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Abstract
Background: HIV infection amongst men aged 15-24 is an important health issue that is of global concern and has significant differences across regions. The current literature is typically based on linear or pooled models that do not adequately account for bounded and heterogeneous information. The aims to approximate country-specific and global time-varying patterns without incurring the cost of excessively modelling the limited fractional nature of the result and breaking down the heterogeneity between countries. 

Methods: The World Bank World Development Indicators longitudinal, unbalanced panel (1990-2024) was analysed using a multilevel beta-mixed-effects model. The prevalence (%) of HIV was converted into a fractional response that was modelled with random intercepts and slope to account for country-level heterogeneity. AIC/BIC was used to select the model, and the results were reported as odds ratios (ORs) accompanied with 95% confidence intervals.

Findings: The median global prevalence of HIV was 0.53% (0.10), and there was great regional variation. The highest prevalence (1.276% and 0.576% predicted) and predicted prevalence were in sub-Saharan Africa (1.276% and 0.576%). The region-adjusted random-slope beta model (AIC = -64,477.14) was the best-fitting model. HIV prevalence declined over time (OR = 0.952, p = .002). Sub-Saharan Africa had significantly higher odds of prevalence (OR = 3.131; 95% CI: 2.075-4.726), followed by Latin America & Caribbean (OR = 1.566; 95% CI: 1.013–2.421). Large heterogeneity at the country level was noted, with the high-burden countries being Eswatini (6.77%) and Zimbabwe (6.07%).

Conclusion: The prevalence of HIV among young males is decreasing all over the world, but is very uneven. Multilevel beta modelling offers a more precise and policy-relevant estimation and an intervention based on the targeted interventions to reach SDG 3.3. To begin with, governments and international health organisations need to consider focused, data-driven HIV response among young men in high-burden locations and governments and scholars ought to institutionalise sophisticated statistical modelling (e.g. multilevel beta mixed-effects models) in HIV monitoring and surveillance. 
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Introduction
HIV is a significant issue in the health of adolescents and young adults, especially since infections during this age group can predetermine the morbidity, mortality, and reproductive health outcomes, as well as future patterns of transmission (Zhang et al., 2022; Zuma et al., 2022; Nwachinemere et al., 2025; Wang et al., 2025). This age group of 15-24 is a significant but under-investigated subset of the HIV surveillance since their risk behaviours are defined by their behavioural changes, mobility, social norms, availability of prevention methods, uptake of tests, and overall socioeconomic factors. Although the world has made significant progress in terms of reducing new infections by preventing HIV, it has been quite disparate among countries and states (Mody et al., 2024; Landovitz et al., 2023; Bekker et al., 2023; Kumah et al., 2023). Such an imbalance means that it is necessary to go beyond descriptive comparisons and the application of statistical models, which allows capturing the overall trends over time of the situation and the variation of countries in HIV prevalence.

The present study is informed by the composition of the present-day statistics of HIV prevalence, which are typically longitudinal and uneven and limited due to their expression of prevalence as a percentage or a proportion (Mobaderi et al., 2025; Gupta et al., 2022; Monod et al., 2024; Wang et al., 2026). These properties are very problematic in terms of methodology. The classical linear forms may fail to work as they do not consider the limitedness of prevalence results and may provide inefficient or inaccurate estimates when variability is connected to the mean. Moreover, the gap in history of epidemics, capacity of health systems, test coverage, prevention programs, and completeness of the data are big (Orlando et al., 2025; Kiplagat et al., 2022; Gaumer et al., 2023; Lima et al., 2025; Hensen et al., 2023). It can be successfully used with a multilevel beta mixed-effects model because HIV prevalence is considered a fractional response, the repeated country-years of observation, unbalanced panels and cross-country heterogeneity is also put into consideration.

