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Summary

Background—Human papillomavirus (HPV) vaccination programmes were first implemented in
several countries worldwide in 2007. We did a systematic review and meta-analysis to assess the
population-level consequences and herd effects after female HPV vaccination programmes, to
verify whether or not the high efficacy reported in randomised controlled clinical trials are
materialising in real-world situations.

Methods—We searched the Medline and Embase databases (between Jan 1, 2007 and Feb 28,
2014) and conference abstracts for time-trend studies that analysed changes, between the pre-
vaccination and post-vaccination periods, in the incidence or prevalence of at least one HPV-
related endpoint: HPV infection, anogenital warts, and high-grade cervical lesions. We used
random-effects models to derive pooled relative risk (RR) estimates. We stratified all analyses by
age and sex. We did subgroup analyses by comparing studies according to vaccine type,
vaccination coverage, and years since implementation of the vaccination programme. We assessed
heterogeneity across studies using /2 and Xz statistics and we did trends analysis to examine the
dose—response association between HPV vaccination coverage and each study effect measure.

Findings—We identified 20 eligible studies, which were all undertaken in nine high-income
countries and represent more than 140 million person-years of follow-up. In countries with female
vaccination coverage of at least 50%, HPV type 16 and 18 infections decreased significantly
between the pre-vaccination and post-vaccination periods by 68% (RR 0-32, 95% CI 0-19-0-52)
and anogenital warts decreased significantly by 61% (0-39, 0-22—0-71) in girls 13-19 years of age.
Significant reductions were also recorded in HPV types 31, 33, and 45 in this age group of girls
(RR 0-72, 95% CI 0-54-0-96), which suggests cross-protection. Additionally, significant
reductions in anogenital warts were also reported in boys younger than 20 years of age (0-66 [95%
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Cl 0-47-0-91]) and in women 20-39 years of age (0-68 [95% CI 0-51-0-89]), which suggests herd
effects. In countries with female vaccination coverage lower than 50%, significant reductions in
HPV types 16 and 18 infection (RR 0-50, 95% CI 0-34-0.74]) and in anogenital warts (0-86 [95%
Cl 0-79-0-94]) occurred in girls younger than 20 years of age, with no indication of cross-
protection or herd effects.

Interpretation—Our results are promising for the long-term population-level effects of HPV
vaccination programmes. However, continued monitoring is essential to identify any signals of
potential waning efficacy or type-replacement.

Funding—The Canadian Institutes of Health Research.

Introduction

Since 2007, 52 out of 195 countries worldwide have implemented human papillomavirus
(HPV) vaccination programmes, including 41% of high-income countries and 15% of low-
income and middle-income countries.1~* The population-level effect of HPV vaccination
programmes is expected to vary substantially between these countries, depending on the
vaccine used, implementation strategies, and vaccination coverage achieved. Two HPV
vaccines are currently available worldwide: the bivalent vaccine, which targets HPV types
16 and 18 (which are associated with 70-80% of cervical cancers globally®), and the
quadrivalent vaccine, which also targets HPV types 6 and 11 (associated with 85-95% of
cases of anogenital warts®). Most high-income countries are using the quadrivalent vaccine,
whereas a mixed picture exists for low-income and middle-income countries.2:” Although all
HPV vaccination programmes target pre-adolescent girls (and might also include catch-up
programmes for older girls and women), a few countries, such as the USA and Australia,
have recently begun to include boys.8:° Finally, in high-income countries, vaccination
coverage in the younger cohorts of girls ranges from nearly 90% to less than 50%, mostly
depending on whether the countries have school-based or non-school-based vaccination
programmes.10

Large international randomised controlled clinical trials have shown both HPV vaccines to
be safe and well tolerated, highly efficacious against vaccine-type persistent HPV infection
and precancerous cervical lesions in women (vaccine efficacy 93-100%),1112 and to provide
some degree of cross-protection against three non-vaccine types (HPV types 31, 33, and
45),12-14 which are associated with 10-15% of cervical cancers worldwide.1® Existing
evidence from clinical trials also suggests that cross-protective vaccine efficacy estimates
against infections and lesions associated with HPV types 31, 33, and 45 are higher for the
bivalent vaccine than for the quadrivalent vaccine.16 Following clinical trials, mathematical
models have been used to predict the long-term population-level effectiveness and cost-
effectiveness of vaccination programmes delivered in different settings. Modelling studies
have consistently predicted that the overall burden of HPV-related diseases in women will
decrease substantially in the next few decades through vaccination, and that vaccination of
girls against HPV is highly cost effective in most countries.1=19 Despite consistency in
model predictions of the direct effects of HPV vaccination in vaccinated girls, uncertainty
remains about the potential population-level effects of cross-protection and herd protection
(eg, the indirect consequences of vaccinating girls on HPV in unvaccinated boys, men, and
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adult women), and the vaccination coverage necessary to achieve substantial herd
effects.20-24 This information is crucial to help guide vaccine choices and inform decisions
about vaccination of boys and men.

Now that more than 7 years have elapsed since the implementation of the first HPV
vaccination programmes in 2007 (appendix pp 2—4), it is timely to verify whether or not the
promising results from clinical trials and model projections are materialising at the
population level. An increasing number of post-vaccination surveillance studies have
recently been published using several intermediate endpoints (eg, HPV infection, anogenital
warts, and precancerous cervical lesions). The aim of this systematic review and meta-
analysis is to summarise existing evidence about the population-level effect of HPV
vaccination, as measured in time-trend studies in girls and young women targeted for
vaccination, and in boys, men, and older women. We focused on three HPV-related
endpoints: HPV infection, anogenital warts, and high-grade cervical lesions.

