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Abstract

Cytology-based screening has reduced cervical cancer mortality in countries able to implement,
sustain and financially support organized programs that achieve broad coverage. These ongoing
secondary prevention efforts considerably complicate the question of whether vaccination against
Human Papillomavirus (HPV) types -16 and 18 should be introduced. Policy questions focus
primarily on the target ages of vaccination, appropriate ages for a temporary “catch-up” program,
possible revisions in screening policies to optimize synergies with vaccination, including the
increased used of HPV DNA testing, and the inclusion of boys in the vaccination program. Decision-
analytic models are increasingly being developed to simulate disease burden and interventions in
different settings in order to evaluate the benefits and cost-effectiveness of primary and secondary
interventions for informed decision-making. This article is a focused review on existing mathematical
models that have been used to evaluate HPV vaccination in the context of developed countries with
existing screening programs. Despite variations in model assumptions and uncertainty in existing
data, pre-adolescent vaccination of girls is consistently found to be attractive in the context of current
screening practices, provided there is complete and lifelong vaccine protection and widespread
vaccination coverage. Questions related to catch-up vaccination programs, potential benefits of other
non-cervical cancer outcomes and inclusion of boys are subject to far more uncertainty, and results
from these analyses have reached conflicting conclusions. Most analyses find that some catch-up
vaccination is warranted but becomes increasingly unattractive as the catch-up age is extended, and
vaccination of boys is unlikely to be cost-effective if reasonable levels of coverage are achieved in
girls or coverage among girls can be improved. The objective of the review is to highlight points of
consensus and qualitative themes, to discuss the areas of divergent findings, and to provide insight
into critical decisions related to cervical cancer prevention.
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1.0. Introduction

In countries able to afford and support organized cervical cancer prevention programs,
screening with cytology has reduced mortality from invasive cervical cancer [1]. Although a
single cytology test has low sensitivity for detecting precancerous lesions [2], because of the
slow nature of cervical carcinogenesis, screening women repeatedly at frequent intervals has
proven to be an effective secondary prevention strategy.

Countries have established different guidelines with respect to screening intervals, ages and
diagnostic algorithms in response to positive screening test results, and have achieved different
levels of coverage (Table 1) [3-5]. The relevant challenges with respect to screening have varied
as a result. For example, the United States of America (USA) has grappled with escalating
costs associated with cervical cancer screening in which substantial resources are spent on mild
abnormalities likely to regress, while Singapore and Italy have struggled to improve quality
control and Japan faces declining coverage rates [6]. In the context of these challenges, there
has been considerable interest in new screening technologies, such as Human Papillomavirus
(HPV) DNA testing, shown to be more sensitive than cytology for detection of high-grade
cervical disease. Accordingly, HPV DNA testing is increasingly being included in national
screening recommendations. For example, in the USA, HPV DNA testing is recommended as
a triage test for equivocal cytology results and as a primary screening test in conjunction with
cytology in older women [7]. Provided screening is not more frequent than triennial, both have
been found to be cost-effective [8-10].

The availability of prophylactic vaccines against HPV types -16 and 18 now presents an option
for primary prevention of cervical cancer raising important policy issues. For example, specific
questions being discussed in the USA, Canada, Australia, the United Kingdom (UK) and other
European countries include the optimal target ages for vaccination, appropriate ages for a
temporary “catch-up” program, potential revisions in screening practices to optimize synergies
with vaccination, and whether to include boys in the vaccination program. Evaluating the
comparative outcomes expected with different vaccination strategies is challenging given the
many factors that will need to be considered. For example, countries with well-established
screening programs will need to consider the potential avertable burden of disease relative to
their status quo, the uncertainty in duration of vaccine protection, the relative performance of
new screening strategies that utilize HPV DNA testing, the costs associated with different
cervical cancer prevention options, and the likelihood of acceptability and uptake.

In order to explore such complex factors and uncertainties, decision-analytic models are
increasingly being developed to synthesize multiple sources of epidemiological, clinical, and
economic data, to simulate disease burden and interventions in different countries, to
extrapolate data from short-term clinical studies to long-term population-based outcomes, and
to evaluate the benefits and cost-effectiveness of primary and secondary preventive
interventions for informed decision-making. These models can also be used to explore the
implications of uncertain assumptions, as well as to identify priority areas of clinical research.

Recent reviews have identified elements of cost-effectiveness analysis and modeling that are
most relevant to cervical cancer control evaluation and have discussed the methodological
issues most pertinent to upcoming policy questions in the cervical cancer field [11-13].
Extending this work, this article provides a descriptive overview of the existing mathematical
models used to evaluate HPV vaccination in the context of developed countries with established
screening programs.
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2.0. Mathematical Models for Decision-Making

In the context of cervical cancer prevention, several models have been developed, each
associated with strengths and limitations, and each equipped with features suited to address
different policy questions. In general, the choice of model type is a function of several
considerations including: 1) the specific question(s) being addressed; 2) the features of natural
history and disease that are important to capture for the specific problem being analyzed; 3)
the data available to parameterize, calibrate and validate the model; 4) the familiarity of the
analyst with different modeling techniques; 5) the time requirements for model development;
and 6) the ease and speed of running the model and conducting the analysis [14].

There are modeling challenges that are of particular relevance to HPV-16/18 vaccination
[11,13]. First, as with many vaccines, there are potentially complex epidemiological
consequences at the population level due to herd immunity effects. Second, there is a long lag
time between the intervention and the ultimate health benefits, as an HPV-16/18 vaccine
delivered in adolescence is intended to prevent cancers in adulthood several decades later.
Third, current vaccines prevent only two high-risk HPV types, introducing challenges related
to the modeling of potential type interactions. Fourth, cervical cancer prevention strategies that
are currently available in most developed countries have different mechanisms of action,
considerably complicating the amount of detail required in a model that includes them all. For
example, cytology is aimed at detecting abnormal cervical cells resulting from HPV infection
with both low- and high-risk types; current HPV DNA tests used for screening detect the
presence of any of 13 high-risk types; the bivalent vaccine targets high-risk types HPV-16 and
18; and the quadrivalent vaccine also targets two low-risk types, HPV-6 and 11. Because it is
very difficult to capture all of these complexities to the fullest degree possible, as a general
rule, all models involve tradeoffs.

Figure 1 depicts a general model of cervical carcinogenesis. The natural history of disease in
an individual woman is represented as a sequence of transitions between mutually-exclusive
health states. Health states in the model, descriptive of the underlying true health, are generally
defined to include HPV infection status, grade of cervical intraepithelial neoplasia (CIN) and
stage of cancer. Health states are stratified to reflect different levels of detail, depending on
the nature of the question, type of model and data availability. For example, health states
reflecting HPV infection may be stratified by specific individual HPV types (e.g., type -16,
type -18), or by categories of HPV types (e.g., high-risk types, low-risk types), while those
reflecting CIN may be stratified by specific grade (e.g., CIN 1, CIN 2,3). Health states may
also be stratified according to dimensions important to the analysis (e.g., detected and
undetected cancer) or according to classification systems for which there are data (e.g., stage
1-4 cancer, or local, regional and distant cancer).

As models evolve in complexity, the requirement for parameter values quickly multiplies and
input values are rarely available for all parameters. Calibration techniques aimed at fitting
uncertain model parameters to observed, epidemiologic data (e.g., age-related prevalence of
type-specific HPV and CIN, age-related incidence of invasive cancer, and the distribution of
HPV types within CIN and cancer) are increasingly being used [15-22]. Models utilize a wide
range of approaches to estimate uncertain or unknown parameters and evaluate uncertainty and
variability [23].

Models can be generally classified along several dimensions depending on whether they
possess generic attributes, such as 1) whether populations within the model can interact or not
(dynamic versus static models); 2) whether populations are allowed to enter the model or not
(open versus closed models); 3) whether transition rates are fixed (deterministic) or subject to
chance (stochastic); and 4) whether the population's behavior in a model is simulated using

Vaccine. Author manuscript; available in PMC 2009 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 4

values reflecting population averages (aggregate) or at a micro level where the behaviors of
individuals in the population are tracked (individual-based) (Table 2). Models used to assess
type-specific HPV vaccination can be further characterized by whether they reflect one or more
HPV types, include other HPV-related non-cervical outcomes, and according to the degree to
which they can represent screening, diagnostic and treatment protocols.