The existing body of literature on the topic of HIV has been significant in terms of outlining the prevalence trends, high-burden population, and determining the inequalities in HIV outcomes in different regions (Rosenberg et al., 2023; Zuma et al., 2022; Wang et al., 2022; Tian et al., 2024). Much of this literature suggests that geographic area, income brackets and demographic subgroups are significant variables in incidence and prevalence of HIV. Providing studies that focus on youth tend to emphasize the risk of behaviour, condom use, access to testing, coverage of antiretroviral therapy, education, and gender patterns of vulnerability (Duarte-Anselmi et al., 2026; Kanyemba et al., 2023; Zeleke et al., 2024; Phillips et al., 2023; Zapata et al., 2025). Most of the global or multi-country analyses, however, are founded on descriptive trend summaries, the application of ordinary least squares regression, the use of log-linear models, or the use of pooled models that assume that the time effects are the same across countries (Költringer et al., 2023; Soogun et al., 2022; Akinrefon et al., 2023; Jaya et al., 2023). Though these are suitable when the surveillance is conducted over a wide area, they may not be able to point out the correct statistical composition of the HIV prevalence details.

One of the main weaknesses of the literature is that HIV prevalence is often studied as a continuous outcome that is not limited, even though it is inherently constrained to a value of 0 to 1 on a scale (Ford et al., 2023; Kim et al., 2024; Briceño-Patiño et al., 2025). This could be a breakage of model assumptions especially when the prevalence values are highly skewed, concentrated around zero, or distributed unevenly across countries. The other limitation is the lack of modelling of country-level heterogeneity. Nations can have an international trend but have varying prevalence rates and trends in the change. Not paying attention to this hierarchical system may hide significant disparities in the epidemic patterns and undermine the effectiveness of the results to be used in policy targeting. Moreover, a common issue is that numerous studies do not optimally use longitudinal data based on incomplete global panels, where some countries are either dropped or models are used not explicitly designed to support unbalanced data.

In this study, the researcher fills these gaps by using a multilevel beta mixed-effects model on the prevalence of HIV in males aged 15-24. The aim is to approximate country-specific and global time-varying patterns without incurring the cost of excessively modelling the limited fractional nature of the result and breaking down the heterogeneity between countries. The need to have a more statistically appropriate and policy-relevant modelling framework that can be used to enhance on the current linear or pooled modelling approaches justifies the study. This study adds a methodological novelty with random intercepts, random slopes, model diagnostics and APA-style presentation of assumptions, leading to a more powerful evidence base to understand heterogeneous country-specific HIV prevalence dynamics.

Materials and Methods
Data Source and Repository
This study used secondary longitudinal data on HIV prevalence among males aged 15–24 years obtained from the World Bank World Development Indicators (WDI) database. The dataset is publicly accessible via the World Bank Open Data platform: https://databank.worldbank.org/source/world-development-indicators. The specific indicator corresponds to HIV prevalence (% of population ages 15–24, male), reported annually at the country level. The dataset spans multiple countries and years (1990–2024), forming a global panel of repeated country–year observations. The use of this repository ensures transparency, reproducibility, and comparability with prior global HIV studies.
Data Structure and Variable Characteristics
The dataset has a longitudinal (panel) structure defined by country  and year , where  varies across countries, resulting in an unbalanced panel. The outcome variable is HIV prevalence expressed as a percentage, which was transformed into a proportion:
 so that . Because beta regression requires values strictly within the open interval , boundary observations (0 or 1) were adjusted using a standard continuity correction:
………………………………. (1)
where  is the total number of observations.
The main explanatory variable is time (year), which was centred and scaled:
 ………………………………. (2)
to improve numerical stability and interpretability. Additional categorical variables were derived, including region, continent, and income group, based on country classification systems. These variables capture structural heterogeneity across countries.
Statistical Modelling Framework
Given that the outcome is continuous, bounded, and heteroskedastic, a multilevel beta mixed-effects model was employed. The response variable  is assumed to follow a beta distribution:
, where  is the conditional mean and  is the precision parameter controlling dispersion. The beta distribution allows the variance to depend on the mean:
 ………………………………. (3)
which is appropriate for skewed proportional data.
A logit link function was used to relate the mean to predictors:
 ………………………………. (4)
Multilevel Model Specification
To account for repeated observations within countries and cross-country heterogeneity, a hierarchical model was specified. The final model (region-adjusted random-slope beta mixed model) is:
 ………………………………. (5)
where:
·  is the fixed intercept (global baseline prevalence),
·  represents the global temporal trend,
·  are fixed effects for regional categories,
·  is the country-specific random intercept,
·  is the country-specific random slope for time.
The random effects are assumed to follow a multivariate normal distribution:
 ………………………………. (6)

