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ABSTRACT

Human papillomavirus (HPV) is a common sex‑
ually transmitted virus that can cause cervical 
cancer and other diseases. Dynamic transmis‑
sion models (DTMs) have been developed to 
evaluate the health and economic impacts of 
HPV vaccination. These models typically include 

many parameters, such as natural history of the 
disease, transmission, demographic, behavioral, 
and screening. To ensure the accuracy of DTM 
projections, it is important to parameterize them 
with the best available evidence. This study 
aimed to identify and synthesize data needed 
to parametrize DTMs on the natural history of 
HPV infection and related diseases. Parameters 
describing data of interest were grouped by their 
anatomical location (genital warts, recurrent res‑
piratory papillomatosis, and cervical, anal, vagi‑
nal, vulvar, head and neck, and penile cancers), 
and natural history (progression, regression, 
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death, cure, recurrence, detection), and were 
identified through a systematic literature review 
(SLR) and complementary targeted literature 
reviews (TLRs). The extracted data were then 
synthesized by pooling parameter values across 
publications, and summarized using the range 
of values across studies reporting each param‑
eter and the median value from the most rel‑
evant study. Data were extracted and synthe‑
sized from 223 studies identified in the SLR and 
TLRs. Parameters frequently reported pertained 
to cervical cancer outcomes, while data for other 
anatomical locations were less available. The 
synthesis of the data provides a large volume of 
parameter values to inform HPV DTMs, such as 
annual progression rates from cervical intraepi‑
thelial neoplasia (CIN) 1 to CIN 2+ (median of 
highest quality estimate 0.0836), CIN 2 to CIN 
3+ (0.0418), carcinoma in situ (CIS) 2 to local 
cancer+ (0.0396), and regional to distant cancer 
(0.0474). Our findings suggest that while there 
is a large body of evidence on cervical cancer, 
parameter values featured substantial hetero‑
geneity across studies, and further studies are 
needed to better parametrize the non‑cervical 
components of HPV DTMs.

Keywords: HPV; Disease transmission models; 
Cervical cancer; Anal cancer; Vaginal cancer; 
Vulvar cancer; Head and neck cancer; Penile 
cancer; Genital warts; RRP

Key Summary Points 

Using up‑to‑date data to parametrize 
dynamic transmission models (DTMs) that 
evaluate the health and economic impact of 
human papillomavirus (HPV) vaccination is 
important to ensure accuracy and relevancy 
of models’ predictions.

Through a series of literature reviews, this 
study identified and synthesized data related 
to the natural history of HPV and its related 
diseases that can be useful to parametrize 
a wide range of HPV population models, 
including DTMs.

Most of the data collected pertained to 
parameters on cervical disease outcomes, 
while data for other anatomical locations 
were less available in the literature.

Limited non‑cervical data and the variabil‑
ity of the available data suggest the need 
for more studies that generate and report 
evidence that is conducive to informing the 
rates at which individuals transition through 
HPV‑related disease stages.

INTRODUCTION

Human papillomavirus (HPV) is the most com‑
mon sexually transmitted virus worldwide [1], as 
well as in the USA [2]. HPV accounts for an esti‑
mated 5% of cancers worldwide and is associated 
with substantial clinical and economic burden 
[3]. It is the cause of nearly all cervical cancers, 
as well as a common cause of vulvar and vaginal 
cancers in women, penile cancer in men, and 
anal and head and neck (H&N) cancers in both 
sexes, and results from infection with genotypes 
such as 16/18/31/33/45/52/58 [2]. Additionally, 
HPV genotypes 6/11 have been associated with 
up to 5% of penile cancers [4], laryngeal can‑
cers [5–7], and are a cause of genital warts and 
recurrent respiratory papillomatosis (RRP) [2]. 
The HPV vaccine has been shown to be highly 
effective in preventing HPV‑related disease and 
cancers, as it offers direct protection through 
vaccine‑derived immunity, and indirect protec‑
tion through herd immunity [8].

Dynamic transmission models (DTMs) can 
provide valuable information for regulators and 
policy makers, as they can be used to assess the 
long‑term population‑level health impact of 
HPV vaccines, and the cost‑effectiveness of dif‑
ferent HPV vaccination protocols [8–15]. The 
usefulness and accuracy of model predictions 
hinges crucially on the values assigned to the 
parameters that determine how individuals flow 
through the different model states. Thus, it is 
important to parametrize these models with the 
best available evidence.
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However, this task presents several chal‑
lenges. First, these models try to represent real‑
ity as closely as possible, and as a result they 
tend to be structurally large, with hundreds of 
parameters characterizing clinical, behavioral, 
and economic aspects of HPV infection and 
related diseases, as well as vaccine properties. 
Second, the nature of many of these parameters 
is such that both clinical and real‑world stud‑
ies (RWS) do not usually collect the necessary 
data to estimate them, and even when the data 
are collected, it is often reported in an aggre‑
gate way that cannot be directly used to inform 
the models. For instance, a common parame‑
ter in most HPV DTMs is the rate of progres‑
sion to either pre‑cancer or disease (e.g., RRP), 
which describes the rate at which individuals 
progress from the time they are infected with 
HPV to the time they develop pre‑cancer or dis‑
ease. However, when reporting the number of 
cases per person‑time at risk in the treatment 
and control arms, randomized clinical studies 
typically include the time when individuals were 
HPV naïve in the denominator to preserve ran‑
domization, and not only the time since HPV 
infection (which is the relevant time to measure 
progression from HPV to pre‑cancerous stages). 
Using this approach, the denominators (per‑year 
at risk of transitioning from HPV infection to an 
HPV‑related endpoint) used to derive parameter 
rates are likely overestimated, and thus the rates 
may be underestimated. In this study, we aimed 
to address these challenges by conducting com‑
prehensive literature reviews to identify aggre‑
gate data that can be directly or indirectly (via 
derivations) used to estimate model parameters.

The reference model to establish the parame‑
ters of interest for the literature reviews conducted 
herein was a previously published DTM by Dan‑
iels et al. [13]. This instantiation of the model 
evaluated the health impact and cost‑effectiveness 
of expanded catch‑up HPV vaccination in women 
below 45 years of age, comprehensively including 
hundreds of parameters that are highly relevant 
to other HPV vaccine DTMs. In addition, previous 
versions of the model assessed the implementa‑
tion of the quadrivalent HPV vaccine in girls. The 
model has subsequently been updated to consider 
all HPV‑related diseases, as well as the implemen‑
tation of the more recently approved nonavalent 

vaccine [8, 14], including a recent assessment of 
the cost‑effectiveness of a one‑dose nonavalent 
vaccination program in the UK [14]. While some 
of the parameter values that are included in any 
given model will be country specific (e.g., screen‑
ing rates for cervical cancer), this model includes 
parameter definitions that are applicable to a 
wide range of HPV vaccine DTMs. Therefore, this 
model served as a reference to ensure that this 
literature review included the parameters that are 
most commonly present in HPV‑related DTMs.

The set of parameters of interest can be broadly 
divided into two categories: (1) HPV vaccine effi‑
cacy and effectiveness, and (2) HPV natural his‑
tory. Previous studies have collected evidence for 
the first category [16, 17]; thus, the current study 
focuses on identifying model parameter values in 
the second category, which include the disease’s 
natural history (e.g., progression and regression 
rates) and screening (e.g., performance of detec‑
tion tests) components of HPV vaccine DTMs. 
This study focuses on identifying parameter val‑
ues from high‑quality studies that can be used in 
a wide range of models and, therefore, is agnostic 
to geographical location (e.g., countries, institu‑
tions) and the studied population in which the 
data were collected.

