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Population-level impact and herd effects following the 
introduction of human papillomavirus vaccination 
programmes: updated systematic review and meta-analysis
Mélanie Drolet, Élodie Bénard, Norma Pérez, Marc Brisson, on behalf of the HPV Vaccination Impact Study Group

Summary
Background More than 10 years have elapsed since human papillomavirus (HPV) vaccination was implemented. We 
did a systematic review and meta-analysis of the population-level impact of vaccinating girls and women against 
human papillomavirus on HPV infections, anogenital wart diagnoses, and cervical intraepithelial neoplasia grade 2+ 
(CIN2+) to summarise the most recent evidence about the effectiveness of HPV vaccines in real-world settings and to 
quantify the impact of multiple age-cohort vaccination.

Methods In this updated systematic review and meta-analysis, we used the same search strategy as in our previous 
paper. We searched MEDLINE and Embase for studies published between Feb 1, 2014, and Oct 11, 2018. Studies were 
eligible if they compared the frequency (prevalence or incidence) of at least one HPV-related endpoint (genital HPV 
infections, anogenital wart diagnoses, or histologically confirmed CIN2+) between pre-vaccination and post-
vaccination periods among the general population and if they used the same population sources and recruitment 
methods before and after vaccination. Our primary assessment was the relative risk (RR) comparing the frequency 
(prevalence or incidence) of HPV-related endpoints between the pre-vaccination and post-vaccination periods. We 
stratified all analyses by sex, age, and years since introduction of HPV vaccination. We used random-effects models to 
estimate pooled relative risks.

Findings We identified 1702 potentially eligible articles for this systematic review and meta-analysis, and included 
65 articles in 14 high-income countries: 23 for HPV infection, 29 for anogenital warts, and 13 for CIN2+. After 
5–8 years of vaccination, the prevalence of HPV 16 and 18 decreased significantly by 83% (RR 0·17, 95% CI 0·11–0·25) 
among girls aged 13–19 years, and decreased significantly by 66% (RR 0·34, 95% CI 0·23–0·49) among women aged 
20–24 years. The prevalence of HPV 31, 33, and 45 decreased significantly by 54% (RR 0·46, 95% CI 0·33–0·66) 
among girls aged 13–19 years. Anogenital wart diagnoses decreased significantly by 67% (RR 0·33, 95% CI 0·24–0·46) 
among girls aged 15–19 years, decreased significantly by 54% (RR 0·46, 95% CI 0.36–0.60) among women aged 
20–24 years, and decreased significantly by 31% (RR 0·69, 95% CI 0·53–0·89) among women aged 25–29 years. 
Among boys aged 15–19 years anogenital wart diagnoses decreased significantly by 48% (RR 0·52, 95% CI 0·37–0·75) 
and among men aged 20–24 years they decreased significantly by 32% (RR 0·68, 95% CI 0·47–0·98). After 5–9 years 
of vaccination, CIN2+ decreased significantly by 51% (RR 0·49, 95% CI 0·42–0·58) among screened girls aged 
15–19 years and decreased significantly by 31% (RR 0·69, 95% CI 0·57–0·84) among women aged 20–24 years.

Interpretation This updated systematic review and meta-analysis includes data from 60 million individuals and up to 
8 years of post-vaccination follow-up. Our results show compelling evidence of the substantial impact of HPV 
vaccination programmes on HPV infections and CIN2+ among girls and women, and on anogenital warts diagnoses 
among girls, women, boys, and men. Additionally, programmes with multi-cohort vaccination and high vaccination 
coverage had a greater direct impact and herd effects.
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Introduction
More than 10 years after the licensure of the first human 
papilloma virus (HPV) vaccines, 99 countries and territories 
have introduced HPV vaccination programmes.1,2 Observa
tional data showing the populationlevel impact of HPV 
vaccination from the early adopting countries can be 
immensely useful for decision makers examining whether 
to introduce or modify HPV vac cination programmes. 
This is because such data show the effectiveness of HPV 

vaccines in realworld settings and can assist in the 
identification of programme characteristics that lead to the 
greatest reductions in HPVrelated infections and diseases.

In 2015, we did a systematic review and metaanalysis 
of the populationlevel impact of HPV vaccination, 
including data from nine highincome countries up to 
4 years after the introduction of HPV vaccination.3 Our 
metaanalysis showed substantial decreases in HPV 16 
and 18 infections and anogenital wart diagnoses among 
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girls and young women targeted for vaccination. 
Furthermore, in coun tries with high vaccination 
coverage (≥ 50%) there was evidence of vaccine cross
protection and herd effects, with significant reductions 
in HPV 31, 33, and 45 infections among girls targeted 
for vaccination and anogenital wart diagnoses among 
unvaccinated boys and older women. However, in our 
metaanalysis of 2015, the number of years after 
vaccination was insufficient to examine the impact of 
HPV vaccination on the occurrence of cervical intra
epithelial neoplasia grade 2+ (CIN2+). CIN2+ may take 
several years to develop, and is the most proximal 
outcome for cervical cancer.4

We wanted to update our systematic review and meta
analysis for three main reasons. First, the number of 
countries and studies reporting observational data of 
the populationlevel impact of HPV vaccination has 
increased dramatically since our first review, which 

will improve both the power and generalisability of the 
results. Second, the number of years after vaccination 
has increased, which allows analysis of changes in 
CIN2+ since the introduction of HPV vaccination. Finally, 
the WHO Strategic Advisory Group of Experts on Immu
nization revised its position in 2016 to recommend HPV 
vaccina tion of multiple age cohorts of girls (9–14 years old) 
when the vaccine is introduced in a country, rather than 
vaccina tion of a single age cohort.5 Before this recom
mendation, some highincome countries had implement
ed vaccina tion of multiple age cohorts, mainly through 
catchup campaigns. A better understanding of the 
populationlevel impact of will help inform decisions 
of policy makers regarding the recent WHO 
recommendations.

