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Abstract 

Background: Human papillomavirus (HPV) poses a significant threat to human 

health, but the factors influencing HPV vaccination remain unclear. This study 

applies machine learning and big data analytics to identify key determinants of 

HPV vaccination and provide data-driven evidence for the development of 

targeted public health strategies. 

Methods: Data from the National Health Interview Survey (NHIS) were analyzed 

using computational statistical methods, including 17,208 participants, divided 

into HPV-vaccinated and non-vaccinated groups. Weighted statistical tests and 

multivariate logistic regression were conducted in R, and the LASSO algorithm 

was applied for feature selection. The study emphasizes data preprocessing, 

feature engineering, and model validation in a large-scale health dataset. 

Results: Key factors identified include age, sex, race, education, region, cancer 

history, insurance status, and flu vaccination history. LASSO regression 

confirmed the robustness of these predictors in a high-dimensional dataset. The 

results highlight disparities that can be addressed through computational public 

health interventions. 

Conclusion: This study demonstrates the utility of machine learning in public 

health analytics for identifying vaccination barriers. The findings support the 

development of personalized, algorithm-driven vaccination campaigns and 
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resource allocation strategies to improve coverage. 

Keywords: Human papillomavirus, National Health Interview Survey, machine 

learning, LASSO, big data analytics, health informatics, computational public 
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1. Introduction 

Human papillomavirus (HPV) is a common sexually transmitted infection and a 

leading cause of several cancers, including cervical, oropharyngeal, and anal cancers 

[1–3]. Although safe and effective vaccines have been available for over a decade, 

vaccination rates remain below public health targets, with persistent disparities across 

demographic groups [4,5]. 

Traditional statistical approaches have identified various socio‑demographic 

correlates of HPV vaccination [6,7]. However, these studies often treat variables in 

isolation and may not account for complex interactions or high‑dimensional data 

structures. The emergence of public health informatics and computational 

epidemiology offers new tools for analyzing large‑scale health datasets, enabling more 

nuanced insights into health behaviors [8,9]. 

The National Health Interview Survey (NHIS) provides a rich, nationally 

representative dataset that is well‑suited for machine‑learning applications. Its 

structured format, extensive variables, and annual collection allow for the analysis of 

trends, the identification of risk profiles, and the testing of predictive models [10,11]. 

Recent studies have begun to leverage such datasets with advanced analytics to uncover 

hidden patterns in vaccination behavior [12,13]. 

In this study, we apply machine‑learning techniques—specifically LASSO 

regression—to the NHIS dataset to identify the most influential determinants of HPV 

vaccination uptake. Our objectives are: (1) to demonstrate the value of computational 

methods in health survey analysis; (2) to identify key modifiable factors for intervention; 

and (3) to provide a data‑science‑informed framework for developing targeted 

vaccination campaigns. 

2. Methods 

2.1 Data Source and Study Population 

We used data from the 2022 NHIS, a cross‑sectional survey conducted by the 

National Center for Health Statistics. The NHIS employs a complex, multistage 

sampling design to collect health‑related information from the civilian, 

non‑institutionalized U.S. population. The dataset is publicly available and widely used 

for health policy and computational research [14]. 

From an initial 27,651 participants, we excluded individuals aged <18 or >65 years 

(outside the primary adult vaccination window) and those with missing data on HPV 

vaccination status or key covariates. The final analytic sample included 17,208 adults. 

Survey weights were applied throughout to ensure nationally representative estimates. 

2.2 Variable Definition and Data Preprocessing 

HPV vaccination status was derived from the question: “Have you ever received 

an HPV shot or vaccine?” (yes/no). Covariates included age (continuous), sex, 
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race/ethnicity, education, geographic region, cancer history, health insurance status, and 

influenza vaccination in the past 12 months (Table 1). 

Data preprocessing followed computational best practices: continuous variables 

were scaled, categorical variables were dummy‑coded, and missing data were handled 

via complete‑case analysis. The dataset was structured as a feature matrix suitable for 

machine‑learning algorithms. 

2.3 Statistical and Machine Learning Analysis 

All analyses were performed in R statistical software (v4.3.1), leveraging its 

comprehensive ecosystem for data science and reproducible research. 

2.3.1 Descriptive and Comparative Analysis 

We used weighted chi‑square tests (categorical variables) and weighted t‑tests 

(continuous variables) to compare baseline characteristics between vaccinated and 

unvaccinated groups, accounting for the NHIS complex survey design via the survey 

package. 

2.3.2 Multivariate Logistic Regression 

A multivariable logistic regression model was fitted to estimate adjusted odds ratios 

(aORs) and 95% confidence intervals. The model included all preselected covariates to 

assess their independent associations with vaccination status. 

