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Abstract

Background: Worldwide, countries are
examining whether to implement 1-dose
human papillomavirus (HPV) vaccination
instead of using 2 doses. To inform pol-
icy, we sought to project the population-
level impact and efficiency of switching
from 2-dose to 1-dose gender-neutral
routine HPV vaccination in Canada.

Methods: We used HPV-ADVISE, an
individual-based transmission-dynamic
model of HPV infections and diseases,
to mathematically model vaccination
programs in 2 provinces, Quebec, a
province with high HPV vaccination
coverage (around 85%), and Ontario,
which has lower coverage (around 65%).
We examined non-inferior and pessi-
mistic scenarios of the efficacy (vaccine

efficacy of 98% or 90%) and average
vaccine duration (lifelong, 30 yr, or
25 yr) of 1 dose compared with
2 doses (98% vaccine efficacy, lifelong
vaccine duration). Our main outcomes
were the relative reduction in HPV-16
(by sex) and cervical cancers, and the
number of doses needed to prevent
1 cervical cancer.

Results: Our model projected that
1-dose HPV vaccination would avert a
similar number of cervical cancers as
2 doses in Canada, under various
scenarios. Under the most pessimistic
scenario (25-yr vaccine duration),
1-dose vaccination would avert fewer
cervical cancers than 2 doses, by about
3 percentage points over 100 years.

All 1-dose scenarios were projected to
lead to elimination of cervical cancer
(< 4 cervical cancers/100000 female-
years) and to be a substantially more
efficient use of vaccine doses than a 2-dose
scenario (1-dose v. no vaccination = 800-
1000 doses needed to prevent 1 cervical
cancer; incremental doses for 2-dose v.
1-dose vaccination > 10000 doses needed
to prevent 1 additional cervical cancer).

Interpretation: If the average duration of
1-dose protection is longer than 25 years,
a 1-dose HPV vaccination program would
protect those vaccinated during their
peak ages of sexual activity and prevent
a similar number of HPV-related cancers
as a 2-dose program, while being a
more efficient use of vaccine doses.

In April 2022, the World Health Organization (WHO) Strategic
Advisory Group of Experts on Immunization (SAGE) announced
that human papillomavirus (HPV) vaccination with a single dose
could be considered for people aged 9-20 years.! This advice was
based on evidence from clinical trials indicating very high and
sustained protection against HPV infections with a single dose.>*
Since then, updated data from the Costa Rica HPV Vaccine Trial
(CVT) showed stable antibodies up to 16 years after 1-dose vac-
cination® and the Kenya single-dose HPV vaccine efficacy ran-
domized controlled trial (KEN SHE RCT) showed 98% 1-dose effi-
cacy after 36 months.® The SAGE announcement was also based
on modelling findings that suggested that 1-dose vaccination

could lead to similar population-level reductions in cervical can-
cers as 2 doses in low- and middle-income countries, while being
a more efficient use of vaccine doses, assuming that 1-dose pro-
tection lasts longer than 20 years.”®

Most of the 35 countries or so that have adopted 1-dose HPV
vaccination are low- and middle-income countries. As of
May 2024, about half a dozen high-income countries have adopted
a 1-dose vaccination strategy (e.g., United Kingdom, Australia),
while some have decided to remain with 2 doses (e.g., Sweden)
and many others are evaluating the issue.*¥ Several high-income
countries, such as Canada, have been vaccinating against HPV for
more than 15 years and are now observing substantial reductions
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in HPV-related diseases.!*"** Concerns have been raised about
rebounds in the incidence of HPV infection or cervical cancer that
could result from a switch to 1-dose vaccination if duration of
protection of 1 dose is shorter than 2 doses.*

Our objective was to project the population-level impact and
efficiency of switching from 2-dose to 1-dose HPV vaccination in
Canada to help inform recommendations of the Canadian
National Advisory Committee on Immunization and the Comité
sur Pimmunisation du Québec.’617

Methods

Study design

We used mathematical modelling and up-to-date vaccine effi-
cacy and durability data to project the population-level impact
and efficiency of 1-dose, gender-neutral, routine HPV vaccination
in Canada, compared with 2-dose vaccination, for different HPV-
related outcomes among females and males. We examined non-
inferior and pessimistic assumptions of 1-dose efficacy and dura-
tion of protection.

