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Background. Human papillomavirus (HPV) vaccination programs achieve substantial population-level impact, with effects
extending beyond protection of vaccinated individuals. We assessed trends in HPV prevalence up to 8 years postvaccination among
men and women in the Netherlands, where bivalent HPV vaccination, targeting HPV types 16/18, has been offered to (pre)adoles-
cent girls since 2009 with moderate vaccination coverage.

Methods.
to 24-year-old visitors of sexual health centers. We studied genital HPV positivity from 2009 to 2017 among women, heterosexual

We used data from the PASSYON study, a survey initiated in 2009 (prevaccination) and repeated biennially among 16-

men, and unvaccinated women using Poisson generalized estimating equation models, adjusted for individual- and population-level
confounders. Trends were studied for 25 HPV types detected by the SPF10-LiPA25 platform.

Results.
in vaccine types HPV-16/18 were observed for all women (12.6% per year [95% confidence interval {CI}, 10.6-14.5]), heterosexual men
(13.0% per year [95% CI, 8.3-17.5]), and unvaccinated women (5.4% per year [95% CI, 2.9-7.8]). We observed significant declines in
HPV-31 (all women and heterosexual men), HPV-45 (all women), and in all high-risk HPV types pooled (all women and heterosexual

A total of 6354 women (64.7% self-reported unvaccinated) and 2414 heterosexual men were included. Percentual declines

men). Significant increases were observed for HPV-56 (all women) and HPV-52 (unvaccinated women).

Conclusions.

Our results provide evidence for first-order herd effects among heterosexual men against HPV-16/18 and cross-

protective types. Additionally, we show second-order herd effects against vaccine types among unvaccinated women. These results

are promising regarding population-level and clinical impact of girls-only bivalent HPV vaccination in a country with moderate

vaccine uptake.
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Infections with human papillomavirus (HPV) are usually tran-
sient; however, persistent infections may induce illness in the
anogenital or oropharyngeal regions among men and women.
Most common are warts, but persistent infections with a high-
risk (hr) HPV type can also lead to various cancers [1]. From
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2006 onward, 3 prophylactic vaccines have been registered
for prevention of HPV-related (pre)cancers, all targeting the
most oncogenic hrHPV types 16 and 18. The Netherlands has
included the bivalent HPV (2vHPV) vaccine, targeting HPV-
16/18, in its national immunization program. HPV-16/18 vac-
cination is offered to 12-year-old girls in the routine program
since 2010, after a one-off catch-up campaign in 2009 for 12- to
16-year-old girls (birth cohorts 1993-1996) [2]. So far, vaccine
uptake among vaccine-eligible girls in the general population
has fluctuated between 46% and 61% per year between 2009
and 2017 [3].

Vaccine effectiveness of HPV-16/18 vaccination against (per-
sistent) infection with vaccine and cross-protective HPV types
has been shown in vaccine recipients relative to controls [4, 5].
However, the population impact of HPV vaccination extends
beyond direct protection of vaccinated individuals, as infec-
tion dynamics change through vaccination implementation.
In countries achieving high coverage in girls-only quadrivalent
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HPV vaccination programs, also targeting low-risk (Ir) HPV
types 6 and 11, indirect benefits were evident early on through
reduced prevalence of genital warts in unvaccinated young
men [6]. Additionally, declining hrHPV prevalence in young
vaccinated women was sufficient to provide herd protection to
unvaccinated women within 6-7 years after initiation of girls-
only HPV vaccination in settings with >80% coverage [7, 8].
Herd effects among unvaccinated women are mainly derived
from unvaccinated, but indirectly protected, heterosexual men.
However, men have been underrepresented in studies assessing
population trends in HPV prevalence over time since vaccine
introduction [9].

