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Abstract

Aim: Clinical trials have shown prophylactic human papillomavirus (HPV) vaccines to be effective against infection and disease. We examined
whether HPV vaccination has the potential to be cost-effective.

Methods: A cohort model of the natural history of HPV was developed, which fits simultaneously Canadian age and type-specific data for
infection, cervical intraepithelial neoplasia, cervical cancer (CC) and genital warts (GW). Quality-Adjusted Life-Years (QALYs) lost and
costs were estimated using data from the literature.

Results: Vaccinating 12-year-old girls (efficacy =95%, no waning, cost/course = CANS$ 400) against HPV-16/18 and HPV-6/11/16/18 is
estimated to cost the health provider CAN$ 31,000 (80%CrI: 15,000-55,000) and CAN$ 21,000 (80%CrI: 11,000-33,000) per QALY-gained,
respectively. Results were most sensitive to age at vaccination, duration of vaccine protection, vaccine cost and QALY-lost due to GW, and
were least sensitive to the medical costs.

Conclusion: Vaccinating adolescent girls against HPV is likely to be cost-effective. The main benefit of vaccination will be in reducing CC
mortality. However, unless screening is modified, the treatment costs saved through vaccination will be insignificant compared to the cost of

HPV immunization.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Human papillomavirus (HPV) causes cervical intraepithe-
lial neoplasia (CIN), cervical [ 1] and other anogenital cancers
(vulva, vaginal, anus, penile) [2,3], head and neck cancers [4],
genital warts [5,6], and recurrent respiratory papillomatoses
[7,8]. In Canada and other developed countries, cervical can-
cer screening programmes have substantially reduced the
incidence and mortality of cervical cancer over the past 50
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years [9]. However, the marked declines seen until the 1990s
have been slowing in recent years [9]. In Canada, cervical
cancer is currently the third most common cancer in women
aged 20-49 and, each year, there are approximately 1400
new cases and 400 deaths from the disease [10]. High risk
types HPV-16/18 account for approximately 70% of all cervi-
cal cancers [11-13]. Low oncogenic risk types HPV-6/11 are
responsible for approximately 90% of genital warts [6,14].
Two HPV prophylactic vaccines, which target HPV-16/18
(Cervarix®) and HPV-6/11/16/18 (Gardasil®), have been
shown to be highly effective in clinical trials [15-18]. With
promising safety and efficacy results from these trials and
the licensure of Gardasil® in Canada, the US and many other
countries [19-21], policymakers will be asked to make rec-
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ommendations and decisions regarding the introduction of
HPYV vaccines. The main criteria considered in such decisions
include safety, effectiveness, cost-effectiveness, affordabil-
ity, programmatic feasibility, equity, public preferences, and
the political consequences of decisions [22,23]. In this study,
we focus on examining the potential cost-effectiveness of
prophylactic HPV vaccination in Canada. The goal of cost-
effectiveness analysis is to compare the health and economic
impact of different interventions in order to identify which
interventions maximize the health of the population, in a con-
text of limited resources. The specific policy questions that
we examine in this study are: What is the cost-effectiveness
of introducing HPV vaccination, under the current conven-
tional cytology-based screening programs in Canada? What
is the relative cost-effectiveness of a quadrivalent vaccine
(HPV-6/11/16/18) compared to a bivalent vaccine (HPV-
16/18)? What is the impact of age at vaccination on the
cost-effectiveness results?

Because many of the benefits of prophylactic HPV vac-
cines occur in the medium to long term, mathematical models
are needed to project the impact of vaccination beyond the
time horizon of clinical trials. The development of models
are based on assumptions, which necessarily introduce uncer-
tainty regarding the conclusions that can be drawn from their
results [24]. It is therefore important to examine the uncer-
tainty of model predictions to provide policy makers with the
necessary information to make appropriate decisions. In the
case of HPV, it is particularly important to quantify uncer-
tainty due to the complex natural history of HPV infection
(encompasses numerous stages of disease which depend on
HPV-type, screening and treatment) and the limited data on
age and type-specific HPV natural history. Given these con-
siderations, an additional aim of this study is to quantify the
uncertainty around model predictions.

