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Abstract

Background. We studied the duration of HPV detection and risk of (re-) detection for 25 HPV

genotypes in a cohort of 132 women followed every eight weeks for up to two years between 2016 and

2020. Participants were between 18 and 25 years old at inclusion and half of them were vaccinated

against HPV. They were recruited near the University and the STI detection centre in Montpellier,

France.

Methods. We used genotype-specific longitudinal data to characterise the dynamics of HPV-detected

episodes. We investigated the contribution of viral and host factors to the variations in the duration

of HPV detection, and the time before (re-)detection of the same genotype using multivariate Cox

regression models with frailty at the patient level.

Findings. We detected at least one HPV episode in 74% of the participants and re-detected the same

genotype in 47% of them. Covariates related to socio-economic difficulties were associated with a lower

risk of detectability loss (hazard ratio 0.45 with a 95% confidence interval, CI, from 0.21 to 0.97).

The number of lifetime sexual partners was strongly associated with an increased risk of new positive

detection (hazard ratio 2.40 with a 95%CI from 1.07 to 5.39). In contrast, vaccination was associated

with a lower risk of displaying incident infections (hazard ratio of 0.64 with a 95%CI from 0.43 to 0.96).

Conclusion. In the short term, vaccination shows clear signs of protection against new HPV detec-

tions, including for some genotypes not targeted by the vaccine, such as HPV31 and HPV51.
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Introduction

Among the hundreds of Human Papillomavirus (HPV) genotypes identified [1], a handful is responsible

for the development of multiple cancers accounting for more than 342,000 deaths worldwide each year [2].

They are also one of the most common sexually transmitted infections (STIs), with models suggesting

that, by the age of 45, more than 80% of the population has already been infected by HPV [3]. Initial

infection is thought to occur during the first sexual intercourse, with the prevalence peaking after sexual

debut [4], and the risk of contracting a new HPV infection increases with the number of sexual partners

[5]. Some occurrences of vertical HPV transmission have also been reported, both in utero or through

post-natal acquisitions [6], but there is little evidence these infections could persist and still be detectable

dozens of years later. Most HPV infections are asymptomatic and usually not detectable after three years

of follow-up [7]–[9], which is largely attributed to infection clearance [10]. However, the interpretation

of re-detection events is delicate as they might be caused by at least three distinct mechanisms such as

true new infection, transient deposition from a sexual partner, or reactivation of a subclinical infection

[9], [11]. HPV detection is likely a combination of these scenarios and being able to distinguish between

them remains a major challenge to optimise public health policies, evaluate the effectiveness of catch-up

vaccination, or organise the age stratification of vaccination policies.

Most of our knowledge on the natural history of HPV infections originates from longitudinal clinical

studies, especially the control arm of vaccine clinical trials [7], [8] but also additional cohorts [4]. In this

work, we analysed data from the PAPCLEAR cohort [12], which stands out in terms of the frequency of

the sampling. Contrary to vaccine trials in which on-site visits typically occurred every 6 months or more,

here, infected participants visited the clinic every 8 weeks and were screened for 25 HPV genotypes.

We analysed the PAPCLEAR follow-up data using survival models with frailty effects at the patient

level and accounting for the censoring of the data. The main goal of this work was to better characterise

the dynamics of cervical HPV infections in healthy young women, both in terms of the duration of positive

genotype-specific HPV episodes and of the duration between consecutive positive HPV detection for the
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same genotype. In particular, we evaluated the contributions of viral and host factors on these quantities

using Cox regression models.