The objectives of this study were to identify 
and to synthesize data from existing publications 
with relevant and up‑to‑date information on the 
natural history of HPV infection and HPV‑related 
diseases, in order to parametrize HPV vaccine 
DTMs.

METHODS

Study Design

This study was designed to identify the most 
current input data for parameters describing the 
natural history of HPV and HPV‑related diseases 
in HPV vaccine DTMs. Relevant model param‑
eters were grouped by their anatomical location 
(i.e., genital warts, RRP, and cervical, anal, vagi‑
nal, vulvar, H&N, penile cancers) and natural 
history conceptual similarity (i.e., progression, 
regression, death, cure, recurrence, detection). 
On the basis of clinical and data availability 
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considerations, parameters were then divided 
into those to be identified through an SLR (i.e., 
parameters for which well‑crafted electronic 
search strategies were expected to yield a set of 
publications with a high percentage of relevant 
articles, such that identified publications could 
be efficiently screened) and parameters that 
could be more effectively identified through 
targeted literature reviews (TLRs).

This study comprehensively covered the 
available literature on HPV natural history 
and included both randomized controlled tri‑
als (RCTs) and RWS. Consistent with previous 
SLRs for vaccine efficacy parameters in HPV, the 
study prioritized the extraction of the most up‑
to‑date data by considering articles published 
from 2008 and onwards. Data from both SLR‑ 
and TLR‑identified studies were extracted and 
synthesized (overall and by sex, age group, and 
HPV genotype) in a manner conducive to para‑
metrizing HPV vaccination DTMs.

SLR parameters The SLR was conducted to 
identify studies reporting information relevant 
to the model parameters characterizing the natu‑
ral history of HPV infection and HPV‑related dis‑
eases. Cervical, anal, vaginal, vulvar, head and 
neck, and penile cancers, as well as genital warts 
and RRP were considered.

TLR parameters The TLR was conducted to 
identify studies reporting information on the 
following parameters: HPV transmission, recov‑
ery, reactivation, HPV‑vaccine‑related wan‑
ing rates, degree of protection against subse‑
quent infection, relative risk of breakthrough 
infections, and screening rates of HPV‑related 
diseases.

Inclusion and Exclusion Criteria

SLR The standard Population, Intervention, 
Comparison, Time, and Study design (PICOTS) 
elements, as described in the Cochrane Hand‑
book, were used to define the inclusion and 
exclusion criteria (see Supplement Table  1) 
[18]. The systematic literature search was con‑
ducted following the Preferred Reporting Items 
for Systematic Reviews and Meta‑Analyses 
(PRISMA) and Cochrane review guidelines [19].

All studies that met the following criteria 
were included in the SLR:

• Included individuals ≥ 9 years of age (except 
for RRP, which had no age restriction) that 
had been infected with HPV as of this 
study’s baseline

• Reported data relevant to the model param‑
eters characterizing the natural history of 
HPV infection and‑related diseases. Cervi‑
cal, anal, vaginal, vulvar, head and neck, 
and penile cancers, as well as genital warts 
and RRP were considered HPV‑related dis‑
eases. Specifically, studies had to report 
data relevant to at least one of the follow‑
ing six sets of parameters:

– Progression and regression rates of the 
different disease stages for each of the 
HPV‑related diseases

– Progression and breakthrough infection 
in vaccinated individuals of the different 
disease stages for each of the HPV‑related 
diseases

– Death rates for HPV‑related endpoints
– Cure rates for HPV‑related endpoints
– Recurrence rates for HPV‑related end‑

points
– Performance of detection tests for HPV‑

related endpoints

• Were RCTs, RWSs, reviews, meta‑analyses, 
or epidemiological models

•  Published in English language

The SLR was supplemented with manual 
searches to identify additional studies report‑
ing parameters of interest (i.e., regression, pro‑
gression, and death rates) in non‑cervical ana‑
tomical locations (e.g., anal, vaginal, vulvar, 
head and neck, penile, and warts) for which no 
data were found in the SLR. For these supple‑
mental searches, the Population criterion was 
relaxed to include studies in which individuals 
were not required to be infected with HPV at 
baseline.

Studies that did not report data for individuals 
that were HPV‑positive at the start of the study 
or at the time of the outcome measurement or 
were among individuals younger than 9 years 
old (except for RRP) were excluded from the 
SLR. Case reports, letters, guidelines, conference 
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proceedings, and animal and cell studies were 
also excluded from the SLR.

TLR The TLR included studies that met the 
following criteria:

• Reported data relevant to the model param‑
eters characterizing the natural history of 
HPV and HPV‑related diseases. Cervical, 
anal, vaginal, vulvar, head and neck, and 
penile cancers, as well as genital warts and 
RRP were considered HPV‑related diseases in 
the scope of the TLR. The following sets of 
parameters were included as endpoints:

– HPV transmission, recovery, reactivation, 
and waning rates

– Degree of protection against subsequent 
infection

– Relative risk of breakthrough infections
– Screening rates of HPV‑related diseases 

and performance of detection tests

• Were RCTs, RWSs, reviews, or meta‑analyses, 
or epidemiological models

•  Published in English language

Case reports, letters, guidelines, conference 
proceedings, and animal and cell studies were 
excluded from the TLR.

Data Sources

SLR OvidSP was used to identify relevant articles 
from the following databases: MEDLINE, MED‑
LINE (R) In‑Process & Other Citations, EMBASE, 
Cochrane Central Register of Controlled Trials 
(CENTRAL), Cochrane Database of Systematic 
Reviews (CDSR). Supplemental manual searches 
were conducted using PubMed.

Search strategy The SLR search strategy is 
included in Supplement Table 2. The records in 
these tables correspond to searches conducted 
on January 19, 2021.

Study selection All studies were screened using 
the predefined inclusion and exclusion criteria 
summarized in Sect. “Inclusion and Exclusion 
Criteria”.

Level I: screening of titles and abstracts for eli-
gibility Titles and abstracts of all studies identi‑
fied via the database search were reviewed for 

relevance to the measures of interest. Titles and 
abstracts were reviewed manually by two inde‑
pendent experienced reviewers. For all studies 
meeting the eligibility criteria after screening 
titles and abstracts, full texts were obtained.

Level II: screening of full texts for eligibility Full‑
text articles were reviewed to determine rel‑
evance based on the same inclusion and exclu‑
sion criteria used in the level I screening. Studies 
that met any exclusion criteria were removed, 
and the reason for exclusion was recorded. Stud‑
ies that satisfied the eligibility criteria after full‑
text screening were selected for data extraction.

A PRISMA diagram was produced to describe 
the study selection process, reasons for exclusion 
per level of screening, the list of articles selected 
for inclusion or exclusion, and associated rea‑
sons for excluded articles only after two levels 
of screening [19].

TLR PubMed was used to identify relevant 
articles in the TLR [20]. In addition, the TLR was 
supplemented with relevant references cited in 
Daniels et al. [13] as well as manual searches on 
Google Scholar for parameters not identified 
through PubMed.

Search strategy The structure of the search strat‑
egy comprised search strings aimed at identify‑
ing studies that reported the outcomes included 
in the TLR. Supplement Table 3 describes the 
detailed search strategies used in the TLR. For 
each term of the TLR search strategy, the top 20 
most relevant references according to PubMed 
were retrieved for further screening and selec‑
tion. In total, 709 articles were retrieved using 
the TLR search strategy.