Model description

We used HPV-ADVISE (Agent-Based Dynamic Model for Vaccina-
tion and Screening Evaluation), an individual-based, transmis-
sion-dynamic model. This model has been extensively peer
reviewed;!®! validated to post-vaccination data from Canada'’
and elsewhere, 2 as well as to other models (Appendix 1, Fig-
ure Al, available at www.cmaj.ca/lookup/doi/10.1503/
cmaj.240787/tab-related-content);?*?* and used to inform policy
decisions on HPV vaccination in Canada and globally.?-* Briefly,
HPV-ADVISE simulates HPV transmission through sexual activity
and type-specific progression from infection to cancers of the
cervix, anus, oropharynx, vagina, vulva, and penis. Eighteen HPV
types are modelled individually. The model can capture a wide
variety of strategies of HPV vaccination and HPV or cervical can-
cer screening. For model projections, we used HPV-ADVISE Can-
ada, which was calibrated to highly stratified Canadian sexual
behaviour, HPV epidemiology, and cervical screening data from
the pre-vaccination era, stratified by age and sex, as well as by
HPV type for epidemiological outcomes. Details of HPV-ADVISE
and its methodology are provided in its technical appendix
(https://marc-brisson.net/HPVadvise-Can.pdf).

Settings and HPV vaccination strategies
Since 2007, all provinces and territories in Canada have imple-
mented publicly funded HPV immunization programs. We model-
led Quebec and Ontario as they have high and low HPV vaccina-
tion coverage in Canada, respectively.’! For model projections,
we reproduced historical changes in HPV vaccination programs
and coverage by age and sex for both provinces from 2007 to
2023 (Appendix 1, Figure A2).3! In 2007/08, both provinces intro-
duced routine school-based HPV vaccination with the quadri-
valent vaccine for females; by 2017/18 both had switched to
gender-neutral programs with nonavalent vaccine.

The initial implementation of the routine HPV vaccination
program in Quebec targeted 9-year-old females, with a 5-year

catch-up period for those aged 14 years, with the vaccine pro-
vided free of charge for females aged 9-17 years. In 2019/20, Que-
bec switched to a 5-year extended schedule, with the first dose
given at age 9 years and the second dose to be given at age
14 years. In Ontario, the inital program targeted 13-year-old
females and switched to females and males aged 12 years in 2016.
From 2007/08 to 2023, Quebec had a high mean vaccination cov-
erage (with around 85% of people receiving 2 doses by age 14 yr);
Ontario had lower vaccination coverage over this period (with
around 65% of people receiving 2 doses by the end of grade 7).

From 2024 onward, we assumed that vaccination coverage
was stable and was not affected by a potential switch to 1 dose
(i.e., 85% coverage in Quebec, and 67% among females and 62%
among males in Ontario). To estimate the population-level
impact and efficiency of 1-dose HPV vaccination, we compared
1-dose gender-neutral HPV vaccination starting in 2024 with the
status quo of 2-dose gender-neutral HPV vaccination. Given that
the focus of the study was on HPV vaccination, all scenarios
assumed that cytology-based cervical screening and participa-
tion rates were as per status quo.

Vaccine efficacy and duration scenarios
We assumed that 2 doses of the nonavalent HPV vaccine pro-
vides 98% efficacy against HPV types targeted by the vaccine and
a lifelong duration of protection.®? For the 1-dose base-case scen-
ario, we assumed a similar efficacy and duration of protection as
the 2-dose scenario. The 98% 1-dose vaccine efficacy repre-
sented the final KEN SHE RCT results.® The India International
Agency for Research on Cancer (IARC) and CVT trials showed sus-
tained protection for up to 12 and 16 years from 1-dose, respect-
ively; for the 1-dose base case scenario, we assumed this protec-
tion extended lifelong.>® We also modelled different pessimistic
1-dose scenarios of lower vaccine efficacy (90%), with or without
lower average duration of protection (25 yr or 30 yr) (Appendix 1,
Table A2). The pessimistic scenario of 90% vaccine efficacy repre-
sented the lower bound of the 95% confidence interval of 1-dose
vaccine efficacy in the KEN SHE RCT.¢