Previously, we demonstrated herd effects for vaccine types
HPV-16/18 among heterosexual men 6 years after introduction
of girls-only HPV-16/18 vaccination in the Netherlands [10].
Herd effects among unvaccinated women were not yet observed
within 6 years postvaccination, presumably due to the moderate
vaccine uptake in the Netherlands. In a girls-only vaccination
program, herd protection of unvaccinated women constitutes a
second-order effect and is strongly determined by vaccination
coverage [11]. As we observed herd effects among heterosexual
men within 6 years postvaccination, we hypothesized that herd
effects among unvaccinated women in the Netherlands should
also become measurable with prolonged monitoring. Continued
monitoring of trends in type-specific HPV prevalence over time
is also relevant for detection of type replacement, a still unre-
solved possibility in the wake of HPV vaccination [12].

To further assess the population impact of the girls-only
HPV-16/18 vaccination program in the Netherlands on
postvaccination trends in vaccine-targeted and nonvaccine
HPV types, we updated and expanded our previous analyses.
Here, we present trends in HPV positivity of 25 HPV types
from prevaccination up to 8 years postvaccination among 16- to
24-year-old women and heterosexual men visiting sexual health
centers (SHCs) throughout the Netherlands.

METHODS

Study Design

For this updated analysis, we used data from the PASSYON
(Papillomavirus Surveillance Among STI Clinic Youngsters
in the Netherlands) study: a biennial cross-sectional survey
to assess HPV prevalence among young visitors to SHCs [10].
In the Netherlands, SHCs offer sexually transmitted infection
(STT) testing to those with increased risk, including individuals
<24 years of age. The study design has been described previ-
ously [13]. In brief, the PASSYON study was initiated in 2009
(prevaccination) and repeated in 2011, 2013, 2015, and 2017 in
SHCs throughout the country (Supplementary Figure 1). Male
and female SHC visitors 16-24 years of age were approached
for participation and asked to collect a genital self-swab (Copan
Diagnostics, Italy). Women were instructed to take a vaginal

sample, while men took a penile sample. A questionnaire on
sexual risk behavior, demographics, and vaccination status was
collected, which was supplemented with information from reg-
ular SHC consults. The Medical Ethical Committee (University
of Utrecht, the Netherlands), provided a waiver for full medical
ethical review (protocol number 08/397). Data were obtained
using a unique code per person and all participants gave in-
formed consent.

Laboratory Analyses

HPYV laboratory testing was conducted similarly across all study
years [13]. In brief, DNA was extracted using the MagnaPure
platform (Total Nucleic Acid Isolation Kit, Roche, the
Netherlands) and HPV DNA was amplified using SPF10 primer
sets and detected using DNA enzyme-linked immunoassays
(HPV-DEIA, DDL Diagnostics Laboratory, the Netherlands).
Positive samples were genotyped with line-probe assay (HPV-
LiPA25, DDL Diagnostics Laboratory, the Netherlands), which
is able to detect hrHPV types 16, 18, 31, 33, 35, 39, 45, 51, 52,
56, 58, 59, and IrHPV types 6, 11, 34, 40, 42, 43, 44, 53, 54, 66,
70, and 74. Also HPV-68, -73, and -97 can be detected, but these
types cannot be distinguished from each other and are therefore
classified as HPV-68.

Statistical Analysis

Trends in HPV positivity were studied for all women (irrespec-
tive of vaccination status) and self-reported heterosexual men.
To study second-order herd effects, we additionally analyzed
trends in self-reported unvaccinated women (only women re-
porting to be unvaccinated).

The crude prevalence of hrHPV and IrHPV types was calcu-
lated for each study year, stratified by sex and vaccination status.
Trends in type-specific HPV prevalence over time were assessed
using generalized estimating equation (GEE) Poisson models
with aloglink function and robust error variance. Incorporation
of an exchangeable correlation structure accounted for depend-
ency of HPV types within individuals and ensured efficient esti-
mation of regression coeflicients. PASSYON year was added as
a continuous variable to the model, resulting in a linear trend of
HPV prevalence over time on a log scale. Percentual changes in
HPV prevalence per year were estimated by exponentiating the
(adjusted) regression coefficient for each HPV type.