Study selection Studies were selected according 
to the process described in Supplement 4. A dia‑
gram was produced to describe the TLR study 
selection process for data extraction.

Data Elements

SLR outcomes The outcomes of interest included 
in the SLR related to the natural history of HPV‑
related diseases. Cervical, anal, vaginal, vulvar, 
head and neck, and penile cancers, as well as 
genital warts and RRP were considered. Supple‑
ment Table 5 provides the full description of the 
outcomes of interest included in the SLR.
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TLR outcomes Supplement Table 6 provides 
the full description of the outcomes of interest 
included in the TLR.

Data Extraction

Data extraction prioritized studies published 
on or after 20081 (to focus on recent studies 
with more up‑to‑date data since the publication 
of the original DTM in 2007); reported origi‑
nal data (i.e., data from literature reviews and 
model‑based publications were not extracted); 
and had more than 30 HPV‑positive individu‑
als, in order to increase the reliability of model 
parameter values.2

Data were extracted on study details (e.g., 
study type, design, follow‑up time, geographic 
region, and HPV‑related disease), population 
characteristics (e.g., age group, sex, HPV geno‑
type, and sample size of HPV population), as 
well as HPV‑related outcomes. Where applicable, 
multiple data points in the same study for the 
same HPV‑related endpoint (due to, for example, 
different treatment arms, age group, sex, HPV 
genotype, or other study‑defined stratification) 
were also extracted.

For the outcomes defined as rates (e.g., pro‑
gression rates), data were directly extracted from 
the study if explicitly reported as rates (e.g., 
rate per person‑year). Alternatively, a derived 
annual rate was calculated for studies that 
instead reported the proportion or number of 
individuals transitioning between the relevant 
health states and the period of transition. The 
derived annual rate was calculated assuming 
that the length of time individuals spent in each 
health state was exponentially distributed (see 
Supplement 7).

Performance of detection tests for HPV‑related 
endpoints were extracted as sensitivity, specific‑
ity, positive predictive value, and negative pre‑
dictive value, as available in each study.

Data Synthesis

All studies from which data were extracted 
were included in the data synthesis. The SLR‑ 
and TLR‑extracted outcomes were synthesized 
jointly. Outcomes were synthesized overall 
across all studies, as well as stratified by sex, age 
group, and HPV genotype. The following syn‑
thesis elements were reported for each outcome: 
estimates of the highest quality study, median 
of the estimates of the highest quality study 
(when these reported multiple values for the 
same parameter), highest quality study ID, and 
range of all extracted estimates.

The highest quality study was determined on 
the basis of the following decision rules:

1. RWS or RCT: selected RCT if available
2. Sample size: selected largest sample size
3. Year of publication: selected most recent 

study
4. HPV genotypes: selected study with highest 

number of genotypes included (e.g., HPV 
6/11/16/18 preferred over HPV 16/18)

5. Age group: selected broadest age range, or the 
youngest range was selected if all ranges were 
equivalent in length3

For each parameter, the values for the high‑
est quality study were identified. The decision 
tree was applied at the study level. Therefore, for 
studies selected on the basis of the above deci‑
sion tree that reported multiple values for the 
same parameter (e.g., due to reporting data from 
multiple treatment arms, multiple sexes, multi‑
ple HPV genotypes), all the reported parameters 
were included as the highest quality values in 
the data synthesis. The data synthesis file in Sup‑
plement Table 8 provides further detail on the 
differences between the multiple values.

1 This criterion was not applied in the supplemental 
manual searches for non‑cervical studies.
2 This criterion was not applied in the supplemental 
manual searches for non‑cervical studies.

3 For some studies, the age group was not a closed 
interval or range, but rather an open‑ended interval as 
a range without one of the limits (e.g., age was reported 
as “larger than X” or “lower than Y”). To create a closed 
age range for these studies as to allow for the categori‑
zation of studies by the length of said range, the unre‑
ported limit was imputed with the 25th (if the lower 
limit was missing) or 75th (if the upper limit was miss‑
ing) percentile of all extracted lower and upper limits 
for the purposes of study selection.
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The synthesis of parameter values was based 
on a summary of results from all studies for 
which data were extracted. Resulting ranges 
combined studies with different study designs 
and statistical methodologies. The median of the 
multiple values was computed and reported to 
provide a single point estimate for high qual‑
ity studies that reported multiple values for the 
same parameter.

Data Stratification

Data were synthesized for all studies combined, 
and were also stratified on the basis of sex, age 
group, and HPV genotype. The same decision 
tree described above was reapplied to obtain the 
highest quality values for each of the stratifica‑
tions. The following detailed stratifications were 
included in the data synthesis file in Supplement 
Table 8:

• Sex:

– Female only
– Male only
– Male and female—studies that reported 

data including both male and female
– Unspecified—studies that did not specify 

the sex of the study population

• Age:

– Adults (≥ 26 years old)4

– Young adults (< 26 years old)
– Young adults (< 26 years old) and adults 

(≥ 26 years old)—studies that included 
individuals with ages that ranged from 
< 26 years old to > 26 years old

– Unspecified—studies that did not specify 
the age range of the study population

• HPV genotype (see Supplement 9 for details)

Data synthesis was conducted using R Statisti‑
cal Software (v4.0.4) [21].

This article is based on previously conducted 
studies and does not contain any new studies 
with human participants or animals performed 
by any of the authors.

RESULTS

Identified Studies

The SLR search strategy yielded a total of 4551 
records considered for screening. Of these, 532 
studies were included after title/abstract (level 1) 
screening and 239 studies were included after 
full‑text (level 2) screening. Of these studies, 
data were extracted from 150 studies according 
to the prioritization criteria (study published 
in 2008 or later, reported original data, and 
included at least 30 HPV‑positive individuals) 
described in Sect. “Data Extraction”. In addition, 
the supplemental manual searches identified 43 
studies reporting parameters of interest (regres‑
sion, progression, and death rates) in non‑cervi‑
cal anatomical locations (e.g., anal, vaginal, vul‑
var, head and neck, penile, and warts). In total, 
the SLR identified 193 studies for data extrac‑
tion. Figure 1 presents the PRISMA diagram of 
the selected publications.

The TLR search strategy yielded a total of 
709 records considered for selection. Of those, 
297 studies were included for title and abstract 
screening based on the top five most relevant 
parameters or the cosine similarity between the 
title/abstract and the TLR parameters. After title 
and abstract screening, 227 studies were kept, 
and 26 studies were selected for data extraction 
after full‑text screening. In addition, 23 articles 
from manual searches on Google Scholar were 
reviewed, and 4 were selected for data extrac‑
tion. In total, the TLR identified and selected 
30 articles for data extraction and analysis. Fig‑
ure 2 presents a diagram describing the studies 
selected for data extraction in the TLR.

In total, the SLR and the TLR yielded 223 arti‑
cles for data extraction, 193 from the SLR, and 
30 from the TLR (see Supplement Table 10 for 
a list of the references selected for data extrac‑
tion). The selected articles were combined for 
the purposes of data synthesis.

4 This age cutoff was determined on the basis of the 
Centers for Disease Control and Prevention (CDC) guid‑
ance, according to which HPV vaccination is recom‑
mended for everyone through age 26  years (https:// 
www. cdc. gov/ hpv/ paren ts/ vacci ne‑ for‑ hpv. html).

https://www.cdc.gov/hpv/parents/vaccine-for-hpv.html
https://www.cdc.gov/hpv/parents/vaccine-for-hpv.html
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Characterization of Available Data

Overall, at least one data point was extracted 
for 96 parameters. Most of the parameters with 
extracted data pertained to cervical abnormali‑
ties. For instance, 12 studies reported regres‑
sion rates from cervical intraepithelial neopla‑
sia (CIN) 1+ to Normal or HPV, 6 studies from 
CIN 2+ to Normal or HPV, and 1 study from CIN 
3+ to Normal or HPV. Progression rates from 

CIN 1 to CIN 2+ were found in 14 studies, and 
data on progression from CIN 2 to CIN 3+ were 
found in 4 studies.