We chose 25-year and 30-year average duration of protection
as pessimistic scenarios because no evidence has indicated wan-
ing 1-dose protection after more than 12 and 16 years of follow-
up, as in the India IARC study and the CVT, respectively.>>* To
reproduce these empirical data in the model, we used a normal
distribution to allow people to have stable protection for a
selected number of years. When assuming an average duration of
protection of 25 years, individuals start losing protection after
15 years, half will have lost their protection after 25 years, and
almost all will have lost protection after 35-40 years (Appendix 1,
Figure A3).

Sensitivity analysis

We performed additional sensitivity analyses. Given that no
1-dose RCT has involved males, we modelled a scenario where
1 dose would be non-inferior for females, but pessimistic for
males (90% vaccine efficacy and 25-year average duration of pro-
tection). We also modelled a mitigation strategy involving a
switch back to 2-dose routine vaccination 10 years after the
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switch to 1-dose vaccination, should ongoing trials show waning
1-dose protection within the next 10 years. We chose the 10-year
period as, in 2034, more than 25 years of follow-up data will be
available from the current 1-dose studies (CVT and the India IARC
study), which would be sufficient to detect whether protection is
waning by 25 years or 30 years.

Outcomes

To evaluate the population-level impact of HPV vaccination, our
main outcomes were the change in incidence of HPV-16 infection
over time among females and males, compared with no vaccina-
tion; the change in the age-standardized incidence of cervical
cancer over time, compared with no vaccination; and the percent
change in the cumulative incidence of cervical cancer over
100 years (2- or 1-dose vaccination v. no vaccination and 2-dose
v. 1-dose vaccination). We chose HPV-16 infection as a main out-
come because it contributes most to HPV-related cancers world-
wide* and has the highest force of infection. Therefore, it is the
hardest to control and would have the highest rebound after a
switch to 1-dose vaccination, if a rebound were to happen.

To evaluate the efficiency of HPV vaccination, our main out-
come was the number of doses needed to prevent 1 cervical can-
cer. We estimated this outcome by dividing the cumulative num-
ber of doses given in the population (assuming a switch to
1 dose) by the cumulative number of cervical cancers averted
over 100 years, compared with no vaccination. We also calcu-
lated the incremental number of doses to prevent 1 additional
cervical cancer by dividing the additional number of second
doses given by the additional cancers prevented with 2-dose vac-
cination, compared with 1-dose vaccination.

Our secondary outcomes were the relative reduction in the
incidence of high-risk HPV types (16, 18, 31, 33, 45, 52, and 58)
targeted by nonavalent HPV vaccines and all other HPV-related
cancers (among females and males) over time, compared with
no vaccination.

For model projections, we identified 50 parameter sets that
produced the best fit to data to represent the uncertainty and
variability in HPV epidemiology and sexual behaviour. We pres-
ented results as the median and 10th and 90th percentiles (80%
uncertainty interval) of model projections for the 50 best-fitting
parameter sets.

Ethics approval

This mathematical modeling study did not require ethical
approval, given that no individual-level data were used to simu-
late HPV vaccination in Quebec and Ontario.

Results

Impact on HPV-16 infection

The model projected that gender-neutral nonavalent HPV vac-
cination with 2 doses or a non-inferior scenario of 1 dose would
nearly eliminate HPV-16 infections among females and males by
2040-2045 in Quebec, and reduce HPV-16 infection by more than
90% in Ontario (Figure 1; Appendix 1, Table A3 and Table A4).
Under the pessimistic assumption of 90% vaccine efficacy,

1-dose vaccination would produce a similar impact as 2 doses on
the incidence of HPV-16 infections in both provinces. Under the
most pessimistic scenario of a 25-year average duration of pro-
tection, 1 dose was projected to lead to around a 25- and
20-percentage point rebound among females and males from
Quebec, respectively, and a 20- and 15-percentage point
rebound among females and males from Ontario, respectively.
However, when assuming a 30-year duration of protection, the
rebound in infection was about 10 percentage points lower in
both provinces. Finally, rebounds in Quebec and Ontario would
start more than 25 years (in 2045-2050) or 30 years (in 2050-
2055) after the switch to 1 dose, assuming a 25- or 30-year aver-
age duration of protection, respectively.