Thus, the aims of this systematic review and meta
analysis are to: (1) update and summarise the most 
recent evidence about the populationlevel impact of 

Research in context

Evidence before this study
Since 2007, 99 countries and territories have introduced human 
papillomavirus (HPV) vaccination programmes. In 2015, we did a 
systematic review and meta-analysis to examine the real-world 
population-level impact of HPV vaccination. The meta-analysis 
showed substantial decreases in HPV 16 and HPV 18 infections 
and anogenital wart diagnoses among women targeted for 
vaccination, and evidence of herd effects among boys and older 
women, 4 years after the introduction of HPV vaccination. 
However, at the time of the meta-analysis, the number of years 
post-vaccination was insufficient to examine the impact of HPV 
vaccination on cervical intraepithelial neoplasia grade 2+ 
(CIN2+). Moreover, in 2016, the WHO Strategic Advisory Group 
of Experts on Immunization revised its position to recommend 
HPV vaccination of multiple age cohorts of girls, rather than 
vaccination of a single cohort.

We updated our previous systematic review and meta-analysis 
to: (1) update and summarise the most recent evidence about 
the population-level impact of girls-only HPV vaccination on 
HPV infections and anogenital wart diagnoses among girls, 
boys, women, and men; (2) summarise new evidence about 
the population-level impact of girls-only HPV vaccination 
on CIN2+ occurrence among screened girls and women; 
and (3) compare the population-level impact of HPV vaccination 
on anogenital wart diagnoses and CIN2+ occurrence between 
countries that have implemented either a single or a multiple 
age-cohort vaccination strategy. We searched MEDLINE and 
Embase for studies published between Feb 1, 2014, 
and Oct 11, 2018, with the same combination of MeSH terms, 
title, or abstract words: (“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 1702 potentially 
eligible articles for this systematic review and meta-analysis, 
and included 65 articles in 14 high-income countries: 23 for 
HPV infection, 29 for anogenital warts, and 13 for CIN2+. 
We contacted all corresponding authors of eligible studies to 
request a re-analysis of their data using the same data 
stratification to allow comparison between studies and pooling.

Added value of this study
The current updated systematic review and meta-analysis, which 
includes data from 60 million individuals and up to 8 years of 
post-vaccination follow-up, shows compelling evidence of the 
substantial impact of HPV vaccination programmes on HPV 
infections, anogenital wart diagnoses, and CIN2+ among 
women, and herd effects among boys and older women. Our 
study also shows greater and faster direct impact and herd 
effects in countries with multiple age-cohort vaccination and 
high vaccination coverage, compared with countries with single 
age-cohort vaccination or low routine vaccination coverage. To 
our knowledge, our study is the first to present pooled estimates 
of the population-level impact of HPV vaccination on CIN2+ (the 
most proximal outcome to cervical cancer), and the first to show 
the real-world additional benefit of vaccinating multiple age 
cohorts of girls with high vaccination coverage. 

Implications of all the available evidence
Our results provide strong evidence of HPV vaccination working 
to prevent cervical cancer in real-world settings, as both the 
cause (high-risk HPV infection) and proximal disease endpoint 
(CIN2+) are significantly declining. In terms of global policy 
implications, these results reinforce the recently revised position 
of WHO recommending HPV vaccination of multiple age 
cohorts of girls, and provide promising early signs that the WHO 
call for action on cervical cancer elimination might be possible if 
sufficient population-level vaccination coverage can be reached.
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girlsonly HPV vaccination on HPV infections and 
anogenital wart diagnoses among girls, boys, women, 
and men; (2) summarise new evidence about the 
populationlevel impact of girlsonly HPV vaccination 
on CIN2+ occurrence among screened girls and women; 
and (3) compare the populationlevel impact of HPV 
vaccination on anogenital wart diagnoses and CIN2+ 
occurrence between countries that have implemented 
either a single or a multiple agecohort vaccination 
strategy.

Methods
Search strategy and selection criteria
In this updated systematic review and metaanalysis, 
we used the same search strategy as in our previous 
paper3 and report our methods in accordance with the 
preferred reporting items for systematic reviews and 
metaanalyses (PRISMA) guidelines (appendix pp 4–5).6 
Studies were eligible if they compared the frequency 
(prevalence or incidence) of at least one HPVrelated 
endpoint (genital HPV infections, anogenital wart 
diagnoses, or histologically confirmed CIN2+) between 
prevaccination and postvaccination periods among 
the general population and if they used the same 
population sources and recruitment methods before 
and after vaccination. For CIN2+, the population was 
restricted to screened girls and women, to limit the 
effect of changes in screening recommendations and 
participation since the intro duction of HPV vaccination. 
Finally, because our aim was to examine the population
level impact of HPV vaccination programmes, we 
excluded studies if HPV vaccination was administered 
as part of a randomised trial or if no data were available 
for the prevaccination period.

To update our first systematic review (of studies 
published between Jan 1, 2007, and Feb 28, 2014), we 
searched MEDLINE and Embase for studies published 
between Feb 1, 2014, and Oct 11, 2018, with the same 
combination of MeSH terms, title, or abstract words: 
(“papillomavirus vaccine”, “papil lo mavirus vaccination”, 
“HPV vaccine”, or “HPV vaccination”) and (“program 
evaluation”, “population surveil lance”, “sentinel 
surveillance”, “incidence”, or pre va lence”), and 
(“papillomavirus infection”, “condylo mata acuminata”, 
“anogenital warts”, “cervical intra epith elial neo plasia”, 
“cervical dysplasia”, “uterine cervical neoplasm”, or 
“HPV related diseases”) (appendix p 6). ÉB or NP and 
MD independently identified eligible articles on title 
and abstract first, and then on the full text. Disagree
ment between reviewers was solved by discussion 
between those authors. Finally, we searched the 
reference lists of selected articles.

