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Abstract
Introduction: Human papillomavirus (HPV) vaccination is the most effective prevention measure against cervical cancer and one of the pillars of the World Health Organization’s (WHO) global strategy for the elimination of cervical cancer as a public health problem. 

Methods: We examined HPV vaccination coverage rates across 76 countries with HPV vaccination programs in 2018. Countries were grouped according to WHO world region classifications and World Bank income level thresholds. We estimated the odds of inclusion of the HPV vaccine into national immunization schedules based on income and region. Regression analysis was used to identify factors that were informative of HPV vaccination coverage.
Results: Developing countries were less likely to have implemented an HPV vaccination program compared to high-income countries (OR: 0.15, 95% CI: 0.08 – 0.31). The existence of a school-based HPV vaccination program was the strongest single factor that explained 43% of the variance in HPV vaccination coverage, taken together with the proportion of women who had received cervical cancer screening in the past three years, and a country’s measles vaccination rate, which was used as proxy to measure the strength of immunization systems. 
Conclusions: The full public health potential of HPV vaccination has not yet been achieved. HPV-related cancers continue to be significant sources of worldwide morbidity and mortality, highlighting the need for national HPV vaccination programs with high population coverage.
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1.0  Introduction
Human papillomavirus (HPV) is the most common viral infection of the reproductive tract among women, and approximately 80% of the world’s sexually active women are infected by HPV at least once in their lifetimes1. Usually women contract HPV between the ages of 15 and 24 years, with the peak of infection shortly after their first sexual exposure2. Most HPV infections resolve spontaneously within one to two years and are largely asymptomatic and of no consequence. However, HPV has been implicated in 99.7% of cancers diagnosed worldwide, indicating that a proportion of HPV infections in women can persist into pre-cancerous lesions (CIN-2/CIN-3) and progress into invasive cervical cancer3. Incidence and mortality estimates for 2018 indicate that every year, 569,847 women are diagnosed with cervical cancer, and 311,365 die from the disease4. Cervical cancer places a particularly heavy burden on the developing world. In 2018, nearly 90% of cervical cancer deaths occurred in low and middle-income countries where cervical cancer is still the leading cause of age-weighted years of life lost in women4,5. Globally, cervical cancer is the fourth most common cancer among women, following breast, colorectal, and lung cancers4,5. Without the implementation of widespread prevention programs that can significantly impact the future burden of cervical cancer, our World’s population of 3,782 million young women aged 15 years and older are at risk6.

HPV is now a well-established cause of cervical cancer7. More than 100 HPV serotypes have been identified, of which HPV 16 and 18 are among the high-risk types and account for approximately 70% of cervical cancer cases. Other high-risk HPV types (known by the numbers 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68) are responsible for most anogenital cancers, while HPV 6 and 11 are among the low-risk types (6, 11, 40, 42, 43, 44, 53, 54, 61, 72, 73 and 81) that cause 96 to 100% of genital warts infections. After HPV 16 and 18, the six most common HPV types (31, 33, 35, 45, 52 and 58) account for an additional 20% of cervical cancers in all world regions8. Currently, two prophylactic HPV vaccines are available, Gardasil (Merck & Co., USA) and Cervarix (GlaxoSmith-Kline, Belgium), both of which target HPV 16 and 18, with Cervarix offering additional protection against HPV 6 and 119. Vaccine safety and immunogenicity trials establish that these bivalent and quadrivalent vaccines have high efficacy (>90%) for preventing HPV infection and also confer some degree of cross-protection against low-risk HPV types10,11.