2. Methods
2.1. Epidemiologic model structure

We used a compartmental deterministic model that follows
a cohort of 10-year-old women through different cervical
infection and disease states (susceptible, infected, immune,
genital warts, CIN1, CIN2/3, cervical cancer) for four classes
of HPV genotypes (HPV-16, HPV-18, Low Oncogenic Risk
(LR) types and other High Oncogenic Risk (HR) types).
We assume that there is no cross-protection between HPV
types, co-infection can occur, and women can develop life-
long immunity following infection. The model also accounts
for screening and treatment outcomes. That is, women have
an age-specific rate of screening and a lesion-specific test
sensitivity of being detected. We assume that screening prac-
tice and compliance is unaffected by vaccination status.
The epidemiologic model is identical to a previously model
published by Van de Velde et al. [25] and Brisson et al.
[26].

2.2. Economic analysis

We performed the analyses from the perspectives of the
ministry of health, which includes all direct medical costs.
Personal medical costs are not included in the analysis. Future
costs and outcomes are discounted at 3% per year over the
lifetime of the target population. We chose cost-utility anal-
ysis (cost per QALY-gained) as our analytic technique.

2.3. Vaccine strategies

We compare the quadrivalent (HPV-6/11/16/18) and the
bivalent (HPV-16/18) vaccines to no vaccination, under cur-
rent conventional cytology-based screening rates in Canada.
The base case vaccine strategy assumes vaccination of 12-
year-old girls. Sensitivity analysis is performed to evaluate
the impact of age at vaccination and a booster dose (assumed
to be at age 22 years if duration of protection is less than life-
long). We did not conduct an incremental cost-effectiveness
analysis of the quadrivalent over a bivalent vaccine as the
prices of these vaccines are unknown. To compare the biva-
lent and quadrivalent vaccines we estimate the cost per course
these vaccines must have to produce equivalent cost per
QALY-gained ratios.

2.4. Vaccine characteristics

Base case vaccine characteristics are assumed to be as
follows: (1) the proportion of individuals protected following
immunization (take) is 100%; (2) vaccine duration is lifelong;
and (3) reduction in susceptibility to HPV-6/11/16/18 and
HPV-16/18 (vaccine efficacy) is 95%. A sensitivity analysis
was performed to explore the impact of vaccine parameters
on predictions. Vaccine duration is varied by assuming a
constant waning of vaccine protection, resulting in an expo-
nential decay of the protected population. Because we are
modeling prophylactic HPV vaccines, we do not include any
therapeutic benefits to vaccinees already infected with the
vaccine types. Furthermore, we assume that the natural his-
tory of disease is unaltered following vaccine failure or loss
of vaccine-induced immunity.

2.5. Demographic, screening and treatment parameters

Demographic, screening and treatment parameters were
taken from available Canadian-specific data [25]. If no Cana-
dian data were available, US data were used.

2.6. Natural history parameters

All natural history parameters are type (HPV-16, 18,
HR, LR) and age-specific. An extensive fitting procedure,
described elsewhere [25,26], was performed to identify dif-
ferent natural history parameter sets that fit adequately to
available Canadian prevalence and incidence of HPV, geni-
tal warts, CIN and cervical cancer. The 209 parameter sets
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Table 1
QALY-weight lost per health state
Base Min? Max? References
(%) (%) (%)
Genital warts 10 5 15 See methods®; [31]
CIN®14 9 0 9 [28-30]
CIN2/3 13 0 13 [28-30]
Cervical cancer
Stage I 32 19 51 [27,29,30]
Stage Tand III 43 30 58 [27,29,30]
Stage IV 49 38 64 [27,29,30]

2 Min and Max are the minimum and maximum values of the triangular
distributions used in the probability sensitivity analysis. For genital warts,
Min and Max represent the 95% confidence interval. For the other values,
Min and Max represent the maximum and minimum values found in the
literature.

b Preliminary results from a multi-center prospective cohort study, which
aims at recruiting 300 patients across Canada to measure the psychosocial
impact of having genital warts [44]. Interim results, presented here, are for
the first 31 women recruited in the study. The women were aged between
19 and 62 years (median =24 years). Patients were asked to complete the
EQ-5D questionnaire.

