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The object of our study is to project the impact of a
prophylactic vaccine against persistent human papillomavi-
rus (HPV)-16/18 infection on age-specific incidence of inva-
sive cervical cancer. We developed a computer-based math-
ematical model of the natural history of cervical
carcinogenesis to incorporate the underlying type-specific
HPV distribution within precancerous lesions and invasive
cancer. After defining plausible ranges for each parameter
based on a comprehensive literature review, the model was
calibrated to the best available population-based data. We
projected the age-specific reduction in cervical cancer that
would occur with a vaccine that reduced the probability of
acquiring persistent infection with HPV 16/18, and explored
the impact of alternative assumptions about vaccine efficacy
and coverage, waning immunity and competing risks associ-
ated with non-16/18 HPV types in vaccinated women. The
model predicted a peak age-specific cancer incidence of 90
per 100,000 in the 6th decade, a lifetime cancer risk of 3.7%
and a reproducible representation of type-specific HPV
within low and high-grade cervical precancerous lesions and
cervical cancer. A vaccine that prevented 98% of persistent
HPV 16/18 was associated with an approximate equivalent
reduction in 16/18-associated cancer and a 51% reduction in
total cervical cancer; the effect on total cancer was attenu-
ated due to the competing risks associated with other onco-
genic non-16/18 types. A vaccine that prevented 75% of per-
sistent HPV 16/18 was associated with a 70% to 83%
reduction in HPV-16/18 cancer cases. Similar effects were
observed with high-grade squamous intraepithelial lesions
(HSIL) although the impact of vaccination on the overall
prevalence of HPV and low-grade squamous intraepithelial
lesions (LSIL) was minimal. In conclusion, a prophylactic
vaccine that prevents persistent HPV-16/18 infection can be
expected to significantly reduce HPV-16/18-associated LSIL,
HSIL and cervical cancer. The impact on overall prevalence
of HPV or LSIL, however, may be minimal. Based on the
relative importance of different parameters in the model,
several priorities for future research were identified. These
include a better understanding of the heterogeneity of vac-
cine response, the effect of type-specific vaccination on other
HPV types and the degree to which vaccination effect per-
sists over time.
© 2003 Wiley-Liss, Inc.
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In the past several years there have been substantial advances in
our understanding of the epidemiology of cervical carcinogenesis
and the causal role of oncogenic human papillomavirus (HPV).!-3
Despite this scientific progress, cervical cancer continues to have
a devastating impact on women worldwide, with an estimated
400,000 women developing cervical cancer and 200,000 dying
from this disease each year.#~7 From the perspective of developing
countries, where less than 5% of women are ever screened, the
development of a preventive vaccine may offer the most feasible
option to reduce cervical cancer mortality.8°

A growing body of evidence implicates persistent HPV infec-
tions, particularly with oncogenic types, in the cause of squamous

intraepithelial lesions (SIL) and cancer.!0-13 Persistent HPV infec-
tion results in inactivation (by the E6 and E7 proteins of the HPV
genome) of p53 and pRb tumor suppression genes, leading in turn
to increasingly severe intraepithelial neoplasia and eventually to
cancer. HPV DNA has been detected in up to 99.7% of all cervical
cancers, and infection with 2 types (HPV-16 and HPV-18) ac-
counts for more than 50% of all cervical cancer diagnosed each
year.!+15 A prophylactic vaccine that reduces or prevents high-risk
infections such as HPV-16 and HPV-18 is likely to also prevent
the development of HPV-16 and HPV-18 induced cervical can-
cer.16.17 Recent results from a Phase II trial of an HPV vaccine
showed 100% efficacy over 18 months in preventing persistent
HPV-16 or HPV-16-specific cervical intraepithelial neoplasia
(CIN), and Phase III trials of vaccines targeted against different
oncogenic HPV types are underway.!'8

A number of factors must be explicitly considered in order to
accurately evaluate and quantify the public health benefits of a
potentially effective vaccine: accurate specification of the under-
lying natural history of disease; an understanding of the heteroge-
neity of risk in the target population; information with respect to
competing morbidity and mortality in the global region of interest;
and finally, vaccine program accessibility, compliance and feasi-
bility. No clinical trial or single longitudinal cohort study will be
able to consider all of these components and assess all possible
strategies in all populations. A decision analytic approach using a
mathematical simulation model can be a useful tool with which to
evaluate alternative strategies by extending the knowledge from
empirical studies to real-world situations.!°-2! For example, in the
context of settings in which cervical cancer screening occurs, what
would we expect in terms of observed prevalence of HPV, low-
grade squamous intraepithelial lesions (LSIL) and high-grade
squamous intraepithelial lesions (HSIL) if the population were
vaccinated? This information will be crucial for planning health
policy initiatives that involve both screening and vaccination, and
forecasting the likely health economic consequences associated
with different programs.

