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Abstract

Background: A small number of individuals with B-cell-related primary immunodeficiency diseases (PIDs) may exhibit
long-term (prolonged or chronic) excretion of immunodeficiency-associated vaccine-derived polioviruses (iVDPVs)
following infection with oral poliovirus vaccine (OPV). These individuals pose a risk of live poliovirus reintroduction into
the population after global wild poliovirus eradication and subsequent OPV cessation. Treatment with polio antiviral
drugs may potentially stop excretion in some of these individuals and thus may reduce the future population risk.

Methods: We developed a discrete event simulation model to characterize the global prevalence of long-term iVDPV
excretors based on the best available evidence. We explored the impact of different assumptions about the
effectiveness of polio antiviral drugs and the fraction of long-term excretors identified and treated.

Results: Due to the rarity of long-term iVDPV excretion and limited data on the survival of PID patients in
developing countries, uncertainty remains about the current and future prevalence of long-term iVDPV
excretors. While the model suggests only approximately 30 current excretors globally and a rapid decrease
after OPV cessation, most of these excrete asymptomatically and remain undetected. The possibility that one
or more PID patients may continue to excrete iVDPVs for several years after OPV cessation represents a risk
for reintroduction of live polioviruses after OPV cessation, particularly for middle-income countries. With the
effectiveness of a single polio antiviral drug possibly as low as 40 % and no system in place to identify and
treat asymptomatic excretors, the impact of passive use of a single polio antiviral drug to treat identified
excretors appears limited. Higher drug effectiveness and active efforts to identify long-term excretors will
dramatically increase the benefits of polio antiviral drugs.

Conclusions: Efforts to develop a second polio antiviral compound to increase polio antiviral effectiveness and/or to
maximize the identification and treatment of affected individuals represent important risk management opportunities
for the polio endgame. Better data on the survival of PID patients in developing countries and more longitudinal data
on their exposure to and recovery from OPV infections would improve our understanding of the risks associated with
iVDPV excretors and the benefits of further investments in polio antiviral drugs.
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Introduction
The Global Polio Eradication Initiative (GPEI) plans to
stop the use of the oral poliovirus vaccine (OPV) after
assurance of global interruption of wild poliovirus
(WPV) transmission to eliminate the risks of poliomyel-
itis disease associated with continued OPV use [1, 2].
Given the apparent global interruption of indigenous
serotype 2 WPV (WPV2) by 2000 [3], the GPEI Strategic
Plan 2013-2018 [4] calls for phased, but coordinated ces-
sation of the three OPV serotypes, starting with coordi-
nated cessation of serotype 2-containing OPV (OPV2
cessation) in April 2016 [5]. The risks associated with
OPV use include the relatively predictable cases of
vaccine-associated paralytic poliomyelitis (VAPP) in a
small fraction of OPV recipients and close contacts, the
emergence of circulating vaccine-derived polioviruses
(cVDPVs) in populations with low immunity to poliovirus
transmission that can behave like WPVs and cause out-
breaks, and possible reintroduction of immunodeficiency-
associated vaccine-derived polioviruses (iVDPVs) from
rare individuals with B-cell-related primary immunodefi-
ciencie diseases (PIDs) who can continue to excrete polio-
viruses for years [2]. In addition, after cessation of one or
more OPV serotypes, any OPV of the withdrawn sero-
type(s) that mistakenly remains in the field or insuffi-
ciently contained in laboratories and vaccine production
sites poses a risk of reintroducing a live poliovirus (LPV)
in increasingly susceptible populations [6]. For any given
serotype, new recipient VAPP cases of that serotype in im-
munocompetent individuals will almost immediately stop
after OPV cessation, but cVDPVs can still evolve from
continued circulation of OPV-related strains and get rec-
ognized through paralytic cases within about a year or so
of OPV cessation in populations with insufficient immun-
ity at the time of OPV cessation [7]. If the world can suc-
cessfully control these cVDPV outbreaks, then long-term
iVDPV excretors represent the primary OPV-associated
risk of outbreaks.
While any cVDPVs would likely emerge at a time of

relatively high population immunity to transmission given
the recent use of OPV in most countries [7], after OPV
cessation, countries will only use the inactivated poliovirus
vaccine (IPV) for polio immunization. While IPV appears
to provide sufficient population immunity to prevent
transmission in populations with high hygiene levels and
low fecal-oral transmission [8–10], recent asymptomatic
circulation of serotype 1 WPV (WPV1) in parts of Israel
despite very high IPV routine immunization coverage
strongly suggests that IPV-induced immunity alone can-
not prevent or stop transmission in some settings [11, 12].
Modeling further suggests that population immunity to
poliovirus transmission will drop significantly and fairly
quickly after OPV cessation in most developing countries,
regardless of IPV use due to both new birth cohorts that

only receive IPV and waning immunity in those previously
immunized or exposed to LPVs [13]. Strategies to respond
to and control any iVDPV-associated outbreaks in devel-
oping countries long after OPV cessation require careful
consideration, because using OPV could re-introduce
large amounts of LPV at a time of low population immun-
ity, and IPV may not provide sufficient population im-
munity to stop its transmission. Recognizing this risk, in
2006 an Institute of Medicine committee recommended
the development of one or more polio antiviral drugs
(PAVDs) [14]. Currently, one compound (pocapavir) exists
with proven ability to stop poliovirus excretion in a frac-
tion of immunocompetent individuals based on one small
clinical trial, and other compounds remain in develop-
ment [15].
We previously estimated the prevalence of long-term

iVDPV excretors (i.e., defined as either prolonged excre-
tors with between 6 months and 5 years of excretion, or
chronic excretors with over 5 years of excretion) and as-
sociated probabilities of post-OPV-cessation outbreaks
based on the information available as of late 2005 [2].
The analysis relied on limited studies that observed no
long-term iVDPV excretors among 384 persons with
PIDs studied [16, 17] and knowledge about 4 identified
asymptomatic and active long-term excretors [2]. We
accounted for uncertainty by characterizing a wide distri-
bution of the risk that included an upper bound for the
prevalence of long-term excretors of 140 in upper middle-
and high-income countries before OPV cessation [2]. The
probability distribution for the ratio of reported to actual
long-term excretors reflected the findings from screening
studies [16, 17] and an estimate of approximately 1:100,000
people affected with agammaglobulinemia, which repre-
sents only one of the many PIDs that can lead to long-
term excretion. The 2006 analysis [2] emphasized the need
for additional studies that would reduce uncertainty.
Since 2006, the GPEI intensified the search for asymp-

tomatic long-term iVDPV excretors through screening
studies and for paralytic long-term iVDPV excretors
through the acute flaccid paralysis surveillance system.
Consistent with this intensification, the average annual
number of identified long-term excretors increased by a
factor of 2.5 from 2000–2005 to 2006–2013 [18]. Im-
provements in the quality of health care delivery in mid-
dle - income countries may also imply increased survival
of PID patients and affect the prevalence of long-term
excretors. The increased number of individuals with
PIDs screened for long-term iVDPV excretion led to
some identified long-term excretors, and the updated
data provide better information to characterize the
bounds of the proportion of PID patients with long-term
iVDPV excretion [19–21].
The accumulation of new evidence about PID preva-

lence, survival, and long-term excretion of polioviruses
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and the parallel development of PAVDs motivate a re-
analysis of the iVDPV risks going forward and consider-
ation of the potential impact of PAVDs. In addition, the
serotype-specific OPV vaccination and cessation strat-
egies that did not exist at the time of our prior analysis
motivate the consideration of serotype-specific differ-
ences in iVDPV risks [22]. We developed a stochastic,
discrete-event simulation (DES) model to estimate the
prevalence of long-term iVDPV excretors up until and
after OPV cessation based on current evidence. The
model incorporates the available new evidence about
iVDPVs and explores the potential impact of PAVDs on
iVDPV prevalence for use in integrated global modeling
of long-term poliovirus risk management policies [23].

Background
Immunocompetent individuals infected with poliovirus
typically excrete for several weeks (mean around 30 days)
and no longer than 3 months [8, 9, 24, 25]. However, a
small fraction of individuals with B-cell-related PIDs can
excrete for longer [26–30]. The GPEI maintains a regis-
try of known long-term excretors that included 73 im-
munodeficient patients with evidence of more than
6 months of poliovirus excretion identified prior to 2014
[18], which largely overlaps with the 68 long-term polio-
virus excretors listed in a recent review [31]. Of the 73
known long-term excretors, 13 (17 %) presented with
common variable immunodeficiency disease (CVID),
while the remainder presented with other PIDs (oPIDs),
including not further specified PIDs (16), severe com-
bined immunodeficiency disease (SCID)(14), hypogam-
maglobulinemia (11), X-linked agammaglobulinemia (8),
agammaglobulinemia (6), major histocompatibility com-
plex class II molecule deficiency (2), humoral and cellular
immunodeficiency (1), HLA-DR-associated immunodefi-
ciency (1), and immunodeficiency-centromeric instability-
facial abnormalities (1). Six of the 13 (36 %) long-term
excretors with CVID fit the criteria for chronic excretion
[29, 30, 32–34] and one additional CVID patient died ap-
proximately 5 years after the probable onset of infection
[35], while none of the long-term excretors with oPIDs ex-
creted longer than 5 years.
The overall prevalence of PIDs globally remains highly

uncertain due to the large number of PID conditions,
differences in case definitions, and variability between
countries in both genetic profiles (e.g., consanguinity)
and survival rates of PID patients [16, 36, 37]. Estimates
of the prevalence of CVIDs reported to PID registries
generally range from 1:10,000 to 1:100,000 people with a
best estimate around 1:50,000 people for high-income
countries [18]. One US telephone survey of self-reported
PIDs without clinical verification reported 8 CVID and
15 oPID patients from approximately 10,000 surveyed
households representing approximately 27,000 people.

