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Abstract

Necessary stages of cervical carcinogenesis include acquisition of a carcinogenic human 

papillomavirus (HPV) type, persistence associated with the development of precancerous lesions, 

and invasion. Using prospective data from immunocompetent women in the Guanacaste HPV 

Natural History Study (NHS), the ASCUS-LSIL Triage Study (ALTS), and the Costa Rica HPV 

Vaccine Trial (CVT), we compared the early natural history of HPV types to inform transition 
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probabilities for health decision models. We excluded women with evidence of high-grade cervical 

abnormalities at any point during follow-up and restricted the analysis to incident infections in all 

women and prevalent infections in young women (aged <30 years). We used survival approaches 

accounting for interval-censoring to estimate the time to clearance distribution for 20,529 HPV 

infections (64% were incident and 51% were carcinogenic). Time to clearance was similar across 

HPV types and risk classes (HPV16, HPV18/45, HPV31/33/35/52/58, HPV 39/51/56/59, and non-

carcinogenic HPV types); and by age group (18–29, 30–44, and 45–54 years), among carcinogenic 

and non-carcinogenic infections. Similar time to clearance across HPV types suggests that relative 

prevalence can predict relative incidence. We confirmed that there was a uniform linear association 

between incident and prevalent infections for all HPV types within each study cohort. In the 

absence of progression to precancer, we observed similar time to clearance for incident infections 

across HPV types and risk classes. A singular clearance function for incident HPV infections 

has important implications for the refinement of microsimulation models used to evaluate the 

cost-effectiveness of novel prevention technologies.
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Introduction

Human papillomavirus (HPV), the virus that causes cervical cancer, is one of the most 

common sexually transmitted infections worldwide, typically occurring soon after sexual 

initiation. The multistage carcinogenic pathway to cervical cancer includes the following 

necessary stages: 1) infection with a carcinogenic HPV type; 2) persistent, transforming 

HPV infection associated with high-grade lesions at a high likelihood of invasion if left 

untreated; and 3) invasive cervical cancer1. Corollary transitions between these respective 

stages are acquisition of a carcinogenic HPV type; viral clearance versus persistence; 

progression to precancer; and invasion2. Results from several longitudinal studies have 

shown that up to half of the HPV infections clear within 6 months and most infections 

clear within two years after acquisition3–6. Clearance is thought to be the consequence of 

cell-mediated immune suppression of a type-specific infection, which is either eliminated 

or kept in an undetectable latent state that may sporadically reappear later, due to a lapse 

in immune control or age-related “immune senescence”7. Recent findings suggest that 

systematic factors such as smoking8, long-term hormone exposure9 and local exposure to 

anti-inflammatory cytokines10, cervicovaginal microbiota11, 12 and HIV infection9, 13 may 

affect HPV clearance.

Estimating the transition rates between stages on the pathway to cervical cancer is 

essential to inform health decision models that simulate the lifetime natural history of 

HPV and cervical pathogenesis to project the long-term impact of cancer prevention 

strategies. Increasingly, policy makers rely on such models to identify the most effective 

and economical approaches to cervical cancer prevention. With novel screening technologies 

and algorithms on the horizon that may detect cervical precancer at earlier stages and with 

greater accuracy, there is an urgent need for the development of health decision models 

Adebamowo et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2023 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with greater fidelity to existing natural history data2 (Figure 1). While the risks of HPV 

acquisition may vary considerably between populations due to different sexual behavior 

patterns, the risks of HPV clearance versus progression to precancer are likely to be similar 

across immunocompetent populations2.