¢ CIN, cervical intraepithelial neoplasia.

4 False positives were assumed to incur the same QALY-weight loss as a
CIN1 patient.

identified can loosely be considered as different models that
allow thorough investigation of the impact of natural history
assumptions and parameter uncertainty on model predictions.
Furthermore, these parameter sets can also be considered to
reproduce the variability in the epidemiology of HPV, CIN,
cervical cancer and genital warts in Canada.

2.7. Outcome measures

Utility estimates are presented in Table 1. The aver-
age QALY-weight lost for a false positive results, CIN
and cervical cancer were taken from the literature [27-30].
To estimate the QALY-weight lost for genital warts, we
recruited 31 women presenting at their physicians office
with genital warts. QALY-weights were estimated using the
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EQ-5D questionnaire. For each woman who responded to
the questionnaire, their QALY-weight lost was estimated
as the difference between the average population QALY-
weight and the estimated QALY-weight with genital warts,
matched on age and gender. We estimate that the QALY-
weight lost due to genital warts is 0.10 (95%CI: 0.05-0.15),
which is similar to the 0.09 reported by Myers et al. [31].
The average duration of a diagnosed genital wart episode
was assumed to be 6 months (varied between 4 and 8 months
in the sensitivity analysis) [32]. In the cost-effectiveness
analysis, we only attribute QALY-losses to women who are
diagnosed with genital warts, CIN or cervical cancer. An
extensive sensitivity analysis was performed on all utility
estimates.

2.8. Cost data and assumptions

Unit costs are presented in Table 2 and are in 2005 $CAN.
Costs are inflated to 2005 $CAN using the Canadian Con-
sumer Price Index for Health [33]. Where available, Canadian
costs were used. This includes the cost of conventional
cytology, colposcopy, biopsy and the treatment following
CIN2/3 [34-36]. In the absence of Canadian-specific data,
we adjusted missing costs proportionally based on the rela-
tionship between known costs in Canada and those from the
US. For example, Canadian cytology, colposcopy and biopsy
costs were, on average, 50% of published US costs. Based
on the relative costs between Canada and the US, we scaled
down the average US published costs by half. The costs esti-
mated using this technique are very similar to those from a
costing study yet to be published by Jacobs et al. (Dr. Jacobs,
personal communication). Given the high degree of uncer-
tainty surrounding the unit costs of screening and treatment
of CIN, cervical cancer and genital warts in Canada, exten-
sive sensitivity and uncertainty analysis was conducted on
these parameters. In the sensitivity analysis, we varied all
costs between CANS 0 and the maximum costs found in the
literature.

Table 2
Unit costs (2005 $CAN)
Base? Min® MaxP References

Genital warts 338 457 866 [45-47]
Conventional cytology 57 17 105 [27,30,35,36,48-52]
Colpolscopy and biopsy 148 53 599 [27,29,34,35,49-52]
Diagnosed CIN®1 852 865 2,759 [27,29,30,48]
Diagnosed CIN2/3 1,181 819 4,868 [27,29,30,35,48,49,52]
False positives 198 316 493 [30,48]
Cervical cancer [27,29,30,48,49,52]

Stage I 9,999 4,500 28,233

Stage II and III 15,819 16,592 43,222

Stage IV 21,616 25,922 64,317

% The base case is the average unit cost taken from the literature. In the absence of Canadian-specific data, we adjusted missing costs proportionally based on

the relationship between known costs.

b Min and Max represent the maximum and minimum values found in the literature. Costs from other countries were converted to Canadian dollars using the
currency exchange rate. Min and Max are the minimum and maximum values of the triangular distributions used in the probability sensitivity analysis.

