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Abstract: Most oropharyngeal and anogenital cancers are caused by human papillomavirus (HPV).
Although HPV vaccines showed high efficacy against oropharyngeal and anogenital HPV infections,
and cancer precursors in randomized clinical trials, there are limited data on the effectiveness
of HPV vaccination against HPV-related cancers. We aimed to evaluate the association of HPV
vaccination with HPV-related cancers among a nationally representative sample of United States
adults, aged 20-59 years. In a cross-sectional study combining four cycles from the National Health
and Nutrition Examination Survey, from 2011 through 2018, we used a survey-weighted logistic
regression model, propensity score matching and multiple imputations by chained equations to
explore the association of HPV vaccination with HPV-related cancers. Among 9891 participants,
we did not find an association of HPV vaccination with HPV-related cancers (adjusted OR = 0.58,
95% CI 0.19; 1.75). Despite no statistically significant association between HPV vaccination and
HPV-related cancers, our study findings suggest that HPV-vaccinated adults might have lower odds
of developing HPV-related cancers than those who were not vaccinated. Given the importance of
determining the impact of vaccination on HPV-related cancers, there is a need to conduct future
research by linking cancer registry data with vaccination records, to obtain more robust results.
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1. Introduction

Oropharyngeal cancers, including cancers of the lip, oral cavity, pharynx, and larynx,
and anogenital cancers, such as cervical, vaginal, vulvar, penile and anal cancers, are common
cancers worldwide [1]. The American Cancer Society estimated 54,000 and 40,810 new
cases, and 11,230 and 9610 new deaths related to oropharyngeal and anogenital cancers,
respectively, in the U.S. in 2022 [2]. While risk factors for these cancers are age [2], ethnicity [2],
smoking [3], alcohol consumption [3], environmental pollutants [4], and dietary factors [5],
a sexually transmitted human papillomavirus (HPV) infection plays a major role in their
development [6]. It has been shown that HPV is causally associated with almost all cervical
cancers [7], and it is also the cause of some genital cancers, collectively called HPV-related
cancers [7]. Seven high-risk HPV types (16, 18, 31, 33, 45, 52 and 58) are causally associated
with 90% of cervical, 75% vaginal, 69% vulvar, 63% penile, and 70% oropharyngeal cancer
cases [8]. There is also some evidence of potential associations of HPV with other genital
cancers (e.g., prostate cancer, testicular cancer) [9,10].

There are highly efficacious HPV vaccines against the high-risk HPV infection types,
recommended at the age of 9-14 for girls and boys [11]. The Advisory Committee on
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Immunization Practices also recommends catch-up HPV vaccination for all individuals up
to 26 years old, while HPV vaccination for adults aged 27-45 years should be based on
clinical decision-making [12,13]. In randomized clinical trials, HPV vaccines showed high
efficacy in reducing rates of cervical cancer precursors [14] and decreasing rates of oral
and anogenital HPV infections [15]. However, there are limited data on the effectiveness
of HPV vaccination against HPV-related cancers [15,16]. Multiple studies examined the
post-licensure effect of HPV vaccine on HPV infection rates [17-19]. Several cross-sectional
analyses of the National Health and Nutrition Examination Survey (NHANES) data have
found that young people who self-reported being previously HPV vaccinated had consid-
erably lower rates of oral HPV infections [17]. Additionally, descriptive epidemiological
studies showed a decrease in incidence rates of cervical and vaginal cancers in the United
States (U.S.) from 1999 to 2015 [18]. However, only two studies investigated the effects
of HPV vaccination on HPV-related cancers [20,21]. Linking to cancer registry data, one
study reported high efficacy of HPV vaccination against oropharyngeal cancers among
cohorts who were previously enrolled in HPV vaccine trials, although the detected number
of cancer cases was small [20]. The second study found lower incidence rates of invasive
cervical cancer among HPV-vaccinated cohorts compared to unvaccinated, utilizing the
Sweden population registry [21].

Given the limited literature and high vaccine hesitancy rates in eligible U.S. adoles-
cents [22,23], there is a need to understand the impact of HPV vaccination on HPV-related
cancer rates and to inform policymakers, adolescents eligible for vaccination and parents
considering vaccinating their children about the effectiveness of HPV vaccines against the
HPV-related cancers. The findings will also be useful in promoting HPV immunization
campaigns and supporting parents and adolescents in decision-making about HPV vacci-
nation. In this study, we utilized the NHANES cycles from 2011 through 2018 to investigate
the following research question: “Is HPV vaccination associated with a lower risk of HPV-
related cancers in U.S. adults aged 20-59?”. We hypothesized that the risks of HPV-related
cancers would be lower among the HPV vaccinated population than a non-HPV-vaccinated
population. This study performed logistic regression modeling appropriate for complex
surveys to examine the relationship between HPV vaccination and HPV-related cancers in
the general adult U.S. population, utilizing nationally representative data.

2. Materials and Methods
2.1. Study Design and Data Source

In the cross-sectional study, we analyzed four cycles (2011-2018) from NHANES, a
continuous survey designed to assess health and dietary status of the non-institutionalized
U.S. population [24]. Bi-annually, a nationally representative sample is selected using a
complex multistage probability sampling design [25]. The survey details and sample design
have been described elsewhere [26]. The ethical approval for the study was received under
item 7.10.3 in the University of British Columbia’s Policy 89 on studies involving human
participants [27] and Article 2.2 in the Tri-Council Policy Statement Ethical Conduct for
Research Involving Humans [28].

2.2. Study Population

Overall, 39,156 participants responded to health and dietary questions from the four
NHANES cycles [29]. 24,222 participants younger than 20 years or older than 59 years
were excluded because they were not eligible to respond to questions about cancer status
and HPV vaccination history. Responses “Refused”, “Don’t know” or “Not stated” were
treated as missing values. We excluded all participants with at least one missing value in
any variable. The final complete case sample included 9891 participants. For more details
about the selection process of the study sample, see Figure 1.
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Figure 1. Flowchart describing the analytic complete case sample selection for a study investigating
the relationship of HPV vaccination to HPV-related cancers using data from the National Health
and Nutrition Examination Survey (NHANES) between 2011 through 2018. Abbreviations: U.S.: the
United States; HPV: human papillomavirus.

2.3. Study Variables

Two survey questions were used to develop the binary outcome variable: a self-
reported diagnosis of HPV-related cancers. The first question was: “Have you ever been
told by a doctor or other health professional that you had cancer or a malignancy of
any kind?” [29]. The second question, asked to those who responded “yes” to the first
question, was: “What kind was it?”. Participants who reported being diagnosed with
larynx, windpipe, mouth, tongue, lip or cervical cancers (anal, penile, vulvar, and vaginal
cancers were not self-reported) were categorized as HPV-related cancers, while those
who were not diagnosed with cancer or were diagnosed with other cancer types were
categorized as non-HPV-related cancers.

The primary exposure variable was HPV vaccination history. It was directly ob-
tained from the survey question: “Have you ever received one or more doses of the HPV
vaccine?” [29]. Those participants who reported receiving at least one dose were catego-
rized as HPV vaccinated, while those who did not receive any dose were categorized as
not HPV vaccinated.
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HPV vaccination

Based on previous literature and epidemiological reasoning, the following covariates
were considered as potential confounders of the association of HPV vaccination history
with HNGC: age [3,30,31], ethnicity [30,31], education [3,22,31], household income [22],
whether participants were born in the U.S. or not [31], and NHANES cycle. Potential risk
factors for HNGC included marital status, any history of consuming 4-5 alcohol drinks
daily, having smoked at least 100 cigarettes over their lifetime, self-reported diet, a history
of being overweight, a history of diabetes, moderate or vigorous physical activity at work,
and routine access to healthcare services “when sick or need advice about health” [31]. The
assumed causal relationships are depicted in Figure 2.