2.1 Static versus dynamic

In a static model of cervical cancer, the force of HPV infection may change as a function of
age or other individual-based factors, but is constant over time, and explicit interactions
between individuals are not modeled; for example, HPV incidence may be parameterized as
an age-specific probability of infection that is calibrated to observed epidemiologic patterns.
In contrast, in a dynamic model, the probability of an individual acquiring an HPV infection
is parameterized as a function of three inputs: 1) the sexual contact patterns of that individual
with others, 2) the transmissibility (i.e., infectiousness) of the HPV type; and 3) the type-
specific prevalence of infection within the population. While static models may be acceptable
to comparatively assess screening strategies, vaccination in such models protects a proportion
of the population from infection, but those who are not vaccinated do not receive any protection
or benefit. In dynamic transmission models, because of the explicit interactions between
individuals in a population, vaccination is likely to change the risk of infection for unvaccinated
individuals in the community; therefore, dynamic models are required to address questions
which involve widescale vaccination of girls and boys.

To date, all dynamic models of HPV infection have involved only heterosexual transmission.
Most have stratified the population into different levels of sexual activity by age, with
corresponding numbers of sexual partnerships, and then modeled transmission as a probability
per partnership. Sexual mixing can occur between people in different age groups, as well as in
different sexual activity levels. Model inputs directly inform how sexual partnerships form
between females and males, during which HPV can be transmitted between partners. Barnabas
RV et al. [24], Kim JJ et al. [25] and Choi YH et al. [15] used behavioral survey data to inform
initial model inputs (e.g., stratification of the population into low, medium, or high sexual
activity levels and corresponding number of new partners per year, by age) and then calibrated
the transmission probabilities per partnership to match population-based estimates of HPV
prevalence.

2.2 Open versus closed

An open model allows individuals to enter and exit the model over time, while a closed model
does not allow for new entrances over time. The most common closed model used for cervical
cancer prevention is a single birth cohort simulation using a Markov model. The most common
open models are dynamic transmission models that allow for the entry of “susceptible” (or
uninfected) individuals into the model (e.g., births over time) replenishing the susceptible
compartment. A microsimulation model that does not allow for interactions between
individuals (i.e., is not dynamic) can also be open by simulating multiple birth cohorts over
time. Open models are most appropriate for addressing questions that involve modeling
temporal trends, and for interventions targeted to different age groups within a population and
that may vary by calendar year (e.g., comparative ages to target catch-up vaccination).

2.3 Aggregate (or population-average) versus individual-based

In an aggregate model, individuals are assigned to health states, and movement between them
depends on health status or other relevant variables. Individuals in each health state move
according to parameter values at the aggregate level (i.e., averages of the individuals belonging
to acompartment or the population as awhole), and the model records the number of individuals
in each health state over time. Many characteristics could be modeled in aggregate but
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increasing their number makes population average models more complex and unwieldy. Most
dynamic transmission models that have been published for HPV-related cervical cancer are of

this type.

In contrast, an individual-based model (or microsimulation model) keeps track (memory) of
each individual's behavior, allowing for heterogeneity in behavior to be adequately explored.
The ability to keep track of the individual life experiences of women (and indeed men), which
may impact future risk of infection or future screening schedule, is a great advantage when
behaviors are very diverse (as is the case for sexual mixing) or when the intervention is tailored
to individuals (as is the case for screening). For example, if a woman has had treatment for
CIN, she may be followed more frequently than the average woman in her birth cohort. An
example related to vaccination is in modeling an individual woman's likelihood of screening
patterns given her particular vaccination status.

2.4 Deterministic versus stochastic

While in a deterministic model, all events occur according to fixed parameter values, a
stochastic model allows for events to occur by chance (randomly). Most dynamic models of
HPV transmission have been deterministic; since microsimulation randomly samples
individuals with their own sets of assigned attributes, microsimulation models are naturally
stochastic. Even with fixed parameter values in a microsimulation model, the individual
realization of each transition may differ from person to person due to chance. It is important
to note that the variance associated with individual sampling (first-order uncertainty) in
microsimulation is different from the uncertainty related to the parameter values (second-order
uncertainty). In contrast, variability refers to the often “known” heterogeneity across subgroups
or in a population (e.g., age or sex).

Different types of models can be coupled to leverage different model attributes for a given
analysis. For example, dynamic models of HPV (which represent transmission and herd
immunity benefits of vaccination of vaccine-targeted types) have been coupled with static
models (which incorporate other HPV types and detailed screening strategies) [25-27]. One
advantage of using multiple models is that projected results can be compared using
independently structured models, which can greatly enhance evaluating the impact of model
structure on cost-effectiveness results. However, this approach usually involves making a
number of approximations and requires the influence of one model's results on the other to be
handled carefully.

2.5. Natural history data required to develop a mathematical model of HPV and cervical
carcinogenesis

Because of the epidemiological variation in age-related HPV, cervical cancer incidence and
proportion of cancer attributable to HPV-16 and -18, primary prevention strategies may have
differential impact in different settings. These differences will be most pronounced in countries
without effective screening [28,29]. Therefore, irrespective of the type of model chosen, it is
important to tailor the models to each particular setting using country-specific data, where
possible. To simulate a particular country's burden of cervical cancer and prevention policies,
a substantial amount of data is required to inform parameter inputs, either directly or, in the
absence of empirical data, through model fitting or calibration. For example, estimates of age-
and type-specific HPV incidence from longitudinal studies can be used directly as input into
static models, whereas in a dynamic model, direct inputs for HPV incidence would require data
on sexual behavior, such as number of new sexual partners, and transmission probability of
HPV infection.
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HPV prevalence, on the other hand, is a function of a number of transitions occurring
simultaneously in the model, such as HPV incidence, clearance and progression, and therefore,
cannot be input directly. In this situation, empirical data on HPV prevalence in the population
can be used as a calibration target, which is used to infer other uncertain parameters in the
model such that good model fit to the empirical data can be achieved. A wide array of model
calibration techniques have been employed [15-17,20-22,24] and range from fitting a limited
number of model parameters and comparing model results to data visually or by using more
statistically rigorous techniques, to fitting multiple model parameters to data and retaining
those combinations of input parameter values whose results are within certain target ranges for
key outputs [16,20,22]. Calibration target data in these analyses have included HPV-16
seroprevalence, age-specific prevalence of HPV and CIN, incidence of cervical cancer (by type
and overall), and HPV type-distribution among CIN and cervical cancer cases. The process of
calibration enables the analyst to identify multiple good-fitting parameter values, or sets of
parameter values; when the analyses are repeated using multiple good-fitting values, they can
serve as uncertainty analyses over the natural history parameters.

Another important piece of information in evaluating the long-term prospects of the HPV
vaccine inaparticular setting is the burden of the vaccine-targeted HPV types in cervical lesions
and invasive cancer (including adenocarcinomas), and in the case of the quadrivalent vaccine,
in genital warts. Estimates of type-specific HPV prevalence in different countries show
regional variation and have been reported and discussed extensively in previous publications

[4].

Although vaccine efficacy against vulvar and vaginal lesions have been reported in clinical
trial data [30] the impact of vaccines on other HPV-16/18 related diseases and conditions (e.g.,
penile cancer, anal cancers, oral cancers) has not yet been observed and is less certain. While
HPV-16/18 are estimated to contribute to roughly 32% vulvar/vaginal cancer, 25% penile
cancer, 83% anal cancers, and 3-11% oral cancers [31,32], there are also less natural history
data on these diseases than in the case of cervical cancer. Similarly, while infections with
HPV-6/11 are associated with recurrent respiratory papillomatosis, the ultimate impact of the
quadrivalent vaccine on this condition is not yet known. Although the burden of these
conditions varies by setting, to the extent that the vaccines will avert additional morbidity and
mortality due to these diseases (and their associated costs), the cost-effectiveness of vaccination
strategies could improve. Better data on the natural history and burden of these other HPV-
related conditions and interventions (and ideally, direct reporting of these outcomes in clinical
trials) will be useful for revising current models to incorporate the potential benefits of the
vaccine on non-cervical cancer outcomes.

While model parameterization and calibration are necessary steps required for model
development, good modeling practice also requires that models undergo validation exercises
to assess that model predictions are consistent with observed data that were not used to inform
input parameters [33]. Most models report face validity against recent estimates of cancer
incidence and mortality in the presence of screening, such as from the Surveillance
Epidemiology and End Results- (SEER) cancer registry [16,17,34,35].