These numbers translate into prevalence rates of CVIDs
and oPIDs of approximately 1:3,300 and 1:1,800 people,
respectively [38]. However, the study concludes that “the
true incidence and prevalence of these conditions will
never be known until there is newborn or population
screening for these defects [38], p. 501.” Notably, other
authors extrapolated these results globally without any
adjustments for study bias or differential survival of PID
patients in different countries and estimated an unrealis-
tic global prevalence as up to 6 million PID patients
worldwide [39]. This estimate contrasts sharply with the
approximately 77,000 PID patients reported in a survey
among physicians in 225 Jeffrey Modell Foundation Cen-
ters in 78 countries, which included approximately 8600
CVID patients [40]. With respect to oPIDs, one Minne-
sota county with a comprehensive medical record system
estimated an overall PID incidence for 2001–6 of 10.3
per 100,000 person-years, with an age-specific incidence
of approximately 22 per 100,000 person-years aged 0–5
years [41]. These rates do not directly translate into rates
per newborn due to imperfect diagnosis and time delays
associated with development of symptoms and diagnosis. A
study of VAPP in the US assumed an incidence of approxi-
mately 1 PID patient per 10,000 births in the US [42].
Intravenous immunoglobulin (IVIG) therapy reduces

morbidity and probably also mortality. Patients with
CVIDs can survive for many years with appropriate and
uninterrupted IVIG therapy, although they experience
higher death rates than the general population even in
developed countries [36, 37, 41, 43, 44]. The life expect-
ancy of other types of PIDs varies [36], with more severe
forms (e.g., SCID) rarely surviving beyond 1 year of age
in developing countries [20], and less severe forms with
life expectancy more similar to CVID patients (e.g.,
patients with other hypogammaglobulinemia). The on-
set of symptoms varies widely among CVID patients,
with an average of approximately 25 years [43–45],
while severe oPIDs most commonly associated
with long-term poliovirus excretion typically occur
earlier in life. Over the past 25 years, IVIG therapy
has become the standard of care for PID patients in
developed countries [46], and some developing coun-
tries recently began providing IVIG to identified PID
patients through their health care systems [20]. The
global supply of IVIG remains limited [46] and effect-
ive treatment requires consistent and high quality
IVIG administration, with any disruptions exposing
patients to a risk of developing infectious disease
complications [34].
Although the acute flaccid paralysis surveillance sys-

tem cannot detect individual asymptomatic long-term
excretors, the GPEI registry identified 16 asymptomatic
long-term excretors through other sources (primarily
known PID patients in higher-income countries identified
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by the treating physician). In addition, environmental sur-
veillance activities in several countries identified 9 highly
divergent VDPVs likely from different immunodeficient
chronic excretors in sewage, but they could not link the
detected viruses to any individuals with PIDs [18, 47–50].
The detection of these viruses suggests the existence of
significantly more asymptomatic long-term iVDPV excre-
tors than the 16 individuals known to the GPEI.
Table 1 summarizes the results of several screening

studies that provided additional evidence about the fre-
quency of long-term poliovirus excretion. All studies
combined that screened PID patients for long-term
excretion detected only 1 prolonged excretor (a CVID
patient in Sri Lanka) out of 318 CVID patients (0.3 %)
and 978 total PID patients (0.1 %) (Table 1). Another
child in Sri Lanka with SCID died while infected and
appeared as a long-term excretor in some publications
assuming infection following the first OPV dose received
[18, 35, 51] but not in other publications based on
the duration of documented excretion [20, 52], which
reflects uncertainty about the date of the OPV expos-
ure that initiated the infection. Given the low num-
bers of observations overall, inclusion of this excretor
would double the apparent rate of long-term polio-
virus excretors per PID patient (e.g., from 1 in 978 to
2 in 978). A 7-country screening study identified 17
total poliovirus excretors and followed these individ-
uals longitudinally until they stopped excreting or
died. In this study, 6 excretors died within 6 months
while still excreting poliovirus. Of the remaining 11
excretors, 10 stopped excreting spontaneously within

6 months, while 1 spontaneously stopped excreting
after 8 months [52].
PID patients with poliovirus infections remain vulner-

able to VAPP, and the GPEI identified most long-term
excretors when they presented with VAPP (i.e., 57 of 73,
78 %) [18]. A retrospective analysis of all 37 immunode-
ficient VAPP cases reported in the United States be-
tween 1975 and 1997 found 6 months of excretion or
more for 6 of 31 (19 %) patients with follow-up samples
available, including 1 chronic excretor with CVID [53].
Some patients developed fatal VAPP after a long period
of excretion, while others survived and continued to ex-
crete iVDPVs long after VAPP onset, and both asymp-
tomatic long-term excretors and those with VAPP may
spontaneously clear the infection [2, 18, 53]. For most
known long-term excretors, we could not determine
their IVIG therapy status at the time of OPV infection,
but the majority of those with available data appeared to
have acquired the OPV infection before the start of IVIG
therapy. However, at least 2 excretors started IVIG ther-
apy before the estimated onset of the long-term OPV in-
fection [20, 34]. Thus, IVIG therapy may reduce the
probability of acquiring an OPV infection or of an OPV
infection establishing persistent replication, but it does
not completely prevent long-term infection.

Methods
Stages of PID disease and OPV infection
Figure 1 provides our conceptual diagram of the pro-
gression of PID patients through various clinical and
poliovirus excretion stages (large boxes) with inflows

Table 1 Results of screening studies for long-term iVDPV excretion among individuals with PIDs

Country Total patients with
PIDs studied

CVID patients
studied

Poliovirus excretors iVDPV excretors Patients with > 6 months
of documented excretion

Source(s)

Bangladesh 13 0 1 0 0 [52]

Brazil 95 70 3 0 0 [16]

China 167 22 3 0 0 [52]

Egypta 15 3 2 0 0 [21]

Iran 43 16 1 0 0 [52]

Italy 38 0 0 0 0 [17]

Mexico 33 5 1 0 0 [16]

Philippines 70 6 1 0 0 [52, 60]

Russia 136 27 0 0 0 [52]

Sri Lanka 51 13 5 2 1b [20, 52]

Tunisia 16 2 4 0 0 [61]

Tunisia 82 14 6 0 [19, 52]

United Kingdom 125 65 0 0 0 [16]

United States 94 75 0 0 0 [16]

Total 978 318 27 2 1
aPreliminary results
bThe prolonged iVDPV excretor was diagnosed a CVID patient
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and outflows from the stages indicated by arrows with
solid lines. The arrows with dotted lines indicate
model inputs that influence the flows. The accumula-
tion of individuals in the stages provides the overall
prevalence in the population, with the total number
in the two stages on the right representing the preva-
lence of long-term (i.e., prolonged and chronic) excre-
tors. We include trees with branches within some of
the stages to indicate stratification of stages into dif-
ferent groups that may experience different outflows
going forward. For example, the death rate for clinical
PIDs depends on the type of PID and effective treat-
ment with IVIG. Death rates, treatment probabilities,
and OPV infection rates further change over time and
vary between countries. Infected patients may develop
VAPP at any time as they move through the OPV,
prolonged, and chronic infection stages, so long as
the infection continues and the individuals survive.
Figure 1 suggests that once individuals recover from
infection, they can potentially become re-infected. No
known cases of longterm re-infection after recovery
from a long-term infection exist, but some evidence
exists of many repeated poliovirus and other entero-
virus infections in a PID patient, with one poliovirus
infection of at least 4 months [54].

