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Abstract

Successfully managing risks to achieve wild polioviruses (WPV) eradication and address the 

complexities of oral poliovirus vaccine (OPV) cessation to stop all cases of paralytic poliomyelitis 

depends strongly on our collective understanding of poliovirus immunity and transmission. With 

increased shifting from OPV to inactivated poliovirus vaccine (IPV), numerous risk management 

choices motivate the need to understand the trade-offs and uncertainties and to develop models to 

help inform decisions. The US Centers for Disease Control and Prevention hosted a meeting of 

international experts in April 2010 to review the available literature relevant to poliovirus 

immunity and transmission. This expert review evaluates 66 OPV challenge studies and other 

evidence to support the development of quantitative models of poliovirus transmission and 

potential outbreaks. This review focuses on characterization of immunity as a function of exposure 

history in terms of susceptibility to excretion, duration of excretion, and concentration of excreted 

virus. We also discuss the evidence of waning of host immunity to poliovirus transmission, the 

relationship between the concentration of poliovirus excreted and infectiousness, the importance 

of different transmission routes, and the differences in transmissibility between OPV and WPV. 

We discuss the limitations of the available evidence for use in polio risk models, and conclude that 

despite the relatively large number of studies on immunity, very limited data exist to directly 

support quantification of model inputs related to transmission. Given the limitations in the 
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evidence, we identify the need for expert input to derive quantitative model inputs from the 

existing data.
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INTRODUCTION

Following the 1988 World Health Assembly resolution to eradicate wild polioviruses 

(WPVs),(1) the Global Polio Eradication Initiative successfully eradicated type 2 wild 

polioviruses (WPV2) and made significant progress towards eradication of types 1 and 3 

(WPV1 and WPV3).(2) Completing the last phases of polio eradication requires aggressive 

efforts to vaccinate people in the remaining reservoirs of WPV transmission, control and 

prevent outbreaks of WPVs and circulating vaccine-derived polioviruses (cVDPVs) in 

previously polio-free areas, and maintain high-quality surveillance to certify WPV 

eradication. Due to cases of poliomyelitis caused by cVDPVs and vaccine-associated 

paralytic polio (VAPP), ending all poliomyelitis caused by poliovirus will require cessation 

of the live, attenuated oral poliovirus vaccine (OPV) use after WPV eradication.(2, 3) A large 

number of complex policy decisions to manage risks before WPV eradication(4) and 

beyond(5, 6) motivate the use of models to understand the trade-offs between alternatives and 

quantify the impact of different assumptions on outcomes. Dynamic infection transmission 

models combined with probabilistic risk analyses can provide projections of disease burden 

anticipated with different courses of action.(7–10) These projections represent critical inputs 

to health economic analyses,(11) such as cost-effectiveness analyses and benefit-cost 

analyses, that aim to inform decisions by evaluating the benefits, risks, and costs of 

alternative options and providing insights about trade-offs.(12) In addition to projecting 

potential outcomes, these analytic models support policy discussions by providing structure 

to address complex problems and make key assumptions explicit, which helps to critically 

examine assumptions and encourage further study.(10, 13) Although recent models offer 

important insights, policy makers now face increasingly complex choices as they determine 

the optimal roles of different available vaccine tools (i.e., monovalent OPV (mOPV), 

bivalent OPV (bOPV), and trivalent OPV (tOPV), inactivated poliovirus vaccine (IPV), and 

antivirals) and manage global risks to achieve and maintain a polio-free world under real 

financial constraints. Making informed decisions requires an understanding of the immunity 

induced by the available vaccines and WPV infections and their effects on poliovirus 

transmission in different populations.

Poliovirus immunity and transmission represent complicated concepts. Only approximately 

1 in 100 or fewer infections in immunologically naive (i.e., fully susceptible) individuals 

lead to paralytic polio,(14) and consequently transmission models must consider both 

symptomatic and asymptomatic infections. Moreover, while the ability of poliovirus 

vaccines to induce serum antibodies that protect individuals from paralytic poliomyelitis 

disease remains well-established, numerous challenge studies demonstrate that seropositive 

individuals can become re-infected and excrete poliovirus.(14, 15) Thus, although infections 
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in individuals with prior immunity do not appear to lead to paralysis, prior immunity to 

disease does not prevent individuals from getting infected and participating in poliovirus 

transmission. To emphasize the distinction from immunity to symptomatic poliomyelitis 

disease, we use the term immunity to poliovirus transmission to refer to the combined effect 

of immunity on the probability of re-infection, duration and amount of excretion and 

infectiousness to others, which all affect participation in poliovirus transmission. 

Understanding immunity and its effects on poliovirus transmission in different populations 

requires careful review and interpretation of the available data.

This paper provides an expert review aimed at assessing the current state of the literature to 

support the development of inputs for quantitative models related to immunity to poliovirus 

transmission. Preparation of this expert review began with a meeting of the authors in April 

2010, which also led to a synthesis of assessments from the experts for specific model inputs 

and the identification of key knowledge gaps.(16) We focus this review on 66 studies that 

measured the probability, duration, and concentration of poliovirus excretion by subjects 

with different exposure histories challenged with live, attenuated OPV or OPV candidate 

strains (i.e., OPV challenge studies). These studies provided the basis for characterizing 

different states of immunity that may result from exposure to polioviruses.(16) We also 

recognized the importance of waning of immunity and its effect of excretion on 

transmission, which only a few OPV challenge studies address. Consequently, in our review 

we considered the evidence from other types of studies, including studies that characterized 

seroimmunity, antibody kinetics, secondary attack rates, and epidemiological observations. 

Given the explicit context of our review to evaluate the evidence available to support risk 

analysis and modeling of poliovirus transmission in populations, we focused on several key 

topics and assessed and graded the existing literature relevant to these topics.

BACKGROUND AND METHODS

Scope of the review

Modeling poliovirus transmission requires characterization of the population immunity as it 

evolves over time for each of the three serotypes.(8) For polioviruses, the large number of 

combinations of potential types of individual immunity complicates the characterization of 

population immunity.(17) For example, individual immunity may result from exposure to 

wild polioviruses (WPVs) or from vaccination with OPV and/or IPV, which provide 

different types of immunity.(14, 15) In addition, OPV vaccination leads to secondary 

immunization of contacts(18–22) and both vaccines “take” at different rates for each serotype, 

as shown by widely varying seroconversion rates by serotype, setting, and vaccine.(4, 15, 23) 

Infection with a live poliovirus (LPV, i.e., a WPV, OPV, OPV-related virus, or VDPV) due to 

vaccination with OPV or natural exposure to a LPV leads to replication of poliovirus in the 

gut. This infection induces both serum antibodies, which provide systemic immunity and 

protection from paralytic poliomyelitis, and local antibodies that provide mucosal immunity. 

Mucosal immunity typically results in significant reduction in the probability, duration, and 

concentration of poliovirus excretion in feces upon challenge with a subsequent LPV,(24, 25) 

and OPV also prevents or substantially reduces excretion from the oropharynx,(26) which 

both may impact transmission.(27) In contrast, vaccination with IPV does not result in 
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infection or virus replication. Compared to infection with an LPV, successful IPV 

vaccination results in systemic immunity and reduced oropharyngeal excretion if infected 

with a live poliovirus, but little or no enteric mucosal immunity.(26) As a result of the 

complexity of immunity, poliovirus infection transmission models must go beyond simple 

susceptible-infected-removed (SIR) models.(8) While we e recognize that the ability to 

participate in poliovirus transmission depends on many factors besides immunity, such as 

contact patterns and environmental conditions, we focus this review on the role of immunity 

and we assume that risk and policy models will capture the other factors in the basic 

reproductive number (R0)(8, 28) or more detailed characterizations of mixing.(29) Thus, for 

this review determining the specific immunity states used to characterize population 

immunity represents the first task in model development.(16)

A previously-published poliovirus transmission model(8) captured some of the complexity 

underlying population immunity for polioviruses by including the 4 different immunity 

states (i.e., “partially infectible groups” (8, p. 359)) shown in Figure 1. Each box in Figure 1 

represents an immunity state, and the arrows represent flows between these states as a result 

of 3 possible processes (in addition to accumulation of unvaccinated infants as fully 

susceptibles): infection with a LPV (i.e., the model treats WPV, OPV, OPV-related virus, and 

VDPV similarly in terms of the resulting immunity to poliovirus transmission), vaccination 

with IPV, or waning. Entering immunity states requires “take,” (i.e., vaccination or LPV 

exposure that stimulates the immune system, as typically measured by increased antibody 

titers). The model(8) assumed that IPV vaccinated individuals and those with prior LPV 

infection(s) benefit from protection from paralytic disease, but that they remain “partially 

infectible,” because they may still participate to some degree in the asymptomatic poliovirus 

transmission. The model further assumed that LPV infection would move individuals to the 

“recent live” state (i.e., the highest level of immunity to poliovirus transmission) regardless 

of their prior immunity state. Later variations of the model that considered longer time 

horizons used an average waning time of 2 years to go from a “recent live” to a “historic 

live” immunity state.(30, 31) Thus, the “historic live” state represents the average level of 

immunity to poliovirus transmission for all individuals who recovered from their most recent 

live poliovirus at least approximately 2 years ago (i.e., individuals with waned immunity). 

The outbreak model also characterized a “removed” immunity state (not shown in Figure 1) 

for individuals infected during an outbreak, because it assumed that the “removed” 

individuals would not become infected again with the same LPV during the same outbreak. 

The model shown in Figure 1 essentially ignores the effect of maternal immunity, such that 

successfully vaccinated infants who receive immunization before their maternal immunity 

wanes flow directly into the “recent live” or “IPV only” state, while unvaccinated or 

unsuccessfully vaccinated infants enter the model as fully susceptibles.

Although these assumptions represented important simplifications, the structure in Figure 1 

supported the development of models for some policies. However, many issues related to 

vaccination choices during the pre-eradication and transition periods require more detailed 

immunity states. For example, we now need to consider serotype differences given 

widespread use of different types of OPV products (mOPV, bOPV, and tOPV) and the 

potential policy option of OPV2 cessation.(6) The immunity states in Figure 1 also do not 

distinguish different numbers of doses or infections, allow for waning from all of the states, 
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characterize combined exposure histories of IPV and LPV, account for maternal immunity, 

or consider the effect of immunity on different modes of transmission (i.e., fecal-oral vs. 

oropharyngeal).

For this review, we define immunity states by readily identifiable immunological event 

histories, including a given number of LPV infections and/or successful IPV vaccinations 

(i.e., vaccinations that stimulate the immune system), and a given time since the last 

immunological event. Newborns may receive significant, passive maternal antibodies at birth 

or shortly thereafter in colostrum, with very limited and probably insignificant transfer of 

passive antibodies through breast milk later during infancy.(32) Therefore, we include 

transfer of maternal antibodies at and after birth as a distinct exposure event. For each 

immunity state, we seek to review the evidence related to the immunity to poliovirus 

transmission, which includes the probability of becoming infected upon subsequent 

exposure to a LPV, and the duration and concentration of virus excreted if infected. Given 

that poliovirus transmissions in different settings may occur both as a result of fecal and/or 

oropharyngeal virus excretion,(27) immunity to both types of excretion could impact 

transmission. Thus, in addition to the probability, duration, and concentration of poliovirus 

excretion in different immunity states, immunity to poliovirus transmission also depends on 

the effect of different levels of excretion on transmission, which in turn depends on the 

setting and may differ for fecal and oropharyngeal excretion.

Determination of immunity states

We recognize that immunity to poliovirus transmission of individuals within a given 

immunity state may vary along a continuum due to a large number of factors (e.g., genetics, 

environment, dose and timing of previous infections/vaccinations, interference from other 

enteroviruses, immunity level of mother), such that each immunity state represents a 

distribution. For example, for an immunity state that includes a history of 2 successful OPV 

vaccinations (i.e., OPV infections) during childhood followed by 1 WPV infection dating 

back 3 years, not all individuals in that immunity state would respond in the same way to an 

identical subsequent exposure to a LPV. However, for modeling purposes we typically divide 

the continuum into discrete states and focus on determining the average level of immunity to 

poliovirus transmission of each immunity state to understand the overall behavior of the 

system, recognizing uncertainty about these averages and variability within immunity states. 

We emphasize that similar to the previous model,(8) entering an immunity state requires 

actual infections or successful vaccinations (i.e., we condition immunity states on prior 

“take”). To streamline the model and extract meaningful data from the literature, we define a 

“recent” immunity state as the state of immunity immediately after the complete immune 

response to a LPV infection or successful IPV dose. However, we recognize that waning of 

immunity occurs from the maximum level in the recent state, and that the kinetics of waning 

represents an important and uncertain process to model in order to characterize how the level 

of immunity to poliovirus transmission changes with time.

To explore the full set of potential immunity states, we first consider the possible immunity 

states for a simplified situation with a only one serotype and only LPVs (i.e., no IPV) shown 

in Figure 2. Boxes represent immunity states and arrows represent LPV infections (i.e., they 
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only include vaccinations that take). We emphasize that immunity to poliovirus transmission 

of all three serotypes requires consideration of separate diagrams for all three serotypes, and 

the heights and positions of the boxes may vary by serotype. Newborn children enter the 

population with maternal immunity in the box “maternally immunes,” which depends on the 

levels of serum antibodies in their mothers. These antibodies disappear in the absence of 

LPV infections, leading to full susceptibility, represented by the box of “fully susceptibles.” 