To select possible confounding variables in the estimation of
HPYV prevalence trends, we first examined the study population
over time regarding participant characteristics. Using x” tests,
we checked whether characteristics were comparable between
different study years. Next, we studied the association between
HPYV positivity (any type) and participant characteristics, again
using x> tests. Characteristics associated with study year and
with HPV positivity were included as explanatory variables
in a logistic regression stepwise selection model (with P < .05
as entry and stay criteria), using HPV positivity as outcome.
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Variables included in the final model were used for adjustment
in the Poisson GEE models. This process was performed sepa-
rately for all women, men, and unvaccinated women.

Next to individual-level confounders indicated by the selec-
tion models, trends in HPV prevalence were adjusted for age
group (16-20 vs 21-24 years) and for changes in SHC access
policy (population-level confounder). Due to funding restric-
tions from 2015 onward, SHCs became stricter in prioritizing
individuals at high risk for STTIs, which could have resulted in
a study population at systematically increased risk for HPV in-
fection starting from 2015 [14]. As we assumed we were unable
to fully adjust for this by only including changes over time in
the known variables [10], we adjusted for policy change by in-
cluding a categorical variable indicating the policy change from
2015 onward.

Additionally, we estimated pooled (adjusted) trends in
HPYV positivity over time. Pooled estimates were obtained as
a weighted average of type-specific trends in the GEE Poisson
models. Pooled trends were estimated for vaccine types (16/18),
hrHPV types of the nonavalent vaccine (16/18/31/33/45/52/58),
all hrHPV types (16/18/31/33/35/39/45/51/52/56/58/59), and
all types measured in the SPF10-DEIA-LiPA25 assay. As the im-
pact of vaccination among 16- to 24-year-olds on overall prev-
alence was likely to be still very low in 2011 [15], we performed
sensitivity analyses pooling data from PASSYON years 2009
and 2011 to create more stable baseline measurements.

All analyses were performed using SAS version 9.4 (SAS
Institute, Cary, North Carolina). We performed complete case
analyses, as none of the variables had >5% missing.

RESULTS

We included a total of 6354 women (1574 vaccinated [>1 dose],
4111 unvaccinated, and 669 unknown, all self-reported) and
2414 heterosexual men who all provided a genital swab; the
study population was 1524 in 2009, 1775 in 2011, 1816 in 2013,
1782 in 2015, and 1871 in 2017. The percentage of women re-
porting to be vaccinated increased over the years; 2.3% in 2009,
6.4% in 2011, 19.2% in 2013, 36.7% in 2015, and 54.1% in 2017.
In total, 13.2% of vaccinated women were vaccinated within the
regular program. Characteristics of the total study population
are presented in Table 1, with the association between char-
acteristics and study year and the association between char-
acteristics and HPV positivity given separately for all women,
heterosexual men, and unvaccinated women in Supplementary
Tables 1-3. In general, sexual risk behavior increased over time
in all groups.

Figure 1 displays the crude HPV prevalence over time for
all women, heterosexual men, and unvaccinated women. HPV
prevalence was positively affected by the SHC policy change
from 2015 onward. After adjustment for age and changes in
individual-level characteristics over time, policy change was

predicted to have elevated the HPV type-specific positivity by
9% among women and up to 30% among men in trend ana-
lyses. Overall, after adjustment for age and selected participant
characteristics, and more so after adjustment for policy change,
declining trends in HPV prevalence over time became stronger,
while increasing trends became weaker (Supplementary Table
4). In the final adjusted GEE models, decreasing trends in
both vaccine types HPV-16 and HPV-18 were estimated for
women, heterosexual men, and unvaccinated women separately
(Figure 2). The pooled percentual decline in HPV-16/18 preva-
lence per year was 12.6% (95% confidence interval [CI], 10.6%—
14.5%) among all women, 13.0% (95% CI, 8.3%-17.5%) among
heterosexual men, and 5.4% (95% CI, 2.9%-7.8%) among un-
vaccinated women (Table 2). Declining trends were also ob-
served for cross-protective types. We estimated significantly
declining trends in the prevalence of HPV-31, with a 6.8% an-
nual decline (P < .001) among all women and a 9.7% annual
decline (P =.005) among men, and in the prevalence of HPV-
45, with a 4.9% annual decline (P = .036) among all women.
The decline in HPV-45 prevalence of 10.4% annually among
heterosexual men was borderline nonsignificant (P =.065).
Other significantly declining trends in adjusted analyses were
seen for HPV-59 among unvaccinated women and for low-risk
types HPV-34 (all women and heterosexual men) and HPV-44
(heterosexual men).

