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Policy-makers now face important questions regarding the tradeoffs among different strategies for managing
poliomyelitis risks after they succeed with polio eradication. To estimate the potential consequences of reintro-
ductions of polioviruses and the resulting outbreaks, the authors developed a dynamic disease transmission model
that can simulate many aspects of outbreaks for different posteradication conditions. In this paper, the authors
identify the issues related to prospective modeling of future outbreaks using such a model, including the reality that
accurate prediction of conditions and associated model inputs prior to future outbreaks remains challenging. The
authors explored the model’s behavior in the context of three recent outbreaks resulting from importation of
poliovirus into previously polio-free countries and found that the model reproduced reported data on the incidence
of cases. The authors expect that this model can provide important insights into the dynamics of future potential
poliomyelitis outbreaks and in this way serve as a useful tool for risk assessment.

disease outbreaks; disease transmission; models, statistical; poliomyelitis; poliovirus; risk assessment;
vaccination

Abbreviations: IPV, inactivated polio vaccine; NID, National Immunization Day; OPV, oral polio vaccine.

Efforts following the 1988 World Health Assembly reso-
lution to eradicate poliomyelitis worldwide (1) reduced the
number of wild polio-endemic countries from 125 in 1988
to six in 2003 (2). With the formal certification of global
poliomyelitis eradication approaching (3), global, regional,
and national decision-makers face important choices among
strategies for managing future poliomyelitis risks, including
whether to continue vaccination with any of the available
vaccines (4). Apart from the relatively predictable occur-
rence of vaccine-associated paralytic poliomyelitis with
the continued use of oral polio vaccine (OPV), cases of
poliomyelitis could occur because of the unintentional re-

introduction of wild polioviruses into a population from
a laboratory or an inactivated polio vaccine (IPV) manu-
facturing site (5), the emergence of circulating vaccine-
derived polioviruses with neurovirulence and transmission
characteristics similar to those of wild viruses (6), or bio-
terrorism. The reasonably well-characterized current fre-
quency and disease burden will ‘‘change substantially in
the post-certification era, depending on future policy deci-
sions’’ (7, p. 42).

Several factors will influence the course of postcertifica-
tion outbreaks (8). However, the absence of existing com-
prehensive dynamic models for poliomyelitis outbreaks
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limits the ability of researchers and policy-makers to quan-
titatively understand the interactions that influence the mag-
nitude of outbreaks and the impacts of different strategies.
While prospective modeling tools typically deal with the
lack of information about actual future conditions by relying
on average conditions, model users must recognize that de-
viations from assumed conditions can lead to substantially
different outcomes.

In this paper, we describe and evaluate a mathematical
model specifically designed to simulate the spread of polio-
viruses during an outbreak in a predefined population. We
focus on controlled outbreaks and do not study the possi-
bility of reestablished endemic transmission. This transmis-
sion model estimates the incidence of poliomyelitis cases
over time during an outbreak but does not address the
probability of outbreaks. The model uses a large number
of inputs that reflect properties of the virus, vaccines, out-
break population and immunity, and immunization re-
sponse, which give the model flexibility to simulate
outbreaks in different plausible future situations. We de-
scribe the model and results of simulations of three actual
outbreaks in populations previously free of wild poliovirus
to demonstrate the model’s behavior and identify key in-
puts that substantially influence the size of outbreaks. We
discuss the prospective use of this model as a tool for
estimating the burden of disease due to potential future
poliomyelitis outbreaks in the context of a larger effort to
quantify the risks, costs, and benefits of future poliomyeli-
tis risk management policies.

MATERIALS AND METHODS

Background on polioviruses and vaccines

Typically, infection with a poliovirus causes no clinical
symptoms, but in approximately 1 out of 200 susceptible
humans, paralysis occurs (9–13). As the only known natural
reservoir, humans transmit polioviruses mainly via the
fecal-oral route in developing countries with poor hygiene
and sanitation, as well as via the oral-oral route, which may
dominate in developed countries (14). Infection induces an
immune response that leads to serotype-specific protection,
with a low degree of cross-immunity (14). However, rein-
fection may occur and result in boosted immunity and a pe-
riod of limited virus shedding. Two widely used vaccines
provide effective protection against disease. Most industri-
alized countries currently use the enhanced-potency IPV
(15). Trivalent OPV continues as the vaccine of choice of
the Polio Eradication Initiative (12). When administered in
the proper schedule (three or more doses required, depen-
dent on setting), both vaccines provide lasting individual
protection against disease, while OPV appears more effi-
cient at preventing infection by providing better mucosal
immunity in the intestinal tract (16, 17). The use of live
OPV offers the additional benefit of secondary immuniza-
tion of contacts of vaccine recipients. However, primary
seroconversion (‘‘take’’) rates of enhanced-potency IPV
appear higher than those of trivalent OPV in many settings
(18, 19).

Outbreaks of paralytic poliomyelitis occur in both wild
polio-endemic areas and previously polio-free areas (i.e.,
importation outbreaks that result from an initiating infection
acquired elsewhere) (20). Most conceivable future out-
breaks would resemble current importation outbreaks, since
they would represent reintroduction of virus into a previ-
ously wild polio-free population or a single initiating infec-
tion with a vaccine-derived poliovirus.

Poliovirus importations only lead to an outbreak if the
virus can establish effective person-to-person transmission
and infect enough people to cause paralytic cases. In the
initial stage, if carriers infect less than one new susceptible
person on average during their infectious period, the out-
break will die out; but if this number (the ‘‘net reproductive
number’’) exceeds 1, the outbreak can continue and expand.
Dynamic infection/disease transmission models factor in the
dependence between the rate of acquiring infections and the
susceptible and infectious proportions of a population.