2.6 Model outcomes

2.6.1 Health benefits—The most common outcomes generated by models to express the
health benefits associated with vaccination are life expectancy, quality-adjusted life
expectancy, reductions in lifetime risk of cervical cancer and reductions in prevalence of HPV
infection and CIN over time. In developing countries often disability-adjusted life years
(DALYs) averted are reported instead of quality-adjusted life years (QALYS) [28,29]. Analyses
evaluating the quadrivalent vaccine also reported estimates of reductions in genital warts
[25,36-40], and one analysis also reported potential vaccine benefits related to other
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HPV-16/18 associated cancers and HPV-6/11 associated juvenile onset recurrent respiratory
papillomatosis (JORRP) [25]. Two analyses reported the number needed to vaccinate to avert
one cervical cancer case [35,41].

For outcomes expressed in QALYs, utility weights are assigned to different health states to
reflect decrements in quality of life associated with residing in a particular state. In analyses
that reported QALYs, utility weights associated with different stages of cancer (applied
multiplicatively to baseline, age-specific utility weights) were most common. Some analyses
also included temporary disutility associated with a positive screening test result, diagnosis of
or treatment for precancerous lesions [26,35-37,39,42], and development of genital warts
[25,36-40].

2.6.2 Costs and cost-effectiveness—All analyses that reported costs included direct
medical costs of the interventions. Direct non-medical costs, such as cost of transportation, and
patient time costs were included only in Goldie SJ et al. [17], Kim JJ et al. [25], and Goldhaber-
Fiebert JD et al. [43]. Vaccine costs (assuming three doses) ranged from $200 to $500, which
included different cost components in the different analyses; all else equal, analyses assuming
lower vaccination costs would make vaccination strategies more attractive. Roughly half of
the studies explicitly included costs associated with administration of the vaccine program
[25,35,36,42,44,45]. In principle, analyses should include the same component costs for both
vaccination and screening interventions.

Using the models, total lifetime costs and health benefits are estimated for each strategy.
Comparisons across strategies are expressed using the incremental cost-effectiveness ratio
(ICER), calculated as the incremental costs divided by the incremental benefits of a strategy
compared to the next less costly strategy. Strategies that are more costly and less effective than
another strategy are considered “strongly dominated”, and strategies that are less cost-effective
(i.e., have higher cost-effectiveness ratios) than a more costly alternative are considered
“weakly dominated”; both types of dominated strategies are excluded from the final
calculations of the cost-effectiveness analysis. Consistent with published guidelines on cost-
effectiveness analysis in health and medicine [46-49], life expectancy (unadjusted and adjusted
for quality) and lifetime costs were discounted at rates ranging from 1.5% to 5% per year;
Bergeron C et al. [36] discounted costs and benefits differentially at 3.5% and 1.5% per year,
respectively. At higher discounting rates, cervical cancer screening strategies tend to be favored
compared to vaccination since vaccination costs accrue immediately, yet benefits accrue over
a longer time horizon.

2.6.3 Interpretation of results—The cost-effectiveness of a strategy measures its value for
money, or how much benefit a strategy provides for each additional dollar, compared to other
strategies. There is no consensus on the appropriate threshold for cost-effectiveness, and
indeed, different countries have adopted different thresholds. Some countries use specific
thresholds as guides for resource allocation decisions; for example, the UK cites a threshold
of (x020A4)30,000 per QALY gained [50]. Other countries, such as the USA rely on an implicit
threshold, such as $50,000 or $100,000 per QALY gained [51], using it as a benchmark to
denote efficiency, but rarely as sole justification for decision-making around health coverage.
The Commission on Macroeconomics in Health and Medicine has suggested that interventions
with cost-effectiveness ratios less than the country's per-capita Gross Domestic Product (GDP)
should be considered very cost-effective [52].

It is important to note that an analysis of cost-effectiveness is different from an analysis
evaluating affordability. While a cost-effectiveness analysis measures efficient use of resources
(value for money), an assessment of affordability seeks to make the impact on a specific budget
transparent and to estimate the real-time financial costs to implement and sustain a program.
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While information on affordability, in conjunction with cost-effectiveness, is often requested
by decision makers in developing countries, where budget limitations are often profound, this
information is increasingly being requested by a range of health care payors in higher-income
countries.

3.0 Key Messages on Benefits and Cost-Effectiveness

The main results of cost-effectiveness analyses conducted in high-income countries with
existing screening programs are summarized in this section, categorized by policy question.
Most studies assumed high vaccine efficacy (90-100% against HPV-16/18 infections) over the
lifetime and high achievable vaccine coverage (70-100% within the first five years of the
program).

3.1 Vaccination of pre-adolescent girls in the context of current screening

In all analyses, a program of HPV-16/18 vaccination of pre-adolescent girls in addition to
current screening was projected to result in greater health benefits than screening alone;
however the magnitude of this benefit depends largely on assumptions of baseline screening.
In the USA, where screening with cytology is frequent and begins at an early age, additional
reductions in lifetime cancer risk due to vaccination ranged from 17.9% with annual screening
(76.3% (screening alone) to 94.2% (with vaccination)) to 38.2% with five-year screening
(50.4% screening alone, 88.6% with vaccination) [43]. In the context of Australia's screening
program (every 2 years), Kulasingam S et al. [42] found that reductions in lifetime risk of
cancer increased by 17% after introducing a program of vaccinating 12-year-old girls.

Under assumptions of lifelong vaccine immunity, the vast majority of published cost-
effectiveness analyses have suggested that targeting pre-adolescent girls (ages 12 or younger)
with an HPV-16/18 vaccine is very attractive in the context of current screening (Table 3).
Although assumptions about screening frequency, coverage and ages varied by setting, cost-
effectiveness ratios for pre-adolescent vaccination of girls generally fell below $50,000 per
QALY gained. When additional benefits of averting HPV-6/11 genital warts with the
quadrivalent vaccine were included, Elbasha EH et al. [39] estimated a cost-effectiveness ratio
of $3,000 per QALY for vaccinating 12-year-old girls; when outcomes of other cancers, genital
warts, and JORRP were included, Kim JJ et al. [25] found that the cost-effectiveness ratio for
pre-adolescent vaccination decreased by 10%-20%, depending on assumptions of vaccine
efficacy.

Brisson M et al. [41] estimated that the number needed to vaccinate to prevent one cervical
cancer case was 324; when vaccine efficacy was assumed to wane at 3% per year, the number
needed to vaccinate increased to 9,080. Sanders GD and Taira AV [35] projected that 250 12-
year-old girls would need to be vaccinated in order to prevent one cervical cancer case if the
vaccine was protective over the lifetime, and 600 girls if the vaccine waned after 10 years
(1,484 girls to prevent a cervical cancer death).

Several analyses evaluated the effect of waning vaccine immunity, with assumptions ranging
from a 30-year average duration of protection with constant waning over time [37] to full
protection for 10 years or more followed by complete loss of protection [26,34,35,42]. Without
a booster, cost-effectiveness ratios for vaccinating 12-year-old girls exceeded $50,000 per
QALY [37,42,45]. When Bergeron C et al. [36] assumed waning immunity at 20 or 10 years,
cost-effectiveness ratios for vaccinating 14-year-old girls increased from €8,400 to €14,900
and €37,200 per QALY, respectively. With a duration of vaccine protection of 10 years, Taira
AV et al. [26] and Elbasha EH et al. [39] found that vaccinating 12-year-old girls was less
cost-effective than programs targeting older girls, such as 18-year-old girls or women up to
age 24 in a catch-up program, respectively.
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Assuming that a single booster was required to sustain vaccine-induced protection over the
lifetime, the cost for pre-adolescent vaccination ranged from $14,600 to CAN$37,000 per
QALY, when the booster cost only one-third of the initial vaccine course [26,37,42] and
€13,400 per QALY, when only 50% of the original vaccinated cohort received a booster
[36]. Boot HJ et al. [44] evaluated the vaccination program under multiple scenarios of booster
requirements, including four boosters every 10 years up to age 50; this strategy increased cost
per QALY from €24,000 (lifelong immunity) to €39,500 per year of life saved (YLS).

3.1.1 Summary points

»  Despite variations in cost-effectiveness results (influenced by different modeling
assumptions), the vast majority of analyses concluded that vaccination of pre-
adolescent girls with screening was more effective than screening alone, and was cost-
effective in the context of current screening practice, provided vaccine-induced
protection was complete and lifelong.

»  When protection was assumed to last 10-30 years, pre-adolescent vaccination of girls
became less attractive, and according to at least two analyses, was no longer cost-
effective; with a duration of only 10 years, vaccination at age 12 was less attractive
than targeting older females.

* When only a single booster vaccination was required to extend lifelong protection,
vaccination of pre-adolescent girls was considered cost-effective. When boosters
were required at multiple ages, vaccination of pre-adolescent girls became less
attractive compared to screening alone.

