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Mathematical models of cervical cancer have been widely used to evaluate the comparative effectiveness and

cost-effectiveness of preventive strategies. Major advances in the understanding of cervical carcinogenesis moti-

vate the creation of a new disease paradigm in such models. To keep pace with the most recent evidence, we

updated a previously developed microsimulation model of human papillomavirus (HPV) infection and cervical can-

cer to reflect 1) a shift towards health states based on HPV rather than poorly reproducible histological diagnoses

and 2) HPV clearance and progression to precancer as a function of infection duration and genotype, as derived

from the control arm of the Costa Rica Vaccine Trial (2004–2010). The model was calibrated leveraging empirical

data from the New Mexico Surveillance, Epidemiology, and End Results Registry (1980–1999) and a state-of-the-

art cervical cancer screening registry in NewMexico (2007–2009). The calibrated model had good correspondence

with data on genotype- and age-specific HPV prevalence, genotype frequency in precancer and cancer, and age-

specific cancer incidence. We present this model in response to a call for new natural history models of cervical

cancer intended for decision analysis and economic evaluation at a time when global cervical cancer prevention

policy continues to evolve and evidence of the long-term health effects of cervical interventions remains critical.

decision analysis; human papillomavirus; mathematical models; uterine cervical neoplasms

Abbreviations: CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; Pap, Papanicolaou; SEER, Surveillance,

Epidemiology, and End Results.

Major advances in the biological and clinical understand-
ing of cervical carcinogenesis motivate a newapproach to dis-
ease simulation models used to inform policy decisions (1).
Persistent cervical infection by oncogenic types of human
papillomavirus (HPV) is a necessary condition for the devel-
opment of cervical cancer (2). Althoughmost HPV infections
clear rapidly, the probability of persistence increases the lon-
ger an infection is observed (3). Persistent infection with one
of approximately 15 oncogenic HPV genotypes strongly in-
creases the risk of high-grade precancerous lesions, which, if
untreated, may invade surrounding tissues (4).

The discovery of persistent HPV infection as a causal agent
for cervical cancer has been accompanied by the develop-
ment of technologies that aim to improve both the effec-
tiveness and the efficiency of cervical cancer prevention.

Reliable assays for detection of oncogenic HPV types and
the licensure of 2 prophylactic vaccines that are highly effica-
cious against HPV types 16 and 18—which together are
responsible for up to 70% of invasive cervical cancers (5)—
have shifted the landscape for clinical decision-making and
health policy, generating critical questions about how to op-
timize primary and secondary prevention as emerging tech-
nologies for vaccination (e.g., nonavalent prophylactic and
therapeutic vaccines) and screening (e.g., HPV genotype
and related biomarker testing) become available.

While no single empirical study can evaluate all possible
prevention strategies, computer-based mathematical models
are increasingly being used to assist decision-making. These
models are able to integrate the best biological, epidemio-
logic, and economic data, simulate the burden of disease in
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populations, and make projections on the long-term harms
and benefits of different strategies (6). Because the underlying
course of disease is often unobserved, data formodel inputs are
not fully available, requiring some form of model-fitting, or
calibration, to epidemiologic data (7, 8).
Historically, simulation models of cervical carcinogenesis

have assumed a sequence of steps through histopathological
classifications (e.g., cervical intraepithelial neoplasia (CIN),
grades 1–3) (9–13) which are poorly reproducible (14) and
reflect flawed diagnostic standards, rather than the actual
course of underlying disease as reported in recent longitudi-
nal studies (1, 15). To keep pace with the current understand-
ing of the disease process, health states in simulation models
should reflect HPV infection status rather than histopatholog-
ical or cytological diagnosis (1). In particular, models should
incorporate increasingly available data on risk stratification
by HPV genotype (16, 17) and the natural course of persistent
versus nonpersistent infections. Our objective was to update
an existing disease simulation model of cervical cancer to im-
prove model fidelity to the latest data on HPV natural history
and to enhance model functionality for evaluations of forth-
coming preventive strategies.

