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Abstract

Background—Several countries have implemented vaccination against human papillomavirus
(HPV) for adolescent girls, and must decide whether and how to adapt cervical cancer screening
for these low-risk women. We aimed to identify the optimal screening strategies for women
vaccinated against HPV infections and quantify the amount that could be spent to identify
vaccination status among women and stratify cervical cancer screening guidelines accordingly.

Methods—We used a mathematical model reflecting HPV-induced cervical cancer in Norway to
project the long-term health benefits, resources and costs associated with 74 candidate screening
strategies that varied by screening test, start age and frequency. Strategies were considered
separately for women vaccinated with the bivalent/quadrivalent (2/4vHPV) and nonavalent
(9vHPV) vaccines. We used a cost-effectiveness framework (i.e. incremental cost-effectiveness
ratios and net monetary benefit) and a commonly-cited Norwegian willingness-to-pay threshold of
a €75,000 per quality-adjusted life-year gained.

Results—The most cost-effective screening strategy for 9vHPV- and 2/4vHPV-vaccinated
women involved HPV testing once and twice per lifetime, respectively. The value of stratifying
guidelines by vaccination status was €599 (2/4vHPV) and €725 (9vHPv) per vaccinated woman.
Consequently, for the first birth cohort of ~22,000 women who were vaccinated in adolescence in
Norway, between €10.5-13.2 million over their lifetime could be spent on identifying individual
vaccination status and stratify screening while remaining cost-effective.
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Conclusion—Less intensive strategies are required for cervical cancer screening to remain cost-
effective in HPV-vaccinated women. Moreover, screening can remain cost-effective even if large
investments are made to identify individual vaccination status and stratify screening guidelines
accordingly.
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INTRODUCTION

Cervical cancer is the fourth most common cancer in women worldwide, with the greatest
burden in low- and middle-income countries (1). Following the implementation of
prophylactic human papillomavirus (HPV) vaccination, the risk of developing cervical
cancer (CC) in vaccinated women is expected to decrease considerably, which will increase
the heterogeneity of CC risk in the population. Currently available vaccines include the first-
generation bivalent and quadrivalent HPV vaccines (‘2/4vHPV’), targeting HPV-16 and -18
high-risk infections (with or without the addition of HPV-6 and -11 low-risk infections) that
contribute to ~75% of all CCs, and the second-generation nonavalent vaccine (‘9vHPV?),
targeting HPV-6/11/16/18/31/33/45/52/58 infections that cumulatively contribute to ~90% of
all CCs (2). In clinical trials, the vaccines have demonstrated >90% efficacy against
persistent HPV infections and precancers among HPV-negative individuals who completed
the three-dose schedule (3-6). The vaccines are most effective when administered to young
individuals prior to HPV exposure (7), and national immunization programmes for
adolescent girls have been implemented in most developed countries. In Norway, all three
HPV vaccines are available, and the 2vHPV was recently selected to replace the 4vHPV in
the vaccination programme (8). In order to prevent CC caused by non-vaccine-targeted
genotypes, screening may still be required for HPV-vaccinated women. The first cohort of
Norwegian girls vaccinated with the 4vHPV at age 12 years in 2009 will become eligible for
CC screening in 2022; however, no countries have yet adapted CC screening guidelines
according to individual vaccination status, which may be required for screening to remain
cost-effective and balance benefit-harm trade-offs for these low-risk women.

Previous model-based analyses have indicated that cost-effective CC screening strategies for
HPV-vaccinated women involve primary HPV testing starting at later ages and occurring
less frequently (9-13), and that cost-effective guidelines may differ between settings (10).
Within the context of Norway, we aimed to identify the most cost-effective CC screening
strategy for women vaccinated against HPV infections in adolescence. Moreover, as
stratifying guidelines based on vaccination status may require additional resources (e.g.
registry linkage to identify individual vaccination status) we enumerated the maximum
amount of money that could be spent to obtain individual vaccination status and stratify
guidelines while remaining cost-effective.
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MATERIALS AND METHODS

