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of Nursing and Huntsman Cancer Institute, University of Utah, Salt Lake City, UT, United States

Introduction: Routine human papillomavirus (HPV) vaccination in the US is
recommended at ages 11 or 12 years and can be given at age 9. Vaccination
completion rates among adolescents 13-15 years in the US remain below the
80% goal. This study evaluated the long-term effects of increasing proactive
HPV vaccination initiation rates at age 9 years in completion rates of adolescents.
Methods: An age-structured vaccination model was developed and parametrized
based on the National Immunization Survey-Teen (NIS-Teen) survey data. The
model projected vaccination coverage (by vaccination status and age group), for 20
years, for a routine initiation scenario (no increase in initiation rates of 9-year-olds)
and different proactive initiation (increased age 9 initiation) scenarios. The time to
reach a completion rate of 80% for 13—-15-year-olds was estimated. The model
also generated projections stratified for subgroups of interest.

Results: Results indicated that vaccine completion rates of 80% in 13-15-year-
olds may not be achieved by 2040 under current trends of routine initiation at
ages 11 or 12 years. However, increasing initiation rates in 9-year-olds by 1%
and 3% annually could shorten the time to achieve 80% completion by 4 and
8 years, respectively. Stratification analyses showed that increasing initiation
rates in 9-year-olds can also reduce disparities across subgroups in the time
to achieve vaccination completion targets.

Discussion: Increasing HPV vaccination initiation rates in 9-year-olds by as little
as 1%-3% annually may be an effective strategy to improve HPV vaccination
completion rates in adolescents by age 15 and reach the Healthy People goal
of 80% completion much earlier.

KEYWORDS
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Introduction

Human papillomavirus (HPV) vaccines are a safe and effective way of preventing HPV
infection and its related complications (1). However, despite its high safety and
effectiveness record, HPV vaccination rates have only marginally increased in recent
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years and remain below the national target of 80% of eligible 13-
15-year-olds completing the vaccine series, a target set by the
United States (US) Department of Health and Human Services
(Healthy People 2030 goals)." In 2021, only 58.5% of adolescents
aged 13-15 years in the US had received the recommended doses
of the HPV vaccine, and 50.0-52.9% of adolescents (depending
on birth year) completed the series before their 13th birthday
(2). In contrast, 89.9% of adolescents in the US have received a
dose of tetanus, diphtheria, and pertussis vaccine after age 10,
and 86.6% have received the first dose of the quadrivalent
meningococcal conjugate vaccine (3). Moreover, HPV vaccination
rates among US adolescents were significantly impacted during
COVID-19 [e.g., administered doses of HPV vaccines decreased
by 24.0% in 2020 compared to 2019 (3)].

In the US, administration of the nona-valent HPV vaccine is
recommended by the Advisory Committee on Immunization
Practices (ACIP) guidelines for children at 11-12 years of age,
with the option to vaccinate children as young as 9 years old at
the discretion of a clinician (4). This framing of the guidelines
may discourage providers from discussing the vaccine with
parents during the 9-10-year-old well-child visits (5). Indeed, the
HPV vaccine initiation rate in ages 9 to 10 was 7.5% based on a
recent analysis of the National Immunization Survey—Teen
(NIS-Teen) data (6). Moreover, in 2018 the American Academy
of Pediatrics (AAP) recommended starting HPV vaccination
series between ages 9 and 12 years (7).

Lowering the initiation age to 9-10 years can be an effective
strategy to increase HPV vaccination rates in the adolescent
population. If the first dose in the HPV vaccine series were
administered to children at 9-10 years of age, the second vaccine
dose could be received before, or concurrently, with other
children aged 11-12 years. As
vaccination uptake rates are high at this age, HPV vaccine

routine vaccinations for
coverage is likely to increase as the number of fully vaccinated
individuals increases, as recent studies have found. For example,
a recent vaccine claims analysis in the US showed that
individuals initiating HPV vaccination series at 9-10 years had
significantly higher series completion rates by age 13 years
compared to those initiating at 11-12 years (8). Similarly, a
programmatic intervention study in Denver, Colorado, assessed
the impact of changing HPV vaccination initiation from age 11
to 9 years old, finding that the change led to increases in
initiation and completion rates by age 13 (9). Using data from
NIS-Teen, a recent study also found that initiators at age 9 to 10
were associated with a 27% higher completion rate compared to
older initiators (ages 11 and older) (10). A recent survey
experiment of clinical staff, who had a role in assessing HPV
vaccination status in their practice, suggested that a benefit of
recommending vaccine initiation at age 9 compared to age 12

*Available online at: https://health.gov/healthypeople/objectives-and-data/
browseobjectives/vaccination/increase-proportion-adolescents-who-get-

recommended-doseshpv-vaccine-iid-08 (Accessed September 15, 2023).
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was completing vaccine series by age 13 (11). Results from an
intervention study showed that starting vaccination before age 11
resulted in an increase in complete vaccination from 62% to 88%
by age 13 (12). Finally, a population-based study in Minnesota,
reported that on-time completion of both 2 and 3 doses of the
vaccine series by age 13.5 or 15.0 years was significantly
associated with initiation at 9-10 years as compared to 11-12
years (13). Studies have also highlighted other benefits of
vaccinating adolescents aged 9-10 years. For example, earlier
HPV vaccination series completion would increase the chances of
protection before sexual debut. Earlier vaccine initiation is
particularly important for Black and Latino youths, who are
more likely to have an early sexual debut (14), and has been
suggested as a strategy for reducing health disparities in HPV-
related infections and cancer incidence (15). Evidence from a
survey indicates that HPV vaccination before age 11 years
showed high parental acceptance owing to reduced stigma
relating to sexual activity and the opportunity to administer
fewer shots at each visit, and that earlier initiation increased
opportunities to complete the series and decreased the need for
resource-intensive vaccine recall programs (16). Another survey
of primary care physicians showed that over two-thirds of
respondents recommend HPV vaccination at ages 9-10 years or
are willing to do so (17).