This structure allows each country to have its own baseline prevalence and its own rate of change over time, thereby capturing heterogeneous epidemic trajectories.
Model Estimation and Selection
Models were estimated using maximum likelihood via adaptive numerical optimisation. Four nested models were compared:
(i) null model (random intercept only),
(ii) random-intercept model with time,
(iii) random-slope model, and
(iv) region-adjusted random-slope model.
Model selection was based on information criteria:
 ………………………………. (7)
where  is the likelihood and  is the number of parameters. The model with the lowest AIC and BIC was selected as the best-fitting model, indicating optimal balance between goodness-of-fit and model complexity.
Interpretation of Parameters
Fixed effects were interpreted on the logit scale and transformed into odds ratios:

which quantify multiplicative changes in the odds of HIV prevalence. Confidence intervals were computed as:

Random effects were interpreted as deviations from the global mean, where positive values indicate higher-than-average prevalence and negative values indicate lower-than-average prevalence after adjustment.
Model Diagnostics and Assumptions
Model adequacy was evaluated using simulation-based diagnostics. Residuals were assessed for dispersion, uniformity, outliers, and zero inflation. The key assumptions include:
1. The response variable lies within ,
1. Conditional independence given random effects,
1. Correct specification of the mean–variance relationship via the beta distribution,
1. Normally distributed random effects,
1. No systematic patterns in residuals.
These diagnostics address limitations in earlier studies that often neglected formal model validation.









Results 
Table 1 Regional descriptive statistics
	region
	countries
	observations
	mean_prevalence
	median_prevalence
	sd_prevalence
	min_prevalence
	max_prevalence

	Sub-Saharan Africa
	44
	1,540
	1.276
	0.600
	1.786
	0.1
	12.100

	Unclassified or aggregate economy
	22
	741
	0.628
	0.575
	0.448
	0.1
	2.035

	Latin America & Caribbean
	28
	980
	0.317
	0.200
	0.262
	0.1
	1.800

	East Asia & Pacific
	18
	630
	0.239
	0.100
	0.427
	0.1
	4.200

	Middle East & North Africa
	18
	630
	0.117
	0.100
	0.069
	0.1
	0.600

	Europe & Central Asia
	30
	1,049
	0.114
	0.100
	0.056
	0.1
	0.500

	North America
	1
	33
	0.100
	0.100
	0.000
	0.1
	0.100

	South Asia
	7
	245
	0.100
	0.100
	0.000
	0.1
	0.100



Table 1 demonstrates that there is regional heterogeneity in the prevalence of HIV in males aged 15-24. The mean prevalence in sub-Saharan Africa was 1.276, among 44 countries and 1,540 observations, although this is outliers, being much higher than in all other regions, 12.1. The result is in line with previous data that the HIV burden in adolescents and young adults is still disproportionately high in sub-Saharan Africa, even with the global advances in the prevention and treatment (Zhang et al., 2022; Rosenberg et al., 2023; Zuma et al., 2022). The originality of the current research is that it is not just a description of this regional inequality; it literally implants it in a multilevel beta model that takes into consideration the limited scope of prevalence data and explains country-level clustering. Policy-wise, the result justifies more youth-based HIV prevention, testing, condom, PrEP access, and treatment-linkage initiatives in high-burden areas which is a direct nod to SDG 3.3 of ending AIDS as a health-related threat and SDG 10 of reducing health disparities.

Table 2: Comparison of beta mixed-effects model specifications
	Model
	df
	logLik
	AIC
	BIC
	Delta_AIC
	Evidence_Rank

	Region-adjusted random-slope beta mixed model
	13
	32,251.57
	-64,477.14
	-64,390.38
	0.000
	1

	Random-slope beta mixed model
	6
	32,208.31
	-64,404.63
	-64,364.58
	72.511
	2

	Random-intercept beta mixed model
	4
	30,737.00
	-61,466.01
	-61,439.31
	3,011.133
	3

	Null beta mixed model
	3
	30,495.09
	-60,984.19
	-60,964.17
	3,492.950
	4



Table 2 shows that the region-adjusted random-slope beta mixed model (lowest AIC and BIC) was the best model fit as compared to the random-slope, random-intercept, and the null models. This finding proves that HIV rates among young males cannot be well modelled using pooled or simple linear trend models. The previous studies were inclined to use descriptive, log-linear, or pooled regression models, which are effective, but they have limitations because of the homogeneity assumption and the potential neglect of the constrained nature of prevalence outcome (Akinrefon et al., 2023; Költringer et al., 2023; Lima et al., 2025). 
The current research advances beyond these shortcomings by demonstrating empirically the need to have both regional and country-specific time slopes. This enhances the methodological input of the study and gives more credible evidence to the differentiated policy planning of HIV.