Discrete-event simulation model
The population of long-term excretors changes over
time, and consequently modeling the risks should in-
volve appropriate characterization of the dynamics of ac-
cumulation of excretors and their progression through
different stages of infection until they ultimately either
stop excreting spontaneously or die. Based on our un-
derstanding of how PID patients move through various
clinical and OPV infection stages (Fig. 1), we developed
a DES model to estimate long-term poliovirus excretor
prevalence over time following each PID patient for life.
The model uses a discrete time step of 1 month. We use
the stratification from an integrated global model (i.e.,
the global model) that assigns all countries to epidemio-
logical blocks of approximately 100 million people in
2013 classified by polio vaccine use as of 2013 (i.e.,
OPV-only, sequential IPV/OPV, or IPV-only), geo-
graphic proximity, and economic status [23, 55]. We es-
timated poliovirus basic reproduction number (R0)
values for each block based on prior modeling experi-
ence and use R0 as a proxy for many factors that affect
poliovirus transmission and the health system quality by
correlating R0 with vaccine coverage and take rate, ex-
tent of fecal-oral transmission, and costs. Table 2 pro-
vides the resulting global R0 distribution for the different

Fig. 1 Conceptual diagram of states for individuals in the population with respect to the development of various stages and types of long-term
iVDPV excretion. Arrows between boxes indicate flows that represent PID disease and poliovirus infection progression, while trees within boxes
represent branching between distinct pathways that imply one or more different downstream rates and probabilities. Notation (see also list of
abbreviations): b, birth rate; d1, duration of infection for clinical PID patients with typical OPV infection; d2, duration of infection for prolonged
excretors; d3, duration of infection for chronic excretors; Dgen, death rate for general population (by age); Dpid, death rate for clinical PID patients
(by, PID category and receipt of effective treatment); eAVrate, effective rate of PAVD use; N, population size; OPVrate, combined primary (i.e.,
vaccination) and secondary OPV infection rate (by age, OPV use over time, diagnose status, and IVIG rate); Tchr, time to move from prolonged to
chronic infection; Tonset, average time to onset of clinical PID; Tpro, time to move from OPV to prolonged infection; VAPPfrate(1, 2, and 3), VAPP
fatality rate for PID patients (during OPV infection, prolonged excretion, and chronic excretion, respectively)
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Table 2 Assumed distribution of wild poliovirus serotype 1 R0 values for the different income level and current polio vaccine use strata, as used in the global model, and
assumed simplified burn-in period [23]a

Income level
(as of 2013)

Polio vaccine(s) used
(as of 2013)

Population size in
billions (as of 2013)

Years until
OPV use startsb

Year until IPV-only
or IPV/OPV startsb

Number of
assigned blocks

Number of blocks assigned to each R0 (for WPV1)

4 5 6 7 8 9 10 11 12 13

Low OPV-only 0.86 33 N/A 8 0 0 0 0 0 1 3 2 1 1

Lower middle OPV-only 2.48 33 N/A 25 0 0 1 4 5 2 0 10 1 2

Upper middle OPV-only 1.87 20 N/A 19 0 0 1 16 2 0 0 0 0 0

Upper middle IPV/OPV 0.50 20 58 7 0 2 3 2 0 0 0 0 0

High IPV/OPV 0.23 10 50 2 0 0 0 2 0 0 0 0 0 0

High IPV-only 1.02 10 50 10c 2 7.7 0.3 0 0 0 0 0 0 0
aDoes not include countries with unspecified income level totaling approximately 23 million people and two high-income countries that still use OPV-only totaling approximately 34 million people (all as of 2013);
Assigns 67 million people in IPV/OPV-using lower middle-income countries to IPV/OPV-using upper middle-income blocks, 74 million people in IPV-only using upper middle-income countries to IPV-only-using
high-income blocks, and 23 million people in OPV-only-using high-income countries to OPV-using lower or upper middle-income blocks
bYears relative to beginning of burn-in period 65 years ago (i.e., 1950)
cIncludes some blocks with subpopulations assigned to different R0 values
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strata of income levels and polio vaccine use as of 2013.
Because the accumulation of PID patients increases rela-
tively slowly in the model, we use a long burn-in period,
assuming the same general population death rates
throughout, but increasing treatment fractions (see
below). Table 2 includes the assumptions about when
IPV-only or IPV/OPV starts during the burn-in period
for different income levels.

Births and characteristics determined at birth
Table 3 presents the events in the DES model, with esti-
mates of the probabilities based on the limited available
evidence and judgment. For each block, we generate the
monthly number of births (b) over time based on demo-
graphic data [56]. Using the estimated fraction of births
with PIDs (Ppid), the model generates the total number
of newborns in each month with a genetic predisposition
of each PID category (CVID or oPIDs) using a random
draw from a Poisson distribution with rate b × Ppid. The
model differentiates CVID from oPIDs because it as-
sumes that only CVID patients may develop chronic
poliovirus excretion. This level of stratification combines
all oPIDs into one category, despite the wide spectrum
of conditions, disease severity, treatments, survival, and
possibly also different abilities to become infected and/
or clear poliovirus, because insufficient data exist to sep-
arately model all PID defects. At birth, we also randomly
determine whether each PID patient will become a long-
term excretor if infected with OPV after onset of clinical
symptoms resulting from the PID (upper section of
Table 3). The probability of potential long-term excre-
tion (i.e., if infected with OPV after PID onset and sur-
viving long enough) represents a key uncertain input.
Although we do not know whether individual host prop-
erties or random events associated with the OPV infec-
tion (e.g., the replication site) determine the ability to
excrete long-term, we assume a pre-determined patient-
specific ability to excrete long-term, if surviving long
enough and infected after clinical PID onset. In the ab-
sence of resource constraints and practical consider-
ations, the ideal screening study would follow a large
number of PID patients over many years after PID onset
to determine when they become infected with OPV and
when they recover. The existing screening studies in
Table 1 only provide a cross-section of PID patients and
identified individuals excreting at a given point in time,
with limited follow-up of only those found excreting.
Depending on the interpretation of the data discussed
above, estimates of the rate of long-term excretion per
PID patient may range from approximately 0.1 % (i.e.,
the proportion of all PIDs found to excrete poliovirus
during follow-up of cross-sectionally screened PID pa-
tients) [52] to approximately 10 % (i.e., the proportion of
surviving patients with poliovirus excretion at time of

cross-sectional screening found to excrete long-term)
[52] or as high as almost 20 % (i.e., the proportion of
surviving immunodeficient VAPP patients found to
excrete long-term) [53]. The first estimate provides a
lower bound of potential long-term excretors because it
excludes excretors who did not yet become infected at
the time of screening or who already stopped excreting.
The 10 % estimate may represent an overestimate of the
true proportion because its denominator skews towards
long-term excretors (since they remain more likely to
excrete poliovirus at the time of screening). The 20 %
estimate provides an overestimate if VAPP is more com-
mon for long-term than typical excretors with a PID,
which appears plausible given that long-term excretors
cannot rapidly clear polioviruses and a longer infection
implies a greater chance of the virus entering the central
nervous system. We assume that 1 % of PID patients
may become a prolonged excretor if infected and surviv-
ing (Table 3). Although close to half of the identified
CVID patients with long-term excretion exhibit chronic
excretion, we assume that relatively more prolonged
than chronic excretors with CVID go undetected due to
their shorter period of excretion, implying a smaller
probability (0.5 %) of a CVID patient becoming a
chronic excretor if infected and surviving.

PID survival and treatment
The remainder of Table 3 lists events and associated
probabilities that may occur at monthly intervals over
the lifetime of the PID patient, including death prior
to clinical PID onset based on age-specific general
population death rates in each income level [56].
After clinical PID onset, we assume different monthly
probabilities of death depending on the PID category
(i.e., CVID or oPID), treatment status, and R0 for
WPV1 in the population in which the PID lives.
Figure 2a shows the assumed baseline survival curves
for effectively treated and not effectively treated PID
patients, and Fig. 2b shows the assumed treatment
fraction as a function of time in each income level.
We constructed the baseline survival curve for treated
CVID patient from a longitudinal study of CVID patients
in Europe [44], which we assume applies for CVID
patients living in populations with an R0 of 4 or 5. From
the survival curve, we compute the monthly probability of
death D(t1) between t1 and t2 months after CVID onset
as D(t1) = 1-S(t2)/S(t1)1/(t2-t1), where S(t1) and S(t2) repre-
sent the proportion surviving t1 and t2 months after
CVID onset, respectively. For oPIDs, we constructed a
baseline survival curve based on judgment and limited
evidence that suggests very short survival for some oPIDs
(e.g., SCID), but a relatively long tail due to some oPID de-
fects with longer survival [36]. Based on data [44] that
suggest much shorter survival prior to widespread IVIG
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Table 3 Inputs for the DES model of long-term poliovirus excretor prevalence

Model input Base case value Source Notes

Births, by income level and polio vaccine
use as of 2013 [1/month]

Varies with time [23, 56] Using number of 0-year old children as of 2013,
divided by 12 months; stratification by income
level and polio vaccine as of 2013 as in Table 2

Probabilities of attributes determined at birth

PID pre-disposition [41] Based on reported annual total PID incidence
in 0–5 year olds during 2000–2006, attributing
21 % to CVIDs based on total reported fraction
of new PID cases, excluding IgA deficiency and
transient hypogammaglobulinemia in infancy

- CVID 1/32,000

- oPIDs 1/8,500

Potential long-term excretion (if OPV-infected
and surviving)

[18, 53] and
Table 1

Assumes lower chance of becoming potential
chronic than prolonged excretor for CVIDs based
on limited observations of both; for oPIDs, no
known cases of chronic excretion exist- Prolonged, CVID or oPIDs 0.01

- Chronic, CVID 0.005

- Chronic, oPID 0

Monthly event probabilities and related relative probabilities

Death, general population, by income level Varies with age [56] Based on 2013 estimates of annualized death rates;
does not include fatal VAPP which may occur
separately; applies prior to clinical PID onset

Death, PID patients Varies with time since
onset/treatment

[20, 37, 44]B* Baseline monthly death rates calculated from
survival curves (Fig. 2), then multiplied by relative
monthly risk of death for R0 and treatment status;
does not include fatal VAPP which may occur
separately, and effect of treatment lapses, which
subject otherwise treated PID patients to the
untreated PID death rates for the duration of the
lapse

Relative monthly death rate vs. baseline,
by treatment status

B Apply death rates as a function of time since
treatment start for treated PID patients and since
PID onset for untreated patients