METHODS

Model description

We modified a first-order (individual-based) Monte Carlo
simulation model of cervical carcinogenesis, in which indi-
vidual women representative of a single birth cohort enter
the model at an early age (e.g., age 9 years) and are followed
over their lifetimes (13, 18–21). While the model has been
used to evaluate the comparative effectiveness and cost-
effectiveness of screening and HPV vaccination strategies
(20, 21), here we focus on modifications to the underlying
natural history parameters in the absence of preventive inter-
ventions. Themodel tracks disease progression as eachwoman
undergoes monthly transitions between health states that de-
scribe underlying true health, including HPV infection status,
precancer histological grade (i.e., CIN2 or CIN3), and stage of
invasive cancer (i.e., local, regional, or distant) (Figure 1).
States are further stratified into 3 categories: oncogenic HPV
types (HPV types 16, 18, 31, 33, 45, 52, and 58), each con-
sidered separately; other oncogenic types (including HPV
types 35, 39, 51, 56, and 59), considered together; and non-
oncogenic types. Transition probabilities can vary by age,
HPV type, duration of infection or lesion status, and awoman’s
history of prior HPV infection. Cancer detection can occur
through symptoms. Each month, death can occur from non-
cervical-cancer causes or from cervical cancer after its onset.
We made the following model assumptions based on the

best available evidence: 1) the natural course of cervical HPV
infection is similar regardless of geographical setting, permit-
ting use of high-quality epidemiologic data from diverse set-
tings to derive initial model inputs; 2) type-specific HPV
infections are independent, and women infected with multiple
types of HPV face independent risks of clearance and disease
progression; 3) natural immunity is modeled as a reduction in
future type-specific infection after initial acquisition and clear-
ance; 4) in contrast to the historical model structure comprising

mandatory progression through sequential precancer states
(e.g., from CIN1 to CIN2 to CIN3), CIN2 and CIN3 are mod-
eled as nonsequential precancerous health states with distinct
probabilities of progression to cancer, whereas CIN1 is inter-
preted as a microscopic manifestation of acute HPV infection
and is therefore incorporated into the HPV-infected state; and
5) invasive cancer cannot occur in the absence of infection
with an oncogenic HPV type.

Overview: model parameterization and calibration

Derivation of natural history model parameter values re-
quired an iterative process involving comprehensive literature
reviews, data synthesis and analysis (Table 1), consultations
with epidemiologists and clinical experts, and explorations of
the influence of uncertain parameters and assumptions in the
model. We initially estimated baseline model values using
data that could be used directly as inputs (e.g., HPV incidence
and clearance) from large cohort studies of HPV natural his-
tory and the control arm of an HPV vaccine trial (22, 23) to
represent the natural history of HPV infection in the absence
of vaccination and screening. For parameters with high uncer-
tainty and variability, we used a likelihood-based calibration
approach to maximize model fit to corresponding empirical
data (e.g., HPV prevalence).

Initial model parameterization

HPV incidence. HPV incidence rates, as a function of geno-
type and age, were derived from published data on a cohort of
1,610 sexually active women aged 15–85 years in Bogotá,
Colombia, who were followed every 6 months for 4.1 years,
on average (23). Cumulative incidence rates for each genotype
and 5-year age group were converted to monthly probabilities
for use in the model.

Oncogenic HPV clearance and progression. Probabili-
ties of HPV clearance and progression were derived as a func-
tion of genotype and time since infection (seeWeb Appendix

Normal
Cervix 

HPV
Infection 

Cancer

CIN3

CIN2

Figure 1. Model schematic for the progression of human papilloma-
virus (HPV) infection to cervical cancer. HPV infections and precancer
(cervical intraepithelial neoplasia (CIN), grade 2 (CIN2) or grade 3
(CIN3)) were stratified by genotype (HPV types 16, 18, 31, 33, 45,
52, and 58; other oncogenic types; and nononcogenic types). Onco-
genic HPV clearance and progression rates were based on primary
data from the Costa Rica Vaccine Trial (22). Precancerous health
states (CIN2 and CIN3) were considered as heterogeneous entities
with differential probabilities of regression and progression to cancer.
Progression to cancer required infection with an oncogenic type. Can-
cer could be symptom-detected at either the local stage, the regional
stage, or the distant stage.
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andWeb Figures 1 and 2, available at http://aje.oxfordjournals.
org/) from analysis of primary data from the control arm of the
Costa Rica Vaccine Trial (2004–2010), including 3,736
women aged 18–25 years at enrollment (22). The duration
of study follow-up was approximately 4 years, with annual
visits, except for women with Papanicolaou (Pap) test results
of low-grade squamous intraepithelial lesions (LSIL) or atyp-
ical squamous cells of undetermined significance (ASC-US),
who were followed every 6 months. For estimations of type-
specific HPV clearance and progression to CIN2+, we
performed discrete-time survival analysis by oncogenic
genotype strata. We considered each HPV infection sepa-
rately, and thus referred to an index infection (rather than a
woman) as the unit of analysis. Both incident and prevalent
infections were included to obtain more stable estimates,
since previous studies suggested similar persistence in young
women (24). Using a competing-risks framework with censor-
ing due to loss to follow-up (25, 26), we calculated cumulative
incidence estimates by HPV type for 3 mutually exclusive
probabilities: 1) clearance; 2) persistence without progres-
sion to CIN2+; and 3) progression to CIN2+. Cumulative in-
cidence was then transformed into monthly hazard rates of
clearance and progression to CIN2+, which were converted
to monthly probabilities and used as model inputs.