The World Health Organization (WHO), in their 2009 position paper, recommended the inclusion of routine HPV vaccination of young women in all countries. This position galvanized a reorganization of cervical cancer prevention strategies around the world since previously the core prevention plans depended on early detection via large-scale screening programs. Since then, HPV vaccines have been deployed in over 100 countries. In the year following the implementation of national HPV vaccination programs, vaccine effectiveness was demonstrated by a 25.1% reduction in genital warts for women under 28 years in Australia, and a 14.8% reduction in high-grade cervical lesions for women ages 18 to 20 years in Denmark12,13. In Norway, vaccine-type HPV prevalence was reduced by 77% in vaccinated girls after five years of national implementation14. A decade later, a substantial reduction of new HPV-related cancers has been described post-implementation of HPV vaccination programs, mainly in high-income countries15. For example, 1,242 out of 1,544 HPV-associated cancers were estimated to have been prevented in Australia in 201216. Conversely, developing countries have not seen the same demonstratable impact. Low- and middle-income countries are confronted by a number of barriers in instituting country-wide HPV vaccination programs, primarily concerning affordability. To help mitigate this, financing coordination mechanisms like GAVI, the vaccine alliance, promote more equitable access to HPV vaccinations for all countries through the negotiation of vaccine prices based on country income17. Similarly, The Gardasil Access Program pledges vaccines at no cost to eligible income countries and helps them gain operational experience in designing HPV vaccination programs18. Model-based analyses where vaccination in 179 countries averted 690,000 cases of cervical cancer and 420,00 deaths have deemed HPV vaccination to be very cost-effective, with every disability-adjusted life-year saved costing less than the gross domestic product per capita17. There is consensus then that implementation of a universal HPV vaccination program in the context of a revised cervical cancer screening policy is the best prospect for reducing the burden of disease17,18,19. Still, there are other factors beyond financial constraints that must contribute to the tremendous variability in HPV vaccination rates and cervical cancer burden among countries. 

In May 2018, the WHO Director-General made a call towards the elimination of cervical cancer, declaring elimination when all countries reach an incidence rate of fewer than four cases per 100,000 women20,21. The specific objectives of the elimination strategy petition that by 2030 (i) 90% of girls will be fully vaccinated with the HPV vaccine by their fifteenth birthday, (ii) 70% of women will be screened with high-performance tests at the ages of 35 and 45 years, and (iii) 90% of women who have been identified with precancerous lesions or invasive cervical cancer will receive treatment20,21. Notably, these objectives should be achieved within the lifetime of today’s young girls21. This mission has stimulated much research into identifying factors associated with HPV vaccination at a country level. We will examine country-level statistics that we think may be relevant to HPV vaccination coverage rates attained by a given country. For example, the median age of a country’s female population; since HPV vaccination is most effective when given before the first sexual encounter, healthcare providers in countries with a higher proportion of young women might be stronger advocates for HPV vaccination, resulting in higher HPV vaccination coverage rates for that country. Individual-level factors having to do with vaccine uptake such as personal beliefs and attitudes towards vaccination have been commonly reported and will not be examined here. 
May 2020 marks the date of the World Health Assembly when the WHO 2020-2030 global draft strategy to accelerate cervical cancer elimination will be reviewed. If approved, urgent action is needed to scale up the implementation of proven and cost-effective measures towards achieving the elimination of cervical cancer as a global public health problem, one of which is vaccination against HPV. We hope to identify determinants of HPV vaccination coverage across 76 countries, allowing insight into the distribution of coverage rates by world region.
2.0  Methods
This analysis compiles data from various sources totaling 109 attributes comprising population-based surveys, systematic reviews, administrative reports, and public databases informing HPV and cervical cancer. All chosen covariates were substantiated with references in the literature. Screening data were standardized by the Department of Immunizations, Vaccines, and Biologicals, World Health Organization. Income data were taken from the World Bank, which uses the Atlas method to assign the world’s economies into four income groups, based on GNI per capita in current US dollars as of July 2018: high (>$12,055), upper-middle ($3,896 - 12,055), lower-middle ($996 - 3,895), and low-income (<$3,895). Countries were grouped according to the WHO classification system, which categorizes the world into six regions. Cervical cancer burden estimates were obtained from GLOBOCAN 2018, produced by the International Agency for Research on Cancer (IARC). All other data originated from UNICEF and WHO, including databases that were assembled by partner agencies, for example, the HPV Information Centre (Institut Català d'Oncologia and IARC) and the International Labour Organization Department of Statistics (ILOSTAT). The data extracted from these sources are in the public domain as of December 2019. A complete list of data sources is provided in the Appendix. 
We obtained WHO estimates of HPV vaccination coverage based on data officially reported by WHO Member States through the annual WHO/UNICEF Joint Reporting Form (JRF) on Immunization (received in May 2019). The information gathered by the JRF serves as a key resource for a number of regional and global immunization strategies, such as the Global Vaccine Action Plan (GVAP) endorsed by all 194 Member States. WHO developed two complementary measures of HPV vaccination coverage: 1) complete HPV vaccination by 15 years of age, received at any time in the last five years, and 2) complete vaccination according to each country’s recommendations for age at receipt of the HPV vaccine, in the last calendar year. This analysis uses the second indicator as it takes into account the target age groups determined by each country, which is intended to represent country-specific program performance for study and evaluation purposes. This indicator, termed “HPV vaccination coverage” in this study, is defined as the percentage of the program’s target population that has received the last dose of the HPV vaccine, such that the number of girls within a country’s target population who have received the complete schedule of the HPV vaccine is divided by the total number of girls within a country’s target population. 