¢ CIN, cervical intraepithelial neoplasia.
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In our base case analysis, we assume that the quadriva-
lent and bivalent vaccines cost CAN$ 400 per course (varied
in the sensitivity analysis), which includes the cost of the
vaccine and administration fees. We assume that a booster
dose costs CANS$ 167 (i.e. CANS$ 33 more that an adolescent
dose to reflect the additional vaccine administration costs for
adults).

2.9. Sensitivity analysis

We performed probabilistic sensitivity analysis, using tri-
angular distributions around unit costs and QALY-weights
(see Tables 1 and 2 for input distributions). Results are
presented with 80% credibility intervals (CrI), which show
the 10th and 90th percentile taken from the distribution of
results from 209,000 simulations (209 “good fit” natural his-
tory parameter sets x 1000 simulations of the probabilistic
sensitivity analysis). Credibility intervals are the Bayesian
analog to classical frequentist confidence intervals. We used
an 80%CrlI instead of the 95% criterion as it illustrates the
uncertainty of model predictions without giving excessive
weight to outliers.

3. Results
3.1. Vaccine effectiveness

Under base-case assumptions, the model predicts that vac-
cinating a cohort of 100,000 girls aged 12 years against
HPV-6/11/16/18 would prevent 18,000 episodes of genital
warts (0 without HPV-6/11 types in the vaccine), 20,000
CIN1 (16,000 without HPV-6/11), 13,000 CIN2/3, 310 cer-
vical cancer cases and 140 cervical cancer deaths over their
lifetime (Table 3). This corresponds to lifetime risk reduc-
tions of 86% (0% without HPV-6/11), 24% (19% without
HPV-6/11), 47%, and 62% for genital warts, CIN1, CIN2/3
and cervical cancer, respectively. The greatest gains in reduc-
tion of morbidity (as measured in terms of QALYs-gained)
are through the prevention of cervical cancer deaths and
QALY-adjusted life-expectancy (Fig. 1a).

3.2. Base case cost-effectiveness analysis

Table 3 shows the predicted health outcomes and costs
prevented by vaccination. Under base case assumptions, vac-
cinating 100,000 girls aged 12 years results in 1400 (1800)
discounted QALY s-saved over their lifetime, using a bivalent
(quadrivalent) vaccine. This is estimated to result in direct
medical cost offsets of CAN$ 4.4 million for the bivalent
vaccine and CAN$ 7.2 million for the quadrivalent, but at a
cost of vaccination of CANS$ 40.0 million (Table 3). Thus, the
cost-utility ratios for the bivalent and quadrivalent vaccines
are estimated to be approximately CANS$ 31,000 (80%Crl:
15,000-55,000) and CAN$ 21,000 (80%CrT: 11,000-33,000)
per QALY-gained, respectively (Table 3).
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Fig. 1. Estimated (a) undiscounted and (b) discounted QALYs-gained in a
cohort of 100,000 girls vaccinated at 12 years of age (vaccine efficacy =95%,
average duration of vaccine protection = Life). Genital warts, CIN, cervical
cancer and cervical cancer deaths represent 21% (12%), 16% (9%), 8% (7%),
55% (72%) of the cumulative QALYs-gained using a 3% (0%) discount
rate. Note that the gains in QALYs due to prevention of genital warts are
the result of the 6/11 component of the HPV-6/11/16/18 vaccine. QALY,
Quality-Adjusted Life-Years.