The model

We built on generic transmission models (21–23) and
existing deterministic (13, 24–27) and stochastic (28–30)
poliovirus transmission models to develop our poliomyelitis
outbreak model, a deterministic, compartmental model that
assumes continuously divisible populations in every com-
partment (complete details are provided in the technical
appendix, which is posted on the Journal’s website (http://
aje.oxfordjournals.org) and is available on request from the
authors). Each compartment represents the number of per-
sons in one of 25 age groups with a given infection state
(i.e., susceptible, latent, infectious, or removed/recovered)
as a function of time. Mathematically, the model consists of
a set of nonlinear ordinary differential equations (31), where
the nonlinear term reflects the dependence of the force of
infection on the number of infectious persons. A determin-
istic model assumes that transitions between compartments
occur at the average rate. In reality, biologic variability im-
plies that people have different transfer rates, and an actual
outbreak represents just one realization of a stochastic pro-
cess that could result in a wide range of outbreaks. We
assumed homogeneous mixing within (sub)populations, im-
plying that an infected person instantly mingles within the
entire (sub)population.

We defined persons never exposed to live or killed polio-
viruses as ‘‘fully susceptibles.’’ Given that previously in-
fected or successfully vaccinated persons can still acquire
infections, we denoted them as ‘‘partially infectibles.’’ We
distinguished three groups of partially infectibles: those re-
cently infected with live poliovirus (i.e., OPV, vaccine-
derived poliovirus, or wild poliovirus) (group 1), those
historically infected with live poliovirus (group 2), and
those only IPV-vaccinated (group 3). We considered only
those persons who acquired an infection during the outbreak
(the ‘‘removeds’’) as being fully protected from reinfec-
tion with the outbreak virus; they no longer participate in
transmission during the outbreak after completing their in-
fectious period. We assumed that no one began as uninfec-
tible prior to the outbreak, although we assumed that all
partially infectibles and removeds remain fully immune to
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TABLE 1. Generic model inputs* for a mathematical model designed to simulate the spread of polioviruses during a posteradication

outbreak in a predefined population

Model input Value Range
Sources
(ref. nos.)

Notes

Rate of paralytic poliomyelitis cases
per infection for partially infectibles
(proportion)

0 Assumes that persons in whom vaccine ‘‘took’’
or with previous natural infection (i.e., those who
seroconverted) cannot get paralytic poliomyelitis

Average duration of latency period (days) 2 0.1–7 17, 28, 29, 49–51 Assumes equal duration for all groups of partially
infectibles; another poliovirus transmission model
uses 1 week (28), but in challenge studies (where
the date of exposure is known)—as in those of
Onorato et al. (17, figure 2) and Modlin et al. (49,
figure 5) and those cited by Alexander et al. (50,
figure 3)—the duration of the latency period, even
for children vaccinated prior to challenge, appears
short but greater than 0, confirming the estimate
of Robertson (51, figure 1) and the estimate used
in another poliovirus transmission model (29)

Average duration of infectious period for
fully susceptibles (days)

35 20–50 13, 16, 50, 52–54

Average duration of infectious period for
partially infectibles (days)

Group 1 (recent OPVy infection) 7 3–9 16, 17, 49

Group 2 (historical OPV/wild infection) 9 7–13 50, 55

Group 3 (IPVy only) 20 12–35 16, 17, 49

Relative susceptibility of partially
infectibles (proportion)

Group 1 (recent OPV infection) 0.25 0.1–0.4 16, 17 See text for definition of this input; based on limited
data from challenge studies

Group 2 (historical OPV/wild infection) 0.8 0.6–1.0 See text for definition of this input; based on
judgment

Group 3 (IPV only) 0.95 0.7–1.0 16, 17 See text for definition of this input; based on limited
data from challenge studies

Relative infectiousness of partially
infectibles (proportion)

Group 1 (recent OPV infection) 0.1 0.05–0.25 16, 17 See text for definition of this input; based on limited
data from challenge studies

Group 2 (historical OPV/wild infection) 0.5 0.3–0.7 See text for definition of this input; based on
judgment

Group 3 (IPV only) 0.75 0.5–1.0 16, 17 See text for definition of this input; based on limited
data from challenge studies

Rate of secondary OPV infection for
children under age 5 years due to
routine OPV immunization (1/year)

0.1 0–0.3 56 Base case estimate represents a loosely interpreted
‘‘average’’ of the three serotypes in the study by
Chen et al. (56); upper end of range corresponds
approximately to the type 2 rate (roughly derived
from Chen et al. (56))

Rate of secondary OPV infection for last
age group, as a proportion of the rate for
children under age 5 years, for routine
trivalent OPV immunization (rate
declines linearly with age) (proportion)

0.3 0–1 Based on judgment

Average time from polio vaccine
administration to individual immunity to
infection and disease (days)

Trivalent OPV 7 0–10 Neglects the difference between first and
subsequent vaccine doses and the difference
between time from vaccine administration to
protection from infection and time from vaccine
administration to protection from disease

Enhanced-potency IPV 7 0–10 Neglects the difference between first and
subsequent vaccine doses; reflects duration to
protection from disease rather than to infection

Average duration of incubation period (time
from infection to onset of paralysis) (days)

10 0–20 13, 51, 57 Base case the same as in another poliovirus
transmission model (13)

* Inputs and ranges represent averages over biologic variability; refer to the technical appendix (http://aje.oxfordjournals.org) for additional

information on how we obtained and used inputs.

yOPV, oral polio vaccine; IPV, inactivated polio vaccine.
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disease (i.e., they can become infected and participate in
transmission but do not become paralyzed).

We solved the equations numerically in Mathematica
(Wolfram Research, Inc., Champaign, Illinois) for the time
period extending from the day of virus introduction through
the subsequent 2 years, when the incidence approaches zero
because of the increased population immunity resulting
from natural infection and the mass immunization response
or because of a seasonal trough in R0. We performed one-
way analyses based on ranges for the model inputs, as well
as a limited number of multiway sensitivity analyses on key
inputs.

