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Research in Context 

The bivalent AS04-adjuvanted human papillomavirus (HPV) vaccine is highly effective against 

HPV16/18-associated cervical intraepithelial neoplasia grade 2 or worse (CIN2+) in HPV-naïve 

women and provides protection against phylogenetically-related oncogenic types, including 

HPV31, 33, and 45. The elimination of vaccine-targeted HPV types is unlikely to lead to 

virological replacement with non-targeted types because multiple infections are common, and 

HPV genotypes do not appear to compete for a common niche. However, the possibility remains 

that vaccination could lead to increases in disease caused by non-vaccine-preventable types 

through a distinct phenomenon termed “unmasking”, a result of fewer prior treatments of the 

cervical transformation zone for vaccine-preventable HPV-associated precancers in the 

vaccinated population. We searched PubMed from June 8, 2006, to August 1, 2021, for studies 

on the clinical unmasking of cervical precancers attributed to non-vaccine-preventable types. We 

included any publications containing the following search terms in the abstract or title: “(HPV 

AND unmasking); (HPV AND non-preventable types); (HPV AND vaccine efficacy AND non-

preventable types)”. To our knowledge, only one study has directly examined unmasking in the 

context of HPV, which used mathematical modeling to estimate increases in cervical precancers 

attributed to non-preventable types due to unmasking. Because carcinogenic HPV genotypes that 

are not prevented by HPV vaccination are less aggressive and require long-term follow-up post-

vaccination to be able to observe high-grade disease endpoints, no studies that we are aware of 

have been able to directly investigate unmasking in an observational study within a larger 

clinical trial setting. 

 

Added value of this study 
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We report the long-term efficacy of the bivalent AS04-adjuvanted HPV vaccine against cervical 

intraepithelial neoplasia (CIN) grade 2 or worse (CIN2+) and CIN grade 3 or worse (CIN3+) 

attributed to non-vaccine-targeted/non-cross-protected HPV types (any type except 

HPV16/18/31/33/45, i.e., non-preventable types) through 11 years post-initial-vaccination in the 

Costa Rica HPV Vaccine Trial (CVT). In the long-term follow-up of CVT (years 7-11), we 

observed significantly higher rates of CIN2+ and CIN3+ attributed to non-preventable HPV 

types in vaccinated versus unvaccinated women, resulting in negative vaccine efficacy for these 

types. Importantly, despite the observation of unmasking, vaccinated women still had long-term 

absolute reductions in high-grade lesions irrespective of type women through 11 years. Given 

CVT’s 11 years of active follow-up, this is the first study, to our knowledge, to be able to 

evaluate clinical unmasking of precancerous cervical lesions attributed to non-vaccine-

preventable HPV types in vaccinated women.  

 

Implications of all the available evidence 

This long-term follow-up analysis of the Costa Rica HPV Vaccine Trial provides proof-of-

concept that the clinical unmasking of cervical precancer caused by non-vaccine-preventable 

HPV types could attenuate long-term reductions in high-grade cervical precancers following 

successful implementation of HPV vaccination programs in screened populations. However, the 

increase in high-grade cervical neoplasia due to non-preventable types have a lower potential for 

progression to cancer given their lower carcinogenicity than the vaccine-preventable types. 

Importantly, the net protection of the HPV vaccine against high-grade cervical precancers 

irrespective of type remained considerable, emphasizing the importance of vaccination for 

cervical cancer prevention.   
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Summary 

Background In human papillomavirus (HPV)-vaccinated women, reductions in cervical disease 

and related procedures results in more women having intact transformation zones, potentially 

increasing the risk of cervical lesions caused by non-vaccine-preventable types, a phenomenon 

termed “clinical unmasking”. We aimed to evaluate HPV vaccine efficacy against cervical 

intraepithelial neoplasia grades 2+ (CIN2+) and cervical intraepithelial neoplasia grades 3+ 

(CIN3+) attributed to non-preventable types, through 11 years post-vaccination in the long-term 

follow-up phase of the Costa Rica HPV Vaccine Trial (CVT). 

Methods CVT is a randomised (1:1), double-blinded trial which vaccinated women in Costa 

Rica aged 18-25 years with Cervarix®, the bivalent AS04-adjuvanted HPV vaccine (N=3727), or 

control hepatitis A vaccine (N=3739), administered intramuscularly with 0·5 mL doses at 0, 1, 

and 6 months. The allocation sequence was generated using a blocked randomisation method, 

with permuted block sizes of 14, 16, and 18. Blinding of vaccine allocation was maintained 

throughout the 4-year randomised trial phase, after which controls were provided the HPV 

vaccine and exited the study; a screening-only, unvaccinated control group (UCG) was enrolled. 

The UCG and HPV-vaccine arm were then followed for seven years, during which treatment 

allocation was not masked. One of the prespecified primary endpoints for the long-term follow-

up phase of CVT was precancers associated with HPV types not prevented by the vaccine 

(primary outcome 1b), which we defined as histologically-confirmed incident CIN2+/CIN3+ 

attributed to non-preventable types (any type except HPV16/18/31/33/45). Because clinical 

unmasking may occur later when less aggressive genotypes cause disease, our primary analytical 

period was years 7-11, the observational follow-up phase. We also examined years 1-4 and both 

periods combined. Eligibility criteria for each analytical period included all women with at least 
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one follow-up visit in the respective period and excluded women with a prior endpoint (i.e., 

modified intention-to-treat cohort). For each outcome, women were followed until the endpoint 

was reached or a cervical procedure was performed. We computed relative and absolute 

reductions in endpoints, and 95% confidence intervals (95%CIs). The randomised, blinded trial 

phase has been completed while an unblinded subset of women in the HPV-vaccinated arm is 

still under active investigation (Clinicaltrials.gov, NCT00128661, NCT00867464). 