Search strategy and selection criteria

We systematically reviewed the global literature and report it in accordance with the
PRISMA guidelines.2® Studies were eligible for inclusion if they fulfilled the following
criteria: they provided data about at least one endpoint of HPV infection, anogenital warts,
histopathologically confirmed high-grade cervical lesions (cervical intraepithelial neoplasia
[CIN] 2 or worse); if they assessed the population-level effect by comparing the frequency
(prevalence or incidence) of the endpoint between the pre-vaccination and post-vaccination
periods (ie, time-trend studies); and if data from the pre-vaccination and post-vaccination
periods were collected from the same population sources with use of the same recruitment
methods.

We excluded studies with the following characteristics because they did not measure
population-level effect: if HPV vaccination was administered as part of an individual-based
randomised trial, or HPV vaccination effect was assessed by comparing the frequency of the
endpoint between vaccinated and unvaccinated people during the post-vaccination period.

Our search strategy had three stages. First, we searched the Medline and Embase databases
between Jan 1, 2007, and Feb 28, 2014, with a combination of the following Medical
Subject Heading (MeSH) terms, title, or abstract words, with no restriction on the language
of publication: (“papillomavirus vaccine”, “papillomavirus vaccination”, “HPV vaccine”, or

“HPV vaccination”) and (“program evaluation”, “population surveillance”, “sentinel

surveillance”, “incidence”, or “prevalence”), and (“papillomavirus infection”, “condylomata
acuminata”, “anogenital warts”, “cervical intraepithelial neoplasia”, “cervical dysplasia”,
“uterine cervical neoplasm”, or “HPV related diseases”). We identified eligible studies by
reviewing titles and abstracts, and we also searched the reference lists of eligible articles.
Second, we reviewed the abstracts of recent major conferences on HPV (the European
Research Organisation on Genital Infection and Neoplasia [EUROGIN] Congress 2013 and
the International Papillomavirus Conference 2012) to identify additional unpublished

studies. Third, MD and MB contacted the authors of conference abstracts to obtain
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unpublished data. MD and EB independently assessed the eligibility of all studies.
Additionally, DM independently assessed the eligibility of studies of HPV infection. If more
than one publication from the same data source and research team was available, we kept the
publication that presented the most recent data.

Data extraction and quality assessment

Our primary outcomes were the relative risks (RR) comparing the pre-vaccination and post-
vaccination periods for: the prevalence of HPV infection for four HPV type subgroups
(high-oncogenic risk vaccine types [HPV16 and HPV18], three types with the greatest
evidence of cross-protective efficacy [HPV31, HPV33, and HPV45],16 the five potentially
cross-protective types [HPV31, HPV33, HPV45, HPV52, and HPV58],16 and all high-
oncogenic risk non-vaccine types [all high-risk HPV types except for HPV16 and HPV18]);
the frequency (prevalence or incidence) of anogenital wart diagnosis; and the frequency
(prevalence or incidence) of high-grade cervical lesions. Two authors (MD and EB)
independently extracted the study characteristics and outcomes using a standardised form.
MD and MB contacted authors to request supplementary extractions to standardise data
stratifications between studies for comparison and pooling (eg, same age and HPV type
groupings). We also collected information about the vaccination programme characteristics
and vaccination coverage of the country or region of each study (appendix pp 2-4). For the
HPV prevalence studies, we collected age-specific vaccination coverage directly from each
study, since vaccination status was available for all study participants. Finally, the authors of
each article validated the data from their study.

Before contacting the study investigators, MD, AM, PLM, and MB assessed whether or not
the studies had sufficient methodological quality to be included in the meta-analysis. The
quality of the studies (potential for bias and confounding, and external validity) was assessed
independently from the investigators of the original studies. Potential for bias and
confounding within studies were assessed by review of the participant selection or
recruitment procedures, endpoint definitions, algorithms used to identify cases, and potential
confounders considered in the statistical analyses (appendix pp 5-9).

Data analysis

Because mostly girls (<20 years of age) were vaccinated in the study populations, we
decided a priori to stratify all our analyses by sex and age. Furthermore, because only the
quadrivalent vaccine includes HPV types 6 and 11 (which are responsible for roughly 90%
of cases of anogenital warts®), we decided a priori to stratify our analyses for anogenital
warts by the type of vaccine.

To ensure comparability of the study results included in the meta-analysis, we first defined
pre-vaccination and post-vaccination periods for all studies (appendix pp 10-11). Second,
for comparability, we used prevalence or incidence rate ratios as the measure of effect for all
HPV-related endpoints. For HPV infection, most studies presented RR (crude and/or
adjusted prevalence ratios) and 95% Cls. When available, we included adjusted RR in the
meta-analysis. When only crude HPV prevalence over time was available, we calculated
prevalence ratios by dividing the post-vaccination and pre-vaccination prevalence and

Lancet Infect Dis. Author manuscript; available in PMC 2016 December 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drolet et al.

Page 6

estimated the 95% CI (CI approximation for prevalence ratios?). For anogenital warts and
precancerous lesions, all studies presented annual frequency (prevalence or incidence) over
time. We estimated pre-vaccination frequency by aggregating the data for up to 3 years
before vaccination, and calculated RR by dividing each post-vaccination year by the pre-
vaccination estimate.

We derived summary estimates of the effect of HPV vaccination for each endpoint by using
random-effects models on the log scale.2”:28 We did a subgroup analysis to identify potential
sources of heterogeneity by comparing the summary estimates obtained from subsets of
studies or groups within studies grouped by: vaccine type (bivalent or quadrivalent),
vaccination coverage (low <50% or high >50%—we used study-specific coverage estimates
for HPV infection, and country/region-level coverage for the other outcomes), age (<20, 20—
24, 25-29, or 30-39 years), years since the vaccination programme was implemented (1, 2,
3, or 4 years), source of study data (population based, health provider/insurance based, or
clinic based), and by whether or not the impact measure was adjusted (yes or no). We
examined heterogeneity across studies using 2 and x 2 statistics.?8 /2 values less than 50%
represent low heterogeneity, between 50-75% substantial heterogeneity, and more than 75%
high heterogeneity.?® The p value associated with the 2 statistic represents the statistical
significance of heterogeneity. Finally, we analysed the dose-response association between
HPV vaccination coverage (independent variable) and the log-RR of each study (dependent
variable) by fitting a linear regression, weighted by the inverse variances of the log-RR.30
We used Review Manager 5.2 and SAS 9.4 for all analyses.