Materials and methods

Study design and participants

The PAPCLEAR cohort is a monocentric prospective longitudinal study following 149 women (i.e. as-

signed female at birth). Figure 1 summarises the PAPCLEAR protocol and further details can be found

in [12]. In short, the study was run between 2016 and 2020 at the STI detection centre (the CeGIDD)

of the University Hospital of Montpellier, France. It was advertised through posters and leaflets handed

out in the University area. The inclusion criteria were that participants had to be aged between 18 and

25 years old at inclusion, live in the area of Montpellier (France), and report having at least one new

sexual partner over the last 12 months. Women with a history of HPV-associated pathology and women

planning a pregnancy within the first year of inclusion, or already pregnant, were excluded from the

study. These criteria were set to maximise the number of incident HPV infections. Eligible participants

were invited for a baseline visit during which, after official enrolment, biological samples were collected

and they filled in an extensive questionnaire related to demographic, socioeconomic, and behavioural risk

factors. Follow-up on-site visits were scheduled 4 weeks later for the results visit and then 8 weeks later

for infected participants (HPV+ arm) and 16 weeks later for uninfected ones (HPV- arm). During each

on-site visit, a gynaecologist or a midwife performed a general exam during which several samples were

collected in the genital tract only, including cervical smears that were used to screen for HPVs. Partic-

ipants also filled in follow-up questionnaires at each of these visits to notify changes in their habits. All

infected participants were followed for up to 2 years and participants who stayed in the HPV- arm were

followed for at most 8 months. All participants provided written informed consent.
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Figure 1: General structure of the PAPCLEAR study and main HPV detection patterns. A)
Overview of the general structure of the PAPCLEAR study. During each on-site visit (excluding V0), a
gynaecologist or midwife performed a general exam during which several samples were collected, including
a cervical smear, and participants filled in a questionnaire related to demographic, socioeconomic, and
behavioural risk factors. The purple arrows refer to the HPV- arm and the blue arrows to the HPV+ arm.
B) Diagrams recapitulating the various scenarios encountered in the analysis of cervical samples. For
each visit, a ‘1’ indicates a genotype-specific positive HPV detection and a ‘0’ genotype-specific negative
HPV detection. The blue intervals were used in the analysis of the duration of HPV detection and the
red ones were used in the analysis of the time between consecutive episodes.

Genotyping

We first tested for the presence of alpha-papillomaviruses in the cervical smears using the DEIA assay

[13]. DEIA-positive samples were genotyped using the LiPA25 assay, which was chosen for its sensitivity

and can detect up to 25 different HPV genotypes [14]. Among these, we refer to high-risk (HR) genotypes

for HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68 [15], and to low-risk (LR) for the

remaining 12 (HPV6, 11, 34, 40, 42, 43, 44, 53, 54, 70, and 74). For samples that were LiPA25-negative
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and DEIA-positive, the genotype was determined using the PGMY PCR amplification [16] and Sanger

sequencing of the PCR product. In some cases, the genotype identification was impossible, most likely

because of a co-infection by multiple HPV genotypes amplified by the PGMY PCR, in which case the

sample was labeled as ‘non-typable’. DEIA-negative samples were not analysed further.

Analysis inclusion criteria

We excluded the data from all the women with less than three visits, which amounted to 17 participants

(4 were seen once, and 13 were seen only twice). The unit of observation was the HPV genotype, meaning

that each participant could contribute to multiple observations. Following earlier studies, we assumed

the dynamics of each genotype to be independent at the participant level and between participants [17].

Unless specified otherwise, we did not assume any genotype-specific effects.

Events definition

In subsequent analyses, HPV-genotype-specific detection at the patient level serves as the primary unit

of observation. Following previous studies [18], an HPV episode was defined as ‘prevalent’ if detected at

inclusion and as ‘incident’ if the genotype was detected at posterior visits but not at inclusion. During a

follow-up, several distinct episodes were sometimes recorded for a given HPV genotype. These episodes

were distinguished according to their order of appearance (first, second, third) in the following analyses

(Figure 1B). Patterns of positive detection separated by only one negative visit, sometimes referred to

as ‘intermittent detection’ [18], were handled differently between studies given the absence of consensus

in the literature regarding the way to deal with such data. In our analysis, we assumed that two such

episodes were separate events.

For each genotype and each participant, we analysed the duration of HPV detection and the duration

between HPV-positive episodes. Survival functions for these quantities were computed using the non-

parametric Nelson-Aalen estimator [19]–[21].

For a given episode, we defined the duration of HPV detection as the duration between the midpoint
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at the start of the episode and the midpoint at the end of the episode. We included all incident episodes,

even the shortest episodes that were only detected during one visit. Similarly, the time between two

consecutive positive episodes was computed as the duration from the midpoint at the end of the expired

episode (or from inclusion for the first incident episodes) to the midpoint at the start of the new episode.