Findings Between June 28, 2004, and December 21, 2005, 7466 women enrolled in CVT (HPV-

vaccine arm=3727; control arm=3739). Between March 30, 2009, and July 5, 2012, 2836 women 

enrolled in the new UCG. The primary analytical cohort (years 7-11) included 2767 women in 

the HPV-vaccine arm and 2563 in the UCG for the CIN2+ endpoint assessment and 2826 women 

in the HPV-vaccine arm and 2592 in the UCG for the CIN3+ endpoint assessment. Median 

follow-up time during years 7-11 for women included for the CIN2+ analysis was 52·8 months 

(interquartile range 44·0-60·7) for the HPV-vaccine arm and 49·8 months (interquartile range 

42·0-56·9) for the UCG. During years 7-11, clinical unmasking was observed with a significant 

negative VE against CIN2+ attributed to non-preventable types [-71·2% (95%CI -164%, -

12.5%)]. Through 11 years, we observed 9·2 (95%CI 0.8, 17.8) additional CIN2+ events 

attributed to non-preventable types per 1000 vaccinated women versus unvaccinated women; 

despite this increase, we observed 27·0 (95%CI 14·2, 39·9) fewer CIN2+ events irrespective of 

type per 1000 vaccinated women. Similarly, VE against CIN3+ attributed to non-preventable 

types during years 7-11 was -135% (95%CI -330%, -33·5%). 

Interpretation Higher CIN2+/CIN3+ rates due to non-preventable types in vaccinated versus 

unvaccinated women suggests unmasking could attenuate long-term reductions in high-grade 

disease following successful implementation of HPV vaccination programs in screened 
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populations. Importantly, the net benefit of vaccination remains considerable therefore, HPV 

vaccination should still be prioritized as primary prevention for cervical cancer.  

Funding CVT is funded by the National Cancer Institute (N01-CP-11005) and National 

Institutes of Health Office of Research on Women's Health.   
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Introduction 

The International Agency for Research on Cancer has identified 12 main carcinogenic HPV 

genotypes (HPV16/18/31/33/35/39/45/51/56/52/58/59).1 Persistent carcinogenic human 

papillomavirus (HPV) infection is associated with the development of cervical cancer, of which 

70% are attributable to HPV16/18, and 20% are attributable to HPV31/33/45/52/58.2 

Commercially available HPV vaccines have high efficacy against vaccine-targeted HPV 

infections and high-grade cervical precancers in HPV-naïve women.3 The bivalent AS04-

adjuvanted HPV vaccine, Cervarix®, covers HPV16/18, and provides partial cross-protection 

against phylogenetically-related carcinogenic types, including HPV31/33/45.4,5 Further, antibody 

quantity and quality are generally stable over 11 years following bivalent AS04-adjuvanted 

vaccination, and levels well exceed those of natural immunity.6,7 Together, vaccine-preventable 

types contribute to the largest proportion of cervical cancer cases globally, with ranked 

cumulative proportions as follows: HPV16 (61%), HPV18 (+10%, 71%), HPV45 (+6%, 77%), 

HPV33 (+4%, 81%), and HPV31 (+3%, 84%).8  

Two distinct phenomena following vaccination that have been of interest are virological 

replacement (a biological, viral niche phenomenon in which non-vaccine-preventable types 

preferentially replace vaccine-preventable types following the elimination of preventable types 

through vaccination)9 and clinical unmasking (a result of fewer clinical treatments for vaccine-

preventable associated disease in the vaccinated population). Elimination of vaccine-targeted 

HPV types is unlikely to lead to virological replacement with non-targeted types because 

multiple infections are common, and different HPV genotypes do not appear to compete for a 

common niche, as shown in most studies investigating replacement.9,10 However, the possibility 

remains that vaccination could lead to increases in disease caused by non-vaccine-preventable 
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types through unmasking, as possibly shown in the pneumococcal conjugate vaccine 

literature.11,12 Applied to HPV, unmasking is hypothesized to occur when reductions in cervical 

procedures in vaccinated women result in more at-risk women having intact cervical 

transformation zones. This leads to an increase, or “unmasking”, of high-grade lesions caused by 

non-vaccine-preventable HPV types that would have been removed by excisional/ablative 

treatment after the development of disease from vaccine-preventable type infections or would be 

acquired after treatment but failed to develop because the tissue in which most CIN2+ lesions 

arise had been removed.  

Unmasking of non-targeted/non-cross-protected HPV types (non-preventable types) is 

concerning because it may attenuate the anticipated reduction of the cervical cancer burden in 

populations where HPV vaccination is widely available and cervical cancer screening is 

regularly conducted. However, prior studies have been unable to investigate unmasking because 

non-preventable types are less aggressive13 and require long-term follow-up post-vaccination.  

Given the Costa Rica HPV Vaccine Trial’s (CVT) long-term follow-up, we can now evaluate 

unmasking by quantifying relative and absolute rate differences in disease for a range of HPV 

types between HPV-vaccinated and unvaccinated groups. If unmasking is a true phenomenon, 

we would expect to observe an excess of high-grade cervical lesions attributed to non-

preventable types in screened, vaccinated women compared to screened, unvaccinated women. 

Quantifying the relative reduction between groups would result in a negative vaccine efficacy 

(VE). Estimating the absolute difference between groups informs the potential public health 

impact of an intervention in which unmasking can occur. For example, are the net reductions in 

endpoints due to vaccine-preventable types among HPV-vaccinated women offset by the net 

increase in endpoints due to non-preventable types? Here, we evaluated the bivalent AS04-
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adjuvanted HPV vaccine’s protection against cervical intraepithelial neoplasia grades 2 or worse 

(CIN2+) and CIN grades 3 or worse (CIN3+) attributed to vaccine-preventable and non-

preventable HPV types on relative and absolute scales, in the long-term follow-up phase of CVT. 

