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Abstract: Juvenile- and adult-onset recurrent respiratory papillomatosis (JORRP and AORRP) are
rare but serious conditions that are caused by oral human papillomavirus (HPV) infections. The
proliferation of wart-like growths throughout the respiratory tract can result in medical problems,
including death. The current treatment scheme is surgery, though prevention of HPV infection
through vaccination is available. A previously developed model for JORRP and AORRP was adapted
to the United States using data on disease burden and HPV infection. The model was validated
against post-vaccination reductions in disease and used to forecast the future burden of JORRP and
AORRP, estimating the impact that HPV vaccination will have on these diseases. Between 2007 (the
beginning of HPV vaccination in the US) and 2021, this model estimates that approximately 1393 lives,
22,867 Quality-Adjusted-Life-Years, and over USD 672 million in treatment costs have been saved by
HPV vaccination. There is also a substantial reduction in JORRP and AORRP burden, with a 95%
reduction in incidence by 2040. Moreover, between 2040 and 2121, the model predicts 3–11 total
cases of HPV6/11-related JORRP in the US, and 36–267 total cases of HPV6/11-related AORRP. HPV
vaccination in the United States has driven, and will continue to drive, substantial reductions in the
public health and economic burden of HPV6/11-related JORRP and AORRP.

Keywords: recurrent respiratory papillomatosis; human papillomavirus; vaccination; vertical
transmission

1. Introduction

Juvenile- and Adult-Onset Recurrent Respiratory Papillomatosis (JORRP and AORRP)
are diseases that result from human papillomavirus (HPV) infection and are characterized
by the growth of wart-like lesions, which may occur anywhere throughout the respiratory
tract, but most often the larynx [1,2]. Patients often face multiple annual surgeries over
many years to manage the complications associated with the papillomas, though some will
experience a spontaneous remission of the lesions [3–5]. AORRP occurs in adults following
acquisition of oral HPV infection, while infants and children can progress to JORRP from
an HPV infection that is vertically transmitted from an infected mother during labor [6–8].
It has been estimated that approximately 1 in 100 prevalent cases of JORRP will die each
year [9].

The vast majority (95%) of HPV types detected in papilloma biopsies from JORRP in
the United States were either HPV6 or HPV11, types which are targeted by quadrivalent
and nonavalent HPV vaccines (4vHPV and 9vHPV, respectively) [3]. As such, significant
declines in JORRP incidence have been documented in countries with established HPV
vaccination programs that cover HPV6 and HPV11, including the United States and Aus-
tralia [10,11]. However, national HPV vaccination programs tend to be focused on averting
HPV-related cancers. Genital warts, cervical precancers, and JORRP and AORRP are the
HPV-related diseases where we will first see the impact of HPV vaccination, which, in part,
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motivates this modeling study that focuses on JORRP and AORRP. Also, HPV vaccination
provides indirect protection for juveniles against vertically transmitted HPV infections,
which means that all the benefit that is realized in JORRP reductions is due to this indirect
protection, which is another motivating component to this study.

By building on a previous model of HPV [12,13], we aim to quantify two things that, to
our knowledge, have yet to be addressed in the literature. The first is to measure the benefit
that has already been realized by HPV vaccination in the United States (US) since 2007 in
terms of reductions in JORRP and AORRP and gains in quality of life. Other work has
been focused on HPV infection, cervical precancers, and genital warts [14,15]. The second
is to forecast the burden of HPV6/11-related JORRP and AORRP in the US. Along the way,
we will show that our model is able to accurately predict the declines in the birth-cohort
incidence of JORRP following HPV vaccination; that most of the currently documented
drop in JORRP incidence can be attributed to historical vaccination of girls over the age of
16 since 2007; and that it is very likely that virtually all AORRP and JORRP related to HPV6
and HPV11 (which represents 95% of all JORRP cases) will be eliminated before 2040.

2. Materials and Methods
2.1. Epidemiological Model Description

A compartmental dynamic transmission model of HPV infection and progression to RRP
was adapted to the US, whose fundamental structure has been described elsewhere [16,17].
We will briefly describe the model structure here, and highlight some differences in this
model from previous adaptations. The model is structured by age, sex, and sexual activity
level. HPV infection can be acquired through sexual mixing between subpopulations at
age- and sexual activity- specific rates. Additionally, a fraction of infants are infected at
birth at a rate proportional to the weighted prevalence of HPV infection among mothers.
This weighting is determined by the proportion of births by age, a feature which was not
included in past adaptations.