We examined only those countries containing WHO vaccination coverage estimates for 2018 (Figure 1). The odds ratios of implementing a vaccination program across income groups and regions were calculated, with high-income countries and the Americas serving as the referent groups for each category. We first explored links between HPV vaccination coverage and potential determinants using Spearman’s rank correlation given that coverage data are confined to the 0-100 interval and can often give rise to non-linear relationships. Characteristics were compared among those countries with and without an existing vaccination program using the Kruskal-Wallis test for continuous variables and chi-squared tests for categorical variables. Multivariable linear regression models were then constructed to observe the influencing determinants of HPV vaccination coverage using covariates that had been determined to have significant independent associations with vaccination coverage through bivariate analyses. Thus, stepwise selection along with a prespecified change-in-estimate criterion of at least 10% was used for covariate selection. 
Covariates included relevant epidemiological determinants of HPV such as demographics, socioeconomic factors, cancer statistic estimates, and cervical cancer screening and vaccination practices. For any variable found to be a significant effect modifier, we subsequently present stratified results. Interactions between covariates were tested to examine their joint effects on HPV vaccination coverage. Covariates with a VIF >10 were excluded to avoid problems with multicollinearity. The overall goodness of fit in the final model was verified with R2, estimated error variance, Akaike Information Criteria (AIC), and Bayes Information Criteria (BIC) in candidate models. Residual diagnostics were evaluated graphically. A p-value of <0.05 was used as a cut-off for significance, and a Bonferroni-corrected p-value was used to account for multiple hypothesis testing. All data management procedures and statistical analyses were performed using R version 3.5.2.
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Figure 1. Flow diagram of selection process for countries included in this study. 
Of the 76 countries, 40 were high-income, 25 were upper-middle-income, 8 lower-middle income, and 3 were low-income countries. Regionally, there were 8 countries from AFR, 23 from AMR, 28 from EUR, 3 from SEAR, 13 from WPR, and 1 from EMR.
3.0  Results
There were 194 countries with available data on risk factors related to HPV and cervical cancer. In 2018, 90 countries had implemented a national HPV vaccination program and of these, 76 countries had vaccination coverage rates estimated by WHO. Figure 2 shows the gradual introduction of HPV vaccination according to the incidence of cervical cancer for 41 countries from more developed regions, and 35 countries from less developed regions with a later introduction. Approximately 25% of developing countries implemented HPV vaccination programs in 2017, only one year prior to this analysis. From 2009 to 2017, women living in less developed countries recorded twice the amount of annual cervical cancer cases compared to women living in more developed countries (23 cases vs 10 cases per 100,000 women, p<0.001). 