Analytic overview

We used a previously developed mathematical simulation model of HPV-induced CC (14),
adapted to reflect Norwegian epidemiologic data using 50 good-fitting parameter sets
(described previously (11, 15, 16), Supplementary Appendix), to project the health and
economic consequences of candidate CC prevention strategies for women vaccinated against
HPV infections at age 12 years. The model simulates and tracks the disease history, clinical
events and resource use for a hypothetical cohort of four million individual women from age
9 years until death. Women progress through the model at monthly transitions between
health states, including HPV infection status, precancer and CC (by stage). Analyses were
considered separately for women vaccinated with the 2/4vHPV and the 9vHPV vaccines. In
addition to ‘no intervention’ and ‘vaccination only’ scenarios, we considered 74 candidate
screening strategies that varied by the primary screening test (cytology or HPV), age to start
screening (ages 25-34 years), and screening frequency (once/twice per lifetime and 3-yearly
to 20-yearly). We also evaluated Norwegian-specific guidelines currently-in-use, including
triennial cytology for women aged 25-69 years (‘current guidelines’) and a strategy under
consideration in a pilot study (17) (‘proposed guidelines’) involving five-yearly HPV testing
starting at age 34 years (with triennial cytology for ages 25-33 years).

Using a societal analytic perspective, we projected the lifetime risk of developing CC
compared to no intervention, the number of colposcopy referrals and screening (cytology
and HPV) tests per 1,000 women screened over their lifetime, the quality-adjusted life-years
(QALYys), life expectancy, and the total lifetime cost (expressed in 2014 Euros
(EEUR1.00=NOKS8.35) (18)) per woman associated with each strategy. Costs and QALY's
were discounted by 4% per year as recommended in Norway (19). We also considered a 0%
discount rate as a lower bound for discount rates across European countries.

Parameter values for costs and utilities used to estimate QALY have been previously
described (15). Briefly, we included the direct medical, transportation and patient time costs
associated with screening, diagnostic work-up, treatment of precancer and invasive cancer,
and vaccination. We assumed a cost per vaccine dose (including administration cost) of €132
for the 2/4vHPV and €147 for the 9vHPV based on current market price in Norway (20, 21)
(Supplementary Appendix). Cost assumptions were varied in uncertainty analysis to include
(i) direct medical costs only, and (ii) productivity losses associated with sick leave after
precancer and cancer treatment.

We used a cost-effectiveness framework to identify optimal screening strategies for HPV-
vaccinated women and the value of stratified guidelines. We identified efficient strategies
using the incremental cost-effectiveness ratio (ICER), defined as the additional cost per
additional QALY, of a strategy compared to the next most costly strategy. The ‘most cost-
effective’ strategy was identified using the commonly-cited Norwegian willingness-to-pay
threshold of a €75,000 per QALY gained (15, 22). We calculated the incremental net
monetary benefit (INMB) (per vaccinated woman over her lifetime) of each strategy
compared to no intervention, and used this metric to identify the efficiency gains of
stratifying screening guidelines according to HPV vaccination status. Specifically, we
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estimated the maximum amount that could be spent (per vaccinated woman) to identify a
woman’s vaccination status and screen her according to a separate set of guidelines (from
unvaccinated women), while remaining cost-effective (Supplementary Appendix).

Preventions strategies and assumptions

RESULTS

For 2/4vHPV, we assumed a 3-dose schedule and 100% lifelong efficacy (4-6) against
vaccine-targeted HPV types; for 9vHPV we assumed 100% efficacy for HPV-16/18
infections and 96% efficacy for the five additional high-risk HPV types included in the
vaccine (3). In uncertainty analysis, we used 90% efficacy against all HPV types targeted by
the vaccines as a lower bound. We also performed a scenario analysis that reflected the
2vHPV with lifelong cross-protection against non-vaccine-targeted HPV types, using
estimates from a recent meta-analysis (Supplementary Table 1) (23).

We evaluated 74 candidate screening strategies based on adaptations of the current and
proposed Norwegian CC screening policies as well as discussions with experts (Table 1). We
considered variations of the current guidelines, including current and delayed start ages (i.e.
ages 25/28/31/34 years), as well as current and less intensive screening frequencies (i.e.
3-/5-17-/10-/15-/20-yearly); these start ages and frequencies were considered for both
cytology- and HPV-based strategies. We also included variations of the proposed guidelines
(i.e. delayed screening start age and less frequent screening after switching to HPV testing).
Finally, we considered HPV testing once-only or twice per lifetime (15 years apart), starting
at ages 25, 30, 35, and 40 years. Women with a positive primary cytology or HPV test were
managed according to current and proposed guidelines, respectively (17, 24). Consistent
with Norwegian guidelines, screening ended at age 69 years, yet the implied stop age and
the number of lifetime screens varied across strategies due to algorithm variations
(Supplementary Table 2).

