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Abstract

Background—In the United States, the burden of human papillomavirus (HPV)-associated 

cancers varies by racial/ethnic group. HPV vaccination may provide opportunities for primary 

prevention of these cancers. We projected changes in HPV-associated cancer burden among racial/

ethnic groups under various coverage assumptions with the available first-generation and second-

generation HPV vaccines in order to evaluate changes in racial/ethnic disparities.
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Methods—Cancer-specific mathematical models simulated the burden of six HPV-associated 

cancers. Models parameters, informed using national registries and epidemiological studies, 

reflected sex-, age- and racial/ethnic-specific heterogeneities in HPV type distribution, cancer 

incidence, stage detection and mortality. Model outcomes included the cumulative lifetime risks of 

developing and dying from six HPV-associated cancers. The level of racial/ethnic disparities was 

evaluated under each alternative HPV vaccine scenario using several metrics of social-group 

disparity.

Results—HPV vaccination is expected to reduce the risks of developing and dying from HPV-

associated cancers in all racial/ethnic groups and reduce the absolute degree of disparities. 

However, alternative metrics suggested that relative disparities would persist and in some 

scenarios worsen. For example, when assuming high uptake with the second-generation HPV 

vaccine, the lifetime risk of dying from an HPV-associated cancer for males decreased by ~60%, 

yet the relative disparity increased from 3.0 to 3.9.

Conclusions—HPV vaccines are expected to reduce the overall burden of HPV-associated 

cancers for all racial/ethnic groups and to reduce the absolute disparity gap. However, even with 

the second-generation vaccine, relative disparities will likely still exist and may widen if the 

underlying causes of these disparities remain unaddressed.
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INTRODUCTION

Persistent infection with high-risk human papillomavirus (HPV), the most common sexually 

transmitted infection, is responsible for several anogenital and oropharyngeal cancers among 

both women and men. The incidence and mortality rates of each HPV-associated cancer 

differs by racial and ethnic group, with disproportionately higher rates often occurring 

among Hispanics, Blacks and American Indian/Alaska Natives.1 For example, not only do 

Black women have the second-highest incidence rate of cervical cancer compared with other 

racial/ethnic groups (i.e., 9.8 per 100,000 women), but cancers in these women are also more 

likely to be detected at a later stage with a poorer stage-specific probability of surviving, 

resulting in the highest cervical cancer mortality rate among all racial/ethnic groups.2 

Reasons for such inequalities may include differences in socially controllable factors (e.g., 

participation in screening, health-seeking behavior), as well as differential access to health 

services, including cancer treatment.3,4 Genetic and other “non-modifiable” biological 

factors (e.g., genetic markers) may also contribute to existing inequalities between racial/

ethnic groups; however, interactions between inherent biologic factors of individuals and 

environmental exposures do not allow these factors to be viewed in isolation.

The advent of the first-generation HPV vaccines, which protect against two of the most 

carcinogenic HPV genotypes (16 and 18), provides opportunities for primary prevention of 

HPV-associated cancers, and may also alleviate existing disparities. However, while 

guidelines for HPV vaccination have been in place since 2007, less than half of U.S. girls 

aged 13–17 years have received all three doses of the HPV vaccine series, a coverage rate 
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that is considerably lower than other currently recommended pre-adolescent vaccines in the 

U.S.5 In addition, initiation and completion of the HPV vaccine series also differs by racial/

ethnic group.5,6

Improving population health and reducing health disparities continue to be priorities for 

several U.S. agencies (e.g., National Cancer Institute (NCI), the Centers for Disease Control 

and Prevention (CDC)).7,8 However, while the HPV vaccines have been projected to reduce 

the overall population burden of HPV-associated cancers,9 it is unknown how the racial/

ethnic-specific burden of HPV-associated cancers will change as cohorts of vaccinated 

individuals age. In addition, there may be opportunities to further reduce inequalities under 

scenarios of improved vaccination coverage or with the newly approved second-generation 

HPV vaccine, which protects against an additional five cancer-causing HPV genotypes (i.e., 

HPV-31, -33, -45, -52, and -58).