3.2 Revisions to current screening post-vaccination

Even in the absence of vaccination, many modeling analyses have demonstrated that increasing
the frequency of screening beyond every three years yields diminishing marginal returns at the
population level, leading to increasingly unattractive cost-effectiveness ratios [8,10,34]. For
example, in the USA, annual cytology screening has been estimated to exceed the threshold
of cost-effectiveness when compared incrementally to biennial screening, with ratios typically
near or exceeding $1 million per YLS or QALY gained [8,10].

Most studies that have considered revisions to screening policy after introduction of HPV
vaccination have taken place in the setting of the USA, where screening is recommended
annually or biennially. Goldie SJ et al. [17] projected that vaccination in the context of annual
screening costs over $700,000 per QALY with conventional cytology, and over $3 million per
QALY with liquid-based cytology, resulting in >98% reduction in lifetime risk of cervical
cancer, compared to no intervention; in the context of biennial cytology screening, strategies
remained over $280,000 per QALY and were associated with >96% reduction in cancer risk.
They found strategies involving less frequent screening (i.e., every 3 or 5 years) starting at later
ages (i.e., 21 or 25) were more attractive after introducing a pre-adolescent HPV vaccination
program, resulting in 90-95% reductions in lifetime cancer risk (Table 4). Assuming waning
vaccine efficacy after 10 years and a total vaccine cost of only $200, Kulasingam SL and Myers
ER [34], also projected that delayed screening was attractive, but in contrast found that pre-
adolescent vaccination combined with 2-year cytology screening (delayed to age 24) cost
$44,900 per YLS and annual cytology (delayed to age 22) cost $154,200 with reductions in
lifetime cancer incidence (mortality) of 83% (90%) and 92% (96%), respectively. More
recently, Goldhaber-Fiebert JD and colleagues [43] conducted an extensive analysis exploring
different primary screening tests, start ages of screening, and screening frequency, with and
without vaccination. Allowing screening to start from ages 18, 21, or 25 and at intervals of
every one to every five years, the investigators found that for a cohort of vaccinated 12-year-
old girls, five-year cytology screening with HPV DNA testing as triage delayed to age 25, with
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a switch to HPV DNA testing with cytology as triage at age 35, cost $41,000 per QALY,
compared with the next best strategy (91.7% reduction in lifetime cancer risk compared to no
intervention), and was more cost-effective than current screening; triennial screening with the
same strategies cost $188,000 per QALY.

3.2.1 Summary point

»  Widespread vaccination of pre-adolescent girls may allow for revisions to screening
policies inthe USA, involving less frequent screening starting at later ages using HPV
DNA testing.

3.3 Disparities in vaccination and screening coverage

Most analyses have assumed that vaccination coverage in adolescence is equitable among those
who do and do not get screened as adults; however, disparities in vaccination and screening
coverage will likely impact the overall benefits and cost-effectiveness of vaccination strategies.
For example, Kim JJ et al. [25] demonstrated that if vaccination uptake of pre-adolescent girls
was highest among those who are more likely to get screened frequently as adults, the benefits
of vaccination over screening alone would be marginal, and the cost-effectiveness ratio of pre-
adolescent vaccination would more than double, resulting in over $100,000 per QALY,
compared to screening alone. In a hypothetical example exploring racial and ethnic disparities
in cervical cancer screening and vaccination in the USA, Goldhaber-Fiebert JD et al. [43]
illustrated that if screening with newer technologies (e.g., HPV DNA testing) and HPV
vaccination are less accessible to racial minorities who are currently less likely to be screened,
disparities in cervical cancer incidence among racial groups would widen; however, if equitable
coverage were achieved among these racially diverse groups, disparities in cervical cancer risk
would lessen.

3.3.1 Summary point

»  Achieving widespread coverage of HPV vaccination among pre-adolescent girls will
help minimize disparities in lifetime risk of cervical cancer and associated mortality.

3.4 Catch-up vaccination

Temporary catch-up vaccination programs have been recommended to cover females who have
missed their opportunity to be vaccinated because they are beyond the principal target ages of
11 or 12 years. Because sexual activity - and probability of HPV exposure - increases with age,
the HPV vaccine is likely to be less effective among females in older age groups; indeed, when
Taira AV et al. [26] assumed 70% vaccine coverage and 90% efficacy against HPV-16/18,
they projected that a one-year catch-up program for a birth cohort of 30-year-old women would
result in 17% reduction in overall lifetime risk of cervical cancer, in contrast to 46% reduction
among the first vaccinated birth cohort of 12-year-old girls. The upper age limit for a catch-
up program varies by setting, and in the USA has been recommended as either age 18 [53] or
age 26 [54].

French KM et al. [55] evaluated catch-up programs that involved 3 to 12 additional age groups
(from ages 15 to 24) in a one-year catch-up program, and found that with high coverage, catch-
up to older age groups could decrease the time to observed cancer reductions and increase the
total number of prevented cases, although there were diminishing marginal returns after age

18. Regan DG et al. [56] estimated that a 1-year catch-up program including ages 13-26 years
would reduce time to achieve 50% of total benefits in terms of HPV-16 prevalence reduction
by a factor of 4-6, compared to no catchup program. Although they did not project longer-term
outcomes (i.e., reductions in cervical cancer), the authors note that these immediate reductions
in HPV-16 prevalence can have implications for cervical cancer screening results and costs.
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Elbasha EH et al. [39] also found that catch-up can reduce the time to observed reduction and
magnitude of reduction.

Three analyses formally evaluated the cost-effectiveness of a temporary catch-up vaccination
program, two in the context of the USA [25,39], and one in the UK [40]. Examining the effects
of the quadrivalent vaccine on cervical cancer and genital warts, Elbasha EH et al. [39] found
that vaccination of pre-adolescent girls with a five-year catchup program of females up to age
24 cost $4,700 per QALY, when compared to vaccination of pre-adolescent girls only. When
vaccine efficacy was assumed to wane after 10 years, the ratio increased to $21,100 per QALY,
compared to screening alone (the strategy of pre-adolescent vaccination was weakly
dominated). Kim JJ et al.[25] evaluated catch-up programs up to ages 18, 21 and 26 and found
that targeting catch-up efforts to age 18 was attractive across a wide range of scenarios, and
catch-up to age 21 was reasonable when including the potential benefits of other non-cervical
HPV-related outcomes, such as other cancers, and JORRP; however, extending catch-up to
women age 26 had a cost-effectiveness ratio that consistently exceeded generally accepted
cost-effectiveness thresholds in the US Jit M et al. [40] evaluated a range of catch-up campaigns
and compared the incremental cost-effectiveness to each other and schoolgirl vaccination
alone. They found that the mean incremental cost-effectiveness of a campaign up to 16 years
of age was actually more cost-effective than routine vaccination of 12-year-old girls, as the
risk of infection in the campaign age groups remained very low, but the 16-year-old girls were
being vaccinated at closer to their risk age at infection (which is particularly important if the
vaccine offers only temporary protection). Indeed, vaccination of girls up to the age of 18 would
be deemed cost-effective compared to norms often used in the UK, even though vaccination
of girls over the age of 16 was assumed to incur additional administration costs as the vaccine
is unlikely to be offered through school-based programs. Extending the campaign to women
up to the age of 25 was highly unlikely to be cost-effective, as the risk of infection increases
rapidly during the late teens and early twenties in the UK.

3.4.1 Summary points

*  While analyses agree that the main target group for vaccination is young adolescents
prior to sexual activity (e.g., ages 9-12), most found that a temporary catch-up
program for girls a few years older than the target age (e.g., ages 13 to 18) was
reasonably cost-effective provided there was high vaccine efficacy and coverage.

»  There are conflicting findings with respect to the upper age limit for a temporary
catch-up vaccination program; most analyses find diminishing marginal health
benefits of vaccination as catch-up age is extended to females in their 20s, resulting
in cost-effectiveness ratios that exceed commonly cited thresholds.

3.5 Inclusion of boys

Although no clinical trial data have been reported on vaccine efficacy in males, a few studies
have evaluated strategies of including boys in vaccination programs. Most of these analyses
have assumed that the vaccine is equally efficacious for males as it is for females and have
reported benefits with respect to cervical cancer reduction for their female partners (indirect
benefits in the form of cervical cancer reduction can be observed since vaccinated males can
reduce transmission to their female partners). Only a few studies include direct benefits for
males in the form of reduced genital warts.