Extensive information can be found in Supplementary Methods A2 and in Figure 1B.

Statistical analyses

We investigated differences in patterns of detection between HR-genotypes and LR-genotypes using log-

rank tests [22], [23]. To test for differences between two populations, we used Fisher’s exact test for

qualitative variables and Wilcoxon-Mann-Whitney’s test for quantitative variables. We display the raw

p-values in the results and use a 5% threshold for statistical significance.

We used Cox proportional hazards models [24] with frailty at the participant level [25] to infer the

contribution of behavioural and socio-economic factors on both times to incident HPV episodes and

duration of HPV detection. We stratified the Cox regression with different baseline hazard functions

according to the order of occurrence of the episodes (first, second, or third detection). We assumed no

interaction between the strata and conducted multivariate analyses using multi-model inference [26], [27].

Model selection was performed using the corrected Akaike Information Criterion (AICc) as a metric for

the penalised goodness of fit [28]. We evaluated the goodness of fit for all sub-models of the maximum

model, i.e. the one with all the covariates, and estimated the hazard ratios of the Cox regression using a full

averaging procedure on the best models (i.e. those with an AICc no larger than the minimum AICc+2).

More details regarding our statistical methodology can be found in the Supplementary Materials A3.

We included the following covariates in the analysis: the number of lifetime sexual partners (LTSP),

the body mass index (BMI) at baseline, the self-declared ethnic origin (Caucasian vs. non-Caucasian or

mixed-origin), the HPV vaccination status, the sexual preferences, the use of condoms or oral hormonal

contraception, an indicator of financial difficulties (participants who declined medical care because of
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financial reasons in the 12 months prior to inclusion), the number of years between inclusion and first

menstruation, the number of years between inclusion and first sexual intercourse and the smoking status

(past, current or never). Additional details about the covariates’ values can be found in Table S1 in the

Supplementary Materials.

All statistical analyses were conducted using R 4.2.2 with additional packages listed in Supplementary

Materials A7.
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Results

Overview of the study population

For the 132 women included in the analysis, the follow-up duration was on average 309.5 days, median

with an IQR of 203 to 467.5. There was no significant difference in follow-up duration between HPV+

arm and HPV- arm (Student’s t-test p-value = 0.25). Cohort participants were followed for an average

of 6 visits, with a Poisson 95% CI from 5.63 to 6.43. The number of visits per participant ranges from 3

to 15, with an interquartile range (IQR) from 5 to 8. Women in the HPV- participated in less visits than

women in the HPV+ arm (Mann-Whitney U test p-value ¡0.001).

Participants were on average aged 21 at inclusion (median with an IQR of 20 to 23) and half of

them (66/132) were vaccinated against HPV (56 with Gardasil, 6 with Cervarix, and 4 not specified).

Additional characteristics can be found in Table S1.

For 73% of the women included in the analysis (97/132), we detected at least one episode (prevalent

or incident) during their follow-up, and 45% (59/132) experienced codetections (i.e. the simultaneous

detections of more than one genotype, whether prevalent or incident). About 61% (81/132) of the par-

ticipants were already positive for at least one genotype at inclusion, and half of them were coinfected

at inclusion (39/132). In total, we detected 313 distinct episodes. Table 1 recapitulates the distribution

of prevalent and incident episodes and Table 2 lists the occurrences of each of the 25 genotypes iden-

tified by our genotyping method. The three most frequently detected types in descending order were

HPV51, HPV53, and HPV66. Half of the participants (64/132) exhibited 1 or less HPV genotype during

follow-up, while the 68 remaining displayed various numbers of episodes, the largest being 11 distinct

episodes for one participant (Figure S1). Overall, an average of 2.4 (Poisson 95% CI of 2.12 to 2.65)

episodes per woman were detected during each follow-up, which yielded an average of 2.72 HPV episodes

detected per person-year. We detected significantly fewer episodes in vaccinated women, with several

genotypes being underrepresented in this group such as HPV16, HPV31, and HPV51. These discrepan-

9



cies between vaccinated and unvaccinated participants for the 25 genotypes are summarised in Table 2.