- Treated 1

- Untreated 5

Relative monthly death rate vs. baseline, by R0 B

- 4 or 5 1

- 6 5

- 7 10

- 8 20

- 9 25

- 10 35

- 11 40

- 12 45

- 13 50

Treatment lapse B

- Low-income 0.8

- Lower middle-income 0.75

- Upper middle-income 0.1

- High-income 0.001

PID onset [44, 45] Corresponds to average of onset of approximately
25 (CVID) and 2 (oPIDs) years

- CVID 1/300

- oPIDs 1/24

Diagnosis [43–45] Corresponds to average diagnostic delay of
approximately 5 (CVID) and 1 (oPID) years

- CVID 1/60
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Table 3 Inputs for the DES model of long-term poliovirus excretor prevalence (Continued)

- oPIDs 1/12

Primary OPV infection, if OPV-only RI and not
diagnosed with PID

B Defined as monthly probability of infection with any
serotype due to receipt of OPV; assumes 3 OPV
infections during primary vaccination in first year
of life, 1 infection from OPV booster dose during
ages 1–4 in high-income countries, 1 annual
infection from OPV supplemental immunization
activity (SIA) doses during ages 1–4 in other countries,
and no OPV doses after age 4

- Any income level, age 0 1/4

- Not high-income, age 1-4 1/12

- High-income,age 1-4 1/48

- Any income level, age > 4 0

Primary OPV infection, if IPV/OPV RI and not
diagnosed with PID

B Assumes 2 instead of 3 OPV infections during
first year of life, with 1 additional infection during
ages 1-4

- Any income level, age 0 1/6

- Any income level, age 1-4 1/48

- Any income level, age > 4 0

Relative probability of primary OPV infection,
diagnosed vs. not diagnosed

0.1 B Assume contra-indications typically followed
for vaccination

Relative probability of secondary OPV
infection, diagnosed vs. not diagnosed

0.5 B Assume siblings will sometimes avoid live vaccines

Relative probability of long-term OPV
infection if treated vs. not treated

0.5 B Assumes some effect of IVIG on the ability of
an OPV infection to become persistent; excludes
treated PID patients experiencing a treatment lapse

Secondary OPV infection, if OPV-only RI [62, 63] B Defined as probability of infection with any
serotype due to secondary OPV exposure;
Baseline rates based on approximately 45 %
secondarily infected from OPV RI by age 20
months in US [62] and approximately 50 %
secondarily infected from SIAs in Oman and Cuba
[63, 64], assuming 1 SIA per year on average

- Not high-income, age 0-4 1/24

- High-income, age 0-4 0.029

- Not high-income, age 5-14 0.5 × 1/24

- High-income, age 0-4 0.5 × 0.029

- Not high-income, age > 14 0.25 × 1/24

- High-income, age >14 0.25 × 0.029

Relative probability of secondary OPV
infection in any income level if IPV/OPV RI vs.
high-income country with OPV-only RI

0.5 B

Probability of serotype-specific OPV infection
given any OPV infection before OPV2
cessation

[18] Based on distribution of isolated serotypes from
known long-term poliovirus excretors; see text

- Serotype 1 0.22

- Serotype 2 0.62

- Serotype 3 0.16

Probability of serotype-specific OPV infection
given any OPV infection, after OPV2 cessation

B Assumes same relative distribution of serotypes
1 and 3 after OPV2 cessation as before OPV2
cessation; see text

- Serotype 1 0.58

- Serotype 2 0

- Serotype 3 0.42

Recovery from OPV infection, by time since
onset of infection

[2, 18, 65] B Implies average duration of approximately 3
months for a “typical” infection (truncated at 6
months), which is somewhat longer than
immunocompetent individuals, consistent with
observations from Finland;[65] 2 years for a
prolonged infection (truncated at 5 years), and
10 years for a chronic infection (not truncated)

- Typical, months 0-4 1/3

- Typical, month 5 1

- Prolonged, month 0-5 0

- Prolonged, months 6-58 1/18

- Prolonged, month 59 1

- Chronic, month 0-59 0

- Chronic, from month 60 1/120
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Table 3 Inputs for the DES model of long-term poliovirus excretor prevalence (Continued)

VAPP [18, 42, 53] B Based on US VAPP incidence by PID category
and calibration to reported paralytic long-term
excretors (see text); assumes no chance of VAPP
if effectively treated (i.e., with IVIG), excluding
during treatment lapse

- CVID, not treated 0.004

- oPIDs, not treated 0.008

- Any PID, treated 0

Fatal VAPP [53, 66] Based on case-fatality rates among 6 immunodeficient VAPP
patients in Iran and 36 immunodeficient VAPP
cases in the US; for the latter, we assume that a
death within a year of VAPP onset represents
death associated with VAPP (even in the case of
another cause of death indicated) due to comorbidity

- Low-income countries 0.5

- Lower middle-income countries 0.4

- Upper middle-income countries 0.3

- High-income countries 0.14

Notes: * B indicates estimate based on judgment

Fig. 2 Assumed baseline survival curves for PID patients in populations with R0 values for WPV1 of 4 or 5 and assumed treatment fractions as a
function of time, by income level. a Baseline survival curves, compared with reported survival for CVID patients in high-income countries [34].
b Fraction of PID patients treated with IVIG, based on literature [20, 26, 30, 31, 36, 45] and judgment
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treatment in high-income countries, we assume 5-fold
higher monthly probabilities of death for CVID patients
and an equal relative monthly risk of death for untreated
compared to treated oPID patients (Table 3). We assume
that even for treated PID patients, relative death rates in-
crease with increasing R0, because higher poliovirus R0

values correlate with poorer hygiene and sanitation condi-
tions. Thus, for treated CVID patients, we assume
monthly death probabilities of up to 50 times (i.e., for the
highest R0 value of 13) the monthly death probabilities
calculated from the baseline survival curves (Table 3). We
further factor in the possibility of IVIG-treatment lapses
using the monthly income level-dependent lapse probabil-
ities in Table 3, assuming these represent independent
events and include both failure to receive IVIG during a
month or reduced quality of the polio or other antibodies.
If an IVIG-treatment lapse occurs, then we assume the
PID patient becomes subject to the untreated monthly
death probability for the time of the lapse. Given that ef-
fective treatment depends on delivery through a com-
pletely functional health system, we assume lower
treatment fractions in lower income levels, with some pro-
jected increase over time (Fig. 2b). During simulation, if
the proportion of PID patients receiving treatment (with
or without lapse) equals less than the assumed treatment
fraction for a given month, then we randomly add PID pa-
tients to the pool of treated patients until the proportion
treated is no longer smaller than the assumed treatment
fraction.

PID onset, diagnosis, OPV infections, and VAPP
Further events for all surviving PID patients include on-
set of PID symptoms and diagnosis and events related to
OPV infection, including the 1) monthly probability of
primary and secondary OPV infection that depends on
poliovirus vaccine use (i.e., OPV-only, IPV/OPV, or 0 if
no OPV use), age, income level, diagnosis status, treat-
ment status, and serotype, 2) monthly progression of
OPV infection that depends on the potential for long-
term poliovirus excretion determined at birth, and 3)
monthly probability of developing VAPP while infected,
with an income-level dependent probability of fatal
VAPP. When a primary OPV infection occurs during
simulation (i.e., a clinical PID patient receives OPV), we
independently sample the serotype(s) based on the sero-
type probabilities in Table 3, which implies some possi-
bility of 2 or 3 concurrent serotypes. For secondary OPV
infections, we assume only one serotype based on the
probabilities in Table 3. We assume probabilities of the
serotype(s) excreted based on limited evidence from the
iVDPVs isolated to date (Table 3) [18]. After OPV2 ces-
sation, removal of the serotype 2 component implies no
new creation of iVDPV2s (i.e., unless introduced for out-
break response or through an unintentional or intentional

event). We assume no change in the overall rate of OPV
infections after OPV2 cessation, with new infections in-
volving serotypes 1 and/or 3 according to the same rela-
tive likelihood of serotypes 1 and 3 as before OPV2
cessation (Table 3). Similar to the very low estimated
VAPP rate (i.e., approximately 1 per million) for first
poliovirus infections in immunologically competent indi-
viduals [42], VAPP also represents a rare event for PID pa-
tients, with 4 CVID and 33 oPID patients reported with
VAPP in the US during the 23-year period 1975–1997
[53]. Assuming approximately 400 annual PID births [42]
in the US and that 20 % of PID patients represent CVIDs
(Table 3), this translates into VAPP rates of 2200 and 4500
per million first infections in CVID and oPID patients, re-
spectively. To translate these into monthly probabilities of
VAPP given OPV infection, we assume that the GPEI
identified all paralytic long-term poliovirus excretors that
occurred during the last 5 years (i.e., 26 paralytic long-
term excretors during 2009–2013) [18]. We then
multiply the estimated rates above to obtain the same
cumulative number of paralytic poliovirus excretors
during 2009–2013 in the model as reported, which
makes the rates depend on all other model assump-
tions. This approach results in monthly VAPP prob-
abilities of 0.004 and 0.008 for CVID and oPID
patients, respectively. Thus, while VAPP clearly repre-
sents a very high risk for long-term excretors, VAPP
onset may not occur until many years of the OPV
infection if at all [34, 53] and one known chronic
excretor continues to excrete after approximately
30 years without development of VAPP to date [57].