Model inputs

We based estimates for the model inputs on peer-
reviewed studies, available unpublished data, or our own
best judgments given the absence of other information. If
more than one data set existed for an input, we used the most
applicable estimates based on our assessment of the weight
of the evidence. The inputs in table 1 represent polio-
specific characteristics that do not depend on the attributes
of the outbreak, although they may depend on the serotype
(in which case the table presents a serotype-average esti-
mate). The basic reproductive number, R0 (the average
number of secondary infections caused by one infection in-
troduced into an entirely susceptible population), represents
a theoretical summary measure of transmissibility. We
based our estimates of R0 on other studies that calculated
R0 from pre-vaccine-era data (20, 32), and we used an os-
cillating function to reflect seasonal variations in transmis-
sibility (11). The estimates differed by population because
of variations in contact rates and the survival of polioviruses
in different settings.

We defined the relative susceptibility of partially infecti-
bles in group i as the probability that a partially infectible per-
son in group i acquires infection divided by the probability
that a fully susceptible person acquires infection in an iden-
tical situation. We similarly defined relative infectiousness
as the relative ability to transmit an infection.

On the basis of data availability and other attributes, we
chose three outbreaks with different attributes, including
two wild poliovirus importation outbreaks (Albania and
the Netherlands) and one circulating vaccine-derived
poliovirus outbreak (Dominican Republic), that occurred
in developed (Netherlands) and developing (Dominican
Republic and Albania) countries, using OPV (Albania and
Dominican Republic) and IPV (Netherlands) and involv-
ing serotypes 1 (Albania and Dominican Republic) and
3 (Netherlands).

Table 2 lists model inputs for the Albanian outbreak and
the assumed initial population immunity profiles. The large,
well-documented outbreak that occurred in Albania in 1996
(138 paralytic cases) involved almost the entire country
(33). All virus isolates belonged to one lineage (34),
strongly indicating that a single virus introduction led to
the outbreak. Lacking conclusive information about the date
of virus introduction, we assumed it had occurred approxi-
mately 2 months before the first paralytic case. The fact that

the index patient showed onset of paralysis within 2 weeks
of a preventive National Immunization Day (NID) in April
and May 1996 targeted only at young children (34) supports
our belief that the introduction happened before this NID.

The importation of a type 1 circulating vaccine-derived
poliovirus from Haiti in the spring of 2000 resulted in the
first reported case in the Dominican Republic outbreak on
July 12, 2000 (35–39). Authorities reported a total of 13
confirmed cases and 13 polio-compatible cases, with the last
confirmed case showing paralysis onset on January 25,
2001. Reported cases occurred only in children under age
15 years, all scattered in low-coverage communities in five
provinces along the North-South axis of the country, dem-
onstrating substantial heterogeneity in immunity in the pop-
ulation. To capture the clear confinement of the outbreak,
we defined the outbreak population as a homogeneous group
consisting of residents of the five provinces where the re-
ported cases occurred. We made the key assumption that
vaccine-derived polioviruses with the capacity to cause out-
breaks possess the same transmissibility and neurovirulence
characteristics as wild polioviruses, consistent with labora-
tory studies (35, 40, 41). We assumed that the introduction
occurred during May 2000, based on extrapolation of the
observed genetic changes in the VP1 region of the poliovi-
rus genome among the outbreak isolates back to a common
origin and assuming a constant mutation rate.

Finally, we modeled the large poliomyelitis outbreak that
occurred in the Netherlands in 1992–1993, which affected
almost exclusively members of specific religious communi-
ties (42–46). The Netherlands relies exclusively on IPV for
routine immunization and consistently reaches approxi-
mately 97 percent coverage (42); however, substantial num-
bers of members of Orthodox Reformed churches refuse
vaccination for religious reasons, leading to very low cov-
erage in those subpopulations. The wild poliovirus type 3
outbreak in 1992–1993 resulted in 71 cases (61 paralytic
cases, including two deaths) between September 17, 1992,
and February 19, 1993 (42). Cases were distributed approx-
imately evenly among age groups up to age 40 years, with
three patients being older than 40. Since the approximately
300,000 members of religious communities in the Nether-
lands live in a socially and geographically close-knit net-
work (42), we modeled the Dutch population as two
subpopulations with distinct population immunity profiles.
To estimate the transmission rates, we assumed that 99
percent of potentially infectious contacts for any member
of the subpopulation of 300,000 occurred within this sub-
population and 1 percent involved members of the other
subpopulation.

RESULTS

Simulation of the three recent outbreaks

Figure 1 shows the actual reported incidence of paralytic
poliomyelitis and the results of the simulation of the Alba-
nian outbreak, with all inputs set at their base case values.
Assuming that the virus introduction occurred in mid-
February and that the virus survived the spring NID, we find
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very good correspondence of the model with the reported
incidence during most stages of the outbreak. The simulated
incidence reaches its maximum during the same week as the
peak of reported cases, with 12 simulated cases versus 15
reported cases. The simulation predicts a cumulative inci-
dence up to the week before the response that matches the
113 actual reported cases but slightly overestimates the in-
cidence after the response (31 simulated cases vs. 25 re-
ported cases).

Both the geographic distribution and the number of po-
liomyelitis cases due to circulating vaccine-derived polio-
viruses appeared much more limited in the Dominican

Republic outbreak than in the Albanian outbreak (although
inadequate surveillance in the Dominican Republic prior to
detection of the outbreak suggests the possibility of missed
cases). The small number of cases and uncertainty about the
true magnitude of the outbreak limited our ability to accu-
rately define the outbreak population. The simulation results
(shown in the technical appendix) contain some notable
differences compared with the reported numbers of con-
firmed and polio-compatible cases (i.e., 31 of 46 cases oc-
curred after the first NID in the model, but only five of 26
reported cases occurred after the first NID). Furthermore,
the model predicts a much lower incidence in the first weeks

TABLE 2. Inputs for a model of the Albanian wild poliovirus importation outbreak that occurred in 1996*

Model input Value Range
Sources
(ref. nos.)

