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1 Introduction

Six decades ago, every child faced the threats of lifelong paral-
ysis or death from poliomyelitis. Poliomyelitis, an infectious
disease dating back to antiquity (Fig. 13.1), suddenly appeared
in epidemic form in the late nineteenth century in northern
Europe and the United States and emerged as one of the great
epidemic diseases of the twentieth century [1-3]. The threat of
poliomyelitis quickly receded in developed countries follow-
ing the introduction of the inactivated poliovirus vaccine (IPV)
in 1955 [4, 5] and the oral poliovirus vaccine (OPV) in 1961
[6, 7] and had all but disappeared in high-income countries by
the early 1970s [8, 9]. In sharp contrast, poliomyelitis remained
largely uncontrolled in the developing countries of Latin
America, Asia, and Africa and continued to threaten the
majority of the world’s children with crippling disease [8, 9].
Today, poliomyelitis is on the verge of eradication, and its
etiologic agents, the three poliovirus serotypes, are on the brink
of extinction from the natural environment (Figs. 13.2 and 13.3)
[12]. Circulation of indigenous wild type 2 poliovirus ceased in
1999 [13], and wild type 3 poliovirus may be nearing eradica-
tion [12]. Wild type 1 poliovirus circulation is localized to a
small and decreasing number of districts in parts of three coun-
tries (for updates see http://www.polioeradication.org/) [12].
This brightening picture is the direct result of the initia-
tives launched in 1985 by the Pan American Health
Organization (PAHO; the Regional WHO Office for the
Americas) to eradicate poliomyelitis in the Americas by
1990 [14], and subsequently by the World Health
Organization (WHO) to eradicate poliomyelitis worldwide
by the year 2000 [15]. The Global Polio Eradication
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Initiative (GPEI), established by a landmark 1988 resolution
of the World Health Assembly (the governing body of the
WHO) [15], has grown to become the largest public health
program in history [16], engaging key segments of both the
public and private sectors [17]. The launch of the GPEI was
made in light of dramatic progress by PAHO toward achiev-
ing its regional eradication goal, attained in 1991 [18]. Like
the PAHO initiative, the GPEI achieved early rapid prog-
ress, reducing poliomyelitis incidence worldwide by >99 %,
from an estimated 350,000 cases in 125 countries in 1988 to
a low of 493 cases reported in 10 countries in 2001, raising
the long-held hope that a polio-free world would soon be
realized [19]. Optimism was fueled by the eradication of
wild poliovirus type 2 and reinforced by the cessation of
wild poliovirus transmission in many highly challenging
settings. However, progress stalled between the years 2000
and 2010 as the global incidence poliomyelitis stabilized at
~500-2,000 cases per year (Fig. 13.2a) [10, 19, 20]. With
intensified efforts, the GPEI steadily reduced the number of
endemic reservoirs, such that by the end of 2012 the global
poliomyelitis case count again fell to a new all-time low of
223, and only three countries (Nigeria, Pakistan, and
Afghanistan) had never stopped wild poliovirus transmis-
sion (Figs. 13.2 and 13.3) [12, 21]. Despite setbacks, the
GPEI achieved many landmark successes: coordinating the
vaccination of 2.5 billion children, many of them among the
most vulnerable living in the most under-resourced commu-
nities in the world, and saving more than ten million people
(mostly children <2 years of age) from lifelong paralysis
and sparing the lives of more than 250,000 others [22]. The
WHO GPEI is now developing a detailed endgame strategic
plan to secure forever the many gains achieved by polio
eradication (http://www.polioeradication.org/portals/0/doc-
ument/resources/strategywork/endgamestrat-
plan_20130414_eng.pdf) [22].
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Fig. 13.1 Thirty-three centuries of poliomyelitis. (a) Stele from the
Eighteenth Dynasty of Egypt (c.1550 to c.1292 BCE) portraying a
young man with an atrophied right leg and flaccid foot drop character-
istic of the long-term sequelae of paralytic poliomyelitis. The stele is in
the Ny Carlsberg Glyptotek, Copenhagen, Denmark; the photograph
was downloaded from Wikimedia Commons (http://commons.wikime-

Polioviruses are members of the Enterovirus genus of the
family Picornaviridae (pico, L., small; rna, RNA genome)
(Chap. 11) [23]. The Enterovirus genus, comprising >100
serotypes, is divided into 12 species (enterovirus species A
to J and rhinovirus species A to C); poliovirus, along with
>20 other serotypes are members of human enterovirus spe-
cies-C (for updates see: http://www.ictvonline.org/) [24, 25].
Enteroviruses inhabit the intestinal tracts and/or the naso-
pharyngeal tissues of humans and other mammals.
Polioviruses, for which humans are the only natural reservoir
host, occasionally invade the central nervous system (CNS)
and cause destruction of motor neurons in the spinal cord,
resulting in acute flaccid paralysis (AFP). However, poliovi-
rus invasion of the CNS occurs in less than 1 % of infections
and represents a dead end for transmission, which occurs by

dia.org/wiki/File:Polio_Egyptian_Stele.jpg). (b) Poliomyelitis in
Delhi, India, 2002. The last case of poliomyelitis associated with wild
poliovirus in India had onset in January 2011. The photograph was
downloaded from the WHO Media Centre (http://www.who.int/media-
centre/multimedia/2002/ind_polio211460.jpg)

the fecal-oral or respiratory routes [23, 26]. The abrupt
appearance of large poliomyelitis outbreaks generated
intense interest in the disease and prompted intensive studies
of poliovirus epidemiology, pathology, immunology, and
virology, leading to the development and worldwide deploy-
ment of effective poliovirus vaccines and many ground-
breaking contributions to public health, medical science, and
basic research [3, 19, 23, 27].

2 Historical Background

The rich history of research on poliomyelitis and poliovi-
ruses has been chronicled in numerous excellent books,
chapters, and reviews and in an extensive scientific literature
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Fig. 13.2 (a) Incidence of paralytic poliomyelitis cases associated
with wild poliovirus (WPV) infections worldwide, 1985-2012 (source
http://www.polioeradication.org/). Estimated cases are shown as gray
bars; reported, clinically confirmed, and virologically confirmed cases
are shown as black bars. Starting in 2001, all WPV case counts were
based on virologic confirmation by the GPLN. Arrows below three-
letter codes for WHO regions (AMR Americas, EUR Europe, WPR
Western Pacific) indicate year of last detection of indigenous WPV. Red
dashed lines in inset indicate estimated number (250-500) of cases of

VAPP per year worldwide. (b) Wild poliovirus type 1 (WPV1) poliomy-
elitis cases, 2007-2012. Introduction of bivalent OPV (bOPV; types
1+3) in late 2009 is indicated by the arrow. (¢) Wild poliovirus type 3
(WPV3) poliomyelitis cases, 2007-2012. (d) Poliomyelitis cases from
endemic (solid bars) and imported (hatched bars) WPV, 2007-2012.
(e) Poliomyelitis cases associated with endemic (En) and imported (Im)
WPV, 2007-2012 (PAK Pakistan [and Afghanistan], NIE Nigeria, IND
India). (e) Poliomyelitis cases associated with endemic and imported
WPV3, 2007-2011 (Modified from reference Kew [10])
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Fig.13.3 Progress toward global polio eradication, 1988 to 2012. Red countries with indigenous wild polioviruses (WPVs), yellow countries with
one or more case associated with imported WPV, green polio-free countries (Modified from reference Kew and Pallansch [11])
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dating back over a century [1-3, 7, 23, 28-35]. The disease
probably emerged at the dawn of civilization, when popula-
tion centers grew in size and density sufficient to support
continuous endemic circulation. The earliest evidence for
endemic poliomyelitis comes from Egypt, recorded on a
small funerary stele from the Eighteenth Dynasty (c.1550 to
¢.1292 BCE), depicting a crippled young man, standing with
the aid of a staff, with an atrophied right leg and flaccid foot
drop characteristic of the long-term sequelae of paralytic
poliomyelitis (Fig. 13.1) [1]. Three millennia later, in 1789,
Underwood in England wrote the first clear clinical descrip-
tion of poliomyelitis as a “debility of the lower extremities”
[36]. In 1840, the German orthopedist, von Heine, described
“Spinale Kinderladhmung” (infantile spinal paralysis) and
postulated that the disease could be contagious [37]. In
Sweden, Medin conducted the first investigations of the epi-
demiology of poliomyelitis during the outbreak in Stockholm
in 1887 [38]. Sporadic small outbreaks of paralytic disease
had been described in the United States since 1841 [33, 39],
but the first large outbreak (132 cases) occurred in Rutland,
Vermont, in 1894 [40]. In northern Europe, major epidemics
(>500 reported cases) erupted in Norway and Sweden
(1905), Austria (1908-1909), Germany (1909), and England
and Wales (1911) [34, 39]. During this period, Wickman in
Sweden firmly established that poliomyelitis was transmitted
by person-to-person contact, that the disease spread along
the major lines of transportation, and that it gave differing
clinical presentations. Wickman hypothesized that all infec-
tions, both severe and mild, contributed to spread, and that
the incubation time was 3—4 days [41]. In Vienna in 1908,
Landsteiner and Popper demonstrated that monkeys became
paralyzed after intraperitoneal injection of a filtered homog-
enate from the spinal cord of a 9-year-old boy (who died
within 3 days of onset of paralysis), and that they developed
neural lesions similar to those observed in paralyzed humans
[42]. Landsteiner and Popper were unable to passage the
virus, but several groups, including Flexner and Lewis in
1909, achieved serial passage of poliovirus by nasal inocula-
tion of monkeys [43]. With continued passage in monkeys,
they selected a strictly neurotropic type 2 variant, MV, lead-
ing them to postulate that poliovirus grew only in neural tis-
sues. However, in 1912, Kling, Wernstedt, and Pettersson
isolated poliovirus not only from neural tissues but also from
the oropharynx and small intestine, as well as from intestinal
contents and throat swabs [44], but the views of Flexner and
colleagues prevailed, and the critical findings from human
pathology were overlooked for nearly three decades [1, 2].
After 1906, large epidemics appeared in the northeastern
and north central states of the United States, culminating in the
epidemic of 1916 centered around New York City, far larger at
23,000 reported cases than any previous outbreak [34, 45].
Nationwide poliomyelitis surveillance had begun in the United
States in 1910, when all states were requested to forward

281

monthly poliomyelitis case counts to the Surgeon General’s
Office [46]. The Drinker respirator, commonly known as the
“iron lung,” was introduced in 1929 as a device to save the
lives of patients with respiratory paralysis (many of whom
would subsequently recover unassisted respiratory function)
[47]. In 1931, reinfection experiments in monkeys by Burnet
and Macnamara provided the first evidence of more than one
poliovirus serotype [48]. Seven years later, President Franklin
D. Roosevelt, who had been paralyzed in both legs by polio-
myelitis in 1921, cofounded with Basil O’Connor the National
Foundation for Infantile Paralysis and the March of Dimes
campaigns, providing a critical source of support for poliovi-
rus vaccine research [1, 3]. Adaptation of the type 2 Lansing
strain to cotton rats and mice by Armstrong in 1939 opened
the way for much broader and more quantitative virologic and
serologic studies on a scale previously unattainable with titra-
tions in monkeys [49]. By the early 1940s, Trask and Paul [50,
51] and Sabin and Ward [52] recognized that poliovirus repli-
cated in the tissues of the intestinal tract as well as the CNS,
confirming the earlier observations of Kling. In 1949, Enders,
Weller, and Robbins cultivated the type 2 Lansing strain of
poliovirus in nonneural cells from human embryonic tissue—
including skin, muscle, and intestine—yielding large quanti-
ties of virus, thereby accelerating the pace of poliovirus
research and opening the way for expanded vaccine develop-
ment and large-scale vaccine production [53]. That same year,
Bodian and colleagues established that there were only three
poliovirus serotypes [54, 55]. In 1953, following the peak year
for poliomyelitis cases reported in the United States (57,628)
[56], Hammon et al. demonstrated that administration of
immune gamma globulin was protective against paralytic dis-
ease [57], and the following year Horstmann et al. showed that
viremia preceded paralysis in humans [58]. With these strong
experimental underpinnings, the stage was set in 1954 for
Francis to conduct a field trial enrolling 1,800,000 children in
the United States [59], demonstrating the safety and efficacy
of the IPV developed by Salk and colleagues [4]. The new IPV
was promptly licensed and distributed following announce-
ment of the field trial findings in April 1955 [1, 3, 35]. In 1959,
large field trials of the OPV of Albert Sabin were conducted in
the Soviet Union, Poland, and Czechoslovakia [60], leading to
the licensure and distribution of monovalent OPV types 1 and
2in 1961 and type 3 in 1962 [6].

3 Methodology Involved

in Epidemiologic Analysis
3.1 Sources of Data
Poliomyelitis has been a notifiable disease in the United States

since 1910 [46], when case reports from state and territorial
boards of health and health departments were summarized
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monthly (1910-1926) and then weekly (1927-1951) in
Public Health Reports [61]. Starting in 1952 [62], reports
were regularly published in the CDC (Communicable
Disease Center, later Centers for Disease Control and
Prevention) Morbidity and Mortality Weekly Report
(MMWR) [63]. Special annual poliomyelitis surveillance
summaries were also published by CDC through 1974 [64].
In addition to the United States, many European countries
and Canada established systems early in the last century for
reporting cases of poliomyelitis, allowing epidemiologists to
monitor rising disease incidence up to mid-century [65, 66]
and the sharp decline after the introduction of poliovirus vac-
cines [8, 9]. In contrast, data on poliomyelitis incidence in
developing countries was very incomplete, with only a small
fraction of cases reported and with many populous countries
not reporting any cases at all [8, 9]. In 1969, the World Health
Assembly adopted a resolution that placed poliomyelitis
“under international surveillance” [67]. However, systematic
and sensitive surveillance for poliomyelitis in developing
countries only followed the launch of polio eradication
efforts in the Americas [14, 18] in 1985 and the GPEI in
1988 [15] and the establishment of field surveillance for
cases of acute flaccid paralysis (AFP) [68] closely integrated
with virologic testing of clinical specimens [69]. The quality
of the integrated surveillance data improved gradually, usu-
ally in step with improvements in OPV coverage, and the
findings were published regularly in reports by PAHO [70],
WHO [71], and CDC [72]. Current weekly and monthly
reports are posted on the WHO website (http://www.polio-
eradication.org/Dataandmonitoring/Poliothisweek/.aspx),
and lists of wild polioviruses by country and year are posted
on http://www.polioeradication.org/Dataandmonitoring/
Poliothisweek/Wildpolioviruslist.aspx.

Over the past century, the large majority of case counts
were based on clinical diagnoses, and it was soon recognized
that the most accurate counts were obtained in outbreak set-
tings [73]. Cases not associated with large outbreaks were
more likely to be underreported. In the PAHO and WHO
eradication initiatives, AFP cases were systematically
reported and investigated, and as national and regional labo-
ratory networks developed, all specimens from AFP cases
were tested for the presence of poliovirus [69, 74, 75].
Countries and regions shifted from a clinical case definition
to a virologic case definition once field surveillance for cases
of AFP was tightly integrated with laboratory investigations
for poliovirus. By 2001 global poliomyelitis case counts
were based on virologic findings.

Data on case/fatality (CFR) ratios are not routinely avail-
able as ratios vary with the age distribution of population
susceptibility and by setting [9, 23]. CFRs increase with age
and are generally on the order of 2-5 % in children <5 years
of age and 10-30 % in adults [23, 76, 77]. The epidemics
early in the twentieth century were associated with high
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CFRs (27 % in the 1916 New York epidemic) [45], and more
recent outbreaks from importation of wild poliovirus into
previously polio-free countries have also been characterized
by high CFRs in older age groups: Albania, 1996 (18 % for
ages 19-24 years) [78]; Cape Verde Islands, 2000 (57 % for
ages >15 years) [79]; Namibia, 2006 (31 %; most paralytic
cases were among adults) [80]; the Republic of Congo,
2010-2011 (43 %; most paralytic cases were among adults)
[81]; and Xinjiang, China, 2011 (10 %) [82]. During the out-
break year of 2006 in India, highly sensitive surveillance
documented a CFR of 7.1 % among children <2 years [77].

3.2 Serologic Surveys

Serologic studies of infectious diseases were initially applied
to the diagnosis of individual cases [83]. The first applica-
tions of serology to epidemiology were the studies by Aycock
and Kramer in 1930, who used the newly developed neutral-
ization test to show that antibodies to poliovirus appeared at
younger ages in urban compared with rural populations [84].
Despite the methodological limitations (neutralization tests
were performed in monkeys and predated recognition of
more than one poliovirus serotype), these early studies her-
alded a powerful new tool to address fundamental questions
about the epidemiology of poliomyelitis. In the pre-vaccine
era, serologic surveys played an indispensable role in defin-
ing the prevalence of poliovirus infection, the intensity of
transmission of each poliovirus serotype, the age profiles of
exposure in different settings, the years and the associated
serotypes of past outbreaks in isolated populations, the dura-
tion of type-specific immunity, the identification of suscep-
tible populations, and key aspects of the pathogenesis of
paralytic disease—including estimates of age-specific case/
infection ratios [23, 28, 85, 86]. In the post-vaccine era, sero-
epidemiology has been used to detect immunity gaps in
underserved populations [87, 88], to estimate the extent of
wild poliovirus circulation in populations [89], to determine
the efficacy of different OPV formulations in inducing neu-
tralizing antibodies [90], and to provide evidence for eradi-
cation of indigenous wild polioviruses [91]. In the GPEI (and
in the earlier PAHO initiative), serology was found not to be
useful in the diagnosis of individual cases, because the
response to detection of an AFP case was prompt administra-
tion of trivalent OPV (tOPV) to the patient and to the com-
munity (“mop-ups”; Sect. 10.4), such that many initially
seronegative children had seroconverted to all three poliovi-
rus serotypes by the time of the second blood sample [18].
However, seroprevalence studies continue to be important in
measuring the immunogenicities of different OPV formula-
tions [92], in detecting otherwise inapparent spread of OPV-
derived viruses in unimmunized populations [93, 94], and in
providing objective data on population immunity [95, 96],


http://www.polioeradication.org/Dataandmonitoring/Poliothisweek/.aspx
http://www.polioeradication.org/Dataandmonitoring/Poliothisweek/.aspx
http://www.polioeradication.org/Dataandmonitoring/Poliothisweek/Wildpolioviruslist.aspx
http://www.polioeradication.org/Dataandmonitoring/Poliothisweek/Wildpolioviruslist.aspx

13 Enteroviruses: Polio

including in polio-free countries where OPV coverage rates
have fallen and the rising risks of outbreaks might not other-
wise be recognized [22]. In recent outbreaks, primarily asso-
ciated with poliovirus type 1 (Sect. 10.6), determination of
the prevalence of neutralizing antibodies to poliovirus type 2
is a surrogate for vaccine-induced population immunity
when the initial immunization response is deployment of
type 1 monovalent OPV (mOPV1).

3.3 Lameness Surveys

Severe underreporting of poliomyelitis cases in many devel-
oping countries led to the misperception that the disease was
not a source of serious morbidity in the tropics [8, 66].
Lameness surveys conducted in the 1970s and 1980s in
Africa, Asia, and the Middle East confirmed the high preva-
lence of paralytic disease in developing countries and
prompted many countries to begin polio vaccination pro-
grams [97, 98]. For example, in India in 1981-1982, esti-
mates of the incidence of poliomyelitis from lameness
surveys were as high as 200,000 cases per year, more than
tenfold higher than officially reported case counts, with 83 %
of cases occurring before 3 years of age [99]. Methods to
improve the comparability of lameness surveys in different
settings, including the use of standardized case definitions,
has been reviewed [97].

34 Acute Flaccid Paralysis (AFP)

Surveillance

AFP is the most serious clinical manifestation of wild poliovi-
rus infection (Sect. 8.1) [100]. Poliomyelitis outbreaks are
readily recognized, but low-level circulation in interepidemic
periods may be missed in the absence of a sensitive surveil-
lance system. This is especially true for endemic circulation of
poliovirus types 2 and 3, which have much lower paralytic
case/infection ratios than type 1 (estimated case/infection
ratios [assuming an overall case/infection ratio of 1/150]: type
1, ~1/190; type 2, ~1/1,900; type 3, ~1/1,150) [34, 101].
Recent importation of wild poliovirus or emergence of circu-
lating vaccine-derived polioviruses (cVDPVs; Sect. 10.8) may
also be missed by the AFP surveillance system unless high
sensitivity is maintained. Starting in 1985, PAHO built an AFP
surveillance system to support the regional Polio Eradication
Initiative [18]. Performance indicators for reporting of AFP
cases were established assuming a background rate of nonpo-
lio AFP of at least 1 case per 100,000 population <15 years. In
addition, surveillance sites were required to report weekly,
including “zero reporting” when no AFP cases were identified
during the previous week [75]. AFP surveillance was closely
integrated with virologic surveillance whereby stool samples
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from at least 80 % of patients with AFP were tested for the
presence of poliovirus (Sect. 3.6) [69]. The successful PAHO
strategy was adopted by the GPEI and implemented in all
polio-endemic countries [68, 74, 102]. The benchmark AFP
rate was raised to at least 2 cases per 100,000 population
<15 years in endemic areas, and the global rate has been >4
since 2007 (http://apps.who.int/immunization_monitoring/en/
diseases/poliomyelitis/afpextract.cfm). In the last stages of
polio eradication in India, AFP surveillance sensitivity reached
the extraordinarily high levels of >25 AFP cases per 100,000
population <15 years in the remaining polio-endemic states of
Uttar Pradesh and Bihar (http://www.npspindia.org/bulletin.
pdf) [91]. Only a small fraction of the AFP case-patients had
wild poliovirus infections, and the integrated AFP and poliovi-
rus surveillance system was approximating a community stool
sampling survey of a population of ~300 million. It was criti-
cal to integrate AFP surveillance with laboratory-based polio-
virus surveillance because AFP has multiple etiologies
(including Guillain—Barré syndrome, transverse myelitis,
infections by other neurotropic viruses, and traumatic neuritis;
Sect. 8.1) [7], and the large majority of wild poliovirus infec-
tions are inapparent.