Healthy eating

Overweight

Education

NHANES cycle

Diabetes

HPV-related cancers

7
Healthcare access
Smoking
Alcohol
Marital status
Where born Physical activity Income

Figure 2. Directed acyclic graph examining the association of human papillomavirus (HPV) vaccina-
tion history with HPV-related cancers. Age, ethnicity, education, household income, and whether
participants were born in the U.S. or not, and National Health and Nutrition Examination Survey
(NHANES) cycle are considered as confounders; adjusting for these blocks all backdoor pathways
(indicated in gray boxes). Marital status, any history of consuming 4-5 alcohol drinks daily (alcohol),
having smoked at least 100 cigarettes over their lifetime (smoking), self-reported diet (healthy eating),
a history of being overweight, a history of diabetes, moderate or vigorous physical activity at work,
and routine access to healthcare services “when sick or need advice about health” (healthcare access)
are assumed to be risk factors for HPV-related cancers (shown in blue, except “HPV-related cancers”,
which is the outcome). The variable in green with sign “ * ” is the primary exposure variable (HPV

i N

vaccination). The variable with sign is the outcome (HPV-related cancers).

2.4. Statistical Analysis
2.4.1. Primary Analysis

To account for the complex sampling design, survey weights, strata and clusters were
used in analyzing data. Survey weights were divided by 4 to account for combining four
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NHANES cycles. In the descriptive analysis, categorical variables were presented as sample
frequencies, while percentages were presented as weighted estimates for the target popu-
lation. Associations between categorical variables and the outcome variable were tested
using Rao-Scott chi-square test for complex survey design studies [32]. A survey-weighted
multiple logistic regression model was built to test the association of HPV vaccination his-
tory with HPV-related cancers using the complete case dataset. We used a directed acyclic
graph with the backdoor criterion to select a minimum sufficient adjustment set for the
model [33]. Previous literature suggested that age, ethnicity, education, household income,
and whether individuals were born in the U.S. were associated with HPV vaccination and
with HPV-related cancers [3,31]. We also assumed that timing would be associated with
both the exposure and the outcome; thus, in addition to the aforementioned confounders,
NHANES cycle was also added to the model. After retaining the variables blocking the
backdoor paths in the model, potential risk factors for the outcome were selected using the
backward elimination approach, based on the Akaike Information Criterion [34]. We used
the Archer-Lemeshow test for design-based regression models [35] and the Area Under
the Receiver Operating Characteristics Curve [36] to test the model’s goodness-of-fit. A
p-value less than 0.05 was considered a statistically significant finding.

2.4.2. Secondary Analysis (Propensity Score Matching)

Additionally, we performed propensity score-matched analysis to test the robustness
of the results; this is considered a secondary confounding adjustment approach to the
conventional logistic regression analysis when there are fewer events per confounder [37].
Propensity score (PS) matching was applied using a 1:1 nearest-neighbor method (with-
out replacement), with a caliper width of 0.2 of the standard deviation of the logit of
the propensity score [38]. We estimated PS using a logistic regression model including
confounding variables, risk factors for the outcome (as shown in Figure 2), and survey
features as recommended by Dugoff et al. [39]. We examined covariate balance between
matched HPV-vaccinated and non-HPV-vaccinated groups using standardized mean differ-
ence (SMD). SMD < 0.1 was indicative of adequate covariate balance between the matched
groups [40,41]. A crude survey-weighted logistic regression for the outcome was conducted
to estimate the average treatment effect on the treated in the matched subsample.

2.4.3. Sensitivity Analysis

While the complete case analysis was more a conservative approach to address missing
or invalid responses in covariates, the analysis actually excluded more than 4000 partic-
ipants. We could not assume that the data was missing completely at random because
distributions of sociodemographic characteristics of the study participants—including sex,
ethnicity, whether individuals were born in the U.S. or not, income, smoking history, and
physical activity—differed between the complete case dataset and the dataset with missing
values (Table 1). Assuming that the missing data can be explained by the observed data, i.e.,
missing at random assumption [42], and attempting to increase a statistical power of the
analysis, we imputed missing data for covariate variables using the “multiple imputations
then deletion” approach [43]. The missing values were imputed by chained equations
using the “mice” package [44]. We used 20 imputations. Binary and polytomous logistic
regression models were applied to impute missing values for binary and multi-level cate-
gorical variables, respectively. We used all variables to predict missing values, including
the complex survey design features [45]. Survey-weighted outcome regression analysis
was performed by forcing confounding variables in the imputation models, while the risk
factors for the outcome were selected using AIC-based backward elimination by “stacking”
all multiply imputed datasets [46]. Estimates from the imputation models were pooled
using Rubin’s rules [44]. All statistical analyses were performed using the R-software
version 4.1.1 (Vienna, Austria) [47].
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Table 1. Descriptive characteristics of U.S. adults aged 20-59 years, stratified by those who were
diagnosed with HPV-related cancers and those who were not diagnosed with HPV-related cancers,
using data from the National Health and Nutrition Examination Survey (NHANES), 2011-2018.