Table 3: Fixed effects with odds ratios and 95% confidence intervals
	Predictor
	Estimate
	SE
	z
	p
	Odds_Ratio
	OR_95_CI

	(Intercept)
	-6.293
	0.175
	-36.021
	< .001
	0.002
	[0.001, 0.003]

	year_scaled
	-0.049
	0.016
	-3.157
	= 0.002
	0.952
	[0.923, 0.981]

	regionEurope & Central Asia
	-0.386
	0.220
	-1.759
	= 0.079
	0.679
	[0.442, 1.045]

	regionLatin America & Caribbean
	0.448
	0.222
	2.016
	= 0.044
	1.566
	[1.013, 2.421]

	regionMiddle East & North Africa
	-0.354
	0.245
	-1.445
	= 0.149
	0.702
	[0.434, 1.135]

	regionNorth America
	-0.436
	0.760
	-0.575
	= 0.566
	0.646
	[0.146, 2.865]

	regionSouth Asia
	-0.428
	0.328
	-1.304
	= 0.192
	0.652
	[0.342, 1.240]

	regionSub-Saharan Africa
	1.141
	0.210
	5.435
	< .001
	3.131
	[2.075, 4.726]

	regionUnclassified or aggregate economy
	0.852
	0.237
	3.601
	< .001
	2.344
	[1.474, 3.727]



Table 3 shows that the year had a negative correlation with the prevalence of HIV, implying that there was a slight but significant decrease over the years, OR = 0.952, p =.002. Sub-Saharan Africa was significantly more likely to have a prevalence of HIV than the reference region, OR = 3.131, p = .001, and Latin America and the Caribbean also exhibited significantly high odds, OR = 1.566, p =. 044. These results are comparable with the existing literature that demonstrates the improvement of the situation on a global scale and continued regional inequalities in HIV among the youth (Mody et al., 2024; Landovitz et al., 2023; Bekker et al., 2023). The conclusion is that there are real world benefits of global prevention that are distributed unevenly. The policy implication is that SDG 3.3 cannot be met by universal global approaches and that countries and areas with high forecasted prevalence will need to allocate resources specifically, have differentiated models of prevention, and youth-sensitive surveillance systems.
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Figure 1: Global Trends in HIV Prevalence Among Males Aged 15-24 

The results in Figure 1 reveal that the mean HIV prevalence among males aged 15-24 rose in the early 1990s, reached the peak in the late 1990s, and then decreased continuously in the 2024. This trend is aligned with the global literature on HIV that has recorded a significant increase in the epidemics and subsequent decline in connection with prevention, testing, scale-up of ART, and international funding of HIV (Zhang et al., 2022; Mody et al., 2024; Kumah et al., 2023). Nevertheless, the downward trend that has been on does not mean that it will be eliminated. Instead, it presents the aggregate development that can hide the significant regional and country level variations. The figure justifies the study purpose as it shows that temporal modelling is necessary and a method that is able to address nonlinear historical change and heterogeneity of countries is better than a simple pooled trend.
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Figure 2: Distribution of HIV Prevalence 