Estimates of HPV type-specific time to clearance are influenced by study design and timing 

of measurement, including left censoring (i.e., for prevalent infections detected at baseline, 

the time of HPV acquisition is unknown) and interval censoring (i.e., the actual moment 

of clearance occurs in the interval between two observational visits). Studies that include 

prevalent infections in older women, which are often persistent infections at higher risk 

of precancer, may yield time-to-clearance estimates that are biased upward5. Similarly, if 

women with early precancerous lesions that are too small to be diagnosed are included 

in an analysis, the population’s average time to clearance may appear longer, particularly 

for HPV types that are more likely to progress to precancer. The length of the interval 

between measurements may also influence the apparent time to clearance, with longer 

intervals leading to seemingly greater clearance rates. Thus, to estimate and compare HPV 

type-specific clearance rates accurately, the criteria for defining an analytic cohort are 

critical.

A recent study among a population of well-screened women in the United States 

demonstrated that the type-specific clearance curves of carcinogenic and non-carcinogenic 

HPV types were indistinguishable over time, among infections that did not progress to 

precancer14. This finding challenges prior publications which may not have excluded 

progression events, concluding that incident infections with carcinogenic HPV types may 

clear more slowly than infections with non-carcinogenic types4. Specifically, that HPV16 

and related alpha-9 types may clear more slowly than other types15.

To examine the early natural history of type-specific HPV infections in immunocompetent 

women, we used data from three prospective cohort studies: the Guanacaste HPV Natural 

History Study (NHS), the ASCUS-LSIL Triage Study (ALTS), and the Costa Rica HPV 

Vaccine Trial (CVT).

Methods

Study Population

Details of the study design, study procedures and characteristics of the study populations in 

the NHS16, ALTS17, and CVT18, 19 cohorts have been described in detail elsewhere. Brief 

descriptions are provided below. All the study participants were at least 18 years old, not 

pregnant and had no prior hysterectomy at the time of enrollment into each study. At study 

visits, clinical examinations were performed and specimens for HPV DNA testing were 

collected.

NHS was a population-based cohort set up in Guanacaste, Costa Rica, to study the natural 

history of HPV infection and cervical intraepithelial neoplasia (CIN). From 1993 to 1994, 

10,049 women were recruited and assessed at enrollment and again at 5 to 7 years. A 

risk-stratified subset of 2,655 sexually active women were followed every 6 to 12 months 
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(depending on clinical test results) to investigate the origins of incident CIN grade II or 

higher (CIN2+). In the present study, we considered only the women in this risk-stratified 

subset.

ALTS was established as a multicenter, randomized clinical trial, designed to evaluate the 

optimal strategies for managing low grade cervical abnormalities. In total, 5,060 women 

were enrolled from clinical centers in Alabama, Pennsylvania, Oklahoma, and Washington 

states between 1997 and 1998. Study participants were followed up every 6 months for 2 

years, allowing for conduct of natural history studies.

CVT was a double-blind, randomized controlled trial to evaluate the efficacy of the 

HPV 16/18 AS04-adjuvanted vaccine (Cervarix®, GlaxoSmithKline Biologicals, Belgium) 

against cervical HPV16/18 infection and related precancerous lesions (NCT00128661). 

Women aged 18 to 25 years residing in Guanacaste Province, Costa Rica or selected areas 

of Puntarenas Province were enrolled in 2004 and 2005 and followed annually for 4 years. 

Concurrent with the year 4 visit, a screening-only unvaccinated control group (n=2,836) 

was enrolled from the same age groups and geographic areas to replace the original control 

group that received HPV vaccination at the end of the randomized phase of CVT. In this 

observational long-term follow-up phase, women in the HPV-vaccinated arm and in the new 

control group attended follow-up visits at years 7, 9, and 11 after the CVT baseline visit or 

more frequently according to the algorithms of their screening results. In the present study, 

we considered type-specific infections among women in the vaccine arm20, the control 

arm, and the unvaccinated control group over 11 years of follow-up, as a prior analysis 

demonstrated that the vaccine had no impact on prevalent infections.

HPV Detection and Genotyping

Several assays were used to test cervical cell samples collected from the study participants. 