 

Methods 

Study design and participants 

CVT (NCT00128661) is a randomised, double-blinded community-based trial which examined 

the efficacy of the bivalent HPV vaccine against HPV16/18-associated infections and 

precancerous cervical lesions. Women in Costa Rica were enrolled between June 28, 2004, and 

December 21, 2005, if they were aged 18-25 years and in general good health. All women 

provided written, informed consent. Research activity for CVT was approved by Institutional 

Review Boards of Instituto Costarricense de Investigación y Enseñanza en Nutrición y Salud in 

Costa Rica and the United States National Cancer Institute (Bethesda, MD, USA). Detailed 

information on study design and methodology are previously described.14 

After 4 years, women in the HPV-vaccine arm were invited to enroll in the long-term follow-up 

study between March 30, 2009, and July 5, 2012, to be seen biennially for seven additional years 

over 11 total years of follow-up. At this time, women in the control arm were offered the HPV 

vaccine and attended one final visit two years later before exiting the study. A new, 

observational unvaccinated control group (UCG) from the same birth cohort and geographic 

regions as the HPV-vaccine arm was enrolled and followed biennially for seven years. 

Additional information on the long-term follow-up study are reported elsewhere.15 

 

Randomisation and masking 
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Women enrolled in CVT were randomly assigned (1:1) to receive an HPV16/18 AS04-

adjuvanted vaccine or control hepatitis A vaccine, using a blocked randomisation method, with 

permuted block sizes of 14, 16, and 18. The allocation sequence was generated using SAS 

(version 8.2) by staff at the National Cancer Institute. Allocation was concealed to participants, 

study personnel, and investigators, and was maintained throughout the 4-year randomised phase 

of the trial, after which participants were informed of their vaccination status and women in the 

control arm were offered the HPV vaccine. Detailed randomization and masking procedures are 

published elsewhere.14 Participants in the long-term follow-up study were not masked because a 

screening-only, observational unvaccinated group was enrolled by design. 

 

Procedures 

Participants were vaccinated intramuscularly with either Cervarix, the bivalent AS04-adjuvanted 

HPV vaccine, or control hepatitis A vaccine in the deltoid muscle with 0·5 mL doses at 0, 1, and 

6 months. Because HPV is a sexually transmitted infection, cytologic assessment and HPV DNA 

testing were conducted at enrollment and at subsequent follow-up visits among sexually active 

women, by obtaining exfoliated cervical cells using a Cervex-Brush® (Rovers Medical Devices 

BV, Oss, The Netherlands) rinsed in PreservCyt solution (Hologic, Marlborough, MA, USA). 

During the randomised phase, women in the HPV-vaccine and control arms received annual 

cervical screening. Clinical management was determined by cytology alone, which was the 

standard of care for cervical cancer screening at the time of the study. Cervical samples were 

collected and banked for HPV testing for research purposes, as this was a primary endpoint of 

the trial.  
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Because UCG was enrolled after the randomised phase, routine cervical screening was unknown 

prior to enrollment; therefore, a cervical screening and clinical management protocol was 

implemented at enrollment (year 4) to identify and treat prevalent disease (through year 6). This 

ensured comparability between the HPV vaccine-arm and UCG for the long-term analytical 

period (years 7-11). During the long-term follow-up study, women in both groups received 

biennial cytological screening. As clinical practices changed over time, the clinical management 

algorithm was modified to include HPV co-testing in the final biennial study visit. Screened 

HPV-positive patients who did not require immediate treatment attended an additional visit to 

conclusively define their clinical status. 

Disease endpoints were determined by examining histological slides from cervical biopsies or 

specimens collected from loop electrosurgical excisional procedures (LEEPs), interpreted by one 

pathologist in Costa Rica for clinical management. One pathologist in the United States blinded 

to the Costa Rica pathology diagnoses additionally reviewed all slides. A second pathologist in 

the United States reviewed any discrepant diagnoses (43% of all samples); the final diagnosis 

was assigned based on majority rule.  

During the randomised phase of CVT, HPV DNA testing was performed on cervical samples 

using the SPF10 PCR Primer System and a DNA enzyme immunoassay with a line probe assay. 

HPV genotyping was performed on positive samples using reverse hybridisation. During the 

extended follow-up phase, HPV DNA testing was replaced with TypeSeq and HPV genotyping 

was performed using the Ion S5 next-generation sequencing and a custom Torrent Suite plugin 

analysis (Thermo Fisher Scientific, Waltham, MA, USA). More information on HPV DNA 

testing and genotyping are presented in the appendix p1. 
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Outcomes 

One of the prespecified primary outcomes of CVT’s long-term follow-up study was the long-

term safety and impact of HPV 16/18 vaccination, including vaccine efficacy against precancers 

associated with non-preventable HPV types (primary outcome 1b, appendix p188). Serious 

adverse events during the long-term follow-up (i.e., safety of the vaccine) have been previously 

reported.16 Here, the primary outcomes were histologically-confirmed incident CIN2+ and 

CIN3+ attributed to non-preventable types defined as any detected HPV type except 

HPV16/18/31/33/45 (see appendix p1 for the list of genotypes detected by our assay). To 

evaluate clinical unmasking, we additionally investigated histologically-confirmed incident 

CIN2+ and CIN3+: 1) irrespective of HPV type (primary outcome 1ci, appendix p188); 2) 

attributed to vaccine types (HPV16/18) (primary outcome 1ai, appendix p188); and 3) attributed 

to cross-protected types (HPV31/33/45, excluding HPV16/18 coinfection) (primary outcome 

1aii, appendix p188). HPV type attribution was based on HPV genotypes detected in the cervical 

sample immediately preceding the histological diagnosis. Women with multiple HPV infections 

were assigned based on hierarchical carcinogenicity.8 We also examined a post-hoc virological 

endpoint, long-term incident HPV persistence, defined as two or more consecutive type-specific 

positive HPV tests at least 2 years apart with no intervening negatives (appendix p1). Short-term 

virological endpoints were previously analyzed in virological replacement studies.9,17  