Role of the funding source

Results

The funders had no role in the study design, data collection, analysis and interpretation, or
writing of the report. MB had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

In our searches we identified 661 articles and 29 conference abstracts, of which 20 records
met the inclusion criteria (seven on HPV infection,31-37 11 on anogenital warts,38-48 and
two on high-grade cervical lesions;49:50 figure 1, table). The studies were done in nine high-
income countries (the USA, Australia, England, Scotland, New Zealand, Sweden, Denmark,
Canada, and Germany) and assessed the population-level consequences of vaccination in 16
600 women for HPV infection, more than 125 million person-years of follow-up for
anogenital warts, and 15 million female-years of follow-up for high-grade cervical lesions
(table). The vaccine used, vaccination strategy, delivery, and vaccination coverage varied
substantially (table and appendix pp 2-4). All studies had sufficient methodological quality
to be included in the meta-analysis (appendix pp 5-9). However, because two studies
analysed the entire Danish population during identical time periods,*348 we only included
Baandrup and colleagues’ study*3 in our main analysis (the choice of study had no effect on
our results; appendix pp 12-14).

In girls 13-19 years of age, the overall prevalence of HPV types 16 and 18 decreased
significantly by 64% in the post-vaccination period (RR 0-36 [95% CI 0-25-0-53]) compared
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with the pre-vaccination period (figure 2A), with a significant dose-response association
with vaccination coverage (p=0-005). The overall prevalence of HPV types 31, 33, and 45
also decreased significantly post-vaccination by 28% (RR 0-72 [95% CI 0-54-0-96]), but the
reductions were not associated with vaccination coverage. The overall prevalence of HPV
types 31, 33, 45, 52, and 58, and non-vaccine high-risk types (ie, all high-risk HPV types
except HPV16 and HPV18) did not change significantly between the pre-vaccination and
post-vaccination periods (figure 2A).

In women 20-24 years of age, the overall prevalence of HPV types 16 and 18 decreased by
31% (RR 0:69 [95% CI 0-47-1.-01]) in the post-vaccination period (figure 2B). Although the
overall reduction in HPVV16 and HPV18 infection was not significant, it showed a dose—
response association with vaccination coverage (p=0-01). No significant decreases in
prevalence or dose-response associations with vaccination coverage were recorded for HPV
types 31, 33, and 45, or for HPV types 31, 33, 45, 52, and 58. Finally, a small—but non-
significant—increase in non-vaccine high-risk HPV types occurred (RR 1.09, 95% CI 0-98-
1.22), which was negatively associated with increasing vaccination coverage (p=0-03).

In addition to vaccination coverage, the use of adjusted or crude RRs emerged as a
substantial source of heterogeneity between studies (/2 ranged between 50% and 75% for
many endpoints; figure 3). Notably, the point estimates of adjusted RRs were lower than
were the crude RRs for HPV subgroups with substantial post-vaccination reductions (ie,
HPV types 16 and 18 in 20-24-year-old women; figure 3B, and HPV types 16 and 18 and
types 31, 33, and 45 in 13-19 year-old girls; figure 3A), but were higher than the crude RRs
for the other endpoints (figure 3).

In girls aged 15-19 years in countries using the quadrivalent vaccine, anogenital warts
decreased significantly by 31% (RR 0-69 [95% CI 0-60-0-79]) in the post-vaccination
period. A notable dose—response association was recorded between anogenital wart
reduction and increase in population-level female vaccination coverage (p=0-0007; figure
4A). In the same group, anogenital warts were reduced more substantially (by 61%) in
studies with high vaccination coverage than in those with low vaccination coverage (14%
reduction; figure 5A). In addition to vaccination coverage, years since the start of
vaccination emerged as a significant source of heterogeneity (2=68%, p=0-02; figure 5A).

In countries that used the quadrivalent vaccine, nonsignificant decreases in anogenital warts
were recorded post-vaccination in women 20-39 years of age (11%, RR 0-89 [95% CI 0-79-
1.02]) and in boys 15-19 years of age (5%, 0-95 [0-84-1.08]; figure 4B, 4C). Again, these
reductions showed a significant dose—response association with increased population-level
female vaccination coverage (p=0-05 for older women and p=0-005 for young men).
Subgroup analyses showed that female vaccination coverage was a main source of
heterogeneity (figure 5B, 5C). In countries with high female vaccination coverage,
anogenital warts were reduced significantly by 32% in women aged 20-39 years (RR 0-68
[95% CI 0:51-0-89]) and by 34% in boys aged 15-19 years (0-66 [0-47-0-91]). No changes
in anogenital warts were recorded in men aged 20-39 years in countries using the
quadrivalent vaccine (figure 4D).
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The only study that assessed population-level changes in anogenital warts following
vaccination with the bivalent vaccine®* reported a small but significant decrease in these
warts in girls aged 15-19 years (figure 4A). Conversely, a small but significant increase in
anogenital warts was recorded in boys aged 15-19 years (figure 4C), and no significant
effect was noted in older people of either sex (figure 4B, 4D).