Healthcare organizations have reflected the value of HPV
initiation at age 9 in their guidelines. In addition to the AAP
recommendations (5), the American Cancer Society (ACS) updated
its guidelines stating that “health care providers are encouraged to
start offering the HPV vaccine series at age 9 or 10 years” (18).
The National Committee on Quality Assurance (NCQA) included
completion of HPV series by adolescents’ 13th birthday as one of
the Healthcare Effectiveness Data and Information Set (HEDIS)
(19). and benefits, the
nationwide HPV vaccine initiation rates at ages 9 to 10 remain

measures Despite these guidelines
fairly low relative to initiation at ages 11 or 12 (9, 10, 20).
Motivated by this issue and to complement the existing real-
world evidence, in this study we used model simulations to
assess the potential impact of increasing rates of earlier initiation
of the HPV vaccination series (in 9-10-year-olds) on future
vaccination completion rates among adolescents in the US.

Methods
Model structure

An age-structured Markov model (21-23) was developed to
simulate the effects of increasing HPV vaccine initiation rates in 9-
10-year-olds on the vaccination completion rates in 13-15-year-
olds. In the model, the proportions of adolescents with different
vaccination statuses (unvaccinated; 1-dose; fully vaccinated) within
each age group were tracked over time. Those considered “fully
vaccinated” in the model (referred to as having received 2 doses)
are either those with 2 or 3 provider-confirmed doses who met the
ACIP requirements. Individuals transitioned through 6-month age
categories (i.e., aged 8.5, 9.0, 9.5, 10.0, ... 13.5, 14, and 14.5 years)
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FIGURE 1

|:| Unvaccinated (0 doses) ‘:l Vaccinated (1 dose) |:| Fully vaccinated (2 doses)

Model diagram. Individuals transition between in 6-month time steps. Model states are labeled as Ai,j for individuals in the (i, j) state, where i represents
the age group (8.5, ...14.5 years) and j represents the number of total vaccine doses received (0, 1 or 2). Transition probabilities are labeled as pi,j.k,
where i represents the age group, j represents the number of vaccine doses received in that age group (0 or 1), and k represents the cumulative
number of vaccine doses received in any of the previous age groups (0 or 1).

based on time-varying transition parameters. The upper bound of
each age group is not inclusive. For example, 9.5-10-year-olds
includes those age 9 and six months up to, but not including age
10, and is denoted by [9.5-10). The 6-month time step duration
was selected to reflect the ACIP guidelines’ and real-world
vaccination patterns in which about 50% of individuals who
received 2 doses do so within a 12-month period (6). The model
transition probabilities were informed by the NIS-Teen surveys (see
Data source section). Within any given time step, individuals could
receive 0 or 1 dose. The diagram in Figure 1 shows the model
states and transitions.

To reflect in the model outputs that rates of HPV vaccination
have, overall, increased in the last decade, the model has a
parameter, b, which quantifies the baseline, or “natural” increase
over time in all the transition probabilities in the model (i.e.,
capturing systemic increases in vaccination rates in addition to
any additional proactive-vaccination intervention). A value of
b =0 implies no “natural” increase in vaccination rates, whereas a
value of b>0 leads to increases in vaccination rates. In the
simulations, it was assumed that b =0.005 [aligned with the data
in the 2021 NIS report’] starting in 2023 (the start of the
simulations) to model the natural increase in vaccination rates in
the absence of any proactive-vaccination intervention.

Additional details are provided in Supplementary Materials A
regarding the model input parameters, the model transition
matrix, and the initial conditions.

2Available online at: https://www.cdc.gov/vaccines/vpd/hpv/hcp/
recommendations.html#:~:text=HPV?%20vaccine%20is%20recommended?%
20for,not%20adequately%20vaccinated%20when?%20younger
September 15, 2023).

3Available

(Accessed

online at: https://www.cdc.gov/mmwr/volumes/71/wr/

mm7135al.htm#T1_down (Accessed September 15, 2023).

Frontiers in Pediatrics

03

Data source

Model transition probabilities (see Supplementary Table SI)
were estimated using the 2022 and 2021 NIS-Teen surveys,
which were the most recent data available at the time of this
assessment. The NIS-Teen survey seeks to generate timely
estimates of immunization coverage rates for all teenage vaccines
recommended by the ACIP (24). See Supplementary Materials B
for more details on how these data were used to derive the
model transition probabilities, along with additional details about
assumptions, calculations, and estimates. Data were de-identified
and comply with the patient requirements of the Health
Insurance Portability and Accountability Act (HIPAA) of 1996;
therefore, no review by an institutional review board was required.