To account for delayed visits and to minimize differences
in persistence that could arise from differing follow-up
schedules, we collapsed the duration of each infection into
approximate yearly intervals that coincided with the timing
of study visits. Further details on interval assumptions and
data imputations for missed visits are provided in the Web
Appendix. Infections were censored following detection of
CIN2+ (n = 149).

The relevance of HPV infections for CIN2+ attribution
was determined statistically (rather than molecularly), with
the key visit being defined as the same visit as the CIN2+ pro-
cedure, or the last visit with polymerase chain reaction results
before the CIN2+ procedure. Our algorithm for determining
relevance prioritized persistent oncogenic infections at and
prior to the key visit. Based on determination of multiple rele-
vant HPV types, CIN2+ cases were attributed hierarchically
such that if HPV16 was relevant, CIN2+ was attributed fully
to HPV16. If multiple oncogenic non-HPV16 types were rele-
vant, CIN2+ was attributed to all relevant types, with the per-
cent attribution set at the proportion of CIN2+ infected with
each respective single relevant type divided by the sum of the
percentage of CIN2+ attributed to single infections with any
relevant types present. Following this type attribution hierarchy,
progression rates were calculated based on the cumulative

Table 1. Data SourcesUsed for Variables andCalibration Targets in aModel of theNatural History of HumanPapillomavirus Infection andCervical

Cancer

First Author, Year
(Reference No.)

Data Source Variable Location Sample Size, no. Population

Natural History Parameters

Muñoz, 2004 (23) Prospective cohort
study

HPV incidence Bogotá, Colombia 1,610 Sexually active women
aged 15–85 years

Herrero, 2008 (22) Primary data from
the Costa Rica
Vaccine Trial

HPV clearance and
progression

Guanacaste, Costa
Rica

3,736 Women aged 18–25
years

Keefe, 2001 (27) Randomized
controlled trial

CIN regression California, United
States

103 Women with CIN2/3
aged ≥18 years

McCredie, 2008
(28)

Retrospective cohort
study

CIN progression to
invasive cervical
cancer

Auckland, New
Zealand

1,063 Women with CIN3, from
1955–1976

Myers, 2000 (31);
Kim, 2002 (47)

Decision analysis
modeling studies

Cancer progression;
Cancer symptom
detection

United States NA NA

SEER Program,
2011 (33)

Population-based
registry data

Cancer survival by
stage

United States By cancer stage: SEER 18 registries +
Hurricane Katrina-
impacted Louisiana
cases, 2000–2009

Local: 10,240
Regional: 9,119
Distant: 2,122

Calibration Targets

New Mexico HPV
Pap Registry (34)

Population-based
cross-sectional
data

HPV prevalence New Mexico, United
States

47,617 Women with Pap test
specimens,
2007–2009

New Mexico SEER
Registry (17)

Cross-sectional data HPV genotype
frequency in CIN

New Mexico, United
States

1,213 Cases of in situ cancer,
New Mexico,
1985–1999

New Mexico SEER
Registry (17)

Cross-sectional data HPV genotype
frequency in
cervical cancer

New Mexico, United
States

808 Cases of cervical
cancer, New Mexico,
1980–1999

Abbreviations: CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; NA, not applicable; Pap, Papanicolaou; SEER, Surveillance,

Epidemiology, and End Results.
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incidence of CIN2+ associated with each type. Further details,
as well as methods for deriving nononcogenic HPV clearance
and progression rates, are provided in the Web Appendix.

Precancer regression. Precancer regression probabili-
ties were estimated from the placebo arm of a randomized

controlled trial of oral β-carotene supplementation for women
with CIN2 or CIN3 and were assumed to be constant by
HPV type (Web Table 1) (27).