In the model, as with other dynamic transmission models, sexually acquired HPV
infections in a particular age and sexual activity group occur at rates that are proportional
to the annual number of sexual partners in that group with members of the opposite sex in
another age and sexual activity group and the prevalence of HPV infection in this group.
The proportionate factor is generally understood to be the probability of transmission of
HPV in a partnership, and is assumed to be uniform across the various age and sexual
activity groups. Details on the number of partnerships, as well as other model details, can
be found in the Supplementary Material and its sources [18–33].

HPV infections can either clear or progress to RRP. JORRP and AORRP are differenti-
ated by their age at progression: progression to RRP at 13 years of age or less is considered
JORRP (this threshold is chosen to be consistent with data that have been collected on
JORRP in the US [3,10]). In the model, we assume that all HPV infections acquired by
infants are cleared by the age of 13, so that effectively JORRP is a result of only vertical
transmission, whereas all AORRP cases result from sexual transmission of HPV. Popula-
tions with RRP will either clear the disease or die, with the possibility that death may be
due to non-RRP related causes. Clearance times of HPV infection, JORRP, and AORRP
are assumed to follow exponential distributions. However, the clearance rate of oral HPV
infections in juveniles is not assumed to be the same as the clearance rate of the sexually
acquired infections in adults.

Upon clearance of HPV or RRP, a fraction of the population will seroconvert, providing
a degree of protection against subsequent infection. The degree of protection against
subsequent infection following clearance is modeled through a reduced chance of infection.
These seroconversion rates and degrees of protection are assumed to vary by sex, but not by
age. Populations who do not seroconvert have no protection against subsequent infection
unless they are vaccinated before exposure.
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2.2. Differences from Previous Modeling

While this model shares many structural features with the previous adaptations, there
are some significant improvements that have been made to better capture the features of
HPV, JORRP, and AORRP. Progression from HPV infection to JORRP is assumed to vary
by age, meaning that longer-duration infection will be more likely to progress. This is in
contrast to the age-independent progression rates of previous models. In this model, we
also calibrated the clearance rate of JORRP and AORRP against cohort data (see Section 2.4),
as opposed to an assumption of 5 years. We will also be estimating JORRP- and AORRP-
specific outcomes (e.g., surgeries and annual costs) on an annual basis, rather than assuming
a lifetime total.

2.3. Vaccine Model Description

HPV vaccination using 4vHPV or 9vHPV vaccine is also simulated in the model, and
the impact of HPV vaccination is modeled in two ways: prevention of sexually transmitted
HPV infection, and reduced progression to AORRP in breakthrough infections acquired after
vaccination. As a conservative assumption, we do not assume that children of vaccinated
mothers have any intrinsic protection against infection. Indirect protection for infants
comes from vaccination and subsequent protection against infection of the mother, but
infants have no protection from a breakthrough infection in a vaccinated mother. While
there is some evidence to suggest that there is placental transfer of antibodies following
vaccination [34], there is no indication whether the effect is protective or is present in women
vaccinated prior to pregnancy. However, if children of vaccinated mothers do have some
protection, then our results will underestimate the benefit of HPV vaccination on JORRP. A
simplified flow diagram of the model is given in Figure 1. Further details can be found in
the Supplementary Materials.
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Figure 1. A simplified flow diagram of the compartmental model. i represents the age index,
j the index for sexual activity, and k is the sex. S is susceptible, I HPV-infected, R is recovered
without seroconversion, Rs is recovered with seroconversion. λi,j,k(t) is the force of infection,
ρi is the age-specific progression rate to RRP, ψk and ψsk are the sex-specific degrees of protec-
tion against subsequent infection, γhpv,i,k and γrrp,i are the age-specific clearance rates of HPV and
RRP, respectively. εk is the fraction of cleared infection/disease that seroconverts.
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2.4. Model Calibration
2.4.1. Calibrated Parameters

The data used to parameterize the model come from various sources. Demographic
data and sexual behavior data are the same as were used in a previous adaptation of this
model [12] and are given in the Supplementary Materials. Several parameters did not
have specific estimates that could be used to directly parameterize the model, and so some
relevant target data were collected for calibration of those parameters. The calibrated
parameters are listed here:

• Probability of vertical transmission of an HPV infection.
• Probability of transmission of an HPV infection in a sexual partnership.
• Age-specific rates of HPV infection clearance.
• Sex-specific proportion of cleared HPV infections that will seroconvert and provide

protection against subsequent infection.
• Sex-specific degree of protection given by a cleared, seroconverted HPV infection.
• Age-specific rates of progression to JORRP and AORRP.