3.5 Environmental Surveillance

Sewage sampling was used as early as the 1940s to monitor
the seasonal variation of poliovirus circulation in urban com-
munities [51, 103]. Because most poliovirus infections are
inapparent (Sect. 3.4 and 8.1), sewage sampling can greatly
increase the overall sensitivity of poliovirus surveillance. For
example, during the pre-vaccine era in the United States,
poliovirus could be detected in sewage shortly before and
after the seasonal appearance of paralytic cases, and the com-
bined clinical data and environmental poliovirus isolation
rates permitted estimation of the ratio between inapparent
infections and paralytic cases [103]. Sewage sampling is
widely implemented in Europe (conducted by 20 countries,
including Israel [104—108]) and Japan [109] as a component
of enterovirus (and poliovirus) surveillance. During the 1984
poliovirus outbreak in Finland, environmental surveillance
demonstrated widespread circulation of the wild type 3 out-
break virus and provided a basis for the estimate of the occur-
rence of at least 100,000 inapparent infections despite the
appearance of only nine paralytic cases [104, 110]. Wild
poliovirus type 3 was found to be present in the environment
3 weeks before the appearance of the first paralytic case dur-
ing the 1992-1993 outbreak in the Netherlands, and circula-
tion of the outbreak virus was found to be localized to
communities that refused immunization [106]. Environmental
surveillance coupled with sequencing of wild poliovirus iso-
lates was introduced on a limited basis in the PAHO program
[111, 112]. Sampling of wastewater in a high-risk community
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in Cartagena, Colombia, revealed close sequence relation-
ships between sewage isolates, stool survey isolates, and
paralytic case isolates obtained from the community over the
same period, but also detected circulation of lineages not
found by AFP surveillance [111]. Sewage sampling in Israel
and adjoining Palestinian territories detected outbreaks of
wild poliovirus infections in Gaza, Ashdod, and the West
Bank in 1990 (type 3), 1991 (type 1), 1994-1995 (type 1),
and 1996 (type 1) [107]. The outbreaks were described as
“silent” because no poliovirus-associated paralytic cases had
been detected by the AFP surveillance systems. All of the
wild poliovirus sewage isolates were found to be related to
viruses circulating in Egypt. The continued detection in
Gaza of wild polioviruses of Egyptian origin at times when
none were reported by the AFP surveillance system in the
source reservoir communities prompted the implementation
of environmental surveillance in Egypt in September 2000,
which by 2004 sampled 33 sites in 18 governorates [113—
115]. This approach, combined with strengthened AFP sur-
veillance, improved the overall sensitivity of the poliovirus
surveillance system, and wild polioviruses disappeared from
the environment soon after their disappearance in specimens
collected from patients with AFP [113, 115]. Implementation
of sewage sampling in the open canals in the large slum com-
munities of Mumbai, India [116], coupled with sequencing
(section “Nucleotide sequencing of poliovirus isolates”),
confirmed the disappearance of the local wild polioviruses
and the repeated importation of wild polioviruses from
known reservoirs in the northern Indian states of Uttar
Pradesh and Bihar [91]. Because no suitable sampling sites
were available in the highest-risk rural reservoir communi-
ties, additional sites were established in Delhi and Patna,
Bihar, which receive migrants from the endemic rural areas
[91]. As in Egypt, the findings from the environmental and
AFP surveillance systems were in agreement: the last envi-
ronmental wild poliovirus isolate (a type 1) was found in
Mumbai sewage in November 2010, and the last wild polio-
virus isolate (a type 1) from an AFP case-patient was in West
Bengal in January 2011 (http://www.npspindia.org/bulletin.
pdf) [91]. The GPEI and the Global Polio Laboratory
Network (Sect. 3.6.1) have extended environmental surveil-
lance to six cities in Pakistan and three cities in Nigeria and
are planning further expansions in countries at high risk of
reestablishment of poliovirus circulation either by importa-
tion or by the emergence of cVDPVs (see below and
Sect. 10.8) [22].

VDPVs closely resembling those excreted by individuals
with primary immunodeficiencies (Sect. 10.8.2) have been
detected in sewage in Israel [117], Estonia [118], Slovakia
[119], and Finland [120]. Despite efforts in each country to
identify the source of the excreted virus, no poliomyelitis
cases or chronically infected individuals have so far been
identified.
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Environmental surveillance has also helped inform the
endgame strategy for the GPEI (Sect. 11.2). A key question
is the persistence of vaccine-related viruses in the population
and environment following cessation of OPV use. In Cuba,
where OPV is delivered only in mass campaigns in the form
of two rounds of National Immunization Days (NIDs),
vaccine-related viruses were detected in stool surveys for up
to 8 weeks and in the environment for up to 15 weeks after
the second NID round [121]. New Zealand shifted from OPV
to IPV in February 2002, and vaccine-related viruses were
regularly detected in sewage samples until May 2002.
Sporadic vaccine-related isolates detected subsequently
showed very limited sequence divergence from the parental
OPV strains, indicating that they were recent imports from
OPV-using countries rather than persistence of vaccine-
related viruses in the community [122].

An important difference between environmental sampling
and AFP surveillance is that environmental sampling is most
sensitive in locations with developed sewage systems or
open sewage canals in large slums and therefore is usually
established in more urbanized settings. Sewage sampling
sites in urban centers are selected to include communities of
migrant populations from rural areas. Environmental surveil-
lance is necessarily localized, targeted, and intermittent, in
contrast to a well-functioning AFP surveillance system that
monitors the entire population on a continuous basis.
Consequently, poliovirus isolates obtained by the two sur-
veillance approaches may yield different kinds of public
health information. For example, a wild poliovirus isolate
from an AFP case is directly linked to a specific patient from
a specific locale and usually signals many other inapparent
infections in the community. In contrast, the high sensitivity
of environmental sampling can result in multiple poliovirus
isolations from a single infected person but does not yield
further information about the specific source of infection.
However, some information about the extent of poliovirus
circulation can be obtained from the extent of genetic diver-
sity of polioviruses obtained at a sampling site [111, 115].

3.6 Laboratory Methods

3.6.1 The Global Polio Laboratory Network
(GPLN)

The GPLN was established by the WHO to support the GPEI
[123]. Currently the GPLN consists of 145 laboratories, ini-
tially organized in three tiers: (1) National and Subnational
Laboratories (n=122), (2) Regional Reference Laboratories
(n=16), and (3) Global Specialized Reference Laboratories
(n=7) (Fig. 13.4). As the GPLN developed, activities once
assigned to Regional Reference Laboratories are frequently
performed by many National and Subnational Laboratories,
and Regional Reference Laboratories currently perform
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Fig. 13.4 Distribution of laboratories of the Global Polio Laboratory Network (GPLN). Triangles National and Subnational Laboratories, circles
Regional Reference Laboratories, stars Global Specialized Reference Laboratories

many functions (such as genomic sequencing) originally
assigned to Global Specialized Reference Laboratories.
These trends have strengthened the GPLN, permitted con-
tinuous technical innovation, and moved many of the diag-
nostic activities closer to the endemic areas of highest
priority. The GPLN was patterned after the PAHO Regional
Laboratory Network established in parallel with develop-
ment of AFP surveillance [69]. Close integration of AFP and
poliovirus surveillance was facilitated by the use of stan-
dardized case (“EPId”) numbers accessible to surveillance
officers, virologists, and program managers [100, 124].
Methods for poliovirus isolation, identification, and serol-
ogy have been described in detail previously [23, 125, 126].
Laboratory manuals were developed by the GPLN to stan-
dardize methods for detecting and characterizing polioviruses
in clinical specimens and environmental samples [124], and a
GPLN Quarterly Update was published by the WHO to keep
GPLN virologists and others abreast of new developments
and innovations [127]. Because the overriding emphasis of
the GPLN is to monitor poliovirus circulation, less attention
has been given to the routine typing and characterization of
nonpolio enterovirus isolates, and readers are referred to
Chap. 11 for details on those methods. The WHO Polio
Laboratory Manual [124] is regularly updated as new meth-
ods are developed and tested for suitability for use by GPLN
laboratories. New methods, designed to increase sensitivity,
specificity, and work efficiency, are developed in concert with
the rising technical capabilities of the GPLN and in anticipa-

tion of (or in response to) increasingly focused surveillance
questions posed by the GPEI [22]. All GPLN laboratories
participate in a formal accreditation process which includes
review of performance in standardized proficiency tests as
well as routine diagnostic work as confirmed by GPLN refer-
ence laboratories [128]. Well-characterized cells, reference
OPYV virus stocks, serologic reagents, and molecular reagents
are distributed by GPLN reference laboratories to ensure a
high degree of standardization, and internal quality control
procedures are regularly implemented by all GPLN laborato-
ries to ensure high routine performance [128]. GPLN labora-
tories participate in annual regional and global meetings to
review performance, discuss effective implementation of new
methods, develop approaches to improve coordination, and
plan research and other future activities (http://www.polio-
eradication.org/Dataandmonitoring/Surveillance/
GlobalPolioLaboratoryNetwork.aspx) [128]. The GPLN is
interdependent, applying common approaches to problem
solving, parallel testing as needed, training, and other kinds
of technical support. The GPLN is guided by expert WHO
virologists who serve as global and regional laboratory
coordinators. The GPLN, with its close integration with
program, has served as the model for newer regional and
global networks supporting laboratory-based surveillance for
other viral and bacterial vaccine-preventable diseases [129—
131]. Many of the methods and reagents used by the GPLN
have also been shared with state laboratories in the United
States [132].
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3.6.2 Virus Isolation and Identification

Categories of Poliovirus Isolates

The primary purpose of infectious disease surveillance is to
identify agents that present potential public health risks.
Poliovirus isolates of each serotype are grouped into three
categories, correlating with the risk of transmission and
spread, and based on the extent of divergence of the VPI
nucleotide region compared to the corresponding OPV
strain: (1) wild polioviruses (no genetic evidence of deriva-
tion from any vaccine strain and demonstrated capability of
continuous person-to-person transmission); (2) vaccine-
derived polioviruses (VDPVs) (vaccine-related polioviruses
that are >1 % divergent [types 1 and 3] or >0.6 % divergent
[type 2] from the corresponding OPV strain and potentially
capable of causing paralytic disease and establishing person-
to-person transmission) (Sect. 10.8); and (3) “OPV-like”
polioviruses (vaccine-related polioviruses that are <1 %
divergent [types 1 and 3] or <0.6 % divergent [type 2] from
the corresponding OPV strain) that are ubiquitous wherever
OPV is used [133]. VDPVs are further categorized as (1)
circulating VDPVs (cVDPVs), when there is evidence of
person-to-person transmission in the community; (2)
immunodeficiency-associated VDPVs (iVDPVs), which are
isolated from persons with primary immunodeficiencies who
have prolonged VDPV infections; and (3) ambiguous
VDPVs (aVDPVs), which are either clinical isolates from
persons with no known immunodeficiency or sewage iso-
lates whose ultimate source is unknown [133].

Clinical Specimens

The specimens of choice for AFP and poliovirus surveillance
are stool samples collected as soon after onset of paralysis as
possible. The GPEI has defined “adequate” stool specimens
as “two stool specimens of sufficient quantity (~8 g) for lab-
oratory analysis, collected at least 24 h apart, within 14 days
after the onset of paralysis, and arriving in the laboratory in
good condition and with proper documentation” (http://
www.polioeradication.org/Dataandmonitoring/Surveillance.
aspx). Two samples are collected because poliovirus shed-
ding is often intermittent [134]. The GPEI has established
clear performance guidelines and training procedures for
proper specimen transport to the laboratory via a “reverse
cold chain” similar to the forward cold chain used for deploy-
ment of OPV [100, 124]. Such importance has been assigned
to specimen collection from AFP cases that runners with
specimens in insulated backpacks were allowed safe passage
through combat lines in war zones where use of motorized
transport was very hazardous.

Poliovirus may be isolated at lower frequencies from rec-
tal swabs [135] and throat swabs (if taken within the first few
days of infection) and only rarely from cerebrospinal fluid
(CSF); however, none of these specimens are recommended
by the GPEI and the GPLN [100, 124].
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Virus Isolation in Cell Culture

The most critical and basic procedure is virus isolation in cell
culture. Polioviruses can be grown in a wide range of human
cells (RD, HeLa, HEp-2, WI-38, MRC-5, HEK293) and sim-
ian cells (from rhesus macaques and African green monkeys;
primary monkey kidney cells, Vero, LLC-MK2, BGM)
(http://www.atcc.org/) [23], but two cell lines are routinely
used in combination by the GPLN for virus isolation [124]:
(1) RD cells (a continuous line from human rhabdomyosar-
coma [136]) which are highly sensitive to poliovirus infection
and yield virus at high titers [23] and (2) L20B cells (a deriva-
tive of the mouse L cell line engineered to express the human
poliovirus receptor, CD155) which are highly selective for
growth of poliovirus [124, 137]. Viruses that grow in L20B
are usually polioviruses (although some Coxsackie A viruses
can grow in L20B cells [124, 138]) and are further character-
ized by molecular identification methods.

Molecular Characterization and Intratypic
Differentiation of Isolates

The original methods for identification of polioviruses and
other enteroviruses were based on antigenic properties. Virus
isolates were typed by testing for growth in the presence of
pools of antisera containing different combinations of high-
titer neutralizing antibodies [23]. Typing of individual polio-
virus (or enterovirus) isolates was then confirmed by use of
type-specific antisera. Heterotypic poliovirus mixtures were
resolved by growth in the presence of different pairs of type-
specific neutralizing antisera.

Intratypic differentiation (ITD; distinguishing wild polio-
viruses from vaccine-related isolates) was originally based
on antigenic or phenotypic properties [139]. Before the
development of molecular methods, the most reliable of
these were the antigenic methods, and isolates were described
as “vaccine-like,” ‘“non-vaccine-like,” or “intermediate.”
Most assignments based on antigenic methods were con-
firmed by the more precise molecular methods. It is remark-
able that the antigenic methods worked so well in view of the
fact that the Sabin OPV strains undergo frequent antigenic
evolution toward “non-vaccine-like” antigenicity during rep-
lication in the human intestine [139-141], and that the wild
polioviruses themselves are antigenically diverse [139, 142].
Although the Sabin type 1 OPV strain (Sabin 1) has multiple
non-consensus antigenic changes in its neutralizing anti-
genic sites [139, 143, 144], Sabin 2 and Sabin 3 are usually
less antigenically divergent from the corresponding wild
polioviruses [139]. ITD based on antigenic properties was
improved by use of highly specific cross-absorbed mono-
typic sera which contained antibodies that reacted specifi-
cally with “vaccine-like” or “non-vaccine-like” antigens
[143]. ITD using cross-absorbed antisera was adapted to an
ELISA format [145] and widely used by the GPLN, espe-
cially in recent years for the characterization of VDPVs
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Table 13.1 Poliovirus identification by real-time RT-PCR

RT-PCR
primer—probe
set
panEV
panPV
Serol
Sero2
Sero3
Sabl
Sab2
Sab3
VDPV1
VDPV2
VDPV3

Poliovirus/enterovirus isolate category®

NPEV
+

WPV1®
+
+
+

WPV3P
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S3 WPVI/WPV3 VDPV1 VDPV2
+ + + +
+ + + +
- + + -
- - - +
+ + - -
- - + _
+ _ - -
- - + -
- - - +

Based on data from references [151, 153, 157-159]. Reagents for identification of VDPV3 isolates have also been prepared. All suspected wild
poliovirus and VDPV isolates are routinely further characterized by VP1 sequencing. Special sequencing primer sets have been developed to
resolve both heterotypic and homotypic mixtures. The combinations shown, along with others (especially different combinations of Sabin vaccine-

related isolates), have been observed in clinical isolates

“Abbreviations: NPEV nonpolio enterovirus, WPV wild poliovirus type 1, WPV3 wild poliovirus type 3, S/ Sabin type 1 vaccine-related, S2 Sabin
type 2 vaccine-related, S3 Sabin type 3 vaccine-related, VDPV1I vaccine-derived poliovirus type 1, VDPV2 vaccine-derived poliovirus type 2

As previously described for other wild poliovirus genotypes [152], wild genotype-specific real-time RT-PCR primers and probe sets have been
prepared for the Nigeria wild type 1, Nigeria wild type 3, Pakistan—Afghanistan wild type 1, and Pakistan—Afghanistan wild type 3 genotypes

(D. Kilpatrick, manuscript in preparation)

[133]. Other ITD methods based on antigenic properties
used panels of neutralizing monoclonal antibodies [140, 142,
145, 146]. However, none of the antigenic ITD methods
could overcome the basic biological limitations arising from
the antigenic evolution of the OPV strains [140, 141, 145],
and antigenic methods have been replaced by methods based
on the nucleotide sequence properties of poliovirus isolates.

The earliest molecular method for routine ITD was oligo-
nucleotide fingerprinting [147, 148]. This approach had the
high reliability required for poliovirus surveillance in sup-
port of eradication, but it was also laborious, expensive, and
difficult to scale up and required the use of radioisotopes.
Therefore, oligonucleotide fingerprinting was not appropri-
ate for developing country laboratories. Consequently, oligo-
nucleotide fingerprinting was replaced by nucleic acid probe
hybridization [149, 150], and the transfer of this ITD method
to the PAHO Polio Laboratory Network commenced in the
late 1980s. The reverse transcriptase-polymerase chain reac-
tion (RT-PCR) offered specificities and sensitivities unattain-
able with probe hybridization, and it became the method of
choice within the GPLN [151, 152], although full deploy-
ment awaited adaptation to a real-time format, which greatly
reduced the risks of contamination by PCR products [153].
RT-PCR coupled to restriction fragment length polymor-
phism analysis was also widely used, because this routine
test provided insights into the origins of wild poliovirus iso-
lates [154]. An elegant approach based on microarrays was
also developed [155, 156], but it was less readily transferra-
ble to developing country laboratories at the front lines of
global poliovirus surveillance.

Currently the GPLN uses real-time RT-PCR for ITD
[124]. A series of primer pairs and specific fluorescent probes
have been developed that identify isolates hierarchically: (1)
as enteroviruses (panEV), (2) as polioviruses (panPV), (3)
by poliovirus serotype (Serol, Sero2, Sero3), and (4) whether
vaccine-related (Sabl, Sab2, Sab3) (Table 13.1) [153, 157,
158]. The sets of real-time RT-PCR reagents are deployed as
kits for routine use by the GPLN [160] and can be supple-
mented with additional real-time RT-PCR reagents that fur-
ther identify wild polioviruses by genotype (Sects. 3.6.3 and
10.7) and can facilitate screening for genetically divergent
VDPVs (VDPV1, VDPV2, VDPV3) [133, 161]. The rapid
evolution and high genetic diversity within and across polio-
virus serotypes presented special challenges to development
of the panPV and serotype-specific primer and probe sets
(Table 13.1), as it was necessary to use degenerate and
inosine-containing oligonucleotides to base pair with the
appropriate specificities at positions of codon degeneracy
[157, 158]. Although the nondegenerate Sabin vaccine
strain-specific RT-PCR reagents can be used in a multiplex
format, the complexity of the degenerate reagents limits the
number of reactions that can be combined in multiplex.

Nucleotide Sequencing of Poliovirus Isolates

ITD screens for wild polioviruses and VDPVs and screens
out OPV-like polioviruses that are unlikely to be of current
epidemiologic importance. Since 2001, all wild poliovirus
and VDPYV isolates are sequenced by GPLN laboratories fol-
lowing standardized procedures and using standardized
sequencing primer sets. The ~900-nucleotide interval
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(representing ~12 % of the total genome) encoding the major
capsid protein, VP1, is routinely sequenced. VP1 sequences
are used for routine comparisons because they encode sev-
eral serotype-specific antigenic sites [162] and evolve pri-
marily by successive fixation of nucleotide substitutions
rather than by recombination [163, 164]. Wider genomic
intervals, up to the complete genome, may be sequenced to
obtain higher epidemiologic resolution or to address specific
virologic questions [165—168]. Serotype- and genotype-spe-
cific sequencing primers have been developed to specifically
amplify components of heterotypic and homotypic poliovirus
mixtures, bypassing selective cultivation in the presence of
neutralizing antibody or incubation at supraoptimal tempera-
tures [169]. Sequence relationships among poliovirus iso-
lates are summarized in phylogenetic trees and genotypic
maps that are distributed monthly by GPLN laboratories to
Ministries of Health, WHO country and regional offices,
WHO-Geneva, and other GPLN laboratories.

3.6.3 Molecular Epidemiology of Polioviruses
The application of genomic sequencing of poliovirus isolates
has added a new dimension and resolving power to the
understanding of the epidemiology of poliomyelitis [170].
Because poliovirus genomes evolve rapidly (typically just
over 1 % nucleotide substitutions per site per year at all sites,
equivalent to one to two nucleotide substitutions per week)
[164, 165, 168, 171-174], links between poliomyelitis cases
can be determined with precision, and the sources and timing
of importations from the remaining poliovirus reservoirs can
be established [11, 163, 164, 168, 175—-178]. Sequence anal-
yses offer an additional tool to monitor the progress of the
GPEI and has shown that poliovirus genotypes (viruses
within a genotype differ by <15 % in their nucleotide
sequences) and genetic clusters within genotypes (viruses
within a cluster differ by <5 % in their nucleotide sequences)
disappear sequentially through intensive immunization
efforts (Sect. 10.7) [11]. Experience in the Americas has
found that in settings of sensitive surveillance, a genotype
that is not detected for more than a year has probably become
extinct [11, 170]. Molecular epidemiology has established
the existence of numerous poliovirus genotypes endemic to
different regions of the world (Sect. 10.5.3) [11, 170], dem-
onstrated that poliovirus type 2 is usually the first serotype to
be eliminated [13], that poliovirus type 3 appears to circulate
more locally than type 1 [10], and that poliovirus type 1
appears to be most commonly associated with importations
from neighboring countries and with intercontinental or
global spread of the virus (Sect. 10.6) [10, 11, 163, 175, 176,
179-181]. In some settings, different genotypes of poliovirus
type 1 have been found to have co-circulated in a geographi-
cally limited area [163, 179, 182, 183].

Molecular epidemiologic methods are routinely used to
help identify reservoir communities with low population
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immunity and where demographic and environmental condi-
tions favor poliovirus circulation. During the peak months of
poliovirus circulation, virus spreads from the reservoir com-
munities to adjacent non-reservoir indicator communities
(where the density of nonimmune susceptible children can
support some poliovirus circulation during the peak trans-
mission season). This has led to a refinement in the concept
of virus importation, which in previous usage referred to
virus transmission across national boundaries. Although
many importations over long distances have been docu-
mented [10, 180], reservoir communities and their associ-
ated indicator communities frequently overlap international
borders [10, 184], underscoring the importance of regional
synchronization of NIDs and Subnational Immunization
Days (SNIDs). Equally important are the patterns of impor-
tation from reservoir communities to indicator communities
within a country [168, 184, 185]. High vaccine coverage in
the reservoir communities, especially in mass campaigns
conducted during the low transmission season, prevents the
subsequent spread to indicator communities.

Sequence analysis led to the recognition of highly diver-
gent iVDPVs [165, 186] and cVDPVs [166, 187, 188]
(Sect. 10.8), and it has been used to resolve at high-resolution
chains of cVDPV transmission [132, 188—190] and separate
iVDPV lineages in individual immunodeficient patients with
prolonged infections [165, 173, 186, 191, 192].

Molecular epidemiologic methods have also opened a
new avenue for detecting gaps in polio surveillance. In areas
with good surveillance, poliovirus isolates representing fre-
quent sampling of a single chain of transmission are typi-
cally closely related (usually >99.5 % VP1 sequence identity
among the closest relatives). These closely related viruses
are routinely visualized as sequences connected by short
branches on phylogenetic trees [193]. Long-branch connec-
tions between isolate sequences indicate missing informa-
tion. If the virus is imported, the missing information may be
recovered from the sequence relationships to viruses from
the source reservoir [11]. However, in many other circum-
stances, no closely related viruses can be found, and the
recent virologic history of the isolate lineage is indetermi-
nate. For example, gaps in AFP surveillance in southern
Egypt were inferred from the sequence data, because indig-
enous type 3 isolates in 1999 appeared as “orphan lineages”
at the tips of long branches on phylogenetic trees, and the
closest relatives were isolated nearly 3 years earlier [194],
observations that highlighted the importance of environmen-
tal surveillance to improve sensitivity. Orphan lineages have
been repeatedly found in areas with insensitive surveillance.
The GPLN regularly monitors for the appearance of poliovi-
rus orphan lineages as a means to assess surveillance
sensitivity.