Data analysis
Our primary assessment was the relative risk (RR) 
comparing the frequency (prevalence or incidence) of 
HPVrelated endpoints between the prevaccination and 

postvaccination periods. For HPV infection, we focused 
on three subgroups of HPV types: (1) HPV 16 and 18, 
(2) HPV 31, 33, and 45, and (3) all highrisk types except 
HPV 16 and 18. MD, ÉB, and NP extracted the study 
characteristics and outcomes using a standardised form. 
MD, ÉB, NP, and MB assessed the methodological quality 
of all studies, independently from the authors of the 
original studies, using the criteria developed for our 
first systematic review (appendix pp 7–22). Potential bias 
and risk of confounding were assessed by examining 
endpoint definitions, algorithms used to identify cases, 
and procedures used to select or identify participants. We 
also examined potential confounders specific to each 
HPVrelated endpoint. Then, MD contacted all corres
ponding authors of eligible studies to request a reanalysis 
of their data using the same data stratifications (eg, by age 
group or HPV type) to allow comparison between studies 
and pooling. All authors were able to provide these data, 
and in collaboration with authors from the different 
countries, MD, ÉB, and NP also collected detailed 
information about the characteristics of HPV vaccination 
programmes within each country or region (routine 
programmes and catchup campaigns), vaccination 
coverage, and cervical cancer screening recommendations 
and participation (appendix pp 23–31). Finally, all authors 
of eligible studies con firmed that the information and 
data from their study, which we included in our 
manuscript, were accurate.

For all endpoints we stratified analyses by sex, age, 
and years since the introduction of HPV vaccination. 
A priori, we chose to present the RRs stratified into 
two time categories, to reflect the postvaccination follow
up period used in our first metaanalysis (1–4 years) and 
the additional years available for the current update 
(5–8 years for HPV infections and anogenital warts and 
5–9 years for CIN2+). Additionally, we stratified analyses 
for anogenital warts by the type of vaccine administered, 
since only the quadrivalent vaccine includes HPV 6 and 
11 (associated with 85–95% of anogenital warts).7 We 
used prevalence or incidence rate ratios as the measure 
of effect for all HPVrelated endpoints (according to the 
data available from each study). For HPV infections, 
most studies directly presented crude or adjusted RRs 
with 95% CIs. We preferably included RRs adjusted for 
indicators of sexual activity or socioeconomic status 
in the metaanalysis, but used crude RRs if adjusted 
estimates were not available. For anogenital warts 
and CIN2+, studies presented the annual frequency 
(prevalence or incidence) of the endpoint over time for 
the prevaccination and postvaccination periods. For 
these endpoints, we estimated the prevaccination 
frequency by aggregating the data for up to 3 years before 
vaccination and calculated the crude RR by dividing each 
postvaccination year by the prevaccination estimate 
(appendix pp 32–34). We used randomeffects models on 
a log scale in Review Manager (version 5.3.5) to obtain 
pooled estimates of the effect of HPV vaccination for 

See Online for appendix
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each HPVrelated endpoint.8,9 We used I² and χ² statistics 
to assess heterogeneity across studies, with the p value 
associated with the χ² statistic representing the 
significance of heterogeneity.10

The number of studies available for each HPVrelated 
endpoint was too small for us to do multivariate meta
regression analyses.10 Therefore, we did subgroup 
analyses to identify the main sources of heterogeneity 
between studies. First, we examined the effects of 
vaccination coverage and number of vaccinated cohorts, 
given that vaccination of single or multiple cohorts is a 
key policy question. Because HPV endpoints were 
estimated from different types of studies, the available 
information about vaccination coverage and number of 
cohorts vaccinated varied across different types of 
endpoints. For HPV infections, the vaccination status was 
directly available for all study participants (except for 
Dillner and colleagues).11 Hence, we used the agespecific 
proportion of individuals vaccinated with at least one 
dose in each study and dichotomised the studies into 
either high (≥50%) or low (<50%) vaccination coverage. 
For anogenital warts, most studies were based on 
population or insurance registries of a country or region. 
Hence, we used the overall proportion of people vacci
nated in the country or region and dichotomised studies 
into either a medium or high proportion of people 
vaccinated (if the country or region vaccinated multiple 
cohorts of girls, with a vaccination coverage ≥50% for at 
least two doses among the routine cohort) or a low 
proportion of people vaccinated (if the country or region 
vaccinated single cohorts of girls or had a coverage for at 
least two doses <50% among the routine cohort). For 
CIN2+, studies were based on screened girls and women 
from screening registries. However, because individual
level data were not available for screened girls and women 
for all studies, we used the overall countrylevel or 
regionallevel data and dichotomised studies using the 
same categories as for anogenital warts (appendix 
pp 23–28). Second, we examined the effects of data 
sources (populationbased, health providerbased or 
insurancebased, clinicbased data) and vaccines used 
(bivalent or quadrivalent) on all endpoints. Finally, we 
examined rele vant endpointspecific sources of hetero
geneity. Studies of HPV infection reported either 
adjusted or crude RR, so we examined the effect of RR 
adjustment (yes, no). CIN2+ detection can be influenced 

Figure 1: Study selection
Two articles on anogenital warts from our previous systematic review and 
meta-analysis were not included in this update: Sandø and colleagues63 and 
Nsouli-Maktabi and colleagues.64 Sandø and colleagues63 was one of two studies 
we had previously found that analysed the entire Danish population for the same 
period, but we included the study by Baandrup and colleagues38 in our current 
analysis because they updated their data and had a longer follow-up. 
We excluded the study by Nsouli-Maktabi and colleagues64 because it was done 
among members of the US armed forces and not in the general population. 
NHANES=National Health and Nutrition Examination Survey.