Further details on these parameters, along with prior ranges is available in the Sup-
plementary Materials. All data were collected from before HPV vaccination was available,
and we assumed that they represented an estimate of the steady, endemic state of HPV
infection, JORRP, and AORRP in the United States.

2.4.2. Target Data for Calibration

To calibrate HPV transmission-related parameters, we used age-specific HPV6/11
female prevalence and male seroprevalence data from NHANES [35,36].

It is worth noting here that the model allows, through vertical transmission, the
infection of infants, and the data used in these HPV infection targets were for adults. The
infant/child HPV infection-related and RRP-related parameters were calibrated against
JORRP birth cohort incidence, age of diagnosis, and HPV-type distribution data [3,10].
Adult RRP progression rates were calibrated against estimates of AORRP incidence in the
US [1]. Finally, clearance parameters for JORRP and AORRP were estimated from data
on a cohort of Norwegian patients with RRP [37]. The point estimates were produced by
assuming exponential wait times for RRP clearance and finding the maximum likelihood
estimator for the median and interquartile range of the cohort data. Further details can be
found in the Supplementary Materials.

2.4.3. Calibration Methods and Posterior Analysis

With these data, Bayesian inference was used to produce 500 samples from posterior
distributions of the various parameters. The posterior distributions of the calibrated pa-
rameters were analyzed for the purposes of model criticism, and issues surrounding the
identifiability of the parameters were investigated. In particular, we used Pearson’s correla-
tion coefficient ρ̂ to identify linear relationships between the calibrated parameters. This
was performed to quantify the degree to which the calibrated parameters are identifiable
from the data used for calibration. The target data, methodology, prior ranges, posterior
distributions, fits, and diagnostics for the Markov Chain Monte Carlo algorithm are given
in the Supplementary Materials. The scenarios below are run for each of these 500 posterior
parameter samples.

Because these 500 parameter sets are drawn empirically, the ranges cannot be used
to give an appropriate confidence interval, according to a mathematically rigorous under-
standing of the term. As such, we will designate the central 95% of the posterior ranges
as the 95% credibility interval; meaning that 95% of the parameters that produce credible
outputs relative to the calibration targets will be within this interval. This use of the term is
consistent with other infectious disease modeling (see, for example, [38]).
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2.5. Model Outcomes

After calibration, historical data on 4vHPV and 9vHPV vaccination data were inte-
grated to predict the impact of vaccination on JORRP and AORRP in the US since the
beginning of the vaccination program as well as into the future. The 4vHPV or 9vHPV
vaccine is assumed to provide direct protection against AORRP in two ways. First, it
provides a degree of protection against HPV6 and HPV11 infection. In the event of a
breakthrough infection, we assume that vaccination using 4vHPV or 9vHPV vaccine will
provide a degree of protection against progression of the infection to AORRP due to HPV 6
and HPV11. The degree of protection against HPV6/11 infection is based on the results
from clinical trials, and the protection against progression to RRP is assumed to be equal
to that of genital warts (since no trial has been sufficiently powered to identify protection
against AORRP). This assumption is consistent with previous modeling, but as a sensitivity
test, we ran scenarios where no protection against progression of infection to AORRP is
assumed. Due to direct protection against HPV infection in adults, infants will experience
indirect protection against vertical transmission of HPV 6/11.

We collected various predicted outcomes for these scenarios including:

• Estimated incidence of JORRP in two-year birth cohorts from 2006–2007 to 2012–2013.
• Population incidence of AORRP and JORRP over the full time horizon.
• Amount and discounted costs of AORRP- and JORRP-related surgeries.
• Discounted Quality Adjusted Life Years (QALYs) lost due to RRP morbidity and mortality.

The birth-cohort incidence for JORRP up to 2013 was collected for the purpose of
validating the model through comparison of these outcomes with the measured drops in
birth-cohort incidence in other published work [10]. The population incidence, in addition
to measuring vaccine effectiveness over time, is also used to estimate the number of annual
cases in the US. The health-economic outcomes are collected to measure the medical and
economic burden that has been relieved by HPV vaccination from 2006 to now. The costs
and QALYs are estimated in the model by computing the total time spent by the population
in the RRP state. To compute the number of surgeries, this number is multiplied by the
annual number of surgeries, while for QALYs and costs, the amount of time is discounted
by 3% in the integrand and then multiplied by the appropriate disutility or surgical costs.
Values and formulas for these computations can be found in the Supplementary Materials.