Figure 2 indeed verifies that HIV prevalence is skewed to the right, and has a limited scope with a mean of 0.53% and a median of 0.10. This is the direct reason that beta regression should be utilized instead of the regular least squares. Earlier studies tended to model HIV prevalence as a continuous outcome (which is a general outcome), although these models may be statistically inappropriate in cases where the outcome is skewed, bounded and heteroskedastic. The current research fills this gap by modelling prevalence as a fractional response. This methodological decision enhances the quality of inferences and increases the originality of the paper because the statistical model is in line with the actual measurement scale of HIV prevalence.
[image: ] Figure 3: Regional Heterogeneity in HIV Prevalence, Figure 3 illustrates the regional Heterogeneity of HIV Prevalence.
Figure 3 supports the descriptive finding that the highest two are highest in Sub-Saharan Africa with the next in the list being the unclassifiable or aggregate economies. The justification of past outcomes of unequal geography of HIV among youths is partly due to this geographical location (Rosenberg et al., 2023; Wang et al., 2022; Tian et al., 2024). This suggests that the issue of HIV prevention among young males must be addressed as an equity issue and not as a biomedical issue. The areas where adolescent and youth-friendly services, school-to-community prevention channels, male-targeted testing, and stigma reduction should be prioritized in the areas where prevalence rates are still high.
[image: ]Figure 4: Model-Predicted HIV Prevalence 

Figure 4 presents a model-predicted trend of HIV prevalence between 1990 and 2024; the fitted trend is lower than the historical average due to the model, which is adjusted by region and country-level random effects and repeated measures. This is noteworthy since it shows how the crude trends may vary against model-based estimates. The current analysis is much more rigorous than the last descriptive surveillance studies, offering a longitudinal approximation that is more precise and includes the clustering and unbalanced panel structure. This observation promotes tempered optimism: prevention and treatment campaigns seem to have decreased prevalence with time, but the confidence range suggests that there is still uncertainty, and thus, constant investment in HIV is needed in SDG 3.3.
[image: ]Figure 5: Residual Diagnostics 

Figure 5 presents the residual diagnostics and indicates that, though the model is able to capture the overall trend, there is still residual variation, particularly in countries with larger fitted prevalence. This is anticipated in international HIV data as countries vary in the maturity of epidemics, testing infrastructure, completeness of reporting, the strength of programmes and behavioural risk settings. This study explicitly measures model adequacy, unlike the past studies that underreported diagnostics. The policy implication is that despite statistically suitable models, they should be interpreted together with the quality of surveillance; thus, enhancing HIV data completeness and consistency should be on the SDG 17 agenda of more robust health information systems.
[image: ]Figure 6: Top 15 Countries/ Economies by Mean Observed HIV Prevalence

Eswatini, Zimbabwe, Botswana, South Africa, Lesotho, Mozambique, Zambia, Namibia, Malawi, Kenya, and Uganda are some of the most prevalent locations, which are identified in Figure 6. Such trend is intensely aligned with previous data on the HIV burden concentration in Southern and Eastern Africa (Zuma et al., 2022; Orlando et al., 2025; Gaumer et al., 2023). This novelty is the fact that the ranking of countries is not only being considered but the observed rankings are combined with multilevel modelling to differentiate between descriptive burden and adjusted country-level heterogeneity. Some of the policy directions which should be considered are increased testing of male youth, PrEP scale-up, retention in care, community-based prevention, and the incorporation of HIV testing with sexual and reproductive health programmes.

[image: ]Figure 7: Country-Level Random Intercepts

Figure 7 indicates that after adjusting the model, Eswatini, Zimbabwe, Botswana, South Africa, Lesotho, Thailand, Mozambique, Zambia and Namibia have strong, positive country-level random intercepts implying that their latent HIV prevalence is higher than the average. This confirms the fact that there are still countries that are structurally high-burden at accounting regional effects and time. The discovery fills in a significant gap in past pooled research, which tends to obscure country-specific underlying risk. In the case of policy, it implies that regional plans cannot substitute country-specific planning. Countries with high random-intercept needs more radical, protracted and locally specific interventions as opposed to brief, or universal global programmes.