Generally, the benefits of including boys were greater when vaccine coverage of girls was
lower. Regan DG etal. [56] found that, although there was little difference between vaccinating
girls only and adding boys to a catch-up program in terms of decreasing time to observed benefit
(i.e., < 2 years), the biggest benefit of vaccinating boys was in the reduction of HPV-16
prevalence among unvaccinated girls. This herd immunity effect has been shown to be marginal
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when vaccination of girls was either very low or very high [24,55]. French KM et al. [55]
demonstrated that including boys in a catch-up program was maximized when vaccination
coverage was 50%, resulting in an additional 18% reduction in HPV-16-associated cancers,
although this incremental benefit diminished to <1% by age 21. Taira AV et al. [26] projected
a similar trend but found that the added benefit of vaccinating boys was maximized at 30%
coverage, resulting in 20% added reduction in lifetime cancer compared to screening alone.

Although including boys in a vaccination program consistently resulted in higher health
benefits than vaccinating girls alone in all analyses [25,55,56], the results from cost-
effectiveness analyses evaluating the vaccination of boys have led to conflicting conclusions.
Elbasha EH et al. [39] found that pre-adolescent vaccination of girls and boys, plus a temporary
catch-up program of both girls and boys was $45,100 per QALY'; when the vaccine was
assumed to wane at 10 years, this strategy increased to $54,900 per QALY. Taira AV et al.
[26], on the other hand, found that including pre-adolescent boys in a vaccination program
(with no catch-up for either gender) was not cost-effective, with a ratio of $442,000 per QALY,
compared to vaccinating girls alone. When they assumed that coverage of girls decreased from
70% (in the base case) to 30%, the cost-effectiveness of including boys improved dramatically
t0 $40,900 per QALY, yetachieving higher vaccine penetration in girls was more cost-effective
than covering boys. Jit M et al. [40] found that vaccination of boys in the UK context was
highly unlikely to be cost-effective, with incremental costs per QALY of roughly US$100,000
- US$1,000,000 depending on assumptions about vaccine-induced immunity (the longer the
protection afforded, the less cost-effective it is to vaccinate boys). An analysis by Kim JJ et
al. [25] in the context of the USA also suggested that including boys, either with or without a
catch-up program, was either less cost-effective compared to strategies of vaccinating girls
only, or had excessively high cost-effectiveness ratios. Like Taira AV et al. [26], they also
found that dollar-for-dollar, increasing coverage for girls was always more effective and cost-
effective than including boys, regardless of coverage level.

3.5.1 Summary points

»  There are conflicting findings with respect to inclusion of boys in an HPV vaccination
program, although the majority of studies suggest that vaccination of boys is unlikely
to be cost-effective if reasonable levels of coverage are achieved in girls.

» Under assumptions of equal vaccine efficacy in girls and boys, increasing vaccine
coverage of girls is always more cost-effective than extending coverage to boys.

4.0. Key Differences in Models that May Contribute to Different Results

Among analyses with comparable duration and degree of vaccine-induced protection,
variations in results were due primarily to assumptions about the baseline screening strategy,
duration and degree of natural immunity and outcomes included in the analysis. Key differences
among models can be grouped into two categories: 1) assumptions related to uncertainties in
the natural history of HPV infection and disease, as well as vaccine properties; and 2) analytic
assumptions that are discretionary to the analyst (see Table 5).

5.0. Conclusion and Key Points

As better and longer-term data become available to fill the data gaps with respect to the natural
history of HPV post-vaccination, duration of vaccine-induced protection, the vaccines' effects
on other health conditions, and vaccine efficacy in males, models will need to be revised - and
analyses updated - to iteratively inform decision-making and policies in countries with

screening and vaccination programs. Using the best available data, and across a wide array of
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assumptions, the following themes have emerged from model-based analyses of cervical cancer
prevention in developed countries with existing screening programs:

*  The cost-effectiveness of HPV-16/18 vaccination in countries with organized
screening programs will likely be optimized by achieving high and equitable
vaccination coverage in adolescent girls.

»  Although vaccination has been shown to contribute additional benefits compared to
status quo organized screening programs, it will be important to continue screening
for cervical outcomes related to other high-risk types. In settings with more aggressive
screening programs (such as the USA), cervical cancer prevention programs will be
more efficient if these girls are screened at later ages, with wider intervals and better
tests. Analyses have generally favored a screening interval of every 3 or 5 years and
starting at later ages for vaccinated women [17,34,43]; utilizing HPV DNA testing in
primary screening may also facilitate surveillance of HPV types post-vaccination
[57].

» Disparities in vaccination uptake and screening coverage have the potential to greatly
compromise the cost-effectiveness of vaccination strategies; achieving universal
vaccination coverage in young girls prior to sexual activity, and ensuring equitable
screening coverage among adult women should be of highest priority.

»  Catch-up vaccination programs for females are likely to be cost effective up to 16-21
years of age; however, as the risk of prior exposure to vaccine-targeted types increases
as women age, vaccinating women over 21 is likely to be unattractive, resulting in
diminishing marginal health benefits, but requiring similar, if not greater, costs.

»  Evidence gaps in the natural history of HPV, transmission, and vaccine efficacy
prohibit conclusions regarding the magnitude of population-level benefits from
vaccinating boys. Most exploratory analyses suggest that inclusion of boys in a
vaccination program is unlikely to be cost-effective assuming moderate coverage of
girls is achievable. Even when coverage is low for girls, however, analyses have
demonstrated that increasing coverage in girls is always more cost-effective than
extending vaccination to boys.

Acknowledgments

Jane J. Kim and Sue J. Goldie are supported in part by grants R01 CA093435 from the National Cancer Institute,
1406-04-07-CT-66327 from the Centers for Disease Control and Prevention, as well as the American Cancer Society.
Jane J. Kim and Sue J. Goldie are also funded in part by the Bill and Melinda Gates Foundation (30505) for modeling
of HPV and cervical cancer in developing countries.

Reference List

1.

International Agency for Research on Cancer. IARC handbooks of cancer prevention Cervix cancer
screening. Lyon: IARC Press; 2005.

. Kitchener HC, Castle PE, Cox JT. Chapter 7: Achievements and limitations of cervical cytology

screening. Vaccine 2006;24:563-S70.

. World Health Organization (WHO). Israel: WHO; 2002 [April 2008]. WHO World Health Survey.

Available at: http://www.who.int/healthinfo/survey/whsisr-israel.pdf

. Castellsague X, de Sanjose S, Aguado T, Louie K, Bruni L, Munoz J, et al. WHO/ICO Information

Centre on HPV and Cervical Cancer. HPV and Cervical cancer in the World. 2007 Report. Vaccine
2007;25

. Centers for Disease Control and Prevention. National Center for Health Statistics. National Health

Interview Survey (NHIS). [April 2008]. Available at: http://www.cdc.gov/nchs/nhis.htm

Vaccine. Author manuscript; available in PMC 2009 October 28.


http://www.who.int/healthinfo/survey/whsisr-israel.pdf
http://www.cdc.gov/nchs/nhis.htm

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 14

. Sex Health. First Asia-Oceania Research Organisation on Genital Infections and Neoplasia (AOGIN)

Meeting; 2006. p. 199-202.

. Saslow D, Runowicz CD, Solomon D, Moscicki AB, Smith RA, Eyre HJ, et al. American Cancer

Society guideline for the early detection of cervical neoplasia and cancer. CA Cancer J Clin 2002;52
(6):342-62. [PubMed: 12469763]

. Kim JJ, Wright TC, Goldie SJ. Cost-effectiveness of alternative triage strategies for atypical squamous

cells of undetermined significance. JAMA 2002;287(18):2382-90. [PubMed: 11988059]

. Kim JJ, Wright TC, Goldie SJ. Cost-effectiveness of human papillomavirus DNA testing in the United

Kingdom, The Netherlands, France, and Italy. J Natl Cancer Inst 2005;97(12):888-95. [PubMed:
15956650]

Goldie SJ, Kim JJ, Wright TC. Cost-effectiveness of human papillomavirus DNA testing for cervical
cancer screening in women aged 30 years or more. Obstet Gynecol 2004;103(4):619-31. [PubMed:
15051550]

Garnett GP, Kim JJ, French K, Goldie SJ. Chapter 21: Modelling the impact of HPV vaccines on
cervical cancer and screening programmes. Vaccine 2006;24:5178-S186.

Goldie SJ, Kim JJ, Myers E. Chapter 19: Cost-effectiveness of cervical cancer screening. Vaccine
2006;24:5164-S170.

Goldie SJ, Goldhaber-Fiebert JD, Garnett GP. Chapter 18: Public health policy for cervical cancer
prevention: The role of decision science, economic evaluation, and mathematical modeling. Vaccine
2006;24:5155-S163.