2.6. Model Scenarios

We considered three vaccination scenarios to help understand the past and future
impact of HPV vaccination in the United States:

• Status Quo—Vaccination using 4vHPV or 9vHPV vaccine continues at the most re-
cent rates

• High Vaccination Coverage Rate (VCR)—Vaccination using 4vHPV or 9vHPV vaccine
with 90% coverage.

• Vaccination Age Counterfactual Scenario—vaccination using 4vHPV or 9vHPV vac-
cine of individuals over 16 years old is removed from the historical and future vacci-
nation rates.

The first two scenarios are straightforward. The third scenario is intended to measure
how much of the drop in JORRP incidence that has been seen at the onset of the HPV
vaccination program in the US was due to the inclusion of these age groups in the program,
as opposed to a pre-sexual-debut adolescent population only.

3. Results
3.1. Calibration Results, Inferred Parameters, and Future Directions for Clinical Data Collection

Full posteriors for the parameter values are available in the Supplementary Materials,
but the mechanism of impact for HPV vaccination on JORRP is highlighted through the
inferred probability of vertical transmission of HPV infection. A mean estimate of 84.44%
(95% credibility interval (CI): (59.99%, 100%)) of infected mothers will transmit their HPV6
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infection vertically. HPV11 infections appear to be less likely to be transmitted, with a mean
of 38.55% (CI: (20.40%, 61.69%)) of maternal infections being transmitted.

Progression to JORRP was allowed to vary by age in the calibration to achieve the tar-
geted distribution of age-of-diagnosis. The calibrated rates differed by orders of magnitude
among different age groups (see Supplementary Materials). Since the age structure in the
model is explicit, and there is no possibility of HPV infection in age groups under the age
of 13 through sexual contact, the increasing rates calibrated here suggest that the hazard
function for RRP progression is not constant over the infectious period. The implications
that this has for modeling JORRP and AORRP is deferred to the Section 4.

Correlations between parameters in the posterior samples were explored to help
elucidate how future clinical data estimating specific parameters (which would narrow
prior ranges) may improve posterior estimates. Several pairs of parameters exhibited
a nearly linear relationship (|ρ̂| ≥ 0.7) across the samples from the posterior, some of
which we highlight here, while the rest are presented in the Supplementary Materials. The
probability of vertical transmission showed the strongest correlation with a progression rate
of HPV6 infection to RRP from age 0 to 3 (ρ̂ = −0.89) and a clearance rate of HPV among
juveniles (ρ̂ = 0.73). These correlations were also seen in HPV11 (ρ̂ = 0.81 and ρ̂ = 0.79,
respectively). The strongest correlations observed in HPV6 were among the degree of
protection against infection imparted by cleared natural infections with seroconversion
and the proportion of cleared infections that seroconvert, among both males and females
(ρ̂ = −0.93 and ρ̂ = −0.89, respectively), suggesting that precise clinical estimates of
seroconversion proportions will significantly narrow the posterior estimates of degree
of protection imparted by natural infection derived from this model. Interestingly, these
degree of protection/seroconversion correlations were not seen in the posterior samples of
HPV11 parameters.

3.2. Model Validation and Counterfactual Analysis: 2004–2013 Birth Cohort Incidence

As previously mentioned, the model used birth cohort incidence of JORRP in 2004–2005
(prior to vaccination) as a calibration target. However, in the study where these data were
collected [10], the incidence of JORRP in four subsequent two-year birth cohorts (2006–2007,
2008–2009, 2010–2011, 2012–2013) was also collected, and showed a substantial drop from
2 per 100,000 in the 2004–2005 birth cohort to 0.5 per 100,000 in the 2012–2013 birth cohort
(see Figure 2a).

As a validation of the model, we predicted, using vaccination coverage data from
NIS-TEEN and NHANES (see Supplementary Materials), the birth-cohort incidence over
this time period to compare with the aforementioned data. We plot the range of model
outputs in Figure 2a as boxplots. Visually, the model accurately captures the downward
trend in birth-cohort JORRP incidence in the US. To quantify the error between the model
predictions and the data, we computed a mean relative error, across all the calibrated
parameter sets, of 0.062.