There were no significant differences in the number of visits and duration of follow-up between vaccinated

and unvaccinated participants.

Viral and socioeconomic factors’ association with HPV detection risk

The full results of the Cox analyses are shown in Figure 2. Briefly, we found that vaccinated participants

were less likely to display new incident detection compared to unvaccinated participants, hazard ratio

of 0.64 [0.43 to 0.96] (95%-CI). Similarly for first incident detection, vaccine-targeted genotypes (HPV6,

HPV11, HPV16, HPV18) were less frequently detected compared to the other genotypes (Figure 2, lo-

grank p-value 0.007). Conversely, women reporting more than 3 LTSP had an increased probability of

experiencing new detection compared to women reporting 1 or 2 LTSP (our baseline group). Note that

although the magnitude of the effect is similar, the hazard ratio for the group reporting more than 10

LTSP is not significant, most likely due to the smaller population size.

When stratifying the rate of first incident detection by oncogenic risk, we found that HR-HPV were

more likely to be detected than LR-HPV over the whole follow-up (log-rank p-value < 0.001).

Table 1: Composition of the HPV-positive episodes detected. Singleton refers to episodes remain-
ing positive for a single visit only and FU to follow-up. N is the number of episodes.

Episodes Additional detail N %

Prevalent all 145 46.33
incl. positive over the entire FU 16 11.03

Incident all 168 53.67
incl. first occurrence 122 72.62
incl. second occurrence 41 24.40
incl. third occurrence 5 2.98

Singletons all 176 56.23
incl. censored observations 77 43.75

All detected episodes all 313 100
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Loss of HPV detection

Among the 145 prevalent episodes detected, 16 (11.03%) were positive for a genotype at inclusion and still

positive for that same genotype when leaving the cohort, without any negative visit in between. These

16 episodes were detected in 13 women, who were followed for a shorter duration compared to the rest

of the cohort (difference in the mean between the two groups of 130 days with a 95%CI from 25 to 235).

Still, the majority of the episodes were positive for only one visit (176/313, i.e. 56.2%), even though a

large proportion of these were censored observations (77/176, i.e. 43.8%). These results are summarised

Table 2: Number of episodes detected in vaccinated and unvaccinated participants stratified
by genotypes. All incident and prevalent HPV-positive episodes were included in the table. The
difference between the two groups was evaluated using a chi-square test. We display both raw and
adjusted p-values and use the Benjamini-Hochberg procedure to correct for false discovery rates in multiple
comparisons setting [29].

HPV genotype Vaccinated Unvaccinated Total
p-value
(raw)

p-value
(corrected)

HPV6 1 4 5 0.180 0.479
HPV11 0 0 0 – –
HPV16 3 11 14 0.033 0.260
HPV18 5 6 11 0.763 0.872
HPV31 4 16 20 0.007 0.087
HPV33 0 1 1 0.317 0.586
HPV34 1 1 2 1 1
HPV35 4 11 15 0.071 0.424
HPV39 8 10 18 0.637 0.765
HPV40 1 1 2 1 1
HPV42 1 4 5 0.180 0.431
HPV43 1 2 3 0.564 0.796
HPV44 7 3 10 0.206 0.449
HPV45 0 3 3 0.083 0.400
HPV51 10 28 38 0.004 0.084
HPV52 12 15 27 0.564 0.751
HPV53 14 19 33 0.384 0.658
HPV54 10 9 19 0.819 0.893
HPV56 8 11 19 0.491 0.737
HPV58 2 5 7 0.257 0.514
HPV59 7 2 9 0.096 0.287
HPV66 10 19 29 0.095 0.325
HPV70 2 1 3 0.564 0.712
HPV74 0 3 3 0.083 0.333
non-typable 10 7 17 0.467 0.747