1702 potentially eligible articles identified by database search

107 full-text articles reviewed

57 eligible articles

45 eligible articles
16 human papillomavirus infection (7 new data, 9 updated data)
19 anogenital warts (8 new data, 11 updated data)
10 high-grade lesions (8 new data, 2 updated data)

65 articles included in this systematic review and meta-analysis
23 human papillomavirus infection (from 13 different studies)
29 anogenital warts (from 18 different studies)
13 high-grade lesions (from 9 different studies)

2 updated articles obtained from collaborators
1 anogenital warts
1 high-grade lesions

18 articles included from our previous systematic 
review and meta-analysis
7 human papillomavirus infection
9 anogenital warts
2 high-grade lesions

1595 excluded
85 pre-vaccination results or data among 

unvaccinated women only
26 compared unvaccinated and vaccinated 

women only
105 mathematical modelling

14 descriptions of surveillance systems but 
no results of vaccination impact

1230 no descriptions of population-level effects 
of human papillomavirus vaccination

76 not a research or surveillance study
59 duplicates

50 excluded
4 pre-vaccination results or data among 

unvaccinated women only
11 compared unvaccinated and vaccinated 

women only
6 no data over time
1 human papillomavirus type distributions 

in pre-cancerous lesions
2 denominator unavailable and impossible 

to calculate prevalence or incidence
15 no pre-vaccination data

5 used data sources already included in our 
review (eg, NHANES)

6 impact not measured among general 
population

12 excluded
3 articles with data already included in our 

previous meta-analysis
5 articles presenting data already included 

in our current meta-analysis (eg, personal 
communication, poster)

4 corresponding authors did not answer or 
did not send data
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by screening recommendations and participation, so we 
exam ined the potential effect of a presence or absence of 
HPV testing during the study period, and the potential 
effect of an introduction of HPV testing, older age at 
screening start, and changes in the screening interval 
during the study period (yes, no).

Role of the funding source
The funders of the study had no role in study design, data 
collection, data analysis, data 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.

Results
We identified 1702 potentially eligible articles, and 
included 65 articles (from 40 studies) in this systematic 
review and metaanalysis: 23 for HPV infection,11–33 29 for 
anogenital warts,34–62 and 13 for CIN2+ (figure 1).65–77 The 
studies were done in 14 highincome countries and 
cumulated data from more than 60 million individuals 
over 8 years (2007–15; 9 years for CIN2+; appendix 
pp 35–41). The vaccination pro grammes, vaccination 
coverage, and cervical screening recommendations and 
participation varied substantially between countries 
(appendix pp 23–31). As of 2015, 12 (86%) of the 
14 countries included in this review were vaccinating 
girls and women only, with three doses of the bivalent or 
quadrivalent vaccine (appendix pp 23–28). The only 

exceptions were Australia and the USA; Australia 
switched to a genderneutral programme in 2013 (6 years 
after the implementation of HPV vaccination) and the 
USA recom  mended genderneutral vaccination in 2011 
(twodose vaccination coverage among boys remained 
below 20% until 2013, 7 years after the implementation 
of HPV vaccination). The age of girls and women 
targeted for vaccination also varied between countries 
(appendix pp 23–28). The age of routine vaccination 
varied slightly between countries, from 10 to 13 years old. 
Most countries with multicohort vaccination targeted 
girls up to 18 years of age through routine and catchup 
programmes. However, Australia, the USA, and 
Denmark targeted women up to 26 years of age (with 
decreasing coverage as age increased). All studies were of 
sufficiently high methodo logical quality to be included in 
the metaanalysis; no studies were found with risk of 
serious bias (appendix pp 7–22).

In the first 4 years following the introduction of HPV 
vaccination, the prevalence of HPV 16 and 18 decreased 
significantly among girls aged 13–19 years and women 
aged 20–24 years compared with the prevaccination 
period (figure 2; appendix pp 47–49). After 5–8 years of 
vaccination, the prevalence of HPV 16 and 18 decreased 
significantly by 83% (RR 0·17, 95% CI 0·11–0·25) among 
girls aged 13–19 years, and decreased significantly by 
66% (RR 0·34, 95% CI 0·23–0·49) among women aged 
20–24 years. Among women aged 25–29 years the 
prevalence of HPV 16 and 18 did not significantly change 

Figure 2: Changes in the prevalence of HPV infections between pre-vaccination and post-vaccination periods 
HPV=human papillomavirus. *p values are associated with the  χ² statistic.

1–4 years after vaccination
5–8 years after vaccination

Studies Risk ratio (95% CI) Heterogeneity*

HPV 16 and 18

Girls 13–19 years

Women 20–24 years

Women 25–29 years

HPV 31, 33, and 45

Girls 13–19 years

Women 20–24 years

Women 25–29 years

High-risk non-vaccine HPV types

Girls 13–19 years

Women 20–24 years

Women 25–29 years

10

6

11

8

6

5

8

6

11

8

6

5

10

6

11

8

6

5

0·30 (0·21-0·43)

0·17 (0·11-0·25)

0·63 (0·53-0·76)

0·34 (0·23-0·49)

0·86 (0·69-1·07)

0·63 (0·41-0·97)

0·89 (0·78-1·01)

0·46 (0·33-0·66)

0·99 (0·84-1·16)

0·72 (0·47-1·10)

1·02 (0·79-1·32)