A counterfactual scenario was considered to measure the impact of vaccination of
individuals over the age of 16 years on these observed drops in JORRP incidence. A visual
comparison is given in Figure 2b. The impact of vaccination of the population over the
age of 16 years has its largest impact in the 2008–2009 and 2010–2011 birth cohorts, where
an estimated 80.1% and 64.7% of the drop in JORRP incidence can be attributed to this
population receiving HPV vaccination (see Supplementary Materials). In the 2012–2013
birth cohort, this proportion goes down to an estimated 30.1% as younger, vaccinated
females move into child-bearing age.
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Figure 2. Model validation against real world data, using different assumptions of VCR. (a) NIS–TEEN
and NHANES VCR data. (b) Removal of vaccination for populations ≥ 16 years of age.

3.3. Economic Results: 2007–2021

From 2007 (the onset of HPV vaccination) to 2021, the model estimates that there
has been a 55% (CI: (51%, 58%)) reduction in the number of RRP-related surgeries among
juveniles, and thus in surgical costs. The reduction in surgeries and surgical costs among
adults is even more significant at 62% (CI: (56%, 66%)). Total numbers of averted surgeries
and costs (compared to no vaccination) are presented in Table 1. To compare these economic
results against other modeling work, we used the model to estimate the lifetime cost and
lifetime QALYs lost per case of JORRP or AORRP, discounted at 3% from onset of JORRP
or AORRP. These outcomes were then compared to inputs used in earlier modeling work
on the economic benefit of HPV vaccination of JORRP [39]. The current model estimated
average lifetime QALYs lost per JORRP or AORRP case at 1.8 QALYs, compared to the
1.05 (0.33–3.05) QALY loss used in [39]. While the QALYs lost were comparable between
the two models, there was a significant difference in the estimates of the lifetime cost of a
JORRP or AORRP case at USD 51,997 in our model to USD 198,500 (105,000, 357,000) in [39],
when the same cost per surgery was used in both models. This difference is explained by
the number of assumed surgeries per year: 2–3 in this modeling work [3], compared to 7
in [39]. If the annual number of surgeries were scaled up to 7 in our model, lifetime cost
per JORRP or AORRP case would be comparable.
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Table 1. Averted surgeries and surgical costs, and QALYs saved from 2007 to 2021.

Averted Surgeries Averted Surgical
Costs (USD, 2007) 1 QALYs Saved 2

JORRP (≤13) 5800 22.5 M –
AORRP (>13) 162,338 650 M –

RRP 168,138 672.5 M 22,847.5
1 Approximately 18% of the USA population is aged 13 or less, explaining the significant difference in the
magnitude of averted surgeries and costs. 2 Prevalent RRP cases are not differentiated in the model by source of
infection; therefore, QALYs saved by age is aggregated for both JORRP and AORRP.

As a sensitivity analysis, we also considered the averted surgery costs under different
estimates. Bishai et al. [9] used a range from USD 3500 to 5249 (USD 1996) per surgery
for sensitivity analyses. Under these estimates the total surgical costs avoided since 2007
varied from USD 488.6 M to USD 736.1 M.

A probabilistic sensitivity analysis was run on the QALYs saved when the utility
associated with JORRP and AORRP is varied and 95% of the draws were between 7777.65
and 49,769.2 QALYs saved between 2007 and 2021. Further details can be found in the
Supplementary Materials.

3.4. Forecasted JORRP and AORRP Incidence and Mortality

The model was used to forecast birth cohort incidence of JORRP and AORRP. The
predicted incidence for JORRP and AORRP is given in Figure 3. The model results indicate
that after 2040, RRP will be reduced by nearly 95%, and almost all cases will be due to
HPV types not covered by the vaccine. To emphasize this, we have produced the predicted
number of new cases of RRP in both adults and juveniles by year after 2040. For JORRP,
we can see that the number of cases falls below one by 2043, suggesting a non-trivial
probability that no cases may be seen that year and multiple years may pass before new
cases emerge. Accumulating the risk from 2040 through 2121, we can expect a total of
5 (3, 11) new cases of JORRP in the United States that could be attributed to the vaccine
types. Similar computations for AORPP suggest that from 2040 onward, we may only see
86 (36, 267) cases of AORRP that can be attributed to the vaccine types. The reason that
this number is larger than what is seen in JORRP is not due to a substantial higher risk of
developing AORRP but is rather due to the larger size of the adult (13+) population. JORRP
and AORRP mortality averted is significant across the time horizon. With a total of 28,255
(27,297, 29,212) lives saved from 2007 to 2121, 1393 of these lives saved occurred before
2022. The model predicted 0.766 (0.532, 1.705) JORRP deaths due to HPV6/11 after 2040,
suggesting it is highly unlikely that we will see more than 2 deaths due to HPV6/11-related
JORRP after 2040. AORRP deaths due to HPV6/11 after 2040 were estimated to be 47.5
(37.4, 81.5).