Similar to previous analyses (11, 15), we assumed that HPV test sensitivity reflected the
most sensitive HPV DNA assays; that is, the probability of having a positive test given
presence of HPV infection was 100%, but we reduced this value to 90% in uncertainty
analysis (Supplementary Appendix). Finally, we assumed perfect compliance to screening
and follow-up procedures in our primary analysis, but also varied this assumption in
uncertainty analysis (Supplementary Appendix).

Cost-effective screening for HPV-vaccinated women

For women vaccinated with any of the three HPV vaccines, the current and proposed
Norwegian screening guidelines were more costly and less effective than candidate
strategies (i.e. inefficient). Efficient screening strategies involved primary HPV testing, of
which most involved 1-3 screens per lifetime, while screening every =10 years exceeded
€400,000 per QALY gained (Figures 1-2, Supplementary Tables 3-4). For 2/4vHPV-
vaccinated women, the most cost-effective strategy involved two lifetime screens at ages 31
and 51 years using HPV testing (€53,570 per QALY) (Figure 1). However, for moderate
increases in the willingness-to-pay, the preferred strategies involved HPV testing at ages 30
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and 45 years (€77,570 per QALY) or at ages 28, 48 and 68 years (€90,810 per QALY). For
other European settings with a lower willingness-to-pay (e.g. €30,000 per QALY), the
optimal strategy involves once-only HPV testing at age 35 years (€25,220 per QALY). For
women vaccinated with the 9vHPV, the preferred strategy involved once-only HPV testing at
age 40 years (€20,720 per QALY), or at age 35 years, provided a higher willingness-to-pay
threshold of €100,530 per QALY (Figure 2).

Cancer benefit and resource use trade-offs

For the strategies identified as efficient, cancer benefit and resource use generally increased
with more intensive screening strategies (Figure 3). For both 2/4vHPV- and 9vHPV-
vaccinated women, the strategies with an ICER just below or above €75,000 per QALY
provided lower cancer benefits than the current and proposed guidelines; however, the
strategies associated with greater cancer benefits also required more colposcopy referrals
(Figure 3, panels A-B). In contrast, nearly all efficient strategies (for either vaccine)
required fewer screening tests than both the current and proposed guidelines (Figure 3,
panels C-D).

The value of stratified guidelines

The efficiency gains (i.e. value) of stratifying screening guidelines according to HPV
vaccination status were greater for lower willingness-to-pay thresholds, and for women
vaccinated with the 9vHPV compared to the 2/4vHPV (Figure 4). For example, for a
willingness-to-pay threshold of a €75,000 per QALY, the value of screening 2/4vHPV-
vaccinated women involving HPV testing at ages 31 and 51 years (rather than continuing
screening these women according to the current guidelines) was €599 per woman over her
lifetime. This amount increased to €725 if 9vHPV-vaccinated women were screened using
once-only HPV testing at age 40 years. Consequently, for the first 22,000 women fully
vaccinated in Norway in 2009 with the 2/4vHPV (or hypothetically with the 9vHPV),
between €10.5-13.2 (€12.6-16.0) million could be allocated over their lifetime to identify a
woman’s vaccination status and screen vaccinated women according to a separate set of
guidelines (e.g. primary HPV testing twice per lifetime) rather than continuing with the
current triennial cytology-based screening guidelines, while remaining cost-effective
(Supplementary Table 5).

Uncertainty analysis

In univariate uncertainty analysis, results for the 2/4vHPV were most sensitive to assuming
cross-protection against non-vaccine-targeted HPV genotypes and imperfect screening
compliance, medical costs only, and 0% discounting (Supplementary Table 6). For example,
less frequent screening was preferred when we assumed the 2vHPV conferred cross-
protection, involving once-only HPV testing at ages 35 or 30 years (€45,980 and €79,110
per QALY, respectively). For 9vHPV, once-only HPV testing at age 40 years remained the
preferred strategy across all uncertainty analyses, except when we reduced the vaccine
efficacy to 90% or assumed 0% discounting (i.e. HPV testing at ages 31 and 51 years was
most cost-effective) (Supplementary Table 7). For both vaccines, the rank order of the
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efficient strategies remained the same across all 50 good-fitting parameter sets
(Supplementary Appendix).