Effect of PAVDs
With respect to the use of PAVDs, we assume that at
least 40 % of long-terms excretors may clear the virus
within 5 days if they receive a PAVD regimen, based on
the results of a small clinical trial of pocapavir in im-
munocompetent subjects (Table 3) [15]. Assuming that
immunodeficient patients would respond as well as im-
munocompetent subjects, 40 % represents a lower
bound given that some subjects apparently resistant to
the drug potentially acquired resistant virus from other
subjects in the trial after clearing their initial infections
[15]. To provide bounds on the potential impact of
PAVDs, we considered an upper bound of 90 % drug ef-
fectiveness, reflecting either higher effectiveness of poca-
pavir or the potential effectiveness of combining
multiple compounds. We further considered three sce-
narios of PAVD use: 1) the status quo, which assumes
no availability of the PAVD and provides a baseline for
comparison, 2) passive PAVD use, which assumes that
50 % of iVDPV excretors identified by previously experi-
encing and surviving VAPP receive PAVDs for one
month in January, 2020, and 3) active PAVD use, which
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represents a hypothetical upper bound and assumes
90 % of all iVDPV excretors receive PAVDs for one
month in January, 2020. Both PAVD scenarios further
administer PAVDs according to the same fractions to
any long-term excretors that develop paralysis after
January, 2020. If an excretor receives PAVDs, we ran-
domly determine whether the infection clears based
on the effectiveness assumption (i.e., 40 % or 90 %)
and assume this occurs within a month of the start
of PAVD treatment.
To perform analyses that demonstrate the global

iVDPV prevalence behavior from the DES model with or
without PAVDs, we run 1000 stochastic iteration of the
DES model for the different types of populations in the
global model with appropriate monthly death probabil-
ities and treatment fraction [23], and then aggregate the
results.

Results
Figure 3 shows the baseline prevalence (i.e., without
PAVDs) of long-term iVDPV excretors by (a) income
level, (b) serotype, (c) prolonged vs. chronic excretors,
and (d) clinical manifestation. The estimated total global
prevalence in 2013 equals approximately 30 long-term
excretors, including approximately 27 active prolonged
and 4 active chronic excretors. The number of pro-
longed excretors includes potential chronic excretors
who did not yet progress past 5 years of excretion. In
the context of high levels of continued OPV use to
achieve eradication, the contributions of the relatively
small number of long-term excretors to overall transmis-
sion of LPVs remains small and not easily observable.
Thus, iVDPVs currently represent a relatively low and
unnoticeable risk, except in countries that already
switched to IPV-only routine immunization schedules
for which any long-term excretors may represent a
source of exposure to LPV. This includes high-income
countries that maintain very high routine immunization
coverage and benefit from relatively low R0 values such
that any transmissions that may occur will die out.
As suggested in Fig. 3a, countries in the upper middle-

income group, which includes about 2.5 billion people in
2013 (nearly 50 % of them in China), account for an esti-
mated 16 total long-term excretors (52 % of the global
estimate). Thus, while the high-income countries include
more long-term excretors per capita during OPV use,
they represent only approximately 1.2 billion people and
the majority of these countries stopped all OPV use
years ago, which already led to a decline in their long-
term excretor prevalence.
As suggested in Fig. 3b, after OPV2 cessation, the

prevalence of long-term serotype 2 excretors drops
sharply, but serotype 1 and serotype 3 excretors increase
because the first OPV infection now always occurs with

one of these two serotypes. Before cessation of all OPV
serotypes in 2019, prolonged excretors (including poten-
tial chronic excretors who excreted between 0.5-5 years)
attain approximately seven times the prevalence of
chronic excretors (Fig. 3c). However, after OPV cessation
of all serotypes, not surprisingly the prevalence of pro-
longed excretors drops quickly, while a few chronic
excretors continue to exist for over a decade. Most of
the chronic iVDPV excretors after OPV cessation of all
serotypes reside in upper middle- and high-income
countries, with the prevalence in low- and lower
middle-income countries dropping below the level of
high-income countries within a few years of OPV ces-
sation of all serotypes. Despite the relatively high
monthly VAPP rates continuing throughout each
long-term infection (Table 3), long-term excretors with
VAPP still account for only approximately 10 % of all
long-term excretors (Fig. 3d) because the remainder either
will recover or die before VAPP or will not experience
VAPP until later during their infection.
The results in Fig. 3 correspond to an average cumula-

tive incidence of approximately 200 long-term iVDPV
excretors during 2009–2013, compared to 33 reported
by the GPEI during this period [18]. Given our approach
for estimating VAPP rates, we obtain approximately the
same number of paralytic long-term excretors as reported
(i.e., 30 vs. 26), while the model estimates approximately
170 asymptomatic long-term excretors compared to 7 re-
ported asymptomatic long-term excretors. Overall, the
model suggests a global prevalence of approximately
30,000 PID patients in January, 2015 with suspected im-
munodeficiencies that may lead to longer times required
to clear poliovirus infections. Combined with the 30 esti-
mated current long-term excretors, this translates into a
rate of approximately 0.001 long-term excretors per PID
patient, consistent with the rate of approximately 0.001
observed among 978 PID patients screened for long-term
poliovirus excretion shown in Table 1.
Given the importance of chronic excretors for long-

term poliovirus risk management, we further compared
the model results with the limited evidence about
chronic excretors. The model estimates global CVID
prevalence in 2015 of approximately 14,000 patients,
compared to approximately 8,000 CVID patients known
to a large network of PID treatment centers in 78 coun-
tries [40, 58]. This suggests a large number of unidenti-
fied CVID patients globally. However, significant
uncertainty about the true global prevalence [38, 39]
complicates verification of this model result. The data
from chronic excretors identified since 1970 sum to ap-
proximately 53 person-years of chronic infection (i.e.,
not including the first 5 years of infection during the
prolonged excretion time) and suspected chronic excre-
tors detected through environmental surveillance of
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another 95 person-years (assuming a rate of 1.1 %
VP1 divergence per year), for a total of almost 150
person-years of detected chronic infection. The 1,000
stochastic iterations of the DES model yield an aver-
age of approximately 200 person-years of chronic infec-
tion. The difference reflects the expected large proportion
of asymptomatic chronic excretors (Fig. 3d) and the lack
of systematic identification of chronic excretors.
Figure 4 shows the impact on iVDPV prevalence from

the potential use of a PAVDs with low drug effectiveness
of 40 % in clearing the infection (Fig. 4a) or high drug
effectiveness of 90 % (Fig. 4b) for both PAVD use scenar-
ios. Consistent with the low proportion of symptomatic
iVDPV excretors in the model, relying on the occurrence
of VAPP in PID patients to identify long-term excretors
and treating 50 % of them leads to a negligible reduction
in the prevalence, particularly if coupled with low drug
effectiveness (Fig. 4a, red curve overlapping the black
curve). The hypothetical scenario of active PAVD use
with 90 % of all long-term excretors receiving PAVDs
suggests potentially larger benefits, especially for high
drug effectiveness (Fig. 4b, green curve). However, this
scenario would require significant efforts to scale-up
screening of PID patients in order to treat them. With the
lower bound of PAVD effectiveness of 40 %, the active
PAVD use scenario attains a 15 % reduction in iVDPV
prevalence 10 years after OPV2 cessation. In contrast,
with the upper bound of PAVD effectiveness of 90 %, the
same level of PAVD use results in a 79 % reduction in
iVDPV prevalence 10 years after OPV2 cessation.

Discussion
As we enter the polio endgame, modeling can provide
important insights about the different risks that may
occur, which may help to identify opportunities to man-
age them. This reanalysis of iVDPV risks suggests that
they may represent a larger concern after OPV cessation
than previously recognized, although significant uncer-
tainty remains. The estimated current prevalence of
long-term excretors remains higher than the base case
for our prior analysis based on the zero observed long-
term excretors in screening studies available at the time,
but lower than the prior upper bound estimate [2],
reflecting the current non-zero observation of long-term