Decades of observations are required to monitor the impact of HPV vaccination on long-

term health consequences of HPV such as cancer incidence and mortality. In the absence of 

such data, disease simulation models provide a formal framework that can project changes in 

HPV-associated cancer burden in the overall population, as well as important subgroups. 

These model projections can be used to guide pressing cancer control policies and decisions 

in a timely manner. Our objective was to use mathematical modeling to synthesize primary 

epidemiological data by racial/ethnic group and project the changes in HPV-associated 

cancer burden under current and optimistic coverage assumptions with both the first- and 

second-generation HPV vaccines. In this context, we evaluated the level of racial/ethnic 

disparities under each HPV vaccine scenario using common metrics of social-group 

disparity.

METHODS

Analytic approach

We developed a series of mathematical models to project the lifetime risks of developing and 

dying from six HPV-associated cancers (i.e., cervical, anal, vaginal, vulvar, oropharyngeal 

and penile) under current levels of HPV vaccination coverage, and high levels vaccination 

coverage for the first-generation (HPV-16/18) and second-generation (9-valent) HPV 

vaccines. The models simulate a birth cohort from age eleven until death, where each year, 

individuals are at risk for developing an HPV-associated cancer, governed by age-, sex-, and 

cancer-specific incidence rates. Individuals with cancer face stage-specific cancer mortality, 

while all individuals are at risk of dying from other causes. When available, model inputs 

reflected heterogeneities across five racial/ethnic subgroups: 1) Non-Hispanic White, 2) 

Non-Hispanic Black, 3) Hispanic, 4) American Indian/Alaska Native (AI/AN), and 5) Asian, 

Pacific-Islander (API). The HPV vaccine was assumed to reduce the proportion of cases 

attributed to the oncogenic HPV genotypes included in the vaccine for each HPV-associated 

cancer.
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Model input parameters

We synthesized data from epidemiological studies and cancer registries to inform model 

input parameters (Table 1). For racial/ethnic-specific parameters such as cancer incidence 

and stage of detection, we used population-based data from CDC’s National Program of 

Cancer Registries (NPCR) and NCI’s Surveillance, Epidemiology, and End Results (SEER) 

program for cancer registries that met the United States Cancer Statistics (USCS) data 

quality criteria, for years 2007–2011.10 The registries included cover 99.1% of the U.S. 

population. The 5-year cancer survival probabilities by race/ethnicity, sex, and stage were 

extracted from SEER for 2000–2011. The proportions of each cancer attributed to vaccine-

targeted HPV genotypes was informed using primary HPV genotyping data from the CDC, 

specified by sex and racial/ethnic group.11 When data for a given racial/ethnic group were 

not available (e.g., suppressed due to confidentiality or stability), we assumed the “all race” 

value. For a given subgroup, we accounted for racial/ethnic-specific background mortality 

using CDC’s National Center for Health Statistics’ National Vital Statistics System for 

2010.12

The 3-dose HPV vaccination coverage rates by sex and racial/ethnic subgroup were based on 

the published 2013 National Immunization Survey-Teen (NIS-Teen) results.5 We assumed 

100% lifelong efficacy against the HPV genotypes targeted by the vaccine and no cross-

protection. For cervical cancer, we did not model screening practice explicitly; rather, we 

used the current cervical cancer incidence rates reported in the population-based registries 

that reflect current screening participation.

Measuring disparities

We relied on multiple disparity indicator metrics to summarize changes in racial/ethnic 

cancer burden under the alternative HPV vaccine scenarios. For a given HPV vaccine and 

coverage assumption, we identified the racial/ethnic groups with the highest and lowest 

cumulative lifetime risks of developing or dying from an HPV-associated cancer, and 

calculated the absolute and relative differences between the two extreme groups. We refer to 

these calculations as the absolute and relative disparity measures, respectively. To capture 

the internal variability and distribution of the group-specific risk we calculated the Index of 

