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Abstract

Background: The primary goal of human papillomavirus (HPV) vaccination is to reduce morbidity and mortality from HPV-
associated disease, especially cervical cancer. We determined the real-world effectiveness of HPV vaccination against cervical
cancer. Methods: The study included women aged 17-30 years living in Denmark October 2006-December 2019. From
nationwide registries, information on HPV vaccination and cervical cancer diagnoses were retrieved. Incidence rate ratios
(IRRs) with 95% confidence intervals (CIs) for cervical cancer according to vaccination status were estimated using Poisson
regression with HPV vaccination treated as a time-varying variable and stratified by age at vaccination. We adjusted for
attained age, education, and ethnicity. To address the effect of prevalent disease, different buffer periods were used, with 1-
year buffer period as primary analysis. Results: The cohort comprised 867 689 women. At baseline, 36.3% were vaccinated at
age 16 years and younger, and during follow-up, 19.3% and 2.3% were vaccinated at ages 17-19 years and 20-30 years, respec-
tively. For women vaccinated at ages 16 years and younger or 17-19 years, the IRRs of cervical cancer were 0.14 (95% CI ¼ 0.04
to 0.53) and 0.32 (95% CI ¼ 0.08 to 1.28), respectively, compared with unvaccinated women. In women aged 20-30 years at vac-
cination, the incidence rate was higher than among unvaccinated women (IRR¼1.19, 95% CI ¼ 0.80 to 1.79) but slightly de-
creased with increasing buffer period (IRR¼0.85, 95% CI ¼ 0.55 to 1.32, with 4-year buffer period). Conclusion: HPV vaccine
effectiveness against cervical cancer at the population level is high among girls vaccinated younger than age 20 years. The
lack of immediate effect in women vaccinated at age 20-30 years points to the importance of early age at vaccination.

The first vaccine for prevention of morbidity and mortality at-
tributable to human papillomavirus (HPV)–associated disease
was licensed in 2006. HPV is one of the most common sexu-
ally transmitted infections and a well-established cause of
cervical cancer, other anogenital cancers (anus, vulva, vagina,
and penis), and oropharyngeal cancer (1). The total burden of
cancers attributable to HPV is substantial and constitutes an-
nually around 630 000 new cases worldwide, of which the ma-
jority (n¼ 530 000) is by far cervical cancers (1). Among HPV-
related cancers, cervical cancer has the strongest association
with HPV, as the development of virtually all cases is depen-
dent on persistent infection with oncogenic HPV types (1-3).
This implies that, in theory, HPV vaccination (in combination
with screening and relevant treatment of cervical precancer-
ous lesions) has the potential to eliminate cervical cancer

defined by the World Health Organization as less than 4 new
cases per 100 000 women-years (4).

All currently available HPV vaccines target HPV16 and
HPV18, which cause approximately 70% of all cervical cancers
(2,5). With the inclusion of 5 additional oncogenic HPV types
(HPV31, HPV33, HPV45, HPV52, and HPV58) in the nonavalent
HPV vaccine, the preventable proportion of cervical cancers has
been estimated to increase to approximately 90% (6).

Because of the long time from HPV infection to cancer devel-
opment and the clinical diagnosis of cervical cancer, the clinical
vaccine trials (6-8) and postlicensure observational studies
(9,10) have used precancerous cervical lesions as proxy end-
points for cervical cancer. It is now 14 years since licensure of
the HPV vaccine, and the effectiveness of HPV vaccination
against cervical cancer has just been reported in a Swedish
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population-based study showing that the cervical cancer risk
among girls vaccinated before the age of 17 years was 88% lower
than among unvaccinated girls (11).

HPV vaccination was implemented in the Danish childhood
vaccination program for 12-year-old girls in January 2009. From
October 2008, girls 13-15 years of age were offered HPV vaccina-
tion in the first catch-up program, and a second catch-up pro-
gram including women up to the age of 27 years was initiated in
August 2012. All these vaccination programs are free of charge.
Today, HPV vaccination is offered to girls 12-17 years of age with
2 doses to those vaccinated before age 15 years. The vaccination
program included the quadrivalent HPV vaccine from the begin-
ning and up until January 2016. Hereafter, the bivalent Cervarix
vaccine was offered for a shorter period of time and followed by
the nonavalent vaccine from November 2017.