Decision analytic models can also assist in the design of future
clinical trials.?? For example, CIN 3 has historically been consid-
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ered the strongest surrogate for cervical cancer; however, the
totality of evidence supporting the role of persistent HPV infection
in development of cervical cancer suggests that using “persistent
infection” as a surrogate marker in clinical studies may also be
reasonable.?? Mathematical modeling techniques using the best
available epidemiologic data can provide insight into the implica-
tions of using persistent HPV infection vs. CIN 3 as a surrogate
marker in future vaccine trials.

Motivated by the challenges outlined above, our objective was
to explore the clinical and public health implications of a type-
specific HPV vaccine. We developed a computer-based model
capable of simulating the entire spectrum of cervical disease
stratified by HPV types which was built upon the foundation of
previous cervical cancer models.>*—3* We used the model to
project the impact of a prophylactic vaccine against persistent
HPV 16/18 infection on the burden of disease attributable to
cervical cancer, and to explore the potential effect of vaccination
on the overall prevalence of HPV, LSIL and HSIL.

MATERIAL AND METHODS
Analytic overview

We developed a model capable of simulating the natural history
of HPV infection and cervical carcinogenesis while incorporating
the underlying type-specific HPV distribution within each stage of
cervical disease. The model was used to assess the impact of a
prophylactic HPV-16/18 vaccine on the age-specific incidence and
lifetime risk of invasive cervical cancer, precursor cervical lesions
and type-specific infection with HPV. The natural history of dis-
ease was modeled as a sequence of transitions among mutually
exclusive health states. These states were defined using: 5 general
categories of HPV infection (persistent HPV 16/18, persistent
non-16/18 high-risk HPV types, persistent low-risk HPV types,
transient low or high-risk types of HPV and no HPV); 3 categories
of cervical disease (no neoplasia, cervical intraepithelial neoplasia
1 (CIN 1), cervical intraepithelial neoplasia 2,3 [CIN 2,3]; and 4
categories of invasive cervical cancer based on the staging system
of the Federation Internationale de Gynecologie et d’Obstetrique
(FIGO) system (Stage I, Stage II, Stage III and Stage 1V).3>

Studies that have examined the risk of cervical neoplasia asso-
ciated with persistent HPV have defined “persistence” in a variety
of ways.10-12.36-45 We stratified the HPV sector of health states
into categories that were consistent with the classification used in
the main clinical studies from which the parameter estimates for
the incidence of HPV were derived.!04047 The HPV stratum
reflecting persistent high-risk types of HPV was further stratified
into 2 groups: one to represent persistent infection with HPV types
16 or 18; one to represent persistent infection with HPV non-16 or
18 high risk types (e.g., 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68).
The HPV stratum reflecting persistent low-risk types included
women with all other HPV types.

For the purpose of this analysis, the model is described using the
Bethesda classification nomenclature because the majority of re-
cent studies that include data on HPV report their results using this
system.*$:4% Health states referred to as LSIL in the natural history
model represent CIN 1, and those referred to as HSIL represent
CIN 2,3 and CIS (carcinoma in situ). Since the variable risk of
progression to invasive cancer can be difficult to adequately cap-
ture using a single health state to represent CIN 2,3 and CIS, we
stratified HSIL into 2 health states to reflect its heterogeneous
natural history.