Variables No HPV-Related Cancers HPV-Related Cancers Value All€ Missing Data ¢
(1 = 9819) (1="72) p-vatue (n=9891) (n = 4102)
n(%)? n (%) ? n (%) ? n (%) ?
NHANES cycle 0.25
2011-2012 2479 (24.9) 17 (28.2) 2496 (24.9) 1098 (25.9)
2013-2014 2682 (25.3) 26 (33.9) 2708 (25.3) 1033 (25.0)
2015-2016 2402 (24.5) 14 (20.3) 2416 (24.5) 1118 (26.8)
2017-2018 2256 (25.4) 15 (17.6) 2271 (25.3) 853 (22.4)
HPV vaccination history 0.01
Not vaccinated 8932 (90.6) 68 (97.4) 9000 (90.6) 3779 (91.6)
Vaccinated 887 (9.4) 4(2.6) 891 (9.4) 323 (8.4)
Age groups 0.001
20-29 years 2358 (24.1) 5 (6.0) 2363 (24.0) 995 (25.5)
30-39 years 2484 (23.5) 19 (20.2) 2503 (23.5) 1046 (26.6)
40-49 years 2457 (25.2) 26 (40.2) 2483 (25.3) 1030 (23.2)
50-59 years 2520 (27.2) 22 (33.7) 2542 (27.2) 1031 (24.6)
Sex <0.001
Males 4942 (50.3) 3 (4.0) 4945 (49.8) 1626 (42.0)
Females 4877 (49.7) 69 (96.0) 4946 (50.2) 2476 (58.0)
Education <0.01
Did not complete high school 2712 (33.5) 6(12.2) 2718 (33.3) 1019 (28.0)
Completed high school 2155 (21.4) 16 (21.2) 2171 (21.4) 870 (22.5)
Some college or associate degree 1648 (11.8) 17 (15.5) 1665 (11.8) 1015 (19.1)
College graduate or above 3304 (33.4) 33 (51.1) 3337 (33.5) 1192 (30.4)
Ethnicity 0.01
Non-Hispanic White 2275 (15.5) 9(6.1) 2284 (15.4) 1126 (22.7)
Non-Hispanic Black 2181 (11.2) 8(3.5) 2189 (11.2) 984 (15.7)
Hispanic 3814 (65.1) 49 (82.6) 3863 (65.3) 919 (47.5)
Other ethnicities 1549 (8.1) 6(7.8) 1555 (8.1) 1073 (14.0)
Where born 0.15
In US 7262 (84.4) 65 (91.3) 7327 (84.5) 2123 (66.4)
Outside US 2557 (15.6) 7(8.7) 2564 (15.5) 1975 (33.6)
Marital status 0.20
Married or living with partner 5839 (63.2) 33 (54.6) 5872 (63.1) 2507 (61.3)
Not married 3980 (36.8) 39 (45.4) 4019 (36.9) 1590 (38.7)
Household income 0.001
<$25,000 4253 (39.9) 33 (53.8) 4286 (40.1) 1420 (43.0)
$25,000-$75,000 3210 (43.4) 10 (19.9) 3220 (43.1) 867 (33.5)
>$75,000 2356 (16.7) 29 (26.3) 2385 (16.8) 937 (23.5)
Ever drank 4/5 alcohol drinks every day 0.58
Yes 1539 (15.7) 15 (19.1) 1554 (15.7) 81 (15.5)
No 8280 (84.3) 57 (80.9) 8337 (84.3) 449 (84.5))
Smoked at least 100 cigarettes in life <0.001
Yes 4340 (44.5) 55 (72.8) 4395 (44.7) 1055 (28.7)
No 5479 (55.5) 17 (27.2) 5496 (55.3) 3041 (71.3)
Self-reported diet 1 0.99
Healthy 6423 (68.9) 43 (68.8) 6466 (68.9) 2885 (70.6)
Poor 3396 (31.1) 29 (31.2) 3425 (31.1) 1215 (29.4)
Ever been overweight * 0.31
Yes 5047 (52.5) 48 (60.6) 5095 (52.6) 1835 (46.3)
No 4772 (47.5) 24 (39.4) 4796 (47 4) 2264 (53.7))
History of diabetes 0.27
Yes 947 (8.4) 10 (12.4) 957 (8.4) 390 (8.1)
No 8872 (91.6) 62 (87.6) 8934 (91.6) 3702 (91.9)
Moderate or vigorous physical activity at work 0.60
Yes 4621 (49.8) 38 (54.1) 4659 (49.8) 1474 (39.1)
No 5198 (50.2) 34 (45.9) 5232 (50.2) 2622 (60.9)
Routine access to healthcare services <0.01
Yes 7695 (80.1) 66 (93.2) 7761 (80.2) 3208 (78.2)
No 2124 (19.9) 6 (6.8) 2130 (19.8) 893 (21.8)

Abbreviations: HPV: human papillomavirus; U.S.: the United States of America. @ Frequencies describe the study sample,
while percentages represent survey weighted estimates for the US population. ® The Rao-Scott chi-square test for complex
survey design was used to calculate p-values. ¢ Complete case analytic data. ¢ Data with at least one missing value in
any variable. T To the question “How healthy is your overall diet?”, responses “excellent”, “very good” or “good” were
categorized to “healthy”, while responses “fair” or “poor” were categorized as “poor”. T Overweight was defined as those
who have ever told by a doctor that they were overweight or those whose body mass index was 25 or higher in the past
10 years. ¥ To the question “Is there a place that you usually go when you sick or you need advice about your health?”,
responses “Yes” and “There is more than one place” were categorized as “Yes”, and “There is no place” as “No”.
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Survey-weighted percentages of NHANES participants

3. Results
3.1. Sample Characteristics and Univariate Analysis

Overall, 0.7% (72/9891) participants reported being diagnosed with HPV-related
cancers in the complete case sample (Table 1). Sixy-eight out of 72 HPV-related can-
cers were cervical cancers. The prevalence rate of HPV-related cancers decreased in
the last two NHANES cycles (Figure 3). On the other hand, HPV vaccination preva-
lence rates were increasing from 5.5% to 13.3% (Rao-Scott chi-square test, p < 0.05)
between 2011 and 2018. 76.8% of all HPV vaccinated participants were in the age group
20-29 years (Table S1). HPV vaccination rates were comparable between all participants
and those participants who were not diagnosed with HPV-related cancers (9.4% and 9.4%,
respectively), while participants who were diagnosed with HPV-related cancers had
the lowest HPV vaccination rate (2.6%, p < 0.01) (Table 1). There were statistically
significantly differences between participants who were diagnosed with HPV-related
cancers and those who were not diagnosed with HPV-related cancers in age (p = 0.001),
sex (p < 0.001), education (p < 0.01), ethnicity (p = 0.01), household income (p = 0.001),
having smoked at least 100 cigarettes over their lifetime p < 0.001), and routine access to
healthcare services (p < 0.01).

13.3%
10.4%
8.3%
5.5%
1.2%
1.0% 0
- . 0.8% 0.6%
2011-2012 2013-2014 2015-2016 2017-2018

m HPV-related cancers  m HPV-vaccinated

Figure 3. Prevalence of head, neck and genital cancers, prevalence of cervical cancer and HPV vacci-
nation prevalence, stratified by the National Health and Nutrition Examination Survey (NHANES)
cycles between 2011 through 2018.
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3.2. Primary Analysis

After AIC-based stepwise backward elimination, the survey-weighted final multi-
ple logistic regression model, assessing the association of HPV vaccination history with
HPV-related cancers, was adjusted for age, education, ethnicity, marital status, whether
individuals were born in the U.S. or not, income, having smoked at least 100 cigarettes,
moderate or vigorous physical activity at work, a history of consuming 4/5 alcohol drinks
daily, a history of being overweight, routine access to healthcare services and NHANES
cycle (Table 2). In this model, there was no statistically significant association between HPV
vaccination history and HPV-related cancers (adjusted OR = 0.58, 95% CI 0.19; 1.75).

Table 2. Survey-weighted logistic regression models using complete case, propensity score-matched
and multiply imputed datasets investigating the association of human papillomavirus vaccination
history with HPV-related cancers among U.S. adults aged 20-59 years in the National Health and
Nutrition Examination Survey (NHANES), 2011-2018.

. aOR (95% CI) 2 Crude OR aOR (95% CI) 4
Variables Complete-Case Data P (95% CI) MI Data ©
PS-Matched Data €
HPV vaccination history
Not vaccinated Reference Reference Reference
Vaccinated 0.58 (0.19; 1.75) 0.40 (0.10; 1.69) 0.47 (0.15; 1.45)

Abbreviations: aOR: adjusted odds ratio; CI: confidence interval; OR: odds ratio, PS: propensity score;
MI: multiple imputations; HPV: human papillomavirus. # The survey-weighted multivariable logistic regres-
sion model was adjusted for age, education, ethnicity, marital status, whether born in the U.S. or not, income,
having smoked at least 100 cigarettes, moderate or vigorous physical activity at work, a history of consuming
4/5 alcohol drinks daily, a history of being overweight, routine access to healthcare services and NHANES
cycle. The goodness-of-fit of the model using the Archer-Lemenshow test p < 0.05. The Area Under the Curve
of the Receiver Operating Characteristics Curve was 0.81. ® The sample size in complete-case data was 9891.
¢ Propensity score-matched data included 891 vaccinated and 891 non-vaccinated participants. Propensity
score matching was performed using a 1:1 nearest-neighbor method (without replacement) with a caliper
width of 0.2 of the standard deviation of the logit of the propensity score. 4 The survey-weighted multivariable
logistic regression model was adjusted for age, education, ethnicity, marital status, whether indvidiuals were
born in the U.S. or not, income, having smoked at least 100 cigarettes, moderate or vigorous physical activity
at work, a history of consuming 4/5 alcohol drinks every day, a history of being overweight, routine access
to healthcare services and NHANES cycle. ¢ Missing values for: a history of consuming 4/5 alcohol drinks
every day (25.7%), income (6.6%) and other covariates with less 1% missing data (routine access to healthcare
services, self-reported diet, a history of being overweight, marital status, having smoked at least 100 cigarettes
over their lifetime, education, moderate or vigorous physical activity at work, location of birth, history of
diabetes) were imputed using “multiple imputation then deletion” approach. 20 imputations were used. Each
imputed dataset contained 13,993 observations. Estimates were pooled using the Rubin’s rules.