Figure 6 shows the changes over time in anogenital warts in studies of the quadrivalent
vaccine, with the main sources of heterogeneity taken into consideration. Figure 6A clearly
shows a rapid and significant decrease in anogenital warts over time in girls and women
younger than 30 years of age in studies with high vaccination coverage. However, in studies
with low vaccination coverage (figure 6B), the decline was recorded only in girls younger
than 20 years of age, and became significant only in the third year after vaccination
implementation. A rapid and significant decline in anogenital warts over time also occurred
in boys and men younger than 30 years of age in studies with high female vaccination
coverage (figure 6C). However, in studies with low female vaccination coverage, there was a
general pattern of anogenital warts increasing over time, particularly in older men (figure
6D).

A significant decrease in high-grade precancerous cervical lesions was recorded in the only
study*? that reported these data for girls aged 15-19 years (RR 0-69, 95% CI 0-66-0-73), but
no significant change was recorded in the two studies reporting data in women aged 20 years
and older (appendix p 15).

Discussion

This systematic review and meta-analysis, representing more than 140 million person-years
of follow-up data from nine high-income countries, reports significant population-level
decreases in HPV-related outcomes up to 4 years after the implementation of HPV
vaccination programmes. In countries with high vaccination coverage, HPV16 and HPV18
infection, and anogenital warts decreased by more than 60% in girls younger than 20 years
of age, starting after the first year of the vaccination programmes. Furthermore, in these
countries, our results suggest evidence of vaccine cross-protection and herd effects, with
significant reductions in HPV31, HPV33, and HPV45 infection in girls younger than 20
years of age, and in anogenital warts in men and older women. In countries with low
vaccination coverage, significant reductions were recorded for HPV16 and HPV18 infection
and anogenital warts in girls younger than 20 years of age, but no significant reductions
were noted for HPV31, HPV33, and HPV45 in this group, or HPV-related outcomes in boys,
men, and older women (ie, no indication of cross-protection or herd effects). Our findings
provide strong evidence that HPV vaccination is highly effective and can provide cross-
protection outside trial settings, and reinforce the need for early vaccination and high
vaccination coverage to maximise population-level effectiveness and herd effects.

Although this meta-analysis is based on time-trend ecological studies, and therefore
causality cannot be concluded, several factors strongly suggest that the reported reductions
in population-level HPV-related outcomes can be attributed to HPV vaccination. These
factors are: the magnitude of the effect; the dose—response association between vaccination
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coverage and effect; and consistency, both between the studies included in the review
(despite the different methods and settings) and with results from clinical trials and
mathematical modelling. First, reductions in HPV types 16 and 18, anogenital warts, and
high-grade cervical lesions were large and statistically significant in the target age groups for
vaccination (girls <20 years of age). Second, we found a statistically significant positive
association between increases in vaccination coverage and reduction in HPV types 16 and 18
infection in girls younger than 20 years of age and anogenital warts in both women and men.
Furthermore, reductions in anogenital warts increased over time since vaccination (as the
number of vaccinated cohorts increased), especially in youngest age groups with highest
vaccination coverage. Third, the results showed consistency between countries with similar
levels of vaccination coverage. Furthermore, in the studies in which the vaccine status was
available, vaccinated women had significantly lower HPV-related outcomes than did
unvaccinated women in the post-vaccination era.32-34.37.42.53-56 Qyr results are also
consistent with data from clinical trials that showed a high vaccine-type efficacy,1112 and
suggested some degree of cross-protection against HPV types 31, 33, and 45, but not against
types 52 or 58.16 However, the higher bivalent cross-protective efficacy reported in a recent
meta-analysis of clinical trial datal® was not shown in our population-level meta-analysis.
Finally, the large herd effects reported with high vaccination coverage are consistent with
predictions from dynamic models.20-24

The studies included in the meta-analysis possess the strengths and weaknesses inherent in
ecological studies. They provide a wealth of timely information about the effects of HPV
vaccination using large study populations, but are especially vulnerable to information bias
and confounding (appendix pp 5-9). However, the three most important potential sources of
bias and confounding in these studies are likely to underestimate the effect of vaccination.
First, because of increased awareness of anogenital warts from licensing of the HPV
vaccines and the launch of the vaccination programmes, potential exists for confounding
related to possible increases in health-seeking behaviours and information bias from
increased diagnosis of anogenital warts over time.

Second, most studies had insufficient or no information to adequately control for sexual
activity, which might have been increasing over time.#3:57:58 These limitations might explain
the slight increase in the prevalence of non-vaccine high-risk HPV types and anogenital wart
consultations in the post-vaccination period within groups with low or no vaccination
coverage (eg, women older than 20 years, and men).

Third, information bias might be present as a consequence of masking by HPV type 16 and
18, especially in the pre-vaccine period.5® That is, by preventing HPV16 and HPV/18
infection, vaccination could remove the potential masking effect of these types, producing
increased detection of non-vaccine types. Conversely, the main potential source of
overestimation of vaccination effects is present in clinic-based studies that measure the
proportion of consultations attributable to anogenital warts in sexual health clinics (appendix
pp 7-8).3842 Indeed, changes in the clientele of the clinics between the pre-vaccination and
post-vaccination periods could overestimate the vaccination effect on anogenital warts if
consultations due to other causes (eg, chlamydia consultations*2) became more frequent.
Clinic-based studies represent two-thirds of the studies assessing the population-level effect
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of vaccination on anogenital warts in countries with high vaccination coverage, and could
partly explain slight reductions in anogenital warts in adult men.

Fourth, the external validity of the studies was generally good (appendix pp 5-9). However,
because most studies were undertaken on individuals consulting the health system, the
results for the effect of HPV vaccination might not be completely generalisable to groups
with lower levels of health-seeking behaviour, especially in countries in which the HPV
vaccine is delivered in health-care clinics. Finally, in view of the indirect nature of our
inferences, our analysis might not have had adequate sensitivity to detect small post-
vaccination effects (eg, type-replacement, or herd effects and cross-protection when
vaccination coverage is low).