The first infection with LPV leads “fully susceptibles” or “maternally immunes” into the “1 

LPV infection” immunity state. The probability of becoming infected if exposed to an LPV, 

and possibly also the resulting level of immunity to poliovirus transmission, depend on the 

specific LPV (i.e., WPV strain, VDPV strain, tOPV, bOPV, mOPV), serotype, and the 

amount of virus received (i.e., the immunity state is a function of exposure). Thus, the box 

“1 LPV infection” in Figure 2 represents a distribution of levels of immunity to poliovirus 

transmission associated with each possible exposure, and we assume all individuals with a 

single LPV infection of one serotype fit in that box. In addition, after recovery and in the 

absence of subsequent infections, immunity to poliovirus transmission will wane as a result 

of decreasing antibody levels. Thus, with each possible exposure we could associate a 

continuum of immunity states (boxes) representing the extent of waning of immunity as a 

function of time since the arrival in the “1 LPV infection” box. In Figure 2, we indicate this 

by representing the immunity state “historic 1 LPV” as a function of time, with a large 

vertical range to reflect the notion that waning of immunity may eventually lead to 

substantially lower levels of immunity to poliovirus transmission. At any time after the first 

infection, a second LPV infection with the same serotype could occur, (possibly) leading to 

a higher level of immunity to poliovirus transmission (again, with dependence on strain and 

amount of virus in the exposure). The level of immunity to poliovirus transmission resulting 

from the second infection may also depend on the pre-existing level of immunity to 

poliovirus transmission, which wanes over time, and thus on the time since the first 

infection, as indicated. The same structure occurs for additional (n) LPV infections, although 

arguably the increase in immunity to poliovirus transmission associated with additional 

infections becomes smaller with each subsequent infection. We use dashed edges for 

infection n to indicate its potential subdivision into any number of LPV infections.

Figure 3 presents a simplified situation in which only IPV exists, again providing the 

structure for immunity to a single serotype. The “maternally immunes” and “fully 

susceptibles” remain the same as in Figure 2, and if individuals in these groups receive a 

single IPV dose that effectively stimulates the immune system, then they move to the 

immunity state “1 successful IPV dose.” The success of the first dose may or may not 

manifest itself in detectable antibodies, but it leads to a “primed” state of the immune system 

resulting in a high seroconversion rate for the second dose, implying that a first successful 

dose may not equal the more narrow definition of a “take” as a dose that leads to 

seroconversion.(33) The immunity to poliovirus transmission of the “1 successful IPV dose” 

immunity state remains uncertain due to lack of evidence. For any IPV dose, the probability 

of “take” and possibly also the resulting level of immunity to poliovirus transmission depend 

on the vaccine formulation/delivery (e.g., enhanced vs. original IPV, adjuvants, fractional 

dosing, vaccination route of administration) and timing of IPV administration,(15) as 

indicated. The immunity state “historic 1 IPV” indicates waning of the “1 successful IPV 
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dose” state as a function of time. Subsequent successful IPV doses move individuals to 

higher immunity states, with the level of immunity to poliovirus transmission potentially 

depending on the time between the doses. For example, a “booster” effect for IPV doses 

given a minimum amount of time after the previous dose may lead individuals to a different 

level of immunity to poliovirus transmission than “primary” IPV doses given within the 

minimum time frame. The time frame between “booster” and “primary” doses clearly affects 

antibody titers,(15) but its effect on immunity to poliovirus transmission remains uncertain. 

Consequently, we focus on the more clear-cut distinction between different numbers of 

successful doses, while indicating the dependence on time since the previous dose as an 

extra dimension of the boxes “2 successful IPV doses” and “n successful IPV doses.”

Clearly, even considered separately, immunity to poliovirus transmission induced by 

exposure to LPV or IPV represents a complex concept, and in reality any combination of 

immunity states derived from the immunity states in Figures 2 and 3 can occur. We attempt 

to represent the complexity by presenting a narrowed-down set of immunity states, with the 

understanding that each state represents a distribution of possible levels of immunity to 

poliovirus transmission. To characterize the immunity states, we use the following 

simplifying assumptions:

• The interval between successful IPV doses does not impact the resulting level of 

immunity to poliovirus transmission if IPV takes

• Three or more successful IPV doses all lead to same level of immunity to 

poliovirus transmission

• Two or more LPV infections of any strain all lead to the same level of immunity 

to poliovirus transmission as long as sufficient time elapses between exposure for 

subsequent infections to represent “new” infections

• All mixtures of LPV infections and successful IPV doses lead to the same level 

of immunity to poliovirus transmission

• The variability of levels of immunity to poliovirus transmission resulting from 

exposure to different strains and amounts of LPV is negligible compared to the 

variability across the 8 immunity states or across serotypes

The last assumption means that we do not distinguish different states of immunity to 

poliovirus transmission resulting from different strains or amounts of exposure, although we 

recognize that these factors probably impact the probability of entering immunity states (i.e., 

“take”). With the above assumptions, we define the following minimum set of recent 

immunity states required for each serotype to model poliovirus transmission in sufficient 

detail to address outstanding current and future policy questions (Figure 4):

• Maternally immune: Individuals born with maternal antibodies that wane rapidly 

with age (if not infected with LPV or successfully vaccinated with IPV)

• Fully susceptible: Individuals never infected with LPV or successfully vaccinated 

with IPV and maternal antibodies effectively waned to 0
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• 1 successful IPV dose: Individuals with 1 IPV dose that reached and stimulated 

the immune system and no history of LPV infection, including those “primed” 

and without measureable serum antibody

• 2 successful IPV doses: Individuals with 2 IPV doses that reached and stimulated 

the immune system and no history of LPV infection

• ≥3 successful IPV doses: Individuals with at least 3 IPV doses that reached and 

stimulated the immune system and no history of LPV infection

• IPV and LPV: Individuals infected at least once with an LPV and successfully 

vaccinated at least once with IPV, in any order

• 1 LPV infection: Individuals with a history of a single LPV infection and no 

history of successful IPV vaccinations

• ≥2 LPV infections: Individuals with a history of multiple LPV infections and no 

history of successful IPV vaccinations

Waning can occur from any immunity state (except fully susceptible), and the term “recent” 

immunity states refers to immunity states prior to the occurrence of any waning. Our review 

of the literature focuses on characterizing susceptibility and the concentration and duration 

of virus excretion for these recent states, and we review waning separately. Figure 4 depicts 

the 8 recent immunity states and shows the potential for waning within most of these 

immunity states, which depends on the time since the last immunological event. Some 

immunological events move individuals between waning states within a given immunity 

state (e.g., the LPV arrow in the “≥ 2 LPV infections” immunity state), while other 

immunological events move individuals from one immunity state to another. The incoming 

arrows from one state to another in Figure 4 always go to the “recent” level within the 

receiving immunity state, while the outgoing arrows typically go from all levels within an 

immunity state, meaning that the new immunological event represented by the arrow 

produces the same effect regardless of the time since last prior immunological event (i.e., 

provided that sufficient time elapsed for the new immunological event to take). However, 

given the known effect of time between doses on antibody titers,(14, 15) we address the 

possible variability within each box by reviewing data on the relationship between antibody 

titers and immunity to poliovirus transmission.

Literature included and grading

We recognized that different types of studies provide evidence related to the immunity states 

shown in Figure 4. The conventional way to measure probability, duration, and 

concentration of poliovirus excretion involves challenging a study population with OPV, 

determining the percentage of subjects excreting the virus as a function of time after 

challenge, and assessing the concentration of virus isolated, which are typically measured in 

(log) cell- or tissue-culture infective doses (CID50) per gram of feces or ml of oropharyngeal 

excreta. We focused on reviewing the OPV challenge because they use relatively well-

controlled designs as opposed to results from case reports or cross-sectional excretion 

studies.(34) We searched the PubMed database in March 2010 with keywords “OPV” and 

“excretion” and “OPV” and “challenge”. This yielded 65 hits and 15 distinct OPV challenge 
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studies that measured virus excretion. In addition, we identified 42 OPV challenge studies 

previously known by the authors, published after March 2010, or cited in other OPV 

challenge studies or reviews on poliovirus immunity.(14, 15, 34) In addition to the OPV 

challenge studies, numerous studies exist that provide results from stool sampling in the 

context of small and large vaccine trials and outbreaks over time throughout the world, 

including many results published only in the non-peer-reviewed literature. Our review does 

not include all challenge data recorded in every context, but we believe that it covers the 

relevant data and that inclusion of further OPV challenge studies from the non-peer reviewed 

literature would not alter the insights with respect to quantifying immunity to poliovirus 

transmission. In the context of filling some data gaps in our review, we also considered the 

available evidence from studies that measured seroconversion or seroimmunity, antibody 

kinetics, WPV excretion, secondary attack rates, and epidemiological observations. We 

identified these other types of studies in the references from OPV challenge studies and 

reviews or through discussion among the authors.

The studies included in our review primarily sought to answer different questions than those 

we focused on for our review. Consequently, even studies designed and executed perfectly 

for the intended questions imply limitations with respect to interpretation for our review. We 

identified the limitations of each study and summarized these in our first pass. In the context 

of our discussions, we then categorized the limitations and reviewed every study again to 

assign the limitations from the list to each study. Finally, we discussed and iterated on the 

list until we felt we captured the complete set of limitations relevant to grading this body of 

evidence to support modeling.(35) The lead author reviewed every study at each round to 

ensure consistent application of the limitation criteria and other authors reviewed a subset of 

the studies as a means of verification and participated in multiple discussions and iteration of 

drafts of the paper to discuss the studies and review the tables.

Table 1 identifies the list of limitations for each study relevant to our potential use of its data 

for modeling poliovirus transmission for 4 specific attributes of the studies. The design 

attribute characterizes the nature of the study (i.e., observational or randomized controlled) 

and the appropriateness of the study for estimating the specific model input, which we 

capture in limitations A through F. With respect to limitation A, the assignment to immunity 

states always remains beyond the control of the investigator due to unknown history of 

immunological events (e.g., the inability to assign who gets naturally infected with LPVs, 

who experiences a successful take to assigned vaccinations, or who received maternal 

antibodies at birth). While this makes all results potentially biased (e.g., subjects who 

experienced a pre-challenge LPV infection may represent inherently more biologically-

vulnerable subjects for unknown reasons), we do not believe this represents an important 

source of bias. Consequently, we only assign limitation A to studies in which the pre-

challenge vaccination history (i.e., not immunity state, but actual history of vaccinations) 

remains uncontrolled by the investigator. For example, in a convenience sample of children 

with various vaccination histories, the number of doses may negatively correlate with the 

likelihood of natural LPV infections, introducing a sufficiently important bias to consider a 

limitation when comparing the effect of different numbers of doses. With respect to 

limitation B, we consider all relevant factors (e.g., vaccination status, pre-challenge 

serology, age, likelihood of natural LPV infections) on a case-by-case basis to decide if a 
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susceptible control arm exists. Absence of pre-challenge serology (limitation C) affects our 

ability to establish the proportion of subjects who experienced takes of prior doses or natural 

LPV infections, or who possess maternal antibodies and therefore affect our ability to assign 

study arms to immunity states. With respect to limitation D, we indicate the arms we 

consider to contain fewer than 10 subjects, and we emphasize that the limitation may not 

apply to all specific topics for which we considered the study. Given that excretion rates 

typically peak during the first one or two weeks following a challenge, later stool specimen 

collection times reduce the sensitivity to detect excretion (limitation E). We apply limitation 

F only for studies that challenge with tOPV or bOPV, and not for studies that sequentially 

challenge with different mOPV types (typically at monthly intervals) even though this may 

lead to limited interference as well.

The relevance attribute characterizes the extent to which the population and outcome 

measures provide information relevant to those of interest, which we capture in limitations G 

through R. These limitations all affect our ability to assign study arms to immunity states 

(limitations G, H, I, J, K, N, O, Q, and R), provide data directly relevant to current vaccines 

(limitations L and M), or assess immunity states with respect to realistic routes of exposure 

(limitation P, which applies to all OPV challenge studies). Limitation J applies when a study 

mentions a high level of natural exposure to LPV in the study setting and limitation K 

applies when we know from the context of the study (e.g., country, year, and age of subjects) 

that subjects possibly experienced undocumented LPV infections. One of limitations I-K 

applies in all situations except in settings free of LPVs, like IPV-using countries or countries 

with documented absence of LPV transmission between OPV campaigns (e.g., Cuba).(36, 37)

The quality attribute characterizes details about the methods and execution, for which 

limitations S through W apply. Limitation S refers to both virus isolation and serological 

methods, and does not apply if one or more of the authors of this review could assess the 

methods in sufficient detail to assess limitations T-W. For the virus isolation method, we 

apply limitation T if virus detection does not involve the MK, HeLa, L20b, RD, HEp-2, or 

Vero cell lines, or if the investigators collected rectal swabs instead of stool specimens. 