All types 121 192 313 < 0.001 –
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Figure 2: Effect of genotype and host factors on the times to HPV first and second detection.
A) Cumulative distribution function (1 - survival function) of the time to first and second incident HPV
detection, stratified by genotype (targeted by the quadrivalent vaccine or not). Thick lines show the esti-
mated cumulative distribution functions and shaded areas the 95% log-log confidence intervals. Vertical
ticks on the thick lines indicate an event was censored at the corresponding time. The table indicates
the number of events at risk of occurring at each time step B) Averaged hazard ratio for the best models
selected by Cox regression with frailty at the patient level. Significant covariates are in red and hazard
ratios greater than 1 indicate the covariate is associated with an increased risk of HPV detection. The
reference level is indicated in the bracket for the qualitative variables (see the Methods for details).

in Table 1.

Our estimates indicate a median period of HPV detectability of 113 days (log-log 95% CI of 96 to
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Figure 3: Effect of genotype oncogenic risk and host factors on the estimated duration of
HPV detection. A) Survival functions stratified by the genotype oncogenic risk (HR: high-risk ; LR:
low-risk) for the duration of HPV detection. See Figure 2’s caption for details B) Averaged hazard ratios
for the host factors. Significant factors are in red and a hazard ratio lower than one indicates that the
trait is associated with a decreased rate of recovery (loss of HPV DNA detection), hence longer survival
functions. The reference level is indicated in the bracket for the qualitative variables (see Methods for
details).

136) and that around 25.0% (log-log 95% CI of 17.5 to 33.2) of the HPV episodes were still detectable

after 405 days of follow-up. The longest detected episodes lasted for at least 701 days (right-censored

observation).

13



HPVs were detected for a significantly longer duration in participants who reported experiencing

financial difficulties in the last 12 months before inclusion compared to participants who did not, hazard

ratio of 0.45 [0.21-0.97] (95%-CI). The detection duration was also longer in participants who identified

themselves solely as ‘Caucasians’, hazard ratio of 0.54 [0.32 to 0.96] (95%-CI), compared to participants

who identified themselves as non-Caucasian or mixed-origin (Figure 3). We found no significant differences

in the time to HPV clearance between high-risk HPV and low-risk HPV.
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Discussion

Understanding HPV infection detection patterns and the factors associated with its variations is essential

to optimise cervical cancer screening, guide future fundamental research in virology, and design efficient

vaccination campaigns to improve vaccination coverage [30]. We addressed this issue by analysing HPV

detection patterns in a cohort of 132 young women from Montpellier (France) with frequent and regular

follow-ups. The design of this cohort study allows us to focus on the role of socioeconomic and viral

factors in the detection and acquisition of new HPV infections.

Consistent with observations from a dozen countries [31], we found that vaccinated participants were

less at risk of displaying incident infections than unvaccinated participants. Our result also suggests that

HPV-16/18 AS04-adjuvanted vaccine (Cervarix®, GlaxoSmithKline Biologicals) and HPV-6/11/16/18

vaccine (Gardasil®, Merck) may prevent the acquisition of non-vaccine genotypes such as HPV31 or

HPV51 (Table 2), even though the dataset here investigated is underpowered to highlight it. This cross-

protective effect of bivalent and quadrivalent vaccines has been described elsewhere [32], [33], notably in

regards to their phylogenetic distance from HPV16 and HPV18 [34]. Earlier work on the two first visits

of the PAPCLEAR cohort pinpointed the cross-protective effect of the vaccination against HPV51 [35].

The longitudinal analysis conducted here gave us additional statistical power to support these trends.

The vaccination coverage in the PAPCLEAR cohort (50%) is a bit higher than the vaccination coverage

in mainland France (43.6% for the 15-18yo in 2021 [36]), but we expect similar trends over the whole

territory for young women.

Compared to previous studies [8], [18], we observed more incident detections and redections after 1

year and 2 years of follow-up. These differences could stem from the cohort design. First, participants’

age (21.2 years old on average at inclusion) was generally lower than in some earlier studies [18], [37]. In

adults, sexual activity is negatively correlated with age [38]. Therefore, we expect our study population

to be more exposed to HPVs. Second, an inclusion criterion was to report at least one new sexual partner

in the 12 months, which is also expected to increase HPV incidence [39], [40]. Finally, the dense frequency

15



between visits in the PAPCLEAR design (every 8 weeks, compared to 6 months in most studies) could

also contribute to this trend. The frequency of codetections was also high (47%), but consistent with

previous studies [8].