 

Statistical analyses 

We described characteristics of women in the HPV-vaccine arm and the UCG at the year 7 visit, 

including age, marital status, lifetime sexual partners, HPV positivity, median follow-up time per 

woman during years 7-11, and median clinic visits per woman. Data on race/ethnicity were not 
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collected. In prior publications, we reported baseline characteristics of the HPV-vaccine and 

control arms,14 and characteristics of the control arm and UCG at year 4.15 Sample size and 

power calculations for the randomised, blinded phase of the trial are reported elsewhere.14 For 

the observational long-term follow-up phase, the target enrollment for unvaccinated women was 

3000 to provide a comparable sample size to the original control arm in CVT.15  

The analytic approach for our primary outcomes was prespecified in the long-term follow-up 

study protocol (appendix p233-235). Because unmasking may occur later in follow-up when less 

aggressive HPV genotypes cause disease, our primary analytical period was years 7-11, the 

observational phase of the trial. Women in the control arm who received HPV vaccination after 

year 4 were not included during years 7-11. We also examined an early analytical period (years 

1-4) and both periods combined to estimate the total impact of cervical cancer screening in 

vaccinated and unvaccinated young adult women. Eligibility criteria for each analytical period 

included all women with at least one follow-up visit in the respective period and excluded 

women with a prior endpoint (i.e., modified intention-to-treat cohort). For each outcome, women 

were followed until the endpoint was reached or a LEEP was performed.    

We reported the incidence proportion (attack rate) and corresponding 95% confidence intervals 

(95%CIs) of all outcomes in the vaccinated and unvaccinated groups during years 1-4, 7-11, and 

all years combined. We also reported VEs, absolute rate differences (ARDs), and corresponding 

95%CIs for each outcome. Analyses for persistence were conducted at the infection level; 

therefore, VEs and ARDs were calculated using generalized estimating equation corrections to 

account for correlations of different HPV types within the same woman. All calculations are 

described in the appendix p1-2.  
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Several post-hoc analyses were conducted. To provide supporting evidence for the proposed 

mechanism of unmasking, we examined the association between 1) HPV vaccination and LEEPs 

prior to year 7, and 2) LEEPs prior to year 7 among HPV-vaccinated women and CIN2+ 

attributed to non-preventable types in years 7-11, using Fisher’s exact tests. We further 

quantified HPV genotype distribution among the CIN2+ and CIN3+ events caused by non-

preventable types in the HPV-vaccine arm in years 7-11 (i.e., unmasked events). Because 

multivalent HPV vaccines are available, we assigned type attribution according to the protection 

afforded by Gardasil®9, the currently approved nonavalent vaccine, which covers non-

carcinogenic types (HPV6/11) and carcinogenic types (HPV16/18/31/33/45/52/58). Among 

events caused by non-preventable types by the bivalent AS04-adjuvanted vaccine (any type 

except HPV16/18/31/33/45), we categorized type attribution into mutually exclusive groups: 1) 

other carcinogenic types protected by the nonavalent vaccine (HPV52/58 only, without any other 

types); 2) other carcinogenic types, as classified by the International Agency for Research on 

Cancer, not protected by the nonavalent vaccine (any HPV35/39/51/56/59); 3) any non-

carcinogenic type only (including types that are phylogenetically related to known carcinogenic 

types, which have been shown in rare cases of cervical cancer8); and 4) unknown (HPV type 

could not be determined due to genotyping failure).  

The primary analytical period and full study follow-up over 11 years are not randomised 

analyses because of the observational UCG recruited for the long-term follow-up. Therefore, in 

our post-hoc analyses, we evaluated two biases that may have occurred. First, because women in 

UCG were not as actively screened prior to enrollment, more disease could have accumulated in 

UCG by the year 7 analysis compared to the control and HPV-vaccine arms, in which regular 

screening follow-up could detect disease earlier. To evaluate detection bias, we compared 
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cumulative proportions of CIN2+ and CIN3+ events between the control arm (years 0-6) and 

UCG (years 4-6) prior to year 7, using a Fisher’s exact test. Because the control arm is intended 

to represent the counterfactual of the HPV-vaccine arm, the cumulative disease proportions for 

UCG should also represent the control arm to ensure comparability between the HPV-vaccine 

arm and UCG in years 7-11. Second, the cervical screening/clinical management protocol 

applied to the UCG at study entry was deliberately stringent but could have resulted in excess 

LEEPs, thus preventing some CIN2+ from developing, resulting in artificially low VEs. To 

evaluate this treatment bias, we compared proportions of treatment with LEEPs in women prior 

to year 7 between the HPV-vaccine arm and both control groups. We also evaluated the 

proportion of women who were truncated (removed from potentially reaching an endpoint), 

calculated by dividing the total number of LEEPs among women without CIN2+ by the total 

number of at-risk women at enrollment conclusion. Differential truncation proportions would be 

concerning because LEEPs in women without CIN2+ would remove the potential for disease in 

these at-risk women who could have reached an endpoint had they not received a LEEP 

(“truncation”). We focused our evaluation of truncation between the HPV-vaccine arm and UCG 

because our primary analytical period was years 7-11. If screening procedures were similar 

between groups, the proportion of truncated women should be similar. P-values<0·05 were 

considered statistically significant. Statistical analyses were conducted in SAS (version 9.4). The 

CVT and long-term follow-up study are registered with Clinicaltrials.gov [NCT00128661, 

NCT00867464].  