3.3. Secondary Analysis

891 HPV-vaccinated participants were matched with 891 non-HPV-vaccinated
participants using PS matching approach. Covariates between the matched groups
were adequately balanced-SMDs were <0.1 for all covariates (Figure 4). In the survey-
weighted simple logistic regression in the matched dataset (Table 2), no statistically
significant association of HPV vaccination history with HPV-related cancers was ob-
served (crude OR = 0.40, 95% CI 0.10; 1.69).
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Figure 4. The covariate balance in the unmatched (complete case data) and matched datasets from
a study investigating the association of human papillomavirus vaccination history with HPV-related
cancers among U.S. adults aged 20-59 years in the National Health and Nutrition Examination Survey
(NHANES), 2011-2018. Standardized mean differences for the unmatched dataset (1 = 9891) are shown
in red dots. Standardized mean differences for the matched dataset (n = 1782) are shown in blue dots.

3.4. Sensitivity Analysis

25.7% of data a history of consuming 4/5 alcohol drinks every day, 6.6% of data for
household income and less than 1% of data for other covariates were missing (see the
Table 2 footnotes for details). The proportion of HPV-related cancers was lower (0.9%, not
shown in Table 1) in the missing data than in the complete data. There were also differences
in sex, education, ethnicity, location of birth, household income, having ever smoked at least
100 cigarettes over a lifetime, a history of being overweight, and moderate or vigorous
physical activity at work between the complete dataset and the missing dataset. After
applying the “multiple imputations then deletion” method, each imputed dataset contained
13,993 individuals. Pooled estimates from imputed models adjusting for age, education,
ethnicity, marital status, whether they born in the U.S. or not, income, having ever smoked at
least 100 cigarettes, moderate or vigorous physical activity at work, ever drank 4/5 alcohol
drinks every day, a history of being overweight, routine access to healthcare services and
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NHANES cycle revealed no statistically significant association of HPV vaccination history
with HPV-related cancers (adjusted OR = 0.47, 95% CI 0.15; 1.45; see in Table 2).

4. Discussion

In this nationally representative study, the primary analysis showed no association of
HPV vaccination with HPV-related cancers. Although the relationship was not statistically
significant, participants who were immunized with at least one dose of a HPV vaccine had
42% odds of HPV-related cancers (adjusted OR = 0.58, 95% CI: 0.19; 1.75) than those who
were not HPV vaccinated. When conducting the propensity score-matched analysis and the
analysis on multiple imputed datasets to assess the association between vaccination and
HPV-related cancers, we also did not find a statistically significant association. However, a
similar trend toward reduction of odds among those who were vaccinated (60% and 53%,
respectively) was observed in the alternative analysis and the sensitivity analysis. The
alternative and sensitivity analyses also provided narrower confidence intervals for OR,
as they were able to better deal with the small number of HPV-related cancer cases per
covariate in the model and potentially increase statistical power by imputing missing data.

A similar result was reported in a population-based study from Sweden [21]. Uti-
lizing the Swedish Total Population Register, researchers compared incidence rates of
HPV-associated cervical cancer between vaccinated and unvaccinated populations from
2006 to 2017. They found that the incidence rate ratio (IRR) was 0.51 (95% CI 0.32; 0.82) for
vaccinated relative to unvaccinated populations; after adjusting for more covariates, the
association became even stronger: IRR = 0.37 (95% CI, 0.21; 0.57) [21]. Our findings are
also consistent with results from a Finnish follow-up study [20]. Linking women who were
previously enrolled in HPV vaccine clinical trials to the Finish Cancer Registry, researchers
were able to compare HPV-associated cancer rates between vaccinated and unvaccinated
cohorts [20]. They observed ten cancer cases caused by HPV (eight cervical cancers, one
oropharyngeal cancer and one vulvar cancer) among previously unvaccinated cohorts,
while no cancer cases were observed in vaccinated cohorts. Thus, the study reported
an HPV vaccine efficacy estimate of 100% (95% CI 16; 100) [20]. Similarly, a study from
England reported relative incidence rate reductions in cervical cancer among women who
were offered the vaccine as follows: between age 16-18 years: 34% (95% CI 25%—41%);
between age 14-16 years: 62% (95% CI 52%—-71%); and between age 12-13 years: 87%
(95% CI 72%-94%), in comparison to unvaccinated women [48]. Another study from
Denmark found a statistically significant reduction in incidence rate of cervical cancer in
women who were vaccinated at age 16 years or younger—=86% (95% CI 47%; 96%)—while
failing to find any reduction at ages 17 years or older [49]. Lastly, the comprehensive HPV
vaccination program in Australia is expected to halve cervical cancer rates by 2035 [50].

We noticed a reduction in HPV-related cancer cases in the last two NHANES cycles,
relative to the previous 2011-2012 and 2013-2014 cycles. Similarly, a trend analysis of
HPV-associated cancers between 1999 and 2015 using data from cancer registries in the
U.S. showed a decline in incidence rates of cervical cancer in all age groups (1.6% decrease
per year), vaginal cancer among <40 years old (2.8% decrease per year) and anal cancer
among <40-year-old men (2.9% decrease per year) [18]. In Australia, since the introduction
of the National HPV Vaccination Programme—first among girls in 2007, then among boys
in 2013—HPYV vaccine type prevalence and incidence of genital cancer precursors have
declined among vaccinated women [51].

We also found a significant increase in HPV vaccination rates from 2011 through 2018.
Similarly, other studies have shown an increase in HPV coverage among adolescents [52,53]
and adults aged 19-26 years in the U.S. [54]. As the efficacy and effectiveness of the HPV
vaccine against HPV prevalence were previously reported [55,56], nationally representa-
tive studies reported a decline of HPV prevalence in the U.S. Results from the NHANES
2003-2010 cycles showed a substantial reduction in HPV vaccine type prevalence by
56% decrease among young females [56]. Another NHANES study compared HPV vac-
cine type prevalence between the pre-vaccination era (2003-2006) to post-vaccination era
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(2007-2014) [55]. The study results found that there was a 71% reduction in HPV prevalence
among 14- to 19-year-old females and a 61% reduction among 20- to 24-year-old females
between pre- and post-vaccination eras [55].

Although the efficacy and effectiveness of the HPV vaccine against HPV prevalence,
HPV-associated anogenital warts and cervical cancer precursors is well supported by
the evidence [16,17,19,56-58], our results are important for understanding and extending
knowledge about the HPV vaccine effectiveness against HPV-related cancers, evidence
of which is currently lacking. While several high-income countries (e.g., Norway, Italy
and Denmark) [59-61] and a few middle-income countries (e.g., Uzbekistan) [62] have
reached and maintained high HPV vaccination coverage, the U.S. is experiencing chal-
lenges to maintain an adequate vaccination rate [30,63]. On the other hand, only less
than a quarter of low-income and less than third of lower-middle-income countries had
introduced the HPV vaccination [64]. Given HPV vaccination rates are relatively low na-
tionally [30,63] and internationally [65] and overall hesitation to introduce HPV vaccine in
low- and middle-income countries [64], the study findings can be used by policymakers and
health professionals to further encourage HPV vaccination uptake among adolescents aged
11-15 years and to support decision-making about HPV vaccination among adults eligible
to be vaccinated and parents considering immunizing their children.