A serious challenge to the integrity of poliovirus surveil-
lance data is the occurrence of poliovirus contamination of
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cultures. High workloads in many GPLN laboratories poten-
tially increase the risk of contamination. Fortunately, sequence
analysis can distinguish contaminants from true clinical iso-
lates. Contaminants are easily recognized when they are stan-
dard wild reference strains, such as Mahoney, MEF-1, or
Saukett (OPV-like contaminants are usually of little current
programmatic importance), but are more difficult to recognize
when they are the wild polioviruses indigenous to a country or
community. However, when wild polioviruses isolated at dif-
ferent times and locations have identical VP1 sequences, con-
tamination is suspected, because such sequence identities are
inconsistent with the rapid rate of evolution of the poliovirus
genomes. Contamination can be definitively confirmed (or
ruled out) by complete genomic sequencing. At the advanced
stages of polio eradication, laboratory contamination could
have severe programmatic consequences if unrecognized,
prompting the diversion of resources into unnecessary immu-
nization campaigns mobilizing large populations and costing
many millions of dollars.

3.6.4 Tests for Antibody

Because precise and detailed epidemiologic information is
routinely obtained from characterization of poliovirus iso-
lates, virologic methods are the mainstay for global poliovi-
rus surveillance [195]. However, antibody tests, especially
those measuring population immunity or vaccine efficacy,
have assumed greater prominence in recent years [92, 95,
196-200]. The “gold standard” is the neutralization test, as
the presence of neutralizing antibody is regarded as the key
indicator of protective immunity to poliovirus [7]. Current
automation methods permit tests for neutralizing antibody to
be performed at scales previously unattainable.

4 Biological Characteristics
of Poliovirus
4.1 General Properties

Polioviruses, as members of species-C of the Enterovirus
genus, share most properties with other members of that spe-
cies and genus (Chap. 11) [201, 202]. Polioviruses are small
(~30 nm in diameter [203]), non-enveloped viruses with cap-
sids of icosahedral symmetry enclosing a single-stranded,
positive-sense RNA genome. The genome is ~7,500 nucleo-
tides long, has a small (22-amino acid) basic protein, VPg,
covalently linked to the 5’-end, and is polyadenylated at the
3’-end (Fig. 13.5). The single open reading frame (ORF) is
flanked by a long (~740 nucleotides) 5'-untranslated region
(5’-UTR) and a short (~70 nucleotides) 3’-UTR. Complete
genomic sequences have been determined for numerous rep-
resentatives of each of the three serotypes, including those of
the three Sabin OPV strains [204]. Only the sequences
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encoding the capsid proteins are unique to polioviruses, as
the flanking sequences are frequently exchanged by recom-
bination with the closely related species-C enteroviruses
during circulation (Sect. 4.6.2) [24, 166, 188, 205, 206]. The
poliovirion consists of 60 copies each of 4 capsid proteins
(VP1-4) that form a highly structured capsid shell [203].
The three major proteins (VP1, VP2, VP3) share a similar
basic architecture and were probably derived from a com-
mon ancestral protein [203]. The smallest protein, VP4,
internalized in the native virion, is formed by the cleavage of
the precursor VPO (VP4+VP2) during final maturation of
the virion. The external surface of the poliovirion is deco-
rated by peptide loops extending from VP1, VP2, and VP3,
which form the neutralizing antigenic sites (Fig. 13.5) [162,
207]. Polioviruses attach to and enter cells via the specific
poliovirus receptor (PVR) on the cytoplasmic membrane; the
PVR was later identified as CD155, a glycoprotein of the
immunoglobulin superfamily [208-210]. The key distin-
guishing properties of poliovirus capsids are their antigenic
surfaces and their abilities to specifically bind to CD155, as
the sequences and structures of the internal capsid domains
are largely conserved among species-C enteroviruses.

4.2 Physical Properties

Poliovirus capsids contain no essential lipids, and infectivity
is insensitive to inactivation by detergents and lipid solvents
such as ether, chloroform, or alcohol [23]. The viruses are
stable at pH 3-5 for 1-3 h and can therefore pass through the
stomach without inactivation. Exposure to 0.3 % formalde-
hyde, pH <1, pH >9, or free residual chlorine at 0.3-0.5 ppm
causes rapid inactivation. Infectivity is stable indefinitely at
—20 °C or lower, and stable for weeks at 4 °C, but is rapidly
inactivated at temperatures above 50 °C [211]. Molar con-
centrations of MgCl, significantly increase the thermal sta-
bility of poliovirions [212], both at elevated and ambient
temperatures, and MgCl, is added to many OPV preparations
to preserve potency [7, 213]. High intensity ultraviolet light
or desiccation inactivate infectivity by causing an irrevers-
ible conformational transition from D-antigenicity to
C-antigenicity (Sect. 4.3) [211, 214]. The three-dimensional
crystal structures of representatives of all three serotypes
have been determined [203, 215, 216]. Poliovirions have a
buoyant density of 1.34 g/ml and a sedimentation coefficient
of 160S, properties that can be exploited to obtain highly
purified virus preparations [217].

4.3 Antigenic Properties

There are three poliovirus serotypes [54, 55]. Three (or four)
neutralizing antigenic sites have been identified by patterns
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Fig. 13.5 Schematic of the poliovirus genome. The single open read-
ing frame (ORF) is indicated by a rectangle, flanked by the 5’- and
3’-untranslated regions (UTRs); the small protein VPg (encoded by the
3B sequence interval) is covalently attached to the 5’-UTR and is rep-
resented by a circle at the 5’ end. The internal ribosome entry site
(IRES; nucleotide positions 130-600) in the 5’-UTR is shown as a
shaded rectangle. A single polyprotein is translated from the ORF,
which is cotranslationally processed by virus-encoded proteases 2AP®

of reactivity with neutralizing murine monoclonal antibod-
ies (Fig. 13.5) [162], and the assignments have been con-
firmed by high-resolution x-ray crystallography [216, 218,
219]. Neutralizing antigenic site 1 is continuous and formed
by aloop in VP1; sites 2 and 3 are discontinuous and formed
from loops contributed by different capsid proteins. The
major type-specific differences in the capsid polypeptides
primarily reside on the most surface-accessible peptide
loops, which represent less than 4 % of the total capsid pro-
tein [204]. Although the neutralizing antigenic sites vary
within each serotype [139, 142, 164, 165, 174, 220-223],
the range of variability is constrained, possibly because of
steric requirements for interaction with CD155 [224, 225],
such that all polioviruses within a serotype can be neutral-
ized by type-specific antisera, and poliovirus vaccines (both
IPV and OPV) can induce protective immunity to all known
antigenic variants. Poliovirus antigenic evolution differs
importantly from that of influenza virus in that there is no
cumulative antigenic divergence from ancestral viruses dur-
ing person-to-person transmission, and genetically unre-
lated viruses may have similar antigenic properties and
shared epitopes.

Limited cross-neutralization has been observed for all
three poliovirus serotypes [226], and a shared epitope
between types 1 and 2 has been identified by mapping escape
mutants to cross-reactive neutralizing monoclonal antibody
[227]. Recently, chimeric chimpanzee—human monoclonal
antibodies have been produced showing patterns of strong
cross-neutralization [228]. Epitope mapping with these pri-
mate monoclonal antibodies have identified shared determi-
nants not previously recognized by studies using murine
monoclonal antibodies [228], suggesting that the poliovirus
antigenic surface may be more complex than previously
thought.

(catalyzes cleavage between VP1 and 2AP™; the cleavage site is indi-
cated by a dashed arrow) and 3CP (catalyzes all other cleavages except
the VP4/VP2 maturation cleavage; the cleavage sites are indicated by
the solid arrows). Mature cleavage products are bounded by dashed
lines. Protein 3D is an RNA-dependent RNA polymerase (RARP).
Colored bars symbolize virion surface loops forming neutralizing anti-
genic sites 1 (red), 2 (green), and 3 (blue) (Redrawn from reference
Kew et al. [94])

Within each serotype there are two basic antigenic con-
formations: D-antigen (“dense”’; sometimes also called N or
“native” antigen) and C-antigen (“‘coreless”; corresponding
to H or “heated” antigen) [211, 229]. The D-antigen corre-
sponds to that of the intact native virion, and IPV potency is
measured in D-antigen units [5]. The C-antigen contains no
RNA and is not cross-reactive with the D-antigen [211].
Transitions between the D and C conformations are rapid in
empty capsids, but D-antigen is stabilized by RNA packag-
ing [214].

Poliovirus antigenic properties have been reviewed by
Minor [162].

4.4 Host Range In Vivo and In Vitro

Humans are the only reservoir host for poliovirus [230].
Chimpanzees, gorillas, and orangutans have been infected
while in captivity [231, 232], and chimpanzees can be experi-
mentally infected by the oral route [233]. Poliomyelitis cases
appeared in a natural chimpanzee colony following an out-
break in an upstream African village [234]. Old World mon-
keys are susceptible to experimental poliovirus infection upon
intraspinal or intracerebral injection, and macaques (cynomol-
gus, rhesus, and bonnet) can be infected by the oral route, but
high virus titers are required for infection [235-238]. New
World monkeys are not susceptible to poliovirus infection by
any route of administration because of substitutions in the
variable domain of their CD155 orthologs [239, 240]. Paralytic
attack rates in humans differ by poliovirus serotype in the
order type 1>type3>type 2 (Sect. 3.4) [8, 9, 34, 241].
Susceptibility to oral infection is in the order of humans >chim-
panzees >macaques, whereas neural susceptibility is in the
order macaques >chimpanzees>humans [242-244].
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Poliovirus variants of all three serotypes have been
selected for growth in mice [245-247] and a type 2 variant
has also been selected for growth in chick embryos [248].
Polioviruses normally cannot directly infect cultured mouse
or chick cells, but can replicate efficiently when viral RNA is
introduced by transfection, an observation that led to the
concept of a specific viral receptor [249]. The CD155 PVR is
a transmembrane glycoprotein with three extracellular
immunoglobulin-like domains, encoded by a gene mapped
to human chromosome 19 [250]. The normal function of
CD155 is as a receptor for establishment of intercellular
junctions between epithelial cells, a function that is “mis-
used” by poliovirus to gain entry into human cells [251].

parental virion

viral RNA
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4.5 Poliovirus Replication Cycle

An overview of the poliovirus replication cycle is shown in
Fig. 13.6. Virus attaches to cells through specific interactions
between the amino-terminal variable domain 1 of CD155 and
a “canyon” that surrounds the fivefold axis of the virion [225,
253-257]. After endocytosis, viral RNA is uncoated and
released into the cytoplasm [257], VPg is cleaved from 5’-end
of the RNA, and the RNA is translated. Translation is under
the control of the internal ribosome entry site (/RES;
Fig. 13.5), an element (nucleotides ~130-600) within the
5’-UTR that has a highly conserved stem-loop structure [258,
259]. The translation product is a single polypeptide, the
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Fig.13.6 Overview of the poliovirus replication cycle: I attachment of
polio virion to poliovirus receptor (PVR; CD155) on cytoplasmic mem-
brane, 2 endocytosis and uncoating of RNA, release into cytoplasm,
and cleavage of VPg from 5’-end of RNA, 3 translation of viral proteins
from viral RNA serving as mRNA, 4 proteolytic processing viral pro-
teins, 5 replication of negative () strands of viral RNA by poliovirus
RNA-dependent RNA polymerase (RdRP), 6 replication of positive (+)

replication complex

strands of viral RNA by RdRP in replication intermediates (RI), 7
cleavage of VPg from some + RNA strands for programming as mRNA,
8 encapsidation of other+RNA strands into virions, and 9 release from
cytoplasm of infected cell. In cell culture, the entire infectious cycle is
complete within ~6 h with release of up to 10,000 infectious virions per
cell (Reproduced from reference De Jesus [252] with permission from
BioMed Central)
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polyprotein, which is cleaved by virus-encoded proteinases,
2AP© and (primarily) 3CP, into mature viral proteins [260].
Host protein synthesis is rapidly inhibited by the cleavage by
2Ar© of the translation initiation factor eIF4G, required for
initiation of translation of capped host messenger RNA but
not for the internal initiation of translation from the poliovirus
IRES [259, 261]. One cleavage product is 3D, an RNA-
dependent RNA polymerase (RARP), that catalyzes the syn-
thesis of negative-polarity (—) RNA strands from the genomic
and mRNA-polarity (+) strands forming a duplex called the
replicative form (RF) [262, 263]. Multiple copies of positive
RNA strands are produced from negative-strand templates in
replicative intermediates (RI) arrayed in intracellular mem-
brane complexes [262, 263]. VPg is cleaved from some newly
synthesized positive RNA strands for programming as mRNA
and further translation [260]. Other positive strands are
encapsidated during the maturation step in which the VPO
precursor to VP4 and VP2 is cleaved followed by release of
infectious virions from the infected cell. The entire replica-
tion cycle takes place within the cytoplasm, and poliovirus
can replicate in anucleate cells. Infected cells show cytopathic
effects within 6 h and can release up to 10,000 infectious
virus particles upon cell lysis and death. This rapid rate of
cellular destruction accounts for the rapid progression of
paralysis when poliovirus infects motor neurons [264].

Poliovirus (and picornavirus) replication has recently
been reviewed in depth [27, 202, 259].

4.6 Poliovirus Genetics

4.6.1 Rapid Evolution of Poliovirus Genomes
Poliovirus is one of the most rapidly evolving viruses known
[147, 164, 171, 172, 265]. Most of the nucleotide substitu-
tions generate synonymous codons [164], and the basic bio-
logical properties of wild polioviruses remain unchanged,
although the Sabin OPV strains can undergo important
phenotypic changes (Sects. 9.1.4 and 10.8). Estimates of the
rates of total nucleotide substitution into poliovirus capsid
regions average ~107 substitutions per site per year [164—
166, 171-173, 188, 191]. The rates appear to be similar across
the three poliovirus serotypes and for both circulating polio-
viruses and polioviruses associated with chronic infections,
and constitute a robust poliovirus molecular clock. Underlying
the rapid pace of poliovirus genomic evolution are the high
rates of base misincorporation (in the range of 107 to 10 per
base per replication) by the poliovirus RARP [266-271].
These high mutation rates are attributable to the absence of
3’ -5’ exonuclease proofreading mechanisms for the viral
RNA polymerases [267], although other mechanisms may
also be involved [272]. This exceptionally rapid rate of
genomic evolution has facilitated high-resolution molecular
epidemiologic studies (Sects. 3.6.3 and 10.7), even as deeper
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evolutionary relationships among poliovirus genotypes are
obscured by saturation of variable nucleotide sites [164].

Poliovirus populations in cell culture and in humans [173]
are a spectrum of mutational variants termed “quasispecies”
[273, 274]. On average, each genome in a virus population
contains one nucleotide substitution difference from the con-
sensus “master sequence” of the quasispecies population.
Two important consequences are that the virus populations
in the live, attenuated OPV contain preexisting variants of
higher potential neurovirulence [275], and that antigenic
variants can be rapidly selected in cell culture [218, 276] and
in humans [141, 220-223].

4.6.2 Recombination
Recombination occurs continuously during poliovirus infec-
tion of cultured cells [271, 277, 278] and individuals [173,
279]. Wild polioviruses undergo frequent recombination
with the closely related human species-C enteroviruses dur-
ing circulation [24, 167, 205, 206]. Indeed, the 5'-UTR and
P2/P3 noncapsid sequences (Fig. 13.5) of wild polioviruses
are drawn from a potentially large and constantly exchang-
ing genetic pool that includes the locally circulating human
species-C enteroviruses [167, 206, 280]. Crossovers usually
map outside the capsid region when the exchange partners
are different poliovirus or enterovirus serotypes, but cross-
overs may occur within the capsid region when the partners
are of the same poliovirus serotype [173, 271, 277]. The bio-
logical role of recombination in poliovirus is unclear.
Recombination may facilitate maintenance of replicative fit-
ness by countering the accumulation of deleterious muta-
tions [281]. However, natural selection apparently maintains
wild poliovirus near its fitness optimum, and multiple recom-
binational variants can co-circulate locally [168]. Children
fed tOPV regularly excrete vaccine/vaccine recombinants
[279] and most circulating VDPVs (Sect. 10.8) are vaccine/
non-vaccine recombinants [133, 166-168].

The genetics of poliovirus and other RNA viruses has
been comprehensively reviewed [268, 273, 274, 277, 282,
283].

5 Descriptive Epidemiology

The epidemiology of poliomyelitis remained obscure until
inapparent infections and mild cases were recognized [40,
41]. Unlike smallpox, where every infection of a susceptible
person is associated with overt and characteristic clinical
signs [284], the first poliomyelitis outbreaks erupted with no
evident source [1, 34]. Five phases in the natural history of
poliomyelitis can be recognized: (1) the endemic phase, (2)
the epidemic phase, (3) the vaccine era, (4) the eradication
era, and (5) the post-eradication era [22, 23]. Most developed
countries eradicated their indigenous wild polioviruses four
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to five decades ago [8, 9, 33, 34]. Similar progress has now
been achieved by all but three developing countries
(Fig. 13.3), parts of which remain in the endemic and epi-
demic phases because the vaccine era has not yet been fully
implemented [12].

5.1 Endemic, Epidemic, Vaccine Era,

and Eradication Phases

During the endemic phase, virtually all children were
exposed to wild polioviruses at an early age. Large out-
breaks were rare because large cohorts of nonimmune sus-
ceptible children rarely accumulated. Frequent exposure to
wild polioviruses maintained population immunity and had
the potentially important additional beneficial effect of
boosting the immunity of women of childbearing age.
Outbreaks were more likely to occur in smaller, more iso-
lated populations than in large populations that could sup-
port continuous poliovirus circulation. The endemic phase
was inevitably followed by an epidemic phase [1, 8, 9, 23,
28, 29, 33, 34, 66]. In the United States and Europe, out-
breaks of increasing size and severity occurred for six
decades until the mid-1950s and were halted only by the
introduction of IPV [8, 9, 23, 29, 34]. Unfortunately, the
vaccine era arrived unequally in the world, starting first with
the most developed countries of Europe, North America,
Australia, and New Zealand and progressing to Japan, the
Soviet Union and Eastern Europe, and the countries of tem-
perate South America [8, 9]. As the vaccine phase pro-
gressed in more developed countries, periodic epidemics
appeared in less developed countries [8, 9]. Incomplete vac-
cine coverage in some developing countries had the per-
verse effect of reducing, but not eliminating, poliovirus
circulation, potentially increasing the risk of explosive epi-
demics following the buildup of nonimmune susceptible
persons in the population. The eradication phase has been
permanent in most countries, but continued wild poliovirus
circulation in a few areas carries ongoing global risks, and
some countries have allowed immunity gaps to widen after
eradication of indigenous wild polioviruses and suffered
outbreaks from imported wild polioviruses [10, 12]
(Sect. 10.6) or from the emergence and spread of cVDPVs
(Sect. 10.8) [133]. The global post-eradication phase
(Sect. 11.2) is far more complex than originally envisioned
and is a key element of the current WHO strategic plan [22].

5.2 Geographic Distribution

Before the vaccine era, all three poliovirus serotypes had vir-
tually a worldwide distribution. Virus circulated continu-
ously in populous tropical areas, and the intensity of wild
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poliovirus circulation (“force of infection”) was high, espe-
cially in areas with high population densities [180]. For
example, up to the 1990s in Mumbai, India, all three sero-
types of wild poliovirus could be found in the community,
and children in high-risk urban slums were occasionally
found to be concurrently infected with all three wild poliovi-
rus serotypes [285, 286]. In recent years, some children in
low-coverage endemic communities were coinfected with
wild poliovirus types 1 and 3.

As with other enteroviruses, poliovirus circulation had a
distinct seasonality in temperate zones. Paralytic cases
peaked during summer and early autumn and could disap-
pear altogether in winter. Sewage sampling could detect the
presence of virus before and after the appearance of cases,
but generally not throughout the year in smaller communities
in cooler climates [103]. In both temperate zones and tropi-
cal areas, different serotypes predominated in different years.
Poliovirus circulation would stop completely in small, rural
populations, which would then be subject to outbreaks once
poliovirus was reintroduced into the community [28].

Very isolated communities had no poliovirus infections
for years. For example, age-stratified seroprevalence data
have shown that Eskimo communities in Canada and the
United States experienced sharp outbreaks covering a broad
age distribution preceded and followed by many years with
no serologic evidence of poliovirus circulation [85, 287]. A
similar pattern of infrequent outbreaks also occurred in iso-
lated tropical communities. Following introduction of polio-
virus from the mainland, a large outbreak in the Andaman
and Nicobar Islands in the Bay of Bengal in 1947-1948
affected a broad age distribution, with an overall paralytic
attack rate of 10 % and a CFR of 14 % [288].

In the vaccine era, poliovirus type 1 had the widest geo-
graphic distribution, and poliovirus type 2 the most restricted
[180]. It is difficult to separate out the effects of immuniza-
tion, even at low rates of coverage, from the intrinsic biologi-
cal properties of wild polioviruses. For example, type 1 is
most frequently associated with large outbreaks and appears
to be able to spread over wider geographic areas than type 3
[180] and (especially) type 2. Wild poliovirus type 2 was the
first to be eradicated globally (Fig. 13.3) [13] but was also
the first to disappear regionally. In the United States, for
example, wild poliovirus type 2 disappeared long before type
3 and finally type 1. By the mid-1980s, no wild type 2 polio-
viruses could be found in several large countries, including
Brazil and China, where the other two serotypes were still
endemic [170]. Only wild poliovirus type 1 was found in the
Caribbean during the 1970s and 1980s, whereas both types 1
and 3 could be found in the larger island populations of the
Philippines and Indonesia until the mid-1990s [289, 290].

With the introduction of OPV, OPV-like viruses of all
three serotypes became ubiquitous in areas of high coverage.
Unlike wild polioviruses, vaccine-related strains usually do
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not persist. For example, in Cuba, where OPV was adminis-
tered only twice a year in campaigns, vaccine-related viruses
disappeared from the environment within 4 months of the
second campaign round [291].

5.3 Seasonality

In temperate zones, circulation of polioviruses, like that of
all enteroviruses, is seasonal [23]. The summer-fall seasonal-
ity of poliomyelitis outbreaks was clearly described in the
early reports of epidemics in Europe and the United States
[41, 45]. Seasonality was most pronounced in temperate
zones and gradually decreased toward the equator, where
intense poliovirus circulation could occur throughout the
year [9, 34, 56]. In the tropics, the residual poliomyelitis sea-
sonality was variable and circulation tended to increase dur-
ing the rainy season. The typical summer-autumn wild
poliovirus seasonality peak was offset by 6 months between
the northern and southern temperate zones [9, 292].
Poliomyelitis outbreaks have occurred on rare occasions dur-
ing the winter months [110].

Poliovirus seasonality is a reflection of the fluctuation in
the number of transmission chains during the year [168,
193]. However, the underlying mechanisms for poliovirus
seasonality are unknown. Seasonal patterns of human asso-
ciation do not appear to be major factors because the peaks
of the poliovirus and rotavirus (another non-enveloped
enteric virus) seasons are offset by 6 months in the United
States [34]. One hypothesis for poliovirus seasonality is
based on the observation that poliovirus is more stable when
relative humidity is above 40 % [293]. In temperate zones,
indoor relative humidity is highest in the summer, and in the
tropics humidity is high during the rainy season and through-
out the year in coastal areas, a pattern closely correlated with
the observed patterns of poliovirus seasonality. However,
seasonal patterns of human migration can also facilitate
poliovirus dissemination. For example, the spread of wild
poliovirus from the tropics to more temperate zones was cor-
related with the seasonal migration of underimmunized farm
worker families moving with the harvest season. Reaching
underimmunized children in migrant populations remains a
key eradication strategy in developing countries [22].