Disparity (ID). The ID is a composite measure of relative disparity that summarizes the 

average absolute deviation of the group risk from the average population risk relative to the 

average population risk, expressed as a percentage.13 The absolute, relative and ID metrics 

were evaluated for each HPV-associated cancer individually and cumulatively 

(Supplementary Material). To assess the stability in the trends of the disparity metrics, we 

calculated three additional composite measures of disparity: the population attributable 

proportion (PAP), the Gini coefficient and a weighted version of the ID (weighted by 

population size of the racial/ethnic groups) for the cumulative lifetime risks (Supplementary 

Material).14

Analysis

We projected the changes in the cumulative lifetime risks of developing and dying from any 

HPV-associated cancer by racial/ethnic group under the current 3-dose coverage level, as 

well as for a “high coverage” scenario that assumes that current immunization rates for the 
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Tetanus, diphtheria & acellular pertussis (Tdap) vaccine in adolescents can be achieved for 

HPV vaccines.5 We repeated model simulations to project changes in cancer disparities 

assuming protection against the seven oncogenic HPV types targeted by the second-

generation (9-valent) vaccine. Since not all HPV-associated cancers are attributable to HPV 

and because the percent attributable to HPV varies by anatomic site and sex, in sensitivity 

analysis, we isolated the potential impact of excluding HPV-negative cancers on the 

cumulative lifetime risks and disparity metrics. In addition, lifetime risks reflect racial/ethnic 

differences in life expectancy (i.e., background mortality due to other causes than HPV-

associated cancers); therefore, in sensitivity analysis we standardized background mortality 

to be equal across all racial/ethnic groups.

RESULTS

Cumulative lifetime risk of developing HPV-associated cancers

In the absence of HPV vaccination, the cumulative lifetime risk of developing an HPV-

associated cancer among women was the highest for Hispanics (1.63%) and Non-Hispanic 

Blacks (1.46%), and lowest for Asian/Pacific Islanders (0.83%), where cervical cancer 

contributed to 40–70% of the HPV-associated cancer burden (Figure 1a). For unvaccinated 

men, the lifetime risk of developing an HPV-associated cancer was overall 30–60% lower 

compared with females, where oropharyngeal cancer consistently contributed the largest 

proportion of the burden (Figure 1b). Among men, the highest risk of developing HPV-

associated cancers was among Non-Hispanic Whites. While the absolute disparity was lower 

for males compared with females, the magnitude of relative racial/ethnic disparities was 

consistently greater for males compared with females across multiple metrics (Table 2; 

Supplementary Material Tables 1–2).

Under current HPV vaccination coverage levels that are variable by race/ethnicity, the first-

generation HPV-16/18 vaccines were projected to reduce the cumulative lifetime risk of 

developing an HPV-associated cancer for both sexes, and across all racial/ethnic groups 

(Figure 1), resulting in declines in the absolute disparities (Table 2). However, at current 

coverage levels, HPV vaccination was not projected to markedly impact existing relative or 

composite racial/ethnic disparities. For example, under current coverage rates, the ID was 

projected to decrease by <0.5% for both females and males.

Under improved vaccination coverage assumptions (i.e., Tdap vaccination coverage), the 

reductions in cumulative lifetime risk of developing an HPV-associated cancer were more 

pronounced (Figure 1), leading to further declines in the absolute disparity gap for both 

women and men, compared with HPV vaccination at current levels. However, the current 

levels of relative racial/ethnic disparities continued to persist (Table 2). Of note, four out of 

six disparity metrics increased for males under this scenario (Supplementary Material Table 

2), and Non-Hispanic Black males had the highest cumulative lifetime risk of developing an 

HPV-associated cancer, exceeding that of Non-Hispanic White males.

Compared with the first-generation HPV vaccines under current coverage levels, the second-

generation (9-valent) vaccine was projected to further reduce the disease burden for all 

racial/ethnic groups under both vaccination coverage scenarios (Figure 1); yet, relative 

Burger et al. Page 5

Cancer. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



racial/ethnic disparities continued to persist. When we evaluated each HPV-associated 

cancer separately, oropharyngeal cancer was a primary contributor to the projected increases 

in male relative disparities under the high-coverage vaccination scenarios (Supplementary 

Material Figure 2).