Death rates were more commonly reported for 
local cancers, with 26 studies reporting the death 
rate of local+ H&N cancer, 9 studies reporting the 
death rate for local+ cervical cancer, 2 for local+ 
anal cancer and vaginal cancer, and one study 
each reporting the death rate of local+ vulvar and 

Fig. 1  PRISMA diagram of the selection of publica-
tions in the systematic literature review (SLR). The SLR 
search strategy yielded a total of 4551 records considered 
for screening, and 239 studies were included after full-text 
(level  2) screening. Data were extracted from 150 stud-
ies according to the prioritization (study published in 
2008 or later, reported original data, and included at least 
30  human papillomavirus [HPV]-positive individuals). 

In addition, supplemental manual searches identified 43 
studies reporting parameters of interest in non-cervical 
anatomical locations (e.g., anal, vaginal, vulvar, head and 
neck, penile, and warts), leading to a total of 193 studies 
identified for data extraction. HPV human papillomavi-
rus, PRISMA Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses, SLR systematic literature 
review



Infect Dis Ther 

penile cancer.5 Cure rates were more commonly 
reported for CIN, with 5 studies reporting cure 
rates of CIN 1+, 4 studies of CIN 2+, and 1 study 
of CIN 3+. Moreover, the cure rates of H&N can‑
cers were also more commonly reported (10 for 
local+, 3 for regional+, and 5 for distant H&N 
cancers) than other HPV‑related diseases.

Except for 2 studies that reported the recur‑
rence rate of vulval intraepithelial neoplasia 
(VIN) 1+, recurrence rates were found only for 
CIN 1+ (7 studies), CIN 2+ (8 studies), and CIN 
3+ (7 studies). Performance of detection tests 
was found for cervical complications only, with 
3 studies reporting at least one measure of per‑
formance (i.e., positive predictive value [PPV], 
negative predictive value [NPV], sensitivity, 
specificity) of CIN 1+, 21 studies reporting for 
CIN 2+, 13 studies for CIN 3+, 1 study for car‑
cinoma in situ (CIS)+, and 1 study for local+ 
cancer.

Fig. 2  Description of the selection of publications in 
the targeted literature review (TLR). The TLR search 
strategy yielded 709 records. Of those, 297 studies were 
included for title and abstract screening, and 26 studies 
were selected for data extraction after full-text screening. 

Four additional articles from manual searches on Google 
Scholar were selected for data extraction, leading to a total 
of 30 articles for data extraction and analysis. TLR targeted 
literature review

5 The “+” suffix is used throughout the results to 
denote any set of subsequent states (e.g., CIN  1+ 
denotes CIN  1/2/3, and local+ cancer denotes local/
regional/distant cancer).
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Regarding warts and RRP, 32 studies reported 
at least one parameter. The most commonly 
reported parameters were cure rates of warts and 
RRP (22 studies), and recurrence rate of warts 
and RRP (13 studies).

For the parameters on HPV transmission, 
recovery, reactivation, and waning, 19 studies 
reported at least one of these parameters. The 
recovery of HPV infection was the most reported 
(9 studies).

Data Synthesis

A visual summary of the data synthesis results is 
provided in Figs. 3, 4, 5, and 6. For each param‑
eter, these figures included a blue dot with the 
value, or the median of values reported in the 
highest quality study (with the highest quality 
study selected according to the decision tree in 
Sect. “Data Synthesis”), and in orange, all the 
values extracted for said parameter to depict the 
range of parameters values reported in the litera‑
ture. For each parameter, data is presented for 
all studies combined, as well as stratified on the 
basis of age group. For the purposes of visualiza‑
tion, the parameters from the highest quality 
study shown in the age stratification of Figs. 3, 
4, 5, and 6 belong to the highest quality study 
from all data extracted (“all studies”) for each 
parameter. In addition, Tables 1, 2, 3, 4, 5, 6, 7, 
8, and 9 provide the median values and ranges 
of the highest quality studies of each parameter 
captured in the literature. Additional details 
regarding the data synthesis results are in Sup‑
plement Table 8, which also includes the syn‑
thesis stratified by the sex and HPV genotype.

Cervical cancer Figure  3 summarizes the 
parameters extracted as rates for cervical can‑
cer (e.g., progression rates). A logarithmically 
transformed scale was used for visualization 
purposes to enhance the visual differentiation 
of estimates clustered around low values and 
allow for plotting a wide range of values. The 
left panel shows the results for all studies with 
available information in each parameter, and the 
remaining panels separate the parameter values 
by age subgroup (the “Other” age group includes 
parameters defined for populations whose age 

range spanned < 26 years through 26+ years 
as well as studies that did not report age). The 
median value for parameters reported in high‑
est quality study, based on all studies, is in blue, 
while the values for all studies are in orange. Fur‑
thermore, the figure also provides a distinction 
between clinical trials (using a circle) from RWS 
(using a diamond), and the sample size of each 
study is proportional to the size of the circles 
and diamonds. For each parameter, the range of 
values is shown as a line using all extracted data. 
Table 1 provides the median value and the cor‑
responding ranges of the highest quality studies 
(for all studies) for each parameter extracted as 
annual rates for cervical cancer.

Overall, Fig. 3 displays a wide range of values 
for most rates related to cervical cancer, both 
across studies, but also within the highest qual‑
ity study. Focusing on all studies combined, 
data from the highest quality studies (Table 1) 
show rates of progression from CIN 1 to CIN 2+ 
(median of highest quality estimate 0.0836), 
CIN 2 to CIN 3+ (median 0.0418), CIS 2 to local 
cancer+ (median 0.0396), and regional to distant 
cancer (median 0.0474). For persistently infected 
individuals, the synthesis shows progression 
rates from HPV to CIN 1+ (median 0.0414), and 
lower rates to CIN 2+ (median 0.0240) and CIN 
3+ (median 0.0089). For transiently infected 
individuals, the synthesis shows progression 
rates from HPV to CIN 1+ (median 0.0323), and 
lower rates to CIN 2+ (median 0.0182) and CIN 
3+ (median 0.0064). For once‑vaccinated indi‑
viduals with breakthrough transient infections, 
the synthesis shows progression rates from HPV 
to CIN 1+ (median 0.0440), CIN 2+ (median 
0.0245), and CIN 3+ (median 0.0615).

Annual regression rates were synthesized as 
regression to HPV/normal from CIN 1+ (median 
0.6106), CIN 2+ (median 0.2513), and CIN 3+ 
(median 0.000), as well as from CIN 2+ to CIN 1 
(median 0.3364) and from CIN 3+ to CIN 1 
(median 0.2245). In addition, Table 1 shows 
recurrence rates of CIN 1+ (median 0.0078), 
CIN 2+ (median 0.0040), and CIN 3+ (median 
0.0626).

The bottom two panels of Fig. 3 display the 
annual death rates and cure rates of cervical 
cancers. Death rates of local (median 0.0548) 
and regional cervical cancer (median 0.0451) 
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were synthesized. The synthesis also shows 
cure rates of CIN  1+ (median 11.0011), and 
lower rates of CIN 2+ (median 5.6860), CIN 3+ 
(median 0.4034), and treated local cervical can‑
cer (median 0.0793).