Compared to the Americas, the odds of a country implementing a national HPV vaccination program are reduced by 97% in the Eastern Mediterranean (OR: 0.03, 95% CI: 0.003 - 0.22), 88% in Africa (OR: 0.12, 95% CI: 0.04 - 0.3), and 81% in South East Asia (OR: 0.19, 95% CI: 0.17 - 1.35). Compared to high-income countries, the odds of country implementation were successively lower by income group: 68% less for upper middle-income countries (OR: 0.32, 95% CI: 0.15 - 0.70), 92% less for lower middle-income countries (OR: 0.08, 95% CI: 0.03 - 0.21), and 96% less for low-income countries (OR: 0.04, 95% CI: 0.01 - 0.17). Table 1. 
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Figure 2. Countries that have introduced a national HPV vaccination program by year, socioeconomic development level, and cervical cancer incidence, as of May 2018 (N = 76).
More developed regions include high-income countries. Less developed regions include upper-middle, lower-middle, and low-income countries.
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Table 1. Odds of HPV vaccine program implementation according to income group and region.
A summary of the characteristics that distinguish countries with an existing national HPV vaccination program from countries without one is presented in Table 2. Countries with an HPV vaccination program are more likely to offer a higher GDP per capita ($24,198 vs $8,588, p<0.001) and encourage women to work on their own account, or with one or a few partners, in self-employment jobs (2.15% vs 1.63%, p = 0.02). Countries with HPV vaccination programs boast a higher literacy rate in girls older than 15 years (92.66% vs 73.06%, p<0.001). With respect to mortality, the number of deaths in infants and children of all genders 5 to 14 years of age is observed less in countries with an existing HPV vaccination program (p<0.03). Notwithstanding, the mortality rate for girls under 5 years of age living in a country with a national HPV vaccination program is approximately one-third of the mortality rate observed in countries without one (13.17% vs 38.03%, p<0.001). Similarly, immunizations for DPT, measles, and hepatitis B were received by significantly more children under two years of age in countries with an HPV vaccination program (p<0.003). 
Table 2. Differences among countries that have introduced a national HPV vaccination program.[image: image8.png]Predictor Yes (n =76) No (n=118) P-value
Female employers® (%) 2.15+£1.05 1.63 +1.65 0.0194
Female employment in agriculture® (%) 10.94 +17.61 36.38 +26.75 <0.001
Female employment in industry® (%) 11.32 +5.66 11.48 +8.31 0.8954
Female unemployment (%) 7.61 £5.38 10.85+7.34 0.0417
Proportion of seats held by women in national 25.09 £12.05 19.83 +11.43 0.0027
parliament (%)
Literacy rate in females ages 15+ (%) 92.66 + 7.81 73.06 +24.83 0.0005
School attendance, upper, females (%) 74.47 +21.96 60.1 +21.75 <0.001
Out of school, upper, females (%) 16.41 +16.84 39.58 +25.81 <0.001
Births attended by health staff (%) 98.02 £3.11 86.98 +2.52 0.0002
Number of infant deaths 6615.68 + 17443.72 30436.15 +£92294.1 0.0285
Number of deaths 5-14 years 1671.89 +4714.27 6924.34 + 18843.2 0.0191
Mortality rate in females <S5y (per 1000 live births) 13.17+12.32 38.03+31.90 <0.001
Prevalence of HIV in females (% in ages 15-24 years) 0.656 £2.02 1.05+£2.36 0.3244
Immunizations, DPT (% of children 12-23 mo) 92.89+6.53 84.79+16.24 <0.001
Immunizations, measles (% of children 12-23 mo) 92.65 + 6.81 83.96 + 15.89 <0.001
Immunizations, HepB3 (% of children 24 mo) 91.16 £ 8.77 84.57+16.14 0.002