Because this analysis studied vaccination of 9-14-year-olds and
NIS-Teen 2022 data surveyed 13-17-year-olds, the most recent
data on vaccination at age 9 can be provided by 13-year-old survey
respondents in 2022. Vaccination rates of 13, 14, 15, 16, and
17-year-olds reported in 2022 correspond to vaccines received by
9, 10, 11, 12, and 13-year-olds in 2018, respectively. Because the
span of 9-14-year-olds is one year greater than the data available
in a single year of survey data of 13-17-year-olds, vaccination rates
for 14-year-olds in 2018 are provided by data of 17-year-olds in
2021. For the main analysis, it was assumed that the transition
probabilities in 2022 were the same as in 2018. The rationale
behind this assumption is that, although during the 2018-2019
period the vaccination rates increased, they decreased during the
2019-2022 period (due to COVID-19) by a similar amount (3, 25).

Vaccination scenarios

The model simulated two scenarios:

« Routine initiation (status quo). The model projections are
entirely based on current empirical data from NIS-Teen for all

frontiersin.org
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age groups, with no proactive initiation in place and the
majority of initiating happening at ages 11 and 12. The
transition probabilities for all age groups are assumed to
increase based on current historical trends (i.e., by a baseline
amount b = 0.005 each year).

« Proactive initiation: In this scenario, it is assumed that the
percentages of individuals who initiate the HPV vaccination
series in the age groups 9- and 9.5-year-olds increase linearly
over time. Specifically, the probabilities of those in age groups
9- and 9.5-year-olds receiving the first dose (pg 1,0 and pos 10,
respectively) are increased linearly (i.e., by 3% each year for
20 years), starting from the values determined by the data.
This 3% is in addition to the historical baseline increase (i.e.,
a total of 3.5% vyearly increase in initiation probabilities). The
transition probabilities for the older age groups (10 years and
older) are based on empirical data from NIS-Teen and are
assumed to increase based on current historical trends, as in
the routine initiation scenario.

Model outputs

The model generated 20-year projections, starting in 2023, of
vaccination coverage for the two scenarios above over time for
each age group. The time to reach a 2-dose vaccination
completion rate of 80% was also estimated for 13-15-year-olds
[the cohort of interest for HPV vaccination goals in the US as
stated by US Health and Human Services,! American Cancer
Society,4 and the National Cancer Institute’ ], as a function of
different annual increases (from 1% to 10%) in the initiation
rates of 9- and 9.5-year-olds. Since the population sizes of each
age group in the model are the same, the completion rate in the
group of adolescents aged [13-15) years old was calculated as the
average completion rate of the age groups 13-13.5, 13.5-14, 14—
14.5 and 14.5-15-year-olds.

Stratifications
The model also generated projections within subgroups

available in the 2021 and 2022 NIS-Teen data,
which differences in HPV vaccination rates were previously

and for

identified (26, 27), including: race and ethnicity [non-Hispanic
(NH) White, NH Black, NH other/multiple, and Hispanic];
sex (male and female); income (below poverty, above poverty
and below $75,000, over $75,000); census region (Northeast,

“Available online at: https://www.cancer.org/health-care-professionals/
hpvvaccination-information-for-health-professionals/our-hpv-vaccination-
initatives.html (Accessed September 15, 2023)

>Available

online  at https://progressreport.cancer.gov/prevention/

hpv_immunization (Accessed September 15, 2023)
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Midwest, South, and West); and facility (all public facilities,
all hospital facilities, all private facilities, all others, mixed,
and unknown).

Sensitivity analysis

In the main analysis, we focused on results based on a proactive
initiation intervention characterized by a 3% annual increase in
initiation rates for 9- and 9.5-year-olds. To better assess the
impact of different proactive initiation interventions, in the
sensitivity analysis it was instead assumed that annual increases
in initiation rates for those in age groups 9- and 9.5-year-olds
would be 1% (pessimistic scenario) and 5% (optimistic scenario),
in addition to the historical baseline increase of 0.5%.

The model was simulated in R (28).

Results
Vaccination coverage projections

The initial distribution (in 2023) of vaccine initiation and
completion rates by age group is in Supplementary Figure S2
in Supplementary Materials C. As expected, initiation rates at
age 9 are relatively low compared to other age groups, and
initiation rates increase gradually with age. Specifically,
initiation rates (percentage of those with 1 or 2 doses) were
2.0% for the 9-year-olds, whereas initiation rates ranged from
31.0% to 62.6% for [11-11.5) [12.5-13)

respectively. Initiation rates were highest (76.4%) for the age

and year-olds,
group of [14.5-15) year-olds.

Figure 2 shows the distribution in 2043 of vaccine initiation
and completion rates by age group, in the proactive initiation
scenario. By year 2043, the initiation rate (the percentage of
those with 1 or 2 doses) for 9-year-olds increased to 81.4%, on
average, while the initiation rate for 14-year-olds reached 98.1%.

Figure 3 shows the corresponding proactive initiation
scenario projections for adolescents [13-15) years of age. The
desired 2-dose vaccine completion (80%, horizontal dashed
line) in [13-15) year-olds was achieved between 2033 and
2034, that is, in 10.5 years from 2023, or in 8 years sooner
than the routine initiation scenario (see black dashed vertical
line). For reference, under the routine initiation scenario, the
desired 2-dose vaccine completion in 13-15-year-olds was
achieved between 2041 and 2042 (i.e., 18.4 years after 2023, see
red dashed vertical line in Figure 3).