Seasonality has been an important facilitating factor for
the eradication of wild polioviruses in developing countries.
Mass immunization campaigns in the cooler months, when
the transmission chains of poliovirus (and potentially com-
peting enteroviruses) are at their seasonal low [193], have
been a mainstay of eradication efforts [294-296]. In the
northern Andean region, polio circulation ceased in cities in
the temperate highlands years before it ceased in cities of the
tropical coastlands [164]. In temperate Bolivia, OPV cover-
age rates of only 50 % were sufficient to eradicate polio [70].
Sequence data showed that wild poliovirus was imported
into the Bolivian highlands from tropical coastal Peru [170].
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In Brazil, polio was rapidly controlled in the south, but the
reservoirs persisted in the northeast, with its more tropical
climate as well as poor sanitation [70]. Polio had already
been eradicated from the temperate Southern Cone
(Argentina, Chile, Paraguay, Uruguay) before the launch of
the PAHO Polio Eradication Initiative [18]. In China, polio
persisted in the provinces of the southeast but not in the
coastal northeast [172, 297, 298]. One caveat is that the level
of immunization (and OPV efficacy) is usually higher in
temperate zones than in tropical zones.

54 Age and Sex

In endemic areas, children are chiefly responsible for main-
taining poliovirus circulation. The primary ages of first
infection (as indicated by appearance of cases) was 2 years
or younger in the pre-vaccine era [9, 23, 28, 29, 66]. Older
individuals may have added to poliovirus transmission, but
their contributions were likely to have been relatively small
because most would have had prior exposure to poliovirus
and the effect of reexposure would have been to boost muco-
sal immunity and thus limit poliovirus excretion. In both
developing and developed countries, the hygiene of children
<2 years of age favors enteric virus dissemination, but in the
pre-vaccine era the likelihood of exposure to wild poliovirus
was much higher in settings with poor sanitation [29].

The age distribution of poliomyelitis cases has shifted
dramatically to older age groups over the past century [9, 23,
28, 29, 66]. During the 1916 epidemic in New York, 80 % of
cases were among children <5 years of age. By the mid-
1950s, peak cases were in children 5-9 years of age and two-
thirds of deaths were in patients >15 years of age [23]. In
developing countries, poliomyelitis remained a disease of
younger children, with >75 % of cases <2 years of age and
>95 % of cases <5 years of age [299, 300].

In the endemic phase, which represented all countries
before the late nineteenth century, many children would be
infected by the then-prevalent wild polioviruses while still
protected by maternal antibody, and thus could become
immune without risk of paralytic disease. As sanitation
improved, the first exposures to poliovirus were delayed to
later in life, when the risk of severe disease is increased, and
after protective maternal antibodies had waned. Delayed
infection also resulted in expansion of the pool of nonim-
mune susceptible individuals, increasing the potential for
explosive outbreaks once wild poliovirus was reintroduced
into the population. Paul had first proposed this process to
explain the sudden appearance of epidemic poliomyelitis,
first in the most developed parts of Europe and North
America and then elsewhere [1]. Paul’s hypothesis has been
repeatedly confirmed [23, 34], and it predicted an irrevers-
ible shift from the endemic to the epidemic phase. This had
been the pattern in all countries until poliomyelitis was
finally brought under control through immunization.
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It has been known for decades that males are more sus-
ceptible than females to paralytic poliomyelitis and to more
severe forms of the disease [9, 23, 66, 301]. The reasons for
this are unknown, although it has been suggested that greater
physical exertion by boys might be a factor [23]. A majority
of the paralytic cases occurred in males in recent outbreaks
in Namibia (89 %) [80], Republic of Congo (68 %) [302],
and Tajikistan (66 %) [178].

Occurrence in Families and Contact
Groups

55

Polioviruses, like other enteroviruses, are highly communi-
cable [23]. In the pre-vaccine era, virus was spread effi-
ciently by young children to other family members, many of
whom had prior exposure and were not susceptible to dis-
ease. In the vaccine era, most cases of contact vaccine-asso-
ciated paralytic poliomyelitis (VAPP; Sect. 9.1.4) were
within the family unit [303, 304]. More recently, concerns
have focused on extended family units in developing coun-
tries, especially among groups that refuse immunization and
who could represent an interconnected, socially defined res-
ervoir of poliovirus transmission within an otherwise ade-
quately immunized population. Attention is also being given
to nomads and other mobile populations who could facilitate
dissemination of poliovirus originating from fixed reservoir
communities [22].

5.6 Epidemiologic Patterns of Poliomyelitis

5.6.1 Epidemiologic Patterns in Developed
Countries in Temperate Zones

The shift from endemic to epidemic phase was first observed in
countries with the highest standards of community sanitation
and personal hygiene [23, 28, 29, 33, 34]. As outlined above,
the epidemic phase appears to have been the consequence of
delaying poliovirus exposure to later age groups who are prone
to more severe paralytic disease and to the accumulation of
nonimmune susceptible populations poised for large outbreaks.
As sanitation conditions continued to improve, the poliomyeli-
tis outbreaks steadily shifted in size and severity and peaked in
increasingly older age groups. In some settings the shift was
gradual; in others it was abrupt [23].

The mechanism proposed by Paul [1] for the shift from
endemicity to epidemicity received further support by the
observation that families with the highest socioeconomic
advantages were at highest risk for severe poliomyelitis,
whereas less advantaged families living in communities with
poor sanitation were at reduced risk [23]. Indeed, the last
outbreaks in the United States in the epidemic pre-vaccine
era included parents in more advantaged families whose
children carried wild poliovirus into the home [305].
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5.6.2 Poliomyelitis in the Vaccine Era

The high-income countries of North America, Western
Europe, and the southwest Pacific were quick to adopt wide-
spread immunization with IPV. The impact was rapid and
dramatic. In the United States, for example, the incidence of
paralytic poliomyelitis fell from 13,850 in 1955 to 829 in
1961 (Fig. 13.7) [308]. With the availability of OPV in 1961,
more countries adopted immunization against poliomyelitis,
and the downward trend continued. In the United States,
Canada, Australia, and New Zealand, combined cases fell
>700-fold from 44,378 in 1951-1955 to 62 in 1968 [8], and
in Europe cases fell >50-fold from 28,359 in 1951-1955 to
529 in 1968 [8]. Dramatic progress was also made in the
Soviet Union as some republics reported no cases by 1968
[8]. Poliomyelitis cases in Japan, which did not use IPV and
introduced OPV in 1961 [309], fell >120-fold from 2414 in
1951-1955 to 20 in 1968 [8]. Apart from Singapore, the pic-
ture for the rest of Asia was not encouraging. Several coun-
tries in Latin America (Costa Rica, Uruguay, Chile, and
Argentina) reduced cases by 4- to 50-fold [8], and Cuba
eradicated indigenous polioviruses in 1962 [8, 310], as did
Jamaica in 1968 [8]. However, many other countries in Latin
America and the Caribbean made little progress [8]. Only
Israel in the Middle East made evident progress (>35-fold
reduction by 1968), and poliomyelitis in Africa remained
virtually uncontrolled [8].

The downward trends continued in the United States and
other higher-income countries through the 1970s (Fig. 13.7)
[9]. Circulation of wild polioviruses indigenous to the United
States apparently ceased after the 1970 outbreak along the
Texas-Mexico border [163, 311]. Subsequent sporadic polio-
myelitis cases (and a small outbreak in 1972) were usually
associated with wild type 1 polioviruses imported from
Mexico [163]. An outbreak associated with type 1 virus orig-
inating in Turkey spread to underimmunized religious com-
munities in the Netherlands and Canada, and to the Amish
community in the United States in 1978-1979 [147], was
followed in August 1979 by one last sporadic case associated
with wild type 1 poliovirus imported from Mexico [163]. A
similar picture emerged in Europe. Outbreaks associated
with imported wild polioviruses occurred in the Netherlands
in 1971 (type 1) [312, 313], 1978 (type 1) [163, 312, 313]
and 1992 (type 3) [314, 315]; in Sweden in 1977 (type 2)
[105]; in Spain in 1983 (type 3) [180]; in Finland in 1984
(type 3) [110, 316]; and repeatedly in the Balkans and the
southern Republics of the Soviet Union (types 1 and 3) [180,
317]. Also, a large outbreak in Taiwan in 1982 (1,031 cases)
from wild type 1 poliovirus (probably imported from
Indonesia) highlighted the risk to poliomyelitis-free coun-
tries in Asia of reinfection by importation from neighboring
countries [318].

In many developed countries using OPV, the only cases of
poliomyelitis each year were from VAPP (Sect. 9.1.4) [24,319—
323]. However, the risks of importation of wild polioviruses



296 O.M. Kew
@ Total Paralytic Poliomyelitis 9 *IPV Total No. of Paralytic
10000~ i iti .
B VAPP 3 Poliomyelitis Cases, 1953-2003
110" — \ = e 2 1000-
[2]

1004 8 ]

% 5 100
7] ) - > -
O 80 10~
B2 3
T 707 1 T T T T T
_S 60 1955 1961 1967 1973 1979 1985 1991 1997 2003
£ Year
9 ) <
= A
s 40 L
a
S [
¢ | /\
z

20

10

0- L o o

1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003
Year

Fig. 13.7 Reported cases of poliomyelitis, United States, 1953-2003.
Arrows indicate years of introduction of inactivated poliovirus vaccine
(IPV; 1955) and oral poliovirus vaccine (OPV; 1961-62). The last wild
poliovirus (type 1) case occurred in August 1979 [163, 306]. Bars indi-
cate cases of vaccine-associated paralytic poliomyelitis (VAPP). New
VAPP cases stopped after the shift to IPV in 2000 [307], but vaccine-

remained, and the sharp divergence between the poliomyelitis-
free and poliomyelitis-endemic worlds was unsustainable.

5.6.3 Poliomyelitis in Developing Countries

By 1980, many developing countries had made little prog-
ress in controlling poliomyelitis in the nearly two decades
since the widespread availability of OPV [9, 324]. With their
growing populations, the problem of epidemic poliomyelitis
in developing countries, well recognized by the mid-1950s
[292], was increasing [98, 324]. In addition, lameness sur-
veys revealed that the incidence of poliomyelitis in Africa
and other developing countries was far higher than originally
believed [97, 98, 319, 325]. Poliomyelitis cases in much of
Africa and Asia had been grossly underreported [324], with
the actual global incidence being tenfold greater than the
officially reported counts. For example, lameness surveys in
1981-1982 suggested that India had half of the estimated
world total of 400,000 poliomyelitis cases per year [326,
327]. Throughout the 1980s, the city of Mumbai alone
reported ~1,000 cases per year [285, 286], more than 100
times the rate (from VAPP) for the United States over the
same time period (Fig. 13.7) [303, 304]. Moreover, large out-
breaks, some recurring, occurred in many developing coun-
tries as they steadily shifted to the epidemic phase [180].
Clearly, remedial action was urgently needed.

derived poliovirus (VDPV) infections occurred in Minnesota in 2005
(type 1) [132] and a separate immunodeficiency-associated VDPV
(iVDPV) case occurred in Minnesota in 2008 (type 2) [223]. Note that
abscissa of inset is a logarithmic scale and abscissa of main graph is a
linear scale (Source: Centers for Disease Control and Prevention
(CDC). Reproduced from reference Alexander [307])

6 Mechanisms and Routes

of Transmission

As with other enteroviruses, poliovirus is spread by person-
to-person contact via two routes of transmission, fecal—oral
and respiratory [23, 29]. The relative importance of these
two routes varies by setting. Fecal—oral is the more efficient
route because fecal shedding continues for up to 6 weeks,
and the quantities of virus shed in stool may be as high as
300 million infectious particles per day [328]. Under experi-
mental conditions, vaccine virus was shown to spread to con-
tacts even when administered in gelatin capsules, thereby
bypassing throat infection and respiratory transmission
[329]. In areas of poor sanitation and hygiene, fecal-oral
transmission (via contaminated fingers, food or water, uten-
sils, or toys) is most likely the dominant route, as young chil-
dren are continually exposed to unsanitary conditions and
live in close proximity to contaminated soil and open sewers.
Respiratory transmission probably played a more important
role in developed countries with high standards of hygiene
and sanitation, and where in the pre-vaccine era exposure to
poliovirus in higher socioeconomic communities was typi-
cally delayed by several years. The effectiveness of IPV,
which blocks oropharyngeal but not intestinal infection
[330], to stop wild poliovirus transmission is evidence of the
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importance of respiratory transmission in settings where
fecal—oral transmission is less prominent.

There is no evidence for an extrahuman reservoir for
poliovirus, apart from virus stored in laboratory freezers
[331]. Sequence analyses show close genetic relatedness
among the polioviruses obtained in the same locales from
clinical cases, stool surveys, and sewage sampling [111,
113]. Virus imported over short or long distances can consis-
tently be linked by molecular epidemiologic methods to
infections recently occurring in the source communities [10,
11, 163, 193, 332].

On very rare occasions, poliomyelitis infections and
outbreaks have started by mechanisms other than direct
person-to-person transmission. In the spring of 1955, 204
vaccine-associated cases occurred in the United States
following injection of children with IPV preparations
which contained residual infectious wild poliovirus (the
Cutter incident) [333, 334]. The majority of case isolates
were derived from the neurovirulent type 1 Mahoney
strain used in IPV production [1, 333, 334]. A small num-
ber of cases in Uttar Pradesh, India, in 2000 and again in
2002-2003 were found to be associated with the type 2
reference strain, MEF-1, found in contaminated lots of
OPV [335, 336].
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7 Pathogenesis and Immunity

71 Pathogenesis

Studies on the pathogenesis of poliomyelitis in humans date
to the nineteenth century [1]. The availability of a primate
model for pathogenesis in 1909 accelerated the pace of
pathogenesis research up to the mid-1950s [1, 242, 243].
Interest in the pathogenesis of poliomyelitis waned with the
availability of poliovirus vaccines and the increased focus on
molecular virology, even though pathology studies contin-
ued to address key unanswered questions [337, 338]. Two
major models of pathogenesis, one by Bodian [242]
(Fig. 13.8) and the other by Sabin [243], were proposed in
1955 and 1956. The principal difference between the two
models is whether the major primary sites of poliovirus rep-
lication are in lymphatic tissues (Bodian) or mucosal tissues
(Sabin) [244]. According to Bodian’s model, orally ingested
poliovirus first replicates locally in lymphatic tissues at the
sites of initial virus implantation (tonsils, intestinal microfold
epithelial [M] cells of the Peyer’s patches in the ileum).
Within 1-2 days virus spreads via lymphatic pathways from
the small intestine to the mesenteric lymph nodes and from
the tonsils and adenoids to deep cervical lymph nodes.

SITES OF POLIOMYELITIS VIRAL MULTIPLICATION AND PATHWAYS OF VIRAL SPREAD
SHOWN SEQUENTIALLY IN CHIMPANZEES AFTER VIRUS FEEDING
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Fig. 13.8 David Bodian’s scheme of the pathogenesis of poliovirus
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Reproduced with permission from the original article by Bodian [241].
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By days 1-3, virus appears in the feces and throat. In the next
viremic phase, virus invades the bloodstream and infects
other susceptible “target organs,” including further spread to
systemic lymph nodes, brown fat, and occasionally motor
neurons of the CNS. The first 1-2 days of infection are
asymptomatic. During viremia, all tissues are exposed to
virus, and about 10 % of infected persons experience “minor
illness” at days 3—4, with malaise and fever accompanying
systemic viral infection. Clinical signs subside after day 4.
Viremia ends with the appearance of antibody by day 6, and
virus bound to antibody can be detected for a few days lon-
ger [320]. Incubation periods (time from exposure to disease
onset) vary in different individuals, but they are usually from
7 to 17 days but range from 2 to 35 days [23]. Virus repli-
cates in the oropharynx for 1-2 weeks and is shed in the stool
for 3-6 weeks [23, 321].

Progression to “major illness,” including nonparalytic
poliomyelitis (aseptic meningitis) and paralytic poliomyelitis,
occurs within 8-30 days of exposure [28]. The biphasic nature
of the disease, with minor illness followed by major illness, has
been termed the “Dromedary” form [322] to imply two humps
(even though the dromedary is a one-humped camel) [1].
Invasion of the CNS may occur by either penetration of the
blood-brain barrier or by retrograde axonal transport. Paralytic
illness follows directly from the lytic infection of motor neu-
rons, constituting the gray matter of the spinal cord. In fatal
cases, virus replication in motor neurons rises sharply the day
preceding paralysis, peaks to high titers at day 3, and disap-
pears by day 7 [29]. In spinal poliomyelitis, motor neurons in
the anterior horn of the spinal cord are rapidly destroyed, with
the severity of paralysis correlated with the extent of neuronal
destruction [29]. In bulbar poliomyelitis, motor neurons in the
medulla in the brainstem are primarily affected. Lesions may
also occur in the reticular formation in the brainstem and in the
thalamus and hypothalamus just above the brainstem. Lesions
in the brain occur in the roof nuclei of the cerebellum and in the
precentral gyrus of the motor cortex [23, 29]. Other regions of
the cortex are usually resistant to infection [264]. Some motor
neurons may lose function because of edema, but the damage
is temporary and motor function is restored once the inflamma-
tion subsides [23]. Local secretory IgA immunity can block
poliovirus replication in tonsils and the intestinal tract, and neu-
tralizing IgG and IgM antibodies can prevent virus spread to
motor neurons of the CNS.

Poliovirus pathogenesis has enjoyed a renaissance [26,
232, 244, 323, 338] after cloning and identification of the
PVR, CD155 [208], and the development of transgenic mice
expressing CD155 [340-342]. The transgenic mice are sus-
ceptible to poliovirus infection upon intraspinal, intracere-
bral, intravenous, intranasal, intraperitoneal, or intramuscular
inoculation and exhibit clinical signs and neural lesions typi-
cal of human poliomyelitis [232]. However, the transgenic
mice are usually resistant to infection by the oral route [232,
340, 343]. It has been found in both humans and transgenic
mice that CD155 RNA and protein are expressed in a wide
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variety of tissues, including tissues that do not support polio-
virus replication [323]. Therefore, CD155 expression is nec-
essary but not sufficient for poliovirus replication in vivo,
and a stage in the replication cycle after initiation of transla-
tion determines tissue tropism [323]. One potential mecha-
nism for the observed patterns of tissue tropism is that a
barrier of innate immunity in extraneural tissues blocks
poliovirus replication [232]. In support of this view, it was
found thatin PVR-transgenic mice deficient in the interferon--
o/p receptor, poliovirus replication occurred not only in the
CNS but also in extraneural tissues such as the liver, pan-
creas, and small intestine [343, 344].

The mechanism of axonal retrograde transport has been
reexamined in transgenic mice [345]. At the molecular level,
the cytoplasmic domain of CD155 was found to specifically
bind to Tctex-1, a light chain of the dynein motor complex (a
driver for retrograde transport), and that the rate of Tctex-1
transport is similar to the rate of poliovirus ascent along
nerve fibers [232, 346].

New developments in the pathogenesis of poliomyelitis
have been the subject of several recent reviews [26, 232, 244,
323, 338].

7.2 Immunity
Neutralizing antibody protects against paralytic disease [57].
Type-specific immunity from natural infection is lifelong
[85], and immunity also appears to be permanent for indi-
viduals who have produced neutralizing antibodies after
receipt of OPV or IPV. Infants are protected against disease
during the first few months of life by maternal antibody,
which has a half-life of approximately 28 days and falls to
undetectable levels after 6 months [347]. In the endemic
period, children <6 months of age rarely contracted paralytic
disease, but could induce protective immunity when infected
with wild poliovirus [28]. It has long been known that even
low levels of circulating antibodies are protective [57],
because virus titers during viremia are low [58].

Neutralizing IgM and IgG antibodies appear within a few
days of exposure to virus. IgM titers decline after 10 days,
but IgG titers continue to rise for at least 2 months [348].
Mucosal immunity in the gastrointestinal tract and orophar-
ynx, in the form of secretory IgA, rises more slowly and per-
sists for at least several months, but the duration of mucosal
immunity to poliovirus has not been intensively studied [7,
349]. Children who have had tonsillectomy are more suscep-
tible to poliomyelitis than children with intact oropharyngeal
lymphoid tissue, a finding that points to the importance of
oropharyngeal mucosal immunity in protection from disease
[350-352]. OPYV induces both serum antibody and intestinal
immunity, whereas intestinal immunity from IPV is low
(Sect. 9.1.5) [7, 348].

Additional evidence for the critical importance of neutral-
izing antibody to immunity is that individuals with primary
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(B-cell) immunodeficiencies are at a 3,000-fold higher risk
than immunocompetent individuals of contracting VAPP
when exposed to OPV (Sect. 9.1.4) [353], and some may
develop prolonged poliovirus infections [354]. Patients with
primary immunodeficiencies are treated with intravenous
immunoglobulin (IVIG), and preparations used in the United
States must meet minimum neutralization titers to poliovirus
[7]. However, IVIG neutralizing titers become undetectable
after 3-5 weeks [23], and several immunodeficient individuals
with chronic poliovirus infections have contracted poliomyeli-
tis despite IVIG treatment, presumably after titers of neutral-
izing antibodies fell below protective levels (see Sect. 10.8.2)
[186,223]. Newly developed chimpanzee—human neutralizing
monoclonal antibodies may hold promise for the availability
of high-titer preparations for immunotherapy of immunodefi-
cient patients with prolonged poliovirus infections [228].

8 Patterns of Host Response
and Diagnosis

8.1 Clinical Features

The patterns of host response were described in Sect. 7.1 in
the context of the pathogenesis of poliomyelitis. Paul recog-
nized four categories of response to poliovirus infection in
susceptible individuals: (1) inapparent (asymptomatic) infec-
tions, (2) abortive poliomyelitis, (3) nonparalytic poliomyeli-
tis (aseptic meningitis), and (4) paralytic poliomyelitis [28].
Abortive poliomyelitis is described as minor illness, and non-
paralytic and paralytic poliomyelitis constitute major illness.
The proportion of each category of host response depends on
the patient age, the poliovirus serotype, and other physiologic
factors such as tonsillectomy, pregnancy, recent injections,
trauma, or recent strenuous physical exertion [29].

8.1.1 Inapparent (Asymptomatic) Infections

Most (up to 95 %) wild poliovirus infections of nonimmune
susceptible individuals are without fever or other symptoms.
Infected individuals produce protective neutralizing antibod-
ies and have permanent resistance to paralysis upon reinfec-
tion by the same poliovirus serotype. Infections that occur
under the cover of maternal antibody are asymptomatic.
Individuals with inapparent infections shed virus in their
stool and can participate in the spread of infection.

8.1.2 Minor lliness: Abortive Poliomyelitis
Abortive poliomyelitis is the most frequent disease manifes-
tation, occurring in about 8 % of poliovirus infections [23,
28]. Symptoms are indistinguishable from those of many
other infections and include fever, malaise, drowsiness,
headache, vomiting, and sore throat. Abortive poliomyelitis
occurs during the viremic phase a few days after infection.
Complete recovery occurs within a few days, although virus
shedding may continue for up to 6 weeks postexposure.
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8.1.3 Major lliness: Nonparalytic Poliomyelitis
(Aseptic Meningitis)

Aseptic meningitis occurs in 1-2 % of infections. It may be
preceded by minor illness and is characterized by signs of
inflammation of the meninges, including severe headache, and
stiffness and pain in the back and neck. Aseptic meningitis
lasts 2—10 days and is usually followed by complete recovery.
In rare instances, the disease progresses to paralytic poliomy-
elitis. Other viral infections, including those of many nonpolio
enteroviruses (Chap. 11), may cause aseptic meningitis [23].