The time horizon of the analysis incorporated a woman’s entire
lifetime and was divided equally into 6-month increments, referred
to as Markov cycles, during which women “transitioned” from one
health state to another. Transitions between health states occurred
once within each Markov cycle and were dictated by transition
probabilities that were time-dependent. We chose a cycle length of
less than 1 year to permit a realistic simulation of the natural
history of HPV infection.!9:12.38.50-52 A cohort of 100,000 13-year-
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old adolescent girls entered the model and faced age-dependent
probabilities of acquiring HPV infection. Individuals simulta-
neously moved through the model according to transition proba-
bilities based on their current cytologic and infection status. In the
natural history model, all cases of cervical cancer were assumed to
require persistent infection with HPV, reflecting the consensus that
HPV infection is the causative agent for the vast majority of
cervical cancers.!-'4!5 This may appear to conflict with epidemi-
ologic studies in which a proportion of cervical cancers “appear”
to occur in the absence of persistent HPV infection.!4!5-53 How-
ever, the best available data support that the vast majority of
cancers without prior “detectable HPV” are observed as such due
to limitations in the sensitivity of HPV DNA assays and the
periodic nature of screening within studies.>*>>

We assumed that acquired HPV infection could be persistent or
transient. Women with either transient or persistent HPV infection
could “clear” their HPV, although the probabilities governing
infection clearance were specific to the type of HPV infection.
Women who acquired HPV infection could develop histopatho-
logic cervical changes, and those with CIN 1 and with CIN 2,3
could progress, regress or stay the same. The probabilities gov-
erning each of these transitions were conditional on the type of
HPYV infection; for example, women with persistent high-risk types
of HPV were at greater risk of developing CIN 2,3 than those with
persistent low-risk types of HPV. Women who experienced a
single transient HPV infection did not develop CIN 2,3 or invasive
cancer. In each cycle women with invasive cancer could develop
symptoms or progress to the next stage of cancer. We assumed
symptomatic women with invasive cancer received stage-specific
treatment for their disease and were subject to the corresponding
stage-specific survival rates. From every health state and in every
cycle, women faced competing all-cause mortality risks.>¢

Modeling the impact of vaccination

We assumed that: (i) an effective vaccine would reduce the
probability of acquiring persistent infection with HPV 16/18 by
50%, 75% and 98%; (ii) 100% of the adolescent cohort is suc-
cessfully vaccinated prior to their first exposure to HPV; (iii)
adolescents receive 3 doses of the vaccine and are fully immunized
by age 13 when the simulation begins; (iv) recipients of an effec-
tive vaccine are subject to the competing risks associated with
acquisition of other HPV types; (v) vaccination has no impact on
HPV-16/18 infections that are destined to be transient; (vi) vaccine
efficacy does not wane over time. Because of the uncertainty as to
the real-world performance of a prophylactic vaccine against HPV
16/18, we explored alternative assumptions about vaccine efficacy,
waning immunity, infection with non-16/18 oncogenic HPV types
in women vaccinated against HPV 16/18 and vaccination coverage
rates.

Clinical data

A comprehensive review of the published literature was con-
ducted to define plausible ranges for the model parameter values
(Table I).10-12.37.45,50-52,57-73 Bibliographic searching was supple-
mented by secondary manual searches of recent publications not
yet indexed into online databases, manual searches of several
journals, online searches of Web sites specific to cervical cancer
and consultation with an expert panel. Transition probabilities
required by the model that were not available from primary data
were imputed using calibration exercises conducted in 3 sequential
steps: (i) the face validity of the model was assessed by projecting
a series of intermediate and long term outcomes for which there
were suitable existing data in the absence of screening (e.g.,
age-specific cervical cancer incidenceand stage-distribution of in-
vasive disease); (ii) the model was calibrated to the most compre-
hensive population-based data available on HPV, LSIL, HSIL and
cancer,’+7> a process involving systematically varying the input
parameters within predetermined ranges such that the model rep-
licated a range of observed outcomes; (iii) an assessment of the
calibration was conducted by evaluating the ability of the model to
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TABLE I-RANGES USED FOR TRANSITION PROBABILITIES IN MODEL

Variable Transient HPV' HPV 16/18' HPV non-16/18' Low-risk HPV'
Natural history parameters for HPV and CIN!0-12.37-47.50-52,57-69

Normal to HPV

<35 years 0.040-0.650 0.027-0.047 0.027-0.047 0.015-0.026

>35 years 0.010-0.025 0.003-0.008 0.003-0.008 0.003-0.008
HPV to LSIL (CIN 1) 0.010-0.046 0.010-0.081 0.010-0.081 0.010-0.046
LSIL (CIN 1) to HSIL (CIN 2/3) NA 0.080-0.120 0.080-0.120 0.040-0.050
HSIL (CIN 2/3) to CIS