DISCUSSION

For women vaccinated against HPV infections in adolescence, CC screening strategies that
are less intensive than those currently-recommended for unvaccinated women are required in
order for screening to remain cost-effective. For Norwegian women vaccinated with the
9vHPV or 2/4vHPV, the preferred strategies involved screening once or twice per lifetime
using HPV testing, respectively. These strategies are expected to reduce lifetime risk of CC
by >94% compared to no intervention, and require fewer screening tests and colposcopy
referrals than continuing with current or proposed Norwegian guidelines. When the first
Norwegian birth cohort of women who were vaccinated in adolescence enter screening in
2022, between €10.5-13.2 million could be spent over their lifetime to identify individual
vaccination status (e.g. investing in infrastructure to link screening and vaccination
registries) and implement stratified screening guidelines.

Our findings support previous studies, including a Norwegian study evaluating optimal
screening for 2/4vHPV-vaccinated women (11)) suggesting less intensive HPV-based
screening for HPV-vaccinated women (9-13) To our knowledge, no studies have
comprehensively evaluated strategies (e.g. screening intervals >5 years) for women
vaccinated with either the 2/4vHPV or the 9vHPV in Norway, and no studies (in any setting)
have evaluated the cost-effectiveness of strategies involving only 1-2 lifetime screens for
2/4vHPV-vaccinated women. However, a recent model-based analysis from England
projected the appropriate number of lifetime screens for HPV-vaccinated women when
benchmarking on the proportion of cancers prevented per additional screen in unvaccinated
women, suggesting two and three lifetime screens for 9vHPV- and 2vHPV-vaccinated
women, respectively (25). Across uncertainty analyses, we found that optimal strategies for
2/4vHPV-vaccinated women may involve screening 1-3 times per lifetime, 15-20 years
apart, starting at age ~30 years. For 9vHPV-vaccinated women, a single HPV test at age 40
years was the most cost-effective strategy across all uncertainty analyses, except for when
assuming a lower vaccine efficacy or no discounting, suggesting two lifetime screens. Of
note, 9vHPV with no screening may provide a higher CC risk reduction (i.e., 79%) than
current screening with current adherence in Norway (projected to be 73% in a previous
policy analysis (26)).

We evaluated optimal screening conditioned on a woman being fully vaccinated in
adolescence, yet there are several barriers to implementing stratified guidelines, such as
obtaining accurate information about individual vaccination status, ensuring compliance
(more frequent screening may be easier to remember), and communicating differential
guidelines to both women and providers. For countries with national vaccine registries
(including many European countries such as Norway, Denmark and Scotland), stratified
guidelines may be feasible by linking vaccine and screening registries. Alternatively,
screening guidelines may be stratified for birth cohorts that have been offered the vaccine
based on vaccination coverage and cohort-level herd immunity, in which case a slightly
more intensive strategy may be optimal. For example, a recent cost-effectiveness analysis
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evaluating screening in cohorts offered the 9vHPV in USA, New Zealand, Australia and
England (assuming country-specific vaccination and screening coverage) concluded that
optimal guidelines involved 4, 5, 2 and 4 lifetime screens, respectively. As an increasing
number of vaccinated cohorts initiate screening, a universal program may be considered; for
example, a Dutch study (12) found that when >50% population-level herd immunity is
reached, the screening programme may be universally adapted to the CC risk level for
vaccinated women. Given the inherent challenges in determining when that level of herd
immunity has been reached, stratified screening guidelines may help ensure that the benefits
of screening outweigh the harms. We did not evaluate optimal screening among women who
have received HPV vaccination under ‘catch-up’ programs, which is an important area for
future research. Finally, vaccination costs may be unilaterally reduced (e.g. 2-dose vaccine
schedules (27) or lower negotiated tender prices) or increased (e.g. additional booster doses);
however, this will not necessarily impact the relative cost differences between screening
strategies, or the maximum amount that could be spent to identify individual vaccination
status.

CONCLUSION

Our findings suggest that de-intensifying CC screening in women confirmed to have been
fully vaccinated against HPV in adolescence can result in efficiency gains and that a
considerable amount could be spent towards implementing separate CC screening guidelines
according to individual HPV vaccination status. Stratified screening is important for
screening to balance benefits, harms and resource use, at least for the next few decades when
there will remain a large amount of heterogeneity in CC risk in the population since most
screen-eligible women were not vaccinated in adolescence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
L] To remain cost-effective CC screening for HPV-vaccinated women should be
de-intensified
L] HPV-vaccinated women may be screened once or twice per lifetime
L] A considerable amount can be spent to allow stratified screening guidelines
L] Adapting screening becomes even more important with the 9vHPV
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Figure 1.