Also increasing trends in HPV prevalence were observed. In
adjusted GEE models, the prevalence of HPV-56/54 increased
among all women, and the prevalence of HPV-52 increased
among unvaccinated women. A complete overview of the
trends for all 25 HPV types is provided in Figure 2.

Pooling trends of hrHPV types of the nonavalent vaccine
and all hrHPV types (as a weighted average) resulted in a 5.7%
and 3.0% annual decline among women and in a 7.8% and 5.3%
annual decline among heterosexual men (Table 2). The pooled
trend of all measured HPV types including hrHPV and IrHPV
types was declining among women and heterosexual men (1.6%
and 4.1% annual decline, respectively). Among unvaccinated
women, none of the pooled trends were statistically significant.

Sensitivity analyses in which the first two PASSYON years
were pooled and considered as one baseline measurement
yielded comparable results regarding adjusted trends for HPV
vaccine types. Some type specific estimates became more pro-
nounced, for example, the decline of HPV-45/33 among all
women, whereas others were attenuated, such as the decrease in
HPV-31 among heterosexual men. Increasing trends in HPV-56
among all women and in HPV-52 among unvaccinated women
were no longer statistically significant (Supplementary Table 5).

DISCUSSION

We assessed trends in type-specific HPV prevalence for
25 HPV types up to 8 years after HPV-16/18 vaccination
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Table 1. Characteristics of the Study Population for All Women, Heterosexual Men, and Unvaccinated Women

AllWomen Heterosexual Men Unvaccinated Women

Characteristic (n = 6354) (n=2414) (n=411)
Age

16-20y 2478 (39.0) 691 (28.6) 1336 (32.5)

21-24y 3876 (61.0) 1723 (71.4) 2775 (67.5)
Self-defined ethnicity

Dutch 5514 (86.8) 1933 (80.1) 579 (87.1)

Not Dutch 837 (13.2) 479 (19.9) 530 (12.9)
Educational level®

Low/middle 1550 (24.5) 708 (29.4) 964 (23.5)

High 4773 (75.5) 1699 (70.6) 3133 (76.5)
Sexual preference

Heterosexual 6070 (95.5) 2414 (100.0) 3940 (95.8)

Gay or bisexual 284 (4.5) 0 (0.0 171 (4.2)
Age of sexual debut

<4y 813 (13.0) 405 (16.9) 504 (12.4)

15-16y 3036 (48.3) 961 (40.2) 1934 (47.5)

>17y 2428 (38.7) 1024 (42.9) 1630 (40.1)
No. of sex partners in past 6 mo

0-1 1960 (30.9) 499 (20.7) 1342 (32.7)

2-3 3047 (48.0) 876 (36.3) 1956 (476)

4-5 947 (14.9) 510 (21.1) 591 (14.4)

>6 394 (6.2) 529 (21.9) 219 (5.3)
No. of lifetime sex partners

0-2 682 (10.9) 130 (5.6) 438 (10.8)

3-4 1176 (18.9) 245 (10.6) 770 (19.0)

5-6 1220 (19.6) 284 (12.3) 789 (19.5)

7-14 2196 (36.2) 749 (32.4) 1417 (35.0)

>15 962 (15.4) 903 (39.1) 635 (16.7)
Anal sex past 6 mo

No 5527 (87.4) 2021 (84.8) 3568 (87.2)

Yes, insertive only 0 (0.0) 351 (14.7) 0 (0.0)

Yes, receptive only 796 (12.6) 8 0.2) 526 (12.8)

Yes, both insertive and receptive 0 (0.0) 7 (0.3) 0 (0.0
Notified for STIP

No 5630 (89.1) 1992 (82.9) 3684 (90.0)

Yes 688 (10.9) 410 (17.1) 408 (10.0)
STl-related symptoms®

No 4818 (76.4) 1742 (72.7) 3100 (75.9)