Inadequate suspensions or inoculum could also affect limitation T, but we found no evidence 

of such inadequacies in any of the studies. For limitation V, we assume that color tests, 

metabolic inhibition tests, and plaque reduction tests used WPV reference strains (unless 

otherwise noted). We also apply limitation V for studies that reported use of neutralization 

tests with WPV strains, given that the current standard recommends the use of Sabin strains.
(38) Limitation W applies for assays with unknown sensitivity or known reduced sensitivity 

compared to current WHO standards.(38) Finally, the consistency attribute characterizes the 

similarity of estimates across studies, for which we use limitation X. We note that some 

studies provide results that look like “outliers,” but for which we typically can identify one 

or more explanations for the observed differences. We only assign limitation X to any 

individual study if no apparent explanation exists for atypical observations compared to two 

or more studies.

We use the limitations in Table 1 to evaluate the evidence for each specific topic related to 

immunity to poliovirus transmission by grading the evidence for the 4 attributes based on the 

corresponding limitations. We evaluate the overall weight of the evidence by summarizing 
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an overall grade that depends on the grades of studies containing relevant data with respect 

to each attribute and immunity state, according to the criteria provided in the far right 

column of Table 1, and we consider limitations only as they apply to the specific topic for 

which we assess the evidence (e.g., if a study does not allow stratification by pre-challenge 

seroimmunity status for a given topic, then we consider limitation G, but not any of the 

limitations related to serological methods (S, U, V, or W) to assess the weight of the 

evidence). We assign a high grade with respect to a given attribute for a topic if at least one 

study does not include any limitations captured by the attribute. We deemed limitations 

critical if they significantly affected our ability to make inferences from study results to 

inform the development of model inputs, as identified with bold text in Table 1. We assign a 

moderate grade if we find one or more studies free of any critical limitations identified with 

bold text in Table 1, but including at least one of the non-critical limitations. We assign a low 

grade otherwise (i.e., if all studies include one or more of the critical limitations). For the 

consistency attribute, we differentiate availability of fewer than 2 consistent studies (low 

grade), 2 consistent studies (moderate grade), and 3 or more consistent studies (high grade). 

We use the grades for the four attributes to assign the overall grade for the evidence. To 

receive a high overall grade, we require a high grade for each attribute. A low grade for any 

of the attributes automatically leads to an overall low grade, and the absence of any data 

pertaining to the given topic leads to a very low grade. We assign a moderate grade 

otherwise. Given that OPV challenge studies involve exposure routes that differ from natural 

exposure, we find that the highest possible relevance grade remains moderate, which 

automatically implies a maximum overall grade of moderate. While OPV challenge study 

results exist that reflect natural exposure to contacts (i.e., attack rates), given the many other 

variables that affect contact infections and the uncontrolled nature of secondary spread we 

focus on the direct challenge data for the characterization of immunity states. We use the 

secondary attack rate results only for our discussion of the difference in transmissibility 

between OPV and WPV.

In the absence of serological data before and after each dose and the challenge, assignment 

of study arms to immunity states comes with uncertainty. Unless serological evidence 

indicates otherwise, we assign study arms based on the number of doses, even if we remain 

uncertain that all doses took. To distinguish fully susceptibles from maternally immunes in 

the absence of serological data, we consider previously unvaccinated infants challenged 

before 2 months of age as maternally immune and previously unvaccinated infants 

challenged at 2 months or more as fully susceptible. To further facilitate the interpretation of 

results within the appropriate context, we provide information about the setting. We classify 

settings by the extent to which the study conditions favor enterovirus transmission ranging 

from low to medium to high transmissibility (i.e., roughly corresponding to low-, middle-, 

and high-income country settings).(8, 28) For ease of presentation, we identify studies in the 

tables and figures only by the first author and year. In some cases, we include more than one 

reference for a study, because some studies yielded more than one published paper.

RESULTS

Table 2 summarizes key attributes of the 66 OPV challenge studies that we identified in the 

published literature. Table 2 includes key information from each challenge study about the 
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location, challenge vaccine(s) used, study arms challenged, methods for virus isolation, stool 

sampling intervals, and reporting of isolated virus titers. Table A1 details the assignment to 

immunity states of all study arms for which we included results in the topical summary 

tables. The last column provides limitations using the symbols from Table 1, and any notes 

relevant to the interpretation of results or additional information provided and not captured 

under the other columns (e.g., studies that reported oropharyngeal excretion).

The OPV challenge studies in Table 2 form the basis for quantifying the susceptibility, 

duration, and concentration of virus excreted, and waning of immunity; although we 

supplement our assessments using other types of data as well. Some OPV challenge studies 

report different types of antibody responses to the challenge in addition to measuring virus 

excretion, which we in some cases consider as complimentary information on topics for 

which data gaps from OPV challenge studies alone exist (e.g waning of immunity).

Immunity to poliovirus transmission depends first on the susceptibility to poliovirus 

infection, which we review in the next subsection. The following subsections review the 

duration and concentration of excreted virus, both in feces and from the oropharynx, which 

together determine the total virus output and infectivity of infected individuals. Probability, 

duration, and concentration of virus excretion combined allow characterization of the recent 

immunity states. We then review data on waning of host immunity to poliovirus transmission 

needed to characterize the increase in susceptibility and total virus output as a function of 

time since entering a recent immunity state. The last subsection reviews data on factors that 

might affect susceptibility, excretion, and transmission, including the relationship between 

pre-existing antibody levels and excretion, serotype differences, the role of the anamnestic 

response, minimum infectious doses, the relative importance of fecal-oral versus 

oropharyngeal transmission in different settings, the relationship between virus excretion 

and the probability of infecting others, and the differences in transmissibility between OPV 

and WPV.

Susceptibility to poliovirus excretion

Definitions and criteria—We review the data on the extent to which different immunity 

states reduce the probability of poliovirus excretion. We define relative susceptibility (to 

poliovirus excretion) for a given immunity state as the probability of infection (i.e., 

replication of virus in the host) for an individual in the immunity state, divided by the 

probability of infection for fully susceptibles given identical exposure. Both fecal and 

oropharyngeal excretion may occur after exposure and may contribute to poliovirus 

transmission).(14, 27, 39, 40) Available data from the set of OPV challenge studies suggest 

occasional oropharyngeal excretion among susceptibles or seronegatives (range 0-87% 

among 5 studies),(39, 41–44) and rare oropharyngeal excretion among seropositive subjects 

with any history of LPV infections or successful IPV doses (range 0-18% among 6 studies),
(26, 39, 41, 42, 44–47) unless measured after unusually high challenge doses of 107 CID50 or 

more (i.e., up to 67%).(46, 47) It remains unclear from these studies whether oropharyngeal 

excretion can occur in the absence of fecal excretion, but data from studies on WPV and 

OPV spread suggest that it remains rare at best.(48, 49) Given the limited data and generally 

low rates of oropharyngeal excretion compared to fecal excretion (see below), we focus on 
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fecal excretion results as the most appropriate information to determine susceptibility to 

poliovirus excretion.

For this analysis, we exclude studies that do not report results for a plausible susceptible 

control arm (limitation B) required by the definition of relative susceptibility, include fewer 

than 10 subjects in relevant study arms (limitation D), provide no information about “recent” 

immunity states (limitation N), or provide only results lumped across exposure histories 

(limitation O). Table 3 provides the evidence grading and Table 4 summarizes the results 

from the included studies. Table A1 provides details about the assignment of study arms to 

immunity states and our estimation of the probability of infection from the data.

Fully susceptibles and maternally immunes—In Table 4, studies showing estimates 

for any or all serotypes involve a tOPV challenge, while studies that provide estimates for 

only a single serotype involve an mOPV challenge. By definition the relative susceptibility 

equals 1 for fully susceptibles, because they represent the comparator group. Only 

7(43, 50–55) of 66 OPV challenge studies in Table 2 include a maternally immune arm, and 

only 3(43, 50, 55) of those studies meet the inclusion criteria. Despite the small number of 

studies, at least one has no limitations with respect to design(55) and no apparent 

inconsistencies exist, leading to high grades for those two attributes. With moderate grades 

for relevance and quality due to the ubiquitous limitations of a non-natural exposure route 

and common laboratory issues, this leads to a moderate overall grade for maternally 

immunes (Table 3). The estimates of relative susceptibility for maternally immunes result 

from comparing subjects challenged soon after birth with at least 16(50) or 8(43, 55) reciprocal 

maternal antibody titers to subjects with lower maternal antibody levels. We find relative 

susceptibility estimates near 1 for all 3 studies.

1 successful IPV, 2 successful IPV, and 3 or more successful IPV—Only 

4(52, 56–60) of 66 OPV challenge studies in Table 2 include an arm of single IPV dose 

recipients, and only 1(57, 59) of those studies meets the inclusion criteria. The results suggest 

no effect of the first IPV dose on susceptibility given that excretion occurred less frequently 

among previously unvaccinated subjects for all 3 serotypes than among recipients of a single 

IPV dose. However, the study provides no serological results for the single IPV dose 

recipients, making it impossible to determine the proportion of subjects that seroconverted to 

the IPV dose. The limited evidence leads to an overall low grade(Table 3). The possibility of 

a primed state after one dose, even without seroconversion, means that designing a study to 

assess virus excretion for the single IPV dose immunity state remains challenging. The only 

ways to determine individual “priming” in the absence of seroconversion include 

administering a second IPV dose before the challenge, which would change the immunity 

state to “2 successful IPV,” or assessing carefully the speed with which the challenged 

individual with 1 prior IPV dose mounts an immune response, which may or may not 

provide a clear-cut differentiation between primed and non-primed individuals. Thus, even 

with studies that report extensive serological results, it remains very challenging to 

determine the effect of the possible seronegative primed state with high confidence, although 

we need such studies to establish the effect of a seroconverted single-dose recipient.
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A total of 17 OPV challenge studies(20, 22, 24–26, 41, 45, 52, 56, 58, 60–69) include an arm of 

multiple IPV dose recipients, including 5 that meet the inclusion criteria for the assessment 

of relative susceptibility with 2(24, 45, 62–64) and ≥ 3(25, 45, 56, 58, 62, 68) successful IPV doses 

(Tables 3 and 4, respectively). We see highly variable crude ratios of relative susceptibility 

(i.e., as high as 4.5 and as low as 0.40), which occur due to low numbers of excretors, either 

as a result of a low challenge dose and/or other factors,(45) or small sample size.(56, 58) With 

larger numbers of excretors, the estimates typically equal approximately 1, with some 

variation as a result of chance. Among the studies with moderate to large numbers of 

excretors, only the study by Ghendon and Sanakoyeva (1961)(24) involving nursery children 

restricted the IPV arm to only seroconverters to the IPV doses. However, seroconversion in 

the IPV group does not preclude infections to an LPV prior to the challenge (i.e., wild or 

secondary OPV), while those in the seronegative group of susceptibles most likely did not 

experience any LPV infection, which suggests that the study may underestimate relative 

susceptibility. In contrast, the results from 4 other studies with moderate to large numbers of 

excretors(25, 62, 63, 68) may overestimate relative susceptibility because their IPV arms 

include subjects who did not respond to some or all IPV doses. All of the other limitations 

among the set of included studies (i.e., challenge with tOPV, absence of cumulative 

excretion rates or infrequent sample collection times, possible secondary LPV exposure, and 

laboratory limitations) affect the IPV groups as much as the susceptible groups, and thus 

introduce errors but no apparent bias in relative susceptibility estimates. Based on the 

criteria outlined in the methods section, we assess the overall weight of the evidence for 

relative susceptibility for the 2 and ≥ 3 successful IPV immunity states as moderate. The 

overall evidence suggests no significant effect of IPV on the susceptibility to infection 

(Table 3).

1 LPV infection, 2 or more LPV infections, IPV and LPV—14 OPV challenge 

studies(24, 43, 50, 51, 53, 54, 56–61, 70–73) report excretion results for single OPV dose recipients, 

with 8 studies(24, 50, 54, 57, 59, 70–73) meeting the inclusion criteria. Given the low take of the 

first OPV dose (especially the type 1 and 3 components of tOPV),(53, 73) lack of 

stratification of proportions excreting by responders vs. non-responders represents a 

particularly serious limitation for relative susceptibility estimation based on single-dose 

recipients. Thus, we focus on results that stratify by seroimmunity status or reported high 

seropositivity after the first dose. The type 1 data from Ghendon and Sanakoyeva (1961)(24), 

and type 2 data from Mallet et al. (1997)(71) and Samoilovich et al. (2003)(72) include only 

seropositive subjects at the time of challenge after receipt of a single OPV dose, with relative 

susceptibility estimates ranging from 0.20 to 0.55. Other estimates based mostly on results 

from responders to the first dose include type 2 results from Cohen-Abbo et al. (1995)(70) 

(95% seroconverted), Dong et al. (1986)(50) (96% seropositive at time of challenge), 

Maldonado et al. (1997)(73) (90% seroconverted), and type 1 results from Mallet et al. 