Cumulative lifetime risk of dying from HPV-associated cancers

For the individuals not vaccinated against HPV, the average population risk of dying from an 

HPV-associated cancer was 0.24% for females and 0.20% for males, where Non-Hispanic 

Black individuals faced the highest burden for both sexes (i.e., 0.32% and 0.25%, 

respectively) (Figure 2). In the absence of HPV vaccination, the relative and composite 

disparity metrics for females indicated greater racial/ethnic disparity associated with the risk 

of dying compared with risk of developing an HPV-associated cancer (Table 2; 

Supplementary Material Table 1).

Under current HPV vaccination coverage, the first-generation vaccines were projected to 

reduce the cumulative lifetime risk of dying from an HPV-associated cancer for all racial/

ethnic groups and for both sexes (Figure 2), yielding declines in the absolute disparity. 

However, similar to the risk of developing HPV-associated cancers, relative measures of 

racial/ethnic disparities persisted, and in certain vaccination scenarios, were exacerbated 

(Table 2). For example, when assuming high vaccination coverage (i.e., Tdap) with the 

second-generation HPV vaccine, the average male population cumulative lifetime risk of 

dying from an HPV-associated cancer was projected to decrease by ~60%, but the ID was 

estimated to increase by nearly 75% (i.e., from 21.8% to 37.8%). When disaggregated by 

HPV-associated cancer, oropharyngeal cancer-related death was a key contributor to the 

relative disparities, for both sexes (Supplementary Material Figure 3).

Sensitivity analysis

When we conditioned cancer incidence and HPV type distribution on HPV-positive cancers, 

we found that the absolute disparity gaps narrowed for both sexes; in addition, the 

magnitude of the relative disparity and composite ID metrics uniformly decreased for males 

(Table 3; Supplementary Material). Conversely, when we standardized background mortality 

to that of the total U.S. population, the absolute disparity gaps for the cumulative lifetime 

risk of dying increased for both sexes compared with the base case analysis; however, the 

general disparity trends across the vaccination scenarios remained consistent.

DISCUSSION

Using several metrics of health disparity, we projected the magnitude of unequal cancer 

burden across five racial/ethnic groups under two plausible scenarios of vaccination 

coverage for both the first- and second-generation HPV vaccines. Our model-based analysis, 

parameterized using data from national population-based cancer registries covering nearly 

the entire U.S. population, suggests that with the adoption of the first- or second-generation 

HPV vaccines, the risks of developing and dying from an HPV-associated cancer are 

expected to decline for all racial/ethnic groups. In addition, the absolute disparity gaps 

between the best- and worst-off racial/ethnic groups are expected to narrow. However, we 
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find that even under favorable vaccination coverage scenarios, the relative and composite 

indicators of disparity suggest that racial/ethnic disparities in cancer burden, especially with 

respect to risk of dying, are likely to persist and may even widen.

This analysis is the first to leverage U.S. population-based registry data to project changes in 

HPV-associated cancer burden and racial/ethnic disparities associated with HPV vaccination. 

The adoption of HPV vaccines has the potential to not only reduce the HPV-associated 

cancer burden, but also compensate for the disparities resulting from differential access to 

healthcare services for cancer screening, diagnosis and treatment that is experienced across 

different subgroup populations. This analysis, which synthesized the available data on HPV-

associated cancer epidemiology and vaccine uptake by racial/ethnic group, projected that 

while the absolute cancer burden (and absolute disparities) will decrease overall, HPV 

vaccination may not reduce existing relative disparities. In fact, we found that the relative 

differences in cancer burden across racial/ethnic groups were most pronounced under 

scenarios of high vaccination coverage, particularly for men, where relative disparities were 

generally greater compared with women (Table 2). The greater magnitude of relative 

disparities for men under the HPV vaccination scenarios is likely due in part to the lower 

proportion of HPV-positive oropharyngeal cancers among Non-Hispanic Black individuals, 

coupled with the larger contribution oropharyngeal cancers have in the overall male HPV-

associated cancer burden. When we restricted the analysis to HPV-positive cancers, the 

racial/ethnic disparities among men under all vaccination scenarios decreased. For women, 

the relative and composite measures of disparities with and without vaccination were the 

widest in terms of the risk of dying from an HPV-associated cancer and were 

disproportionately higher than those related to risk of developing an HPV-associated cancer. 