!Continuous variables are represented as mean + standard deviation
2Continuous variables were compared by non-parametric Kruskal-Wallis tests and categorical variables

were compared by chi-squared tests.
3Modeled ILOSTAT estimate




Figure 3 shows the descending vaccination coverage rates for all 76 countries. Seychelles, a high-income country, and the Cook Islands, a lower-middle income country, each achieved the highest coverage rate (99%) of all countries. The highest fifteen coverage rates include a country from each income group, demonstrating that high-income countries do not consistently contribute the largest number of fully vaccinated women. In fact, Rwanda and Uganda, two of the three African countries that comprised the low-income group, reached coverage rates higher than two of the world’s leading economies, the United States and Japan (84.1% and 71.6% versus 46% and 3%). 
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Figure 3. HPV vaccination coverage rates around the word categorized by income.

From the broad range of 103 indicators investigated, those shown in Figure 4 can be interpreted as the most likely to have robust associations with HPV vaccination coverage, although the correlation strengths and consistencies of direction vary across regions. Cervical cancer screening and school attendance are the two indicators with mean-averaged p-values of <0.05 across the most regions. Africa presents the largest magnitude of correlations, highlighting the importance of births attended by skilled health staff and literacy in young women, whereas HIV prevalence has nearly no correlation with HPV vaccination coverage. An opposite association is seen in the South-East Asia region, but only Bhutan, Indonesia, and Sri Lanka had available data so estimates made for this region may be vulnerable to high error. (The United Arab Emirates was the sole country in the Eastern Mediterranean region and was missing data for the majority of indicators). It has been long established that HPV vaccination is necessary to reduce the prevalence of HPV-associated cancers. In Africa, the Americas, and Europe, but not in the Western Pacific region, HPV vaccination coverage rates were negatively associated with the prevalence of HPV serotypes.
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Figure 4. Correlates with HPV vaccination coverage in five of six WHO regions.
Findings from bivariate linear regression models revealed determinants of HPV vaccination coverage as implementation of a school-based HPV vaccination program (CI: 2.70, 29.86, p = 0.02), measles immunization rate in children 12-23 months (CI: 5.82, 36.77, p = 0.008), cervical cancer screening rate in the past three years (CI: 8.94, 49.89, p = 0.04), and method of screening (CI: 2.62, 19.26, p = 0.01). Multivariable regression was used to assess different combinations of covariates, comparing the fits of different linear models with overall F-tests. To determine a final model, stepwise regression with the probability for entry and removal set at 0.30 and 0.10, respectively, retained all covariates except method of screening. No interaction terms were significant. Multicollinearity was not a concern as indicated by all VIF scores <2. The residuals versus the fitted values for the final model revealed a fanning pattern that was significant for heterogeneity (p = 0.03). The rate of HPV vaccination coverage as explained by the implementation of a school-based vaccination program, measles vaccination rate, and percentage of women who had received cervical cancer screening in the past three years did not differ by income group, but significantly differed for the Western Pacific (p = 0.04) and Africa (p = 0.03) regions. Table 3 shows the final model. Using Brazil as an example, a Latin American country that in 2014 gave rise to a school-based HPV vaccination strategy, where 64% of women have been screened for cervical cancer from 2001 to 2003, and where 84% of children under two years of age have been immunized against measles, our model output yields an HPV vaccination coverage rate of 63.7%. Brazil’s 2018 vaccination coverage rate as estimated by WHO is 69.2%. While these estimates are close, this might be due to chance as our model R2 indicates that the predictors in our model collectively explain up to 43% of the variance in Brazil’s HPV vaccination coverage, leaving 57% of unexplained variance.
Table 3. Multivariable linear regression model of HPV vaccination coverage rates stratified by region (R2 = 0.43).
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4.0  Discussion
We examined a range of quantitative data for 103 descriptive factors for 90 countries that had introduced the HPV vaccine into their national immunization schedules as of May 2018. Themes spanned women’s health, education, infectious diseases, immunizations, labor force, political participation, and demographics. We hoped that this breadth of factors could be used to expose which determinants might be related to HPV vaccination coverage in young women. We did not uncover any novel relationships. In line with the exhaustive literature and much of the prevention strategies that have been adopted by low and high-income countries alike, we unsurprisingly captured determinants related to screening and vaccination. Despite this, we were able to appreciate associations between HPV vaccination coverage rates and each of the determinants selected by regression analysis.

Endemic measles has been eliminated in the region of the Americas22,23. This means that herd immunity has been achieved through rates of measles vaccination that are high enough to interrupt measles transmission. Programmatic catch-up, immunization campaigns, and case-based surveillance for measles are some of the activities that have helped this region see a precipitous drop in measles incidence, from 250,000 cases to 203 cases between the 1990s and 2000s22,23. This serves as proof that the elimination of vaccine-preventable diseases like cervical cancer is a reachable goal. Measles vaccines are currently part of the schedule of childhood vaccinations in all countries, such that measles vaccination coverage can serve as an indicator of the strength of current HPV immunization programs. In our analysis, countries with an established HPV vaccination program reached 93% of measles coverage compared to 84% for countries without one, suggesting that immunization services in some regions demand further support.