Yes 1491 (23.6) 655 (27.3) 984 (24.1)
Self-reported history of any STI

No 3549 (56.2) 1298 (54.0) 2361 (576)

Yes 1683 (26.6) 508 (21.1) 1087 (26.6)

Never tested 1089 (17.2) 598 (24.9) 648 (15.8)
Genital chlamydia infection®

No 5403 (85.5) 2010 (83.8) 3534 (86.4)

Yes 914 (14.5) 388 (16.2) 557 (13.6)
Steady partner

No 3883 (62.6) 1359 (58.3) 2470 (61.5)

Yes, for 0-5 mo 1366 (22.0) 584 (25.1) 908 (22.6)

Yes, =6 mo CER) (15.4) 386 (16.6) 641 (15.9)
Condom use past 6 mo, casual partner®

Inconsistent 2624 (41.5) 1139 (47.6) 1601 (39.1)

Consistent 2243 (35.5) 810 (33.8) 1525 (37.2)

No casual partners past 6 mo 1455 (23.0) 445 (18.6) 972 (23.7)

Data are presented as No. (%). Numbers vary because of missing values.

Abbreviation: STI, sexually transmitted infection.

“High educational level included school of higher general secondary education, pre—university education, university of applied sciences, and university. Low/middle educational level included

all other levels of education.

®Based on information of the sexual health center visit.

‘Inconsistent included reporting never, rarely, and “sometimes | do, sometimes | do not” condom use. Consistent included reporting often or always condom use.
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Prevalence of human papillomavirus (HPV) for the different years of the Papillomavirus Surveillance Amaong STl Clinic Youngsters in the Netherlands (PASSYON)

study among all women (A), heterosexual men (B), and unvaccinated women (C). From 2015 onward, the access policy at the sexual health centers had changed, leading to
prioritizing of individuals at high risk for sexually transmitted infections. *HPV-68 also includes HPV-73 and HPV-97.

implementation in the Netherlands. We demonstrated signif-
icant population impact of girls-only vaccination on vaccine-
type HPV infection, with HPV-16/18 prevalence declining
each year by 13% among women and heterosexual men, and
by 5.4% among unvaccinated women. We also demonstrated
significant declines in HPV-31 and HPV-45 among women
and heterosexual men, providing strong evidence that cross-
protection of the 2vHPV vaccine extends to unvaccinated indi-
viduals. Our results show that HPV-16/18 vaccination induces
herd effects against vaccine and cross-protective HPV types in
a setting with moderate vaccination uptake.

Decreasing trends in HPV-16/18 prevalence were observed
among all groups. For women, this is partly explained by an

increased proportion of vaccinated women over time who
benefit from direct protection of HPV-16/18 vaccination. In
a previous analysis with data up to 6 years postvaccination,
we reported that heterosexual men already benefited indi-
rectly from this through herd protection [10]. This finding
is reiterated in the current analyses with data up to 8 years
postvaccination. Additionally, we were now able to measure
reductions in HPV-16/18 prevalence among unvaccinated
women, which constitutes a second-order effect that takes
more time to develop. Meanwhile, no effects of vaccination
implementation were observed among men who have sex
with men in the same period [16]. Our results are in line with
observations from the United States, where vaccine coverage
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Figure 2. Percentual change in prevalence of high-risk and low-risk human papillomavirus (HPV) types per year, among all women (A), heterosexual men (B), and unvac-
cinated women (C). Percentual change in prevalence per year was calculated by exponentiating the adjusted regression coefficients of study year, which was added as a
continuous variable in generalized estimating equation analyses. For the exact Percentual changes per year, see Supplementary Table 4. *HPV-68 also includes HPV-73 and
HPV-97. #Point estimate for HPV-34 among heterosexual men was —26%. The x-axes differ between all women, heterosexual men, and unvaccinated women. Regression
coefficients for all women were adjusted for age, policy change at the sexual health center, lifetime sex partners, history of any sexually transmitted infection (STI), steady
partner, notified for STI, sex partners past 6 months, and condom use with casual partner. Regression coefficients for heterosexual men were adjusted for age, policy change
at the sexual health center, lifetime sex partners, and history of any sexually transmitted infection. Regression coefficients for the unvaccinated women were adjusted for
age, policy change at the sexual health center, lifetime sex partners, history of any sexually transmitted infection, notified for STI, sex partners past 6 months, and condom
use with casual partner.