The time between two HPV positive events was statistically shorter for HR-HPV types compared to

LR-HPV types, which is also consistent with results from other cohorts [8]. In our setting, we could not

determine if this difference is due to the higher prevalence in the population of HR genotypes, increased

rates of re-emergence from subclinical HR infections, or a combination of both. We lacked statistical

power to assess whether this difference in survival functions between HR genotypes and LR genotypes

was consistent among the second and third incident detections of the same genotype in a participant.

There was also a tendency for HR-HPV types to be detected for a longer period than LR-HPV types

(Figure 3), which is consistent with earlier studies [41], but the trend was not statistically significant

(log-rank p-value of 0.13).

We found shorter mean durations of HPV detection than in earlier studies [8], [18], [37], [41]. This can

be partially explained by differences in sampling rates and our inclusion of all positive episodes. Indeed,

episodes consisting of a single observation, or ‘singletons’, are sometimes excluded from analyses [37].

Participants who reported having experienced financial difficulties in the past 12 months prior to their

inclusion displayed longer periods of HPV positivity compared to those who did not report it. We expect

the burden of precariousness to be even stronger in France than what we estimated as reports emphasised

the reduced vaccination coverage rate in poorer households [36].

Participants who identified themselves as ‘Caucasian’ also experienced longer periods of HPV detec-

tion. However, we lacked data to assess if this trend reflected human genomics or socio-demographic/behavioural

differences between the two groups. Besides, our sample size is relatively limited (27 reporting mixed ori-

gin or non-Caucasian origin and 105 Caucasian origin) and monocentric. This limited reflection of the

general population diversity could generate a selection bias.

To date, except for some specific populations, e.g. women who remain abstinent, it is difficult to assess
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the origin of a new HPV detection [9]. Therefore, it is generally delicate to extrapolate the dynamics of

HPV infections from cervical smears HPV detection. However, earlier studies conducted in settings with

only new sexual partners concluded that true incident infection is generally the most likely explanation

[39], [40]. This is even more likely in young adults, for whom we have little evidence of the re-emergence

of subclinical infections, and who are the most exposed to HPV infections [10]. Following these earlier

studies, in our setting, a new detection would most likely correspond to a novel acquisition of the detected

genotype.

One potential issue has to do with the rate of false negative detection. Here, we assumed that two

episodes separated only by one negative visit were two distinct statistical events. Thus, the occurrences

of false negative detection would bias our analysis towards shorter and more frequent detected HPV

episodes. We relied on the use of the LiPA25 assay for its great sensitivity [42], precisely in order to limit

false negatives. Furthermore, the addition of a DEIA test in the case of a LiPa-negative sample further

helped avoid these false negative detections.

Still, there is no clear consensus in the choice of the threshold to distinguish two episodes caused by

the same genotype in one individual and other works also used a threshold of two negative visits instead

of one [37]. To evaluate the bias associated with such an assumption, we analysed our data with the two

approaches (see Supplementary Materials A6). The two analyses yielded similar results and our previous

conclusions remain unaffected.

More generally, there is a need to develop new statistical and clinical methods to assess accurately the

status of HPV infection. In particular, exploring less invasive devices, such as tests on urine samples, can

help to maximise participant enrolment and follow-up density, to better characterise the role of subclinical

infection in HPV life history [11].
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Papillomavirus Prevalence in 5 Continents: Meta-Analysis of 1 Million Women with Normal Cyto-

18

https://doi.org/10.1093/emph/eov003
https://doi.org/10.3322/caac.21660
https://doi.org/10.1097/OLQ.0000000000000193
https://doi.org/10.1093/ije/dyv367


logical Findings,” The Journal of Infectious Diseases, vol. 202, no. 12, pp. 1789–1799, Dec. 2010,

issn: 0022-1899. doi: 10.1086/657321. [Online]. Available: https://doi.org/10.1086/657321.
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Supplementary Methods