School-based HPV vaccination programs are the predominant strategy to optimize HPV vaccine delivery24,25. WHO recommends HPV vaccination for girls between 9 and 14 years of age. Because the specific age range at which girls receive the HPV vaccine varies across countries, many countries have resorted to a cohort-approach in which girls by school grades, instead of single ages, are targeted. A study from Nepal reports that uptake rates in 1,096 young women from 17 secondary schools were meaningfully high for the first (100%), second (99.5%), and third (99.3%) doses26. Other school-based demonstration studies have reached similarly high full coverage rates among girls in Uganda (90.5%) and Vietnam (96.1%)27,28,29. It is no wonder that the existence of a school-based program had the largest effect in estimating HPV vaccination coverage rates in our model, and we observed positive correlations between coverage rates and upper school attendance for girls in Africa, Europe, and South East Asia. Using schools as venues for HPV vaccination reduces the barriers of time and cost that typically come with seeking services at a health clinic. Thus, having a school-based HPV vaccination program in place can effectively increase HPV vaccination coverage rates, especially in low-resource countries, provided that school attendance rates for a country’s target age group are high.
Organized screening programs have led to a substantial reduction in cervical cancer burden29. Screening enables detection of precancerous lesions at a stage where they can easily be treated, preventing approximately 80% of cervical cancer cases6,30. Indeed, the incidence of cervical cancer is low in high-income countries, despite that some show the lowest rates of HPV vaccination coverage (Figure 3), likely due to already effective secondary prevention programs. By contrast, developing countries have not experienced this reduction. Even in countries performing high rates of cervical cytology, women face challenges in accessing proper follow-up and treatment. With limited access to timely services, cervical cancer cannot be identified until it has advanced, and symptoms have developed. In turn, prospects for the treatment of such late-stage disease may be poor, resulting in a lower likelihood of survival. The HPV vaccine serves as the first line of defense in the cervical cancer disease process. We provide an illustration of these concepts in Supplementary Figure 1. 
With the awareness that disparities exist in HPV vaccination coverage rates by both income group and region, we further examined which relationships could be illuminated. For instance, we assessed the proportion of seats held by women in national parliaments under the assumption that approximating gender parity in parliamentary representation could stir more political attention towards women’s issues like cervical cancer, which would garner more funding, resulting in higher vaccination coverage rates. Plus, women representation is increasingly recognized to be positively associated with health-seeking outcomes. Women in Rwanda occupied 61.3% of parliament seats, the highest in the world, leading other top countries like Bolivia (53.1%), Mexico (48.2%), and Sweden (46.1%). An agreement with Merck & Co. in 2011 to deliver HPV vaccines at no cost for three years enabled Rwanda to become the world’s first low-income country to provide universal access to the HPV vaccine31. The nature of Rwanda’s leadership is complex, but women representation at this level might have played some part in facilitating Rwanda’s HPV vaccination success. Female labor force was another indicator of women’s empowerment. Both of these factors were significant in identifying countries that had nationally introduced the HPV vaccine from those that had not, along with female literacy rates and births attended by skilled health staff (Table 2). However, there was large variability in these and other correlates when examined by region. HPV vaccination rates in the Americas were negatively associated with childhood immunizations, but positively associated with the number of neonatal and infant deaths in both the Americas and in Europe; this pattern could imply a competing interest among types of vaccines, though this is improbable in these regions. Africa and the Western Pacific region show the inverse pattern. These correlations should be taken with much caution, and at best we can tag the indicators with the strongest correlations as potentially important to intervene on. 