For NHS, MY09/M11 L1 consensus primer polymerase chain reaction (PCR) 21 [10] 

with AmpliTaq Gold polymerase were used for HPV deoxyribonucleic acid (DNA) 

detection21, 22. Hybrid Capture®2 (HC2) HPV DNA assay (Digene-Qiagen) and PCR-based 

methods22, 23 were used in ALTS. In CVT, all samples were tested with SPF10 DNA 

enzyme immunoassay (DEIA) followed by LiPA2524, 25. A subset was tested by TypeSeq in 

parallel26. A validation study showed that major cervical HPV DNA screening and typing 

tests had similar analytic sensitivity for the HPV genotypes they distinguished.

Statistical Analyses

We defined prevalent infections as HPV-type positive at baseline and incident infections 

as HPV-type positive following a negative result at the previous visit. Clearance of HPV 

type-specific infections was defined as the first HPV-type negative result after a positive 

result.

Consistent with the multistage pathway of cervical pathogenesis, in which nearly all 

infections either clear or progress over time, we estimated time to clearance among 

infections destined to clear. This is the pure risk of clearance if the competing risk of 

progression could be hypothetically eliminated.27 We ruled out infections that may have 

already progressed to undiagnosed precancer by excluding study participants with any 
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evidence of high-grade cervical abnormalities over the course of each study by histology 

(CIN2+), cytology (high-grade squamous intraepithelial lesions or worse [HSIL+]; atypical 

glandular cells [AGC]; atypical squamous cells, cannot rule out high-grade intraepithelial 

lesion [ASC-H]) or cervigram (P2 - high grade/P3 - cancer). HPV68 was excluded from 

the analysis because the SPF10-LiPA assay used in the CVT cannot distinguish between 

HPV68 and non-carcinogenic HPV73. The final analytic population included 7,146 women 

with HPV infections, all of whom had at least two consecutive non-missing HPV results. 

Of these women, 939 were from the NHS; 1,903 were from ALTS; and 4,304 were 

from the CVT (the HPV vaccinated arm and two control groups)20. The final analytic 

population contributed 20,529 HPV infections consisting of 10,020 non-carcinogenic and 

10,509 carcinogenic infections.

To estimate time to clearance of incident infections for a health decision model (Figure 1), 

we focused the analytic cohort on apparently new infections. We considered all incident 

HPV infections in all women regardless of their age and prevalent HPV infections in 

women under 30 years old. We excluded all prevalent infections in women 30 years or 

older as these are more likely to already be persistent infections leading to longer left 

censoring5. Person-time accrual began at the time HPV was first detected. The time to 

clearance could not be precisely ascertained as it occurred within the interval between study 

visits (i.e., interval censoring). To avoid biased estimates assuming clearance occurred at 

the beginning, midpoint, or end of each interval, 28, 29 we used the Turnbull estimator, 30 a 

nonparametric procedure for estimating survival function for interval-censored survival data 
31. We considered several parametric distributions to describe the clearance curve and found 

the Weibull distribution to be the best fit according to the Akaike Information Criterion 

(AIC).

Following direct estimation of HPV time to clearance, we evaluated whether the 

mathematical relationship between prevalence, incidence, and duration holds for the NHS, 

ALTS, and CVT study populations. Given a steady state, P
1 − P = ID which is approximated 

by P=ID when prevalence is under 10%, where P refers to prevalence of a particular HPV 

type; I refers to the incidence rate of the HPV type; and D is the average duration of 

type-specific infection. For each of the study populations in this analysis, linear regression 

models were used to estimate the association between type-specific HPV prevalence at 

enrollment and type-specific HPV incidence over follow-up. We used the non-parametric 

Turnbull estimator to calculate type-specific HPV incidence on the interval between the 

last type-specific HPV-negative and first type-specific HPV positive study visit. As with 

the direct estimation of time to HPV clearance, we excluded women with evidence of 

high-grade cervical abnormalities during the study from the point prevalence calculation, as 

the duration estimate we derived only holds for infections that do not progress to precancer. 