Cost-effectiveness results for women vaccinated against HPV infections with the bivalent/
quadrivalent vaccine (2/4vHPV). Efficient strategies are accentuated with a larger symbol
and connected by the solid line (i.e. efficiency frontier). Parentheses for the efficient
strategies indicate screening frequency (e.g. “20-yearly” or “1x/2x” indicate one or two
lifetime screens) and age to start screening. All costs are expressed in 2014 Euros (EURE =
NOKS8.35).

Abbreviations: HPV, human papillomavirus; QALY, quality-adjusted life-years.
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Figure 2.

Cost-effectiveness results for women vaccinated against HPV infections with the nonavalent
vaccine (9vHPV). Efficient strategies are accentuated with a larger symbol and connected by
the solid line (i.e. efficiency frontier). Parentheses for the efficient strategies indicate
screening frequency (e.g. “20-yearly” or “1x/2x” indicate one or two lifetime screens) and
age to start screening. All costs are expressed in 2014 Euros (EUR€ = NOK8.35).
Abbreviations: HPV, human papillomavirus; QALY, quality-adjusted life-years.
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Figure 3.

Model-based estimates of health benefit (i.e. reduction in lifetime cervical cancer risk) and
resource use (i.e. colposcopy referrals and screening tests) trade-offs associated with the
current/proposed Norwegian guidelines and efficient strategies for women vaccinated with
the bivalent/quadrivalent vaccine (2/4vHPV) and nonavalent vaccines (9vHPV). Red bars in
panels A and B represent the number colposcopy referrals per 1,000 women screened over
their lifetime (left axes) for 2/4vHPV (A) and 9vHPV (B). A single woman may have
multiple colposcopies over her lifetime (e.g. due to repeated surveillance). Blue bars in
panels C and D represent the number of screening tests (i.e. all HPV and cytology tests,
including reflex tests and potential follow-up tests) per 1,000 women screened over their
lifetime (left axes) for 2/4vHPV (C) and 9vHPV (D). In all panels, green diamonds represent
the reduction in lifetime risk of developing cervical cancer compared to no screening (right
axes). X-axes represent screening strategies, including the current and proposed Norwegian
guidelines (see Methods) and efficient strategies for women vaccinated with 2/4vHPV and
9vHPV, respectively (see Results).
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A. Bivalent or quadrivalent HPV vaccine
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Figure 4.

The value of stratifying screening guidelines for women vaccinated with the bivalent/
quadrivalent vaccine (2/4vHPV) (panel A) and nonavalent vaccines (9vHPV) (panel B).
Efficiency gains (EUR), i.e., the incremental net monetary benefit (INMB) of the optimal
screening strategy for a vaccinated woman minus the INMB associated with current (red
lines) and proposed (blue lines) Norwegian screening guidelines, for a given willingness-to-
pay (WTP) threshold. The efficiency gains for a WTP of a €75,000 per QALY gained (a
commonly-cited Norwegian threshold) is highlighted in bold. Dashed boxes and letter
indicate the optimal screening strategy given the WTP threshold.
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Table 1

Candidate cervical cancer screening strategies for HPV-vaccinated women. ™

Primary Screening start age Screening Age of switching Interval after
screening test interval to primary HPV switching
testing
Cytology s 25,28,31,34 3-, 5-, 7-, 10-, 15-, 20-year -- -
Cytology 7 25, 28, 31 3-year 34 3-, 5-, 7-, 10-, 15-, 20-year
HPVE 25, 28,31,34 3-, 5-, 7-, 10-, 15-, 20-year - -
HPVE 25, 30, 35, 40 2-times (15 years apart) - -
HPV't 25, 30, 35, 40 1-time - -

*
All strategies were considered separately for women vaccinated with the bivalent/quadrivalent and the nonavalent HPV vaccine.

fWe assumed that follow-up of screen-positive women was consistent with current cytology-based guidelines in Norway; i.e. delayed HPV and
cytology co-test in 12 months for women with minor cervical lesions and diagnostic colposcopy with biopsy for women with high-grade cervical
lesions.

’tWe assumed that follow-up screen-positive women was consistent with proposed HPV-based guidelines in Norway; i.e. reflex cytology for HPV-

positive with repeat HPV testing at 12 months for women with a normal cytology and diagnostic colposcopy with biopsy for women detected with
atypical squamous cells of undetermined significance (ASC-US) or more severe.
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