Time to reach 80% vaccination completion
rate

Figure 4 shows how the time to reach the desired completion
rate in [13-15) year-olds changes as a function of the annual
increase in the initiation probabilities in 9-year-olds. Results
indicate that, if an intervention is put in place to increase the
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https://www.cancer.org/health-care-professionals/hpvvaccination-information-for-health-professionals/our-hpv-vaccination-initatives.html
https://www.cancer.org/health-care-professionals/hpvvaccination-information-for-health-professionals/our-hpv-vaccination-initatives.html
https://www.cancer.org/health-care-professionals/hpvvaccination-information-for-health-professionals/our-hpv-vaccination-initatives.html
https://progressreport.cancer.gov/prevention/hpv_immunization
https://progressreport.cancer.gov/prevention/hpv_immunization
https://doi.org/10.3389/fped.2024.1393897
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Saxena et al.

10.3389/fped.2024.1393897

Proportion (%)

Age Groups [ Group with 0 dose
FIGURE 2

initiation scenario.

Final proportion of vaccination status across age groups

0 [9-9.5) [9.5-10) [10-10.5)[10.5-11) [11-11.5) [11.5-12) [12-12.5) [12.5-13) [13-13.5) [13.5-14) [14-14.5) [14.5-15)

Age group (Years)
M Group with only 1 dose

Distribution of vaccine initiation and completion (the percentage of those with 0, 1, and 2 doses) projected in 2043, by age group, in the proactive

M Group with 2 doses

initiation rates of 9-year-olds by 1% each year (1.5% total annual
increase), the desired completion rates of 80% in [13-15) year-
olds will be achieved between 2037 and 2038. If said intervention
were to increase the initiation rates for 9-year-olds by 10% each
year (10.5% total annual increase), the desired completion rate
will be achieved between 2029 and 2030.

Sensitivity analysis

In the 1% proactive initiation scenario, the 80% completion
rate in [13-15) year-olds would be achieved between 2037 and
2038. In the 5% proactive initiation scenario, it would be
achieved by 2032. See Supplementary Materials D for more details.

Table 1 summarizes the model-predicted times to reach 80%
vaccination completion in [13-15) year-olds across the core and
sensitivity analyses, compared by proactive initiation rates
(1%, 3%, 5% and 10%). The results reveal the non-linear
relationship between the proactive initiation rate and the time to
reach the 80% vaccination completion rate.

Frontiers in Pediatrics

Stratification analysis

In general, completion rates are higher among Hispanic and
NH Black groups (see Supplementary Figure S7, which shows the
initial distribution in 2023 of vaccine completion rates by age
group and compared by race and ethnicity). Figure 5 shows how
the time to reach a desired completion rate in [13-15) year-olds
changes, by race/ethnicity, as a function of the annual increase in
the initiation probabilities in 9-year-olds. As the initiation
probabilities in 9-year-olds increase, the time to reach the desired
completion rate decreases across all racial groups, with Hispanic
and NH Black groups reaching it faster than other groups.
Notably, for larger values of the initiation rate increase per year,
the differences between racial groups become less pronounced.

Supplementary Materials E contains analogous results
stratifying by sex, income, region, and facility. In summary,
results indicate that, initially, completion rates are similar
between sexes (but higher among females), highest among those
living below poverty, highest among those in the Northeast

region and lowest for those in the South region, and highest for
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me Age 13.5, 2 doses
Age 14, 2 doses
Age 14.5, 2 doses

2025
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Year

FIGURE 3

2035

Proactive initiation scenario projections in the 13-15 age groups, assuming all transition probabilities increase according to the historical trends
combined with the proactive-initiation strategy (i.e., initiation rates increase by 3.5% each year in age groups 9- and 9.5-year-olds after 2023). The
dashed black vertical line indicates the time at which the 80% completion rate is achieved in [13-15) year-olds. The time to reach the 80%
completion rate for the routine initiation scenario is marked by the red dashed vertical line.

2040

those that get vaccinated in private facilities and lowest in sexually
transmitted disease (STD)/school/teen clinics. Similar to Figure 5,
as the yearly increase in initiation rates gets larger, differences
between strata become less pronounced.

Discussion

HPYV vaccination rates continue to remain below national goals
of 80% of eligible 13-15-year-olds completing the vaccine series,
and lag behind other routinely recommended vaccinations for
adolescents. We posited that increasing HPV vaccine initiation at
age 9-10 years could more quickly increase completion rates to
and beyond the national goals. Indeed, the positive relationship
between early start of vaccination and increases in completion
rates among adolescents is validated by several real-world studies
(8, 9, 11, 13). However, despite the real-world evidence
highlighting the benefits of proactive HPV vaccine, HPV
vaccination initiation rates in 9-10-year-olds remain low.