H&N, anal, penile, vaginal, and vulvar cancers 
Figure 4 summarizes the parameters extracted 
as annual rates for H&N, anal, penile, vaginal, 
and vulvar cancers, in a logarithmically trans‑
formed scale. Each panel corresponds to one 
HPV‑related disease. As a result of the limited 
information available in the literature, no age 
stratification is shown. All other visual ele‑
ments shown are as described above. The fig‑
ure suggests that parameters for these types of 
cancer are not as well reported in the literature. 

Tables 2, 3, 4, 5, and 6 provide the correspond‑
ing median values for the highest quality stud‑
ies, where each table refers to each of the non‑
cervical related cancers.

Progression rates for all studies combined 
were synthesized using the highest quality study 
for anal intraepithelial neoplasia (AIN) 1 to AIN 
2/3+ (median of highest quality study 0.4542), 
and vaginal intraepithelial neoplasia (VAIN) 1 to 
VAIN 2/3+ (median 0.0317). Furthermore, pro‑
gression rates were available for CIS 2 to local 
cancer (median value for anal 0.0093, vaginal 
0.0184, vulvar 0.0102, penile 0.0044), local to 
regional cancer (median value for anal 0.1107, 
vaginal 0.1308, H&N 0.0325, penile 0.0581), 
and regional to distant cancer (median value for 

Fig. 3  Summary of data synthesis for parameter annual 
rates in cervical diseases. The parameters extracted as rates 
for cervical diseases (e.g., progression rates) are shown 
using a logarithmically transformed scale (using  log10 
where Inf. is abbreviated for parameter values with an infi-
nite upper bound) to enhance the visual differentiation of 
estimates clustered around low values, and for plotting a 
wide range of values. For each parameter, the value, or the 
median of values, reported in the highest quality study 
is shown in blue, and all values extracted for the param-
eter are in orange. Each study’s population sample size is 
denoted using the size of the data point. A circle was used 

to denote data from clinical trials, and a diamond was 
used to denote data from real-world studies. Data is pre-
sented for all studies combined, as well as stratified on the 
basis of age group. The “Other” age group includes param-
eters defined for populations whose age range spanned 
< 26  years through 26+  years as well as studies reporting 
unspecified age ranges. The parameters from the highest 
quality study shown in the age stratification belong to the 
highest quality study from all data extracted (“all studies”) 
for each parameter. CIN cervical intraepithelial neoplasia, 
CIS carcinoma in situ, HPV human papillomavirus
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Fig. 4  Summary of data synthesis for parameter annual 
rates in head and neck (H&N), anal, penile, vaginal, and 
vulvar diseases. The parameters extracted as rates for H&N, 
anal, penile, vaginal, and vulvar disease are shown using a 
logarithmically transformed scale (using  log10 where Inf. 
is abbreviated for parameter values with an infinite upper 
bound) to enhance the visual differentiation of estimates 
clustered around low values, and for plotting a wide range 
of values. For each parameter, the value, or the median 

of values, reported in the highest quality study is shown 
in blue, and all values extracted for the parameter are in 
orange. Each study’s population sample size is denoted 
using the size of the data point. A circle was used to denote 
data from clinical trials, and a diamond was used to denote 
data from real-world studies. CIS carcinoma in  situ, HPV 
human papillomavirus, H&N head and neck, IEN intraep-
ithelial neoplasia

Fig. 5  Summary of data synthesis for parameter annual 
rates in warts and recurrent respiratory papillomatosis 
(RRP). The parameters extracted as rates for warts and 
RRP are shown using a logarithmically transformed scale 
(using  log10 where Inf. is abbreviated for parameter values 
with an infinite upper bound) to enhance the visual dif-
ferentiation of estimates clustered around low values, and 
for plotting a wide range of values. For each parameter, the 

value, or the median of values, reported in the highest qual-
ity study is shown in blue, and all values extracted for the 
parameter are in orange. Each study’s population sample 
size is denoted using the size of the data point. A circle was 
used to denote data from clinical trials, and a diamond was 
used to denote data from real-world studies. HPV human 
papillomavirus, RRP recurrent respiratory papillomatosis
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anal 0.0269, vaginal 0.0657, H&N 0.0320, penile 
0.4385). Recurrence rates were synthesized for 
VIN 1 + (median 0.0636).

Death rates were available and synthe‑
sized for local+ H&N (median 0.0202), anal 
(median 0.1090), penile (median 0.1205), 
vaginal (median 0.0729), and vulvar (median 
0.0397) cancers, as well as regional+ H&N can‑
cer (median 0.0764) and distant H&N (median 
0.0347), regional+ vaginal cancer (median 
0.1174) and distant+ vaginal cancer (median 
0.2983), and distant+ anal (median 0.1683) 
cancer.

Cure rates were synthesized for VAIN  1+ 
(median 0.1915), VAIN  2+ (median 0.1962), 
VIN 1+ (median 0.9463), local+ (median 0.3006) 

and regional+ (median 0.4828) H&N cancer, and 
distant H&N (median 0.4231) and anal (median 
0.3630) cancers.

Genital warts and RRP Figure 5 and Table 7 
summarize the parameters extracted as rates for 
genital warts and RRP, shown in a logarithmi‑
cally transformed scale in the figure. As a result 
of the limited information available in the litera‑
ture, no age stratification is shown. The synthe‑
sis shows the progression rate from HPV to geni‑
tal warts (median of the highest quality study 
0.0087), the regression rates of symptomatic 
(median 4.9460) and asymptomatic genital 
warts (median 1.7080), as well as the recurrence 
(median 0.2897) and cure (median 3.0632) rates 

Fig. 6  Summary of data synthesis for performance of 
detection tests of cervical disease parameters. The per-
formance of detection tests (i.e., positive predictive value 
[PPV], negative predictive value [NPV], sensitivity, and 
specificity) related to cervical complications parameters are 
reported using percentages (0–100%). For each parameter, 
the value, or the median of values, reported in the highest 
quality study is shown in blue, and all values extracted for 
the parameter are in orange. Each study’s population sam-
ple size is denoted using the size of the data point. A circle 
was used to denote data from clinical trials, and a diamond 

was used to denote data from real-world studies. Data is 
presented for all studies combined, as well as stratified on 
the basis of the available age groups. The “Other” age group 
includes parameters defined for populations whose age 
range spanned < 26 years through 26+ years as well as stud-
ies reporting unspecified age ranges. The parameters from 
the highest quality study shown in the age stratification 
belong to the highest quality study from all data extracted 
(“all studies”) for each parameter. CIN cervical intraepithe-
lial neoplasia, CIS carcinoma in situ, NPV negative predic-
tive value, PPV positive predictive value
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Table 1  Median values of the highest quality studies in cervical disease annual rate parameters

Parameter Median value (low, high)a References

Cure rate for treated CIN 1 11.0011 (10.6545, 11.2154) Rosales et al. [33]

Cure rate for treated CIN 2 5.6860 (3.2253, 8.3258) Rosales et al. [33]

Cure rate for treated CIN 3 0.4034 (0.2862, 0.9040) Harper et al. [34]

Cure rate for treated local cervical cancer 0.0793 (0.0679, 0.0906) de Cremoux et al. [35]

Rate of local cervical cancer-associated death 0.0548 (0.0548, 0.0548) Lei et al. [36]

Rate of progression from breakthrough transient infection to 
CIN 1 for female patients who received 1 dose