Precancer progression. Due to ethical obligations to pro-
vide treatment for women diagnosed with CIN3, the proba-
bility of invasion is generally unobserved. However, data
from a natural history study of women with carcinoma in
situ from whom treatment was withheld in New Zealand
from 1965 to 1974 have been retrospectively analyzed to ob-
tain estimates of progression rates from CIN3 to cancer (28).
We assumed that the study’s 5-year probability of progression
to CIN3 was representative of advanced, prevalent lesions,

Table 2. Selected Baseline Values, Calibration Ranges, and

Best-Fitting Calibrated Values in a Model of the Natural History of

Human Papillomavirus Infection and Cervical Cancer

HPV Type and
Age Group,

years
Baseline Valuea

Multiplier
Search
Rangeb

Range of
Multiplier
Values

Among Top
50 Parameter

Sets

HPV16

<21 0.00001–0.00186 1–4 2.5–4.0

21–24 0.00090–0.00125 1–4 2.1–3.9

25–29 0.00078–0.00087 1–4 2.1–3.9

30–49 0.00060–0.00078 1–4 2.1–3.9

≥50 0.00022–0.00059 1–4 2.1–3.9

HPV18

<21 0.000005–0.00082 1–4 2.5–4.0

21–24 0.00110–0.00117 1–4 1.0–3.3

25–29 0.00060–0.00100 1–4 1.0–3.3

30–49 0.00030–0.00058 1–4 1.0–3.3

≥50 0.00011–0.00030 1–4 1.0–3.3

HPV31

<21 0.000005–0.001428 1–4 1.7–3.8

21–24 0.00090–0.00140 1–4 1.7–3.8

25–29 0.00060–0.00080 1–4 1.7–3.8

30–49 0.00030–0.00060 1–4 1.7–3.8

≥50 0.00010–0.00030 1–4 1.7–3.8

HPV33

<21 0.000005–0.000786 1–4 1.2–3.2

21–24 0.00041–0.00069 1–4 1.2–3.2

25–29 0.00025–0.00036 1–4 1.2–3.2

30–49 0.00013–0.00022 1–4 1.2–3.2

≥50 0.00005–0.00012 1–4 1.2–3.2

HPV45

<21 0.000005–0.001000 1–4 1.1–3.1

21–24 0.00040–0.00080 1–4 1.1–3.1

25–29 0.00032–0.00037 0.5–2 0.5–1.6

30–49 0.00016–0.00031 0.5–2 0.5–1.6

≥50 0.00005–0.00015 0.5–2 0.5–1.6

HPV52

<21 0.000005–0.001186 1–4 3.1–4.0

21–24 0.00030–0.00080 1–4 3.1–4.0

25–29 0.00018–0.00025 1–4 3.1–4.0

30–49 0.00015–0.00017 1–4 2.7–4.0

≥50 0.00005–0.00015 1–4 2.7–4.0

Table continues

Table 2. Continued

HPV Type and
Age Group,

years
Baseline Valuea

Multiplier
Search
Rangeb

Range of
Multiplier
Values

Among Top
50 Parameter

Sets

HPV58

<21 0.000005–0.001189 1–4 1.2–3.2

21–24 0.00060–0.00110 1–4 1.2–3.2

25–29 0.00047–0.00055 0.5–2 0.5–1.9

30–49 0.00024–0.00045 0.5–2 0.5–1.9

≥50 0.00005–0.00024 0.5–2 0.5–1.9

Other
oncogenic
types

<21 0.000005–0.00247 1–4 1.0–3.9

21–24 0.00180–0.00230 1–4 1.0–3.9

25–29 0.00120–0.00170 1–4 1.0–3.9

30–49 0.00060–0.00110 1–4 1.0–3.9

≥50 0.00020–0.00060 1–4 1.0–3.9

Nononcogenic
types

<21 0.000005–0.00258 1–15 1.0–14.8

21–24 0.00255–0.00262 1–8 1.0–7.8

25–29 0.00200–0.00250 1–8 1.0–7.8

30–49 0.00085–0.00186 1–8 1.1–8.0

≥50 0.00022–0.00080 1–8 1.1–8.0

Natural
immunityc

0.5–1 0.5–0.9

Abbreviation: HPV, human papillomavirus.
a Monthly prior probabilities of type-specific HPV infection; girls in

the model are at risk for HPV infection beginning at age 9 years.