[image: ]Figure 8: Country-Specific Random Slopes for Year

In Figure 8, the country-specific random slopes are provided, and it is observed that there are countries which increased faster than the average and those which declined more strongly. Costa Rica, St. Kitts and Nevis, Chile, Cuba and Mexico had positive slope deviations, whereas Thailand, Eritrea, Portugal, Zimbabwe, Burkina Faso and Tanzania had negative slope deviations. This observation is core to the novelty of the study in that it shows that there is not only a variation in the prevalence at the baseline but also an epidemic pathway. This model has identified dynamic heterogeneity as compared to the previous studies that approximate a single world or regional tendency. What this means is that the SDG 3.3 monitoring must follow both the status quo and the trend of change, since a low-prevalence nation with an increasing trend might also need to be intervened upon early in the prevention.
[image: ]Figure 9: Model-Based Regional Predictions
 
Figure 9 validates the adjusted-regional forecasting trend, where Sub-Saharan Africa is the highest-predicted-prevalence area despite the model adjustment. The narrow range of the confidence interval of North America indicates that there is less data and that the uncertainty prevails, as opposed to the low risk being certain. This figure is directly related to the study objective as it demonstrates that multilevel beta modelling not only gives adjusted prevalence estimates but also uncertainty intervals. The policy implication is that point estimates should not be used solely to guide resource allocation, but uncertainty should also be taken into consideration, especially in situations where the data are scarce. Empowering age- and sex-disaggregated HIV surveillance among young men is thus a key component of SDG 3.3 and SDG 17.

Table 4: Regional model-based predictions with 95% confidence intervals
	Region
	Predicted_HIV_Prevalence_Percent
	Lower_95_CI
	Upper_95_CI

	Sub-Saharan Africa
	0.576
	0.460
	0.720

	Unclassified or aggregate economy
	0.432
	0.317
	0.588

	Latin America & Caribbean
	0.289
	0.218
	0.382

	East Asia & Pacific
	0.185
	0.131
	0.260

	Middle East & North Africa
	0.130
	0.092
	0.182

	Europe & Central Asia
	0.125
	0.096
	0.164

	South Asia
	0.120
	0.070
	0.208

	North America
	0.119
	0.028
	0.507



Table 4 shows the model-based regional forecast and affirm that Sub-Saharan Africa is the riskiest region and the forecasted prevalence is 0.576% which has a 95% CI of 0.460-0.720. The group of unclassified or aggregate economy was the next with 0.432% followed by Latin America and the Caribbean with 0.289%. The confidence interval was wide in North America, which indicated little information and uncertainty despite having a low point estimate. This study is novel compared to the past researches that tended to report uncooked regional averages, whereas this study reports model-based estimates unadjusted in the form of uncertainty intervals. This difference is significant as it offers more justifiable evidence to prioritization to policymakers, in particular, those related to SDG 3.3, SDG 3.7 on access to sexual and reproductive health, and SDG 17 on enhancing data systems.

In general, the results prove that the incidence of HIV among males aged 15-24 decreases over the years, but at the same time, it is uneven regionally and nationally. Compared to the previous research, the study is better in that it employs a model suitable for bounded, skewed, longitudinal and unbalanced prevalence data, and it breaks down country-level differences into random intercepts and random slopes. This focuses on the identified methodological gaps in the literature: excessive use of pooled or linear models, insufficient modelling of heterogeneity, and inappropriate uncertainty and diagnostics reporting. The key health promotion theme is that world development is true but disproportionate; to achieve the elimination of HIV amongst youth, statistically sensitive, regionally varied, and country-specific measures should be taken, which are consistent with SDG 3.3, SDG 3.7, SDG 10, and SDG 17.

Discussion
The current study offers strong international data on the prevalence of HIV among males aged 1524 in terms of a multilevel beta mixed-effects model that specifically takes into consideration the limited, distorted, and hierarchical nature of the data. The results indicate that the prevalence of HIV among this population is not high by its absolute value but very skewed both regionally and nationally. Descriptive statistics (Table 1) indicate that Sub-Saharan Africa is disproportionately burdened, with an overall mean prevalence of 1.276% and extreme values of 12.1, whereas other countries, like Europe, Central Asia and South Asia have much lower averages. This validates previous epidemiological studies of geographic concentration of HIV burden (Zhang et al., 2022; Rosenberg et al., 2023), but goes beyond the literature by quantifying variability in a statistically suitable distributional model.

A temporal analysis reveals an apparent nonlinear global trend: The prevalence of HIV grew in the early 1990s, reached its peak in the late 1990s and has since then been on a downward trend. The multilevel model validates this declining trend, though the effect of time is statistically significant (OR = 0.952, p =.002), which shows that it would be gradually but steadily improving over time. This is in line with the international development due to increased testing and prevention, as well as antiretroviral therapy coverage (Mody et al., 2024; Bekker et al., 2023). However, continued existence of the regional inequalities implies that such gains are not evenly spread, which supports the necessity to engage in specific interventions.