8.1.4 Major lliness: Paralytic Poliomyelitis

Paralytic poliomyelitis occurs in <1 % of wild poliovirus infec-
tions (Sect. 3.4) and is characterized by acute flaccid paralysis
(AFP) usually accompanied by fever. It may be preceded by
minor illness with apparent recovery followed a few days later
by rapid onset of paralysis. Minor illness preceding paralysis
may be absent in adolescents and adults, but pain in the affected
extremities during onset of paralysis may be severe. Paralysis
progresses rapidly and is descending (i.e., moving proximally
to distally), with loss of deep reflexes but no sensory loss.
Paralysis is usually asymmetric and affects the legs more fre-
quently than the arms, especially in young children. Residual
paralysis persists beyond 60 days. The affected muscles and
severity of paralysis depends on the location and concentration
of neuronal lesions [29]. Paralytic poliomyelitis is further
divided into three categories based on the CNS lesions and the
corresponding affected muscle groups.

Spinal Poliomyelitis

Spinal poliomyelitis (~79 % of paralytic poliomyelitis cases)
occurs when lesions are localized to the spinal cord and
cause weakness in the legs, arms, back, or abdominal mus-
cles. Spinal poliomyelitis may also paralyze the diaphragm
and intercostal muscles, causing respiratory failure.

Bulbar Poliomyelitis

Bulbar poliomyelitis (~2 % of paralytic poliomyelitis cases)
occurs when lesions form in the cranial nerve or medulla and
results in paralysis of the pharynx, vocal cords, and facial
nerves. Bulbar poliomyelitis may rapidly progress to respira-
tory failure when the respiratory centers of the medulla are
attacked.

Bulbospinal Poliomyelitis

Bulbospinal poliomyelitis (~19 % of paralytic poliomyelitis
cases) is a combination of the above two forms and is most
frequently seen in adults [29].

8.1.5 Post-Polio Syndrome

Post-polio syndrome is a recrudescence of weakness, pain,
fatigue, and atrophy in the muscles originally affected by acute
paralytic poliomyelitis [355]. Symptoms progress over a
period of years and first appear on average 30-35 years after
recovery from the initial acute attack [356]. It is estimated that
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25-50 % of patients with acute paralytic poliomyelitis will
develop some signs of post-polio syndrome, the risk being
highest among survivors with more severe paralysis from the
original attack. In the United States, over 440,000 survivors of
paralytic poliomyelitis were recognized in 1994-1995, but no
updated counts have been obtained. Post-polio syndrome is a
neurologic condition whose underlying mechanisms are
unknown. Current evidence indicates that the syndrome results
from the denervation of the peripheral neuromuscular junc-
tions that expanded during recovery to compensate for neuro-
nal damage from the original infection [355]. It is thought that
the neurologic dysfunction progresses subclinically for many
years until a critical threshold is reached beyond which the
remaining motor neurons cannot maintain the extended num-
ber of neuromuscular junctions [355]. Post-polio syndrome
does not appear to result from persistence of the original polio-
virus infection [357]. Polio eradication is the most effective
way to prevent post-polio syndrome.

8.2 Diagnosis

Most clinicians trained since the late 1960s in the United
States and other developed countries have never seen a case
of poliomyelitis. Similarly, clinicians in most developing
countries no longer see poliomyelitis, apart from rare
sporadic cases of VAPP (Sect. 9.1.4). Nonetheless, the risk
of importation of wild poliovirus (or cVDPVs; Sect. 10.8.1)
and the potential for outbreaks remain as long as poliovirus
circulation continues anywhere in the world [10, 12, 80-82,
132, 175-178, 181]. Diagnosis of paralytic poliomyelitis is
primarily based on three criteria: (1) clinical signs and
course, (2) virologic testing, and (3) residual neurologic defi-
cit at 60 days after onset of paralysis [7].

8.2.1 Clinical Signs and Course

The most obvious sign of poliomyelitis is the appearance of
AFP. However, AFP has multiple etiologies, including
Guillain—Barré syndrome, transverse myelitis, enterovirus
infections (especially EV71; Chap. 11), other viral infec-
tions, traumatic neuritis, Bell’s palsy, hypokalemia, and
toxin exposure [7]. Studies in the Americas comparing clin-
ical findings with the isolation of wild poliovirus from stool
specimens reported a sensitivity of 75 % and specificity of
73 % for poliomyelitis when the diagnostic criteria for AFP
cases were age <6 years and fever at onset of paralysis [68].
Inclusion of progression to complete paralysis in <4 days
increased sensitivity [68], whereas inclusion of specific pat-
terns of paralysis (descending, asymmetric, absence of
paralysis in all limbs) increased specificity but reduced sen-
sitivity [7]. In India, which achieved AFP rates >25 per
100,000 children <15 years of age, residual paralysis at 60
days was most strongly correlated with wild poliovirus
infection [358].
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8.2.2 VirologicTesting

Virologic testing has high sensitivity provided that adequate
specimens are collected soon after onset of paralysis and
received by the laboratory in good condition (section
“Clinical specimens”). Because wild polioviruses can be
accurately identified by molecular methods, and contami-
nants ruled out by sequence analysis, specificities approach
100 %. Classification of cases of VAPP requires the inclu-
sion of clinical, epidemiologic, and laboratory findings [303,
304, 307, 359]. In countries using OPV, most isolations of
OPV-like virus from patients with AFP are independent
events and do not signal the occurrence of VAPP. Laboratory
detection of genetically divergent vaccine-derived poliovi-
ruses (VDPVs; Sect. 10.8) indicate either prolonged replica-
tion in an immunodeficient individual or community
circulation of VDPVs [133]. The distinguishing genetic
properties of the more divergent VDPVs, coupled with infor-
mation about the rates of poliovirus vaccine coverage in the
source community, are strong predictors of the VDPV cate-
gory [133].

8.2.3 Residual Neurologic Deficit

The clinical case definition for paralytic poliomyelitis
includes residual paralysis at 60 days after onset of paralysis
[100, 133]. In less severe cases of paralytic poliomyelitis,
residual paralysis may be difficult to discern because of
functional compensation by intact muscles [7].

9 Control and Prevention
of Poliomyelitis
9.1 Poliovirus Vaccines

Attempts to inactivate poliovirus infectivity through forma-
lin treatment date to 1911, but when the results from leading
investigators were consistently disappointing, interest in
immunization against poliomyelitis waned [1]. Interest was
briefly rekindled during the field trials of 1935, conducted by
two groups who took different approaches to experimental
poliovirus vaccines, one applying formalin inactivation [360]
and the other using live virus that was claimed to be “attenu-
ated” through treatment with detergent [361]. However, the
appearance of poliomyelitis cases—including fatalities—
linked to the field trials [362] cast a long shadow on further
attempts to develop a poliovirus vaccine. The experimental
poliovirus vaccines of 1935 were developed before the
advent of cell culture, before the identification of three dis-
tinct poliovirus serotypes, before the outlines of poliovirus
pathogenesis were firmly established, and, in the case of one
investigator, a failure to distinguish between chemical inacti-
vation and attenuation of neurovirulence through genetic
selection [361]. Prospects for a poliovirus vaccine again
brightened in 1948 with the successful immunization of
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monkeys with formalin-inactivated poliovirus [363].
Moreover, the rising incidence of paralytic polio in devel-
oped countries in the postwar years greatly increased the
urgency of developing and deploying effective poliovirus
vaccines.

9.1.1 Inactivated Poliovirus Vaccine (IPV)

The IPV of Salk and colleagues was the first poliovirus vac-
cine to be licensed [4, 5]. Its development followed several
key advances in virology, pathology, and immunology [5]:
(1) the cultivation of poliovirus in nonneural cells [53], (2)
the identification of three poliovirus serotypes [54, 55], (3)
the finding that viremia precedes paralysis [58], and (4) the
demonstration that administration of immune globulin pro-
tected against paralytic poliomyelitis [57]. IPV is prepared
by formalin inactivation of three wild, virulent reference
strains: Mahoney (type 1), MEF-1 (type 2), and Saukett (type
3). A less virulent type 1 strain, Brunenders [364], is used in
IPV production in Sweden and Denmark. Although anti-
genic sites 1 (Fig. 13.5) of types 2 and 3 are modified by
formalin inactivation [365], immunization with IPV can
induce high titers of neutralizing antibodies protective
against all poliovirus strains. After exposure of some IPV
recipients with live wild poliovirus contained in production
lots of incompletely inactivated vaccine (the Cutter incident)
[333, 334], conditions for IPV manufacture were modified,
resulting in a reduction in the immunogenicity of IPV prepa-
rations [23]. However, improvements in cell culture technol-
ogy in the 1970s led to development of an enhanced-potency
IPV (eIPV), similar in immunogenicity to the original prod-
uct [5, 35, 366], which has replaced the second-
generation IPV.

IPV was licensed for use in the United States, Canada,
and Western Europe in 1955 and was the only poliovirus vac-
cine available until licensure of OPV in 1961-1962. IPV use
in the United States declined after the introduction of OPYV,
but it has been used continuously by some countries in
Western Europe (Finland, Iceland, Sweden, and the
Netherlands) and some provinces of Canada [5, 35]. In 1997,
in response to the eradication of wild polioviruses in the
Americas and the continuing occurrence of cases of VAPP
(Sect. 9.1.4), the United States shifted from an all-OPV
immunization schedule to a sequential IPV/OPYV schedule in
1997, which was replaced in 2000 by an all-IPV schedule
[5, 307].

9.1.2 Oral Poliovirus Vaccine (OPV)

Early attempts to produce live-virus vaccines date to the
work of Jenner, who “vaccinated” with cowpox virus to pro-
tect against smallpox in the 1790s, and Pasteur, who devel-
oped an “attenuated” rabies vaccine in the 1880s [35].
Experimental live poliovirus vaccines were tested in mon-
keys as early as 1910 [29]. In the 1930s, Theiler demon-
strated that an effective attenuated yellow fever vaccine
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could be produced by serial passage of virus in chick embryo
tissues [367]. Theiler applied this basic approach to develop
an experimental attenuated variant of the poliovirus type 2
Lansing strain in 1946 [368]. In 1952, Enders, Weller, and
Robbins developed the attenuated poliovirus type 1
Brunenders strain by serial passage in cultured cells [364].
Two years later, Li and Schaeffer developed a highly attenu-
ated derivative of the neurovirulent type 1 Mahoney strain,
LS-c, by passage at 35°C in cultured rhesus or cynomolgus
monkey kidney cells and in monkey skin [369]. The LS-c
strain was further treated by three consecutive single-plaque
passages by Albert Sabin to produce the LS-c, 2ab strain,
generally known as Sabin type 1 (Sabin 1) [370]. Sabin also
developed attenuated strains for serotypes 2 and 3. The Sabin
2 OPV strain (P712, Ch, 2ab) was derived from virus (P712)
that was isolated from a healthy child and shown to have low
neurovirulence [370]. In contrast, the attenuated Sabin 3
strain (Leon 12 a,;b) was produced by rapid passage in mon-
key kidney cell culture of a highly neurovirulent strain iso-
lated from the spinal cord of a child who had died of
bulbospinal poliomyelitis [370]. In addition to Sabin, two
other groups, led by Koprowski [329] and Cox [371], devel-
oped attenuated poliovirus vaccine strains for each serotype.
All three sets were carefully evaluated for low neuropatho-
genicity for monkeys, immunogenicity, genetic stability on
human passage, safety (inability to cause paralysis in man),
and restricted capacity to spread [372, 373]. The Sabin
strains, which had the lowest neuropathogenicity and an
excellent safety record from large-scale field trials [6, 60],
were approved for worldwide distribution. In the United
States, OPV was licensed sequentially (Sabin 1, August,
1961; Sabin 2, October, 1961; Sabin 3, March, 1962).
Licensure of Sabin 3 was delayed because of concerns about
its undesirable genetic instability and relatively low immu-
nogenicity [1]. OPV was initially administered serially in
monovalent form, frequently in mass immunization cam-
paigns (SOS; “Sabin on Sunday”), but successful tOPV field
trials in Canada led to licensure of a trivalent formulation in
1963 [7]. OPV and its application to poliomyelitis eradica-
tion has been recently reviewed [7].

OPV was developed in the 1950s using the well-
established empirical approach of rapid passage of virus at
suboptimal temperatures in cells and tissues of nonhuman
origin. It would be another two decades after licensure of
OPV that the molecular basis of OPV attenuation became
amenable to systematic investigation.

9.1.3 Genetic Determinants of Attenuation

of the Sabin OPV Strains
Identification of the genetic determinants of attenuation of
the Sabin OPV strains has been comprehensively reviewed
[207, 209, 268, 374]. The first reports of the sequences of
complete poliovirus genomes in the early 1980s [375, 376]
and the development of infectious poliovirus cDNA clones
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Fig. 13.9 Location of principal attenuating nucleotide (lower bars)
and amino acid (upper bars) substitutions in each of the three Sabin
OPV strains. Abbreviations of nucleotide residues: A adenine, C cyto-
sine, G guanine, U uracil. Abbreviations of amino acid residues: A ala-
nine, C cysteine, F phenylalanine, A histidine, / isoleucine, L leucine,
M methionine, S serine, T threonine, Y tyrosine. Substitutions are
shown as nonattenuated parent—position—Sabin strain; nucleotide posi-
tions are numbered consecutively from residue 1 of the RNA genome;
amino acid positions are indicated by the abbreviated name of the viral

[377] opened the way for systematic investigation of the
critical mutations responsible for the attenuated and
temperature-sensitive phenotypes of the Sabin OPV strains.
A common feature of the Sabin strains is the presence of
nucleotide substitutions in the IRES, which in serotypes 1
and 3 have been clearly shown to be critical attenuating
mutations. Additional mutations encoding amino acid sub-
stitutions in the capsid region contribute to and stabilize the
attenuated phenotype.

Sabin 1

The 57 nucleotide substitutions distinguishing the Sabin 1
strain from its neurovirulent parent, Mahoney, are scattered
throughout the genome [144]. Six map to the 5’-UTR, 49
map to the coding region (21 of which encode amino acid
substitutions), and 2 map to the 3’-UTR. Infectious cDNA
constructs containing different combinations of blocks of
Sabin 1 and Mahoney sequences were tested for neuroviru-
lence in monkeys or transgenic mice expressing the CD155
receptor, for temperature sensitivity, and for other pheno-
typic properties distinguishing the two strains [378, 379].
The single most important determinant of the attenuated
phenotype of Sabin 1 was the A — G substitution at position
480 (abbreviated A480G) in the IRES [380]. Four other sub-
stitutions contributing to the attenuated phenotype mapped
to the capsid region (one in VP4, one in VP3, and two in

protein (4, VP4; 2, VP2; 3, VP3; 1, VP1; 3D, 3D-polymerase) and
numbered consecutively from residue 1 of each protein. For example, a
guanine (Mahoney) — uracil (Sabin 1) substitution at RNA position
935 (G935U) encodes an alanine (Mahoney)— serine (Sabin 1)
replacement at residue 65 of VP4 (A4065S). The Y3DO73H substitu-
tion in Sabin 1 and S3091F substitution in Sabin 3 are important deter-
minants of temperature sensitivity (Figure summarizes findings from
references [379-384] (Redrawn from reference Kew et al. [94])

VP1), and a substitution contributing to the temperature-
sensitive phenotype (but not to the attenuated phenotype)
mapped to the 3D region encoding the RdRP (Fig. 13.9) [7,
378, 379, 385].

Sabin 2

Only two nucleotide substitutions (G481A in the IRES and
C2909U encoding a threonine — isoleucine substitution at
position 143 of VP1) appear to be main determinants of the
attenuated phenotype of Sabin 2 (Fig. 13.9) [381, 382].
Because P712 has inherently low neurovirulence [370],
identification of critical attenuating sites in Sabin 2 involved
determination of the effects of introduction of sequences
derived from a minimally divergent neurovirulent revertant
of Sabin 2 (obtained from a case of VAPP) into infectious
cDNA constructs derived from Sabin 2 [381, 382]. The neu-
rovirulence of Sabin 2 is remarkably stable in routine tests of
OPYV lots in monkeys, because the G481A substitution (not
found in the IRES sequences of wild type 2 polioviruses)
does not increase neurovirulence in monkeys, as it does in
transgenic mice [386].

Sabin 3

Detailed analysis of the attenuated phenotype of Sabin 3 has
been possible because the neurovirulent parental strain, Leon,
differs from Sabin 3 by only ten nucleotide substitutions
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[387]. In addition, numerous neurovirulent revertants of the
Sabin 3 strain have been isolated from patients with VAPP
[383] and from healthy OPV recipients [388]. Only three
substitutions (C472U in the IRES, C2034U encoding a ser-
ine — phenylalanine substitution at position 91 of VP3, and
U2493C encoding an isoleucine — threonine substitution at
position 6 of VP1) appear to be the main determinants of the
attenuated phenotype (Fig. 13.9) [207, 383, 388].

In all three Sabin strains, the attenuated phenotype is
determined by multiple substitutions. The substitutions in
the IRES, which alter stem-loop structures [207, 389-391]
and reduce the efficiency of initiation of translation of the
poliovirus RNA template [390, 392], contribute most to the
attenuated phenotype of the Sabin 1 and Sabin 3 strains.
Mutations restoring the original stem-loop structure in the
IRES (Sabin 1, G480A [back mutation] or U525C [suppres-
sor]; Sabin 2, A481G; Sabin 3, U472C) are frequently
found in vaccine-related isolates from healthy OPV recipi-
ents [389, 393] and patients with VAPP [207] as well as
from the environment [109]. In Sabin 3, the critical C472U
substitution reduces the efficiency of binding of the polypy-
rimidine tract-binding protein (PTB), required for initiation
of translation, to the IRES [394]. The translational deficit
for Sabin 3 is moderate in intestinal cells, where PTB levels
are high, but severe in neurons, where PTB levels are low.
The precise mechanisms by which the capsid mutations
contribute to the attenuated phenotype are less clear.
Impairment of the efficiency of binding to the CD155 recep-
tor [379] and reductions in the stability of the capsid [215]
may play a role.

Sabin and other developers of OPV strains struck a bal-
ance between low neuropathogenicity, good immunogenic-
ity, and acceptable levels of genetic stability [373]. The high
genetic stability of the Sabin type 1 strain is probably attrib-
utable to the greater number of substitutions contributing to
the attenuated phenotype. This property is especially impor-
tant for the Sabin 1 vaccine strain, because wild type 1 polio-
viruses typically have high paralytic attack rates and can
spread over wide geographic areas in explosive outbreaks
[10, 170, 175-177, 180, 181]. Sabin 2 may revert more rap-
idly, but its immunogenicity is very high [7, 373] and the
paralytic attack rates of wild type 2 polioviruses are low
(Sect. 3.4) [34, 101]. Sabin 3 is associated with the highest
rates of VAPP (Sect. 9.1.4), which is probably a consequence
of low genetic stability of the critical attenuating substitution
[275], relatively low immunogenicity [395], and an interme-
diate paralytic attack rate for type 3 polioviruses [34, 101].
Nonetheless, all three Sabin strains normally have very low
pathogenic potentials, and incidence of VAPP in countries
with high rates of OPV coverage [304] are several orders of
magnitude lower than the incidence of paralytic poliomyeli-
tis in areas with circulating wild polioviruses.
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9.1.4 Vaccine-Associated Paralytic
Poliomyelitis (VAPP)

After over 40 years of use and many billions of doses distrib-
uted worldwide, OPV has been associated with few adverse
events. The most commonly recognized adverse event is
VAPP, which is clinically indistinguishable from poliomyeli-
tis caused by wild polioviruses. The first cases of VAPP were
recognized within a year of licensure of OPV, and most of
the early cases were associated with the Sabin 3 strain [396].
The Sabin 3 association was unambiguous because OPV had
been delivered in monovalent form [7, 301, 396]. VAPP rates
are very low and similar worldwide [7, 359, 397—-400]. In the
United States, the risk of VAPP in first-dose OPV recipients
is about 1 case per 1.4 million children immunized [7, 301,
303, 304, 307, 401]. In immunologically normal recipients,
the risk of VAPP decreases sharply (>tenfold) for subsequent
doses. VAPP cases are sporadic and occur in both OPV
recipients and their unimmunized household and non-
household contacts. A small proportion (~7 %) of VAPP
cases in the United States are classified as “community-
acquired,” indicating no known exposure to OPV. VAPP in
OPV recipients and household contacts is most frequently
associated with Sabin 3 (71 % of cases), followed by Sabin 2
(26 % of cases) [304]. VAPP in non-household contacts and
in community-acquired cases is most frequently associated
with Sabin 2 (50 % of cases), followed by Sabin 3 (33 % of
cases) [304]. Sabin 1 is rarely associated with VAPP in
immunocompetent individuals when administered in tOPV
[303, 304, 398].

Poliovirus isolates from immunocompetent VAPP case-
patients show only limited genetic divergence from the
parental OPV strains, although the key substitutions confer-
ring the attenuated phenotype have frequently reverted [393,
402]. Many isolates from VAPP cases, AFP cases with inci-
dental isolation of vaccine-related virus (much more fre-
quent than VAPP cases), and healthy OPV recipients are
vaccine/vaccine recombinants [161, 279, 403, 404]. The bio-
logical and genetic properties of viruses isolated from
healthy OPV recipients/contacts are often indistinguishable
from viruses isolated from patients with VAPP [393, 405].

Persons with primary B-cell immunodeficiencies
(Sect. 10.8.3) [406] should not be given OPV because they
are at a much higher (~3,000-fold) risk for VAPP [353, 354].
However, some children have received OPV before their
immunodeficiency was recognized. Immunodeficiency-
associated VAPP (iVAPP) differs markedly from VAPP in
immunocompetent individuals, as it is rarely associated with
Sabin 3 (14 % of cases), and is more frequently associated
with Sabin 2 (72 % of cases) and Sabin 1 (31 % of cases)
(some patients were infected with more than one serotype)
[354]. On the other hand, persons with T-cell immunodefi-
ciencies, including those infected with HIV, do not appear to
be at elevated risk for VAPP [304, 353, 354, 407].
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Each case of VAPP is an independent event. It is esti-
mated that 250-500 cases of VAPP occur worldwide, most in
countries free of circulating wild poliovirus (Fig. 13.2a) [7].
VAPP is a direct clinical consequence of the genetic instabil-
ity of the Sabin OPV strains, and the most effective means to
prevent VAPP is to stop OPV use after cessation of wild
poliovirus circulation [22, 307].

9.1.5 Sequential Use of IPV and OPV

The relative merits of IPV and OPV have been compared for
many years [23, 408]. Key advantages of IPV are (1) it effi-
ciently induces serum immunity protective against paralytic
disease, (2) it is unaffected by interference by other enterovi-
ruses or among vaccine components, (3) it can be used in com-
bination with other injectable vaccines, and (4) it presents no
risk for reversion to virulence. The main disadvantages to IPV
are (1) it provides much reduced levels of intestinal immunity;
(2) until recently, most preparations had been produced from
virulent wild poliovirus strains; and (3) its costs of production
and delivery are higher than OPV [24, 409]. Key advantages
of OPV are (1) it is easily administered, (2) it confers both
serum immunity and intestinal immunity (the latter important
to limiting poliovirus transmission), (3) it can be easily used in
mass campaigns in developing country settings, (4) it is suit-
able for use in outbreak control, and (5) it has low costs of
production and delivery. Disadvantages to OPV include (1) it
presents a continuous, low-level risk of VAPP, (2) it may have
low per-dose efficacy rates of seroconversion in some high-
risk settings, (3) it is subject to interference by other enterovi-
ruses and among OPV strains (especially by the type 2 strain),
(4) it has the potential to establish chronic infections in per-
sons with primary immunodeficiencies, and (5) it has the
potential to spread person-to-person and cause poliomyelitis
outbreaks when used at low rates of coverage [23, 94, 133,
408, 410]. A sequential IPV/OPV immunization schedule can
combine the major advantages of each vaccine and mitigate
some disadvantages. A sequential schedule can virtually elim-
inate VAPP in OPV recipients and reduce it in OPV contacts,
because shedding of OPV-related viruses is reduced. This was
observed in the United States when it shifted to a sequential
IPV/OPV schedule between 1997 and 2000, as no cases of
VAPP were observed in persons using the sequential IPV/
OPYV schedule (Fig. 13.7) [307]. Mucosal immunity induced
by an IPV/OPV schedule is much better than with IPV alone
[411]. However, global implementation of any schedule using
IPV will require much higher rates of routine immunization
coverage than currently exist (Sect. 11.2.1) [22, 412].