Impact on cervical cancer

The model projected that gender-neutral HPV vaccination with
2 doses or a non-inferior scenario of 1 dose would reduce the age-
standardized incidence of cervical cancer by 50% before 2040-
2045 and by more than 85% before the end of the century in both
provinces, with a faster and more pronounced reduction in Que-
bec (Figure 2; Appendix 1, Table A5, Table A6, and Figure A4).

Over 100 years, HPV vaccination with 2 doses or a non-inferior
scenario of 1 dose was projected to avert about 60% and 55% of
all cervical cancers in Quebec and Ontario, respectively, com-
pared with no vaccination (Figure 3; Appendix 1, Table A5
and Table A6). This percentage was estimated among all females
since the beginning of vaccination and includes unvaccinated
and vaccinated cohorts.

Under the pessimistic 1-dose scenarios of 90% vaccine effi-
cacy or 30-year average duration of protection, reductions in cer-
vical cancer over time were projected to be similar to 2 doses
(Figure 2 and Figure 3; Appendix 1, Table A5 and Table A6). How-
ever, under the most pessimistic scenario of a 25-year average
duration of protection, 1-dose vaccination would avert fewer cer-
vical cancers than 2 doses, by about 3 percentage points over
100 years.

Finally, all 1-dose scenarios, including the most pessimistic,
were projected to lead to elimination of cervical cancer in both
provinces, using the WHO elimination threshold of fewer than
4 cervical cancers per 100000 female-years (Appendix 1,
Figure A5).

Efficiency of HPV vaccination

The model projected that 1-dose HPV vaccination would be a
substantially more efficient use of vaccine doses than 2 doses,
even under the most pessimistic 1-dose scenarios (Figure 4;
Appendix 1, Table A5 and Table A6).

Secondary outcomes and sensitivity analyses
In pessimistic 1-dose scenarios, our model projected a very lim-
ited and delayed rebound in infections from high-risk HPV types
targeted by nonavalent vaccines and other HPV-related cancers
(v. HPV-16 and cervical cancer, respectively) (Appendix 1, Fig-
ure A6 and Figure A7).

In sensitivity analyses, assuming a pessimistic scenario of
lower 1-dose vaccine efficacy and shorter duration of protection
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Figure 1: Projected population-level impact of switching to 1-dose human papillomavirus (HPV) vaccination (v. no vaccination) on incidence of HPV-16
among (A) females in Quebec, (B) females in Ontario, (C) males in Quebec, and (D) males in Ontario, assuming different scenarios of 1-dose efficacy and
duration (HPV vaccination coverage was 85% among females and males in Quebec, and 67% and 62% among females and males in Ontario). The lines
are the median result of model projections using 50 parameter sets. Supporting data are presented in Appendix 1, Tables A3 and A4. All scenarios over-
lap during the first years after the start of vaccination. In Quebec, the scenarios in blue and orange led to the elimination of HPV-16 and overlap with the

x-axis. Note: VD = vaccine duration of protection, VE = vaccine efficacy.

among males had little to no effect on the projected population-
level impact of switching to 1-dose vaccination (Appendix 1, Fig-
ure A8). Finally, under the most pessimistic scenario of an aver-
age 25-year duration of protection, switching back to 2-dose
routine vaccination (after 10 years of 1-dose vaccination) led to a
similar impact on cervical cancer as remaining with a 2-dose
strategy (Appendix 1, Figure A9).

Interpretation

Our modelling analysis projected that a 1-dose, gender-neutral,
routine HPV vaccination program would avert a similar number
of cervical and other HPV-related cancers as 2 doses over
100 years in Canada, using a variety of 1-dose vaccine efficacy

and duration scenarios. Furthermore, all 1-dose vaccination
scenarios, even the most pessimistic, were projected to be a sub-
stantially more efficient use of vaccine doses than 2-dose vaccin-
ation; these scenarios were also all projected to lead to elimina-
tion of cervical cancer in Canada between 2032 and 2040.