To complement the existing real-world evidence on the impact
of proactive HPV vaccination, this study generated long-term

Frontiers in Pediatrics

modeling evidence to assess, quantitively, the projected effects of
increasing rates of initiation of the HPV vaccination series in 9-
year-olds on the vaccination completion rates among older
adolescents. Projections indicate that desired levels of vaccine
completion coverage of 80% in 13-15-year-olds may not be
achievable by 2040 under current historical trends, unless
interventions are put in place to accelerate initiation rates
(e.g., ACIP HPV
vaccination at age 9).

stronger recommendation to initiate

This model serves as a proof of concept that an effective
solution to shorten the time to achieve a completion coverage of
80% in 13-15-year-olds is to substantially increase the HPV
vaccine series initiation rates in 9-year-olds. Even small increases
in vaccination rates of 9-year-olds can have a substantial impact
on reducing the time to achieve the completion coverage goals.
indicated that there

relationship between the time to reach a desired completion rate

Moreover, the results is a non-linear
in 13-15-year-olds and the annual increase in the initiation
rates in 9-year-olds: initial increments in the proactive initiation
rates have more impact on reducing the time to reach 80%

completion, and additional increments have relatively lower
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FIGURE 4

Time needed to reach the desired 80% completion rate in [13-15) year-olds as a function of the total annual increase (baseline annual increase +
additional increase) in the initiation probabilities in 9- and 9.5-year-olds.

TABLE 1 Reduction in time to reach 80% 2-dose vaccination completion
in [13-15) year-olds, compared by proactive initiation rate.

Reduction in time to
80% completion,
compared to status
quo

Time to achieve 80%
vaccination
completion in
[13-15) year-olds

Proactive
initiation rate®

in 9-year-olds

0% (status quo) 2042 Reference
1% 2038 4 years
3% 2034 8 years
5% 2032 10 years
10% 2030 12 years

°This rate does not include the baseline rate b. This rate represents the magnitude
of the different proactive initiation interventions.

impact (i.e, a diminishing returns profile). An encouraging
interpretation of this observation is that, even proactive initiation
interventions that lead to small incremental improvements in
vaccination rates of 9-year-olds can have a relatively significant
impact on reducing the time to reach the 80% completion goal.
Projections in subgroups of interest revealed differences in
initial vaccine completion rates and time to reach desired
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completion, in line with previous studies.’” While subgroups
across demographic and economic risk factors converge in terms
of time to reach desired completion at higher increases in HPV
vaccination initiation rates in 9-year-olds, substantial differences
were found between subgroups (e.g., Hispanic vs. non-Hispanic
groups) at lower increases in initiation rates. Interestingly, these

that an that
initiation in  9-year-olds has

analyses  suggested intervention increases

considerably the rates two
simultaneous beneficial effects: (1) it reduces the time to reach
the desired completion rates for the entire population, and (2) it
reduces the differences across groups in the time to achieve the
desired completion goals (e.g., interventions that substantially
increase initiation rates in 9-year-olds can disproportionately
benefit racial/ethnic groups with lower initial vaccination rates).
The second observation is aligned with two previous real-world
findings. One study suggested that completion rates were higher,
and similar across sex and insurance status, among proactive
initiators (ages 9 to 10), but were significantly different among
older initiators (ages 11 and older) (10). The other one suggested
HPV vaccination initiation at age 9 as a strategy for reducing

health disparities in HPV-related infections and cancer incidence
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Race

—eo— Non-Hispanic White
- Non-Hispanic Black

—e— Non-Hispanic other/multiple
- Hispanic

(17). These findings also suggest that proactive HPV vaccination
would not only shorten the time to reach vaccination completion
goals, but should also lead to reaching elimination goals faster,
not just for cervical diseases but all HPV-related diseases in a
gender neutral manner.

An important methodological contribution of this study was a
approach to age-group  specific
probabilities based on NIS-Teen retrospective survey data. Based on

novel estimate transition
this approach, we were able to not only parameterize the model,
but also derive the empirical distribution, across age groups, of
vaccination initiation and completion rates for a particular year,
thus, broadening the usefulness of the NIS-Teen data.

The predictions presented herein should be interpreted
The Markov

assumption, which states that the transitions between states are

considering important model assumptions.
independent of past transitions, implies that the administration
age of the second HPV vaccine dose is independent of the age of
first dose. However, in the real world, proactive initiators may

tend to complete HPV vaccine series earlier than the Markov
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assumption would predict (e.g., proactive initiators tend to be
individuals with better healthcare access and with providers
using effective reminders for vaccinating their patients). The
Markov assumption, however, is justified not only because it
made the model tractable, but also because it arguably generates
conservative estimates, in the sense it will not underestimate the
time to reach desired completion levels. That is, if increasing the
probability of getting the first dose of the vaccine also increases
the probability of getting the second dose, then completion goals
will be met even earlier than those we projected here.

Our model thus assumes an intervention that only affects the
initiation rates of 9-year-olds, and that the overall behavior of
individuals remains unchanged otherwise. See Supplementary
Materials A for additional discussion on model assumptions.
Additionally, the assumption of a constant baseline increase
(b=0.5%) over time in all the transition probabilities in the
model may be optimistic, particularly for the age 9-10 age
groups, which in turn may lead to an underestimation of the
time to reach the desired completion goals under the routine
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initiation scenario. Similarly, we assumed a linear increase in age 9
initiation rates over a 20-year period, whereas historical data
suggests that the rates could plateau as rates gets higher. The
feasibility of a continuous increase in age 9 vaccination rates
healthcare

will partly depend upon

recommendations to curtail parental hesitancy to vaccinating

stronger provider
their children at age 9. This hesitancy typically stems from a
myriad of reasons including lack of awareness, believing the
vaccine is not necessary for their children (e.g., who are not
sexually active yet, or are male), or perceived safety concerns
[despite robust long term evidence of HPV vaccine safety®] (29,
30). That said, there is substantial evidence that HPV vaccination
at 9 could help ameliorate some of these issues (see discussion
above). Our model does not explicitly take into account the
potential effects of vaccine hesitancy on vaccination uptake;
however, we do try to account for scenarios of lower vaccination
uptake (due in part to hesitancy) by modeling a “pessimistic
scenario” with small increases in initiation rates over a long
period of time.