0.0440 (0.0230, 0.0650) Haupt et al. [37]

Rate of progression from breakthrough transient infection to 
CIN 2 for female patients who received 1 dose

0.0245 (0.0049, 0.1210) Haupt et al. [37]

Rate of progression from breakthrough transient infection to 
CIN 3 for female patients who received 1 dose

0.0615 (0.0420, 0.0810) Haupt et al. [37]

Rate of progression from CIN 1 to CIN 2 0.0836 (0.0000, 0.1608) Insinga et al. [38]

Rate of progression from CIN 2 to CIN 3 0.0418 (0.0000, 0.1410) Matsumoto et al. [39]

Rate of progression from CIS 2 to local cervical cancer 0.0396 (0.0000, 0.0792) Grimm et al. [40]

Rate of progression from HPV to CIN 1 in persistently infected 
persons

0.0414 (–) Jaisamrarn et al. [41]

Rate of progression from HPV to CIN 1 in transiently infected 
persons

0.0323 (–) Jaisamrarn et al. [41]

Rate of progression from HPV to CIN 2 in persistently infected 
persons

0.0240 (–) Jaisamrarn et al. [41]

Rate of progression from HPV to CIN 2 in transiently infected 
persons

0.0182 (–) Jaisamrarn et al. [41]

Rate of progression from HPV to CIN 3 in persistently infected 
persons

0.0089 (–) Jaisamrarn et al. [41]

Rate of progression from HPV to CIN 3 in transiently infected 
persons

0.0064 (–) Jaisamrarn et al. [41]

Rate of progression from regional to distant cervical cancer 0.0474 (0.0316, 0.0597) Okonogi et al. [42]

Rate of regional cervical cancer-associated death 0.0451 (0.0356, 0.0623) Cao et al. [43]

Rate of regression from CIN 1 to normal or HPV 0.6106 (0.2881, 1.0759) Insinga et al. [38]

Rate of regression from CIN 2 to CIN 1 0.3364 (0.0895, 0.4583) Rosales et al. [33]

Rate of regression from CIN 2 to normal or HPV 0.2513 (0.0000, 0.7354) Harper et al. [34]

Rate of regression from CIN 3 to CIN 1 0.2245 (0.0000, 0.3646) Harper et al. [34]

Rate of regression from CIN 3 to normal or HPV 0.0000 (–) Harper et al. [34]

Recurrence rate of treated CIN 1 0.0078 (0.0000, 0.0155) Garland et al. [44]
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of genital warts and RRP, and the RRP‑associated 
death rate (median 0.002).

Performance of detection tests Figure 6 shows 
the performance of detection tests (i.e., PPV, 
NPV, sensitivity, and specificity) related to cer‑
vical complications parameters, including both 
the synthesis for all studies with available data‑
points, as well as the age subgroups described 
above. Parameter values are reported using per‑
centages (0–100%). Estimates were primarily 
available for CIN 1+ (sensitivity highest qual‑
ity estimate 57.4%; specificity highest quality 
median 97.1%), CIN  2+ (sensitivity median 
78.0%; specificity median 71.4%), CIN 3+ (sensi‑
tivity median 80.6%; specificity median 77.2%), 

and local+ cervical cancer (sensitivity median 
54.3%; specificity median 67.4%). Table 9 pro‑
vides the medians of the highest quality studies 
for all parameters extracted on the performance 
of detection tests.

Other parameters Table  8 summarizes HPV 
transmission, recovery, reactivation, and waning 
parameters. The synthesis includes the transmis‑
sion rate from men to women (median 0.0876) 
and women to men (median 0.1476), as well as 
the rate of recovery from HPV infection (median 
0.4856), the rate of seroconversion following 
HPV clearance (median 2.8972), and the reac‑
tivation rate following seroconversion (median 
0.0075).

Table 1  continued

Parameter Median value (low, high)a References

Recurrence rate of treated CIN 2 0.0040 (0.0000, 0.0083) Hildesheim et al. [45]

Recurrence rate of treated CIN 3 0.0626 (–) Harper et al. [34]
Rate of cervical screening per year 0.5970 (0.5501, 0.6258) Centers for Disease Control 

and Prevention (CDC) 
[46]

CIN cervical intraepithelial neoplasia, CIS carcinoma in situ, HPV human papillomavirus
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Table 2  Median values of the highest quality studies in anal disease annual rate parameters

AIN anal intraepithelial neoplasia, CIS carcinoma in situ
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Parameter Median value (low, high)a Reference

Cure rate of distant anal cancer 0.3630 (–) Bernard-Tessier et al. [47]

Rate of distant anal cancer-associated death 0.1683 (0.1405, 0.2024) Kim et al. [48]

Rate of local anal cancer-associated death 0.1090 (0.1055, 0.1124) Baricevic et al. [49]

Rate of progression from AIN 1 to AIN 2/3 0.4542 (0.1726, 0.7224) Liu et al. [50]

Rate of progression from CIS 2 to local anal cancer 0.0093 (0.0066, 0.0241) Faber et al. [51]

Rate of progression from local to regional anal cancer 0.1107 (0.0279, 0.1935) Oehler-Jänne et al. [52]

Rate of progression from regional to distant anal cancer 0.0269 (0.0189, 0.0349) Oehler-Jänne et al. [52]

Rate of regression from AIN 1 to persistently infected 0.0984 (–) Scholefield et al. [53]
Rate of regression from AIN 2/3 to persistently infected 0.3750 (0.1700, 0.5800) Mathews et al. [54]
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Stratification of parameters by sex Non‑sex‑
specific parameters for which at least one value 
was reported for both male and female patients 
were identified. These included cure rate for 
both treated and untreated genital warts and 

RRP (annual rate for male = 2.3364; annual rate 
for female = 3.4627) [22], rate of progression from 
HPV infection to genital warts (0.0013; 0.0087) 
[23, 24], and rate of regression from asympto‑
matic genital warts (1.3289; 2.1297) [22], in all 

Table 3  Median values of the highest quality studies in vaginal disease annual rate parameters

CIS carcinoma in situ, HPV human papillomavirus, VAIN vaginal intraepithelial neoplasia
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Parameter Median value (low, high)a Reference

Cure rate for both treated and untreated VAIN 1 0.1915 (0.1202, 0.2761) Lin et al. [55]

Cure rate for both treated and untreated VAIN 2 0.1962 (0.0000, 0.3924) Lin et al. [55]

Rate of distant vaginal cancer-associated death 0.2983 (0.2342, 0.5529) Huang et al. 
[56]

Rate of local vaginal cancer-associated death 0.0729 (0.0456, 0.1531) Huang et al. 
[56]

Rate of progression from CIS 2 to local vaginal cancer 0.0184 (–) Kim et al. [57]

Rate of progression from local to regional vaginal cancer 0.1308 (–) Frank et al. 
[58]

Rate of progression from regional to distant vaginal cancer 0.0657 (0.0325, 0.0989) Frank et al. 
[58]

Rate of progression from VAIN 1 to VAIN 2/3 0.0317 (0.0106, 0.0795) Kim et al. [57]

Rate of regional vaginal cancer-associated death 0.1174 (0.1093, 0.2032) Huang et al. 
[56]

Rate of regression from VAIN 1 to recovered or persistent HPV 4.1099 (3.0809, 6.1821) Ao et al. [59]
Rate of regression from VAIN 2/3 to recovered or persistent HPV 3.4012 (3.2012, 4.2204) Ao et al. [59]

Table 4  Median values of the highest quality studies in vulvar disease annual rate parameters

CIS carcinoma in situ, HPV human papillomavirus, VIN vulvar intraepithelial neoplasia
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Parameter Median value (low, high)a References

Cure rate for both treated and untreated VIN 1 0.9463 (0.8379, 1.0548) Westermann et al. [60]

Rate of local vulvar cancer-associated death 0.0397 (–) Kortekaas et al. [61]

Rate of progression from CIS 2 to local vulvar cancer 0.0102 (0.0086, 0.0693) Thuijs et al. [62]

Rate of regression from VIN 1 to recovered or persistent HPV 1.7312 (–) Jones et al. [63]
Recurrence rate of treated VIN 1 0.0636 (–) Kortekaas et al. [61]
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cases indicating higher rates for female patients, 
although the sparsity of the available data makes 
it difficult to derive more definitive conclusions.