(1997)(71) (94% seropositive), which yield relative susceptibility estimates ranging from 

0.09 to 0.45. Relative susceptibility estimates exceeding 1 occur for type 3 in some studies,
(57, 59, 70) because the second dose of tOPV typically yields a better type 3 response than the 

first tOPV dose due to interference between serotypes for the first tOPV dose.(14) We assess 

the weight of the evidence for 1 LPV infection as high with respect to design, quality, and 
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consistency, but moderate with respect to relevance, because no study measures virus 

exposure as it would occur in a natural setting (Table 3).

18 OPV challenge studies(20, 22, 24–26, 45, 54, 56, 58, 60, 61, 64–66, 68, 70–72, 74–76) report 

excretion results for multiple OPV dose recipients, with 10 

studies(24, 25, 45, 54, 64, 68, 70–72, 75) meeting the inclusion criteria. High type 3 and type 1 

estimates(57, 59, 70, 72) most likely represent an artifact of poor take of the first two tOPV 

doses or low sample size.(71) The lowest estimate of 0.07 from Cohen-Abbo et al. (1994)(70) 

may partially reflect an artifact of the low sensitivity of poliovirus detection at 30 days after 

the challenge, although the study achieved higher isolation rates for the other serotypes. The 

remaining estimates provide the best data for relative susceptibility after 2 or more LPV 

infections and range from 0.09 to 0.44. Similar to the 1 LPV infection immunity state, we 

grade the weight of the evidence as high on most attributes, but the overall grade remains 

moderate (Table 3).

We find 10 OPV challenge studies(20, 22, 52, 57, 59, 60, 65, 74–78) that report excretion results 

for recipients of both IPV and OPV vaccinations, but only two studies(57, 59–75) meet the 

inclusion criteria. The subjects in the study reported by Minor et al. (2005)(57) and Ramsay 

et al. (1994)(59) received a single enhanced-potency IPV (eIPV) dose followed by a single 

tOPV dose prior to challenge with a second tOPV dose. The high type 3 estimate may reflect 

poor take of both the eIPV and the subsequent tOPV dose. The similarity of the relative 

susceptibility estimates for types 2 and 3 based on single tOPV recipients from the same 

study(57, 59) suggests that the initial eIPV dose produced little effect on relative 

susceptibility, but we see a substantially lower type 1 estimate with eIPV than without. The 

study by Parent du Châtelet et al. (2003)(75) involved subjects who received 4 tOPV and 

either 0, 1, or 3 eIPV doses prior to the challenge, with no significant differences in the 

proportions excreting between the three groups. Based on these limited data, a mixed history 

of successful IPV doses and LPV infections appears at least as effective at reducing 

susceptibility as a history of only LPV infections, although no evidence exists to suggest that 

IPV enhances the protection from re-infection in subjects already immune from recent LPV 

infections. Due the small number of studies, we find a moderate quality and consistency 

grades for the IPV and LPV immunity states but otherwise similar grades as the LPV only 

states (Table 3).

Based on the data from the included studies (Table 4), we derive the following general 

insights about relative susceptibility: 1) maternal immunity and a history of only IPV 

(regardless of number of doses) provides little or no protection from re-infection compared 

to fully susceptibles, and 2) any history of LPV infection (with or without IPV) reduces the 

probability of infection by approximately 50% or more. While some studies show little 

difference in mucosal immunity between OPV and IPV vaccinees,(20, 22, 45) those results 

probably reflect frequent natural LPV infections among IPV vaccinees.(62) Data obtained in 

the absence of much opportunity for LPV exposure (i.e., young age at challenge and high 

hygiene setting) show a marked difference in relative susceptibility between IPV and OPV.
(24–26, 57, 59, 64, 66, 68) Other studies from similar settings that do not compare IPV and OPV 

directly show no effect of only IPV vaccination on susceptibility compared to unvaccinated 
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subjects,(19, 62, 79, 80) and various studies that compare OPV and IPV directly without 

including a susceptible arm confirm the difference between IPV and OPV.(26, 65, 66)

The limited data in Table 4 suggest little difference between LPV only and IPV and LPV, but 

do not address the impact of different orders of LPV infections and successful IPV 

vaccinations. The data from Modlin et al. (1997)(65) show a decrease in the proportion 

excreting according to the number of doses of tOPV in a vaccination schedule that started 

with two eIPV doses, although based on very few excretors with 2 or 3 prior tOPV doses. 

While two eIPV doses in addition to 3 tOPV doses led to somewhat higher seropositivity 

and antibody titers compared to only 3 tOPV doses, they did not lead to a reduced 

proportion excreting.(65) Studies in The Gambia, Oman, and Thailand also report no 

significant differences when comparing schedules with or without IPV and a fixed number 

of tOPV doses.(20, 22) Other studies found no significant differences in the proportion 

excreting between various sequential schedules of eIPV followed by tOPV(60, 78) or tOPV 

followed by eIPV.(75) No study provides a direct comparison of IPV followed by LPV versus 

LPV followed by IPV. Given the lack of an effect of IPV in addition to LPV, the order of 

LPV infections and successful IPV doses probably does not impact relative susceptibility for 

the recent immunity state, although the order of doses may affect take. However, IPV can 

boost antibody titers of previously LPV-infected individuals,(15) and consequently it could 

reduce relative susceptibility in individuals with waned LPV immunity. Within the recent 

immunity state of IPV and LPV, we suspect that the number of LPV infections may 

represent the most important source of variability.

Duration of fecal excretion over time

Definitions and criteria—In our review of the data on the length of excretion following 

infection for different immunity states, we find that most studies report excretion proportions 

over time rather than actual durations of excretion among infected subjects. Consequently, 

we first present data on the probability of fecal excretion over time, defined as the proportion 

of infected individuals excreting detectable homotypic virus in stools as a function of time 

since exposure to LPV for a given recent immunity state. We also summarize the available 

data on average time between the challenge and the last positive stool sample.

We focus on studies with at least 2 stool specimen collection times. Given the potential 

interference between concurrently administered strains affecting both take and the excretion 

kinetics, we restrict the review to monovalent OPV challenge studies (i.e., we exclude 

studies with limitation E). As with relative susceptibility, we further exclude studies with 

fewer than 10 subjects in the relevant study arms (limitation D), and those studies that 

provide no information about recent immunity states (limitation N) or show results only 

combined across exposure histories (limitation O). However, in contrast to estimation of 

relative susceptibility, we do not require the presence of a susceptible control arm (limitation 

B), although it still represents a critical limitation with respect to interpretation of study 

results. Table 5 provides the results of the evidence grading.

Out of 39 OPV challenge studies with at least 2 stool specimen collection times (Table 2), a 

total of 15 studies(24–26, 41, 45, 51–53, 66, 68, 69, 75, 81–86) meet our inclusion criteria for 

estimating the probability of fecal excretion over time or average time until the last positive 
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stool specimen (Table 5). No data exist for recipients of 1 successful IPV dose. We find only 

one study with a low overall grade for maternally immunes(53) and only one study with a 

moderate grade for 2 successful IPV doses,(24) although we note that one study combined 

results for 2 and 3 IPV doses(45). The weight of the evidence for fully susceptibles and fully 

immunized individuals (i.e., 3 or more successful IPV doses, 2 or more LPV infections, or 

IPV and LPV) classifies as high with respect to design and consistency, moderate to high 

with respect to quality and moderate with respect to relevance, leading to moderate overall 

grades.

Probability of fecal excretion over time—Figure 5 summarizes the available data for 

fecal excretion over time for the 8 recent immunity states. For this figure (and other figures 

that report data by immunity state), we use black lines for the fully susceptible and 

maternally immune states, blue lines for IPV-only states, red lines for LPV-only states, and 

purple lines for the IPV and LPV state. We emphasize that the absolute proportions 

excreting between studies depend on many factors, including the challenge dose and setting 

(e.g., cumulative excretion rates vary by study or location, as shown in Table 4). To assess 

the duration of excretion by infected subjects from fecal excretion rates over time, we 

assume that the decrease in the proportion excreting relative to the peak excretion rate 

represents the most relevant information.

Figure 5 shows that over 50% of fully susceptible subjects excrete poliovirus fecally for at 

least 2 weeks and approximately 40% or more excrete for at least 4 weeks after the 

challenge. The only study that reports fecal excretion rates for maternally immunes shows 

very low rates, consistent with the known poor take of OPV given as a birth dose in India.
(53, 87) However, the decrease of 40% in the excretion rate between 7 and 30 days remains 

similar to that observed for fully susceptibles.(81) The subjects probably represent a mix of 

maternally immunes and fully susceptibles (Table A1), with no breakdown by maternal 

antibody status provided to determine any difference in excretion rates over time between 

the two immunity states.(53) Likewise, the available data for single OPV dose recipients 

include a large fraction of subjects (i.e., 45%-88%) who did not respond to the first dose.
(51, 53) This leads to overestimation of the probability of longer excretion. In contrast, the 

data on subjects with a probable history of multiple LPV infections suggest much lower 

excretion rates, with almost no subjects excreting beyond 21 days. The same observation 

holds for subjects with a history of IPV and LPV. For subjects with 3 or more successful IPV 

doses (and no LPV infections), two studies(25, 69) show that over 50% excrete approximately 

3 weeks after the challenge, while another(26) showed generally lower excretion rates and a 

notable decrease between 7 and 21 days after the challenge. None of the studies with direct 

comparisons between IPV-only vaccinees and fully susceptibles following either mOPV or 

tOPV challenge show longer excretion for IPV vaccinees,(19, 24, 25, 56, 60, 63, 64) and one 

explicitly reports a clear lack of significant differences.(19)

Average time until the last positive stool specimen—Table 6 summarizes data from 

studies that allow the estimation of the average time until the last positive stool specimen 

among excretors, instead of the proportions fecally excreting over time (shown in Figure 5) 

that include both excretors and non-excretors. These data provide a more direct measure of 

Tebbens et al. Page 17

Risk Anal. Author manuscript; available in PMC 2021 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the duration of excretion, although they lack information about the kinetics of excretion. 

However, the estimated averages depend on the: 1) frequency of stool specimen collection 

(e.g., more frequent collection means longer duration estimates given greater sensitivity of 

detecting excretion and shorter intervals between the last positive and first negative 

specimen), 2) time of first specimen collection (e.g., earlier implies detection of a higher 

proportion of short-duration excretors, leading to shorter duration estimates), 3) time of last 

specimen collection (e.g., collecting specimens further out in time leads to a longer average 

time of the last positive specimen), 4) duration estimates for the latent period before 

excretion starts (e.g., presumably no studies account for this, although not all studies report 

these details), and 5) whether averages include durations of 0 for non-infected subjects. 

Focus on the time until the last positive stool specimen ignores the latent period before the 

first positive specimen and the period of excretion after the last positive specimen. Despite 

these limitations, Table 6 clearly shows the longest average durations among fully 

susceptibles, similar or shorter average durations among recipients of 2 or 3 IPV doses, and 

the shortest average durations among previously LPV-infected excretors. The data from 

Parent du Chatelet et al. (2003)(75) include only seropositive subjects, but this study 

represents an outlier (i.e., among previously LPV-infected subjects), possibly because the 

late day of first specimen collection (i.e., day 7) may have missed a number of short duration 

excretors. The 3 studies that include both fully susceptible and IPV-only arms suggest a 

somewhat shorter average duration of excretion for IPV-only vaccinees than for fully 

susceptibles.(24, 25, 68) Among those, the study by Ghendon and Sanakoyeva (1961)(24) 

reports the largest difference, but as discussed previously for relative susceptibility, the focus 

on seropositive IPV recipients at time of challenge compared to seronegatives in the 

susceptible arm introduces a possible bias towards inclusion of more individuals with 

previous secondary OPV infection(s) in the IPV-only group. Tabulated data from Plotkin et 

al. (1959)(55) suggest a somewhat shorter duration of excretion for maternally immunes 

compared to fully susceptible despite the 10-fold larger average dose administered to 

maternally immunes. However, this study challenged subjects sequentially with different 

serotypes of OPV candidate strains, which could have truncated excretion disproportionately 

between the two immunity states.

Some results not meeting the inclusion criteria nevertheless provide complimentary data. For 

example, Gelfand et al. (1959)(46, 47) (excluded due to limitations N and Q) estimated 

average time until the last positive stool specimen of 20.5, 20.6, and 38.6 days following 

challenge with mOPV1 (n=24), mOPV2 (n=17), and mOPV3 (n=20), respectively, among 

subjects with varying antibody levels (including many with < 1:10), which resulted from 3 

IPV doses administered between 1 and 2 years before the challenge in the documented 

absence of natural immunity.

They also report average times of 4.5, 4.6, and 3.5 days between the last positive and first 

negative stool for PV1, PV2, and PV3, respectively, and an average time between challenge 

and first positive stool of approximately 1.5 days for all serotypes combined, with no 

apparent differences between serotypes. Challenge studies typically isolate the virus from 

the highest proportion of subjects approximately one week after the challenge, with a 

substantial fraction of isolations occurring before day 7 (Figure 5). However, early isolations 

may represent viruses that merely passed through the alimentary tract without replication, 
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while excretion of larger amounts of virus following replication in the alimentary tract 

typically begins three or more days after the challenge.(32) Thus, using the time until the first 

positive stool as an indicator of the latent period may lead to an underestimate of the actual 

latent period between ingestion of virus and infectiousness to others. Similarly, the period of 

infectiousness to others may not equal the detected duration of fecal excretion (see further 

discussion of infectiousness below).