<30 years NA 0.010-0.019 0.010-0.019 0.003-0.004

30-39 years NA 0.010-0.040 0.010-0.040 0.006-0.008

40-49 years NA 0.050-0.080 0.050-0.080 0.010-0.012

>50 years NA 0.072-0.114 0.072-0.114 0.020-0.024
HPV clearance 0.137-0.230 0.018-0.234 0.018-0.233 0.018-0.233
LSIL (CIN 1) regression? 0.147-0.206 0.062-0.162 0.062-0.162 0.085-0.116
HSIL (CIN 2/3) regression” NA 0.000-0.034 0.000-0.034 0.023-0.113

Progression to invasive cancer>70-73. 75-78

CIS to stage I invasive cancer

13-34 years NA 0.060-0.090 0.060-0.090 0.060-0.090

35-54 years NA 0.105-0.150 0.105-0.150 0.105-0.150

55-61 years NA 0.298-0.596 0.298-0.596 0.298-0.596

>62 years NA 0.890-0.968 0.890-0.968 0.890-0.968
Stage I invasive cancer

Progression to stage II NA 0.137-0.150 0.137-0.150 0.137-0.150

Probability of symptoms NA 0.047-0.060 0.047-0.060 0.047-0.060

Mortality NA 0.013-0.014 0.013-0.14 0.013-0.014
Stage 1I invasive cancer

Progression to stage III NA 0.146-0.160 0.146-0.160 0.146-0.160

Probability of symptoms NA 0.080-0.120 0.080-0.120 0.080-0.120

Mortality NA 0.029-0.032 0.029-0.032 0.029-0.032
Stage III invasive cancer

Progression to stage IV NA 0.206-0.225 0.206-0.225 0.206-0.225

Probability of symptoms NA 0.200-0.370 0.200-0.370 0.200-0.370

Mortality NA 0.076-0.084 0.076-0.084 0.076-0.084
Stage IV invasive cancer

Probability of symptoms NA 0.225-0.550 0.225-0.550 0.225-0.550

Mortality NA 0.116-0.176 0.116-0.176 0.116-0.176

'Plausible range established using age-specific values where indicated. Estimates are reported as every 6-month probabilities unless otherwise
noted. Details of point estimates from calibrated model are available from the authors upon request.—2LSIL and HSIL can regress to either HPV
infection or normal. See Material Methods section.—Probabilities for progression through cancer stages and for development of stage-specific
symptoms imputed through previously described methods.?*25-30-Abbreviations: HPV, human papillomavirus; CIN, cervical intraepithelial
neoplasia; CIS, carcinoma in situ; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion.

generate reasonable projections of age-specific prevalence curves
of HPV, LSIL and HSIL, age-specific cervical cancer incidence
and lifetime cancer incidence and mortality that were consistent
with published data not used for parameter estimation.870-79

Data used for the calibration exercises were from a population-
based screening study of 9,175 randomly chosen women in a rural
province of Costa Rica,’+7> which provided the best available
unbiased estimates of the prevalence of HPV types in all grades of
cervical neoplasia. Screening of study subjects included the use of
multiple screening tests and comprehensive diagnostic workups to
ensure accurate case identification and lesion classification. Spe-
cific data used from the study included: age-specific prevalence of
HPV infection stratified by type; age-specific prevalence of HPV,
LSIL and HSIL; and the distribution of HPV types among women
with normal cytology results, histologically-confirmed LSIL,
HSIL and cancer (Fig. 1). We assigned priority to calibrating the
categories of oncogenic HPV types (HPV-16/18 and HPV non-
16/18 or 31, 33, 34, 39, 45, 51, 52, 56, 58, 59, 68) since the
appropriate modeling of vaccine effectiveness depends on an ac-
curate representation of this stratification. All remaining infections
were reclassified as either low-risk HPV types or transient HPV
infection. Based on these data, HPV 16/18 was estimated to be
responsible for 61.5% of invasive cervical cancer.

