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a b s t r a c t

Background: Recent evidence suggests that two doses of HPV vaccines may be as protective as three doses
in the short-term. We estimated the incremental cost-effectiveness of two- and three-dose schedules of
girls-only and girls & boys HPV vaccination programmes in Canada.
Methods: We used HPV-ADVISE, an individual-based transmission-dynamic model of multi-type HPV
infection and diseases (anogenital warts, and cancers of the cervix, vulva, vagina, anus, penis and orophar-
ynx). We conducted the analysis from the health payer perspective, with a 70-year time horizon and 3%
discount rate, and performed extensive sensitivity analyses, including duration of vaccine protection and
vaccine cost.
Findings: Assuming 80% coverage and a vaccine cost per dose of $85, two-dose girls-only vaccination (vs.
no vaccination) produced cost/quality-adjusted life-year (QALY)-gained varying between $7900–24,300.
The incremental cost-effectiveness ratio of giving the third dose to girls (vs. two doses) was below
$40,000/QALY-gained when: (i) three doses provide longer protection than two doses and (ii) two-dose
protection was shorter than 30 years. Vaccinating boys (with two or three doses) was not cost-effective
(vs. girls-only vaccination) under most scenarios investigated.
Interpretation: Two-dose HPV vaccination is likely to be cost-effective if its duration of protection is at least
10 years. A third dose of HPV vaccine is unlikely to be cost-effective if two-dose duration of protection is
longer than 30 years. Finally, two-dose girls & boys HPV vaccination is unlikely to be cost-effective unless
the cost per dose for boys is substantially lower than the cost for girls.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

The majority of high income countries have introduced
three-dose routine human papillomavirus (HPV) vaccination
programmes [1]. Although most countries are vaccinating
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girls/women, only the US, Australia and one Canadian province
(Prince Edward Island) have included boys in their routine HPV
vaccination programmes. The most commonly used HPV vaccine
in high income countries (including Canada, the UK, the US and
Australia) is the quadrivalent [1], which protects against HPV-16/18
(responsible for more than 70% of cervical cancers [2] and associ-
ated with other anogenital [3,4] and head and neck cancers [5])
and HPV-6/11 (associated with more than 85% of anogenital warts
[6]). Although vaccinating girls against HPV is expected to dramat-
ically reduce the burden of HPV-associated diseases [7,8] and to be
highly cost-effective [9–11], it nevertheless imposes an important
financial strain on immunisation budgets. In Canada, HPV vaccine
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represents 40% of the total cost to fully immunise a girl from infancy
to adolescence (Dr. Bruno Turmel, Quebec Ministry of Health and
Social Services, Personal communication) [12]. Decision-makers
may thus be interested in the possibility of reducing doses of HPV
vaccine to invest the funds on improving coverage to underserved
populations, male HPV vaccination or other immunisation pro-
grammes.

Recent evidence suggests that two doses of HPV vaccine may
be as protective as three doses in the short-term. A nested nonran-
domised analysis within a phase III randomised clinical trial in Costa
Rica suggested that two doses of HPV vaccine has similar high effi-
cacy against vaccine-type persistent infections as three doses, four
years after vaccination [13]. More recently, a phase III randomised
trial examined the immunogenicity of two doses in girls 9–13 years
compared to three doses in girls 9–13 years and three doses among
young women 16–26 years. Results from the study showed that
antibody responses for the vaccine-types among girls (9–13 years)
who received two doses were noninferior to those among young
women (16–26 years) who received three doses, over a period of
three years after the last vaccine dose [14]. However, antibody
responses to HPV-18 at two years and HPV-6 at three years were
significantly lower for girls (9–13 years) who received two doses
vs. girls (9–13 years) who received three doses. Because noninferi-
ority did not persist over time for all vaccine types when directly
comparing the two groups of girls aged 9–13 years, the authors of
the clinical trial, and those from the accompanying editorial [15],
concluded that more data on duration of protection is required
before reduced-dose schedules are recommended or implemented.
However, such information will not be available for several years.
Furthermore, data on duration of protection is not typically avail-
able when new vaccines are introduced (e.g., duration of three-dose
HPV vaccine protection is still unknown).