2.3.3 Feature Selection Using LASSO Regression 

To identify the most parsimonious set of predictors and avoid overfitting, we 

applied LASSO (Least Absolute Shrinkage and Selection Operator) regression using 

the glmnet package [15]. LASSO is particularly effective in high‑dimensional data 

settings where the number of predictors is large relative to sample size, as it performs 

both variable selection and regularization by penalizing the absolute size of coefficients. 

The model was trained with 10‑fold cross‑validation to select the optimal 

regularization parameter (λ) that minimized the deviance. Variables with non‑zero 

coefficients at λ_min were retained as key features in the final model. The analysis 

pipeline is summarized in Figure 1. 

2.4 Computational Reproducibility 

All code for data cleaning, analysis, and visualization is available in a public 

GitHub repository (link provided upon publication) to ensure transparency and 

reproducibility. 

3. Results 

3.1 Baseline Characteristics 

The study population comprised 2,936 vaccinated and 14,272 unvaccinated 

individuals. Weighted comparative analysis revealed significant differences (p<0.001) 

in age, sex, race, education, region, cancer history, insurance, and flu vaccination 

history between groups (Table 2). 

3.2 Logistic Regression Analysis 

In adjusted models, older age was strongly associated with higher vaccination odds 

(aOR for oldest quartile = 48.2). Females had lower odds than males (aOR=0.38), and 

higher education was inversely associated with uptake. Southern residents had higher 

odds than Northeasterners (aOR=1.16). Having health insurance (aOR=1.57) and 

recent flu vaccination (aOR=2.09) were positive predictors (Table 3). 



4 

 

3.3 LASSO‑Based Feature Selection 

The LASSO regression identified the same set of variables as the logistic model, 

confirming their robustness as key predictors. The cross‑validation curve (Figure 1A) 

and coefficient path plot (Figure 1B) illustrate the selection process and the relative 

importance of each variable. At λ_min, all eight covariates retained non‑zero 

coefficients, indicating their consistent relevance in predicting vaccination status. 

4. Discussion 

This study applied machine‑learning‑enhanced analytics to a nationally 

representative health survey to identify determinants of HPV vaccination. Our findings 

not only confirm known socio‑demographic disparities but also demonstrate the utility 

of computational methods in public health research. 

4.1 Computational Insights into Vaccination Disparities 

The LASSO algorithm effectively distilled a high‑dimensional set of covariates 

into a concise predictive model, highlighting variables such as age, sex, and geographic 

region as key levers for intervention. This approach aligns with the growing emphasis 

on precision public health, where data‑driven strategies are used to tailor interventions 

to specific subpopulations [16]. 

Interestingly, the inverse association between education level and vaccination 

uptake underscores the complexity of health decision‑making—a phenomenon that 

may be further explored using natural language processing (NLP) of vaccine‑related 

discourse online or through sentiment analysis of health communication materials [17]. 

4.2 Implications for Public Health Informatics 

Our analysis suggests several opportunities for technology‑enabled interventions: 

Predictive Modeling for Targeted Outreach: Health systems could deploy 

risk‑stratification models based on features identified here (e.g., age, insurance status) 

to proactively identify individuals unlikely to be vaccinated and direct outreach 

resources accordingly. 

Integrated Immunization Information Systems (IIS): Enhancing IIS with 

machine‑learning modules could enable real‑time monitoring of vaccination coverage 

and disparities, facilitating timely public health responses [18]. 

mHealth and Digital Nudges: Mobile health platforms could deliver personalized 

vaccine reminders based on user profiles, leveraging findings on geographic and 

demographic variations in uptake. 

4.3 Limitations and Future Computational Directions 

This study is cross‑sectional, limiting causal inference. Future research could apply 

longitudinal machine‑learning models (e.g., recurrent neural networks) to NHIS 

time‑series data to track evolving determinants of vaccination. 

Additionally, incorporating unstructured data sources—such as social media posts, 

clinician notes, or community health narratives—through NLP could uncover 

contextual and attitudinal factors not captured in structured surveys [19]. 

5. Conclusion 

By integrating machine‑learning techniques with a large‑scale national survey, this 

study identifies key modifiable factors influencing HPV vaccination uptake. The results 

provide a computational foundation for designing more effective, equitable vaccination 
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programs. We recommend that public health agencies adopt data‑science approaches—

including predictive analytics, digital targeting, and real‑time surveillance—to address 

disparities and improve vaccine coverage. 

Future work should focus on building interoperable health data systems that 

facilitate the integration of survey data, electronic health records, and behavioral data 

to create a more comprehensive understanding of vaccination behavior.. 
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