In Denmark, we have complete and individual-level registra-
tion of vaccination status and all histological diagnoses per-
formed at pathology departments all over the country. By use of
these data sources, we aimed to investigate the real-world ef-
fectiveness of HPV vaccination against cervical cancer among
young Danish women.

Methods

Study Population

Since 1968, all Danish residents have been assigned a unique
personal identification number, which is used in all public sys-
tems including demographic and health-care registers and ena-
bles accurate linkage between registries. The study cohort
included all women aged 17-30 years and living in Denmark be-
tween October 1, 2006, and December 31, 2019. The women
were identified in the Danish Civil Registration System (12),
which holds continuously updated information about vital sta-
tus, emigrations, and immigrations. Use of registry data for this
study was approved by the Danish National Board of Health
Data (FSEID-0045 and FSEID-4711).

Information on HPV Vaccination

Information about HPV vaccination was obtained from the
National Health Service register (13) for women vaccinated in
the free-of-charge vaccination program using service codes
808328-808330 and 808334-808336. For women who were not
covered by the free-of-charge vaccination program and thus
bought the vaccine themselves, vaccination information was re-
trieved from the National Prescription registry (14) using
Anatomical Therapeutical Chemical codes J07BM01 (Gardasil),
J07BM02 (Cervarix), and J07BM03 (Gardasil9).

Information on Cervical Cancer

The Danish national screening program for cervical cancer
starts inviting women at age 23 years, and screening is recom-
mended every 3 years up until 49 years of age. In addition, op-
portunistic screening before 23 years of age is not uncommon in
Denmark (15). First diagnoses of cervical cancer were identified
from the Danish Pathology Registry (16), which contains com-
plete information on all cytological and histological diagnoses
performed at all Danish pathology departments since 1997. In
addition, many pathology departments also included informa-
tion dating back to before 1980. The diagnostic information in
the Pathology Registry is based on the Systematized

Nomenclature of Medicine, and cervical cancers were identified
by topography codes T83xxx and morphology codes starting
with M8 and M9 and behavior code 3.

Information on Covariates

A priori, we considered attained age, educational level, and eth-
nicity as potentially confounding factors (17). We obtained in-
formation about highest achieved education (short, medium, or
long) for the women and their parents from the educational reg-
ister at Statistics Denmark (18) and used the highest level of the
women or their parents. Ethnicity was also derived from
Statistics Denmark (19) and defined as Danish, Western immi-
grant, and non-Western immigrant.

Statistical Analysis

The women were followed from October 1, 2006, or their 17th
birthday (cohort entry), whichever came last, until diagnosis of
cervical cancer, death, emigration, or December 31, 2019, which-
ever came first. Thus, women with cervical cancer prior to co-
hort entry were not included in the cohort. Vaccination status
was treated as a time-varying variable, and women contributed
person-time as unvaccinated until 1 year after the date of first
vaccination. Thus, women could enter the cohort as either
unvaccinated or vaccinated depending on the date of first vacci-
nation. Vaccinated women were categorized according to age at
vaccination in a priori determined age groups (16 years or youn-
ger, 17-19 years, or 20-30 years) based on knowledge from our
previous studies on HPV vaccine effectiveness (9,20,21) and
reflecting that median age of sexual debut among Danish girls
is 16 years (22). Person-time was further divided according to
attained age in 1-year intervals to account for the underlying
age-specific rate of cervical cancer.

The cumulative incidence was estimated according to age at
vaccination. We calculated incidence rates (IRs) of cervical can-
cer as the ratio of the number of new incident cases and the
person-time at risk according to age at vaccination. Poisson re-
gression with a log-link and person-time as offset was used to
estimate incidence rate ratios (IRRs) and corresponding 95%
confidence intervals (CIs) for cervical cancer comparing vacci-
nated women with unvaccinated women. We estimated IRRs
for each of the 3 age-at-vaccination groups with unvaccinated
women as reference, while adjusting for attained age through a
restricted cubic spline. Additionally, we adjusted for education,
calendar year, and ethnicity. Moreover, to further address the
impact of prevalent cases, we considered 5 different buffer peri-
ods in additional analyses, where vaccinated women were
counted as unvaccinated until date of vaccination (no buffer) or
2, 3, 4, and 5 years after date of vaccination, respectively.

To address missing values in ethnicity and education, we
applied 3 strategies: complete case analysis, coding missing as
unknown, and nonparametric multiple imputation based on
random forest. The results were almost identical, and we there-
fore only present the results from the complete case analysis.