The methods used to calculate vaccination coverage rates often differ between countries, with some using population registries and others using household surveys to guide their denominators (the number of girls who could be vaccinated)32. Such inconsistencies give rise to systematic biases like under or overreporting. An important strength of this study is that we base all of our analyses on WHO coverage rates, which consistently use UN Population Division figures, providing a comparable measure of HPV vaccination coverage rates for all countries. The WHO reviews administrative and official country estimates reported in the JRF to calculate their estimates, which end up more closely approximating those reported by country officials. Supplemental Figure 2. WHO estimates are not a result of mathematical or statistical models and instead rely on a set of heuristics to constrain them (e.g. reporting coverage as <100%)33. To remain as faithful to the estimates given by WHO, we did not turn to imputation techniques for any countries with missing parameters. Therefore, any countries with missing data were excluded, although methods for overcoming incompleteness and quality issues with coverage data have been studied before34,35,36. 
The potential limitations of this study include using data collected from a variety of sources including literature reviews and national surveys. This presents some time-related issues that may influence associations with HPV vaccination coverage estimates for 2018. For example, the data for the proportion of women who had received screening in the past three years come from a literature review containing varying years for different countries, some as early as 2002. Vaccination coverage rates for 2018 may be erroneously linked to screening if the proportion of women who received screening in 2002 is largely discrepant from the proportion of women who received screening in years closer to 2018. Every year that deviates from 2018 may conflate the overall findings. Timeliness of data is especially important in studying HPV as there are precise ages at which vaccine administration and types of screening should be completed. Next, OLS regression is predicated on a set of assumptions that were not all met by our model. A violation of homoscedasticity obscures the true standard deviation and error, usually providing confidence intervals that are exceedingly wide or narrow37. This was evidenced in our final regression equation and indicates that there is some room for fine-tuning in the model. Alternatively, a variant of OLS regression, Lasso, performs variable selection in the case of a large number of parameters, with the caveat that it is not equipped for handling missing data. The use of Lasso could have fit our purposes, but not without turning to imputation methods that we had proscribed in the first place. For now, the analyses we present with OLS are able to satisfy the goals of this study, but we would like to undertake a deeper statistical exploration to better understand HPV and vaccine associations.
Lastly, we would like to acknowledge that HPV vaccination coverage data provided by WHO includes estimates for the protection of girls only, yet HPV is not a gender-specific infection. Vaccinating boys has been demonstrated to be valuable in preventing HPV in both boys and girls, along with cervical cancer in women, and HPV-related cancers, such as of the head and neck, in both women and men38,39,40. Therefore, future work should focus on HPV vaccination for all young people. 

5.0  Conclusion
The WHO estimated HPV vaccination coverage rates for 76 countries that had introduced the HPV vaccine into their immunization schedules by 2018. These countries cover less than 30% of the global target population. High-income and upper-middle income countries comprised 87% of all countries protecting their young women through HPV vaccination. Low-income and lower-middle income countries have introduced the HPV vaccine at low rates, reflecting global disparities in cervical cancer incidence and mortality. Given the indisputable causal link between HPV and cervical cancer, our study supports the associations between vaccination coverage rates and cervical cancer screening, along with a school-based HPV vaccination program, and the immunization rate of measles. We examined the systematic issues that can affect coverage rates that still prevail within many countries. These are diverse issues covering infrastructure, politics, and culture that are compelling for further investigation. 

Appendix Supplemental Tables and Figures
Supplemental Figure 1. SEIR diagram.

Supplemental Figure 2. HPV vaccination coverage (%) as reported by administrative persons and officials compared to estimates calculated by WHO.

Supplemental Table 4. Description of variables.
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Prevention includes primary and secondary strategies: HPV vaccination impedes HPV infection; cervical cancer screening involves testing for pre-cancer and cancer. Depicted are two paths, one with the HPV vaccine providing direct immunity, and the other transitioning through stages. There are four opportunities for survival, through immunity or recovery. There is one non-survival from the cervical cancer stage. Treatment is not prevention per se, but treatment should be linked to screening as management of positive screening tests in order to achieve immunity. WHO recommends three types of screening tests: HPV test for high-risk HPV types, visual inspection with acetic acid, and Pap test with liquid-based cytology. For treatment, WHO recommends the use of cryotherapy and Loop Electrosurgical Excision Procedure (LEEP).








 


 





Reported official is based on the census and country reports. Reported administrative data are most readily available in health systems and are used by program managers to monitor trends in vaccination coverage.
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