Our results should be interpreted cautiously because they represent only the short-term
population-level effects of HPV vaccination programmes. First, the cohorts of vaccinated
girls have not yet reached the ages with highest incidence rates of HPV infection, anogenital
warts, and cervical lesions (ie, between 20 and 35 years of age). Therefore, the direct and
herd effects are expected to continue to increase over time as overall population-level
vaccination coverage increases.

Second, the existing evidence is insufficient to draw conclusions about the existence of net
type-replacement (eg, no significant increase in the prevalence of high-risk non-vaccine
HPV types in groups with the highest vaccination coverage), which could be because no
type-replacement is occurring, or partly a consequence of the short follow-up time or
dilution of type-specific changes by grouping HPV types.

Third, the time horizon was too short to examine waning of vaccine efficacy. However,
randomised controlled trials have shown no signs of waning vaccine efficacy after 9-5 years
of follow-up.50

Fourth, in view of the long lag time between infection and cancer, no direct evidence of the
effect of vaccination on HPV-related cancers is currently available. However, since HPV
infection is the cause—and high-grade precancerous cervical lesions the precursors—of
cervical cancer, these intermediate outcomes have been judged acceptable proxies for
efficacy against cervical cancer by regulatory bodies worldwide.51-64 Nevertheless, one
should be careful in using reductions in precancerous cervical lesions from screening
databases as proxies for cervical cancer because they might represent changes in screening
recommendations and participation, and they are not HPV type-specific. Additionally,
surveillance studies based on cervical screening registries could overestimate the population-
level effect of HPV vaccination, if vaccine uptake is higher in women who undergo
screening.65-68

Finally, as previously shown, trends in HPV types 6 or 11-related disease (eg, anogenital
warts) are a poor proxy of change in HPV types 16 and 18 and related diseases (eg, cervical
cancer).89 This is because HPV6 and HPV11 will be easier to eliminate and control through
vaccination than HPV16 and HPV/18 because of their shorter durations of infectiousness and
lower transmissibility.
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Our overall findings are likely generalisable to high-income countries, since most of the
heterogeneity between countries disappeared once results were stratified by vaccination
coverage and age, and given similarities in sexual behaviour,%8 HPV type distribution,’0.71
age profile of HPV prevalence,’? and cervical cancer incidence between high income
countries.” However, precise estimates of population-level effect will vary between
countries according to their programmatic specificities, such as the characteristics of catch-
up campaigns.

Our results should be extrapolated to low-income and middle-income countries with caution
because all studies in the meta-analysis were from high-income countries and substantial
differences exist between these countries and low-income and middle-income countries in
sexual behaviour,® HPV epidemiology,’?73 and potential cofactors of HPV infection and
disease, such as high HIV prevalence.”* However, no evidence exists to suggest that vaccine
efficacy would be lower in low-income and middle-income countries, especially because the
vaccine has been shown safe and immunogenic in women with HIV infection.”® On the
other hand, herd effects could differ in low-income and middle-income countries with very
different population-level sexual behaviour (eg, increased mixing between older men and
younger women, and more concurrency in partnerships). Even in the unlikely scenario that
there would be no herd effects in such countries, a recent global modelling study (PRIME)19
has shown that HPV vaccination would be highly cost effective, in view of the very high
cervical cancer incidence and mortality in these countries,

This first meta-analysis of the population-level effect of HPV vaccination programmes
shows compelling evidence of a strong and statistically significant dose-response
association between HPV vaccination coverage and reductions in HPV16 and HPV18
infection and anogenital warts in cohorts of girls and women targeted for vaccination.
Additionally, our study provides the first evidence of a dose—response association between
female vaccination coverage and reduction of anogenital warts in older women and men.

Our results have important policy implications. The sharpest declines in HPV-related
outcomes in both male and female participants were recorded in countries with school-based
vaccine delivery (eg, the UK, Australia, and New Zealand), which suggests that this strategy
helps faster rollout and higher vaccination coverage than non-school-based vaccine
programmes. Our study also shows population-level data supporting clinical trial evidence of
HPV vaccine cross-protection against HPV types 31, 33, and 45, although no dose-response
with vaccination coverage was recorded.

In conclusion, the results of this study are very promising for the long-term population-level
effect of HPV vaccination programmes on cervical cancer and other HPV-related diseases.
However, we must continue to monitor and evaluate HPV vaccination programmes to
confirm these results, and we need to remain vigilant for evidence of potential waning
efficacy, type-replacement, or lower vaccination coverage in groups at greater risk of HPV-
related cancers.
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Medline and Embase database search strategy
661 potentially relevant studies with titles

and abstracts scanned

Meeting abstracts (EUROGIN 2013 and IPV 2012)
29 potentially relevant abstracts scanned

636 studies excluded

577 no population-level effects of HPV vaccination
36 prevaccination results only

22 abstracts excluded
16 data published and identified in database search
5 compared vaccinated/unvaccinated women only

7 descriptions of surveillance systems, but no data ’ 1 no prevaccination data
7 mathematical modelling
9 not a research or surveillance study
A A
25 full-text articles reviewed 6 authors contacted to obtain unpublished data

1 published article not previously identified

9 studies excluded
5 results presented in subsequent publications
1denominator unavailable and impossible to calculate
prevalence or incidence
3 compared vaccinated/unvaccinated women only

A

16 articles included
5 HPV infection
10 anogenital warts
1 high-grade cervical lesions

3 authors provided unpublished data
2 HPV infection (1 now published)
1anogenital warts

1article identified
1 high-grade cervical lesions

Figurel.
Study selection

v

20 different records included
7 HPV infection
11 anogenital warts
2 high-grade cervical lesions