9.2 Impact of Immunization

As described in Sect. 5.6.2, the high-income countries of North
America, Western Europe, and the southwest Pacific were quick
to adopt widespread immunization with IPV, with dramatic
impact. In the United States, for example, the incidence of para-
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lytic polio fell from 13,850 in 1955 to 829 in 1961 [308].
Although transition to OPV in the United States was not com-
plete until the mid-1960s, the last peak year (>100 cases) for
polio was 1966 (Fig. 13.7), and all domestic reservoirs for polio-
virus circulation apparently had been eliminated after 1970 [163,
413]. Similar highly favorable results were achieved in other
developed countries [8, 9, 309, 414, 415]. IPV was not widely
used in developing countries (and some developed countries,
such as Japan [309]), partly because of cost and also because of
the challenges of administering an injectable vaccine to large
populations. Thus, the possibility of widespread immunization
against polio had to await the availability of OPV, where its key
advantages were decisive. The synchronous induction of intesti-
nal immunity through mass OPV campaigns efficiently blocks
person-to-person transmission of wild poliovirus, thereby pro-
tecting both individual vaccine recipients and the wider commu-
nity. Despite its advantages, OPV coverage in most developing
countries of Asia, Africa, and the Americas remained low, and
by 1970 a widening divide separated high-income countries
where wild poliovirus circulation had stopped from most low-
income countries where wild poliovirus circulation continued
unabated [8, 9]. By 1985, poliomyelitis had all but disappeared
in developed countries, while poliomyelitis crippled a child on
average every 90 s in developing countries (Figs. 13.2 and 13.3).

10 The Global Polio Eradication Initiative
(GPEI)
10.1 Prelude to the GPEI

A compelling case for global poliomyelitis eradication has
been advanced for decades [294] and receives continued sup-
port from the perspectives of social equity [17, 416], eco-
nomic benefit [417], and technical feasibility [12, 418].
However, the launch of a vertical program to eradicate polio-
myelitis was controversial in the early 1980s [30] and
remained so nearly two decades later [419]. Several key fac-
tors described below set the stage for the 1988 WHA resolu-
tion establishing the GPEI [30].

10.1.1 Poliomyelitis Eradication in Cuba, 1962
Sabin advocated mass OPV campaigns as the most effective
means of polio control [294]. Cuba adopted his approach in
1962 and within a year had stopped all wild poliovirus circu-
lation [295, 310], becoming the first country to eradicate
poliomyelitis. The experience in Cuba conclusively demon-
strated that mass campaigns were effective in a tropical
developing country setting.

10.1.2 Smallpox Eradication, 1977

Smallpox was the first infectious disease to be eradicated.
Global smallpox eradication was launched in 1966 following
a WHA resolution to eradicate the disease by 1976. The last
natural case of smallpox was reported in Somalia in 1977,
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and global eradication was certified in 1980 [284]. In addition
to the complete disappearance of a universally feared viral
disease, the successful smallpox program accrued many other
public health benefits. The program forged strong interna-
tional cooperation in public health, trained a generation of
international public health professionals who would lead the
way to polio eradication, and set an irreversible precedent that
infectious diseases could be controlled on a global scale [30].
In light of the smallpox eradication initiative, the Expanded
Program on Immunization (EPI) was established by the WHO
in 1974 to make immunization against six diseases (diphthe-
ria, pertussis, tetanus, poliomyelitis, measles, and tuberculo-
sis) available to every child in the world by 1990 [420]. The
core EPI strategy was high routine immunization coverage,
which was to prove insufficient to control poliomyelitis in
some developing country settings.

10.1.3 National Immunization Days (NIDs)
in Brazil, 1980

Brazil began routine immunization with OPV in the early
1960s [296]. The impact of immunization was initially unclear
because poliomyelitis was not a notifiable disease until 1968.
Although mass campaigns in 1971-1973 reduced poliomyeli-
tis cases, they were replaced by routine immunization in 1974.
Cases sharply increased until 1980, when Brazil reestablished
mass campaigns in the form of biannual NIDs, targeting all
children <5 years of age (regardless of prior immunizations)
for immunization with OPV in a single day. Poliovirus circula-
tion dropped sharply in Brazil after implementation of NIDs
and set Brazil on the path to polio eradication [18, 296].

10.1.4 The PAHO Regional Polio Eradication
Initiative, 1985

The dramatic success of mass campaigns in Cuba, Brazil,
and Mexico led PAHO to resolve in 1985 to eradicate polio
from the Americas by 1990 [14]. PAHO modeled their
regional initiative on Brazil’s successful strategy of NIDs
and used poliomyelitis eradication as the vanguard of efforts
to revitalize childhood immunization in the Americas. The
PAHO approach of coordinated NIDs to supplement
improved rates of routine OPV coverage eradicated indige-
nous wild polioviruses within 6 years [18]. PAHO set the
standard for global efforts and built an infrastructure for the
subsequent elimination of indigenous measles and rubella
viruses from the Americas [421-423].

10.1.5 Rotary PolioPlus, 1985

Rotary International launched their global PolioPlus cam-
paign in 1985, with the goal of helping eradicate poliomyeli-
tis worldwide by 2005, the centennial of Rotary’s founding.
In their initial drives for support of PolioPlus, Rotarians
more than doubled their target goal of $120 million for OPV
and have raised more than $1.2 billion since 1985. Rotarians
have been active in all phases of polio eradication, including
active participation in mass campaigns, training of health
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workers, communications, regular engagement of national
leaders, infrastructure development, support for surveillance
and the GPLN, and support for research (http://www.endpo-
lio.org/) [17, 30, 424].

10.2 The 1988 WHA Declaration to Eradicate
Polio Worldwide

In view of the rapid progress attained in the Americas, the
WHA resolved in 1988 to eradicate polio worldwide by the
year 2000 [15], launching the WHO GPEI. At the time of the
World Health Assembly resolution, wild polioviruses were
circulating unabated in much of the developing world
(Figs. 13.2 and 13.3). The Western Pacific Region set a goal
of eradication of indigenous wild polioviruses by 1995, a
goal reached in 1997 and certified in 2000 [425]. China, after
years of outbreaks [426], adopted the strategy of NIDs and
Subnational Immunization Days (SNIDs) which, when cou-
pled with strengthened routine immunization, stopped wild
poliovirus transmission by early 1994 [297, 427]. Other
developing countries soon followed.

10.3 Biological Principles of Poliovirus

Eradication

The key biological requirements for poliovirus eradication are
the following: (1) the absence of a persistent carrier state, (2)
virus is spread by person-to-person transmission, (3) immuni-
zation interrupts virus transmission, (4) the absence of any non-
human reservoir hosts for the virus, and (5) finite virus survival
time in the environment [230]. An additional important nonbi-
ological requirement for any disease eradication effort is politi-
cal will, arising from the perceived benefits of eradication, and
expressed internationally through resolutions passed by the
WHA. Essential to the success of the GPEI has been the strong
alliance among the four “spearheading” partners, WHO (http://
www.polioeradication.org/), UNICEF (http://www.unicef.org/
health/index.html), Rotary International (http://www.endpolio.
org/), and the United States Centers for Disease Control and
Prevention (CDC) (http://www.cdc.gov/polio/), as well as
strong support from national governments and new partners,
including the Gates Foundation (http://www.gatesfoundation.
org/What-We-Do/Global-Development/Polio) and the UN
Foundation  (http://www.unfoundation.org/news-and-media/
press-releases/2013/fight-against-polio.html).

10.4 Basic Strategy for Global Polio
Eradication

The four pillars of the GPEI strategy are (1) high routine
immunization coverage of infants with OPV, (2) supplemen-
tary OPV immunization activities in the form of NIDs and
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SNIDs, (3) targeted door-to-door “mop-up” OPV immuniza-
tion in areas of focal transmission, and (4) sensitive surveil-
lance for poliovirus [102]. Very high rates of routine OPV
immunization are required to block poliovirus circulation in
areas where the risk factors converge, conditions under
which routine OPV coverage rates exceeding 90 % may be
insufficient to block poliovirus circulation [7, 180, 296, 428].
Such rates are currently unattainable through routine immu-
nization in the least developed countries. Supplementary
immunization is the mainstay of polio eradication in devel-
oping countries and has been instrumental in raising popula-
tion immunity rates above the thresholds required to block
poliovirus transmission [429]. Supplementary immunization
strategies are driven by poliovirus surveillance, which is
used to guide the intensified SNIDs and mop-up campaigns
to the reservoir communities where the chains of poliovirus
transmission continue to survive and propagate.

10.4.1 AFP and Poliovirus Surveillance

Surveillance for circulating polioviruses has two arms: (1) AFP
case investigations and (2) virologic studies of polioviruses
obtained from clinical specimens or the environment. Even
though most wild poliovirus infections are inapparent, over
time, all effectively performing AFP surveillance systems can
detect endemic poliovirus circulation. In suspected high-risk
areas lacking effective AFP surveillance, supplementary sur-
veillance activities, such as sampling community contacts of
AFP cases, stool surveys of healthy children, or environmental
sampling, have been implemented to increase sensitivity for
detecting wild polioviruses [104, 106, 107, 111, 113, 116, 315].

10.5 Increasing Momentum Toward

Eradication, 1988-2001

The global incidence of poliomyelitis was on a virtually
unbroken downward trend between 1987 and 2001 (Figs. 13.2
and 13.3). Three WHO regions reported their last indigenous
cases before 2000: the Americas (last indigenous case: Peru,
1991) [430], the Western Pacific Region (last indigenous case:
Cambodia, 1997) [425], and the European Region (last indig-
enous case: Turkey, 1998) (Fig. 13.3) [431]. Wild poliovirus
type 2 was last detected in October 1999 in Uttar Pradesh,
India [13]. By 2001, the tide of global polio eradication,
although delayed in some places, seemed unstoppable [432].

10.5.1 Polio Eradication in Conflict Countries

The sense of momentum was reinforced by control of polio-
myelitis in countries with armed conflict such as Colombia,
Peru, the Philippines, Sri Lanka, Cambodia, Angola, the
Democratic Republic of the Congo, and Somalia [433, 434].
In many countries, conflict was suspended during “Days of
Tranquility” allowing children to be immunized during NIDs
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and SNIDs. For example, Colombia and Peru were reservoirs
for all three wild poliovirus serotypes in the early 1980s.
Active cross-border migration of high-risk populations among
the northern Andean countries facilitated wide dissemination
of wild poliovirus [164, 170] and required close synchroniza-
tion of NIDs among the affected countries [18]. A guerilla
movement in the interior of Peru targeting health clinics and
health personnel required active engagement by public health
leaders to ensure access to unimmunized children. The final
chains of wild poliovirus transmission in the Americas were
broken in the interior of Peru in 1991 [18]. In Sri Lanka, major
military campaigns in a devastating civil war were suspended
during the NIDs, and wild poliovirus circulation stopped after
1993. In the 1990s, Vietnam and Cambodia were still recover-
ing from decades of conflict. Detailed aerial mapping of the
migratory at-risk populations in the water courses linking
Cambodia and Vietnam (with active cross-border poliovirus
transmission) set the stage for house-to-house and boat-to-
boat immunization campaigns that stopped wild poliovirus
transmission in 1997 [290, 435]. The Democratic Republic of
the Congo and Angola have experienced shattering civil con-
flicts over the past two decades. Nonetheless, both countries
eradicated their indigenous wild polioviruses in 2000 and
2002, respectively [11]. Both countries appear to have eradi-
cated polio twice, the second time was a widely disseminated
wild type 1 poliovirus imported from India around 2002 [177].
Similarly, Somalia eradicated the indigenous wild poliovi-
ruses in 2002 [436], and again eradicated wild poliovirus type
1 imported from Nigeria in 2005 [177, 437].

10.5.2 Polio Eradication in Very High-Risk
Settings

Successful control of poliomyelitis in settings of intrinsically
high biological risk demonstrated the feasibility of global
polio eradication. However, conditions varied widely, and cre-
ative local solutions repeatedly had to be found and imple-
mented [434]. The critical test case for the PAHO polio
eradication initiative was Brazil, the most populous country in
Latin America. Control of wild poliovirus transmission was
more difficult in the tropical northeast (with its lower levels of
hygiene and sanitation), and migration from the endemic
northeast to the rapidly growing megacities of Rio de Janeiro
and S3o Paulo presented the continuous risk of reinfection
with wild polioviruses. Nonetheless, steady pressure from
NIDs, SNIDs, and mop-up campaigns stopped all wild polio-
virus transmission by early 1989 [75]. Success in the Americas
did not necessarily presage success elsewhere because the
Americas were often seen as having several key advantages:
(1) greater resources and infrastructure than many developing
countries elsewhere, (2) a tradition of strong public health
leadership in many countries, (3) geographic isolation protec-
tive against re-importation of wild polioviruses, and (4) a cul-
tural unity conducive to a common approach.
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China, comprising 22 % of the world population, pre-
sented challenges of scale not encountered in the Americas
[426]. Climate varied widely from the temperate north to the
tropical south, and levels of infrastructure and sanitation also
varied widely in this rapidly developing country. Population
size and density across wide areas favored efficient wild
poliovirus transmission, and massive economic migration
from the countryside into the increasingly prosperous cities
presented additional challenges of reaching unimmunized
children. However, China had already established good cov-
erage through routine immunization with tOPYV, and a series
NIDs and SNIDs in 1992-1993 broke the remaining chains
of indigenous wild poliovirus transmission by early 1994
[297, 427].

Other successes in high-risk settings in Asia and Africa
followed. Indonesia and the Philippines have humid tropical
climates and very high population densities in their most
populous islands. A combination of strengthened routine
immunization and NIDs at high rates of coverage stopped
wild poliovirus types 1 and 3 transmission in both countries
by 1995 [289, 290]. Bangladesh has one of the highest popu-
lation densities in the world, and wild poliovirus was deeply
entrenched in multiple endemic reservoirs with poor infra-
structure. High-quality NIDs built upon a solid national pro-
gram of routine immunization stopped wild poliovirus
transmission in 2000 [425]. Neighboring India has more
children <5 years of age than any other country. Despite the
biological challenges of high population densities, tropical
conditions, and poor infrastructure in many areas, the south-
ern states stopped indigenous wild poliovirus transmission
through a combination of high rates of routine immunization
coverage and mass campaigns. Progress was much slower in
the large and populous states of Uttar Pradesh and Bihar
(with a combined monthly birth cohort >500,000), but all
wild poliovirus transmission stopped in India in 2011 [12,
91]. Eradication was especially challenging in these two
Indian states because the per-dose efficacy of OPV was low,
as many children with poliomyelitis had received multiple
OPV doses. Mass campaigns (NIDs, SNIDs, and large-scale
mop-ups) overcame weaknesses in routine immunization
[438]. The most populous parts of Afghanistan (northern
provinces) [184], Pakistan (Punjab province) [184], and
Nigeria (southern states) [185] stopped wild poliovirus cir-
culation several years ago, only to be subject to reinfection
primarily from domestic endemic reservoirs.

10.5.3 Genotypic Indicators of Progress

Progress in polio eradication has been accompanied by a
steady reduction in the genetic diversity of circulating wild
polioviruses. Of the 20 wild poliovirus type 1 genotypes, 5
wild poliovirus type 2 genotypes, and 17 wild poliovirus
type 3 genotypes found in 1988 [439], only 4 (or fewer) wild
poliovirus genotypes remain (two type 1 and two type 3)
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(Figs. 13.10 and 13.11). Diversity within the surviving geno-
types continues to decline as genetic clusters steadily disap-
pear (Sect. 10.7), and wild poliovirus type 3 may be very
near eradication in both Asia and Africa.

10.6 Resurgence of Wild Polioviruses,
2002-2011

After years of steady decline, poliomyelitis cases increased
sharply from 483 cases in 2001 to 1918 cases in 2002
(Fig. 13.2) [436]. This increase was the result of a large epi-
demic in India (1,600 cases), primarily associated with wild
poliovirus type 1, centered in Uttar Pradesh (78 % of total
cases) [409], and a rise in reported cases in Nigeria [440].
Global cases fell to 784 in 2003, as the epidemic in India was
controlled by large-scale NIDs and SNIDs [441], but wild
poliovirus type 1 was beginning to spread from northern
Nigeria to neighboring countries [442]. The upsurge in
Nigeria followed suspension of NIDs and SNIDs in several
northern states in 2003 and 2004 in response to false rumors
about OPYV safety [443]. By 2006, wild poliovirus type 1 had
spread from northern Nigeria to 18 countries, across a wide
importation belt in Africa from Guinea in the west to Somalia
in the Horn of Africa, and into Asia from Saudi Arabia and
Yemen in the west to Indonesia at the southeastern rim,
sparking large outbreaks (>100 cases) in Sudan, Somalia,
Yemen, and Indonesia [10, 176]. Wild poliovirus type 1
introduced into Angola from Uttar Pradesh caused cases that
were first reported in 2005 [176], and Nepal experienced
repeated importations from northern India [176]. The major-
ity of cases in 2005 were associated with imported virus, but
most of the outbreaks outside of the core endemic reservoirs
of Nigeria, India, Pakistan, and Afghanistan were largely
controlled by the end of 2005 (Fig. 13.2d, e) [176], except
for Kenya and Uganda where virus originating from Nigeria
persisted until 2011 [10]. By 2006, most wild type 1 poliovi-
rus cases occurred in the core reservoir countries, but virus of
Nigerian origin continued to circulate in Niger, Ethiopia,
Yemen, and Kenya [444], and virus of Indian origin spread to
Bangladesh and from Angola to Namibia [80] and the
Democratic Republic of Congo [444]. Instrumental in rolling
back the wave of imported wild poliovirus type 1 was the
widespread use in NIDs and SNIDs of monovalent type 1
OPV (mOPV1), which has a higher type-specific per-dose
efficacy than tOPV because interference from the robust type
2 component of OPV is eliminated [196, 410]. However,
exclusive use of mOPV1 in successive campaigns led to the
development of growing immunity gaps to poliovirus types 2
and 3.

In India, as wild poliovirus type 1 cases declined 87 %
from 646 in 2006 to 87 in 2007, wild poliovirus type 3 cases
surged from 28 in 2006 to 787 in 2007 [445]. Widespread
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Fig. 13.10 Radial neighbor-joining trees of VP1 sequence relation-
ships of representatives of wild poliovirus genotypes detected since the
launch of polio eradication activities in the Americas in 1985. Genotypes
believed to be extinct are represented by stop signs at the branch tips.
Sequences representing the extinct genotypes usually are from the last
known isolate of that genotype (Source: WHO Global Polio Laboratory
Network. Modified from reference Chumakov and Kew [439])

circulation of wild poliovirus type 3 continued in Uttar
Pradesh and Bihar through 2009 [438]. Wild poliovirus type
3 imported from Uttar Pradesh into Angola caused 24 cases
in 2008 and spread to the Democratic Republic of Congo in
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2008 and 2009 [10, 177]. During 2007-2011, wild poliovi-
rus type 3 from Nigeria spread east to Chad, Cameroon, and
the Central African Republic and north and west to Niger,
Mali, Cote d’Ivoire, and Guinea [10, 177].

A second wave of wild poliovirus type 1 from Nigeria
began in 2008 and spread to 14 countries, reinfecting many
of the same countries that experienced the 2003—-2006 out-
breaks [177]. Wild poliovirus type 1 imported into Chad
from northeastern Nigeria in 2010 caused a large outbreak
that continued into 2012, resulting in reestablished transmis-
sion in Chad and further export of wild poliovirus type 1 into
the Central African Republic [10]. However, effective NIDs
and SNIDs in the countries of West Africa again rolled back
the imported Nigerian virus [10, 16].

While wild poliovirus type 1 was disappearing from
India, virus originating from Uttar Pradesh was associated in
2010 with a large outbreak (458 cases) in Tajikistan [178],
with further spread to Turkmenistan, Kazakhstan, the
Russian Federation, and probably Uzbekistan [181]. During
2010-2011, wild poliovirus type 1, originally imported sev-
eral years earlier into Angola from Uttar Pradesh, sparked a
large outbreak (~441 cases) in the Republic of the Congo
with a very high CFR (Sect. 3.1) [81]. These outbreaks were
controlled by aggressive mass immunization campaigns, and
all wild polioviruses of Indian origin appear to have been
eradicated worldwide.

Wild poliovirus type 1 circulation continued at much
reduced levels in Pakistan and Afghanistan [184]. However,
in 2011 wild poliovirus type 1 from southern Pakistan was
imported into Xinjiang in western China, causing an out-
break of 21 cases [10, 82]. Sensitive surveillance in China
detected the outbreak in its early stages, and a series of inten-
sive mass immunization campaigns halted poliovirus circu-
lation. Although China and the Western Pacific Region are
again free of wild poliovirus circulation, the risk remains of
re-importation from neighboring Pakistan even as poliomy-
elitis is in decline in that country.

10.7 Wild Poliovirus in Retreat,2011-2012

A major milestone in global polio eradication was the eradi-
cation of indigenous wild poliovirus in India, once the
world’s most intense wild poliovirus reservoir [326, 327] and
the source of repeated dissemination of wild poliovirus into
countries in four continents [11, 170, 176, 177, 179, 315,
415, 446]. The last wild poliovirus type 3 in India was iso-
lated in October 2010 and the last wild poliovirus type 1 was
isolated in January 2011 (Figs. 13.10 and 13.11) [12, 91]. In
neighboring Pakistan and Afghanistan, which constitute a
common epidemiologic block, the diversity of wild poliovi-
rus types 1 and 3 has been in steady decline, despite fluctua-
tions in case counts (Fig. 13.12) [12].
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Fig.13.11 Progressive eradication of wild poliovirus genotypes, 1986  cate, respectively, countries with reestablished transmission and spo-
to 2012. Stop signs indicate the year and location where the last isolate ~ radic importation of West Africa genotype viruses (Source: WHO
was obtained for each extinct genotype. Surviving type 1 and type 3 ~ Global Polio Laboratory Network. Modified from reference Kew and
poliovirus genotypes are color-coded; hatch and shading patterns indi-  Pallansch [11])
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Fig.13.12 Spot maps of genetic
clusters based upon VP1 sequence
relationships among isolates of
wild poliovirus type 1 (WPVI left
column) and wild poliovirus type
3 (WPV3 right column), endemic
to Pakistan and Afghanistan,
2010-2012. Isolates within a
genetic cluster share >95 % VP1
nucleotide sequence identity, and
the cluster count provides an
indication of the genetic diversity
of circulating wild polioviruses.
Genetic clusters are color-coded
to facilitate visualization of
endemic reservoirs, transmission
pathways (including cross-border
transmission), and decline in
genetic diversity. In 2011,
poliovirus type 1 from southern
Pakistan was imported into
Xinjiang, China, and caused an
outbreak of 21 cases [82]. (Map
prepared by Elizabeth Henderson
[CDC] based on sequence data
produced by the Regional Polio
Reference Laboratory at the
National Institute of Health,
Islamabad, Pakistan, and by
CDC). As of April 2014, the last
wild poliovirus type 3 isolate in
Asia was from a child in the
Federally Administered Tribal
Area of Pakistan who had onset of
AFP in April 2012
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One measure of genetic diversity is the number of genetic
“clusters,” defined as isolates sharing >95 % VP1 nucleotide
sequence identity (isolates within a genotype share >85 % VP1
nucleotide sequence identity [163]). Distinct clusters originate
from different local endemic reservoirs, and in areas of sensi-
tive surveillance, the disappearance of clusters within a geno-
type is an indication that source reservoirs within geographic
area are being cleared of wild polioviruses. Just as the stepwise
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disappearance of genotypes is a measure of global progress
toward eradication (Figs. 13.10 and 13.11), the stepwise disap-
pearance of clusters is a measure of regional and local progress
(Figs. 13.12, 13.13, and 13.14). Poliovirus genetic clusters are
color-coded and mapped to facilitate visualization of patterns
of circulation and to monitor progress toward eradication.