Values displayed represent the range of incidence probabilities

within each age group.
b Age-specific multipliers were necessary to fit HPV prevalence

targets. Multipliers were not unique for each age group within a type

but were generally the same among younger women (ages <21

years and 21–24 years) and older women (age ≥25 years).
c Natural immunity represents the reduction in risk of subsequent,

type-specific infection after awomanhas cleared an oncogenic infection

with the same type. Risk reduction is assumed to be constant across

age, time, and genotype.
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because of limited screening and the prevalence of large le-
sions at study entry. We adjusted progression rates by allowing
progression risk to increase over time since lesion onset to en-
sure a reasonable visual fit to historical (i.e., prescreening) US
cancer incidence rates (Web Table 1) (29).

Cancer progression and mortality. Upon development of
invasive cancer, women in the model progress through wors-
ening stages (i.e., local to regional to distant) if their cancer is
left undetected (30–32). With each progressive stage, women
face an increasing probability of symptom detection. In addi-
tion to background mortality, women with cervical cancer
face excess mortality, depending on cancer stage, age, and
time since diagnosis according to the Surveillance, Epidemi-
ology, and End Results (SEER) Program (Web Table 1) (33).

Model calibration

The purpose of model calibration is to search the bounds of
uncertainty of input parameters and identify values that, when
used together in the model, achieve a good fit to real-world
data (i.e., calibration targets). Following the establishment of
baseline input values, as described above, we employed a
likelihood-based approach (13, 21) to infer values for key un-
certain parameters: 1) age- and type-specific incidence of HPV
infection, which varies by setting, and 2) naturally acquired
immunity following type-specific HPV infection.

For these calibration parameters, we set plausible search
ranges around baseline input values and performed repeated
model simulations in the absence of any preventive intervention.
For each simulation, we randomly selected a single value for
each of the uncertain parameters from the identified plausible
range (Table 2), creating a unique natural history parameter
set. To ascertain model goodness of fit, we calculated the like-
lihood of model-projected outcomes from each parameter set
against corresponding calibration targets. In order to capture un-
certainty in the model parameters, we selected a sample of sets
that produced a good fit to the empirical data to use in analyses
as a form of probabilistic sensitivity analysis (details on the
likelihood-based scoring are provided in the Web Appendix).

Calibration target data are presented in Web Table 2. We
calibrated the model to data targets from the New Mexico
SEER Registry and the New Mexico HPV Pap Registry, the
only existing statewide registry of cervical cancer screening
practice in the United States. The New Mexico HPV Pap
Registry was established in 2006 to monitor the impact of
HPV vaccine introduction and changes in cervical cancer
screening behaviors over time (34). The registry, due to the
large volume of linkages between cervical screening, diagno-
sis, and treatment records across all of NewMexico, serves as
one of the largest US population-based resources for infor-
mation on HPV and cervical cancer-related events. Specifi-
cally, the calibration targets from the New Mexico HPV
Pap Registry (2007–2009) included type-specific prevalence
of HPV infections by age (34). Calibration targets from the
New Mexico SEER Registry (1980–1999) included the fre-
quency of oncogenic HPV genotypes in CIN2, CIN3, and
cancer (17). Following formal calibration, we used a sample
of good-fitting sets to assess the projective validity of the
model by visually comparing model-projected cervical can-
cer incidence rates by age in the absence of any intervention

with those reported historically in US SEER cancer registries
prior to widespread Pap smear screening (29).

RESULTS

In the calibration process, over 730,000 unique input pa-
rameter sets were randomly sampled and used in the simula-
tion model. We selected 50 sets with the highest aggregate
likelihood score (i.e., top-fitting sets) to showcase calibration
results. Prior to calibration, using the baseline incidence in-
puts directly from the HPV natural history study in Colombia,
we found that the model produced outputs consistent with
age-specific HPV prevalence reported in the Colombian co-
hort, as expected (35); however, when we compared them
with the HPV prevalence target data from New Mexico, the
model outputs were relatively low. Following the likelihood-
based calibration process, we identified parameter values that
dramatically improved model fit to HPV prevalence data
from the New Mexico HPV Pap Registry (Figure 2) (34). Pa-
rameter values for natural immunity following type-specific
infection yielded small variation in prevalence over the
search range; this impact was more apparent at older ages,
when women were more likely to be exposed to subsequent
infections with more prevalent types like HPV16.