Concentration of virus excreted in feces

Definitions and criteria for concentrations of virus in feces—We review the data 

on the concentrations of fecally excreted virus for different immunity states. Quantification 

of the concentration of virus typically involves titration of fecal samples, reported in CID50 

or plaque forming units (pfu) per gram (g, equivalent to a cm3) of stool, or in some cases 

copy numbers derived from reverse transcriptase polymerase chain reaction (RT-PCR).
(61, 64) The conversion between these measures depends on specific laboratory methods and 

therefore we note any measurements not provided in the most commonly used measure of 

CID50/g. As with the length of excretion, we distinguish data on the average concentration 

of virus (geometric mean titers, equivalent to mean of log titers) over all positive samples 

reported at each specimen collection time, or data on the cumulative average concentration 

of virus over the entire sampling period.

Given the paucity of data, we include studies that covered only one specimen collection time 

or challenged subjects with tOPV, and we exclude only studies with fewer than 10 subjects 

in relevant study arms (limitation D), no information about recent immunity states 

(limitation N), and those with results lumped across exposure histories (limitation O).

A total of 9 studies(24–26, 41, 52, 62, 69, 78, 88) meet the inclusion criteria for the concentration 

of fecal excretion over time or as a cumulative average, with no data for maternally immunes 

or 1 successful IPV dose (Table 7). Given a number of studies with relatively few limitations 

that report titers for multiple recent immunity states,(24, 25, 62) the evidence for fully 

susceptibles and fully immunized LPV or IPV recipients remains high with respect to design 

and consistency and moderate with respect to relevance, with an overall grade of moderate. 

These studies do not cover the IPV and LPV immunity state, which receives a low overall 

grade.

Fecal virus titers over time—Figure 6 shows data from the 6 studies(41, 52, 69, 78, 84, 88) 

that report virus titers over time, all based on mOPV challenges. One potentially important 

limitation not captured in Table 2 and the grading process relates to the calculation of 

geometric mean titers and whether they include results from negative specimens, which 

studies typically do not report. Mathematically, the geometric mean becomes 0 if at least one 

element equals zero. Thus, investigators may either 1) exclude negative specimens from their 

geometric mean titer calculation, 2) include negative results as equal to the lowest dilution 

tested (i.e., typically 102 CID50), 3) include negative results as 0 log CID50 = 1 CID50. 

Given that in many instances investigators do not report how they handled negative 

specimens in their calculations, we face uncertainty about the interpretation of reported 

geometric mean titers. For 3 studies,(52, 69, 88) we calculated mean titers from tabulated data 
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and we did not include negative results. For 3 other studies,(41, 78, 84) we could not determine 

whether the apparent decrease in titers represents an artifact of inclusion of negative results 

in the calculation of mean titers. For 1 study(84) with a rapid decline in titers over time and 

relatively very low values, we suspect that the averages may include subjects not excreting at 

a given time point as a 0 log value, although based on excretion curves for individual 

subjects some decline occurred out in time even among positive isolates. For the study by 

Piirainen et al. (1999),(69) when we exclude negative results we find no significant decrease 

in mean titers after day 14, consistent with the observed titers over time in a study of elderly 

subjects with various immunological event histories.(89) The study by Sabin et al. (1963)(52) 

includes only 2 of 10 challenged subjects excreting at the last time point (10 days). Peak 

geometric mean titers in Figure 6 range from 103 to almost 107 CID50/g, with low titers 

observed initially and peak titers between approximately 5-15 days. The low initial titers 

may reflect viruses that merely pass through the alimentary tract without establishing 

infection. The data from Swartz et al. (2008)(78) show unusually high concentrations of 

excreted viruses, with maximum reported titers of 107.7 CID50/g for one subject despite 

receipt of 2 or 3 tOPV doses prior to the challenge in addition to 2 or 3 eIPV doses. In 

general, the large variation between studies with similar immunity states in titer values in 

Figure 7 suggests substantial measurement errors, variability in laboratory methods, and/or 

variability in the calculation of geometric means. One study comparing IPV-only vaccinees 

and fully susceptibles finds no important difference between the groups, even when only 

considering IPV vaccinees with high pre-challenge serum antibody titers.(41) Nevertheless, 

Figure 6 does not include enough data to establish a lack of effect of IPV on excreted virus 

titers.

Cumulative mean fecal virus titers—Table 8 summarizes results from 7 

studies(24–26, 52, 62, 69, 88) that report cumulative mean virus titers of isolates obtained over 

the sampling period, all including only positive samples. Looking across immunity states, 

the collective data on a log scale suggest little or no difference in titers between fully 

susceptibles and individuals with IPV-induced immunity. However, studies that directly 

compared these found approximately 0.5 logs (i.e., 3-fold),(62) a little over 1 log (11-fold),
(24) and approximately 1.2 log (16-fold)(25) lower titers for IPV-only vaccinees compared to 

fully susceptibles. Another study using RT-PCR found geometric mean copy numbers of 627 

and 155 for fully susceptibles and IPV vaccinees, respectively.(64) Subjects with a history of 

LPV exposure clearly show lower average fecally-excreted poliovirus titers, with roughly 3 

log (1000-fold)(24) and 2.3 log (200-fold)(25) lower values for previously LPV-infected than 

fully susceptible individuals in studies that provide direct comparisons. Consistent with the 

greater effect of OPV on titers, Onorato et al. (1991)(26) reported a 0.7 log (i.e., 5-fold) 

difference between subjects fully vaccinated with OPV compared to IPV.

In addition to the data from Figure 6 and Table 8, Henry et al. (1966)(25) and Dick et al. 

(1961)(41) report the proportion excreting at high titers (i.e, 104 CID50 or more) as a function 

of time. These data reflect the combined effect of both reduced excretion proportions and 

lower titers over time and indicate increasingly important differences in overall virus output 

between groups of susceptibles and immunes as a function of time.
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Duration and concentration of oropharyngeal excretion

We review the data on the total oropharyngeal virus output for recent immunity states by 

considering studies that report oropharyngeal excretion at 2 or more throat specimen 

collection times, average duration of oropharyngeal excretion, or mean titers of positive 

isolates. Given the paucity of data, we exclude only studies that provide no information 

about recent immunity states (limitation N) or provide only results lumped across exposure 

histories (limitation O). although we continue to let these critical limitations affect evidence 

grading (Table 1).

Table 9 lists the available studies for each recent immunity state, which includes only 3 

studies.(26, 41, 74) Given the limitations of these studies, the weight of the evidence remains 

low for fully susceptibles, 3 or more successful IPV doses, and 2 or more LPV infections, 

and very low for all other immunity states. However, the evidence suggests very low 

probability of oropharyngeal excretion for any type of recent immunes, which implies less 

importance of the distinction between IPV and LPV immunity states relative to the 

distinction between seropositive and seronegative. Several studies that do not qualify for 

characterization of our narrowly-defined recent immunity states nevertheless provide 

informative data on oropharyngeal excretion by seroimmunity status(39, 42, 44) or otherwise.
(46, 47)

Dick et al. (1961)(41) detected 104 CID50 or more poliovirus from throat specimens 10 days 

after the challenge in all 3 oropharyngeal excretors among a group of 11 susceptibles, which 

continued for one individual for over 14 days (the last specimen collection time). Based on 

these few excretors, the average duration of detectable oropharyngeal excretion may exceed 

10 days for fully susceptibles. In contrast, they found no poliovirus in the throat swabs from 

any of the seropositives with either IPV vaccination or natural LPV infection.(41) Onorato et 

al. (1991)(26) isolated poliovirus from pharyngeal swabs in only one of 93 IPV vaccinees 

(including 0 among 48 challenged with a low dose of 102.7-102.9 CID50) until 7 days after 

the challenge. They isolated poliovirus from pharyngeal swabs from 2 of 79 OPV vaccinees 

(including 0 among 34 challenged with a low dose of 102.7-102.9 CID50) until 7 days after 

the challenge and from an OPV vaccinee only on day 42. Horstmann et al. (1959)(74) present 

examples of oropharyngeal excretion patterns from a subject with only IPV-induced 

immunity (2 or more doses) and a subject with a recent LPV infection after a likely history 

of more LPV infections, which suggested that the recently LPV infected subjects in this 

study did not excrete from the oropharynx. In contrast, the recently IPV-vaccinated subject 

excreted for 10 days at titers between 102 and 104 CID50/ml.

Plotkin et al. (1960)(43) isolated poliovirus from the oropharynx much more frequently 

following challenge doses of 106 CID50 or more compared to lower challenge doses among 

maternally immune or fully susceptible infants. Gelfand et al. (1959)(46, 47) similarly found 

an important impact of the challenge dose on oropharyngeal excretion among children with 

a history of IPV and most likely no LPV infection. While only 17% (5/29) of the subjects 

receiving 103.6-105.8 log CID50 excreted virus detected in pharyngeal specimens, 67% 

(20/30) of the subjects receiving 107.1-107.3 log CID50 excreted virus detected in pharyngeal 

specimens. For all subjects combined, the estimated average time until cessation of 

oropharyngeal excretion ranged from 5.7 days after mOPV2 challenge to 10 days after 
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mOPV3 challenge. In a study involving older children, Glezen et al. (1966)(39) isolated 

poliovirus from 21% (6/29) of children aged 5-9 years with pre-challenge antibody titers of 

1:8 or less at 3 or 7 days following an mOPV1 challenge. Only 5% (3/63) of children with 

antibody titers exceeding 1:8 excreted from the oropharynx. A similar study found that 59% 

(35/59) of children aged 5-9 years with pre-challenge antibody titers less than 1:8 excreted 

PV1 from the oropharynx following tOPV challenge, but only 2% (2/98) excreted PV2 or 

PV3. Only 2% (26/1349) of children aged 5-9 years with antibody titers of 1:8 or more 

excreted any type of poliovirus from the oropharynx. Siegert et al. (1963)(44) isolated 

poliovirus from oropharyngeal samples of 87% (13/15) of seronegative children until on 

average 12.8 days after mOPV1 challenge, with 62% (8/13) of children still excreting at the 

time of the last throat specimen collection 18 days after the challenge. In addition, 77% 

(13/17) of seronegative adults excreted on average until 7.6 days after the challenge, with 

23% (3/13) still excreting at 18 days. The study also reports a rapid increase in titers of 

oropharyngeally excreted viruses by all seronegatives from 102.3 CID50/ml in oropharyngeal 

swabs obtained 2 days after challenge to 104.3 CID50/ml in throat washings obtained 6 days 

after challenge. Among subjects of all ages with antibody titers of 1:4 of more, 28% (14/50) 

excreted from the oropharynx until an average of 3 days after the challenge. The high rates 

and long duration of oropharyngeal excretion may reflect secondary spread of the virus 

given that 71% (12/17) of contacts of challenged subjects excreted virus from the 

oropharynx at 18 days after challenge, including only one who also excreted fecally at that 

time.

Waning of host immunity to poliovirus transmission

Relatively weak data exist to characterize the magnitude and dynamics of waning with 

respect to mucosal and oropharyngeal immunity and excretion. Nonetheless, models must 

characterize changes that occur in susceptibility and total virus output given infection over 

time due to waning in the absence of successful vaccinations or LPV infections. Much of the 

literature assesses waning of systemic immunity, and consequently we start by summarizing 

key studies on poliovirus antibody kinetics. We then review OPV challenge studies that 

provide excretion data for subjects historically infected with an LPV or successfully 

vaccinated with IPV.

Antibody kinetics—Ogra and colleagues studied the kinetics of poliovirus antibodies 

extensively in a series of papers,(90–93) including the reconstruction of various short-term 

antibody kinetics after a (single) primary infection or vaccination.(93) Briefly, IgM appears 

in the sera within days after infection and disappears again in 2 to 3 months. IgG appears 

equally quickly in sera but persists longer, possibly for life. Serum IgA appears somewhat 

later and resides in blood at somewhat lower titers compared to IgG. While the serum 

antibody response remains similar for IPV and OPV, only OPV induces significant duodenal 

and nasal IgA, which presumably provide mucosal immunity. Data from Nishio et al. (1990)
(94) suggest a much shorter immunological memory of fecal IgA compared to serum IgG. 

Buisman et al. (2008)(95) showed that the presence of serum IgA in otherwise seropositive 

elderly subjects with a history of IPV or natural infections strongly reduces the probability, 

duration, and titers of fecal excretion. A related study based on the same trial found clear 

evidence of memory immunity (i.e., an anamnestic response) in a fraction of seronegatives, 
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although it did not significantly affect fecal excretion.(89) While IPV by itself does not 

stimulate production of duodenal or mucosal IgA, data from Herremans et al. (1999)(96) 

suggest that boosting with IPV in previously LPV-infected subjects can lead to a strong 

mucosal IgA response.