Unlike the analytic population used for direct estimation of time to clearance, the CVT 

population used for estimation of incidence included only the control arm through year 4 (up 

until cross-over vaccination) and the unvaccinated control group for years 5 through 11, to 

reflect HPV incidence in the general population rather than in vaccinated women.
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We grouped certain HPV types based on risk class to achieve greater statistical power. We 

defined HPV risk groups a priori as HPV16 (the predominant type in invasive cervical 

cancer); HPV18/45 (particularly present in adenocarcinomas); HPV31/33/35/52/58 (non-

HPV16 alpha-9 types); HPV39/51/56/59 (found in only ~1% of invasive cervical cancers 

worldwide); and non-carcinogenic HPV (types rarely found alone in invasive cervical 

cancers). The assayed non-carcinogenic HPV types varied by study but overall included 

HPV6/11/26/32/34/40/42/43/44/53/54/55/57/61/62/64/66/67/69/70/72/73/74/74v/81/82/82v/

83/84/85/89).

To assess the impact of age, carcinogenicity, and HPV risk group on time to clearance, we 

fit a Weibull model with potential predictors including age (18–29 years, 30–44 years, 45–54 

years, and ≥ 55 years); carcinogenicity (12 carcinogenic types vs. non-carcinogenic types); 

and an interaction term for age and carcinogenicity.

Sensitivity Analyses

In the first sensitivity analysis, we defined clearance as the first HPV-type negative result 

after the last positive result, to determine the potential impact of apparently intermittent 

infections, on time to clearance. In the second sensitivity analysis, we relaxed restrictions 

to allow for evidence of high-grade abnormalities among incident HPV infections only, 

to consider the potential influence of incident progression events on clearance. In these 

analyses, evidence of high-grade abnormalities among prevalent infections in women under 

30 years were excluded.

All p values are 2-sided, and the analyses were conducted using SAS 9.4 (SAS Institute Inc, 

Cary, NC) and R 4.1.0.

Results

The characteristics of the analytic cohort are shown in Table 1. At enrollment, the median 

age (interquartile range) of all study participants was 23 (20–26) years, with women from 

the NHS having a higher median age (29 years) and greater interval between age at 

first intercourse and study enrollment. Women in ALTS had a greater lifetime number of 

sexual partners (median = 5) compared to women in the CVT and NHS (median = 2). 

Characteristics of the HPV infections considered in the analysis are presented in Table 2.

Nonparametric time to clearance estimates by HPV risk group are presented in Figure 

2. Overall, the time to clearance of HPV16, HPV18/45, HPV31/33/35/52/58, and 

HPV39/51/56/59 were similar. While non-carcinogenic types had a slightly higher 

probability of clearance within year 1, differences diminished for the remaining period of 

follow-up. Despite the similar time to clearance by carcinogenicity (Figure 3), the Weibull 

hazard ratio estimates yielded a slightly lower hazard of clearance among carcinogenic 

infections compared to non-carcinogenic types (HR: 0.88; 95% CI: 0.85–0.91), which 

appears to have been driven by HPV16, 18, 31, 33, 35, 45, 52 and 58.

Time to clearance was similar by age group (18–29 years, 30–44 years, and 45–54 years) 

when we considered both carcinogenic and non-carcinogenic infections (Figure 3). Women 
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aged 55 years and older were slightly less likely to clear their infections than women at 

younger ages (Supplemental Table 1) (HR: 0.81; 95% CI: 0.70–0.93).