Strengths and Limitations

The study has several strengths. Since we used a nationally representative sample,
the study findings are generalizable to the adult non-institutionalized U.S. population.
We also conducted secondary and the sensitivity analyses to check the robustness of our
study findings. We found similar results across all analyses, suggesting the robustness
of the results.

There are study limitations that need to be acknowledged. First, in our study, we
do not know whether HPV-related cancers were caused by HPV infection, as the out-
come data were collected based on self-reporting. Since most cases were cervical cancer
(68 out of 72), it is unlikely that other factors might have contributed to their development.
Second, differential misclassification bias might have been present. Other anogenital can-
cers, including vulvar, penile, vaginal, and anal cancers, were not separately reported in
the survey, and they might have been classified together under the “Other cancers” group
and not included in the outcome. Not including them in the study outcome might have
weakened the association by pulling the effect estimate towards the null.

Next, since the vaccination status was also based on self-reporting, we cannot
exclude the existence of the recall bias, as participants might mistakenly report their
HPV vaccination history. However, the recall bias might be limited, since participants
were specifically asked whether they received a vaccine against HPV under brand names
Cervarix, Gardasil or Gardasil 9 [29].

Since one-dose vaccination might not provide full protection against HPV infections, it
might then be inappropriate to compare at least one-dose vaccinated versus unvaccinated.
Given the small number of HPV-related cancer cases in HPV vaccinated group, it was
numerically challenging for us to estimate the effects of full and partial HPV vaccination in
relation to non-HPV vaccination in this study.

Due to the small number of events, we were also not able to assess potential effect
modifications of covariates (e.g., sex, ethnicity) on the relationship. As HPV vaccination
before the first sexual onset, at age 11-12 years, is generally recommended, the vaccine
might have a lower effectiveness in the older individuals, as they might have already
contracted the infection. We were not able to determine whether participants were
vaccinated before the first sexual onset or not, since only a few participants responded
to questions about sexual behavior.

Another limitation is that non-response bias might be present in the study. More
than half of all participants did not know their vaccination status or refused to respond.
When we compared characteristics of participants with missing or invalid responses
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for HPV vaccination status to the complete case data, participants with missing HPV
vaccination data had higher rates of HPV-related cancers and were likely from the
NHANES 2017-2018 cycle. Additionally, the study timing and the observed rarity of
events were the major limitations to finding a statistically significant association. In
addition to a small number of HPV-related cancers (n = 72), most vaccinated partici-
pants were between the age of 20-39 years (92.5%). Since HPV-related cancer development
may take 10-20 years after first contracting HPV, the majority of participants were not yet
at risk of developing cancers, reducing the probability of detecting an association [66—68].
Thus, having a sufficient number of events and comparable age distributions between
HPV-vaccinated and unvaccinated groups are desirable to be able to detect statistically
significant findings. A statistically significant association was observed when we per-
formed an additional analysis with an expanded outcome definition by including other
potentially HPV-associated genital cancers (Table S2).

Lastly, we also acknowledge that the present study had insufficient statistical power
to detect a statistically significant difference between the vaccinated and unvaccinated
groups (Table S3). Future studies with large sample sizes are warranted to assess a
statistically significant reduction.

5. Conclusions

While the analyses found no association of HPV vaccination with HPV-related
cancers, the study findings suggest that HPV vaccinated people tend to have lower odds
of developing HPV-related cancers than unvaccinated people. Given the importance of
determining the impact of the vaccination on HPV-related cancers, there is a need to
conduct future research by linking cancer registry data with vaccination records to obtain
more robust results. It is understood that the effect of HPV vaccination will be observed
in the next coming decades; however, preliminary findings, such as this study, could be
used as additional evidence to encourage vaccination among 11- to 15-year-old adolescents
and eligible adults, to reduce HPV-related cancer rates and prevent HPV-related cancer
cases in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines10122113/s1, Table S1: Descriptive characteristics of
U.S. adults aged 20-59 years, stratified by HPV vaccination status, using data from the National
Health and Nutrition Examination Survey (NHANES), 2011-2018.; Table S2: Survey-weighted
logistic regression models using complete case, propensity score matched and multiply imputed
datasets investigating the association of human papillomavirus vaccination history with HPV-related
cancers (1 = 72) and other genital cancers (including prostate, testicular, cervical and ovarian cancers,
n = 68) among U.S. adults aged 20-59 years in the National Health and Nutrition Examination Survey
(NHANES), 2011-2018.; Table S3: Statistical power calculations based on the study sample size
from the U.S. adults aged 20-59 years in the National Health and Nutrition Examination Survey
(NHANES), 2011-2018.

Author Contributions: Conceptualization: A.L. and G.A.; methodology: A.I, M.EK. and T.J.B.D;
software: A.L; validation: A.IL; formal analysis: A.I. and M.E.K.; investigation: A.L; resources: A.L.;
data curation: A.I. and M.E.K,; writing—original draft preparation: A I; writing—review and editing:
Al, MEK, G.A. and TJ.B.D,; visualization: A.L; supervision: A.L, M.EK. and T.J.B.D.; project
administration: A.L; funding acquisition: T.J.B.D. All authors have read and agreed to the published
version of the manuscript.

Funding: The APC was funded by the Canadian Cancer Society Chair in Cancer Primary Prevention,
University of British Columbia.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. The ethical approval for the study was received under item 7.10.3 in the University
of British Columbia’s Policy 89 on studies involving human participants and Article 2.2 in the
Tri-Council Policy Statement Ethical Conduct for Research Involving Humans.


https://www.mdpi.com/article/10.3390/vaccines10122113/s1
https://www.mdpi.com/article/10.3390/vaccines10122113/s1

Vaccines 2022, 10, 2113 13 of 15

Informed Consent Statement: We performed a secondary analysis using a publicly available
database from the National Health and Nutrition Examination Survey (NHANES) (accessed on
15 November 2022: https:/ /wwwn.cdc.gov/nchs/nhanes/Default.aspx). All participants in each
NHANES cycle provided their informed consent.

Data Availability Statement: Publicly available datasets were analyzed in this study. The National
Health and Nutrition Examination Survey (NHANES) datasets can be found here: https://wwwn.
cdc.gov/nchs/nhanes/ (accessed on 15 November 2022).