3.3. Impact of vaccine characteristics and vaccination
scenarios

The cost-effectiveness of HPV vaccination is especially
sensitive to the duration of vaccine protection (Table 3 and
Fig. 2). The cost-utility ratio when assuming duration of vac-
cine protection is 30 years are three to four times higher
than those assuming protection is lifelong (Table 3). The
uncertainty around model predictions also increases when
waning vaccine induced immunity is assumed (Fig. 2a). This
is because a vaccine with limited duration will move the pool
of susceptibles towards older ages allowing for age-specific
natural history of cervical cancer to influence model predic-
tions. If the force of HPV infection remains high among
older women and/or if progression rates towards cervical
cancer are greater in older women, then waning immunity
will greatly reduce vaccine effectiveness. If waning immu-
nity occurs, adding a booster dose is predicted to improve
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Table 3

Lifetime discounted (3%) health outcomes and costs saved by vaccinating a cohort of 100,000 12-year-old girls

Average duration of vaccine protection

Life 30 years? 30 years and booster
Health outcomes prevented
Infection 110,189 55,439 90,745
Genital warts (HPV®-6/11) 9,962 6,352 8,485
Diagnosed CIN¢1
Bivalent (HPV-16/18) 3,417 1,853 2,695
Quadrivalent (HPV-6/11/16/18) 4,090 2,216 3,277
Diagnosed CIN2/3 1,871 1,080 1,500
Cervical cancer 122 33 89
Cervical cancer deaths 45 9 32
LY®-gained 1,321 465 998
QALY*-gained
QALY-gained preventing death 1,079 397 819
Genital warts (HPV-6/11) 382 243 325
Diagnosed CIN1
Bivalent (HPV-16/18) 94 52 74
Quadrivalent (HPV-6/11/16/18) 116 64 93
Diagnosed CIN2/3 187 108 150
False positive —114 —6¢ —od
Cervical cancer 91 22 65
Total
Bivalent (HPV-16/18) 1,441 572 1,100
Quadrivalent (HPV-6/11/16/18) 1,844 828 1,444
Cost offsets (million CAN$)
Negative Pap® tests —0.30 —0.17 —0.24
False positive —0.05¢ —0.03¢ —0.044
Treatment and diagnosis
Genital warts 2.53 1.61 2.15
CINI 1.28 0.68 1.03
CIN2/3 221 1.28 1.77
Cervical cancer 1.54 0.41 1.12
Total
Bivalent (HPV-16/18) 4.44 2.04 343
Quadrivalent (HPV-6/11/16/18) 7.21 3.79 5.80
Cost of vaccination (million CAN$) 40.00 40.00 52.21
Cost per LY-gained (CAN $)b 34,496 222,273 65,750
Cost per QALY-gained (CANS)
Bivalent (HPV-16/18) 31,060 114,846 56,028
Quadrivalent (HPV-6/11/16/18) 20,512 64,584 36,981

Vaccine efficacy =95%, cost per course = CANS$ 400, booster = CANS$ 167.

% Average duration of vaccine protection of 30 years corresponds to a waning rate of 0.033 per year.

b Cost per LY-gained is the same for the HPV-6/11/16/18 and HPV-16/18 vaccines.

¢ HPV, human papillomavirus; CIN, cervical intraepithelial neoplasia. LY, life-year; QALY, Quality-adjusted life-year; Pap, Papanicolaou.
4 False positives will increase after vaccination if prevalence of CIN declines and the specificity remains constant.

dramatically the cost-utility ratios (Table 3 and Fig. 2).
On the other hand, varying vaccine efficacy between 90%
and 100% has little impact on the cost-effectiveness predic-
tions.