This may be due in part to differences in access to and quality of care following cancer 

diagnosis.

Summary measures of health disparity encompass simple pairwise metrics (e.g., absolute 

and relative disparity between extreme groups), as well as composite metrics (e.g., ID13).14 

As there is little agreement for a single comprehensive measure of health disparity (two 

metrics may contradict changes in health disparity), we elected to report multiple metrics as 

they each fundamentally provide unique and complementary information about the 

magnitude and direction of changes in health disparity. Declines in both the absolute and 

relative disparity metrics provide the best evidence for progress in disparity elimination. We 

found that the changes in absolute disparity signaled improvements in health disparity as a 

result of vaccination, while the relative disparity metric, which adjusts for changes in the 

reference point over the vaccination scenarios, did not correspond. The four composite 

disparity measures generally agreed with the direction of the relative disparity metric. Our 

finding that the relative and summary metrics signaled persistent or even exacerbating health 

disparity should be tempered by the fact that the cumulative lifetime risks of developing and 

dying from HPV-associated cancers are small.

Limitations

Data stratified by each racial/ethnic group were limited or suppressed in some cases due to 

the small number of observations. Combining the NPCR and SEER registries for model 
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parameters such as cancer incidence and stage detection minimized the need for data 

assumptions; nevertheless, several model parameters reflected the average population value. 

In addition, cancer-specific survival data that reflected HPV-positive cancers stratified by 

racial/ethnic group were unavailable. Therefore, we could not account for the better 

prognosis associated with some HPV-positive cancers (e.g., oropharyngeal cancer15), and 

may have overestimated the benefit of the HPV vaccines on cancer mortality. Observed 

racial/ethnic disparities may mask underlying heterogeneity within certain racial/ethnic 

subgroups. For example, preventive health care varies by immigrant status16; therefore, 

projected racial/ethnic disparities may be confounded by immigrant-specific differences 

within sub-groups that are linked to access to care—both related to vaccination and 

screening uptake.

Our analysis reflects several simplifying assumptions. For example, we assumed that the 

HPV vaccines prevented the proportion of each cancer attributed to vaccine-targeted HPV 

genotypes (i.e., HPV type distribution) without cross protection. Excluding the potential 

benefits of cross-protection may be relatively more important for females than males, since 

the contribution of non-HPV-16/18 types to cervical cancers is larger; however, the 

durability of the HPV vaccines on other high-risk types not targeted by the vaccines is less 

certain.17 In addition, current evidence suggests that the incidence of several HPV-associated 

cancers may be increasing;1,18 subsequently, we may have underestimated the future burden 

of HPV-associated cancers by assuming the underlying burden remains constant over time in 

the absence of vaccination. This assumption only impacts our projected changes in racial/

ethnicities disparities to the extent that the racial/ethnic-specific incidence rates are 

differentially changing. Our models captured direct vaccination benefit and did not include 

the herd effects vaccinated individuals may provide to unvaccinated individuals; therefore, 

the decreases in HPV-associated cancer burden – and the absolute declines in disparity – 

may be greater than we estimated. Australia, a country that has achieved HPV vaccination 

coverage rates (for ≥1 dose) similar to the Tdap coverage rates in the U.S., has documented 

important herd effects among unvaccinated individuals.19 However, it is not clear how the 

inclusion of herd effects would impact our assessment of changes in relative disparities. 