 

Role of the funding source 
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The Costa Rica HPV Vaccine Trial is a long-standing collaboration between investigators in 

Costa Rica and the US National Cancer Institute (NCI). The trial is sponsored and funded by the 

NCI (contract N01-CP-11005) with funding support from the National Institutes of Health Office 

of Research on Women’s Health. GlaxoSmithKline Biologicals provided vaccine and support for 

aspects of the trial associated with regulatory submission needs of the company under a Clinical 

Trials Agreement (FDA BB-IND 7920) during the four-year, randomised blinded phase of the 

study, but had no role in the study design, data collection, data analysis, data interpretation, or 

writing of the report. The NCI and Costa Rica investigators are responsible for the design and 

conduct of the study; collection, management, analysis, and interpretation of the data; and 

preparation of the manuscript. All authors have access to the raw data.  

 

Results  

A total of 7466 women were enrolled in CVT (HPV-vaccine arm=3727; control arm=3739) from 

June 28, 2004, through December 21, 2005 (figure 1). Between March 30, 2009, and July 5, 

2012, 2836 women were enrolled in the new UCG. After excluding women who received both 

vaccines, did not attend follow-up visits, and already had a prior endpoint, 3467 women from the 

HPV-vaccine arm and 3492 from the control arm were included in the analytical cohort for the 

CIN2+ endpoint in years 1-4. For the CIN3+ endpoint, the analytical cohort for years 1-4 

included 3491 women from the HPV-vaccine arm and 3512 from the control arm. For the long-

term follow-up phase, 2767 women in the HPV-vaccine arm and 2563 in UCG were included in 

the analytical cohort for the CIN2+ endpoint in years 7-11. For the CIN3+ endpoint, the 

analytical cohort for years 7-11 included 2826 women from the HPV-vaccine arm and 2592 from 

UCG.  
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At the year 7 visit, more women in the HPV-vaccine arm were single (not married, widowed, or 

divorced) compared to UCG (table 1). There were small differences in age distribution and 

lifetime number of sexual partners. However, women in the HPV-vaccine arm and UCG at year 

7 were similar in their HPV positivity (except for HPV 16/18 because of vaccination and other 

carcinogenic HPV, suggesting an early signal of unmasking). Median follow-up time during 

years 7-11 was 52·8 months (interquartile range 44·0-60·7) for the HPV-vaccine arm and 49·8 

months (interquartile range 42·0-56·9) for the UCG.  

During years 7-11, we observed significantly higher rates of CIN2+ attributed to non-preventable 

types (without HPV16/18/31/33/45) in the HPV-vaccine arm (61 events) compared to UCG (33 

events), resulting in negative VE for these types [VE=-71·2% (95%CI -164%, -12·5%)] (table 

2). Similarly, VE against CIN3+ attributed to non-preventable types during years 7-11 was -

135% (95%CI -330%, -33·5%) (41 versus 16 events) (table 3). Unmasking was not observed 

during earlier years of follow-up, with similar rates of CIN2+/CIN3+ attributed to non-

preventable types between the HPV-vaccine and control arms in years 1-4 (tables 2 and 3). For 

the virological endpoint, we observed a non-significant negative VE against ≥2-year persistent 

HPV infection with non-preventable types in years 7-11 [VE=-24·4% (95%CI -61·2%, 4·0%)] 

(151 versus 117 events) (appendix p3).  

To address the possible public health impact, we examined ARDs by HPV type through 11 

years. When combining the two follow-up periods, we estimated that, per 1000 women, there 

were 9·2 (95%CI 0·8, 17·8) additional CIN2+ events attributable to non-preventable HPV types 

in vaccinated versus unvaccinated women (table 2). In comparison, per 1000 women, we 

observed 28·6 (95%CI 20·6, 36·7) fewer HPV16/18-associated CIN2+ and 7·6 (95%CI 1·5, 

13·9) fewer HPV31/33/45-associated CIN2+ in vaccinated versus unvaccinated women. When 
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considering the observed reductions in CIN2+ attributed to vaccine-targeted types and cross-

protected types, the expected overall reduction in CIN2+ is approximately -36·2 per 1000 

women (sum of reductions in both groups). However, the unmasking effect attenuated the 

observed overall reduction to 27·0 (95%CI 14·2, 39·9) fewer CIN2+ events per 1000 women 

irrespective of HPV type. For CIN3+, over 11 years post-vaccination, the unmasking effect 

resulted in 9·1 (95%CI 2·8, 15·5) additional CIN3+ events attributed to non-preventable HPV 

types per 1000 vaccinated women compared to unvaccinated (table 3). ARDs for CIN3+ 

irrespective of type and HPV31/33/45-associated CIN3+ through 11 years were not statistically 

significant, and qualitatively, these point estimates were not as pronounced for CIN3+ compared 

to CIN2+. 

We observed supporting evidence for the proposed mechanism for unmasking to occur for 

histological endpoints: 1) fewer cumulative LEEPs were performed in HPV-vaccinated (221 of 

3736, 5·9%) versus unvaccinated (277 of 3736, 7·4%) women prior to year 7 (Fisher’s exact test 

p=0.01, appendix p4); and 2) among HPV-vaccinated women, 0 (0%) CIN2+ events attributed to 

non-preventable types during years 7-11 were among 170 women who received LEEPs prior to 

year 7, compared to 63 (2·3%) events among 2713 women without LEEPs prior to year 7 

(Fisher’s exact test p=0.03, appendix p5).   

During years 7-11, 61 total CIN2+ events were caused by non-preventable types in HPV-

vaccinated women during the long-term follow up period (i.e., unmasked lesions). Of these 61 

events, 25 (41%) were attributed to HPV52/58 (types covered by the nonavalent vaccine), 25 

(41%) to carcinogenic types not covered by the nonavalent vaccine, 7 (11%) could not be 

attributed to a carcinogenic type, and 4 (7%) were unknown (figure 2). For CIN3+, 41 total 

events were unmasked, of which 20 (49%) were attributed to HPV52/58, 17 (41%) to 



 

 

Page 20 

carcinogenic types not covered by the nonavalent vaccine, 3 (7%) could not be attributed to a 

carcinogenic type, and 1 (2%) was unknown. More granular distributions of HPV types in 

CIN2+/CIN3+ attributed to non-preventable types by period and study arm are in the appendix 

p6 and p10. 