For each study, Figure 4 plots type-specific HPV prevalence at study enrollment against 

the type-specific incidence rate per person-years of follow-up. Linear regression coefficients 

did not show a consistently different pattern when we stratified regression plots by age 

(<30 years versus ≥30 years at enrollment) or carcinogenicity (carcinogenic HPV versus 

non-carcinogenic HPV) (data not shown). However, study population did matter. In the 

CVT, we estimated that a 0.01 per person-year higher incidence rate was associated with a 

1.02% (95% CI: 0.91–1.12) higher prevalence. In the ALTS population, we estimated that a 

0.01 per person-year higher incidence rate was associated with a 1.63% (95% CI:1.48–1.79) 

higher prevalence. In the NHS, we estimated that a 0.01 per person-year higher incidence 

rate was associated with a 6.88% (95% CI:6.01–7.68) higher prevalence. Despite differences 

in the magnitude of correlation coefficients due to different baseline population risk and 

study visit intervals, there were clear and significant linear associations between HPV 

type-specific incidence and prevalence in each of these study populations, implying that 

prevalence ratios and incidence rate ratios between types are approximately equivalent for a 

given steady-state population.

In the sensitivity analysis, when clearance was defined as the first HPV negative result 

after the last HPV positive result, the time to clearance remained similar across HPV risk 

groups (Supplemental Figure 1), compared to when clearance was defined as the first HPV 

negative result. Comparing the definition of clearance as the first HPV negative result 

vs the first HPV negative result after the last HPV positive result, the median times to 

clearance in months, were relatively similar for HPV 16 (6.4 vs 7.4), HPV18/45 (5.1 vs 5.7), 

HPV31/33/35/52/58 (6.3 vs 7.3) and HPV39/51/56/59 (4.8 vs 5.4). The Weibull hazard ratio 

estimate also showed a lower hazard of clearance among carcinogenic types compared to 

non-carcinogenic types (HR: 0.92; 95% CI: 0.89 – 0.94). When we relaxed the restrictions 

to allow for evidence of high-grade abnormalities among incident HPV infections only, 

the time to clearance remained similar across HPV risk groups (Supplemental Figure 2), 
compared to when the evidence of high-grade abnormalities was excluded. In addition, 

the median time to clearance in months was relatively similar for HPV 16 (6.4 vs 7.9), 

HPV18/45 (5.1 vs 5.7), HPV31/33/35/52/58 (6.3 vs 7.0) and HPV39/51/56/59 (4.8 vs 

4.9). The Weibull hazard ratio estimate also showed a lower hazard of clearance among 

carcinogenic infections compared to non-carcinogenic types (HR: 0.88; 95% CI: 0.86 – 

0.90).

Discussion

We analyzed time to clearance among new HPV type-specific infections in three 

independent prospective cohorts of immunocompetent women without evidence of high-

grade cervical abnormalities at any time during follow up. We found that time to HPV 

clearance was similar regardless of HPV type or carcinogenicity, despite the slightly faster 

clearance rate among less carcinogenic HPV types that reached statistical significance due to 

the large number of infections. There was a modest effect of slower time to clearance among 

infections in women aged 55 years and older.
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To estimate the risk of clearance for a health decision model, we defined the analytic 

population to estimate the pure clearance distribution27 that would describe time to 

clearance if no other risks were acting. Therefore, we restricted the analysis to infections 

in women without any evidence of precancer or high-grade cervical abnormalities over the 

course of each study because progression to precancer is associated with HPV type32, 33, 

and undetected precancer may increase time to clearance estimates among disease-free 

women for HPV types that are at greater risk of progression. Based on previous findings 

that prevalent infections first detected in older women are more likely to be persistent 

infections with a greater risk of progression5, 34, 35 or undetected precancer (and thus may 

yield estimates of clearance rates that are confounded by HPV type)3, we also restricted the 

present analysis to incident infections at all ages and prevalent infections in women under 30 

years.