Notes

No. of virus introductions (in random age
groups)

1 33, 34

Date of virus introduction February 12,
1996

November 12,
1995–April 3,
1996

Based on judgment and iteration in
the model with different possible
values as part of model fitting;
lower end of range is 3 months
before the base case value and
upper end is 2 weeks before the
first reported case

Mean R0y of the outbreak virus 11 10–12 20, 32 Approximate average of estimates
in lower middle-income settings

Seasonal amplitude of R0 (highest minus
lowest)

14 10–20 Assumes considerable seasonal
variation in Eastern
Mediterranean Europe

Peak day of seasonal transmission July 6, 1996 July 1–July 31,
1996

Based on judgment and iteration in
the model with different possible
values as part of model fitting

Size of the outbreak population 3,185,000 58 Equals size of Albanian population
in 1996 (medium variant)

Birth rate (per day per total population) 0.000054 58 Annual births/(population 3
365 days)

First day of spring NIDz

Round 1 April 8, 1996 33 Estimated from Prevots et al.
(33, figure 2)

Round 2 May 13, 1996 33 Estimated from Prevots et al.
(33, figure 2)

First day of mass immunization response

Round 1 October 7,
1996

33

Round 2 November 10,
1996

33

Age groups targeted by spring NID 0–4 years 33

Age groups targeted by mass immunization
response

0–49 years 33

Duration of mass immunization rounds
(days)

7 33 Exact dates for spring NID not
given; this assumes the same
duration as response
immunization rounds

Achieved mass immunization coverage
(by round) (%)

98; 98, 82; 88 33

Half-life of secondary OPVz infection rate
after mass immunization rounds (days)

8.6 59 Type 1 estimate

Table continues
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than was reported. The virus introduction potentially oc-
curred at the other end of the plausible range for this input
(i.e., approximately 6 weeks earlier), but when we assume
an earlier virus introduction the model incidence dramati-
cally overestimates the reported numbers. Alternatively,
a somewhat lower R0 and/or rate of paralytic cases per in-

fection for the strain of vaccine-derived virus in this out-
break as compared with wild polioviruses could explain the
difference. Finally, the random path of the virus through this
highly heterogeneous population (first in a small number of
very low-coverage communities, where it caused the major-
ity of cases, and then in the general population) ultimately

TABLE 2. Continued

Model input Value Range
Sources
(ref. nos.)

Notes

Proportion of susceptible children who will
eventually get infected due to secondary
OPV exposure from a mass immunization
round (%)

46.4 20–60 59 Type 1 estimate

Secondary OPV infection rate for last
age group, as a proportion of the rate
for children under age 5 years (rate
declines linearly with age) (proportion)

During spring NID 0.3

During immunization response 1 0.3–1.0 Assumes that the rate of
secondary infections was equal
for all age groups because the
response targeted adults as well

Routine immunization coverage
(�3 doses) at time of outbreak (%)

90 80–98 33, 60 Assumes that the true coverage
was lower than the official figure
of �99.5%

‘‘Take’’ rate (%)

For �3 doses of polio vaccine
(routine immunization)

85 75–95 18 Type 1 trivalent OPV estimate;
corresponds approximately to
average of middle-income
country estimates cited in the
article by Patriarca et al. (18)

For one dose of trivalent OPV
(during response)

60 50–70 18 Type 1 estimate; corresponds
approximately to average of
middle-income country
estimates derived from two-dose
take rates cited in the article by
Patriarca et al. (18)

Rate of paralytic poliomyelitis cases per
poliovirus infection for fully susceptibles
(proportion)

1/100 1/200–1/50 11, 61 Type 1 estimate

* Refer to the technical appendix (http://aje.oxfordjournals.org) for additional information on how we obtained and used inputs.

yR0, basic reproductive number (see text).

zNID, national immunization day; OPV, oral polio vaccine.

§ Live poliovirus infection indicates infection due to wild, oral poliovirus vaccine, or vaccine-derived poliovirus.

Initial population immunity profile (age or age group and %)

Group 1 (recent live poliovirus infection§) Group 2 (historical live poliovirus infection)

<1 year: 76.5 1 year: 6.0 2 years: 6.2 <1 year: 0.0 1 year: 69.0 2 years: 70.8 Remaining percentages of
each age group are fully
susceptibles (i.e., we assume
0% in group 3 of inactivated
polio vaccine vaccinees);
estimates corrected for
proportion of an age group
exposed (recently or not) to
secondary OPV, consistent
with assumptions about
secondary OPV infection
rates in the outbreak model;
sources include population
data, vaccination coverage,
vaccination history, and
seroimmunity data (33, 58,
60, 62)

3 years: 6.4 4 years:
6.0

5–9 years:
6.6

3 years: 73.6 4 years: 69.0 5–9 years:
78.4

10–14 years:
5.2

15–19 years:
5.4

20–24 years:
4.5

10–14 years:
64.8

15–19 years:
69.6

20–24 years:
60.5

25–29 years:
5.0

30–34 years:
5.4

35–39 years:
5.7

25–29 years:
70.0

30–34 years:
79.6

35–39 years:
89.3

40–44 years:
5.5

45–49 years:
5.3

>49 years: 4.0 40–44 years:
90.5

45–49 years:
91.7

>49 years:
95.0
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must have determined the observed kinetics of this
small outbreak. Given the lack of detailed population immu-
nity data, our average-based model produced a mediocre
representation.