Kim SY, Goldie SJ. Cost-effectiveness analyses of vaccination programmes: a focused review of
modelling approaches. Pharmacoeconomics 2008;26(3):191-215. [PubMed: 18282015]

Choi, YH.; Jit, M.; Cox, A.; Garnett, GP.; Edmunds, J. Developing a model of the transmission of
HPV and development of HPV-related disease. 24th International Papillomavirus Conference and
Clinical Workshop; Beijing, China. November 2007; Abstract PS8-41Abstracts book

Goldhaber-Fiebert JD, Stout NK, Ortendahl J, Kuntz KM, Goldie SJ, Salomon JA. Modeling human
papillomavirus and cervical cancer in the United States for analyses of screening and vaccination.
Popul Health Metr 2007;5:11. [PubMed: 17967185]

Goldie SJ, Kohli M, Grima D, Weinstein MC, Wright TC, Bosch FX, et al. Projected clinical benefits
and cost-effectiveness of a human papillomavirus 16/18 vaccine. J Natl Cancer Inst 2004;96(8):604—
15. [PubMed: 15100338]

Goldie SJ, Kim JJ, Kobus K, Goldhaber-Fiebert JD, Salomon J, O'shea MK, et al. Cost-effectiveness
of HPV 16, 18 vaccination in Brazil. Vaccine 2007;25(33):6257-70. [PubMed: 17606315]

Jit, M.; Gay, N.; Edmunds, J. Estimating natural history parameters for human papillomavirus
infection from epidemiological data. 24th International Papillomavirus Conference and Clinical
Workshop; Beijing, China. November 2007; Abstract PS16.-15Abstracts book

Kim JJ, Kuntz KM, Stout NK, Mahmud S, Villa LL, Franco EL, et al. Multiparameter calibration of
a natural history model of cervical cancer. Am J Epidemiol 2007;166(2):137-50. [PubMed:
17526866]

Kohli M, Ferko N, Martin A, Franco EL, Jenkins D, Gallivan S, et al. Estimating the long-term impact
of a prophylactic human papillomavirus 16/18 vaccine on the burden of cervical cancer in the UK.
Br J Cancer 2007;96(1):143-50. [PubMed: 17146475]

Van de Velde N, Brisson M, Boily MC. Modeling human papillomavirus vaccine effectiveness:
quantifying the impact of parameter uncertainty. Am J Epidemiol 2007;165(7):762-75. [PubMed:
17276976]

Brisson M, Edmunds WJ. Impact of model, methodological, and parameter uncertainty in the
economic analysis of vaccination programs. Med Decis Making 2006;26(5):434-46. [PubMed:
16997923]

Barnabas RV, Laukkanen P, Koskela P, Kontula O, Lehtinen M, Garnett GP. Epidemiology of HPV
16 and cervical cancer in Finland and the potential impact of vaccination: mathematical modelling
analyses. PLoS Med 2006;3(5):e138. [PubMed: 16573364]

Kim, JJ.; Andres-Beck, B.; Goldie, SJ. Cost-effectiveness of vaccinating girls ages 10 to 26:
implications of current U.S. policy. 24th International Papillomavirus Conference and Clinical
Workshop; Beijing, China. November 2007; Abstract 6B-03Abstracts book

Vaccine. Author manuscript; available in PMC 2009 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 15

26. Taira AV, Neukermans CP, Sanders GD. Evaluating human papillomavirus vaccination programs.
Emerg Infect Dis 2004;10(11):1915-23. [PubMed: 15550200]

27. Kim JJ, Andres-Beck B, Goldie SJ. The value of including boys in an HPV vaccination programme:
a cost-effectiveness analysis in a low-resource setting. Br J Cancer 2007;97(9):1322-8. [PubMed:
17923869]

28. Goldie SJ, Diaz M, Kim SY, Levin C, van Minh H, Kim J. Mathematical models of cervical cancer
prevention in the Asia Pacific Region. Vaccine 2008;26

29. Goldie SJ, Diaz M, Constenla D, Alvis N, Andrus JK, Kim JJ. Mathematical models of cervical cancer
prevention in Latin America and the Caribbean. Vaccine 2008;26

30. Garland SM, Hernandez-Avila M, Wheeler CM, Perez G, Harper DM, Leodolter S, et al. Quadrivalent
vaccine against human papillomavirus to prevent anogenital diseases. N Engl J Med 2007;356(19):
1928-43. [PubMed: 17494926]

31. Giuliano A, Tortolero Luna G, Ferrer E, Burchell AN, de Sanjose S, Kruger Kjaer S, et al.
Epidemiology of Human Papillomavirus (HPV) in men, in cancers other than cervical and in benign
conditions. Vaccine 2008;26

32. Parkin DM, Bray F. Chapter 2: The burden of HPV-related cancers. Vaccine 2006 Aug 21;24:S11-
S25.

33. Weinstein MC, O'Brien B, Hornberger J, Jackson J, Johannesson M, McCabe C, et al. Principles of
good practice for decision analytic modeling in health-care evaluation: report of the ISPOR Task
Force on Good Research Practices--Modeling Studies. Value Health 2003;6(1):9-17. [PubMed:
12535234]

34. Kulasingam SL, Myers ER. Potential health and economic impact of adding a human papillomavirus
vaccine to screening programs. JAMA 2003;290(6):781-9. [PubMed: 12915431]

35. Sanders GD, Taira AV. Cost-effectiveness of a potential vaccine for human papillomavirus. Emerg
Infect Dis 2003;9(1):37-48. [PubMed: 12533280]

36. Bergeron C, Largeron N, McAllister R, Mathevet P, Remy V. Cost-effectiveness analysis of the
introduction of a quadrivalent human papillomavirus vaccine in France. Int J Technol Assess Health
Care 2008;24(1):10-9. [PubMed: 18218164]

37. Brisson M, Van d V, De Wals P, Boily MC. The potential cost-effectiveness of prophylactic human
papillomavirus vaccines in Canada. Vaccine 2007;25(29):5399-408. [PubMed: 17561316]

38. Choi, YH.; Jit, M.; Gay, N.; Cox, A.; Garnett, GP.; Edmunds, J. Dynamic models of HPV transmission
and the impact of vaccination strategies on cervical cancer and anogenital warts in the UK. 24th
International Papillomavirus Conference and Clinical Workshop; Beijing, China. November 2007,
Abstract PS19-33Abstracts book

39. Elbasha EH, Dashach EJ, Insinga RP. Model for assessing human papillomavirus vaccination
strategies. Emerg Infect Dis 2007;13(1):28-41. [PubMed: 17370513]

40.Jit, M.; Edmunds, J. Cost-effectiveness of human papillomavirus vaccination in the United Kingdom.
24th International Papillomavirus Conference and Clinical Workshop; Beijing, China. November
2007; Abstract 6b-05Abstracts book

41. Brisson M, Van d V, De Wals P, Boily MC. Estimating the number needed to vaccinate to prevent
diseases and death related to human papillomavirus infection. CMAJ 2007;177(5):464-8. [PubMed:
17709404]

42. Kulasingam S, Connelly L, Conway E, Hocking JS, Myers E, Regan DG, et al. A cost-effectiveness
analysis of adding a human papillomavirus vaccine to the Australian National Cervical Cancer
Screening Program. Sex Health 2007;4(3):165-75. [PubMed: 17931529]

43. Goldhaber-Fiebert JD, Stout NK, Salomon JA, Kuntz KM, Goldie SJ. Cost-effectiveness of cervical
cancer screening with human papillomavirus DNA testing and HPV-16,18 vaccination. J Natl Cancer
Inst 2008;100(5):308-20. [PubMed: 18314477]

44. Boot HJ, Wallenburg I, de Melker HE, Mangen MJ, Gerritsen AA, van der Maas NA, et al. Assessing
the introduction of universal human papillomavirus vaccination for preadolescent girls in The
Netherlands. Vaccine 2007;25(33):6245-56. [PubMed: 17630049]

45. Ginsberg GM, Fisher M, Ben Shahar I, Bornstein J. Cost-utility analysis of vaccination against HPV
in Israel. Vaccine 2007;25(3738):6677-91. [PubMed: 17706844]

Vaccine. Author manuscript; available in PMC 2009 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 16

Disease Control Priorities Project (DCPP). Disease Control Priorities Project (DCPP). 2008 [April
2008]. Available at: http://www.dcp2.org/main/Home.html

Cost-effectiveness in health and medicine. New York, NY: Oxford University Press; 1996.