0·93 (0·71-1·22)

1·13 (0·99-1·29)

1·12 (0·82-1·53)

1·11 (1·00-1·24)

1·16 (0·93-1·46)

1·00 (0·92-1·10)

1·17 (0·80-1·72)

l2=81%, p<0·00001

l2=44%, p=0·11

l2=84%, p<0·00001

l2=91%, p<0·00001

l2=53%, p=0·06

l2=43%, p=0·14

l2=0%, p=0·47

l2=20%, p=0·28

l2=64%, p=0·002

l2=88%, p<0·00001

l2=53%, p=0·06

l2=0%, p=0·90

l2=71%, p=0·0003

l2=88%, p<0·0001

l2=82%, p<0·0001

l2=94%, p<0·0001

l2=12%, p=0·34

l2=81%, p=0·0003

1·00·5 1·50 2·0

Favours vaccination
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in the first 4 years of vaccination, whereas after 5–8 years 
of vaccination the prevalence decreased significantly by 
37% (RR 0·63, 95% CI 0·41–0·97). Most women aged 
25–29 years were unvaccinated.

For HPV 31, 33, and 45 (crossprotective types), there 
were substantial but nonsignificant decreases in 
prevalence in the first 4 years of vaccination among girls 
aged 13–19 years. However, after 5–8 years of vaccination, 
the prevalence of HPV 31, 33, and 45 decreased sig
nificantly by 54% (RR 0·46, 95% CI 0·33–0·66) among 
girls aged 13–19 years, and decreased nonsignificantly 
by 28% (RR 0·72, 95% CI 0·47–1·10) among women 
aged 20–24 years. Among women aged 25–29 years the 
prevalence of HPV 31, 33, and 45 did not significantly 
change in the first 4 years of vaccination or after 5–8 years 
of vaccination. Finally, in all age groups, slight (but non
significant) increases in prevalence of highrisk HPV 
types not included in the vaccine were observed (figure 2).

In subgroup analyses, studies in which participants had 
a high vaccination coverage (≥50%) generally had a 
greater decrease in prevalence of HPV 16 and 18 and HPV 
31, 33, and 45 compared with studies in which participants 
had a low vaccination coverage (<50%). However, the 
differences in prevalence were not always significant 
(appendix pp 42–43). Studies that used clinicbased data 
also showed greater decreases in prevalence of HPV 16 
and 18 compared with studies that used populationbased 
data. Among girls aged 13–19 years and during the first 4 
years of vaccination, studies that used clinicbased data or 
had a high vaccination coverage showed greater increases 
in prevalence of highrisk HPV types other than HPV 16 
and 18. However, these changes were not maintained 
with a longer postvaccination followup period and were 
not consistent across different age groups.

Only two studies were available for genital HPV infec
tions among boys and men (appendix p 50).13,31 Non
significant decreases in prevalence of HPV 16 and 18 
(RR 0·35, 95% CI 0·09–1·40) and HPV 31, 33, and 45 
(RR 0·31, 95% CI 0·06–1·58) were observed among 
boys aged 16–19 years in the first 4 years of girlsonly 
vaccination. The decreases were very similar after 
5–8 years of HPV vaccination in the study by Chow and 
colleagues.13 No significant changes were observed among 
men aged 20–24 years.

In the first 4 years following the implementation of 
quadrivalent HPV vaccination, anogenital wart diagnoses 
decreased significantly among girls and women aged 
15–19, 20–24 years, and 25–29 years. Additionally, non
significant but substantial decreases were observed among 
unvaccinated boys aged 15–19 years (figure 3; appendix 
pp 51–58). After 5–8 years of HPV vaccination, decreases 
in anogenital wart diagnoses were significant for girls and 
women aged 15–29 years and for boys and men aged 
15–24 years (figure 3). Anogenital wart diagnoses decreased 
significantly by 67% (RR 0·33, 95% CI 0·24–0·46) among 
girls aged 15–19 years, decreased significantly by 54% 
(RR 0·46, 95% CI 0·36–0·60) among women aged 20–24 
years, and decreased significantly by 31% (RR 0·69, 
95% CI 0·53–0·89) among women aged 25–29 years. 
Among boys aged 15–19 years anogenital wart diagnoses 
decreased significantly by 48% (RR 0·52, 95% CI 
0·37–0·75) and among men aged 20–24 years they 
decreased significantly by 32% (RR 0·68, 95% CI 
0·47–0·98). Three studies examined changes in ano genital 
wart diagnoses following the implementation of bivalent 
vaccination and results suggest a slight decrease among 
girls and women aged 15–19 and 20–24 years, and boys 
aged 15–19 years (appendix pp 51–58).

Figure 3: Changes in anogenital wart diagnoses between pre-vaccination and post-vaccination periods in countries using the quadrivalent vaccine 
*p values are associated with the  χ² statistic.
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In subgroup analyses, studies in countries with multi
cohort vaccination and high vaccination coverage showed 
significantly greater decreases in anogenital wart 
diagnoses among girls, women, boys, and men aged 
14–29 years, compared with studies in countries with 
cohort vaccination or low vaccination coverage (appendix 
pp 44–45).

The rapid and significant decrease in anogenital wart 
diagnoses over time among girls, women, boys, and men 
aged 15–19, 20–24, and 25–29 years is clearly illustrated 
in figure 4, in countries vaccinating multiple cohorts of 
girls and women with high routine vaccination coverage. 
The decrease was slower in countries vaccinating a single 
cohort of girls or in countries with low routine vaccination 
coverage. In these countries, significant decreases in 
anogenital wart diagnoses among girls and women aged 
15–19 and 20–24 years were only observed after 2 years of 
vaccination. Additionally, increases in anogenital wart 
diagnoses were observed among the oldest cohorts of 
men (figure 4). A sensitivity analysis restricted to 
countries with high vaccination coverage showed that 
multicohort vaccination provided substantial additional 
reductions in anogenital wart diagnoses compared with 
singlecohort vaccination (appendix p 61).