Most studies on long-term antibody kinetics focus on antibodies in the sera. Böttiger (1990)
(97) investigated the long-term persistence of serum antibodies longitudinally in IPV-

vaccinated Swedish subjects who most likely lacked LPV exposure. They found that 

following a booster IPV dose, geometric mean serum antibody log titers (using a reciprocal 

value of 2 for seronegative results) decrease approximately linearly with time by 

approximately 0.5-1 logs over a period of 11 years. In a setting of routine OPV use, the 

longitudinal study by Faden et al. (1993)(98) shows that geometric mean serum antibody 

titers (using a reciprocal value of 10 for seronegative results) typically decrease by 0.7-1.3 

logs over a period of 5 years in subjects with primary OPV only, primary eIPV only, or two 

mixed primary OPV-eIPV schedules. The observed occasional increases in mean titers 

presumably represent the effect of secondary OPV infections. They also report that the 

antibody titers return to high levels following administration of a booster OPV dose to all 

subjects at 5 years after the previous dose. Several of the OPV challenge studies (Table 2) 

and serological surveys provide cross-sectional data on the persistence of antibodies after 

vaccination, which show that antibody levels can drop below detectable levels in previously 

LPV-infected or IPV-vaccinated subjects.(39, 89, 94, 95, 99–103) Other cross-sectional 

serological data confirm the decrease both in the proportion of seropositive subjects and 

mean antibody titers as a function of time since the last vaccination.(103–106)

OPV challenge studies involving subjects with partially waned immunity to 
poliovirus transmission—While the antibody kinetics and persistence remain relatively 

well-documented and data exist on the relationship between antibody titers and excretion 

(see next section), direct data on excretion as a function of time since the last exposure event 

remain very limited. The ideal study designed to establish this relationship would follow 

subjects longitudinally in an LPV-free setting and challenge different arms of subjects at 

different times following documented successful vaccination and infection. The only OPV 

challenge study that provides results of challenge for different times after primary 

vaccination in a longitudinal design unfortunately includes too few subjects to draw direct 

conclusions about the relationship between excretion and time since entering immunity 

states (see Figure A2).(100) The limitations to address waning from OPV challenge studies 

differ from those listed in Table 1 related to characterizing recent immunity states, 

particularly related to the design and assignment of study arms to immunity states (i.e., 

relevance). However, given the lack of studies that provide direct evidence of the impact of 

waning on excretion, the weight of the evidence from OPV challenge studies remains low to 

very low for waning. Nevertheless, data on excretion by age and serologic status among 

older children and adults provide some insights into the effect of waning on excretion.

Table 10 summarizes the evidence from OPV challenge studies for characterizing waning of 

immunity. Clearly, subjects of all ages with histories of either IPV or LPV regularly become 

infected and can excrete large concentrations of virus in feces for extended periods of time, 

as do subjects in recent immunity states. Seropositivity, defined according to different 
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thresholds across studies, affects the probability and duration of excretion,(44, 89, 107, 108) 

although its effect on virus titers emerges clearly from only one study,(44) while others 

reported no clear-cut effect.(39, 42, 89, 108) We emphasize that given the age of subjects and 

study settings, all results reported in Table 10 may involve subjects with a history of natural 

LPV infection(s) in addition to recorded vaccination and some may have experienced recent 

LPV infection(s). The seronegative or low antibody titer groups may include both fully 

susceptible subjects and subjects with an IPV and/or LPV history whose antibody titers 

declined to very low levels. Seronegative subjects with memory immunity exhibit an 

anamnestic response if infected, which could reduce excretion compared to true 

susceptibles. In this context, two studies(44, 108) that stratified by age report less excretion 

among seronegative adults compared to seronegative children. The difference emerges 

particularly clearly in terms of duration of excretion. This may reflect the fact that 

seronegative children included relatively more truly susceptible subjects, while the 

seronegative adults included relatively more historically LPV-infected subjects with waned 

antibodies. Another study(109) not included in Table 10 because of the low numbers of 

subjects per arm, also shows a notable decrease in duration of excretion by age despite 

controlling for pre-challenge serum antibody titers.

One study(44) reports a similar difference by age among seronegatives with respect to 

oropharyngeal excretion, suggesting that memory immunity reduces oropharyngeal 

excretion. Two other studies(39, 42) reporting the results of oropharyngeal excretion among 

IPV-vaccinated children aged 5-9 years and likely exposed secondarily to OPV suggest that 

historic immunity significantly reduces the probability of oropharyngeal excretion. 

Unfortunately, no studies address excretion among subjects with a history of IPV 

vaccination but without a probable history of LPV infection(s). Thus, no data exist to 

support or reject hypotheses about whether the limited mucosal immunity provided by IPV 

further decreases with time in the absence of booster vaccinations or LPV infections and 

whether waning of IPV-induced immunity affects oropharyngeal excretion.

Factors affecting susceptibility, excretion, and transmission

Numerous factors impact susceptibility, excretion, and transmission, and our ability to 

characterize them for the recent immunity states. Given the scarcity of data from studies that 

meet the inclusion criteria in Tables 3, 5, 7, and 9, we also consider evidence from excluded 

studies that nevertheless provide relevant data on the specific issues discussed in this section.

Effect of serum antibody titers and multiple infections or successful 
vaccinations on excretion pattern—The data on the probability, concentration, and 

duration of excretion remain inconclusive about whether an inherent effect exists of the 

second LPV infection or third successful IPV dose. Numerous OPV challenge studies 

provide direct comparisons between different numbers of doses,(24, 25, 45, 60, 62, 71, 72) but 

none of them present results stratified by responders to each individual dose. Therefore, we 

cannot conclusively establish whether differences between groups reflect inherent 

differences in immunity to poliovirus transmission derived from the additional dose, or 

merely reflect the effect of the known better cumulative “take” with more doses.(14, 15) 

Given the known effect of additional doses on serum antibody titers,(14, 33, 100) the 
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correlation between antibody titer and excretion represents a key relationship that affects 

characterization of differences within the IPV and the LPV immunity states. As discussed in 

the previous section, the relationship also potentially helps characterize the difference 

between recent and historic immunity states. Table 11 summarizes findings from multiple 

OPV challenge studies that provide some evidence about the relationship between serum 

antibody titers and excretion.

While maternal antibodies may affect seroconversion,(32, 43, 110) the role of maternal 

antibody levels on excretion remains unclear. One study(50) reported some effect of maternal 

antibody titers on excretion of types 1 and 3, which could imply that the greatest 

interference between tOPV types occurs in the absence of maternal antibodies. Another 

study found no effect of maternal antibodies on virus excretion following a tOPV challenge.
(59)

We identified 8 studies that report a significant effect of the antibody titer following IPV 

vaccination on the probability of fecal excretion,(25, 39, 42, 44, 67, 78, 107, 109) However, 6 of 

these studies(39, 42, 44, 78, 107, 109) probably involved subjects with a history of LPV 

infections in addition to IPV vaccinations, based on the age of subjects and timing and 

setting of the study. One study among subjects probably not exposed to LPV suggests a 

small, significant effect, with 74.8% (i.e., 116/155) of fractional dose IPV recipients 

excreting mOPV1 compared to 63.1% (i.e., 99/157) of eIPV recipients excreting and median 

reciprocal PV1 antibody titers of 228 vs. 724 for the two groups, respectively.(67) Another 

study(25) among likely IPV-only vaccinees (i.e., based on exclusion of children who excreted 

between 2 months of age and the challenge) given 103.7 CID50 of virus or less reports 80% 

(i.e., 24/30) of subjects with only a primary course of IPV excreting compared to 42% (i.e., 

11/26) of subjects that received a primary IPV course followed by an IPV booster. The study 

reports significantly higher antibody titers among subjects who received boosters, but we 

note the relatively greater opportunity for subjects in the booster group for undetected LPV 

infection, because its subjects received the challenge at 16 months compared to 6 months for 

the primary course group. Moreover, the primary course group included seronegatives 

(proportion unknown for those who received low-dose challenge) while the booster group 

did not. No difference in the proportion excreting occurred between the two groups for 

challenge doses exceeding 103.7 CID50. Within the groups of primary and booster IPV 

doses, the study reported that children with “higher antibody titers tended to excrete 

poliovirus for a limited period only,” (25, p. 8) although this finding did not control for 

potential differences in the challenge dose given to children with different pre-challenge 

antibody titers. Two other studies(26, 45) found no significant effect of antibodies on the 

proportion excreting despite challenging some or all subjects at doses of 103.8 CID50 or less 

when one might expect a greater ability of neutralizing antibodies to prevent excretion. 

However, one of these studies only reported the lack of effect for the low and high challenge 

dose combined,(26) while the other study did not report enough excretors to detect any 

significant effects.(45) One study among subjects with maternal immunity or IPV-induced 

immunity and relatively limited opportunity for natural LPV infection given young age 

found no effect of antibody titer on the proportion excreting following mOPV challenge.(19) 

The only study among IPV-only vaccinees conducted in a completely LPV-free setting found 

a slightly higher proportion of subjects excreting type 2 and type 3 among 52 recipients of 2 
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eIPV doses than among 72 recipients of 3 eIPV doses, with higher median antibody titers in 

the 3-dose group (304 vs. 197 for type 2, 858 vs. 723 for type 3, equal median titers for type 

1).(62) Studies designed to test the relationship between antibody levels and the probability 

of excretion among subjects with a probable LPV infection history typically found a clear 

effect.(39, 42, 44, 102, 107, 109) although interestingly some more recent studies do not confirm 

this observation.(26, 78)

Studies that report an effect of pre-challenge titers on the duration of fecal excretion 

typically involved subjects with a probable LPV history,(39, 44, 107, 109) although two studies 

among subjects with confirmed LPV history failed to detect a significant relationship.(25, 26) 

For example, Pagano et al. (1964)(107) report a gradual decrease in estimated average 

duration of fecal excretion of CHAT1 virus from 6.7 weeks (for 13 children with pre-

challenge titers of 1:10 or less) to 1.2 weeks (for 2 infected children with pre-challenge 

antibody titers of 1:1,250). More uncertainty exists related to the impact of exclusively IPV-

induced antibody titers on duration of excretion. Piirainen et al. (1999) observed a “low 

degree (r = 0.17±0.45) of negative correlation … between the prechallenge antibody levels 

and the length of excretion.”(69, p. 1088) Onorato et al. (1991) report “no relation between 

pre-challenge [geometric mean titer] and duration of shedding”(26, p. 3) in either OPV or IPV 

vaccinees.

A few studies address the relationship between pre-challenge serum antibody titers and virus 

titers in feces. Glezen et al. (1969) found “no relationship of the preexisting homotypic 

antibody titers to the quantity of virus in a positive stool” (42, p. 152) in subjects with probable 

IPV- and LPV-induced immunity, although they reported poor sensitivity of their laboratory 

procedure to quantify low-titer viruses. An earlier study by Glezen et al. (1966),(39) however, 

showed a possible weak relationship, and a study by Siegert et al. (1963)(44) showed a 

notable reduction in fecal virus titers with increasing pre-challenge antibody titers among 

subjects with a likely LPV infection history. The only study that directly addresses the 

relationship between pre-challenge antibody titers and excretion for exclusively IPV-induced 

immunity reports an “even weaker, negative correlation … between the prechallenge 

antibody levels and the peak titres of excreted virus” than the already weak correlation 

between pre-challenge titers and duration of excretion.(69, p. 1088) Results from Henry et al. 

(1966)(25) suggest that high-titer excretion might occur slightly less frequently among 

subjects who received a primary course of IPV with a booster than among subjects who 

receive only the primary course of IPV.

Summarizing the data from Table 11, for a history of LPV exposure it appears that higher 

antibody titers correlate with a lower (relative) susceptibility and shorter durations of 

excretion. The studies remain inconsistent with respect to the impact of LPV-induced 

antibody titers on the concentration excreted. For people with exclusively IPV-induced 

immunity, most likely no effect exists of pre-challenge antibody titers on (relative) 

susceptibility or concentration of virus excreted, while a small effect on the duration of 

excretion could exist. Better quantification of the effect for both LPV and IPV-induced 

antibodies would help characterize differences in relative susceptibility between and within 

immunity states, as well as waning of immunity to poliovirus transmission.

Tebbens et al. Page 26

Risk Anal. Author manuscript; available in PMC 2021 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Serotype differences in excretion patterns—The data in Table 4 from studies that 

used tOPV challenges show clear differences in relative susceptibility between the serotypes, 

but due to the effect of strain interference in the vaccine we cannot attribute the observed 

differences to inherent serotype differences. All but one of the mOPV challenge studies 

included for relative susceptibility used mOPV1, with only Parent du Chatelet et al. (2003)
(75) providing data for mOPV3, which makes it impossible to compare serotypes. However, 

all of the data from excluded studies from Tables 3 and 4 that included arms with different 

monovalent challenges suggest comparable absolute susceptibility for each serotype across a 

range of broad pre-existing immunity categories (Table 12). The only studies that show 

notable differences in susceptibility and fecal excretion involve sequential administration of 

mOPV1, followed by mOPV3, then mOPV2 at 3- or 4-week intervals, when serotype 

interference remains possible.(81, 84, 108)

None of the studies listed in Table 6 that allow estimation of the average time until the last 

positive stool specimen provide comparisons for different mOPV serotype challenges. One 

study among subjects with a history of IPV and likely no LPV infection found clearly higher 

average durations until the last positive stool specimen after mOPV3 challenge (38.6 days) 

compared to mOPV1 (20.5) or mOPV2 (20.6) challenges.(46, 47) However, the study found a 

different pattern among family contacts with similar immunological event histories, with an 

average of 17.5 days for type 1, 25.7 days for type 2, and 24.9 days for type 3. Two 

studies(19, 53) that include separate challenge arms for each serotype found no notable 

difference in the probability of excretion over time (Figure A1). Virus titers looked 

somewhat higher for type 1 compared to type 3 in one study,(84) but very similar for all three 

serotypes in another (Figure 6),(88) Glezen et al. (1969)(42) reported a markedly higher 

frequency of virus isolation from the throat for type 1 compared to types 2 and 3 following a 

tOPV challenge despite controlling for pre-challenge antibody titers, perhaps due to the high 

type 1 OPV content (106.5 CID50).