In the Dutch outbreak (see technical appendix), we again
found heterogeneity in the population to be an important
consideration. However, in this case we could more ade-
quately model the religious communities as a subpopulation,
because the outbreak involved them specifically and good
data existed about their size and vaccination status. As with
the reported numbers, cases in the religious subpopulation
dominate the simulated model incidence, while the high
levels of population immunity and the low contact rate be-
tween the two subpopulations prevent any substantial out-
break in the general population. Unlike the simulations of
the other two outbreaks, this model appears to simulate the
observed incidence very well in the early stages. The timing
of the peak corresponds well to the peak in reported inci-
dence, and the total of 59 model-predicted poliomyelitis
cases up to week 60 (last reported case) compares well with
the 71 reported cases.

Sensitivity analysis

Using the total number of outbreak cases as the outcome
measure, we performed one-way sensitivity analyses on
inputs for each of the modeled outbreaks based on the
ranges shown in tables 1 and 2 for the Albanian outbreak
and similar ranges for the other two outbreaks (see tables
in technical appendix). The sensitivity analyses identified
several key uncertain inputs, including the duration of in-

fectiousness, the relative infectiousness and relative suscep-
tibility of the most prevalent type of partially infectibles, R0,
and the time between virus introduction and response. Fur-
thermore, the date of introduction and the peak day of sea-
sonal transmission both interacted importantly with each
other, with R0, and with its amplitude, and in some instances
we observed nonmonotonic behavior of the model output as
a function of these inputs.

Prospective model

In developing a modeling tool for characterizing potential
future outbreaks, we recognize the inherent uncertainty in
outcome projections given limited information and the re-
ality that in fact many possible futures exist. However, we
believe, on the basis of insights from our extensive synthesis
of the literature and experience from modeling three histor-
ical outbreaks, that poliovirus transmission models provide
helpful tools for studying potential outbreaks after eradica-
tion. We offer a generic prospective model that we believe
might help in assessing the relative impact of various fac-
tors, including the prior vaccination policy (including no
vaccination), coverage, and the timeliness and intensity of
the outbreak response. Given that different baseline condi-
tions exist, we believe that prospective modeling should
stratify countries according to income level (an imperfect
but effective surrogate for critical factors that influence key
model inputs). Tables 1 and 3 provide the ‘‘average’’ inputs
that we believe represent the best starting points for model-
ing potential future outbreaks.

FIGURE 1. Weekly incidence of paralytic poliomyelitis in the 1996 outbreak in Albania, as reported by Prevots et al. (33), and modeled results.
NID, National Immunization Day.
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Table 3 omits suggested typical inputs for the date of
virus introduction relative to the seasonal peak, since these
remain unknown prospectively. We anticipate difficulties in
estimating the time between virus introduction and outbreak
detection, because in past outbreaks the date of virus intro-
duction often remained unknown and the time to detection
depends on many conditions (13). Our approach estimates
the time at detection from the prospective outbreak model
itself by using detection triggers (e.g., the occurrence of
a certain number of clinical cases) that represent different
surveillance systems (table 3). We assume that routine im-
munization coverage remains stable from the present to the
time of the outbreak, independent of the vaccine used. We
also implicitly assume unlimited access to vaccine for re-
sponse, presumably either from ongoing production or from
a stockpile. With specific guidelines for the strategy for
responding to poliomyelitis outbreaks after eradication still
developing, table 3 includes two demonstrative response
strategies. Response 1 involves three NID rounds beginning
45 days after detection, and response 2 involves two rounds
beginning 70 days after detection.

Figure 2 provides an example of a potential future out-
break based on the prospective model for a hypothetical
low-income country with 100 million inhabitants in the fifth
year after cessation of polio vaccination for response 2, with
either monovalent OPVor trivalent OPVas the vaccine used
for immunization response.

DISCUSSION

We developed a dynamic disease transmission model
aimed at simulating the spread of poliovirus infection after
reintroduction of virus into a wild polio-free population.
Given that any outbreak represents only one of many pos-
sible realizations of a stochastic process, we cannot expect
an average-based model to perfectly reproduce the same
numbers as those reported, although we should expect it
to reasonably match the kinetics of an outbreak. In this
sense, the Albanian and Dutch outbreak models produced
close matches of the reported epidemiologic data with plau-
sible model input values, but inadequate data about hetero-
geneity in the Dominican Republic population made
modeling that outbreak more difficult. On the basis of re-
view and synthesis of the literature and our experience from
modeling these outbreaks, we identified and estimated in-
puts for a prospective model for poliomyelitis outbreaks. We
hope the prospective model will serve as a useful tool in
exploring future policies related to management of polio-
myelitis risks (e.g., in assessing the impacts of different
outbreak and response scenarios as illustrated in figure 2
or effective routine immunization coverage thresholds re-
quired to prevent outbreaks) and help identify key character-
istics of outbreaks to provide better focus for future data
collection efforts (e.g., more accurate information on the
time between virus introduction and detection would im-
prove confidence in other inputs chosen for the Albanian
and Dutch outbreak models). Surveillance data provide crit-
ical information, and we suggest that sustained monitoring
of situations that create the types of subpopulations in which

outbreaks may occur represents an important opportunity to
potentially preempt future outbreaks. Decisions regarding
future use of IPV would benefit from additional data that
could reduce uncertainties about the relative susceptibility
and infectiousness of IPV vaccinees, which drive the Dutch
outbreak model. Finally, since one-way sensitivity analysis
gives only a crude ranking of the importance of inputs
and different sensitivities may arise in other situations
(e.g., prospectively), more advanced sensitivity and uncer-
tainty analyses could also provide important insights.