EUROGIN=EUropean Research Organisation on Genital Infection and Neoplasia.
IPV=International Papillomavirus Conference. HPV=human papillomavirus.
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Changes in the prevalence of HPV infections between the prevaccination and
postvaccination periods in (A) girls aged 13-19 years and (B) women aged 20-24 years,
ranked by age-specific vaccination coverage (=1 dose) reported in studies
RR=relative risk. HP\VV=human papillomavirus. NA=not available. p values for trends were
obtained by fitting a linear regression between the log RR and the age-specific coverage of
each study, weighted by the inverse variances of the log RR. The minimum age of

participants varied between studies (see table 1). *Age-specific proportion of female
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participants, included in the analysis of each study, who received at least one dose of the
HPV vaccine. tData not available for girls aged 13-19 years in Kavanagh et al, and for
women aged 20-24 years in Cummings et al. $Data not provided because they were judged
potentially unreliable according to National Health and Nutrition Examination Survey
analytic guidelines:52 prevalence estimates had a relative standard error of >30% and the
sample size was below that recommended for analyses of complex survey data, by design
effect and specified proportion. The only other data excluded were for HPV types 31/33/45
from NATSAL.: unweighted prevaccination prevalence: 3/85; unweighted postvaccination
prevalence: 16/215; weighted prevalence ratio 3-50 (95% CI 0-97-12-67)
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A )
Studies (n) RR (95% CI) P,pvalue
HPV types 16/18 overall i 036 (0-25-0-53)
Vaccine 38%, p=0-20
Quadrivalent 4 — 028 (014-0-56)
Bivalent 2 —— 046 (0:35-0-60)
Coverage 51%, p=0-15
Low 1 —— 0-50 (0-34-0-74)
High 5 —a— 032 (0-19-0-52)
Effect measure 35%, p=0-21
Adjusted 3 —— 027(0:12-058)
Unadjusted 3 ] 045(033-063)
[»\1/:11( it::es 31/33/45 overall —p— 072(054-0:96)
Quadrivalent 3 [ — 082 (0:52-1.31) 0% p=0-44
Bivalent 1 —. 065 (0-45-0:94)
Coverage
Low NA NA NA
High 4 —— 072 (0-54-0-96)
Effect measure
Adjusted 3 —.— 068 (0:51-093) 0%, p=034
Unadjusted 1 - 1.07 (0-44-2:59)
HPV types 31/33/45/52/58 overall R e 0-94(0-79-1-13)
Vaccine
Quadrivalent 4 —a 083067100 PO
Bivalent 2 — 112 (0:-90-1-40)
Coverage 70%, p=007
Low 1 —— 073(0:52-1-01)
High 5 —— 1.03 (0-87-1:22)
Effect measure 56%, p=0-13
Adjusted 3 — - 1.04 (0-86-1-25)
Unadjusted 3 —a— 080 (0-60-1.06)
High-risk HPV types (except 16/18) overall [ 1.04 (0-87-1:25)
Vaccine 80%, p=0-03
Quadrivalent 4 L 0.95 (0-75-1-20)
Bivalent 2 —— 129 (113-147)
Coverage 82%, p=0.02
Low 1 — 079 (0-60-1-03)
High 5 —— 115 (0-99-1-33)
Effect measure 65%, p=0-09
Adjusted 3 - 115 (0-94-1-41)
Unadjusted 3 - 0.90 (0-73-1-10)
HPV types 16/18 overall . S 069 (0-47-1.01)
Vaccine 0%, p=0-48
Quadrivalent 3 L 057 (0-22-1-45)
Bivalent 3 —_— 081(0:58-114)
Coverage 63%, p=010
Low 4 ——— 0:96 (0.77-118)
High 2 —.—————— 042 (016-110)
Effect measure 0%, p=0-51
Adjusted 3 L 0-57 (0-22-1-47)
Unadjusted 3 —a—T 0-80 (0:58-1-11)
HPV types 31/33/45 overall ——— 0.93(0-70-1:23)
Vaccine 39%, p=0-20
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Bivalent 3 —a— 077 (0-61-0.96)
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Figure 3.

Favours vaccination

Does not favour vaccination

Subgroup analyses of the changes in the prevalence of HPV infections between the
prevaccination and postvaccination periods in (A) girls aged 13-19 years and (B) women

aged 20-24 years

RR=relative risk. HP\VV=human papillomavirus. NA=not available.
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A Before vaccination* After vaccinationt Years of post-vaccination RR (95% Cl)
follow-up
Events/total Events/total
Quadrivalent vaccine
Low coverage (<50%)§
Leval etal (2012)* 1860/301545 7593/1231910 4 R 100 (0-95-1-05)
Kliewer et al (2012)% 359/126705 121/43026 1 —— 0.9 (0-81-122)
Flagg et al (2013)* 3666/1396354 9502/4176794 4 HH 0-87 (0-83-0-90)
Nsouli-Maktabi et al (2013) 3311/91831 3264/109100 4 - 0.83(079-0-87)
Baver et al (2012)* 2667/295941 6139/890337 4 Bl 077 (0-73-0-80)
Mikolajczyk et al (2013)% 1300/421785 3771157122 1 —— 078 (0-69-0-87)
High coverage (250%)§
Oliphant and Perkins (2011)** 209/1875 114/1772 2 —— 058 (0:46-0-72)
Baandrup et al (2013)" 1480/492867 419/257851 2 . 054 (0-49-0-60)
Alietal (2013)? 220/2140 81/4139 4 v 019 (0-15-0-24)
Overall 15072/3131043 27610/6872051 —— 0-69 (0-60-0-79); ’=97%, p<0-00001
pvalue for trend=0.0007
Bivalent vaccine 33127/4859664 31211/4778878 3 - 0-96 (0-94-0-97)
Howell-Jones et al (2013)*
B
Quadrivalent vaccine
Low coverage (<50%)§
Leval etal (2012)* 5575/1138169 22422/4653392 4 - 0.98 (0-96-1:01)
Kliewer et al (2012)% 839/237100 257/81296 1 om 0-89(0-78-1:03)
Flagg et al (2013)* 11091/4798352 43415/14525958 4 - 129 (127-132)
Nsouli-Maktabi et al (2013) 8828/427871 10470/563389 4 - 0-90 (0-88-0-93)
Baver et al (2012)* 9293/1252962 29631/3979470 4 - 1.00(0-98-1-03)
Mikolajczyk et al (2013)* 7170/1747395 2941/650934 1 —_— 110 (1-05-115)
High coverage (250%)§
Oliphant and Perkins (2011)*® 607/7308 425/6658 2 —— 077 (0-68-0-87)
Baandrup etal (2013)* 4179/2045981 1648/1026 850 2 - 079(074-0-83)
Alietal 2013)* 943/8682 640/11527 4 - 051 (0-46-0-56)
Overall 48525/11663820 111849/25499474 — 0-89 (0:79-1:02); P=99%, p<0-00001