Conversely, we assumed the HPV vaccines provide 100% lifelong efficacy against the 

targeted HPV genotypes, which may overestimate the protective effects the HPV vaccines 

have on reducing cancer burden. Similarly, our “high coverage” scenario, which assumes 

that current immunization rates for the Tdap vaccine in adolescents can be achieved with 

HPV vaccines, may be overly-optimistic. Unlike the Tdap vaccine, which requires a single 

dose, a 3-dose schedule is recommended for HPV vaccine in the United States. However, 

several countries are revisiting HPV vaccine schedules as several studies have shown that 

receiving fewer than three doses yields comparably high benefit.20

CONCLUSION

The adoption of HPV vaccines has the potential to reduce the cumulative lifetime risks of 

developing and dying from an HPV-associated cancer for all racial/ethnic groups, and will 

likely reduce the absolute degree of disparities in these outcomes. However, even with the 

second generation HPV vaccine, relative disparities will likely still exist and may widen if 
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underlying causes of these disparities (e.g., differential access to preventive health services 

and cancer therapies by race/ethnicity) remain unaddressed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding: This work was supported by the National Cancer Institute of the National Institutes of Health 
(R01CA160744; PI Kim). The funder did not have any role in the design and conduct of the study; collection, 
management, analysis, and interpretation of the data; and preparation, review, or approval of the manuscript.

Abbreviations

AI/AN American Indian, Alaska Native

API Asian, Pacific Islander

CDC Centers for Disease Control and Prevention

HPV Human papillomavirus

MMWR Morbidity and Mortality Weekly Report

NCI National Cancer Institute

NIS-Teen National Immunization Survey-Teen

NPCR National Program of Cancer Registries

SEER Surveillance, Epidemiology, and End Results

Tdap Tetanus, diphtheria & acellular pertussis

References

1. Jemal A, Simard EP, Dorell C, et al. Annual Report to the Nation on the Status of Cancer, 1975–
2009, Featuring the Burden and Trends in Human Papillomavirus (HPV)–Associated Cancers and 
HPV Vaccination Coverage Levels. Journal of the National Cancer Institute. 2013; 105(3):175–201. 
[PubMed: 23297039] 

2. Surveillance E, and End Results (SEER) Program (www.seer.cancer.gov). SEER*Stat Database: 
Incidence - SEER 18 Regs Research Data + Hurricane Katrina Impacted Louisiana Cases, Nov 2014 
Sub (1973–2012 varying) - Linked To County Attributes - Total U.S., 1969-2013 Counties, National 
Cancer Institute, DCCPS, Surveillance Research Program, Surveillance Systems Branch. Released 
April 2015, based on the November 2014 submission

3. Leyden WA, Manos MM, Geiger AM, et al. Cervical Cancer in Women With Comprehensive Health 
Care Access: Attributable Factors in the Screening Process. Journal of the National Cancer Institute. 
2005; 97(9):675–683. [PubMed: 15870438] 

4. Chen H-Y, Kessler CL, Mori N, Chauhan SP. Cervical Cancer Screening in the United States, 1993–
2010: Characteristics of Women Who Are Never Screened. Journal of Women's Health. 2012; 
21(11):1132–1138.

5. Elam-Evans L, Yankey D, Jeyarajah J. National, Regional, State, and Selected Local Area 
Vaccfination Coverage Among Adolescents Aged 13–17 Years-United States, 2013. MMWR. 2014; 
63(29):625–633. [PubMed: 25055186] 

Burger et al. Page 9

Cancer. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.seer.cancer.gov/


6. Fisher H, Trotter CL, Audrey S, MacDonald-Wallis K, Hickman M. Inequalities in the uptake of 
Human Papillomavirus Vaccination: a systematic review and meta-analysis. International Journal of 
Epidemiology. 2013; 42(3):896–908. [PubMed: 23620381] 

7. Arbyn M, Bergeron C, Klinkhamer P, Martin-Hirsch P, Siebers AG, Bulten J. Liquid compared with 
conventional cervical cytology: a systematic review and meta-analysis. Obstetrics and gynecology. 
2008 Jan; 111(1):167–177. [PubMed: 18165406] 

8. Arbyn M, Ronco G, Anttila A, et al. Evidence regarding human papillomavirus testing in secondary 
prevention of cervical cancer. Vaccine. 2012 Nov 20; 30(Suppl 5):F88–F99. [PubMed: 23199969] 