Fig. 3 Prevalence of long-term iVDPV excretors in the absence of
PAVD use, based on the monthly averages of 1,000 iterations of the
DES model (a) Global and by income level (all serotypes, prolonged
and chronic excretors, and clinical manifestations combined). b By
serotype (all income levels, prolonged and chronic excretors, and
clinical manifestations combined). c By prolonged vs. chronic excretors
(all income levels, serotypes combined, and clinical manifestations
combined). d By clinical manifestation (all income level, serotypes,
and prolonged and chronic excretors combined)
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excretors in more recent screening studies (Table 1) and
our efforts to account for missing long-term excretors in
those studies [52]. The proportion of PID patients who
may develop prolonged or chronic excretion neverthe-
less remains a major uncertainty. Improved treatment of
immunocompromised individuals continues to increase
their survival, with treatment strategies increasingly
transferred to relatively lower-income countries, which
also contributed to the overall higher prevalence than
previously estimated for these countries [2]. The insuffi-
cient data and uncertainty imply limitations of our
model and results. For example, insufficient data exist to
model the properties of each PID defect in the combined
oPID category, but important differences certainly exist.
More serious forms of PID (e.g., SCID) may imply a
greater probability of long-term poliovirus excretion, but
also lead to reduced survival, particularly in developing

countries. However, treatment of SCID patients with
bone marrow transplantation may also make these pa-
tients effectively immunocompetent and remove them
from the risk pool altogether. In contrast, patients with
milder PID defects with longer survival (e.g., hypogam-
maglobulinemia) probably recover spontaneously from
poliovirus infections relatively early during prolonged
replication. Combining all oPIDs without a correlation
between survival and probability of long-term infection
given OPV exposure represents the conservative ap-
proach and may overestimate prolonged excretion.
Other significant uncertainties also impact the risk

estimates, which could lead to higher or lower estimates.
The relatively high assumed probabilities of potential
long-term excretion of 1 % (prolonged) or 0.5 %
(chronic) (Table 3) used to adjust for missing excretors
based on the limited cross-sectional screening studies
may contribute to overestimation of the model because
they exceed the observed rates of 0.1 % (prolonged) and
0 % (chronic). In contrast, our model may underestimate
the current prevalence of long-term excretors in high-
income countries by assuming that all high-income
countries that use IPV-only as of 2013 stopped IPV use
as early as the year 2000 (Table 2), while in reality some
countries (e.g., Japan) continued to use OPV-only until
recently. In addition, almost no data exits to quantify
PID survival in developing countries and therefore our
assumed survival rates could over- or underestimate the
risk. Although we present the average results of 1000 re-
alizations of the model, the stochastic events modeled
could lead to very different potential futures and even
with all of the new information collected since our prior
analysis [2], iVDPV risks remain highly uncertain and of
significant concern for polio endgame risk management.
Further studies should provide additional information
that may help to reduce uncertainties.
Table 4 highlights high-impact and reasonably feasible

research opportunities to reduce uncertainties in future
iVDPV risk estimates that we identified through the
model development process. The opportunities include
research to reduce uncertainty about key drivers of the
prevalence of iVDPVs after OPV cessation, such as retro-
spective analysis of global PID registries to better
characterize PID survival in low- and middle-income
countries, expanded (and if feasible) longitudinal polio-
virus screening of PID patients to better estimate the
probability of long-term excretion for PID patients, and
clinical trials with PAVDs involving long-term excretors
to determine the PAVD effectiveness in clearing polio-
virus infection. Other research opportunities may ad-
dress specific questions identified through the model
development process or provide better estimates of the
bounds of current true global long-term poliovirus
excretor prevalence. With the long lead time for

Fig. 4 Impact of PAVD use on iVDPV prevalence for different PAVD
use scenarios starting on January 1, 2020, based on the first 100
stochastic iterations of the DES model. a Lower bound on effectiveness
of a single PAVD compound (i.e., assuming 40 % of recipients recover
from infection). b Hypothetical upper bound on effectiveness of one or
more PAVD compounds (i.e., assuming 90 % of recipients recover
from infection)
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research, development, and implementation of risk man-
agement strategies and the long observation period re-
quired for longitudinal screening, the research
opportunities we identified represent urgent, although in
some cases potentially costly priorities. However, the po-
tential consequences of an iVDPV-associated outbreak
in a developing country after OPV cessation in the ab-
sence of a tested outbreak response strategy beyond the
first few years after OPV cessation will likely justify fur-
ther investments to improve iVDPV risk management.
Some lower-cost research opportunities, such as more
systematic reporting of timelines of events associated
with long-term excretors and continued follow-up [59]
beyond recovery from infection, may help resolve a
number of specific questions identified through our
modeling process. In addition to the questions in Table 4,

we identified many other specific theoretical questions
and practical issues not addressable by feasible, short-
term research. For example, a better understanding of
the immunological mechanisms of long-term poliovirus ex-
cretion and recovery would help inform model inputs and
address the question of reinfection. Assessing the impact of
iVDPV prevalence on risks after OPV cessation requires in-
tegration of the results from the iVDPV prevalence model
with a global poliovirus transmission model [23]. In this
context, the transmissibility of iVDPVs compared to
cVDPVs or WPVs represents an important uncertainty that
will significantly affect the risk of any transmission from
long-term excretors over time. While we cannot directly es-
timate R0 values for poliovirus, environmental sampling
and expanded stool surveys around known excretors may
provide data to inform assumptions going forward.

Table 4 High-impact research opportunities identified to address key questions and reduce uncertainty in future iVDPV risk estimates

Research opportunities Research questions

Retrospective analysis of global PID registries - What are the survival prospects of individuals in different PID
categories in different income levels (particularly CVIDs) and
how are they changing over time?

- How does IVIG treatment affect PID survival?

Expanded and longitudinal screening of PID patients
for poliovirus (with reporting of IVIG treatment status
for screened PID patients)

- What fraction of patients with different PIDs (CVID, SCID,
others) will develop prolonged and chronic excretion if
infected with OPV?

- How many prolonged and chronic excretors currently exist
globally?

- How does IVIG treatment affect the probability of developing
a long-term infection if infected with OPV?

Clinical trials with PAVDs involving long-term excretors - How effective are individual and combined PAVDs in clearing
poliovirus infections?

Systematic detailed reporting of timelines of events
for all known long-term excretors

- Does a PID patient who spontaneously recovered from a
long-term infection develop sufficient immunity to
prevent future long-term infections of the same or
other serotypes?

- How does IVIG treatment affect the probability of developing
a long-term infection if infected with OPV?

- What is the current survival and excretion status and the
estimated time of infection, recovery (if applicable) and death
(if applicable) for each known long-term excretor?

Continued follow-up of all identified long term excretors
(including after spontaneous recovery from infection )

- Does a PID patient who spontaneously recovers from a long-
term infection develop sufficient immunity to prevent
future long-term infections of the same or other serotypes?

- Do frequent concurrent enteric infections result in an increased
probability of spontaneous recovery from long-term
poliovirus infections?

Intensification of searches for PID patients causing
apparent iVDPVs isolated from the environment

- Who are the sources of apparent iVDPVs isolated from the
environment?

- What are the bounds on current chronic excretor prevalence
in countries that stopped using OPV?

Expanded environmental surveillance for apparent iVDPVs - What are the bounds on current chronic excretor prevalence?

- Can iVDPVs transmit widely?

Modeling of iVDPV introductions into the general
population after OPV cessation

- What are the expected consequences of prolonged and chronic
excretion beyond OPV cessation?

Expanded stool sampling around known long-term excretors - Are iVDPVs as transmissible as cVDPVs and WPVs?

Duintjer Tebbens et al. BMC Infectious Diseases  (2015) 15:379 Page 15 of 18



After OPV cessation, efforts to identify chronic excretors
will represent a necessity for risk management. If effective
PAVDs exist, then treating chronic excretors both to pro-
tect them from potentially developing VAPP and to protect
the rest of the population from exposure to LPVs will offer
an important strategy to reduce risk. Efforts to identify pa-
tients in the presence of an effective treatment strategy will
most likely benefit from the potential to prevent future
VAPP in these patients and may support widespread test-
ing of PIDs for poliovirus excretion, including asymptom-
atic patients. Development of a second compound (or
more) will potentially help to both motivate a scale-up of
screening for long-term poliovirus excretors and achieve
more impact of widespread PAVD use on the risk of
iVDPVs after OPV cessation. In contrast, in the absence of
any PAVDs, risk management efforts may focus on patient
education aimed at asking the patients to limit their expos-
ure to others (i.e., self-isolation to some degree). This will
represent a challenge given the asymptomatic nature of
most infections and the lack of incentives for patient
participation.
OPV cessation will ultimately stop the creation of new

long-term excretors, but it will take time for the chronic
excretors that exist at the time of OPV cessation to stop ex-
creting. Countries and the GPEI will need to recognize that
in a world without high levels of population immunity to
transmission derived from use of LPVs, iVDPVs will repre-
sent an important potential source for re-introduction of
poliovirus that requires active risk management.

Conclusions
Further research into PID incidence, survival, and long-
term excretion would reduce important uncertainties as-
sociated with the risk from long-term poliovirus excretors.
Efforts to develop a second polio antiviral compound to
increase PAVD effectiveness and/or to maximize the iden-
tification and treatment of affected individuals represent
important risk management opportunities for the polio
endgame.
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cVDPV: Circulating vaccine-derived poliovirus; CVID: Common-variable
immunodeficiency disease ; DES: Discrete-event simulation; GPEI: Global
polio eradication initiative; IPV: Inactivated poliovirus vaccine;
iVDPV(1,2,3): Immunodeficiency-associated vaccine-derived poliovirus (sero-
type 1, 2, or 3, respectively); IVIG: intravenous immunoglobulin; LPV: Live
poliovirus; oPID: Other PID; OPV: Oral poliovirus vaccine; OPV2
cessation: Globally-coordinated cessation of all serotype 2-containing OPV;
PAVD: Polio antiviral drug; PID: Primary immunodeficiency disease;
PV(1,2,3): Poliovirus (serotype 1, 2, or 3, respectively); R0: Basic reproduction
number; SCID: Severe combined immunodeficiency disease;
SIA: Supplemental immunization activity; VAPP: Vaccine-associated paralytic
poliomyelitis; WPV(1,2,3): Wild poliovirus (serotype 1, 2, or 3, respectively).

Competing interests
The authors declare that they have no competing interest.