Our findings were consistent with a recent analysis using longitudinal data from Kaiser 

Permanente Northern California (KPNC), which found that clearance rates of most 

carcinogenic HPV types are indistinguishable, while the risk of progression to precancer 

is strongly associated with HPV type14. Of note, the analysis of HPV clearance in the KPNC 

study population could only assess HPV clearance, rather than type-specific clearance, as 

HPV genotyping was only conducted at one time point. However, some studies reported 

different findings. Results from the Population-Based Screening Amsterdam (POBASCAM) 

trial showed that in women with normal cytology, the lowest clearance rates were observed 

for HPV16, HPV18, HPV31, and HPV33, and the clearance curves for HPV16 and 

HPV31 were statistically distinct from the other carcinogenic types36, 37. Results from the 

PApilloma TRIal against Cancer In young Adults (PATRICIA) showed that the clearance 

curves for transient infections with HPV16 was slow, HPV18, HPV31, HPV33, and HPV52 

were moderate, and the other carcinogenic HPV types were fast38, 39. The study design, 

population and methodology of these trials differed from the present study. A strength of 

the present analysis is the availability of HPV typing at multiple time points, which allows 

for type-specific clearance estimates and validation that clearance is similar across types. 

To produce comparable estimates between studies, it is critical that estimation of early 

natural history transition risks consider the potential for misclassification of transient versus 

persistent infections and undetected precancer. This distinction is particularly important for 

informing health decision models that will be used to evaluate novel screening and triage 

tests that identify transforming infections at increasingly early stages.

Following efforts to exclude precancers, the simplicity of a singular clearance function 

across HPV types and immunocompetent populations implies a linear relationship between 

HPV prevalence and incidence because the average duration of infections that are destined 

to clear is the same. In other words, prevalence and incidence are mathematically linked by 

a constant duration across HPV types when a population is in a steady state. We confirmed 

a linear relationship between HPV type-specific prevalence at enrollment and incidence over 

follow up within each study, even though different baseline risk and follow-up schedules 

between study populations likely led to between-study differences in measuring incidence. 

Between any two given types, prevalence ratios are approximately equivalent to incidence 

rate ratios. The early natural history of all genital HPV types appears to be similar, with 

type-specific incidence driving prevalence within a population due to the common mode of 
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transmission; clearance usually occurs rapidly among infections that are destined to clear, 

regardless of type. Future work will leverage the mathematical relationship between HPV 

prevalence and a common clearance rate to estimate HPV incidence for health decision 

models when longitudinal data are not available.

There are several limitations to the current study. First, our definition of clearance may 

underestimate time to clearance if infections with fluctuating detectability are not separate 

re-infections with the same type. However, a sensitivity analysis defining clearance as the 

first HPV-type negative result following the last positive result showed relatively similar 

time to clearance. Second, in our rigorous attempts to exclude undetected precancers, 

we may have removed incident precancers and biased the analytic population toward 

infections most likely to clear. Third, we could not distinguish incident, first acquisition 

from potentially reactivated latent infections, and therefore could not evaluate whether time 

to clearance differs for first appearance versus reactivation. However, time to clearance of 

newly appearing infections was not different among women under the age of 55 years. 

Slower clearance among women aged 55 years and older may be due to immune senescence, 

or the possibility that these were not newly acquired infections but re-emergence of a prior 

infection that was below the limits of detection of the HPV genotyping assay(s). Lastly, 

for practical reasons we grouped women aged 55 years or older together, but it is unlikely 

that all women aged 55 years and older have the same time to clearance. The finding of 

slower clearance at older ages occurs at some point after age 55 years, but we are unable to 

distinguish a specific age range when it occurs due to insufficient power.