Overall, the calibrated sets produced reasonable fit to the
empirical data on genotype frequencies in CIN2, CIN3, and
cancer in the NewMexico SEER Registry (Figure 3). As sug-
gested by the data, the relative significance of HPV16 in-
creased with lesion severity.

Since cervical cancer incidence data in the prescreening
era were from a limited number of cancer registries in the
1950s and 1960s, we elected, a priori, to exclude cervical
cancer incidence as a calibration target and rather assess the
predictive validity of the calibrated natural history model (i.e.,
without screening or vaccination).We found that model output
was generally consistent with the historic SEER registry data
across ages and that it suggested a peak or plateau in cervical
cancer incidence from ages 35 to 55 years (Figure 4) (4, 29).
In addition, we found that the 50 top-fitting sets were nearly
identical regardless of whether or not cancer incidence was
included as a calibration target, suggesting the robustness
of our good-fitting parameter sets.

DISCUSSION

Motivated to address policy questions that require consid-
eration of new screening technologies, the availability of
type-specific vaccination, and the potential for individual
risk-based management (36), we updated a disease simula-
tion model to more accurately reflect health states defined
by underlying HPV infection status and transition probabili-
ties governed by duration of infection. To achieve this goal,
we capitalized on recent primary and published longitudinal
data to derive baseline model inputs; however, additional
adjustments were made through an extensive calibration pro-
cedure to adapt the model to the US setting. With access to
data from the NewMexico SEER Registry and the NewMex-
ico HPV Pap Registry, the sole population-based registry of
cervical cancer screening in the United States, we were able
to undertake a rigorous likelihood-based calibration approach,
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achieving close model correspondence to empirical target
data, including age- and genotype-specific HPV prevalence,
and genotype frequency in CIN2, CIN3, and invasive cancer
in US women. Model projections were also consistent with
cancer incidence rates from historic US cancer registries that
were not formally used to parameterize or calibrate the model.
A range of modeling techniques have been used to evalu-

ate cervical cancer prevention strategies. Dynamic transmis-
sion models have the ability to incorporate the transmission
of HPV infections between sexual partners over time; these
models can thus directly capture herd immunity benefits as-
sociated with HPV vaccination (37–42). One recent dynamic
transmission model utilized data from the control arm of a
vaccine trial to derive HPV clearance rates dependent on
time since infection, but the absence of precancer and cancer
health states restricts the model’s ability to project the impact
of HPV vaccination and/or screening on cancer outcomes
(43). Numerous Markov cohort and microsimulation models
have been developed and adapted to many settings to evalu-
ate both screening and vaccination strategies (9, 11–13, 18–
21, 31). To our knowledge, the model we describe here is the

first with capabilities to evaluate complex screening and vac-
cination strategies without relying on HPV infection and
CIN1 as separate health states or requiring sequential progres-
sion through CIN1, CIN2, and CIN3. To date, only one other
analysis has derived HPV type-specific and time-dependent
health state transition probabilities based on large longitudinal
studies for the purpose of modeling cervical carcinogenesis
(10). The expanded number of individual genotypes repre-
sented in the current model will strengthen evaluations of
emerging technologies.
There are limitations to our approach relating to the model

structure, data inputs, and calibration process. First, although
CIN2 is heterogeneous and may be caused by infections des-
tined to regress or progress to CIN3, the stringent definition
of precancer (4), we have included it as a distinct health state.
Although we derived inputs from adjudicated diagnoses sub-
ject to stringent quality control whenever possible, classifica-
tion of CIN2 versus CIN3 is still subject to error and variation.
Because final histological classifications for CIN2 versus
CIN3 from the Costa Rica Vaccine Trial were not available
at the time of model development, and because of small
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numbers of CIN3+ lesions in the study population, we were
not able to discern differential progression rates for CIN2 ver-
sus CIN3 at the time of this writing. Still, model inputs reflect
the increased likelihood of regression and the decreased likeli-
hood of progression for CIN2 (relative to CIN3).

Second, although HPV is a sexually transmitted infection,
in this particular model we do not explicitly reflect transmis-
sion of HPV in the population based on sexual behavior, but
rather rely on age-related HPV incidence as a proxy. Our
model has the capability to be linked to an accompanying
transmission model in which the probability of an individu-
al’s acquiring an infection is dependent on sexual contact pat-
terns and the distribution of infection in the population at a
given time (18, 19). Although HPV incidence baseline inputs
were derived from a Colombian cohort, our calibration pro-
cess allowed us flexibility in adjusting these estimates to fit
HPV prevalence data from a population-based US screening
registry.While these datawere fromNewMexico, comparisons

with national surveys (e.g., the National Health and Nutrition
Examination Survey) on age-specific HPV16/18 prevalence
(44, 45) and type distribution in cancer (5) suggest that the
population simulated in the calibrated model may reasonably
represent the US population.