has been suboptimal as well (around 50%) and herd effects Cross-protection of HPV-16/18 vaccination has been most
among unvaccinated women were not yet present 3—6 years clearly established for HPV types 31/33/45 [18]. In line with
after vaccination, but became measurable 5-8 years after  this cross-protection, the current analyses showed significantly
vaccination [17]. decreasing trends in HPV-31/45 among all women, and in

Table 2. Pooled Trends in Percentual Change of Human Papillomavirus Prevalence per Year Among All Women, Heterosexual Men, and Unvaccinated
Women

AllWomen, % Heterosexual Men, % Unvaccinated Women, %
Vaccine Type (95% ClI) (95% ClI) (95% CI)
Bivalent vaccine types?® —12.58 (-14.53 to —-10.59) -13.04 (1754 to -8.30) -5.38 (-7.84 t0 -2.87)
Nonavalent vaccine hrHPV typesb -5.73 (<742 t0 -4.02) -7.82 (-11.81 to -3.64) -1.28 (-3.40 to .87)
All hrHPV types® -3.02 (-4.61 to -1.42) -5.29 (-8.96 to -1.48) -1.29 (-3.22 to0 .67)
All hrHPV and IrHPV types® -1.69 (-3.13 to -.03) -4.10 (-7.69 to —.38) -0.67 (-2.53 t0 1.22)

Pooled trends were obtained as a weighted average of the type-specific trends in the generalized estimating equation Poisson models. Percentual change in prevalence per year was calcu-
lated by exponentiating the adjusted regression coefficients of study year.

Abbreviations: Cl, confidence interval; hrHPV, high-risk human papillomavirus; IrHPV, low-risk human papillomavirus.
®Including HPV types 16 and 18.

bIm:luding HPV types 16, 18, 31, 33, 45, 52, and 58.

°Including HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59.

“Including HPV types 6, 11, 16, 18, 31, 33, 34, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 54, 56, 58, 59, 66, 70, 74, and 68/73/97.
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HPV-31 among heterosexual men. Declining trends in HPV-
33 among all women and in HPV-45 among heterosexual men
were also pronounced, albeit nonsignificant. Declines in cross-
protective HPV types were not yet observed in previous ana-
lyses [10]. Although natural fluctuation could occur over time,
consistency of these results suggests that cross-protection of
the 2vHPV vaccine also leads to herd effects for these types, al-
though second-order herd effects against cross-protective types
remain to be demonstrated. Second-order effects against the
pooled outcome HPV-31/33/45 were seen in Scotland 7 years
after 2vHPV vaccine introduction, but this was in a setting with
a much higher vaccination uptake of around 90% [7]. Likewise,
in a community-randomized trial with moderate vaccination
uptake, significant second-order herd effects could only be
demonstrated in the sex-neutral vaccination arm, and not in the
girls-only vaccination arm [19]. Presumably, the speed at which
herd effects become apparent is a composite of vaccine effec-
tiveness, which is lower against HPV-31/33/45 as compared to
HPV-16/18, and vaccination coverage. Therefore, we suspect
herd protection against cross-protective HPV types will also
become apparent in unvaccinated women in the Netherlands
with prolonged follow-up.