World Health Organization. (WHO) Statistical Information System: CHOICE (CHOosing
Interventions that are Cost Effective). WHO-CHOICE. 2008 [April 2008]. Available at:
http://www.who.int/hpvcentre/statistics/dynamic/ico/SummaryReportsSelect.cfm

Drummond, MF.; O'Brien, BJ.; Stoddart, GL.; Torrance, GW. Methods for the economic evaluation
of health care programs. Vol. 3rd. New York: Oxford University Press; 2005.

Devlin N, Parkin D. Does NICE have a cost-effectiveness threshold and what other factors influence
its decisions? A binary choice analysis. Health Econ 2004;13(5):437-52. [PubMed: 15127424]

Eichler HG, Kong SX, Gerth WC, Mavros P, Jonsson B. Use of cost-effectiveness analysis in health-
care resource allocation decision-making: how are cost-effectiveness thresholds expected to emerge?
Value Health 2004;7(5):518-28. [PubMed: 15367247]

World Health Organization (WHO). Macroeconomics and health: investing in health for economic
development: report of the commission on macroeconomics and health. Geneva: WHO; 2001.

Saslow D, Castle PE, Cox JT, Davey DD, Einstein MH, Ferris DG, et al. American Cancer Society
Guideline for human papillomavirus (HPV) vaccine use to prevent cervical cancer and its precursors.
CA Cancer J Clin 2007;57(1):7-28. [PubMed: 17237032]

Markowitz LE, Dunne EF, Saraiya M, Lawson HW, Chesson H, Unger ER. Quadrivalent Human
Papillomavirus Vaccine: Recommendations of the Advisory Committee on Immunization Practices
(ACIP). MMWR Recomm Rep 2007;56(RR2):1-24. [PubMed: 17380109]

French KM, Barnabas RV, Lehtinen M, Kontula O, Pukkala E, Dillner J, et al. Strategies for the
introduction of human papillomavirus vaccination: modelling the optimum age- and sex-specific
pattern of vaccination in Finland. Br J Cancer 2007;96(3):514-8. [PubMed: 17245341]

Regan DG, Philp DJ, Hocking JS, Law MG. Modelling the population-level impact of vaccination
on the transmission of human papillomavirus type 16 in Australia. Sex Health 2007;4(3):147-63.
[PubMed: 17931528]

Franco EL, Cuzick J, Hildesheim A, de Sanjose S. Chapter 20: Issues in planning cervical cancer
screening in the era of HPV vaccination. Vaccine 2006;24:S171-S177.

Vaccine. Author manuscript; available in PMC 2009 October 28.


http://www.dcp2.org/main/Home.html
http://www.who.int/hpvcentre/statistics/dynamic/ico/SummaryReportsSelect.cfm

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al. Page 17

SCHEMATIC OF MICRO SIMULATION NATURAL HISTORY MODEL OF CERVICAL CARCINOGENESIS
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Figure 1. Model schematic of cervical cancer natural history

The natural history of disease in an individual woman is represented as a sequence of transitions
between mutually-exclusive health states. Health states in the model, descriptive of the
underlying true health, are generally defined to include HPV infection status, grade of cervical
intraepithelial neoplasia (CIN), and stage of cancer. Health states are stratified to reflect
different levels of detail, depending on the nature of the question, type of model, and data
availability. For example, health states reflecting HPV infection may be stratified by specific
individual HPV types (e.g., type -16, type -18), or by categories of HPV types (e.g., high-risk
types, low-risk types), while those reflecting CIN may be stratified by specific grade (e.g., CIN
1, CIN 2,3). Health states may also be stratified according to dimensions important to the
analysis, (e.g., detected and undetected cancer) or according to classification systems for which
there are data (e.g., stage 1-4 cancer, or local, regional and distant cancer).

Vaccine. Author manuscript; available in PMC 2009 October 28.



Page 18

Kim et al.

*180UBD) [BOIAID PUB AdH UO 813us) uoljewlosu] eibojoouQ,p
e[eIED IMMISU / uoneziueBlO YyI[esH PlIOAA :811UsD ojul AdH OD1/OHM ‘UoneziueBiQ yiesH PIOAA :OHM ‘ABAINS MBIAIBIU| YIeaH [euonEN UOIUBABId PUR |01U0D 8seasi 10} S181ud)) :SIHN $.0dD

[€] Aenuns yieeH OHM ( v @oom.ﬁm@ %L Ve ( qm.mm> v Teak-g B
T00Z-000¢) IeAlaiul S1eaA-g> UIYlIM pausalds-al 962E UBWOM 3AI1Je-Al|enXas ~

[¥] anus) ojul AdH OD1/OHM {(1002-0002) %8'T9 6o-81 Ieak-g elfensny

1120 01 Ak COlIOHM unon ot swous
(r9-5¢ sabe) . -

[7] 3uaD 0JUI AdH ODVOHM g 00k ¢ 158y auy Ut 9609 (0002-866T) SIE9K € 158 U Ul %6vS 59-6¢ Teak-g ouel

[7] 11U8D 03Ul AdH ODI/OHM (166T-966T) S12aK 1581 3L U 9608 09-0¢ (Guiiopt & 14 Steals o) SpUBLIAUIN

(e002) (owmay] e Ul SIeaws gT)
[7] 818D 0Jul AdH ODI/OHM s1eak € 15e] U1 96T ‘S1eak G 15e] aUj Ul %T8 v9-62 '79-0g sabe 1o} Jesk-g wopBury paun
‘(¥9-0z sabe) sieak G 1se| 8y} Ul %8 ‘67-Gz sabe 10} (peseq-pinbiy) Jeak-g

(T002-0002)

(69-8T safie) sreak ¢ 1se| aup Ul %EL
{(69-8T safie) sypuow ZT 1se| 8y} Ul %ES
‘PBURaITS JBND U468
[e1uUaL Uey) SS3] %8T
|eluuaL] %TT abe dojs paulgap ou Tz ueyy

|eluusiq 9.1 J3]e] OU ‘INQap [enxas Jaye sieak €
8J0W J0 [enuUe 94EG

AsH-ybiy 41 ‘1esh-T
aA0Qe pue gT {5159} aA1IRHU SAINJASUOD 834U JdYJe Jeak-Z epeue)
Ieah-T

[7] 8nusd oyul AdH ODI/OHM

S159) aAI7eH3aU SAIINIASUOD 881y} JaYe Jedh-g
‘(paseq-pinbiy) Jeak-z BILIBWY JO S81RIS paliun
‘(Jeuonuanu0g) Jeak-1

[s] 5002 ‘SIHN $.0A0

9201n0S abeusno)d saby leAdaul Buluaalos Bumes

sbuines A13unod padojanap ui saioljod Builusaads
TalqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Vaccine. Author manuscript; available in PMC 2009 October 28.



Page 19

Kim et al.

*130UBD |BOIAIBD puE BISe|dsAp [BOIAIBD O] S18)8 ,,[EOIAISD,, PAlOU UOIIIPUOD UijeaH

q

"2OLIBWIY JO SBIRIS PalIUN (WS ‘WopBUry| panun MM NsU-MoT 1y ‘sisorewojjided Aioyelidsal 1Ua1iNd81 18SUO B[IUSANL :dHHOC NSU-YBIH :HH ‘sniiaewojided uewny ‘AdH,,