A1 Ethics

The PAPCLEAR study was promoted by the Centre Hospitalier Universitaire de Montpellier and ap-

proved by the Comité de Protection des Personnes (CPP) Sud Méditerranée I on 11 May 2016 (CPP

number 16 42, reference number ID RCB 2016A00712-49); by the Comité Consultatif sur le Traite-

ment de l’Information en matière de Recherche dans le domaine de la Santé on 12 July 2016 (reference

number 16.504); and by the Commission Nationale Informatique et Libertés on 16 December 2016 (ref-

erence number MMS/ABD/AR1612278, decision number DR-2016488). This study was authorised by

the Agence Nationale de Sécurité du Médicament et des Produits de Santé on 20 July 2016 (reference

20160072000007). The ClinicalTrials.gov identifier is NCT02946346. All participants provided written

informed consent.

A2 Defining events and duration

Results from the DEIA and LiPA25 assays yielded dated binary vectors. For each infectious event, we only

know the intervals during which the infection started and ended, which means the data is ‘doubly interval

censored’ and usually cumbersome to analyse [1]. To simplify the problem, we computed duration using

the conventional midpoint methodology. For this, we defined the start of an infection as the midpoint

between the last negative test before and the first positive test of the infection. Likewise, we defined the

end of an infection as the midpoint between the last positive test of the infection and the first negative

test after the infection). For incomplete data, we assumed the start to be at inclusion for left-censored

observation and the end to be at the last visit for right-censored observation. The bias associated with

this simpler method is expected to be limited since our sampling scheme is regular and short-spaced [2].

To study the time to HPV infection clearance, we defined an ‘event’ (or ‘episode’) as a series of at

least one positive LiPA25 detection for a given HPV type and a given participant. During the follow-up,
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we often detected several events per participant (sometimes even by the same genotype). We assumed

that two consecutive episodes were independent even if only separated by one negative visit.

We computed the length of HPV detection as the duration between the midpoint at the start of an

infection and the midpoint at the end of the infection. If one or both of the endpoints were censored, we

assumed the duration to be right-censored. We assumed the events to be independent [3] and, therefore,

defined the duration between episodes to be independent events. When analysing the time between

positive episodes, we included all events and computed it as the duration between the midpoint at the

start of the expired episode (or inclusion if it is the first incident event) and the midpoint at the start of the

new episode. There were in general, fewer redetections than expected because some participants were still

positive for a genotype at the end of their follow-up. If the genotype was not detected during follow-up,

we used a right-censored observation with a duration equal to the follow-up duration of the participant.

In both cases, the survival functions (hence the cumulative distribution functions) were computed using

the Nelson-Aalen estimator of the cumulative hazard rate function [4]–[6].

A3 Statistical analyses

In our study, the unit of observation is the HPV genotype at the patient level. Therefore, the codetection

of multiple genotypes in the same sample can induce some correlations between the observations. To

account for correlations between observations of the same cluster (i.e. a participant), we added shared

frailty effects at the patient level in the Cox regression [7] and used a likelihood ratio test with one

degree of freedom between the two models (with and without the frailty effect) to identify the most

relevant one. For all Cox regression analyses, we checked the validity of the proportional hazards (PH)

assumption using Schoenfeld’s residuals [8]. We first generated the ‘maximum’ model, which contained

all the variables chosen for the Cox regression, and then performed our model selection by considering all

possible combinations from the maximum model and evaluating their respective AICc. We kept the models

with an AICc smaller than the minimum AICc+2, following standard practice [9]. We then averaged the
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coefficients of the remaining models using a full averaging procedure to avoid artificial departure from 0.

This was necessary because we averaged on all the selected models, not just on the ones with the variable

whose coefficient was computed [10]. Finally, we computed the hazard ratio by taking the exponential of

these averaged coefficients.

A4 Characteristics of PAPCLEAR participants
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Table S1: Characteristics of the participants included in the analysis. Except for the type of
HPV vaccine, which was ignored, the first level displayed for all categorical variables was used as the
reference level in the Cox analyses. Missing observations were removed from the analysis.