p value for trend=0-05
Bivalent vaccine

Howell-jones et al (2013)* 35775/5050018 36967/5242083 3 m 1.00 (0:98-1.01)
C

Quadrivalent vaccine
Low female coverage (<50%)§

Leval etal (2012)" 659/318177 3106/1303664 4 —.— 115 (1.06-1:25)
Kliewer et al (2012)*° 129/131901 49/44823 1 ———%———————— 112(0.80-155)
Flagg etal (2013)* 876/1431852 3508/4291991 4 —a— 134 (1:24-1-44)
Nsouli-Maktabi etal (2013)7  8004/491777 9382/600035 4 - 0.96 (0:93-0:99)
Baver etal (2012)” 849/37490 2564/123386 4 - 0.92 (0-85-0-99)
Mikolajezyk et al (2013) 394/464504 141/166 408 1 —— 1.00 (0-82-1-21)
High female coverage (250%)§
Oliphant and Perkins (2011)*® 56/520 32/410 2 —_— 072 (0-48-110)
Baandrup etal (2013)# 235/519194 98/271491 2 ] 0-80 (0-63-1-01)
Alietal (2013)* 65/929 85/2522 4 — 048 (0-35-0-66)
Overall 11267/3396344 18965/6 804730 —— 095 (0-84-1-08); =93%, p<0-00001
p value for trend=0-005
Bivalent vaccine
Howell-Jones et al (2013) 13115/5160004 13259/5065627 3 - 1.03 (1:01-1.05)
D
Quadrivalent vaccine
Low female coverage (<50%)§
Leval etal (2012)*" 7378/1184634 31970/4854920 4 - 1.06 (1-03-1.08)
Kliewer et al (2012) 902/241660 312/81839 1 vl 1.02(0:90-1-16)
Flagg et al (2013) 10483/4237649 49726/13006040 4 155 (151-1:58)
Nsouli-Maktabi etal (2013)7  40704/2558344 54988/3463779 4 o 100 (0-99-101)
Baver et al (2012)* 6388/164587 22396/562227 4 - 1.03 (1.00-1.05)
Mikolajczyk et al (2013)* 5879/1805572 2508/646 844 1 —_— 119 (114-1.25)
High female coverage (250%)§
Oliphant and Perkins (2011)** 74917814 588/6668 2 . 0-92 (0-83-1-02)
Baandrup et al (2013)" 3617/2082591 1489/1042073 2 e 0-82(077-0-87)
Alietal (2013)* 1769/12396 1981/19049 4 = 073(0-69-0-77)
Overall 77869/12295247 165958/23683439 —— 1.01 (0-88-1:17); ’=99%, p<0-00001
p value for trend=0-06
Bivalent vaccine
Howell-Jones et al (2013) 41277/5301009 43795/5523693 11 - 1.02 (1:00-1.03)

Favours vaccination Does not favour vaccination

Figure 4.
Changes in anogenital wart diagnosis between the pre-vaccination and post-vaccination

periods in (A) girls aged 15-19 years, (B) women aged 20-39 years, (C) boys aged 15-19
years, and (D) men aged 20-39 years, ranked by the national or setting-specific female
vaccination coverage