Authors’ contributions
RJDT participated in the design of the study, performed the computational
analysis, and drafted the manuscript. MAP provided critical scientific input
and participated in the design of the study. KMT conceived of the study, and
participated in its design and coordination and helped to draft the
manuscript. All authors read and approved the final manuscript.

Acknowledgments
RJDT and KMT acknowledge support for this work from the US Centers for
Disease Control and Prevention under Contract U66IP000519. The authors
thank Drs. Stephen Cochi and Steven Wassilak for helpful discussions. The
contents of this article are solely the responsibility of the authors and do not
represent the official views of the US Centers for Disease Control and
Prevention.

Author details
1Kid Risk, Inc., 10524 Moss Park Rd., Ste. 204-364, Orlando, FL 32832, USA.
2Division of Viral Diseases, National Center for Immunization and Respiratory
Diseases, Centers for Disease Control and Prevention, Atlanta, GA, USA.

Received: 30 March 2015 Accepted: 7 September 2015

References
1. World Health Organization: Polio Eradication Initiative. Cessation of Routine

Oral Polio Vaccine (OPV) use after Global Polio Eradication. Framework for
National Policy Makers in OPV-using Countries. Geneva, 2005; Report
No.: WHO/POL/05.02.

2. Duintjer Tebbens RJ, Pallansch MA, Kew OM, Cáceres VM, Jafari H, Cochi SL,
et al. Risks of paralytic disease due to wild or vaccine-derived poliovirus
after eradication. Risk Anal. 2006;26(6):1471–505.

3. World Health Organization. Transmission of wild poliovirus type
2—Apparent global interruption. Wkly Epidemiol Rec. 2001;76:95–7.

4. World Health Organization: Global Polio Eradication Initiative: Polio
Eradication and Endgame Strategic Plan (2013–2018). Geneva, 2013; Report
No.: WHO/POLIO/13.02.

5. Global Polio Eradication Initiative. World ready for OPV2 cessation.
http://www.polioeradication.org/mediaroom/newsstories/World-ready-for-
OPV2-cessation-/tabid/526/news/1181/Default.aspx?popUp=true.
Accessed January 28 2015.

6. Dowdle WR, van der Avoort HGAM, de Gourville EM, Delpeyroux F,
Deshpande JM, Hovi T, et al. Containment of polioviruses after eradication:
characterizing risk to improve management. Risk Anal. 2006;26(6):1449–69.

7. Thompson KM, Duintjer Tebbens RJ. Modeling the dynamics of oral
poliovirus vaccine cessation. J Infect Dis. 2014;210 Suppl 1:S475–84.

8. Duintjer Tebbens RJ, Pallansch MA, Chumakov KM, Halsey NA, Hovi T, Minor
PD, et al. Expert review on poliovirus immunity and transmission. Risk Anal.
2013;33(4):544–605.

9. Duintjer Tebbens RJ, Pallansch MA, Chumakov KM, Halsey NA, Hovi T, Minor
PD, et al. Review and assessment of poliovirus immunity and transmission:
Synthesis of knowledge gaps and identification of research needs. Risk Anal.
2013;33(4):606–46.

10. Thompson KM, Duintjer Tebbens RJ. National choices related to inactivated
poliovirus vaccine, innovation, and the end game of global polio
eradication. Exp Rev Vaccines. 2014;13(2):221–34.

11. Anis E, Kopel E, Singer S, Kaliner E, Moerman L, Moran-Gilad J, Sofer D,
Manor Y, Shulman L, Mendelson E et al.. Insidious reintroduction of wild
poliovirus into Israel, 2013. Euro Surveill. 2013, 18(38).

12. Kalkowska DA, Duintjer Tebbens RJ, Grotto I, Shulman LM, Anis E, Wassilak
SGF, et al. Modeling options to manage type 1 wild poliovirus imported
into Israel in 2013. J Infect Dis. 2015;211(11):1800–12.

13. Duintjer Tebbens RJ, Thompson KM. Modeling the potential role of
inactivated poliovirus vaccine to manage the risks of oral poliovirus vaccine
cessation. J Infect Dis. 2014;210 Suppl 1:S485–97.

14. National Research Council. Exploring the role of antiviral drugs in the eradication
of polio: Workshop report. Washington, D.C: National Academy Press; 2006.

15. McKinlay MA, Collett MS, Hincks JM, Oberste MS, Pallansch MA, Okayasu H,
et al. Progress in the development of poliovirus antiviral agents and their
essential role in reducing risks that threaten eradication. J Infect Dis.
2014;210 Suppl 1:S447–53. in press.

Duintjer Tebbens et al. BMC Infectious Diseases  (2015) 15:379 Page 16 of 18

http://www.polioeradication.org/mediaroom/newsstories/World-ready-for-OPV2-cessation-/tabid/526/news/1181/Default.aspx?popUp=true
http://www.polioeradication.org/mediaroom/newsstories/World-ready-for-OPV2-cessation-/tabid/526/news/1181/Default.aspx?popUp=true


16. Halsey NA, Pinto J, Espinosa-Rosales F, Faure-Fontenla M, da Silva EE, Kahn
AA, et al. Search for polio virus carriers among people with primary
immune deficiency diseases in the United States, Mexico, Brazil and the
United Kingdom. Bull World Health Organ. 2004;82(1):3–8.

17. Fiore L, Plebani A, Buttinelli G, Fiore S, Donati V, Marturano J, et al. Search
for poliovirus long-term excretors among patients affected by
agammaglobulinemia. Clin Immunol. 2004;111(1):98–102.

18. Burns C, Diop O, Sutter RW, Kew OM. Vaccine-derived polioviruses. J Infect
Dis. 2014;210 Suppl 1:S283–93.

19. Driss N, Ben-Mustapha I, Mellouli F, Ben Yahia A, Touzi H, Bejaoui M, et al.
High susceptibility for enterovirus infection and virus excretion features in
Tunisian patients with primary immunodeficiencies. Clin Vaccine Immunol.
2012;19(10):1684–9.

20. de Silva R, Gunasena S, Ratnayake D, Wickremesinghe GD, Kumarasiri CD,
Pushpakumara BA, et al. Prevalence of prolonged and chronic poliovirus
excretion among persons with primary immune deficiency disorders in
Sri Lanka. Vaccine. 2012;30(52):7561–5.

21. Galal NM, Bassiouny L, Nasr E, Abdelmeguid N. Isolation of poliovirus
shedding following vaccination in children with antibody deficiency
disorders. J Infect Dev Ctries. 2012;6(12):881–5.

22. Thompson KM, Duintjer Tebbens RJ. Current polio global eradication and
control policy options: Perspectives from modeling and prerequisites for
OPV cessation. Expert Rev Vaccines. 2012;11(4):449–59.

23. Duintjer Tebbens RJ, Pallansch MA, Cochi SL, Wassilak SGF, Thompson KM:
An economic analysis of poliovirus risk management policy options for
2013–2052 (submitted to BMC ID). doi:10.1186/s12879-015-1112-8

24. Duintjer Tebbens RJ, Pallansch MA, Kalkowska DA, Wassilak SG, Cochi SL,
Thompson KM. Characterizing poliovirus transmission and evolution:
Insights from modeling experiences with wild and vaccine-related
polioviruses. Risk Anal. 2013;23(4):703–49.

25. Alexander Jr JP, Gary Jr HE, Pallansch MA. Duration of poliovirus excretion
and its implications for acute flaccid paralysis surveillance: a review of the
literature. J Infect Dis. 1997;175 Suppl 1:S176–82.

26. MacCallum FO. Hypogammaglobulinaemia in the United Kingdom. VII. The
role of humoral antibodies in protection against and recovery from bacterial
and virus infections in hypogammaglobulinaemia. Spec Rep Ser Med Res
Counc (G B). 1971;310:72–85.

27. Martín J, Dunn G, Hull R, Patel V, Minor PD. Evolution of the Sabin strain of
type 3 poliovirus in an immunodeficient patient during the entire 637-day
period of virus excretion. J Virol. 2000;74(7):3001–10.

28. Hara M, Saito Y, Komatsu T, Kodama H, Abo W, Chiba S, et al. Antigenic
analysis of polioviruses isolated from a child with agammaglobulinemia and
paralytic poliomyelitis after Sabin vaccine administration. Microbiol
Immunol. 1981;25(9):905–13.

29. Martin J. Vaccine-derived poliovirus from long term excretors and the end
game of polio eradication. Biologicals. 2006;34(2):117–22.

30. Kew OM, Sutter RW, Nottay BK, McDonough MJ, Prevots DR, Quick L, et al.
Prolonged replication of a type 1 vaccine-derived poliovirus in an
immunodeficient patient. J Clin Microbiol. 1998;36(10):2893–9.

31. Guo J, Bolivar-Wagers S, Srinivas N, Holubar M, Maldonado Y.
Immunodeficiency-related vaccine-derived poliovirus (iVDPV) cases: A
systematic review and implications for polio eradication. Vaccine.
2015;33(10):1235–42.

32. Bellmunt A, May G, Zell R, Pring-Akerblom P, Verhagen W, Heim A.
Evolution of poliovirus type I during 5.5 years of prolonged enteral
replication in an immunodeficient patient. Virology. 1999;265(2):178–84.

33. MacLennan CA, Dunn G, Wood P. Chronic infection with vaccine-derived
poliovirus in a common variable immunodeficiency and implications for
world health. J Allergy Clin Immunol. 2001;107(Suppl):S304–5.