The key remaining uncertainty is the relative durability of
1- and 2-dose protection. Recent updates of the India IARC study
and the CVT showed sustained efficacy and antibodies up to
12 and 16 years, respectively, after 1-dose vaccination.>>3 Even
under the most pessimistic scenario of a 25-year average duration
of protection, the model projected a limited and delayed rebound
in HPV infections, cervical cancer, and other HPV-related cancers.

Four key factors can explain these results. First, even with an
average duration of protection of 25 years, those vaccinated
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Figure 2: Projected population-level impact of switching to 1-dose human papillomavirus (HPV) vaccination (v. no vaccination) on incidence of cervical
cancer (squamous cell carcinoma) in (A) Quebec and (B) Ontario, assuming different scenarios of 1-dose efficacy and duration (HPV vaccination cover-
age was 85% among females and males in Quebec, and 67% and 62% among females and males in Ontario). The lines are the median result of model
projections using 50 parameter sets. Supporting data are presented in Appendix 1, Tables A5 and A6, and in Figures A4 and A5. Incidence of cervical
cancer was standardized to the 2015 world population.®> Note: VD = vaccine duration of protection, VE = vaccine efficacy.
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Figure 3: Change in the cumulative number of cervical cancers (squamous cell carcinoma) averted over 100 years with 1-dose or 2-dose human
papillomavirus (HPV) vaccination in (A) Quebec and (B) Ontario, assuming different 1-dose efficacy and duration scenarios. Boxplots represent model
projections using 50 parameter sets, illustrating uncertainty related to sexual activity, screening behaviour, and the natural history and epidemiology of
HPV infection and related diseases. This difference of averted cancer is estimated among all females of all ages since the beginning of vaccination and
therefore includes unvaccinated and vaccinated cohorts. Supporting data are presented in Appendix 1, Tables A5 and A6. Note: IQR = interquartile

range, VD = vaccine duration of protection, VE = vaccine efficacy.

would be protected during their peak ages of sexual activity and
would have, on average, few remaining new partners once the
efficacy began to wane.*-3 Second, the high vaccination cover-
age and protection during peak ages of partner acquisition
would provide herd immunity effects to unprotected people.
Third, a potential rebound in HPV infections would start about

25 years after the switch to 1-dose vaccination, as the prevalence
of HPV types targeted by vaccines is currently very low in Canada
because of high vaccination coverage and time would be needed
for the first 1-dose cohorts to start losing their protection.
Fourth, the age at infection would shift from peak ages of sexual
activity to the ages when vaccination efficacy would potentially
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Figure 4: Number of doses needed to prevent 1 cervical cancer
(squamous cell carcinoma) with 1-dose or 2-dose human papillomavirus
(HPV) vaccination in (A) Quebec and (B) Ontario, assuming different
1-dose efficacy and duration scenarios. Boxplots represent the model
projections using 50 parameter sets, illustrating uncertainty related to
sexual activity, screening behaviour, and the natural history and
epidemiology of HPV infection and related diseases. *Model projections
of the incremental number of doses needed to prevent 1 cervical cancer
are higher than 50 000 for this scenario. Supporting data are presented in
Appendix 1, Tables A5 and A6. Note: VD = vaccine duration of protection,
VE = vaccine efficacy.

decline. Hence, HPV infection would occur among older adults,
leading to a reduced risk of cancer, given the long lag time
between infection and development of cancer and fewer life
years remaining to develop the cancers.