In the first 4 years following the introduction of 
HPV vaccination, significant decreases in CIN2+ were 
only observed among screened girls aged 15–19 years 
(figure 5; appendix pp 59–60). After 5–9 years of HPV 
vaccination, CIN2+ decreased signifi cantly by 51% 
(RR 0·49, 95% CI 0·42–0·58) among screened girls aged 
15–19 years and decreased signifi cantly by 31% (RR 0·69, 
95% CI 0·57–0·84) among women aged 20–24 years. 
However, in this same period CIN2+ increased 
significantly by 19% (RR 1·19, 95% CI 1·06–1·32) among 
screened and mostly un vaccinated women aged 
25–29 years and increased signifi cantly by 23% (RR 1·23 
[95% CI 1·13–1·34]) among screened and mostly 
unvaccinated women aged 30–39 years.

In subgroup analyses, countries with and high 
routine vaccination coverage had greater decreases in 
CIN2+ among girls and women aged 15–24 years than 
the country with singlecohort vaccination or low 
routine vaccination coverage (appendix p 46). The study 
by Pollock and colleagues77 in a country that 
implemented the bivalent vaccine also showed greater 
decreases in CIN2+ among women aged 20–24 years, 
compared with studies in countries that implemented 
the quadrivalent vaccine; the country using the bivalent 
vaccine also had very high vaccination coverage. 
Subgroup analyses also showed that increases in CIN2+ 
among women aged 25–29 years in the postvacci nation 
period were significantly greater in the country with 
singlecohort vaccination or low routine vaccination 
coverage. None of the variables related to changes in 
screening recommendations and participation since 
the introduction of HPV vaccination were clearly 
associated with changes in CIN2+.

CIN2+ significantly decreased among girls aged 
15–19 years after 1 year of vaccination and among women 
aged 20–24 years after 3 years of vaccination (figure 6). By 
contrast, CIN2+ significantly increased among mostly 
unvaccinated women aged 25–29 and 30–39 years.

Discussion
This systematic review and metaanalysis, including data 
from 14 highincome countries, shows a significant 
and substantial impact of HPV vaccination on three 
HPVrelated endpoints in the first 9 years after the start 
of HPV vaccination. Over this period, HPV 16 and 
18 infections, anogenital wart diagnoses, and CIN2+ 

Figure 4: Changes in anogenital wart diagnoses during the 8 years after the introduction of girls-only human 
papillomavirus vaccination in countries using the quadrivalent vaccine
We stratified by number of cohorts vaccinated and routine vaccination coverage. Countries with single-cohort 
vaccination and/or low coverage (in red) were Canada (Ontario,45 Manitoba49,50) and Italy41 with single-cohort 
vaccination and high coverage; and Germany,54,55 Belgium,42 Sweden,51,52 and the USA40,43,44 with multi-cohort 
vaccination and low coverage. Countries with multi-cohort vaccination and high coverage (in blue) were 
Australia,34,37,46,53,58 Denmark,38,39 New Zealand,56,57 and Canada (Quebec61). 
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decreased significantly among girls and women. There 
was also evidence of vaccine crossprotection (HPV 31, 
33, and 45 decreased significantly among girls younger 
than 20 years) and herd effects from girlsonly vaccination 
programmes (anogenital warts diagnoses decreased 
significantly among boys and men). Finally, our meta
analysis illustrates the greater and faster direct impact 
and herd effects of HPV vaccination in countries 
with both multicohort vaccination and high routine 
vaccination coverage, compared with countries with 
singlecohort vaccination or low routine vaccination 
coverage. For example, after 5–8 years of HPV vaccination, 
anogenital wart diagnoses declined by 88% among 
girls and 86% among boys younger than 20 years in 
countries with multicohort vaccination and high routine 

vaccination coverage, compared with 44% among girls 
and 1% among boys in countries with singlecohort 
vaccination and low routine vaccination coverage. 

Our study is the first to show the realworld additional 
benefit of multicohort HPV vaccination and high routine 
vaccination coverage, and the fast and substantial herd 
effects of vaccination in countries which implement these 
measures. After 5–8 years of girlsonly vaccination in 
countries with multicohort vaccination and high routine 
vaccination coverage, reductions in anogenital wart 
diagnoses were 44 percentage points greater among girls 
aged 15–19 years than among girls the same age in 
countries with singlecohort vaccination or low routine 
vaccination coverage, and reductions in CIN2+ were more 
than 100 percentage points greater. Reduct ions in 
anogenital wart diagnoses among boys aged 15–19 years 
were 85 percentage points greater than among boys the 
same age in countries with singlecohort vaccination or 
low routine vaccination coverage. The greater impact of 
multicohort vaccination was similar when restricting the 
analyses to countries with high routine vaccination 
coverage. Our results are also in line with a 2017 
mathematical modelling study82 that estimated that 5 years 
after the introduction of HPV vaccination in Australia, half 
of the observed declines in anogenital wart diagnoses 
would be attributable to multicohort vaccination (catchup 
campaigns for women aged 14–26 years; appendix 
pp 23–28). In terms of policy implications, our results 
reinforce WHO’s recently revised position on HPV 
vaccination. To obtain faster and greater populationlevel 
impact, WHO revised its position in 2016 to recommend 
HPV vaccination of multiple age cohorts of girls (9–14 years 
old) when the vaccine is introduced in a country, rather 
than vaccination of a single cohort.5 However, the optimal 
number of age cohorts to vaccinate remains an open 
question and might be countryspecific. Increasing the 
number of cohorts will increase the populationlevel 
impact, but will have diminish ing returns on investment 
for each additional older cohort included. Number needed 
to vaccinate (NNV) and costeffectiveness analyses in high
income countries suggest that vaccinating multiple cohorts 
of indi viduals up to 18 years of age is highly efficient and 