The number of wild poliovirus type 1 clusters in Pakistan
and Afghanistan fell from 15in2010to 4 in 2012 (Fig. 13.12).
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Fig.13.13 Spot maps showing
spread and retreat of genetic clusters
of wild poliovirus type 1 from
Nigerian reservoirs to neighboring
countries in West and Central
Africa, 2010-2012 (Map prepared
by Elizabeth Henderson (CDC)
based on sequence data produced by
the Regional Polio Reference
Laboratory at the National Institute
for Communicable Diseases,
Johannesburg, South Africa, and
CDC). As of April 2014, the last
wild poliovirus type 3 isolate in
Asia was from a child in the
Federally Administered Tribal Area
of Pakistan who had onset of AFP
in April 2012
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Wild poliovirus type 3 clusters decreased from 4 in 2010 to  within Afghanistan appear to have been cleared of wild
1in 2012 (Fig. 13.12), and the last case associated with wild  polioviruses.

poliovirus type 3 in Pakistan (and in Asia; Fig. 13.2¢) was Although progress in Nigeria has been less dramatic than
reported in April 2012 [12]. By the end of 2012, reservoirs in Pakistan and Afghanistan, wild poliovirus type 1 clusters
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Fig.13.14 Spot maps showing
spread and retreat of genetic
clusters of wild poliovirus type 3
from Nigerian reservoirs to
neighboring countries in West and
Central Africa, 2010-2012 (Map
prepared by Elizabeth Henderson
based on sequence data produced
by the Regional Polio Reference
Laboratory at the National Institute
for Communicable Diseases,
Johannesburg, South Africa, and
CDC). As of April 2014, the last
wild poliovirus type 3 isolate in the
world was from a child in
northeastern Nigeria who had
onset of AFP in November 2012
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Table 13.2 AFP and wild poliovirus cases by WHO region and globally, 2001-2012

AFP cases (virologically confirmed wild poliovirus cases) reported®

WHO region®
Year AFR AMR EMR
2001 8,542 (69) 2,207 (0) 3,865 (143)
2002 8,587 (208) 2,168 (0) 4,625 (110)
2003 8,181 (446) 2,229 (0) 5,290 (113)
2004 9,719 (934) 2,300 (0) 6,176 (187)
2005 11,683 (879) 2,213 (0) 8,849 (727)
2006 12,472 (1,189) 2,151 (0) 8,739 (107)
2007 12,080 (367) 2,111 (0) 9,394 (58)
2008 14,256 (912) 2,063 (0) 10,799 (174)
2009 15,127 (691) 1,873 (0) 10,611 (176)
2010 16,500 (657) 2,006 (0) 11,338 (169)
2011 16,636 (350) 1,704 (0) 11,742 (278)
2012 18,110 (128) 2,437 (0) 11,100 (95)

EUR SEAR WPR Global

1,764 (3)° 10,612 (268) 6,529 (0) 33,519 (483)
1,717 (0) 12,900 (1,600) 6,835 (0) 36,832 (1,918)
1,529 (0) 11,289 (225) 6,397 (0) 34,915 (784)
1,516 (0) 16,270 (134) 6,521 (0) 42,511 (1,255)
1,479 (0) 31,530 (373) 6,680 (0) 62,434 (1,979)
1,481 (0) 36,665 (701) 7,011 (0) 68,519 (1,997)
1,449 (0) 46,124 (894) 6,237 (0) 77,395 (1,315)
1,360 (0) 50,509 (565) 6,417 (0) 85,404 (1,651)
1,363 (0) 54,962 (741) 6,291 (0) 90,227 (1,604)
2,087 (478)¢ 60,456 (48) 6,401 (0) 98,788 (1,352)
1,544 (0) 65,331 (1) 7,303 (21) 104,260 (650)
1,529 (0) 66,176 (0) 7,585 (0) 106,937 (223)

Source: WHO (http://apps.who.int/immunization_monitoring/en/diseases/poliomyelitis/afpextract.cfm). Starting in 2001, all wild poliovirus case

counts were based on virologic confirmation by the GPLN
23cVDPV outbreaks not included

"WHO regions: AFR Africa, AMR Americas, EMR Eastern Mediterranean, EUR Europe, SEAR South-East Asia, WPR Western Pacific
‘Importations of wild poliovirus type 1 into Bulgaria (from Pakistan) and Georgia (from India) [11]

dOutbreaks in Tajikistan, Turkmenistan, Kazakhstan, and Russian Federation following importation of wild poliovirus type 1 from India [178]
*Outbreak in Xinjiang, China, following importation of wild poliovirus type 1 from Pakistan [82]

fell from 10 in 2010 to 6 in 2012 (Fig. 13.13) and wild polio-
virus type 3 clusters fell from 9 in 2010 to 2 in 2012
(Fig. 13.14). In addition, the surge of wild polioviruses from
Nigeria was again rolled back between 2010 and 2012
(Figs. 13.13 and 13.14). In 2012, only Chad (5 cases in 2012
compared with 132 cases in 2011) and Niger (1 case in 2012
compared with 5 cases in 2011) had residual circulation of the
wild poliovirus type 1 imported from Nigeria [12]. Although
wild poliovirus transmission in Africa is localized to northern
Nigeria, the risk for resurgence remains until immunization
activities in key northern states are intensified [12].
Important factors in improving OPV coverage have been
intensified community engagement, targeting mobile and
migrant populations for immunization, and high-resolution
mapping of underserved communities [12, 22]. An addi-
tional critical factor for eradication of wild polioviruses has
been the widespread use of monovalent OPV type 1 (mOPV1)
and mOPV3 in NIDs, SNIDs, and mop-ups. However, in
countries where both wild poliovirus types 1 and 3 were co-
circulating, balancing the use of mOPV1, mOPV3, and
tOPV in NIDs and SNIDs was difficult. Priority was usually
given to the use of mOPV 1 because of the higher risk of wild
poliovirus type 1 spread compared with wild poliovirus type
3 [10, 176, 177, 180, 181] and the greater risk of large out-
breaks [181]. Routine OPV immunization exclusively uses
tOPYV, but coverage rates in the core reservoirs remain low
[12], such that immunity gaps to types 2 and 3 could develop
with near exclusive use of mOPV 1 [447, 448]. The introduc-
tion of bivalent OPV (bOPV; types 1 and 3) [92, 449, 450] in
late 2009 and early 2010 sharply reduced wild poliovirus

type 3 circulation in areas where coverage rates in mass cam-
paigns were high (Figs. 13.2c, 13.12, and 13.14) [12, 16, 82,
451]. However, a remaining challenge is to prevent widening
immunity gaps to poliovirus type 2.

In 2012, more than two billion doses of OPV were admin-
istered to 448 million people, primarily to children <5 years
of age in NIDs and SNIDs in 46 countries [12]. Only 223
cases of poliomyelitis associated with wild poliovirus infec-
tion were reported in 2012, an historic low, from a total of
106,937 reported cases of AFP, the most ever investigated
(Table 13.2) [12]. The number of wild poliovirus cases in
2012 fell below the estimated number of worldwide VAPP
cases (250-500) (Fig. 13.2a). For the first time, the risk of
poliomyelitis from the use of OPV exceeded the annual case
burden from wild poliovirus infection.

10.8 Emergence of Vaccine-Derived

Polioviruses (VDPVs), 2000-2012

In principle, all clinical and environmental vaccine-related
poliovirus isolates are VDPVs. However, as described in sec-
tion “Categories of poliovirus isolates”, for the purposes of
poliovirus surveillance, vaccine-related isolates have been
classified into two broad categories: (1) OPV-like isolates,
which have limited divergence from their parental OPV
strains and are ubiquitous wherever OPV is used, and (2)
VDPV isolates, whose higher level of VP1 sequence diver-
gence from their parental OPV strains (>1 % [types 1 and 3]
or >0.6 % [type 2]) indicates prolonged replication (or
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transmission) of the vaccine virus. VDPVs are further cate-
gorized as (1) circulating VDPVs (cVDPVs), (2)
immunodeficiency-associated VDPVs (iVDPVs), and 3)
ambiguous VDPVs (aVDPVs) [133].

Although the vast majority of vaccine-related isolates are
OPV-like, VDPVs are of particular interest because of their
implications for current and future strategies for global polio
eradication [22, 94, 133, 428, 450]. VDPVs can cause para-
lytic polio in humans and have the potential for sustained
circulation. The clinical signs and severity of paralysis
associated with VDPV and wild poliovirus infections are
indistinguishable. VDPVs resemble wild polioviruses phe-
notypically [133] and differ from the majority of vaccine-
related poliovirus isolates by having genetic properties
consistent with prolonged replication or transmission.
Because poliovirus genomes evolve at a rate of approxi-
mately 1 % per year (Sect. 3.6.3), vaccine-related viruses
that differ from the corresponding OPV strain by >1 % of
VP1I nucleotide positions are estimated to have replicated for
at least 1 year in one or more persons after administration of
an OPV dose. This is substantially longer than the normal
period of 4—-6 weeks of vaccine virus replication in an OPV
recipient [321]. The demarcation for type 2 VDPVs was low-
ered to 0.6 % to increase sensitivity for early detection of
type 2 cVDPV outbreaks [133, 168, 452].

It seems likely that many OPV-like isolates have recovered
the capacity for higher neurovirulence and possibly increased
transmissibility. The small number of substitutions control-
ling neurovirulence (Sect. 9.1.3; Fig. 13.9) was found to have
reverted among many OPV-like isolates, especially among
isolates of types 2 and 3 [382, 388, 393]. Because the critical
attenuating mutations in the 5’-UTRs of the Sabin strains also
affect fitness for virus replication in the human intestine
[393], it appears possible that revertants at these sites would
have a higher fitness for person-to-person spread. However,
spread is normally limited by high OPV coverage, and the
VDPVs represent viruses whose potentials for prolonged rep-
lication or transmission have been clearly actualized, as dem-
onstrated by their genetic prioperties.

The three categories of VDPVs differ in their public
health importance. Circulating VDPVs pose the same public
health threat as wild polioviruses because they have recov-
ered the biological properties of wild polioviruses, have the
potential to circulate for years in settings where poliovirus
vaccination coverage to prevent that particular type is low,
and require the same control measures. Immunodeficiency-
associated VDPVs may be excreted by persons with certain
primary immunodeficiencies for many (>10) years with no
apparent paralytic signs [223, 453]. Persons infected with
iVDPVs without paralysis are at risk of developing paralytic
poliomyelitis [186, 223, 454] and may infect others with
poliovirus, presenting the potential risk of outbreaks in areas
with low poliovirus vaccine coverage [132]. Ambiguous
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VDPVs are heterogeneous: some represent the initial iso-
lates from cVDPV outbreaks, whereas others, such as highly
divergent aVDPVs detected in sewage, are probably iVD-
PVs from inapparent chronic infections.

10.8.1 Outbreaks of Circulating VDPVs (cVDPVs)
Among the two well-defined categories of VDPVs, cVDPVs
are of the greatest current public health concern [22, 450,
455]. Since 2000, cVDPV outbreaks have occurred in 18
countries, with the large majority (86.6 %) of reported cases
associated with type 2 (Fig. 13.15; Table 13.3). Type 1 cVD-
PVs were associated with outbreaks in Hispaniola in 2000-
2001 and Indonesia in 2005 [166, 183]. In contrast, type 3
cVDPV outbreaks are rare, accounting for only 1.7 % of
known cVDPV cases, an unexpected finding because the
type 3 OPV strain is a major contributor to VAPP in OPV
recipients [94]. Because the case/infection ratio for poliovi-
rus type 2 infections is low (Sect. 3.4), the number of type 2
cVDPV infections worldwide since 2000 is estimated at
nearly one million [168, 461].

During 2005-2012, a polio outbreak of 411 cases associated
with cVDPV2 was reported from 11 northern and 3 north cen-
tral states of Nigeria (Fig. 13.16; Table 13.3) [447, 448, 455].
The outbreak peaked at 153 cases in 2009, but 27 cases were
detected in 2010, 35 cases in 2011, and 7 cases in 2012. Genetic
analysis resolved the outbreak into >20 independent type 2
VDPV emergences that occurred during 2004-2012, at least 7
of which established circulating lineages [168, 448]. The out-
break occurred in states where routine immunization coverage
with tOPV is low and NIDs and SNIDs using tOPV were infre-
quent [447, 448]. Spread of the type 2 cVDPV from northern
Nigeria has been very limited, with only six cases in Niger from
multiple importations and one case in Chad from an importation
in 2010 (Fig. 13.16; Table 13.3). The limited spread may indi-
cate that surrounding areas have higher levels of population
immunity to poliovirus type 2 (because of the high immunoge-
nicity of Sabin 2 and its higher tendency to infect OPV contacts)
and that poliovirus type 2 may have an intrinsically lower capac-
ity to spread than types 1 and 3 (Figs. 13.13 and 13.14).

Most of the other recent outbreaks have also been associ-
ated with type 2 cVDPVs (Table 13.3), several of which
(e.g., Afghanistan, the Democratic Republic of Congo, India,
Pakistan, and Yemen) were associated with multiple inde-
pendent emergences [133]. Other type 2 cVDPVs have
emerged successively in the same geographic area [459]. In
several settings, this reflects the continued weakness in rou-
tine immunization with tOPV and the extensive use of
mOPV1 and bOPV in mass campaigns. However, it also
reflects the greater tendency of the Sabin 2 OPV strain to
revert and spread to contacts [94]. Three separate type 3
cVDPV emergences were detected in Ethiopia in 2009—
2010, and a single type 1 cVDPV emergence was detected in
Mozambique in 2011 (Table 13.3).
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Fig. 13.15 Circulating vaccine-derived poliovirus (cVDPV) out-
breaks, 2000-2012. Map: Location of cVDPV outbreaks, color-coded
by serotype (red cVDPV type 1 [cVDPV1], yellow cVDPV2, blue
cVDPV3). The independent emergences of cVDPV2 and cVDPV3 in
Ethiopia and Yemen are indicated by yellow and blue diagonal patterns.
Apart from the 2000-2001 cVDPV1 outbreak on the island of

In 2013, cVDPV2 from the outbreak in Chad continued
with 4 new cases and spread to Cameroon (4 cases), Niger (1
case), and Nigeria (4 cases). The cVDPV2 outbreak in
Pakistan continued with 47 new cases and spread to
Afghanistan (4 cases in 2012-2013).

Key risk factors for cVDPV emergence and spread are (1)
development of immunity gaps arising from low OPV cover-
age, (2) prior elimination of the corresponding wild poliovi-

Hispaniola (Haiti and the Dominican Republic) and the limited spread
of the cVDPV?2 from Nigeria to Niger and Chad, all other outbreaks are
independent events. Some countries had successive (e.g., Madagascar)
or concurrent (e.g., Nigeria and D. R. Congo) cVDPV2 outbreaks. Bar
chart: cases associated with ¢cVDPV outbreaks, 2000-2012, color-
coded by serotype (Modified from reference Kew [10])

rus serotype, (3) emphasis on use mOPV and bOPV in NIDs
and SNIDs [133, 447], and (4) insensitive AFP surveillance.
Many of these factors exist in areas of insecurity and where
rates of routine tOPV coverage remain low, such as in parts
of northern Nigeria, Somalia, and Yemen. In this context,
type 2 VDPVs present the greatest threat for emergence
[133], and routine immunization should be strengthened
and, for the immediate future, whenever possible regular
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Table 13.3 Circulating vaccine-derived poliovirus (cVDPV) outbreaks, 2000-2012

Estimated

% VP1 independent
Country Sero-type  Years Reported cases divergence emergences References
Haiti/Dominican Republic 1 2000-2001 21 1.9-2.6 1 [166]
Madagascar 2 2001-2002 4 2.5-3.0 1 [187]
Philippines 1 2001 3 3.1-3.5 1 [189]
China 1 2004 2 1.0-1.2 1 [456]
Laos 2 2004-2005 1 (2 contacts) 1.1-1.2 1 [94]
Cambodia 3 2005-2006 2 1.9-24 1 [457]
D R Congo 2 2005-2009 7 1.0 >10 [458]
Indonesia 1 2005 46 1.1-3.0 1 [183]
Madagascar 2 2005 5 1.1-2.7 1 [459]
Nigeria® 2 2005-2012 385 0.7-7.2 >20 [168, 447, 448]
China 1 2006 1 (6 contacts) 1.4-2.2 1 [190]
Myanmar 1 20062007 5 1.5-2.2 1 [457]
D R Congo 2 2008-2012 64 0.7-3.5 >10 [133, 455]
Ethiopia 2 2008-2009 4 1.3-3.1 2 [458]
Somalia® 2 2008- 18 0.7-4.0 4 [133, 455]
Ethiopia 3 2009-2010 7 1.1-1.2 1 [455]
India 2 2009-2010 17 1.3-1.6 5 [455]
Afghanistan 2 2010- 22 0.9-5.5 2 [455]
Madagascar 2 2011 0 (2 contacts) 3.3-3.7 1 [133]
Mozambique 1 2011 2 3.0-4.3 1 [133, 455]
China 2 2011-2012 3 0.7-1.8 1 [133]
Yemen 2 2011 9 0.6-1.6 4 [133]
Yemen 3 2011- 3 2.0-3.0 1 [460]
Chad 2 2012- 12 0.7-2.1 2 [460]
Pakistan® 2 2012- 14 0.7-2.9 2 [460]

2cVDPV2 from Nigeria was exported to Niger (2006, 2009-2012; 7 total cases) and Chad (2010 and 2012; 2 cases)

*cVDPV?2 from Somalia was exported to Kenya (2012; 3 cases)
¢cVDPV2 from Pakistan was exported to Afghanistan (2012; 3 cases)

immunization campaigns using tOPV should be conducted
to close any immunity gaps.

All of the cVDPVs shown in Table 13.3 except those from
China have vaccine/non-vaccine recombinant genomes,
which are very rare among OPV-like and iVDPV isolates
[94]. Recombination with other species-C enteroviruses fre-
quently occurs during wild virus circulation and may be
interpreted as an indication of person-to-person transmis-
sion. Whether recombination facilitates cVDPV emergence
is unclear, because type 1 cVDPVs from China had nonre-
combinant genomes [456] and recombination continues after
emergence, similar to what is observed with wild poliovi-
ruses [94].

10.8.2 Immunodeficiency-Associated VDPVs
(iVDPVs)

It has long been recognized that patients with primary B-cell
immunodeficiencies (defects in antibody production) could
become chronically infected when exposed to OPV [353].
Unambiguous demonstration that vaccine-related poliovirus
isolates from immunodeficient patients had unusual sequence
properties awaited the application of molecular tools, such as

oligonucleotide fingerprinting [186, 462] and genomic
sequencing [165, 186, 454], to poliovirus diagnostics. The
extent of sequence divergence is correlated with the duration
of the prolonged infection [165, 173, 186, 223, 454]. Not all
isolates from immunodeficient patients are classified as iVD-
PVs. Some isolates are from specimens taken early in the
prolonged infection and no subsequent specimens were
taken. In other situations, either the prolonged infections had
resolved spontaneously or the patient died from complica-
tions of the immunodeficiency (including fatal poliomyeli-
tis) [354]. Prolonged iVDPV infections are independent
events, and the isolates obtained from such infections trace
separate pathways of divergence from the original OPV
strains.

Since the introduction of OPV in 1961, >70 persons with
primary immunodeficiencies have been found worldwide to
be excreting iVDPVs; the majority of these immunodeficien-
cies were detected only after onset of AFP (Table 13.4). The
extent of sequence divergence is correlated with the duration
of the prolonged infection [165, 173, 186, 223, 454]. Four of
the iVDPV isolates are highly divergent (>10 % VPI1
sequence divergence from the parental OPV strain),
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Table 13.4 Documented prolonged iVDPV excretors, 1962-2012

Maximum %VP1
divergence from

Country Year detected Immune deficiency® Paralysis Serotype Sabin References
UK 1962 HGG No 1 2.5 [463—465]
UK 1962 HGG No 3 23 [165, 466]
Japan 1977 XLA Yes 2 - [462]
USA 1980 AGG Yes 2 1.3 [354]
USA 1981 CVID Yes 1 10.0 [186]
USA 1986 XLA Yes 2 2.0 [467]
USA 1986 CVID No 1 54 [467]
1992 2 11.8
UK 1987 CVID No 2 4.1 [464, 468]
USA 1989 AGG Yes 1 1.1 [354]
Germany 1990 CVID Yes 1 8.3 [454]
USA 1990 SCID Yes 2 1.9 [354]
USA 1991 CVID Yes 2 14 [354]
Iran 1995 HGG Yes 2 2.2 [469]
UK 1995 CVID No 2 12.9 [453, 464]
USA 1995 SCID Yes 2 2.1 [354]
Argentina 1998 XLA Yes 1 2.8 [470]
Germany 2000 CVID Yes 1 3.5 [467]
UK 2000 CVID No 2 6.3 [464]
Taiwan 2001 CVID Yes 1 3.5 [173]
Kazakhstan 2002 HGG Yes 2 23 [467]
Kuwait 2002 MHC II def No 2 2.0 [467]
UK 2002 ICF syndrome No 2 2.5 [464]
Peru 2003 AGG Yes 2 1.2 [467, 471]
Thailand 2003 HGG Yes 2 22 [472]
China 2005 XLA Yes 2;3 4.2;3.9 [457, 467]
Iran 2005 MHC II def Yes 1;2 1.1; 1.4 [469, 473]
Morocco® 2005 SCID Yes 2 4 [467]
Syria 2005 HGG Yes 2 1.3 [457, 467]
USA 2005 SCID Yes 1 >2.3 [132]
Iran 2006 SCID Yes 2 1.7 [469]
Iran 2006 XLA Yes 3 2.1 [192, 469]
Kuwait 2006 SCID Yes 3 1.2 [457]
Syria 2006 HCI Yes 2 2.2 [457]
Tunisia® 2006 SCID No 2 2.0 [457, 467]
Belarus 2007 HGG Yes 2 1.9 [195]
Egypt 2007 SCID Yes 3 1.1 [457]
Iran 2007 SCID Yes 1;2 1.7;1.7 [469]
Iran 2007 XLA Yes 3 2.0 [469]
Russia 2007 HGG Yes 1 1.0 [195]
Iran 2008 XLA Yes 2 1.2 [195]
Argentina 2009 HGG Yes 1 3.8 [458]
Colombia 2009 AGG Yes 2 1.5 [455]
India 2009 CVID Yes 1 6.2 [455]
USA 2009 CVID Yes 2 12.3 [223]
Algeria 2010 HLA-DR Yes 2 1.8 [455]
China 2011 PID Yes 3 2.0 [455]
China 2011 PID Yes 2 1.9 [455]
India 2010 PID Yes 2 1.6 [455]
Iraq 2010 PID Yes 2 1.2 [455]
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Maximum %VP1
divergence from

Country Year detected Immune deficiency® Paralysis Serotype Sabin References
Sri Lanka 2010 SCID No 2 1.3 [455, 474]
Egypt 2011 PID No 2 1.4 [133]
Egypt 2011 AGG Yes 1 2.1 [133]
Egypt 2011 PID Yes 3 4.2 [133]
Iran 2011 SCID Yes 2 2.0 [133]
Iran 2011 XLA Yes 2 2.7 [133]
Iran 2011 PID Yes 1;2 27,33 [133]
South Africa 2011 AGG Yes 3 1.9 [475]
Sri Lanka 2011 CVID Yes 3 1.9 [133,474]
Turkey 2011 PID No 2 1.8 [455]
West Bank 2011 SCID No 2 1.2 [133]
China 2012 CVID Yes 2;3 1.4; 1.6 [133]
Egypt 2012 PID No 2 1.0 [460]
India 2012 HGG Yes 2 2.8 [133]
Iran 2012 PID Yes 2 1.4 [133]
Iran 2012 PID Yes 2 1.1 [460]
Iraq 2012 PID Yes 2 1.0 [460]

*Ab deficiency antibody deficiency, AGG agammaglobulinemia, CVID common variable immunodeficiency (CVID is shown in bold font because
it is most frequently associated with chronic iVDPV excretion and highly divergent iVDPV isolates), HCI humoral and cellular immunodeficiency,
HGG hypogammaglobulinemia, HLA-DR HLA-DR-associated immunodeficiency, /CF immunodeficiency-centromeric instability-facial abnor-
malities, MHC II def major histocompatability complex class II molecule deficiency, SCID severe combined immunodeficiency, XLA X-linked

agammaglobulinemia
“Patient treated in Spain
‘Patient treated in France

suggesting that the chronic poliovirus infections had per-
sisted for ~10 years (Table 13.4). Patients with the most
divergent isolates and the most prolonged (chronic) infec-
tions have common variable immunodeficiency (CVID), a
group of late-onset immunodeficiencies that have multiple
etiologies [476]. CVID is the most prevalent (~1 in 50,000)
[476] of the primary immunodeficiencies, but only a small
proportion of CVID patients exposed to OPV become chron-
ically infected with iVDPVs.