Also, when interpreting the results of our model, it should be
noted that while an increase in initiation rates at age 9 may lead
to less people being vaccinated at a given older age group (e.g., if
more people receive their first dose at age 9, then there will be less
people eligible to receive their first dose at age 11, even if
vaccination rates remain the same for that age group), it does
lead to an increase in the total number of people vaccinated by
or at a given older age group (e.g., the total number of people
who received their first dose by or at age 11 would be larger).
Finally, due to data limitations, not all subgroups of interest
could be studied in this analysis. For example, assessing
differences in vaccination rates between children with and
without underlying conditions, or children living in rural vs.
urban areas could contribute valuable insights for targeted HPV
vaccination campaigns.

In conclusion, the model developed in this study indicates that
proactive HPV vaccination, specifically in 9-year-olds, may enable
the US to reach the desired 80% HPV vaccination completion goals
more swiftly than if age at vaccination stays at 11-12 years. These
findings can inform interventions to improve HPV vaccination
series completion.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: https://www.cdc.gov/vaccines/imz-

managers/nis/datasets-teen.html.

SAvailable online at: https://www.cancer.gov/news-events/cancer-currents-
blog/2021/hpv-vaccine-parents-safety-concerns (Accessed September 15,

2023).

Frontiers in Pediatrics

10.3389/fped.2024.1393897

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this
study was not required from the participants or the participants’
legal guardians/mext of kin in accordance with the national
legislation and the institutional requirements since this was a
modeling study using deidentified published data as model inputs.

Author contributions

KS: Conceptualization, Formal Analysis, Writing - original
draft, Writing — review & editing. OP-L: Conceptualization, Data
curation, Formal Analysis, Writing - original draft, Writing -
review & editing. AG-L: Conceptualization, Data curation,
Formal Analysis, Writing — original draft, Writing - review &
editing. AZ: Conceptualization, Data curation, Formal Analysis,
Writing - original draft, Writing - review & editing. JC-E:
Conceptualization, Writing — original draft, Writing - review &
editing. DK: Conceptualization, Writing - original draft, Writing
- review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

The study was funded by Merck Sharp & Dohme LLC, a
subsidiary of Merck & Co, Inc, Rahway, NJ, USA.

Acknowledgments

Dr. Elizabeth Goodman provided input to the
conceptualization and design of the study and reviewed the
manuscript draft. Editorial assistance in the preparation of this
article was provided by Molly Gingrich of Analysis Group.

Conflict of interest

KS is an employee of Merck Sharp & Dohme LLC, a subsidiary
of Merck & Co., Inc., Rahway, NJ, USA and owns stock in Merck &
Co., Inc., Rahway, NJ, USA. OP-L, AG-L, and AZ are employees of
Analysis Group, Inc., and received research funding from Merck
and Co, Inc, Rahway, NJ to conduct this study. JC-E has received
consultancy fees from Merck Sharp and Dohme LLC and the
Foundation for Sarcoidosis Research. DK has received research
Studies
consultancy fees from Merck Sharp and Dohme LLC. The

grants from Merck Investigators Program and
authors declare that this study received funding from Merck

Sharp & Dohme LLC. The study sponsors were involved in

frontiersin.org


https://www.cdc.gov/vaccines/imz-managers/nis/datasets-teen.html
https://www.cdc.gov/vaccines/imz-managers/nis/datasets-teen.html
https://www.cancer.gov/news-events/cancer-currents-blog/2021/hpv-vaccine-parents-safety-concerns
https://www.cancer.gov/news-events/cancer-currents-blog/2021/hpv-vaccine-parents-safety-concerns
https://www.cancer.gov/news-events/cancer-currents-blog/2021/hpv-vaccine-parents-safety-concerns
https://doi.org/10.3389/fped.2024.1393897
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Saxena et al.

several aspects of the research, including the study design,
interpretation of data, and writing of the manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

References

1. Stokley S, Jeyarajah ], Yankey D, Cano M, Gee ], Roark J, et al. Human
papillomavirus ~ vaccination coverage among adolescents, 2007-2013, and
postlicensure vaccine safety monitoring, 2006-2014—United States. MMWR Morb
Mortal Wkly Rep. (2014) 63(29):620-4. PMID: 25055185; PMCID: PMC5779422.