Acknowledgments: Trevor Dummer is the Canadian Cancer Society Chair in Cancer Primary Prevention.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, L; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef] [PubMed]

2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2021. Ca Cancer ]. Clin. 2021, 71, 7-33. [CrossRef] [PubMed]

3. Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, VW.Y,; Bauman, ]J.E.; Grandis, ].R. Head and neck squamous cell carcinoma.
Nat. Rev. Dis. Prim. 2020, 6, 92. [CrossRef] [PubMed]

4.  Wong, L.CK,; Ng, Y.-K,; Lui, VW.Y. Cancers of the lung, head and neck on the rise: Perspectives on the genotoxicity of air
pollution. Chin. ]. Cancer 2014, 33, 476. [CrossRef] [PubMed]

5. Maino Vieytes, C.A.; Mondul, A.M.; Li, Z.; Zarins, K.R.; Wolf, G.T.; Rozek, L.S.; Arthur, A.E. Dietary fiber, whole grains, and head
and neck cancer prognosis: Findings from a prospective cohort study. Nutrients 2019, 11, 2304. [CrossRef]

6. Sabatini, M.E.; Chiocca, S. Human papillomavirus as a driver of head and neck cancers. Br. J. Cancer 2020, 122, 306-314. [CrossRef]

7. Cohen, PA,; Jhingran, A.; Oaknin, A.; Denny, L. Cervical cancer. Lancet 2019, 393, 169-182. [CrossRef]

8. Saraiya, M.; Unger, E.R.; Thompson, T.D.; Lynch, C.F; Hernandez, B.Y.; Lyu, C.W.; Steinau, M.; Watson, M.; Wilkinson, E.J.;
Hopenhayn, C. US assessment of HPV types in cancers: Implications for current and 9-valent HPV vaccines. JNCI J. Natl. Cancer
Inst. 2015, 107, djv086. [CrossRef]

9. Morka, N.; Norris, ]. M.; Emberton, M.; Kelly, D. Prostate cancer and the human papilloma virus: Causative association, role of
vaccines, and the impact of the COVID-19 pandemic. Prostate Cancer Prostatic Dis. 2022, 25, 55-57. [CrossRef]

10. Garolla, A.; Vitagliano, A.; Muscianisi, F.; Valente, U.; Ghezzi, M.; Andrisani, A.; Ambrosini, G.; Foresta, C. Role of viral infections
in testicular cancer etiology: Evidence from a systematic review and meta-analysis. Front. Endocrinol. 2019, 10, 355. [CrossRef]

11.  Athanasiou, A.; Bowden, S.; Paraskevaidi, M.; Fotopoulou, C.; Martin-Hirsch, P.; Paraskevaidis, E.; Kyrgiou, M. HPV vaccination
and cancer prevention. Best Pract. Res. Clin. Obstet. Gynaecol. 2020, 65, 109-124. [CrossRef]

12.  Meites, E.; Szilagyi, P.G.; Chesson, H.W.; Unger, E.R.; Romero, ].R.; Markowitz, L.E. Human Papillomavirus Vaccination for Adults:
Updated Recommendations of the Advisory Committee on Immunization Practices; Wiley Online Library: Hoboken, NJ, USA, 2019;
Volume 19, pp. 3202-3206.

13. Canadian Cancer Society. Human Papillomavirus. Available online: https:/ /cancer.ca/en/cancer-information/reduce-your-
risk/get-vaccinated /human-papillomavirus-hpv (accessed on 15 November 2022).

14. Lehtinen, M.; Paavonen, J.; Wheeler, C.M.; Jaisamrarn, U.; Garland, S.M.; Castellsagué, X.; Skinner, S.R.; Apter, D.; Naud, P;
Salmeron, J. Overall efficacy of HPV-16/18 AS04-adjuvanted vaccine against grade 3 or greater cervical intraepithelial neoplasia:
4-year end-of-study analysis of the randomised, double-blind PATRICIA trial. Lancet Oncol. 2012, 13, 89-99. [CrossRef]

15. Muinoz, N.; Kjaer, S.K.; Sigurdsson, K.; Iversen, O.-E.; Hernandez-Avila, M.; Wheeler, C.M.; Perez, G.; Brown, D.R.; Koutsky, L.A;
Tay, E.H. Impact of human papillomavirus (HPV)-6/11/16/18 vaccine on all HPV-associated genital diseases in young women.
J. Natl. Cancer Inst. 2010, 102, 325-339. [CrossRef]

16. Arbyn, M.; Xu, L.; Simoens, C.; Martin-Hirsch, P.P. Prophylactic vaccination against human papillomaviruses to prevent cervical
cancer and its precursors. Cochrane Database Syst. Rev. 2018. [CrossRef]

17. Han, J.J.; Beltran, T.H.; Song, J.W.; Klaric, J.; Choi, Y.S. Prevalence of genital human papillomavirus infection and human
papillomavirus vaccination rates among US adult men: National Health and Nutrition Examination Survey (NHANES) 2013-2014.
JAMA Oncol. 2017, 3, 810-816. [CrossRef]

18.  Van Dyne, E.A.; Henley, S.J.; Saraiya, M.; Thomas, C.C.; Markowitz, L.E.; Benard, V.B. Trends in human papillomavirus-associated
cancers—United States, 1999-2015. Morb. Mortal. Wkly. Rep. 2018, 67, 918. [CrossRef]

19. Markowitz, L.E,; Liu, G.; Hariri, S.; Steinau, M.; Dunne, E.E; Unger, E.R. Prevalence of HPV after introduction of the vaccination
program in the United States. Pediatrics 2016, 137, €20151968. [CrossRef]

20. Luostarinen, T.; Apter, D.; Dillner, J.; Eriksson, T.; Harjula, K.; Natunen, K.; Paavonen, J.; Pukkala, E.; Lehtinen, M. Vaccination
protects against invasive HPV-associated cancers. Int. J. Cancer 2018, 142, 2186-2187. [CrossRef]

21. Lei,].; Ploner, A,; Elfstrom, K.M.; Wang, J.; Roth, A.; Fang, E; Sundstrom, K.; Dillner, J.; Sparén, P. HPV vaccination and the risk of
invasive cervical cancer. N. Engl. ]. Med. 2020, 383, 1340-1348. [CrossRef]

22. Holman, D.M.; Benard, V.; Roland, K.B.; Watson, M.; Liddon, N.; Stokley, S. Barriers to human papillomavirus vaccination among

US adolescents: A systematic review of the literature. JAMA Pediatr. 2014, 168, 76-82. [CrossRef]


https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/
https://wwwn.cdc.gov/nchs/nhanes/
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1038/s41572-020-00224-3
http://www.ncbi.nlm.nih.gov/pubmed/33243986
http://doi.org/10.5732/cjc.014.10093
http://www.ncbi.nlm.nih.gov/pubmed/25011457
http://doi.org/10.3390/nu11102304
http://doi.org/10.1038/s41416-019-0602-7
http://doi.org/10.1016/S0140-6736(18)32470-X
http://doi.org/10.1093/jnci/djv086
http://doi.org/10.1038/s41391-021-00404-6
http://doi.org/10.3389/fendo.2019.00355
http://doi.org/10.1016/j.bpobgyn.2020.02.009
https://cancer.ca/en/cancer-information/reduce-your-risk/get-vaccinated/human-papillomavirus-hpv
https://cancer.ca/en/cancer-information/reduce-your-risk/get-vaccinated/human-papillomavirus-hpv
http://doi.org/10.1016/S1470-2045(11)70286-8
http://doi.org/10.1093/jnci/djp534
http://doi.org/10.1002/14651858.CD009069.pub3
http://doi.org/10.1001/jamaoncol.2016.6192
http://doi.org/10.15585/mmwr.mm6733a2
http://doi.org/10.1542/peds.2015-1968
http://doi.org/10.1002/ijc.31231
http://doi.org/10.1056/NEJMoa1917338
http://doi.org/10.1001/jamapediatrics.2013.2752

Vaccines 2022, 10, 2113 14 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

Szilagyi, P.G.; Albertin, C.S.; Gurfinkel, D.; Saville, A.W.; Vangala, S.; Rice, ].D.; Helmkamp, L.; Zimet, G.D.; Valderrama,
R.; Breck, A. Prevalence and characteristics of HPV vaccine hesitancy among parents of adolescents across the US. Vaccine
2020, 38, 6027-6037. [CrossRef] [PubMed]

Centers for Disease Control and Prevention (CDC); National Center for Health Statistics (NCHS). About the National
Health and Nutrition Examination Survey. Available online: https://www.cdec.gov/nchs/nhanes/about_nhanes.htm
(accessed on 15 November 2022).

