro
m

 2
00

1–
20

11
, Č

er
ná

ko
vá

 e
t a

l. 
20

05
re

po
rt

ed
 th

e 
de

te
ct

io
n 

of
 a

 s
er

ot
yp

e 
2 

va
cc

in
e-

de
ri

ve
d 

po
lio

vi
ru

s 
in

 2
00

4,
 H

ov
i e

t a
l. 

20
13

a 
an

d 
H

ov
i e

t a
l. 

20
13

b 
fu

rt
he

r 
ch

ar
ac

te
ri

ze
d 

th
e 

is
ol

at
ed

 v
ac

ci
ne

-d
er

iv
ed

 p
ol

io
vi

ru
se

s 
an

d 
at

te
m

pt
s 

to
 id

en
tif

y 
th

e 
so

ur
ce

aa
U

ps
tr

ea
m

 s
ea

rc
h 

fo
r 

ex
cr

et
in

g 
in

di
vi

du
al

(s
) 

de
te

ct
ed

 v
ac

ci
ne

-d
er

iv
ed

 p
ol

io
vi

ru
s 

in
 s

ite
s 

w
ith

 w
as

te
w

at
er

 o
ri

gi
na

tin
g 

fr
om

 5
30

 in
ha

bi
ta

nt
s

ab
Pa

xi
m

ad
i e

t a
l. 

20
08

 r
et

ro
sp

ec
tiv

el
y 

ch
ar

ac
te

ri
ze

d 
re

co
m

bi
na

tio
n 

si
te

s 
of

 E
S 

is
ol

at
es

 r
ep

or
te

d 
by

 a
nd

 P
ap

av
en

ts
is

 e
t a

l. 
20

05
 a

nd
 D

ed
ep

si
di

s 
et

 a
l. 

20
07

ac
Pa

vl
ov

 e
t a

l. 
20

05
 p

ro
vi

de
d 

se
qu

en
ci

ng
 r

es
ul

ts
 f

or
 th

e 
is

ol
at

ed
 r

ep
or

te
d 

in
 P

av
lo

v 
20

06

ad
Fi

gu
re

 r
ef

le
ct

s 
ac

cu
m

ul
at

ed
 r

ep
or

te
d 

po
pu

la
tio

n 
si

ze
s 

fr
om

 e
ac

h 
w

as
te

w
at

er
 tr

ea
tm

en
t p

la
nt

, a
lth

ou
gh

 “
To

ge
th

er
 th

es
e 

pl
an

ts
 tr

ea
t d

om
es

tic
 a

nd
 in

du
st

ri
al

 s
ew

ag
e 

fo
r 

ap
pr

ox
im

at
el

y 
3 

50
0 

00
0 

pe
op

le
” 

(P
av

lo
v 

et
 a

l. 
20

05
, p

. 3
31

1)

ae
B

at
tis

to
ne

 e
t a

l. 
20

14
b 

su
m

m
ar

iz
ed

 th
e 

de
te

ct
io

n 
of

 p
ol

io
vi

ru
s 

an
d 

ot
he

r 
vi

ru
se

s 
fr

om
 2

00
5–

20
08

, C
es

ar
i e

t a
l. 

20
10

 a
nd

 P
el

le
gr

in
el

li 
et

 a
l. 

20
13

 r
ep

or
te

d 
re

su
lts

 f
ro

m
 s

el
ec

te
d 

si
te

s,
 B

at
tis

to
ne

 e
t a

l. 
20

14
a 

re
po

rt
ed

 r
es

ul
ts

 f
ro

m
 3

 s
ite

s 
(i

nc
lu

di
ng

 1
 n

ot
 r

ep
or

te
d 

in
 r

el
at

ed
 s

tu
di

es
) 

fr
om

 b
ot

h 
se

w
ag

e 
in

le
ts

 a
nd

 e
ff

lu
en

ts

af
W

an
g 

et
 a

l. 
20

14
 r

ev
ie

w
ed

 th
e 

E
S 

fi
nd

in
gs

 f
ro

m
 2

00
8–

20
12

, T
ao

 e
t a

l. 
20

10
 r

ep
or

te
d 

th
e 

de
te

ct
io

n 
of

 a
 ty

pe
 2

/3
 r

ec
om

bi
na

nt
 O

PV
-r

el
at

ed
 v

ir
us

, T
ao

 e
t a

l. 
20

13
 r

ep
or

te
d 

th
e 

de
te

ct
io

n 
of

 a
 s

er
ot

yp
e 

2 
va

cc
in

e-
de

ri
ve

d 
po

lio
vi

ru
s 

th
ro

ug
h 

th
e 

sa
m

e 
E

S 
sy

st
em

, T
ao

 e
t a

l. 
20

16
 s

um
m

ar
iz

ed
 th

e 
re

su
lts

 f
or

 2
01

3 
an

d 
ex

pl
or

ed
 f

ac
to

rs
 a

ff
ec

tin
g 

se
ns

iti
vi

ty
 o

f 
th

e 
co

nc
en

tr
at

io
n 

m
et

ho
d

ag
T

ro
y 

et
 a

l. 
20

11
 r

ep
or

te
d 

th
e 

re
su

lts
 o

f 
bo

th
 s

to
ol

 a
nd

 s
ew

ag
e 

sa
m

pl
in

g 
fo

llo
w

in
g 

an
 O

PV
 c

am
pa

ig
n 

in
 2

00
9,

 T
ro

y 
et

 a
l. 