2. Pingali C, Yankey D, Elam-Evans LD, Markowitz LE, Valier MR, Fredua B, et al.
Vaccination coverage among adolescents aged 13-17 years — national immunization
survey-teen, United States, 2022. MMWR Morb Mortal Wkly Rep. (2023) 72:912-9.
doi: 10.15585/mmwr.mm7234a3

3. Saxena K, Marden JR, Carias C, Bhatti A, Patterson-Lomba O, Gomez-
Lievano A, et al. Impact of the COVID-19 pandemic on adolescent
vaccinations: projected time to reverse deficits in routine adolescent
vaccination in the United States. Curr Med Res Opin. (2021) 37(12):2077-87.
doi: 10.1080/03007995.2021.1981842

4. O’Leary, Ann-Christine Nyquist. Why AAP recommends initiating HPV
vaccination as early as age 9. (2019). Available online at: https://publications.aap.
org/aapnews/news/14942. ISSN: 1556-3332.

5. Aragones A, Gany F, Kaplan A, Bruno D. An opportunity to increase human
papillomavirus vaccination rates: change the guidelines. Hum Vaccin Immunother.
(2022) 18(6):2136444. doi: 10.1080/21645515.2022.2136444

6. Goodman E, Felsher M, Wang D, Yao L, Chen YT. Early initiation of HPV
vaccination and series completion in early and mid-adolescence. Pediatrics. (2023)
151(3):¢2022058794. doi: 10.1542/peds.2022-058794

7. O'Leary ST. Why the American Academy of Pediatrics recommends initiating
HPV vaccine at age 9. Hum Vaccin Immunother. (2022) 18(6):2146434. doi: 10.
1080/21645515.2022.2146434

8. Saxena K, Kathe N, Sardana P, Yao L, Chen YT, Brewer NT. HPV Vaccine
initiation at 9 or 10 years of age and better series completion by age 13 among
privately and publicly insured children in the US. Hum Vaccin Immunother. (2023)
19(1):2161253. doi: 10.1080/21645515.2022.2161253

9. O’Leary SC, Frost HM. Does HPV vaccination initiation at age 9, improve HPV
initiation and vaccine series completion rates by age 13?2 Hum Vaccin Immunother.
(2023) 19(1):2180971. doi: 10.1080/21645515.2023.2180971

10. Minihan AK, Bandi P, Star J, Fisher-Borne M, Saslow D, Jemal A. The
association of initiating HPV vaccination at ages 9-10 years and up-to-date status
among adolescents ages 13-17 years, 2016-2020. Hum Vaccin Immunother. (2023)
19(1):2175555. doi: 10.1080/21645515.2023.2175555

11. Kahn BZ, Reiter PL, Kritikos KI, Gilkey MB, Queen TL, Brewer NT. Framing
of national HPV vaccine recommendations and willingness to recommend at ages
9-10. Hum Vaccin Immunother. (2023) 19(1):2172276. doi: 10.1080/21645515.2023.
2172276

12. Casey SM, Jansen E, Drainoni ML, Schuch TJ, Leschly KS, Perkins RB. Long-
term multilevel intervention impact on human papillomavirus vaccination rates
spanning the COVID-19 pandemic. ] Low Genit Tract Dis. (2022) 26(1):13-9.
doi: 10.1097/LGT.0000000000000648

13. Sauver JL S, Rutten LJF, Ebbert JO, Jacobson DJ, McGree ME, Jacobson RM.
Younger age at initiation of the human papillomavirus (HPV) vaccination series is
associated with higher rates of on-time completion. Prev Med. (2016) 89:327-33.
doi: 10.1016/j.ypmed.2016.02.039

14. Eaton DK, Kann L, Kinchen S, Shanklin S, Flint KH, Hawkin J, et al. Youth risk
behavior surveillance—united States, 2011. MMWR Surveill Summ. (2012) 61:1-162.
PMID: 22673000.

Frontiers in Pediatrics

10

10.3389/fped.2024.1393897

claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.2024.
1393897/full#supplementary-material

15. Coyne-Beasley T, Ortiz RR. Recommending HPV vaccination at age 9 to reduce
health disparities: communication challenges and opportunities. Hum Vaccin
Immunother. (2023) 18(1):2178219. doi: 10.1080/21645515.2023.2178219

16. Biancarelli DL, Drainoni ML, Perkins RB. Provider experience recommending
HPV vaccination before age 11 years. J Pediatr. (2020) 217:92-7. doi: 10.1016/j.
jpeds.2019.10.025

17. Kong WY, Huang Q, Thompson P, Grabert BK, Brewer NT, Gilkey MB.
Recommending human papillomavirus vaccination at age 9: a national survey of primary
care professionals. Acad Pediatr. (2022) 22(4):573-80. doi: 10.1016/j.acap.2022.01.008

18. Saslow D, Andrews KS, Manassaram-Baptiste D, Smith RA, Fontham ETH.
Human papillomavirus vaccination 2020 guideline update: American Cancer Society
guideline adaptation. CA Cancer J Clin. (2020) 70(4):274-80. doi: 10.3322/caac.21616

19. National Committee for Quality Assurance. Immunizations for adolescents
(IMA). Available online at: https://www.ncqa.org/hedis/measures/immunizations-
for-adolescents/ (Accessed September 15, 2023).