RESULTS
Predictive capability of the model

The predictive ability of the model was assessed by comparing
projected outcomes with data not directly used for calibration. For

example, the model predicted a peak age-specific cancer incidence
of approximately 90 per 100,000 at 59 years of age. In comparison,
data from the International Agency for Research on Cancer report
a peak cancer incidence at a mean age of 58.8 years for Brazil and
many other Latin American regions.””-’® These results are also
consistent with those reported by Gustafsson et al.’® who com-
pared country-specific differences in age-specific cervical cancer
incidence curves in 28 unscreened populations. The stage distri-
bution of invasive cancer predicted by the model was similar to
that reported for other unscreened populations.®7® Finally, the
lifetime risk of cancer was 3.7%, similar to published projections
using independent models.>”

Base case

The impact of vaccines that reduce persistent HPV-16/18 infec-
tion rates by 50%, 75% and 98% on the annual incidence of
cervical cancer is illustrated in Figure 2. The cumulative reduction
in cervical cancer cases, stratified by HPV type, is shown in Figure
3a. A vaccine that prevented 98% of persistent HPV 16/18 was
associated with an approximate equivalent reduction in persistent
HPV-16/18-associated cancer and a 51% reduction in total cancer
(i.e., cancer caused by any high-risk HPV type). Under the base
case assumptions, the model predicted an “amplified” benefit in the
reduction in HPV-16/18-associated cervical cancer with a partially
effective vaccine (e.g., a vaccine that prevented 75% of persistent
HPV 16/18 was associated with an 85% reduction in persistent
HPV-16/18-associated cancer) but an “attenuated” effect with re-
spect to the reduction of total cancer cases (e.g., a vaccine that
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Fi1GURE 2 — Impact of HPV-16/18 vaccines on incidence of cervical
cancer. Age-specific cancer incidence is predicted for vaccines that
reduce the incidence of persistent HPV-16/18 infection by 50%, 75%
and 98%, where women are immunized by model entry at age 13
years.

prevented 75% of persistent HPV 16/18 was associated with a 44%
reduction in all cancers).

These discordant observations are a result of the following
assumptions. To model partial vaccine efficacy, we assumed the
vaccine reduced the probability of developing persistent infection
with HPV 16/18 by a specified amount in every woman in the
cohort. If a woman cleared a persistent HPV infection, she faced
the possibility of developing another persistent HPV infection with
the same HPV type. Accordingly, she also continued to benefit
from a probable reduction in her cancer risk due to vaccination.
This assumption resulted in an amplified benefit with respect to the
reduction in cumulative HPV-16/18-associated cancers.

A second assumption resulted in an attenuated effect on the
reduction of total cancer cases, partially blunting the amplification
effect noted above. We assumed that women in whom persistent
HPV-16/18 infection was successfully prevented were subject to
the competing risks associated with acquisition of other HPV

types. The implications of this ongoing susceptibility to non-16/18
HPV types are shown in Figure 3a. As expected, there was a
reduction in HPV-16/18 associated cancers with effective vacci-
nation. However, the cumulative number of cancers due to other
HPV types actually increased. The impact of this assumption is
greater at higher vaccine efficacies, since a relatively greater
proportion of women are eligible to acquire infection with other
HPV types.

Although our primary outcome of concern is reduction of cer-
vical cancer cases and deaths, the impact of vaccination on surro-
gate markers and intermediate outcomes has implications for de-
signing clinical trials and assessing the impact of vaccination on
screening practices. Figure 3 shows that the compensatory increase
in non-HPV-16/18-cancer associated outcomes, accompanying the
vaccine-attributable reduction in HPV-16/18 cancer outcomes, was
also observed with respect to HSIL (Fig. 3b) and most pronounced
with respect to LSIL. In fact, the reduction in HPV-16/18-associ-
ated LSIL was nearly completely offset by increases in LSIL
attributable to other HPV types. This is potentially a reflection of
the fact that LSIL is essentially a manifestation of HPV infection
rather than a step in the critical pathway to cancer, and is therefore
less tightly associated with high-risk persistent HPV-16/18 infec-
tion. (Fig. 3¢)