One of the most important methodological results is that the region-adjusted random-slope beta mixed model was the most appropriate one to model the data because it fitted the data much better than simpler models (Table 2). This proves that the regional setting as well as country-specific time dynamics play an important role in the proper modelling of HIV prevalence. This model unlike the past studies that use pooled or fixed-effect methods, captures the heterogeneity in baseline prevalence as well as rates of change across countries. This is an important step forward, as it demonstrates that when it comes to global epidemics it is easy to lose important distinctions between the patterns on the basis of homogeneous assumptions.

The results of the fixed-effects also point out significant regional disparities. Sub-Saharan Africa has much greater odds of HIV prevalence than the reference (OR = 3.131, p =.001), and Latin America and the Caribbean also have a high level of risk (OR = 1.566, p =.044). Conversely, other parts, like Europe & Central Asia, South Asia, the Middle East, and North Africa, have no significant differences or lower differences. These results are in line with previous studies on the disparities across regions but offer better statistical inference through the use of hierarchical modelling and proper distributional assumptions. These trends are confirmed by model-based predictions (Table 4) with the highest adjusted prevalence (0.576%, 95% CI: 0.4600.720) in Sub-Saharan Africa, then unclassified or aggregate economies (0.432%), then Latin America & Caribbean (0.289%). Confidence intervals bring on board a very critical aspect of uncertainty, which is lacking in descriptive research. This increases the accuracy of the results in making policy decisions.

There are high levels of heterogeneity at the country level. Eswatini, Zimbabwe, Botswana, and South Africa were identified to be high burden settings, as there is the highest prevalence that is observed and model-adjusted. Notably, the estimates of random intercept indicate that there are still countries above the world average concerning the HIV prevalence in spite of controlling the factors of location and time, which implies the structural or systemic factors of the HIV prevalence. Also, the slope estimates (Randomly chosen) show that different countries vary in terms of their temporal patterns, as some of them are declining more rapidly and others are progressing or increasing more slowly. This points to the fact that the overall negative trend in the world conceals a variety of country-specific processes.

The distributional analysis confirms that the HIV prevalence is very skew and concentrated around zero and thus supports the application of beta regression. This combats one of the weaknesses of the past researches where they used linear models to constrained results. Also, residual diagnostics show that the model well represents the mean structure, but there is also a certain amount of variability, which is a natural consequence of the complexity of global HIV data.
All in all, the key results indicate that HIV among young men is decreasing all over the world however it is very heterogeneous both regionally and nationally. The research offers a solid rationale as to why it is necessary to use proper statistical modelling in order to capture these complexities and deliver reliable and policy-relevant findings using multilevel beta mixed-effects modelling.

Conclusion
The research has substantive and methodological implications on the existing knowledge on the prevalence of HIV among males in the age group of 15-24 years in the global context. Substantively, it validates that although the prevalence of HIV in the world is on the decrease over the years, in-depth variations in regions and countries are still evident. Sub-Saharan Africa is still the epicentre of the epidemic among this age group, and some countries still have high levels of prevalence or are structurally high. The results highlight the importance of long-term and targeted interventions targeting young males, such as increased testing, prevention measures like pre-exposure prophylaxis (PrEP), behavioural interventions, and access to treatment services. To realise Sustainable Development Goal (SDG) 3.3, the goal of eliminating AIDS as a public health threat, an increased effort will be needed in high-burden areas, but with a combination of measures targeting structural inequalities (SDG 10) as well as building health systems and information infrastructure (SDG 17).

This research methodologically contributes to the literature by showing the significance of modelling statistical models with the actual characteristics of epidemiological data. The analysis appropriately includes the limited, skewed, hierarchical nature of HIV prevalence data through a multilevel beta mixed-effects model and the skewed nature of global panels. The random intercepts and slopes enable one to have a subtle explanation of the country-specific risks of the baseline and the dynamics of time, which are major disadvantages of the classic linear and pooled models. This method has more precise estimates, quantifies uncertainty more effectively, and has more inferential validity.