A statistical significance level of 5% was used in all analyses.
The statistical software R version 3.6.3 (23) was used for all
analyses.

Results

A total of 867 689 women were included for analysis, of which
314 852 (36.3%) received the first dose before the age of 17 years.
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During follow-up, 20 063 (2.3%) and 167 607 (19.3%) initiated vac-
cination at the age of 17-19 and 20-30 years, respectively (Table
1). Among the 502 522 vaccinated women, 78.5% completed 3-
dose vaccination, 15.7% received 2 doses, and 5.8% received 1
dose.

During 5 544 655 person-years, the women developed 504
cervical cancers of which 325 were among unvaccinated women
and 179 were among vaccinated women, mostly among women
vaccinated at age 20-30 years. The crude incidence of cervical
cancer was 11.3 per 100 000 among unvaccinated women and
6.7 per 100 000 among vaccinated women. The cumulative inci-
dence of cervical cancer by age at vaccination and attained age
is displayed in Figure 1. In the unvaccinated cohort, the inci-
dence started to rise sharply at age 23 years (entry into the
screening program) and reached a maximum of 0.13% at age
30 years, and a similar pattern was seen in women vaccinated
at 20-30 years. Among women vaccinated at age 16 years and
younger, the incidence of cervical cancer remained low at 0.01%
with increasing age.

After adjusting for attained age, the IRRs were lower among
women vaccinated before the age of 20 years compared with
unvaccinated women (Table 2). This persisted after adjusting
for calendar year, education, and ethnicity (16 years and youn-
ger: IRR¼ 0.14, 95% CI ¼ 0.04 to 0.53; 17-19 years: IRR¼ 0.32, 95%
CI ¼ 0.08 to 1.28) although only statistically significant for
women vaccinated before the age of 17 years. The IRR of cervical
cancer among all women vaccinated before 20 years of age (16
years and younger and 17-19 years combined) was 0.19 (95% CI
¼ 0.06 to 0.59) compared with unvaccinated women (data not
shown). For women vaccinated at the age of 20 years or older,
the IRR tended to be higher in vaccinated than in unvaccinated
women (IRR¼ 1.19, 95% CI ¼ 0.80 to 1.79).

Figure 2 shows the adjusted IRR in relation to different buffer
periods after vaccination. The largest change was seen for
women vaccinated at older age (20-30 years) where the IRR was
1.41 (95% CI ¼ 0.84 to 2.39) at the time at first dose (no buffer pe-
riod) and 0.85 (95% CI ¼ 0.55 to 1.32) with 4-year buffer period. In
contrast, longer buffer period had little effect for women vacci-
nated before the age of 20 years.

Discussion

In this nationwide cohort study, we find that HPV vaccination
reduces the incidence rate of cervical cancer by 86% and 68%
among girls and women vaccinated at age 16 years and younger
or 17-19 years, respectively. The picture was less clear for
women vaccinated at age 20-30 years, where the incidence was
similar to that of unvaccinated women when limiting the po-
tential effect of prevalent cases by including a buffer period.
These findings provide evidence, with cervical cancer as the
endpoint, for the greater utility of vaccinating women at a
young age.

To our knowledge, HPV vaccine effectiveness against cervi-
cal cancer has been investigated in only 1 previous study from
Sweden, and our results for the women vaccinated before age
20 years agree with the Swedish data showing that HPV vaccine
effectiveness against cervical cancer was 88% among girls vacci-
nated younger than age 17 years (11). Our results are also in line
with what could be expected from recent findings on HPV-vac-
cine effectiveness against severe cervical lesions (9,10,24), and
we previously reported that among Danish women vaccinated
younger than 17 years of age, HPV vaccine effectiveness against
cervical intraepithelial neoplasia grade 3 or worse (CIN3þ) was

63% (IRR¼ 0.37, 95% CI ¼ 0.30% to 0.45%) (9). The greater protec-
tion against cervical cancer compared with our previous find-
ings for CIN3þ is most likely explained by differences in the
prevalence of specific HPV types in cervical cancer vs CIN3.
HPV16 and HPV18 account for approximately 70% of cervical
cancers and some 50% of CIN3 lesions, and other oncogenic
HPV types (not included in the quadrivalent vaccine) such as
HPV31 and HPV33 seem to be more common in CIN3 (5,25).