Under base case vaccine characteristics, results suggest
that there is relatively little difference between vaccinating
at 12 or 15 years of age (Fig. 2a). However, vaccinating
women at 25 years of age rather than at 15 years increases
the cost per QALY-gained from CAN$ 32,000 (80%Crl:

15,000-59,000) to CAN$ 65,000 (80%CrI: 24,000-125,000)
using the bivalent vaccine, and from CAN$ 21,000 (80%Crl:
12,000-34,000) to CAN$ 44,000 (80%CrI: 21,000-83,000)
using the quadrivalent vaccine (Fig. 2a). The cost-utility
ratios, and related uncertainty, increase with age at vacci-
nation because older women have a greater chance of having
been infected and thus being immune to at least one of the
HPV types included in the vaccine. The increased uncer-
tainty reflects the limited understanding of the epidemiology
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Fig. 2. Univariate sensitivity analysis: (a) vaccine characteristics and scenarios, (b) health economic parameters: lifelong vaccine protection, (c) economic
parameters assuming average duration is 30 years and a booster dose is given, (d) vaccine cost per course. Base: VE=95%, VD =Life, VA = 12 years, cost per
course = CANS$ 400. In the univariate sensitivity analyses, parameters were varied one at a time, holding other parameter values at the base case level. The 80%
credibility intervals (Crl) represents the variability related to the 209 “good fit” natural history parameter sets. In the sensitivity analysis the cost of a booster

dose is assumed to be CAN$ 167.

of HPV infection and disease in older women (e.g. per-
centage of cervical cancer attributable to infection at older
ages).

3.4. Impact of economic parameters

Cost-effectiveness results are relatively insensitive to large
variations in direct medical costs and the QALY lost due to
CIN and cervical cancer (Fig. 2b and c). Cost-effectiveness
is however very sensitive to the discount rate, as the greatest
benefits related to HPV vaccination (i.e. prevention of cer-
vical cancer deaths) occur decades after vaccination (Fig. 1
illustrates the impact of discounting on the estimated QALY s-
gained through vaccination). It should be noted that when
discount rates are very small, the relative difference in the
cost-effectiveness between the bivalent and quadrivalent vac-
cines is diminished (Fig. 2b and c) because the relative
contribution of the QALYs-gained from preventing genital
warts is reduced compared to the QALYs-gained from pre-
venting cervical cancer.

Predictably, the vaccine’s cost per course has a major influ-
ence on cost-effectiveness estimates (Fig. 2d). Under base
case assumptions, each increase (or decrease) of CANS 50
in the cost per course of the bivalent and quadrivalent vac-
cines will produce an increase (or decrease) of CAN$ 4000
and CANS$ 3000 per QALY-gained, respectively (Fig. 2d).
The cost per course of the bivalent and quadrivalent vaccines
will probably not be identical. Assuming the quadrivalent is
CANS 400 per course, we estimate that the cost per course
of the bivalent vaccine must be approximately CANS$ 295
(80%Crl: 235-347) in order for the vaccines to produce
equivalent cost-utility ratios (results not shown). This result is
highly sensitive to the average QALY-lost to genital warts but
not to the cost of treatment. If we use the minimum QALY-lost
for genital warts (see Table 1) or assume that genital warts
does not lead to direct costs to the health care system, the
cost per course of the bivalent vaccine to produce the same
cost-utility ratio as a quadrivalent that costs CAN$ 400, must
be CANS$ 343 (80%CrI: 312-371) or CAN$ 313 (80%Crl:
259-360), respectively (results not shown).



M. Brisson et al. / Vaccine 25 (2007) 5399-5408 5405

= O Quadrivalent, av. Duration=30 yrs, Booster
90% { = Bivalent, av. Duration=30 yrs, Booster
—C—Quadrivalent
| =—Bivalent

% of Cost-Effective Simulations
o
o
ES

- 10 000 20 000 30 000 40 000 50 000
Cost-Effectiveness Threshold ($)

Fig. 3. Probabilistic sensitivity analysis: proportion of simulations that
would be deemed cost-effective for different threshold values of cost per
QALY-gained (VE=95%, VA =12 years, cost per course = CANS$ 400). In
the sensitivity analysis the cost of a booster dose is assumed to be CAN$
167. The figure can be loosely interpreted as showing the probability that
HPYV vaccination would be deemed cost-effective for alternative values of
society’s maximum willingness to pay for a QALY-gained.