Figure 5: Changes in CIN2+ among screened girls and women between the pre-vaccination and post-vaccination periods 
CIN2+=cervical intraepithelial neoplasia grade 2+. *p values are associated with the  χ² statistic.
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Figure 6: Changes in CIN2+ among screened girls and women during the first 7 years after the introduction of 
girls-only human papillomavirus vaccination, in countries with multi-cohort vaccination and high 
vaccination coverage
Countries with multi-cohort vaccination and high coverage (≥50%) were Australia,68,70 Canada (British Columbia76), 
Denmark,65 Scotland,77 and the USA.67,71,72,74 For CIN2+ analysis, the USA was categorised as a country with 
multi-cohort vaccination and high routine vaccination coverage because several US data indicate an association 
between screening participation and human papillomavirus vaccination.78,79,80,81 Thus, the vaccination coverage 
among screened girls and women is likely to be higher than the overall vaccination coverage in the population. 
We did a sensitivity analysis excluding the USA from countries with multi-cohort and high vaccination coverage 
and results were unchanged. CIN2+=cervical intraepithelial neoplasia grade 2+.
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costeffective.82,83 However, vaccine effectiveness per vac
cine dose decreases after 18 years as a high proportion of 
individuals will already have been infected by HPV vaccine 
types at the time of vaccination, and three doses are 
recommended in this age group (in contrast with the 
recent recommendations84,85 of 2 doses for people 
vaccinated before the age of 15). Hence, decisions and 
recommendations about the number of age cohorts to be 
vaccinated is a tradeoff between goals of maximising 
populationlevel impact (eg, to reach HPV or cervical 
cancer elimination goals within a specific time frame) and 
optimising vaccination efficiency and return on investment 
(eg, NNV and incremental costeffective ness ratios). Add
itionally, several key factors such as competing priorities 
and vaccine affordability and availability can also affect 
decisions about multicohort vaccination. Finally, our 
results also have implications for the interpretation of 
surveillance studies. When compar ing HPV vaccination 
surveillance data between countries, the number of cohorts 
vaccinated should be considered in addition to vaccination 
coverage, as the main driver of populationlevel impact is 
the overall proportion of the population that is vaccinated. 

Importantly, we also present the first pooled estimates 
of the populationlevel impact of HPV vaccination on 
CIN2+, which is the most proximal outcome to cervical 
cancer and is recognised as a valid proxy for vaccine 
efficacy against cervical cancer by regulatory agencies 
worldwide.86–89 The results provide strong evidence of HPV 
vaccination working to prevent cervical cancer in real
world settings, as both the cause (highrisk HPV infection) 
and proximal disease endpoint (CIN2+) are significantly 
declining. The results can also inform potential changes 
to cervical screening programmes. Substantial declines in 
highrisk HPV types and CIN2+ might allow for screening 
to start at an older age and for longer screening intervals. 
However, when considering any changes in screening 
recommendations, careful attention will have to be given 
to unvaccinated cohorts of women. The decreasing HPV 
prevalence observed in several settings also support a 
switch from cytology alone to primary HPV testing 
followed by cytology triage in younger and older cohorts, 
to benefit from the higher sensitivity of HPV testing to 
detect precancerous lesions and higher specificity of 
cytology, without substantially increasing the number of 
false positive results.90,91 However, CIN2+ surveillance data 
among screened girls and women should be interpreted 
with caution. First, the greatest and fastest reductions in 
CIN2+ are among girls 15–19 years of age—an age group 
not always recommended for screening. In this age group 
the proportion of those screened had been declining 
both before and since the introduction of HPV vacci
nation efforts, due to improved adherence to guidelines 
(appendix pp 29–31). Therefore, although we restricted 
our analysis to screened girls and women, changes 
towards a lower risk profile among those that are still 
screened in this age group could partly contribute to 
decreases in CIN2+. However, to our knowledge there are 

currently no data supporting changes in risk profiles of 
screened women in the younger age groups since the 
introduction of HPV vaccination. Second, several studies 
have shown that participation in cervical screening and 
vaccination uptake are associated with the same 
sociodemographic factors (eg, ethnicity, socioeconomic 
level, education),78–80,92–94 and therefore vaccination coverage 
among screened girls and women might be different,81 
and potentially higher, than countrylevel and regional
level vaccination cover age in some settings. Finally, major 
recent changes in screening recommendations, clinical 
management rec om men dations, and participation have 
been docu mented in several countries in the years 
surrounding the introduction of HPV vaccination. For 
example, the use of HPV testing mainly as triage of low
grade lesions (which has led to increased colposcopy 
referrals) and longer routine screening intervals have 
been reported67 in the USA, Denmark, and Norway, and 
are likely to increase the rate of CIN2+ detection (appendix 
pp 29–31). As the Scottish study77 of HPV bivalent vaccine 
uptake reported, future surveillance studies should 
include, if possible, the vaccination coverage of screened 
girls and women to more accurately quantify the impact of 
HPV vaccination on CIN2+.