A valuable attribute of simulation models is the ability to project
long-term outcomes under a variety of alternative assumptions
when empiric data are lacking. These exploratory simulations can
be valuable in demonstrating where the acquisition of definitive
data may be the most influential. Figure 4 shows the projected
reduction in total cervical cancer in 2 hypothetical scenarios that
reflect alternative assumptions about the competing risk of non-
16/18 cancers in women successfully vaccinated against HPV
16/18. The lower dashed curve (competing risk) represents the
projected reduction in cancer assuming that women successfully
vaccinated against HPV 16/18 are eligible to become infected with
non-16/18 types, resulting in a compensatory increase in non-16/
18-associated outcomes. The upper solid curve (no competing risk)
represents the projected reduction in cancer assuming that women
destined for HPV 16/18-associated invasive cancer, and then pro-
tected due to successful 16/18 vaccination, are not eligible for
non-16/18 HPV infections. Figure 5 shows the implications of
different coverage rates on the projected outcomes of an HPV-
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16/18 vaccine. Regardless of the baseline vaccine efficacy, the
proportion of the cohort successfully vaccinated is a critical de-
terminant of total cancer reduction. The difference in baseline
vaccine efficacy is most influential when vaccine coverage rates
approach 100%.

The proportion of persistent HPV infection observed in older
women that is attributable to latent or previously acquired infec-
tions vs. new HPV infections is uncertain. Under 3 alternative
assumptions about the natural history model, we explored the
impact of waning immunity in older women who were previously
vaccinated. Figure 6 shows the projected reduction in overall
invasive cervical cancer with 3 HPV-16/18 vaccines (efficacy of
50%, 75% and 98% against persistent HPV 16/18) whose efficacy
wanes 10 years after vaccination by a factor of 25% to 100%. The
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FiGure 3 — Impact of HPV-16/18 vaccines on projected cases of
invasive cancer (a), HSIL (b) and LSIL (c) by HPV type. Reductions
in HPV-16/18-associated cancer and HSIL are accompanied by small
increases in non-16/18-associated cancer and HSIL due to the com-
peting risks of other high-risk HPV types. Reductions in HPV-16/18-
associated LSIL are completely offset by increases in LSIL attribut-
able to other HPV types. Other HPV types include transient infection
with any HPV type, persistent low-risk HPV types and persistent
non-16/18 high-risk HPV types. The dotted line indicates the level of
cancer, HSIL and LSIL cases attributable to other HPV types in the
absence of vaccination. See Results section for details.
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3 panels in Figure 6 reflect 3 different assumptions about the
proportion of persistent HPV infection in women over the age of
30 attributable to latent or previously acquired infections vs. new
infections. As the proportion of persistent HPV infections in older
women attributable to new infections (vs. latent or previously
acquired infections) is increased, the relative effect of waning is
greater. Figure 6a depicts the assumption that 50% of persistent
HPV infection in older women is attributable to latent (i.e., pre-
viously acquired) infections and 50% is attributable to new infec-
tions.

DISCUSSION

Decisions related to both clinical study design and health policy
must often be made in the face of uncertainty. Although there are
substantial data supporting the causative role of persistent HPV
infection in the development of cervical cancer, the complete
course of disease, from acquisition of HPV to the development of
invasive cancer, has never been and will never be completely
observed. This fact challenges clinical investigators, health policy
analysts and public health decision-makers to determine appropri-
ate courses of action based on the best available clinical and
epidemiologic data.

Several cervical cancer models have been developed to assess
the costs and/or benefits of screening for cervical cancer.?32* They
have provided important groundwork for thinking about the mod-
eling structure and data requirements necessary to evaluate HPV
testing. To evaluate the impact of a type-specific HPV vaccine,
however, a more detailed model is required, one that is capable of
simulating the entire natural history of cervical disease conditional
on HPV type. To our knowledge, there have been no such models
calibrated simultaneously to age-specific prevalence of HPV,
LSIL, HSIL and cervical cancer and to the distribution of HPV
types across the spectrum of cervical disease. The results of our
calibration exercise demonstrate: a reasonable visual fit to age-
specific prevalence rates for all precancerous lesions compared to
the Costa Rica population study; accurate and reproducible esti-
mates for the age-specific incidence and lifetime cumulative inci-
dence of cervical disease compared to data from unscreened pop-
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FI1GURE 4 — Impact of alternative assumptions about the competing
risk of non-16/18 HPV associated cancer in women vaccinated against
HPV 16/18. Percent reduction in cases of cervical cancer compared to
an unvaccinated cohort is examined as a function of vaccine efficacy
using 2 different assumptions. The lower dashed curve (competing
risk) represents the projected reduction in cancer assuming that women
successfully vaccinated against HPV 16/18 are eligible to become
infected with non-16/18 types. The upper solid curve (no competing
risk) represents the projected reduction in cancer assuming that women
destined for HPV-16/18-associated invasive cancer, and then protected
due to successful 16/18 vaccination, are not eligible for non-16/18
HPV infections.
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cines that prevent 50% (right bars), 75% (middle bars) and 98% (left
bars) of persistent HPV 16/18, the proportion of the cohort success-
fully vaccinated is varied from 25% to 100%. The difference in
baseline vaccine efficacy is most influential at higher vaccine coverage
rates.