In evaluating detection bias, we observed 203 (5·4%) of 3736 women were diagnosed with 

CIN2+ in the control arm compared to 120 (4·2%) of 2836 in UCG prior to year 7 (Fisher’s 

exact test p=0.03, appendix p7). The cumulative proportion of CIN3+ diagnoses prior to year 7 

was 2·9% (108 of 3736) in the control arm compared to 3·2% (90 of 2836) in UCG (Fisher’s 

exact test p=0.51). In evaluating treatment bias, we observed 153 (69·2%) of 221 total LEEPs in 

the HPV-vaccine arm had CIN2+ compared to 194 (70·0%) of 277 LEEPs in the control arm and 

119 (75·3%) of 158 LEEPs in UCG prior to year 7 (appendix p8). Of the 3726 women in the 

HPV-vaccine arm, 68 received a LEEP that resulted in no CIN2+ diagnosis, indicating that 1·8% 

of women in the HPV-vaccine arm were potentially truncated from the year 7-11 analysis, 

compared to 1·4% for UCG (Fisher’s exact test p=0·17). We further investigated patterns of 

LEEPs prior to year 7 and found that LEEPs were not preferentially performed by HPV type and 

study arm (appendix p9). 

 

Discussion  

To our knowledge, this is the first study to suggest that unmasking of high-grade cervical 

neoplasia caused by non-targeted/non-cross-protected HPV types may occur following HPV 

vaccination. Specifically, HPV16/18-vaccinated women had significantly higher rates of CIN2+ 

and CIN3+ attributed to non-preventable HPV types compared to unvaccinated women in years 

7-11, resulting in negative VE. Despite observing a large negative VE, ARDs between 
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vaccinated and unvaccinated women only showed moderate increases (relative to the large 

negative VE) in events caused by non-preventable types. The absence of unmasking in earlier 

years of follow-up supports previous observations that non-preventable types are less 

aggressive.13  

While most studies showed a lack of evidence for type replacement,9 particularly in clinical 

trials, some studies had inconclusive findings.18 We postulate that our results are more likely an 

observation of unmasking and not viral replacement, as the findings corroborate the proposed 

mechanism for unmasking to occur such that HPV vaccination can lead to decreases in cervical 

procedures, which allows non-preventable HPV types to manifest as lesions many years 

following vaccination. We reported that HPV vaccination was associated with subsequently 

fewer LEEPs, and LEEPs among HPV-vaccinated women were significantly associated with 

decreased incidence of non-preventable type CIN2+.  

Real-world effectiveness studies have shown a nearly 90% reduction in invasive cervical cancer 

in women vaccinated at young ages,19–21 including among bivalent AS04-adjuvanted HPV 

vaccinees, which exceeds the expected protection based on attribution of HPV genotypes in 

cervical cancers. These effectiveness estimates will likely shift over time due to the differential 

timing of the progression of non-preventable HPV types to cervical cancer. Thus, we 

hypothesize the full impact of unmasking on invasive cervical cancer will not be observed until 

much longer follow-up time has accrued. Further, we note that the unmasking effect may differ 

based on vaccine product. For instance, we speculate unmasking may be reduced among 

nonavalent vaccinees, as we observed that among bivalent HPV vaccinees, nearly half of the 

unmasked CIN2+ and CIN3+ events were attributed to HPV52/58, the two additional 

carcinogenic types targeted by the currently licensed nonavalent vaccine.  
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Our findings suggest that in populations where cervical cancer screening is routinely and 

effectively conducted, the vaccine impact against cervical disease irrespective of HPV type may 

decline over time due to increases in disease attributed to non-preventable types following 

vaccination. Yet, we reiterate that the high net benefit to cervical cancer prevention will persist. 

Specifically, the vaccine has high efficacy against vaccine-targeted types HPV16/18, the most 

carcinogenic types due to their disproportionally high prevalence and attributable fraction in 

cancer cases.2,8,22 Non-preventable types are less likely to progress to cancer, even relative to 

their rate of development to CIN2 or CIN3.22 As HPV vaccination continues to become more 

widespread and follow-up lengthens, potential shifts in the type distribution in pre-cancers and 

cancers may be partially explained by unmasking, as suggested here and in a study that used 

modeling to estimate the apparent increase in cervical precancers and cancers attributed to non-

preventable-types due to unmasking.23 Future effectiveness studies with longer follow-up and 

cervical cancer as the endpoint will definitively address whether unmasking occurs. Studies 

modeling the net effect of unmasking on the reduction of relevant endpoints will inform 

expectations of the impact on relevant endpoints. 

Our bias assessment confirmed that replacing the control arm with an observational control did 

not induce our observation of unmasking. As previously reported, the control arm and UCG 

varied in education, marital status, and number of pregnancies.15 However, the predicted future 

risk of HPV infection was similar between groups, indicating that the observed differences likely 

did not impact HPV exposure.15 Further, the cumulative CIN3+ detection prior to year 7 was 

similar between the control arm and UCG, suggesting that the intensive screening and 

management protocol in years 4-6 appropriately identified prevalent disease. The cumulative 

proportion of CIN2+ events prior to year 7 was slightly lower in UCG compared to the control 
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arm though, we do not believe this caused a meaningful difference in the results. Additionally, 

the proportion of LEEPs in the UCG and HPV arm were qualitatively similar, suggesting that the 

screening and management protocol in years 4-6 did not excessively remove disease in the UCG 

to induce large negative VEs in years 7-11. Lastly, the truncation proportion (removal of at-risk 

women without CIN2+ who could have had an endpoint had they not received a LEEP) between 

groups was generally non-differential.  