The use of longitudinal data from the Costa Rica Vaccine
Trial to derive type-specific HPV clearance and progression
rates by time since infection is a key strength of the model,
but there remain limitations to our analytic approach. Data
were based on visits taking place approximately biannually
or annually, and because of differences in follow-up schedules
according to risk profiles, we collapsed data into approximate
yearly intervals and assumed constant hazards within each in-
terval. Thus, our model inputs reflect the average rate over an
interval and do not capture high initial clearance rates for very
transient infections. This limitation, however, afflicts even lon-
gitudinal studies with more frequent follow-up, and all natu-
ral history studies are limited by current HPV and CIN2+
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Figure 2. Model output relative to calibration targets for age- and type-specific prevalence of human papillomavirus (HPV). Each panel represents
a different type of HPV: A) HPV16; B) HPV18; C) HPV31; D) HPV33; E) HPV45; F) HPV52; and G) HPV58. The black circles represent the point
estimate from the NewMexico HPVPapRegistry for each age group (34); the black lines represent the 95% confidence intervals. Model output from
the top 50 parameter sets following likelihood-based scoring is displayed by gray circles.
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detection methods. The study population of the Costa Rica
Vaccine Trial comprised young women and results may not
be generalizable to older women, but other longitudinal studies
have strongly suggested that viral persistence is a function of
the duration of infection, irrespective of a woman’s age (24).
At the time of model development, cases of CIN2+ in the

Costa Rica Vaccine Trial had not been molecularly attributed
to a particular HPV type through such methods as laser cap-
ture microdissection. The presence of multiple oncogenic
types at detection of some CIN2+ lesions required statistical
type attribution assumptions. We prioritized HPV16 infec-
tions and persistent infections with oncogenic types, deter-
mining fractional attribution when multiple infections were
present. It is possible that we overestimated progression at-
tributable to HPV16 at the expense of other oncogenic types,
but recent microdissection studies of precancerous lesions
suggesting the dominance of HPV16 (46) and the close fit
of model outcomes on genotype frequency in CIN2, CIN3,

and cancer provides reassurance that our hierarchical attribu-
tion scheme was reasonable.
We have discussed limitations of our calibration approach

elsewhere (13, 21), but we reiterate these briefly here. With
multiple parameters being varied simultaneously, it is diffi-
cult to know whether the parameter space was searched com-
prehensively. To address this issue, we substantially reduced
the number of parameters subject to searching relative to our
previous modeling efforts. This downsizing was possible due
to the availability of recent high-quality longitudinal data (22,
28) and the use of visual fitting and model experimentation to
refine search ranges prior to initiating parameter searches.
We constructed a revised and enhanced natural history

model of cervical cancer that is equipped to evaluate many as-
pects of cervical cancer prevention policies. By relying on new
understanding of the underlying disease process, we structured
our model around HPV infection status rather than poorly re-
producible cytological or histological classifications. We also
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Figure 3. Model output relative to calibration targets for human papillomavirus (HPV) type-specific frequency in cervical intraepithelial neoplasia
(CIN) grade 2 (CIN2), CIN grade 3 (CIN3), and cancer. Each panel represents a different health state: A) CIN2; B) CIN3; and C) cervical cancer. The
black circles represent the point estimate from the New Mexico Surveillance, Epidemiology, and End Results Registry for each HPV type (17); the
black lines represent the 95% confidence intervals. Model output from the top 50 parameter sets following likelihood-based scoring is displayed by
gray circles.
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analyzed longitudinal data from the Costa Rica Vaccine Trial
to derive time- and type-specific transitions from the HPV
state. Empirical data on the burden of HPV from a state-of-
the-art cervical disease registry in New Mexico provided a
rich source of epidemiologic targets for assessing model fit
to a US setting. We present this model in response to a call
for new natural history models of cervical cancer intended
for decision analysis and economic evaluation (1) at a time
when global cervical cancer prevention policy continues to
evolve and evidence of the long-term health effects of cervi-
cal interventions remains critical.
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