To our knowledge, our model incorporates the most ad-
vanced analyses of poliovirus transmission dynamics yet
developed; however, we note several important limitations.
This model, like any model, remains limited by the quality
of the information that goes into it. For the prospective
model, the a-priori choice of the size of an outbreak pop-
ulation determines the maximum potential outbreak magni-
tude, and modeling countries as homogeneous populations
implies more rapidly growing outbreaks than would occur
with more heterogeneous mixing (47). The model does not
incorporate the influence of heterogeneous mixing between
age groups, partly because of difficulties in obtaining such
data. Although heterogeneous mixing between age groups
possibly played a role in the Dominican Republic outbreak,
where all reported cases occurred in children (35), the age
distribution in the other two outbreaks does not suggest
more transmission among children than among adults (33,
42). The lack of reported paralytic cases in adults in the
Dominican Republic outbreak may reflect the high level
of population immunity among adults who experienced fre-
quent exposure to wild or OPV viruses before the discon-
tinuation of NIDs in 1996, or possibly the absence of routine
surveillance of adults (48). Inclusion of adults in future
reporting may become increasingly important as the time
since the last wild virus isolation in a country grows. The
assumption of continuously divisible populations demands
cautious interpretation of absolute numbers, especially with
low incidence. For example, the model could sustain trans-
mission with less than one (partially) infected person (i.e.,
a physical impossibility) in each age group at the end of an
outbreak that could resurge in the next peak season.

The three retrospective outbreak models demonstrate the
use of situation-specific information (outbreak virus sero-
type, response, season) to help inform the modeling process.
Using this model as a prospective tool to evaluate the con-
sequences of different poliomyelitis risk management poli-
cies in future outbreaks requires the use of generic inputs in
place of the situation-specific inputs, or sets of scenarios that
represent the spectrum of possible conditions prospectively.
We expect that our average-based prospective model will
perform best in situations of widespread virus dissemination
within a population (e.g., the Albania outbreak), when local
heterogeneity and randomness average out. However, we
did not test the model on outbreaks in very large popula-
tions, and therefore inferences from the prospective model
for such situations must remain cautious. Analysts should
develop specific models for those situations in which het-
erogeneous mixing exerts an important impact (47) and use
appropriate inputs to prospectively model particular (i.e.,
‘‘non-average’’) scenarios of interest.
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TABLE 3. Inputs for a prospective model* designed to simulate the spread of polioviruses during a posteradication outbreak in

a predefined population

Model input Value
Range/alternative

values
Sources
(ref. nos.)

Notes

Independent of income level and decisions

Average rate of paralytic poliomyelitis
cases per infection for fully
susceptibles (proportion)

1/200 1/1,000–1/100 9, 11–13,
61, 63

Range reflects variation among serotypes

Time from administration of monovalent
OPVy to individual immunity to
infection and disease (days)

7 0–10 Assumes that the delays are equal for the trivalent
vaccine and the monovalent vaccine

No. of virus introductions 1 10, 100

Half-life of secondary OPV infection
rate after the response (days)

13.1 8.6–25.5 59 Serotype average

Detection trigger for acute flaccid
paralysis surveillance (no. of
paralytic cases)

1 1–5 Judgment

Detection trigger for passive
surveillance (no. of paralytic
cases)

5 5–15 Judgment

Detection trigger for environmental
surveillance, all income levels
(no. of infections)

5,000 1,000–10,000 Assumption

Dependent on outbreak response decisions

Time between detection and
responses 1 and 2,
respectivelyz (days)

45, 70 30–210 8, 20, 42 Judgment; assumes that response time will decrease
sharply postcertification in comparison with the
study by Fine et al. (8, table 1, p. 50), where
average was ~120 days in 17 recent outbreaks;
neglects discrepancy between wild poliovirus
(93 days) and outbreaks of circulating vaccine-
derived poliovirus (212 days) in Fine et al. (8, table 1,
p. 50); upper end of range corresponds to approx-
imate average of the outbreaks of circulating
vaccine-derived poliovirus

Target age groups All age groups
born since OPV
cessation

Include cohorts born
up to 15 years
prior to OPV
cessation

20 Assumes that all cohorts born since cessation will be
targeted regardless, rounded to the next multiple
of 5

Duration of response (days) 3 1–14 Assumption within range of commonly observed
responses

Interval between rounds in
response 1 or 2 (days)

30 20–60 Judgment; representative for intervals between
current mass immunization rounds

No. of rounds in responses 1
and 2, respectively

3, 2 Assumption

Achieved coverage (%) 90 80–99 Judgment

Maximum age (years) at which
children experience full
secondary OPV infection
rate from mass immunization
response (denoted by
A below)

Oldest targeted
age group

5–99 Assumption

Secondary OPV infection rate for
last age group due to mass
immunization response, as a
proportion of the rate for children
under age A

0.3 0–1 Judgment; rate declines linearly with increasing age

Dependent on income level

Proportion of susceptible children
who will eventually become
infected due to secondary
OPV exposure from a response
immunization round

Low-income country 0.60 0.4–0.8 59 Judgment based on available data from Cuba
(59) andassumption that secondaryOPVexposure is
substantially greater in low-income settings

LMIy country 0.37 0.2–0.5 59 Judgment based on available data from Cuba
(59); value of 0.37 corresponds to the average
proportion secondarily infected across serotypes;
range reflects serotype variability

UMIy country 0.30 0.15–0.5 59 Judgment based on available data from Cuba (59)
and assumption that secondary OPV exposure is
somewhat lower in UMI settings

Table continues
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TABLE 3. Continued

Model input Value
Range/alternative

values
Sources
(ref. nos.)