Our study has limitations. Because endpoints in CVT were truncated at high-grade cervical 

lesions for treatment and management, we were unable to evaluate the impact of unmasking on 

cancer. We were also unable to test tissue DNA due to financial constraints therefore, attributing 

HPV causation of the lesions based on the HPV genotype in the proceeding cervical sample 

could have resulted in misclassification beyond what testing the tissue could have achieved. 

Further, our study used standard of care for cervical cancer screening during the time in which 

our study was conducted. However, presently, screening more often utilizes HPV co-testing or 

HPV testing alone as a measure of primary screening. Because HPV testing is more sensitive 

than cytology testing,24 our study may have yielded a stronger unmasking effect than in 

populations that incorporate HPV testing into their screening procedures, which could mitigate 

unmasking by prompting more clinical intervention in vaccinated women. Our study had notable 

strengths, including a robust study design with long-term follow-up of vaccinated and 

unvaccinated women, high retention rates, compliance of specimen collection procedures 

(>90%), and active follow-up.  

In conclusion, our study provides proof-of-concept that unmasking may attenuate the anticipated 

long-term reductions in cervical precancer following successful implementation of HPV 

vaccination programs in highly screened populations. Additional follow-up will better elucidate 
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the impact of unmasking on cervical precancer and cancer. Importantly, despite the observation 

of unmasking, the long-term net benefit of vaccination against precancerous cervical lesions 

irrespective of type remains considerable through 11 years. Therefore, HPV vaccination should 

still be prioritized as primary prevention for cervical cancer.  
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Table 1. Descriptive characteristics of the HPV vaccine arm and new unvaccinated control group at the year 

7 visit (long-term follow-up study month 24 visit). 
 HPV Vaccine UCG 

Characteristic (N = 2767) (N = 2563) 

Age, years, n (%)   

<25  103 (4·0) 74 (3·1) 

25-26 629 (24·2) 493 (20·8) 

27-28 635 (24·4) 616 (26·0) 

29+ 1233 (47·4) 1189 (50·1) 

Median, IQR (range) 28, 26-30 (24-36) 29, 27-31 (23-35) 

Did not attend visit 167 191 

Marital status, n (%)   

Single 721 (27·7) 434 (18·3) 

Married 1730 (66·5) 1747 (73·7) 

Widowed/divorced 149 (5·7) 190 (8·0) 

No answer/did not attend visit 167 192 

Lifetime sexual partners, n (%)   

0 85 (3·3) 46 (1·9) 

1 600 (23·1) 574 (24·2) 

2 449 (17·3) 459 (19·4) 

3+ 1466 (56·4) 1292 (54·5) 

Did not attend visit 167 192 

HPV positivity, n (%) a    

HPV 16/18 26 (1·0) 151 (6·4) 

HPV 31/33/45 62 (2.4) 123 (5.2) 

Other carcinogenic HPV (non-HPV 16/18/31/33/45) 395 (15·2) 302 (12·7) 

Non-carcinogenic HPV  559 (21·5) 467 (19·7) 

No HPV 1682 (64·8) 1532 (64·6) 

No result/did not attend visit 172 192 

Follow-up time during years 7-11   

Median total follow-up time per woman, months, IQR (range) 52·8, 44·0-60·7 (0·0-110·3) 49.8, 42.0-56.9 (0·0-104·5) 

Median total clinic visits per woman, IQR (range) 3, 3-4 (1-14) 3, 3-4 (1-14) 

IQR = interquartile range; HPV = human papillomavirus; UCG = unvaccinated control group. 
a The sum of the percentages for HPV positivity does not equal 100 because women who had multiple type 

infections were counted in multiple rows. 
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Table 2. Bivalent HPV vaccine efficacy against incident CIN2+ by HPV types among women with at least 1 follow-up visit during each analytical period and no endpoint 

prior to each analytical period. 

 Years 1-4  Years 7-11  Combined 

 
HPV Vaccine (N 

= 3467) 

Control (N = 

3492) 

Vaccine 

Efficacy 

Absolute 

Rate 

Difference  
 

HPV Vaccine (N 

= 2767) 
UCG (N = 2563) Vaccine Efficacy 

Absolute 

Rate 

Difference  

 
HPV 

Vaccine 
Control 

Vaccine 

Efficacy 

Absolute 

Rate 

Difference  

HPV Type # 

Attack 

Rate (95% 

CI) 

# 
Attack Rate 

(95% CI) 
% (95% CI) Δ (95% CI)  # 

Attack 

Rate (95% 

CI) 

# 
Attack Rate 

(95% CI) 
% (95% CI) Δ (95% CI)  

Attack 

Rate (95% 

CI) 

Attack Rate 

(95% CI) 
% (95% CI) Δ (95% CI) 

Irrespective of 

HPV type 
102 

29·4 (24·2, 

35·5) 
153 

43·8 (37·4, 

51·0) 

32·9% (13·8%, 

47·8%) 

-14·4 (-

23·0, -5·4) 
 80 

28·9 (23·1, 

35·7) 
109 

42·5 (35·2, 

50·9) 

32·0% (9·3%, 

49·2%) 

-13·6 (-23·4, 

-3·5) 
 

57·5 (49·3, 

65·7) 

84·5 (74·5, 

94·5) 

32·0% (18·1%, 

43·7%) 

-27·0 (-39·9, 

-14·2) 

HPV 16/18 38 
11·0 (7·9, 

14·9) 
83 

23·8 (19·1, 

29·2) 

53·9% (32·6%, 

68·9%) 

-12·8 (-

18·2, -6·8) 
 5 

1·8 (0·7, 

4·0) 
47 

18·3 (13·7, 

24·1) 

90·1% (76·8%, 

96·5%) 