Another significant finding of the study is the need to combine descriptive, predictive and diagnostic analysis in a single modelling format. The regional comparisons, the variations with time, the heterogeneity of the countries, and the predictions made by the models are a complete depiction of the epidemic. This combined methodology makes the findings more useful to the policy makers, researchers and health stakeholders around the globe. Even with the advantage, the study has realised that there is still residual variability and limitation of the data, especially in areas where the observations are not dense. Future studies should build on this framework by adding more covariates, like behavioural, socioeconomic, and health-system covariates and investigating nonlinear, as well as spatial modelling methods. Nevertheless, the recent results have a good empirical and methodological basis for comprehending the HIV dynamics in young males.

To sum up, this study indicates that the world is indeed making progress in curbing the prevalence of HIV in young males, but the progress is uneven. It is necessary to statistically rigorously analyse and take policy action to address this inequality. This research has filled methodological gaps in the literature with solid evidence based on models and is thus useful in the global research on HIV and in combating the epidemic with more effective strategies. To begin with, governments and international health organisations must embrace more specific, data-based HIV programs in young males in high-burden areas, especially in Sub-Saharan Africa. These encompass increasing access and availability to youth-friendly testing services, increasing access to pre-exposure prophylaxis (PrEP) and intensifying school-to-community prevention programmes, as well as incorporating HIV services into sexual and reproductive health services. 

Model-based estimates (not raw averages) should be used to geographically prioritise resources to countries and regions with the highest adjusted risk as a direct way of advancing SDG 3.3 to allocate resources efficiently and eliminate inequalities under SDG 10. Second, national health systems need to enhance HIV surveillance and data quality systems through investing in routine, age- and sex-disaggregated data collection, enhancing completeness of reporting, and harmonisation of data systems across regions. The paper demonstrates that uncertainty and heterogeneity partially indicate the lack of data, thus, the improvement of real-time data systems, digital reporting systems, and statistical capabilities will lead to the improvement of monitoring and responsiveness of policies. This would be in line with SDG 17 as it would strengthen the data infrastructure and evidence-based decision-making.

Third, policymakers and researchers ought to institutionalise the use of advanced statistical modelling (e.g., multilevel beta mixed-effects models) of HIV monitoring and evaluation. The models that are based on the limited and stratified nature of epidemiological data should be used to substitute or supplement traditional linear or pooled approaches. The inclusion of these approaches in the national and international reporting systems will enable more effective estimation of trends and identification of country-specific epidemic trends, as well as assessment of intervention effectiveness, which will ultimately enhance strategic planning and long-term efforts to control HIV.
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Figure 3. Regional heterogeneity in HIV prevalence
Regional differences justify adjustment for region and country-level random effects

Unclassified or aggregate economy _
Latin America & Caribbean -
Mean (%)
1.25
East Asia & Pacific - . 1.00
0.75
Middle East & North Africa . 0.12 0.50
0.25
Europe & Central Asia . 0.1
South Asia . 0.1
North America . 0.1
0.0 0.5 1.0 1.5

Mean HIV prevalence (%)
Note. Bar labels show regional mean prevalence.




image4.png
Predicted HIV prevalence (%)

o
()
o

o
[N
o

o
A
()]
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Figure 7. Country-level random intercepts
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Figure 8. Country-specific random slopes for year
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Figure 9. Model-based regional predictions
Estimated HIV prevalence with 95% confidence intervals

Sub-Saharan Africa I

P
[d)]
¢ o}

Unclassified or aggregate economy

Latin America & Caribbean

Predicted (%)

East Asia & Pacific 0.5

0.4

Middle East & North Africa 0.3
0.2

Europe & Central Asia

South Asia

North America

0.0 0.2 0.4 0.6 0.8
Predicted HIV prevalence (%)

Note. Error bars represent 95% confidence intervals.




image1.png
0.7

o
o

Mean HIV prevalence (%)
o
o

0.4

Figure 1. Global trend in HIV prevalence among males aged 15-24
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Figure 2. Distribution of HIV prevalence
The bounded and skewed outcome supports beta regression rather than ordinary least squares

(Mean = 0.53% |

0 4 8 12
HIV prevalence (%)

Note. Vertical dashed and dotted lines show the mean and median, respectively.

Count

3000
2000

1000