34. DeVries AS, Harper J, Murray A, Lexau C, Bahta L, Christensen J, et al.
Vaccine-derived poliomyelitis 12 years after infection in Minnesota.
N Engl J Med. 2011;364(24):2316–23.

35. Centers for Disease Control and Prevention. Update on vaccine-derived
polioviruses—worldwide, July 2009-March. MMWR Morb Mortal Wkly Rep
2011. 2011;60(25):846–50.

36. Gathmann B, Grimbacher B, Beaute J, Dudoit Y, Mahlaoui N, Fischer A,
et al. The European internet-based patient and research database for
primary immunodeficiencies: results 2006–2008. Clin Exp Immunol.
2009;157 Suppl 1:3–11.

37. Mohammadinejad P, Aghamohammadi A, Abolhassani H, Sadaghiani MS,
Abdollahzade S, Sadeghi B, et al. Pediatric patients with common variable

immunodeficiency: long-term follow-up. J Investig Allergol Clin Immunol.
2012;22(3):208–14.

38. Boyle JM, Buckley RH. Population prevalence of diagnosed primary
immunodeficiency diseases in the United States. J Clin Immunol.
2007;27(5):497–502.

39. Bousfiha AA, Jeddane L, Ailal F, Benhsaien I, Mahlaoui N, Casanova JL, et al.
Primary immunodeficiency diseases worldwide: more common than
generally thought. J Clin Immunol. 2013;33(1):1–7.

40. Modell V, Knaus M, Modell F. An analysis and decision tool to measure cost
benefit of newborn screening for severe combined immunodeficiency
(SCID) and related T-cell lymphopenia. Immunol Res. 2014;60(1):145–52.

41. Joshi AY, Iyer VN, Hagan JB, St Sauver JL, Boyce TG. Incidence and temporal
trends of primary immunodeficiency: a population-based cohort study.
Mayo Clin Proc. 2009;84(1):16–22.

42. Alexander LN, Seward JF, Santibanez TA, Pallansch MA, Kew OM, Prevots DR,
et al. Vaccine policy changes and epidemiology of poliomyelitis in the
United States. JAMA. 2004;292(14):1696–701.

43. Abolhassani H, Aghamohammadi A, Abolhassani F, Eftekhar H, Heidarnia M,
Rezaei N. Health policy for common variable immunodeficiency: burden of
the disease. J Investig Allergol Clin Immunol. 2011;21(6):454–8.

44. Chapel H, Lucas M, Lee M, Bjorkander J, Webster D, Grimbacher B, et al.
Common variable immunodeficiency disorders: division into distinct clinical
phenotypes. Blood. 2008;112(2):277–86.

45. Yong PF, Thaventhiran JE, Grimbacher B. “A rose is a rose is a rose,” but
CVID is Not CVID common variable immune deficiency (CVID), what do we
know in 2011? Adv Immunol. 2011;111:47–107.

46. Orange JS, Hossny EM, Weiler CR, Ballow M, Berger M, Bonilla FA, et al. Use
of intravenous immunoglobulin in human disease: a review of evidence by
members of the Primary Immunodeficiency Committee of the American
Academy of Allergy, Asthma and Immunology. J Allergy Clin Immunol.
2006;117(4 Suppl):S525–53.

47. Hovi T, Shulman LM, van der Avoort H, Deshpande J, Roivainen M, EM DEG.
Role of environmental poliovirus surveillance in global polio eradication and
beyond. Epidemiol Infect. 2012;140(1):1–13.

48. Hovi T, Paananen A, Blomqvist S, Savolainen-Kopra C, Al-Hello H, Smura T, et
al. Characteristics of an environmentally monitored prolonged type 2
vaccine derived poliovirus shedding episode that stopped without
intervention. PLoS One. 2013;8(7):e66849.

49. Al-Hello H, Jorba J, Blomqvist S, Raud R, Kew O, Roivainen M. Highly
divergent type 2 and 3 vaccine-derived polioviruses isolated from sewage
in Tallinn, Estonia. J Virol. 2013;87(23):13076–80.

50. Roivainen M, Blomqvist S, Al-Hello H, Paananen A, Delpeyroux F, Kuusi M, Hovi
T. Highly divergent neurovirulent vaccine-derived polioviruses of all three
serotypes are recurrently detected in Finnish sewage. Euro Surveill 2010, 15(19).

51. World Health Organization. Vaccine-derived polioviruses detected
worldwide, July 2009–March 2011. Wkly Epidemiol Rec. 2011;86(27):277–88.

52. Li L, Ivanova O, Driss N, Tiongco-Recto M, de Silva R, Shahmahmoodi S, et al.
Poliovirus excretion among persons with primary immune deficiency disorders:
Summary of a seven-country study series. J Infect Dis. 2014;210 Suppl 1:S368–72.

53. Khetsuriani N, Prevots DR, Quick L, Elder ME, Pallansch MA, Kew OM, et al.
Persistence of vaccine-derived polioviruses among immunodeficient persons
with vaccine-associated paralytic poliomyelitis. J Infect Dis. 2003;188:1845–52.

54. Driss N, Mellouli F, Ben Yahia A, Touzi H, Barbouche MR, Triki H, et al. Sequential
asymptomatic enterovirus infections in a patient with major histocompatibility
complex class II primary immunodeficiency. J Clin Microbiol. 2014;52(9):3486–9.

55. World Bank. World Bank list of economies (October 2013). http://
siteresources.worldbank.org/DATASTATISTICS/Resources/CLASS.XLS,
Accessed December 23 2013.

56. Population Division of the Department of Economic and Social Affairs of the
United Nations Secretariat. World Population Prospects: The 2012
RevisionVolume I: Comprehensive tables. New York, 2013; Report No.:
ST/ESA/SER.A/336.

57. Minor P. Vaccine-derived poliovirus (VDPV): Impact on poliomyelitis
eradication. Vaccine. 2009;27(20):2649–52.

58. Modell V, Gee B, Lewis DB, Orange JS, Roifman CM, Routes JM, et al. Global
study of primary immunodeficiency diseases (PI)—diagnosis, treatment, and
economic impact: an updated report from the Jeffrey Modell Foundation.
Immunol Res. 2011;51(1):61–70.

59. Dunn G, Klapsa D, Wilton T, Stone L, Minor PD, Martin J. Twenty-eight years
of poliovirus replication in an immunodeficient individual: Impact on the
Global Polio Eradication Initiative. PLoS Pathog. 2015;11(8):e1005114.

Duintjer Tebbens et al. BMC Infectious Diseases  (2015) 15:379 Page 17 of 18

http://dx.doi.org/10.1186/s12879-015-1112-8
http://siteresources.worldbank.org/DATASTATISTICS/Resources/CLASS.XLS
http://siteresources.worldbank.org/DATASTATISTICS/Resources/CLASS.XLS


60. Tiongco-Recto M, Sumpaico MW, Dionisio-Capulong R, Kahn A-L, Sigrun
R, Sutter RW. Prevalence of prolonged and chronic poliovirus excretion
among persons with primary immune deficiency disorders in the
Philippines. Acta Med Philipp. 2012;46(1):34–42.

61. Triki H, Barbouche MR, Bahri O, Bejaoui M, Dellagi K. Community-acquired
poliovirus infection in children with primary immunodeficiencies in Tunisia.
J Clin Microbiol. 2003;41(3):1203–11.

62. Chen RT, Hausinger S, Dajani AS, Hanfling M, Baughman AL, Pallansch MA,
et al. Seroprevalence of antibody against poliovirus in inner-city preschool
children. JAMA. 1996;275(21):1639–45.

63. World Health Organization Collaborative Study Group on Oral and
Inactivated Poliovirus Vaccines. Combined immunization of infants with oral
and inactivated poliovirus vaccines: results of a randomized trial in The
Gambia, Oman, and Thailand. WHO Collaborative Study Group on Oral and
Inactivated Poliovirus Vaccines. J Infect Dis. 1997;175 Suppl 1:S215–27.

64. Más Lago P, Bravo JR, Andrus JK, Comellas MM, Galindo MA, de Quadros
CA, et al. Lesson from Cuba: mass campaign administration of trivalent oral
poliovirus vaccine and seroprevalence of poliovirus neutralizing antibodies.
Bull World Health Organ. 1994;72(2):221–5.

65. Savilahti E, Klemola T, Carlsson B, Mellander L, Stenvik M, Hovi T. Inadequacy
of mucosal IgM antibodies in selective IgA deficiency: Excretion of
attenuated polio viruses is prolonged. J Clin Microbiol. 1988;8(2):89–94.

66. Shahmahmoodi S, Mamishi S, Aghamohammadi A, Aghazadeh N, Tabatabaie H,
Gooya MM, et al. Vaccine-associated paralytic poliomyelitis in immunodeficient
children, Iran, 1995–2008. Emerg Infect Dis. 2010;16(7):1133–6.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Duintjer Tebbens et al. BMC Infectious Diseases  (2015) 15:379 Page 18 of 18


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Background
	Methods
	Stages of PID disease and OPV infection
	Discrete-event simulation model
	Births and characteristics determined at birth
	PID survival and treatment
	PID onset, diagnosis, OPV infections, and VAPP
	Effect of PAVDs

	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References