RR=relative risk. p values for trends were obtained by fitting a linear regression between the
log RR and the rank of vaccination coverage of each study, weighted by the inverse
variances of the log RR. *Before vaccination: cumulative number of cases and person-years
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up to 3 years pre-vaccination, including the year of the introduction of the human
papillomavirus (HPV) vaccine. tAfter vaccination: cumulative number of cases and person-
years 1-4 years after the introduction of vaccination, depending on data available in each
study. tYears of post-vaccination follow-up: number of years after the introduction of HPV
vaccination considered in the meta-analysis (see appendix pp 10-11 for more details).
8Studies were ranked qualitatively by the national or setting-specific vaccination coverage,
for which we considered the number of cohorts vaccinated and vaccination coverage
achieved in each cohort. However, we could not estimate the overall vaccination coverage
for each study (see appendix pp 2—4 for details about the programme description, number of
cohorts vaccinated, and three-dose vaccination coverage for each study).
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A
Studies (n) RR (95% CI) P, p value
Vaccine 95%, p<0-00001
Quadrivalent 9 —.— 0-69 (0-60-0-79)
Bivalent 1 L 096 (0-94-0-97)
Quadrivalent vaccine
Coverage 85%, p=0-01
Low (<50%) 6 —— 0-86 (0.79-0-94)
High (250%) 3 —— 039 (022-071)
Years since vaccination 68%, p=0-02
Year1 8 — 0-84(073-0.97)
Year2 7 —— 0-67 (0-56-0-80)
Year3 5 —— 073 (0-62-0-86)
Year 4 5 —— 0-59 (0-48-0-71)
Data source 23%, p=0-27
Population based 3 — s 081(052-126)
Health provider/insurance based 4 ——— 0-81(0-76-0-87)
Clinic based 2 < 033(0-11-0-99)
Bivalent vaccine
Years since vaccination 97%, p<0-00001
Year1 1 - 1.03(1-01-1-05)
Year2 1 L 0-94(0-92-0-96)
Year3 1 ™ 0-91(0-89-0-93)
B
Vaccine 62%, p=0-10
Quadrivalent 9 —— 0-89 (0.79-1-02)
Bivalent 1 r 1:00(0-98-1.01)
Quadrivalent vaccine
ge 70%, p=0-04.
20-24 years 9 —— 0-84(075-0-94)
25-29 years 9 —a—H 0-88(0:75-1:02)
30-39 years 8 —— 1.04 (0-92-1-18)
Coverage 86%, p=0-008
Low (<50%) 6 —— 1.02 (0-90-1-16)
High (250%) 3 —— 0-68(0-51-0-89)
Years since vaccination 0%, p=0-65
Year1 8 [E—— 093 (0-85-1.02)
Year2 7 —— 0-88(0:77-1:01)
Year3 5 —.— 091 (074-112)
Year 4 5 —— 0-80 (0-65-1:00)
Data source 69%, p=0-04
Population based 3 — 0-88(0:75-1-05)
Health provider/insurance based 4 —_—— 1:07 (0-90-1:26)
Clinic based 2 —_—— 0:63(0-42-0-93)
Bivalent vaccine
Years since vaccination 3%, p=0-36
Year1 1 - 0-99 (0-97-1.01)
Year2 1 I 0-99 (0-97-1:01)
Year3 1 B 1.01(0-99-1-03)
C
Vaccine 26%, p<0-25
Quadrivalent 9 095 (0-84-1:08)
Bivalent 1 1.03 (1-01-1-05)
Quadrivalent vaccine
Coverage 86%, p=0.007
Low (<50%) 6 — 107 (0-93-1-22)
High (250%) 3 —-— 066 (0-47-0-91)
Years since vaccination 0%, p=0-92
Year1 8 & 2 1.00 (0-96-1-04)
Year2 7 —.— 097 (0-85-1-12)
Year3 5 —_— 1.02 (0-82-1-27)
Year 4 5 ——- 093 (072-119)
Data source 73%, p=0-03
Population based 3 —f—————— 102(0-80-130)
Health provider/insurance based 4 R 1.04 (0-88-1-24)
Clinic based 2 —_—— 0-58 (0:39-0-86)
Bivalent vaccine
Years since vaccination 86%, p=0-0008
Year1 1 - 108 (1:05-1-12)
Year2 1 Ha 1.01(0-98-1.05)
Year3 1 - 099 (0-96-1-03)
D
Vaccine 0%, p=0-96
Quadrivalent 9 —_—— 1.01(0-88-117)
Bivalent 1 ™ 1.02 (1:00-1:03)
Quadrivalent vaccine
0%, p=055
20-24 years 9 e 0-96 (0-83-1-10)
25-29 years 9 —— 104 (0-89-1-21)
30-39 years 8 —-— 1.06 (0-93-121)
Coverage 90%, p=0-002
Low (<50%) 6 ——a——— 113(0:95-1:33)
High (250%) 3 — 0-82(0.72-0-92)
Years since vaccination 0%, p=0-91
Year1 8 —— 1.01(0-94-1:08)
Year2 7 iy 097 (0-84-111)
Year3 5 —.———— 1.07(0:83-137)
Year 4 5 —_— 101(078-132)
Data source 58%, p=0-09
Population based 3 —_— 0-96 (0-80-1-15)
Health provider/insurance based 4 ——— s 117(0:93-148)
Clinic based 2 —. 0-82(0-65-1:02)
Bivalent vaccine
Years since vaccination 71%, p=0-03
Year1 1 - 1.04 (1:02-1:06)
Year2 1 L] 100 (0-98-1-02)
Year3 1 - 102 (1-00-1-04)
r T T T T T T 1
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Subgroup analyses of the changes in anogenital wart diagnosis between the pre-vaccination
and post-vaccination periods in (A) girls aged 15-19 years, (B) women aged 20-39 years,
(C) boys aged 15-19 years, and (D) men aged 20-39 years

Data are for years with female-only vaccination programmes. RR=relative risk.
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Relative risk of anogenital wart diagnosis compared with pre-vaccination

L2034 I‘ 123 4°1 23 4°1 2 3 4 1 2 3 4 1 2 3 41 2 3 4 1 23 4
15-19 years 20-24 years 25-29 years 30-39 years 15-19 years 20-24 years 25-29 years 30-39 years
age group age group age group age group age group age group age group age group
Years post-vaccination, by age group Years post-vaccination, by age group
Figure 6.

Changes in anogenital wart diagnosis during the first 4 years after the introduction of human
papillomavirus vaccination with the quadrivalent vaccine

Results are stratified by age and female vaccination coverage: (A) Girls and women, with
high female vaccination coverage (=50%); (B) girls and women, with low female
vaccination coverage (<50%); (C) boys and men, with high female vaccination coverage
(=50%); (D) boys and men, with low female vaccination coverage (<50%). For high
coverage, the results from the following studies were combined depending on the years of
follow-up available: years 1 and 2: Oliphant and Perkins (2011),38 Baandrup et al (2013),43
and Ali et al (2013);42 years 3 and 4: Ali et al (2013).42 For low coverage, the results from
the following studies were combined depending on the years of follow-up available: year 1:
Leval et al (2013),41 Kliewer et al (2012),4° Flagg et al (2013),4> Nsouli-Maktabi et al
(2013),%7 and Mikolajczyk et al (2013);46 years 2, 3, and 4: Leval et al (2013),%! Flagg et al
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(2013),4> Nsouli-Maktabi et al (2013),4” and Bauer et al (2013).39 See appendix pp 2—4 for
information about vaccination coverage in each study.
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