Our finding of no or limited effect among women vaccinated
at an older age (20-30 years) is in line with previous findings
from Denmark and Sweden on vaccine effectiveness against
CIN3þ (26), and also other studies have reported a similar trend
in HPV vaccine effectiveness by age at first dose (10,21). This
may partly be explained by selection bias, as a higher propor-
tion of women vaccinated at older age have been vaccinated
outside the free-of-charge vaccination program, and it is possi-
ble that they have been vaccinated for reasons related to a
higher risk of cervical cancer including sexual behavior and life-
style and health factors. Another potential explanation is that
these women have a much higher likelihood of already being
exposed to HPV before vaccination, and the increased IRR for
women aged 20 years and older at vaccination and zero buffer
period suggest indication for vaccination is risk related in some
of the women vaccinated at older age. To account for potential
prevalent cervical cancers at time of vaccination, we used a
buffer period of 1-5 years with 1-year intervals. The buffer pe-
riod had virtually no effect on the IRR of cervical cancer among
women vaccinated younger than 17 years of age, of which the
majority likely were HPV naive at time of vaccination. In women
vaccinated at 20-30 years, however, the IRR for cervical cancer
decreased with increasing length of buffer period. Optimal
length of buffer period depends on the lead time of the out-
come, and buffer periods even longer than 5 years might be re-
quired for evaluation of HPV-vaccine effectiveness against
cervical cancer (27).

The substantial vaccine effectiveness against cervical cancer
among women vaccinated at age younger than 20 years is very
encouraging. Thus, when combining vaccination with screen-
ing, it should potentially be possible to eliminate cervical cancer
(4). In Denmark, organized cervical cancer screening was initi-
ated in the 1960s, and in 1996, a nationwide program was imple-
mented (28). Although the Danish screening program has
reduced cervical cancer incidence markedly (29,30), there are
still around 350 new cases each year corresponding to an age-
standardized incidence of approximately 9 per 100 000 women
(31). The corresponding global incidence is 13 per 100 000
women (32).

Over time, the overall incidence of cervical cancer will also
benefit from the increasing number of birth cohorts being vacci-
nated and because of a more pronounced herd protection.
Moreover, because the nonavalent vaccine was first introduced
in the Danish vaccination program in November 2017, our
results reflect primarily protection against HPV16 and HPV18.
Adding the additional 5 oncogenic HPV types in the nonavalent
HPV vaccine has been estimated to increase the potential pre-
ventable proportion of cervical cancers from approximately 70%
to nearly 90% (6). Cervical cancers associated with HPV16 and
HPV18 seem to be diagnosed at an earlier age than cancers asso-
ciated with other oncogenic HPV types (5,25), and this age-
specific type distribution most likely explains the great vaccine
effectiveness of 86%-88% among the youngest women vacci-
nated in our study and the Swedish (11), where maximum age
at end of follow-up was 30 years.
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Table 1. Baseline characteristics of the study population stratified by vaccination status and age at vaccination

Baseline characteristic
Unvaccinateda

Age at vaccination

�16 y 17-19 ya 20-30 ya

(n¼ 365 167) (n¼ 314 852) (n¼ 20 063) (n¼ 167 607)

Educational level, No. (%)b

Higher 143 994 (39.4) 141 217 (44.9) 10 897 (54.3) 60 759 (36.3)
Vocational 160 359 (43.9) 142 238 (45.2) 7857 (39.2) 82 828 (49.4)
Basic 37 789 (10.3) 28 671 (9.1) 1198 (6.0) 22 670 (13.5)
Missing 23 025 (6.3) 2726 (0.9) 111 (0.6) 1350 (0.8)

Ethnicity, No. (%)
Danish 302 657 (82.9) 288 013 (91.5) 19 275 (96.1) 154 801 (92.4)
Western immigrant 16 902 (4.6) 2313 (0.7) 123 (0.6) 1707 (1.0)
Non-Western immigrant 41 010 (11.2) 24 526 (7.8) 665 (3.3) 11 099 (6.6)
Missing 4598 (1.3) 0 0 0

a Women can contribute person-time to both unvaccinated and vaccinated after the age of 17 years.
b Maximum of own, mother, or father.
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Figure 1. Cumulative incidence of cervical cancer by attained age and stratified by age at vaccination. Analyses are shown for women vaccinated (A) age 16 years or

younger, (B) 17-19 years, and (C) 20-30 years.
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Table 2. Incidence rate ratios (IRRs) of cervical cancer comparing vaccinated with unvaccinated women according to age at vaccination and
with 1-year buffer period