Notes

High-income country 0.20 0.1–0.3 59 Judgment based on available data from Cuba
(59) and assumption that secondary OPV exposure
is substantially lower in high-income settings

R0§ of the outbreak virus

Low-income country 10, 13 8, 16 20, 32 Consider two base case values to reflect large
uncertainty and variability

LMI country 8, 11 6, 14 20, 32 Consider two base case values to reflect large
uncertainty and variability

UMI country 6, 9 4, 12 20, 32 Consider two base case values to reflect large
uncertainty and variability

High-income country 4, 6 2, 9 20, 32 Consider two base case values to reflect large
uncertainty and variability

Size of the outbreak population Variable Conduct analyses for different population sizes
(e.g., 500,000, 5 million, 10 million, 50 million,
100 million)

Birth rate (per day per total
population)

Variable 58 Linear interpolation between pentannual
averages of medium variant estimates
(of births/population 3 365) over income
level

Age breakdown of the population Variable 58 Linear interpolation between pentannual
averages of medium variant estimates over
income level

Routine immunization
coverage (%)

Low-income country 68 50–80 Lara Wolfson,
WHOy,
PCy,
2004;
64, 65

Average WHO-projected DTP3y coverage for
2004 and beyond for low-income countries
(2002 World Bank stratification)

LMI country 90 75–95 Lara Wolfson,
WHO,
PC,
2004;
64, 65

Average WHO-projected DTP3 coverage for 2004
and beyond for LMI countries (2002 World Bank
stratification)

UMI country 92 90–100 Lara Wolfson,
WHO,
PC,
2004;
64, 65

Average WHO-projected DTP3 coverage for
2004 and beyond for UMI countries (2002 World
Bank stratification)

High-income country 94 90–100 Lara Wolfson,
WHO,
PC,
2004;
64, 65

Average WHO-projected DTP3 coverage for
2004 and beyond for high-income countries (2002
World Bank stratification)

‘‘Take’’ rate for three doses
of trivalent OPV (%)

Low-income country 71 40–98 18 Base case estimate corresponds approximately
to unweighted average of studies in
income level cited in the article by Patriarca
et al. (18, table 1, p. 929), averaged over
the three serotypes; range reflects
variation among cited studies and the three
serotypes

LMI country, UMI country 85 60–100 18 Base case estimate corresponds approximately
to unweighted average among studies cited
in the article by Patriarca et al. (18, table 1, p. 929)
in given income levels, averaged over the three
serotypes; range reflects variation among cited
studies and the three serotypes; ‘‘LMI country’’
and ‘‘UMI country’’ were lumped together
because of limited results (four data sets) for UMI
countries, with somewhat lower rates than the
LMI countries

High-income country 95 85–100 12, 18 Base case estimate corresponds approximately
to unweighted average of studies cited in the
article by Patriarca et al. (18, table 1, p. 929),
averaged over the three serotypes; range reflects
variation among cited studies and the three
serotypes

Table continues
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TABLE 3. Continued

Model input Value
Range/alternative

values
Sources
(ref. nos.)

Notes

‘‘Take’’ rate for three doses of
enhanced-potency IPVy (%)

Low-income country,
LMI country, UMI country

95 65–100 19 Assumes that seroconversion rates are similar when
used in combination vaccines; base case estimate
corresponds approximately to unweighted average
of studies in income level cited in the article by
Sutter et al. (19, table 2, p. 35), averaged over the
three serotypes; range reflects variation among
cited studies and the three serotypes; we lumped
low-income country, LMI country, and UMI country
together because differences between income
levels in the article by Sutter et al. (19, table 2, p. 35)
were small

High-income country 99 95–100 15, 19 Assumes that seroconversion rates are similar when
used in combination vaccines; seroconversion
estimates cited by Plotkin and Vidor (15) are almost
all close to 100%

‘‘Take’’ rate per single dose{ of
trivalent OPV (during
response) (%)

Low-income country 45 13–65 18 Base case estimate corresponds approximately to
unweighted average among studies cited in the
article by Patriarca et al. (18, table 1, p. 929) in
given income levels, averaged over the three
serotypes; range reflects maximum variation among
cited studies and the three serotypes

LMI country, UMI country 65 35–80 18 Base case estimate corresponds approximately to
unweighted average among studies cited in the
article by Patriarca et al. (18, table 1, p. 929) in
given income levels, averaged over the three
serotypes; range reflects maximum variation among
cited studies and the three serotypes; LMI country
and UMI country were lumped together because of
limited results (four data sets) for UMI countries,
with somewhat lower rates than the LMI countries

High-income country 78 40–95 66 Base case corresponds to average of three serotypes
and ranges to maximum variation among serotypes
in cited studies

‘‘Take’’ rate per single dose of
monovalent OPV (during
response) (%)

Low-income country 76 52–93 67 Base case estimate corresponds approximately to
average of three serotypes of Uganda and India
studies in thearticle byCáceresandSutter (67, table 3,
p. 536); range reflects largest range in same table

LMI country, UMI country,
high-income country

91 67–100 67 Base case estimate corresponds approximately to
average of three serotypes of all studies except
Uganda and India studies in the article by Cáceres
and Sutter (67, table 3, p. 536); range reflects
largest range in same table

Inputs related to population immunity profile at time of certification#

Proportion with recent OPV
infection if SIAsy continue
until certification, ages 0–4
years (low-income country,
LMI country, UMI country)

0.95 0.90–1.00 Judgment; this input represents the proportion of
children under age 5 years that seroconverted due
to primary or secondary trivalent OPV infection
during recent SIAs

Proportion with historical OPV
infection if SIAs continue until
certification, ages 0–4 years
(low-income country, LMI
country, UMI country)

0.005 3 age
(in years)

0–0.01 3 age Judgment; this input represent the growing (with age)
proportion of children that has immunity from OPV
(vaccination or secondary exposure) but that
escaped OPV (re)infection in the year prior to
certification

Total proportion of partially infectibles
if previously covered by SIAs
(low-income country, LMI country,
UMI country)

Ages 5–19 years 0.97 0.95–1.00 Judgment; assumes no influence of SIA policy until
certification on immunity in persons over age
5 years

Ages �20 years 0.99 0.95–1.00 Judgment; assumes very good immunity due to
frequent exposure to SIAs and/or endemic wild
polioviruses

Table continues
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In the context of prospective modeling, the times between
virus introduction and detection and between detection and
response emerge as critical inputs (8) for characterizing the

impact of potential responses. The quality of surveillance
clearly influences the timeliness of detection; therefore,
when using prospective models, investigators will need to

FIGURE 2. Example of a prospectively modeled outbreak occurring after cessation of poliomyelitis vaccination in a hypothetical country. This
model assumes a low-income country with R0 ¼ 13 and a population of 100 million 5 years after cessation of all polio immunizations and 10 years
after stopping supplemental immunization activities. Detection occurs as soon as the cumulative incidence reaches one paralytic case, and the
delay from detection to response is 70 days. The response scenarios assume two immunization rounds at a 30-day interval covering 90% of all
children under age 5 years in 3 days. The ‘‘no response’’ curve reaches a peak of over 1,700 cases on day 197. tOPV, trivalent oral polio vaccine;
mOPV, monovalent oral polio vaccine.