Unlike cVDPV outbreaks, prolonged iVDPV infections
cannot be prevented by high OPV coverage. Persons with
prolonged iVDPV infections can transmit poliovirus to oth-
ers, raising the risk for VDPV circulation in settings of low
population immunity to the corresponding poliovirus sero-
type. So far, all reports of persistent iVDPV infections have
been from countries with high to intermediate levels of
development, where the rates of vaccine coverage are high
and where the survival times of immunodeficient patients
may be extended by treatment with intravenous immune
globulin. The survival rates for persons with primary immu-
nodeficiencies are probably very low in developing countries
at highest risk for poliovirus spread. The population of pro-
longed iVDPV excretors is declining in developed countries
because some patients have died (Table 13.4), some have
cleared their infections, and no new iVDPV infections have
been found in countries that have shifted to IPV. However,

the prevalence of long-term iVDPV excretors might be
higher than suggested by existing surveillance of persons
with primary immunodeficiencies, and several aVDPVs have
properties closely resembling iVDPVs (Sect. 10.8.3). The
development of treatment for prolonged iVDPV infections
might facilitate detection of and access to those with pro-
longed infections [133, 477].

Type 2 iVDPVs are the most prevalent (63 %), followed
by type 1 (22 %) and type 3 (15 %). Some patients have het-
erotypic iVDPV infections, with the isolates having similar
degrees of divergence from the parental OPV strains, consis-
tent with a common OPV dose initiating the infections
(Table 13.4). In addition to the occasional heterotypic infec-
tions, iVDPV isolates generally have distinguishing genetic
properties, including heterogeneity at sites of nucleotide
variability within serotypes (indicative of mixed virus popu-
lations), extensive antigenic variability, and either nonre-
combinant or vaccine/vaccine recombinant genomes [94,
133].

10.8.3 Ambiguous VDPVs (aVDPVs)

Unlike the well-defined cVDPV and iVDPV categories,
aVDPVs are a heterogeneous collection of isolates (Tables
13.5 and 13.6). Some aVDPVs have diverged by just over
1 % from the parental OPV strains, have no detected prog-
eny, and may reflect the extremes of the usual distribution of
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Table 13.5 Other vaccine-derived poliovirus (VDPV) with genetic evidence of community circulation, 1965-2012

Reported cases

Country Serotype Years (contacts)
Byelorussia 2 1965-1966 009
Romania 1 2002 1(7)
Laos 2 2004 1(1)
United States 1 2005 0(5)
China 1 2006 1 (6)
Madagascar 2 2011 0Q)

Table 13.6 Highly divergent aVDPVs from the environment, 1998-2012

Country Years isolated Serotype
Israel 2009-2012 1
1998-2012 28
2006-2011 20
Finland 2008-2012 1
2008-2012 2
2008-2010 3
Slovakia 2003-2004 2
Estonia 2008-2012 2
2002-2008 3

O.M. Kew
Estimated independent

% VP1 divergence emergences Reference
1.6-2.1 3 [156]
1.1-1.3 1 [479]
1.1 1 [94]
2.3-2.6 1 [132]
1.4-2.2 1 [190]
3.3-3.7 1 [133]

% VP1 divergence Reference

8.0-13.8 [117, 133, 455, 460]

6.6-16.2

10.7-11.2

12.4-14.0 [133, 455, 460, 480]

13.0-15.5

13.7-14.6

13.4-15.0 [119]

13.5-16.2 [455, 460]

12.6-14.9

3Group 1 aVDPV2 isolates from Israel are genetically distinct from Group 2 isolates, and are probably derived from two different chronic excretors

*Group 2

vaccine-related variants in countries using OPV [133].
Detection of other aVDPVs have foreshadowed subsequent
cVDPV outbreaks [133, 478], others indicate limited person-
to-person spread of OPV virus in small communities with
gaps in OPV coverage [94, 132, 156, 190, 479], whereas oth-
ers appear to indicate more prolonged circulation (Table 13.5)
[133]. Most of these latter aVDPVs have vaccine/non-
vaccine recombinant genomes typical of cVDPVs.

Many of the aVDPVs are isolated from the environment,
and some have genetic properties (mixed VDPV populations,
extensive antigenic changes, and nonrecombinant or vaccine/
vaccine recombinant genomes) typical of iVDPVs. Highly
divergent aVDPVs have been detected in Israel [117], Estonia
[455], Slovakia [119], and Finland [120], countries with high
rates of polio vaccination coverage that are unlikely to have
extensive VDPV transmission (Table 13.6). The sequence
divergence of some of these isolates is consistent with more
than 15 years of replication from the original initiating OPV
dose. It is likely that the sources of these viruses are immuno-
deficient persons with asymptomatic VDPV infections,
although the infected persons remain to be identified.

10.9 Certification of Polio Eradication

The WHO GPEI has established a formal process for the cer-
tification of polio eradication to ensure that future
immunization policy decisions are based on the best avail-
able evidence [481]. The certification process for polio is

modeled on the International Smallpox Certification
Commission, which certified in December 1979 that small-
pox had been eradicated [482]. However, polio certification
differs in important ways from the smallpox model. PAHO
established its Regional Certification Commission (RCC) in
1990 and certified regional eradication of indigenous wild
polioviruses in 1994 [112, 430], setting the standard for cer-
tification by individual regions and implicitly considering
genetic evidence to distinguish indigenous wild polioviruses
from imported virus. Because of the high proportion of inap-
parent wild poliovirus infections, regional -certification
requires a period of at least 3 years of sensitive surveillance
since the last reported case associated with indigenous wild
poliovirus. Small outbreaks from imported virus occurred on
the eve of certification in the Western Pacific (in China in
1999 [483, 484]) and in Europe (in Bulgaria [485] and
Georgia [11, 431] in 2001), but they were quickly controlled
and followed by intensive surveillance. The certification of
eradication of indigenous wild polioviruses by three WHO
regions—the Americas in 1994 [112, 430], the Western
Pacific in 2000 [486], and Europe in 2002 [431]—has stood
the test of time. No indigenous wild poliovirus circulation
has been detected in these regions post-certification. Cases
and outbreaks associated with imported wild polioviruses
and cVDPVs (in addition to cases of VAPP) have occurred
subsequently (Sects. 10.6 and 10.8.1), but circulation has
been promptly stopped by effective outbreak control mea-
sures [12, 82, 166, 178, 189, 190, 456]. The South-East Asia
Region was certified by the RCC as polio-free in March 2014
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(http://www.searo.who.int/entity/campaigns/polio-certifica-
tion/en/). Key to certification was the observation that >3
years have passed since the last wild poliovirus case in India
where surveillance has been maintained at high levels of sen-
sitivity [12].  Similarly, documentation in all countries
except Pakistan and Afghanistan has been accepted by the
Eastern Mediterranean RCC. Several countries in the African
Region have also prepared detailed documentation of polio-
free status [22].

10.9.1 The Certification Process

Review of documentation to assess polio-free status is orga-
nized on three tiers [481]. National Certification Committees
(NCCs) meet to critically assess national data and prepare
detailed reports to Regional Certification Commissions
(RCCs), who in turn report to the Global Certification
Commission (GCC). The NCCs, RCCs, and GCC meet on a
regular basis, and in the regions already certified as free of
poliovirus circulation, the RCCs working with NCCs are pri-
marily responsible to oversee and support activities to main-
tain the polio-free status. The NCC reports contain current
information on the following: (1) national demographic data,
including high-risk populations, (2) poliovirus vaccine cov-
erage and any changes in vaccine policy, (3) surveillance
data and indicators of surveillance sensitivity, (4) descrip-
tions of any poliomyelitis cases, (5) information on the per-
formance of laboratories serving each country, and (6)
progress toward poliovirus containment. NCC, RCC, and
GCC members are charged to serve as independent experts.
Following certification of all WHO regions, the GCC will
review all RCC reports and other relevant information to
determine when the world can be declared free of all poliovi-
rus circulation [481]. Special provisions are planned to rec-
ognize the global eradication of wild poliovirus type 2
(Sect. 11.2) [22]. An important prerequisite for certification
is poliovirus containment.

10.9.2 Laboratory Containment of Polioviruses

Containment is integral to poliovirus eradication [487,
488]. Unlike smallpox, where very few facilities stored
materials containing (virus stocks) or potentially contain-
ing (clinical specimens) smallpox virus (variola), many
facilities worldwide store materials containing poliovi-
ruses. The purpose of containment is to minimize, as much
as possible, the risk of reintroduction into the community
of polioviruses stored in laboratories and vaccine produc-
tion facilities. In 1998, the GCC approved the WHO Global
Action Plan for Laboratory Containment of Wild
Polioviruses [487] and subsequently established that satis-
factory completion of containment activities be a require-
ment for regional certification. Containment will be
implemented in three phases. During the Laboratory
Inventory and Survey Phase (Phase 1) countries will (1)
conduct national surveys of all biomedical laboratories to
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identify those storing materials containing (poliovirus
stocks) or potentially containing (clinical specimens or
environmental samples taken at locations during times of
known poliovirus circulation) wild and vaccine-derived
polioviruses, (2) encourage destruction of all unneeded
materials, (3) develop inventories of laboratories retaining
these materials and report to the RCC, (4) encourage imple-
mentation of biosafety level 2 (BSL-2) procedures in all
enterovirus laboratories, and (5) plan for Phase 2. The
Global Eradication Phase (Phase 2) will begin 1 year after
detection of the last wild poliovirus or cVDPV at which
time countries will (1) notify biomedical laboratories that
wild poliovirus and cVDPV transmission has been stopped;
(2) require laboratories on national inventories to select
among the three options to (a) render materials noninfec-
tious, (b) transfer all materials to high containment facili-
ties, or (c) implement the appropriate laboratory procedures
(BSL-2/polio or BSL-3/polio); and (3) document that all
containment requirements have been met for global certifi-
cation [487]. The Post-Global Certification Phase (Phase 3)
was developed in response to the WHO goal of stopping all
OPV use post-certification and proposes to minimize
facility-associated poliovirus risk by destruction of both
wild and vaccine-related polioviruses in all facilities,
except for an absolute minimum needed for vaccine pro-
duction, quality control, reference, and research [22].

Phase 1 containment was completed in the Americas sev-
eral years after certification of polio-free status. In the United
States, among the 105,356 laboratories surveyed, 180 labo-
ratories in 122 institutions were found to be storing materials
containing or potentially containing wild poliovirus; 87 held
wild poliovirus stocks, 56 stored materials potentially con-
taining wild polioviruses, and 37 stored both [489]. Europe
completed Phase 1 containment in 2006 [96]. Among the
55,748 biomedical facilities surveyed, 265 laboratories in
164 institutions were found to be storing materials contain-
ing or potentially containing wild poliovirus; 116 held wild
poliovirus stocks and 149 stored materials potentially con-
taining wild polioviruses. In 20 European countries, 1 or
more laboratories reported destroying all previously stored
wild poliovirus materials during the survey. The Western
Pacific Region completed Phase 1 containment in 2009
[490]. Of the 77,260 biomedical facilities surveyed, 45 labo-
ratories (27 of which are members of the GPLN) retained
materials containing or potentially containing wild poliovi-
ruses. Surveys have been completed in 155 of the 194 WHO
member states, with the remaining surveys to be completed
in countries in sub-Saharan Africa (these countries are
thought unlikely to have many facilities with wild poliovirus
materials). Worldwide ~550 facilities, including 6 IPV man-
ufacturers, have been found to be storing wild poliovirus-
infectious materials or potentially infectious materials [22].
VDPVs are stored in GPLN laboratories and a small number
of collaborating laboratories.
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11 Unresolved Problems

The immediate and crucial unresolved problem is to finish
the task of eradicating wild polioviruses from the last remain-
ing reservoir communities. The second unresolved problem
is implementation of the “polio endgame” to ensure that the
promise of polio eradication is forever secured. The third
challenge is to build upon the legacy of polio eradication.

Eradication of Wild Polioviruses in Last
Global Reservoirs

11.1

In May 2012, the WHA declared that polio eradication was a
“programmatic emergency for global public health” and
called for intensification of eradication activities in the
remaining reservoir areas [22]. A Global Emergency Action
Plan and National Emergency Action Plans (NEAPs) were
developed and implemented in the remaining three reservoir
countries [22]. All three countries face challenges of conflict
and insecurity, as well as underperformance of immunization
activities in high-risk areas. Afghanistan and Pakistan made
clear improvements in 2012, but the pace of eradication has
been slower in northern Nigeria.

11.1.1 Afghanistan

Polio has been controlled in most of Afghanistan except for
the southern region, where intense armed conflict contin-
ues. The last case associated with wild poliovirus type 3
had onset in April 2010. Wild poliovirus type 1 had spread
from the southern region provinces of Kandahar and
Helmand in 2012 (Fig. 13.12), but the only 2013 cases were
associated with wild poliovirus type 1 imported across the
northeastern border from reservoirs in the insecure Tribal
Areas of Pakistan. Only 2-5 % of children in southern
Afghanistan were inaccessible in 2012 compared with
6-21 % in 2010 and 2011 [184]. In 2012, 65 % of case-
patients were underimmunized and 35 % had received no
OPV dose. The Afghanistan NEAP calls for reaching
missed children through (1) improved detailed planning of
mass campaigns; (2) better selection, training, monitoring,
and support of vaccination teams; (3) enhanced community
engagement; (4) robust response to poliomyelitis out-
breaks; (5) expanded field staff in high-risk areas; and (6)
use of permanent polio teams of trusted local people in
insecure areas who visit homes and immunize children on a
regular basis [22, 184].

11.1.2 Pakistan

Pakistan made dramatic progress in 2012 with implementa-
tion of the NEAP. Wild poliovirus type 3 was highly local-
ized to the tribal areas in 2012 and was last detected in April
2012 from an AFP case, with no subsequent detections in
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the environment (Fig. 13.12) [184]. Several wild poliovirus
type 1 reservoirs have been cleared and genetic diversity
continues to decline. In recent years, >70 % of cases have
been in the Pashtun minority, many of whom migrate widely
within Pakistan and into Afghanistan. The NEAP focuses
on (1) the implementation of an aggressive polio campaign
schedule in the remaining reservoirs, (2) immunizing chil-
dren of migrant and mobile Pashtun communities, (3) closer
integration of immunization campaigns with community
engagement, (4) closer civil-military cooperation in inse-
cure areas, and (5) increased (>1,350) human resources for
deployment in high-risk areas [22, 184]. Campaigns in some
highest-risk areas (with ~165,000 children) have been sus-
pended because of repeated fatal attacks on young women
vaccinators from the community [184]. However, the attacks
have been met by the young vaccinators with courage and
resolve, and campaigns have continued elsewhere, with
large numbers of children receiving OPV in the key reser-
voir areas.

Polio cases in Pakistan increased from 58 in 2012 to
93 in 2013; all cases in 2013 were associated with wild
poliovirus type 1. Virus spread from Pakistan to Syria (33
cases in 2013) (http://www.polioeradication.org/), and to
Egypt and Israel where wild poliovirus type 1 was detected
in sewage [491].

11.1.3 Nigeria

All three poliovirus serotypes circulated in northern
Nigeria in 2012: wild type 1, type 2 cVDPYV, and wild type
3. In 2011-2012, 25 % of poliomyelitis case-patients had
never received a dose of OPV [185]. Progress has been
gradual in the northern states, and although polio cam-
paign quality has improved, serious gaps remain in rural
and hard-to-reach communities. In addition to insecurity
in the northeast, 18 % of missed children are because their
parents refuse them to be vaccinated because of anti-OPV
rumors propagated by some clerics [22]. The Polio
Emergency Action Plan calls for the following: (1)
improved detailed planning of mass campaigns; (2) better
selection, training, monitoring, and support of vaccination
teams; (3) enhanced community engagement; (4) increased
(~2,500) human resources for deployment in high-risk
areas; (5) real-time data monitoring; (6) focused interven-
tions in hard-to-reach rural and nomadic communities; (7)
GIS mapping of settlements and GPS tracking of vaccina-
tion teams; and (8) strengthened surveillance [22, 185].
Full implementation of this plan should break all remain-
ing chains of poliovirus transmission, as had been achieved
a decade earlier in the more densely populated and tropical
southern states. As in Pakistan, fatal attacks on young
women vaccinators have been an impediment to complete
implementation of the plan across the northern Nigerian
states.
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Polio cases in northern Nigeria decreased from 122 in
2012 to 53 in 2013; all cases in 2013 were associated with
wild poliovirus type 1. Wild poliovirus type 1 spread from
Nigeria to Somalia (194 cases in 2013), and from Somalia to
Kenya (14 cases) and Ethiopia (9 cases). Wild poliovirus
type 1 of Nigerian origin spread from Chad to Cameroon in
2013 (http://www.polioeradication.org/).

11.2 Implementation of the Polio

Eradication Endgame

Compared with the straightforward smallpox eradication
endgame, the polio eradication endgame is much more com-
plex and includes the following elements, some operating on
parallel tracks: (1) cessation of wild poliovirus transmission,
(2) outbreak response (especially cVDPVs), (3) strength-
ened routine immunization, (4) IPV introduction and shift
from tOPV to bOPYV, (5) sequential IPV/bOPV in routine
immunization, (6) completion of poliovirus containment
(ultimately including vaccine-related isolates), (7) global
certification, (8) cessation of bOPV use, and (9) mainstream-
ing of polio activities into national and global disease alert
and response systems. Several of these activities are dis-
cussed above. A key new element is the worldwide with-
drawal of use of the type 2 component of OPV.

11.2.1 Withdrawal tOPV

Since 1999, all poliomyelitis cases associated with poliovi-
rus type 2 (apart from a few cases in India associated OPV
contaminated with MEF-1 [335, 336]) have been associated
with the continued use of tOPV. The rising incidence of type
2 cVDPV outbreaks (Sect. 10.8.1; Fig. 13.15), representing
nearly 90 % of all reported cVDPV cases, prompted the
WHO GPETI to plan for the logistically challenging step of
worldwide withdrawal of tOPV and replacement with bOPV
[22]. The tOPV-bOPV switch, targeted for 2016, would be
predicated on the complete cessation of type 2 cVDPV
transmission and will require continued sensitive AFP and
poliovirus surveillance. Under the new strategic plan, by the
end of 2014, polio-funded field staff will devote >50 % of
their time assisting countries to strengthen routine immuni-
zation. Large stockpiles of mOPV2 (500 million doses; in
addition to 300 million doses each of mOPV1 and mOPV3)
will be maintained, and a robust surveillance and response
capacity established. In addition, steps will be taken to
secure affordable IPV and introduce at least one dose of IPV
into the routine immunization programs of all countries by
the end of 2015. Before tOPV withdrawal, the GCC must
“validate” (certification will be for all poliovirus serotypes)
the eradication of type 2 wild polioviruses and the elimina-
tion of type 2 cVDPV transmission. Also, Phase 2 contain-
ment of type 2 wild polioviruses and cVDPVs must be
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completed, along with Phase 1 containment of type 2 vac-
cine-related isolates. When all prerequisites are met, coordi-
nated global cessation of tOPV use in routine immunization
and mass campaigns will occur over a short time period,
replaced with bOPYV, the remaining tOPV stocks will be
withdrawn worldwide, and the process carefully docu-
mented [22]. After the switch, the WHO will stockpile
“stand-alone” IPV (IPV is usually formulated as a compo-
nent of multivalent injectable vaccines) for emergency
deployment to areas peripheral to outbreak communities.
The tOPV-bOPV switch will precede the global bOPV ces-
sation and withdrawal projected for 2019.

11.2.2 Transition to IPV

Many previously OPV-using countries, including the
United States, have transitioned to exclusive use of
IPV. Several countries have maintained a sequential IPV/
OPV schedule (Fig. 13.17), similar to what the United
States employed in 1997-1999 (Sect. 9.1.5). The WHO has
obtained extensive experience in the introduction of new
vaccines into low- and middle-income countries. However,
worldwide use of IPV will be greatly facilitated by reduc-
ing the cost of IPV, which is substantially higher than
OPV. Steps to reduce IPV costs could include (1) the use of
intradermal fractional (1/5th) IPV doses [492], (2) develop-
ment of new adjuvanted intramuscular IPV products, and
(3) replacement of conventional IPV (using neurovirulent
wild strains as seeds) with IPV based on the Sabin OPV
strains [493—-495], more suitable for production in develop-
ing countries [22]. New-generation biotechnology tools are
being explored to develop genetically stable IPV seeds that
would substantially enhance biological containment in IPV
production facilities [496—-499]. However, the many options
for immunization products and schedules present increas-
ingly complex policy decisions for national public health
authorities [500].

11.3 The Legacy of Polio Eradication

The GPEI is the largest public health initiative in history,
engaging communities, governments, health professionals,
and private donors throughout the world. During the past
quarter century, the GPEI has trained millions of volunteers,
social mobilizers, and health workers to reach and immunize
children in the most marginalized and vulnerable communi-
ties in the world [22]. In all but a few places, poliomyelitis,
increasingly a disease of the poorest of the poor, has gone the
way of smallpox. Moreover, other health interventions have
directly benefited from polio immunization campaigns. For
example, vitamin A supplements delivered during OPV cam-
paigns are estimated to have prevented more than one mil-
lion childhood deaths [22], and the administration of
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Fig.13.17 Countries using exclusively oral poliovirus vaccine (yellow OPV), exclusively inactivated poliovirus vaccine (green IPV), or a combi-
nation of IPV and OPV (hatched pattern) (Modified from reference Sutter [7])
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