Centers for Disease Control and Prevention (CDC); National Center for Health Statistics (NCHS). NHANES Survey Methods
and Analytic Guidelines. Available online: https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx#sample-design
(accessed on 15 November 2022).

Johnson, C.L.; Dohrmann, S.M.; Burt, V.L.; Mohadjer, L.K. National Health and Nutrition Examination Survey: Sample Design,
2011-2014; US Department of Health and Human Services: Washington, DC, USA; Centers for Disease Control and Prevention:
Washington, DC, USA, 2014.

Board of Governors. Policy # 89: Research Involving Human Participants. Available online: https://bog?2.sites.olt.ubc.ca/files /20
12/01/4.2_2012.02.Policy-89.pdf (accessed on 15 November 2022).

Government of Canada. TCPS 2 (2018)—Chapter 2: Scope and Approach. Available online: https:/ /ethics.gc.ca/eng/tcps2-eptc2
_2018_chapter2-chapitre2.html (accessed on 15 November 2022).

Centers for Disease Control and Prevention (CDC); National Center for Health Statistics (NCHS). NHANES Questionnaires,
Datasets, and Related Documentation. Available online: https://wwwn.cdc.gov/nchs/nhanes/ (accessed on 15 November 2022).
Hirth, J. Disparities in HPV vaccination rates and HPV prevalence in the United States: A review of the literature. Hum. Vaccines
Immunother. 2019, 15, 146-155. [CrossRef] [PubMed]

Stenson, K.M.; Brockstein, B.E.; Ross, M.E. Epidemiology and Risk Factors for Head and Neck Cancer. UpToDate.
2014. Available online: https://www.uptodate.com/contents/epidemiology-and-risk-factors-for-head-and-neck-cancer
(accessed on 15 November 2022).

Skinner, C. Analysis of categorical data for complex surveys. Int. Stat. Rev. 2019, 87, S64-S78. [CrossRef]

Pearl], ]. Causal diagrams for empirical research. Biometrika 1995, 82, 669-688. [CrossRef]

Zhang, Z. Variable selection with stepwise and best subset approaches. Ann. Transl. Med. 2016, 4, 136. [CrossRef]

Archer, K.J.; Lemeshow, S. Goodness-of-fit test for a logistic regression model fitted using survey sample data. Stata ].
2006, 6, 97-105. [CrossRef]

Carter, J.V,; Pan, J.; Rai, S.N.; Galandiuk, S. ROC-ing along: Evaluation and interpretation of receiver operating characteristic
curves. Surgery 2016, 159, 1638-1645. [CrossRef]

Cepeda, M.S.; Boston, R.; Farrar, J.T.; Strom, B.L. Comparison of logistic regression versus propensity score when the number of
events is low and there are multiple confounders. Am. J. Epidemiol. 2003, 158, 280-287. [CrossRef]

Austin, P.C. Optimal caliper widths for propensity-score matching when estimating differences in means and differences in
proportions in observational studies. Pharm. Stat. 2011, 10, 150-161. [CrossRef]

DuGoff, E.H.; Schuler, M.; Stuart, E.A. Generalizing observational study results: Applying propensity score methods to complex
surveys. Health Serv. Res. 2014, 49, 284-303. [CrossRef]

Cohen, ]. Statistical Power Analysis for the Behavioral Sciences; Routledge: Abingdon, UK, 2013.

Austin, P.C. Balance diagnostics for comparing the distribution of baseline covariates between treatment groups in propensity-
score matched samples. Stat. Med. 2009, 28, 3083-3107. [CrossRef]

Bhaskaran, K.; Smeeth, L. What is the difference between missing completely at random and missing at random? Int. J. Epidemiol.
2014, 43, 1336-1339. [CrossRef]

Von Hippel, P.T. 4. Regression with missing Ys: An improved strategy for analyzing multiply imputed data. Sociol. Methodol.
2007, 37, 83-117. [CrossRef]

Zhang, Z. Multiple imputation with multivariate imputation by chained equation (MICE) package. Ann. Transl. Med. 2016, 4, 30.
Rubin, D.B. Multiple Imputation for Nonresponse in Surveys; John Wiley & Sons: Hoboken, NJ, USA, 2004; Volume 81.

Wood, A.M.; White, L.R.; Royston, P. How should variable selection be performed with multiply imputed data? Stat. Med.
2008, 27, 3227-3246. [CrossRef]

Tierney, L. The R statistical computing environment. In Statistical Challenges in Modern Astronomy V; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 435-447.

Falcaro, M.; Castarfion, A.; Ndlela, B.; Checchi, M.; Soldan, K.; Lopez-Bernal, J.; Elliss-Brookes, L.; Sasieni, P. The effects of the
national HPV vaccination programme in England, UK, on cervical cancer and grade 3 cervical intraepithelial neoplasia incidence:
A register-based observational study. Lancet 2021, 398, 2084-2092. [CrossRef]

Dehlendorff, C.; Baandrup, L.; Kjaer, S.K. Real-world effectiveness of Human Papillomavirus vaccination against vulvovaginal
high-grade precancerous lesions and cancers. [NCI J. Natl. Cancer Inst. 2021, 113, 869-874. [CrossRef]

Canfell, K.; Hall, M.; Simms, K.; Smith, M.; Saville, M. Australia on-track to be the first country to achieve cervical cancer
elimination. Mortality 2018, 1, 80.

Patel, C.; Brotherton, J.M.; Pillsbury, A.; Jayasinghe, S.; Donovan, B.; Macartney, K.; Marshall, H. The impact of 10 years of
human papillomavirus (HPV) vaccination in Australia: What additional disease burden will a nonavalent vaccine prevent?
Eurosurveillance 2018, 23, 1700737. [CrossRef]


http://doi.org/10.1016/j.vaccine.2020.06.074
http://www.ncbi.nlm.nih.gov/pubmed/32758380
https://www.cdc.gov/nchs/nhanes/about_nhanes.htm
https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx#sample-design
https://bog2.sites.olt.ubc.ca/files/2012/01/4.2_2012.02.Policy-89.pdf
https://bog2.sites.olt.ubc.ca/files/2012/01/4.2_2012.02.Policy-89.pdf
https://ethics.gc.ca/eng/tcps2-eptc2_2018_chapter2-chapitre2.html
https://ethics.gc.ca/eng/tcps2-eptc2_2018_chapter2-chapitre2.html
https://wwwn.cdc.gov/nchs/nhanes/
http://doi.org/10.1080/21645515.2018.1512453
http://www.ncbi.nlm.nih.gov/pubmed/30148974
https://www.uptodate.com/contents/epidemiology-and-risk-factors-for-head-and-neck-cancer
http://doi.org/10.1111/insr.12285
http://doi.org/10.1093/biomet/82.4.669
http://doi.org/10.21037/atm.2016.03.35
http://doi.org/10.1177/1536867X0600600106
http://doi.org/10.1016/j.surg.2015.12.029
http://doi.org/10.1093/aje/kwg115
http://doi.org/10.1002/pst.433
http://doi.org/10.1111/1475-6773.12090
http://doi.org/10.1002/sim.3697
http://doi.org/10.1093/ije/dyu080
http://doi.org/10.1111/j.1467-9531.2007.00180.x
http://doi.org/10.1002/sim.3177
http://doi.org/10.1016/S0140-6736(21)02178-4
http://doi.org/10.1093/jnci/djaa209
http://doi.org/10.2807/1560-7917.ES.2018.23.41.1700737

Vaccines 2022, 10, 2113 15 of 15

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Markowitz, L.E.; Gee, J.; Chesson, H.; Stokley, S. Ten years of human papillomavirus vaccination in the United States. Acad.
Pediatr. 2018, 18, S3-S10. [CrossRef]

Stokley, S.; Jeyarajah, J.; Yankey, D.; Cano, M.; Gee, J.; Roark, J.; Curtis, C.R.; Markowitz, L. Human papillomavirus vaccination
coverage among adolescents, 2007-2013, and postlicensure vaccine safety monitoring, 2006-2014—United States. Morb. Mortal.
Wkly. Rep. 2014, 63, 620.