Vaccination status Person-years Events
Age-adjusted Adjusteda Adjustedb

IRR (95% CI) IRR (95% CI) IRR (95% CI)

Unvaccinated 2 884 778 325 1 1 1
Vaccinated, age �16 y 1 643 967 6 0.13 (0.04 to 0.40) 0.13 (0.04 to 0.41) 0.14 (0.04 to 0.53)
Vaccinated, age 17-19 y 174 679 5 0.29 (0.08 to 1.01) 0.31 (0.09 to 1.07) 0.32 (0.08 to 1.28)
Vaccinated, age 20-30 y 841 231 168 1.15 (0.88 to 1.50) 1.14 (0.87 to 1.49) 1.19 (0.80 to 1.79)

a Adjusted for attained age and maximum educational level of own, mother, or father. CI ¼ confidence interval.
b Adjusted for attained age; maximum educational level of own, mother, or father; calendar year; and ethnicity.
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Figure 2. Incidence rate ratios (IRRs) of cervical cancer comparing vaccinated with unvaccinated women by length of buffer period and stratified by age at vaccination.

Analyses are shown by age at vaccination for (A) age �16 years or younger, (B) age 17-19 years, and (C) age 20-30 years. Error bars indicate 95% confidence intervals.
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In addition to the observed protection against cervical can-
cer in the present study, we have previously documented sub-
stantial real-world effectiveness of HPV vaccination against
cervical high-grade lesions (9), vulvovaginal high-grade lesions
(20), and genital warts (21). Real-world effectiveness data consti-
tute an important supplement to the documentation from the
clinical vaccine trials, because it concerns the general popula-
tion. Denmark experienced a dramatic decline in vaccine up-
take during 2015-2016 because of extensive negative media
coverage, and similar declines have been observed in other
countries (33). Suspected adverse reactions included primarily
postural orthostatic tachycardia syndrome and chronic fatigue
syndrome (34). A Danish study, however, showed that women
who suspected adverse reactions had symptoms and a health-
care–seeking pattern different from the matched population
even before receiving the first vaccine dose (34). Suspected ad-
verse pregnancy outcomes and infant mortality associated with
unintended HPV vaccination during pregnancy have also not
been documented (35). Overall, there is a large amount of evi-
dence that supports the safety of the HPV vaccine (36).
Fortunately, confidence in the HPV vaccine has been restored in
the Danish population, and today, uptake is almost at the level
before the crisis (33). Thus, the occurrence of HPV-associated
precancers and cancers are expected to decrease substantially
in the future with decreased morbidity and mortality and addi-
tional benefits such as less need for conization, which is associ-
ated with premature delivery (37).

One strength of this study is the nationwide design includ-
ing the entire Danish female population aged 17-30 years in
2006-2019. HPV vaccine coverage in our study was high because
the decline in Danish HPV-vaccine uptake during 2015-2016 did
not substantially affect the birth cohorts in the present study
(33). Individual-level information on HPV vaccination and cervi-
cal cancer diagnoses was derived from nationwide high-quality
registries with high completeness. Virtually no women were
lost to follow-up, and we were able to exclude women with cer-
vical cancer prior to HPV vaccination. Finally, educational level
and ethnicity were included as socioeconomic measures in our
analyses as socioeconomic status has been shown to be associ-
ated with both participation in the Danish vaccination program
(17) and risk of cervical cancer (38) and is associated with life-
style factors such as smoking.

There are also some limitations that should be mentioned.
We had no information on sexual behavior and exposure to HPV
prior to vaccination. To address this potential limitation, we
stratified the analysis according to age at vaccination assuming
that prevalent HPV infections occurred more often with higher
age. Although we adjusted for socioeconomic measures, we had
no information on potential confounding lifestyle and health fac-
tors such as smoking, which is associated with development of
cervical cancer (39). Finally, we have previously shown that cervi-
cal cancer screening rates do not differ markedly between vacci-
nated and unvaccinated women (9), indicating that differences in
screening is an unlikely explanation for our results.

In conclusion, we find that HPV vaccination is associated
with a substantial protection against cervical cancer among
girls vaccinated at age 19 years or younger. Thus, the present
nationwide study documents a high real-world effectiveness at
the population level.
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