Another declining trend is observed for HPV-34, showing a
decrease in both women and heterosexual men. Of the IrHPV
types, HPV-34 is phylogenetically most closely related to HPV-
16 [20]. Hence, the observed decrease could be related to vac-
cine introduction, although cross-protection against HPV-34
has not been noticed before. Furthermore, we also observed
increasing trends for a few HPV types; for HPV-54/56 among
all women, and for HPV-52 among unvaccinated women.
Increasing trends in HPV-58/53 were borderline nonsignificant
among (unvaccinated) women. Interestingly, HPV-53/54/56
are phylogenetically very distant from the vaccine types and
are located on different clades (a6 and al3, respectively), and
are therefore the least likely to benefit from cross-reactivity of
vaccine-induced immune responses [20]. However, HPV-52 is
relatively closely related to HPV-16 (both on clade a9) while
also showing an increase [21]. Together, these findings could
signify early effects of type replacement, but an increasing HPV
prevalence over time could also be due to unmasking and sec-
ular trends irrespective of vaccination, for example, due to be-
havioral changes over time [22]. No significantly increasing
trends in HPV prevalence were observed among men, and all
increases disappeared in sensitivity analyses. However, detec-
tion of type replacement in our study was complicated by the
SHC policy change during our study period, and adjusting for
this policy change could have resulted in an overcorrection.
Other studies assessing trends in type-specific HPV prevalence
also showed increases in HPV types following vaccination im-
plementation. In meta-analyses, increases were observed in
HPV-39/52/53/73 [23], and in a community-randomized trial a
tendency for increasing prevalence of HPV-39/51 was observed

among unvaccinated participants [24]. In both studies, results
were inconsistent when analyzed by age or birth cohort, and
other studies reported no increases in HPV types [25, 26].
Because type replacement following HPV vaccination probably
takes many years to develop if present [12], continued surveil-
lance is needed on a type-specific level. Additionally, eventual
replacement in disease burden also depends on the oncogenic
potential of HPV types becoming more common, emphasizing
the need for type-specific surveillance in (pre)cancer screening
following vaccination implementation.

The current study has some limitations. First, the prioriti-
zation of high-risk individuals eligible for testing at SHCs has
changed due to policy changes over the last years. While we cor-
rected for this by including both individual- and population-
level confounders in our model, we cannot rule out residual
bias. Still, declines in prevalence were already observed without
adjustment, both for vaccine-targeted and cross-protective
types. Second, vaccination status was self-reported and could
be subject to recall bias. If part of the unvaccinated women
were truly vaccinated, this would result in an overestimation
of the decreasing trends for vaccine types among unvaccinated
women. However, previous confirmation analyses based on se-
rology showed good correlations between self-reported vacci-
nation status and observed antibody levels [4]. Therefore, the
possible bias by using self-reported vaccination status in this
setting can be considered minimal. Third, only 1 year of offi-
cial prevaccination data was available, affecting our ability to
consider possible background trends or natural fluctuations in
HPV prevalence. In sensitivity analyses, we repeated all trend
analyses in which study years 2009 and 2011 were pooled and
considered to represent the prevaccination situation, and these
yielded comparable results.

Our current findings indicate that transmission of vaccine-
targeted and cross-protective HPV types is decreasing
throughout the population. Our study included a high-risk
population with a higher HPV prevalence compared to the ge-
neral Dutch population, hampering generalizability [27]. As
the population-level impact of HPV vaccination is generally
attenuated in a high-prevalence setting, the estimates of herd
protection as provided in this study are probably conservative,
and population effects of girls-only HPV-16/18 vaccination in
the Netherlands are likely to be stronger in the general popula-
tion [28]. Our findings also emphasize the importance of moni-
toring nonvaccine HPV types. Prevalence changes of hrHPV
types other than HPV-16/18 are relevant to assess the residual
risk of (pre-)cancerous lesions and screening need in vaccin-
ated cohorts. Our results showed declining pooled trends in all
hrHPV types and all hrHPV and IrHPV types together, among
both women and heterosexual men. This is reassuring for the
overall benefit of HPV-16/18 vaccination and demonstrates
that the 2vHPV vaccine generates broad-spectrum protection
against HPV infections.
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In conclusion, the current study showed substantial
population-level impact of girls-only HPV-16/18 vaccination in
a high-risk study population in the Netherlands, a country with
moderate vaccination coverage. Apart from significant declines
in vaccine-type HPV infections, we also demonstrated that
cross-protection of HPV-16/18 vaccination extended to un-
vaccinated individuals. Our study provides unique documen-
tation of the unfolding of first- and second-order herd effects,
and suggests a significant eventual clinical impact of a girls-only
HPYV vaccination program.
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