By examining three main HPVrelated endpoints 
concurrently, we can better understand trends in 
postvaccination surveillance data and draw stronger con 
clusions about the populationlevel effectiveness and herd 
effects of HPV vaccination. Of particular interest are the 
results suggesting increases in HPVrelated endpoints 
among population subgroups not targeted by vaccination: 
(1) highrisk nonvaccine HPV types; (2) anogenital wart 
diagnoses among men aged 25–39 years, particularly in 
countries with singlecohort vaccination or low vaccination 
coverage of girls; and (3) CIN2+ among screened women 
aged 25–39 years. Data from several countries suggest 
that increases in anogenital warts diagnoses34,38,43,47,50,54 
and CIN2+65,95 began before the introduction of HPV 
vaccination. Together, these results suggest that the 
populationlevel impact of HPV vaccination could 
currently be measured within an underlying context of 
increasing HPVrelated endpoints in some countries. 
Although the reasons for these trends are likely multi
factorial and endpointspecific, several hypotheses can be 
made. First, increases in the three HPVrelated endpoints 
could reflect increases in sexual activity. Several data 
sources indicate that, over the past 10–20 years, the 
number of sexual partners per individual has increased, 
and the age at initiation of sexual activity has decreased in 
several highincome countries.24,96–104 Second, endpoint
specific hypotheses could also explain observed increases. 
Increases in highrisk nonvaccine HPV types could partly 
be explained by HPV 16 and 18 unmasking (ie, apparent 
increased detection of nonvaccine HPV types in a post
vaccination population with fewer HPV 16 and 
18 infections, which could have masked detection of other 
HPV types before vaccination)105 or by type replacement 
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(ie, increased prevalence of nonvaccine HPV types 
occupying the ecological niche created by prevention of 
HPV 16 and 18 infections).106 Increases in anogenital 
wart diagnoses could be partly explained by increased 
knowledge, awareness, and healthseeking behaviour of 
the general population about anogenital warts, and by 
better diagnosis and reporting by health professionals. 
Finally, as previously discussed, increases in CIN2+ could 
be attributable to changes in screening recommendations, 
tests, and participation documented in several countries. 
More research is needed to better understand the factors 
affecting the increasing trends in nonHPV vaccine types 
and HPVrelated diseases in older men and women. If 
they are due to changes in sexual behaviour or increased 
healthseeking behaviour and diagnoses, the population
level effectiveness of HPV vaccination might be under
estimated when comparing the annual frequency of HPV 
endpoints in prevaccination and postvaccination periods.

In addition to the epidemiological and public health 
insights discussed above, our study has important 
additional strengths. All corresponding authors of the 
studies we included were contacted in order to have 
standardised age groups and HPV endpoints, permitting 
pooling of results. Furthermore, the large pooled sample 
size of persontime at risk and 8year followup data 
(9 years for CIN2+) since the introduction of HPV 
vaccination gave sufficient statistical power to show 
declines in all three HPVrelated endpoints among girls 
and women targeted for vaccination in both high
coverage and lowcoverage settings, and crossprotection 
and herd effects in countries with high vaccination 
coverage and multicohort vaccination. Our results 
should however be interpreted considering the following 
three limitations. The first limitation is that causality 
between HPV vaccination and the observed changes in 
HPVrelated endpoints cannot be concluded definitively, 
because this metaanalysis is based on ecological studies. 
However, the: (1) larger and faster decreases in HPV
related endpoints among cohorts targeted for vaccination 
and in countries with multicohort vaccination and high 
routine vaccination coverage; (2) larger decreases in 
HPVrelated endpoints with longer followup since the 
introduction of HPV vaccination (as the number of 
cohorts vaccinated increases); and (3) consistency 
between the results from the different studies and 
between the three HPVrelated endpoints, strongly 
suggest that the decreases can be largely attributed to 
HPV vaccination. The second limitation is that the 
number of studies available for each HPVrelated 
endpoint was too small for us to do multivariate meta
regression analyses10 in order to simultaneously consider 
the influence of different programme characteristics or 
study designs. Additionally, the number of studies 
within categories is sometimes limited. For example, 
greater decreases in CIN2+ were observed in the Scottish 
study77 that used the bivalent vaccine, compared with the 
studies that used the quadrivalent vaccine. However, it 

was not possible to measure the effect of the vaccine 
type, given that Scotland has a very high HPV vaccination 
coverage, had catchup vaccination, and had no major 
change in screening recommendations since the 
introduction of HPV vaccination. The third limitation is 
that all studies identified in the systemic review are from 
highincome countries, so our results should be 
extrapolated to lowincome and middleincome countries 
with caution. The populationlevel impact of HPV 
vaccination, including the impact of multicohort 
vaccination strategies, might be different in countries 
with substantially different sexual behaviour (eg, age at 
start of sexual activity, age difference between partners, 
concurrency in partnerships, percentage of men that are 
clients of female sex workers) HPV epidemiology, or 
prevalence of HPV infection and disease cofactors 
(eg, HIV prevalence).

In conclusion, the results of this metaanalysis show 
compelling evidence of the substantial impact of three
dose girlsonly HPV vaccination programmes with the 
quadrivalent or bivalent vaccines on infections by HPV 
16 and 18 and HPV 31, 33, and 45 as a group, anogenital 
wart diagnoses, and CIN2+ among women. Furthermore, 
we found evidence of herd effects among boys and older 
women. Programmes with multicohort vaccination and 
high vaccination coverage led to a greater and faster 
direct impact and herd effects. These results should 
be considered within the rapidly changing landscape 
of HPV vaccination, with several countries recently 
switching to twodose schedules, genderneutral vacci
nation, and the nonavalent vaccine, and with research 
examining onedose HPV vaccination, twodose 
vaccination in older popula tions, and cervical cancer 
elimination strategies. Although challenging, it will be 
crucial to continue monitoring the populationlevel 
impact of HPV vaccination to examine the full effect of 
these changes in vaccination strategies and quantify the 
effect of vaccination in lowincome and middleincome 
countries.
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