TABLE 3. Continued

Model input Value
Range/alternative

values
Sources
(ref. nos.)

Notes

Total proportion of partially
infectibles if SIAs were
discontinued 10 years prior to
certification, ages �20 years
(low-income country, LMI
country, UMI country)

0.99 0.95–1.00 Judgment; estimate equal to previous input because
both reflect age cohorts born at a time when SIAs
were still being conducted and/or wild viruses still
circulated

Proportion of partially infectibles
(i.e., historical OPV/wild)
(high-income country)

Ages 10–49 years 0.95 0.90–1.00 Judgment; assumes that high-income countries
switched from trivalent OPV to enhanced-potency
IPV on average 10 years prior to certification of
global poliomyelitis eradication

Ages �50 years 0.98 0.95–1.00 Judgment; assumes very high immunity levels due to
frequent exposure to OPV and/or endemic wild
polioviruses

* Inputs and ranges represent averages over biologic variability; refer to the technical appendix (http://aje.oxfordjournals.org) for additional information on how we

obtained and used inputs.

yOPV, oral polio vaccine; LMI, lower middle-income; UMI, upper middle-income; WHO, World Health Organization; PC, personal communication; DTP3,

diphtheria-tetanus-pertussis vaccine (�3 doses); IPV, inactivated polio vaccine; SIAs, supplemental immunization activities.

zWe modeled two fairly arbitrary response scenarios, where response 2 represents an aggressive response scenario and response 1 is less aggressive.

§ R0, basic reproductive number (see text).

{Rather than the use of observed single-dose take rates, these estimates reflect the average take rate of the first two doses, so that the cumulative effect of two

rounds of mass immunization in terms of seroconversion corresponds to the two-dose take rate. In mathematical terms, for a given two-dose take rate x (between

0 and 1), we estimate the single-dose take rate as 1� Oð1� xÞ.
# For the cohorts born after discontinuation of SIAs, we estimate the population immunity profile based on routine immunization coverage and on the secondary

OPV infection inputs from this table; the technical appendix (http://aje.oxfordjournals.org) explains the use of these inputs and displays the initial population immunity

profiles at the time of certification.
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carefully consider future changes in the surveillance net-
work. This model can estimate the length of time until
a threshold number of paralytic poliomyelitis cases or in-
fections occurs and model any appropriate dependence on
the type and quality of surveillance. Clearly, when develop-
ing response policies, investigators will need to consider the
trade-offs associated with different strategies, and this
model may help in the prediction of outbreak dynamics as
a function of different response times and sizes, although its
assumption of a predefined population means it cannot
model a response that does not target entire (sub)popula-
tions at once. Until comprehensive outbreak response guide-
lines exist, our prospective model requires assumptions
regarding the response that may not later prove consistent
with the protocol.

Finally, when evaluating future outbreaks and responses,
the question of availability of vaccine becomes very impor-
tant, especially in countries that might cease all polio vac-
cination. In the Dutch outbreak, a vaccine shortage led to
a restricted response (42), and inadequate supplies could
similarly affect future responses. Assuming that a polio vac-
cine stockpile will exist, its size, location, and content will
limit the number of available response options. With in-
creasing numbers of susceptible persons in the future, the
existence of adequate response capabilities represents a cru-
cial issue in mitigating the important risks that potential
outbreaks pose.

ACKNOWLEDGMENTS

Radboud Duintjer Tebbens and Dr. Kimberly Thompson
acknowledge receiving financial support for their work
from the Centers for Disease Control and Prevention under
grant U50/CCU300860.

The authors thank Dr. Bruce Aylward, Dr. Arnold Bosman,
Dr. Steve Cochi, Dr. Walt Dowdle, Dr. Paul Fine, Dr. Howard
Gary, Dr. Hamid Jafari, Denise Johnson, Bob Keegan,
Dr. Mauricio Landaverde, Dr. Tracy Lieu, Dr. Marc Lipsitch,
Dr. Anton van Loon, Dr. Steve McLaughlin, Dr. Paul
Oostvogel, Dr. Maria Cristina Pedreira, Dr. Becky Prevots,
Dr. Nalinee Sangrujee, Dr. Harrie van derAvoort, andDr. Lara
Wolfson for helpful insights, discussions, and comments.

The contents of this article are solely the responsibility of
the authors and do not necessarily represent the official
views of the Centers for Disease Control and Prevention or
the World Health Organization.

Conflict of interest: none declared.

REFERENCES

1. World Health Assembly, World Health Organization. Global
eradication of poliomyelitis by the year 2000. (Resolution
41.28). Geneva, Switzerland: World Health Organization,
1988.

2. World Health Organization. Global Polio Eradication Initia-
tive: progress 2003. Geneva, Switzerland: World Health
Organization, 2004. (Report no. WHO/Polio/01.04).

3. Smith J, Leke R, Adams A, et al. Certification of polio erad-
ication: process and lessons learned. Bull World Health Organ
2004;82:24–9.

4. Sangrujee N, Duintjer Tebbens RJ, Cáceres VM, et al. Policy
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