Quantitative covariates Median [IQR] women (N ) women (%)

Age at inclusion 21 [20 - 24] 132 100
Age at first menstruation 13 [12 - 14] 131 99.24

Missing 1 0.76
Years between 1st menstruation and inclusion 8 [7 - 10] 131 99.24

Missing 1 0.76
Age of first sexual intercourse 16.5 [15 - 17] 132 100
Years between 1st intercourse and inclusion 5 [3 - 7] 132 100

Categorical covariates Category women (N ) women (%)

HPV Vaccination Unvaccinated 66 50.00
Vaccinated 66 50.00

Vaccine used Cervarix 6 9.09
Gardasil4 56 84.18
Missing 4 6.06

Ethnicity Mixed or other 27 20.45
Caucasian 105 79.55

Sexual preferences Bi-/Homosexual 12 9.09
Heterosexual 120 90.90

Smoking status Never 61 46.21
Past 19 14.39
Current 52 39.39

Oral hormonal contraception† Not using 64 48.48
User 68 51.51

Condom use by male partner Not using 56 42.42
User 76 57.57

Number of lifetime sexual partners 1-2 20 15.15
3-10 63 47.72
11+ 48 36.36
Missing 1 0.76

Financial difficulties∗ None 117 88.64
Experienced in the last 12mo 15 11.36

† emergency pills not included
∗ approximated by having forgone medical care because of financial reasons in the 12 months prior to the
baseline visit
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A5 Distribution of number of episodes detected for each participant
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Figure S1: Distribution of the number of episodes detected per participant.
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A6 Merging intermittent patterns

Following previous notations, intermittent patterns correspond to successive positive HPV detection

episodes separated only by one negative visit [11]. There is no clear consensus on the definition of

an HPV detection episode. In the main document, we consider two episodes as distinct if separated by at

least one HPV genotype-negative visit. Others have used a threshold of two negative visits to distinguish

between distinct consecutive episodes [12]. Merging intermittent patterns modifies the data used for anal-

ysis by diminishing the number of events and making them last longer on average. In total, we detected

31 intermittent patterns. Merging these patterns decreased the number of positive detectable events by

the same amount. However, it did not qualitatively affect the results of the Cox regression but changed

degrees of significance (see Figure S2 for the time between episodes and Figure S3 for the duration of

detection). Notably, the contribution of financial difficulties to the increased risk of HPV detection is no

longer significant.
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Figure S2: Effect of genotype and host factors on the times to HPV first and second detection
with merged intermittent patterns. A) Cumulative distribution function (1 - survival function) of
the time to first and second incident HPV detection, stratified by genotype (targeted by the quadrivalent
vaccine or not). Thick lines show the estimated cumulative distribution functions and shaded areas the
95% log-log confidence intervals. Vertical ticks on the thick lines indicate an event was censored at the
corresponding time. The table indicates the number of events at risk of occurring at each time step B)
Averaged hazard ratio for the best models selected by Cox regression with frailty at the patient level.
Significant covariates are in red and hazard ratios greater than 1 indicate the covariate is associated with
an increased risk of HPV detection. The reference level is indicated in the bracket for the qualitative
variables (see the Methods for details).
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Figure S3: Effect of genotype oncogenic risk and host factors on the estimated duration of
HPV detection with merged intermittent detection patterns. A) Survival functions stratified by
the genotype oncogenic risk (HR: high-risk ; LR: low-risk) for the duration of HPV detection. See Figure
S2’s caption for details B) Averaged hazard ratios for the host factors. Significant factors are in red and
a hazard ratio lower than one indicates that the trait is associated with a decreased rate of recovery (loss
of HPV DNA detection), hence longer survival functions. The reference level is indicated in the bracket
for the qualitative variables (see Methods for details).
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A7 R packages

– survival: non-parametric and parametric estimators of the survival function and Cox regression

[13] ; version 3.5-3.

– MuMIn: model selection and model averaging [14] ; version 1.46.0.

– coxme: adding frailty effects to the hazard function as a centred Gaussian distribution [15] ; version

2.2-17.
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