3.5. Multivariate sensitivity analysis

Fig. 3 summarizes the results of the multivariate sensi-
tivity analyses. Although no guidelines are available for the
maximum amount that decision makers are prepared to pay
for an additional QALY-gained, a commonly cited rule of
thumb is that interventions are “very cost-effective” if they
have cost-effectiveness ratios less than the per capita GDP
[37,38]. Using CAN$ 40,000 (Canadian per capita GDP [39])
as strong evidence for cost-effectiveness, vaccinating 12-
year-old girls against HPV-16/18 or HPV-6/11/16/18 is likely
to be cost-effective (Fig. 3).

4. Discussion

We developed a cohort model to help inform policy
decisions and recommendations regarding HPV vaccination.
Results suggest that vaccinating adolescent girls against HPV
is likely to be cost-effective under current cytology-based
screening programs in Canada. Furthermore, the main bene-
fit of HPV vaccination will be in preventing cervical cancer
mortality rather than reducing the direct health care costs
related to screening and treatment of HPV-related disease
(assuming screening is not changed). Using CAN$ 40,000
per QALY-gained as strong evidence for cost-effectiveness,
HPYV vaccination is estimated to be cost-effective under a
wide range of parameter assumptions and vaccination sce-
narios. These results are sensitive to assumptions regarding
duration of vaccine protection and the cost per course of
vaccination. If waning of vaccine protection occurs then a
booster dose will be needed in order for HPV vaccination to
be cost-effective (Fig. 2).

Our cost-utility ratios are slightly higher than those from
US cohort-based cost-effectiveness analyses of HPV-16/18
vaccination [27,40]. Goldie et al. [27], and Sanders and
Taira [30] predicted that vaccinating 12 year old girls against
HPV-16/18 will cost US$ 24,000 and US$ 23,000 per QALY-
gained, respectively (using similar vaccine characteristics).
The higher cost-utility ratios estimated in our study are partly
due to the lower screening and treatment costs in Canada com-
pared to the US. When using the costs reported in Goldie et
al. [27], we estimate that the cost per QALY-gained by vac-
cinating 12-year-old girls against HPV-16/18 is US$ 25,000
(80%CrI: 11,100-46,000).

The main limitation of our modeling approach is that it
does not take into account the change in the transmission
dynamics of infection following vaccination, which limits
the research questions that can be addressed [41]. However,
because model predictions are based on a static model, which
does not account for herd-immunity effects, our results can
be considered as conservative (previous US studies have
shown that including transmission dynamics reduces HPV
vaccine cost-utility ratios [40—42]). Given that our model
does not include herd-immunity effects, we did not exam-
ine the incremental cost-effectiveness of vaccinating boys or
optimal catch-up strategies. US modeling studies have pre-
dicted that if coverage rates can reach 90% (which would
be expected in Canada if universal routine immunization
is implemented), including boys in a vaccination program
would not be cost-effective [40]. Results should be similar (or
worse) for Canada as health care cost are lower than in the US
and HPV vaccine effectiveness predictions are similar [25].
Although, we did not investigate different catch-up strate-
gies, we did examine different ages at vaccination. Results
suggest that HPV vaccination is likely to be cost-effective if
given to girls/women 12-20 years of age (using the CAN$
40,000 per QALY-gained threshold) and, therefore, that a
catch-up strategy within these age groups has the potential
to be cost-effective. However, to accurately estimate optimal
catch-up strategies, good programmatic feasibility and cost
data is required, in addition to dynamic modeling. Another
potential limitation of this study is that data on the costs of
screening and treatment of CIN, cervical cancer and genital
warts are sparse and incomplete in Canada. However, exten-
sive sensitivity and uncertainty analysis show that these unit
costs have little to no impact on model conclusions regard-
ing the cost-effectiveness of HPV vaccination under current
screening strategies in Canada. Treatment and screening costs
will most likely have an impact when examining the cost-
effectiveness of optimal screening strategies.