-16·5 (-18·9, 

-12·5) 
 

12·7 (8·9, 

16·5) 

41·3 (34·3, 

48·4) 

69·2% (57·3%, 

78·9%) 

-28·6 (-36·7, 

-20·6) 

HPV 31/33/45 

(excluding 

HPV 16/18 

coinfection) 

21 
6·1 (3·9, 

9·1) 
27 

7·7 (5·2, 

11·1) 

21·7% (-38·8%, 

56·2%) 

-1·7 (-5·4, 

2·2) 
 14 

5·1 (2·9, 

8·3) 
29 

11·3 (7·7, 

16·0) 

55·3% (16·1%, 

77·0%) 

-6·3 (-10·4, -

1·4) 
 

11·0 (7·3, 

14·6) 

18·6 (13·7, 

23·4) 

40·9% (9·9%, 

62·8%) 

-7·6 (-13·9, -

1·5) 

Without HPV 

16/18/31/33/45 
43 

12·4 (9·1, 

16·5) 
43 

12·3 (9·0, 

16·4) 

-0·7% (-54·1%, 

34·2%) 

0·1 (-5·1, 

5·3) 
 61 

22·0 (17·1, 

28·0) 
33 

12·9 (9·0, 

17·8) 

-71·2% (-164%, -

12·5%) 

9·2 (2·1, 

15·6) 
 

33·8 (27·4, 

40·2) 

24·6 (19·1, 

30·2) 

-37·3% (-86·0%, 

-2·7%) 

9·2 (0·8, 

17·8) 

CI = confidence interval; CIN = cervical intraepithelial neoplasia; HPV = human papillomavirus; UCG = unvaccinated control group. 

Rates are expressed as per 1,000 women. 
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Table 3. Bivalent HPV vaccine efficacy against incident CIN3+ by HPV types among women with at least 1 follow-up visit during each analytical period and no endpoint 

prior to each analytical period. 

 Years 1-4  Years 7-11  Combined 

 
HPV Vaccine (N 

= 3491) 

Control (N = 

3512) 
Vaccine Efficacy 

Absolute 

Rate 

Difference  

 
HPV Vaccine 

(N = 2826) 
UCG (N = 2592) Vaccine Efficacy 

Absolute 

Rate 

Difference  

 
HPV 

Vaccine 
Control Vaccine Efficacy 

Absolute 

Rate 

Difference  

HPV Type # 

Attack 

Rate (95% 

CI) 

# 
% (95% 

CI) 
% (95% CI) Δ (95% CI)  # 

Attack 

Rate (95% 

CI) 

# 

Attack 

Rate (95% 

CI) 

% 

(95% CI) 
Δ (95% CI)  

Attack 

Rate (95% 

CI) 

Attack Rate 

(95% CI) 
% (95% CI) Δ (95% CI) 

Irrespective of 

HPV type 
58 

16·6 

(12·8, 21·3) 
78 

22·2 

(17·7, 27·5) 

25·2% 

(-5·0%, 46·9%) 

-5·6 

(-11·9, 0·9) 
 56 

19·8 

(15·1, 25·5) 
60 

23·1 

(17·9, 29·5) 

14·4% 

(-23·4%, 40·7%) 

-3·3 

(-11·1, 4·5) 
 

36·1 

(29·5, 42·7) 

44·8 

(37·4, 52·3) 

19·5% 

(-3·3%, 37·5%) 

-8·7 

(-18·6, 1·3) 

HPV 16/18 22 
6·3 

(4·1, 9·4) 
47 

13·4 

(10·0, 17·6) 

52·9% 

(22·4%, 72·1%) 

-7·1 

(-11·1, -2·5) 
 4 

1·4 

(0·4, 3·4) 
28 

10·8 

(7·3, 15·4) 

86·9% 

(65·3%, 96·1%) 

-9·4 

(-11·4, -5·8) 
 

7·7 

(4·7, 10·7) 

23·9 

(18·5, 29·4) 

67·9% 

(51·1%, 80·4%) 

-16·3 

(-22·5, -

10·2) 

HPV 31/33/45 

(excluding 

HPV 16/18 

coinfection) 

15 
4·3 

(2·5, 6·9) 
13 

3·7 

(2·1, 6·2) 

-16·1% 

(-149%, 45·3%) 

0·6 

(-2·3, 3·4) 
 11 

3·9 

(2·0, 6·8) 
16 

6·2 

(3·7, 9·8) 

36·9% 

(-36·2%, 71·6%) 

-2·3 

(-5·7, 1·5) 
 

8·1 

(5·0, 11·3) 

9·7 

(6·2, 13·3) 

16·6% 

(-40·6%, 52·4%) 

-1·6 

(-6·4, 2·9) 

Without HPV 

16/18/31/33/45 
21 

6·0 

(3·8, 9·0) 
18 

5·1 

(3·1, 7·9) 

-17·4% 

(-123%, 37·8%) 

0·9 

(-2·6, 4·3) 
 41 

14·5 

(10·6, 19·4) 
16 

6·2 

(3·7, 9·8) 

-135% 

(-330%, -33·5%) 

8·3 

(3·0, 12·8) 
 

20·3 

(15·3, 25·3) 

11·2 

(7·4, 14·9) 

-81·7% 

(-191%, -19·9%) 

9·1 

(2·8, 15·5) 

CI = confidence interval; CIN = cervical intraepithelial neoplasia; HPV = human papillomavirus; UCG = unvaccinated control group. 

Rates are expressed as per 1,000 women. 
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Figure 1. Study profile.  
CIN = cervical intraepithelial neoplasia. 
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Figure 2. Distribution of HPV types in “unmasked” CIN2+ and CIN3+ events caused by 

non-vaccine-preventable types in the HPV vaccine group in years 7-11. 
CIN = cervical intraepithelial neoplasia. 

 

 
 

 

 