9. Kim JJ, Goldie SJ. Health and Economic Implications of HPV Vaccination in the United States. 
New England Journal of Medicine. 2008; 359(8):821–832. [PubMed: 18716299] 

10. Kim JJ, Wright TC, Goldie SJ. Cost-effectiveness of alternative triage strategies for atypical 
squamous cells of undetermined significance. Jama. 2002 May 8; 287(18):2382–2390. [PubMed: 
11988059] 

11. Saraiya M, Unger ER, Thompson TD, et al. US Assessment of HPV Types in Cancers: 
Implications for Current and 9-Valent HPV Vaccines. Journal of the National Cancer Institute. 
2015; 107(6):djv086. [PubMed: 25925419] 

12. Burger EA, Sy S, Nygard M, Kristiansen IS, Kim JJ. Prevention of HPV-related cancers in 
Norway: cost-effectiveness of expanding the HPV vaccination program to include pre-adolescent 
boys. PloS one. 2014; 9(3):e89974. [PubMed: 24651645] 

13. Pearcy JN, Keppel KG. A summary measure of health disparity. Public health reports. 2002; 
117(3):273–280. [PubMed: 12432138] 

14. Project Report: Center for Social Epidemiology and Population Health. University of Michigan; 
Methods for measuring cancer disparitites: Using data relevant to health people 2010 cancer-
related objectives. http://health-equity.pitt.edu/732/1/measuring_disparities.pdf [Accessed June 5, 
2015]

15. Fakhry C, Westra WH, Li S, et al. Improved Survival of Patients With Human Papillomavirus–
Positive Head and Neck Squamous Cell Carcinoma in a Prospective Clinical Trial. Journal of the 
National Cancer Institute. 2008; 100(4):261–269. [PubMed: 18270337] 

16. Lasser KE, Himmelstein DU, Woolhandler S. Access to Care, Health Status, and Health Disparities 
in the United States and Canada: Results of a Cross-National Population-Based Survey. American 
Journal of Public Health. 2006; 96(7):1300–1307. 06/11/accepted. [PubMed: 16735628] 

17. Malagón T, Drolet M, Boily M-C, et al. Cross-protective efficacy of two human papillomavirus 
vaccines: a systematic review and meta-analysis. The Lancet Infectious Diseases. 12(10):781–789. 
[PubMed: 22920953] 

18. Forman D, de Martel C, Lacey CJ, et al. Global Burden of Human Papillomavirus and Related 
Diseases. Vaccine. 2012; 30(Supplement 5):F12–F23. [PubMed: 23199955] 

19. Tabrizi SN, Brotherton JML, Kaldor JM, et al. Assessment of herd immunity and cross-protection 
after a human papillomavirus vaccination programme in Australia: a repeat cross-sectional study. 
The Lancet Infectious Diseases. 2014; 14(10):958–966. [PubMed: 25107680] 

20. Brotherton JML, Malloy M, Budd AC, Saville M, Drennan KT, Gertig DM. Effectiveness of less 
than three doses of quadrivalent human papillomavirus vaccine against cervical intraepithelial 
neoplasia when administered using a standard dose spacing schedule: Observational cohort of 
young women in Australia. Papillomavirus Research. 1:59–73.

Burger et al. Page 10

Cancer. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://health-equity.pitt.edu/732/1/measuring_disparities.pdf


Figure 1. 
Cumulative lifetime risk of developing a human papillomavirus (HPV)-associated cancer by 

HPV vaccination scenario for a) females, and b) males. AI/AN: American Indian, Alaska 

Native; API: Asian, Pacific Islander; NH: Non-Hispanic; Tdap: Tetanus, diphtheria & 

acellular pertussis
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Figure 2. 
Cumulative lifetime risk of dying from a human papillomavirus (HPV)-associated cancer by 

HPV vaccination scenario for a) females, and b) males. AI/AN: American Indian, Alaska 

Native; API: Asian, Pacific Islander; NH: Non-Hispanic; Tdap: Tetanus, diphtheria & 

acellular pertussis
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