DISCUSSION

In this study, a series of systematic and targeted 
searches of the literature were conducted to com‑
prehensively identify relevant publications and 
synthesize information needed to parametrize 

HPV vaccine DTMs with the most current data 
related to the natural history of HPV infection 
and HPV‑related diseases.

DTMs and other population‑based models are 
increasingly critical to inform policy making and 
vaccination strategies for HPV vaccines [25, 26]. 
Infectious disease modelers rely on HPV natural 
history studies and other real‑world studies to 
help parametrize the rates at which individu‑
als transition between the health states of these 
models. For the reference model in this paper, 
we chose a previously published HPV DTM that 

Table 5  Median values of the highest quality studies in head and neck (H&N) disease annual rate parameters

H&N head and neck
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Parameter Median value (low, high)a References

Cure rate of distant H&N cancer 0.4231 (–) Posner et al. [64]

Cure rate of local H&N cancer 0.3006 (–) Posner et al. [64]

Cure rate of regional H&N cancer 0.4828 (0.4605, 0.5051) Samuels et al. [65]

Rate of distant H&N cancer-associated death 0.0347 (0.0220, 0.0772) Fujita et al. [66]

Rate of local H&N cancer-associated death 0.0202 (–) Miah et al. [67]

Rate of progression from local to regional H&N cancer 0.0325 (–) Mendenhall et al. 
[68]

Rate of progression from regional to distant H&N cancer 0.0320 (–) Sims et al. [69]
Rate of regional H&N cancer-associated death 0.0764 (0.0351, 0.1155) Samuels et al. [65]

Table 6  Median values of the highest quality studies in penile disease annual rate parameters

CIS carcinoma in situ, HPV human papillomavirus, PIN penile intraepithelial neoplasia
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Parameter Median value (low, high)a References

Rate of local penile cancer-associated death 0.1205 (–) Hernandez et al. [70]

Rate of progression from CIS 2 to local penile cancer 0.0044 (–) Kravvas et al. [71]

Rate of progression from local to regional penile cancer 0.0581 (–) Langsenlehner et al. 
[72]

Rate of progression from persistent HPV infection to PIN 1, 
male unvaccinated persons

0.0008 (0.0000, 0.0027) Sudenga et al. [73]

Rate of progression from regional to distant penile cancer 0.4385 (–) Necchi et al. [74]
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included a comprehensive range of HPV vaccine 
targeted genotypes (6/11/16/18/31/33/45/52/58) 
and HPV‑related diseases (cervical cancer and 
intraepithelial neoplasia, vaginal cancer, vulvar 
cancer, anal cancer, penile cancer, head and neck 
cancer, genital warts, and RRP) [13]. Therefore, 
in contrast to past reviews and meta‑analyses 
of the natural history of HPV disease [27–30], 
this paper critically reviewed a broader range of 
parameters and gathered more comprehensive 
data for HPV DTMs and population‑based mod‑
els in general. Furthermore, to help synthesize 
the large volume and heterogenous nature of 
data extracted, a set of decision rules for each 
parameter was developed to identify the study 
most likely to contain the highest quality data 
based on features such as study type, sample 
size, age groups, and HPV genotypes.

This study used both an SLR and a TLR to 
identify the availability of hundreds of parame‑
ters used in HPV DTMs. In total, this study iden‑
tified 4551 records in the SLR and 709 records 
in the TLR. Of these, 223 studies were selected 
for data extraction. To take full advantage of the 
data reported in the literature, the parameter 
values of interest were extracted either directly 

from the publications (when feasible) or were 
derived from related data reported in the publi‑
cations (even when the underlying publications 
were not directly designed to inform population‑
based models). For instance, most studies report 
risk of event, e.g., progression or regression of 
disease, rather than a rate. However, DTMs and 
other population‑based models typically use 
rates to describe individuals’ transitions between 
the model’s health states. Thus, similar to previ‑
ous studies [31], we transformed risks (propor‑
tions) into rates assuming the risks follow an 
exponential distribution, thereby allowing us to 
provide parameter values that would not other‑
wise be available in the literature. Furthermore, 
to provide readily available parameter values 
that can be directly incorporated in HPV DTMs, 
the values were synthesized across publications, 
as well as stratified by sex, age group, and HPV 
genotype. Moreover, for parameters that were 
reported by more than one study, a study‑qual‑
ity assessment was also conducted to identify 
studies with the most reliable data for use in the 
DTMs of HPV vaccination, and the median value 
and the corresponding range for such studies 
were reported.

Table 7  Median values of the highest quality studies in warts and recurrent respiratory papillomatosis (RRP) parameters

HPV human papillomavirus, RRP recurrent respiratory papillomatosis
a Rates are in units of 1/years. For parameters with only one value reported in their high-quality study, the ranges were repre-
sented as “(–)”

Parameter Median value (low, high)a References

Cure rate for both treated and untreated genital warts and RRP 3.0632 (1.9699, 3.7271) Tatti et al. [22]

Proportion warts progressing 0.1352 (0.0436, 0.2268) Stockfleth et al. 
[75]

Rate of progression from HPV infection to genital warts 0.0087 (–) Garland et al. [24]

Rate of regression from asymptomatic genital warts 1.7080 (1.1158, 2.3854) Tatti et al. [22]

Rate of regression from symptomatic genital warts 4.9460 (2.4328, 7.4592) Jardine et al. [76]

Rate of RRP-associated death 0.0020 (–) Xiao et al. [77]

Recurrence rate of treated genital warts and RRP 0.2897 (0.2588, 0.3050) Tatti et al. [22]

Probability of transmission of warts from mother to child 18.2000 (–) Park et al. [78]

Proportion of asymptomatic genital warts that are infectious 0.1200 (–) Turek et al. [79]
Proportion of symptomatic genital warts 2.8000 (–) Turek et al. [79]
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The results indicate that the most commonly 
reported parameters pertained to cervical can‑
cer outcomes. In particular, the data showed a 
pattern of higher progression rates from HPV to 
CIN for lower CIN grades—a pattern that was 
consistent for both persistently and transiently 
HPV‑infected individuals. Conversely, the regres‑
sion rates of CIN to HPV were higher for lower 
grades of CIN. In addition, cure rates for cervical 
diseases decreased as disease progressed through 
CIN grades and local cancer.