The present analysis focused on prospective cohorts of immunocompetent women in 

geographic regions characterized by HPV prevalence that declines with age. In some 

populations in Africa, Central and South America, meta-analysis show that HPV prevalence 

is relatively stable across ages, even when the HIV burden is low40–42. We have 

hypothesized that impairment of cell-mediated immunity, perhaps due to environmental 

conditions such as helminth infestation43, may lead to reduced HPV clearance in these 

populations, thus contributing to sustained HPV prevalence2. To determine whether there 

are, in fact, different rates of clearance by population, it will be necessary to analyze 

prospective data from settings that are underrepresented in the literature. We and others 

are analyzing data from the African Collaborative Center for Microbiome and Genomics 

Research (ACCME)41 and CONCEPT (Tanzania)44 cohorts. HPV clearance rates that differ 

by geographical region would have implications for microsimulation models of HPV natural 

history used for cost-effectiveness analysis, which to date rely on transition probabilities 

from populations with steadily declining age-specific HPV prevalence.

Our finding of a singular time-dependent clearance function in three independent 

prospective cohorts of immunocompetent women, as well as the implied linear relationship 

between HPV prevalence and incidence, supports the view that early HPV natural history 

is similar across HPV types. Type-specific HPV incidence is driven by prevalence, and 

clearance is similar across HPV types. As other studies have demonstrated, however, the risk 

of progression to precancer is strongly associated with HPV type. Present findings allow for 

greater parsimony in microsimulation models used for health decision and cost-effectiveness 

analysis of novel cervical cancer prevention technologies.
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Refer to Web version on PubMed Central for supplementary material.
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CVT Costa Rica HPV Vaccine Trial

DEIA DNA enzyme immunoassay (DEIA)
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HPV Human papillomavirus

HSIL high-grade squamous intraepithelial lesions

IRB Institutional Review Board

NCI National Cancer Institute

NIH National Institutes of Health

NHS Guanacaste HPV Natural History Study

PCR polymerase chain reaction
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Novelty and Impact Statement

Using data from three prospective cohorts, we compared the early natural history of HPV 

types to inform transition probabilities for health decision models. Our results show that 

the time to clearance was similar across HPV types and risk classes, and we confirmed 

that there was a uniform linear association between incident and prevalent infections for 

all HPV types.
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Figure 1. 
New health decision model schematic of HPV infection and cervical pathogenesis. Each 

box represents a necessary stage, or health state, on the path to cervical cancer, including 

acquisition of a carcinogenic HPV infection; progression of a persistent carcinogenic 

infection to precancer; and invasion to cervical cancer. Each arrow represents the risk of 

transitioning between stages. Appearance - the risk of transitioning from normal cervix 

to HPV infection— may include new acquisition of a particular genotype, re-infection 

with the same genotype, or reactivation of a latent infection. Disappearance— the risk of 

transitioning from HPV infection to normal cervix— refers to the shift from a would-be 

detectable infection to non-detectable by a clinical HPV DNA assay, whether attributable to 

complete viral clearance or viral latency. The model distinguishes progression to squamous 

precancer (which may transition to squamous cell carcinoma) from progression to glandular 

precancer (which may transition to adenocarcinoma). The probability of invasion of a 

precancer is a function of time and the accumulation of genetic changes needed to overcome 

the coded cellular safeguards against growth inward into the cervical stroma across the 

epithelial basement membrane. ADC: adenocarcinoma; HPV: human papillomavirus; SCC: 

squamous cell carcinoma.
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Figure 2. 
Time to clearance (non-parametric Turnbull estimator) of incident infections and prevalent 

infections in women under 30 years of age, by HPV risk class, in NHS, ALTS, and CVT. 

Follow-up was truncated at 4 years in the figure, by which point nearly all infections had 

cleared. HPV68 was excluded from the analysis, as the SPF10-LiPA assay used in the CVT 

cannot distinguish HPV68 and non-carcinogenic HPV73.
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Figure 3. 
Time to clearance (Weibull model) of incident infections and prevalent infections in women 

under 30 years of age, by age group, in NHS, ALTS, and CVT. The Weibull distribution 

with shape parameters of 0.70–0.71 was the best parametric fit to the non-parametric 

clearance curve, indicating the hazards of clearance are decreasing with respect to time. 