Lu, P-J.; Hung, M.-C,; Srivastav, A.; Grohskopf, L.A.; Kobayashi, M.; Harris, A.M.; Dooling, K.L.; Markowitz, L.E.; Rodriguez-
Lainz, A.; Williams, W.W. Surveillance of vaccination coverage among adult populations—United States, 2018. MMWR Surveill.
Summ. 2021, 70, 1. [CrossRef] [PubMed]

Oliver, S.E.; Unger, E.R,; Lewis, R.; McDaniel, D.; Gargano, ].W.; Steinau, M.; Markowitz, L.E. Prevalence of human papillomavirus
among females after vaccine introduction—National Health and Nutrition Examination Survey, United States, 2003-2014. ]. Infect.
Dis. 2017, 216, 594-603. [CrossRef] [PubMed]

Markowitz, L.E.; Hariri, S.; Lin, C.; Dunne, E.E; Steinau, M.; McQuillan, G.; Unger, E.R. Reduction in human papillomavirus
(HPV) prevalence among young women following HPV vaccine introduction in the United States, National Health and Nutrition
Examination Surveys, 2003-2010. J. Infect. Dis. 2013, 208, 385-393. [CrossRef] [PubMed]

Flagg, E.W.; Torrone, E.A. Declines in anogenital warts among age groups most likely to be impacted by human papillomavirus
vaccination, United States, 2006-2014. Am. J. Public Health 2018, 108, 112-119. [CrossRef]

Mann, L.M.; Llata, E.; Flagg, E.W.; Hong, J.; Asbel, L.; Carlos-Henderson, J.; Kerani, R.P.; Kohn, R; Pathela, P.; Schumacher,
C. Trends in the prevalence of anogenital warts among patients at sexually transmitted disease clinics—Sexually Transmitted
Disease Surveillance Network, United States, 2010-2016. J. Infect. Dis. 2019, 219, 1389-1397. [CrossRef]

Norwegian Institute of Public Health. High Vaccine Uptake in the Childhood Immunisation Programme. Available online: https:
/ /www.thino/en/news /2022 /high-vaccine-uptake-in-the-childhood-immunisation-programme/ (accessed on 15 November 2022).
Bjerke, R.D.; Laake, I; Feiring, B.; Aamodt, G.; Trogstad, L. Time trends in HPV vaccination according to country background: A
nationwide register-based study among girls in Norway. BMC Public Health 2021, 21, 854. [CrossRef]

Bigaard, ].; Franceschi, S. Vaccination against HPV: Boosting coverage and tackling misinformation. Mol.  Oncol.
2021, 15, 770-778. [CrossRef]

World Health Organization. Uzbekistan Achieves High HPV Vaccination Coverage against Cervical Cancer. Available
online: https:/ /www.who.int/europe/news/item/07-09-2022-uzbekistan-achieves-high-hpv-vaccination-coverage-against-
cervical-cancer (accessed on 15 November 2022).

Beavis, A.L.; Levinson, K.L. Preventing cervical cancer in the United States: Barriers and resolutions for HPV vaccination. Front.
Oncol. 2016, 6, 19. [CrossRef]

World Health Organization. Global Strategy to Accelerate the Elimination of Cervical Cancer as a Public Health Problem. Available
online: https:/ /apps.who.int/iris /bitstream /handle /10665 /336583 /9789240014107-eng.pdf (accessed on 15 November 2022).
Bruni, L.; Diaz, M.; Barrionuevo-Rosas, L.; Herrero, R.; Bray, F; Bosch, EX.; De Sanjosé, S.; Castellsagué, X. Global esti-
mates of human papillomavirus vaccination coverage by region and income level: A pooled analysis. Lancet Glob. Health
2016, 4, e453-e463. [CrossRef]

Tjalma, W.A.; Fiander, A.; Reich, O.; Powell, N.; Nowakowski, A.M.; Kirschner, B.; Koiss, R.; O’Leary, J.; Joura, E.A.; Rosenlund,
M. Differences in human papillomavirus type distribution in high-grade cervical intraepithelial neoplasia and invasive cervical
cancer in Europe. Int. J. Cancer 2013, 132, 854-867. [CrossRef]

Depuydt, C.E.; Criel, A.M.; Benoy, LH.; Arbyn, M.; Vereecken, A.J.; Bogers, J.J. Changes in type-specific human papillomavirus
load predict progression to cervical cancer. J. Cell. Mol. Med. 2012, 16, 3096-3104. [CrossRef]

Burger, E.A.; De Kok, LM.; Groene, E;; Killen, J.; Canfell, K.; Kulasingam, S.; Kuntz, K.M.; Matthijsse, S.; Regan, C.; Simms, K.T.
Estimating the natural history of cervical carcinogenesis using simulation models: A CISNET comparative analysis. [NCI J. Natl.
Cancer Inst. 2020, 112, 955-963. [CrossRef]


http://doi.org/10.1016/j.acap.2017.09.014
http://doi.org/10.15585/mmwr.ss7003a1
http://www.ncbi.nlm.nih.gov/pubmed/33983910
http://doi.org/10.1093/infdis/jix244
http://www.ncbi.nlm.nih.gov/pubmed/28931217
http://doi.org/10.1093/infdis/jit192
http://www.ncbi.nlm.nih.gov/pubmed/23785124
http://doi.org/10.2105/AJPH.2017.304119
http://doi.org/10.1093/infdis/jiy684
https://www.fhi.no/en/news/2022/high-vaccine-uptake-in-the-childhood-immunisation-programme/
https://www.fhi.no/en/news/2022/high-vaccine-uptake-in-the-childhood-immunisation-programme/
http://doi.org/10.1186/s12889-021-10877-8
http://doi.org/10.1002/1878-0261.12808
https://www.who.int/europe/news/item/07-09-2022-uzbekistan-achieves-high-hpv-vaccination-coverage-against-cervical-cancer
https://www.who.int/europe/news/item/07-09-2022-uzbekistan-achieves-high-hpv-vaccination-coverage-against-cervical-cancer
http://doi.org/10.3389/fonc.2016.00019
https://apps.who.int/iris/bitstream/handle/10665/336583/9789240014107-eng.pdf
http://doi.org/10.1016/S2214-109X(16)30099-7
http://doi.org/10.1002/ijc.27713
http://doi.org/10.1111/j.1582-4934.2012.01631.x
http://doi.org/10.1093/jnci/djz227

	Introduction 
	Materials and Methods 
	Study Design and Data Source 
	Study Population 
	Study Variables 
	Statistical Analysis 
	Primary Analysis 
	Secondary Analysis (Propensity Score Matching) 
	Sensitivity Analysis 


	Results 
	Sample Characteristics and Univariate Analysis 
	Primary Analysis 
	Secondary Analysis 
	Sensitivity Analysis 

	Discussion 
	Conclusions 
	References