|B21AIBD Auy a1ebaIbby uado o1eIs |oeus| [st] 200z ““1e 18 INO BiagsuiD
d1-AdH
‘13U10 YH-AdH ajeba160y paso|D nels [zv] 200z "I 18 S webuise|ny
IEOIMED ‘8T+9T-AdH ajeBa166y uedQ oIurRUAQ Bleasny [9c] 200z “1e 10 ©Q uebay
9T-AdH ls]
_ GS] 2002 1 18 INM Youald
1B3INIBD 9T-AdH a1ebalbby uado alweukg puejui4 [vz] 9002 "2 18 AY SeqeuIEg
Suem |eyuaboue ‘[ealnI) NdH a1ebalbby paso|D 18IS 9ouRIq [9€] 800z ‘I 18 O uoiabiag
[ed1/18D AdH ajebaibby paso|D nels spuelIayeN [#¥] 200z ““e 38 (H 1009
‘ 13410 YH-AdH ‘ .“
SLeMm [eluaboue ‘(ewouroes X [ov'6T] 2002 "2 30 N ML
TT-AdH a1ebalbby uado alweukg MN . .
1130 Snowenbs pue 0UAPE) [eOIAIRD g\ o igr oo [8e'STI £00Z “Te 1 HA 10UD
d71-AdH “18yio
[ed1AI8D YH-AdH ‘2G-AdH ‘St-AdH ajebaib0y paso|D onels N [tel 200Z e 38 N 1lUoN
‘T€-AdH '8T-AdH ‘9T-AdH
d1-AdH ‘ .“
suem [enusBoue ‘[eaIAle) ‘1910 ¥H-AdH a1e63166y paso|D neIs epeue) ,Hmﬁmwﬂmwumw..ﬁ_vmmm H ww_w,_>cmwm&mm
‘8T-AdH ‘9T-AdH '
‘ d1-AdH
$130UBd JBYI0 ‘dHHOr . paseg-|enplAIpu| uado aneIs .
‘ 1 13410 YH-AdH vsn [#1] 2002 |2 18 AS Wiy
SueM [elusboue ‘[ealnIR) GT-AdH ‘OT-AdH a1ebaIbby uado JlWeuAqg
Suem |eyuaboue ‘[ealnIR) wﬂﬁﬁ.w%a. .\\/n_ aﬂ a1ebalbby usdo alweuAqg VSN [6€] 2002 ‘T 18 HA eyseq|3
) o a1ebaibby paso[D onels .
[e9IAI8D 8T-AdH '9T-AdH a1eBB6y uado SIreUAg vsn [9z] v00z "[e 10 AV eareL
d1-AdH
[e3IAIBD ‘18410 YH-AdH paseg-[enpiAlpu] pasold a1eIS vsn [ev] 800z ““Ie 18 @r WBgaI4-180RYPI0D
‘8T-AdH '9T-AdH
[E91AI8D) ,mu_..\\ﬁﬂ arebaIBby pasold ners vsn [se] £00 ‘AW ®ileL pue g9 siapues
dT-AdH [vel
[e91AI8D “YH-AdH ayefaubby psso| oners vsn €002 "y3 SI9AIN pue S webuise|n]
d1-AdH
[e21AI18D ‘13U10 YH-AdH ajebaibby paso|D onels vsn [21] ¥00Z "2 18 (S 81PI0D
‘8T-AdH ‘9T-AdH
gpapn|oul SUOIIPUOD YljeaH papnjoul sadf AdH paseq-fenpiAlpul 10 81eba166y paso|o 10 usdQ a1WeUAp 10 211eIS Bumss Joyiny

NIH-PA Author Manuscript

2UOI_UIDORA AdH 81eNn|eAs 0] Pasn S|apow [ealeLWwayIewW JO SaINgINY

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Vaccine. Author manuscript; available in PMC 2009 October 28.



Page 20

Kim et al.

"Danes 1] JO JEBA ‘STA ‘Sieak ayif paisnipe-Aupend) : ATvO ‘SOIeI SSaUBAII8)8-1S00 [eIUsLBIou| H30I,

- f 181500q
(2002) reuorreuszu] - 0 o ou ‘(s1eak 0T A131e) auem ogy [aess| [sv] 200z [ 18 WO Biagsuio
Buojay
- 000'S2 191500( ‘(S1e9A QT) auem (11500G) 0ST
(5002) erfensny - 009°'2S 1815000 0U ‘(s1e8/ OT) suem 08¢ elfensny [zv] 2002 e 18 S webuise|ny|
- 00.'8T Buojay
00V'€T - (aBr1an02 940G) 431S00q
002'.€ - 1315000 OU ‘(Sseak OT) auem .
(S002) soinz 00641 - 115000 0U *(s183 ) auEM oLy aoueld [9€] 800z “[e 18 O uosabiag
00v'8 ( v.. (sreok mco_m:._ \
- STA) 005'6€ s1eak 0g 01 0T A1ans) 181500 .
s0in3 B (1) 000'52 BuojoIIT (143 spuelIsyieN [#¥] 2002 e 18 H 1009
000'2€ 000'95 Ja1s00q ‘(sIeaA gg) suem (11500G) 29T
(S002) epeued 009'79 008'¥TT 1815000 0U ‘(s1e8h Og) suem 00 epeued [2€] 200z ““e 18 N uossug
00§'T2 00T'TE Buoja
(9002) SN 000'0G> 000'0G> Buojayin 005 vsn [#1] 2002 1218 AS Wiy
(sreah oT1)
payeuiwop -- 131500 OU ‘(sJeak OT) auem .
(5002) sn 000' - BuoaIT 09¢ vsn [6€] 200z “Ie 18 H3 eyseq|3
(zo02) sn - 009'02 Buojap 00¥ vsn [21] ¥00z "2 18 (S 81pI0D
(1002) SN - 00971 1315000 ‘(128 OT) aUeA (1s000) 001 vsn [92] 7002 “1e 18 AV ®iteL
- 00822 1315000 ‘(s1e8h OT) suEM (1918000) 00T .
(to02) sn - 004'2T Buofa 008 vsn [s€] €00z ‘Av eitel pue 09 sispues
(AvO (AVO (saeak) uonoaload uosJad

(4ea) AOUBLIND 3y ) gT'9T"TT'9-AdH ¥3D1 400 $) BT'9T-AdH ¥IDI PEONpUI -BUIDEA Jo UONEING  Pateutoden Jad 1500 bumas Jominy

2BUIU8312S JUS1IND JO 1X31U0D Ul WeaBoad uoireuldoeA 1Usdssjope-aad B JO SSaUaAIIaL)8-1S0D
€ 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Vaccine. Author manuscript; available in PMC 2009 October 28.



Page 21

Kim et al.

(STA) panes a}1| Jo Jeak Jad ¢ se paliodal ale &_:wmmo

"UOITRUIDOBA JUBDSa|ope-aid apnjoul ey sa1fsiens >_:OQ

"Danes 3] JO SIBAA (STTA ‘sieak a)1] parsnipe-Ajend :ATVO ‘0llel SSaUBALII8H3-1S0D [eIUBLIBIOU] y30I,

(G€) 1581 YNA AdH 01 Youms yim s1eak Gz ‘Tz ‘8T
000'T¥ L'T6 ‘(52) ABoj0}o reak-g 1eak-G -g ‘-z -T [ey]
(¥002) SN 000'€E 8'88 (5z) ABojo1ho resh-g 153} YNA AdH 'AB0j01kD 8002 “'[e 19 ar Wagald-1ageyp|oD
. s1eak 0g ‘92 'v2 ‘2z ‘8T
900426 Tv8 (8T) ABoj01A0 JE3A-Z T1eah-g '-g 'z T [vel
(T002) SN 50067y 9'z8 (¥2) AB0J01AD Jeah-Z AB0]01A9 [eUOIUBAUOD €002 ‘Y3 SI9AN pue 1S webuise|ny
000°c8 v'56 (T2) ABoj0IAD teah-¢
00585 06 (Sz) ABojoika resk-g
00%'LS L'68 (T2) ABoJ0}AD reBA-g s1eak Ge ‘0 'Sz ‘Tz ‘8T
002'TE 8'68 (S2) ABoj0ifo 1eah-g Jeak-g 01 -T
(zooz) sn 002'LT 6'88 (0€) ABojoiho 1eah-g ABojoiko paseq-pinbi ‘feuonusauod [21] ¥00z "2 18 (S 81PI0D
(9%) 492UeD JO MSI (abe 1ue1s) q sabe 1ue1s Adusnbaa4 (S)
(4esh) Aousaand  (ATVO 48d $) Y31 swnsyl] ul uonanpsy ATVO 40 STIA 18d 000'00T$> Sa16a1e43S Buluss12S1s8) Buluaslds Arewld papnjoul saifsrens Joyiny

eUoneuI22eA-1s0d Ad1jod Bulusaaas 1ua1INd BUISIASL JO SSBUBAILIEY8-1S0D
7 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Vaccine. Author manuscript; available in PMC 2009 October 28.



Page 22

Kim et al.

NIH-PA Author Manuscript

a1l JUN0dsIg
SISA[eue Jo UozLoy awi |
ABarens Buiusalds auljaseq
papnjoul s1s0)
PapN|oul SBWOINO0 Y3esH
aInonas [apoN
(3sAJeue ayr Aq apew sad1042) suondwnssy JlAfeuy
uonejndod ay3 u axeidn au1doRA
uoneuidoeA-isod sadAl AdH Msi-ybiy Jaypo Jo Juswadejdal adA L
sadA1 AdH Msu-ybiy Jayio 1surebe auidoeA Jo uondsiold-ssoi)
uonoajold paanpui-aulddeA Jo aaibap pue uoneing
90UBJB3[D PUE UOII3)UI 1S11) BUIMO||0) Alunwiwl [ednjeN
(e1ep 8y} Ul sanurenadun) suondwnssy aulddeA 10 A101SIH [ean1eN

S|SPOIAl Ul seoualapiq Asd]
G 9jgqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Vaccine. Author manuscript; available in PMC 2009 October 28.