Panel (A) all infections stratified by age group 18–29 years; 30–44 years; 45–54 years; and 

≥55 years; (B) carcinogenic (HPV16/18/31/33/35/39/45/51/52/56/58/59) infections versus 

non-carcinogenic infections; (C) carcinogenic infections by age group; (D) non-carcinogenic 

infections by age group.
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Figure 4. 
Linear regression plots, type-specific HPV prevalence at enrollment by type-specific 

incidence rate. Plots display the linear regression of type-specific HPV prevalence at 

enrollment by type-specific incidence rate per 100 person-years for A) NHS population 

(slope=6.88); B) ALTS population (slope=1.63); and C) CVT Population (slope=1.02). 

Carcinogenic types are displayed in blue and non-carcinogenic types are displayed in red. 

Women with evidence of high-grade disease were excluded, as described in the methods.
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Table 1.

Baseline Characteristics of the Analytic Cohort

ALTS CVT NHS All

Characteristics n = 1,903 n = 4,304 n = 939 n = 7,146

Study participants included in analytic 
cohort

Full study population Vaccine and control 
arms; Unvaccinated control 

group

Active follow-up 
cohort

Age (years) at enrollment, mean (SD); 
median (IQR)

25.3 (7.3);
23 (20–27)

22.3 (3.1);
22 (20–24)

34.0 (13.7); 29 (23–
41)

24.6 (7.7); 23 
(20–26)

Age at first sexual intercourse, mean (SD); 
median (IQR)

16.3 (2.4);
16 (15–18)

17.2 (2.8);
17 (15–19)

18.0 (3.5);
17 (16–20)

17.1 (2.8); 17 
(15–18)

Lifetime number of sexual partners at 
enrollment, mean (SD); median (IQR)

8.3 (8.6);
5 (3–10)

2.6 (2.5);
2 (1–3)

3.0 (2.9);
2 (1–4)

4.2 (5.5);
2 (1–5)

Time (in years) between age at first 
intercourse and enrollment, mean (SD), 
median (IQR)

9.0 (7.1);
7 (4–11)

5.7 (3.7);
5 (3–8)

17.4 (13.8); 14 (7–
24)

8.2 (7.9);
6 (4–10)

Incident HPV infections, n 2,636 8,801 1,619 13,056

Prevalent HPV infections among women 
<30 years, n

3,434 3,426 613 7,473

Carcinogenic HPV infections, n 2,635 7,001 873 10,509

Non-carcinogenic HPV infections, n 3,435 5,226 1,359 10,020

IQR = Interquartile Range; SD = Standard Deviation
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Table 2.

Baseline characteristics of the HPV infections at time of first detection

HPV16 HPV18/45 HPV 31/33/35/52/58 HPV 39/51/56/59 Non-carcinogenic 
HPV

Characteristics n=1,126 n = 1,209 n = 4,027 n = 4,147 n=10,020

Age (years) at first detection, 
mean (SD); median (IQR)

24.4 (6.0); 23 
(21–26)

25.3 (6.5); 24 (21–
27)

25.2 (6.0);
24 (21–28)

24.8 (5.5);
24 (21–27)

26.3 (8.0);
25 (21–28)

Lifetime number of sexual 
partners, mean (SD); median 
(IQR)

5.2 (6.7);
3 (2–6)

5.5 (7.7);
3 (2–6)

4.4 (4.8);
3 (2–5)

4.6 (5.7); 3 (2–5) 5.2 (6.3);
3 (2–6)

Time (in years) between age at 
first intercourse and enrollment, 
mean (SD), median (IQR)

7.5 (6.0);
6 (4–10)

8.4 (6.3);
7 (4–11)

8.3 (6.2);
7 (4–11)

7.8 (5.9);
7 (4–10)

9.3 (8.1);
7 (4–11)

Incident HPV infections, n 535 719 2,586 2,634 6,582

Prevalent HPV infections among 
women <30 years, n

591 490 1,441 1,513 3,438
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