ulations; and a reproducible representation of type-specific HPV
within each stage of cervical disease, from LSIL to invasive
cancer. The ability to calibrate such a complex model to multiple
outcomes both longitudinally and cross-sectionally provides qual-
itative support (although not epidemiologic evidence) for the un-
derlying assumption regarding the role of persistent HPV infection
in the development of cancer. For example, if cervical cancer does
not occur through persistent HPV infection, but through some as
yet unidentified alternative pathway, the model would not be likely
to project all intermediate outcomes accurately and simulta-
neously.

In the base case scenario, we found that a partially effective
vaccine had a magnified effect on the reduction of HPV-16/18-
associated cancer and an attenuated effect on total cancer cases due
to assumptions we made in modeling vaccine efficacy. As recom-
mended by the Panel on Cost-Effectiveness in Health and Medi-
cine,!® we conducted additional analyses to explore the impact of
several alternative assumptions with respect to the nature of vac-
cine efficacy, the degree of waning immunity and the extent to
which competing risk due to other HPV types plays a role in
women who are vaccinated against HPV 16/18.

Such simulations are meant to be exploratory and can assist in
identifying and prioritizing areas where the acquisition of empiric
data may be most influential. For example, despite divergent
assumptions about the risk of competing non-16/18 HPV types in
women vaccinated against HPV 16/18, the reduction in invasive
cervical cancer remained substantial. On the other hand, assump-
tions about the proportion of the at-risk population successfully
vaccinated had dramatic impact on the estimated benefits of HPV-
16/18 vaccination. It is clear that broad population coverage (e.g.,
at least 75% of the at-risk cohort) with a partially effective vaccine
that prevents 50% to 75% of persistent HPV 16/18 will provide a
greater reduction in cervical cancer than coverage of less than 50%
of the at-risk cohort with a very effective vaccine that prevents
98% of persistent HPV 16/18.

A better understanding of what proportion of persistent HPV
infections that eventually lead to cancer are a result of reactivation
of latent or previously acquired HPV as opposed to new incident
infections acquired later in life will substantially affect the conse-
quences of waning immunity with respect to HPV-16/18 vaccina-
tion. At one extreme, if the majority of cervical cancer in 50-year-
old women is a result of new HPV infections that are acquired after
age 25 or 30, administering a vaccine to a 12-year-old girl that
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FIGURE 6 — Impact of waning immunity at 10 years according to
baseline vaccine efficacy. The reduction is projected in overall inva-
sive cervical cancer with 3 HPV-16/18 vaccines (efficacy of 50%, 75%
and 98% against persistent HPV 16/18) whose efficacy wanes 10 years
after vaccination by a factor of 25% to 100%. (a) The upper panel
assumed that 100% of persistent HPV infections in older women are
attributable to latent or previously acquired infections. (b) The middle
panel assumed the proportion of persistent HPV infections in women
over the age of 30 attributable to latent or previously acquired infec-
tions is 50%, and the proportion attributable to new infections is 50%.
(c) The lower panel assumed that 100% of persistent HPV infections
are attributable to newly acquired infections.
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wanes after 10 or 15 years will have a markedly reduced impact on
the prevention of cervical cancer. At the other extreme, if the
majority of cervical cancers are caused by reactivation of latent or
previously acquired HPV earlier in life, then an HPV-16/18 vac-
cine administered to a 12-year-old girl that is effective during the
10 to 15 years she is at highest risk for incident HPV infections
may still have a substantial effect on cervical cancer. We felt it
prudent to present the projected results for both of these extreme
assumptions, as well as one which assumed approximately half of
persistent HPV infections in older women are attributable to new
infections and half attributable to reactivation of latent or previous
HPV infections acquired earlier in life.