The results also indicated that the data for 
parameters associated with anatomical locations 
other than cervical were scarcer. Consequently, 
the parametrization of HPV DTMs can largely 

rely on direct evidence/data for the cervical 
components of the model, whereas many of the 
parameter values characterizing the rates associ‑
ated with non‑cervical complications may need 
to be obtained by other means (e.g., estimated 
via calibration and/or assumptions), which 
may introduce limitations to the results of the 
DTMs. For example, the estimation of non‑cer‑
vical parameters based on calibration can lead to 
parameter values that are dependent on model 
structures, particularly for complex DTMs that 
are typical in HPV modeling, and may therefore 
yield different parameter values for different 
models (i.e., nonidentifiability). Moreover, rely‑
ing on assumptions, such as the equivalency of 

Table 8  Median values of the highest quality studies of human papillomavirus (HPV) transmission, recovery, reactivation, 
and waning parameters

HPV human papillomavirus
a Rates are in units of 1/years

Parameter Median value (low, high)a References

Probability of HPV breakthrough transmission from men to vaccinated 
women per partnership/contact

0.5450 (0.2800, 0.8100) Lee et al. [80]

Probability of HPV breakthrough transmission from women to vaccinated 
men per partnership/contact

0.1200 (0.0500, 0.1900) Lee et al. [80]

Probability of HPV transmission from men to women per partnership/
contact

0.0700 (0.0600, 0.0700) Nyitray et al. 
[81]

Probability of HPV transmission from women to men per partnership/
contact

0.1600 (0.1400, 0.1800) Nyitray et al. 
[81]

Proportion of HPV infections that become persistent 5.6000 (0.1000, 42.3000) Insinga et al. 
[38]

Rate of recovery from HPV infection 0.4856 (0.3685, 0.8064) Insinga et al. 
[38]

Rate of seroconversion following HPV clearance 2.8972 (1.6434, 4.1431) Reisinger et al. 
[82]

Rate of waning immunity following recovery for persons who seroconvert 0.0240 (0.0150, 0.0470) Johnson et al. 
[83]

Reactivation rate following seroconversion 0.0075 (0.0000, 0.3100) Joura et al. [84]

Relative rate of recovery from breakthrough infection 1.3117 (1.0523, 1.5211) Zhao et al. [85]

Transmission rate of HPV from men to women 0.0876 (0.0504, 0.0912) Nyitray et al. 
[81]

Transmission rate of HPV from women to men 0.1476 (0.1128, 0.1620) Nyitray et al. [81]
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Table 9  Median values of the highest quality studies for performance of detection tests of human papillomavirus (HPV)-
related cancers

CIN cervical intraepithelial neoplasia, CIS carcinoma in situ, NPV negative predictive value, PPV positive predictive value, 
VAIN vaginal intraepithelial neoplasia, VIN vulvar intraepithelial neoplasia
a For parameters with only one value reported in their high-quality study, the ranges were represented as “(–)”

Anatomical 
location

Parameter Accuracy measure Median value (low, high)a References

Cervical Detection rate of CIN 1 PPV (%) 24.8 (4.3, 60.1) Leinonen et al. [86]

Cervical Detection rate of CIN 1 Sensitivity (%) 57.4 (34.4, 76.6) Giorgi Rossi et al. 
[87]

Cervical Detection rate of CIN 1 Specificity (%) 97.1 (84.4, 99.6) Leinonen et al. 
[86]

Cervical Detection rate of CIN 2 NPV (%) 97.3 (91.2, 100.0) Cuzick et al. [88]

Cervical Detection rate of CIN 2 PPV (%) 28.1 (24.4, 31.6) Ogilvie et al. [89]

Cervical Detection rate of CIN 2 Sensitivity (%) 78.0 (43.7, 94.4) Giorgi Rossi et al. 
[87]

Cervical Detection rate of CIN 2 Specificity (%) 71.4 (57.7, 95.6) Giorgi Rossi et al. 
[87]

Cervical Detection rate of CIN 3 NPV (%) 99.1 (96.8, 100.0) Cuzick et al. [88]

Cervical Detection rate of CIN 3 PPV (%) 13.9 (11.0, 16.7) Ogilvie et al. [89]

Cervical Detection rate of CIN 3 Sensitivity (%) 80.6 (51.4, 100.0) Giorgi Rossi et al. 
[87]

Cervical Detection rate of CIN 3 Specificity (%) 77.2 (26.9, 94.0) Gage et al. [90]

Cervical Detection rate of CIS 1 and CIS 2 Sensitivity (%) 100.0 (–) Granados et al. 
[91]

Cervical Detection rate of local cervical cancer NPV (%) 97.7 (97.1, 98.3) De Strooper et al. 
[92]

Cervical Detection rate of local cervical cancer PPV (%) 5.4 (4.4, 6.4) De Strooper et al. 
[92]

Cervical Detection rate of local cervical cancer Sensitivity (%) 54.3 (40.0, 68.6) De Strooper et al. 
[92]

Cervical Detection rate of local cervical cancer Specificity (%) 67.4 (65.1, 69.8) De Strooper et al. 
[92]

Cervical Detection rate of a colposcopy to 
detect CIN or higher

Sensitivity (%) 91.2 (–) Mandal et al. [93]

Vaginal Detection rate of a colposcopy to 
detect VAIN or higher

Sensitivity (%) 17.5 (0.0, 96.6) Zhou et al. [94]

Vulvar Detection rate of a colposcopy to 
detect VIN or higher

Sensitivity (%) 98.0 (–) Santoso et al. [95]
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rates for non‑cervical diseases that are unavail‑
able in the literature to those of cervical ones, 
may be inadequate for some parameters, espe‑
cially when the distribution of HPV genotypes is 
different for different cancers. Therefore, relying 
on these methods to parametrize some portions 
of DTMs may affect the accuracy of its health 
and cost‑effectiveness predictions, and thus its 
public health and policy implications.

For most parameters, the values were found 
to vary substantially both across studies, and 
within the highest quality study reporting mul‑
tiple values. The main drivers of this variability 
were the differences in the studied populations 
(e.g., different geographic regions and/or popu‑
lation subgroups), and treatment arms for which 
the parameter values were reported, as well as 
differences in parameter definitions across stud‑
ies. This heterogeneity in parameter values 
underscores the importance of conducting sen‑
sitivity analyses to assess the impact of varying 
influential model parameters that feature high 
variability on model outcomes when conducting 
policy evaluations.

This study is subject to potential biases and/
or limitations that are typical of most SLRs. For 
instance, the nature of the parameter defini‑
tions in DTMs or population‑based models may 
differ or be more specific than what is reported 
in most studies. Consequently, data were not 
extracted in cases where some data related to a 
parameter of interest were available, but were 
insufficient to calculate/derive the parameter 
value (e.g., a study reported the proportion of 
individuals with complete cancer remission for 
a specific treatment, but it did not report the 
follow‑up time to achieve remission). Further‑
more, extracted estimates are subject to limi‑
tations in the data reported by those studies. 
Additionally, despite our best efforts to con‑
duct thorough reviews, our search strategies 
may have missed some relevant publications. 
It should be noted that our synthesis of the 
data aimed to provide a qualitative descrip‑
tion of the extracted data. It is not intended to 
replace more rigorous statistical analyses such 
as meta‑analyses that can provide a quantita‑
tive description of the point estimates of each 
parameter of interest while accounting for vari‑
abilities within and across studies [32]. While 

the present study focused on comprehensively 
identifying and describing the broad range of 
parameter values related to the natural history 
of HPV infection and its related diseases, in 
future work, we are planning to conduct full 
statistical analyses of the present extracted 
data.

CONCLUSION

This literature review identified a large volume 
of data to inform the parametrization of HPV 
vaccine DTMs. Overall, our findings suggest 
that there is a large body of evidence to directly 
inform cervical cancer‑related parameters, 
especially the progression between HPV and 
pre‑cancer stages. Nevertheless, further stud‑
ies are needed to help parametrize the non‑
cervical components of HPV DTMs or other 
HPV populations‑based models.
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