To understand the impact of the assumed efficacy against RRP progression for break-
through infection among vaccinated individuals, we set this efficacy to 0 and ran the
model. The results for JORRP remained unchanged since we do not assume an increased
probability of transmission among the subpopulation with RRP. Among adults, because
of the rare chance of RRP progression when infected, the number of cases averted by
efficacy against RRP progression was small compared to the total number of cases (see
Supplementary Materials).
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Figure 3. Forecasted RRP incidence and total cases attributable to HPV6/11 in the US to 2124.
(a) JORRP. (b) AORRP. (c) JORRP cases after 2040. (d) AORRP cases after 2040.

3.5. Higher VCR and Expected RRP Cases over Time

In terms of incidence of RRP at the population level, vaccination at a higher rate had
very little effect. However, when we look at the absolute number of cases after 2040, we can
see that higher vaccination rates have a significant impact; we expect a total of 25 (9, 136)
AORRP cases after 2040, and a total of 3 (2, 6) JORRP cases after 2040 (see Figure 3c,d). By
increasing vaccination coverage to 90% there is an acceleration of the decline in RRP cases
that results in a shortening of the timeline: the results achieved in 2040 by maintaining
current vaccination levels are achieved by 2033 with 90% VCR.

4. Discussion

HPV vaccination has been identified as a cost-effective strategy for the control and
prevention of HPV-related anogenital and oropharyngeal cancers (e.g., [40]). Indeed, in
some contexts, HPV vaccination may be cost-effective on the basis of averting these cancers
alone, apart from any other HPV-related disease like RRP or genital warts [41,42]. Thus,
our modeling study has looked beyond cost-effectiveness and into other public health and
health economic considerations.

The first concern that arises in a modeling study is whether the modeling approach
is valid. We have used an established compartmental model for this assessment that is
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calibrated to, and otherwise parameterized with, US-specific data. Additionally, we used
the model to predict the decrease in birth-cohort incidence of JORRP in the US for 2004 to
2013, and found that our prediction closely matched reality, suggesting that the model can
accurately capture the dynamics and natural history of HPV infection and RRP disease.
Moreover, we used this to show that a significant proportion of the benefit, in terms of
JORRP reduction, that is realized so soon after the onset of the HPV vaccination program
comes from the fact that girls over the age of 16 have been vaccinated.

Additionally, the calibration of the model provided insights into the natural history of
HPV6 and HPV11 infection, the mechanism of vertical transmission of HPV 6 and HPV
11 infections, and the natural history of JORRP. The probability of vertical transmission
of HPV6 was found to be higher (≥60%) than pooled estimates across various HPV types
(see [43] and its sources, in particular [44,45]). However, credibility intervals for HPV11
were more consistent with these pooled estimates (38.55% in our model vs. 27.4% in [44],
but still much higher than the 8.9% of [43]). However it is not immediately clear from the
cited data that our model estimates contradict them, since they are not split by specific HPV
types. It could be that HPV6 and HPV11 are not sufficiently represented in these pooled
sets for us to expect consistent estimates between these data and the model.

The model calibration showed that the rate of progression to JORRP varied by age,
suggesting that in order to reproduce the data on the age of diagnosis (assuming diagnosis
corresponds to progression), the hazard of progression to JORRP needs to increase over
time. This has implications for modeling, since it suggests that the standard approach of
assuming exponentially distributed wait-times for infection to JORRP is not correct. As
such, we cannot necessarily rule out the possibility that the same could be true for AORRP.
Hence, the structure of any future model should take into account the time since infection
in order to capture the non-constant hazard function [46].

While the uncertainty around the various model parameters may be significant, one
thing that is certain is that HPV vaccination has been, currently is, and will continue
aggressively driving down the incidence of HPV6/11-related JORRP and AORRP in the
US. We will now summarize and discuss the model results for both the past and future.