Effect of challenge dose on excretion pattern—All OPV challenge studies share the 

limitation that they expose subjects artificially using an orally ingested attenuated virus 

(limitation P). Natural exposures may involve different amounts of ingested virus (probably 

on the order of 103 CID50)(111) and different media (i.e., contaminated food, aerosol 

droplets). Five of the 66 OPV challenge studies provide data on the proportion excreting 

(i.e., absolute susceptibility) as a function of challenge dose, and they show a positive 

correlation in each immunity state (Figure 7a),(25, 26, 46, 47, 74) except for one study that does 

not reveal a consistent trend.(55) One other study among previously unvaccinated young 

infants did not find a significant trend in the range of 104 to 106 CID50 (data not shown in 

Figure 7a because actual titers not reported).(43) A closer look at the data from Henry et al. 

(1966)(25) shows that relative susceptibility increases as a function of the dose for the 

immunity state “2 or more LPV infections,” but not for the immunity state “3 or more 

successful IPV doses” (Figure 7b). Based on small numbers of subjects for each challenge 

dose, these data suggest that the lack of effect of IPV on susceptibility remains valid for low 

doses of exposure, while LPV-induced immunity provides better relative susceptibility to 

low exposures compared to high exposures.
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The study from Onorato et al. (1991)(26) suggests a significant decrease in duration of 

excretion with decreasing mOPV1 challenge dose, but found “no relation between challenge 

dose and titer of virus shed in stool.” (26, p. 3) Tabulated data from Plotkin et al. (1959)(55) 

suggest a slightly longer average time until the last positive stool specimen for 35 subjects 

(71% with maternal antibodies > 1:8) receiving a dose of 106.2-107.5 CID50 (mean log of 

6.9) compared to 44 subjects (66% with maternal antibodies > 1:8) receiving a dose of 

101.5-5.8 CID50 (mean log of 4.3). Hortsmann et al. (1959)(74) isolated viruses from stool 

through day 13 after challenge of 8 subjects immune from LPV infection(s) challenged with 

105.4 or 107.4 CID50 of mOPV1. However, they isolated no virus beyond day 7 after 

challenge for a similar group of 8 subjects given 102.4 or 103.4 CID50 of mOPV1, and none 

of these subjects exhibited a rise in antibody titers. Henry et al. (1966)(25) also challenged 

subjects with different doses, but we could not reconstruct excretion patterns over time for 

the different doses from the reported results. Gelfland et al. (1960) reported that “there 

appeared to be no relationship between duration and … the size of the infecting dose”
(47, p. 2042) Smorodintsev et al. (1959)(112) noted no apparent relationship between excreted 

virus titers and vaccine dose over 104 CID50, but a notable decline at lower doses. Overall, it 

appears that the dose of the exposure represents an important determinant of the probability 

of infection, and that it may have some effect on duration and concentration of fecal 

excretion. Plotkin et al. (1960)(43) and Gelfand et al. (1959)(46, 47) demonstrated a clear 

effect of the challenge dose on the probability of oropharyngeal excretion, but the OPV 

challenge studies provide no clear evidence of a relationship between dose and duration or 

concentration of oropharyngeally excreted virus.

Anamnestic response—The presence of an anamnestic response may affect how rapidly 

previously infected or vaccinated individuals can clear the virus upon subsequent exposure. 

Evidence of an anamnestic response for poliovirus infection explains the shorter duration of 

excretion among infected individuals in the LPV immunity states compared to subjects in 

other immunity states (Table 6) and could affect the duration or concentration of immunity 

for seronegative individuals primed with IPV or with memory immunity (Table 10). Further 

study of the conditions that lead to the ability of immunes to exhibit the anamnestic response 

would improve our ability to characterize differences in immunity to poliovirus transmission 

between immunity states and its precise effect on duration and concentration of excretion.

Cut-off level of infectiousness—Estimates of the duration of fecal excretion depend on 

the ability of laboratory methods to isolate virus from stool specimens and these varied 

across studies and improved over time (Table 2). However, the cut-off level of excretion that 

determines individual infectiousness to others may differ from laboratory detection levels. 

Therefore, the duration of actual infectiousness may differ from the measured duration of 

excretion. The OPV challenge studies we reviewed typically use laboratory procedures 

capable of detecting 102 CID50 of virus per g stool.(59) Based on limited data from 

developed countries, the virus exposure necessary to infect a significant proportion of 

susceptible contacts remains below 105 CID50, but the relationship between excreted virus 

and actual exposure of contacts depend on total fecal and oropharyngeal output (i.e., 

(milli)grams of stool, milliliters of oropharyngeal excreta) and the environmental fate of 

excreta.(111) Frequent isolation of very low titers of virus may imply that the duration of 
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fecal excretion overestimates the duration of infectiousness. The distinction between 

measured excretion and infectiousness to others extends beyond estimation of the inherent 

individual states of immunity to excretion. We further discuss the transmission aspects of 

immunity in the following subsections.

Relationship between concentration of virus excreted and infectiousness to 
others—The concentration of virus excreted probably affects infectiousness to others. 

Directly measuring the relationship between the concentrations of virus excreted and 

infectiousness represents a challenge given that we cannot control excretion concentrations 

or easily trace person-to-person transmission. However, this relationship represents a key 

factor that determines the dynamics of poliovirus spread and the impact of vaccination. 

Consequently estimates of the relationship between titers and infectiousness tend to rely on 

inference from experience.

Relative susceptibility, duration, and concentration of virus excretion for recent immunity 

states, and waning in each of the immunity states together fully characterize the level of 

immunity to excretion. However, the extent to which infected individuals in different 

immunity states participate in transmission depends not only on the extent of excretion, but 

also on behavioral and environmental factors, such as contact patterns, personal hygiene, and 

ability of poliovirus to survive in different media (e.g., fomites, food, aerosol droplets). 

Thus, to characterize the infectiousness of individuals excreting at different titers, we must 

also consider the environmental conditions.

Dowdle et al. (2006)(111) report substantial variation in human infectious doses (ID50, 

“defined as the concentration of virus producing infection in at least one-half of test 

subjects”) across studies with Sabin OPV strains and other attenuated candidate OPV 

strains. Some other studies reported excretion rates using a specific threshold (e.g., 102 or 

104 log10 CID50 per gram of stool) that the authors hypothesized as relevant to 

infectiousness to others.(25, 41) Plotkin et al. (1960b)(113) report that index children excreting 

more than 104 CID50/g (based on a single stool) infected43% (12/28) of susceptible family 

contacts, while index children excreting less than 103 CID50/g infect 16% (2/12) of 

susceptible family contacts. While this suggest a correlation between excreted virus titers 

and infectiousness, significant uncertainty exists with respect to the shape of the relationship 

and our understanding of what constitutes “infectiousness” for different routes of 

transmission.

Relative contribution of fecal-oral versus oropharyngeal transmission in 
different settings—Characterizing the infectiousness of different titers of excreted virus 

becomes even more complicated when we consider different routes of transmission, and the 

route may matter given the differential immunity to fecal versus oropharyngeal excretion 

provided by IPV. Fecal-oral transmission may occur person-to-person via hands, water/food, 

and/or fomites, while oropharyngeal transmission may occur directly from person-to-person 

or via fomites. Thus, sanitation, water quality, and personal hygiene play a relatively greater 

role in fecal-oral transmission, while personal interactions may represent a more important 

factor for oropharyngeal transmission. Studies from the pre-vaccine era and Virus Watch 

Program shed some light on transmission routes.(46, 47, 80, 114–117) While we did not 
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comprehensively review this literature, the uncertain consensus from reviews(14, 27, 111) 

appears to suggest primarily fecal-oral transmission in high-transmissibility settings, with a 

relatively greater role of oropharyngeal transmission in low-transmissibility settings. As 

described above, the duration of fecal excretion appears much longer than that of 

oropharyngeal excretion, which implies a potentially relatively longer exposure period for 

the fecal-oral compared to the oropharyngeal route. Various studies document the presence 

of WPV or OPV viruses following a challenge in sewage, privies, floors, external body parts 

of infected subjects including hands, and flies.(46, 47, 118, 119) Gelfland et al. (1959)(46, 47) 

documented infections of family contacts of index children fed mOPV both in the presence 

and absence of oropharyngeal excretion by the index child, with a slightly higher rate of 

secondary infections when the index child excreted detectable virus from the oropharynx. 

They documented 6 infections among 15 extra-household contacts with a history of IPV and 

no LPV when the index infection excreted from the oropharynx, but 0 infections among 3 

similar extra-household contacts when the index infection did not excrete from the 

oropharynx. However, due to the absence of data on excreted virus titers, we cannot 

establish whether a possible correlation between fecal virus titers and oropharyngeal 

excretion explains the greater spread from oropharyngeal excretors, or whether the 

occurrence of oropharyngeal excretion by itself explains the greater spread. Gelfand et al. 

(1959)(80) and others(117) hypothesize oropharyngeal transmission as a predominant mode 

for interfamilial spread given the reduced occurrence of interfamilial transmission following 

the introduction of IPV in the US and very limited effect of IPV on intrafamilial 

transmission.(79) Using candidate OPV strains, Plotkin et al. (1960b)(113) found viral spread 

within 5 of 7 (71%) New Jersey families when the index child excreted from the oropharynx 

and viral spread in 20 of 38 (53%) families when the index child did not excrete from the 

oropharynx. To test whether oropharyngeal excretors coincided with subjects excreting more 

virus from feces, they titrated one stool from each type 1 excretor during the second week of 

excretion. 3 of 5 (80%) oropharyngeal excretors excreted fecal virus at titers of over 104 

CID50/g compared to 6 of 12 (50%) subjects who did not excrete from the oropharynx. Due 

to the low numbers of titrated stools and the compounding effect of oropharyngeal excretion 

and fecal virus titers, the role of oropharyngeal excretion remains uncertain even in 

relatively low poliovirus transmissibility settings. The experience in the US and other 

countries suggests that the IPV-induced combined reduction in susceptibility and 

concentration of virus excreted from the oropharynx led to some level of herd immunity 

given that unvaccinated people also benefitted from the introduction of IPV in 1955.
(15, 117, 120–122)

Effect of strain differences on excretion and transmission—Relative 

susceptibility and excretion patterns could also differ between attenuated and non-attenuated 

(i.e., wild or vaccine-derived) polioviruses. Given that no practical or ethical feasible study 

design exists to directly compare exposure to OPV and WPV, we can only rely on limited 

evidence from in vitro studies on virus properties(19, 56, 57, 83, 123) and observations from 

field studies. Studies reporting WPV excretion among both susceptibles and IPV-vaccinated 

and/or previously LPV-infected contacts of index infections yield relative susceptibility 

estimates comparable to those based on OPV challenge studies (Table 13).(79, 114–116, 124) 

However, these comparisons remain inconclusive, because the serotype, dose, timing, and/or 
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fraction of subjects exposed differs between WPV excretion and OPV challenge studies. 

Studies examining excretion patterns for OPV and OPV-derived viruses (i.e., after one or 

more human passages) found no evidence of differences in duration and concentration of 

virus excretion between fully attenuated and some partially reverted OPV viruses.(46, 47, 123) 

Thus, we did not identify any direct evidence to reject or confirm differences in relative 

susceptibility and excretion patterns with respect to strains.

Transmissibility of OPV vs. WPV—Fine and Carneiro (1999)(28, 125) reviewed studies 

of attack rates following documented infection of index patients. Table 14 summarizes some 

results from selected studies. Infection rates among contacts of an index infection depend 

heavily on the immunity state of the contacts, which complicates comparison across studies. 

To control for the immunity state of contacts, we focus on those studies that report infection 

rates among likely fully susceptible or only IPV-vaccinated contacts of index infections (i.e., 

secondary attack rates). Comparing estimates across studies nevertheless remains 

problematic given the widely varying settings (e.g., family, institution, community), 

methods, and assumptions. The general pattern that emerges from Table 14 suggests 

somewhat lower proportions of susceptible contacts infected from index OPV infections 

compared to WPV infections. Although Table 14 focuses on secondary attack rates, some 

studies reporting overall attack rates yield relevant insights. For example, Benyesh-Melnick 

et al. (1959)(126) gave OPV to index family members and found that 7% of 227 family 

contacts of all ages and 47% of 72 contacts aged 5 years or less excreted the vaccine virus 

and thus showed evidence of intrafamilial transmission, but none of 38 community contacts 

(i.e., subjects without a family contact to an OPV recipient, including 16 children aged 5 

years or less) excreted vaccine virus. Sabin et al. (1961)(127) detected polioviruses among 

community contacts in various immunity states with and without vaccinated family 

members, with a somewhat higher isolation rate among contacts of vaccinated family 

members after widespread use of OPV. Thus, transmission of OPV occurs (almost) as 

efficiently as WPV in close contact settings, but a greater difference may exist for 

community spread, although to our knowledge no suitable WPV comparison exists.