20. Prabhu VS, Bansal N, Liu Z, Finalle R, Sénécal M, Kothari S, et al. HPV
Vaccination uptake and administration from 2006 to 2016 in a commercially
insured population of the United States. BMC Public Health. (2021) 21:1-9. doi: 10.
1186/s12889-021-11664-1

21. Sonnenberg FA, Beck JR. Markov models in medical decision making: a practical
guide. Med Decis Making. (1993) 13(4):322-38. doi: 10.1177/0272989X9301300409

22. Carta A, Conversano C. On the use of markov models in pharmacoeconomics:
pros and cons and implications for policy makers. Front Public Health. (2020)
703:131-48. doi: 10.3389/fpubh.2020.569500

23. Stahl JE. Modelling methods for pharmacoeconomics and health technology
assessment. Pharmacoeconomics. (2008) 26(2):131-48. doi: 10.2165/00019053-
200826020-00004

24. U.S. Department of Health and Human Services (DHHS). National Center for
Immunization and Respiratory Diseases. the 2022 National Immunization Survey—
teen. Atlanta, GA: Centers for Disease Control and Prevention (2023).

25. Chao CR, Xu L, Cannizzaro N, Bronstein D, Choi Y, Riewerts R, et al. Trends in
HPV vaccine administration and HPV vaccine coverage in children by race/ethnicity
and socioeconomic status during the COVID-19 pandemic in an integrated health
care system in California. Vaccine. (2022) 40(46):6575-80. doi: 10.1016/j.vaccine.
2022.09.073

26. Yoo W, Koskan A, Scotch M, Pottinger H, Huh WK, Helitzer D. Patterns and
disparities in human papillomavirus (HPV) vaccine uptake for young female
adolescents among US states: NIS-teen (2008-2016) patterns and disparities in
HPV vaccine uptake. Cancer Epidemiol Biomarkers Prev. (2020) 29(7):1458-67.
doi: 10.1158/1055-9965.EPI-19-1103

27. Hirth J, Ostovar-Kermani T, Gutierrez JA, Thompson EL, Barnett TE, Zoorob R.
Effect of age at initiation of the human papillomavirus vaccine on the association
between race/ethnicity and completion of the vaccine series. Vaccine. (2024) 42
(11):2827-36. doi: 10.1016/j.vaccine.2024.03.050

28. Spedicato GA. Discrete time markov chains with R. R J. (2017) 9(2):84. doi: 10.
32614/RJ-2017-036

29. White MD. Pros, cons, and ethics of HPV vaccine in teens—why such controversy?
Transl Androl Urol. (2014) 3(4):429. doi: 10.3978/j.issn.2223-4683.2014.11.02

30. Morales-Campos DY, Zimet GD and Kahn JA, 2023. Human papillomavirus
vaccine hesitancy in the United States. Pediatric Clinics, 70(2), pp.211-26.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fped.2024.1393897/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2024.1393897/full#supplementary-material
https://pubmed.ncbi.nlm.nih.gov/PMID: 25055185
https://pubmed.ncbi.nlm.nih.gov/PMCID: PMC5779422
https://doi.org/10.15585/mmwr.mm7234a3
https://doi.org/10.1080/03007995.2021.1981842
https://publications.aap.org/aapnews/news/14942
https://publications.aap.org/aapnews/news/14942
https://doi.org/10.1080/21645515.2022.2136444
https://doi.org/10.1542/peds.2022-058794
https://doi.org/10.1080/21645515.2022.2146434
https://doi.org/10.1080/21645515.2022.2146434
https://doi.org/10.1080/21645515.2022.2161253
https://doi.org/10.1080/21645515.2023.2180971
https://doi.org/10.1080/21645515.2023.2175555
https://doi.org/10.1080/21645515.2023.2172276
https://doi.org/10.1080/21645515.2023.2172276
https://doi.org/10.1097/LGT.0000000000000648
https://doi.org/10.1016/j.ypmed.2016.02.039
https://pubmed.ncbi.nlm.nih.gov/PMID: 22673000
https://doi.org/10.1080/21645515.2023.2178219
https://doi.org/10.1016/j.jpeds.2019.10.025
https://doi.org/10.1016/j.jpeds.2019.10.025
https://doi.org/10.1016/j.acap.2022.01.008
https://doi.org/10.3322/caac.21616
https://www.ncqa.org/hedis/measures/immunizations-for-adolescents/
https://www.ncqa.org/hedis/measures/immunizations-for-adolescents/
https://doi.org/10.1186/s12889-021-11664-1
https://doi.org/10.1186/s12889-021-11664-1
https://doi.org/10.1177/0272989X9301300409
https://doi.org/10.3389/fpubh.2020.569500
https://doi.org/10.2165/00019053-200826020-00004
https://doi.org/10.2165/00019053-200826020-00004
https://doi.org/10.1016/j.vaccine.2022.09.073
https://doi.org/10.1016/j.vaccine.2022.09.073
https://doi.org/10.1158/1055-9965.EPI-19-1103
https://doi.org/10.1016/j.vaccine.2024.03.050
https://doi.org/10.32614/RJ-2017-036
https://doi.org/10.32614/RJ-2017-036
https://doi.org/10.3978/j.issn.2223-4683.2014.11.02
https://doi.org/10.3389/fped.2024.1393897
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Assessing the long-term implications of age 9 initiation of HPV vaccination on series completion by age 13–15 in the US: projections from an age-structured vaccination model
	Introduction
	Methods
	Model structure
	Data source
	Vaccination scenarios
	Model outputs
	Stratifications
	Sensitivity analysis

	Results
	Vaccination coverage projections
	Time to reach 80% vaccination completion rate
	Sensitivity analysis
	Stratification analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