Our modeling study has three main strengths. First, and
most importantly, we perform an extensive fitting proce-
dure that identifies multiple parameter sets (that reproduce
Canadian epidemiological data), which enable thorough
investigation of the impact of natural history assumptions
and parameter uncertainty on cost-effectiveness predictions.
Secondly, we do not assume, a priori, age dependencies in our
progression and regression rates as no conclusive evidence
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exists as to these associations. This advantage enables us to
explore the impact of age-specific natural history assump-
tions. The wide credibility intervals when waning efficacy is
assumed or vaccination is given to “older” women reflect the
uncertainty in the natural history of HPV in older adults and
suggest that more research is needed in this area. Thirdly,
we performed extensive sensitivity and uncertainty analysis,
which allow us to illustrate the robustness of conclusions,
given our model structure.

We provide a comparison of the cost-effectiveness of a
bivalent versus a quadrivalent vaccine. Policy makers will
have to decide, given their respective characteristics and
costs, whether none, one or both of these vaccines should be
included into the routine vaccine schedule. Base case results
predict that the cost per course of the bivalent vaccine would
have to be CANS$ 105 less than that of a quadrivalent (assum-
ing the quadrivalent costs CANS$ 400) to produce equivalent
cost per QALY-gained ratios. A source of uncertainty regard-
ing this result is the potential impact of cross-protection.
Harper et al. [16], have published evidence which sug-
gests that the bivalent vaccine (HPV-16/18) is protective
against incident HPV-31/45 infection. Clinical trials have
yet to show whether the quadrivalent vaccine is protective
against HPV-31/45 infection or that the current bivalent and
quadrivalent vaccines are cross-protective against persistent
HPV-31/45 infection and associated diseases. If we assume
that only the bivalent vaccine produces cross-protection
against HPV-31/45, that this reduces cervical cancer and
associated mortality by an extra 4% (as predicted by Kohli
et al. [43]) and that genital warts do not incur costs to the
health care system, then the bivalent vaccine is predicted to
have to be CAN$ 75 (80%Crl: 27-133) less than that of a
quadrivalent (assuming the quadrivalent costs CAN$ 400)
to produce equivalent cost per QALY-gained ratios. Using
these same assumptions, we estimate that the incremental
cost per course of the quadrivalent (compared to the biva-
lent) would have to be CAN$ 63 to produce an incremental
cost-effectiveness ratio of CAN$ 20,000 per QALY-gained
(age at vaccination = 12 years, 95% efficacy, duration of vac-
cine protection =life). The relative cost-effectiveness of the
bivalent and quadrivalent vaccines are highly sensitive to the
QALYs lost to genital warts, for which there is limited data
in the literature. Clearly, more research should be focused on
understanding the quality of life impact of genital warts.

To our knowledge this is the first Canadian study that
examines the potential cost-effectiveness of prophylactic
HPYV vaccines. Results indicate that HPV vaccination of ado-
lescent girls, in addition to current cytology-based screening
in Canada, is likely to be a cost-effective use of limited health
care resources. The main benefit of vaccination will be in
reducing cervical cancer mortality. However, unless screen-
ing is modified (e.g. later age of initiation or wider screening
intervals), the cost of HPV immunization will strongly out-
weigh the direct costs saved through reduced health care
resource use. Finally, more studies should be focused on: (1)
quantifying the duration of vaccine protection, (2) estimat-

ing the QALY s-lost and costs related to genital warts to better
understand the relative cost-effectiveness of the HPV-16/18
and HPV-6/11/16/18 vaccines, and (3) using dynamic models
to examine the efficiencies and cost-efficiencies of differ-
ent screening and vaccine strategies in reducing HPV-related
disease.
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