Mathematical models are particularly well-suited and increas-
ingly used to provide timely evidence to inform immunisation
policy-decisions when empirical data is scarce or incomplete
[16], as they provide a formal framework to synthesise infor-
mation from various sources (e.g., clinical trials, epidemiological
studies) to make predictions about the population-level effective-
ness and cost-effectiveness for different what-if scenarios (e.g.,
vaccinating girls-only or girls and boys, different durations of vac-
cine protection). To our knowledge, no model has examined the
cost-effectiveness of two-dose HPV vaccination or the optimal com-
bination of number of HPV vaccine doses and vaccination strategy
(e.g., girls-only vs. girls and boys). The objectives of this study
were to: (i) estimate the incremental cost-effectiveness of two-
and three-dose schedules of girls-only and girls & boys HPV vac-
cination programmes, and (ii) identify the duration of two- and
three-dose HPV vaccine protection necessary for a third dose to be
cost-effective.

2. Methods

2.1. Study design & economic analysis

HPV-ADVISE, an individual-based transmission-dynamic model
of multi-type HPV infection and disease, was used for model pre-
dictions [8,17,18]. Cost–utility analysis (cost/QALY-gained) was
chosen as the analytic technique and the analysis was performed
using the healthcare payer perspective. Costs were inflated to
2010 Canadian dollars using the Canadian Consumer Price Index
for Health. Costs and outcomes were discounted at 3%/year. A
70-year time-horizon was chosen for our reference-case (average
life-expectancy of the first cohort of vaccinated girls). Sensitiv-
ity analysis on the discount rate and time-horizon was conducted
as per good-modelling practice [19]. As suggested by WHO

guidelines [20,21], the Canadian per capita GDP was used as the
cost-effectiveness threshold. Hence, vaccination strategies below
$40,000/QALY-gained were considered cost-effective.

2.2. Strategies investigated

The incremental costs, benefits, and cost-effectiveness ratios of
the following HPV vaccination strategies were examined:

(1) Two-dose girls-only vs. no vaccination
(2) Three-dose girls-only vs. two-dose girls-only vaccination
(3) Two-dose girls & boys vs. two-dose girls-only vaccination
(4) Three-dose girls & boys vs. three-dose girls-only or two-dose

girls & boys vaccination

In our base-case scenario, routine vaccination is given at 9 years
of age. Of note, all vaccination scenarios include a five-year three-
dose catch-up campaign for 14-year-old girls. Vaccination coverage
was 80%, similar to coverage in UK (79–91%) [22] and Australia
(64–80%) [23]. Vaccination coverage, ages at vaccination, vaccina-
tion schedules and the catch-up campaign are based on the current
girls-only HPV vaccination programme in Quebec, Canada [24].
However, vaccination coverage and the three-dose schedule were
varied in sensitivity analysis. HPV vaccination was introduced five
years ago in Canada (in 2008) and in many developed countries.
Hence, all changes in vaccination strategies are modelled to occur
during the 6th year of the programme. See Supplementary Fig. 1
for a detailed description of the vaccination strategies examined in
our base-case scenario.

2.3. Model structure

The model structure of HPV-ADVISE is described in great detail
elsewhere [8,17,18]. Briefly, individuals in the model are attributed
four different risk factors for HPV infection and/or disease: gen-
der, sexual orientation, sexual activity level and screening level.
Eighteen HPV-types are modelled individually (including HPV-
16/18/6/11/31/33/45/52/58). The diseases modelled are anogenital
warts and cancers of the cervix, vulva, vagina, anus, penis, and
oropharynx. Cytology was used for cervical cancer screening, which
reflects current practice in Canada. Screening rates are a function
of a woman’s screening behaviour level, previous screening test
results, and age. Finally, direct medical costs and Quality-Adjusted
Life-Year (QALY) weights were attributed to outcomes (e.g., diag-
nosed lesions, cancer) over time.

2.4. Parameter values

Sexual behaviour, natural history and cervical screening
parameters were identified by fitting the model to 782 sex-
ual behaviour, HPV epidemiology and screening data target
points, taken from the literature, population-based datasets,
and original studies [25–37] (see Van de Velde et al. [8]
and www.marc-brisson.net/HPVadviseCEA.pdf). Vaccine-type and
cross-protective efficacy estimates were based on a recent meta-
analysis [38] (see Supplementary Table 1), and assumed to be
equal for two- and three-dose schedules based on the short-
term results of the noninferiority trial [13]. Type-specific efficacy
and cross-protection were assumed to be equal for cervical and
non-cervical sites. The duration of vaccine-type efficacy and cross-
protection remains uncertain for two and three doses. Currently,
clinical data show no evidence of waning for three-dose vaccine-
type efficacy after 9.5 years [39] and potential limited duration
of cross-protective efficacy [38]. Given such uncertainty, we var-
ied the average duration of vaccine-type efficacy for three doses
between 20 years and lifelong, and for two doses between 10 years
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