Our results have important policy implications in Canada, and in
other similar high-income countries evaluating whether to switch

to 1-dose HPV vaccination. First, our projections suggest that
1-dose vaccination is unlikely to result in a substantial rebound in
HPV infection and related cancers among males and females, that
the second dose provides small additional population-level bene-
fits, and that 1-dose vaccination would not imperil cervical cancer
elimination. Under the most pessimistic scenario of 1-dose dura-
tion (25-yr average duration of protection), a rebound in HPV-16
infection would occur between years 2045 and 2055. This leaves up
to 20 years to detect any substantial waning of protection in ongo-
ing studies and to introduce mitigation strategies, such as reverting
to a 2-dose strategy after 10 years of 1-dose vaccination. Therefore,
the CVT and India IARC studies should continue follow-up and HPV
surveillance activities should be implemented in Canada to detect
any early signs of increases in prevalence over time. Second, the
COVID-19 pandemic affected HPV vaccination in Canada, particu-
larly among vulnerable populations.®** The economic savings of
switching to 1-dose vaccination and its programmatic flexibility
could allow investments to increase vaccination uptake in regions
where coverage is suboptimal and in subgroups with high HPV bur-
den to mitigate the pandemic’s effects on programs and to reduce
inequalities. Finally, our results are likely generalizable to the other
provinces (as Quebec and Ontario cover the range of vaccination
coverage in Canada) and to other high-income countries with simi-
lar HPV vaccination coverage, sexual activity patterns, and HPV epi-
demiology. 34143

Limitations

As with all modelling studies, limitations are related to uncertainty
in the data used for projections. We used 50 parameter sets for
model projections to capture uncertainty related to sexual activity,
screening behaviour, and the natural history and epidemiology of
HPV infection and related diseases. More specifically, for 1-dose
vaccination, 4 main sources of uncertainty should be considered,
namely 1-dose duration of protection, absence of data on 1-dose
efficacy for males, absence of data on 1-dose efficacy in preventing
other HPV-related cancers, and the number of new sexual partner-
ships among adults older than 40 years (for whom protection
could potentially have waned). To address the first source of
uncertainty, we modelled a variety of scenarios for 1-dose dura-
tion based on the most recent immunogenicity and efficacy
data.>*® Second, although limited 1-dose data are available for
males, our model projected that a pessimistic scenario of com-
bined lower 1-dose efficacy (90%) and duration (25-yr average
duration) for males would produce a similar population-level
impact with 1-dose vaccination as a perfect 1-dose vaccine for
males, assuming a non-inferior 1-dose scenario for females. If
gender-neutral vaccination coverage is intermediate-high and
vaccine efficacy for females is high and long lasting, herd effects
would be sufficient to mitigate losses in vaccine efficacy for males.
However, given that we assumed similar herd immunity effects for
men who have sex with men (MSM), the rebound in HPV infection
and other HPV-related cancers could be greater if duration of pro-
tection is limited. Third, even under the most pessimistic 1-dose
vaccine scenarios, our model projected a more limited and
delayed rebound for other HPV-related cancers (v. cervical cancer),
given their slower progression from infection to cancer. Moreover,
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by preventing HPV infections at the genital sites, 1-dose vaccina-
tion would also lead to indirect prevention effects to other sites
(similar to herd immunity effects), particularly given that the
prevalence of high-risk HPV infection at other sites is generally
lower than at the genital site.** However, more work is required
to better understand the natural history of other HPV-related can-
cers, as well as the potential impact of 1-dose vaccination on their
transmission dynamics. Fourth, our model slightly overestimated
the number of lifetime sexual partners for females older than
40 years, compared with recent North American data.3**® There-
fore, our projections may overestimate the rebound in HPV infec-
tions in pessimistic scenarios or capture potential future increases
in sexual behaviour among older adults. Finally, we did not
explore potential changes in screening policies. However, poten-
tial future improvements in screening tests and adherence could
reduce the background incidence of cervical cancer, further limit-
ing the potential consequences of pessimistic 1-dose scenarios
and reducing the incremental benefit of a second dose.

Conclusion

Our model projected that, compared with 2 doses, 1-dose,
gender-neutral, routine HPV vaccination would avert similar num-
bers of cervical cancers, HPV infections, and other HPV-related
cancers among females and males in Canada, if vaccine protec-
tion remains high during the peak ages of sexual activity. In addi-
tion, 1-dose vaccination represents a more efficient use of vaccine
doses and is projected to lead to elimination of cervical cancer in
Canada. Continued monitoring of 1-dose protection over time is
required to rapidly detect any signs of waning 1-dose efficacy. If
steep declines in 1-dose protection were observed, policy-makers
would have sufficient time to introduce mitigation strategies.
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