DISCUSSION

This expert review provides an overview of the data available to characterize immunity to 

poliovirus transmission in different immunity states in the context of developing inputs for 

dynamic models of poliovirus transmission required to support risk and policy analyses. 

Based on 66 OPV challenge studies, supplemented with other evidence, we summarized a 

large amount of data related to poliovirus transmission and excretion. Despite the large 

number of studies, we find one or more limitations in each study, which leads to only 

moderate overall grades for the evidence for some topics and low and very low grades for 

other topics. Thus, limited data exist to support quantification of some model inputs.

Among the topics we reviewed, we find the greatest weight of the evidence for relative 

susceptibility, followed by the duration and concentration of fecal excretion. The available 

data strongly suggest that LPV infection provides better protection from fecal excretion than 

exclusive IPV-induced immunity provides. While LPV infections clearly reduce the 

susceptibility, duration, and concentration of excretion in the feces upon subsequent 
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exposure, IPV shows a very limited effect, if any, on susceptibility, and a moderate effect at 

best on duration and concentration of excretion. Very few OPV challenge studies address 

oropharyngeal excretion in much detail, although relatively strong evidence suggests that 

good protection from oropharyngeal excretion exists both for recently LPV-infected and 

IPV-vaccinated individuals.

The effect of waning of immunity on excretion remains very poorly represented in OPV 

challenge studies, with no study adequately addressing the relationship between the time 

since the last immunological event and excretion probability, duration, and/or concentration. 

Nevertheless, the known decrease in antibody titers with time and the data available on the 

effect of antibodies on excretion provide strong evidence that the time since the last 

immunological event affects re-infection and excretion. Unfortunately, gaps remain in our 

knowledge about whether antibody titers induced from IPV alone correlate significantly with 

fecal excretion and about the relationship between antibody titers and oropharyngeal 

excretion. All OPV challenge studies share the limitation of failing to provide a model of 

natural exposure, and in this context the effect of challenge dose on excretion represents an 

important consideration that clearly affects the probability of infection and possibly also 

affects the duration of excretion and titers. No inherent substantial differences between 

serotypes appear to exist with respect to excretion, although definitive data do not exist. 

Differences in excretion and transmission of infection following WPV versus OPV exposure 

may exist, but they remain difficult to study given the ethical and practical impossibility of 

comparing both in the same study. Further study of the nature and likelihood of an 

anamnestic response for different exposure histories and its quantitative effect on 

susceptibility and excretion would help characterize the variability in excretion patterns 

within immunity states.

Based on the data reviewed, the set of 8 immunity states appears to cover the most important 

inherent differences in immunity, variability within immunity states notwithstanding. Some 

of these immunity states might behave similarly with respect to one or more aspects of 

immunity to poliovirus transmission (e.g., fully susceptibles and maternally immunes, all 

IPV-only states, all states involving LPV). However, the relationship between antibody titers 

and immunity to poliovirus transmission suggest some difference between the states of 1 and 

2 or more LPV infections given that more infections lead to higher antibody levels. 

Similarly, the effect of multiple IPV doses on serum antibody titers may also lead to 

differences between the IPV-only states, although the existence of a relationship between 

exclusively IPV-induced antibody titers and immunity to poliovirus transmission remains 

inconclusive. If no such relationship exists, then recent 2 IPV and 3 or more IPV states 

would behave similarly, although addition of the third successful IPV dose could affect 

antibody persistence and oropharyngeal immunity. Given the limited effect of IPV on fecal 

excretion, the mixed IPV and LPV state may behave similarly to the LPV-only states in 

terms of fecal excretion. If one assumes no effect of IPV added to LPV, than logically the 

IPV and LPV state becomes redundant and individuals with a mixed history would reside 

either in the 1 LPV or 2 or more LPV immunity states, which violates our assumptions that 

all mixed IPV and LPV states remains essentially the same. However, it appears that IPV 

can boost mucosal immunity in previously LPV-infected individuals(96) so that IPV and LPV 

become equivalent to 2 or more LPV in terms of mucosal immunity. Moreover, the addition 
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of successful IPV affects serum antibody titers and possibly also persistence and 

oropharyngeal excretion. Therefore, we believe that models should at a minimum include an 

IPV and LPV state when appropriate to test the sensitivity to assumptions about the effect of 

adding IPV.

The relationship between excretion and infectiousness to others remains a major area of 

uncertainty. The relative contribution of oropharyngeal excretion in various developing 

country settings may drive the ability of IPV to stop or reduce transmission in those settings. 

With new technologies that reduce the costs of IPV under development,(128, 129) IPV 

represents an important option because it offers relatively higher seroconversion rates in 

poor hygiene settings compared to OPV.(14, 15, 23, 130) Even if fecal excretion dominates, the 

possible small reduction that IPV produces in excreted (log) virus titers in feces could affect 

transmission at the population level. However, this depends entirely on the highly uncertain 

relationship between excreted virus titers and the probability of infecting others. The best 

data to inform IPV decisions could derive from relatively large, controlled studies, although 

small scale studies of excretion and transmission might help reduce uncertainty as well.

Despite the sufficient evidence to draw qualitative inferences in some areas of this review, 

the limitations that we identified complicate derivation of quantitative estimates for model 

inputs. Besides the fact that OPV challenge study results differ from natural exposure, the 

most important and common limitations across the studies include: 1) the absence of 

serological data to confirm the immunological event, 2) the possibility of undocumented 

natural LPV infections, 3) interference between serotypes following simultaneous challenge 

with 2 or more serotypes, 4) poor sensitivity of study design or laboratory methods with 

respect to detecting excretion, and 5) lack of statistical power. Thus, even quantification of 

model inputs for which data exist requires assessing the effect of these serious limitations on 

the results, and this involves some amount of judgment. Dealing with these limitations 

motivates the use of expert judgment to provide quantitative assessments of model inputs 

and represent the scientific consensus.(16) Our use of an iterative process for identifying the 

limitations of the studies included in the review may have missed some limitations and 

despite our efforts to ensure completeness and consistency, some inconsistencies may exist, 

particularly due to the wide range of methods used over several decades. In addition, our 

search may have missed some studies, and new evidence will continue to emerge.

We hope that this expert review will help the development of future risk models designed to 

inform important policy questions and to better reflect the state of the scientific evidence. 

Moreover, inclusion in the models of the uncertainty revealed during this process will help 

policy makers appreciate the overall uncertainty involved in decisions. Finally, we expect 

that by facilitating the identification of key sources of uncertainty, this expert review will 

help guide research to reduce these uncertainties.(16)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LIST OF ABBREVIATIONS

We provide the following list of abbreviations for reference.

Ab antibody (generic term)

bOPV bivalent oral poliovirus vaccine

CID50 cell- or tissue-culture infectious doses

CDC US Centers for Disease Control and Prevention

cVDPV circulating vaccine-derived poliovirus

eIPV enhanced-potency inactivated poliovirus vaccine

IgA immunoglobulin A

IgG immunoglobulin G

IgM immunoglobulin M

IPV inactivated poliovirus vaccine

iVDPV immunodeficient vaccine-derived poliovirus

IU international units

LPV live poliovirus (i.e., WPV, OPV, OPV-related, or VDPV)

MK monkey kidney tissue culture

mOPV monovalent oral poliovirus vaccine (generic term)

mOPV1,2,3 monovalent oral poliovirus vaccine types 1,2,3, respectively

NID national immunization day

NA not applicable

NR not reported

OPV oral poliovirus vaccine (generic term)

PCR polymerase chain reaction

pfu plaque-forming unit

PV poliovirus (generic term)

PV1,2,3 poliovirus type 1,2,3, respectively (generic term)

RT-PCR reverse transcriptase PCR

SES socio-economic status

SIR susceptible-infected-removed
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tOPV trivalent oral poliovirus vaccine

UK United Kingdom

USA United States of America

VDPV vaccine-derived poliovirus (generic term)

WHO World Health Organization

WPV wild poliovirus (generic term)

WPV1,2,3 wild poliovirus type 1,2,3, respectively
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Figure 1: Immunity states used by Duintjer Tebbens et al. (2005)(3) to represent immunity to 
poliovirus transmission from an “average” poliovirus serotype.*
Acronyms: IPV = inactivated poliovirus vaccine; LPV = live poliovirus

Notes:

* Arrows conditioned on “take” (i.e., successful IPV vaccinations or actual LPV infections).

** We scale the level of immunity to poliovirus transmission from low (fully susceptible) to 

high (fully immune to poliovirus transmission), with the level of immunity to poliovirus 

transmission calculated for this figure as the product of relative susceptibility, relative 

infectiousness, and relative duration of infectiousness compared to fully susceptibles.(8) The 

heights of boxes reflect the assumed uncertainty about the average level of immunity to 

poliovirus transmission and the centers correspond approximately to the assumed base case 

levels of immunity to poliovirus transmission.
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Figure 2: 
Full set of immunity states in a world with only live polioviruses (LPVs) for one serotype 

with the LPV arrows conditioned on “take” (i.e., actual infections, including successful OPV 

vaccinations).
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Figure 3: 
Full set of immunity states in a world with only inactivated poliovirus vaccine (IPV) for one 

serotype with IPV arrows conditioned on “take” (i.e., successful vaccinations).
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Figure 4: 
Diagram of immunity states with waning, showing variability within groups as a function of 

time since last exposure (but ignoring variability due to other factors) and with inactivated 

poliovirus vaccine (IPV) and live poliovirus (LPV) arrows conditioned on “take” (i.e., 

successful IPV vaccinations or actual LPV infections).
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Figure 5: Summary of data from monovalent oral poliovirus vaccine (mOPV) challenge studies 
that report rates of fecal excretion for at least two points in time after challenge, by assigned 
recent immunity state.(25, 26, 41, 45, 51–53, 66, 69, 75, 81–85)

Acronyms: CID50/g = cell- or tissue-culture infectious doses; FS = fully susceptible; IPV3 

= ≥ 3 successful IPV doses; LPV1 = 1 LPV infection; LPV2 = ≥ 2 LPV infections; IPV

+LPV = ≥ 1 successful IPV doses and ≥ 1 LPV infections; MI = maternally immune

Notes:

Legend indicates assigned immunity state, first author (year) with any applicable footnotes, 

challenge vaccine, maximum number of subjects tested for excretion at any given specimen 

collection time, poliovirus transmissibility setting, limitations applying to study results (see 

Table 1 for limitation symbols)

* Study reports proportion of subjects excreting at 102 CID50/g or more

^ Combined results for different titers of challenge dose

** Proportion of subjects with positive sample at given day or later

*** Results from mOPV1, mOPV2, and mOPV3 arms combined
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Figure 6: Reported concentrations of virus excreted over time from 7 included OPV challenge 
studies(41, 52, 69, 78, 84, 88) demonstrating large variability in measurement methods and 
resulting measurement errors.
Acronyms: CID50/g = cell- or tissue-culture infectious doses per gram of stool; FS = fully 

susceptible; IPV3 = ≥ 3 successful IPV doses; IPV+LPV = ≥ 1 successful IPV doses and ≥ 1 

LPV infections; mOPV(1,2,3) = monovalent oral poliovirus vaccine (type 1, 2, 3, 

respectively);

Notes:

Legend indicates assigned immunity state, first author (year) with any applicable footnotes, 

challenge vaccine, cumulative number of excretors, poliovirus transmissibility setting, 

limitations applying to study results (see Table 1 for limitation symbols)

* Cumulative number of excretors unknown, n reflects peak proportion excreting; Excretors 

include children with pre-challenge antibody titers 1:4 and under as well as 2 type 2 

excretors and 1 type 3 excretor with pre-challenge antibody titers of 1:16

** Data differ from Figure 1 in Piirainen et al. (1999)(69, p. 1088) because we included only 

positive specimens in calculation of geometric mean titers
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Figure 7: Summary of data from 6 OPV challenge studies that report proportions excreting for 
different challenge doses.(25, 26, 46, 47, 55, 74)

Acronyms: CID50 = cell- or tissue-culture infectious dose; FS = fully susceptible; IPV3 = ≥ 

3 successful IPV doses; LPV2 = ≥ 2 LPV infections; IPV+LPV = ≥ 1 successful IPV doses 

and ≥ 1 LPV infections; MI = maternally immune; mOPV1 = type 1 monovalent oral 

poliovirus vaccine; Notes: Legend indicates assigned immunity state, first author (year), 

challenge vaccine, approximate number of challenged subjects per dose, poliovirus 

Tebbens et al. Page 50

Risk Anal. Author manuscript; available in PMC 2021 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transmissibility setting, limitations applying to study results (see Table 1 for limitation 

symbols)
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