Looking back, between the years of 2007 and 2021, our modeling analysis suggests
that the HPV vaccination program in the US has averted, compared to no vaccination,
a substantial economic and public health burden. Nearly 1400 lives have been saved,
and over 168,000 surgeries averted in this time period, resulting in savings of over half
a billion US dollars. These may even be significant underestimates, as was previously
discussed (Section 3.3), since the literature presents somewhat larger estimates of the
number of surgeries per year than was used in this analysis. Also, these cost estimates may
be conservative since we did not account for the possibility of malignant transformation
of RRP (see [47], for example). Because of the grave nature of RRP, the amount of QALYs
gained since 2007 is over 22 thousand, which leads to a per-case QALY loss estimate that is
consistent with the literature (see Section 3.3).

Looking into the future of AORRP and JORRP in the US, for all the parameter sets
that we inferred, and all the scenarios we considered, the incidence of JORRP and AORRP
decreases by nearly 95% by the year 2040 (i.e., almost all of the RRP attributable to HPV6
and HPV11). Thus, this reduction is achieved regardless of the uncertainty in:

• The natural history of HPV infection.
• The probability of vertical transmission.
• The natural history of AORRP and JORRP.
• The efficacy of the vaccine against progression to RRP.

The forecasted population level incidence did not appear to change much when VCR
was increased to 90%. However, the effect of this increase in VCR is best demonstrated in
the absolute number of expected cases over time. In this sense, the tails of the curves are
where the change to 90% VCR is most clearly seen. This is made apparent in Figure 3c,d,
and by the 7-year acceleration in the reduction in cumulative cases of HPV6/11-attributable
AORRP and JORRP. Furthermore, previous modeling studies have suggested that high
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VCR may be a key part of eradicating HPV6 and HPV11, thus permanently eliminating the
causative agent for 95% of AORRP and JORRP [48].

Much of what we have discussed to this point has highlighted the strengths of our
analysis: Validation of the model against historical data; agreement of results and estimates
with the literature; the consistency of forecasted results in the face of uncertainty. However,
as with any modeling study, there are some limitations to our results.

These limitations fall into two broad categories: limitations due to the model structure,
and limitations due to the time horizon. In the first category would fall our various
structural assumptions and model parameter values. HPV transmission is mediated by
sexual behavior and practices that are not explicitly modeled here, which could make
our estimates of the transmission probability (both vertical and sexual) more uncertain.
Moreover, we have assumed closed sexual networks, that exclude the importation of
infected, sexually active people.

We assume a relatively simple disease course for RRP (AORRP in particular), and the
exponential wait-times for progression and clearance may allow for a larger variance in wait-
times than what may actually be the case, meaning that the model may be not accurately
estimating the amount of time spent in the RRP state. Further data and research (perhaps
with mechanistic models [49,50]) are needed to assess the quality of this assumption.

The second class of limitations is associated with the long time horizon of the study,
and the fact that we have assumed that many facets of HPV epidemiology and control
will remain constant over this time period. Sexual behavior, in terms of age, number of
partners, preferences, and practice, may change substantially over short periods of time;
increases in sexual behavior may increase the amount of time to reduce JORRP and AORRP,
while decreases in sexual activity may accelerate it. We have also assumed that vaccination
coverage and vaccine effectiveness remain constant as we project into the future. However,
decreases in vaccine coverage may allow for a resurgence in HPV6/11-related JORRP
and AORRP.

It is difficult to know how changes in the prevalence of HPV types that are not covered
by the 4vHPV or 9vHPV types over the time horizon may affect our results. Less evidence
exists regarding JORRP and AORRP cases that may be caused by these other types [3].
However, some studies suggest there is no evidence of type replacement [15], meaning that
increases in JORRP and AORRP due to these other types may be unlikely.

Finally, since we did not project averted surgeries, costs, or QALYs gained into the
future, we have no results that would be impacted by changes to treatment pathways or
costs (for example, the use of HPV vaccination as an adjuvant therapy [51]).

5. Conclusions

HPV vaccination is rapidly decreasing incidence of RRP among both adults and
juveniles, and our modeling suggests that RRP due to HPV6/11 may vanish within the
next two decades. Continued vaccination will also produce a tangible economic benefit,
reducing annual costs of RRP treatment while producing considerable quality of life gains.
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