There are a number of limitations that should be highlighted:

1. It is well documented that the proportion of invasive cancer
attributable to HPV 16/18 varies between different regions of the
world.'+1> Since the natural history model is calibrated to data
from Costa Rica, caution should be used in generally applying this
data to other regions. If the prevalence of HPV 16/18 and the
proportion of cervical cancer due to HPV 16/18 is higher than we
assumed in our base case, we may have underestimated the ben-
efits of vaccination.

2. The age-specific prevalence of HPV varies with the age of
onset of sexual activity, patterns of sexual behavior, other risk
factors (e.g., oral contraceptives and smoking), as well as the
sensitivity of the assay.80-82

3. Since the relative reduction in LSIL with a type-specific
vaccine is a function of the proportion of precursor lesions attrib-
utable to HPV 16/18, there is a greater reduction in the projected
age-specific prevalence of HSIL than LSIL for Costa Rica, but this
may not be observed in other areas of the world. Region-specific
analyses should be conducted that take these factors into account.

4. The average age at which peak annual incidence of invasive
cancer occurs, the stage-distribution and stage-specific mortality
rates will vary with geographic location, level of health care
infrastructure and level of cytology screening. The causal pathway
of cervical carcinogenesis and the role of persistent HPV would
not be expected to differ despite these differences. In fact, by
adjusting for local factors (sexual activity patterns, distribution of
HPV types in SIL and cancer and screening practice), the model is
adaptable to forecasting vaccine benefits in other settings.

5. We have implicitly assumed that the majority of persistent
HPV infections in older women represent reactivation of latent or
previously acquired HPV. Assumptions about the relative propor-
tion of persistent HPV infections in women over the age of 30
attributable to new exposure and acquisition of HPV as opposed to
reactivation of latent or previously acquired HPV will have an
important impact on the projected clinical effects of waning.
Empiric data to inform these assumptions are of highest priority.

GOLDIE ET AL.

6. Our model is not a transmission model, and to assess the
impact of HPV vaccination of males and females on the transmis-
sion of disease, epidemic models will be required.®?> Dynamic
models that allow people to enter or exit the model over time are
more suitable for evaluating disease trends over time and will be
necessary to monitor vaccination programs after they are imple-
mented. Finally, there are heterogeneities in vaccine response that
we did not include in the absence of empiric data.

Future health policy initiatives that involve both screening and
vaccination will need to anticipate the possible impact of vacci-
nation on the screening program. For example, if an HPV-16/18
vaccine is associated with a reduction in SIL prevalence, there
could be health economic benefits resulting from lower associated
screening costs.®* On the other hand, if vaccination has relatively
less impact on the most common lesion, namely LSIL, then the
cost-effectiveness of vaccination in a country with screening will
be very sensitive to current screening practices and their ability to
shift, in the context of a vaccine program. Our study highlights the
importance of getting better information on the age-related distri-
bution of HPV types within LSIL and HSIL, the regional variation
of these distributions in different parts of the world, the attributable
risk posed by non-16/18 HPV types in women successfully im-
munized against HPV 16/18 and the degree of potential cross
protection that might occur with a type-specific HPV vaccine.
These types of studies do not all need to be experimental, but may
be observational. By combining the powers of mathematical mod-
eling with those of randomized controlled trials, we can achieve
more than with each in isolation.

Our results show that a prophylactic vaccine that prevents
persistent HPV-16/18 infection can be expected to significantly
reduce HPV-16/18-associated HSIL and cervical cancer. Despite
examining several divergent assumptions that resulted in amplifi-
cation or blunting of the vaccine’s effect on outcomes, a vaccine
that is 75% effective in reducing persistent HPV-16/18 infection
can be expected to prevent 70% to 83% of HPV-16/18 cancer
cases. The impact on overall prevalence of HPV or LSIL, however,
may be less pronounced. Based on the relative importance of
different parameters in the model, important priorities for future
research and public health policy include understanding the heter-
ogeneity of vaccine response, effect of type-specific vaccination on
other HPV types and degree to which vaccination effect persists
over time.
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