20
12

 r
ep

or
te

d 
a 

lo
ng

er
 e

pi
so

de
 o

f 
O

PV
-r

el
at

ed
 v

ir
us

 d
et

ec
tio

n 
in

 s
ew

ag
e 

fo
llo

w
in

g 
an

 O
PV

 c
am

pa
ig

n 
in

 2
01

0 
an

d 
20

11

ah
W

ie
cz

or
ek

 e
t a

l. 
20

13
 d

es
cr

ib
ed

 th
e 

de
te

ct
io

n 
of

 p
ol

io
vi

ru
se

s 
in

 s
ew

ag
e,

 K
ur

yk
 e

t a
l. 

20
14

 p
ro

vi
de

d 
ge

ne
tic

 c
ha

ra
ct

er
iz

at
io

n 
of

 th
e 

po
lio

vi
ru

s 
is

ol
at

es

ai
Fa

le
ye

 a
nd

 A
de

ni
ji 

20
15

 e
xa

m
in

ed
 c

el
l l

in
e 

di
ff

er
en

ce
s 

an
d 

fu
rt

he
r 

ch
ar

ac
te

ri
ze

s 
is

ol
at

es
 c

ol
le

ct
ed

 b
y 

th
e 

tw
o 

E
S 

ac
tiv

iti
es

 d
es

cr
ib

ed
 in

 A
de

ni
ji 

an
d 

Fa
le

ye
 2

01
4a

 a
nd

 A
de

ni
ji 

an
d 

Fa
le

ye
 2

01
4b

aj
A

la
m

 e
t a

l. 
20

14
 d

es
cr

ib
ed

 th
e 

E
S 

ac
tiv

iti
es

 a
nd

 f
in

di
ng

s 
fr

om
 2

01
1–

20
13

, A
la

m
 e

t a
l. 

20
16

 d
es

cr
ib

ed
 th

e 
fi

nd
in

gs
 f

ro
m

 2
01

3–
20

15
 in

 th
e 

co
nt

ex
t o

f 
a 

ge
ne

tic
 a

na
ly

si
s 

of
 a

ll 
cl

in
ic

al
 a

nd
 E

S 
is

ol
at

ed
 in

 
Pa

ki
st

an
 d

ur
in

g 
th

is
 p

er
io

d

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Duintjer Tebbens et al. Page 41
ak

Sh
ul

m
an

 e
t a

l. 
20

14
b 

de
sc

ri
be

d 
th

e 
si

le
nt

 s
er

ot
yp

e 
1 

w
ild

 p
ol

io
vi

ru
s 

tr
an

sm
is

si
on

 e
ve

nt
 d

et
ec

te
d 

by
 E

S,
 M

an
or

 e
t a

l. 
20

14
de

sc
ri

be
d 

th
e 

m
od

if
ie

d 
la

bo
ra

to
ry

 p
ro

ce
ss

in
g 

al
go

ri
th

m
 to

 a
cc

om
m

od
at

e 
th

e 
la

rg
e 

vo
lu

m
e 

of
 s

am
pl

es
, S

hu
lm

an
 e

t a
l. 

20
14

a 
de

sc
ri

be
d 

th
e 

m
ol

ec
ul

ar
 e

pi
de

m
io

lo
gy

 o
f 

th
e 

ev
en

t, 
Sh

ul
m

an
 e

t a
l. 

20
15

 d
es

cr
ib

ed
 a

nt
ig

en
ic

 a
nd

 p
he

no
ty

pi
c 

pr
op

er
tie

s 
of

 th
e 

is
ol

at
es

al
Jo

hn
so

n 
M

ul
uh

 e
t a

l. 
20

16
 r

ev
ie

w
ed

 th
e 

ex
pe

ri
en

ce
 w

ith
 a

nd
 p

ub
lic

 h
ea

lth
 r

es
po

ns
e 

to
 E

S 
de

te
ct

io
n 

in
 1

1 
st

at
es

, E
ts

an
o 

et
 a

l. 
20

16
 d

es
cr

ib
ed

 th
e 

de
te

ct
io

n 
of

 a
nd

 r
es

po
ns

e 
to

 a
n 

or
ph

an
 s

er
ot

yp
e 

2 
se

ro
ty

pe
 

ci
rc

ul
at

in
g 

va
cc

in
e-

de
ri

ve
d 

po
lio

vi
ru

s,
 H

am
is

u 
et

 a
l. 

20
16

 d
es

cr
ib

ed
 th

e 
E

S 
st

ra
te

gy
 to

 im
pr

ov
e 

su
rv

ei
lla

nc
e 

qu
al

ity
 in

 c
on

fl
ic

t-
af

fe
ct

ed
 a

re
as

Food Environ Virol. Author manuscript; available in PMC 2021 February 12.


	Abstract
	Introduction
	Methods
	Results
	Designs
	Cost
	Effectiveness

	Discussion
	References
	Figure 1.
	Figure 2:
	Table 1.

